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ii PLUTONIUM 

DISCLAIMER 

7KH�XVH�RI�FRPSDQ\�RU�SURGXFW�QDPH�V��LV�IRU�LGHQWLILFDWLRQ�RQO\�DQG�GRHV�QRW�LPSO\�HQGRUVHPHQW�E\�WKH�
$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\��
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iii PLUTONIUM 

UPDATE STATEMENT  

$�7R[LFRORJLFDO�3URILOH�IRU�3OXWRQLXP��'UDIW�IRU�3XEOLF�&RPPHQW�ZDV�UHOHDVHG�LQ�2FWREHU��������7KLV�
HGLWLRQ�VXSHUVHGHV�DQ\�SUHYLRXVO\�UHOHDVHG�GUDIW�RU�ILQDO�SURILOH���

7R[LFRORJLFDO�SURILOHV�DUH�UHYLVHG�DQG�UHSXEOLVKHG�DV�QHFHVVDU\���)RU�LQIRUPDWLRQ�UHJDUGLQJ�WKH�XSGDWH�
VWDWXV�RI�SUHYLRXVO\�UHOHDVHG�SURILOHV��FRQWDFW�$76'5�DW��

$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\  
'LYLVLRQ�RI�7R[LFRORJ\�DQG�(QYLURQPHQWDO�0HGLFLQH�$SSOLHG�7R[LFRORJ\�%UDQFK  

�����&OLIWRQ�5RDG�1(  
0DLOVWRS�)���  

$WODQWD��*HRUJLD������  
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iv PLUTONIUM 

7KLV�SDJH�LV�LQWHQWLRQDOO\�EODQN��



FOREWORD  

This toxicological profile is prepared in accordance with guidelines* developed by the Agency for 
Toxic Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA). The 
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised 
and republished as necessary. 

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health 
effects infonnation for these toxic substances described therein. Each peer-reviewed profile identifies and 
reviews the key literature that describes a substance's toxicologic properties. Other pertinent literature is 
also presented, but is described in less detail than the key studies. The profile is not intended to be an 
exhaustive document; however, more comprehensive sources of specialty information are referenced. 

The focus of the profiles is on health and toxicologic infonnation; therefore, each toxicological 
profile begins with a public health statement that describes, in nontechnical language, a substance's 
relevant toxicological properties. Following the public health statement is infonnation concerning levels 
of significant human exposure and, where known, significant health effects. The adequacy of infonnation 
to detennine a substance's health effects is described in a health effects summary. Data needs that are of 
significance to protection of public health are identified by ATSDR. 

Each profile includes the following: 

(A) The examination, summary, and interpretation ofavailable toxicologic infonnation and 
epidemiologic evaluations on a toxic substance to ascertain the levels of significant human 
exposure for the substance and the associated acute, subacute, and chronic health effects; 

(B)  A determination ofwhether adequate infonnation on the health effects of each substance is 
available or in the process of development to detennine levels ofexposure that present a 
significant risk to human health ofacute, subacute, and chronic health effects; and 

(C) Where appropriate, identification of toxicologic testing needed to identifY the types or levels 
ofexposure that may present significant risk of adverse health effects in humans. 

The principal audiences for the toxicological profiles are health professionals at the Federal, State, 
and local levels; interested private sector organizations and groups; and members of the public. 

This profile reflects ATSDR's assessment ofall relevant toxicologic testing and infonnation that 
has been peer-reviewed. Staffs ofthe Centers for Disease Control and Prevention and other Federal 
scientists have also reviewed the profile. In addition, this profile has been peer-reviewed by a 
nongovernmental panel and was made available for public review. Final responsibility for the contents 
and views expressed in this toxicological profile resides with ATSDR. 

// 7\\ /)
;/

Thomas R. Frieden, M.D., M.P.H.  
Administrator  

Agency for Toxic Substances and  
Disease Registry  



"Legislative Background 

The toxicological profiles are developed under the Comprehensive Environmental Response, 
Compensation, and Liability Act of 1980, as amended (CERCLA or Superfund). CERCLA section 
104(i)(1) directs the Administrator of ATSDR to " ...effectuate and implement the health related 
authorities" of the statute. This includes the preparation of toxicological profiles for hazardous 
substances most commonly found at facilities on the CERCLA National Priorities List and that pose the 
most significant potential threat to human health, as determined by ATSDR and the EPA. Section 
104(i)(3) ofCERCLA, as amended, directs the Administrator ofATSDR to prepare a toxicological profile 
for each substance on the list. In addition, A TSDR has the authority to prepare toxicological profiles for 
substances not found at sites on the National Priorities List, in an effort to " ...establish and maintain 
inventory of literature, research, and studies on the health effects of toxic substances" under CERCLA 
Section 104(i)(IXB), to respond to requests for consultation under section 104(i)(4), and as otherwise 
necessary to support the site-specific response actions conducted by A TSDR. 
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vii PLUTONIUM 

QUICK REFERENCE FOR HEALTH CARE PROVIDERS 

7R[LFRORJLFDO�3URILOHV�DUH�D�XQLTXH�FRPSLODWLRQ�RI�WR[LFRORJLFDO�LQIRUPDWLRQ�RQ�D�JLYHQ�KD]DUGRXV�
VXEVWDQFH���(DFK�SURILOH�UHIOHFWV�D�FRPSUHKHQVLYH�DQG�H[WHQVLYH�HYDOXDWLRQ��VXPPDU\��DQG�LQWHUSUHWDWLRQ�
RI�DYDLODEOH�WR[LFRORJLF�DQG�HSLGHPLRORJLF�LQIRUPDWLRQ�RQ�D�VXEVWDQFH���+HDOWK�FDUH�SURYLGHUV�WUHDWLQJ�
SDWLHQWV�SRWHQWLDOO\�H[SRVHG�WR�KD]DUGRXV�VXEVWDQFHV�ZLOO�ILQG�WKH�IROORZLQJ�LQIRUPDWLRQ�KHOSIXO�IRU�IDVW�
DQVZHUV�WR�RIWHQ�DVNHG�TXHVWLRQV��

Primary Chapters/Sections of Interest 

Chapter 1: Public Health Statement��7KH�3XEOLF�+HDOWK�6WDWHPHQW�FDQ�EH�D�XVHIXO�WRRO�IRU�HGXFDWLQJ�
SDWLHQWV�DERXW�SRVVLEOH�H[SRVXUH�WR�D�KD]DUGRXV�VXEVWDQFH���,W�H[SODLQV�D�VXEVWDQFH¶V�UHOHYDQW�
WR[LFRORJLF�SURSHUWLHV�LQ�D�QRQWHFKQLFDO��TXHVWLRQ�DQG�DQVZHU�IRUPDW��DQG�LW�LQFOXGHV�D�UHYLHZ�RI�
WKH�JHQHUDO�KHDOWK�HIIHFWV�REVHUYHG�IROORZLQJ�H[SRVXUH��

Chapter 2:  Relevance to Public Health��7KH�5HOHYDQFH�WR�3XEOLF�+HDOWK�6HFWLRQ�HYDOXDWHV��LQWHUSUHWV��
DQG�DVVHVVHV�WKH�VLJQLILFDQFH�RI�WR[LFLW\�GDWD�WR�KXPDQ�KHDOWK��

Chapter 3:  Health Effects��6SHFLILF�KHDOWK�HIIHFWV�RI�D�JLYHQ�KD]DUGRXV�FRPSRXQG�DUH�UHSRUWHG�E\�W\SH�
RI�KHDOWK�HIIHFW��GHDWK��V\VWHPLF��LPPXQRORJLF��UHSURGXFWLYH���E\�URXWH�RI�H[SRVXUH��DQG�E\�OHQJWK�
RI�H[SRVXUH��DFXWH��LQWHUPHGLDWH��DQG�FKURQLF����,Q�DGGLWLRQ��ERWK�KXPDQ�DQG�DQLPDO�VWXGLHV�DUH�
UHSRUWHG�LQ�WKLV�VHFWLRQ��
NOTE��1RW�DOO�KHDOWK�HIIHFWV�UHSRUWHG�LQ�WKLV�VHFWLRQ�DUH�QHFHVVDULO\�REVHUYHG�LQ�WKH�FOLQLFDO�
VHWWLQJ���3OHDVH�UHIHU�WR�WKH�3XEOLF�+HDOWK�6WDWHPHQW�WR�LGHQWLI\�JHQHUDO�KHDOWK�HIIHFWV�REVHUYHG�
IROORZLQJ�H[SRVXUH��

Pediatrics���)RXU�QHZ�VHFWLRQV�KDYH�EHHQ�DGGHG�WR�HDFK�7R[LFRORJLFDO�3URILOH�WR�DGGUHVV�FKLOG�KHDOWK�
LVVXHV��
Section 1.6 How Can (Chemical X) Affect Children?  
Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)?  
Section 3.8 Children’s Susceptibility  
Section 6.6 Exposures of Children  

Other Sections of Interest: 
Section 3.9 Biomarkers of Exposure and Effect 
Section 3.12 Methods for Reducing Toxic Effects 

ATSDR Information Center 
Phone: ������&'&�,1)2����������������RU�����������������77<�� Fax: ���������������
E-mail: FGFLQIR#FGF�JRY� Internet�� KWWS���ZZZ�DWVGU�FGF�JRY�

7KH�IROORZLQJ�DGGLWLRQDO�PDWHULDO�FDQ�EH�RUGHUHG�WKURXJK�WKH�$76'5�,QIRUPDWLRQ�&HQWHU��

Case Studies in Environmental Medicine: Taking an Exposure History²7KH�LPSRUWDQFH�RI�WDNLQJ�DQ�
H[SRVXUH�KLVWRU\�DQG�KRZ�WR�FRQGXFW�RQH�DUH�GHVFULEHG��DQG�DQ�H[DPSOH�RI�D�WKRURXJK�H[SRVXUH�
KLVWRU\�LV�SURYLGHG���2WKHU�FDVH�VWXGLHV�RI�LQWHUHVW�LQFOXGH�Reproductive and Developmental 
Hazards; Skin Lesions and Environmental Exposures; Cholinesterase-Inhibiting Pesticide 
Toxicity��DQG�QXPHURXV�FKHPLFDO�VSHFLILF�FDVH�VWXGLHV��

http:http://www.atsdr.cdc.gov
mailto:cdcinfo@cdc.gov
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viii PLUTONIUM 

Managing Hazardous Materials Incidents�LV�D�WKUHH�YROXPH�VHW�RI�UHFRPPHQGDWLRQV�IRU�RQ�VFHQH�
�SUHKRVSLWDO��DQG�KRVSLWDO�PHGLFDO�PDQDJHPHQW�RI�SDWLHQWV�H[SRVHG�GXULQJ�D�KD]DUGRXV�PDWHULDOV�
LQFLGHQW�� 9ROXPHV�,�DQG�,,�DUH�SODQQLQJ�JXLGHV�WR�DVVLVW�ILUVW�UHVSRQGHUV�DQG�KRVSLWDO�HPHUJHQF\�
GHSDUWPHQW�SHUVRQQHO�LQ�SODQQLQJ�IRU�LQFLGHQWV�WKDW�LQYROYH�KD]DUGRXV�PDWHULDOV���9ROXPH�,,,²�
Medical Management Guidelines for Acute Chemical ExposureV²LV�D�JXLGH�IRU�KHDOWK�FDUH�
SURIHVVLRQDOV�WUHDWLQJ�SDWLHQWV�H[SRVHG�WR�KD]DUGRXV�PDWHULDOV��

Fact Sheets (ToxFAQs) SURYLGH�DQVZHUV�WR�IUHTXHQWO\�DVNHG�TXHVWLRQV�DERXW�WR[LF�VXEVWDQFHV��

Other Agencies and Organizations 

The National Center for Environmental Health��1&(+��IRFXVHV�RQ�SUHYHQWLQJ�RU�FRQWUROOLQJ�GLVHDVH��
LQMXU\��DQG�GLVDELOLW\�UHODWHG�WR�WKH�LQWHUDFWLRQV�EHWZHHQ�SHRSOH�DQG�WKHLU�HQYLURQPHQW�RXWVLGH�WKH�
ZRUNSODFH�� &RQWDFW�� 1&(+��0DLOVWRS�)����������%XIRUG�+LJKZD\��1(��$WODQWD��
*$��������������3KRQH�����������������)$;����������������

The National Institute for Occupational Safety and Health �1,26+��FRQGXFWV�UHVHDUFK�RQ�RFFXSDWLRQDO�
GLVHDVHV�DQG�LQMXULHV��UHVSRQGV�WR�UHTXHVWV�IRU�DVVLVWDQFH�E\�LQYHVWLJDWLQJ�SUREOHPV�RI�KHDOWK�DQG�
VDIHW\�LQ�WKH�ZRUNSODFH��UHFRPPHQGV�VWDQGDUGV�WR�WKH�2FFXSDWLRQDO�6DIHW\�DQG�+HDOWK�
$GPLQLVWUDWLRQ��26+$��DQG�WKH�0LQH�6DIHW\�DQG�+HDOWK�$GPLQLVWUDWLRQ��06+$���DQG�WUDLQV�
SURIHVVLRQDOV�LQ�RFFXSDWLRQDO�VDIHW\�DQG�KHDOWK���&RQWDFW��1,26+������,QGHSHQGHQFH�$YHQXH��
6:��:DVKLQJWRQ��'&���������3KRQH���������������RU�1,26+�7HFKQLFDO�,QIRUPDWLRQ�%UDQFK��
5REHUW�$��7DIW�/DERUDWRU\��0DLOVWRS�&����������&ROXPELD�3DUNZD\��&LQFLQQDWL��2+������������
��3KRQH���������1,26+��

The National Institute of Environmental Health Sciences �1,(+6��LV�WKH�SULQFLSDO�IHGHUDO�DJHQF\�IRU�
ELRPHGLFDO�UHVHDUFK�RQ�WKH�HIIHFWV�RI�FKHPLFDO��SK\VLFDO��DQG�ELRORJLF�HQYLURQPHQWDO�DJHQWV�RQ�
KXPDQ�KHDOWK�DQG�ZHOO�EHLQJ���&RQWDFW���1,(+6��32�%R[������������7�:��$OH[DQGHU�'ULYH��
5HVHDUFK�7ULDQJOH�3DUN��1&���������3KRQH����������������

Radiation Emergency Assistance Center/Training Site (REAC/TS) provides support to the U.S. 
Department of Energy, the World Health Organization, and the International Atomic Energy 
Agency in the medical management of radiation accidents.  A 24-hour emergency response 
program at the Oak Ridge Institute for Science and Education (ORISE), REAC/TS trains, 
consults, or assists in the response to all kinds of radiation accidents.  Contact: Oak Ridge 
Institute for Science and Education, REAC/TS, PO Box 117, MS 39, Oak Ridge, TN 37831-0117 • 
Phone 865-576-3131 • FAX 865-576-9522 • 24-Hour Emergency Phone 865-576-1005 (ask for 
REAC/TS) • e-mail: cooleyp@orau.gov • website (including emergency medical guidance): 
http://www.orau.gov/reacts/default.htm 

Referrals 

The Association of Occupational and Environmental Clinics��$2(&��KDV�GHYHORSHG�D�QHWZRUN�RI�FOLQLFV�
LQ�WKH�8QLWHG�6WDWHV�WR�SURYLGH�H[SHUWLVH�LQ�RFFXSDWLRQDO�DQG�HQYLURQPHQWDO�LVVXHV���&RQWDFW��
$2(&�������9HUPRQW�$YHQXH��1:��������:DVKLQJWRQ��'&���������3KRQH����������������
��)$;�� ���������������H�PDLO��$2(&#$2(&�25*���:HE�3DJH���KWWS���ZZZ�DRHF�RUJ���

http:http://www.aoec.org
mailto:AOEC@AOEC.ORG
http://www.orau.gov/reacts/default.htm
mailto:cooleyp@orau.gov
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ix PLUTONIUM 

The American College of Occupational and Environmental Medicine��$&2(0��LV�DQ�DVVRFLDWLRQ�RI�
SK\VLFLDQV�DQG�RWKHU�KHDOWK�FDUH�SURYLGHUV�VSHFLDOL]LQJ�LQ�WKH�ILHOG�RI�RFFXSDWLRQDO�DQG�
HQYLURQPHQWDO�PHGLFLQH���&RQWDFW�� $&2(0�����1RUWKZHVW�3RLQW�%RXOHYDUG��6XLWH������(ON�
*URYH�9LOODJH��,/��������������3KRQH������������������)$;�����������������
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xi PLUTONIUM 

CONTRIBUTORS 

CHEMICAL MANAGER(S)/AUTHOR(S): 

6DP�.HLWK��0�6���&�+�3�  
(XJHQH�'HPFKXN��3K�'�  
5REHUW�/��:LOOLDPV��3K�'�  
(ULN�$XIGHUKHLGH��0�'���0�3�+�  
&KDUOHWRQ�&ROHV��3K�'�  
$76'5��'LYLVLRQ�RI�7R[LFRORJ\�DQG�(QYLURQPHQWDO�0HGLFLQH��$WODQWD��*$  

'DYLG�:��:RKOHUV��3K�'�  
*DU\�/��'LDPRQG��3K�'�  
-XOLH�0��.ORW]EDFK��3K�'�  
/DUD�/��&KDSSHOO��3K�'�  
$P\�+XHEHU��0�/�6�  
65&��,QF���1RUWK�6\UDFXVH��1<  

THE PROFILE HAS UNDERGONE THE FOLLOWING ATSDR INTERNAL REVIEWS: 

��  +HDOWK�(IIHFWV�5HYLHZ�� 7KH�+HDOWK�(IIHFWV�5HYLHZ�&RPPLWWHH�H[DPLQHV�WKH�KHDOWK�HIIHFWV�
FKDSWHU�RI�HDFK�SURILOH�IRU�FRQVLVWHQF\�DQG�DFFXUDF\�LQ�LQWHUSUHWLQJ�KHDOWK�HIIHFWV�DQG�FODVVLI\LQJ�
HQG�SRLQWV��

��  0LQLPDO�5LVN�/HYHO�5HYLHZ���7KH�0LQLPDO�5LVN�/HYHO�:RUNJURXS�FRQVLGHUV�LVVXHV�UHOHYDQW�WR�
VXEVWDQFH�VSHFLILF�0LQLPDO�5LVN�/HYHOV��05/V���UHYLHZV�WKH�KHDOWK�HIIHFWV�GDWDEDVH�RI�HDFK�
SURILOH��DQG�PDNHV�UHFRPPHQGDWLRQV�IRU�GHULYDWLRQ�RI�05/V��

��  'DWD�1HHGV�5HYLHZ�� 7KH�$SSOLHG�7R[LFRORJ\�%UDQFK�UHYLHZV�GDWD�QHHGV�VHFWLRQV�WR�DVVXUH�
FRQVLVWHQF\�DFURVV�SURILOHV�DQG�DGKHUHQFH�WR�LQVWUXFWLRQV�LQ�WKH�*XLGDQFH��

��  *UHHQ�%RUGHU�5HYLHZ���*UHHQ�%RUGHU�UHYLHZ�DVVXUHV�WKH�FRQVLVWHQF\�ZLWK�$76'5�SROLF\��
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xiii PLUTONIUM 

PEER REVIEW  

$�SHHU�UHYLHZ�SDQHO�ZDV�DVVHPEOHG�IRU�SOXWRQLXP���7KH�SDQHO�FRQVLVWHG�RI�WKH�IROORZLQJ�PHPEHUV��

��  /\QQ�$QVSDXJK��3K�'���5HVHDUFK�3URIHVVRU��'HSDUWPHQW�RI�5DGLRORJ\��5DGLRELRORJ\�'LYLVLRQ��
8QLYHUVLW\�RI�8WDK��6DOW�/DNH�&LW\��8WDK��

��  )OHWFKHU�+DKQ��'�9�0���3K�'���6FLHQWLVW�(PHULWXV��/RYHODFH�5HVSLUDWRU\�5HVHDUFK�,QVWLWXWH��
$OEXTXHUTXH��1HZ�0H[LFR��

��  5LFKDUG�/HJJHWW��3K�'���5HVHDUFK�6FLHQWLVW��/LIH�6FLHQFHV�'LYLVLRQ��2DN�5LGJH�1DWLRQDO�
/DERUDWRU\��2DN�5LGJH��7HQQHVVHH��

��  1LFKRODV�3ULHVW��3K�'���+HDG��5DGLRELRORJ\�6HFWLRQ��$(&/�&KDON�5LYHU�/DERUDWRU\��&KDON�5LYHU��
2QWDULR��&DQDGD��DQG�

��  (WKHO�*LOEHUW��3K�'���0�3�+���([SHUW��ELRVWDWLVWLFLDQ���5DGLDWLRQ�(SLGHPLRORJ\�%UDQFK��'LYLVLRQ�
RI�&DQFHU�(SLGHPLRORJ\�DQG�*HQHWLFV��1DWLRQDO�&DQFHU�,QVWLWXWH��%HWKHVGD��0DU\ODQG��

7KHVH�H[SHUWV�FROOHFWLYHO\�KDYH�NQRZOHGJH�RI�SOXWRQLXP¶V�SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV��
WR[LFRNLQHWLFV��NH\�KHDOWK�HQG�SRLQWV��PHFKDQLVPV�RI�DFWLRQ��KXPDQ�DQG�DQLPDO�H[SRVXUH��DQG�
TXDQWLILFDWLRQ�RI�ULVN�WR�KXPDQV���$OO�UHYLHZHUV�ZHUH�VHOHFWHG�LQ�FRQIRUPLW\�ZLWK�WKH�FRQGLWLRQV�IRU�SHHU�
UHYLHZ�VSHFLILHG�LQ�6HFWLRQ�����,������RI�WKH�&RPSUHKHQVLYH�(QYLURQPHQWDO�5HVSRQVH��&RPSHQVDWLRQ��
DQG�/LDELOLW\�$FW��DV�DPHQGHG��

6FLHQWLVWV�IURP�WKH�$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\��$76'5��KDYH�UHYLHZHG�WKH�SHHU�
UHYLHZHUV
�FRPPHQWV�DQG�GHWHUPLQHG�ZKLFK�FRPPHQWV�ZLOO�EH�LQFOXGHG�LQ�WKH�SURILOH���$�OLVWLQJ�RI�WKH�
SHHU�UHYLHZHUV
�FRPPHQWV�QRW�LQFRUSRUDWHG�LQ�WKH�SURILOH��ZLWK�D�EULHI�H[SODQDWLRQ�RI�WKH�UDWLRQDOH�IRU�WKHLU�
H[FOXVLRQ��H[LVWV�DV�SDUW�RI�WKH�DGPLQLVWUDWLYH�UHFRUG�IRU�WKLV�FRPSRXQG��

7KH�FLWDWLRQ�RI�WKH�SHHU�UHYLHZ�SDQHO�VKRXOG�QRW�EH�XQGHUVWRRG�WR�LPSO\�LWV�DSSURYDO�RI�WKH�SURILOH
V�ILQDO�
FRQWHQW���7KH�UHVSRQVLELOLW\�IRU�WKH�FRQWHQW�RI�WKLV�SURILOH�OLHV�ZLWK�WKH�$76'5��
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1 PLUTONIUM 

1.  PUBLIC HEALTH STATEMENT 

7KLV�SXEOLF�KHDOWK�VWDWHPHQW�WHOOV�\RX�DERXW�SOXWRQLXP�DQG�WKH�HIIHFWV�RI�H[SRVXUH�WR�LW��

7KH�(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��(3$��LGHQWLILHV�WKH�PRVW�VHULRXV�KD]DUGRXV�ZDVWH�VLWHV�LQ�WKH�

QDWLRQ�� 7KHVH�VLWHV�DUH�WKHQ�SODFHG�RQ�WKH�1DWLRQDO�3ULRULWLHV�/LVW��13/��DQG�DUH�WDUJHWHG�IRU�ORQJ�WHUP�

IHGHUDO�FOHDQ�XS�DFWLYLWLHV���3OXWRQLXP�KDV�EHHQ�IRXQG�LQ�DW�OHDVW����RI�WKH�������FXUUHQW�RU�IRUPHU�13/�

VLWHV���$OWKRXJK�WKH�WRWDO�QXPEHU�RI�13/�VLWHV�HYDOXDWHG�IRU�WKLV�VXEVWDQFH�LV�QRW�NQRZQ��VWULFW�UHJXODWLRQV�

PDNH�LW�XQOLNHO\�WKDW�WKH�QXPEHU�RI�VLWHV�DW�ZKLFK�SOXWRQLXP�LV�IRXQG�ZRXOG�LQFUHDVH�LQ�WKH�IXWXUH�DV�PRUH�

VLWHV�DUH�HYDOXDWHG�� 7KLV�LQIRUPDWLRQ�LV�LPSRUWDQW�EHFDXVH�WKHVH�VLWHV�PD\�EH�VRXUFHV�RI�H[SRVXUH�DQG�

H[SRVXUH�WR�WKLV�VXEVWDQFH�PD\�EH�KDUPIXO��

:KHQ�D�VXEVWDQFH�LV�UHOHDVHG�IURP�D�ODUJH�DUHD��VXFK�DV�DQ�LQGXVWULDO�SODQW��RU�IURP�D�FRQWDLQHU��VXFK�DV�D�

GUXP�RU�ERWWOH��LW�HQWHUV�WKH�HQYLURQPHQW���7KLV�UHOHDVH�GRHV�QRW�DOZD\V�OHDG�WR�H[SRVXUH���<RX�DUH�

QRUPDOO\�H[SRVHG�WR�D�VXEVWDQFH�RQO\�ZKHQ�\RX�FRPH�LQ�FRQWDFW�ZLWK�LW���<RX�PD\�EH�H[SRVHG�E\�

EUHDWKLQJ��HDWLQJ��RU�GULQNLQJ�WKH�VXEVWDQFH��RU�E\�VNLQ�FRQWDFW���+RZHYHU��VLQFH�SOXWRQLXP�LV�UDGLRDFWLYH��

\RX�FDQ�DOVR�EH�H[SRVHG�WR�LWV�UDGLDWLRQ�LI�\RX�DUH�QHDU�LW��

([WHUQDO�H[SRVXUH�WR�UDGLDWLRQ�PD\�RFFXU�IURP�QDWXUDO�RU�PDQ�PDGH�VRXUFHV���1DWXUDOO\�RFFXUULQJ�VRXUFHV�

RI�UDGLDWLRQ�DUH�FRVPLF�UDGLDWLRQ�IURP�VSDFH�RU�UDGLRDFWLYH�PDWHULDOV�LQ�VRLO�RU�EXLOGLQJ�PDWHULDOV�� 0DQ�

PDGH�VRXUFHV�RI�UDGLRDFWLYH�PDWHULDOV�DUH�IRXQG�LQ�FRQVXPHU�SURGXFWV��LQGXVWULDO�HTXLSPHQW��DWRP�ERPE�

IDOORXW��DQG�WR�D�VPDOOHU�H[WHQW�IURP�KRVSLWDO�ZDVWH�DQG�QXFOHDU�UHDFWRUV��

:KHQ�\RX�DUH�H[SRVHG�WR�SOXWRQLXP��PDQ\�IDFWRUV�ZLOO�GHWHUPLQH�ZKHWKHU�\RX�ZLOO�EH�KDUPHG���7KHVH�

IDFWRUV�LQFOXGH�WKH�GRVH��KRZ�PXFK���WKH�GXUDWLRQ��KRZ�ORQJ���DQG�KRZ�\RX�FRPH�LQ�FRQWDFW�ZLWK�LW���<RX�

PXVW�DOVR�FRQVLGHU�DQ\�RWKHU�FKHPLFDOV�\RX�DUH�H[SRVHG�WR�DQG�\RXU�DJH��VH[��GLHW��IDPLO\�WUDLWV��OLIHVW\OH��

DQG�VWDWH�RI�KHDOWK��
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PLUTONIUM 2 

1.  PUBLIC HEALTH STATEMENT 

1.1  WHAT IS PLUTONIUM? 

Radioactive metal Plutonium is a radioactive element.  Pure plutonium is a silvery-white metal. 

Most plutonium is found combined with other substances, for example, 
plutonium dioxide (plutonium with oxygen) or plutonium nitrate (plutonium 
with nitrogen and oxygen). 

Plutonium is usually measured in terms of its radioactivity (curies or 
becquerels). Both the curie (Ci) and the becquerel (Bq) tell us how much a 
radioactive material decays every second. 

Exists in various 
forms called 
isotopes 

The most common plutonium isotope is plutonium-239. 

Plutonium is not 
stable 

Each radioactive isotope of an element constantly gives off radiation, which 
changes it into an isotope of a different element or a different isotope of the 
same element. This process is called radioactive decay. 

Plutonium-238 and plutonium-239 give off alpha particles (sometimes 
referred to as alpha radiation) and transform into uranium-234 and 
uranium-235, respectively. 

The half-life is the time it takes for half of the atoms of a radionuclide to 
undergo radioactive decay and change it into a different isotope.  The half-
life of plutonium-238 is 87.7 years.  The half-life of plutonium-239 is 
24,100 years.  The half-life of plutonium-240 is 6,560 years. 

Produced in Very small amounts of plutonium occur naturally.  Plutonium-239 and 
nuclear power plutonium-240 are formed in nuclear power plants when uranium-238 
plants and used captures neutrons.  Plutonium is used to produce nuclear weapons. 
in nuclear 
weapons and Plutonium-238 is used as a heat source in nuclear batteries to produce 
batteries electricity in devices such as unmanned spacecraft and interplanetary 

probes. 

0RUH�LQIRUPDWLRQ�DERXW�WKH�SURSHUWLHV�DQG�XVHV�RI�SOXWRQLXP�FDQ�EH�IRXQG�LQ�&KDSWHUV�������DQG����

1.2  WHAT HAPPENS TO PLUTONIUM WHEN IT ENTERS THE ENVIRONMENT? 

Released during 
testing of 
nuclear weapons 

Plutonium released during atmospheric testing of nuclear weapons, which 
ended in 1980, is the source of most of the plutonium in the environment 
worldwide.  The plutonium released during these tests was deposited on land 
and water.  The small amount that remains in the atmosphere continues to be 
deposited as it slowly settles out. 

Plutonium is also released to the environment from research facilities, waste 
disposal, nuclear fuel reprocessing facilities, nuclear weapons production 
facilities, and accidents at facilities where plutonium is used. 
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3 PLUTONIUM 

1.  PUBLIC HEALTH STATEMENT 

Deposited in 
water or soil 

Plutonium can be transported in the atmosphere usually when it is attached to 
particles in the air.  It can be deposited on land or water by settling or by rain. 
Plutonium can stick to particles in soil, sediment, and water. 

Plutonium isotopes will undergo radioactive decay in the environment. 

)RU�PRUH�LQIRUPDWLRQ�RQ�SOXWRQLXP�LQ�WKH�HQYLURQPHQW��VHH�&KDSWHU����

1.3  HOW MIGHT I BE EXPOSED TO PLUTONIUM? 

<RX�PD\�EH�H[SRVHG�WR�SOXWRQLXP�E\�EUHDWKLQJ�DLU��GULQNLQJ�ZDWHU��RU�HDWLQJ�IRRG�FRQWDLQLQJ�SOXWRQLXP��

KRZHYHU��WKH�OHYHOV�RI�SOXWRQLXP�LQ�DLU��ZDWHU��VRLO��DQG�IRRG�DUH�YHU\�ORZ���

Soil Average plutonium levels in surface soil from fallout range from 0.01 to 
0.1 picocuries (pCi) per gram of soil (1 picocurie equals one-trillionth [10-12] 
of a curie). 

Air Plutonium concentrations in air are generally low.  Baseline plutonium-239 
concentrations in air ranging from 1.6x10-6 to 3.8x10-6 pCi per cubic meter of 
air (pCi/m3) have been reported. 

Workplace Persons who work at nuclear fuel and weapons production facilities have a 
greater chance of being exposed than individuals in the general population. 

Accident You could be exposed to plutonium if there was an accidental release of 
plutonium during use.  It is very unlikely you would be exposed as the result 
of a traffic accident or disposal. Plutonium transport containers are virtually 
indestructible by accident or fire.  The disposal site is deep underground and 
away from the public. 

)XUWKHU�LQIRUPDWLRQ�RQ�KRZ�\RX�PLJKW�EH�H[SRVHG�WR�SOXWRQLXP�LV�JLYHQ�LQ�&KDSWHU����
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PLUTONIUM 4 

1.  PUBLIC HEALTH STATEMENT 

1.4  HOW CAN PLUTONIUM ENTER AND LEAVE MY BODY? 

Plutonium can When you breathe air that contains plutonium, some of it will get trapped in 
enter your body your lungs. Some of the trapped plutonium will move to other parts of your 
when it is inhaled body, mainly your bones and liver.  The amount of plutonium that stays in 
or swallowed your lungs depends on the solubility of the plutonium that is in the air you 

breathe. 

A small amount of the plutonium you swallow (much less than 1%) will enter 
other parts of your body (mainly your bones and liver). 

If plutonium gets onto your healthy skin, very little, if any, plutonium will enter 
your body. More plutonium will enter your body if gets onto injured skin, 
such as a cut or burn. 

Plutonium in your Plutonium leaves your body very slowly in the urine and feces.  If plutonium 
body will remain were to enter your lungs today, much of the plutonium would still be in your 
there for many body 30–50 years later. 
years 

)XUWKHU�LQIRUPDWLRQ�RQ�KRZ�SOXWRQLXP�HQWHUV�DQG�OHDYHV�WKH�ERG\�LV�JLYHQ�LQ�&KDSWHU����

1.5  HOW CAN PLUTONIUM AFFECT MY HEALTH? 

3OXWRQLXP�PD\�UHPDLQ�LQ�WKH�OXQJV�RU�PRYH�WR�WKH�ERQHV��OLYHU��RU�RWKHU�ERG\�RUJDQV���,W�JHQHUDOO\�VWD\V�LQ�

WKH�ERG\�IRU�GHFDGHV�DQG�FRQWLQXHV�WR�H[SRVH�WKH�VXUURXQGLQJ�WLVVXHV�WR�UDGLDWLRQ��

Lung, liver, and 
bone cancer 

You may develop cancer depending on how much plutonium is in your body 
and for how long it remains in your body.  The types of cancers you would 
most likely develop are cancers of the lung, bones, and liver.  These types 
of cancers have occurred in workers who were exposed to plutonium in air 
at much higher levels than is in the air that most people breathe. 

Affect ability to 
fight infections 

In laboratory animals, plutonium affected the animal’s ability to resist 
disease (immune system). 

0RUH�LQIRUPDWLRQ�RQ�WKH�KHDOWK�HIIHFWV�RI�SOXWRQLXP�LV�SUHVHQWHG�LQ�&KDSWHUV���DQG����
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PLUTONIUM 5 

1.  PUBLIC HEALTH STATEMENT 

1.6  HOW CAN PLUTONIUM AFFECT CHILDREN? 

7KLV�VHFWLRQ�GLVFXVVHV�SRWHQWLDO�KHDOWK�HIIHFWV�LQ�KXPDQV�IURP�H[SRVXUHV�GXULQJ�WKH�SHULRG�IURP�

FRQFHSWLRQ�WR�PDWXULW\�DW����\HDUV�RI�DJH��

There are Studies in young animals have shown that a larger amount of the plutonium 
differences deposited in the lung will move to growing bones.  Therefore, it is possible 
between children that the bones of children could be more severely affected by plutonium 
and adult than the bones of adults; however, this has not been shown in humans or 

laboratory animals. 

Studies in animals have also shown that a larger amount of plutonium that 
enters the gut of newborn animals is absorbed into the body. 

Effects in unborn 
children 

We do not know if plutonium causes birth defects or affects the ability to 
have children, although some plutonium that reaches the blood can be 
found in ovaries and testes. 

A large portion of the plutonium in the body of adults is in bone.  It is 
possible that plutonium in the bones of a pregnant woman may move to the 
fetus, when the calcium from the mother’s bone is being used to build the 
bones of the fetus. 

1.7  HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO PLUTONIUM? 

([SRVXUH�RI�WKH�JHQHUDO�SRSXODWLRQ�WR�SOXWRQLXP�ZLOO�EH�VPDOO���3OXWRQLXP�OHYHOV�LQ�ZDWHU��DLU��DQG�IRRG�

DUH�JHQHUDOO\�ORZ�LQ�DUHDV�WKDW�KDYH�QRW�EHHQ�FRQWDPLQDWHG�E\�DFFLGHQWV�RU�RWKHU�UHOHDVHV�RI�UDGLRDFWLYH�

PDWHULDOV��

Risk for working 
adults 

People working at facilities using plutonium that is not highly contained will be 
more highly exposed to plutonium than the general population. 

Risk near the 
home 

People do not generally live near facilities that use plutonium in their 
operations.  Some people may be slightly more exposed to plutonium due to 
releases of plutonium through filtered stack-emissions or waste water. Any 
releases are to be within regulatory limits.  Disposal sites are deep 
underground and away from the public. 

Risk in the air you 
breathe 

Breathing plutonium-contaminated air is the most dangerous way to be 
exposed to plutonium.  If you know or suspect that plutonium has been 
released to the air, you should leave the area immediately. 
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PLUTONIUM  6 

1.  PUBLIC HEALTH STATEMENT 

1.8   IS THERE A MEDICAL TEST TO DETERMINE WHETHER I HAVE BEEN EXPOSED TO 
PLUTONIUM? 

Can be measured 
in urine and feces 

Plutonium can be measured in the urine and feces even at very low levels. 
These measurements can be used to estimate the total amount of 
plutonium that has entered the body. 

The levels of plutonium in body can be used to predict the kind of health 
effects that might develop from that exposure. 

Plutonium inside 
the body can be 
detected from 
outside the body 

Some sensitive equipment can measure the weak gamma rays that travel 
to the outside of the body after they are released from plutonium and other 
radioactive materials inside the body.  In the United States, this equipment 
is only available in a few locations. 

)XUWKHU�LQIRUPDWLRQ�RQ�KRZ�SOXWRQLXP�FDQ�EH�PHDVXUHG�LQ�H[SRVHG�KXPDQV�LV�SUHVHQWHG�LQ�

&KDSWHUV���DQG����

1.9   WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO 
PROTECT HUMAN HEALTH? 

7KH�IHGHUDO�JRYHUQPHQW�GHYHORSV�UHJXODWLRQV�DQG�UHFRPPHQGDWLRQV�WR�SURWHFW�SXEOLF�KHDOWK���5HJXODWLRQV�

FDQ�EH�HQIRUFHG�E\�ODZ���)HGHUDO�DJHQFLHV�WKDW�GHYHORS�UHJXODWLRQV�IRU�WR[LF�VXEVWDQFHV�LQFOXGH�WKH�

(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��(3$���WKH�2FFXSDWLRQDO�6DIHW\�DQG�+HDOWK�$GPLQLVWUDWLRQ��26+$���

WKH�)RRG�DQG�'UXJ�$GPLQLVWUDWLRQ��)'$���DQG�WKH�8�6��1XFOHDU�5HJXODWRU\�&RPPLVVLRQ��8615&����

5HFRPPHQGDWLRQV�SURYLGH�YDOXDEOH�JXLGHOLQHV�WR�SURWHFW�SXEOLF�KHDOWK�EXW�FDQQRW�EH�HQIRUFHG�E\�ODZ���

)HGHUDO�RUJDQL]DWLRQV�WKDW�GHYHORS�UHFRPPHQGDWLRQV�IRU�WR[LF�VXEVWDQFHV�LQFOXGH�WKH�$JHQF\�IRU�7R[LF�

6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\��$76'5���WKH�1DWLRQDO�,QVWLWXWH�IRU�2FFXSDWLRQDO�6DIHW\�DQG�+HDOWK�

�1,26+���DQG�WKH�)'$��

5HJXODWLRQV�DQG�UHFRPPHQGDWLRQV�FDQ�EH�H[SUHVVHG�DV�³QRW�WR�H[FHHG´�OHYHOV��WKDW�LV��OHYHOV�RI�D�WR[LF�

VXEVWDQFH�LQ�DLU��ZDWHU��VRLO��RU�IRRG�WKDW�GR�QRW�H[FHHG�D�FULWLFDO�YDOXH�WKDW�LV�XVXDOO\�EDVHG�RQ�OHYHOV�WKDW�

DIIHFW�DQLPDOV��WKH\�DUH�WKHQ�DGMXVWHG�WR�OHYHOV�WKDW�ZLOO�KHOS�SURWHFW�KXPDQV���6RPHWLPHV�WKHVH�QRW�WR�

H[FHHG�OHYHOV�GLIIHU�DPRQJ�IHGHUDO�RUJDQL]DWLRQV�EHFDXVH�WKH\�XVHG�GLIIHUHQW�H[SRVXUH�WLPHV��DQ���KRXU�

ZRUNGD\��D����KRXU�GD\��RU�D�ZRUN�\HDU���GLIIHUHQW�DQLPDO�VWXGLHV��RU�RWKHU�IDFWRUV��

5HFRPPHQGDWLRQV�DQG�UHJXODWLRQV�DUH�DOVR�XSGDWHG�SHULRGLFDOO\�DV�PRUH�LQIRUPDWLRQ�EHFRPHV�DYDLODEOH��

)RU�WKH�PRVW�FXUUHQW�LQIRUPDWLRQ��FKHFN�ZLWK�WKH�IHGHUDO�DJHQF\�RU�RUJDQL]DWLRQ�WKDW�SURYLGHV�LW��



   
 

   
 
 

 
 
 
 
 

�

� �

�

�

  

   
 

    
 

  
�

�

� � � �

� �

� � �� �

� �

�

�

� � � �

�

  
�

� � � �

� � �

�

� �

� � �

�

�

�

� � � ��

7 PLUTONIUM 

1.  PUBLIC HEALTH STATEMENT 

7KH�8615&�KDV�UHFRPPHQGHG�WKH�IROORZLQJ�UDGLDWLRQ�H[SRVXUH�OLPLWV�IRU�WKH�JHQHUDO�SXEOLF�DQG�IRU�

ZRUNHUV��

General public 0.1 rem/year for the general public and 0.5 rem/year for people who work 
with medical patients.  These regulations are for all forms of radiation 
combined, so they are not only for plutonium. 

Workers 5 rem/year for workers in industries where exposure to radiation may occur 
and 0.5 rem for the pregnancy period following the declaration of pregnancy 
by a woman in an industry where exposure to radiation may occur. 

7KHVH�UHFRPPHQGHG�UDGLDWLRQ�H[SRVXUH�OLPLWV�DUH�IRU�DOO�IRUPV�RI�UDGLDWLRQ�FRPELQHG�DQG�DUH�QRW�VSHFLILF�

WR�SOXWRQLXP���7KH�OLPLWV�DUH�H[SUHVVHG�LQ�XQLWV�FDOOHG�UHP��URHQWJHQ�HTXLYDOHQW�PDQ����$�UHP�LV�D�

UDGLDWLRQ�XQLW�WKDW�H[SUHVVHV�WKH�UDGLDWLRQ�HTXLYDOHQW�GRVH�WR�D�SDUWLFXODU�RUJDQ�RU�WLVVXH�� 7KH�OLPLWV�RQ�

HTXLYDOHQW�GRVH�DUH�XVHG�WR�FDOFXODWH�WKH�OLPLWV�RQ�WKH�DPRXQW�RI�UDGLRDFWLYH�VXEVWDQFHV�WKDW�FDQ�EH�

LQKDOHG�RU�LQJHVWHG��

$GGLWLRQDO�LQIRUPDWLRQ�RQ�JRYHUQPHQWDO�UHJXODWLRQV�UHJDUGLQJ�SOXWRQLXP�FDQ�EH�IRXQG�LQ�&KDSWHU����

1.10  WHERE CAN I GET MORE INFORMATION? 

,I�\RX�KDYH�DQ\�PRUH�TXHVWLRQV�RU�FRQFHUQV��SOHDVH�FRQWDFW�\RXU�FRPPXQLW\�RU�VWDWH�KHDOWK�RU�

HQYLURQPHQWDO�TXDOLW\�GHSDUWPHQW��RU�FRQWDFW�$76'5�DW�WKH�DGGUHVV�DQG�SKRQH�QXPEHU�EHORZ��

$76'5�FDQ�DOVR�WHOO�\RX�WKH�ORFDWLRQ�RI�RFFXSDWLRQDO�DQG�HQYLURQPHQWDO�KHDOWK�FOLQLFV�� 7KHVH�FOLQLFV�

VSHFLDOL]H�LQ�UHFRJQL]LQJ��HYDOXDWLQJ��DQG�WUHDWLQJ�LOOQHVVHV�WKDW�UHVXOW�IURP�H[SRVXUH�WR�KD]DUGRXV�

VXEVWDQFHV��

7R[LFRORJLFDO�SURILOHV�DUH�DOVR�DYDLODEOH�RQ�OLQH�DW�ZZZ�DWVGU�FGF�JRY�DQG�RQ�&'�520���<RX�PD\�

UHTXHVW�D�FRS\�RI�WKH�$76'5�7R[3URILOHV70�&'�520�E\�FDOOLQJ�WKH�WROO�IUHH�LQIRUPDWLRQ�DQG�WHFKQLFDO�

http:www.atsdr.cdc.gov
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8 PLUTONIUM 

1.  PUBLIC HEALTH STATEMENT 

DVVLVWDQFH�QXPEHU�DW�������&'&,1)2�������������������E\�H�PDLO�DW�FGFLQIR#FGF�JRY��RU�E\�ZULWLQJ�

WR��

$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\  
'LYLVLRQ�RI�7R[LFRORJ\�DQG�(QYLURQPHQWDO�0HGLFLQH  
�����&OLIWRQ�5RDG�1(  
0DLOVWRS�)���  
$WODQWD��*$������  
)D[����������������  

2UJDQL]DWLRQV�IRU�SURILW�PD\�UHTXHVW�FRSLHV�RI�ILQDO�7R[LFRORJLFDO�3URILOHV�IURP�WKH�IROORZLQJ��

1DWLRQDO�7HFKQLFDO�,QIRUPDWLRQ�6HUYLFH��17,6�  
�����3RUW�5R\DO�5RDG  
6SULQJILHOG��9$������  
3KRQH�����������������RU���������������  
:HE�VLWH��KWWS���ZZZ�QWLV�JRY�  

http:http://www.ntis.gov
mailto:cdcinfo@cdc.gov
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9 PLUTONIUM 

2. RELEVANCE TO PUBLIC HEALTH  

2.1   BACKGROUND AND ENVIRONMENTAL EXPOSURES TO PLUTONIUM IN THE 
UNITED STATES 

3OXWRQLXP�LV�SULPDULO\�D�KXPDQ�PDGH�UDGLRDFWLYH�HOHPHQW�RI�WKH�DFWLQLGH�VHULHV�DQG�ZDV�WKH�ILUVW�KXPDQ�

PDGH�HOHPHQW�WR�EH�V\QWKHVL]HG�LQ�ZHLJKDEOH�DPRXQWV���3OXWRQLXP�ZDV�ILUVW�V\QWKHVL]HG�E\�WKH�

ERPEDUGPHQW�RI�XUDQLXP�ZLWK�GHXWHURQV���+��E\�6HDERUJ�DQG�FR�ZRUNHUV�LQ��������$OWKRXJK����LVRWRSHV�

RI�SOXWRQLXP���������3X��KDYH�EHHQ�LGHQWLILHG��WKH�DOSKD�HPLWWLQJ����3X�DQG����3X�LVRWRSHV�DUH�WKH�RQHV�PRVW�

FRPPRQO\�HQFRXQWHUHG�DQG�ZLGHO\�VWXGLHG�IRU�SRWHQWLDO�DGYHUVH�KHDOWK�HIIHFWV���7KH�LVRWRSH����3X�ZDV�

ILUVW�XVHG�LQ�ILVVLRQ�ZHDSRQV�EHJLQQLQJ�LQ������DQG�LV�SURGXFHG�GXULQJ�WKH�ERPEDUGPHQW�RI�XUDQLXP�

����8��E\�QHXWURQV�LQ�QXFOHDU�UHDFWRUV���$SSUR[LPDWHO\�RQH�WKLUG�RI�WKH�WRWDO�HQHUJ\�SURGXFHG�LQ�D�W\SLFDO�

FRPPHUFLDO�QXFOHDU�SRZHU�SODQW�FRPHV�IURP�WKH�ILVVLRQ�RI����3X�SURGXFHG�IURP����8���7KH�LVRWRSH����3X�

KDV�EHHQ�XVHG�DV�D�KHDW�VRXUFH�LQ�QXFOHDU�EDWWHULHV�WR�SURGXFH�HOHFWULFLW\�LQ�GHYLFHV�VXFK�DV�XQPDQQHG�

VSDFHFUDIW�DQG�LQWHUSODQHWDU\�SUREHV���3OXWRQLXP�LV�D�FDUHIXOO\�UHJXODWHG�PDWHULDO�XQGHU�JRYHUQPHQW�DQG�

,QWHUQDWLRQDO�$WRPLF�(QHUJ\�$JHQF\��,$($��FRQWURO�DQG�KDV�QR�FRPPHUFLDO�XVDJH��ZLWK�WKH�H[FHSWLRQ�RI�

VPDOO�TXDQWLWLHV�XVHG�LQ�UHVHDUFK�ODERUDWRULHV���$SSUR[LPDWHO\�������PHWULF�WRQV�RI�SOXWRQLXP�ZDV�

HVWLPDWHG�WR�H[LVW�ZRUOGZLGH�DW�WKH�HQG�RI�������PRVW�RI�ZKLFK�ZDV�IRXQG�LQ�VSHQW�IXHO�IURP�QXFOHDU�

SRZHU�SODQWV���$�SOXWRQLXP�SURGXFWLRQ�UDWH�RI���±���PHWULF�WRQV�\HDU�ZDV�HVWLPDWHG�IRU�UHDFWRUV�

ZRUOGZLGH�LQ�������

7KH�PDLQ�VRXUFHV�RI�SOXWRQLXP�LQ�WKH�HQYLURQPHQW�DUH�UHOHDVHV�IURP�UHVHDUFK�IDFLOLWLHV��QXFOHDU�ZHDSRQV�

WHVWLQJ��ZDVWH�GLVSRVDO��QXFOHDU�ZHDSRQV�SURGXFWLRQ�IDFLOLWLHV��DQG�DFFLGHQWV���$WPRVSKHULF�WHVWLQJ�RI�

QXFOHDU�ZHDSRQV��ZKLFK�HQGHG�LQ�������LV�WKH�VRXUFH�RI�PRVW�RI�WKH�SOXWRQLXP�LQ�WKH�HQYLURQPHQW�

ZRUOGZLGH��ZKLFK�UHOHDVHG�DSSUR[LPDWHO\��������NLORJUDPV�RI�SOXWRQLXP���7UDFH�DPRXQWV�RI�SOXWRQLXP�

�LQFOXGLQJ����3X�����3X�����3X��DQG����3X��DUH�IRXQG�ZRUOGZLGH��PRVWO\�GXH�WR�IDOORXW�IURP�DWPRVSKHULF�

QXFOHDU�WHVWLQJ���7UDFH�DPRXQWV�RI����3X�DUH�IRXQG�LQ�QDWXUDOO\�RFFXUULQJ�XUDQLXP�RUHV��DOWKRXJK�LQ�VXFK�

VPDOO�DPRXQWV�WKDW�H[WUDFWLRQ�LV�QRW�SUDFWLFDO���6PDOO�DPRXQWV�RI����3X�DOVR�H[LVW�LQ�QDWXUH�IURP�UHPQDQWV�

RI�SULPRUGLDO�VWHOODU�QXFOHRV\QWKHVLV�DQG�IURP�³QDWXUDO´�UHDFWRUV�VXFK�DV�WKH�2NOR�QDWXUDO�UHDFWRU�LQ�WKH�

$IULFDQ�QDWLRQ�RI�*DERQ��ZKLFK�H[LVWHG�DERXW���ELOOLRQ�\HDUV�DJR���3OXWRQLXP�UHOHDVHG�WR�WKH�DWPRVSKHUH�

UHDFKHV�WKH�HDUWK
V�VXUIDFH�WKURXJK�ZHW�DQG�GU\�GHSRVLWLRQ�WR�WKH�VRLO�DQG�VXUIDFH�ZDWHU�� 2QFH�LQ�WKHVH�

PHGLD��VROXEOH�SOXWRQLXP�FDQ�VRUE�WR�VRLO�DQG�VHGLPHQW�SDUWLFOHV�RU�ELRDFFXPXODWH�LQ�WHUUHVWULDO�DQG�

DTXDWLF�IRRG�FKDLQV��
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10 PLUTONIUM 

2. RELEVANCE TO PUBLIC HEALTH 

+XPDQV�PD\�EH�H[SRVHG�WR�SOXWRQLXP�E\�EUHDWKLQJ�DLU��GULQNLQJ�ZDWHU��RU�HDWLQJ�IRRG�FRQWDLQLQJ�

SOXWRQLXP��KRZHYHU��WKH�OHYHOV�RI�SOXWRQLXP�LQ�DLU��ZDWHU��VRLO��DQG�IRRG�DUH�JHQHUDOO\�YHU\�ORZ��DQG�RI�

OLWWOH�KHDOWK�FRQVHTXHQFH���$YHUDJH�SOXWRQLXP�OHYHOV�LQ�VXUIDFH�VRLO�IURP�IDOORXW�UDQJH�IURP������WR�

����SLFRFXULHV��S&L��SHU�JUDP�RI�VRLO����SLFRFXULH�HTXDOV�RQH�WULOOLRQWK�>�����@�RI�D�FXULH����,Q�JHQHUDO��

SOXWRQLXP�FRQFHQWUDWLRQV�LQ�DLU�DUH�ORZ���%DVHOLQH����3X�FRQFHQWUDWLRQV�LQ�DLU�UDQJLQJ�IURP����[����� WR�

���[�����S&L�SHU�FXELF�PHWHU�RI�DLU��S&L�P���KDYH�EHHQ�UHSRUWHG��

2.2  SUMMARY OF HEALTH EFFECTS 

5LVNV�IRU�DGYHUVH�RXWFRPHV�RI�SOXWRQLXP�H[SRVXUHV�DUH�VWURQJO\�GHSHQGHQW�RQ�UDGLDWLRQ�GRVHV�UHFHLYHG�E\�

VSHFLILF�WLVVXHV�DQG�RUJDQ�V\VWHPV���0RVW�RI�WKH�ERG\�EXUGHQ�RI�SOXWRQLXP�UHVLGHV�LQ�WKH�VNHOHWRQ�DQG�

OLYHU��DQG�IROORZLQJ�LQKDODWLRQ�H[SRVXUHV��LQ�WKH�OXQJ�DQG�OXQJ�DVVRFLDWHG�O\PSK�QRGHV���$V�D�UHVXOW��WKHVH�

WLVVXHV�UHFHLYH�UHODWLYHO\�KLJK�UDGLDWLRQ�GRVHV�IROORZLQJ�H[SRVXUHV�WR�SOXWRQLXP���5DGLDWLRQ�LQGXFHG�

WR[LFLW\�WR�WKHVH�WLVVXHV�KDV�EHHQ�GRFXPHQWHG�LQ�KXPDQ�HSLGHPLRORJLFDO�VWXGLHV�DQG�LQ�DQLPDO�PRGHOV��

7KH�UHODWLYHO\�KLJK�UDGLDWLRQ�GRVHV�UHFHLYHG�E\�ERQH��OLYHU��DQG�OXQJ�OHQG�JUHDWHU�FUHGLELOLW\�WR�WKH�

HSLGHPLRORJLFDO�ILQGLQJV�IRU�WKHVH�WLVVXHV�WKDQ�IRU�RXWFRPHV�LQ�RWKHU�WLVVXHV�WKDW�UHFHLYH�PXFK�VPDOOHU�

UDGLDWLRQ�GRVHV���$OO�HSLGHPLRORJLFDO�VWXGLHV�WKDW�KDYH�UHSRUWHG�DGYHUVH�RXWFRPHV�LQ�WKHVH�WLVVXHV�KDYH�

VWXGLHG�SRSXODWLRQV��L�H���ZRUNHUV�LQ�SOXWRQLXP�SURGXFWLRQ�DQG�SURFHVVLQJ�IDFLOLWLHV��WKDW�H[SHULHQFHG�

H[SRVXUHV�DQG�UDGLDWLRQ�GRVHV�WKDW�JUHDWO\�H[FHHG�WKRVH�H[SHULHQFHG�E\�WKH�JHQHUDO�SXEOLF���$FFRUGLQJO\��

ULVNV�IRU�WKHVH�RXWFRPHV�LQ�WKH�JHQHUDO�SRSXODWLRQ�DUH�VXEVWDQWLDOO\�ORZHU�WKDQ�UHSRUWHG�IRU�WKHVH�PRUH�

KLJKO\�H[SRVHG�ZRUNHU�SRSXODWLRQV��

Death. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�KDYH�EHHQ�H[DPLQHG�LQ�

VWXGLHV�RI�ZRUNHUV�DW�WKH�8�6��SOXWRQLXP�SURGXFWLRQ�DQG�RU�SURFHVVLQJ�IDFLOLWLHV��+DQIRUG��/RV�$ODPRV��

5RFN\�)ODWV���DV�ZHOO�DV�IDFLOLWLHV�LQ�5XVVLD��H�J���0D\DN��DQG�WKH�8QLWHG�.LQJGRP��H�J���6HOODILHOG����7KH�

0D\DN�VWXGLHV�SURYLGH�UHODWLYHO\�VWURQJ�HYLGHQFH�IRU�DQ�DVVRFLDWLRQ�EHWZHHQ�FDQFHU�PRUWDOLW\��ERQH��OLYHU��

OXQJ��DQG�H[SRVXUH�WR�SOXWRQLXP���3OXWRQLXP�GRVH�UHVSRQVH�UHODWLRQVKLSV�IRU�OXQJ�FDQFHU�PRUWDOLW\�KDYH�

EHHQ�GHULYHG�IURP�VWXGLHV�RI�0D\DN�ZRUNHUV��ZKR�UHFHLYHG�PXFK�KLJKHU�XSWDNHV�RI�SOXWRQLXP�FRPSDUHG�

WR�RWKHU�HSLGHPLRORJLFDO�FRKRUWV��L�H���PHDQ�ERG\�EXUGHQV�����±����N%T��ZLWK�PXFK�KLJKHU�LQGLYLGXDO�

H[SRVXUHV�>XS�WR�����N%T@�LQ�UHODWLYHO\�ODUJH�QXPEHUV�RI�WKHVH�ZRUNHUV����([FHVV�UHODWLYH�ULVN��(55��

HVWLPDWHG�LQ�WKUHH�VWXGLHV��DGMXVWHG�IRU�VPRNLQJ��ZHUH�����SHU�*\������FRQILGHQFH�LQWHUYDO�>&,@� ����±�

�����LQ�PDOHV��DQG����SHU�*\������&,������±����LQ�IHPDOHV��DWWDLQHG�DJH����\HDUV��������SHU�*\������&,��

����±������LQ�PDOHV��DQG������SHU�6Y������&,�������±������RU������SHU�6Y������&,�������±�������

GHSHQGLQJ�RQ�WKH�VPRNLQJ�UDGLDWLRQ�LQWHUDFWLRQ�PRGHO�WKDW�ZDV�DVVXPHG��WKHVH�HVWLPDWHV�SHU�6Y�
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11 PLUTONIUM 

2. RELEVANCE TO PUBLIC HEALTH 

FRUUHVSRQG�WR�����RU�����SHU�*\��UHVSHFWLYHO\��DVVXPLQJ�D�UDGLDWLRQ�ZHLJKWLQJ�IDFWRU�RI����IRU���UDGLDWLRQ���

7KH�(55�SHU�*\�LQ�0D\DN�ZRUNHUV�GHFOLQHG�VWURQJO\�ZLWK�DWWDLQHG�DJH���,Q�D�UHFHQW�FRKRUW�PRUWDOLW\�

VWXG\�RI�WKH�0D\DN�ZRUNHUV��VLJQLILFDQW�SOXWRQLXP�GRVH�UHVSRQVH�UHODWLRQVKLSV��S��������ZHUH�IRXQG�IRU�

GHDWKV�GXH�WR�OXQJ�RU�OLYHU�FDQFHU��DQG�IRU�GHDWKV�LQ�ZKLFK�ERQH�FDQFHU�ZDV�FRQVLGHUHG�D�FRQWULEXWLQJ�

FDXVH���$W�DWWDLQHG�DJH�RI����\HDUV��(55V�IRU�OXQJ�FDQFHU�ZHUH�����SHU�*\������&,������±����LQ�PDOHV�DQG�

���SHU�*\������&,������±����LQ�IHPDOHV���$YHUDJHG�DWWDLQHG�DJH�(55V�IRU�OLYHU�FDQFHU�ZHUH�����SHU�*\�

�����&,�� ���±�����IRU�PDOHV�DQG����SHU�*\������&,������±����IRU�IHPDOHV��DQG�DYHUDJHG�DWWDLQHG�DJH�

(55V�IRU�ERQH�FDQFHU�ZHUH������SHU�*\������&,�����±�����IRU�PDOHV�DQG�����SHU�*\������&,� ����±����

IRU�IHPDOHV���(OHYDWHG�ULVNV�IRU�ERQH�FDQFHU�ZHUH�REVHUYHG�RQO\�IRU�ZRUNHUV�ZLWK�SOXWRQLXP�GRVHV�

H[FHHGLQJ����*\���)RU�OXQJ�DQG�ERQH�FDQFHU��WKH�(55�GHFOLQHG�ZLWK�DWWDLQHG�DJH��DQG�IRU�OXQJ�FDQFHU��WKH�

(55�GHFOLQHG�ZLWK�DJH�DW�ILUVW�SOXWRQLXP�H[SRVXUH��

'HFUHDVHG�VXUYLYDO�ZDV�QRWHG�LQ�EHDJOH�GRJV�H[SRVHG�WR�SOXWRQLXP�DHURVROV�����3X2������3X2���RU�
���3X�12�����DW�OHYHOV�UHVXOWLQJ�LQ�LQLWLDO�OXQJ�EXUGHQV�LQ�WKH�UDQJH�RI����N%T�NJ�ERG\�ZHLJKW���(DUO\�

GHDWKV�ZHUH�DWWULEXWHG�WR�UDGLDWLRQ�SQHXPRQLWLV�DQG�GHFUHDVHG�VXUYLYDO�ODWH�LQ�OLIH�ZDV�W\SLFDOO\�DVVRFLDWHG�

ZLWK�WXPRU�GHYHORSPHQW��

Cancer. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�FDQFHU�PRUWDOLW\�DQG�PRUELGLW\�KDYH�

EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�WKH�8�6��SOXWRQLXP�SURGXFWLRQ�DQG�RU�SURFHVVLQJ�IDFLOLWLHV�

�+DQIRUG��/RV�$ODPRV��5RFN\�)ODWV���DV�ZHOO�DV�IDFLOLWLHV�LQ�5XVVLD��0D\DN��DQG�WKH�8QLWHG�.LQJGRP�

�H�J���6HOODILHOG��� &RPSDUHG�WR�VWXGLHV�RI�8�.��DQG�8�6��IDFLOLWLHV��WKH�0D\DN�FRKRUWV�KDG�UHODWLYHO\�KLJK�

XSWDNHV�RI�SOXWRQLXP��L�H���PHDQ�ERG\�EXUGHQV�DV�KLJK�DV�����N%T��ZLWK�PXFK�KLJKHU�LQGLYLGXDO�XSWDNHV�

>XS�WR�����N%T@�LQ�UHODWLYHO\�ODUJH�QXPEHUV�RI�WKHVH�ZRUNHUV����&ROOHFWLYHO\��WKH�0D\DN�VWXGLHV�SURYLGH�

HYLGHQFH�IRU�DQ�DVVRFLDWLRQ�EHWZHHQ�FDQFHU�PRUWDOLW\��OXQJ��OLYHU��ERQH��DQG�XSWDNH�RI�SOXWRQLXP�� 6WXGLHV�

RI�8�.��DQG�8�6��IDFLOLWLHV�KDYH�H[DPLQHG�FRKRUWV�RI�ZRUNHUV�ZKR�KDG�VXEVWDQWLDOO\�ORZHU�HVWLPDWHG�

SOXWRQLXP�XSWDNHV�DQG�FRUUHVSRQGLQJ�LQWHUQDO�UDGLDWLRQ�GRVHV�WKDQ�WKH�0D\DN�FRKRUWV��H�J���6HOODILHOG��

���N%T�LQ�����RI�WKH�DVVHVVHG�ZRUNHUV��/RV�$ODPRV�� PHDQ�ERG\�EXUGHQ�������N%T��UDQJH�����±�

�����N%T����$OWKRXJK�D�VLJQLILFDQWO\�KLJKHU�LQFLGHQFH�RI�FDQFHU�PRUWDOLW\�LQ�FHUWDLQ�JURXSV�RI�SOXWRQLXP�

ZRUNHUV�KDV�EHHQ�IRXQG�LQ�VRPH�VWXGLHV��KLJKHU�FDQFHU�LQFLGHQFH�DQG�RU�ULVNV�IRU�WLVVXHV�WKDW�UHFHLYHG�WKH�

KLJKHVW�SOXWRQLXP�UDGLDWLRQ�GRVHV��L�H���OXQJ��OLYHU��ERQH��KDYH�QRW�EHHQ�IRXQG��PDNLQJ�FDXVDO�FRQQHFWLRQV�

RI�WKHVH�RXWFRPHV�WR�SOXWRQLXP�H[SRVXUH�PRUH�XQFHUWDLQ�� 7KH�6HOODILHOG�VWXG\�LV�E\�IDU�WKH�VWURQJHVW�RI�

WKHVH�VWXGLHV�DQG�GLG�QRW�ILQG�DVVRFLDWLRQV�EHWZHHQ�SOXWRQLXP�H[SRVXUH�DQG�FDQFHUV�WR�WLVVXHV�UHFHLYLQJ�

WKH�KLJKHVW�UDGLDWLRQ�GRVHV�IURP�SOXWRQLXP��
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12 PLUTONIUM 

2. RELEVANCE TO PUBLIC HEALTH 

3OXWRQLXP�GRVH�UHVSRQVH�UHODWLRQVKLSV�IRU�OXQJ�FDQFHU�PRUWDOLW\�DQG�PRUELGLW\�KDYH�EHHQ�FRUURERUDWHG�LQ�

IRXU�0D\DN�VWXGLHV���(VWLPDWHG�H[FHVV�UHODWLYH�ULVN�LQ�WKHVH�IRXU�VWXGLHV��DGMXVWHG�IRU�VPRNLQJ��ZHUH�DV�

IROORZV�� ��������SHU�*\������&,������±�����LQ�PDOHV�DQG����SHU�*\������&,������±����LQ�IHPDOHV��

��������SHU�*\������&,������±����LQ�PDOHV�DQG����SHU�*\������&,������±����LQ�IHPDOHV�DW�DWWDLQHG�DJH�RI�

���\HDUV�����������SHU�*\������&,�������±������LQ�PDOHV��DQG����������SHU�6Y������&,�������±������RU�

�����SHU�6Y������&,�������±�������GHSHQGLQJ�RQ�WKH�VPRNLQJ�UDGLDWLRQ�LQWHUDFWLRQ�PRGHO�WKDW�ZDV�

DVVXPHG��WKHVH�HVWLPDWHV�SHU�6Y�FRUUHVSRQG�WR�����RU�����SHU�*\��UHVSHFWLYHO\��DVVXPLQJ�D�UDGLDWLRQ�

ZHLJKWLQJ�IDFWRU�RI����IRU���UDGLDWLRQ���

7KH�ULVNV�RI�PRUWDOLW\�DQG�PRUELGLW\�IURP�ERQH�DQG�OLYHU�FDQFHUV�KDYH�DOVR�EHHQ�VWXGLHG�LQ�0D\DN�

ZRUNHUV�� ,QFUHDVLQJ�HVWLPDWHG�SOXWRQLXP�ERG\�EXUGHQ�ZDV�DVVRFLDWHG�ZLWK�LQFUHDVLQJ�OLYHU�FDQFHU�

PRUWDOLW\��ZLWK�KLJKHU�ULVN�LQ�IHPDOHV�FRPSDUHG�WR�PDOHV���5HODWLYH�ULVN�IRU�OLYHU�FDQFHU�IRU�D�FRKRUW�RI�

PDOHV�DQG�IHPDOHV�ZDV�HVWLPDWHG�WR�EH���������&,������±����LQ�DVVRFLDWLRQ�ZLWK�SOXWRQLXP�XSWDNHV�

!����N%T��KRZHYHU��ZKHQ�VWUDWLILHG�E\�JHQGHU��WKH�UHODWLYH�ULVN�HVWLPDWHV�IRU�IHPDOHV�ZDV���������&,���

��±����DQG�KLJKHU�WKDQ�IRU�PDOHV�����������&,������±����� 5LVN�RI�ERQH�FDQFHU�PRUWDOLW\�LQ�WKLV�VDPH�

FRKRUW��Q ��������ZDV�HVWLPDWHG�WR�EH����������&,������±����LQ�DVVRFLDWLRQ�ZLWK�SOXWRQLXP�XSWDNHV�

!����N%T��PDOHV�DQG�IHPDOHV�FRPELQHG����5LVNV�RI�OHXNHPLD�PRUWDOLW\��LQ�WKH�VDPH�FRKRUW��ZHUH�QRW�

DVVRFLDWHG�ZLWK�LQWHUQDO�SOXWRQLXP�H[SRVXUH���,Q�D�FDVH�FRQWURO�VWXG\�RI�0D\DN�ZRUNHUV��WKH�RGGV�UDWLR�IRU�

OLYHU�FDQFHU�ZDV�����������&,������±������IRU�VXEMHFWV�ZKR�UHFHLYHG�GRVHV�!���±����*\��UHODWLYH�WR��±�

����*\��DQG�WKH�RGGV�UDWLRV�IRU�KHPDQJLRVDUFRPDV�ZHUH�����������&,������±�����IRU�WKH�GRVH�JURXS�!���±�

����*\��DQG�����������&,������±�����IRU�WKH�GRVH�JURXS�!���±�����*\��GRVHV�ZHUH�HVWLPDWHG�EDVHG�RQ�

SHULRGLF�XULQH�VDPSOLQJ���$�VWXG\�UHSRUWHG�DYHUDJHG�DWWDLQHG�DJH�(55V�IRU�OLYHU�FDQFHU�RI�����SHU�*\�

�����&,������±�����IRU�PDOHV�DQG����SHU�*\������&,������±����IRU�IHPDOHV��DQG�DYHUDJHG�DWWDLQHG�DJH�

(55V�IRU�ERQH�FDQFHU�RI������SHU�*\������&,�����±�����IRU�PDOHV�DQG�����SHU�*\������&,������±����IRU�

IHPDOHV���(OHYDWHG�ULVNV�IRU�ERQH�FDQFHU�ZHUH�REVHUYHG�RQO\�IRU�ZRUNHUV�ZLWK�SOXWRQLXP�GRVHV�H[FHHGLQJ�

���*\���)RU�OXQJ�DQG�ERQH�FDQFHU��WKH�(55�GHFOLQHG�ZLWK�DWWDLQHG�DJH��DQG�IRU�OXQJ�FDQFHU��WKH�(55�

GHFOLQHG�ZLWK�DJH�DW�ILUVW�SOXWRQLXP�H[SRVXUH��

&RQVLVWHQW�ZLWK�ILQGLQJV�IURP�KXPDQ�HSLGHPLRORJLFDO�VWXGLHV��UHVXOWV�RI�DQLPDO�VWXGLHV�VKRZ�WKDW�WLVVXH�

ORFDWLRQ�RI�SOXWRQLXP�LQGXFHG�FDQFHU�LV�FRPSRXQG�GHSHQGHQW���$�VLJQLILFDQW�DPRXQW�RI�SOXWRQLXP�IURP�

UHODWLYHO\�VROXEOH����3X�12����DQG����3X2���PRUH�VROXEOH�WKDQ����3X2��GXH�WR�KLJKHU�VSHFLILF�DFWLYLW\�RI�
���3X�FRPSDUHG�WR����3X��LV�GLVWULEXWHG�WR�ERQH�DQG�OLYHU���,Q�FRQWUDVW��UHODWLYHO\�LQVROXEOH����3X2��LV�

SULPDULO\�UHWDLQHG�LQ�OXQJ�DQG�DVVRFLDWHG�O\PSK�QRGHV��ZLWK�DSSUR[LPDWHO\�������������DQG��������

UHORFDWLQJ�WR�OLYHU��VNHOHWRQ��VSOHHQ��DQG�NLGQH\��UHVSHFWLYHO\� �%RQH�WXPRUV��SUHGRPLQDQWO\�
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13 PLUTONIUM 

2. RELEVANCE TO PUBLIC HEALTH 

RVWHRVDUFRPDV��ZHUH�WKH�SULPDU\�FDXVH�RI�FDQFHU�GHDWKV�LQ�GRJV�H[SRVHG�RQFH�WR����3X2��DHURVROV��OXQJ�

WXPRU�LQFLGHQFHV�ZHUH�DOVR�UHODWLYHO\�KLJK�LQ�WKHVH�GRJV��DQG�OLYHU�WXPRUV�DSSHDUHG�WR�EH�D�FRQWULEXWLQJ�

FDXVH�RI�GHDWK�LQ�D�IHZ����3X2��H[SRVHG�GRJV���7KH�SDWWHUQ�RI�WXPRU�GHYHORSPHQW�LQ�GRJV�H[SRVHG�WR�
���3X�12����ZDV�VLPLODU�WR�WKDW�RI�GRJV�H[SRVHG�WR����3X2���ZLWK�WXPRUV�REVHUYHG�LQ�OXQJ��ERQH��DQG�OLYHU�

�SULQFLSDOO\�RI�ELOH��GXFW�HSLWKHOLXP����%RQH�WXPRUV�ZHUH�WKH�PDLQ�FDXVH�RI�GHDWK�LQ�WKH�H[SRVXUH�JURXSV�

ZLWK�PHDQ�LQLWLDO�OXQJ�EXUGHQV�RI���DQG�����N%T�NJ���,Q�FRQWUDVW�WR�WKH�KLJK�LQFLGHQFHV�RI�ERQH�WXPRUV�LQ�

WKH�GRJV�H[SRVHG�WR����3X2��RU����3X�12����DHURVROV��FDQFHU�GHDWKV�LQ�GRJV�H[SRVHG�WR�DHURVROV�RI�WKH�

UHODWLYHO\�LQVROXEOH����3X2��ZHUH�SUHGRPLQDQWO\�DVVRFLDWHG�ZLWK�OXQJ�WXPRUV�FRQVLVWLQJ�PDLQO\�RI�

SDSLOODU\�DGHQRFDUFLQRPDV�EDVHG�RQ�D�OLIHVSDQ�FRPSRVLWH�VWXG\���7XPRU�LQFLGHQFHV�DW�RWKHU�VLWHV�LQ�WKH�
���3X2��H[SRVHG�GRJV�ZHUH�QRW�VWDWLVWLFDOO\�VLJQLILFDQWO\�GLIIHUHQW�IURP�WKRVH�RI�FRQWUROV���(DUOLHU�DQG�

VKRUWHU�VWXGLHV�UHSRUWHG�EURQFKLROR�DOYHRODU�FDUFLQRPD�DV�WKH�PRVW�IUHTXHQWO\�LGHQWLILHG�FDQFHU�W\SH��

Respiratory Effects. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�UHVSLUDWRU\�WUDFW�

GLVHDVH�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�8�6��SOXWRQLXP�SURGXFWLRQ�DQG�RU�SURFHVVLQJ�

IDFLOLWLHV��+DQIRUG��/RV�$ODPRV��5RFN\�)ODWV���DV�ZHOO�DV�IDFLOLWLHV�LQ�5XVVLD��0D\DN��DQG�WKH�8QLWHG�

.LQJGRP��H�J���6HOODILHOG����&ROOHFWLYHO\��WKHVH�VWXGLHV�KDYH�QRW�IRXQG�VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�

PRUWDOLW\�UDWHV�IURP�UHVSLUDWRU\�WUDFW�GLVHDVH��RWKHU�WKDQ�FDQFHU��DQG�H[SRVXUHV�WR�SOXWRQLXP�DPRQJ�

ZRUNHUV�DW�WKHVH�IDFLOLWLHV���3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�SXOPRQDU\�ILEURVLV�

ZHUH�H[DPLQHG�LQ�D�FRKRUW�RI�ZRUNHUV��Q �����DW�5RFN\�)ODWV���7KH�VWXG\�DVVHVVHG�OXQJ�LQWHUVWLWLDO�

DEQRUPDOLWLHV�IURP�WKH�PRVW�UHFHQW�DYDLODEOH�[�UD\V�LQ�UHODWLRQ�WR�HVWLPDWHG�OXQJ�HTXLYDOHQW�GRVH�IURP�

SOXWRQLXP���(VWLPDWHG�OXQJ�HTXLYDOHQW�GRVHV�UDQJHG�IURP���WR����6Y��DSSUR[LPDWHO\��������6Y����7KH�

RGGV�UDWLR��DGMXVWHG�IRU�DJH��VPRNLQJ�VWDWXV��DQG�HYLGHQFH�IURP�SOHXUDO�DEQRUPDOLWLHV�IURP�SRVVLEOH�

DVEHVWRV�H[SRVXUH��ZDV�VLJQLILFDQW�IRU�WKH�GRVH�JURXS�t���6Y�����������&,������±��������$�UHSRUW�RI�RQH�

VWXG\�ZDV�EDVHG�RQ�VFRULQJ�UDGLRJUDSKV�IRU�WKH�VHYHULW\�RI�FKHVW�DEQRUPDOLWLHV�FRQVLGHUHG�FRQVLVWHQW�ZLWK�

ILEURVLV��DQG�GLG�QRW�LQFOXGH�LQIRUPDWLRQ�UHJDUGLQJ�D�SRVVLEOH�DVVRFLDWLRQ�EHWZHHQ�WKHVH�OXQJ�

DEQRUPDOLWLHV�DQG�FOLQLFDO�V\PSWRPV�RI�GLVHDVH����

5DGLDWLRQ�SQHXPRQLWLV�KDV�EHHQ�REVHUYHG�IROORZLQJ�LQKDODWLRQ�H[SRVXUH�RI�GRJV��QRQKXPDQ�SULPDWHV�

�PRQNH\V�DQG�EDERRQV���DQG�URGHQWV�WR�SOXWRQLXP��SULPDULO\�LQVROXEOH��FRPSRXQGV��DQG�ZDV�LGHQWLILHG�DV�

SULPDU\��PDMRU�FRQWULEXWLQJ��RU�LQFLGHQWDO�FDXVH�RI�GHDWK�LQ�VRPH�GRJV�DQG�QRQKXPDQ�SULPDWHV�WKDW�

LQKDOHG����3X2������3X2���RU����3X�12�����5HVXOWV�RI�OLIHWLPH�VWXGLHV�LQ�GRJV�LQGLFDWH�WKDW�UDGLDWLRQ�

SQHXPRQLWLV�LQ�WKH����3X2��H[SRVHG�GRJV�RFFXUUHG�DW�ORZHU�,/%V�DQG�KDG�D�VKRUWHU�WLPH�WR�RQVHW�

FRPSDUHG�WR����3X2���RU����3X�12����H[SRVHG�GRJV���7KLV�REVHUYDWLRQ�LV�FRQVLVWHQW�ZLWK�WKH�WR[LFRNLQHWLF�

GLIIHUHQFHV�REVHUYHG�IRU�LQKDOHG�SOXWRQLXP�FRPSRXQGV��VKRZLQJ�WKDW�LQKDOHG����3X2�� LV�FOHDUHG�IURP�WKH�
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14 PLUTONIUM 

2. RELEVANCE TO PUBLIC HEALTH 

OXQJ�PRUH�VORZO\�WKDQ����3X2��DQG����3X�12����� 7KH�UDGLDWLRQ�SQHXPRQLWLV�SXOPRQDU\�ILEURVLV�

SURJUHVVLYHO\�LPSDLUHG�OXQJ�IXQFWLRQ��LQFOXGLQJ�DOYHRODU�FDSLOODU\�JDV�H[FKDQJH��UHVXOWLQJ�LQ�LQFUHDVHV�LQ�

UHVSLUDWRU\�UDWH��PLQXWH�YROXPH��DUWHULDO�&2��SUHVVXUH��DQG�OXQJ�VWLIIQHVV��DORQJ�ZLWK�GHFUHDVHV�LQ�WLGDO�

YROXPH�DQG�DUWHULDO�2��SUHVVXUH�� ,QFUHDVHV�LQ�UDGLDWLRQ�GRVH�DQG�GRVH�UDWH�FRUUHVSRQGHG�WR�UHGXFHG�WLPHV�

WR�WKH�RQVHW�RI�V\PSWRPV�DQG�LQFUHDVHG�VHYHULW\�RI�HIIHFWV���5DGLDWLRQ�SQHXPRQLWLV�WHQGHG�WR�EH�REVHUYHG�

DW�ORZHU�,/%V�LQ�WKH������DQG������P�$0$'�JURXSV�WKDQ�LQ�WKH������P�$0$'�JURXS��

Hematological Effects. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�IURP�

KHPDWRSRLHWLF�GLVHDVHV�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�SOXWRQLXP�SURGXFWLRQ�DQG�RU�

SURFHVVLQJ�IDFLOLWLHV�LQ�WKH�8QLWHG�6WDWHV��5RFN\�)ODWV���8QLWHG�.LQJGRP��6HOODILHOG����&ROOHFWLYHO\��WKHVH�

VWXGLHV�KDYH�QRW�IRXQG�VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�PRUWDOLW\�UDWHV�IURP�GLVHDVHV�RI�EORRG�RU�EORRG�

IRUPLQJ�RUJDQV�DQG�H[SRVXUHV�WR�SOXWRQLXP�DPRQJ�ZRUNHUV�DW�WKHVH�IDFLOLWLHV��

&RPSRXQG� DQG�GRVH�GHSHQGHQW�GHFUHDVHG�QXPEHUV�RI�VHOHFWHG�ZKLWH�EORRG�FHOOV�ZHUH�REVHUYHG�LQ�GRJV�

H[SRVHG�WR�SOXWRQLXP�DHURVROV���3ULPDU\�KHPDWRORJLFDO�HIIHFWV�IROORZLQJ�SXOPRQDU\�GHSRVLWLRQ�RI����3X2��

DQG����3X�12����ZHUH�O\PSKRSHQLD�DQG�QHXWURSHQLD��ZKHUHDV�O\PSKRSHQLD�ZDV�ERWK�WKH�ILUVW�ELRORJLFDO�

HIIHFW�WR�EH�REVHUYHG�DQG�WKH�SULPDU\�KHPDWRORJLFDO�HIIHFW�RI�LQKDOHG����3X2����3HUVLVWHQW�KHPDWRORJLFDO�

HIIHFWV�RFFXUUHG�LQ����3X2�� DQG����3X2��H[SRVHG�GRJV�ZLWK�LQLWLDO�OXQJ�EXUGHQV�DV�ORZ�DV������N%T�NJ�

LQLWLDO�OXQJ�EXUGHQV�WKDW�HOLFLWHG�KHPDWRORJLFDO�HIIHFWV�LQ����3X�12����H[SRVHG�GRJV�DSSHDUHG�WR�EH�

VRPHZKDW�KLJKHU��PHDQ�LQLWLDO�OXQJ�EXUGHQV�������N%T�NJ�� )RU����3X2��H[SRVHG�GRJV��WKH�WLPH�RI�RQVHW�

IRU�VLJQLILFDQW�O\PSKRSHQLD�ZDV�LQYHUVHO\�UHODWHG�WR�GRVH������GD\V������GD\V����\HDU��RU�XS�WR���\HDUV�IRU�

,/%V�RI��������������DQG�����N%T�NJ�OXQJ��UHVSHFWLYHO\����'HFUHDVHG�OLIHVSDQ�ZDV�REVHUYHG��DOWKRXJK�VRPH�

RI�WKHVH�GRJV�H[KLELWHG�D�UHWXUQ�WR�QRUPDO�O\PSKRF\WH�FRXQWV�DIWHU���\HDUV�� 1R�FKDQJHV�LQ�UHG�EORRG�FHOO�

FRXQWV�ZHUH�REVHUYHG�WKURXJK�\HDU���RWKHU�WKDQ�D�FRPSHQVDWRU\�LQFUHDVH�LQ�DQLPDOV�ZLWK�SQHXPRQLWLV�RU�

SXOPRQDU\�ILEURVLV�� 3OXWRQLXP�DFFXPXODWHG�LQ�WKH�O\PSK�QRGHV�RI�WKH����3X2��H[SRVHG�GRJV��UHVXOWLQJ�LQ�

O\PSKRLG�DWURSK\�DQG�ILEURVLV��HVSHFLDOO\�LQ�WKH�WUDFKLREURQFKLDO�UHJLRQ�� 7KH�O\PSKRSHQLD�ZDV�

FRQVLGHUHG�WR�EH�WKH�UHVXOW�RI�O\PSKRF\WHV�EHLQJ�LUUDGLDWHG�DV�WKH\�SDVVHG�WKURXJK�SXOPRQDU\�O\PSK�

QRGHV��

Hepatic Effects. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�IURP�OLYHU�

GLVHDVH��H�J���OLYHU�FDQFHU��KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�8�6��SOXWRQLXP�SURGXFWLRQ�DQG�RU�

SURFHVVLQJ�IDFLOLWLHV��+DQIRUG��/RV�$ODPRV��5RFN\�)ODWV���DV�ZHOO�DV�IDFLOLWLHV�LQ�5XVVLD��0D\DN��DQG�WKH�

8QLWHG�.LQJGRP��H�J���6HOODILHOG����&ROOHFWLYHO\��WKHVH�VWXGLHV�KDYH�QRW�IRXQG�VLJQLILFDQW�DVVRFLDWLRQV�
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15 PLUTONIUM 

2. RELEVANCE TO PUBLIC HEALTH 

EHWZHHQ�PRUWDOLW\�UDWHV�IRU�OLYHU�GLVHDVH��RWKHU�WKDQ�FDQFHU��DQG�H[SRVXUHV�WR�SOXWRQLXP�DPRQJ�ZRUNHUV�DW�

WKHVH�IDFLOLWLHV��

(OHYDWHG�VHUXP�OLYHU�HQ]\PHV��LQGLFDWLYH�RI�DGYHUVH�OLYHU�HIIHFWV��ZHUH�WKH�PRVW�FRQVLVWHQW�LQGLFDWRUV�RI�

QRQ�QHRSODVWLF�OLYHU�HIIHFWV�LQ�GRJV�H[SRVHG�WR�DHURVROV�RI����3X2��DQG����3X�12����DW�OHYHOV�UHVXOWLQJ�LQ�

PHDQ�LQLWLDO�OXQJ�EXUGHQV�������DQG�������N%T�NJ��UHVSHFWLYHO\���1R�FRQVLVWHQW�FKDQJHV�LQ�VHUXP�OLYHU�

HQ]\PHV�ZHUH�VHHQ�LQ����3X2��H[SRVHG�GRJV���$OWKRXJK�HOHYDWHG�OLYHU�HQ]\PHV�PD\�VHUYH�DV�LQGLFDWRUV�RI�

KHSDWRWR[LFLW\��FOLQLFDO�VLJQV�RI�OLYHU�G\VIXQFWLRQ��L�H���DVFLWHV��LFWHUXV�FORWWLQJ�GLVRUGHUV��ZHUH�QRW�

REVHUYHG�LQ�WKH����3X2��H[SRVHG�GRJV��

Musculoskeletal Effects. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�IURP�

ERQH�GLVHDVH��H�J���ERQH�FDQFHU��DQG�RWKHU�PXVFXORVNHOHWDO�GLVHDVHV�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�

ZRUNHUV�DW�8�6��SOXWRQLXP�SURGXFWLRQ�DQG�RU�SURFHVVLQJ�IDFLOLWLHV��+DQIRUG��/RV�$ODPRV��5RFN\�)ODWV���DV�

ZHOO�DV�IDFLOLWLHV�LQ�5XVVLD��0D\DN��DQG�WKH�8QLWHG�.LQJGRP��H�J���6HOODILHOG����&ROOHFWLYHO\��WKHVH�VWXGLHV�

KDYH�QRW�IRXQG�VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�PRUWDOLW\�UDWHV�IRU�ERQH�RU�PXVFXORVNHOHWDO�GLVHDVH��RWKHU�

WKDQ�FDQFHU��DQG�H[SRVXUHV�WR�SOXWRQLXP�DPRQJ�ZRUNHUV�DW�WKHVH�IDFLOLWLHV���5DGLDWLRQ�RVWHRG\VWURSK\��

REVHUYHG�LQ�GRJV�ZLWK�KLJK�LQWDNHV�RI�SOXWRQLXP��ZRXOG�EH�H[SHFWHG�LQ�KXPDQV�IROORZLQJ�LQWDNH�RI�ODUJH�

DPRXQWV�RI�SOXWRQLXP��

5DGLDWLRQ�RVWHRG\VWURSK\��FKDUDFWHUL]HG�E\�SHULWUDEHFXODU�ILEURVLV��RVWHRVFOHURVLV��DQG�RVWHRSRURVLV��ZDV�

REVHUYHG�RQ�QHFURSV\�LQ�GRJV�H[SRVHG�WR����3X2��� 7KH�LQFLGHQFH�DQG�VHYHULW\�ZDV�GRVH�UHODWHG�DQG�ZDV�

VHHQ�DW�PHDQ�LQLWLDO�OXQJ�EXUGHQV�DV�ORZ�DV������N%T�NJ��QHFURWLF�RVWHREODVWV�DQG�HPSW\�ODFXQDH�QHDU�

HQGRVWHDO�VXUIDFHV�ZHUH�REVHUYHG�DW�UHODWLYHO\�KLJK�LQLWLDO�OXQJ�EXUGHQV���$OWKRXJK�RVWHRG\VWURSK\�LQ�
���3X2��H[SRVHG�GRJV�ZDV�RIWHQ�DVVRFLDWHG�ZLWK�ERQH�WXPRUV��LW�DOVR�RFFXUUHG�LQ�WKH�DEVHQFH�RI�ERQH�

WXPRUV���5DGLDWLRQ�RVWHRG\VWURSK\�KDV�DOVR�EHHQ�UHSRUWHG�LQ�GRJV�WKDW�LQKDOHG����3X�12�����

Immunological Effects. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�IURP�

LPPXQRORJLFDO�RU�O\PSKRUHWLFXODU�GLVHDVHV�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�SOXWRQLXP�

SURGXFWLRQ�DQG�RU�SURFHVVLQJ�IDFLOLWLHV�LQ�WKH�8QLWHG�6WDWHV��5RFN\�)ODWV��DQG�WKH�8QLWHG�.LQJGRP�

�6HOODILHOG����&ROOHFWLYHO\��WKHVH�VWXGLHV�KDYH�QRW�IRXQG�VWDWLVWLFDOO\�VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�

PRUWDOLW\�UDWHV�IURP�GLVHDVHV�RI�WKH�LPPXQRORJLFDO�RU�O\PSKRUHWLFXODU�V\VWHPV�DQG�H[SRVXUHV�WR�

SOXWRQLXP�DPRQJ�ZRUNHUV�DW�WKHVH�IDFLOLWLHV��
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16 PLUTONIUM 

2. RELEVANCE TO PUBLIC HEALTH 

+LVWRSDWKRORJLF�OHVLRQV�RI�O\PSK�QRGHV��SDUWLFXODUO\�WUDFKHREURQFKLDO�O\PSK�QRGHV��KDYH�EHHQ�REVHUYHG�

IROORZLQJ�H[SRVXUH�RI�GRJV�WR�DHURVROV�RI����3X2������3X2���RU����3X�12����� )LEURVLV�DQG�ORVV�RI�OXQJ�

DVVRFLDWHG�DQG�PHGLDVWLQDO�O\PSK�QRGHV�ZHUH�REVHUYHG�LQ�GRJV�H[SRVHG�WR����3X2��DW�OHYHOV�UHVXOWLQJ�LQ�

PHDQ�LQLWLDO�OXQJ�EXUGHQV�����N%T�NJ�� 6HYHULW\�RI�QRQ�QHRSODVWLF�OHVLRQV�ZDV�GRVH�UHODWHG��SURJUHVVLQJ�

IURP�O\PSKRLG�DWURSK\�RI�PHGXOODU\�FRUGV�WR�VLJQLILFDQW�O\PSK�QRGH�DWURSK\�ZLWK�K\SRFHOOXODU�VFDU�

WLVVXH�UHSODFLQJ�O\PSKRLG�WLVVXH���6LPLODU�GRVH�UHODWHG�DWURSK\�DQG�ILEURVLV�RI�OXQJ�DVVRFLDWHG��

PHGLDVWLQDO��VWHUQDO��DQG�KHSDWLF�O\PSK�QRGHV�ZHUH�REVHUYHG�LQ�GRJV�H[SRVHG�WR����3X2��� 6FOHURWLF�O\PSK�

QRGHV�ZHUH�REVHUYHG�LQ�WKH�JURXSV�RI����3X�12����H[SRVHG�GRJV�ZLWK�PHDQ�LQLWLDO�OXQJ�EXUGHQV�

������N%T�NJ��EXW�O\PSK�QRGH�OHVLRQV�LQ�WKHVH�GRJV�ZHUH�FRQVLGHUHG�OHVV�VHYHUH�WKDQ�WKRVH�REVHUYHG�LQ�
���3X2V� RU����3X2��H[SRVHG�GRJV��

5HVXOWV�RI�VWXGLHV�RQ�LPPXQRORJLFDO�IXQFWLRQ�LQGLFDWH�WKDW�LQKDODWLRQ�H[SRVXUH�WR����3X2�� LPSDLUV�7�FHOO�

UHVSRQVH�WR�DQWLJHQV��DV�LQGLFDWHG�E\�GHFUHDVHG�UHVSRQVH�WR�DQWLJHQ���$�VWXG\�GHWHFWHG�DFFHOHUDWHG�DJLQJ�RI�

WKH�7�FHOO�UHVSRQVH�WR�PLWRJHQLF�VWLPXODWLRQ�LQ�GRJV�WKDW�KDG�EHHQ�H[SRVHG�WR����3X2�����\HDUV�HDUOLHU��

2WKHU�UHSRUWV�RI����3X2��LQGXFHG�HIIHFWV�IURP�SOXWRQLXP�H[SRVXUH�LQFOXGH�GHFUHDVHV�LQ�SXOPRQDU\�

DOYHRODU�PDFURSKDJHV�LQ�PLFH�DQG�GHSUHVVHG�DQWLERG\�IRUPLQJ�FHOOV�LQ�KDPVWHUV��

Cardiovascular Effects. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�FDUGLRYDVFXODU�

GLVHDVH�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�SURGXFWLRQ�DQG�RU�SURFHVVLQJ�IDFLOLWLHV�LQ�WKH�8QLWHG�

.LQJGRP��6HOODILHOG��� 2QH�VWXG\�FRPSDUHG�PRUWDOLW\�UDWHV�EHWZHHQ�SOXWRQLXP�ZRUNHUV�DQG�RWKHU�

UDGLDWLRQ�ZRUNHUV�ZLWKLQ�D�FRKRUW�RI�6HOODILHOG�ZRUNHUV�DQG�IRXQG�WKH�PRUWDOLW\�UDWH�UDWLRV�ZHUH�

VLJQLILFDQWO\�HOHYDWHG�IRU�FHUHEURYDVFXODU�GLVHDVH��������S�������LQ�D�FRKRUW�RI�6HOODILHOG�ZRUNHUV�� 7KH�

FXPXODWLYH�LQWHUQDO�XSWDNHV�RI�SOXWRQLXP�LQ�WKH�FRKRUW�ZHUH�HVWLPDWHG�WR�UDQJH�IURP���WR����N%T��ZLWK�

DSSUR[LPDWHO\�����RI�WKH�FRKRUW�KDYLQJ�FXPXODWLYH�XSWDNHV������%T��$QRWKHU�VWXG\�FRPSDUHG�PRUWDOLW\�

UDWHV�EHWZHHQ�SOXWRQLXP�ZRUNHUV�DQG�RWKHU�UDGLDWLRQ�ZRUNHUV�ZLWKLQ�D�FRKRUW�RI�6HOODILHOG�ZRUNHUV�DQG�

IRXQG�WKDW�PRUDOLW\�UDWH�UDWLRV�IRU�SOXWRQLXP�ZRUNHUV�ZHUH�VLJQLILFDQWO\�HOHYDWHG�IRU�GHDWKV�IURP�

FLUFXODWRU\�GLVHDVH��������S�������DQG�LVFKHPLF�KHDUW�GLVHDVH��������S��������

1R�VLJQLILFDQW�FKDQJHV�LQ�FDUGLRYDVFXODU�IXQFWLRQ�ZHUH�VHHQ�LQ�GRJV�H[SRVHG�WR����3X2��DW�LQLWLDO�OXQJ�

EXUGHQV�XS�WR�DQG�LQFOXGLQJ�WKRVH�UHVXOWLQJ�LQ�UDGLDWLRQ�SQHXPRQLWLV��REVHUYHG�ULJKW�YHQWULFXODU�

K\SHUWURSK\�ZDV�PRVW�OLNHO\�D�FRPSHQVDWRU\�UHVSRQVH�WR�GHFUHDVHG�UHVSLUDWRU\�IXQFWLRQ��

Gastrointestinal Effects. *DVWURLQWHVWLQDO�HIIHFWV�ZHUH�REVHUYHG�LQ�UDWV�IROORZLQJ�RUDO�DGPLQLVWUDWLRQ�

RI����3X�NJ��DV�SOXWRQLXP�FLWUDWH��E\�JDYDJH���(IIHFWV�LQFOXGHG�PLOG�K\SHUWURSK\�RI�WKH�FU\SWV�RI�WKH�VPDOO�
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17 PLUTONIUM 

2. RELEVANCE TO PUBLIC HEALTH 

LQWHVWLQH�LQ�QHRQDWDO�UDWV�WKDW�UHFHLYHG�DQ�RUDO�GRVH�RI�������N%T����3X�NJ��WRWDO�REOLWHUDWLRQ�RI�HSLWKHOLDO�

FHOOV�DQG�FU\SWV��FRPELQHG�ZLWK�LQWHVWLQDO�KHPRUUKDJLQJ��ZHUH�QRWHG�LQ�UDWV�WKDW�UHFHLYHG��������N%T�
���3X�NJ�� ,QFUHDVHG�QHXWURSKLOV�ZHUH�QRWHG�RQ�WKH�VXUIDFH�HSLWKHOLXP�DQG�VXSHUILFLDO�FHOOXODU�OD\HUV�RI�WKH�

ODUJH�LQWHVWLQH�LQ�DGXOW�UDWV�JLYHQ�����ȝ&L����3X2��NJ��������N%T�NJ����7KLV�HIIHFW�ZDV�QRWHG�DW����EXW�

QRW����GD\V�SRVWWUHDWPHQW��

2.3  MINIMAL RISK LEVELS (MRLs) 

Inhalation MRLs 

1R�DFXWH���LQWHUPHGLDWH���RU�FKURQLF�GXUDWLRQ�LQKDODWLRQ�05/V�ZHUH�GHULYHG�IRU�SOXWRQLXP�GXH�WR�WKH�ODFN�

RI�VXLWDEOH�KXPDQ�RU�DQLPDO�GDWD�UHJDUGLQJ�KHDOWK�HIIHFWV�IROORZLQJ�LQKDODWLRQ�H[SRVXUH�WR�SOXWRQLXP���

7KH�VWURQJHVW�HYLGHQFH�IRU�SOXWRQLXP�H[SRVXUH�UHVSRQVH�DQG�UDGLDWLRQ�GRVH�UHVSRQVH�UHODWLRQVKLSV�LQ�

KXPDQV�LV�IRU�FDQFHUV�RI�WKH�OXQJ��OLYHU��DQG�ERQH���$OWKRXJK�QRQ�QHRSODVWLF�OHVLRQV�KDYH�EHHQ�REVHUYHG�

LQ�DQLPDOV�H[SRVHG�WR����3X2������3X2���DQG����3X�12�����WKHVH�OHVLRQV�RFFXUUHG�LQ�DVVRFLDWLRQ�ZLWK�DFXWH�

H[SRVXUHV�WKDW�DOVR�UHVXOWHG�LQ�IDWDO�FDQFHUV��

Oral MRLs 

1R�DFXWH���LQWHUPHGLDWH���RU�FKURQLF�GXUDWLRQ�RUDO�05/V�ZHUH�GHULYHG�IRU�SOXWRQLXP�GXH�WR�WKH�ODFN�RI�

VXLWDEOH�KXPDQ�RU�DQLPDO�GDWD�UHJDUGLQJ�KHDOWK�HIIHFWV�IROORZLQJ�RUDO�H[SRVXUH�WR�SOXWRQLXP���1R�GDWD�DUH�

DYDLODEOH�RQ�H[SRVXUH� DQG�UDGLDWLRQ�GRVH�UHVSRQVH�UHODWLRQVKLSV�LQ�KXPDQV�IRU�RUDO�H[SRVXUHV�WR�

SOXWRQLXP���$QLPDO�VWXGLHV�RI�KHDOWK�HIIHFWV�RI�RUDO�H[SRVXUHV�WR�SOXWRQLXP�KDYH�QRW�H[DPLQHG�PDMRU�

KHDOWK�RXWFRPHV�WKDW�ZRXOG�EH�H[SHFWHG�WR�RFFXU�IURP�DEVRUEHG�SOXWRQLXP��H�J���HIIHFWV�RQ�VNHOHWRQ��OLYHU��

DQG�O\PSKRSRLHWLF�V\VWHPV���
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18 PLUTONIUM 

2. RELEVANCE TO PUBLIC HEALTH 

7KLV�SDJH�LV�LQWHQWLRQDOO\�EODQN��
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19 PLUTONIUM 

3. HEALTH EFFECTS 

3.1  INTRODUCTION 

7KH�SULPDU\�SXUSRVH�RI�WKLV�FKDSWHU�LV�WR�SURYLGH�SXEOLF�KHDOWK�RIILFLDOV��SK\VLFLDQV��WR[LFRORJLVWV��DQG�

RWKHU�LQWHUHVWHG�LQGLYLGXDOV�DQG�JURXSV�ZLWK�DQ�RYHUDOO�SHUVSHFWLYH�RQ�WKH�WR[LFRORJ\�RI�SOXWRQLXP���,W�

FRQWDLQV�GHVFULSWLRQV�DQG�HYDOXDWLRQV�RI�WR[LFRORJLFDO�VWXGLHV�DQG�HSLGHPLRORJLFDO�LQYHVWLJDWLRQV�DQG�

SURYLGHV�FRQFOXVLRQV��ZKHUH�SRVVLEOH��RQ�WKH�UHOHYDQFH�RI�WR[LFLW\�DQG�WR[LFRNLQHWLF�GDWD�WR�SXEOLF�KHDOWK��

$�JORVVDU\�DQG�OLVW�RI�DFURQ\PV��DEEUHYLDWLRQV��DQG�V\PEROV�FDQ�EH�IRXQG�DW�WKH�HQG�RI�WKLV�SURILOH��

3OXWRQLXP��3X��LV�D�UDGLRDFWLYH�HOHPHQW�DQG�D�PHPEHU�RI�WKH�DFWLQLGHV�LQ�WKH�SHULRGLF�WDEOH���$OWKRXJK�

WUDFH�DPRXQWV�RI�SOXWRQLXP�H[LVW�QDWXUDOO\�LQ�WKH�HQYLURQPHQW��WKH�SOXWRQLXP�LQ�WKH�HQYLURQPHQW�WRGD\�

KDV�EHHQ��DQG�FRQWLQXHV�WR�EH��IRUPHG�SULPDULO\�IURP�DQWKURSRJHQLF�DFWLYLW\�UHODWHG�WR�QXFOHDU�ILVVLRQ���

(QYLURQPHQWDO�SOXWRQLXP�OHYHOV�DUH�JHQHUDOO\�ORZ�DQG�QRW�RI�VLJQLILFDQW�KHDOWK�FRQFHUQ���$QWKURSRJHQLF�

LVRWRSHV�ZLWK�PDVVHV�UDQJLQJ�IURP����±����KDYH�EHHQ�SURGXFHG�DQG�UHFRUGHG�RQ�WKH�FKDUW�RI�WKH�

QXFOLGHV��KRZHYHU�����3X�DQG����3X��LQ�WKHLU�R[LGH�DQG�QLWUDWH�IRUPV��DUH�WKH�SOXWRQLXP�LVRWRSHV�PRVW�

ZLGHO\�XVHG�LQ�KHDOWK�HIIHFWV�VWXGLHV���7KH\�DUH�DOVR�WKH�GRPLQDQW�LVRWRSHV�WKDW�FRQWULEXWH�WR�

HQYLURQPHQWDO�DQG�RFFXSDWLRQDO�H[SRVXUH���3OXWRQLXP�QLWUDWHV�DUH�DVVRFLDWHG�ZLWK�GLVVROYLQJ�XUDQLXP�

SOXWRQLXP�PHWDO�PDWULFHV�DIWHU�SOXWRQLXP�LV�SURGXFHG�LQ�D�QXFOHDU�UHDFWRU�RU�E\�DQ�DFFHOHUDWRU���

3OXWRQLXP�R[LGHV�IRUP�RQ�WKH�VXUIDFH�RI�SOXWRQLXP�PHWDO�DQG�DUH�UHOHDVHG�WKURXJK�WKH�PDFKLQLQJ�RI�

SOXWRQLXP�PHWDO�SDUWV�RU�WKH�LQFRPSOHWH�ILVVLRQLQJ�RI�SOXWRQLXP�GXULQJ�ZHDSRQV�GHWRQDWLRQ��

0RVW�SOXWRQLXP�LVRWRSHV�HPLW�D�KLJK�HQHUJ\��JHQHUDOO\�!��0H9��DOSKD�SDUWLFOH�DQG�ORZ�HQHUJ\������NH9��

JDPPD�DQG�[�UD\V�DV�WKH\�WUDQVIRUP�LQWR�XUDQLXP���7KH�RWKHUV�����3X�DQG����3X��XQGHUJR�EHWD�PLQXV�

GHFD\�DQG�WUDQVIRUP�LQWR�LVRWRSHV�RI�DPHULFLXP���7KH�UDGLDWLRQ�GRVH�IURP�SOXWRQLXP�FDQ�EH�GHVLJQDWHG�DV�

HLWKHU�H[WHUQDO��LI�WKH�PDWHULDO�LV�RXWVLGH�WKH�ERG\��RU�LQWHUQDO��LI�LW�LV�LQVLGH�WKH�ERG\����7KH�WRWDO�UDGLDWLRQ�

GRVH�LV�WKH�VXP�RI�H[WHUQDO�DQG�LQWHUQDO�UDGLDWLRQ�GRVHV���7KH�H[WHUQDO�GRVH�IURP�PRVW�SOXWRQLXP�LVRWRSHV�

LV�ORZ�EHFDXVH�WKH�[� DQG�JDPPD�UD\V�DUH�RI�YHU\�ORZ�EUDQFKLQJ�LQWHQVLW\�DQG�HQHUJ\�DQG�WKH�KLJK�HQHUJ\�

DOSKD�SDUWLFOHV�WUDYHO�RQO\�YHU\�VKRUW�GLVWDQFHV�DQG�FDQ�RQO\�DIIHFW�WKH�RXWHUPRVW��HSLGHUPDO��OD\HUV�RI�

LQWDFW�VNLQ�HYHQ�ZKHQ�LQ�GLUHFW�GHUPDO�FRQWDFW���([WHUQDO�EHWD�HPLVVLRQV�IURP�LVRWRSHV�VXFK�DV����3X�FDQ�

WUDYHO�VOLJKWO\�IDUWKHU�DQG�PD\�HYHQ�SHQHWUDWH�WKH�RXWHU�GHUPDO�OD\HUV��EXW�DUH�JHQHUDOO\�QRW�RI�VLJQLILFDQW�

KHDOWK�FRQFHUQ�XQOHVV�D�EHWD�HPLWWLQJ�SOXWRQLXP�LVRWRSH�FRPHV�LQWR�GLUHFW�FRQWDFW�ZLWK�WKH�VNLQ���([WUHPH�

VNLQ�FRQWDPLQDWLRQ�IURP�SOXWRQLXP�SURGXFHG�DOSKD�DQG�EHWD�UDGLDWLRQ��ZKLFK�FRXOG�SRWHQWLDOO\�RFFXU�LQ�

DFFLGHQWV�RU�WKH�ZRUNSODFH��PLJKW�LQGXFH�GHUPDO�DQG�VXEGHUPDO�HIIHFWV�VXFK�DV�HU\WKHPD��XOFHUDWLRQ��RU�
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20 PLUTONIUM 

3. HEALTH EFFECTS 

HYHQ�WLVVXH�QHFURVLV���,QWHUQDOO\�GHSRVLWHG�SOXWRQLXP��KRZHYHU��SRVVHVVHV�WKH�SRWHQWLDO�WR�SURGXFH�

VLJQLILFDQW�KHDOWK�HIIHFWV�YLD�WUDQVIHU�RI�HQHUJ\�IURP�DOSKD�SDUWLFOHV�WR�QHDUE\�FHOOXODU�PROHFXOHV���2QFH�

SOXWRQLXP�LV�LQWHUQDOL]HG��WKH�GLVWULEXWLRQ��UHWHQWLRQ��DQG�H[FUHWLRQ�NLQHWLFV��SDLUHG�ZLWK�WKH�SOXWRQLXP�

GHFD\�DQG�HQHUJ\�GHSRVLWLRQ�SDUDPHWHUV��GHWHUPLQH�KRZ�WKH�UDGLDWLRQ�GRVH�LQFUHDVHV�RYHU�WLPH��

,Q�UDGLDWLRQ�ELRORJ\��WKH�WHUP�DEVRUEHG�GRVH�UHIHUV�WR�WKH�DPRXQW�RI�HQHUJ\�GHSRVLWHG�E\�UDGLDWLRQ�SHU�XQLW�

PDVV�RI�PDWHULDO��H�J���WLVVXH���DQG�LV�H[SUHVVHG�LQ�XQLWV�RI�UDG�RU�JUD\��*\���VHH�$SSHQGL[�'�IRU�D�GHWDLOHG�

GHVFULSWLRQ�RI�SULQFLSOHV�RI�LRQL]LQJ�UDGLDWLRQ����2QH�*\�LV�HTXLYDOHQW�WR�����UDG���%HFDXVH�DOSKD�UDGLDWLRQ�

LV�PRUH�ELRORJLFDOO\�GDPDJLQJ�LQWHUQDOO\�WKDQ�RWKHU�W\SHV�RI�UDGLDWLRQ��L�H���[�UD\V��JDPPD�UD\V��EHWD�

SDUWLFOHV���D�JLYHQ�DEVRUEHG�GRVH��UDG�RU�*\��LV�PXOWLSOLHG�E\�D�UDGLDWLRQ�ZHLJKWLQJ�IDFWRU�RI����IRU�DOSKD�

UDGLDWLRQ�RU���IRU�[�UD\V��JDPPD�UD\V��DQG�EHWD�SDUWLFOHV�WR�REWDLQ�D�TXDQWLW\�WKDW�H[SUHVVHV��RQ�D�FRPPRQ�

VFDOH�IRU�DOO�LRQL]LQJ�UDGLDWLRQ��WKH�ELRORJLFDO�GDPDJH��GRVH�HTXLYDOHQW�LQ�XQLWV�RI�UHP�RU�6LHYHUW�>6Y@��WR�D�

SDUWLFXODU�WLVVXH���2QH�6Y�LV�HTXLYDOHQW�WR�����UHP���7KH�FRPPLWWHG�GRVH�HTXLYDOHQW�LV�W\SLFDOO\�WKH�

UDGLDWLRQ�GRVH�WR�D�SDUWLFXODU�RUJDQ�RU�WLVVXH�WKDW�LV�UHFHLYHG�IURP�DQ�LQWDNH�RI�UDGLRDFWLYH�PDWHULDO�E\�DQ�

LQGLYLGXDO�GXULQJ�WKH����\HDU�SHULRG�IROORZLQJ�WKH�LQWDNH���7KH�LQWHUQDO�GRVH�IURP�SOXWRQLXP�LV�HVWLPDWHG�

XVLQJ�WKH�TXDQWLW\�RI�PDWHULDO�HQWHULQJ�WKH�ERG\��YLD�LQKDODWLRQ��LQJHVWLRQ��RU�GHUPDO�DEVRUSWLRQ���WKH�

ELRNLQHWLF�SDUDPHWHUV�IRU�SOXWRQLXP��GLVWULEXWLRQ��UHWHQWLRQ��DQG�H[FUHWLRQ���WKH�HQHUJLHV�DQG�LQWHQVLWLHV�RI�

WKH�YDULRXV�UDGLDWLRQV�HPLWWHG��DQG�WKH�SDUDPHWHUV�GHVFULELQJ�WKH�SURILOH�RI�DEVRUEHG�HQHUJ\�ZLWKLQ�WKH�

ERG\���)RU�H[DPSOH��IRU�D�SHUVRQ�ZKR�LQKDOHV�D�JLYHQ�DFWLYLW\�RI����3X��PHDVXUHG�LQ�EHFTXHUHO�>%T@�RU�

FXULHV�>&L@���D�FHUWDLQ�SRUWLRQ�LV�UHWDLQHG�DQG�WKH�ERG\�ZLOO�DEVRUE�DOO�RI�WKH�DOSKD�DQG�EHWD�HQHUJ\�HPLWWHG�

DQG�VRPH�RI�WKH�JDPPD�HQHUJ\�LQ�D�SDWWHUQ�UHIOHFWLQJ�WKH�WHPSRUDO�DQG�VSDWLDO��WLVVXH��GLVWULEXWLRQ�RI�WKH�
���3X��ZKLFK�PLJKW�EH�D�IXQFWLRQ�RI�DJH���WKH�LVRWRSH�GHFD\�UDWH��WKH�SURGXFWLRQ�DQG�GHFD\�UDWHV�RI�WKH�

SURJHQ\�UDGLRQXFOLGHV��DQG�UDGLDWLRQ�HQHUJ\�DEVRUSWLRQ�IDFWRUV���(DFK�WLVVXH��WKHUHIRUH��UHFHLYHV�D�WLVVXH�

VSHFLILF�UDGLDWLRQ�GRVH�� 7KH�HIIHFWLYH�GRVH�UHIOHFWV�WKH�LQWHJUDWLRQ�RI�GRVH�RYHU�WKH�WLPH�LQWHUYDO�RI�

LQWHUHVW�DQG�D�WLVVXH�ZHLJKWLQJ�IDFWRU�VFKHPH�EDVHG�RQ�WKH�UHODWLYH�VHQVLWLYLWLHV�RI�WKH�WLVVXHV�DQG�RUJDQV���

5DGLDWLRQ�LQGXFHG�DGYHUVH�KHDOWK�HIIHFWV�DUH�UHODWHG�WR�WKH�H[WHQW�RI�PROHFXODU�GDPDJH�UHVXOWLQJ�IURP�

ERWK�GLUHFW�LRQL]DWLRQ�RI�DWRPV�ZLWKLQ�UDQJH�RI�WKH�HPLWWHG�UDGLDWLRQ�HQHUJ\�DQG�LQWHUDFWLRQ�RI�UDGLDWLRQ�

SURGXFHG�IUHH�UDGLFDOV�ZLWK�QHDUE\�PROHFXOHV�� 7LVVXH�GDPDJH�RFFXUV�ZKHQ�WKH�PROHFXODU�GDPDJH�LV�

VXIILFLHQWO\�H[WHQVLYH�DQG�LQVXIILFLHQWO\�UHSDLUHG�LQ�D�WLPHO\�PDQQHU��

8SWDNH�WR�GRVH�FRQYHUVLRQ�IDFWRUV��GRVH�FRHIILFLHQWV��DUH�W\SLFDOO\�H[SUHVVHG�LQ�WHUPV�RI�FRPPLWWHG�GRVH�

HTXLYDOHQW�SHU�XQLW�LQWDNH�RI�DFWLYLW\��6Y�%T����$JH�VSHFLILF�GRVH�FRHIILFLHQWV�IRU�LVRWRSH�VSHFLILF�

LQKDODWLRQ�DQG�RU�LQJHVWLRQ�DUH�DYDLODEOH�LQ�8�6��(3$�)HGHUDO�*XLGDQFH�5HSRUW�1XPEHU�����(3$�����E���

8�6��(3$�)HGHUDO�*XLGDQFH�5HSRUW�1XPEHU�����(3$�������DQG�VXSSOHPHQWDO�&'��(3$��������
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21 PLUTONIUM 

3. HEALTH EFFECTS 

,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�5DGLRORJLFDO�3URWHFWLRQ��,&53��SXEOLFDWLRQV�����,&53������������,&53�

����D���DQG�����,&53�����E���DQG�WKH�,&53�&'�520�V\VWHP��,&53��������

3.2  DISCUSSION OF HEALTH EFFECTS OF PLUTONIUM BY ROUTE OF EXPOSURE 

7R�KHOS�SXEOLF�KHDOWK�SURIHVVLRQDOV�DQG�RWKHUV�DGGUHVV�WKH�QHHGV�RI�SHUVRQV�OLYLQJ�RU�ZRUNLQJ�QHDU�

KD]DUGRXV�ZDVWH�VLWHV��WKH�LQIRUPDWLRQ�LQ�WKLV�VHFWLRQ�LV�RUJDQL]HG�ILUVW�E\�URXWH�RI�H[SRVXUH��LQKDODWLRQ��

RUDO��DQG�GHUPDO��DQG�WKHQ�E\�KHDOWK�HIIHFW��GHDWK��V\VWHPLF��LPPXQRORJLFDO��QHXURORJLFDO��UHSURGXFWLYH��

GHYHORSPHQWDO��JHQRWR[LF��DQG�FDUFLQRJHQLF�HIIHFWV��� 7KHVH�GDWD�DUH�GLVFXVVHG�LQ�WHUPV�RI�WKUHH�H[SRVXUH�

SHULRGV���DFXWH�����GD\V�RU�OHVV���LQWHUPHGLDWH����±����GD\V���DQG�FKURQLF������GD\V�RU�PRUH���

/HYHOV�RI�VLJQLILFDQW�H[SRVXUH�IRU�HDFK�URXWH�DQG�GXUDWLRQ�DUH�SUHVHQWHG�LQ�WDEOHV�DQG�LOOXVWUDWHG�LQ�

ILJXUHV���7KH�SRLQWV�LQ�WKH�ILJXUHV�VKRZLQJ�QR�REVHUYHG�DGYHUVH�HIIHFW�OHYHOV��12$(/V��RU�ORZHVW�

REVHUYHG�DGYHUVH�HIIHFW�OHYHOV��/2$(/V��UHIOHFW�WKH�DFWXDO�GRVHV��OHYHOV�RI�H[SRVXUH��XVHG�LQ�WKH�VWXGLHV��

/2$(/V�KDYH�EHHQ�FODVVLILHG�LQWR��OHVV�VHULRXV��RU��VHULRXV��HIIHFWV�� �6HULRXV��HIIHFWV�DUH�WKRVH�WKDW�

HYRNH�IDLOXUH�LQ�D�ELRORJLFDO�V\VWHP�DQG�FDQ�OHDG�WR�PRUELGLW\�RU�PRUWDOLW\��H�J���DFXWH�UHVSLUDWRU\�GLVWUHVV�

RU�GHDWK�����/HVV�VHULRXV��HIIHFWV�DUH�WKRVH�WKDW�DUH�QRW�H[SHFWHG�WR�FDXVH�VLJQLILFDQW�G\VIXQFWLRQ�RU�GHDWK��

RU�WKRVH�ZKRVH�VLJQLILFDQFH�WR�WKH�RUJDQLVP�LV�QRW�HQWLUHO\�FOHDU���$76'5�DFNQRZOHGJHV�WKDW�D�

FRQVLGHUDEOH�DPRXQW�RI�MXGJPHQW�PD\�EH�UHTXLUHG�LQ�HVWDEOLVKLQJ�ZKHWKHU�DQ�HQG�SRLQW�VKRXOG�EH�

FODVVLILHG�DV�D�12$(/���OHVV�VHULRXV��/2$(/��RU��VHULRXV��/2$(/��DQG�WKDW�LQ�VRPH�FDVHV��WKHUH�ZLOO�EH�

LQVXIILFLHQW�GDWD�WR�GHFLGH�ZKHWKHU�WKH�HIIHFW�LV�LQGLFDWLYH�RI�VLJQLILFDQW�G\VIXQFWLRQ�� +RZHYHU��WKH�

$JHQF\�KDV�HVWDEOLVKHG�JXLGHOLQHV�DQG�SROLFLHV�WKDW�DUH�XVHG�WR�FODVVLI\�WKHVH�HQG�SRLQWV���$76'5�

EHOLHYHV�WKDW�WKHUH�LV�VXIILFLHQW�PHULW�LQ�WKLV�DSSURDFK�WR�ZDUUDQW�DQ�DWWHPSW�DW�GLVWLQJXLVKLQJ�EHWZHHQ�

�OHVV�VHULRXV��DQG��VHULRXV��HIIHFWV�� 7KH�GLVWLQFWLRQ�EHWZHHQ��OHVV�VHULRXV��HIIHFWV�DQG��VHULRXV��HIIHFWV�LV�

FRQVLGHUHG�WR�EH�LPSRUWDQW�EHFDXVH�LW�KHOSV�WKH�XVHUV�RI�WKH�SURILOHV�WR�LGHQWLI\�OHYHOV�RI�H[SRVXUH�DW�ZKLFK�

PDMRU�KHDOWK�HIIHFWV�VWDUW�WR�DSSHDU���/2$(/V�RU�12$(/V�VKRXOG�DOVR�KHOS�LQ�GHWHUPLQLQJ�ZKHWKHU�RU�QRW�

WKH�HIIHFWV�YDU\�ZLWK�GRVH�DQG�RU�GXUDWLRQ��DQG�SODFH�LQWR�SHUVSHFWLYH�WKH�SRVVLEOH�VLJQLILFDQFH�RI�WKHVH�

HIIHFWV�WR�KXPDQ�KHDOWK���

7KH�VLJQLILFDQFH�RI�WKH�H[SRVXUH�OHYHOV�VKRZQ�LQ�WKH�/HYHOV�RI�6LJQLILFDQW�([SRVXUH��/6(��WDEOHV�DQG�

ILJXUHV�PD\�GLIIHU�GHSHQGLQJ�RQ�WKH�XVHU
V�SHUVSHFWLYH���3XEOLF�KHDOWK�RIILFLDOV�DQG�RWKHUV�FRQFHUQHG�ZLWK�

DSSURSULDWH�DFWLRQV�WR�WDNH�DW�KD]DUGRXV�ZDVWH�VLWHV�PD\�ZDQW�LQIRUPDWLRQ�RQ�OHYHOV�RI�H[SRVXUH�

DVVRFLDWHG�ZLWK�PRUH�VXEWOH�HIIHFWV�LQ�KXPDQV�RU�DQLPDOV��/2$(/V��RU�H[SRVXUH�OHYHOV�EHORZ�ZKLFK�QR�
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22 PLUTONIUM 

3. HEALTH EFFECTS 

DGYHUVH�HIIHFWV��12$(/V��KDYH�EHHQ�REVHUYHG���(VWLPDWHV�RI�OHYHOV�SRVLQJ�PLQLPDO�ULVN�WR�KXPDQV�

�0LQLPDO�5LVN�/HYHOV�RU�05/V��PD\�EH�RI�LQWHUHVW�WR�KHDOWK�SURIHVVLRQDOV�DQG�FLWL]HQV�DOLNH��

$�8VHU
V�*XLGH�KDV�EHHQ�SURYLGHG�DW�WKH�HQG�RI�WKLV�SURILOH��VHH�$SSHQGL[�%����7KLV�JXLGH�VKRXOG�DLG�LQ�

WKH�LQWHUSUHWDWLRQ�RI�WKH�WDEOHV�DQG�ILJXUHV�IRU�/HYHOV�RI�6LJQLILFDQW�([SRVXUH�DQG�WKH�05/V��

3.2.1 Inhalation Exposure 

3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�DGYHUVH�KHDOWK�RXWFRPHV�KDYH�EHHQ�H[DPLQHG�LQ�

VWXGLHV�RI�ZRUNHUV�DW�WKH�8�6��SOXWRQLXP�SURGXFWLRQ�DQG�RU�SURFHVVLQJ�IDFLOLWLHV��+DQIRUG��/RV�$ODPRV��

5RFN\�)ODWV���DV�ZHOO�DV�IDFLOLWLHV�LQ�5XVVLD��H�J���0D\DN��DQG�WKH�8QLWHG�.LQJGRP��H�J���6HOODILHOG���

6WUHQJWKV�DQG�ZHDNQHVVHV�RI�HDFK�VWXG\�PXVW�EH�FRQVLGHUHG�LQ�LQWHUSUHWLQJ�WKH�RYHUDOO�ZHLJKW�RI�HYLGHQFH�

IRU�SOXWRQLXP�DVVRFLDWHG�KHDOWK�RXWFRPHV�LQ�WKHVH�SRSXODWLRQV���6WXGLHV�WKDW�KDYH�LQGLYLGXDO�VXEMHFW�

SOXWRQLXP�GRVH�RU�H[SRVXUH�PHDVXUHPHQWV�DQG�WKDW�SUHVHQW�H[SRVXUH� RU�GRVH�UHVSRQVH�DQDO\VHV�DUH�PXFK�

VWURQJHU�WKDQ�WKRVH�WKDW�VLPSO\�FRPSDUH�ULVNV�IRU�D�JURXS�RI�H[SRVHG�VXEMHFWV�ZLWK�WKRVH�IRU�D�JURXS�RI�

XQH[SRVHG�VXEMHFWV���$�FRPPRQ�VWXG\�GHVLJQ�KDV�EHHQ�WR�FRQVWUXFW�SOXWRQLXP�ZRUNHU�FRKRUWV�EDVHG�

VROHO\�RQ�ZKHWKHU�WKH�LQGLYLGXDOV�KDG�EHHQ�PRQLWRUHG�IRU�SOXWRQLXP���+RZHYHU��WKLV�VWUDWHJ\�PD\�UHVXOW�LQ�

LQFOXVLRQ�RI�ZRUNHUV�ZKR�KDYH�EHHQ�PRQLWRUHG�EXW�QHYHU�H[SHULHQFHG�DQ�LQWHUQDO�SOXWRQLXP�GHSRVLWLRQ���

7KH�PDJQLWXGH�RI�WKH�GRVHV�UHFHLYHG�LQ�WKH�VWXG\�SRSXODWLRQ�LV�DOVR�DQ�LPSRUWDQW�GHVLJQ�IDFWRU���,Q�

JHQHUDO��VWXGLHV�RI�SRSXODWLRQV�WKDW�H[SHULHQFHG�UHODWLYHO\�VPDOO�SOXWRQLXP�UDGLDWLRQ�GRVHV�KDYH�OLPLWHG�

VWDWLVWLFDO�SRZHU�IRU�GHWHFWLQJ�SOXWRQLXP�HIIHFWV��WKLV�LQFOXGHV�DOO�RI�WKH�8�6��DQG�8�.��ZRUNHU�VWXGLHV���

)DLOXUH�WR�ILQG�VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�SOXWRQLXP�H[SRVXUH�DQG�RU�UDGLDWLRQ�GRVH�LQ�ORZ�GRVH�

VWXGLHV�GRHV�QRW�PHDQ�WKDW�VXFK�DVVRFLDWLRQV�GR�QRW�H[LVW���,Q�DGGLWLRQ�WR�VWDWLVWLFDO�SRZHU��ELRORJLFDO�

SODXVLELOLW\�RI�ILQGLQJV�PXVW�EH�FRQVLGHUHG���(IIHFWV�REVHUYHG�LQ�RUJDQV�WKDW�UHFHLYH�UHODWLYHO\�ODUJH�

SOXWRQLXP�UDGLDWLRQ�GRVHV��H�J���OXQJ��OLYHU��ERQH��DUH�PRUH�FUHGLEOH�WKDQ�HIIHFWV�REVHUYHG�LQ�RUJDQV�WKDW�

DUH�OLNHO\�WR�KDYH�UHFHLYHG�UHODWLYHO\�VPDOO�SOXWRQLXP�UDGLDWLRQ�GRVHV�DQG�PD\�KDYH�EHHQ�FDXVHG�E\�RWKHU�

XQFRQWUROOHG�IDFWRUV�LQ�WKH�VWXG\��H�J���RWKHU�IRUPV�RI�UDGLDWLRQ��FKHPLFDO�H[SRVXUHV����6LPLODUO\��

DVVRFLDWLRQV�WR�SOXWRQLXP�H[SRVXUH�DUH�PRUH�XQFHUWDLQ�ZKHQ�REVHUYHG�HIIHFWV�DUH�OLPLWHG�WR�WLVVXHV�WKDW�

UHFHLYH�UHODWLYHO\�VPDOO�GRVHV�RI�SOXWRQLXP��L�H���LQ�WKH�DEVHQFH�RI�HIIHFWV�LQ�WLVVXHV�WKDW�UHFHLYHG�PXFK�

KLJKHU�SOXWRQLXP�UDGLDWLRQ�GRVHV����(OHYDWHG�ULVN�LQ�SOXWRQLXP�H[SRVHG�ZRUNHUV�GRHV�QRW�QHFHVVDULO\�

LPSO\�FDXVDO�DVVRFLDWLRQ�WR�SOXWRQLXP���'HPRQVWUDWLRQ�RI�D�FRQVLVWHQW�LQFUHDVH�LQ�ULVN�LQ�DVVRFLDWLRQ�ZLWK�

LQFUHDVLQJ�SOXWRQLXP�UDGLDWLRQ�GRVH�LV�IDU�VWURQJHU�HYLGHQFH�RI�D�FDXVDO�UHODWLRQVKLS�WKDQ�D�VLPSOH�

HOHYDWLRQ�RI�ULVN�LQ�DQ�H[SRVHG�JURXS�FRPSDUHG�WR�DQ�XQH[SRVHG�UHIHUHQW�JURXS���&RPPRQ�WR�WKH�

LQWHUSUHWDWLRQ�RI�DQ\�HSLGHPLRORJLFDO�VWXGLHV�RI�ZRUNHUV�DUH�IDFWRUV�VXFK�DV�WKH�³KHDOWK\�ZRUNHU�HIIHFW��
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23 PLUTONIUM 

3. HEALTH EFFECTS 

�H�J���UHODWLYHO\�ORZ�PRUWDOLW\�RU�PRUELGLW\�UDWHV�LQ�ZRUNHUV�EHFDXVH�RI�ORVV�RI�XQKHDOWK\�ZRUNHUV�IURP�WKH�

ZRUNLQJ�SRSXODWLRQ���IDOVH�SRVLWLYH�ILQGLQJV�DWWULEXWDEOH�WR�DVVHVVPHQWV�RI�PXOWLSOH�RXWFRPHV�LQ�D�VLQJOH�

VWXG\��DQG�DGHTXDWH�WUHDWPHQW�RI�FRQIRXQGLQJ�DQG�FR�YDULDEOHV�WKDW�PD\�DIIHFW�WKH�PHDVXUHG�RXWFRPH�

LQGHSHQGHQWO\�RU�LQ�DVVRFLDWLRQ�ZLWK�SOXWRQLXP�UDGLDWLRQ�GRVH��

1XPHURXV�DQLPDO�VWXGLHV�DUH�DYDLODEOH�UHJDUGLQJ�DGYHUVH�KHDOWK�HIIHFWV�IROORZLQJ�LQKDODWLRQ�H[SRVXUH�WR�

SOXWRQLXP�FRPSRXQGV��VWXGLHV�ZHUH�FRQGXFWHG�LQ�QRQKXPDQ�SULPDWHV��GRJV��DQG�URGHQWV���7KH�GLVFXVVLRQ�

RI�DQLPDO�VWXGLHV�LQ�WKLV�SURILOH�KDV�SULPDULO\�IRFXVHG�RQ�WKH�ZHDOWK�RI�LQIRUPDWLRQ�WKDW�KDV�GHYHORSHG�RQ�

WKH�WR[LFRORJ\�RI�SOXWRQLXP�LQ�EHDJOH�GRJV�H[SRVHG�E\�LQKDODWLRQ���7KH�VHULHV�RI�OLIHWLPH�GRJ�VWXGLHV��

FRQGXFWHG�E\�WKH�,QKDODWLRQ�7R[LFRORJ\�5HVHDUFK�,QVWLWXWH��,75,��DQG�%DWWHOOH�3DFLILF�1RUWKZHVW�

/DERUDWRU\��31/��DV�D�PXOWL�ODERUDWRU\�HIIRUW�GXULQJ�WKH�����V�WKURXJK�WKH�����V��SURYLGH�WKH�PRVW�

FRPSOHWH�HYDOXDWLRQV�RI�WKH�DGYHUVH�KHDOWK�HIIHFWV�DVVRFLDWHG�ZLWK�LQKDOHG�SOXWRQLXP�FRPSRXQGV���'RJV�

ZHUH�VHOHFWHG�DV�WKH�H[SHULPHQWDO�PRGHO�IRU�WKHVH�VWXGLHV�EDVHG�RQ�WKHLU�UHODWLYHO\�ORQJ�OLIH�VSDQ����±�

���\HDUV��DQG�SK\VLRORJLF�DQG�DQDWRPLFDO�IHDWXUHV�FRPPRQ�WR�GRJV�DQG�KXPDQV��SDUWLFXODUO\�UHJDUGLQJ�

KHPDWRSRLHWLF��SXOPRQDU\��DQG�VNHOHWDO�V\VWHPV���'2(���������$OWKRXJK�FRQGXFWHG�E\�WZR�GLIIHUHQW�

ODERUDWRULHV��WKH�,75,�DQG�31/�VWXGLHV�XVHG�VLPLODU�H[SHULPHQWDO�SURWRFROV�DQG�HYDOXDWHG�WKH�VDPH�

FRPSUHKHQVLYH�WR[LFRORJLFDO�HQG�SRLQWV��SURYLGLQJ�DQ�H[WHQVLYH�GDWDEDVH�RQ�WKH�WR[LFLW\�RI�LQKDOHG�

SOXWRQLXP���7KHUHIRUH��LQIRUPDWLRQ�SURYLGHG�LQ�WKH�IROORZLQJ�VHFWLRQV�SULPDULO\�UHOLHV�RQ�GDWD�IURP�WKH�

OLIHWLPH�H[SRVXUH�VWXGLHV�LQ�WKH�,75,�DQG�31/�GRJV��UHVXOWV�RI�LQKDODWLRQ�VWXGLHV�FRQGXFWHG�LQ�URGHQWV�DQG�

QRQKXPDQ�SULPDWHV�DUH�EULHIO\�UHYLHZHG�DQG�LQFOXGHG�DV�VXSSRUWLYH�GDWD��

7KH�PRVW�ZLGHO\�VWXGLHG�SOXWRQLXP�FRPSRXQG�����3X2���LV�RQO\�PRGHUDWHO\�VROXEOH��ZKLFK�UHVXOWV�LQ�ORQJ�

WHUP�UHWHQWLRQ�LQ�WKH�OXQJ�IROORZLQJ�LQKDODWLRQ�H[SRVXUH���2WKHU�SOXWRQLXP�FRPSRXQGV�DVVHVVHG�LQ�

OLIHWLPH�GRJ�VWXGLHV�LQFOXGH����3X2���PRUH�UDSLGO\�FOHDUHG�IURP�WKH�OXQJ�WKDQ����3X2��GXH�WR�PXFK�KLJKHU�

VSHFLILF�DFWLYLW\��ZKLFK�UHVXOWV�LQ�IUDJPHQWDWLRQ��DQG����3X�12���� �PRUH�FKHPLFDOO\�VROXEOH�WKDQ����3X2�����

6WXGLHV�FRQGXFWHG�E\�31/�LQYHVWLJDWHG�WKH�HIIHFWV�RI�VLQJOH�LQKDODWLRQ�H[SRVXUHV�RI�DGXOW�GRJV�WR����3X2���
���3X2���RU����3X�12����� 7KH�OLIHWLPH�H[SRVXUH�VWXGLHV�FRQGXFWHG�E\�,75,�HYDOXDWHG�WKH�HIIHFWV�RI�VLQJOH�

H[SRVXUHV�RI�DGXOW�GRJV�WR����3X2��DQG����3X2��RI�YDU\LQJ�SDUWLFOH�VL]HV��VLQJOH�H[SRVXUHV�RI�MXYHQLOH�DQG�

HOGHUO\�GRJV�WR����3X2���DQG�UHSHDWHG�H[SRVXUHV�RI�DGXOW�GRJV�WR����3X2���7DEOH��������$Q�RYHUYLHZ�RI�WKH�

FRPSOHWH�VHULHV�RI�OLIHWLPH�H[SRVXUH�VWXGLHV�FRQGXFWHG�E\�ERWK�31/�DQG�,75,�ZDV�SXEOLVKHG�E\�'2(�

���������$�VXEVWDQWLDO�DPRXQW�RI�KHDOWK�HIIHFWV�GDWD�IRU�WKH�3X�H[SRVHG�GRJV�LV�DYDLODEOH���,Q�DGGLWLRQ��

FRPSUHKHQVLYH�UHSRUWV�ZHUH�SXEOLVKHG�LQ�WKH�ODWH�����V�IRU����3X2��LQGXFHG�KHDOWK�HIIHFWV�LQ�WKH�,75,�

�0XJJHQEXUJ�HW�DO��������DQG�31/��3DUN�HW�DO��������GRJV���$�FRPSUHKHQVLYH�UHSRUW�KDV�UHFHQWO\�EHHQ�

ILQDOL]HG�IRU����3X2��H[SRVHG�GRJV�IURP�WKH�,75,�IDFLOLW\��0XJJHQEXUJ�HW�DO����������$W�SUHVHQW��DYDLODEOH�
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24 PLUTONIUM 

3. HEALTH EFFECTS 

Table 3-1.  Selected Exposure Details from the ITRI and PNL Dog Studies and 
Conversion Procedures Used to Compare Initial Lung Burden in Common 

Units of kBq/kg Body Weight 

Exposure and conversion information Study references 
238PuO2: 

ITRI evaluated single inhalation exposure of young adult male and female 
dogs (12–15 months of age) at two AMAD particle sizes, 1.6 and 2.9 µm. 
Test material was prepared at high calcining temperatures (700 (C).  
Exposed dogs were assigned to one of six groups, which resulted in 
median ILBs (range) of 0 (0), 0.36 (0.10–0.69), 1.05 (0.77–1.55), 
2.84 (1.85–4.06), 5.99 (4.42–8.42), 11.2 (8.59–15.2), and 23.7 (15.3–45.4) 
kBq/kg body weight for dogs inhaling 1.6 µm AMAD particles, and 0 (0), 
0.47 (0.15–0.77), 1.35 (0.84–1.70), 3.00 (2.39–3.79), 7.02 (4.07–9.37), 
12.6 (10.4–15.6), and 25.4 (19.7–43.1) kBq/kg/body weight for dogs 
inhaling 2.9 µm AMAD particles.  Because effects did not appear to depend 
on particle size, the study authors combined the results from the separate 
studies. 

PNL evaluated single inhalation exposure of young adult male and female 
dogs (12–20 months of age).  Test material prepared at high calcining 
temperatures (750 (C). Mean ILBs of 0, 0.13, 0.68, 3.1, 13, 52, and 
210 kBq were reported for controls and 6 experimental groups (Park et al. 
1997), and were converted to mean ILBs of 0, 0.01, 0.061, 0.28, 1.17, 4.68, 
and 18.9 kBq/kg body weight by dividing the reported ILBs by the reported 
median body weight of 11.1 kg at aerosol exposure. 

239PuO2: 
ITRI evaluated single inhalation exposure of young adult male and female 

dogs (12–15 months of age) at three different AMAD particle sizes, 0.75, 
1.5, and 3.0 µm.  Test material was prepared at high calcining 
temperatures (700 (C). Because effects did not appear to depend on 
particle size, the study authors combined the results. Median ILBs (range) 
of 0 (0), 0.19 (0.026–0.35), 0.63 (0.37–0.96), 1.6 (1.0–2.4), 3.7 (2.6–4.8), 
6.3 (5.2–9.3), 14 (10–20), and 30 (21–74) kBq/kg body weight were 
reported for controls and six experimental groups. 

PNL evaluated single inhalation exposure of young adult male and female 
dogs (12–20 months of age) at an AMAD particle size of 2.3 µm. The test 
material was prepared at high calcining temperatures (750 (C). Mean ILBs 
of 0, 0.12, 0.69, 2.7, 11, 41, and 213 kBq were reported for controls and 
six experimental groups, and were converted to mean ILBs of 0, 0.01, 
0.064, 0.25, 1.0, 3.83, 19.9 kBq/kg body weight by dividing the reported 
ILBs by the reported mean body weight of 10.7 kg at the time of aerosol 
exposure. 

ITRI evaluated single and repeated exposure of young adult male and female 
dogs (12–15 months of age) at an AMAD particle size of 0.75 µm. 
Repeated exposures were once every 6 months for a total of 20 exposures. 
A mean ILB of 3.9 kBq/kg was reported for dogs exposed once; the mean 
total alveolar deposition was 5.3 kBq/kg body weight in the repeatedly-
exposed dogs. 

DOE 1989; Gillett et 
al. 1988; Hahn et al. 
1991a; Muggenburg 
et al. 1996 

DOE 1978a, 1988a, 
1989; Park et al. 
1995, 1997; Weller et 
al. 1995a, 1996 

Diel et al. 1992; DOE 
1989; Hahn et al. 
1999; Muggenburg et 
al. 1988, 1999 

DOE 1988a, 1989; 
Weller et al. 1995b 

Diel et al. 1992; DOE 
1989 
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25 PLUTONIUM 

3. HEALTH EFFECTS 

Table 3-1.  Selected Exposure Details from the ITRI and PNL Dog Studies and 
Conversion Procedures Used to Compare Initial Lung Burden in Common 

Units of kBq/kg Body Weight 

Exposure and conversion information Study references 
ITRI evaluated single exposure of juvenile male and female dogs (3 months 

of age) at an AMAD particle size of 1.5 µm. The dogs were placed into one 
of eight groups based on intended ILB, resulting in mean ILBs of 0, 0.018, 
0.11, 0.37, 1.1, 2.3, 3.7, 7.0, or 19 kBq/kg body weight. 

ITRI evaluated single exposure of aged male and female dogs (7–10 years of 
age) at an AMAD of 3.0 µm.  The dogs were placed into one of five groups 
based on intended ILB.  The reported mean ILBs of 0, 0.033, 0.091, 0.18, 
DQG������ȝ&L�NJ�ERG\�ZHLJKW�ZHUH�FRQYHUWHG�to 0, 1.22, 3.37, 6.6, and 
13.7 N%T�NJ��UHVSHFWLYHO\����ȝ&L� ����N%T���

ITRI evaluated single inhalation exposures of beagle dogs (n=108 exposed 
and 18 controls for each sex) using three separate particle sizes (0.75, 1.5, 
and 3.0 µm AMAD with individual particle activities from 0.048 to 7.4 mBq), 
and four to eight graded exposure levels for each particle size (with median 
ILBs of 0.16, 0.63, 1.6, 3.7, 6.4, 14, and 29 kBq/kg lung). ILB was 
measured after allowing time for mucociliary clearance using 169Yb 
incorporated into the 239Pu particles as a tracer. Animals were followed until 
death.  Information was collected on retention, distribution, respiratory 
function, and pathology.  Data by time after exposure and particle size 
include percent activity retention, activity distribution and retention in five 
types of lymph nodes, lymphocyte counts, surviving fraction, lung dose, 
lung tumor probability, occurrence of radiation pneumonitis and its impact 
on respiratory function, malignant and benign tumors by organ system and 
type, causes of death, and competition between pneumonitis and lung 
cancer,  Particle size was converted to activity, with 0.75 and 3.0 µm 
AMAD particles containing 0.048 and 7.4 mBq of 239Pu, respectively. 

239Pu(NO3)4: 
PNL evaluated single exposure of young adult male and female dogs (17– 

22 months of age) at an AMAD particle size of 0.81 µm.  Mean ILBs of 0, 0, 
2±2; 8±4; 56±17; 295±67; 1,709±639; and 5,445±1,841 nCi were reported 
for unexposed controls, vehicle controls, and exposed groups 1–6, 
respectively, and were converted to mean ILBs of 0, 0, 0.0069, 0.030, 
0.207, 1.02, 5.91, and 18.83 kBq/kg body weight by converting nCi to kBq 
(1 nCi = 0.037 kBq), which were then divided by a mean body weight of 
10.7 kg (the reported mean body weight for the 239PuO2-exposed PNL 
dogs, which was assumed to represent the 239Pu(NO3)4-exposed PNL dogs 
as well since body weight data for these dogs were not located in available 
study reports). 

DOE 1989, 1994b 

DOE 1988d, 1989 

Muggenburg et al. 
2008 

Dagle et al. 1996; 
DOE 1986b;1988b, 
1989, 1994a; Park et 
al. 1995 

ȝ&L� �PLFUR&XULH��$0$'� �DFWLYLW\�PHGLDQ�DHURG\QDPLF�GLDPHWHU��,/%� �LQLWLDO�OXQJ�EXUGHQ��,75,� �,QKDODWLRQ�
Toxicology Research Institute; kBq = kiloBequerel; PNL = Pacific Northwest Laboratory 
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26 PLUTONIUM 

3. HEALTH EFFECTS 

���3X�12����GDWD�IURP�WKH�GRJ�VWXGLHV�FRQVLVW�RI�LQWHULP�DQG�DQQXDO�UHSRUWV�DQG�PRUH�UHFHQW�SXEOLFDWLRQV�

WKDW�IRFXV�RQ�VHOHFWHG�HQG�SRLQWV�RI�WR[LFLW\���7KH�SUHVHQWDWLRQ�RI�KHDOWK�HIIHFWV�LQ�WKH�GRJ�VWXGLHV�IURP�

,75,�DQG�31/�LQ�WKLV�7R[LFRORJLFDO�3URILOH�IRU�3OXWRQLXP�IRFXVHV�SULPDULO\�RQ�UHVXOWV�RI�WKH�DYDLODEOH�

FRPSUHKHQVLYH�UHSRUWV�DQG�VHFRQGDULO\�RQ�UHVXOWV�RI�LQWHULP�GDWD��

,QKDODWLRQ�H[SRVXUHV�LQ�WKH�GRJ�VWXGLHV�ZHUH�TXDQWLILHG�XVLQJ�UDGLRORJLFDO�PHDVXUHPHQWV�WR�HVWLPDWH�

LQLWLDO�SOXWRQLXP�EXUGHQV��DFWLYLW\�RU�DFWLYLW\�SHU�ERG\�ZHLJKW�RU�DFWLYLW\�SHU�RUJDQ�ZHLJKW���UDWKHU�WKDQ�

DHURVRO�FRQFHQWUDWLRQV�RI�SOXWRQLXP���,Q�WKH�,75,�DQG�31/�VWXGLHV��H[SRVXUH�JURXSV�ZHUH�GHILQHG�DV�

UDQJHV�RU�JURXS�PHDQV�EDVHG�RQ�LQLWLDO�SOXWRQLXP�EXUGHQV���+RZHYHU��RYHU�WKH����\HDU�WLPH�VSDQ�RI�

SXEOLFDWLRQV��LQLWLDO�SOXWRQLXP�EXUGHQV�ZHUH�TXDQWLILHG�XVLQJ�VHYHUDO�GLIIHUHQW�XQLWV��H�J����&L���&L�NJ�

OXQJ�ZHLJKW��N%T��N%T�NJ�ERG\�ZHLJKW��WRWDO�N%T�GHSRVLWHG�LQ�WKH�OXQJ���WKXV��GDWD�REWDLQHG�IURP�D�VLQJOH�

VWXG\�PD\�KDYH�EHHQ�UHSRUWHG�LQ�VHYHUDO�GLIIHUHQW�SXEOLFDWLRQV�RYHU�D�VSDQ�RI�WLPH�GXULQJ�ZKLFK�FKDQJHV�

PD\�KDYH�EHHQ�PDGH�LQ�FRQYHQWLRQV�IRU�UHSRUWLQJ�LQLWLDO�OXQJ�EXUGHQV���7KH�FRQYHQWLRQ�RI�N%T�NJ�ERG\�

ZHLJKW�KDV�EHHQ�VHOHFWHG�WR�H[SUHVV�LQLWLDO�OXQJ�EXUGHQ�IRU�WKH�,75,�DQG�31/�GRJ�VWXGLHV�VXPPDUL]HG�LQ�

WKLV�WR[LFRORJLFDO�SURILOH�IRU�SOXWRQLXP���7DEOH�����VXPPDUL]HV�UHSRUWHG�LQLWLDO�OXQJ�EXUGHQ�GDWD�IURP�

HDFK�RI�WKHVH�VWXGLHV��DV�ZHOO�DV�DQ\�DGGLWLRQDO�GDWD�XVHG�IRU�FRQYHUVLRQV�WR�WKH�FRQYHQWLRQ�RI�N%T�NJ�

ERG\�ZHLJKW���6HOHFWHG�LQWHULP�DQG�ILQDO�UHSRUWV�DQG�DOO�SXEOLFO\�DYDLODEOH�FRPSUHKHQVLYH�UHSRUWV�ZHUH�

FRQVXOWHG�IRU�UHOHYDQW�H[SRVXUH�DQG�KHDOWK�HIIHFWV�GDWD���,W�VKRXOG�EH�QRWHG�WKDW�IRU�D�SDUWLFXODU�VWXG\��

YDULRXV�UHSRUWV�PD\�YDU\�VOLJKWO\�LQ�HVWLPDWHG�LQLWLDO�OXQJ�EXUGHQV���,Q�WKLV�WR[LFRORJLFDO�SURILOH�IRU�

SOXWRQLXP��WKH�PRVW�UHFHQW�SXEOLFDWLRQV�W\SLFDOO\�VHUYHG�DV�WKH�GHILQLWLYH�VRXUFH�RI�LQLWLDO�OXQJ�EXUGHQ�

GDWD��

$V�GLVFXVVHG�LQ�6HFWLRQ������0HFKDQLVPV�RI�7R[LFLW\��SOXWRQLXP�LQGXFHG�KHDOWK�HIIHFWV�DUH�FRQVLGHUHG�WR�

EH�WKH�UHVXOW�RI�HQHUJ\�GHSRVLWHG�E\�DOSKD�SDUWLFOH�HPLVVLRQV�LQ�WLVVXHV�WKDW�UHWDLQ�SOXWRQLXP�IRU�H[WHQGHG�

SHULRGV��L�H���OXQJ��ERQH��OLYHU�IROORZLQJ�LQKDODWLRQ�H[SRVXUH����6LPLODU�KHDOWK�HIIHFWV�ZRXOG�EH�H[SHFWHG�

IURP�DQ\�DOSKD�HPLWWLQJ�VRXUFH�WKDW�ZRXOG�UHVXOW�LQ�VLPLODU�FXPXODWLYH�WLVVXH�VSHFLILF�UDGLDWLRQ�GRVH�DQG�

GRVH�UDWH��

3.2.1.1  Death 

Epidemiological Studies in Humans. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�

KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�WKH�8�6��SOXWRQLXP�SURGXFWLRQ�DQG�RU�SURFHVVLQJ�IDFLOLWLHV�

�+DQIRUG��/RV�$ODPRV��5RFN\�)ODWV���DV�ZHOOV�DV�IDFLOLWLHV�LQ�5XVVLD��0D\DN��DQG�WKH�8QLWHG�.LQJGRP�

�H�J���6HOODILHOG��� 7KH�PRVW�UHFHQW�ILQGLQJV�IURP�WKHVH�VWXGLHV�DUH�VXPPDUL]HG�LQ�7DEOH�������&ROOHFWLYHO\��
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27 PLUTONIUM 

3. HEALTH EFFECTS 

Table 3-2.  Summary of Human Epidemiology Studies of Health Effects of  
Plutonium  

Reference, study location,  
period, and study description Dose measurementa Findings and interpretation  
United States: 
Reference: Brown et al. 2004 
Location: Denver (Rocky Flats), 
Colorado 
Period: 1951–1989 
Design: retrospective case control 
Subjects: workers at Rocky Flats 
Plant; cases (n=180, 7 females); 
controls (n=720, 24 females) who 
also worked at the plant and were 
matched with cases for age, birth 
year, and gender 
Outcome measures: lung cancer 
mortality 
Analysis: incidence OR for 
cumulative internal lung dose, 
cumulative penetrating dose, period 
of first hire, and employment years 
(logistic regression models, adjusted 
for birth year and smoking) 

Reference: Gilbert et al. 1989b 
Location: Hanford, Washington 
Period: 1944–1981 
Design: retrospective cohort 
Subjects: workers at the Hanford 
plant (n=31,500, 12,600 females) 
who were hired during the period 
1944–1978. 
Outcome measures: cancer mortality 
Analysis: trend test for mortality 
ratios stratified by external radiation 
dose or internal Pu exposure 
(adjusted for age, calendar year, 
sex, and number of years 
monitored) 

Internal lung 
dose (mSv) Percent 

0 54 
0–100 18 
>100–400 13 
>400–644 5 
>644–900 5 
>940 5 
98% internal lung dose from 
plutonium or inbred 241Am 

Internal Pu 
exposure 
(kBq) Percent 

<0.074 28.7 
0.074–1.47 30 
>1.48 1.3 

In full cohort, OR for lung cancer mortality 
significant at dose strata 400–644 mSv, but 
was not significantly elevated at higher doses; 
there was no significant trend with dose. When 
restricted to subjects employed for 15– 
25 years, OR was significant at dose strata 
>644 mSv with significant dose trend; 
however, there was no evidence of a positive 
trend for those employed <10 years or 
t25 years. 
Internal 

lung 
dose 
(mSv) 

OR (95% CI) full 
cohort 

OR (95% CI) 
employed 15– 
25 years 

0 1.0 (reference) 1.0 (reference) 
0–100 1.42 (0.87–2.33) 1.14 (0.46–2.86) 
>100–400 1.60 (0.83–3.10) 2.11 (0.86–5.20) 
>400–644 2.71 (1.20–6.09) 2.74 (0.92–8.19) 
>644–900 2.30 (0.96–5.53) 3.20 (1.15–8.94) 
>940 1.48 (0.56–3.89) 5.04 (1.55– 

16.40) 

No evidence for statistically significant excess 
cancer mortality or trend in cancer mortality 
with external radiation or Pu internal deposition 
(i.e., all cancers, digestive tract, lung, 
lymphatic and hematopoietic, prostatic). 
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28 PLUTONIUM 

3. HEALTH EFFECTS 

Table 3-2.  Summary of Human Epidemiology Studies of Health Effects of  
Plutonium  

Reference, study location,  
period, and study description Dose measurementa Findings and interpretation  
Reference: Newman et al. 2005 
Location: Denver, Colorado 
Period: 1951–1998 
Design: retrospective cohort 
Subjects: male workers at Rocky 
Flats plant (n=326) hired between 
1951 and 1958 with lifetime doses 
>0.1 Sv; unexposed controls 
(n=194, 12 females) 
Outcome measures: lung opacity 
profusion score (based on most 
recent x-ray) for assessment of 
pulmonary fibrosis 
Analysis: multivariate logistic 
regression to test association 
between plutonium radiation dose 
categories and disease prevalence 
(covariates: age at x-ray, smoking 
status, evidence of pleural 
abnormalities [surrogate for 
asbestos exposure]) 
Reference: Voelz et al. 1997 
Location: Los Alamos, New Mexico 
Period: 1943–1990 
Design: retrospective cohort 
Subjects: adult male workers at Los 
Alamos National Laboratory 
exposed to plutonium in 1944–1945 
(n=26); controls (n=876) workers not 
exposed to plutonium 
Outcome measures: mortality 
Analysis: incidence rates of exposed 
group compared to controls 
(adjusted for age and year of death) 

Reference: Wiggs et al. 1994 
Location: Los Alamos, New Mexico 
Period: 1944–1990 
Design: retrospective cohort 
Subjects: male workers at Los 
Alamos National Laboratory 
(n=15,727 employed 1943–1973). 
Plutonium worker cohort consisted 
of 3,775 workers ever monitored for 
plutonium exposure 
Outcome measures: mortality 
Analysis: incidence rates for workers 
with plutonium whole-body 
deposition t74 Bq compared to 
<74 Bq (adjusted for age and year of 
death) 

Plutonium lung radiation dose 
in exposed group: 
Dose (Sv) n (percent) 
0–28 326 
0 194 (37%) 
>0–1 187 (36%) 
1–<5 101 (19%) 
5–<10 22 (4%) 
t10 16 (3%) 

Pu body burden (Bq) 
mean 970 
median 565 
range 50–3,180 
Pu body dose (mSv) 
mean 2.08 
median 1.25 
range 0.1–7.2 

Pu body 
burden (Bq) n 

<74 3,472 
t74 303 

Significant elevated risk for abnormal lung 
profusion score in lung dose strata t10 Sv: 
Lung dose (Sv) OR (95% CI) 
>0–<1 1.5 (0.6–3.8) 
1–<5 0.9 (0.3–2.6) 
5–<10 1.7 (0.5–6.6) 
t10 5.3 (1.2–23.4) 

SMR and MRR not significantly elevated in 
plutonium workers (compared to controls): 

SMR MRR 
Category Deaths (95% CI) (95% CI) 
All deaths 7 0.43 (0.17– 0.77 (0.36– 

0.88) 1.6) 
All 3 0.75 (0.15– 1.5 (0.46– 

cancers 2.18) 4.9) 
Lung 1 0.68 (0.01– 3.31 (0.44– 

cancer 3.79) 25) 
Prostate 1 3.42 (0.04– No data 

cancer 19.04) 
Bone 1 96.4 (1.26– No data 

cancer 536.0) 
MRR not significantly associated with 
plutonium body burden (<74 Bq compared to 
t74 Bq): 
Category MRR (95% CI) 
All deaths 0.89 (0.69–1.14) 
All cancers 1.07 (0.67–1.69) 
Respiratory tract cancer 1.77 (0.79–3.96) 
Lung cancers 1.78 (0.79–3.99) 
Bone cancer not reported (n=0) 
Lympho/hematopoietic 0.34 (0.05–2.24) 

cancer 
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29 PLUTONIUM 

3. HEALTH EFFECTS 

Table 3-2.  Summary of Human Epidemiology Studies of Health Effects of  
Plutonium  

Reference, study location,  
period, and study description Dose measurementa Findings and interpretation  
Reference: Wing et al. 2004 
Location: Hanford, Washington 
Period: 1944–1994 
Design: retrospective cohort 
Subjects: workers at the Hanford 
plant (n=26,389, 8,145 females) who 
were hired during the period 1944– 
1978. Plutonium worker cohort 
consisted of workers in routine 
plutonium-associated jobs (n=3,065) 
or non-routine jobs (n=8,266). 
Outcome measures: cancer mortality 
Analysis: multivariate regression to 
test association between length of 
employment in jobs with plutonium 
exposure potential and mortality rate 
(covariates: age, race, gender, birth 
date, socioeconomic status, 
employment status) 

Russia: 
Reference: Gilbert et al. 2004 
Period: 1955–2000 
Design: retrospective cohort 
Subjects: workers at Mayak 
Production Association (n=21,790, 
5,332 female) employed during the 
period 1948–1972 
Outcome measures: lung cancer 
mortality 
Analysis: risk per unit of plutonium 
radiation dose (Poisson regression 
models, adjusted for age, gender, 
year of death, age at hire) 

Not reported 

Pu lung dose 
(Gy) n 

<DL 1,560 (25%) 
>0–0.2 3,688 (60%) 
>0.2–1.0 688 (11%) 
>1.0–3.0 163 (2.6%) 
>3.0–5.0 39 (0.6%) 
>5.0 55 (0.9%) 
mean: 0.24 Gy (lung) 
mean: 1.84 kBq (body) 

Workers in the plutonium-associated jobs 
category had lower death rates from all 
cancers, cancers of the lung, and “plutonium-
cancers” (lung, liver, bone, and connective 
tissue) than other Hanford workers. Trends for 
increased mortality and duration of routine 
plutonium-associated jobs were as follows: 

Percent increase (r SE) in 
mortality per year in 
plutonium jobs (LRT for trend 
at 1 df; higher value means 
stronger association with job 
duration) 

Age <50 years Age t50 years 
Non-external 0.1r0.9 (0.01) 2.0r1.1 (3.37) 

deaths 
All cancers -1.5r1.7 (0.79) 2.6r2.0 (1.60) 
Pu cancers 0.6r0.05 (0.05) 4.9r3.3 (2.17) 

(lung, liver, 
skeletal, 
lymphatic) 

Lung cancers -1.0r2.7 (0.14) 7.1r3.4 (4.06) 

Cancer mortality risk was linearly related to 
plutonium radiation dose.  Excess relative risk 
per Gy declined strongly with attained age 
(Gilbert et al. 2004). Increased ERR for lung 
cancer mortality in association with increasing 
lung dose (per Gy attained at age 60 years): 
Lung dose RR males RR females 

(Gy) (95% CI) (95% CI) 
>0–0.2 1.4 (1.0–1.8) 0.91 (<0.91– 

3.1) 
>0.2–1.0 2.4 (1.5–3.6) 16 (6.1–37) 
>1.0–3.0 10 (6.3–15) 
>3.0–5.0 19 (9.5–35) 
>1.0–5.0 15 (3.0–38) 
>5.0 33 (14–67) 250 (110–660) 
ERR per Gy 4.7 (3.3–6.7) 19 (9.5–39) 

lung dose 
ERR per Sv 0.23 (0.16– 0.93 (0.46– 

lung dose 0.33) 1.9) 
ERR per Gy 3.9 (2.6–5.8) 19 (7.7–51) 

lung dose 
(for subjects 
with 
smoking 
data, 
adjusted for 
smoking) 
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30 PLUTONIUM 

3. HEALTH EFFECTS 

Table 3-2.  Summary of Human Epidemiology Studies of Health Effects of  
Plutonium  

Reference, study location,  
period, and study description Dose measurementa Findings and interpretation  
Reference: Gilbert et al. 2000 
Period: 1948–1996 
Design: retrospective cohort 
Subjects: workers at Mayak 
Production Association (n=11,000) 
hired during the period 1948–1958 
Outcome measures: liver cancer 
mortality 
Analysis: relative risk for plutonium 
body burden (general linear 
regression model adjusted for age, 
gender, year of death, external 
radiation) 
Reference: Jacob et al. 2005 
Period: 1948–1998 
Design: retrospective cohort 
Subjects: male workers at Mayak 
Production Association (n=5,058) 
employed during the period 1948– 
1972 
Outcome measures: lung cancer 
mortality 
Analysis: excess relative risk per 
plutonium dose unit (Sv) 
(mechanistic multistage regression 
model, adjusted for age and 
multiplicative or sub-multiplicative 
interaction with smoking) 
Reference: Koshurnikova et al. 2000 
Period: 1948–1996 
Design: retrospective cohort 
Subjects: workers at Mayak 
Production Association (n=11,000) 
hired during the period 1948–1958 
Outcome measures: bone cancer 
mortality 
Analysis: relative risk for plutonium 
body burden (general linear 
regression model adjusted for age, 
gender, year of death, external 
radiation) 

Pu body burden (kBq)  
Males 3.78  
Females 6.05  
Pu liver dose (Gy)  
Males 0.47  
Females 0.88  
n=2,207 (monitored)  

Pu lung dose (Sv)  
mean (range)  
All plants 3.0 (0–24)  
Pu production 8.7 (0–81)  
Radio- 

chemical 2.5 (0–15) 
Reactor 0.04 (0–0.40) 

Pu body burden (kBq) 
Males 3.78 
Females 6.05 
Pu bone surface dose (Gv) 
Males 2.99 
Females 5.56 
n=2,207 (monitored) 
Bone surface dose from 

Gilbert et al. (2000) 

Significantly increased RR within highest 
plutonium body burden stratum: 
Pu body 

burden 
(kBq) 

RR males 
(95% CI) 

RR females 
(95% CI) 

0–1.48 
1.4–7.40 
>7.4 

1.0 (reference) 
0.9 (0.1–3.2) 
9.2 (3.3–23) 

1.0 (reference) 
7.1 (0.9–59) 
66 (16–452) 

All workers 
>7.4 17 (8.0, 26) 

Significant ERR for lung cancer mortality in 
association with plutonium dose (per Sv), 
adjusted for smoking: 
Smoking interaction ERR per Sv (95% CI) 
Multiplicative 0.21 (0.15–0.35) 
Sub-multiplicative 0.11 (0.08–0.17) 

Significantly increased RR for bone cancer 
mortality within highest plutonium body burden 
stratum: 
Pu body burden (kBq) RR (95% CI) 
0–1.48 1.0 (reference) 
1.48–7.40 0.9 (0.05–5.5) 
>7.4 7.9 (1.6–32) 
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31 PLUTONIUM 

3. HEALTH EFFECTS 

Table 3-2.  Summary of Human Epidemiology Studies of Health Effects of  
Plutonium  

Reference, study location,  
period, and study description Dose measurementa Findings and interpretation  
Reference: Kreisheimer et al. 2003 
Period: 1948–1999 
Design: retrospective cohort 
Subjects: male workers at Mayak 
Production Association (n=4,212) 
hired during the period 1948–1958 
Outcome measures: lung cancer 
mortality 
Analysis: excess relative risk per 
plutonium dose unit (Gy, Sv) 
(general linear regression models, 
adjusted for age and multiplicative 
interaction with smoking) 
Reference: Shilnikova et al. 2003 
Period: 1949–1997 
Design: retrospective cohort 
Subjects: workers at Mayak 
Production Association (n=21,557, 
24.2% female) employed during the 
period 1948–1972 
Outcome measures: cancer mortality 
Analysis: regression models, 
(adjusted for age, gender, year of 
death, age at hire) 
Reference: Tokarskaya et al. 2006 
Period: 1972–1999 
Design: retrospective case-control 
Subjects: workers at Mayak 
Production Association (n=44 
cases); controls (n=111) workers not 
exposed to plutonium matched for 
year of birth, gender, year of starting 
work, work assignment 
Outcome measures: liver cancer 
morbidity 
Analysis: OR for plutonium liver 
dose (Gy) (logistic regression model, 
adjusted for alcohol consumption, 
�-radiation dose) 

Pu lung dose (Gy) 
Pu production 0.450 
Radiochemical 0.140 
Reactor Not reported 

Pu body burden 
2.9–18.5 kBq 

Cumulative lung Pu dose: 
0.28–1.92 Gy 

(hired 1948–1954) 

Pu liver dose 
Quartile (Gy) 
1st 0 
2nd 0–0.07 
3rd >0.07–0.54 
4th >0.54–16.9 

Significant ERR for lung cancer mortality: 
ERR unit ERR (95% CI) 
ERR per Gy 
ERR per Sv (assuming 
�-radiation quality 
factor=20) 

4.50 (3.15–6.10) 
0.23 (0.16–0.31) 

Increased risk of plutonium cancers (i.e., lung,  
liver or skeletal) in association with increased  
internal exposure (p<0.001).  Increased risk of  
leukemia in association in increasing external  
gamma radiation dose (p=0.04), but not for  
internal exposure to plutonium.  

Significant ORs for liver cancers:  
Pu liver dose (Gy) OR (95% CI)  
All liver cancers  
0–2.0 1.0 (reference)  
>2.0–16.9 11.3 (3.6–35.2)  
Hemiangiosarcomas  
0–2.0 1.0 (reference)  
>2.0–5.0 41.7 (4.6–333)  
>5.0–16.9 62.5 (7.4–500)  
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32 PLUTONIUM 

3. HEALTH EFFECTS 

Table 3-2.  Summary of Human Epidemiology Studies of Health Effects of  
Plutonium  

Reference, study location,  
period, and study description Dose measurementa Findings and interpretation  
United Kingdom: 
Reference: Carpenter et al. 1998 
Period: Before 1976–1988 
Design: retrospective cohort 
Subjects: workers at U.K. nuclear 
facilities during the period before 
1976–1980 (n=40,761, 
3,366 females). Plutonium worker 
cohort consisted of 12,498 workers 
ever monitored for plutonium 
exposure 
Outcome measures: cancer mortality 
Analysis: mortality incidence rates in 
workers monitored for plutonium 
exposure compared to workers not 
monitored (adjusted for age, gender, 
year of death, social class) 

Reference: McGeoghegan et al. 
2003 
Period: 1947–1998 
Design: retrospective cohort 
Subjects: female workers ever 
employed at Sellafield plant 
(n=6,376). Plutonium worker cohort 
consisted of 5,203 workers ever 
monitored for plutonium exposure 
Outcome measures: mortality and 
cancer morbidity 
Analysis: mortality and morbidity 
incidence rates in plutonium workers 
compared to other radiation and 
non-radiation workers 

Not reported 

Pu internal lung radiation 
dose: 

Dose (mSv) 
Mean 3.45 
Median 1.59 
Maximum 178 
5th% 0.36 
95th% 8.89 

MRR for workers monitored for plutonium were 
not significant (monitored compared to not 
monitored): 
Category MRR (95% CI) 
All cancers 1.01 (0.90–1.13) 
Lung and bronchus 

cancer 1.18 (0.97–1.42) 
Pleura cancer 1.97 (0.71–5.49) 
Liver and gall bladder 

cancer 2.00 (0.59–6.38) 
Bone cancer 1.01 (0.12–7.35) 

Trends for all cancers were statistically 
significant (p<0.05), while those for lung and 
bronchus cancer were not: 
Years since MRR lung and 

first MRR bronchus 
monitored all cancers* cancer 

<10 0.79 0.95 
10–19 0.95 1.26 
t20 1.20 1.26 
Number of 

years 
monitored 

MRR 
all cancers* 

MRR lung and 
bronchus 
cancer 

<10 0.85 1.09 
10–19 0.92 0.99 
t20 1.15 1.45 

Significant (p<0.05) MRR for plutonium 
workers compared to other radiation workers 
(CIs not reported) with no significant trends 
with organ-specific plutonium radiation doses: 

MRR (*p<0.01; 
Category **p<0.05)  
Mortality  
All deaths 2.20*  
All cancers 3.30*  
Breast cancer 3.77**  
Circulatory disease 2.18**  
Ischemic heart 5.46*  

disease 
Respiratory tract 4.05 

disease 
Digestive system 0.65 

disease 
Morbidity 
Breast cancer 2.61** 
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33 PLUTONIUM 

3. HEALTH EFFECTS 

Table 3-2.  Summary of Human Epidemiology Studies of Health Effects of  
Plutonium  

Reference, study location,  
period, and study description Dose measurementa Findings and interpretation  
Reference: Omar et al. 1999 
Period: 1947–1992 
Design: retrospective cohort 
Subjects: workers at Sellafield plant 
(n=14,319, 2,689 females) who were 
employed at any time during the 
period 1947–1975; plutonium worker 
cohort consisted of 5,203 workers 
ever monitored for plutonium 
exposure 
Outcome measures: mortality and 
cancer morbidity 
Analysis: mortality and morbidity 
incidence (1971–1986) in plutonium 
workers compared to other radiation 
and non-radiation workers 

Cumulative Pu exposure: 
Exposure (Bq) Percent 
0–250 75 
>250–500 13 
>500–750 7 
>750–1,000 2 
>1,000 3 

Pu internal radiation dose 
(mean) : 
Tissue Dose (Sv) 
Bone surfaces 3,282 
Lungs 45–896 
Liver 421 
Digestive tract 8 
Whole body 219–355 

Significant (*p<0.01; **p<0.05) MRR for 
plutonium workers compared to other radiation 
workers (CIs not reported). Significant 
negative trend for deaths from all cancers with 
internal plutonium plus external radiation 
doses (trend tests for internal plutonium doses, 
alone, were not reported). No other significant 
dose trends. 
Category MRR 
All cancers 1.05 
Breast cancer 7.66* 
Not cancer 0.98 
Cerebrovascular disease 1.27** 
Respiratory tract disease 0.88 
Digestive system disease 0.60** 

a1 kBq=0.027 �Ci; 1Gy=100 rad; 1 Sv=100 rem 

CI = confidence interval; df = degrees of freedom; DL = detection limit; ERR = excess relative risk; LRT = likelihood 
ratio test; MRR = mortality and/or morbidity rate ratio; OR = odds ratio; RR = relative risk; SE = standard error 
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WKHVH�VWXGLHV�SURYLGH�HYLGHQFH�IRU�DQ�DVVRFLDWLRQ�EHWZHHQ�FDQFHU�PRUWDOLW\��ERQH��OLYHU��OXQJ��DQG�

H[SRVXUH�WR�SOXWRQLXP���3OXWRQLXP�GRVH�UHVSRQVH�UHODWLRQVKLSV�IRU�OXQJ�FDQFHU�PRUWDOLW\�DQG�PRUELGLW\�

KDYH�EHHQ�FRUURERUDWHG�LQ�IRXU�0D\DN�VWXGLHV��*LOEHUW�HW�DO��������-DFRE�HW�DO��������.UHLVKHLPHU�HW�DO��

������6RNROQLNRY�HW�DO����������(VWLPDWHG�H[FHVV�UHODWLYH�ULVN�LQ�WKHVH�IRXU�VWXGLHV��DGMXVWHG�IRU�VPRNLQJ��

ZHUH�DV�IROORZV�� ��������SHU�*\������&,������±�����LQ�PDOHV�DQG����SHU�*\������&,������±����LQ�IHPDOHV�

�*LOEHUW�HW�DO�����������������SHU�*\������&,������±����LQ�PDOHV�DQG����SHU�*\������&,������±����LQ�

IHPDOHV�DW�DWWDLQHG�DJH�RI����\HDUV��6RNROQLNRY�HW�DO������������������SHU�*\������&,�� ����±������LQ�

PDOHV��.UHLVKHLPHU�HW�DO���������DQG����������SHU�6Y������&,�������±������RU������SHU�6Y������&,� �����±�

�������-DFRE�HW�DO���������GHSHQGLQJ�RQ�WKH�VPRNLQJ�UDGLDWLRQ�LQWHUDFWLRQ�PRGHO�WKDW�ZDV�DVVXPHG��WKHVH�

HVWLPDWHV�SHU�6Y�FRUUHVSRQG�WR�����RU�����SHU�*\��UHVSHFWLYHO\��DVVXPLQJ�D�UDGLDWLRQ�ZHLJKWLQJ�IDFWRU�RI�

���IRU���UDGLDWLRQ��� 7KH�H[FHVV�UHODWLYH�ULVN�SHU�*\�LQ�0D\DN�ZRUNHUV�GHFOLQHG�VWURQJO\�ZLWK�DWWDLQHG�DJH�

�*LOEHUW�HW�DO����������

7KH�ULVNV�RI�PRUWDOLW\�DQG�PRUELGLW\�IURP�ERQH�DQG�OLYHU�FDQFHUV�KDYH�DOVR�EHHQ�VWXGLHG�LQ�0D\DN�

ZRUNHUV��*LOEHUW�HW�DO��������.RVKXUQLNRYD�HW�DO��������6KLOQLNRYD�HW�DO��������6RNROQLNRY�HW�DO��������

7RNDUVND\D�HW�DO����������,QFUHDVLQJ�HVWLPDWHG�SOXWRQLXP�ERG\�EXUGHQ�ZDV�DVVRFLDWHG�ZLWK�LQFUHDVLQJ�

OLYHU�FDQFHU�PRUWDOLW\��ZLWK�KLJKHU�ULVN�LQ�IHPDOHV�FRPSDUHG�WR�PDOHV� �5HODWLYH�ULVN�IRU�OLYHU�FDQFHU�IRU�D�

FRKRUW�RI�PDOHV�DQG�IHPDOHV�ZDV�HVWLPDWHG�WR�EH���������&,������±����LQ�DVVRFLDWLRQ�ZLWK�SOXWRQLXP�

XSWDNHV�!����N%T��KRZHYHU��ZKHQ�VWUDWLILHG�E\�JHQGHU��WKH�UHODWLYH�ULVN�HVWLPDWH�IRU�IHPDOHV�ZDV���������

&,�����±�����ZKLOH�IRU�PDOHV��LW�ZDV�ORZHU�DW����������&,������±����*LOEHUW�HW�DO����������5LVN�RI�ERQH�

FDQFHU�PRUWDOLW\�LQ�WKLV�VDPH�FRKRUW��Q ��������ZDV�HVWLPDWHG�WR�EH����������&,������±����LQ�DVVRFLDWLRQ�

ZLWK�SOXWRQLXP�XSWDNHV�!����N%T��PDOHV�DQG�IHPDOHV�FRPELQHG��.RVKXUQLNRYD�HW�DO����������5LVNV�RI�

OHXNHPLD�PRUWDOLW\�LQ�WKH�VDPH�FRKRUW�ZHUH�QRW�DVVRFLDWHG�ZLWK�LQWHUQDO�SOXWRQLXP�H[SRVXUH��6KLOQLNRYD�

HW�DO����������,Q�D�FDVH�FRQWURO�VWXG\�RI�0D\DN�ZRUNHUV��WKH�RGGV�UDWLR�IRU�OLYHU�FDQFHU�ZDV�����������&,��

���±������IRU�VXEMHFWV�ZKR�UHFHLYHG�GRVHV�!���±����*\��UHODWLYH�WR��±����*\���DQG�WKH�RGGV�UDWLRV�IRU�

KHPDQJLRVDUFRPDV�ZHUH������SHU�*\������&,������±�����IRU�WKH�GRVH�JURXS�!���±����*\�DQG������SHU�

*\������&,������±�����IRU�WKH�GRVH�JURXS�!���±�����*\���'RVHV�ZHUH�HVWLPDWHG�EDVHG�RQ�SHULRGLF�XULQH�

VDPSOLQJ��7RNDUVND\D�HW�DO����������6RNROQLNRY�HW�DO���������UHSRUWHG�DYHUDJHG�DWWDLQHG�DJH�(55V�IRU�

OLYHU�FDQFHU�RI�����SHU�*\������&,������±�����IRU�PDOHV�DQG����SHU�*\������&,������±����IRU�IHPDOHV��DQG�

DYHUDJHG�DWWDLQHG�DJH�(55V�IRU�ERQH�FDQFHU�RI������SHU�*\������&,�����±�����IRU�PDOHV�DQG�����SHU�*\�

�����&,������±����IRU�IHPDOHV���(OHYDWHG�ULVNV�IRU�ERQH�FDQFHU�ZHUH�REVHUYHG�RQO\�IRU�ZRUNHUV�ZLWK�

SOXWRQLXP�GRVHV�H[FHHGLQJ����*\���)RU�OXQJ�DQG�ERQH�FDQFHU��WKH�(55�GHFOLQHG�ZLWK�DWWDLQHG�DJH��DQG�IRU�

OXQJ�FDQFHU��WKH�(55�GHFOLQHG�ZLWK�DJH�DW�ILUVW�SOXWRQLXP�H[SRVXUH��
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3. HEALTH EFFECTS 

(SLGHPLRORJLFDO�VWXGLHV�RI�FDQFHU�PRUWDOLW\�DQG�PRUELGLW\�DUH�GHVFULEHG�LQ�GHWDLO�LQ�WKH�GLVFXVVLRQ�RI�

FDQFHU�IURP�LQKDOHG�SOXWRQLXP��6HFWLRQ�����������

Studies in Animals. 

Exposure of Dogs to 238PuO2. 'HFUHDVHG�VXUYLYDO�RI�GRJV�IROORZLQJ�LQKDODWLRQ�RI����3X2��ZDV�REVHUYHG�

LQ�WKH�,75,�DQG�31/�VWXGLHV��0XJJHQEXUJ�HW�DO��������3DUN�HW�DO����������,Q�ERWK�VWXGLHV��SRVWH[SRVXUH�

VXUYLYDO�GHFUHDVHG�ZLWK�LQFUHDVLQJ�LQLWLDO����3X�OXQJ�EXUGHQ���,Q�WKH�,75,�VWXG\��VXUYLYDO�DSSHDUHG�WR�

GHFUHDVH�LQ�GRJV�H[SRVHG�WR����3X2V�DHURVROV�DW�D�PHGLDQ�LQLWLDO�OXQJ�EXUGHQ�DV�ORZ�DV������N%T�NJ�ERG\�

ZHLJKW��DOWKRXJK�LW�ZDV�PRVW�DSSDUHQW�DW�PHGLDQ�LQLWLDO�OXQJ�EXUGHQV�������N%T�NJ��0XJJHQEXUJ�HW�DO��

��������$W�D�PHDQ�LQLWLDO�OXQJ�EXUGHQ�RI������N%T�NJ��PHDQ�SRVWH[SRVXUH�VXUYLYDO�ZDV�RQO\�������GD\V�

�UDQJH������±������GD\V���ZKHUHDV�PHDQ�VXUYLYDO�RI�YHKLFOH�H[SRVHG�FRQWUROV�ZDV�������GD\V��UDQJH��

������������GD\V����,Q�WKH����3X2��H[SRVHG�GRJV�DW�31/��PHDQ�LQLWLDO�OXQJ�EXUGHQV�UDQJHG�IURP������WR�

�����N%T�NJ�ERG\�ZHLJKW�DQG�VXUYLYDO�ZDV�GHFUHDVHG�DW�DOO�OHYHOV��EXW�VWDWLVWLFDOO\�VLJQLILFDQWO\�GHFUHDVHG�

RQO\�DW�PHDQ�LQLWLDO�OXQJ�EXUGHQV�������N%T�NJ��3DUN�HW�DO����������5DGLDWLRQ�SQHXPRQLWLV��OXQJ�WXPRUV��

ERQH�WXPRUV��DQG�OLYHU�WXPRUV�ZHUH�FRPSHWLQJ�FDXVHV�RI�GHDWK�LQ�WKH����3X2��H[SRVHG�GRJV�RI�ERWK�,75,�

DQG�31/��0XJJHQEXUJ�HW�DO��������3DUN�HW�DO���������

Exposures of Dogs to 239PuO2. 3UHPDWXUH�GHDWK�ZDV�DOVR�REVHUYHG�LQ�GRJV�H[SRVHG�WR�DHURVROV�RI�
���3X2��� ,Q�WKH�,75,�VWXGLHV��D�GRVH�UHODWHG�GHFUHDVH�LQ�PHDQ�VXUYLYDO�WLPH�ZDV�REVHUYHG��ZLWK�VXUYLYDO�

WLPH�LQYHUVHO\�UHODWHG�WR�LQLWLDO�OXQJ�EXUGHQ��+DKQ�HW�DO��������0XJJHQEXUJ�HW�DO����������������'HFUHDVHG�

SRVWH[SRVXUH�VXUYLYDO�ZDV�HYLGHQW�DW�D�PHGLDQ�LQLWLDO�OXQJ�EXUGHQ�DV�ORZ�DV������N%T�NJ���6XUYLYDO�UDQJHG�

IURP�����WR�������GD\V�LQ�GRJV�ZLWK�LQLWLDO�OXQJ�EXUGHQV�EHWZHHQ���DQG����N%T�NJ���$W�WKH�KLJKHVW�

PHGLDQ�LQLWLDO�OXQJ�EXUGHQ�����N%T�NJ���SRVWH[SRVXUH�VXUYLYDO�WLPHV�ZHUH�DV�VKRUW�DV����±������GD\V�

FRPSDUHG�WR������±������GD\V�LQ�DHURVRO�YHKLFOH�H[SRVHG�FRQWUROV���,Q�WKH�31/�GRJV��VXUYLYDO�WLPHV�ZHUH�

GHFUHDVHG�DW�PHDQ�LQLWLDO�OXQJ�EXUGHQV����N%T�NJ�ERG\�ZHLJKW��'2(�����D��:HOOHU�HW�DO������E����

5DGLDWLRQ�SQHXPRQLWLV�LQWHUVWLWLDO�ILEURVLV�DQG�OXQJ�WXPRUV�ZHUH�WKH�SULPDU\�FDXVH�RI�SUHPDWXUH�GHDWK�LQ�

,75,�DQG�31/�GRJV�KLJKO\�H[SRVHG�WR����3X2��DHURVROV�� 7KH�ILUVW�WZR�HIIHFWV�DUH�VKRZQ�WRJHWKHU�VLQFH�

WKH�LQIODPPDWLRQ�IURP�UDGLDWLRQ�SQHXPRQLWLV�LV�FRQVWDQW�GXH�WR�ORQJ�WHUP�SOXWRQLXP�UHWHQWLRQ��DQG�ORQJ�

WHUP�LQIODPPDWLRQ�DOZD\V�UHVXOWHG�LQ�LQWHUVWLWLDO�ILEURVLV��

Exposures of Dogs to 239Pu(NO3)4���'HFUHDVHG�VXUYLYDO�ZDV�REVHUYHG�LQ�31/�GRJV�H[SRVHG�WR�DHURVROV�RI�
���3X�12���� UHVXOWLQJ�LQ�LQLWLDO�OXQJ�EXUGHQV�������N%T�NJ�ERG\�ZHLJKW��'2(�����E������E��3DUN�HW�DO��

������� ,Q�WKH�KLJKHVW�H[SRVXUH�JURXS��PHDQ�LQLWLDO�OXQJ�EXUGHQ�������N%T�NJ���GHDWK�GXH�WR�UDGLDWLRQ�
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3. HEALTH EFFECTS 

SQHXPRQLWLV�ZDV�QRWHG�DV�HDUO\�DV����PRQWKV�SRVWH[SRVXUH��'2(�����E����5DGLDWLRQ�SQHXPRQLWLV�ZDV�WKH�

SULPDU\�FDXVH�RI�HDUO\�GHDWKV���/XQJ�WXPRUV�DQG�ERQH�WXPRUV�ZHUH�WKH�SULPDU\�FDXVHV�RI�GHDWK�DPRQJ�

GRJV�WKDW�HLWKHU�GLG�QRW�GHYHORS�UDGLDWLRQ�SQHXPRQLWLV�RU�VXUYLYHG�WKH�FRQGLWLRQ��3DUN�HW�DO���������

Exposure of Other Laboratory Animal Species. 'HFUHDVHG�VXUYLYDO�KDV�EHHQ�REVHUYHG�LQ�UDWV�H[SRVHG�WR�
���3X2���/XQGJUHQ�HW�DO��������0pWLYLHU�HW�DO��������2JKLVR�DQG�<DPDGD�����D��2JKLVR�HW�DO������E��

������6DQGHUV�DQG�/XQGJUHQ�������6DQGHUV�HW�DO������������D������E������E���PLFH��/XQGJUHQ�HW�DO��

�������KDPVWHUV��/XQGJUHQ�HW�DO��������6DQGHUV��������DQG�EDERRQV��0HWLYLHU�HW�DO������������E����,Q�

WKHVH�DQLPDO�VSHFLHV��GHDWK�ZDV�XVXDOO\�FDXVHG�E\�UDGLDWLRQ�SQHXPRQLWLV�DFFRPSDQLHG�E\�HGHPD��ILEURVLV��

DQG�RWKHU�VLJQV�RI�UHVSLUDWRU\�GDPDJH���7KUHH�&\QRPROJXV�PRQNH\V�GLHG�DW�����������DQG�����GD\V��

UHVSHFWLYHO\��DIWHU�DHURVRO�H[SRVXUH�WR����3X�12����DW�OHYHOV�SURMHFWHG�WR�SURGXFH�DQ�LQLWLDO�WRWDO�OXQJ�

EXUGHQ�RI����N%T�������&L���HDFK�ZDV�GLDJQRVHG�ZLWK�UDGLDWLRQ�SQHXPRQLWLV��%URRNV�HW�DO���������

7KH�KLJKHVW�12$(/�YDOXHV�DQG�DOO�UHOLDEOH�/2$(/�YDOXHV�IRU�GHDWKV�LQ�HDFK�VSHFLHV�DQG�GXUDWLRQ�

FDWHJRU\�DUH�UHFRUGHG�LQ�7DEOH������

$OO�UHOLDEOH�/2$(/�YDOXHV�IRU�GHDWK�LQ�GRJV�DQG�QRQKXPDQ�SULPDWHV�H[SRVHG�WR�DHURVROV�RI�SOXWRQLXP�

DUH�UHFRUGHG�LQ�7DEOH�����DQG�SORWWHG�LQ�)LJXUH������

3.2.1.2  Systemic Effects 

1R�VWXGLHV�ZHUH�ORFDWHG�UHJDUGLQJ�GHUPDO�RFXODU�HIIHFWV�LQ�KXPDQV�RU�DQLPDOV�DIWHU�LQKDODWLRQ�H[SRVXUH�WR�

SOXWRQLXP��

Respiratory Effects. 

Epidemiological Studies in Humans. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�

UHVSLUDWRU\�WUDFW�GLVHDVH�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�8�6��SOXWRQLXP�SURGXFWLRQ�DQG�RU�

SURFHVVLQJ�IDFLOLWLHV��+DQIRUG��/RV�$ODPRV��5RFN\�)ODWV���DV�ZHOO�DV�IDFLOLWLHV�LQ�5XVVLD��0D\DN��DQG�WKH�

8QLWHG�.LQJGRP��H�J���6HOODILHOG��� 7KH�PRVW�UHFHQW�ILQGLQJV�IURP�WKHVH�VWXGLHV�DUH�VXPPDUL]HG�LQ�

7DEOH�������6WXG\�RXWFRPHV�IRU�PRUWDOLW\�IURP�OXQJ�RU�UHVSLUDWRU\�WUDFW�GLVHDVH��H�J���FDQFHU�DQG�RWKHU�

FDXVHV��DUH�GHVFULEHG�LQ�6HFWLRQ����������%URZQ�HW�DO��������&DUSHQWHU�HW�DO��������*LOEHUW�HW�DO������E��

������-DFRE�HW�DO��������.UHLVKHLPHU�HW�DO��������0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO��������:LJJV�HW�

DO��������:LQJ�HW�DO����������&ROOHFWLYHO\��WKHVH�VWXGLHV�KDYH�QRW�IRXQG�VWDWLVWLFDOO\�VLJQLILFDQW�



121
8

125
11.7

115

1

117
5.91

113
1.6

104
0.77

129

1.6

0.63

Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation 

Exposure/ LOAEL 
Duration/ 

a 
Key to 
Figure 

Species 
(Strain) 

Frequency 
(Route) 

ACUTE EXPOSURE 
Death 
1 Monkey 

(Cynomolgus) 
once 

System 
NOAEL 
(kBq/kg) 

Less Serious 
(kBq/kg) 

Serious 
(kBq/kg) 

8 M (fatal radiation 
pneumonitis) 

2 Monkey 
(Rhesus) 

once 11.7 M (fatal radiation 
pneumonitis) 

3 

4 

Dog 
(Beagle) 

Dog 
(Beagle) 

once 

once 

1 

5.91 

(decreased survival) 

(fatal radiation 
pneumonitis) 

5 Dog 
(Beagle) 

once 1.6 (fatal radiation 
pneumonitis) 

6 Dog 
(Beagle) 

once 0.77 (markedly decreased 
survival) 

7 Dog 
(Beagle) 

Once 1.6 (fatal radiation 
pneumonitis) 

0.63 (decreased survival) 

Reference 
Chemical Form 

P
LU

TO
N

IU
M

3.  H
E

A
LTH

 E
FFE

C
TS
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Brooks et al. 1992 
239Pu(NO3)4 

LaBauve et al. 1980 
239PuO2 

DOE 1988a 
239PuO2 

DOE 1988b 
239Pu(NO3)4 

Hahn et al. 1999 
239PuO2 

Muggenburg et al. 1996 
238PuO2 

Muggenburg et al. 2008 
239PuO2 

Comments 

Group mean ILB. 

Group mean ILB. 

Group median ILB. 

Group median ILB. 

Group median ILB. 



118
1.02

108
1

122

1.9

4.8

19

120

1.02

5.91

Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation (continued) 

a 
Key to 
Figure 

Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 
(kBq/kg) 

Less Serious 
(kBq/kg) 

LOAEL 

Serious 
(kBq/kg) 

Reference 
Chemical Form Comments 

8 Dog 
(Beagle) 

once 1.02 (decreased survival at 9 
years; 55% compared to 
90% in controls) 

Park et al. 1995 
239Pu(NO3)4 

Group median ILB. 

9 Dog 
(Beagle) 

once 
10-30 min 1 (significantly decreased 

survival) 
Park et al. 1997 
238PuO2 

Group mean ILB. 

Systemic 
10 Monkey 

(Cynomolgus) 
once Resp 1.9 M 4.8 M (pulmonary lesions 

consisting of interstitial 
fibrosis and alveolar 
epithelial proliferation) 

Brooks et al. 1992 
239Pu(NO3)4 

Hemato 19 M 

11 Dog 
(Beagle) 

once Hemato 1.02 5.91 (significantly decreased 
lymphocyte, neutrophil, 
total leukocyte counts) 

DOE 1988b 
239Pu(NO3)4 

Group mean ILB. 

P
LU

TO
N

IU
M

3.  H
E

A
LTH

 E
FFE

C
TS

38



106

8.3

1

5

130

0.63

1.6

1.6

3.7

119

0.0069

0.028

Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation  (continued) 

a 
Key to 
Figure 

P
LU

TO
N

IU
M

3.  H
E

A
LTH

 E
FFE

C
TS

39

12 

13 

14 

Species 
(Strain) 

Dog 
(Beagle) 

Dog 
(Beagle) 

Dog 
(Beagle) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

once 

Once 

once 

System 

Resp 

Hemato 

Hepatic 

Resp 

Hemato 

Hepatic 

NOAEL 
(kBq/kg) 

0.63 

1.6 

0.0069 

LOAEL 

Less Serious  Serious 
(kBq/kg)  (kBq/kg) 

8.3  (fatal radiation 
pneumonitis) 

1  (decreased lymphocyte  
count)  

5  (increased serum liver  
enzymes: ALP, ALT)  

1.6  (fatal radiation 
pneumonitis) 

3.7  (significantly decreased  
lymphocyte count)  

0.028  (significantly increased 
severity of adenomatous 
hyperplasia) 

Reference 
Chemical Form 

Muggenburg et al. 1996 
238PuO2 

Muggenburg et al. 2008 
239PuO2 

Park et al. 1995 
239Pu(NO3)4 

Comments 

Lowest individual ILB 
resulting in fatal 
radiation pneumonitis. 
Group median ILB for 
hemato and hepatic 
effects. 

Group median ILB 

Group mean ILB. 



110
0.28

0.28

0.28

1

0.28

116

0.075

1.18

127

0.25

126
0.19

105

0.4

0.3

131

0.63

Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation (continued) 

a 
Key to 
Figure 

P
LU

TO
N

IU
M

3.  H
E

A
LTH

 E
FFE

C
TS

40

15 

16 

Cancer 
17 

18 

19 

20 

Species 
(Strain) 

Dog 
(Beagle) 

Dog 
(Beagle) 

Dog 
(Beagle) 

Dog 

Dog 
(Beagle) 

Dog 
(Beagle) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 
(kBq/kg) 

Less Serious 
(kBq/kg) 

LOAEL 

Serious 
(kBq/kg) 

Reference 
Chemical Form 

once 
10-30 min Resp 0.28 (chronic radiation 

pneumonitis) 
Park et al. 1997 
238PuO2 

Hemato 

Musc/skel 0.28 

0.28 

1 

(lymphopenia) 

(radiation 
osteodystrophy) 

Hepatic 0.28 (increased serum liver 
ALT and ALP) 

once Hemato 0.075 1.18 (intermittent 
lymphopenia) 

Weller et al. 1995b 
239PuO2 

once 0.25 (CEL: lung tumors) DOE 1988a 
239PuO2 

once 0.19 (CEL: bone tumors) DOE 1994a 
239Pu(NO3)4 

once 0.4 (CEL: bone tumors) 

0.3 (CEL: lung, liver tumors) 

Muggenburg et al. 1996 
238PuO2 

Once 0.63 (CEL: lung tumors) Muggenburg et al. 2008 
239PuO2 

Comments 

Group mean ILB for 
respiratory, hemato 
and hepatic effects. 

Mean ILB for 
nonlymphopenic dogs. 

Based on group mean 
ILB and fatal lung 
tumors. 

Group mean ILB. 

Lowest ILB at which 
tumors were detected. 

Group median ILB 



109

1

0.061

Table 3-3 Levels of Significant Exposure to Plutonium - Inhalation (continued) 

a 
Key to 
Figure 

Species 
(Strain) 

Exposure/ 
Duration/ 

Frequency 
(Route) 

System 
NOAEL 
(kBq/kg) 

Less Serious 
(kBq/kg) 

LOAEL 

Serious 
(kBq/kg) 

Reference 
Chemical Form Comments 

21 Dog 
(Beagle) 

once 
10-30 min 1 (CEL: bone tumors) 

0.061 (CEL: lung tumors) 

Park et al. 1997 
238PuO2 

Group mean ILB. 

P
LU

TO
N

IU
M

3.  H
E

A
LTH

 E
FFE

C
TS

41

a The number corresponds to entries in Figure 3-1. 

ALP = alkaline phosphatase; ALT = alanine aminotransferase; BW = body weight; CEL = cancer effect level; Hemato = hematological; ILB = initial lung burden; kBq/kg BW = initial 
lung burden in kilobecquerel/kilogram body weight; LOAEL = lowest-observed-adverse-effect level; M = male; min = minute(s); NOAEL = no-observed-adverse-effect level; Resp = 
respiratory 



Figure 3-1 Levels of Significant Exposure to Plutonium - Inhalation 
Acute (≤14 days) 

Systemic 

kBq/kg BW 
Death 

Respiratory 

Hematologica
l 

Muscu
loske

letal 

Hepatic 

Cancer * 

100 

10k 

2k10 
1k 12d 

4d 11d 
10k 12d 

13d 

10k5d 7d 13d 13d 
16d1 3d 8d 9d 11d 12d 15d 21d  

6d 
7d 13d 20d 

19d 
15d 15d 15d 15d 19d

17d 
18d 

0.1 
16d 

21d 

14d 

0.01 
14d 

*Doses represent the lowest dose tested per study that produced a tumorigenic 
response and do not imply the existence of a threshold for the cancer endpoint. 

0.001 

c-Cat  -Humans f-Ferret n-Mink  Cancer Effect Level-Animals  Cancer Effect Level-Humans  LD50/LC50
d-Dog k-Monkey j-Pigeon o-Other  LOAEL, More Serious-Animals  LOAEL, More Serious-Humans Minimal Risk Level
r-Rat m-Mouse e-Gerbil LOAEL, Less Serious-Animals LOAEL, Less Serious-Humans  for effects
p-Pig h-Rabbit s-Hamster NOAEL - Animals NOAEL - Humans  other than
q-Cow a-Sheep g-Guinea Pig  Cancer 

P
LU

TO
N

IU
M

3.  H
E

A
LTH

 E
FFE

C
TS

42
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43 PLUTONIUM 

3. HEALTH EFFECTS 

DVVRFLDWLRQV�EHWZHHQ�PRUWDOLW\�UDWHV�IURP�QRQFDQFHU�UHVSLUDWRU\�WUDFW�GLVHDVHV�DQG�H[SRVXUH�WR�SOXWRQLXP�

DPRQJ�ZRUNHUV�DW�WKHVH�IDFLOLWLHV��

3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�SXOPRQDU\�ILEURVLV�ZDV�H[DPLQHG�LQ�D�FRKRUW�RI�

ZRUNHUV��Q �����DW�5RFN\�)ODWV��1HZPDQ�HW�DO����������7KH�VWXG\�DVVHVVHG�OXQJ�LQWHUVWLWLDO�DEQRUPDOLWLHV�

IURP�WKH�PRVW�UHFHQW�DYDLODEOH�[�UD\V�LQ�UHODWLRQ�WR�HVWLPDWHG�OXQJ�HTXLYDOHQW�GRVHV�IURP�SOXWRQLXP���

(VWLPDWHG�OXQJ�HTXLYDOHQW�GRVHV�UDQJHG�IURP���WR����6Y��DSSUR[LPDWHO\��������6Y����7KH�RGGV�UDWLR�

�25���DGMXVWHG�IRU�DJH��VPRNLQJ�VWDWXV��DQG�HYLGHQFH�IURP�SOHXUDO�DEQRUPDOLWLHV�IURP�SRVVLEOH�DVEHVWRV�

H[SRVXUH��ZDV�VLJQLILFDQW�IRU�WKH�GRVH�JURXS�ZLWK�OXQJ�HTXLYDOHQW�GRVHV�t���6Y��25����������&,� ����±�

��������7KH�UHSRUW�RI�1HZPDQ�HW�DO���������ZDV�EDVHG�RQ�VFRULQJ�UDGLRJUDSKV�IRU�WKH�VHYHULW\�RI�FKHVW�

DEQRUPDOLWLHV�FRQVLVWHQW�ZLWK�ILEURVLV��DQG�GLG�QRW�LQFOXGH�LQIRUPDWLRQ�UHJDUGLQJ�D�SRVVLEOH�DVVRFLDWLRQ�

EHWZHHQ�WKHVH�OXQJ�DEQRUPDOLWLHV�DQG�FOLQLFDO�V\PSWRPV�RI�GLVHDVH��

Studies in Animals. 5DGLDWLRQ�SQHXPRQLWLV�KDV�EHHQ�REVHUYHG�IROORZLQJ�SOXWRQLXP��SULPDULO\�LQVROXEOH��

DHURVRO�H[SRVXUH�RI�GRJV��QRQKXPDQ�SULPDWHV��PRQNH\V�DQG�EDERRQV���DQG�URGHQWV���$V�GLVFXVVHG�LQ�

6HFWLRQ����������UDGLDWLRQ�SQHXPRQLWLV�ZDV�LGHQWLILHG�DV�SULPDU\��PDMRU�FRQWULEXWLQJ��RU�LQFLGHQWDO�FDXVH�

RI�GHDWK�LQ�VRPH�GRJV�DQG�QRQKXPDQ�SULPDWHV�WKDW�LQKDOHG����3X2������3X2���RU����3X�12����DHURVROV���

0XJJHQEXUJ�HW�DO���������VWXGLHG�WKH�HIIHFW�RI�SOXWRQLXP�,/%�DQG�UDGLDWLRQ�GRVH�RQ�UDGLDWLRQ�

SQHXPRQLWLV�LQ�EHDJOHV�DV�SDUW�RI�D�SOXWRQLXP�OLIHVSDQ�FRPSRVLWH�VWXG\���7KH�UHODWLRQVKLS�EHWZHHQ�

SQHXPRQLWLV�LQGXFWLRQ�DQG�WKH�FDXVH�RI�GHDWK�ZDV�UHSRUWHG�WR�EH�D�IXQFWLRQ�RI�WKH�SOXWRQLXP�,/%��WKH�

UHVXOWLQJ�FXPXODWLYH�UDGLDWLRQ�GRVH��DQG�WKH�SDUWLFOH�VL]H�WR�VRPH�H[WHQW���,QFUHDVHG�,/%�DQG�SOXWRQLXP�

GRVH�UDWH�ZHUH�DVVRFLDWHG�ZLWK�WKH�IUDFWLRQ�RI�DQLPDOV�ZLWK�UDGLDWLRQ�SQHXPRQLWLV�DV�SULPDU\��PDMRU�

FRQWULEXWLQJ��RU�LQFLGHQWDO�FDXVH�RI�GHDWK�� $�WUHQG�ZDV�REVHUYHG�IRU�WKH�LQGXFWLRQ�RI�UDGLDWLRQ�

SQHXPRQLWLV�DW�ORZHU�,/%V�LQ�WKH������DQG������P�$0$'�JURXSV�WKDQ�LQ�WKH����P�$0$'�JURXS�� $W�

UDGLDWLRQ�GRVHV�VXIILFLHQW�WR�SURGXFH�UDGLDWLRQ�SQHXPRQLWLV��WKH�UHVXOWLQJ�LQIODPPDWLRQ�ZDV�D�FKURQLF�

V\PSWRP�GXH�WR�ORQJ�WHUP�UHWHQWLRQ�RI����3X2�� LQ�WKH�OXQJ���$V�D�UHVXOW�����3X2��LQGXFHG�UDGLDWLRQ�

SQHXPRQLWLV�ZDV�DOZD\V�DVVRFLDWHG�ZLWK�SXOPRQDU\�ILEURVLV�� 7KH�UDGLDWLRQ�SQHXPRQLWLV�SXOPRQDU\�

ILEURVLV�SURJUHVVLYHO\�LPSDLUHG�OXQJ�IXQFWLRQ��LQFOXGLQJ�DOYHRODU�FDSLOODU\�JDV�H[FKDQJH��UHVXOWLQJ�LQ�

LQFUHDVHV�LQ�UHVSLUDWRU\�UDWH��PLQXWH�YROXPH��DUWHULDO�&2��SUHVVXUH��DQG�OXQJ�VWLIIQHVV��DORQJ�ZLWK�

GHFUHDVHV�LQ�WLGDO�YROXPH�DQG�DUWHULDO�2��SUHVVXUH�� 6\PSWRPV�LQ�RUGHU�RI�GHFUHDVLQJ�IUHTXHQF\�ZHUH�

WDFK\SQHD��LQFUHDVHG�EUHDWK�VRXQGV��ERG\�ZHLJKW�ORVV��DQRUH[LD��G\VSQHD��F\DQRVLV��EUDG\FDUGLD��DQG�

GLVFKDUJH�IURP�WKH�QRVH��H\HV��RU�PRXWK���,QFUHDVLQJ�UDGLDWLRQ�GRVH�DQG�GRVH�UDWH�FRUUHVSRQGHG�WR�
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44 PLUTONIUM 

3. HEALTH EFFECTS 

SURJUHVVLYHO\�VKRUWHU�WLPHV�WR�RQVHW�RI�V\PSWRPV�DQG�LQFUHDVHG�VHYHULW\�RI�HIIHFWV��0XJJHQEXUJ�HW�DO��

�������

5HVXOWV�RI�LQKDODWLRQ�WR[LFLW\�VWXGLHV�LQ�GRJV�VKRZ�WKDW�WKH�FOLQLFDO�FRXUVH�RI�UDGLDWLRQ�SQHXPRQLWLV�LV�

VLPLODU�IROORZLQJ�H[SRVXUH�WR����3X2��RU����3X2����7KH�W\SLFDO�LQLWLDO�SUHVHQWLQJ�V\PSWRP�RI�UDGLDWLRQ�

SQHXPRQLWLV�LV�WDFK\SQHD��LQFUHDVHG�QXPEHU�RI�EUHDWKV�SHU�PLQXWH��ZLWK�UDGLRORJLFDO�HYLGHQFH�RI�

SXOPRQDU\�LQWHUVWLWLDO�LQILOWUDWH���+LVWRSDWKRORJLFDO�ILQGLQJV�LQFOXGH�LQWHUVWLWLDO�SQHXPRQLD�ZLWK�DOYHRODU�

HSLWKHOLDO�K\SHUSODVLD��YDVFXOLWLV��LQIODPPDWRU\�FHOOV�LQILOWUDWLRQ��DQG�SXOPRQDU\�ILEURVLV��0XJJHQEXUJ�HW�

DO��������������������3DUN�HW�DO����������5HVXOWV�RI�WKH�,75,�DQG�31/�VWXGLHV�LQGLFDWH�WKDW�UDGLDWLRQ�

SQHXPRQLWLV�LQ�WKH����3X2��H[SRVHG�GRJV�RFFXUUHG�DW�ORZHU�LQLWLDO�OXQJ�EXUGHQV�DQG�KDG�D�VKRUWHU�WLPH�WR�

RQVHW�RI�V\PSWRPV��0XJJHQEXUJ�HW�DO��������FRPSDUHG�WR�WKDW�REVHUYHG�LQ����3X2�� RU����3X�12����

H[SRVHG�GRJV���7KLV�REVHUYDWLRQ�LV�FRQVLVWHQW�ZLWK�WR[LFRNLQHWLF�GLIIHUHQFHV�REVHUYHG�IRU�LQKDOHG�

SOXWRQLXP�FRPSRXQGV��VKRZLQJ�WKDW�LQKDOHG����3X2�� LV�FOHDUHG�IURP�WKH�OXQJ�PRUH�VORZO\�WKDQ����3X2��

DQG����3X�12���� �VHH�6HFWLRQ������7R[LFRNLQHWLFV���

Exposure of Dogs to 238PuO2. ,Q�WKH�,75,����3X2��GRJ�VWXGLHV��WKH�ILUVW�V\PSWRP�RI�UDGLDWLRQ�

SQHXPRQLWLV��WDFK\SQHD��ZDV�REVHUYHG�DW�DSSUR[LPDWHO\�����GD\V�DIWHU�LQLWLDO�H[SRVXUH��0XJJHQEXUJ�HW�

DO����������3XOPRQDU\�IXQFWLRQ�WHVWV�SHUIRUPHG�SHULRGLFDOO\�RYHU�VHYHUDO�\HDUV�RQ�D�VXEJURXS�RI�GRJV�ZLWK�

UDGLDWLRQ�SQHXPRQLWLV��PHDQ�LQLWLDO�OXQJ�EXUGHQ����N%T�NJ��VKRZHG�SURJUHVVLYH�FKDQJHV�LQ�OXQJ�IXQFWLRQ�

LQFOXGLQJ�GHFUHDVHG�G\QDPLF�OXQJ�FRPSOLDQFH��GHFUHDVHG�&2�GLIIXVLQJ�FDSDFLW\��LQFUHDVHG�DOYHRODU�

DUWHULDO�S2���SXOPRQDU\�HGHPD��D�QHDU�WHUPLQDO�HYHQW���DQG�GHFUHDVHG�DUWHULDO�S2���WHUPLQDO�HYHQW����

3XOPRQDU\�LQWHUVWLWLDO�RU�VHSWDO�ILEURVLV�ZDV�REVHUYHG�DW�QHFURSV\�LQ�DOO�GRJV�ZLWK�UDGLDWLRQ�SQHXPRQLWLV��

VHYHULW\�ZDV�GRVH�UHODWHG���5DGLDWLRQ�SQHXPRQLWLV�ZDV�WKH�SULPDU\�FDXVH�RI�GHDWK�LQ�HLJKW�GRJV�ZLWK�

LQLWLDO�OXQJ�EXUGHQV�RI����±���N%T�NJ��0XJJHQEXUJ�HW�DO����������6LPLODU�REVHUYDWLRQV�ZHUH�UHSRUWHG�LQ�

WKH�31/�VWXGLHV�RQ����3X2���ZLWK�FKURQLF�UDGLDWLRQ�SQHXPRQLWLV�REVHUYHG�LQ�GRJV�ZLWK�LQLWLDO�OXQJ�

EXUGHQV�������N%T�NJ��3DUN�HW�DO���������

Exposure of Dogs to 239PuO2. &KURQLF�UDGLDWLRQ�SQHXPRQLWLV�DOVR�ZDV�REVHUYHG�LQ�WKH�,75,�DQG�31/�

GRJV�H[SRVHG�WR����3X2��DHURVROV���,Q�WKH�,75,�VWXGLHV��WDFK\SQHD�ZDV�ILUVW�REVHUYHG�LQ�FDVHV�RI�QRQIDWDO�

UDGLDWLRQ�SQHXPRQLWLV�DSSUR[LPDWHO\���\HDU�DIWHU�H[SRVXUH��0XJJHQEXUJ�HW�DO����������0RUSKRORJLFDO�

FKDQJHV�WR�WKH�OXQJ�LQFOXGHG�DOYHRODU�HSLWKHOLDO�K\SHUSODVLD�DQG�LQWHUVWLWLDO�ILEURVLV��0XJJHQEXUJ�HW�DO��

��������5DGLDWLRQ�SQHXPRQLWLV�ZDV�REVHUYHG�LQ�GRJV�G\LQJ�IURP�����WR������\HDUV�DIWHU�LQKDOLQJ����3X2���

ZLWK�WKH�WLPH�WR�GHDWK�LQYHUVHO\�UHODWHG�WR�LQLWLDO�OXQJ�EXUGHQ��+DKQ�HW�DO��������0XJJHQEXUJ�HW�DO��������

��������7KH�ORZHVW�LQLWLDO�OXQJ�EXUGHQ�FDXVLQJ�IDWDO�UDGLDWLRQ�SQHXPRQLWLV�ZDV�����N%T�NJ��0XJJHQEXUJ�
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45 PLUTONIUM 

3. HEALTH EFFECTS 

HW�DO����������������7KH�WLPH�WR�GHDWK�IURP�UDGLDWLRQ�SQHXPRQLWLV�ZDV�QRW�GLIIHUHQW�LQ�,75,�GRJV�

DGPLQLVWHUHG�D�VLQJOH�H[SRVXUH��LQLWLDO�OXQJ�EXUGHQ�RI�����N%T�NJ��RU�UHSHDWHG�H[SRVXUHV���±���VHPL�

DQQXDO�H[SRVXUHV�IRU�D�PHDQ�WRWDO�OXQJ�EXUGHQ�RI�����N%T�NJ���'LHO�HW�DO����������'HDWK�GXH�WR�UDGLDWLRQ�

SQHXPRQLWLV�ZDV�REVHUYHG�LQ����3X2��H[SRVHG�31/�GRJV�DW�PHDQ�LQLWLDO�OXQJ�EXUGHQV����N%T�NJ��'2(�

����D��:HOOHU�HW�DO������E����+LVWRSDWKRORJLF�FKDQJHV�WR�OXQJV�LQFOXGHG�LQWHUVWLWLDO�DQG�VXESOHXUDO�

ILEURVLV��DOYHRODU�K\SHUSODVLD��DQG�VTXDPRXV�PHWDSODVLD���5DGLDWLRQ�SQHXPRQLWLV�DQG�OXQJ�FDQFHU�ZHUH�

FRPSHWLQJ�FDXVHV�RI�GHDWK�LQ�GRJV�WKDW�LQKDOHG����3X2��� 7KH�IUHTXHQFLHV�RI�ERWK�UDGLDWLRQ�SQHXPRQLWLV�

DQG�OXQJ�FDQFHU�ZHUH�WKH�VDPH�LQ�GRJV�UHFHLYLQJ�DQ�DYHUDJH�,/%�RI�����N%T�NJ�IURP����3X2��� $W�KLJKHU�

GRVHV��UDGLDWLRQ�SQHXPRQLWLV�RFFXUUHG�PRUH�IUHTXHQWO\�WR�WKH�SRLQW�WKDW�GRJV�GLHG�ZLWKRXW�VLJQV�RI�FDQFHU�

DW�DQ�DYHUDJH�,/%�RI����N%T�NJ���$W�ORZHU�GRVHV��FDQFHU�RFFXUUHG�PRUH�IUHTXHQWO\�DQG�UDGLDWLRQ�

SQHXPRQLWLV�ZDV�QRW�REVHUYHG�DW�DYHUDJH�,/%V�������N%T�NJ��0XJJHQEXUJ�HW�DO����������,Q�WKH�,75,�

GRJV��UDGLDWLRQ�SQHXPRQLWLV�RFFXUUHG�DW�VLPLODU�LQLWLDO�OXQJ�EXUGHQV�ZKHWKHU�WKH�GRJV�ZHUH�H[SRVHG�DV�

MXYHQLOHV��\RXQJ�DGXOWV��RU�HOGHUO\�DGXOWV��'2(�����G������������E��+DKQ�HW�DO��������0XJJHQEXUJ�HW�DO��

��������5DGLDWLRQ�SQHXPRQLWLV�LQGXFHG�GHDWK�RFFXUUHG�HDUOLHU�LQ�WKH�GRJV�H[SRVHG�DV�HOGHUO\�DGXOWV�WKDQ�LQ�

WKH�GRJV�H[SRVHG�DV�\RXQJ�DGXOWV��'2(�����G���

Exposure of Dogs to 239Pu(NO3)4. 5DGLDWLRQ�SQHXPRQLWLV�ZDV�WKH�SULPDU\�FDXVH�RI�GHDWK�LQ�DOO�ILYH�GRJV�

WKDW�GLHG�HDUO\�IROORZLQJ�H[SRVXUH�WR����3X�12����DHURVROV�DW�OHYHOV�UHVXOWLQJ�LQ�D�PHDQ�LQLWLDO�OXQJ�EXUGHQ�

RI�������N%T�NJ��GHDWK�ZDV�QRWHG�DV�HDUO\�DV����PRQWKV�SRVWH[SRVXUH��'2(�����E��3DUN�HW�DO����������

'DWD�RQ�WKH�WLPH�WR�RQVHW�DQG�FOLQLFDO�SURJUHVVLRQ�RI�GLVHDVH�RU�KLVWRSDWKRORJLF�ILQGLQJV�ZHUH�QRW�

UHSRUWHG��

Exposure of Other Laboratory Animal Species. %DERRQV�WKDW�LQKDOHG����3X2��GLVSOD\HG�D�SDWWHUQ�RI�

UHVSLUDWRU\�GLVHDVH�VLPLODU�WR�WKDW�REVHUYHG�LQ�GRJV���5DGLDWLRQ�SQHXPRQLWLV�LQGXFHG�PRUWDOLW\�ZDV�

REVHUYHG�LQ�RQH�EDERRQ�ZLWKLQ�����GD\V�IROORZLQJ�H[SRVXUH�WR����3X2�� WKDW�UHVXOWHG�LQ�DQ�HVWLPDWHG�LQLWLDO�

OXQJ�EXUGHQ�RI������N%T�NJ�ERG\�ZHLJKW��0HWLYLHU�HW�DO������������E����+LJKHU�LQLWLDO�OXQJ�EXUGHQV�

UHVXOWHG�LQ�HDUOLHU�GHDWK�IURP�UDGLDWLRQ�SQHXPRQLWLV�DFFRPSDQLHG�E\�SXOPRQDU\�HGHPD���5DGLDWLRQ�

SQHXPRQLWLV�DQG�SXOPRQDU\�ILEURVLV�ZHUH�DOVR�UHSRUWHG�LQ�5KHVXV�PRQNH\V�DW�LQLWLDO�OXQJ�EXUGHQV�RI�

�����RU�������N%T�NJ��/D%DXYH�HW�DO����������'RVH�UHODWHG�LQFUHDVHG�VHYHULW\�RI�UDGLDWLRQ�SQHXPRQLWLV�

DQG�SXOPRQDU\�LQWHUVWLWLDO�ILEURVLV�ZHUH�REVHUYHG�LQ�&\QRPROJXV�PRQNH\V�H[SRVHG�WR����3X�12����DW�

OHYHOV�UHVXOWLQJ�LQ�LQLWLDO�WRWDO�OXQJ�EXUGHQV������N%T�NJ��EDVHG�RQ�UHSRUWHG�LQLWLDO�OXQJ�EXUGHQV�DQG�PHDQ�

ERG\�ZHLJKW���%URRNV�HW�DO����������0RQNH\V�ZLWK�WKH�KLJKHVW�LQLWLDO�OXQJ�EXUGHQV�H[KLELWHG�H[WHQVLYH�

DOYHRODU�VHSWDO�ILEURVLV�DQG�]RQDO�SOHXUDO�ILEURVLV�DFFRPSDQLHG�E\�O\PSKRF\WLF�LQILOWUDWHV�DQG�HSLWKHOLDO�

K\SHUSODVLD�RI�DOYHRODU�OLQLQJ�FHOOV���5DGLDWLRQ�SQHXPRQLWLV�DQG�SXOPRQDU\�ILEURVLV�KDYH�DOVR�EHHQ�
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REVHUYHG�LQ�UDWV��PLFH��DQG�KDPVWHUV�WKDW�LQKDOHG����3X2���'2(�����G��/XQGJUHQ�HW�DO��������������������

2JKLVR�HW�DO������E��6DQGHUV�������6DQGHUV�DQG�0DKDIIH\��������

7KH�KLJKHVW�12$(/�YDOXHV�DQG�DOO�UHOLDEOH�/2$(/�YDOXHV�IRU�UHVSLUDWRU\�HIIHFWV�LQ�GRJV�DQG�QRQKXPDQ�

SULPDWHV�H[SRVHG�WR�DHURVROV�RI�SOXWRQLXP�DUH�UHFRUGHG�LQ�7DEOH�����DQG�SORWWHG�LQ�)LJXUH������

Cardiovascular Effects. 

Epidemiological Studies in Humans. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�

FDUGLRYDVFXODU�GLVHDVH�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�SURGXFWLRQ�DQG�RU�SURFHVVLQJ�

IDFLOLWLHV�LQ�WKH�8QLWHG�.LQJGRP��6HOODILHOG���0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO��������� 7KHVH�VWXGLHV�

DUH�VXPPDUL]HG�LQ�7DEOH�����DQG�VWXG\�RXWFRPHV�IRU�PRUWDOLW\�IURP�FDUGLRYDVFXODU�GLVHDVH�DUH�GHVFULEHG�

LQ�6HFWLRQ�����������2PDU�HW�DO���������FRPSDUHG�PRUWDOLW\�UDWHV�EHWZHHQ�SOXWRQLXP�ZRUNHUV�DQG�RWKHU�

UDGLDWLRQ�ZRUNHUV�ZLWKLQ�D�FRKRUW�RI�6HOODILHOG�ZRUNHUV�DQG�IRXQG�WKDW�WKH�PRUWDOLW\�UDWH�UDWLRV�ZHUH�

VLJQLILFDQWO\�HOHYDWHG�IRU�FHUHEURYDVFXODU�GLVHDVH��������S�������LQ�D�FRKRUW�RI�6HOODILHOG�ZRUNHUV�� 7KH�

FXPXODWLYH�LQWHUQDO�XSWDNHV�RI�SOXWRQLXP�LQ�WKH�FRKRUW�ZHUH�HVWLPDWHG�WR�UDQJH�IURP���WR����N%T��ZLWK�

DSSUR[LPDWHO\�����RI�WKH�FRKRUW�KDYLQJ�FXPXODWLYH�XSWDNHV������%T��0F*HRJKHJDQ�HW�DO���������

FRPSDUHG�PRUWDOLW\�UDWHV�EHWZHHQ�SOXWRQLXP�ZRUNHUV�DQG�RWKHU�UDGLDWLRQ�ZRUNHUV�ZLWKLQ�D�FRKRUW�RI�

6HOODILHOG�ZRUNHUV�DQG�IRXQG�WKDW�PRUDOLW\�UDWH�UDWLRV�IRU�SOXWRQLXP�ZRUNHUV�ZHUH�VLJQLILFDQWO\�HOHYDWHG�

IRU�GHDWKV�IURP�FLUFXODWRU\�GLVHDVH��������S�������DQG�LVFKHPLF�KHDUW�GLVHDVH��������S��������

Studies in Animals. 1R�VLJQLILFDQW�FKDQJHV�LQ�FDUGLRYDVFXODU�IXQFWLRQ�ZHUH�VHHQ�LQ�WKH�,75,�GRJV�

H[SRVHG�WR����3X2��DW�LQLWLDO�OXQJ�EXUGHQV�XS�WR�DQG�LQFOXGLQJ�WKRVH�UHVXOWLQJ�LQ�UDGLDWLRQ�SQHXPRQLWLV��

REVHUYHG�ULJKW�YHQWULFXODU�K\SHUWURSK\�ZDV�PRVW�OLNHO\�D�FRPSHQVDWRU\�UHVSRQVH�WR�GHFUHDVHG�UHVSLUDWRU\�

IXQFWLRQ��'LHO�HW�DO��������0XJJHQEXUJ�HW�DO���������

Gastrointestinal Effects. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�IURP�

GLVHDVHV�RI�WKH�JDVWURLQWHVWLQDO�WUDFW�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�SOXWRQLXP�SURGXFWLRQ�

DQG�RU�SURFHVVLQJ�IDFLOLWLHV�LQ�WKH�8QLWHG�.LQJGRP��6HOODILHOG���0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO��

��������7KHVH�VWXGLHV�DUH�VXPPDUL]HG�LQ�7DEOH�����DQG�VWXG\�RXWFRPHV�IRU�PRUWDOLW\�DUH�GHVFULEHG�LQ�

6HFWLRQ�����������&ROOHFWLYHO\��WKHVH�VWXGLHV�KDYH�QRW�IRXQG�VWDWLVWLFDOO\�VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�

PRUWDOLW\�UDWHV�IURP�GLVHDVHV�RI�WKH�GLJHVWLYH�WUDFW�DQG�H[SRVXUH�WR�SOXWRQLXP�DPRQJ�ZRUNHUV�DW�WKHVH�

IDFLOLWLHV��
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1R�UHSRUWV�ZHUH�ORFDWHG�UHJDUGLQJ�JDVWURLQWHVWLQDO�HIIHFWV�LQ�DQLPDOV�H[SRVHG�WR�SOXWRQLXP�DHURVROV��

Hematological Effects. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�IURP�

KHPDWRSRLHWLF�GLVHDVHV�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�SOXWRQLXP�SURGXFWLRQ�DQG�RU�

SURFHVVLQJ�IDFLOLWLHV�LQ�WKH�8QLWHG�6WDWHV��5RFN\�)ODWV���:LJJV�HW�DO��������DQG�WKH�8QLWHG�.LQJGRP�

�6HOODILHOG���0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO��������� 7KHVH�VWXGLHV�DUH�VXPPDUL]HG�LQ�7DEOH�����

DQG�VWXG\�RXWFRPHV�IRU�PRUWDOLW\�DUH�GHVFULEHG�LQ�6HFWLRQ�����������&ROOHFWLYHO\��WKHVH�VWXGLHV�KDYH�QRW�

IRXQG�VWDWLVWLFDOO\�VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�PRUWDOLW\�UDWHV�IURP�GLVHDVHV�RI�EORRG�RU�EORRG�

IRUPLQJ�RUJDQV�DQG�H[SRVXUH�WR�SOXWRQLXP�DPRQJ�ZRUNHUV�DW�WKHVH�IDFLOLWLHV��

Studies in Animals. ,QKDODWLRQ�H[SRVXUH�RI�GRJV�WR�SOXWRQLXP�FRPSRXQGV�SURGXFHG�DGYHUVH�

KHPDWRORJLFDO�HIIHFWV��VSHFLILFDOO\�GHFUHDVHG�QXPEHUV�RI�O\PSKRF\WHV��QHXWURSKLOV��DQG�OHXNRF\WHV���

3ULPDU\�KHPDWRORJLFDO�HIIHFWV�RI�LQKDOHG����3X2��DQG����3X�12����ZHUH�O\PSKRSHQLD�DQG�QHXWURSHQLD���,Q�

FRQWUDVW��O\PSKRSHQLD�ZDV�WKH�RQO\�KHPDWRORJLFDO�HIIHFW�RI�LQKDOHG����3X2��� 7KH�O\PSKRSHQLD�ZDV�

FRQVLGHUHG�WKH�UHVXOW�RI�O\PSKRF\WHV�EHLQJ�LUUDGLDWHG�DV�WKH\�SDVVHG�WKURXJK�SOXWRQLXP�FRQWDLQLQJ�

SXOPRQDU\�O\PSK�QRGHV�� (IIHFWV�ZHUH�QRW�REVHUYHG�RQ�RWKHU�EORRG�FHOO�W\SHV��SHUKDSV�WKH�UHVXOW�RI�WKH�

VPDOO�IUDFWLRQ�RI����3X2�� WKDW�WUDQVORFDWHG�WR�ERQH�RU�ERQH�PDUURZ��0XJJHQEXUJ�HW�DO����������1R�IDWDO�

FDQFHUV�RI�WKH�KHPDWRSRLHWLF�V\VWHP�ZHUH�UHSRUWHG�LQ�VWXGLHV�RI�GRJV�RU�PRQNH\V�H[SRVHG�WR�SOXWRQLXP���

(IIHFWV�RI�SOXWRQLXP�FRPSRXQGV�RQ�IXQFWLRQV�RI�FLUFXODWLQJ�LPPXQRORJLFDO�FHOOV�DUH�GLVFXVVHG�LQ�

6HFWLRQ����������,PPXQRORJLFDO�DQG�/\PSKRUHWLFXODU�(IIHFWV. 

Exposure of Dogs to 238PuO2�� /\PSKRSHQLD�DQG�QHXWURSHQLD�ZHUH�REVHUYHG�LQ�GRJV�H[SRVHG�WR����3X2���

,Q�WKH�,75,�GRJV��GRVH�GHSHQGHQW�GHFUHDVHV�LQ�O\PSKRF\WH�DQG�QHXWURSKLO�FRXQWV�RFFXUUHG�GXULQJ�WKH�ILUVW�

\HDU�IROORZLQJ�H[SRVXUH�DW�LQLWLDO�OXQJ�EXUGHQV�HTXDO�WR���N%T�NJ��0XJJHQEXUJ�HW�DO����������6LPLODU�

UHVXOWV�ZHUH�REVHUYHG�LQ�WKH�31/�GRJV��DOWKRXJK�GHFUHDVHG�O\PSKRF\WH�FRXQWV�ZHUH�REVHUYHG�DW�D�ORZHU�

LQLWLDO�OXQJ�EXUGHQ��������N%T�NJ��WKDQ�GHFUHDVHG�QHXWURSKLO�FRXQWV��������N%T�NJ���3DUN�HW�DO���������

Exposure of Dogs to 239PuO2�� /\PSKRSHQLD�ZDV�ERWK�WKH�ILUVW�ELRORJLFDO�HIIHFW�WR�EH�REVHUYHG�DQG�WKH�

SULPDU\�KHPDWRORJLFDO�HIIHFW�REVHUYHG�LQ�GRJV�H[SRVHG�WR����3X2���DOWKRXJK�OHXNRSHQLD��DQG�WUDQVLHQW�

QHXWURSHQLD�KDYH�DOVR�EHHQ�UHSRUWHG���&KURQLF�O\PSKRSHQLD�GHYHORSHG�GXULQJ�WKH�ILUVW�\HDU�RI�H[SRVXUH�LQ�

WKH�,75,�GRJV�ZLWK�LQLWLDO�OXQJ�EXUGHQV������N%T�NJ��0XJJHQEXUJ�HW�DO����������������,Q�WKH�31/�GRJV��

WUDQVLHQW�O\PSKRSHQLD�RFFXUUHG�DW�LQLWLDO�OXQJ�EXUGHQV��������N%T�NJ�DQG�WUDQVLHQW�DQG�SHUVLVWHQW�

O\PSKRSHQLD�ZDV�QRWHG�DW�LQLWLDO�OXQJ�EXUGHQV�������N%T�NJ��:HOOHU�HW�DO������E����7KH�WLPH�RI�

RFFXUUHQFH�IRU�VLJQLILFDQW�O\PSKRSHQLD�ZDV�LQYHUVHO\�UHODWHG�WR�GRVH������GD\V������GD\V����\HDU��RU�XS�WR�
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��\HDUV�IRU�UHVSHFWLYH�DYHUDJH�LQLWLDO�OXQJ�EXUGHQV�RI��������������DQG�����N%T�NJ����$OWKRXJK�WKH�

O\PSKRF\WH�FRXQWV�UHWXUQHG�WR�QRUPDO�DIWHU���\HDUV�IRU�VRPH�RI�WKHVH�DQLPDOV��DOO�H[SHULHQFHG�D�

VKRUWHQLQJ�RI�OLIH���1R�FKDQJHV�LQ�UHG�EORRG�FHOO�FRXQWV�ZHUH�REVHUYHG�WKURXJK�\HDU���RWKHU�WKDQ�D�

FRPSHQVDWRU\�LQFUHDVH�LQ�DQLPDOV�ZLWK�SQHXPRQLWLV�RU�SXOPRQDU\�ILEURVLV���,Q�DGGLWLRQ�WR�O\PSKRSHQLD��

SOXWRQLXP�DFFXPXODWHG�LQ�WKH�SXOPRQDU\�O\PSK�QRGHV�RI�WKH����3X2��H[SRVHG�GRJV�� 7KLV�UHVXOWHG�

LQLWLDOO\�LQ�FRUWLFRPHGXOODU\�O\PSKRLG�DWURSK\�DQG�ILEURVLV�LQ�WKH�KLODU�DUHDV��HVSHFLDOO\�LQ�WKH�

WUDFKLREURQFKLDO�UHJLRQ��DQG�SURJUHVVHG�WR�UHODWLYHO\�FRPSOHWH�DWURSK\�DQG�IRFDO�VFDUULQJ��0XJJHQEXUJ�HW�

DO��������� 5HSHDWHG�LQKDODWLRQ�H[SRVXUH�WR����3X2��SURGXFHG�O\PSKRSHQLD�LQ�GRJV�ZLWK�WRWDO�OXQJ�EXUGHQ�

RI�����N%T�NJ��'LHO�HW�DO���������

2WKHU�KHPDWRORJLFDO�HIIHFWV�REVHUYHG�LQ�GRJV�H[SRVHG�WR����3X2��DHURVROV�LQFOXGH�WUDQVLHQW�QHXWURSHQLD��

OHXNRSHQLD��DQG�HU\WKURF\WRVLV�� 7UDQVLHQW�QHXWURSHQLD�GHYHORSHG���PRQWKV�DIWHU�H[SRVXUH�WR����3X2�� LQ�

WKH�,75,�GRJV�ZLWK�LQLWLDO�OXQJ�EXUGHQV������N%T�NJ��DOWKRXJK�WKH�GXUDWLRQ�RI�WKH�HIIHFW�ZDV�QRW�UHSRUWHG�

�:HOOHU�HW�DO������E����$�UHGXFWLRQ�LQ�WRWDO�OHXNRF\WHV�ZDV�DOVR�REVHUYHG�LQ�WKH�31/�GRJV�DW�WKH�³KLJKHU´�

�QRW�RWKHUZLVH�VSHFLILHG��LQLWLDO�OXQJ�EXUGHQ�OHYHOV��3DUN�HW�DO����������(U\WKURF\WRVLV��VHFRQGDU\�WR�

GHFUHDVHG�GLIIXVLQJ�FDSDFLW\�RI�WKH�OXQJV�GXH�WR�UDGLDWLRQ�SQHXPRQLWLV��ZDV�UHSRUWHG�LQ�WKH����3X2��

H[SRVHG�,75,�GRJV��0XJJHQEXUJ�HW�DO����������������(U\WKURF\WH�FRXQWV�LQ�ZHUH�QRW�DIIHFWHG�LQ�WKH�
���3X2��H[SRVHG�31/�GRJV��'2(�����D���

Exposure of Dogs to 239Pu(NO3).  ,Q�31/�GRJV�H[SRVHG�WR�LQKDOHG����3X�12�����KHPDWRORJLFDO�HIIHFWV�

ZHUH�WKH�ILUVW�H[SRVXUH�UHODWHG�HIIHFW�REVHUYHG���/\PSKRSHQLD��OHXNRSHQLD��DQG�QHXWURSHQLD�RFFXUUHG�

��ZHHNV�DIWHU�H[SRVXUHV�UHVXOWLQJ�LQ�LQLWLDO�OXQJ�EXUGHQV�������N%T�NJ��'2(�����E����/HXNRSHQLD�ZDV�

FKDUDFWHUL]HG�E\�GHFUHDVHG�QXPEHUV�RI�QHXWURSKLOV��O\PSKRF\WHV��PRQRF\WHV��DQG�HRVLQRSKLOV��

Exposure of Other Laboratory Animal Species. /\PSKRSHQLD�ZDV�QRWHG�LQ�5KHVXV�PRQNH\V�H[SRVHG�WR�
���3X2��DHURVROV��EXW�LQLWLDO�OXQJ�EXUGHQV�UHVXOWLQJ�LQ�WKLV�HIIHFW�ZHUH�QRW�VSHFLILHG��/D%DXYH�HW�DO����������

7RWDO�OHXNRF\WH�FRXQW��LQ�WKH�DEVHQFH�RI�O\PSKRSHQLD�DQG�QHXWURSHQLD��ZDV�GHFUHDVHG�LQ�&\QRPROJXV�

PRQNH\V�H[SRVHG�WR����3X�12�����EXW�WKH�LQLWLDO�OXQJ�EXUGHQV�DW�ZKLFK�WKH�HIIHFW�ZDV�QRWHG�ZHUH�QRW�

VSHFLILHG��%URRNV�HW�DO���������

7KH�KLJKHVW�12$(/�YDOXHV�DQG�DOO�UHOLDEOH�/2$(/�YDOXHV�IRU�KHPDWRORJLFDO�HIIHFWV�LQ�HDFK�VSHFLHV�DQG�

GXUDWLRQ�FDWHJRU\�DUH�UHFRUGHG�LQ�7DEOH������
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3. HEALTH EFFECTS 

7KH�KLJKHVW�12$(/�YDOXHV�DQG�DOO�UHOLDEOH�/2$(/�YDOXHV�IRU�KHPDWRORJLFDO�HIIHFWV�LQ�GRJV�DQG�

QRQKXPDQ�SULPDWHV�H[SRVHG�WR�DHURVROV�RI�SOXWRQLXP�DUH�UHFRUGHG�LQ�7DEOH�����DQG�SORWWHG�LQ�)LJXUH������

Musculoskeletal Effects. 

Epidemiological Studies in Humans. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�

IURP�ERQH�GLVHDVH��H�J���ERQH�FDQFHU��DQG�RWKHU�PXVFXORVNHOHWDO�GLVHDVHV�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�

RI�ZRUNHUV�DW�8�6��SOXWRQLXP�SURGXFWLRQ�DQG�RU�SURFHVVLQJ�IDFLOLWLHV��+DQIRUG��/RV�$ODPRV��5RFN\�)ODWV���

DV�ZHOO�DV�IDFLOLWLHV�LQ�5XVVLD��0D\DN��DQG�WKH�8QLWHG�.LQJGRP��H�J���6HOODILHOG�� �7KH�PRVW�UHFHQW�

ILQGLQJV�IURP�WKHVH�VWXGLHV�DUH�VXPPDUL]HG�LQ�7DEOH�������6WXG\�RXWFRPHV�IRU�PRUWDOLW\��H�J���ERQH�

FDQFHU��DUH�GHVFULEHG�LQ�6HFWLRQ����������&DUSHQWHU�HW�DO��������.RVKXUQLNRYD�HW�DO��������0F*HRJKHJDQ�

HW�DO��������2PDU�HW�DO��������:LJJV�HW�DO��������:LQJ�HW�DO����������&ROOHFWLYHO\��WKHVH�VWXGLHV�KDYH�QRW�

IRXQG�VWDWLVWLFDOO\�VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�PRUWDOLW\�UDWHV�IRU�QRQFDQFHU�ERQH�RU�PXVFXORVNHOHWDO�

GLVHDVH�DQG�H[SRVXUH�WR�SOXWRQLXP�DPRQJ�ZRUNHUV�DW�WKHVH�IDFLOLWLHV��0F*HRJKHJDQ�HW�DO��������2PDU�HW�

DO��������:LJJV�HW�DO���������

Studies in Animals. 5DGLDWLRQ�RVWHRG\VWURSK\��FKDUDFWHUL]HG�E\�SHULWUDEHFXODU�ILEURVLV��RVWHRVFOHURVLV��

DQG�RVWHRSRURVLV��ZDV�REVHUYHG�RQ�QHFURSV\�LQ�,75,�DQG�31/�GRJV�H[SRVHG�WR����3X2��DHURVROV��+DKQ�HW�

DO������D��0XJJHQEXUJ�HW�DO��������3DUN�HW�DO����������$OWKRXJK�RVWHRG\VWURSK\�LQ�WKH����3X2��H[SRVHG�

,75,�GRJV�ZDV�RIWHQ�DVVRFLDWHG�ZLWK�ERQH�WXPRUV��LW�DOVR�RFFXUUHG�LQ�WKH�DEVHQFH�RI�ERQH�WXPRUV��+DKQ�HW�

DO������D��0XJJHQEXUJ�HW�DO����������,Q�WKH����3X2��H[SRVHG�31/�GRJV��UDGLDWLRQ�RVWHRG\VWURSK\�ZDV�

REVHUYHG�DW�LQLWLDO�OXQJ�EXUGHQV�������N%T�NJ��3DUN�HW�DO����������7KH�LQFLGHQFH�DQG�VHYHULW\�RI�

RVWHRG\VWURSK\�ZDV�GRVH�UHODWHG�DQG�QHFURWLF�RVWHREODVWV�DQG�HPSW\�ODFXQDH�QHDU�HQGRVWHDO�VXUIDFHV�ZHUH�

REVHUYHG�DW�KLJK��QRW�RWKHUZLVH�VSHFLILHG��LQLWLDO�OXQJ�EXUGHQV��3DUN�HW�DO��������� 5DGLDWLRQ�

RVWHRG\VWURSK\�KDV�DOVR�EHHQ�UHSRUWHG�LQ�GRJV�H[SRVHG�WR����3X�12����DHURVROV��'2(�����E���������

,QIRUPDWLRQ�RQ�SOXWRQLXP�LQGXFHG�ERQH�WXPRUV�LV�UHYLHZHG�LQ�6HFWLRQ����������&DQFHU��

7KH�KLJKHVW�12$(/�YDOXHV�DQG�DOO�UHOLDEOH�/2$(/�YDOXHV�IRU�PXVFXORVNHOHWDO�HIIHFWV�LQ�HDFK�VSHFLHV�

DQG�GXUDWLRQ�FDWHJRU\�DUH�UHFRUGHG�LQ�7DEOH������

7KH�KLJKHVW�12$(/�YDOXHV�DQG�DOO�UHOLDEOH�/2$(/�YDOXHV�IRU�PXVFXORVNHOHWDO�HIIHFWV�LQ�GRJV�DQG�

QRQKXPDQ�SULPDWHV�H[SRVHG�WR�DHURVROV�RI�SOXWRQLXP�DUH�UHFRUGHG�LQ�7DEOH�����DQG�SORWWHG�LQ�)LJXUH������
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3. HEALTH EFFECTS 

Hepatic Effects. 

Epidemiological Studies in Humans. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�

IURP�OLYHU�GLVHDVH��H�J���OLYHU�FDQFHU��KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�8�6��SOXWRQLXP�

SURGXFWLRQ�DQG�RU�SURFHVVLQJ�IDFLOLWLHV��+DQIRUG��/RV�$ODPRV��5RFN\�)ODWV���DV�ZHOO�DV�IDFLOLWLHV�LQ�5XVVLD�

�0D\DN��DQG�WKH�8QLWHG�.LQJGRP��H�J���6HOODILHOG��� 7KH�PRVW�UHFHQW�ILQGLQJV�IURP�WKHVH�VWXGLHV�DUH�

VXPPDUL]HG�LQ�7DEOH�������6WXG\�RXWFRPHV�IRU�PRUWDOLW\��H�J���OLYHU�FDQFHU��DUH�GHVFULEHG�LQ�

6HFWLRQ����������&DUSHQWHU�HW�DO��������*LOEHUW�HW�DO������E��������0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO��

������:LJJV�HW�DO��������:LQJ�HW�DO����������&ROOHFWLYHO\��WKHVH�VWXGLHV�KDYH�QRW�IRXQG�VWDWLVWLFDOO\�

VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�PRUWDOLW\�UDWHV�IRU�QRQFDQFHU�OLYHU�GLVHDVH�DQG�H[SRVXUH�WR�SOXWRQLXP�

DPRQJ�ZRUNHUV�DW�WKHVH�IDFLOLWLHV��0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO��������:LJJV�HW�DO����������

6WXGLHV�RI�OLYHU�FDQFHU�PRUELGLW\�DPRQJ�6HOODILHOG�DQG�0D\DN�ZRUNHUV�DUH�GHVFULEHG�LQ�7DEOH�����DQG�LQ�

JUHDWHU�GHWDLO�LQ�6HFWLRQ����������0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO��������7RNDUVND\D�HW�DO���������

Studies in Animals. $GYHUVH�HIIHFWV�RQ�WKH�OLYHU�KDYH�EHHQ�REVHUYHG�LQ�GRJV�H[SRVHG�WR�DHURVROV�RI�

SOXWRQLXP���(OHYDWHG�VHUXP�OLYHU�HQ]\PHV�DQG�QRQ�QHRSODVWLF�OLYHU�OHVLRQV�ZHUH�QRWHG�LQ�GRJV�H[SRVHG�WR�
���3X2��DQG����3X�12�����DQG�QRQ�QHRSODVWLF�OLYHU�OHVLRQV�KDYH�EHHQ�REVHUYHG�LQ�GRJV�H[SRVHG�WR����3X2���

,Q�DGGLWLRQ��ELOH�GXFW�K\SHUSODVLD�ZDV�REVHUYHG�LQ�GRJV�WUHDWHG�ZLWK����3X2��DQG����3X�12����� $OWKRXJK�

HOHYDWHG�OLYHU�HQ]\PHV�DQG�QRQ�QHRSODVWLF�OLYHU�OHVLRQV�LQGLFDWH�DUH�LQGLFDWLYH�RI�SOXWRQLXP�LQGXFHG�

KHSDWRWR[LFLW\��FOLQLFDO�VLJQV�RI�OLYHU�G\VIXQFWLRQ��L�H���DVFLWHV��LFWHUXV��FORWWLQJ�GLVRUGHUV��KDYH�QRW�EHHQ�

REVHUYHG��3DUN�HW�DO��������:HOOHU�HW�DO������E����,QIRUPDWLRQ�RQ�SOXWRQLXP�LQGXFHG�OLYHU�WXPRUV�LV�

UHYLHZHG�LQ�6HFWLRQ����������&DQFHU��

Exposure of Dogs to 238PuO2. (OHYDWHG�VHUXP�DONDOLQH�SKRVSKDWDVH��$/3��DQG�DODQLQH�DPLQRWUDQVIHUDVH�

�$/7��ZDV�REVHUYHG�LQ����3X2��H[SRVHG�,75,�DQG�31/�GRJV�RYHU�WKH�HQWLUH�UDQJH�RI�LQLWLDO�OXQJ�EXUGHQV�

�������N%T�NJ���0XJJHQEXUJ�HW�DO��������3DUN�HW�DO��������:HOOHU�HW�DO������E����7KH�LQFUHDVHG�HQ]\PH�

DFWLYLW\�H[KLELWHG�D�ELSKDVLF��HDUO\�DQG�ODWH�HIIHFWV��UHVSRQVH�WKDW�ZDV�GHSHQGHQW�RQ�WLPH�DQG�H[SRVXUH�

OHYHO��3DUN�HW�DO��������:HOOHU�HW�DO������D��� 7KH�WLPH�WR�RFFXUUHQFH�ZDV�LQYHUVHO\�UHODWHG�WR�LQLWLDO�OXQJ�

EXUGHQ��ZLWK�HOHYDWLRQV�REVHUYHG�E\��±��\HDUV�SRVWH[SRVXUH�LQ�GRJV�ZLWK�LQLWLDO�OXQJ�EXUGHQ�RI���N%T�NJ�

DQG�LQ��±��\HDUV�SRVWH[SRVXUH�LQ�GRJV�ZLWK�KLJKHU�LQLWLDO�OXQJ�EXUGHQV������N%T�NJ���0XJJHQEXUJ�HW�DO��

��������7KH�PRVW�FRPPRQ�QRQ�QHRSODVWLF�OLYHU�OHVLRQ�ZDV�QRGXODU�K\SHUSODVLD��RU�DGHQRPDWRXV�

K\SHUSODVLD���IROORZHG�E\�YDFXRODU�GHJHQHUDWLRQ��0XJJHQEXUJ�HW�DO����������3HULSRUWDO�ILEURVLV�DQG�ELOLDU\�

ILEURVLV�ZHUH�DOVR�REVHUYHG�LQ����3X2��H[SRVHG�GRJV��*LOOHWW�HW�DO���������



   
 

    
 
 

 
 
 
 
 

 �� � �

� � � �

�

�

 �

� � � �

�

�

� � �

� �

�

�� � �

� �

� � � � � �

� � �

�

�

� �

� � �

�

� �

� � �

�

   �� � �

�

� � � �

� �

� � �

�

� �

�

51 PLUTONIUM 

3. HEALTH EFFECTS 

Exposure of Dogs to 239PuO2. &HQWULOREXODU�FRQJHVWLRQ�DQG�YDFXROL]DWLRQ�ZHUH�REVHUYHG�LQ�GRJV�WKDW�

LQKDOHG����3X2���LQLWLDO�OXQJ�EXUGHQ����N%T�NJ���DOWKRXJK�QR�FRQVLVWHQW�FKDQJHV�LQ�VHUXP�OLYHU�HQ]\PHV�

ZHUH�VHHQ��'2(�����D���

Exposure of Dogs to 239Pu(NO3)4. 6HUXP�OLYHU�HQ]\PHV�$/3�DQG�JOXWDPLF�S\UXYLF�WUDQVDPLQDVH��*37��

ZHUH�VLJQLILFDQWO\�HOHYDWHG�,Q�31/�GRJV�WKDW�LQKDOHG����3X�12�����DW�OHYHOV�UHVXOWLQJ�LQ�LQLWLDO�OXQJ�

EXUGHQV�������N%T�NJ��'2(�����E������D��3DUN�HW�DO����������%LOH�GXFW�K\SHUSODVLD�ZDV�UHSRUWHG�LQ�

FRQWUROV�DQG�SOXWRQLXP�H[SRVHG�GRJV�DQG�GLG�QRW�DSSHDU�WR�H[KLELW�GRVH�UHODWHG�LQFUHDVHG�LQFLGHQFH�RU�

VHYHULW\��'DJOH�HW�DO����������+RZHYHU��WKH�VHYHULW\�RI�REVHUYHG�QRGXODU�K\SHUSODVLD�ZDV�VLJQLILFDQWO\�

KLJKHU�LQ�GRJV�ZLWK�PHDQ�LQLWLDO�OXQJ�EXUGHQV�UDQJLQJ�IURP�������WR������N%T�NJ��'DJOH�HW�DO���������

Exposure of Other Laboratory Animal Species. 'HJHQHUDWLYH�OLYHU�OHVLRQV��KHSDWLF�GHJHQHUDWLRQ��

QHFURVLV��ILEURVLV��DQG�DP\ORLGRVLV��ZHUH�UHSRUWHG�LQ�6\ULDQ�KDPVWHUV�H[SRVHG�WR����3X2���RQFH�RU�

UHSHDWHGO\�HYHU\�RWKHU�PRQWK�IRU�D�WRWDO�RI�VHYHQ�GRVHV�RYHU����PRQWKV��DW�D�WDUJHW����3X�OXQJ�EXUGHQ�RI�

����N%T�KDPVWHU��LW�ZDV�QRWHG�WKDW�WKH�OHVLRQV�REVHUYHG�LQ�WKHVH�KDPVWHUV�ZHUH�W\SLFDO�RI�WKRVH�XVXDOO\�

VHHQ�LQ�DJHG�6\ULDQ�KDPVWHUV��/XQGJUHQ�HW�DO���������

7KH�KLJKHVW�12$(/�YDOXHV�DQG�DOO�UHOLDEOH�/2$(/�YDOXHV�IRU�KHSDWLF�HIIHFWV�LQ�HDFK�VSHFLHV�DQG�

GXUDWLRQ�FDWHJRU\�DUH�UHFRUGHG�LQ�7DEOH������

7KH�KLJKHVW�12$(/�YDOXHV�DQG�DOO�UHOLDEOH�/2$(/�YDOXHV�IRU�KHSDWLF�HIIHFWV�LQ�GRJV�DQG�QRQKXPDQ�

SULPDWHV�H[SRVHG�WR�DHURVROV�RI�SOXWRQLXP�DUH�UHFRUGHG�LQ�7DEOH�����DQG�SORWWHG�LQ�)LJXUH������

Renal Effects. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�IURP�GLVHDVHV�RI�

WKH�NLGQH\�DQG�JHQLWRXULQDU\�WUDFW�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�SOXWRQLXP�SURGXFWLRQ�

DQG�RU�SURFHVVLQJ�IDFLOLWLHV�LQ�WKH�8QLWHG�6WDWHV��5RFN\�)ODWV���:LJJV�HW�DO��������DQG�WKH�8QLWHG�

.LQJGRP��6HOODILHOG���0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO����������7KHVH�VWXGLHV�DUH�VXPPDUL]HG�LQ�

7DEOH�����DQG�VWXG\�RXWFRPHV�IRU�PRUWDOLW\�DUH�GHVFULEHG�LQ�6HFWLRQ�����������&ROOHFWLYHO\��WKHVH�VWXGLHV�

KDYH�QRW�IRXQG�VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�PRUWDOLW\�UDWHV�IURP�NLGQH\�RU�JHQLWRXULQDU\�WUDFW�GLVHDVH�

DQG�H[SRVXUH�WR�SOXWRQLXP�DPRQJ�ZRUNHUV�DW�WKHVH�IDFLOLWLHV��
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3. HEALTH EFFECTS 

Endocrine Effects. 

Epidemiological Studies in Humans. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�

IURP�HQGRFULQH�GLVRUGHUV�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�SOXWRQLXP�SURGXFWLRQ�DQG�RU�

SURFHVVLQJ�IDFLOLWLHV�LQ�WKH�8QLWHG�.LQJGRP��6HOODILHOG���0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO����������

7KHVH�VWXGLHV�DUH�VXPPDUL]HG�LQ�7DEOH�����DQG�VWXG\�RXWFRPHV�IRU�PRUWDOLW\�DUH�GHVFULEHG�LQ�

6HFWLRQ�����������&ROOHFWLYHO\��WKHVH�VWXGLHV�KDYH�QRW�IRXQG�VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�PRUWDOLW\�

UDWHV�IURP�HQGRFULQH�GLVRUGHUV�DQG�H[SRVXUHV�WR�SOXWRQLXP�DPRQJ�ZRUNHUV�DW�WKHVH�IDFLOLWLHV��

Studies in Animals. +\SRDGUHQRFRUWLFLVP�ZDV�UHSRUWHG�LQ����3X2��H[SRVHG�31/�GRJV��Q ���ZLWK�

LQGLYLGXDO�LQLWLDO�OXQJ�EXUGHQV�LQ�WKH�UDQJH�RI��±���N%T�NJ�ERG\�ZHLJKW�DQG�ZDV�FRQVLGHUHG�WKH�FDXVH�RI�

GHDWK�LQ���RI�WKH���GRJV��3DUN�HW�DO����������7KH�WLPH�WR�GHWHFWLRQ�RI�K\SRDGUHQRFRUWLFLVP�UDQJHG�IURP�

������WR�������GD\V�DIWHU�H[SRVXUH��SK\VLFDO�V\PSWRPV�LQFOXGHG�GHSUHVVLRQ��ZHDNQHVV��GHK\GUDWLRQ��

EUDG\FDUGLD��DQG�DQRUH[LD���/DERUDWRU\�ILQGLQJV�LQ�DIIHFWHG�DQLPDOV��KHPRFRQFHQWUDWLRQ��DOWHUHG�VHUXP�

1D�.�UDWLR��K\SRFKORUHPLD��K\SRJO\FHPLD��PHWDEROLF�DFLGRVLV��DQG�K\SHUFDOFHPLD��ZHUH�FRQVLVWHQW�ZLWK�

DGUHQDO�FRUWLFDO�LQVXIILFLHQF\���&DUGLRYDVFXODU�FKDQJHV��EUDG\FDUGLD�DQG�RWKHU�FDUGLDF�DUUK\WKPLDV��ZHUH�

FRQVLVWHQW�ZLWK�K\SRDGUHQRFRUWLFLVP�LQGXFHG�K\SRNDOHPLD���+LVWRSDWKRORJLFDO�ILQGLQJV�LQFOXGHG�ELODWHUDO�

DGUHQDO�FRUWH[�DWURSK\�ZLWK�FDSVXODU�WKLFNHQLQJ�DQG�ILEURVLV��DQG�PRQRQXFOHDU�FHOO�LQILOWUDWLRQ���5HVXOWV�RI�

$&7+�UHVSRQVH�WHVWV�LQGLFDWHG�WKDW�K\SRDGUHQRFRUWLFLVP�UHVXOWHG�IURP�DGUHQDO�FRUWLFDO�LQVXIILFLHQF\�

UDWKHU�WKDQ�IURP�DOWHUHG�SLWXLWDU\�IXQFWLRQ���%DVHG�RQ�WKH�SUHVHQFH�RI�DQWL�DGUHQDO�DQWLERGLHV�LQ�VHUXP��

K\SRDGUHQRFRUWLFLVP�PD\�KDYH�UHVXOWHG�IURP�DQ�DXWRLPPXQH�GLVRUGHU�FDXVHG�E\�UDGLDWLRQ�GDPDJH�WR�WKH�

O\PSKDWLF�V\VWHP��3DUN�HW�DO���������

3.2.1.3  Immunological and Lymphoreticular Effects 

Epidemiological Studies in Humans. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�

IURP�LPPXQRORJLFDO�RU�O\PSKRUHWLFXODU�GLVHDVHV�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�SOXWRQLXP�

SURGXFWLRQ�DQG�RU�SURFHVVLQJ�IDFLOLWLHV�LQ�WKH�8QLWHG�6WDWHV��5RFN\�)ODWV���:LJJV�HW�DO��������DQG�WKH�

8QLWHG�.LQJGRP��6HOODILHOG���0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO����������7KHVH�VWXGLHV�DUH�

VXPPDUL]HG�LQ�7DEOH�����DQG�VWXG\�RXWFRPHV�IRU�PRUWDOLW\�DUH�GHVFULEHG�LQ�6HFWLRQ�����������&ROOHFWLYHO\��

WKHVH�VWXGLHV�KDYH�QRW�IRXQG�VWDWLVWLFDOO\�VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�PRUWDOLW\�UDWHV�IURP�GLVHDVHV�RI�

WKH�LPPXQRORJLFDO�RU�O\PSKRUHWLFXODU�V\VWHPV�DQG�H[SRVXUHV�WR�SOXWRQLXP�DPRQJ�ZRUNHUV�DW�WKHVH�

IDFLOLWLHV��
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3. HEALTH EFFECTS 

Studies in Animals. $V�GLVFXVVHG�LQ�GHWDLO�LQ�6HFWLRQ������7R[LFRNLQHWLFV��LQKDOHG�SOXWRQLXP�FRPSRXQGV�

DUH�WUDQVORFDWHG�WR�WUDFKHREURQFKLDO�O\PSK�QRGHV��UHVXOWLQJ�LQ�D�KLJK�WLVVXH�FRQFHQWUDWLRQ�RI�SOXWRQLXP�

DQG�VFOHURWLF�DWURSK\�RI�O\PSK�QRGHV���([SRVXUH�RI�O\PSKRF\WHV�LQ�SOXWRQLXP�ODGHQ�WUDFKHREURQFKLDO�

O\PSK�QRGHV�LV�FRQVLGHUHG�WKH�SUREDEOH�FDXVH�RI�O\PSKRSHQLD�LQ�WKH�SOXWRQLXP�H[SRVHG�GRJV��5DJDQ�HW�

DO����������(IIHFWV�RI�LQKDOHG�SOXWRQLXP�RQ�WKH�QXPEHU�O\PSKRF\WHV�FLUFXODWLQJ�LQ�EORRG�DUH�UHYLHZHG�LQ�

6HFWLRQ����������+HPDWRORJLFDO�(IIHFWV��

+LVWRSDWKRORJLF�OHVLRQV�RI�O\PSK�QRGHV��SDUWLFXODUO\�WUDFKHREURQFKLDO�O\PSK�QRGHV��KDYH�EHHQ�REVHUYHG�

IROORZLQJ�H[SRVXUH�WR����3X2������3X2���RU����3X�12����� )LEURVLV�DQG�ORVV�RI�OXQJ�DVVRFLDWHG�DQG�

PHGLDVWLQDO�O\PSK�QRGHV�ZHUH�REVHUYHG�LQ�WKH����3X2��H[SRVHG�,75,�GRJV�ZLWK�WKH�KLJKHVW�LQLWLDO�OXQJ�

EXUGHQV��DOWKRXJK�VSHFLILF�OHYHOV�UHVXOWLQJ�LQ�WKLV�HIIHFW�ZHUH�QRW�VSHFLILHG��0XJJHQEXUJ�HW�DO���������

6HYHULW\�RI�QRQ�QHRSODVWLF�OHVLRQV�LQ����3X2��H[SRVHG�31/�GRJV�ZDV�UHODWHG�WR�GRVH��SURJUHVVLQJ�IURP�

O\PSKRLG�DWURSK\�RI�PHGXOODU\�FRUGV�DW�DQ�LQLWLDO�OXQJ�EXUGHQ�RI�������N%T�NJ�WR�VLJQLILFDQW�O\PSK�QRGH�

DWURSK\�ZLWK�K\SRFHOOXODU�VFDU�WLVVXH�UHSODFLQJ�O\PSKRLG�WLVVXH�DW�KLJKHU��QRW�RWKHUZLVH�VSHFLILHG��LQLWLDO�

OXQJ�EXUGHQV��3DUN�HW�DO����������6LPLODU�GRVH�UHODWHG�DWURSK\�DQG�ILEURVLV�RI�OXQJ�DVVRFLDWHG��PHGLDVWLQDO��

VWHUQDO��DQG�KHSDWLF�O\PSK�QRGHV�ZHUH�REVHUYHG�LQ�GRJV�H[SRVHG�WR����3X2���'2(�����D��0XJJHQEXUJ�HW�

DO����������������6FOHURWLF�O\PSK�QRGHV�ZHUH�REVHUYHG�LQ�WKH�JURXSV�RI����3X�12����H[SRVHG�31/�GRJV�

ZLWK�PHDQ�LQLWLDO�OXQJ�EXUGHQV������N%T�NJ��EXW�O\PSK�QRGH�OHVLRQV�LQ�WKHVH�GRJV�ZHUH�FRQVLGHUHG�OHVV�

VHYHUH�WKDQ�WKRVH�REVHUYHG�LQ����3X2V� RU����3X2��H[SRVHG�GRJV��'2(�����E���������

5HVXOWV�RI�VWXGLHV�RQ�LPPXQRORJLFDO�IXQFWLRQ�LQGLFDWH�WKDW�LQKDODWLRQ�H[SRVXUH�WR����3X2�� LPSDLUV�7�FHOO�

UHVSRQVH�WR�DQWLJHQV��DV�LQGLFDWHG�E\�GHFUHDVHG�UHVSRQVH�WR�DQWLJHQ��'2(�����D����'DYLOD�HW�DO���������

GHWHFWHG�DFFHOHUDWHG�DJLQJ�RI�WKH�7�FHOO�UHVSRQVH�WR�PLWRJHQLF�VWLPXODWLRQ�LQ�GRJV�WKDW�KDG�EHHQ�H[SRVHG�

WR����3X2�����\HDUV�HDUOLHU�DW�OHYHOV�UHVXOWLQJ�LQ�PHDQ�LQLWLDO�OXQJ�EXUGHQV������N%T�������N%T�NJ��

DVVXPLQJ�D�ERG\�ZHLJKW�RI������NJ�DW�WLPH�RI����3X2��DHURVRO�H[SRVXUH����2WKHU�UHSRUWV�RI����3X2��

LQGXFHG�HIIHFWV�IURP�SOXWRQLXP�H[SRVXUH�LQFOXGH�GHFUHDVHV�LQ�SXOPRQDU\�DOYHRODU�PDFURSKDJHV�LQ�PLFH�

�0RRUHV�HW�DO��������DQG�GHSUHVVHG�DQWLERG\�IRUPLQJ�FHOOV�LQ�KDPVWHUV��%LFH�HW�DO���������

7KH�KLJKHVW�12$(/�YDOXHV�DQG�DOO�UHOLDEOH�/2$(/�YDOXHV�IRU�LPPXQRORJLFDO�DQG�O\PSKRUHWLFXODU�

HIIHFWV�LQ�HDFK�VSHFLHV�DQG�GXUDWLRQ�FDWHJRU\�DUH�UHFRUGHG�LQ�7DEOH������
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3. HEALTH EFFECTS 

3.2.1.4  Neurological Effects 

3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�IURP�EUDLQ�RU�QHXURORJLFDO�GLVHDVHV�

KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�SOXWRQLXP�SURGXFWLRQ�DQG�RU�SURFHVVLQJ�IDFLOLWLHV�LQ�WKH�

8QLWHG�6WDWHV��5RFN\�)ODWV���:LJJV�HW�DO��������DQG�WKH�8QLWHG�.LQJGRP��6HOODILHOG���0F*HRJKHJDQ�HW�

DO��������2PDU�HW�DO����������7KHVH�VWXGLHV�DUH�VXPPDUL]HG�LQ�7DEOH�����DQG�VWXG\�RXWFRPHV�IRU�PRUWDOLW\�

DUH�GHVFULEHG�LQ�6HFWLRQ�����������&ROOHFWLYHO\��WKHVH�VWXGLHV�KDYH�QRW�IRXQG�VWDWLVWLFDOO\�VLJQLILFDQW�

DVVRFLDWLRQV�EHWZHHQ�PRUWDOLW\�UDWHV�IURP�GLVHDVHV�RI�WKH�FHQWUDO�RU�SHULSKHUDO�QHUYRXV�V\VWHPV�DQG�

H[SRVXUHV�WR�SOXWRQLXP�DPRQJ�ZRUNHUV�DW�WKHVH�IDFLOLWLHV��

3.2.1.5  Reproductive Effects 

3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�PRUWDOLW\�IURP�GLVHDVHV�RI�WKH�JHQLWRXULQDU\�

WUDFW�DQG�GLVHDVHV�RI�SUHJQDQF\�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�SOXWRQLXP�SURGXFWLRQ�DQG�RU�

SURFHVVLQJ�IDFLOLWLHV�LQ�WKH�8QLWHG�6WDWHV��5RFN\�)ODWV���:LJJV�HW�DO��������DQG�WKH�8QLWHG�.LQJGRP�

�6HOODILHOG���0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO��������� 7KHVH�VWXGLHV�DUH�VXPPDUL]HG�LQ�7DEOH�����

DQG�VWXG\�RXWFRPHV�IRU�PRUWDOLW\�DUH�GHVFULEHG�LQ�6HFWLRQ�����������&ROOHFWLYHO\��WKHVH�VWXGLHV�KDYH�QRW�

IRXQG�VWDWLVWLFDOO\�VLJQLILFDQW�DVVRFLDWLRQV�EHWZHHQ�PRUWDOLW\�UDWHV�IURP�JHQLWRXULQDU\�WUDFW�GLVHDVH�RU�

GLVHDVHV�RI�SUHJQDQF\�DQG�H[SRVXUHV�WR�SOXWRQLXP�DPRQJ�ZRUNHUV�DW�WKHVH�IDFLOLWLHV��

1R�VWXGLHV�ZHUH�ORFDWHG�UHJDUGLQJ�UHSURGXFWLYH�HIIHFWV�LQ�DQLPDOV�IROORZLQJ�LQKDODWLRQ�H[SRVXUH�WR�

SOXWRQLXP�FRPSRXQGV��

3.2.1.6  Developmental Effects 

1R�VWXGLHV�ZHUH�ORFDWHG�UHJDUGLQJ�GHYHORSPHQWDO�HIIHFWV�LQ�KXPDQV�RU�DQLPDOV�IROORZLQJ�LQKDODWLRQ�

H[SRVXUH�WR�SOXWRQLXP�FRPSRXQGV��

3.2.1.7  Cancer 

Epidemiological Studies in Humans. 3RVVLEOH�DVVRFLDWLRQV�EHWZHHQ�H[SRVXUH�WR�SOXWRQLXP�DQG�FDQFHU�

PRUWDOLW\�DQG�PRUELGLW\�KDYH�EHHQ�H[DPLQHG�LQ�VWXGLHV�RI�ZRUNHUV�DW�WKH�8�6��SOXWRQLXP�SURGXFWLRQ�

DQG�RU�SURFHVVLQJ�IDFLOLWLHV��+DQIRUG��/RV�$ODPRV��5RFN\�)ODWV���DV�ZHOO�DV�IDFLOLWLHV�LQ�5XVVLD��0D\DN��

DQG�WKH�8QLWHG�.LQJGRP��H�J���6HOODILHOG����7KH�PRVW�UHFHQW�ILQGLQJV�IURP�WKHVH�VWXGLHV�DUH�VXPPDUL]HG�LQ�

7DEOH�������&RPSDUHG�WR�VWXGLHV�RI�8�.��DQG�8�6��IDFLOLWLHV��WKH�0D\DN�FRKRUWV�KDG�UHODWLYHO\�KLJK�
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H[SRVXUHV�WR�SOXWRQLXP��L�H���PHDQ�ERG\�EXUGHQV�UDQJLQJ�IURP������WR�����N%T��ZLWK�LQGLYLGXDO�H[SRVXUHV�

DV�KLJK�DV�����N%T��.UDKHQEXKO�HW�DO����������&ROOHFWLYHO\��WKH�0D\DN�VWXGLHV�SURYLGH�HYLGHQFH�IRU�DQ�

DVVRFLDWLRQ�EHWZHHQ�FDQFHU�PRUWDOLW\�DQG�H[SRVXUH�WR�SOXWRQLXP���3OXWRQLXP�GRVH�UHVSRQVH�UHODWLRQVKLSV�

IRU�OXQJ�FDQFHU�PRUWDOLW\�KDYH�EHHQ�FRUURERUDWHG�LQ�WKUHH�0D\DN�VWXGLHV��*LOEHUW�HW�DO��������-DFRE�HW�DO��

������.UHLVKHLPHU�HW�DO����������6WXGLHV�RI�8�.��DQG�8�6��IDFLOLWLHV�KDYH�H[DPLQHG�FRKRUWV�RI�ZRUNHUV�

ZKR�KDG�VXEVWDQWLDOO\�ORZHU�HVWLPDWHG�SOXWRQLXP�H[SRVXUHV�DQG�FRUUHVSRQGLQJ�LQWHUQDO�UDGLDWLRQ�GRVHV�

WKDQ�WKH�0D\DN�FRKRUWV��H�J���6HOODILHOG���ERG\�EXUGHQV����N%T�LQ�����RI�WKH�DVVHVVHG�ZRUNHUV�>2PDU�HW�

DO������@��/RV�$ODPRV���PHDQ�ERG\�EXUGHQ�������N%T��UDQJH�������±�����N%T�>9RHO]�HW�DO������@����

$OWKRXJK�D�VLJQLILFDQWO\�KLJKHU�LQFLGHQFH�RI�FDQFHU�PRUWDOLW\�LQ�FHUWDLQ�JURXSV�RI�SOXWRQLXP�ZRUNHUV�KDV�

EHHQ�IRXQG�LQ�VRPH�VWXGLHV��KLJKHU�FDQFHU�LQFLGHQFH�DQG�RU�ULVNV�IRU�WLVVXHV�WKDW�UHFHLYHG�WKH�KLJKHVW�

SOXWRQLXP�UDGLDWLRQ�GRVHV��L�H���OXQJ��OLYHU��ERQH��KDYH�QRW�EHHQ�IRXQG��PDNLQJ�FDXVDO�FRQQHFWLRQV�RI�

WKHVH�RXWFRPHV�WR�SOXWRQLXP�H[SRVXUH�PRUH�XQFHUWDLQ��%URZQ�HW�DO��������&DUSHQWHU�HW�DO��������*LOEHUW�

HW�DO������E��0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO��������:LQJ�HW�DO���������

Mayak Production Association Workers. 6WXGLHV�RI�PRUWDOLW\�RI�SOXWRQLXP�ZRUNHUV�DW�5XVVLDQ�IDFLOLWLHV�

DUH�VXPPDUL]HG�LQ�7DEOH������*LOEHUW�HW�DO��������������-DFRE�HW�DO��������.RVKXUQLNRYD�HW�DO��������

.UHLVKHLPHU�HW�DO��������6RNROQLNRY�HW�DO����������7KH�WRWDO�0D\DN�FRKRUW�LQFOXGHV�DSSUR[LPDWHO\�

�������ZRUNHUV��SOXWRQLXP�PRQLWRULQJ�GDWD�H[LVW�RQ�DSSUR[LPDWHO\�����RI�VXEMHFWV��*LOEHUW�HW�DO���������

+RZHYHU��UHOLDELOLW\�RI�WKH�PRQLWRULQJ�GDWD�YDULHV�DFURVV�VXEMHFWV��ZKLFK�LQWURGXFHV�XQFHUWDLQW\�LQWR�

VWUDWLILFDWLRQ�RI�WKH�FRKRUW�E\�HVWLPDWHG�SOXWRQLXP�ERG\�EXUGHQ�RU�LQWHUQDO�UDGLDWLRQ�DEVRUEHG�GRVH��L�H���

*\��RU�HIIHFWLYH�GRVH�HTXLYDOHQWV��L�H���6Y����7KHVH�GDWD�\LHOGHG�HVWLPDWHV�RI�PHDQ�SOXWRQLXP�ERG\�

EXUGHQV�LQ�WKH�IXOO�FRKRUW�WKDW�UDQJHG�IURP�����WR�����N%T��.UDKHQEXKO�HW�DO����������7KH�PHDQ�ERG\�

EXUGHQ��EDVHG�RQ�GDWD�FRQVLGHUHG�WR�EH�WKH�PRVW�UHOLDEOH��ZDV�����N%T��UDQJH����±����N%T��Q �������,Q�DQ�

HDUOLHU�DQDO\VLV�RI�WKH�0D\DN�PRQLWRULQJ�GDWD��*LOEHUW�HW�DO���������DQG�6KLOQLNRYD�HW�DO���������HVWLPDWHG�

ERG\�EXUGHQV�DQG�OXQJ�UDGLDWLRQ�GRVHV�IRU�YDULRXV�FDWHJRULHV�RI�HPSOR\PHQW��H�J���GDWHV��MREV��ZRUN�

FRQGLWLRQV��PRQLWRULQJ�DQG�DXWRSV\�GDWD��DQG�H[SRVXUH���7KH�HVWLPDWHG�MRE�FDWHJRU\�PHDQ�ERG\�EXUGHQV�

UDQJHG�IURP������WR������N%T��DQG�WKH�FRUUHVSRQGLQJ�LQWHUQDO�DEVRUEHG�GRVHV�WR�WKH�OXQJ�UDQJHG�IURP�

������WR������*\���7KH�FRUUHVSRQGLQJ�HIIHFWLYH�GRVH�HTXLYDOHQWV�DUH������DQG����6Y��DVVXPLQJ�D�UDGLDWLRQ�

ZHLJKWLQJ�IDFWRU�RI����IRU���UDGLDWLRQ����7KH�PHDQ�ERG\�EXUGHQ�IRU�WKH�PRQLWRUHG�IUDFWLRQ�RI�WKH�FRKRUW�

�Q �������ZDV������N%T��DQG�WKH�FRUUHVSRQGLQJ�LQWHUQDO�OXQJ�DEVRUEHG�GRVH�ZDV������*\��*LOEHUW�HW�DO��

��������6RNROQLNRY�HW�DO���������DSSOLHG�UHFHQWO\�LPSURYHG�LQGLYLGXDO�GRVH�HVWLPDWHV�WR�������RI�WKH�

0D\DN�ZRUNHUV�ZLWK�FRQILUPHG�SOXWRQLXP�H[SRVXUH�DQG�HVWLPDWHG�WKDW�WKH�PHDQ�SOXWRQLXP�GRVH�WR�WKH�

OXQJ�ZDV������*\�������*\�IRU�PDOHV�DQG������*\�IRU�IHPDOHV���
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3. HEALTH EFFECTS 

&ROOHFWLYHO\��WKH�0D\DN�VWXGLHV�SURYLGH�HYLGHQFH�IRU�LQFUHDVHG�ULVN�RI�FDQFHU�PRUWDOLW\��ERQH��OLYHU��OXQJ��

LQ�DVVRFLDWLRQ�ZLWK�LQFUHDVHG�LQWHUQDO�SOXWRQLXP�GHULYHG�UDGLDWLRQ�GRVH�DQG�RU�ERG\�EXUGHQ��ZLWK�

DSSUR[LPDWHO\���IROG�KLJKHU�ULVNV�LQ�IHPDOHV�FRPSDUHG�WR�PDOHV���)RXU�VWXGLHV�HVWLPDWHG�OXQJ�FDQFHU�

PRUWDOLW\�ULVN�DPRQJ�0D\DN�ZRUNHUV�DQG�\LHOGHG�VLPLODU�HVWLPDWHV�RI�H[FHVV�UHODWLYH�ULVN�SHU�*\�RI�

LQWHUQDO�OXQJ�GRVH���*LOEHUW�HW�DO���������HVWLPDWHG�WKH�H[FHVV�OXQJ�FDQFHU�PRUWDOLW\�ULVN��SHU�*\�DWWDLQHG�DW�

DJH����\HDUV��IRU�HVVHQWLDOO\�WKH�HQWLUH�FRKRUW�RI�0D\DN�ZRUNHUV��Q ��������WR�EH�DSSUR[LPDWHO\�����SHU�

*\������&,������±�����LQ�PDOHV��DQG����SHU�*\������&,������±����LQ�IHPDOHV���$GMXVWPHQW�IRU�VPRNLQJ��

EDVHG�RQ�ULVN�HVWLPDWHV�LQ�VXEJURXSV�IRU�ZKLFK�VPRNLQJ�GDWD�ZHUH�DYDLODEOH��GHFUHDVHG�WKHVH�HVWLPDWHV�

RQO\�VOLJKWO\���PDOHV������SHU�*\������&,������±������DQG�IHPDOHV����������&,������±������&DQFHU�PRUWDOLW\�

ULVN�ZDV�OLQHDUO\�UHODWHG�WR�SOXWRQLXP�UDGLDWLRQ�GRVH�� ([FHVV�UHODWLYH�ULVN�SHU�*\�GHFOLQHG�VWURQJO\�ZLWK�

DWWDLQHG�DJH��*LOEHUW�HW�DO��������� .UHLVKHLPHU�HW�DO���������H[DPLQHG�OXQJ�FDQFHU�PRUWDOLW\�ULVN�IRU�D�

VXEVHW�RI�PDOH�0D\DN�ZRUNHUV��Q �������DQG�HVWLPDWHG�VPRNLQJ�DGMXVWHG�H[FHVV�UHODWLYH�ULVN�WR�EH�

�����SHU�*\������&,�������±��������-DFRE�HW�DO���������XVHG�D�PHFKDQLVWLF��L�H���PXOWL�VWDJH�SK\VLRORJLFDO��

PRGHO�WR�HVWLPDWH�VPRNLQJ�DGMXVWHG�OXQJ�FDQFHU�PRUWDOLW\�ULVN�LQ�D�VLPLODU�FRKRUW��Q �������DQG�IRXQG�

WKH�H[FHVV�UHODWLYH�ULVN�WR�EH������SHU�6Y������&,�������±�������WKH�FRUUHVSRQGLQJ�HVWLPDWH�LQ�XQLWV�RI�

DEVRUEHG�UDGLDWLRQ�GRVH�ZRXOG�EH�����SHU�*\��DVVXPLQJ�D�UDGLDWLRQ�ZHLJKWLQJ�IDFWRU�RI����IRU�

��UDGLDWLRQ����$Q�DOWHUQDWLYH�PRGHO�WKDW�WUHDWHG�VPRNLQJ�DV�D�PXOWLSOLFDWLYH�ULVN�IDFWRU��UDWKHU�WKDQ�

DGGLWLYH���\LHOGHG�DQ�HVWLPDWHG�H[FHVV�UHODWLYH�ULVN�RI������SHU�6Y������&,�������±�������ZKLFK�

FRUUHVSRQGV�WR�DSSUR[LPDWHO\�����SHU�*\��YHU\�FORVH�WR�WKH�HVWLPDWHV�IURP�*LOEHUW�HW�DO���������DQG�

.UHLVKHLPHU�HW�DO�����������6RNROQLNRY�HW�DO���������HVWLPDWHG�(55V�RI�����SHU�*\������&,������±����LQ�

PDOHV�DQG����SHU�*\������&,������±����LQ�IHPDOHV�DW�DWWDLQHG�DJH�RI����\HDUV�DPRQJ�������RI�WKH�0D\DN�

ZRUNHUV�ZLWK�FRQILUPHG�SOXWRQLXP�H[SRVXUH�� $�VLJQLILFDQW�GRVH�UHVSRQVH�ZDV�QRWHG�DQG�OXQJ�FDQFHU�ULVN�

ZDV�UHDVRQDEO\�GHVFULEHG�E\�D�OLQHDU�IXQFWLRQ�� 7KH�(55�GHFOLQHG�ZLWK�DWWDLQHG�DJH�DQG�DJH�DW�ILUVW�

SOXWRQLXP�H[SRVXUH��

5LVNV�RI�PRUWDOLW\�DQG�PRUELGLW\�IURP�ERQH�DQG�OLYHU�FDQFHUV�KDYH�DOVR�EHHQ�VWXGLHG�LQ�0D\DN�ZRUNHUV�

�*LOEHUW�HW�DO��������.RVKXUQLNRYD�HW�DO��������6KLOQLNRYD�HW�DO��������6RNROQLNRY�HW�DO��������7RNDUVND\D�

HW�DO����������,QFUHDVLQJ�HVWLPDWHG�SOXWRQLXP�ERG\�EXUGHQ�ZDV�DVVRFLDWHG�ZLWK�LQFUHDVLQJ�FDQFHU�

PRUWDOLW\��ZLWK�KLJKHU�ULVN�LQ�IHPDOHV�FRPSDUHG�WR�PDOHV���*LOEHUW�HW�DO���������H[DPLQHG�OLYHU�FDQFHU�

PRUWDOLW\�LQ�D�FRKRUW�RI�0D\DN�ZRUNHUV��Q ����������0HDQ�SOXWRQLXP�ERG\�EXUGHQV�IRU�WKH�FRKRUW�ZHUH�

HVWLPDWHG�WR�KDYH�EHHQ������N%T�LQ�PDOHV�DQG������N%T�LQ�IHPDOHV���7KH�FRUUHVSRQGLQJ�DEVRUEHG�

UDGLDWLRQ�GRVHV�WR�OLYHU�ZHUH������*\�LQ�PDOHV�DQG������*\�LQ�IHPDOHV���$�PRGHO�LQ�ZKLFK�OLYHU�FDQFHU�

ULVN�ZDV�WUHDWHG�DV�D�TXDGUDWLF�IXQFWLRQ�RI�SOXWRQLXP�ERG\�EXUGHQ�DFKLHYHG�EHWWHU�ILW�WR�WKH�GDWD�WKDQ�D�

OLQHDU�PRGHO�� 5HODWLYH�ULVN�IRU�OLYHU�FDQFHU�IRU�WKH�HQWLUH�FRKRUW�ZDV�HVWLPDWHG�WR�EH���������&,������±����
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57 PLUTONIUM 

3. HEALTH EFFECTS 

LQ�DVVRFLDWLRQ�ZLWK�SOXWRQLXP�ERG\�EXUGHQV�!����N%T��KRZHYHU��ZKHQ�VWUDWLILHG�E\�JHQGHU��WKH�UHODWLYH�

ULVN�HVWLPDWH�IRU�IHPDOHV�ZDV���������&,�����±����DQG�KLJKHU�WKDQ�IRU�PDOHV�����������&,������±������

5LVN�RI�ERQH�FDQFHU�PRUWDOLW\�LQ�WKLV�VDPH�FRKRUW��Q ��������ZDV�HVWLPDWHG�WR�EH����������&,� ����±����

LQ�DVVRFLDWLRQ�ZLWK�SOXWRQLXP�ERG\�EXUGHQV�!����N%T�IRU�PDOHV�DQG�IHPDOHV�FRPELQHG��.RVKXUQLNRYD�HW�

DO����������5LVNV�RI�OHXNHPLD�PRUWDOLW\��LQ�WKH�VDPH�FRKRUW��ZHUH�QRW�DVVRFLDWHG�ZLWK�LQWHUQDO�SOXWRQLXP�

H[SRVXUH��6KLOQLNRYD�HW�DO����������/LYHU�FDQFHU�ULVN�ZDV�H[DPLQHG�LQ�D�FDVH�FRQWURO�VWXG\�RI�0D\DN�

ZRUNHUV��7RNDUVND\D�HW�DO����������7KH�FDVH�JURXS�FRQVLVWHG�RI�KLVWRORJLFDOO\�FRQILUPHG�FDVHV�RI�

PDOLJQDQW�OLYHU�WXPRUV��Q ����GLDJQRVHG�GXULQJ�WKH�SHULRG�����±������ 7KHVH�ZHUH�PDWFKHG�WR�PHPEHUV�

RI�D�FRQWURO�JURXS��Q �����IRU�\HDUV�RI�ELUWK��JHQGHU��\HDUV�RI�KLUH��DQG�MRE�DVVLJQPHQWV���(VWLPDWHG�

DEVRUEHG�UDGLDWLRQ�GRVHV�WR�WKH�OLYHU�IURP�SOXWRQLXP�UDQJHG�IURP���WR������*\��WKH��WK�TXDUWLOH�UDQJH�ZDV�

����±�����*\����:KHQ�VWUDWLILHG�E\�DEVRUEHG�UDGLDWLRQ�GRVH�WR�WKH�OLYHU��WKH�RGGV�UDWLR�IRU�OLYHU�FDQFHU�ZDV�

����������&,������±������IRU�VXEMHFWV�ZKR�H[SHULHQFHG�!���±����*\��UHODWLYH�WR��±����*\����2GGV�UDWLRV�

IRU�KHPDQJLRVDUFRPDV�ZHUH�����������&,������±�����IRU�WKH�GRVH�JURXS�!���±����*\��DQG�����������&,��

���±�����IRU�WKH�GRVH�JURXS�!���±�����*\���6RNROQLNRY�HW�DO���������UHSRUWHG�DYHUDJHG�DWWDLQHG�DJH�

(55V�IRU�OLYHU�FDQFHU�RI�����SHU�*\������&,�� ���±�����IRU�PDOHV�DQG����SHU�*\������&,������±����IRU�

IHPDOHV��DQG�DYHUDJHG�DWWDLQHG�DJH�(55V�IRU�ERQH�FDQFHU�RI������SHU�*\������&,�����±�����IRU�PDOHV�DQG�

����SHU�*\������&,������±����IRU�IHPDOHV���(OHYDWHG�ULVNV�IRU�ERQH�FDQFHU�ZHUH�REVHUYHG�RQO\�IRU�ZRUNHUV�

ZLWK�SOXWRQLXP�GRVHV�H[FHHGLQJ����*\���)RU�OXQJ�DQG�ERQH�FDQFHU��WKH�(55�GHFOLQHG�ZLWK�DWWDLQHG�DJH��

DQG�IRU�OXQJ�FDQFHU��WKH�(55�GHFOLQHG�ZLWK�DJH�DW�ILUVW�SOXWRQLXP�H[SRVXUH��

U.K. Atomic Energy Authority and Atomic Weapons Establishment Workers. SWXGLHV�RI�PRUWDOLW\�RI�

SOXWRQLXP�ZRUNHUV�DW�8�.��IDFLOLWLHV�DUH�VXPPDUL]HG�LQ�7DEOH������&DUSHQWHU�HW�DO��������0F*HRJKHJDQ�HW�

DO��������2PDU�HW�DO��������� $OWKRXJK�VHYHUDO�VWXGLHV�KDYH�H[DPLQHG�PRUWDOLW\�UDWHV�LQ�ZRUNHUV�DW�WKH�

6HOODILHOG�QXFOHDU�IDFLOLW\��'RXJODV�HW�DO��������0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO��������6PLWK�DQG�

'RXJODV��������WKH�0F*HRJKHJDQ�HW�DO���������DQG�2PDU�HW�DO���������VWXGLHV�DWWHPSWHG�WR�HVWLPDWH�ULVNV�

LQ�DVVRFLDWLRQ�ZLWK�SOXWRQLXP�H[SRVXUHV��DV�RSSRVHG�WR�UDGLDWLRQ�H[SRVXUHV��LQ�JHQHUDO���2PDU�HW�DO��

�������LGHQWLILHG�D�FRKRUW�RI�SOXWRQLXP�ZRUNHUV�DV�D�VXEVHW��Q �������RI�ZRUNHUV�ZKR�KDG�EHHQ�

PRQLWRUHG�DW�DQ\�WLPH�IRU�H[SRVXUH�WR�SOXWRQLXP��H�J���XULQDO\VLV����$Q�DQDO\VLV�RI�PRQLWRULQJ�GDWD�RQ�

WKHVH�VXEMHFWV�SURYLGHG�HVWLPDWHV�RI�LQWHUQDO�XSWDNHV�RI�SOXWRQLXP��2PDU�HW�DO����������&XPXODWLYH�

LQWHUQDO�XSWDNHV�ZHUH�HVWLPDWHG�WR�UDQJH�IURP���WR����N%T��ZLWK�DSSUR[LPDWHO\�����RI�WKH�FRKRUW�KDYLQJ�

FXPXODWLYH�XSWDNHV������%T���&XPXODWLYH�UDGLDWLRQ�GRVH�HTXLYDOHQWV�IRU�SOXWRQLXP�ZHUH�HVWLPDWHG�WR�EH�

DSSUR[LPDWHO\�������6Y�IRU�ERQH�VXUIDFHV������±����6Y�IRU�OXQJ��DQG�����6Y�IRU�OLYHU��KRZHYHU��DQDO\VHV�

RI�GRVH�WUHQGV�ZHUH�RI�WKH�FRPELQHG�GRVH�HTXLYDOHQWV�IURP�SOXWRQLXP�DQG�H[WHUQDO�UDGLDWLRQ���,Q�D�

FRPSDULVRQ�RI�PRUWDOLW\�UDWHV�IRU�SOXWRQLXP�ZRUNHUV�FRPSDUHG�WR�RWKHU�UDGLDWLRQ�ZRUNHUV��L�H���WKRVH�
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58 PLUTONIUM 

3. HEALTH EFFECTS 

QHYHU�PRQLWRUHG�IRU�SOXWRQLXP�H[SRVXUH���PRUWDOLW\�UDWH�UDWLRV�ZHUH�QRW�VLJQLILFDQW�IRU�GHDWKV�IURP�FDQFHU�

�������DOO�FDXVHV�RI�FDQFHU��RU�DOO�FDXVHV�RWKHU�WKDQ�FDQFHU����������0RUWDOLW\�UDWH�UDWLRV�VLJQLILFDQWO\�

GHFUHDVHG�LQ�DVVRFLDWLRQ�ZLWK�LQFUHDVLQJ�HIIHFWLYH�GRVH�HTXLYDOHQWV�IRU�SOXWRQLXP�DQG�H[WHUQDO�UDGLDWLRQ�

FRPELQHG��WUHQGV�IRU�SOXWRQLXP�GRVHV�ZHUH�QRW�UHSRUWHG����+RZHYHU��ZKHQ�VWUDWLILHG�E\�VSHFLILF�FDXVHV�RI�

GHDWK��PRUWDOLW\�UDWH�UDWLRV�ZHUH�QRW�VLJQLILFDQWO\�HOHYDWHG��St������IRU�WKH�WLVVXHV�WKDW�UHFHLYHG�WKH�

KLJKHVW�SOXWRQLXP�UDGLDWLRQ�GRVHV��OXQJ��������OLYHU��������ERQH���������QRU�ZHUH�WKHUH�VLJQLILFDQW�SRVLWLYH�

WUHQGV�ZLWK�UDGLDWLRQ�GRVH��H[WHUQDO�SOXV�LQWHUQDO�SOXWRQLXP�GRVH����7KH�PRUWDOLW\�UDWH�UDWLR�ZDV�

VLJQLILFDQWO\�HOHYDWHG�IRU�EUHDVW�FDQFHU��������S�������DQG�FHUHEURYDVFXODU�GLVHDVH��������S���������

0F*HRJKHJDQ�HW�DO���������H[DPLQHG�FDQFHU�PRUWDOLW\�LQ�D�FRKRUW�RI�IHPDOH�6HOODILHOG�ZRUNHUV��Q ��������

IURP�ZKLFK�D�VXEVHW��Q �����RI�ZRPHQ�ZKR�KDG�EHHQ�PRQLWRUHG�IRU�SOXWRQLXP�H[SRVXUH�ZDV�LGHQWLILHG�

DV�SOXWRQLXP�ZRUNHUV���7KLV�FRKRUW�RYHUODSSHG�FRQVLGHUDEO\�ZLWK�WKDW�VWXGLHG�E\�2PDU�HW�DO���������

(IIHFWLYH�GRVH�HTXLYDOHQWV�WR�WKH�OXQJ�IURP�SOXWRQLXP�ZHUH�HVWLPDWHG�WR�KDYH�UDQJHG�XS�WR�����P6Y�

�PHDQ�� �����P6Y���WK±��WK�SHUFHQWLOH�UDQJH�������±�����P6Y����&RPSDULVRQV�RI�PRUWDOLW\�UDWHV�EHWZHHQ�

SOXWRQLXP�ZRUNHUV�DQG�RWKHU�UDGLDWLRQ�ZRUNHUV�\LHOGHG�VLJQLILFDQWO\�HOHYDWHG�PRUWDOLW\�UDWH�UDWLRV�IRU�DOO�

GHDWKV��������S��������DOO�FDQFHUV��������S��������EUHDVW�FDQFHU��������S��������FLUFXODWRU\�GLVHDVH��������

S��������DQG�LVFKHPLF�KHDUW�GLVHDVH��������S���������0RUWDOLW\�UDWH�UDWLRV�ZHUH�QRW�HOHYDWHG�IRU�FDQFHUV�LQ�

WLVVXHV�WKDW�UHFHLYHG�WKH�KLJKHVW�SOXWRQLXP�UDGLDWLRQ�GRVHV��OXQJ��������ERQH��������GLJHVWLYH�RUJDQV�

LQFOXGLQJ�OLYHU����������([FHVV�UHODWLYH�ULVNV��SHU�6Y��ZHUH�HVWLPDWHG�IRU�H[WHUQDO�UDGLDWLRQ��EXW�QRW�IRU�

SOXWRQLXP��DQG�ZHUH�QRW�VWDWLVWLFDOO\�VLJQLILFDQW���&ROOHFWLYHO\��WKH�2PDU�HW�DO���������DQG�0F*HRJKHJDQ�

HW�DO���������VWXGLHV�GLG�QRW�ILQG�HOHYDWHG�PRUWDOLW\�UDWH�UDWLRV�IRU�WKH�WLVVXHV�WKDW�UHFHLYHG�WKH�KLJKHVW�

SOXWRQLXP�UDGLDWLRQ�GRVHV�DPRQJ�SOXWRQLXP�ZRUNHUV�FRPSDUHG�WR�RWKHU�UDGLDWLRQ�ZRUNHUV��OXQJ��OLYHU��

ERQH���DQG�GLG�QRW�ILQG�VLJQLILFDQW�SRVLWLYH�WUHQGV�LQ�FDQFHU�PRUWDOLW\�RU�LQFLGHQFH�LQ�WKHVH�WLVVXHV�ZLWK�

SOXWRQLXP�UDGLDWLRQ�GRVH�� $OWKRXJK�ERWK�VWXGLHV�IRXQG�HOHYDWHG�PRUWDOLW\�UDWH�UDWLRV�LQ�RWKHU�VHOHFWHG�

RUJDQ�FDWHJRULHV��H�J���EUHDVW�FDQFHU���WKH�DVVRFLDWLRQV�EHWZHHQ�WKHVH�RXWFRPHV�DQG�SOXWRQLXP�H[SRVXUH�

DUH�PRUH�XQFHUWDLQ��JLYHQ�WKH�QHJDWLYH�ILQGLQJV�IRU�OXQJ��OLYHU��RU�ERQH��DQG�WKDW�RWKHU�WLVVXHV��VXFK�DV�

EUHDVW��UHFHLYHG�D�PXFK�VPDOOHU�UDGLDWLRQ�GRVH�� 7KH�ILQGLQJV�IRU�DOO�FDQFHUV�DQG�EUHDVW�FDQFHU�PD\�DOVR�

KDYH�EHHQ�LQIOXHQFHG�E\�WKH�UHODWLYHO\�ORZ�VWDQGDUGL]HG�PRUWDOLW\�UDWLRV��������IRU�WKHVH�HQG�SRLQWV�LQ�WKH�

RWKHU�UDGLDWLRQ�ZRUNHUV��WKH�FRPSDULVRQ�FRKRUW�WR�WKH�SOXWRQLXP�ZRUNHUV���LQGLFDWLYH�RI�D�³KHDOWK\�ZRUNHU�

HIIHFW´��WKDW�ZDV�QRW�HYLGHQW�LQ�WKH�SOXWRQLXP�ZRUNHU�FRKRUW��

&DUSHQWHU�HW�DO���������H[DPLQHG�FDQFHU�PRUWDOLW\�LQ�ZRUNHUV�DW�8�.��QXFOHDU�IDFLOLWLHV��Q ��������IURP�

ZKLFK�D�VXEVHW��Q ���������ZKR�KDG�EHHQ�PRQLWRUHG�IRU�SOXWRQLXP�H[SRVXUH��ZDV�LGHQWLILHG�DV�SOXWRQLXP�

ZRUNHUV���3OXWRQLXP�H[SRVXUHV��L�H���%T��RU�GRVHV��L�H���*\��6Y��ZHUH�QRW�LQFOXGHG�LQ�WKLV�DQDO\VLV��

KRZHYHU��WKH�QXPEHU�RI�\HDUV�VLQFH�ILUVW�PRQLWRUHG�RU�WKH�WRWDO�QXPEHU�RI�\HDUV�PRQLWRUHG�ZHUH�
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59 PLUTONIUM 

3. HEALTH EFFECTS 

FRQVLGHUHG�DV�VXUURJDWHV�IRU�GXUDWLRQ�RI�SOXWRQLXP�H[SRVXUHV���0RUWDOLW\�UDWHV�IRU�SOXWRQLXP�ZRUNHUV�

ZHUH�QRW�VLJQLILFDQWO\�HOHYDWHG�ZKHQ�FRPSDUHG�WR�ZRUNHUV�ZKR�ZHUH�QHYHU�PRQLWRUHG�IRU�UDGLDWLRQ�

H[SRVXUH��WR�DQ\�QXFOLGH����+RZHYHU��ZKHQ�VWUDWLILHG�E\�QXPEHU�RI�\HDUV�VLQFH�PRQLWRUHG�RU�E\�QXPEHU�RI�

\HDUV�PRQLWRUHG��VLJQLILFDQW�WUHQGV�ZHUH�IRXQG�IRU�LQFUHDVLQJ�PRUWDOLW\�UDWH�UDWLRV��PRQLWRUHG�FRPSDUHG�WR�

QHYHU�PRQLWRUHG��IRU�DOO�FDQFHUV��S�������LQ�DVVRFLDWLRQ�ZLWK�LQFUHDVLQJ�\HDUV�RI�PRQLWRULQJ��

U.S. Nuclear Facilities (Hanford, Los Alamos, Rocky Flats). /XQJ�FDQFHU�PRUWDOLW\�LQ�SOXWRQLXP�

ZRUNHUV�HPSOR\HG�DW�WKH�5RFN\�)ODWV�QXFOHDU�ZHDSRQV�SODQW�KDV�EHHQ�H[DPLQHG�LQ�D�FDVH�FRQWURO�VWXG\�

�%URZQ�HW�DO����������/XQJ�FDQFHU�FDVHV��Q �����ZHUH�HPSOR\HG�DW�WKH�5RFN\�)ODWV�IDFLOLW\�IRU�DW�OHDVW�

��PRQWKV�GXULQJ�WKH�SHULRG�����±������ZKHQ�SOXWRQLXP�SLWV�ZHUH�IDEULFDWHG�DW�WKH�IDFLOLW\���7KH�FRQWURO�

JURXS��Q �����FRQVLVWHG�RI�5RFN\�)ODWV�ZRUNHUV�ZKR�ZHUH�PDWFKHG�ZLWK�FDVHV�IRU�DJH��ELUWK��\HDU��DQG�

JHQGHU���,QWHUQDO�OXQJ�UDGLDWLRQ�GRVHV�LQ�WKH�FRKRUW�GHULYHG�SULPDULO\�IURP�H[SRVXUHV�WR����3X�����3X�����3X��
���$P��DQG����8��KRZHYHU������RI�WKH�LQWHUQDO�HIIHFWLYH�GRVH�HTXLYDOHQWV�LQ�FDVHV������LQ�FRQWUROV��ZHUH�

HVWLPDWHG�WR�KDYH�FRPH�IURP�3X�DQG����$P��LQEUHG�IURP����3X����(VWLPDWHG�HIIHFWLYH�GRVH�HTXLYDOHQWV�IRU�

LQWHUQDO���UDGLDWLRQ��FDVHV�SOXV�FRQWUROV��UDQJHG�IURP���������WR�!����P6Y��������,Q�WKH�IXOO�FRKRUW��WKH�

RGGV�UDWLR�IRU�OXQJ�FDQFHU�PRUWDOLW\�ZDV�VLJQLILFDQW�IRU�WKH�LQWHUQDO�OXQJ�GRVH�VWUDWD����±����P6Y��EXW�

ZDV�QRW�VLJQLILFDQWO\�HOHYDWHG�DW�KLJKHU�GRVHV��WKHUH�ZDV�QR�VLJQLILFDQW�WUHQG�ZLWK�GRVH������������&,��

����±�������WKH�RGGV�UDWLRV�ZHUH����IRU�PRVW�GRVH�FDWHJRULHV�IRU�SHUVRQV�HPSOR\HG�IRU�����RU�!���\HDUV��

:KHQ�WKH�DQDO\VLV�ZDV�UHVWULFWHG�WR�ZRUNHUV�HPSOR\HG�DW�WKH�IDFLOLW\�IRU���±���\HDUV��D�VLJQLILFDQW�WUHQG�

ZDV�HYLGHQW�IRU�LQFUHDVLQJ�RGGV�UDWLR�LQ�DVVRFLDWLRQ�ZLWK�LQFUHDVLQJ�LQWHUQDO�OXQJ�HIIHFWLYH�GRVH�

HTXLYDOHQWV��KRZHYHU��WKHUH�ZDV�QR�HYLGHQFH�RI�D�SRVLWLYH�WUHQG�IRU�WKRVH�HPSOR\HG�IRU�����RU�t���\HDUV��

6RPH�RI�WKH�KLJKHVW�H[SRVXUHV�WR�SOXWRQLXP�DW�/RV�$ODPRV�RFFXUUHG�GXULQJ�WKH�SHULRG�����±������L�H���

0DQKDWWDQ�3URMHFW��ZKHQ�RFFXSDWLRQDO�VDIHW\�SURFHGXUHV�IRU�KDQGOLQJ�RI�SOXWRQLXP�ZHUH�QRW�DV�FRPSOH[�

RU�ZHOO�UHJXODWHG�DV�PRUH�UHFHQW�SURFHGXUHV��+HPSHOPDQQ�HW�DO����������$�VPDOO�FRKRUW�RI�DGXOW�PDOHV�

�Q ����ZKR�ZRUNHG�DW�WKH�/RV�$ODPRV�IDFLOLW\�DW�WKDW�WLPH�KDYH�EHHQ�IROORZHG�DQG�DVVHVVHG�IRU�KHDOWK�

HIIHFWV��+HPSHOPDQQ�HW�DO��������9RHO]�DQG�/DZUHQFH�������9RHO]�HW�DO����������%DVHG�RQ�XULQH�

PRQLWRULQJ��XS�WR�������DQG�RU�SRVWPRUWHP�WLVVXH�DQDO\VHV��SOXWRQLXP�ERG\�EXUGHQV�UDQJHG�IURP����WR�

������%T��PHGLDQ�������%T���DQG�HIIHFWLYH�GRVH�HTXLYDOHQWV�UDQJHG�IURP�����WR�����6Y��PHGLDQ��������6Y��

9RHO]�HW�DO����������0RUWDOLW\�LQ�WKH�JURXS�ZDV�FRPSDUHG�WR�WKDW�LQ�D�JURXS�RI�ZRUNHUV��Q �����HPSOR\HG�

DW�/RV�$ODPRV�GXULQJ�WKH�VDPH�SHULRG�ZKR�KDG�QR�KLVWRU\�RU�HYLGHQFH�RI�H[SRVXUH�WR�SOXWRQLXP��9RHO]�HW�

DO��������� $W�WKH�WLPH�RI�WKH�VWXG\���������VHYHQ�GHDWKV�KDG�RFFXUUHG��WKUHH�IURP�FDQFHU��ERQH��OXQJ��

SURVWUDWH���WZR�IURP�GLVHDVHV�RI�WKH�FLUFXODWRU\�V\VWHP��RQH�IURP�UHVSLUDWRU\�GLVHDVH��DQG�RQH�IURP�

H[WHUQDO�FDXVHV�� 7KH�VLQJOH�ERQH�FDQFHU�GHDWK�JUHDWO\�H[FHHGHG�H[SHFWHG�QXPEHUV�������GHDWKV��
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60 PLUTONIUM 

3. HEALTH EFFECTS 

VWDQGDUGL]HG�PRUWDOLW\�UDWLR�>605@ ��������&,�������±�������6LPLODUO\�WKH�ORZHU�����FRQILGHQFH�OLPLW�

RQ�WKH�PRUWDOLW\�UDWH�UDWLR�IRU�ERQH�FDQFHU�ZDV�!����6WDQGDUG�PRUWDOLW\�UDWLRV�DQG�PRUWDOLW\�UDWH�UDWLRV�IRU�

RWKHU�GHDWKV�ZHUH�QRW�VWDWLVWLFDOO\�VLJQLILFDQW��

$�ODUJHU�FRKRUW�VWXG\�ZDV�H[DPLQHG�IRU�FDQFHU�PRUWDOLW\�LQ�/RV�$ODPRV�ZRUNHUV��Q �������PDOHV��

HPSOR\HG�DW�WKH�IDFLOLW\�GXULQJ�WKH�SHULRG�����±������:LJJV�HW�DO����������)URP�WKLV�ODUJHU�FRKRUW��D�

VXEVHW��Q �������KDG�EHHQ�PRQLWRUHG�IRU�SOXWRQLXP�H[SRVXUH�DQG��RQ�WKDW�EDVLV��ZHUH�LGHQWLILHG�DV�

SOXWRQLXP�ZRUNHUV�LQ�WKH�VWXG\���0RUWDOLW\�LQFLGHQFH�UDWHV�IRU�SOXWRQLXP�ZRUNHUV�ZKR�ZHUH�HVWLPDWHG�WR�

KDYH�LQWHUQDO�SOXWRQLXP�GHSRVLWLRQV�t���%T��Q �����ZHUH�FRPSDUHG�WR�ZRUNHUV�ZLWK�GHSRVLWLRQV�����%T�

�Q ���������&DQFHU�PRUWDOLW\�UDWH�UDWLRV�ZHUH�QRW�VWDWLVWLFDOO\�VLJQLILFDQW��H�J���DOO�FDQFHUV��FDQFHUV�RI�WKH�

UHVSLUDWRU\�WUDFW�RU�OXQJ��ERQH��RU�O\PSKRSRLHWLF�DQG�KHPDWRSRLHWLF�V\VWHPV���

:RUNHUV�DW�WKH�+DQIRUG�SOXWRQLXP�SURGXFWLRQ�DQG�SURFHVVLQJ�IDFLOLW\�KDYH�EHHQ�H[DPLQHG�IRU�SRVVLEOH�

DVVRFLDWLRQV�EHWZHHQ�FDQFHU�PRUWDOLW\�DQG�H[SRVXUH�WR�LRQL]LQJ�UDGLDWLRQ��*LOEHUW�HW�DO������E��:LQJ�DQG�

5LFKDUGVRQ�������:LQJ�HW�DO����������*LOEHUW�HW�DO�������E��H[DPLQHG�PRUWDOLW\�LQ�DVVRFLDWLRQ�ZLWK�

H[WHUQDO�UDGLDWLRQ�H[SRVXUH�DQG�LQWHUQDO�SOXWRQLXP�DPRQJ�ZRUNHUV�DW�WKH�+DQIRUG�SODQW���)URP�WKH�WRWDO�

FRKRUW�RI�ZRUNHUV��Q ���������D�VXEVHW�RI�ZRUNHUV�ZKR�KDG�FRQILUPHG�SOXWRQLXP�GHSRVLWLRQV��Q �����

ZHUH�LGHQWLILHG� �7KH�FRKRUW�ZDV�VWUDWLILHG�LQWR�H[SRVXUH�FDWHJRULHV�EDVHG�LQWHUQDO�GHSRVLWLRQV�UHODWLYH�WKH�

PD[LPXP�SHUPLVVLEOH�ERG\�EXUGHQ��03%%��DW�WKDW�WLPH��������%T�� �QR�HYLGHQFH�RI�GHSRVLWLRQ��

GHSRVLWLRQ�����RI�03%%������%T���RU�GHSRVLWLRQ�t���RI�03%%���$SSUR[LPDWHO\�����RI�WKH�FRQILUPHG�

GHSRVLWLRQV�ZHUH�EHWZHHQ���DQG�����RI�WKH�03%%����±������%T��DQG������ZHUH�t�����RI�WKH�03%%��

7KH�VWXG\�IRXQG�QR�HYLGHQFH�IRU�VWDWLVWLFDOO\�VLJQLILFDQW�H[FHVV�FDQFHU�PRUWDOLW\�RU�WUHQGV�LQ�FDQFHU�

PRUWDOLW\�ZLWK�H[WHUQDO�UDGLDWLRQ�RU�3X�LQWHUQDO�GHSRVLWLRQ��L�H���IRU�DOO�FDQFHUV��RU�FDQFHUV�RI�WKH�GLJHVWLYH�

WUDFW��OXQJ��O\PSKDWLF�DQG�KHPDWRSRLHWLF�WLVVXHV��RU�SURVWDWH����:LQJ�HW�DO���������H[DPLQHG�PRUWDOLW\�LQ�

DVVRFLDWLRQ�ZLWK�GXUDWLRQ�RI�HQJDJHPHQW�LQ�SOXWRQLXP�DVVRFLDWHG�MREV�DV�D�VXUURJDWH�IRU�SOXWRQLXP�

H[SRVXUH�RU�GRVH�HVWLPDWHV���)URP�WKH�WRWDO�FRKRUW�RI�ZRUNHUV��Q ���������VXEVHWV�RI�ZRUNHUV�ZKR�KDG�

DFWLYLWLHV�LQ�URXWLQH�SOXWRQLXP�DVVRFLDWHG�MREV��Q �������RU�QRQURXWLQH�MREV��Q �������ZHUH�LGHQWLILHG��RI�

WKHVH��RQO\�����KDG�FRQILUPHG�V\VWHPLF�SOXWRQLXP�GHSRVLWLRQ��� :RUNHUV�LQ�WKH�SOXWRQLXP�DVVRFLDWHG�MREV�

FDWHJRU\�KDG�ORZHU�GHDWK�UDWHV�IURP�DOO�FDQFHUV��FDQFHUV�RI�WKH�OXQJ��DQG�³SOXWRQLXP�FDQFHUV´��OXQJ��OLYHU��

ERQH��DQG�FRQQHFWLYH�WLVVXH��WKDQ�RWKHU�+DQIRUG�ZRUNHUV���+RZHYHU��D�VLJQLILFDQW�WUHQG�IRU�LQFUHDVHG�

PRUWDOLW\�IURP�QRQH[WHUQDO�FDXVHV�RI�GHDWK�ZLWK�LQFUHDVLQJ�GXUDWLRQ�DW�URXWLQH�SOXWRQLXP�DVVRFLDWHG�MREV�

ZDV�REVHUYHG�������LQFUHDVH�LQ�PRUWDOLW\�SHU�\HDU��VWDQGDUG�HUURU�>6(@ ��������:KHQ�VWUDWLILHG�E\�DJH��WKH�

WUHQG�ZDV�VWURQJHU�DPRQJ�ZRUNHUV�t���\HDUV�RI�DJH�����r�����SHU�\HDU���FRPSDUHG�WR�DJHV�����\HDUV�

����r�����SHU�\HDU����7KH�VWURQJHVW�WUHQG�ZDV�IRU�OXQJ�FDQFHU�����r�����SHU�\HDU���

http:SE%5D=0.06
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61 PLUTONIUM 

3. HEALTH EFFECTS 

Studies in Animals. &RQVLVWHQW�ZLWK�ILQGLQJV�IURP�KXPDQ�HSLGHPLRORJLFDO�VWXGLHV��UHVXOWV�RI�DQLPDO�

VWXGLHV�VKRZ�WKDW�WLVVXH�ORFDWLRQ�RI�SOXWRQLXP�LQGXFHG�FDQFHU�LV�FRPSRXQG�GHSHQGHQW���&RPSRXQG�

UHODWHG�GLIIHUHQFHV�LQ�FDQFHU�ORFDWLRQ�UHIOHFW�GLIIHUHQFHV�LQ�GLVWULEXWLRQ�RI�SOXWRQLXP�IROORZLQJ�LQKDODWLRQ��

D�VLJQLILFDQW�DPRXQW�RI�SOXWRQLXP�IURP�WKH�UHODWLYHO\�VROXEOH����3X2��DQG����3X�12����FRPSRXQGV�LV�

GLVWULEXWHG�WR�ERQH�DQG�OLYHU���,Q�FRQWUDVW��WKH�UHODWLYHO\�LQVROXEOH����3X2�� LV�SULPDULO\�UHWDLQHG�ZLWKLQ�WKH�

OXQJV�DQG�DVVRFLDWHG�O\PSK�QRGHV��'2(�����I������D���ZLWK�DSSUR[LPDWHO\��������������DQG��������

UHORFDWLQJ�WR�OLYHU��VNHOHWRQ��VSOHHQ��DQG�NLGQH\��UHVSHFWLYHO\��0XJJHQEXUJ�HW�DO���������VHH�6HFWLRQ������

7R[LFRNLQHWLFV����([SHULPHQWV�LQ�WKH�,75,�DQG�31/�GRJV�SURYLGH�WKH�PRVW�H[WHQVLYH�GDWDEDVH�RQ�

UDGLDWLRQ�LQGXFHG�FDQFHU�IROORZLQJ�LQKDODWLRQ�H[SRVXUH�WR�SOXWRQLXP���,QIRUPDWLRQ�RQ�SOXWRQLXP�LQGXFHG�

FDQFHU�DV�D�SULPDU\�FDXVH�RI�GHDWK�LV�UHYLHZHG�LQ�6HFWLRQ����������

,Q�DGGLWLRQ��0XJJHQEXUJ�HW�DO���������SURYLGHG�HYLGHQFH�DJDLQVW�WKH�³KRW�SDUWLFOH´�WKHRU\��ZKLFK�

K\SRWKHVL]HG�WKDW�ODUJHU�SDUWLFOHV�ZLWK�KLJKHU�DFWLYLW\�DQG�OHVV�XQLIRUP�GLVWULEXWLRQ�PLJKW�EH�PRUH�OLNHO\�

WR�FDXVH�FDQFHU�WKDQ�VPDOOHU��PRUH�XQLIRUPO\�GLVSHUVHG�SDUWLFOHV���7KH�DXWKRUV�H[SRVHG�GRJV�WR�WKUHH�

XQLIRUP�VL]HV�RI�SOXWRQLXP�SDUWLFOHV�������������DQG������P�$0$'��UHSUHVHQWLQJ�DFWLYLWLHV�VSDQQLQJ�PRUH�

WKDQ���RUGHUV�RI�PDJQLWXGH�IURP�������WR�����P%T��DQG�FRQGXFWHG�D�FRPSRVLWH�OLIHVSDQ�VWXG\���7KH\�

IRXQG�WKDW�VPDOOHU�DQG�PRUH�XQLIRUPO\�GLVWULEXWHG�SDUWLFOHV�KDYH�WKH�VDPH�RU�JUHDWHU�SRWHQWLDO�WR�SURGXFH�

QHRSODVPV�WKDQ�OHVV�XQLIRUPO\�GLVWULEXWHG�ODUJHU�SDUWLFOHV��

Exposure of Dogs to 238PuO2. %RQH�WXPRUV��SUHGRPLQDQWO\�RVWHRVDUFRPDV��ZHUH�WKH�SULPDU\�FDXVH�RI�

FDQFHU�GHDWKV�LQ�GRJV�H[SRVHG�RQFH�WR����3X2��DHURVROV��OXQJ�WXPRU�LQFLGHQFHV�ZHUH�DOVR�UHODWLYHO\�KLJK�

LQ�WKHVH�GRJV�DQG�OLYHU�WXPRUV�DSSHDUHG�WR�EH�D�FRQWULEXWLQJ�FDXVH�RI�GHDWK�LQ�D�IHZ����3X2��H[SRVHG�GRJV�

�0XJJHQEXUJ�HW�DO��������3DUN�HW�DO����������,Q�WKH�,75,�VWXG\��0XJJHQEXUJ�HW�DO���������LQLWLDO����3X�OXQJ�

EXUGHQV�UDQJHG�IURP������WR������N%T�NJ���,QFLGHQFHV�RI�ERQH��OXQJ��DQG�OLYHU�WXPRUV�DV�WKH�FDXVH�RI�

GHDWK�ZHUH�����������������DQG�������GRJV��UHVSHFWLYHO\���7KH�WXPRUV�DSSHDUHG�EHJLQQLQJ�DW�DERXW�

��\HDUV�SRVWH[SRVXUH��OLYHU�WXPRUV�DSSHDUHG�ODWHU�WKDQ�ERQH�DQG�OXQJ�WXPRUV���,Q�WKH�31/�VWXG\��3DUN�HW�

DO���������PHDQ�LQLWLDO����3X�OXQJ�EXUGHQV�UDQJHG�IURP������WR������N%T�NJ���,QFLGHQFHV�RI�ERQH��OXQJ��DQG�

OLYHU�WXPRUV�ZHUH�����������������������������DQG�������������UHVSHFWLYHO\���0RUH�GHDWKV�ZHUH�GXH�WR�

ERQH�WXPRUV�WKDQ�OXQJ�WXPRUV��DOWKRXJK�WKH�DYHUDJH�FXPXODWLYH�DOSKD�UDGLDWLRQ�GRVH�WR�WKH�OXQJ�ZDV�

KLJKHU�WKDQ�WKDW�WR�WKH�VNHOHWRQ���%RQH�WXPRUV�RFFXUUHG�PRUH�IUHTXHQWO\�LQ�WKH�D[LDO�VNHOHWRQ�WKDQ�LQ�WKH�

DSSHQGLFXODU�VNHOHWRQ��3DUN�HW�DO����������2QH�RI����FRQWURO�GRJV�ZDV�HXWKDQL]HG�GXH�WR�OXQJ�WXPRUV�DQG�

��FRQWURO�GRJ�KDG�D�QRQIDWDO�OLYHU�WXPRU���0RVW�OXQJ�WXPRUV�LQ�WKH����3X2��H[SRVHG�,75,�DQG�31/�GRJV�

ZHUH�ORFDWHG�LQ�SHULSKHUDO�OXQJ��UDWKHU�WKDQ�FHQWUDO�DLUZD\V��DQG�WKH�PDMRULW\�ZHUH�FODVVLILHG�DV�
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62 PLUTONIUM 

3. HEALTH EFFECTS 

EURQFKRDOYHRODU�FDUFLQRPDV�DQG�SDSLOODU\�DGHQRFDUFLQRPDV��0XJJHQEXUJ�HW�DO��������3DUN�HW�DO����������

1R�VLQJOH�KLVWRSDWKRORJLFDO�W\SH�RI�OLYHU�WXPRU�ZDV�LGHQWLILHG�DV�WKH�PRVW�IUHTXHQW���%LOH�GXFW�WXPRUV�

ZHUH�DOVR�REVHUYHG�LQ�WKH����3X2��H[SRVHG�,75,�DQG�31/�GRJV��0XJJHQEXUJ�HW�DO��������3DUN�HW�DO��

�������

Exposure of Dogs to 239PuO2. ,Q�FRQWUDVW�WR�WKH�KLJK�LQFLGHQFHV�RI�ERQH�WXPRUV�LQ�WKH�GRJV�H[SRVHG�WR�
���3X2��RU����3X�12����DHURVROV��FDQFHU�GHDWKV�LQ�GRJV�H[SRVHG�WR�DHURVROV�RI�WKH�UHODWLYHO\�LQVROXEOH�
���3X2��ZHUH�SUHGRPLQDQWO\�DVVRFLDWHG�ZLWK�OXQJ�WXPRUV��DV�UHSRUWHG�LQ�D����\HDU�OLIHVSDQ�FRPSRVLWH�

VWXG\��0XJJHQEXUJ�HW�DO��������� 7KH�VWXG\�LQFOXGHG����FRQWURO�GRJV�DQG��������3X2��H[SRVHG�GRJV�SHU�

VH[��LQFOXGLQJ�VHYHQ�GRVH�JURXSV�ZLWK�DYHUDJH�,/%V�RI��������������������������������DQG����N%T�NJ�OXQJ��

$�WRWDO�RI�����RI�WKH����3X2��H[SRVHG�GRJV�GHYHORSHG�SULPDU\�OXQJ�WXPRUV�DQG�GLHG�EHWZHHQ�GD\V�������

DQG�������DIWHU�UHFHLYLQJ�UDGLDWLRQ�OXQJ�GRVHV�EHWZHHQ�����DQG����*\�� 7KH�ORZHVW�DEVRUEHG�GRVH�IRU�

UDGLDWLRQ�SQHXPRQLWLV�LQ�WKH�GRJV�ZDV�LQ�H[FHVV�RI����IROG�KLJKHU�WKDQ�WKDW�UHSRUWHG�IRU�KXPDQV�E\�

1HZPDQ�HW�DO����������

0RVW�RI�WKH�OXQJ�FDQFHUV�ZHUH�SDSLOODU\�DGHQRFDUFLQRPDV��Q ����IROORZHG�E\�EURQFKLROR�DOYHRODU�

FDUFLQRPDV��Q ����DQG�DGHQRVTXDPRXV�FDUFLQRPDV��Q ������7KH�IUHTXHQF\�RI�OXQJ�FDQFHU�RFFXUUHQFH�

H[FHHGHG�WKDW�RI�UDGLDWLRQ�SQHXPRQLWLV�DW�WKH�ORZHU�GRVHV��EXW�UDGLDWLRQ�SQHXPRQLWLV�GRPLQDWHG�DW�GRVHV�

DERYH�DQ�,/%�RI�����P%T�NJ��WKHUH�ZDV�LQVXIILFLHQW�WLPH�IRU�FDQFHU�GHYHORSPHQW�DW�,/%V�!���N%T�NJ�

�0XJJHQEXUJ�HW�DO��������� (DUOLHU�DQG�VKRUWHU�VWXGLHV�UHSRUWHG�EURQFKLROR�DOYHRODU�FDUFLQRPD�DV�WKH�PRVW�

IUHTXHQWO\�LGHQWLILHG�FDQFHU�W\SH���'2(�����I������D������D��+DKQ�HW�DO��������:HOOHU�HW�DO������E�� �$W�

H[SRVXUH�OHYHOV�XVHG�LQ�WKRVH�VWXGLHV��VXUYLYLQJ�GRJV�ZHUH�DW�KLJK�ULVN�IRU�OXQJ�WXPRUV���,Q�WKH�GRJ�VWXG\�

SHUIRUPHG�DW�31/��'2(�����D������D��:HOOHU�HW�DO������E���GHDWK�GXH�DW�OHDVW�LQ�SDUW�WR�OXQJ�WXPRUV�ZDV�

QRWHG�LQ��������SOXWRQLXP�H[SRVHG�GRJV�YHUVXV������FRQWURO�GRJV��

$PRQJ�WKH�YDULRXV�VWXGLHV��IHZ�GRJV�GLHG�IURP�WXPRUV�RI�WKH�ERQH��OLYHU��RU�NLGQH\�ZKHUH�WKH�UHVSHFWLYH�

UDGLDWLRQ�GRVHV�WR�WKRVH�RUJDQ�V\VWHPV�ZHUH�DSSUR[LPDWHO\�������RU���RUGHUV�RI�PDJQLWXGH�ORZHU�WKDQ�WKDW�

WR�WKH�OXQJV�� $OWKRXJK�XS�WR����DQG����RI�WKH�SOXWRQLXP�GHSRVLWHG�LQ�WKH�OXQJ�UHORFDWHG�WR�OLYHU�DQG�

VNHOHWRQ��UHVSHFWLYHO\��WXPRU�LQFLGHQFHV�LQ�OLYHU�DQG�VNHOHWRQ�RI�SOXWRQLXP�H[SRVHG�ZHUH�QRW�VLJQLILFDQWO\�

GLIIHUHQW�IURP�WKRVH�RI�FRQWUROV��0XJJHQEXUJ�HW�DO����������$OWKRXJK�ERQH�WXPRUV�ZHUH�UHSRUWHG�DV�D�

SULPDU\�FDXVH�RI�GHDWK�LQ�WKUHH�31/�GRJV�IURP�WKH�WZR�ORZHVW�H[SRVXUH�JURXSV��PHDQ�,/%V�RI������RU�

������N%T�NJ��'2(�����D���WKH\�ZHUH�QRW�REVHUYHG�LQ�GRJV�ZLWK�KLJKHU�,/%V�DQG�PD\�QRW�KDYH�EHHQ�
���3X2��LQGXFHG���'HDWK�GXH�WR�UDGLDWLRQ�SQHXPRQLWLV�LQ�GRJV�ZLWK�KLJKHU�,/%V�ZRXOG�EH�H[SHFWHG�WR�

SUHFOXGH�ODWH�GHYHORSLQJ�OXQJ�WXPRUV�RU�WXPRUV�LQ�RUJDQV�ZKHUH�VLJQLILFDQWO\�ORZHU�UDGLDWLRQ�GRVHV�ZRXOG�



   
 

    
 
 

 
 
 
 
 

� �

� � � � � �

�� � � � � �

�

�

 � �

� �

� �

�

� � �

� �

� � � � �

� � � �

�

� �

� � �

� � � � �

�

�

�

�

�

�� �

� � � �

�

� �

�

� � �

� � � � � �

�

� �

� � � �

� � � � �

63 PLUTONIUM 

3. HEALTH EFFECTS 

PDNH�WKHP�UHODWLYHO\�XQOLNHO\�WR�RFFXU���7LPH�WR�GHDWK�LQ�GRJV�ZLWK�SULPDU\�OXQJ�WXPRUV�UDQJHG�IURP�

������GD\V�IRU�D�EURQFKLRORDOYHRODU�FDUFLQRPD�DW�����*\�WR�������GD\V�IRU�D�VTXDPRXV�FHOO�FDUFLQRPD�DW�

���*\�� 1HLWKHU�ERQH�QRU�OLYHU�WXPRUV�ZHUH�UHSRUWHG�LQ�WKH����3X2��H[SRVHG�,75,�GRJV��+DKQ�HW�DO��������

0XJJHQEXUJ�HW�DO���������

Exposure of Dogs to 239Pu(NO3)4. 7KH�SDWWHUQ�RI�WXPRU�GHYHORSPHQW�LQ�31/�GRJV�H[SRVHG�WR�
���3X�12����ZDV�VLPLODU�WR�WKDW�RI�GRJV�H[SRVHG�WR����3X2���ZLWK�WXPRUV�REVHUYHG�LQ�OXQJ��ERQH��DQG�OLYHU�

�SULQFLSDOO\�RI�ELOH�GXFW�HSLWKHOLXP���'DJOH�HW�DO��������'2(�����E������D����%RQH�WXPRUV�ZHUH�WKH�PDLQ�

FDXVH�RI�GHDWK�LQ�WKH�H[SRVXUH�JURXSV�ZLWK�PHDQ�LQLWLDO�OXQJ�EXUGHQV�RI������DQG������N%T�NJ��H[SRVXUH�

OHYHOV�DW�ZKLFK�LQFLGHQFHV�RI�GRJV�ZLWK�ERQH�WXPRUV�ZHUH�������DQG�������UHVSHFWLYHO\��'2(�����D����

7KUHH�RI����GRJV�LQ�WKH�QH[W�ORZHU�H[SRVXUH�JURXS��LQLWLDO�OXQJ�EXUGHQ�RI������N%T�NJ��DOVR�H[KLELWHG�

ERQH�WXPRUV���1R�ERQH�WXPRUV�ZHUH�REVHUYHG�LQ�WKH�ORZHVW�H[SRVXUH�JURXSV��PHDQ�LQLWLDO�OXQJ�EXUGHQV�RI�

������RU��������N%T�NJ��RU�FRQWURO�GRJV���%RQH�WXPRUV�ZHUH�IRXQG�LQ�D[LDO�DQG�DSSHQGLFXODU�VNHOHWRQ�DQG�

SULPDULO\�FRQVLVWHG�RI�RVWHRJHQLF�VDUFRPDV�DULVLQJ�IURP�HQGRVWHDO�VXUIDFHV��'2(�����D����,Q�DQ�LQWHULP�

UHSRUW��'2(�����E���OXQJ�WXPRUV�ZHUH�D�PDLQ�FDXVH�RI�HDUO\�GHDWK�LQ�������������DQG�������GRJV�LQ�WKH�

JURXSV�ZLWK�PHDQ�LQLWLDO�OXQJ�EXUGHQV�RI�������������DQG������N%T�NJ��UHVSHFWLYHO\���)LQDO�OXQJ�WXPRU�

LQFLGHQFHV�ZHUH�QRW�ORFDWHG�LQ�DYDLODEOH�UHSRUWV�RI����3X�12����H[SRVHG�31/�GRJV���,QFLGHQFHV�RI�OLYHU�

WXPRUV�ZHUH�������������������������������������DQG������LQ�XQH[SRVHG�FRQWUROV��YHKLFOH�FRQWUROV��DQG�ORZ�

WR�KLJK�H[SRVXUH�JURXSV��PHDQ�LQLWLDO�ERG\�EXUGHQV�RI����������������������������DQG������N%T�NJ���

UHVSHFWLYHO\��'2(�����D�� �$W�WKH�KLJKHVW�H[SRVXUH�OHYHO��HDUO\�GHDWKV�IURP�RWKHU�FDXVHV�PD\�KDYH�

SUHFOXGHG�WKH�GHYHORSPHQW�RI�OLYHU�WXPRUV��

Exposure of Other Laboratory Animal Species. /XQJ�WXPRUV�KDYH�EHHQ�DVVRFLDWHG�ZLWK�H[SRVXUH�WR�
���3X2��DHURVROV�LQ�UDWV��'XGRLJQRQ�HW�DO��������������+HUEHUW�HW�DO��������/XQGJUHQ�HW�DO��������2JKLVR�

DQG�<DPDGD�����D��2JKLVR�HW�DO������E��������6DQGHUV�DQG�/XQGJUHQ�������6DQGHUV�DQG�0DKDIIH\�������

6DQGHUV�HW�DO������D������E������E���PLFH��/XQGJUHQ�HW�DO���������DQG�SULPDWHV��+DKQ�HW�DO��������

0HWLYLHU�HW�DO����������7ZR�RI����EDERRQV�GHYHORSHG�OXQJ�WXPRUV�IROORZLQJ�H[SRVXUH�WR����3X2��DHURVROV�

DW�OHYHOV�UHVXOWLQJ�LQ�LQLWLDO����3X�OXQJ�EXUGHQV�UDQJLQJ�IURP������WR�����N%T�NJ�OXQJ��0HWLYLHU�HW�DO��

��������/XQJ�WXPRUV�KDYH�DOVR�EHHQ�UHSRUWHG�LQ�UDWV�H[SRVHG�WR����3X2��DHURVROV��6DQGHUV�HW�DO���������

+DPVWHUV�DSSHDU�WR�EH�UHVLVWDQW�WR�OXQJ�WXPRU�LQGXFWLRQ�IROORZLQJ�LQKDODWLRQ�RI�SOXWRQLXP���1R�

VWDWLVWLFDOO\�VLJQLILFDQW�LQFUHDVHV�LQ�WXPRU�LQFLGHQFH�RFFXUUHG�LQ�OLIHWLPH�VWXGLHV�RI�6\ULDQ�KDPVWHUV�

H[SRVHG�RQFH�RU�UHSHDWHGO\��VHYHQ�H[SRVXUHV�GXULQJ����PRQWKV��WR����3X2��RU����3X2��DHURVROV�DW�OHYHOV�

UHVXOWLQJ�LQ�LQLWLDO�RU�UHHVWDEOLVKHG����3X�RU����3X�OXQJ�EXUGHQV�UDQJLQJ�IURP����WR�����N%T�NJ��6DQGHUV�
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64 PLUTONIUM 

3. HEALTH EFFECTS 

��������+DPVWHUV�ZHUH�DOVR�UHVLVWDQW�WR�UDGLDWLRQ�LQGXFHG�OXQJ�FDQFHU�IROORZLQJ�H[SRVXUH�WR�RWKHU�DOSKD�

HPLWWLQJ�UDGLRQXFOLGHV��VXFK�DV�UDGRQ�DQG�UDGRQ�GDXJKWHUV��$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�

5HJLVWU\�(3$��������

$OO�FDQFHU�HIIHFW�OHYHOV��&(/V��IRU�GRJV�DQG�QRQKXPDQ�SULPDWHV�H[SRVHG�WR�DHURVROV�RI�SOXWRQLXP�

FRPSRXQGV�DUH�UHFRUGHG�LQ�7DEOH�����DQG�SORWWHG�LQ�)LJXUH������

3.2.2 Oral Exposure 

3.2.2.1  Death 

1R�VWXGLHV�ZHUH�ORFDWHG�UHJDUGLQJ�GHDWK�RU�OLIHVSDQ�VKRUWHQLQJ�LQ�KXPDQV�DIWHU�RUDO�H[SRVXUH�WR�

SOXWRQLXP��

,Q�QHRQDWDO�UDWV��JLYHQ�D�VLQJOH����[����N%T����3X��NJ�GRVH��DV�SOXWRQLXP�FLWUDWH��E\�JDYDJH��

����PRUWDOLW\�ZDV�REVHUYHG�E\���ZHHNV�SRVWH[SRVXUH��QR�GHDWKV�ZHUH�UHSRUWHG�IROORZLQJ�GRVLQJ�DW�

����N%T�NJ��)ULWVFK�HW�DO���������

3.2.2.2  Systemic Effects 

1R�VWXGLHV�ZHUH�ORFDWHG�UHJDUGLQJ�UHVSLUDWRU\��FDUGLRYDVFXODU��KHPDWRORJLFDO��PXVFXORVNHOHWDO��KHSDWLF��

UHQDO��RU�GHUPDO�RFXODU�HIIHFWV�LQ�KXPDQV�RU�DQLPDOV�DIWHU�RUDO�H[SRVXUH�WR�SOXWRQLXP���

Gastrointestinal Effects. 1R�VWXGLHV�ZHUH�ORFDWHG�UHJDUGLQJ�JDVWURLQWHVWLQDO�HIIHFWV�LQ�KXPDQV�DIWHU�

RUDO�H[SRVXUH�WR�SOXWRQLXP��

*DVWURLQWHVWLQDO�HIIHFWV�ZHUH�REVHUYHG�LQ�QHRQDWDO�UDWV�IROORZLQJ�RUDO�DGPLQLVWUDWLRQ�RI����3X�NJ��DV�

SOXWRQLXP�FLWUDWH��E\�JDYDJH��)ULWVFK�HW�DO����������0LOG�K\SHUWURSK\�RI�WKH�FU\SWV�RI�WKH�VPDOO�LQWHVWLQH��

ZKLFK�IRUP�WKH�VHFUHWLRQV�RI�WKH�VPDOO�LQWHVWLQH��ZDV�REVHUYHG�LQ�WKH�UDWV�UHFHLYLQJ�D�������N%T����3X�NJ�

GRVH�� 7RWDO�GLVDSSHDUDQFH�RI�HSLWKHOLDO�FHOOV�DQG�FU\SWV��FRPELQHG�ZLWK�LQWHVWLQDO�KHPRUUKDJLQJ��ZDV�

REVHUYHG�LQ�UDWV�WKDW�UHFHLYHG��������N%T����3X��NJ��)ULWVFK�HW�DO����������,QFUHDVHG�QHXWURSKLOV�ZHUH�

QRWHG�RQ�WKH�VXUIDFH�HSLWKHOLXP�DQG�VXSHUILFLDO�FHOOXODU�OD\HUV�RI�WKH�ODUJH�LQWHVWLQH�LQ�DGXOW�UDWV�JLYHQ�

����ȝ&L����3X2��NJ��������N%T�NJ���6XOOLYDQ�HW�DO����������7KLV�HIIHFW�ZDV�QRWHG�DW����EXW�QRW����GD\V�

SRVWH[SRVXUH��
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65 PLUTONIUM 

3. HEALTH EFFECTS 

1R�VWXGLHV�ZHUH�ORFDWHG�UHJDUGLQJ�WKH�IROORZLQJ�KHDOWK�HIIHFWV�LQ�KXPDQV�RU�DQLPDOV�DIWHU�RUDO�H[SRVXUH�WR�

SOXWRQLXP��

3.2.2.3  Immunological and Lymphoreticular Effects 
3.2.2.4  Neurological Effects 
3.2.2.5  Reproductive Effects 
3.2.2.6  Developmental Effects 
3.2.2.7  Cancer 

3.2.3 Dermal Exposure 

3.2.3.1  Death 

1R�VWXGLHV�ZHUH�ORFDWHG�UHJDUGLQJ�GHDWK�RU�WKH�VKRUWHQLQJ�RI�OLIHVSDQ�LQ�KXPDQV�RU�DQLPDOV�DIWHU�GHUPDO�

H[SRVXUH�WR�SOXWRQLXP��

3.2.3.2  Systemic Effects 

1R�VWXGLHV�ZHUH�ORFDWHG�UHJDUGLQJ�UHVSLUDWRU\��FDUGLRYDVFXODU��JDVWURLQWHVWLQDO��KHPDWRORJLFDO��

PXVFXORVNHOHWDO��KHSDWLF��UHQDO��RU�GHUPDO�RFXODU�HIIHFWV�LQ�KXPDQV�RU�DQLPDOV�DIWHU�GHUPDO�H[SRVXUH�WR�

SOXWRQLXP��

1R�VWXGLHV�ZHUH�ORFDWHG�UHJDUGLQJ�WKH�IROORZLQJ�KHDOWK�HIIHFWV�LQ�KXPDQV�RU�DQLPDOV�IROORZLQJ�GHUPDO�

H[SRVXUH�WR�SOXWRQLXP��

3.2.3.3  Immunological and Lymphoreticular Effects 
3.2.3.4  Neurological Effects 
3.2.3.5 Reproductive Effects 
3.2.3.6  Developmental Effects 
3.2.3.7  Cancer 

3.2.4 Other Routes of Exposure 

1XPHURXV�KHDOWK�HIIHFWV�VWXGLHV�DUH�DYDLODEOH�IRU�SOXWRQLXP�LQMHFWHG�DQLPDOV���5HVXOWV�RI�WKH�LQMHFWLRQ�

VWXGLHV�VXSSRUW�WKH�ILQGLQJV�IURP�WKH�LQKDODWLRQ�VWXGLHV���)RU�H[DPSOH��ERQH�DQG�OLYHU�WXPRUV�ZHUH�

REVHUYHG�LQ�GRJV�H[SRVHG�WR�DHURVROV�RI����3X2��RU����3X�12���� WKDW�UHVXOWHG�LQ�WR[LFRORJLFDOO\�VLJQLILFDQW�
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66 PLUTONIUM 

3. HEALTH EFFECTS 

V\VWHPLF�GLVWULEXWLRQ�RI�SOXWRQLXP��VHH�6HFWLRQ����������6LPLODUO\��ERQH�DQG�OLYHU�WXPRUV�ZHUH�DVVRFLDWHG�

ZLWK�LQWUDYHQRXV�LQMHFWLRQ�RI����3X��DV�SOXWRQLXP�FLWUDWH��LQ�GRJV��/OR\G�HW�DO������������D������D������E��

7D\ORU�HW�DO����������'HWHFWHG�SOXWRQLXP�OHYHOV�LQ�WHVWHV�DQG�RYDULHV�RI�PLFH�LQWUDYHQRXVO\�LQMHFWHG�ZLWK�
���3X��DV�WKH�FLWUDWH��SURYLGH�VXJJHVWLYH�HYLGHQFH�WKDW�LQWHUQDOL]HG�SOXWRQLXP�FRXOG�UHVXOW�LQ�WKH�LUUDGLDWLRQ�

RI�JHUP�FHOOV��*UHHQ�HW�DO����������������+RZHYHU��%URRNV�HW�DO���������QRWHG�WKH�ODFN�RI�VLJQLILFDQWO\�

LQFUHDVHG�IUHTXHQF\�RI�FKURPRVRPDO�DEHUUDWLRQV�LQ�VSHUPDWRJRQLD�RI�URGHQWV�IROORZLQJ�LQWUDYHQRXV�

LQMHFWLRQ�RI����3X��DV�WKH�FLWUDWH��DW�OHYHOV�KLJK�HQRXJK�WR�LQGXFH�PDUNHG�OLIH�VKRUWHQLQJ�DQG�LQFUHDVHG�

FDQFHU�LQFLGHQFH���&ROOHFWLYHO\��WKHVH�UHVXOWV�LQGLFDWH�WKDW�LUUDGLDWLRQ�IURP�LQWHUQDOL]HG�SOXWRQLXP�LV�QRW�RI�

SDUWLFXODU�UHSURGXFWLYH�WR[LFLW\�FRQFHUQ��

%HFDXVH�DGHTXDWH�LQIRUPDWLRQ�LV�DYDLODEOH�UHJDUGLQJ�KHDOWK�HIIHFWV�LQ�DQLPDOV�IROORZLQJ�LQKDODWLRQ�

H[SRVXUH�WR�DHURVROV�RI�SOXWRQLXP�FRPSRXQGV�WKDW�UHVXOWHG�LQ�WR[LFRORJLFDOO\�VLJQLILFDQW�OHYHOV�RI�

LQWHUQDOL]HG�SOXWRQLXP��WKH�UHVXOWV�RI�WKH�LQMHFWLRQ�VWXGLHV�DUH�QRW�SUHVHQWHG�LQ�GHWDLO�LQ�WKLV�WR[LFRORJLFDO�

SURILOH�IRU�SOXWRQLXP��

3.3  GENOTOXICITY 

$EXQGDQW�LQIRUPDWLRQ�LV�DYDLODEOH�UHJDUGLQJ�WKH�JHQRWR[LFLW\�RI�LRQL]LQJ�UDGLDWLRQ��UHIHU�WR�WKH�

7R[LFRORJLFDO�3URILOH�IRU�,RQL]LQJ�5DGLDWLRQ�IRU�D�GHWDLOHG�GLVFXVVLRQ�RI�WKH�JHQRWR[LF�HIIHFWV�RI�YDULRXV�

IRUPV�RI�LRQL]LQJ�UDGLDWLRQ����7KH�JHQRWR[LFLW\�RI�DOSKD�UDGLDWLRQ�IURP�SOXWRQLXP�VRXUFHV�KDV�EHHQ�

LQYHVWLJDWHG�LQ�YDULRXV�JURXSV�RI�SOXWRQLXP�ZRUNHUV��DV�ZHOO�DV�in vivo DQLPDO�VWXGLHV�DQG�D�YDULHW\�RI�

in vitro WHVW�V\VWHPV���7DEOHV�����DQG�����SUHVHQW�WKH�UHVXOWV�RI�in vivo DQG�in vitro JHQRWR[LFLW\�VWXGLHV��

UHVSHFWLYHO\��

$OWKRXJK�HSLGHPLRORJLFDO�VWXGLHV�GR�QRW�SURYLGH�FRQFOXVLYH�HYLGHQFH�WKDW�SOXWRQLXP�SURGXFHV�JHQHWLF�

GDPDJH�LQ�KXPDQV��UHVXOWV�RI�VRPH�VWXGLHV�SURYLGH�VXJJHVWLYH�HYLGHQFH�RI�GRVH�UHODWHG�LQFUHDVHV�LQ�

FKURPRVRPDO�DEHUUDWLRQV�LQ�SOXWRQLXP�ZRUNHUV�ZLWK�PHDVXUDEOH�LQWHUQDOL]HG�SOXWRQLXP���)RU�H[DPSOH��

/LYLQJVWRQ�HW�DO���������H[DPLQHG�UHODWLRQVKLSV�EHWZHHQ�H[WHUQDO�UDGLDWLRQ�GRVH��LQWHUQDO�UDGLDWLRQ�GRVH��

DQG�IUHTXHQFLHV�RI�FKURPRVRPDO�DEHUUDWLRQV�DQG�PLFURQXFOHL�LQ�SHULSKHUDO�EORRG�O\PSKRF\WHV�RI�D�JURXS�

RI����UHWLUHG�SOXWRQLXP�ZRUNHUV�ZLWK�GRVLPHWULFDOO\�HVWLPDWHG�LQWHUQDO�DQG�H[WHUQDO�UDGLDWLRQ�GRVHV�

!����6Y��DQRWKHU����ZRUNHUV�ZLWK�SUHGRPLQDQWO\�H[WHUQDO�UDGLDWLRQ�GRVHV������6Y��DQG����FRQWURO�VXEMHFWV�

ZLWK�QR�KLVWRU\�RI�RFFXSDWLRQDO�UDGLDWLRQ�H[SRVXUH���)UHTXHQF\�RI�FKURPRVRPDO�DEHUUDWLRQV�ZDV�

SRVLWLYHO\�FRUUHODWHG�ZLWK�WKH�ERQH�PDUURZ�GRVH��DOSKD�UDGLDWLRQ�IURP�LQWHUQDOL]HG�SOXWRQLXP������P6Y�
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67 PLUTONIUM 

3. HEALTH EFFECTS 

Table 3-4.  Genotoxicity of Plutonium In Vivo 

Species (test system) End point  Results Reference 
Mammalian systems: 

Human (peripheral Chromosomal aberrations + Schofield 1980  
blood lymphocytes)  
Human (peripheral Chromosomal aberrations (+)  Brandom et al. 1990; Hande et al. 
blood lymphocytes)  2003, 2005; IAEA 1979; Livingston et 

al. 2006; Mitchell et al. 2004; 
Okladnikova et al. 2005; Tawn et al. 
1985; Whitehouse et al. 1998 

Human (whole blood) Chromosomal aberrations –  Hempelmann et al. 1973; Voelz et al. 
1979 

Monkey (peripheral Chromosomal aberrations + Brooks et al. 1992; LaBauve et al. 
blood lymphocytes) 1980 
Mouse (testes) Chromosomal aberrations +  Beechey et al. 1975; Generoso et al. 

1985; Pomerantseva et al. 1989 
Mouse (testes) Chromosomal aberrations –  Brooks et al. 1979; Searle et al. 1976 
Mouse (bone marrow) Chromosomal aberrations +  Svoboda et al. 1987 
Chinese hamster Chromosomal aberrations – Brooks et al. 1979  
(testes)  
Chinese hamster Chromosomal aberrations + IAEA 1976b, 1976e  
(liver cells)  
Chinese hamster Chromosomal aberrations + DOE 1976  
(blood cells)  
Syrian hamster (lung Chromosomal aberrations + Stroud 1977  
cells)  
Mouse (pulmonary Micronuclei + Talbot et al. 1986, 1989  
alveolar  
macrophages)  
Mouse (male germ Dominant lethal + IAEA 1976k; Lüning et al. 1976;  
cells) Pomerantseva et al. 1989  
Mouse (male germ Dominant lethal – Searle et al. 1976  
cells)  
Mouse (ovaries) Dominant lethal (+)  Searle et al. 1982 

– = negative result; + = positive result; (+) = positive or marginal result 
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68 PLUTONIUM 

3. HEALTH EFFECTS 

Table 3-5.  Genotoxicity of Plutonium In Vitro 

Result 
With Without 

Species (test system) End point activation activation Reference 
Mammalian cells: 

Human (peripheral blood Chromosomal No data + Purrott et al. 1980 
lymphocytes) aberrations 
Human (lymphoblastic cell Chromosomal No data + DOE 1980h 
line) aberrations 
Mouse (10T1/2, 3T3 cells) Chromosomal No data + Nagasawa et al. 1990a 

aberrations 
Mouse (bone marrow) Chromosomal No data + Kadhim et al. 1992 

aberrations 
Chinese hamster (M3-1 cells) Chromosomal No data + Welleweerd et al. 1984 

aberrations 
Chinese hamster (V79 cells) Chromosomal No data + Griffin et al. 1994 

aberrations 
Chinese hamster (ovary K-1 Chromosomal No data + Nagasawa et al. 1990b 
cells) aberrations 
Human (peripheral blood Sister chromatid No data + Aghamohammadi et al. 
lymphocytes) exchanges 1988 
Mouse (10T1/2, 3T3 cells) Sister chromatid No data + Nagasawa et al. 1990a 

exchanges 
Chinese hamster (ovary cells) Sister chromatid No data + Nagasawa and Little 

exchanges 1992; Nagasawa et al. 
1990b 

Human (peripheral blood Micronuclei No data + Bilbao et al. 1989 
lymphocytes) 
Human (embryonic skin Gene mutation No data + Chen et al. 1984 
fibroblasts) 
Chinese hamster (ovary cell Gene mutation No data + Barnhart and Cox 1979; 
line) DOE 1980h 
Chinese hamster (V79-4 cells) Gene mutation No data + Thacker et al. 1982 
Chinese hamster (V79-4 cells) DNA double-strand No data + Jenner et al. 1993 

breaks 
Chinese hamster (V79-379A DNA double-strand No data + Fox and McNally 1990 
lung fibroblasts) breaks 
Chinese hamster DNA damage No data + Prise et al. 1987 
(V79-379A cells) 
Mouse-rat (hybrid cell line) Reduction in radio- No data + Robertson and Raju 1980 

resistance 
Prokaryotic organisms: 

Salmonella typhimurium Gene mutation No data – DOE 1980h 
(TA100, TA98, TA1535, 
TA1537, TA1538, TA2420, 
TA2421) 

C = negative result; + = positive result 
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3. HEALTH EFFECTS 

PHGLDQ�GRVH�WR�WKH�ERQH�PDUURZ���EXW�QRW�ZLWK�WKH�H[WHUQDO�UDGLDWLRQ�GRVH���)UHTXHQF\�RI�PLFURQXFOHL�GLG�

QRW�GLIIHU�VLJQLILFDQWO\�DPRQJ�WKH�WKUHH�VWXG\�JURXSV��

6LJQLILFDQWO\�LQFUHDVHG�IUHTXHQFLHV�RI�V\PPHWULFDO�DQG�DV\PPHWULFDO�FKURPRVRPDO�DEHUUDWLRQV�ZHUH�

UHSRUWHG�DPRQJ�ZRUNHUV�DW�WKH�6HOODILHOG��8QLWHG�.LQJGRP��SOXWRQLXP�IDFLOLW\�ZLWK�LQWHUQDOL]HG�

SOXWRQLXP�LQ�H[FHVV�RI�����RI�WKH�PD[LPXP�SHUPLVVLEOH�ERG\�EXUGHQ��7DZQ�HW�DO����������)UHTXHQFLHV�RI�

V\PPHWULFDO�DEHUUDWLRQV�ZHUH�VLJQLILFDQWO\�KLJKHU�DW�UHWHVWLQJ����\HDUV�ODWHU��DOWKRXJK�QR�VLJQLILFDQW�

H[WHUQDO�UDGLDWLRQ�H[SRVXUH�KDG�RFFXUUHG�GXULQJ�WKH����\HDU�LQWHULP��:KLWHKRXVH�HW�DO��������� 7KLV�

ILQGLQJ�LV�FRQVLVWHQW�ZLWK�WKH�K\SRWKHVLV�WKDW�LQWHUQDOO\�GHSRVLWHG�SOXWRQLXP�LUUDGLDWHV�KHPRSRLHWLF�

SUHFXUVRU�FHOOV��:KLWHKRXVH�HW�DO���������

,QWHUQDO�SOXWRQLXP�GRVH�UHODWHG�LQFUHDVHG�IUHTXHQFLHV�LQ�FKURPRVRPDO�DEHUUDWLRQV�KDYH�DOVR�EHHQ�

UHSRUWHG�LQ�SHULSKHUDO�EORRG�O\PSKRF\WHV�RI�SOXWRQLXP�ZRUNHUV�ZLWK�HVWLPDWHG�SOXWRQLXP�ERG\�EXUGHQV�

DV�KLJK�DV������N%T�IURP�H[SRVXUH�DW�WKH�0D\DN�SOXWRQLXP�IDFLOLWLHV�LQ�5XVVLD��+DQGH�HW�DO��������������

0LWFKHOO�HW�DO��������2NODGQLNRYD�HW�DO��������� 7KH�LQFUHDVHG�IUHTXHQFLHV�RI�FKURPRVRPDO�DEHUUDWLRQV�LQ�

WKH�0D\DN�ZRUNHUV�SHUVLVWHG�PDQ\�\HDUV�IROORZLQJ�WKH�FHVVDWLRQ�RI�H[SRVXUH��+DQGH�HW�DO��������������

0LWFKHOO�HW�DO���������

6LJQLILFDQWO\�LQFUHDVHG�IUHTXHQFLHV�RI�FKURPRVRPDO�DEHUUDWLRQV�ZHUH�REVHUYHG�DPRQJ�5RFN\�)ODWV�

�&RORUDGR��SOXWRQLXP�ZRUNHUV�ZLWK�LQWHUQDO�SOXWRQLXP�EXUGHQV�!����%T��%UDQGRP�HW�DO��������,$($�

��������&RQYHUVHO\��DPRQJ�0DQKDWWDQ�3URMHFW�SOXWRQLXP�ZRUNHUV�IROORZHG�IRU�XS�WR����\HDUV��QR�

DSSDUHQW�FRUUHODWLRQ�ZDV�IRXQG�EHWZHHQ�WKH�IUHTXHQF\�RI�FKURPRVRPDO�DEHUUDWLRQV�DQG�SOXWRQLXP�ERG\�

EXUGHQV�LQ�WKH�UDQJH�RI������±�����N%T��+HPSHOPDQQ�HW�DO��������9RHO]�HW�DO���������

2SHQ�ZRXQGV�UHSUHVHQW�D�VLJQLILFDQW�URXWH�WKURXJK�ZKLFK�SOXWRQLXP�ZRUNHUV�PLJKW�EH�H[SRVHG�WR�

SOXWRQLXP�DOSKD�SDUWLFOHV���&KURPRVRPDO�DEHUUDWLRQV�ZHUH�REVHUYHG�LQ�O\PSKRF\WHV�DPRQJ�HLJKW�

SOXWRQLXP�ZRUNHUV�LQ�WKH�8QLWHG�.LQJGRP�RFFXSDWLRQDOO\�H[SRVHG�WR�SOXWRQLXP�ZLWK�WKH�SULPDU\�URXWHV�

RI�H[SRVXUH�WKURXJK�ZRXQGV��SXQFWXUHV��RU�DEUDVLRQV��HVWLPDWHG�SOXWRQLXP�ERG\�EXUGHQV�IURP������WR�

����N%T����,Q�H[SRVHG�LQGLYLGXDOV��WKH�QXPEHU�RI�GLFHQWULF�DEHUUDWLRQV�DYHUDJHG���SHU�����FHOOV��ZKLOH�WKH�

QDWXUDO�SRSXODWLRQ�EDFNJURXQG�IUHTXHQF\�RI�WKLV�DEHUUDWLRQ�LV���SHU�������FHOOV��6FKRILHOG�������6FKRILHOG�

HW�DO���������

5HVXOWV�RI�in vivo JHQRWR[LFLW\�VWXGLHV�LQ�ODERUDWRU\�DQLPDOV�FRQVLVWHQWO\�UHYHDO�DOSKD�UDGLDWLRQ�LQGXFHG�

GRVH�UHODWHG�LQFUHDVHV�LQ�WKH�IUHTXHQF\�RI�FKURPRVRPDO�DEHUUDWLRQV�IROORZLQJ�LQWHUQDOL]DWLRQ�RI�



   
 

    
 
 

 
 
 
 
 

�

� �

� � � �

� � � �

� � �

� � �

� �

� � �

�

� � �

� � � � �

� � � �

�

� � � � � � �

� � �

� � �

�

�

�

� � � �

�

� � � �

� � �

�

�

� � �

� � �

� �

� � � �

� �

� � �

�

70 PLUTONIUM 

3. HEALTH EFFECTS 

SOXWRQLXP���&KURPRVRPDO�DEHUUDWLRQV�ZHUH�REVHUYHG�LQ�PRQNH\V�DQG�KDPVWHUV�IROORZLQJ�LQKDODWLRQ�

H[SRVXUH�WR�SOXWRQLXP���,QFUHDVHV�LQ�FKURPRVRPDO�DEHUUDWLRQV�LQ�EORRG�O\PSKRF\WHV�ZHUH�VHHQ�LQ�

LPPDWXUH�5KHVXV�PRQNH\V�H[SRVHG�WR����3X2��DW�FRQFHQWUDWLRQV�UHVXOWLQJ�LQ�LQLWLDO�OXQJ�EXUGHQV�RI����±�

���N%T����3X�NJ�ERG\�ZHLJKW��/D%DXYH�HW�DO��������DQG�&\QRPROJXV�PRQNH\V�H[SRVHG�WR����3X�12����DW�

D�FRQFHQWUDWLRQ�UHVXOWLQJ�LQ�D�SURMHFWHG�LQLWLDO�OXQJ�EXUGHQ�RI����N%T��%URRNV�HW�DO���������EXW�QRW�DW�ORZHU�

OHYHOV���'RVH�UHODWHG�LQFUHDVHV�LQ�WKH�IUHTXHQF\�RI�FKURPRVRPDO�DEHUUDWLRQV�ZHUH�REVHUYHG�LQ�&KLQHVH�

KDPVWHU�EORRG�FHOOV����GD\V�DIWHU�H[SRVXUH�RI�WKH�DQLPDOV�DW�DHURVRO�FRQFHQWUDWLRQV�UHVXOWLQJ�LQ�GHSRVLWLRQ�

RI����±�����N%T����3X�J�RI�OXQJ�WLVVXH��'2(���������,QFUHDVHV�LQ�FKURPRVRPDO�DEHUUDWLRQV�LQ�ERQH�

PDUURZ�FHOOV�ZHUH�REVHUYHG�LQ�PLFH�IROORZLQJ�LQWUDYHQRXV�LQMHFWLRQ�RI����3X��DV�WKH�FLWUDWH��DW����N%T�
���3X�NJ�ERG\�ZHLJKW��6YRERGD�HW�DO����������7KH�KLJKHVW�LQFLGHQFH�RI�WKHVH�PXWDWLRQV�ZDV�REVHUYHG�LQ�

WKH�HDUO\�GD\V�SRVWLQMHFWLRQ���,QFUHDVHG�IUHTXHQF\�RI�FKURPRVRPDO�DEHUUDWLRQV�ZDV�REVHUYHG�LQ�OLYHU�

WLVVXH�RI�&KLQHVH�KDPVWHUV�LQWUDYHQRXVO\�JLYHQ����3X�RU����3X��DV�WKH�FLWUDWH�RU�WKH�GLR[LGH��WR�DFKLHYH�

OHYHOV�UDQJLQJ�IURP�������WR������N%T����3X�RU����3X�J�RI�OLYHU�WLVVXH��'2(�������RU����N%T����3X�NJ�

ERG\�ZHLJKW��,$($�����E����7KH�IUHTXHQF\�RI�DEHUUDWLRQV�ZDV�PXFK�KLJKHU�LQ�KDPVWHUV�H[SRVHG�E\�

LQWUDYHQRXV�LQMHFWLRQ�WR����3X�RU����3X��DV�WKH�FLWUDWH��WKDQ�LQ�KDPVWHUV�H[SRVHG�WR����3X2��RU����3X2��

�,$($�����D������E����6WURXG��������UHSRUWHG�VLJQLILFDQWO\�LQFUHDVHG�IUHTXHQF\�RI�FKURPRVRPDO�

DEHUUDWLRQV�LQ�OXQJ�FHOOV�RI�6\ULDQ�KDPVWHUV�IROORZLQJ�LQKDODWLRQ�H[SRVXUH�WR����3X2��=U2��SDUWLFOHV�DW�D�

OHYHO�UHVXOWLQJ�LQ�LQLWLDO����3X�OXQJ�EXUGHQ�RI�DSSUR[LPDWHO\�����N%T��

7KH�LQGXFWLRQ�RI�PLFURQXFOHL�LQ�SXOPRQDU\�DOYHRODU�PDFURSKDJHV��3$0��ZDV�QRWHG�LQ�PLFH�H[SRVHG�WR�
���3X2��RU����3X�2��DHURVROV�XQGHU�H[SRVXUH�FRQGLWLRQV�WKDW�UHVXOWHG�LQ�PHDQ�LQLWLDO�OXQJ�GHSRVLWV�RI�

DSSUR[LPDWHO\�����DQG�����%T��UHVSHFWLYHO\��DSSUR[LPDWHO\����DQG����%T�NJ�ERG\�ZHLJKW��UHVSHFWLYHO\��

�7DOERW�HW�DO����������0LFURQXFOHL�LQ�3$0�RI�FRQWURO�PLFH�DYHUDJHG��������ZKHUHDV�SHDN�LQFLGHQFHV�RI�

PLFURQXFOHL�LQ�WKH����3X2�� DQG����3X2��H[SRVHG�PLFH�UHDFKHG���DQG�����UHVSHFWLYHO\��DW����GD\V�

SRVWH[SRVXUH��

,QFUHDVHG�IUHTXHQF\�RI�FKURPRVRPDO�DEHUUDWLRQV�KDYH�EHHQ�REVHUYHG�LQ�VSHUPDWRJRQLD�RI�URGHQWV�

IROORZLQJ�SDUHQWHUDO�DGPLQLVWUDWLRQ�RI�SOXWRQLXP�FRPSRXQGV�DW�DFWLYLW\�OHYHOV�PXFK�KLJKHU�WKDQ�WKRVH�

NQRZQ�WR�FDXVH�PDUNHG�OLIH�VKRUWHQLQJ�DQG�LQFUHDVHG�FDQFHU�LQFLGHQFH���0DUNHGO\�LQFUHDVHG�IUHTXHQFLHV�

RI�FKURPRVRPDO�DEHUUDWLRQV�ZHUH�REVHUYHG�LQ�VSHUPDWRJRQLD�RI�PLFH�UHFHLYLQJ�D�VLQJOH�LQWUDSHULWRQHDO�

LQMHFWLRQ�RI����3X�12����DW����3X�DFWLYLW\�OHYHOV������N%T�NJ�ERG\�ZHLJKW��3RPHUDQWVHYD�HW�DO����������

,QFUHDVHG�IUHTXHQF\�RI�UHFLSURFDO�WUDQVORFDWLRQV�LQ�VSHUPDWRJRQLD�ZDV�REVHUYHG�LQ�PDOH�PLFH��±���ZHHNV�

DIWHU�LQWUDYHQRXV�LQMHFWLRQ�RI����3X��DV�WKH�FLWUDWH��DW�����N%T����3X�NJ�ERG\�ZHLJKW��%HHFKH\�HW�DO����������

$Q�LQFUHDVH�LQ�WKH�IUHTXHQF\�RI�KHULWDEOH�WUDQVORFDWLRQV�ZDV�DOVR�REVHUYHG�LQ�VSHUPDWRJRQLD�RI�PDOH�PLFH�
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71 PLUTONIUM 

3. HEALTH EFFECTS 

LQWUDYHQRXVO\�LQMHFWHG�ZLWK����3X��DV�WKH�FLWUDWH��DW�����N%T����3X�NJ�ERG\�ZHLJKW��*HQHURVR�HW�DO����������

7KH�IUHTXHQF\�RI�WUDQVORFDWLRQV�LQFUHDVHG�DV�D�IXQFWLRQ�RI�WLPH�DQG�GRVH���+RZHYHU��LQGXFWLRQ�RI�

UHFLSURFDO�WUDQVORFDWLRQV�ZDV�QRW�VLJQLILFDQW�LQ�PDOH�PLFH�LQWUDYHQRXVO\�LQMHFWHG�ZLWK�����N%T����3X�NJ�

ERG\�ZHLJKW��6HDUOH�HW�DO����������1R�VWDWLVWLFDOO\�VLJQLILFDQW�LQFUHDVHV�LQ�WKH�LQFLGHQFH�RI�FKURPRVRPDO�

DEHUUDWLRQV�SHU�VSHUPDWRJRQLD�FHOO�ZHUH�REVHUYHG�LQ�PLFH�RU�KDPVWHUV�IROORZLQJ�LQWUDYHQRXV�

DGPLQLVWUDWLRQ�RI����3X��DV�WKH�FLWUDWH��DW�DFWLYLW\�OHYHOV��UDQJLQJ�IURP����WR����N%T����3X�NJ�ERG\�ZHLJKW��

KLJK�HQRXJK�WR�LQGXFH�PDUNHG�OLIH�VKRUWHQLQJ�DQG�LQFUHDVHG�FDQFHU�LQFLGHQFH��%URRNV�HW�DO���������

'RPLQDQW�OHWKDOLW\�KDV�EHHQ�REVHUYHG�LQ�SOXWRQLXP�H[SRVHG�PLFH���)HWDO�LQWUDXWHULQH�GHDWK�RFFXUUHG�LQ�

IHPDOH�PLFH�PDWHG�ZLWK�PDOH�PLFH�WKDW�KDG�UHFHLYHG����3X��DV�WKH�FLWUDWH��DW�OHYHOV�UDQJLQJ�IURP�����RU�

�����N%T���ZHHNV�SULRU�WR�PDWLQJ��,$($�����N��/�QLQJ�HW�DO����������7KH�HIIHFWV�RI�WKH�GRPLQDQW�OHWKDO�

PXWDWLRQV�ZHUH�DOVR�REVHUYHG�ZKHQ�XQWUHDWHG�IHPDOHV�ZHUH�PDWHG�ZLWK�PDOH�PLFH�IURP�WKH�)��JHQHUDWLRQ���

([SRVXUH�RI�PDOH�PLFH�WR�KLJKHU�GRVHV�RI����3X�UHVXOWHG�LQ�VWHULOLW\����ZHHNV�SRVWH[SRVXUH��,$($�����N��

/�QLQJ�HW�DO����������3RPHUDQWVHYD�HW�DO���������UHSRUWHG�WKH�LQGXFWLRQ�RI�GRPLQDQW�OHWKDO�PXWDWLRQV�LQ�

PDOH�PLFH�WKDW�KDG�EHHQ�DGPLQLVWHUHG�VLQJOH�LQWUDSHULWRQHDO�LQMHFWLRQ�RI����3X�12����DW�OHYHOV�

�������N%T�J�ERG\�ZHLJKW��±���ZHHNV�SULRU�WR�PDWLQJ��PDOHV�UHFHLYLQJ������N%T�J�ERG\�ZHLJKW�EHFDPH�

VWHULOH���ZHHNV�SRVWLQMHFWLRQ���([SRVXUH�RI�IHPDOH�PLFH�WR�SOXWRQLXP�DOVR�UHVXOWHG�LQ�GRPLQDQW�OHWKDO�

PXWDWLRQV��6HDUOH�HW�DO����������,QWUDYHQRXV�LQMHFWLRQ�RI�IHPDOH�PLFH�ZLWK����3X��DV�WKH�FLWUDWH��DW�����N%T�
���3X�NJ�ERG\�ZHLJKW�UHVXOWHG�LQ�PDUNHG�RRF\WH�NLOOLQJ�DQG�VXEVHTXHQWO\�UHGXFHG�QXPEHU�RI�PLFH�ZKLFK�

EHFDPH�SUHJQDQW��FRPSDUHG�ZLWK�WKH�FRQWUROV���%RWK�SUH� DQG�SRVWLPSODQWDWLRQ�GRPLQDQW�OHWKDOV�ZHUH�

LQGXFHG�ZKHQ�PDWLQJ�RFFXUUHG�DW�ORQJ�SHULRGV�����ZHHNV��DIWHU�LQWUDYHQRXV�H[SRVXUH�WR�SOXWRQLXP��

&RQVLVWHQWO\�SRVLWLYH�JHQRWR[LFLW\�UHVXOWV�KDYH�EHHQ�UHSRUWHG�LQ�YDULRXV�WHVW�V\VWHPV�H[SRVHG�WR�WKH�DOSKD�

UDGLDWLRQ�IURP�SOXWRQLXP�FRPSRXQGV�in vitro �VHH�7DEOH��������&KURPRVRPDO�DEHUUDWLRQV�ZHUH�UHSRUWHG�LQ�

KXPDQ�SHULSKHUDO�EORRG�O\PSKRF\WHV�DQG�O\PSKREODVWV��'2(�����K��3XUURWW�HW�DO���������ERQH�PDUURZ�

DQG���7������7��FHOOV�IURP�PLFH��.DGKLP�HW�DO��������1DJDVDZD�HW�DO������D���DQG�0�����9����DQG�RYDU\�

.���FHOOV�IURP�&KLQHVH�KDPVWHUV��*ULIILQ�HW�DO��������1DJDVDZD�HW�DO������E��:HOOHZHHUG�HW�DO���������

6LVWHU�FKURPDWLG�H[FKDQJHV�ZHUH�QRWHG�LQ�SOXWRQLXP�H[SRVHG�KXPDQ�SHULSKHUDO�EORRG�O\PSKRF\WHV�

�$JKDPRKDPPDGL�HW�DO���������PRXVH���7������7��FHOOV��1DJDVDZD�HW�DO������D���DQG�&KLQHVH�KDPVWHU�

RYDU\�FHOOV��1DJDVDZD�DQG�/LWWOH�������1DJDVDZD�HW�DO������E����%LOEDR�HW�DO���������UHSRUWHG�SOXWRQLXP�

LQGXFHG�PLFURQXFOHL�LQ�KXPDQ�SHULSKHUDO�EORRG�O\PSKRF\WHV���2WKHU�SRVLWLYH�JHQRWR[LFLW\�UHVXOWV�LQFOXGH�

JHQH�PXWDWLRQ�LQ�KXPDQ�DQG�KDPVWHU�FHOO�OLQHV��%DUQKDUW�DQG�&R[�������&KHQ�HW�DO��������'2(�����K��

7KDFNHU�HW�DO���������'1$�GRXEOH�VWUDQG�EUHDNV�LQ�&KLQHVH�KDPVWHU�9�����DQG�9������$�FHOOV��)R[�DQG�

0F1DOO\�������-HQQHU�HW�DO���������'1$�GDPDJH�LQ�&KLQHVH�KDPVWHU�9�����$�FHOOV��3ULVH�HW�DO���������
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72 PLUTONIUM 

3. HEALTH EFFECTS 

DQG�UHGXFWLRQ�LQ�UDGLR�UHVLVWDQFH�LQ�PRXVH�UDW��K\EULG��FHOO�OLQH��5REHUWVRQ�DQG�5DMX���������5HVXOWV�ZHUH�

QHJDWLYH�IRU�SOXWRQLXP�LQGXFHG�JHQH�PXWDWLRQ�LQ�VHYHUDO�VWUDLQV�RI�Salmonella typhimurium �'2(�

����K���

3.4  TOXICOKINETICS 

6WXGLHV�RI�WKH�WR[LFRNLQHWLFV�RI�SOXWRQLXP�KDYH�IRFXVHG�RQ�WZR�JHQHUDO�FODVVHV�RI�FRPSRXQGV���KLJKO\�

LQVROXEOH�FRPSRXQGV��H�J���3X2���DQG�VROXEOH�FRPSRXQGV��H�J���3X>12�@���SOXWRQLXP�FLWUDWH�FRPSOH[HV����

+RZHYHU��IDFWRUV�RWKHU�WKDQ�VROXELOLW\�DIIHFW�WKH�EHKDYLRU�RI�SOXWRQLXP�LQ�ELRORJLFDO�V\VWHPV���7KHVH�

LQFOXGH�������K\GURO\VLV�UHDFWLRQV�DW�SK\VLRORJLFDO�S+�WKDW�\LHOG�KLJKO\�LQVROXEOH�SRO\PHUV�IURP�VROXEOH�

3X�,9�������SDUWLFOH�VL]H��ZKLFK�DIIHFWV�GHSRVLWLRQ�FKDUDFWHULVWLFV�LQ�WKH�UHVSLUDWRU\�WUDFW�DQG�DEVRUSWLRQ�

UDWHV�IURP�WKH�OXQJ�DQG�JDVWURLQWHVWLQDO�WUDFW������ILULQJ�WHPSHUDWXUH�DW�ZKLFK�WKH�3X2��ZDV�IRUPHG��ZKLFK�

PD\�DIIHFW�SDUWLFOH�VXUIDFH�FKDUDFWHULVWLFV�DQG�VXVFHSWLELOLW\�WR�SK\VLFDO�WUDQVIRUPDWLRQ�UHDFWLRQV�WKDW�

LQFUHDVH�PRELOLW\�DQG�DEVRUSWLRQ��DQG�����LVRWRSH�VSHFLILF�DFWLYLW\��ZKLFK�FDQ�DIIHFW�WKH�LQWHQVLW\�RI�

UDGLDWLRQ�RI�WKH�SDUWLFOHV�DQG�UDWHV�RI�UDGLRO\WLF�IUDJPHQWDWLRQ�RI�SDUWLFOHV�LQ�WLVVXHV�� 7KHVH�YDULRXV�

IDFWRUV�JLYH�ULVH�WR�WR[LFRNLQHWLFV�RI�WKH�YDULRXV�SOXWRQLXP�FRPSRXQGV�WKDW�DUH�QRW�HDVLO\�GLVWLQJXLVKHG�

VROHO\�RQ�WKH�EDVLV�RI�ZDWHU�VROXELOLW\���7KH�WR[LFRNLQHWLFV�RI�LQKDOHG����3X2�� LV�GLVWLQFWO\�GLIIHUHQW�IURP�

WKDW�RI�LQKDOHG����3X2��KDYLQJ�D�VLPLODU�SDUWLFOH�VL]H�UDQJH��!��ȝP����,QKDOHG����3X2�� WKDW�GHSRVLWV�LQ�WKH�

OXQJ�LV�PXFK�PRUH�UDSLGO\�DEVRUEHG�DQG�GLVWULEXWHG�WR�OLYHU�DQG�VNHOHWRQ��SUHGRPLQDQWO\��FRPSDUHG�WR�
���3X2��� $V�D�UHVXOW��GHSRVLWLRQ�RI�VLPLODU�LQLWLDO�OXQJ�EXUGHQV�RI�WKH�WZR�LVRWRSHV�ZLOO�UHVXOW�LQ�ORQJ�WHUP�

�H�J���FKURQLF��UDGLDWLRQ�GRVHV�WR�OLYHU�DQG�VNHOHWRQ��L�H���ERQH�DQG�PDUURZ��WKDW�DUH�KLJKHU��DQG�OXQJ�GRVHV�

WKDW�DUH�ORZHU��IROORZLQJ�H[SRVXUHV�WR����3X2��FRPSDUHG�WR����3X2��� 7KH�FRQVHTXHQFHV�RI�WKHVH�GLIIHUHQW�

UDGLDWLRQ�GRVHV�DUH�GLVWLQFW�SDWWHUQV�RI�KHDOWK�HIIHFWV�WKDW�KDYH�EHHQ�REVHUYHG�LQ�FRQWUROOHG�OLIHWLPH�VWXGLHV�

LQ�DQLPDOV��ZLWK�PRUH�SURPLQHQW�OXQJ�HIIHFWV�IROORZLQJ�H[SRVXUHV�WR����3X2��DQG�PRUH�SURPLQHQW�HIIHFWV�

RQ�ERQH��PDUURZ��DQG�OLYHU�IROORZLQJ�H[SRVXUHV�WR����3X2���VHH�6HFWLRQ����������7KH�NLQHWLFV��GLVWULEXWLRQ��

DQG�KHDOWK�RXWFRPHV�RI�LQKDOHG����3X�12����DUH�VLPLODU�WR�WKRVH�RI����3X2���

3.4.1 Absorption 

3.4.1.1  Inhalation Exposure 

(YLGHQFH�IRU�DEVRUSWLRQ�RI�LQKDOHG�SOXWRQLXP�LQ�KXPDQV�GHULYHV�IURP�VHYHUDO�W\SHV�RI�PHDVXUHPHQWV��

����PHDVXUHPHQWV�RI�IHFDO�DQG�XULQDU\�H[FUHWLRQ�RI�SOXWRQLXP�IROORZLQJ�RFFXSDWLRQDO�LQKDODWLRQ�

H[SRVXUHV��&DUEDXJK�DQG�/D�%RQH�������'2(�����N������F��-DPHV�HW�DO��������.DWKUHQ�DQG�0F,QUR\�

������.XULKDUD�HW�DO��������0F,QUR\�HW�DO��������9RHO]�HW�DO��������:RRGKRXVH�DQG�6KDZ��������
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3. HEALTH EFFECTS 

����SRVWPRUWHP�SOXWRQLXP�OHYHOV�LQ�WLVVXHV�RI�ZRUNHUV�H[SRVHG�WR�DLUERUQH�SOXWRQLXP��)LOLS\�DQG�.DWKUHQ�

������)LOLS\�HW�DO��������+DKQ�HW�DO��������������.DWKUHQ�DQG�0F,QUR\�������.KRNKU\DNRY�HW�DO��������

0F,QUR\�HW�DO��������������5RPDQRY�HW�DO��������9RHO]�HW�DO�������������in vivo FKHVW�UDGLDWLRQ�

PHDVXUHPHQWV�����$P��IROORZLQJ�RFFXSDWLRQDO�H[SRVXUHV�WR�DLUERUQH����3X��&DUEDXJK�DQG�/D�%RQH�������

'2(�����F���DQG�����H[SHULPHQWDO�VWXGLHV�LQ�ZKLFK�in vivo EORRG��XULQH��DQG�RUJDQ�[�UD\�HPLVVLRQ�ZHUH�

PHDVXUHG�LQ�VXEMHFWV�ZKR�LQKDOHG����3X�QLWUDWH��(WKHULQJWRQ�HW�DO��������+RGJVRQ�HW�DO���������

,QKDOHG�SOXWRQLXP�SDUWLFOHV�WKDW�GHSRVLW�LQ�WKH�UHVSLUDWRU\�WUDFW�DUH�VXEMHFW�WR�WKUHH�JHQHUDO�GLVWULEXWLRQ�

SURFHVVHV�� ����EURQFKLDO�DQG�WUDFKHDO�PXFRFLOLDU\�WUDQVSRUW�WR�WKH�JDVWURLQWHVWLQDO�WUDFW������WUDQVSRUW�WR�

WKRUDFLF�O\PSK�QRGHV��H�J���OXQJ��WUDFKHREURQFKLDO��PHGLDVWLQDO���RU�����DEVRUSWLRQ�E\�EORRG�DQG�RU�O\PSK�

DQG�WUDQVIHU�WR�RWKHU�WLVVXHV��H�J���ERQH��OLYHU��� 7KH�DERYH�SURFHVVHV�DSSO\�WR�DOO�IRUPV�RI�GHSRVLWHG�

SOXWRQLXP��DOWKRXJK�WKH�UHODWLYH�FRQWULEXWLRQV�RI�HDFK�SDWKZD\�DQG�UDWHV�DVVRFLDWHG�ZLWK�HDFK�SDWKZD\�

YDU\�ZLWK�WKH�SK\VLFDO�FKDUDFWHULVWLFV��H�J���SDUWLFOH�VL]H���FKHPLFDO�IRUP��GHJUHH�RI�ZDWHU�VROXELOLW\���DQG�

UDGLRORJLFDO�FKDUDFWHULVWLFV��H�J���VSHFLILF�DFWLYLW\��� 7KH�YDULRXV�SURFHVVHV�WKDW�FRQWULEXWH�WR�WKH�

HOLPLQDWLRQ�RI�SOXWRQLXP�IURP�WKH�UHVSLUDWRU\�WUDFW�JLYH�ULVH�WR�PXOWL�SKDVLF�OXQJ�UHWHQWLRQ�NLQHWLFV���,Q�

PRVW�VWXGLHV�RI�OXQJ�UHWHQWLRQ��DW�OHDVW�WZR�NLQHWLF�FRPSRQHQWV�DUH�HYLGHQW���7KH�IDVWHU�SKDVH�LV�WKRXJKW�WR�

EH�FRQWULEXWHG�E\�UHODWLYHO\�UDSLG�PHFKDQLFDO�FOHDUDQFH�PHFKDQLVPV��H�J���PXFRFLOLDU\�WUDQVSRUW��DQG�

DEVRUSWLRQ�WR�EORRG�RI�VROXEOH�RU�UHODWLYHO\�UDSLGO\�GLVVROYHG�LQVROXEOH�PDWHULDO�GHSRVLWHG�LQ�WKH�OXQJ���

7KH�VORZHU�SKDVH�LV�FRQWULEXWHG�E\�WKH�WUDQVIRUPDWLRQ�DQG�GLVVROXWLRQ�DQG�RU�PHFKDQLFDO�FOHDUDQFH��H�J���

SKDJRF\WLF��RI�KLJKO\�LQVROXEOH�SDUWLFOHV��

(WKHULQJWRQ�HW�DO���������PHDVXUHG�SOXWRQLXP�NLQHWLFV�LQ�WZR�DGXOW�VXEMHFWV�ZKR�LQKDOHG�DQ�DHURVRO�RI�
�������3X�12�����DFWLYLW\�PHGLDQ�DHURG\QDPLF�GLDPHWHU�>$0$'@ ����ȝP��JHRPHWULF�VWDQGDUG�GHYLDWLRQ�

>*6'@ �������/XQJ��OLYHU��DQG�XULQH�SOXWRQLXP�OHYHOV�ZHUH�HVWLPDWHG�IURP�.�[�UD\�HPLVVLRQ�IURP�WKH�

GHFD\�RI����3X��EORRG�SOXWRQLXP�OHYHOV�ZHUH�PHDVXUHG�E\�PDVV�VSHFWURPHWU\�RI����3X���,QLWLDO�OXQJ�

EXUGHQV�ZHUH�HVWLPDWHG�WR�EH���N%T����3X�DQG����QJ����3X���/XQJ�UHWHQWLRQ�KDOI�WLPHV��HVWLPDWHG�IURP�

REVHUYDWLRQV�PDGH�XS�WR�����GD\V�IROORZLQJ�WKH�H[SRVXUH��ZHUH����±����GD\V�������IRU�WKH�IDVW�SKDVH��

DQG����±����GD\V�������IRU�WKH�VORZ�SKDVH���/RQJHU�WHUP�REVHUYDWLRQV�RI�OXQJ�UHWHQWLRQ�NLQHWLFV�DUH�

DYDLODEOH�IURP�VWXGLHV�RI�DFFLGHQWDO�LQKDODWLRQ�H[SRVXUHV�WR�SOXWRQLXP�R[LGH�FRQWDLQLQJ����3X��&DUEDXJK�

DQG�/D�%RQH�������'2(�����F����,Q�WKHVH�VWXGLHV��OXQJ�SOXWRQLXP�EXUGHQV�ZHUH�LQIHUUHG�IURP�

PHDVXUHPHQWV�RI�H[WHUQDO�UDGLDWLRQ�HPLWWHG�E\����$P��D�JDPPD�HPLWWLQJ�GDXJKWHU�RI����3X���(VWLPDWHG�

OXQJ�UHWHQWLRQ�KDOI�WLPHV�IRU����VXEMHFWV�UDQJHG�IURP����WR����\HDUV��
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3. HEALTH EFFECTS 

7KH�UHODWLYHO\�ORQJ�UHWHQWLRQ�NLQHWLFV�RI�LQKDOHG�SOXWRQLXP�SDUWLFOHV�LQ�WKH�OXQJ�LV�WKRXJKW�WR�UHIOHFW��LQ�

SDUW��UDWHV�RI�SK\VLFDO�WUDQVIRUPDWLRQ�DQG�GLVVROXWLRQ�RI�WKH�SDUWLFOHV�� 9DULRXV�HVWLPDWHV�KDYH�EHHQ�PDGH�

IRU�WKHVH�UDWHV��EDVHG�RQ�PRGHOLQJ�RI�GDWD�RQ�XULQDU\�H[FUHWLRQ�DQG�WLVVXH�EXUGHQV�RI�SOXWRQLXP�IROORZLQJ�

LQKDODWLRQ�H[SRVXUHV��-DPHV�HW�DO��������.KRNKU\DNRY�HW�DO����������%DVHG�RQ�DQ�DQDO\VLV�RI�GDWD�IURP�

����DXWRSVLHV�RI�SOXWRQLXP�ZRUNHUV��SDUWLFOH�GLVVROXWLRQ�KDOI�WLPHV�ZHUH�HVWLPDWHG�WR�UDQJH�IURP�

DSSUR[LPDWHO\��±��\HDUV��IRU�H[SRVXUHV�WR�KLJKO\�LQVROXEOH�SOXWRQLXP�R[LGHV��WR��±��\HDUV�IRU�H[SRVXUHV�

WR�PRUH�VROXEOH�IRUPV��H�J���SOXWRQLXP�QLWUDWH��.KRNKU\DNRY�HW�DO����������-DPHV�HW�DO���������HVWLPDWHG�

WKH�OXQJ�GLVVROXWLRQ�KDOI�WLPH�WR�EH�DSSUR[LPDWHO\���\HDUV�LQ�D�VXEMHFW�ZKR�LQKDOHG�3X2��FHUDPLF�

SDUWLFOHV��

$EVRUSWLRQ�RI�LQKDOHG�3X2��KDV�EHHQ�VWXGLHG�LQ�YDULRXV�QRQKXPDQ�SULPDWH�VSHFLHV��%URRNV�HW�DO��������

/D%DXYH�HW�DO��������/DWDLOODGH�HW�DO��������0HWLYLHU�HW�DO������������E��6WDQOH\�HW�DO����������2EVHUYHG�

OXQJ�UHWHQWLRQ�NLQHWLFV�ZHUH�ELSKDVLF���7KH�VORZ�SKDVH�UHWHQWLRQ�KDOI�WLPH�LQ�EDERRQV�H[SRVHG�WR����3X2��

�FRXQW�PHGLDQ�DHURG\QDPLF�GLDPHWHU�>&0$'@ ����ȝPr����VWDQGDUG�GHYLDWLRQ�>6'@��ZDV�HVWLPDWHG�WR�EH�

DSSUR[LPDWHO\�����GD\V��UDQJH������±����GD\V���EDVHG�RQ�PHDVXUHPHQWV�PDGH�GXULQJ�WKH�ILUVW���±�

����GD\V�DIWHU�H[SRVXUH��0HWLYLHU�HW�DO���������KRZHYHU�ZLWK�ORQJHU�REVHUYDWLRQ�SHULRGV��!���±�

����GD\V���WKH�KDOI�WLPH�ZDV�HVWLPDWHG�WR�EH�DSSUR[LPDWHO\�������GD\V��0HWLYLHU�HW�DO������E����/DWDLOODGH�

HW�DO���������HVWLPDWHG�WKH�OXQJ�UHWHQWLRQ�KDOI�WLPH�LQ�EDERRQV�WKDW�LQKDOHG�DQ�DHURVRO�RI�DQ�LQGXVWULDO�

3X2���$0$' ����ȝP�����6'��FRQVLVWLQJ�SULPDULO\�RI����3X�DQG����3X��|���Z�������Z�����3X���WKH�

HVWLPDWHG�KDOI�WLPH�ZDV�DSSUR[LPDWHO\����GD\V��IRU�DQ�REVHUYDWLRQ�SHULRG�RI�����GD\V���6ORZ�SKDVH�OXQJ�

UHWHQWLRQ�KDOI�WLPHV�PHDVXUHG�LQ�&\QRPROJXV�PRQNH\V�H[SRVHG�WR�DQ�DHURVRO�RI����3X2��

�$0$' ����ȝP��*6' �����UDQJHG�IURP�����WR�������GD\V��/D%DXYH�HW�DO����������,Q�5KHVXV�PRQNH\V�

H[SRVHG�WR����3X2��IURP�LQGXVWULDO�EDOO�PLOOLQJ�SURFHVVHV��$0$' ����ȝJr����6(���WKH�VORZ�SKDVH�OXQJ�

UHWHQWLRQ�KDOI�WLPH�ZDV�HVWLPDWHG�WR�EH�DSSUR[LPDWHO\�����GD\V��6WDQOH\�HW�DO����������/XQJ�SOXWRQLXP�

EXUGHQV�KDYH�DOVR�EHHQ�PHDVXUHG�DW�YDULRXV�WLPHV�LQ�&\QRPROJXV�PRQNH\V�H[SRVHG�WR�DHURVROV�RI�
���3X�12�����$0$' ���ȝP��*6' ������EDVHG�RQ�WKHVH�GDWD��WKH�VORZ�SKDVH�UHWHQWLRQ�KDOI�WLPH�ZDV�

DSSUR[LPDWHO\����±����GD\V��%URRNV�HW�DO���������

1XPHURXV�VWXGLHV�KDYH�H[DPLQHG�WKH�OXQJ�GHSRVLWLRQ�DQG�NLQHWLFV�RI�DEVRUSWLRQ�RI�LQKDOHG�SOXWRQLXP�LQ�

GRJV��%DLU�HW�DO������E��'DJOH�HW�DO��������*XLOPHWWH�HW�DO��������������0HZKLQQH\�DQG�'LHO�������

0XJJHQEXUJ�HW�DO��������3DUN�HW�DO����������,QKDOHG�DHURVROV�RI����3X2��ZHUH�PRUH�UDSLGO\�FOHDUHG�IURP�

WKH�OXQJ�WKDQ�DHURVROV�RI����3X2��RI�VLPLODU�SDUWLFOH�VL]H�GLVWULEXWLRQV��*XLOPHWWH�HW�DO��������3DUN�HW�DO��

��������7KLV�GLIIHUHQFH�KDV�EHHQ�DWWULEXWHG�WR�UDGLRO\WLF�IUDJPHQWDWLRQ�RI�SDUWLFOHV�LQ�WKH�OXQJ��UHVXOWLQJ�LQ�

PRUH�HQKDQFHG�SDUWLFOH�GLVVROXWLRQ�DQG�DEVRUSWLRQ�IURP�WKH�OXQJ��0HZKLQQH\�DQG�'LHO���������/XQJ�
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3. HEALTH EFFECTS 

UHWHQWLRQ�KDOI�WLPHV�IROORZLQJ�H[SRVXUH�RI�\RXQJ�DGXOW�EHDJOHV�WR�DHURVROV�RI����3X2��

�$0$' ����ȝP�����6'��ZHUH����GD\V�������DQG�������GD\V��*XLOPHWWH�HW�DO����������,Q�FRPSDULVRQ��

OXQJ�UHWHQWLRQ�KDOI�WLPHV�IROORZLQJ�H[SRVXUH�RI�\RXQJ�DGXOW�EHDJOHV�WR�DHURVROV�RI����3X2��

�$0$' ����ȝP�����6'��ZHUH�����GD\V�������DQG�����GD\V��3DUN�HW�DO����������7KH�FRUUHVSRQGLQJ�

WLPHV�WR�DFKLHYH�����RI�LQLWLDO�OXQJ�EXUGHQV�DUH�DSSUR[LPDWHO\�����GD\V�IRU�H[SRVXUH�WR����3X2��DQG�

����GD\V�IRU�H[SRVXUH�WR����3X2���3DUN�HW�DO����������0HZKLQQH\�DQG�'LHO��������DQDO\]HG�GDWD�RQ�OXQJ�

UHWHQWLRQ�LQ�EHDJOHV�H[SRVHG�WR����3X2��RI�YDULRXV�SDUWLFOH�VL]HV��$0$'���������������ȝP��LQ�RUGHU�WR�

HVWLPDWH�IUDJPHQWDWLRQ�UDWHV�RI�WKH�GHSRVLWHG�SDUWLFOHV� �(VWLPDWHG�IUDJPHQWDWLRQ�UDWHV�DSSHDUHG�WR�

LQFUHDVH�ZLWK�WLPH�DIWHU�H[SRVXUH�DQG�SDUWLFOH�VL]H���&RUUHVSRQGLQJ�IUDJPHQWDWLRQ�KDOI�WLPHV�DW�����GD\V�

SRVWH[SRVXUH�ZHUH����±����GD\V�DQG��DW�����GD\V�SRVWH[SRVXUH�ZHUH���±����GD\V���3DUWLFOH�VL]H��$0$'�

���±����ȝP��KDG�OLWWOH�HIIHFW�RQ�ORQJ�WHUP�OXQJ�UHWHQWLRQ��0HZKLQQH\�DQG�'LHO���������,Q�EHDJOHV��VKRUW�

WHUP��L�H������PRQWK��OXQJ�UHWHQWLRQ�RI�LQKDOHG����3X2��ZDV�LQIOXHQFHG�E\�DHURVRO�SDUWLFOH�VL]H�

GLVWULEXWLRQ��ZLWK�IDVWHU�FOHDUDQFH�IURP�WKH�OXQJ�DV�SDUWLFOH�VL]H�GHFUHDVHG��%DLU�HW�DO������E����/RQJ�WHUP�

OXQJ�UHWHQWLRQ�LQ�EHDJOHV�LV�DOVR�LQIOXHQFHG�E\�SDUWLFOH�VL]H���,Q�EHDJOHV�WKDW�ZHUH�H[SRVHG�WR����3X2���WKH�

VORZ�SKDVH�OXQJ�UHWHQWLRQ�KDOI�WLPHV�ZHUH�����GD\V�������$0$' ����ȝP�����6'���������GD\V�������

$0$' ����ȝP�����6'���DQG�������GD\V�������$0$' ����ȝP�����6'���*XLOPHWWH�HW�DO����������7KH�

PHWKRG�XVHG�WR�SURGXFH�3X2��DOVR�DSSHDUV�WR�DIIHFW�WKH�DEVRUSWLRQ�RI�LQKDOHG�3X2��� 2[LGHV�SURGXFHG�DW�

KLJK�WHPSHUDWXUH��L�H���KLJK�ILUHG��H�J���������q&��KDG�ORQJHU�OXQJ�UHWHQWLRQ�WKDQ�R[LGHV�SURGXFHG�DW�ORZ�

WHPSHUDWXUH��L�H���ORZ�ILUHG��H�J�������q&���%DLU�HW�DO���������

,QKDOHG�DHURVROV�RI����3X�12����DUH�DOVR�PRUH�UDSLGO\�FOHDUHG�IURP�WKH�OXQJ�WKDQ�DHURVROV�RI����3X�12����
�'DJOH�HW�DO����������������,Q�EHDJOHV��WKLV�GLIIHUHQFH�ZDV�PRVW�SURQRXQFHG�LQ�WKH�ILUVW����GD\V�

SRVWH[SRVXUH��GXULQJ�ZKLFK�DSSUR[LPDWHO\�����RI�WKH�LQLWLDO�OXQJ�EXUGHQ�IURP����3X�12����ZDV�FOHDUHG�

FRPSDUHG�WR�DSSUR[LPDWHO\�����IURP����3X�12����� 5HWHQWLRQ�KDOI�WLPHV�ZHUH�VLPLODU��|���±����GD\V��

IRU�WKH�WZR�LVRWRSHV��IRU�REVHUYDWLRQV�H[WHQGLQJ�IURP����GD\V�WR���\HDU��

3.4.1.2  Oral Exposure 

$EVRUSWLRQ�RI�SOXWRQLXP�DFFXPXODWHG�LQ�VKHOOILVK��PROOXVNV��KDV�EHHQ�VWXGLHG�LQ�KXPDQV���$GXOW�VXEMHFWV�

LQJHVWHG�ZLQNOHV��VL[�PDOHV��WZR�IHPDOHV��RU�FRFNOHV��ILYH�PDOHV��RQH�IHPDOH��FRQWDLQLQJ��������3X�WKDW�

ZHUH�FROOHFWHG�IURP�PDULQH�ZDWHUV�QHDU�WKH�%ULWLVK�1XFOHDU�)XHOV�IDFLOLW\�DW�6HOODILHOG��&XPEULD��+XQW�

������+XQW�HW�DO����������������7KH�UDQJH�RI�WKH�LQJHVWHG�DFWLYLW\�RI��������3X�ZDV��±���%T���6HULDO�

���KRXU�XULQH�VDPSOHV�ZHUH�FROOHFWHG�IURP�HDFK�VXEMHFW�IRU�XS�WR���GD\V�DIWHU�WKH\�LQJHVWHG�WKH�PROOXVNV��

7KH�IUDFWLRQ�RI�WKH�DFWLYLW\�DEVRUEHG�ZDV�HVWLPDWHG�DV�WKH�UDWLR�RI�WKH�REVHUYHG�FXPXODWLYH�XULQDU\�
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3. HEALTH EFFECTS 

H[FUHWLRQ�RI��������3X�WR�WKDW�RI�WKH�H[FUHWLRQ�SUHGLFWHG�WR�RFFXU�LI�DEVRUSWLRQ�KDG�EHHQ�FRPSOHWH�� 7KH�

ODWWHU�ZDV�SUHGLFWHG�XVLQJ�NLQHWLF�PRGHOV�RI�H[FUHWLRQ�RI�DEVRUEHG�SOXWRQLXP��'XUELQ�������7DOERW�HW�DO��

��������������7KH�UHSRUWHG�PHDQ�DEVRUSWLRQ�IUDFWLRQ�ZDV����[����� �UDQJH������[����±���[������IRU�VXEMHFWV�

ZKR�LQJHVWHG�ZLQNOHV�� 7KH�HVWLPDWHG�PHDQ�DEVRUSWLRQ�IUDFWLRQ�IRU�VXEMHFWV�ZKR�LQJHVWHG�FRFNOHV�ZDV�

���[������UDQJH�XS�WR��[������EDVHG�RQ�WKH�NLQHWLF�PRGHO�RI�'XUELQ���������ZKLFK�SUHGLFWV�DSSUR[LPDWHO\�

�����RI�WKH�ERG\�EXUGHQ�HOLPLQDWHG�LQ���GD\V��RU����[����� �UDQJH�XS�WR����[�������EDVHG�RQ�WKH�NLQHWLF�

PRGHO�RI�7DOERW�HW�DO����������������ZKLFK�SUHGLFWV�DSSUR[LPDWHO\����RI�WKH�ERG\�EXUGHQ�HOLPLQDWHG�LQ�

��GD\V��

*DVWURLQWHVWLQDO�DEVRUSWLRQ�ZDV�DOVR�PHDVXUHG�LQ�WKUHH�DGXOW�PDOH�YROXQWHHUV�IROORZLQJ�LQJHVWLRQ�RI�D�

SOXWRQLXP�FLWUDWH�VROXWLRQ�DORQJ�ZLWK�IRRG��3RSSOHZHOO�HW�DO����������%DVHG�RQ�FRPSDULVRQV�EHWZHHQ�

PHDVXUHG�XULQDU\�SOXWRQLXP�H[FUHWLRQ�IRU���RU���GD\V�SRVWLQJHVWLRQ�DQG�VLPLODU�DVVHVVPHQWV�IROORZLQJ�

LQWUDYHQRXV�LQMHFWLRQ�RI�SOXWRQLXP�FLWUDWH���PRQWKV�ODWHU��FDOFXODWHG�IUDFWLRQDO�DEVRUSWLRQ�RI�LQJHVWHG�

SOXWRQLXP�UDQJHG�IURP��[����� WR��[�������

7KH�JDVWURLQWHVWLQDO�DEVRUSWLRQ�IUDFWLRQ�KDV�DOVR�EHHQ�HVWLPDWHG�LQ�KXPDQ�SRSXODWLRQV��EDVHG�RQ�DQDO\VHV�

RI�LQKDODWLRQ�DQG�LQJHVWLRQ�LQWDNHV��ELRORJLFDO�PRQLWRULQJ�RI�SOXWRQLXP�H[FUHWLRQ�LQ�XULQH�RU�

PHDVXUHPHQWV�RI�ERG\�EXUGHQV�DW�DXWRSV\���7KHVH�HVWLPDWHV�UHO\�RQ�PRGHO�EDVHG�DVVXPSWLRQV�UHJDUGLQJ�

WKH�GHSRVLWLRQ�RI�LQKDOHG�SOXWRQLXP�DQG�WKH�DEVRUSWLRQ�IUDFWLRQ�IRU�SOXWRQLXP�GHSRVLWHG�LQ�WKH�UHVSLUDWRU\�

WUDFW���6XQ�DQG�0HLQKROG��������FRQGXFWHG�DQ�DQDO\VLV�RI�GDWD�RQ����UHVLGHQWV�RI�5RQJHODS�,VODQG�ZKR�

ZHUH�H[SRVHG�WR�SOXWRQLXP�IDOORXW�GXULQJ�DQG�IROORZLQJ�WKH�QXFOHDU�ERPE�GHWRQDWLRQV�LQ�WKH�0DUVKDOO�

,VODQGV���%DVHG�RQ�PHDVXUHPHQWV�RI�XULQDU\�SOXWRQLXP�H[FUHWLRQ�DQG�DVVXPSWLRQV�UHJDUGLQJ�WKH�

GHSRVLWLRQ�DQG�DEVRUSWLRQ�RI�LQKDOHG�SOXWRQLXP��WKH�JDVWURLQWHVWLQDO�DEVRUSWLRQ�IUDFWLRQ��IRU�GLHW�DQG�VRLO��

FRPELQHG��ZDV�HVWLPDWHG�WR�EH�DSSUR[LPDWHO\����[����� �UDQJH�� ���[����±���[��������0XVVDOR�5DXKDPDD�

HW�DO���������FRQGXFWHG�DQ�DQDO\VLV�RI�SOXWRQLXP�ERG\�EXUGHQV�LQ�)LQQLVK�/DSSV�DQG��DORQJ�ZLWK�HVWLPDWHV�

RI�LQKDODWLRQ�DQG�GLHWDU\�LQWDNH�RI�SOXWRQLXP��SULPDULO\�IURP�FRQVXPSWLRQ�RI�UHLQGHHU���DQG�DVVXPSWLRQV�

UHJDUGLQJ�HOLPLQDWLRQ�UDWH�RI�SOXWRQLXP��HVWLPDWHG�WKH�JDVWURLQWHVWLQDO�DEVRUSWLRQ�IUDFWLRQ�WR�UDQJH�IURP�

DSSUR[LPDWHO\��[����� WR��[�������

7KH�JDVWURLQWHVWLQDO�DEVRUSWLRQ�RI�SOXWRQLXP�KDV�EHHQ�VWXGLHG�LQ�QRQKXPDQ�SULPDWHV��GRJV��DQG�D�YDULHW\�

RI�URGHQW�VSHFLHV�� 0RVW�RI�WKHVH�VWXGLHV�KDYH�HVWLPDWHG�DEVRUEHG�SOXWRQLXP�DV�WKH�VXP�RI�WKH�SOXWRQLXP�

EXUGHQ�LQ�PDMRU�WLVVXH�GHSRWV��H�J���OLYHU�DQG�VNHOHWRQ���SOXV�WKH�SOXWRQLXP�H[FUHWHG�LQ�XULQH���'RXEOH�

LVRWRSH�WHFKQLTXHV�KDYH�DOVR�EHHQ�XVHG�WR�HVWLPDWH�WKH�JDVWURLQWHVWLQDO�DEVRUSWLRQ�RI�SOXWRQLXP�LQ�

QRQKXPDQ�SULPDWHV��8615&���������,Q�WKLV�VWXG\�����3X�9,��ELFDUERQDWH�ZDV�DGPLQLVWHUHG�RUDOO\�DQG�
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���3X�9,��ELFDUERQDWH��RU����3X��ZDV�DGPLQLVWHUHG�LQWUDYHQRXVO\�WR�EDERRQV�DQG�WKH�JDVWURLQWHVWLQDO�

DEVRUSWLRQ�IUDFWLRQ�ZDV�HVWLPDWHG�IURP�WKH�UHWHQWLRQ�UDWLRV�IRU�WKH�WZR�LVRWRSH�UDWLRV�LQ�WLVVXHV�DQG�

FXPXODWLYH�H[FUHWLRQ�UDWLR�LQ�XULQH���$EVRUSWLRQ�ZDV�HVWLPDWHG�WR�EH�������RI�WKH�RUDO�GRVH�LQ�IDVWHG�

EDERRQV�DQG��������LQ�IHG�EDERRQV���*DVWURLQWHVWLQDO�DEVRUSWLRQ�RI�SOXWRQLXP�ZDV�PHDVXUHG�LQ�DGXOW�

PDUPRVHWV�WKDW�UHFHLYHG�VLQJOH�JDYDJH�GRVHV�RI�HLWKHU����3X�FLWUDWH�RU����3X�FLWUDWH�DGGHG�WR�SRZGHUHG�

SRWDWR��DQG�ZDV�EDVHG�RQ�OHYHOV�RI�DFWLYLW\�PHDVXUHG�LQ�WLVVXHV��PDLQO\�OLYHU�DQG�VNHOHWRQ��IROORZLQJ�

VDFULILFH��+DP�HW�DO����������$EVRUSWLRQ�ZDV�DSSUR[LPDWHO\�������RI�WKH�GRVH�ZKHQ�DGPLQLVWHUHG�DV�

SOXWRQLXP�FLWUDWH�DQG�������RI�WKH�GRVH�ZKHQ�DGPLQLVWHUHG�LQ�SRWDWR�SRZGHU��

,Q�DGGLWLRQ�WR�WKH�DERYH�VWXGLHV�FRQGXFWHG�LQ�QRQKXPDQ�SULPDWHV��JDVWURLQWHVWLQDO�DEVRUSWLRQ�RI�

SOXWRQLXP��LQ�YDULRXV�LVRWRSLF�DQG�FKHPLFDO�IRUPV��KDV�EHHQ�PHDVXUHG�LQ�SLJV��GRJV��DQG�YDULRXV�URGHQW�

VSHFLHV� �5HVXOWV�IURP�WKHVH�VWXGLHV�VXSSRUW�WKH�IROORZLQJ�JHQHUDO�FRQFOXVLRQV�UHJDUGLQJ�IDFWRUV�WKDW�DIIHFW�

DEVRUSWLRQ�������LQ�JHQHUDO��DEVRUSWLRQ�RI�SOXWRQLXP�FLWUDWH�WHQGV�WR�EH�JUHDWHU�WKDQ�QLWUDWH��ZKLFK�LV�

JUHDWHU�WKDQ�SOXWRQLXP�R[LGH��3X2����6XOOLYDQ�����D�������PRVW�HVWLPDWHV�RI�DEVRUSWLRQ�RI�SOXWRQLXP�

FLWUDWH�DQG�QLWUDWH�LQ�DGXOW�DQLPDOV�DUH�������RI�WKH�GRVH������IDVWLQJ�WHQGV�WR�LQFUHDVH�DEVRUSWLRQ�

�%KDWWDFKDU\\D�HW�DO��������8615&������������DEVRUSWLRQ�LV���±������WLPHV�JUHDWHU�LQ�QHRQDWHV�FRPSDUHG�

WR�DGXOWV��GHSHQGLQJ�RQ�WKH�DQLPDO�VSHFLHV�DQG�FKHPLFDO�IRUP�RI�SOXWRQLXP��6XOOLYDQ�����D������E��

6XOOLYDQ�DQG�*RUKDP�������6XOOLYDQ�HW�DO�������������LURQ�GHILFLHQF\�LQFUHDVHV�DEVRUSWLRQ�LQ�MXYHQLOH�UDWV�

DQG�DGPLQLVWUDWLRQ�RI�IHUULF�LURQ��)H����WR�LURQ�GHILFLHQW�UDWV�GHFUHDVHV�DEVRUSWLRQ��6XOOLYDQ�DQG�5XHPPOHU�

�������DQG�����DEVRUSWLRQ�RI�SOXWRQLXP�LQ�VXUIDFH�GXVWV��H�J���ERPE�WHVW�VLWHV��LQ�JXLQHD�SLJV�ZDV���������

RI�WKH�GRVH��+DUULVRQ�HW�DO���������

3.4.1.3  Dermal Exposure 

2FFXSDWLRQDO�DFFLGHQWV�KDYH�UHVXOWHG�LQ�GHUPDO�H[SRVXUHV�DQG�RU�SHQHWUDWLRQ�RI�SOXWRQLXP�LQWR�VNLQ�

ZRXQGV�DQG�VXEVHTXHQW�V\VWHPLF�DEVRUSWLRQ�RI�SOXWRQLXP��0F,QUR\�HW�DO��������:RRGKRXVH�DQG�6KDZ�

��������,Q�RQH�FDVH��SRVWPRUWHP�PHDVXUHPHQWV�RI����3X�OHYHOV�LQ�WLVVXHV��PHDVXUHG����\HDUV�IROORZLQJ�WKH�

LQFLGHQW��VKRZHG�WKDW�OLYHU�FRQWDLQHG�DSSUR[LPDWHO\�����RI�WKH�ERG\�EXUGHQ�DQG�VNHOHWRQ�FRQWDLQHG�����

RI�WKH�ERG\�EXUGHQ��0F,QUR\�HW�DO����������:RRGKRXVH�DQG�6KDZ��������UHSRUWHG�XULQDU\�H[FUHWLRQ�RI�

SOXWRQLXP�GXULQJ���±���\HDU�SHULRGV�IROORZLQJ�YDULRXV�ZRXQG�UHODWHG�H[SRVXUHV�WR�3X2���R[DODWH���

3X�12�����RU�SOXWRQLXP�PHWDO���6\VWHPLF�DEVRUSWLRQ�RI����3X�ZDV�HVWLPDWHG�WR�KDYH�EHHQ�DSSUR[LPDWHO\�

���������3OXWRQLXP�DEVRUSWLRQ�WKURXJK�WKH�LQWDFW�KXPDQ�SDOPDU�VNLQ�ZDV�HVWLPDWHG�WR�KDYH�EHHQ�

��������KRXU�ZKHQ�DSSOLHG�DV�WKH�QLWUDWH�����ȝJ�3X��LQ�D�����1�QLWULF�DFLG�VROXWLRQ�IRU���KRXUV��/DQJKDP�
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������DQG�DSSUR[LPDWHO\��������KRXU�IROORZLQJ�FRQWDPLQDWLRQ�RI�ILQJHU�VNLQ�ZLWK�3X�12���� LQ����+&O�

�/LVWHU�HW�DO����������

6WXGLHV�FRQGXFWHG�LQ�URGHQWV�KDYH�VKRZQ�WKDW�GHUPDO�DEVRUSWLRQ�RI�SOXWRQLXP�LV�DFFHOHUDWHG�ZKHQ�

SOXWRQLXP�LV�DSSOLHG�WR�WKH�VNLQ�LQ�DQ�DFLG�PHGLXP�DQG�LQFUHDVHV�ZLWK�VHYHULW\�RI�DFLG�EXUQV��,&53���������

3OXWRQLXP�KDV�EHHQ�IRXQG�WR�PLJUDWH�GRZQ�KDLU�IROOLFOHV��$(&�������DQG�LQWR�VZHDW�DQG�VHEDFHRXV�

JODQGV��$(&�����E���

3.4.2 Distribution 

3.4.2.1  Inhalation Exposure 

,QIRUPDWLRQ�RQ�WKH�JHQHUDO�SDWWHUQ�RI�GLVWULEXWLRQ�RI�DEVRUEHG�SOXWRQLXP�LQ�KXPDQV�LV�DYDLODEOH�IURP�

GLUHFW�PHDVXUHPHQWV�RI�SOXWRQLXP�LQ�KXPDQ�DXWRSV\�WLVVXHV���6XFK�PHDVXUHPHQWV�JHQHUDOO\�UHIOHFW�WKH�

ORQJ�WHUP�GLVWULEXWLRQ�SDWWHUQ��LQ�VRPH�FDVHV�EHLQJ�KHDYLO\�LQIOXHQFHG�E\�GLVFUHWH�H[SRVXUH�HYHQWV�WKDW�

RFFXUUHG�\HDUV�EHIRUH�GHDWK���$OWKRXJK�VRPH�XQFHUWDLQW\�H[LVWV�UHJDUGLQJ�WKH�UHODWLYH�FRQWULEXWLRQV�RI�

LQKDODWLRQ�DQG�RUDO�H[SRVXUHV�WR�WKH�WLVVXH�GLVWULEXWLRQV�REVHUYHG�LQ�WKH�DXWRSV\�VWXGLHV��LQ�SDUWLFXODU��

WKRVH�RI�JHQHUDO�SRSXODWLRQV���WKH�ILQGLQJ�RI�VXEVWDQWLDO�DPRXQWV�RI�SOXWRQLXP�LQ�WKRUDFLF�O\PSK�QRGHV�LV�

FRQVLGHUHG�WR�EH�LQGLFDWLYH�RI�LQKDODWLRQ�H[SRVXUHV�WR�LQVROXEOH�SOXWRQLXP�FRPSRXQGV��

0XFK�PRUH�GHWDLOHG�LQIRUPDWLRQ�RQ�WKH�H[WUD�UHVSLUDWRU\�GLVWULEXWLRQ�RI�LQKDOHG�SOXWRQLXP�GHULYHV�IURP�

QXPHURXV�VWXGLHV�WKDW�KDYH�EHHQ�FRQGXFWHG�LQ�DQLPDOV��LQFOXGLQJ�QRQKXPDQ�SULPDWHV��GRJV��DQG�YDULRXV�

URGHQW�VSHFLHV�� 7KH�GRJ�VWXGLHV�DUH�RI�SDUWLFXODU�UHOHYDQFH�WR�RXU�XQGHUVWDQGLQJ�RI�WKH�WR[LFRORJ\�RI�

LQKDOHG�SOXWRQLXP���%HJLQQLQJ�LQ�WKH�HDUO\�����V��WKH�8�6��JRYHUQPHQW�LQLWLDWHG�VHYHUDO�OLIH�VSDQ�VWXGLHV�

RI�WKH�WR[LFRORJ\�RI�LQKDOHG�SOXWRQLXP�LQ�EHDJOHV��'2(���������7KH�UHVXOWV�RI�WKHVH�VWXGLHV�IRUP�SDUW�RI�

WKH�EDVLV�IRU�RXU�XQGHUVWDQGLQJ�RI�WKH�WR[LFLW\�DQG�FDUFLQRJHQLFLW\�RI�LQKDOHG�SOXWRQLXP��VHH�6HFWLRQ�������

Organ Distribution of Absorbed Plutonium in Humans. ,QIRUPDWLRQ�RQ�WLVVXH�GLVWULEXWLRQ�RI�SOXWRQLXP�

LQ�KXPDQV�KDV�FRPH�IURP�WKH�DQDO\VLV�RI�SOXWRQLXP�OHYHOV�LQ�SRVWPRUWHP�WLVVXH�VDPSOHV���3RVWPRUWHP�

VWXGLHV�KDYH�LQFOXGHG�ZRUNHUV�H[SRVHG�RFFXSDWLRQDOO\��)LOLS\�DQG�)RUG�������)LOLS\�DQG�.DWKUHQ�������

)LOLS\�HW�DO��������-DPHV�HW�DO��������0F,QUR\�HW�DO��������������6XVORYD�HW�DO���������DV�ZHOO�DV�VWXGLHV�RI�

WKH�SRSXODWLRQV�IURP�WKH�JHQHUDO�SXEOLF��%XQ]O�DQG�.UDFNH�������,EUDKLP�HW�DO��������.DZDPXUD�DQG�

7DQDND�������0XVVDOR�HW�DO��������0XVVDOR�5DXKDPPD�HW�DO��������1HOVRQ�HW�DO��������3RSSOHZHOO�HW�DO��

������6LQJK�DQG�:UHQQ�������<DPDPRWR�HW�DO������D����&ROOHFWLYHO\��WKHVH�VWXGLHV�KDYH�VKRZQ�WKDW�

DSSUR[LPDWHO\�����RI�WKH�V\VWHPLF��L�H���DEVRUEHG��SOXWRQLXP�EXUGHQ�LV�IRXQG�LQ�VNHOHWRQ��|������OLYHU�



   
 

    
 
 

 
 
 
 
 

� � � � �

� �

� � �

� � �

� � � �

� � � �

� � � � � �

� � �

� � � �

� �

�

� �

�

� � � � �

� � �

� � � �

� �

�� � �

� � � �

�

� � �

�

�

� �

�

�

�

� � �

� �

� � �

� � � �

�

� � � � �

79 PLUTONIUM 
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�|������DQG�VNHOHWDO�PXVFOH��|������$�VXEVWDQWLDO�IUDFWLRQ�RI�WKH�WRWDO�ERG\�EXUGHQ��H�J�����±�����KDV�

DOVR�EHHQ�IRXQG�LQ�WKH�UHVSLUDWRU\�WUDFW��LQFOXGLQJ�DVVRFLDWHG�O\PSK�QRGHV��LQ�ZRUNHUV�ZKR�H[SHULHQFHG�

LQKDODWLRQ�H[SRVXUHV��-DPHV�HW�DO��������0F,QUR\�HW�DO����������$XWRSV\�VWXGLHV�RI�VXEMHFWV�IURP�WKH�

JHQHUDO�SXEOLF�KDYH�IRXQG�UHVSLUDWRU\�WUDFW�SOXWRQLXP�EXUGHQV�UDQJLQJ�IURP�DSSUR[LPDWHO\���WR����RI�WKH�

FRPELQHG�EXUGHQV�RI�UHVSLUDWRU\�WUDFW��OLYHU�DQG�VNHOHWRQ��,EUDKLP�HW�DO��������.DZDPXUD�DQG�7DQDND�

������6LQJK�DQG�:UHQQ���������<DPDPRWR�HW�DO�������D��DOVR�HYDOXDWHG�WKH�DFWLYLW\�UDWLRV�RI����3X����3X�

LQ�DXWRSV\�VDPSOHV�IURP�LQGLYLGXDOV�VXUURXQGLQJ�WKH�6HPLSDODWLQVN�1XFOHDU�7HVW�6LWH�LQ�WKH�IRUPHU�6RYLHW�

8QLRQ���7KH\�GHWHUPLQHG�WKDW�ERWK�LVRWRSHV�ZHUH�SUHVHQW�DW�KLJKHVW�FRQFHQWUDWLRQV�LQ�OLYHU�IROORZHG�E\�

OXQJV�DQG�NLGQH\��DQG�WKDW�WKH�LVRWRSLF�UDWLRV�UDQJHG�IURP�������WR��������ZKLFK�ZHUH�FRQVLVWHQW�ZLWK�

YDOXHV�REWDLQHG�HOVHZKHUH�IURP�H[SRVXUH�WR�DWRPLF�ZHDSRQV�IDOORXW��

7KH�KLJKHVW�FRQFHQWUDWLRQV�RI�DEVRUEHG�SOXWRQLXP�DUH�XVXDOO\�IRXQG�LQ�OLYHU��ERQH��DQG�VSOHHQ��)LOLS\�DQG�

)RUG�������)LOLS\�HW�DO��������0F,QUR\�HW�DO��������<DPDPRWR�HW�DO������D����+RZHYHU��FRQFHQWUDWLRQV�RI�

SOXWRQLXP�LQ�WKH�UHVSLUDWRU\�WUDFW�DQG�DVVRFLDWHG�O\PSK�QRGHV�FDQ�H[FHHG�WKDW�RI�RWKHU�WLVVXHV�ZKHQ�

H[SRVXUHV�RFFXU�IURP�LQKDODWLRQ��0F,QUR\�HW�DO��������6LQJK�DQG�:UHQQ���������6NHOHWDO�OLYHU�

FRQFHQWUDWLRQ�UDWLRV�PHDVXUHG�LQ�WLVVXHV�IURP�GHFHDVHG�SOXWRQLXP�ZRUNHUV�UDQJHG�IURP�DSSUR[LPDWHO\�

�����WR����)LOLS\�DQG�.DWKUHQ���������7LVVXH�OLYHU�FRQFHQWUDWLRQ�UDWLRV�LQ�D�GHFHDVHG�SOXWRQLXP�ZRUNHU�

ZHUH�DV�IROORZV�� WUDFKHREURQFKLDO�O\PSK�QRGH�>7%/1@�������OXQJ�������SLWXLWDU\�������VNHOHWRQ��������

VSOHHQ��������DQG�RWKHU�VRIW�WLVVXHV�������0F,QUR\�HW�DO����������$Q�DQDO\VLV�RI�WLVVXH�SOXWRQLXP�OHYHOV�LQ�D�

JURXS�RI�GHFHDVHG�SOXWRQLXP�ZRUNHUV��Q ��±�����IRXQG�WKH�IROORZLQJ�VRIW�WLVVXH�OLYHU�FRQFHQWUDWLRQ�

UDWLRV���VNHOHWRQ�������DQG�VSOHHQ������±�������UDWLRV�IRU�RWKHU�WLVVXHV�ZHUH��������)LOLS\�DQG�)RUG�������

)LOLS\�HW�DO����������

7KH�DERYH�HVWLPDWHV�UHIOHFW�PHDVXUHPHQWV�PDGH�DW�DXWRSV\�DQG�QRW�LQLWLDO�GLVWULEXWLRQV�RI�DEVRUEHG�

SOXWRQLXP�RU�UHGLVWULEXWLRQ�RI�SOXWRQLXP�RYHU�WLPH���$OWKRXJK�SURFHVVHV�LQYROYHG�LQ�WKH�GLVWULEXWLRQ��

LQLWLDO�GHSRVLWLRQ��DQG�UHGLVWULEXWLRQ�RI�DEVRUEHG�SOXWRQLXP�DUH�QRW�FOHDUO\�GHILQHG��DYDLODEOH�KXPDQ�DQG�

DQLPDO�GDWD�FROOHFWLYHO\�SURYLGH�VRPH�LQVLJKW���,QKDOHG�SOXWRQLXP�WKDW�KDV�HQWHUHG�WKH�EORRG�DSSHDUV�WR�EH�

ODUJHO\�ERXQG�WR�WUDQVIHUULQ�DQG�EHFRPHV�DVVRFLDWHG�ZLWK�LURQ�ELQGLQJ�SURWHLQV�VXFK�DV�IHUULWLQ�DQG�

OLSRIXVFLQ�XSRQ�HQWHULQJ�KHSDWRF\WHV��6WHYHQV�HW�DO��������6WRYHU�����D��6XVORYD�HW�DO��������7D\ORU�HW�DO��

��������%DVHG�RQ�UHJUHVVLRQ�DQDO\VLV�RI�DXWRSV\�GDWD�IURP�0D\DN�ZRUNHUV��DSSUR[LPDWHO\����DQG�����RI�

WKH�SOXWRQLXP�HQWHULQJ�WKH�EORRG�IURP�WKH�OXQJ�LQLWLDOO\�GHSRVLWHG�LQ�WKH�OLYHU�DQG�VNHOHWRQ��UHVSHFWLYHO\�

�6XVORYD�HW�DO����������/LYHU�UHWHQWLRQ�GHFUHDVHG�OLQHDUO\�IURP�����DW�WKH�EHJLQQLQJ�RI�H[SRVXUH�WR�����DW�

���\HDUV�SRVWH[SRVXUH��GXULQJ�ZKLFK�WLPH�VNHOHWDO�GHSRVLWLRQ�LQFUHDVHG�IURP����WR�������7KLV�

UHGLVWULEXWLRQ�RI�DSSUR[LPDWHO\����RI�WKH�WRWDO�V\VWHPLF�FRQWHQW�IURP�OLYHU�WR�VNHOHWRQ�GXULQJ�WKH����\HDU�
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SRVWH[SRVXUH�SHULRG�UHSUHVHQWV�D�WUDQVORFDWLRQ�UDWH�RI�DSSUR[LPDWHO\�������SHU�\HDU���5HGLVWULEXWLRQ�RI�

SOXWRQLXP�IURP�RWKHU�VRIW�WLVVXH�LV�H[SHFWHG�WR�FRQWULEXWH�WR�LQFUHDVHG�VNHOHWDO�FRQWHQW�RYHU�WLPH�DV�ZHOO��

&RQVLGHUDEOH�HIIRUW�DQG�SURJUHVV�KDV�EHHQ�PDGH�LQ�GHYHORSLQJ�PRGHOV�WKDW�VLPXODWH�WKH�GLVWULEXWLRQ�DQG�

HOLPLQDWLRQ�NLQHWLFV�RI�DEVRUEHG�SOXWRQLXP���7KHVH�PRGHOV�DUH�GHVFULEHG�LQ�JUHDWHU�GHWDLO�LQ�6HFWLRQ��������

Organ Distribution of Absorbed Plutonium in Animals�� 1XPHURXV�VWXGLHV�FRQGXFWHG�LQ�YDULRXV�DQLPDO�

PRGHOV��LQFOXGLQJ�QRQKXPDQ�SULPDWHV��URGHQWV��DQG�GRJV��SURYLGH�DGGLWLRQDO�HYLGHQFH�IRU�GLVWULEXWLRQ�RI�

DEVRUEHG�SOXWRQLXP�WR�WKRUDFLF�O\PSK�QRGHV��OLYHU��DQG�VNHOHWRQ��IROORZLQJ�LQKDODWLRQ�H[SRVXUHV�WR�

SOXWRQLXP�DHURVROV��%DLU�HW�DO������E��������%XOGDNRY�HW�DO��������'DJOH�HW�DO��������*XLOPHWWH�HW�DO��

������/DWDLOODGH�HW�DO��������0HZKLQQH\�DQG�'LHO�������0RULQ�HW�DO��������0XJJHQEXUJ�HW�DO��������

1HQRW�HW�DO��������3DUN�HW�DO��������6DQGHUV�������6DQGHUV�DQG�0DKDIIH\�������6DQGHUV�HW�DO����������

7KHVH�REVHUYDWLRQV�DUH�FRQVLVWHQW�ZLWK�WKH�ODUJHU�ERG\�RI�REVHUYDWLRQV�RI�WKH�GLVWULEXWLRQ�RI�SOXWRQLXP�

IROORZLQJ�SDUHQWHUDO�DGPLQLVWUDWLRQ�RI�SOXWRQLXP�FRPSRXQGV��%DLU�HW�DO��������'2(�������9DXJKDQ�HW�DO��

�������

6WXGLHV�FRQGXFWHG�LQ�DQLPDOV�KDYH�DOVR�VKRZQ�WKDW�SDUWLFOH�VL]H�DQG�SK\VLFDO�DQG�FKHPLFDO�IRUP�RI�

LQKDOHG�SOXWRQLXP�LQIOXHQFH�ERWK�WKH�NLQHWLFV�DQG�SDWWHUQV�RI�WLVVXH�GLVWULEXWLRQ�RI�SOXWRQLXP���

0XJJHQEXUJ�HW�DO���������VKRZHG�WKDW��IRU�PRQRGLVSHUVH�SDUWLFOHV�RI������������RU������P�$0$'��WKH�

VPDOOHVW�SDUWLFOHV�ZHUH�PRVW�UDSLGO\�UHPRYHG�IURP�WKH�OXQJV�GXULQJ�WKH�ILUVW�IHZ�KXQGUHG�GD\V��

7KHUHDIWHU��UHPRYDO�RI�WKH�ODUJHU�SDUWLFOHV�ZDV�PRUH�UDSLG�WKDQ�WKDW�RI�WKH�VPDOOHU�SDUWLFOHV��WKLV�WUHQG�

SHUVLVWHG�SDVW�������GD\V�� 7KH�UDWH�RI�SDUWLFOH�GLVWULEXWLRQ�IURP�WKH�OXQJ�ZDV�JUHDWHVW�WR�WKH�VNHOHWRQ�

IROORZHG�E\�OLYHU�DQG�VSOHHQ���$FWLYLW\��DV�SHUFHQW�,/%��LQ�WKH�VNHOHWRQ�LQFUHDVHG�WR����DW�������GD\V���

$FWLYLW\�LQ�WKH�OLYHU�UHDFKHG�����DW�������GD\V�DQG�VORZO\�GHFUHDVHG�WKHUHDIWHU� �$FWLYLW\�LQ�WKH�VSOHHQ�

UHDFKHG������DW������GD\V�DQG�OLNHZLVH�VORZO\�GHFUHDVHG�DIWHUZDUG���$FWLYLW\�LQ�WKH�NLGQH\�LQLWLDOO\�

UHDFKHG��������DQG�WKHQ�VORZO\�GHFUHDVHG�� ,Q�JHQHUDO��H[SRVXUHV�WR�PRUH�LQVROXEOH�IRUPV�RI�3X��H�J���

3X2���UHVXOW�LQ�GLVWULEXWLRQ��SHUFHQW�RI�,/%��RI�SOXWRQLXP�IURP�WKH�OXQJV�WR�WKRUDFLF�O\PSK�QRGHV�

FRPSDUDEOH�WR�WKDW�RI�WKH�OLYHU�DQG�JUHDWHU�FRPSDUHG�WR�WKDW�RI�PRUH�VROXEOH�3X�,9��FRPSOH[HV��H�J���

FLWUDWH��QLWUDWH���%DLU�HW�DO��������������'2(�����E��������0RULQ�HW�DO��������0XJJHQEXUJ�HW�DO��������

3DUN�HW�DO����������7KH�KLJKHVW�FRQFHQWUDWLRQV�RI�SOXWRQLXP�LQ�O\PSK�QRGHV�ZHUH�REVHUYHG�LQLWLDOO\�LQ�

WKRUDFLF�O\PSK�QRGHV���/HYHOV�LQ�VHOHFWHG�O\PSK�QRGHV�LQFUHDVHG�WR�����,/%�DIWHU�����GD\V��WKRUDFLF�

O\PSK�QRGHV�������,/%�DW�������GD\V��PHGLDVWLQDO�O\PSK�QRGHV������,/%�DW�������GD\V��KHSDWLF�O\PSK�

QRGHV��������,/%�DW�������GD\V��VWHUQDO�O\PSK�QRGHV���DQG�������,/%�DW�����GD\V��UHWURSKDU\QJHDO�

O\PSK�QRGHV���0XJJHQEXUJ�HW�DO����������:KHUHDV�SOXWRQLXP�FRQFHQWUDWLRQV�LQ�WKH�WKRUDFLF�O\PSK�QRGHV�

RI����3X2��H[SRVHG�GRJV�UHPDLQ�KLJK�GXULQJ�OLIHWLPH�REVHUYDWLRQ��0HZKLQQH\�DQG�'LHO��������
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3. HEALTH EFFECTS 

GHPRQVWUDWHG�WKDW�WKH�FRQFHQWUDWLRQV�LQ�WKH�WKRUDFLF�O\PSK�QRGHV�RI����3X2��H[SRVHG�GRJV�UDSLGO\�

LQFUHDVHG�WR�SHDN�OHYHOV��DSSUR[LPDWHO\�����RI�WKH�LQLWLDO�OXQJ�EXUGHQ��ZLWKLQ�WKH�ILUVW�\HDU�SRVWH[SRVXUH��

WKHQ�GHFOLQHG�WR�����RI�WKH�LQLWLDO�OXQJ�EXUGHQ�GXULQJ�WKH�QH[W���\HDUV���7KLV�GLIIHUHQFH�LQ�UHWHQWLRQ�RI�

SOXWRQLXP�E\�WKH�WKRUDFLF�O\PSK�QRGHV�LV�WKRXJKW�WR�UHVXOW�IURP�UDGLDWLRQ�IUDJPHQWDWLRQ�DQG�VXEVHTXHQW�

GLVVROXWLRQ�RI�WKH�UHVXOWLQJ�VPDOOHU����3X�SDUWLFOHV��O\PSKDWLF�WUDQVSRUW�WR�V\VWHPLF�FLUFXODWLRQ��DQG�

VXEVHTXHQW�GHSRVLWLRQ�SULQFLSDOO\�LQ�OLYHU�DQG�VNHOHWRQ��0HZKLQQH\�DQG�'LHO���������7KH�PHWKRG�XVHG�WR�

SURGXFH�3X2��DOVR�DSSHDUV�WR�DIIHFW�WKH�GLVWULEXWLRQ�RI�LQKDOHG�SOXWRQLXP�R[LGH���'LVWULEXWLRQ�WR�WKRUDFLF�

O\PSK�QRGHV��ERQH��DQG�OLYHU�ZDV�JUHDWHU�ZKHQ�H[SRVXUH�ZDV�WR�FKHPLFDOO\�SUHSDUHG�R[LGHV�RU�WR�DLU�

R[LGL]HG�RU�ORZ�ILUHG�SOXWRQLXP�FRPSDUHG�WR�WKH�KLJK�ILUHG�IRUPV��%DLU�HW�DO��������6DQGHUV�DQG�

0DKDIIH\��������

'LVWULEXWLRQ�RI�3X2��IURP�WKH�UHVSLUDWRU\�WUDFW�DQG�DVVRFLDWHG�O\PSK�QRGHV�LV�DIIHFWHG�E\�WKH�VL]H�RI�WKH�

SDUWLFOHV�LQLWLDOO\�GHSRVLWHG�LQ�WKH�OXQJ���/DUJHU�SDUWLFOH�VL]HV��H�J����±��ȝP�00'��GHSRVLWHG�LQ�WKH�

DOYHRODU�UHJLRQ�RI�WKH�OXQJ�XQGHUJR�OHVV�H[WHQVLYH�PXFRFLOLDU\�WUDQVSRUW�WR�WKH�JDVWURLQWHVWLQDO�WUDFW�DQG�

PRUH�H[WHQVLYH�WUDQVIHU�LQWR�EURQFKLDO�O\PSK�QRGHV��%DLU�HW�DO������E��������*XLOPHWWH�HW�DO����������2Q�

WKH�RWKHU�KDQG��WUDQVIHU�WR�H[WUD�UHVSLUDWRU\�WLVVXHV�LV�DXJPHQWHG�ZLWK�GHFUHDVLQJ�SDUWLFOH�VL]H��H�J������ȝP�

PDVV�PHGLDQ�GLDPHWHU�>00'@���%DLU�HW�DO��������'2(���������3OXWRQLXP�GHSRVLWHG�LQ�OXQJ�IURP�

H[SRVXUH�WR����3X2��RU����3X�12���� LV�UDSLGO\�DQG�PRUH�H[WHQVLYHO\�GLVWULEXWHG�WR�H[WUD�UHVSLUDWRU\�WLVVXHV�

WKDQ�LV����3X2���'DJOH�HW�DO��������������*XLOPHWWH�HW�DO��������3DUN�HW�DO����������)RU�H[DPSOH��

������GD\V�DIWHU�EHDJOHV�ZHUH�H[SRVHG�WR�DHURVROV�RI�VLPLODUO\�VL]HG�SDUWLFOHV�RI����3X2��RU����3X2���OLYHU�

DQG�VNHOHWDO�EXUGHQV��IUDFWLRQ�RI�LQLWLDO�OXQJ�EXUGHQ��ZHUH�DSSUR[LPDWHO\�����WLPHV�KLJKHU�LQ�GRJV�

H[SRVHG�WR����3X2���DQG�OXQJ�EXUGHQV�ZHUH�DSSUR[LPDWHO\��±��WLPHV�KLJKHU�LQ�GRJV�H[SRVHG�WR����3X2��

�*XLOPHWWH�HW�DO��������3DUN�HW�DO����������7KH�LVRWRSH�HIIHFW�LV�WKRXJKW�WR�UHVXOW�IURP�WKH�UHODWLYHO\�KLJK�

VSHFLILF�DFWLYLW\�RI�����3X��ZKLFK�FRQWULEXWHV�WR�UDGLRO\WLF�IUDJPHQWDWLRQ�RI�3X�FRQWDLQLQJ�SDUWLFOHV�LQ�OXQJ�

DQG�O\PSK�QRGHV��DXJPHQWLQJ�WUDQVSRUW�DQG�GLVWULEXWLRQ�WR�O\PSK�DQG�EORRG��%DLU�HW�DO��������'LHO�DQG�

0HZKLQQH\�������� 7KH�GLVWULEXWLRQ�NLQHWLFV�RI�LQKDOHG����3X�12����PRUH�FORVHO\�UHVHPEOH�WKRVH�RI�
���3X2�� WKDQ����3X2���'DJOH�HW�DO��������������3DUN�HW�DO���������

'LVWULEXWLRQ�RI�LQKDOHG����3X2�� WR�ERQH�LV�LQIOXHQFHG�E\�DJH���,Q�LPPDWXUH�GRJV��D���IROG�LQFUHDVH�LQ�

GLVWULEXWLRQ�WR�WKH�ERQH�ZDV�VHHQ�FRPSDUHG�WR�WKDW�LQ�\RXQJ�DGXOW�GRJV��'2(�����F�� �7KHVH�REVHUYDWLRQV�

DUH�FRQVLVWHQW�ZLWK�VLPLODU�REVHUYDWLRQV�PDGH�IROORZLQJ�SDUHQWHUDO�DGPLQLVWUDWLRQ�RI�3X�,9���%UXHQJHU�HW�

DO������D��DQG�UHIOHFW�KLJKHU�ERQH�WXUQ�RYHU�LQ�MXYHQLOHV��VHH�Distribution within Bone���
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3. HEALTH EFFECTS 

Maternal-fetal Transfer of Plutonium. $EVRUEHG�PDWHUQDO�SOXWRQLXP�FDQ�EH�WUDQVIHUUHG�WR�WKH�SODFHQWD�

DQG�IHWXV��/XQG�DQG�7NDWFKHY�������3URVVHU�HW�DO��������5XVVHOO�HW�DO����������$QDO\VHV�RI�SOXWRQLXP�

FRQFHQWUDWLRQ�LQ�WKH�SODFHQWD�IURP�D�OLYH�ELUWK�WKDW�RFFXUUHG����\HDUV�IROORZLQJ�D�ZRUN�UHODWHG�DFFLGHQWDO�

LQKDODWLRQ�H[SRVXUH�WR�SOXWRQLXP�IRXQG�FRQFHQWUDWLRQ�UDWLRV�IRU�SODFHQWD�PDWHUQDO��HVWLPDWHG�PDWHUQDO�

ERG\�EXUGHQ�SHU�NJ�ERG\�ZHLJKW��RI�����±������5XVVHOO�HW�DO����������$QDO\VHV�RI�SOXWRQLXP�LQ�D�VDPSOH�

RI�DERUWHG�IHWXVHV�IURP�WKH�JHQHUDO�SXEOLF�IRXQG�IHWDO�PDWHUQDO�FRQFHQWUDWLRQ�UDWLRV�WR�EH�������3URVVHU�HW�

DO����������6WXGLHV�LQ�ZKLFK�DQLPDOV�UHFHLYHG�SDUHQWHUDO�LQMHFWLRQV�RI�SOXWRQLXP��LQ�PRVW�FDVHV��DV�

SOXWRQLXP�FLWUDWH��FRQILUP�WKDW�DEVRUEHG�SOXWRQLXP�FDQ�EH�WUDQVIHUUHG�WR�WKH�IHWXV��*UHHQ�HW�DO��������

.XERWD�HW�DO��������0RUJDQ�HW�DO��������3DTXHW�HW�DO��������5XVVHOO�HW�DO��������:HLVV�DQG�:DOEXUJ��������

7KLV�GLVWULEXWLRQ�SDWKZD\�ZRXOG�EH�H[SHFWHG�DIWHU�LQKDODWLRQ�H[SRVXUH�� ,Q�EDERRQV��IHWDO�PDWHUQDO�ZKROH�

ERG\�FRQFHQWUDWLRQ�YDULHG�ZLWK�WKH�SHULRG�RI�JHVWDWLRQ�DW�ZKLFK�WKH�SDUHQWHUDO�LQMHFWLRQ�RI�SOXWRQLXP�

RFFXUUHG�DQG�ZHUH�KLJKHVW�ZKHQ�SOXWRQLXP�ZDV�DGPLQLVWHUHG�GXULQJ�HDUO\�JHVWDWLRQ���GD\�����

IHWDO�PDWHUQDO ���GD\�����IHWDO�PDWHUQDO ������DQG�GD\������IHWDO�PDWHUQDO ������5XVVHOO�HW�DO��������

DWWULEXWHG�WR�$QGUHZ�HW�DO����������$�VLPLODU�SDWWHUQ�KDV�EHHQ�REVHUYHG�LQ�RWKHU�DQLPDO�VSHFLHV��DQG�LV�

WKRXJKW�WR�UHIOHFW�GLVWULEXWLRQ�DQG�GLOXWLRQ�RI�SOXWRQLXP�LQLWLDOO\�WUDQVIHUUHG�WR�WKH�IHWDO�SODFHQWDO�XQLW��DV�

IHWDO�JURZWK�SURJUHVVHV�� $�ODUJHU�IUDFWLRQ�RI�DQ�DGPLQLVWHUHG�PDWHUQDO�GRVH�RI�SOXWRQLXP�LV�WUDQVIHUUHG�WR�

IHWDO�SODFHQWDO�WLVVXHV�GXULQJ�ODWH�SUHJQDQF\���,Q�EDERRQV�WKDW�UHFHLYHG�D�VLQJOH�LQWUDYHQRXV�LQMHFWLRQ�RI�

SOXWRQLXP�FLWUDWH�GXULQJ�WKH��WK�PRQWK�RI�SUHJQDQF\��DSSUR[LPDWHO\��±���RI�WKH�DFWLYLW\�ZDV�WUDQVIHUUHG�

WR�WKH�IHWXV�ZLWKLQ���GD\V�SRVWDGPLQLVWUDWLRQ��3DTXHW�HW�DO����������7KH�IHWDO�PDWHUQDO�ZKROH�ERG\�

FRQFHQWUDWLRQ�UDWLR�ZDV�DSSUR[LPDWHO\�����DQG�WKH�WLVVXH�GLVWULEXWLRQ�LQ�WKH�IHWXV�ZDV�VLPLODU�WR�WKDW�

REVHUYHG�LQ�DGXOW�DQLPDOV��ZLWK�WKH�VNHOHWRQ�DQG�OLYHU�DFFRXQWLQJ�IRU�PRVW�RI�WKH�SOXWRQLXP�DFWLYLW\�LQ�WKH�

IHWDO�ERG\�� )HWDO�SODFHQWDO�EXUGHQ�ZDV�DSSUR[LPDWHO\����RI�WKH�DGPLQLVWHUHG�SOXWRQLXP�GRVH�LQ�JXLQHD�

SLJV��PLFH��DQG�UDWV�WKDW�UHFHLYHG�DQ�LQMHFWLRQ�RI�SOXWRQLXP�FLWUDWH�GXULQJ�ODWH�SUHJQDQF\��.XERWD�HW�DO��

������0RUJDQ�HW�DO����������0DWHUQDO�IHWDO�WUDQVIHU�RI�SOXWRQLXP��DGPLQLVWHUHG�DV�DQ�LQWUDYHQRXV�LQMHFWLRQ�

RI�SOXWRQLXP�FLWUDWH�RQ�GD\����RI�SUHJQDQF\�ZDV�GRVH�GHSHQGHQW�LQ�PLFH��DQG�UDQJHG�IURP�DSSUR[LPDWHO\�

���RI�WKH�GRVH�IROORZLQJ�DGPLQLVWUDWLRQ�RI�����ȝ&L�NJ������N%T�NJ��WR�DSSUR[LPDWHO\����IROORZLQJ�

DGPLQLVWUDWLRQ�RI����ȝ&L�NJ������N%T�NJ��:HLVV�DQG�:DOEXUJ���������7KH�KLJKHVW�FRQFHQWUDWLRQV�RI�

SOXWRQLXP�LQ�WKH�IHWDO�SODFHQWDO�XQLW�DUH�IRXQG�LQ�WKH�\RON�VDF��KRZHYHU��DV�RUJDQRJHQHVLV�SURJUHVVHV��

SOXWRQLXP�LV�DOVR�IRXQG�LQ�RWKHU�WLVVXHV��ZLWK�WKH�ODUJHVW�IUDFWLRQ�RI�WKH�IHWDO�EXUGHQ�LQ�OLYHU�DQG�ERQH�

�*UHHQ�HW�DO��������.XERWD�HW�DO��������0RUJDQ�HW�DO��������3DTXHW�HW�DO���������

http:fetal:maternal=0.04
http:fetal:maternal=0.13
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83 PLUTONIUM 

3. HEALTH EFFECTS 

3.4.2.2  Oral Exposure 

6WXGLHV�RI�WKH�GLVWULEXWLRQ�RI�SOXWRQLXP�LQ�KXPDQV�H[SRVHG�WR�SOXWRQLXP�VROHO\�WKURXJK�WKH�LQJHVWLRQ�

SDWKZD\�KDYH�QRW�EHHQ�UHSRUWHG���6WXGLHV�FRQGXFWHG�LQ�QRQKXPDQ�SULPDWHV��GRJV��DQG�YDULRXV�URGHQW�

VSHFLHV�KDYH�VKRZQ�WKDW�SOXWRQLXP�DEVRUEHG�IURP�WKH�JDVWURLQWHVWLQDO�WUDFW�LV�GLVWULEXWHG�SUHGRPLQDQWO\�

�|�����WR�OLYHU�DQG�VNHOHWRQ���$�VWXG\�FRQGXFWHG�LQ�IDVWHG�DGXOW�EDERRQV��Q ���IRXQG�WKDW�����GD\V�DIWHU�D�

VLQJOH�JDYDJH�GRVH�RI����3X�9,��FDUERQDWH��DSSUR[LPDWHO\�����RI�WRWDO�ERG\�EXUGHQ�ZDV�LQ�WKH�VNHOHWRQ�

DQG�OLYHU��DQG�WKDW�WKH�VNHOHWDO�OLYHU�SOXWRQLXP�UDWLR��WRWDO�EXUGHQ��ZDV�DSSUR[LPDWHO\������UDQJH������±�����

8615&���������6NHOHWDO�OLYHU�UDWLRV�UDQJLQJ�IURP���WR���KDYH�EHHQ�REVHUYHG�LQ�GRJV��IROORZLQJ�RUDO�

H[SRVXUHV�WR�SOXWRQLXP�ELFDUERQDWH�DQG�QLWUDWH��6XOOLYDQ�����D��6XOOLYDQ�DQG�*RUKDP�������7RRKH\�HW�DO��

�������DQG�YDOXHV�UDQJLQJ�IURP���WR���KDYH�EHHQ�REVHUYHG�LQ�UDWV�DQG�PLFH��6XOOLYDQ�HW�DO���������

3.4.2.3  Dermal Exposure 

2FFXSDWLRQDO�DFFLGHQWV�KDYH�UHVXOWHG�LQ�GHUPDO�H[SRVXUHV�DQG�RU�SHQHWUDWLRQ�RI�SOXWRQLXP�LQWR�VNLQ�

ZRXQGV�DQG�VXEVHTXHQW�V\VWHPLF�DEVRUSWLRQ�RI�SOXWRQLXP��0F,QUR\�HW�DO��������:RRGKRXVH�DQG�6KDZ�

��������,Q�RQH�FDVH�LQYROYLQJ�D�SOXWRQLXP�FRQWDPLQDWHG�ILQJHU�ZRXQG��SRVWPRUWHP�PHDVXUHPHQWV�RI�
���3X�OHYHOV�LQ�WLVVXHV��PHDVXUHG����\HDUV�IROORZLQJ�WKH�LQFLGHQW��VKRZHG�WKDW����DQG�����RI�WKH�ERG\�

EXUGHQ�ZHUH�FRQWDLQHG�LQ�WKH�OLYHU�DQG�VNHOHWRQ��UHVSHFWLYHO\��DQRWKHU������ZDV�DVVRFLDWHG�ZLWK�PXVFOH�

WLVVXH��0F,QUR\�HW�DO����������,Q�D�VLPLODU�FDVH�RI�D�SOXWRQLXP�FRQWDPLQDWHG�OHIW�ILQJHU�ZRXQG��3RSSOHZHOO�

DQG�+DP��������SRVWPRUWHP�PHDVXUHPHQWV�WDNHQ����\HDUV�SRVWDFFLGHQW�UHYHDOHG�D�WRWDO�HVWLPDWHG�

SOXWRQLXP�ERG\�EXUGHQ�RI�����N%T���7KH�OHIW�DUP�D[LOODU\�O\PSK�QRGHV�DFFRXQWHG�IRU�DSSUR[LPDWHO\�����

RI�WKH�WRWDO�ERG\�EXUGHQ��RWKHU�VLWHV�RI�GHSRVLWLRQ�LQFOXGHG�VNHOHWRQ��������OHIW�KDQG���������OLYHU���������

DQG�OHIW�DUP�IOHVK�������

3.4.2.4  Other Routes of Exposure 

3OXWRQLXP�WLVVXH�GLVWULEXWLRQV��SRVWPRUWHP��KDYH�EHHQ�PHDVXUHG�IROORZLQJ�LQWUDYHQRXV�LQMHFWLRQ�RI�

3X�,9��FLWUDWH�LQWR�VXEMHFWV�VXIIHULQJ�IURP�FKURQLF�GLVRUGHUV��/DQJKDP�HW�DO����������9DULRXV�DQDO\VHV�DQG�

VXPPDULHV�RI�WKHVH�GDWD�KDYH�EHHQ�SXEOLVKHG��$(&�������'XUELQ�������.DWKUHQ�������/HJJHWW��������

3RVWPRUWHP�WLVVXH�SOXWRQLXP�PHDVXUHPHQWV�IRU�VHYHQ�VXEMHFWV�KDYH�EHHQ�UHSRUWHG��GDWD�IRU�ILYH�RI�WKH�

VXEMHFWV�ZHUH�REWDLQHG���\HDU�IROORZLQJ�H[SRVXUH��GDWD�IRU�WKH�RWKHU�WZR�VXEMHFWV�ZHUH�REWDLQHG���RU�

���\HDUV�DIWHU�H[SRVXUH���$SSUR[LPDWHO\�����RI�WKH�LQMHFWHG�GRVH�ZDV�IRXQG�LQ�VNHOHWRQ��PRVW�RI�ZKLFK�

DSSHDUHG�WR�EH�DVVRFLDWHG�ZLWK�ERQH�PDUURZ��DQG���±����LQ�OLYHU��/DQJKDP�HW�DO���������
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3RVWPRUWHP�SOXWRQLXP�WLVVXH�GLVWULEXWLRQV�ZHUH�DOVR�PHDVXUHG�LQ�KHDOWK\�VXEMHFWV�UHFHLYLQJ�D�VLQJOH�

LQWUDYHQRXV�LQMHFWLRQ�RI����3X�,9��FLWUDWH��1HZWRQ�HW�DO��������:DUQHU�HW�DO����������$V�PXFK�DV�����RI�

WKH�LQMHFWHG����3X�GRVH�ZDV�IRXQG�LQ�WKH�OLYHU�DW��±����GD\V�SRVWLQMHFWLRQ��DSSUR[LPDWHO\�KDOI�RI�WKH�OLYHU�
���3X�FRQFHQWUDWLRQ�ZDV�DFKLHYHG�ZLWKLQ�WKH�ILUVW���GD\V�SRVWLQMHFWLRQ��1HZWRQ�HW�DO����������(DUO\�

JRQDGDO�XSWDNH�RI����3X�LQ�IRXU�KHDOWK\�PDOHV�ZDV�LQ�H[FHVV�RI��������PHDQ�UHWHQWLRQ�EHWZHHQ����DQG�

���GD\V�SRVWLQMHFWLRQ�ZDV�DSSUR[LPDWHO\���������:DUQHU�HW�DO���������

'LVWULEXWLRQ�RI�SOXWRQLXP�IROORZLQJ�LQWUDYHQRXV�LQMHFWLRQ�RI�SOXWRQLXP�KDV�EHHQ�VWXGLHG�LQ�QRQKXPDQ�

SULPDWHV��GRJV��DQG�URGHQWV��H�J���%DLU�HW�DO��������%UXHQJHU�HW�DO������D��'XUELQ�HW�DO��������������

*XLOPHWWH�HW�DO��������3ROLJ�������3ROLJ�HW�DO��������8615&��������

3.4.3 Metabolism 

3OXWRQLXP�PHWDEROLVP�LQ�SK\VLRORJLFDO�V\VWHPV�FRQVLVWV��SULPDULO\��RI�K\GURO\WLF�UHDFWLRQV�DQG�IRUPDWLRQ�

RI�FRPSOH[HV�ZLWK�SURWHLQ�DQG�QRQSURWHLQ�OLJDQGV���3OXWRQLXP�FDQ�H[LVW�LQ�R[LGDWLRQ�VWDWHV�,,,±9,�LQ�

VROXWLRQ��KRZHYHU��XQGHU�PRVW��LI�QRW�DOO��SK\VLRORJLFDO�FRQGLWLRQV��WKH�SUHGRPLQDQW�VWDWH�LV�3X�,9��

�*RUGHQ�HW�DO����������$W�QHXWUDO�S+��3X�,9��LRQ�UDSLGO\�XQGHUJRHV�K\GURO\VLV�WR�PRQRPHULF�DQG�LQVROXEOH�

SRO\PHULF�SOXWRQLXP�K\GUR[LGHV��H�J���Q3X>2+@����7D\ORU���������3X�,9��IRUPV�FRPSOH[HV�ZLWK�D�YDULHW\�

RI�SK\VLRORJLFDO�SURWHLQV��LQFOXGLQJ�DOEXPLQ��JOREXOLQV��H�J���WUDQVIHUULQ���IHUULWLQ��DQG�YDULRXV�ORZ�

PROHFXODU�ZHLJKW�SURWHLQV��*RUGHQ�HW�DO��������/HKPDQQ�HW�DO��������6WHYHQV�HW�DO��������6WRYHU�HW�DO��

����D��7D\ORU���������7KH�GLVVRFLDWLRQ�FRQVWDQW�RI�3X�,9��WUDQVIHUULQ�FRPSOH[�KDV�QRW�EHHQ�PHDVXUHG��

KRZHYHU��WKH�FRPSOH[�DSSHDUV�WR�EH�OHVV�VWDEOH�WKDQ�)H�,,,��WUDQVIHUULQ�FRPSOH[��.G|������0���$LVHQ�DQG�

/LVWRZVN\�������7XUQHU�DQG�7D\ORU���������$V�D�UHVXOW��ELQGLQJ�RI�)H�,,,��WR�WUDQVIHUULQ�FDQ�LQIOXHQFH�WKH�

GHJUHH�RI�ELQGLQJ�RI�3X�,9����([FHVV�LURQ�UHVXOWV�LQ�UHGXFHG�ELQGLQJ�RI�SOXWRQLXP�WR�WUDQVIHUULQ��7XUQHU�

DQG�7D\ORU���������3OXWRQLXP�DOVR�IRUPV�FRPSOH[HV�ZLWK�QRQSURWHLQ�OLJDQGV��SRO\FDUER[\ODWHV��H�J���

FLWUDWH��ODFWDWH��� 7KH�VWDELOLW\�FRQVWDQWV�IRU�WKH�PRQR� DQG�GL�FLWUDWH�FRPSOH[HV�DUH�DSSUR[LPDWHO\�

�����DQG������0��UHVSHFWLYHO\��7D\ORU��������

3.4.4 Elimination and Excretion 

.LQHWLFV�RI�HOLPLQDWLRQ�RI�DEVRUEHG�SOXWRQLXP�UHIOHFW�UHODWLYHO\�ORQJ�UHWHQWLRQ�WLPHV�RI�SOXWRQLXP�LQ�OLYHU�

�KDOI�WLPH�!��\HDUV��DQG�VNHOHWRQ��KDOI�WLPH�!���\HDUV��,&53�����D������D���������/HJJHWW��������WKH�

GRPLQDQW�VLWHV�RI�DFFXPXODWLRQ�RI�DEVRUEHG�SOXWRQLXP���$QDO\VHV�RI�GDWD�RQ�H[FUHWLRQ�DQG�WLVVXH�EXUGHQV�

RI�SOXWRQLXP�LQ�KXPDQV�KDYH�FRQWULEXWHG�WR�WKH�GHYHORSPHQW�RI�PHFKDQLVWLF�PRGHOV�RI�SOXWRQLXP�NLQHWLFV�

�VHH�6HFWLRQ����������7KHVH�PRGHOV�SUHGLFW�REVHUYHG�PXOWL�SKDVLF�HOLPLQDWLRQ�NLQHWLFV��UHIOHFWLQJ�WKH�
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3. HEALTH EFFECTS 

YDULDWLRQ�LQ�NLQHWLFV�DQG�UHODWLYH�VL]HV�RI�WKH�PDMRU�WLVVXH�GHSRWV�IRU�SOXWRQLXP��ZLWK�WKH�KDOI�WLPH�IRU�WKH�

GRPLQDQW�NLQHWLF�SURFHVV�HVWLPDWHG�WR�EH���±����\HDUV��,&53�����������������D��.KRNKU\DNRY�HW�DO��

������/HJJHWW���������7KLV�JHQHUDO�SDWWHUQ�RI�PXOWL�SKDVLF�HOLPLQDWLRQ�ZLWK�D�GRPLQDQW�VORZ�SKDVH�ZRXOG�

EH�H[SHFWHG�WR�DSSO\�WR�DEVRUEHG�SOXWRQLXP�UHJDUGOHVV�RI�WKH�URXWH�RI�H[SRVXUH�� +RZHYHU��ZLWK�LQKDODWLRQ�

H[SRVXUH��DGGLWLRQDO�SURFHVVHV�LQIOXHQFH�WKH�HOLPLQDWLRQ�NLQHWLFV��LQFOXGLQJ�SK\VLFDO�WUDQVIRUPDWLRQ�DQG�

GLVVROXWLRQ�RI�SDUWLFOHV�GHSRVLWHG�LQ�WKH�OXQJ��ZKLFK�FDQ�SURYLGH�D�VRXUFH�RI�UHSOHQLVKPHQW�RI�SOXWRQLXP�

WR�EORRG�DQG�RWKHU�WLVVXHV��VHH�6HFWLRQ�����������

3.4.4.1  Inhalation Exposure 

)ROORZLQJ�LQKDODWLRQ�H[SRVXUH�WR�3X2���SOXWRQLXP�LV�H[FUHWHG�LQ�IHFHV�DQG�XULQH��'2(�����F��

.KRNKU\DNRY�HW�DO��������.XULKDUD�HW�DO��������9RHO]�HW�DO����������([FUHWLRQ�LQ�IHFHV�SHDNV�ZLWKLQ��±�

��GD\V�IROORZLQJ�H[SRVXUH��UHIOHFWLQJ�EURQFKLDO�DQG�WUDFKHDO�PXFRFLOLDU\�WUDQVSRUW�RI�GHSRVLWHG�SOXWRQLXP�

SDUWLFOHV�WR�WKH�JDVWURLQWHVWLQDO�WUDFW��.XULKDUD�HW�DO���������KRZHYHU��LW�SHUVLVWV�IRU�\HDUV�DIWHU�FHVVDWLRQ�RI�

H[SRVXUH��'2(�����F��.KRNKU\DNRY�HW�DO��������9RHO]�HW�DO����������,Q�REVHUYDWLRQV�PDGH�RQ�UHWLUHG�

SOXWRQLXP�ZRUNHUV��Q ��������\HDUV�IROORZLQJ�UHWLUHPHQW���WKH�PHGLDQ�YDOXH�IRU�IHFDO�XULQH�H[FUHWLRQ�

UDWLR�ZDV�������*6'���������PHDQ ����r�����6'���.KRNKU\DNRY�HW�DO����������2EVHUYDWLRQV�PDGH�DW�

HDUOLHU�WLPHV�\LHOGHG�KLJKHU�UDWLRV��LQGLFDWLQJ�D�JUDGXDO�GHFOLQH�LQ�WKH�UDWLR�ZLWK�WLPH���*URXS�PHDQ�

IHFDO�XULQH�UDWLRV�LQ�����ZRUNHUV���±���\HDUV�SRVWH[SRVXUH��UDQJHG�IURP�DSSUR[LPDWHO\�����WR�����DQG�

ZHUH�VLPLODU�IRU�R[LGHV�DQG�QLWUDWHV��.KRNKU\DNRY�HW�DO����������9RHO]�HW�DO���������GHWHUPLQHG�D�PHGLDQ�

IHFDO�XULQH�UDWLR�RI������IRU����IRUPHU�ZRUNHUV�LQ�WKH�8QLWHG�6WDWHV��

.LQHWLFV�RI�XULQDU\�H[FUHWLRQ�RI�LQKDOHG�SOXWRQLXP�UHIOHFW�WKH�NLQHWLFV�RI�GLVVROXWLRQ�DQG�DEVRUSWLRQ�RI�

SOXWRQLXP�SDUWLFOHV�GHSRVLWHG�LQ�WKH�OXQJ��KDOI�WLPHV��±���\HDUV��DQG�WKH�UHODWLYHO\�ORQJ�UHWHQWLRQ�WLPHV�RI�

SOXWRQLXP�LQ�OLYHU��KDOI�WLPH�!��\HDUV��DQG�VNHOHWRQ��KDOI�WLPH�!���\HDUV���,&53�����D������D����

)ROORZLQJ�LQKDODWLRQ�H[SRVXUH�WR����3X2��FHUDPLF�SDUWLFOHV��SOXWRQLXP�ZDV�QRW�GHWHFWHG�LQ�XULQH�XQWLO�

����GD\V�DIWHU�H[SRVXUH�DQG�SHDN�H[FUHWLRQ�UDWHV�RFFXUUHG�DSSUR[LPDWHO\�������GD\V�IROORZLQJ�H[SRVXUH�

�-DPHV�HW�DO����������7KH�GHOD\�LQ�REVHUYHG�XULQDU\�H[FUHWLRQ�LV�WKRXJKW�WR�UHIOHFW��LQ�SDUW��WKH�UHODWLYHO\�

VORZ�GLVVROXWLRQ�NLQHWLFV�RI�WKH�SDUWLFOHV��KDOI�WLPH�|��\HDUV���-DPHV�HW�DO��������� 2YHU�ORQJHU�SHULRGV�RI�

WLPH�IROORZLQJ�H[SRVXUH��XULQDU\�H[FUHWLRQ�RI�SOXWRQLXP�H[KLELWV�PXOWL�SKDVLF�NLQHWLFV��ZLWK�GHFOLQLQJ�

UDWHV�RYHU�WLPH��.DWKUHQ�DQG�0F,QUR\�������6XVORYD�HW�DO��������:RRGKRXVH�DQG�6KDZ���������5HSHDWHG�

PHDVXUHPHQWV�RI�XULQDU\�SOXWRQLXP�H[FUHWLRQ�LQ���ZRUNHUV�ZKR�H[SHULHQFHG�LQKDODWLRQ�H[SRVXUHV�WR�

DHURVROV�RI�SOXWRQLXP�QLWUDWH�VKRZHG�WKDW�H[FUHWLRQ�UDWH�GHFOLQHG�ZLWK�D�PHDQ�KDOI�WLPH�RI����\HDUV�

�����&,�����±���\HDUV���ZKHQ�PHDVXUHG�DW�WLPHV������±������GD\V�SRVWH[SRVXUH��:RRGKRXVH�DQG�6KDZ�
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��������6XVORYD�HW�DO���������PHDVXUHG�XULQDU\�SOXWRQLXP�H[FUHWLRQ�DQG�WHUPLQDO�ERG\�EXUGHQV�LQ�

����KHDOWK\�SOXWRQLXP�ZRUNHUV���:KHQ�H[SUHVVHG�DV�D�IUDFWLRQ�RI�WHUPLQDO�ERG\�EXUGHQ��PHDVXUHG�DW�

DXWRSV\���WKH�PHDQ�H[FUHWLRQ�UDWH�ZDV����[�����G��� �*6' �������WKLV�FRUUHVSRQGV�WR�D�XULQDU\�HOLPLQDWLRQ�

KDOI�WLPH�RI�DSSUR[LPDWHO\�����\HDUV���7KH�H[FUHWLRQ�UDWHV�ZHUH�KLJKHU�LQ�ZRUNHUV�ZKR�GLHG�RI�

PDOLJQDQFLHV��FDUGLRYDVFXODU�RU�UHVSLUDWRU\�WUDFW�GLVHDVH�����[�����G����KDOI�WLPH������\HDUV���RU�OLYHU�

GLVHDVH�����[�����G����KDOI�WLPH������\HDUV����([FUHWLRQ�UDWHV�DPRQJ�ZRUNHUV�H[SRVHG�SULPDULO\�WR�PRUH�

VROXEOH�IRUPV�RI�SOXWRQLXP��H�J���SOXWRQLXP�QLWUDWH�����[�����G����KDOI�WLPH�������\HDUV��ZHUH�

DSSUR[LPDWHO\�WZLFH�WKRVH�RI�ZRUNHUV�H[SRVHG�SULPDULO\�WR�SOXWRQLXP�PHWDO�DQG�R[LGHV�����[�����G�����

KDOI�WLPH�������\HDUV����.DWKUHQ�DQG�0F,QUR\��������DQDO\]HG�GDWD�RQ�XULQDU\�H[FUHWLRQ�RI�SOXWRQLXP�DQG�

SRVWPRUWHP�WLVVXH�OHYHOV�LQ�ILYH�SOXWRQLXP�ZRUNHUV��IRXU�RI�ZKRP�ZHUH�H[SRVHG�WR�SOXWRQLXP�E\�WKH�

LQKDODWLRQ�URXWH��DQG�FRQFOXGHG�WKDW�ERG\�EXUGHQV�ZHUH�FRQVLVWHQW�ZLWK�ELSKDVLF�XULQDU\�HOLPLQDWLRQ�

NLQHWLFV�ZLWK�DSSUR[LPDWH�KDOI�WLPHV�RI����DQG�����\HDUV���(WKHULQJWRQ�HW�DO���������PHDVXUHG�XULQDU\�DQG�

EORRG�SOXWRQLXP�NLQHWLFV�LQ�WZR�DGXOW�VXEMHFWV�ZKR�LQKDOHG�DQ�DHURVRO�RI��������3X�12����
�$0$' ����ȝP��*6' �������8ULQDU\�FOHDUDQFH��H[SUHVVHG�DV�D�IUDFWLRQ�RI�EORRG�SOXWRQLXP�EXUGHQ�

H[FUHWHG�SHU�GD\��UDQJHG�IURP������WR�����G���GXULQJ�WKH�ILUVW����GD\V�IROORZLQJ�H[SRVXUH��FRUUHVSRQGLQJ�

KDOI�WLPHV�DUH��±���GD\V����0HGLFDO�IROORZ�XS�VWXGLHV�KDYH�EHHQ�FRQGXFWHG�RQ�SHUVRQV�H[SRVHG�WR�

SOXWRQLXP�GXULQJ�ZRUN�UHODWHG�WR�WKH�0DQKDWWDQ�3URMHFW��9RHO]�DQG�/DZUHQFH�������9RHO]�HW�DO��������

��������������/HJJHWW��������UHSRUWHG�DQ�DQDO\VLV�RI�D�VXEVHW�RI����VXEMHFWV��9RHO]�HW�DO������������\HDUV�

IROORZLQJ�WKH�FRQFOXVLRQ�RI�WKH�H[SRVXUH�SHULRG��DQG�HVWLPDWHG�XULQDU\�DQG�IHFDO�FOHDUDQFH��IUDFWLRQ�RI�

EORRG�EXUGHQ��WR�EH������DQG�������G����UHVSHFWLYHO\��FRUUHVSRQGLQJ�KDOI�WLPHV�DUH�DSSUR[LPDWHO\����DQG�

���GD\V���

6WXGLHV�FRQGXFWHG�ZLWK�QRQKXPDQ�SULPDWHV�KDYH�FRQILUPHG�WKDW�WKH�UHODWLYHO\�VORZ�H[FUHWLRQ�DQG�

HOLPLQDWLRQ�NLQHWLFV�RI�LQKDOHG�SOXWRQLXP�DULVH�IURP�ORQJ�UHWHQWLRQ�WLPHV�LQ�OXQJ��OLYHU��DQG�VNHOHWRQ�

�%URRNV�HW�DO��������/D%DXYH�HW�DO��������/DWDLOODGH�HW�DO��������0HWLYLHU�HW�DO������E��6WDQOH\�HW�DO��

��������6WXGLHV�FRQGXFWHG�LQ�GRJV��L�H���EHDJOHV��KDYH�VKRZQ�WKDW�OXQJ�UHWHQWLRQ�LV�D�JUHDWHU�FRQWULEXWRU�WR�

VORZ�HOLPLQDWLRQ�RI����3X2�� WKDQ�LW�LV�IRU����3X2������3X�12�����RU����3X�12�����ZKLFK�DUH�PRUH�UDSLGO\�

DEVRUEHG�DQG�GLVWULEXWHG�WR�WKH�OLYHU�DQG�VNHOHWRQ���,Q�EHDJOHV��GXULQJ�WKH�ILUVW�IHZ�GD\V�IROORZLQJ�

LQKDODWLRQ�H[SRVXUH�WR�3X2��RU�3X�12�����IHFDO�H[FUHWLRQ�LV�WKH�GRPLQDQW�H[FUHWRU\�SDWKZD\��UHIOHFWLQJ�

PXFRFLOLDU\�FOHDUDQFH�RI�GHSRVLWHG�SOXWRQLXP�WR�WKH�JDVWURLQWHVWLQDO�WUDFW�ZKHUH�WKH�DEVRUEHG�IUDFWLRQ�LV�

UHODWLYHO\�ORZ��H�J��������� )ROORZLQJ�WKLV�SHULRG�RI�UHODWLYHO\�UDSLG�FOHDUDQFH�RI�SOXWRQLXP�IURP�WKH�

UHVSLUDWRU\�WUDFW��IHFDO�H[FUHWLRQ�GHFOLQHV�DQG�XULQDU\�H[FUHWLRQ�PDNHV�D�ODUJHU�FRQWULEXWLRQ�WR�HOLPLQDWLRQ�

RI�WKH�ERG\�EXUGHQ��HTXDOLQJ�RU�H[FHHGLQJ�IHFDO�H[FUHWLRQ��%DLU�HW�DO��������0HZKLQQH\�DQG�'LHO���������

+RZHYHU��ERWK�IHFDO�DQG�XULQDU\�H[FUHWLRQ�UDWHV��SHUFHQW�RI�ERG\�EXUGHQ�GD\��GHFOLQH�RYHU�WLPH�DQG�YDU\�

http:GSD=1.78
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ZLWK�GLIIHUHQW�FKHPLFDO�DQG�SK\VLFDO�IRUPV�DQG�LVRWRSHV�RI�SOXWRQLXP���%DLU�HW�DO���������FRPSDUHG�

XULQDU\�H[FUHWLRQ�NLQHWLFV�GXULQJ�WKH�ILUVW�����GD\V�IROORZLQJ�H[SRVXUHV�RI�EHDJOHV�WR����3X2���00'��±�

��ȝP������3X2���00'�����ȝP������3X2���00'�����ȝP���RU����3X�12�����00'������ȝP����8ULQDU\�

H[FUHWLRQ�RI�SOXWRQLXP��SHU�FHQW�RI�ERG\�EXUGHQ����±����GD\V�SRVWH[SRVXUH��IROORZLQJ�H[SRVXUH�WR�
���3X2���00'��±��ȝP��ZDV�VORZHU��|�±��[������ERG\�EXUGHQ�GD\��WKDQ�IROORZLQJ�H[SRVXUH�WR����3X2��

�00'�����ȝP��|�[������ERG\�EXUGHQ�GD\������3X2���|�±�[������ERG\�EXUGHQ�GD\��RU����3X�12���� �|�±�

�[������ERG\�EXUGHQ�GD\���

3.4.4.2  Oral Exposure 

(QKDQFHG�XULQDU\�H[FUHWLRQ�RI��������3X�ZDV�REVHUYHG�LQ�KXPDQV�GXULQJ���GD\V�IROORZLQJ�LQJHVWLRQ�RI�

PROOXVNV�FRQWDLQLQJ��������3X��+XQW�������+XQW�HW�DO����������������([FUHWLRQ�RI�SOXWRQLXP�LQ�XULQH�ZDV�

DOVR�REVHUYHG�LQ�WKH�ILUVW����KRXUV�IROORZLQJ�DQ�RUDO�GRVH�RI����3X�9,��ELFDUERQDWH��RU����3X�9,��

ELFDUERQDWH��DGPLQLVWHUHG�WR�EDERRQV��8615&���������3ULHVW�HW�DO���������REVHUYHG�XULQDU\�H[FUHWLRQ�RI�

SOXWRQLXP�LQ�D�KXPDQ�ZKR�LQJHVWHG�SOXWRQLXP�FRQWDPLQDWHG�VHGLPHQWV���6WXGLHV�FRQGXFWHG�LQ�GRJV�DQG�

YDULRXV�URGHQW�VSHFLHV�KDYH�VKRZQ�WKDW�IROORZLQJ�LQJHVWLRQ��DEVRUEHG�SOXWRQLXP�LV�H[FUHWHG�LQ�XULQH�

�6XOOLYDQ�����D��6XOOLYDQ�HW�DO���������

3.4.4.3  Dermal Exposure 

2FFXSDWLRQDO�DFFLGHQWV�KDYH�UHVXOWHG�LQ�GHUPDO�H[SRVXUHV�DQG�RU�SHQHWUDWLRQ�RI�SOXWRQLXP�LQWR�VNLQ�

ZRXQGV�DQG�VXEVHTXHQW�V\VWHPLF�DEVRUSWLRQ�RI�SOXWRQLXP��0F,QUR\�HW�DO��������:RRGKRXVH�DQG�6KDZ�

��������,Q�RQH�FDVH��SRVWPRUWHP�PHDVXUHPHQWV�RI����3X�OHYHOV�LQ�WLVVXHV��PHDVXUHG����\HDUV�IROORZLQJ�WKH�

LQFLGHQW��VKRZHG�WKDW�OLYHU�FRQWDLQHG�DSSUR[LPDWHO\�����RI�WKH�ERG\�EXUGHQ�DQG�VNHOHWRQ�FRQWDLQHG�����

RI�WKH�ERG\�EXUGHQ��0F,QUR\�HW�DO����������:RRGKRXVH�DQG�6KDZ��������UHSRUWHG�XULQDU\�H[FUHWLRQ�RI�

SOXWRQLXP�GXULQJ���±���\HDU�SHULRGV�IROORZLQJ�YDULRXV�ZRXQG�UHODWHG�H[SRVXUHV�WR�3X2���R[DODWH���

3X�12�����RU�SOXWRQLXP�PHWDO���6ORZ�SKDVH�XULQDU\�H[FUHWLRQ�KDOI�WLPHV�IRU�VL[�VXEMHFWV�UDQJHG�IURP����WR�

���\HDUV��

3.4.4.4  Other Routes of Exposure 

3OXWRQLXP�H[FUHWLRQ�DQG�WLVVXH�GLVWULEXWLRQV��SRVWPRUWHP��KDYH�EHHQ�PHDVXUHG�IROORZLQJ�LQWUDYHQRXV�

LQMHFWLRQ�RI�3X�,9��FLWUDWH��/DQJKDP�HW�DO��������7DOERW�HW�DO��������� 9DULRXV�DQDO\VHV�DQG�VXPPDULHV�RI�

WKH�GDWD�IURP�/DQJKDP�HW�DO���������KDYH�EHHQ�SXEOLVKHG��$(&�������'XUELQ�������.DWKUHQ�������

/HJJHWW���������3RVWPRUWHP�WLVVXH�SOXWRQLXP�PHDVXUHPHQWV�IRU�VHYHQ�VXEMHFWV�KDYH�EHHQ�UHSRUWHG��GDWD�
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IRU�ILYH�RI�WKH�VXEMHFWV�ZHUH�REWDLQHG���\HDU�IROORZLQJ�H[SRVXUH�DQG�GDWD�IRU�WKH�RWKHU�WZR�VXEMHFWV�ZHUH�

REWDLQHG���RU����\HDUV�DIWHU�H[SRVXUH���:KROH�ERG\�UHWHQWLRQ�KDOI�WLPHV�UDQJHG�IURP����WR�����\HDUV�

�PHDQ�������\HDUV����5HWHQWLRQ�RI�SOXWRQLXP�LQ�EORRG�H[KLELWHG�PXOWL�SKDVLF�NLQHWLFV��ZLWK�WKH�IDVWHVW�

SKDVH������RI�FOHDUDQFH��KDYLQJ�D�KDOI�WLPH�RI�DSSUR[LPDWHO\����PLQXWHV��DQG�WKH�VORZHVW�SKDVH�������RI�

FOHDUDQFH��KDYLQJ�D�KDOI�WLPH�RI�DSSUR[LPDWHO\����GD\V���7KH�FRUUHVSRQGLQJ�WLPH�WR�KDOI�RI�WKH�LQLWLDO�

EORRG�EXUGHQ�ZDV�DSSUR[LPDWHO\���KRXU���)HFDO�H[FUHWLRQ�ZDV�WKH�GRPLQDQW�SDWKZD\�IRU�H[FUHWLRQ�GXULQJ�

WKH�ILUVW����GD\V�IROORZLQJ�H[SRVXUH��DIWHU�ZKLFK�XULQDU\�H[FUHWLRQ�H[FHHGHG�IHFDO�H[FUHWLRQ��/HJJHWW�

��������8ULQDU\�DQG�IHFDO�H[FUHWLRQ�UDWHV��IUDFWLRQ�RI�EORRG�EXUGHQ�H[FUHWHG�GD\��ZHUH�DSSUR[LPDWHO\�

�����DQG������GXULQJ�WKH�SHULRG���±���GD\V�SRVWH[SRVXUH��FRUUHVSRQGLQJ�KDOI�WLPHV�DUH�DSSUR[LPDWHO\��±�

��GD\V��/HJJHWW��������

8ULQDU\�H[FUHWLRQ�RI�SOXWRQLXP�KDV�DOVR�EHHQ�PRQLWRUHG�LQ�KHDOWK\�YROXQWHHUV�IROORZLQJ�LQWUDYHQRXV�

LQMHFWLRQ�RI����3X��DV�WKH�FLWUDWH��ZLWK�D�VKRUW�KDOI�OLIH��������GD\V��FRPSDUHG�WR��������\HDUV�IRU����3X���

0HDQ����KRXU�XULQDU\�H[FUHWLRQ�RI����3X�UDQJHG�IURP�����WR������IROORZLQJ�LQWUDYHQRXV�LQMHFWLRQ�RI�

3X�,9��FLWUDWH�LQWR����KHDOWK\�VXEMHFWV����PDOHV����IHPDOHV���UHWHQWLRQ�ZDV�JHQHUDOO\�JUHDWHU�LQ�ZRPHQ�

WKDQ�PHQ��7DOERW�HW�DO����������5HVXOWV�RI�D�VLPLODU�VWXG\�RI�WZR�KHDOWK\�PDOH�YROXQWHHUV�LQGLFDWHG����±�

�����XULQDU\�H[FUHWLRQ�GXULQJ����GD\V�SRVWLQMHFWLRQ��7DOERW�HW�DO���������

([FUHWLRQ�RI�SOXWRQLXP�IROORZLQJ�LQWUDYHQRXV�LQMHFWLRQ�RI�SOXWRQLXP�KDV�EHHQ�VWXGLHG�LQ�QRQKXPDQ�

SULPDWHV��GRJV��DQG�URGHQWV��H�J���%DLU�HW�DO��������%UXHQJHU�HW�DO������D��'XUELQ�HW�DO��������������

*XLOPHWWH�HW�DO��������3ROLJ�������3ROLJ�HW�DO��������8615&��������

3.4.5 Physiologically Based Pharmacokinetic (PBPK)/Pharmacodynamic (PD) Models 

3K\VLRORJLFDOO\�EDVHG�SKDUPDFRNLQHWLF��3%3.��PRGHOV�XVH�PDWKHPDWLFDO�GHVFULSWLRQV�RI�WKH�XSWDNH�DQG�

GLVSRVLWLRQ�RI�FKHPLFDO�VXEVWDQFHV�WR�TXDQWLWDWLYHO\�GHVFULEH�WKH�UHODWLRQVKLSV�DPRQJ�FULWLFDO�ELRORJLFDO�

SURFHVVHV��.ULVKQDQ�HW�DO����������3%3.�PRGHOV�DUH�DOVR�FDOOHG�ELRORJLFDOO\�EDVHG�WLVVXH�GRVLPHWU\�

PRGHOV���3%3.�PRGHOV�DUH�LQFUHDVLQJO\�XVHG�LQ�ULVN�DVVHVVPHQWV��SULPDULO\�WR�SUHGLFW�WKH�FRQFHQWUDWLRQ�RI�

SRWHQWLDOO\�WR[LF�PRLHWLHV�RI�D�FKHPLFDO�WKDW�ZLOO�EH�GHOLYHUHG�WR�DQ\�JLYHQ�WDUJHW�WLVVXH�IROORZLQJ�YDULRXV�

FRPELQDWLRQV�RI�URXWH��GRVH�OHYHO��DQG�WHVW�VSHFLHV��&OHZHOO�DQG�$QGHUVHQ���������3K\VLRORJLFDOO\�EDVHG�

SKDUPDFRG\QDPLF��3%3'��PRGHOV�XVH�PDWKHPDWLFDO�GHVFULSWLRQV�RI�WKH�GRVH�UHVSRQVH�IXQFWLRQ�WR�

TXDQWLWDWLYHO\�GHVFULEH�WKH�UHODWLRQVKLS�EHWZHHQ�WDUJHW�WLVVXH�GRVH�DQG�WR[LF�HQG�SRLQWV��
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3%3.�3'�PRGHOV�UHILQH�RXU�XQGHUVWDQGLQJ�RI�FRPSOH[�TXDQWLWDWLYH�GRVH�EHKDYLRUV�E\�KHOSLQJ�WR�

GHOLQHDWH�DQG�FKDUDFWHUL]H�WKH�UHODWLRQVKLSV�EHWZHHQ�� ����WKH�H[WHUQDO�H[SRVXUH�FRQFHQWUDWLRQ�DQG�WDUJHW�

WLVVXH�GRVH�RI�WKH�WR[LF�PRLHW\��DQG�����WKH�WDUJHW�WLVVXH�GRVH�DQG�REVHUYHG�UHVSRQVHV��$QGHUVHQ�DQG�

.ULVKQDQ�������$QGHUVHQ�HW�DO����������7KHVH�PRGHOV�DUH�ELRORJLFDOO\�DQG�PHFKDQLVWLFDOO\�EDVHG�DQG�FDQ�

EH�XVHG�WR�H[WUDSRODWH�WKH�SKDUPDFRNLQHWLF�EHKDYLRU�RI�FKHPLFDO�VXEVWDQFHV�IURP�KLJK�WR�ORZ�GRVH��IURP�

URXWH�WR�URXWH��EHWZHHQ�VSHFLHV��DQG�EHWZHHQ�VXESRSXODWLRQV�ZLWKLQ�D�VSHFLHV���7KH�ELRORJLFDO�EDVLV�RI�

3%3.�PRGHOV�UHVXOWV�LQ�PRUH�PHDQLQJIXO�H[WUDSRODWLRQV�WKDQ�WKRVH�JHQHUDWHG�ZLWK�WKH�PRUH�FRQYHQWLRQDO�

XVH�RI�XQFHUWDLQW\�IDFWRUV��

7KH�3%3.�PRGHO�IRU�D�FKHPLFDO�VXEVWDQFH�LV�GHYHORSHG�LQ�IRXU�LQWHUFRQQHFWHG�VWHSV�� ����PRGHO�

UHSUHVHQWDWLRQ������PRGHO�SDUDPHWHUL]DWLRQ������PRGHO�VLPXODWLRQ��DQG�����PRGHO�YDOLGDWLRQ��.ULVKQDQ�DQG�

$QGHUVHQ���������,Q�WKH�HDUO\�����V��YDOLGDWHG�3%3.�PRGHOV�ZHUH�GHYHORSHG�IRU�D�QXPEHU�RI�

WR[LFRORJLFDOO\�LPSRUWDQW�FKHPLFDO�VXEVWDQFHV��ERWK�YRODWLOH�DQG�QRQYRODWLOH��.ULVKQDQ�DQG�$QGHUVHQ�

������/HXQJ���������3%3.�PRGHOV�IRU�D�SDUWLFXODU�VXEVWDQFH�UHTXLUH�HVWLPDWHV�RI�WKH�FKHPLFDO�VXEVWDQFH�

VSHFLILF�SK\VLFRFKHPLFDO�SDUDPHWHUV��DQG�VSHFLHV�VSHFLILF�SK\VLRORJLFDO�DQG�ELRORJLFDO�SDUDPHWHUV�� 7KH�

QXPHULFDO�HVWLPDWHV�RI�WKHVH�PRGHO�SDUDPHWHUV�DUH�LQFRUSRUDWHG�ZLWKLQ�D�VHW�RI�GLIIHUHQWLDO�DQG�DOJHEUDLF�

HTXDWLRQV�WKDW�GHVFULEH�WKH�SKDUPDFRNLQHWLF�SURFHVVHV���6ROYLQJ�WKHVH�GLIIHUHQWLDO�DQG�DOJHEUDLF�HTXDWLRQV�

SURYLGHV�WKH�SUHGLFWLRQV�RI�WLVVXH�GRVH���&RPSXWHUV�WKHQ�SURYLGH�SURFHVV�VLPXODWLRQV�EDVHG�RQ�WKHVH�

VROXWLRQV���

7KH�VWUXFWXUH�DQG�PDWKHPDWLFDO�H[SUHVVLRQV�XVHG�LQ�3%3.�PRGHOV�VLJQLILFDQWO\�VLPSOLI\�WKH�WUXH�

FRPSOH[LWLHV�RI�ELRORJLFDO�V\VWHPV�� ,I�WKH�XSWDNH�DQG�GLVSRVLWLRQ�RI�WKH�FKHPLFDO�VXEVWDQFH�V��DUH�

DGHTXDWHO\�GHVFULEHG��KRZHYHU��WKLV�VLPSOLILFDWLRQ�LV�GHVLUDEOH�EHFDXVH�GDWD�DUH�RIWHQ�XQDYDLODEOH�IRU�

PDQ\�ELRORJLFDO�SURFHVVHV� �$�VLPSOLILHG�VFKHPH�UHGXFHV�WKH�PDJQLWXGH�RI�FXPXODWLYH�XQFHUWDLQW\�� 7KH�

DGHTXDF\�RI�WKH�PRGHO�LV��WKHUHIRUH��RI�JUHDW�LPSRUWDQFH��DQG�PRGHO�YDOLGDWLRQ�LV�HVVHQWLDO�WR�WKH�XVH�RI�

3%3.�PRGHOV�LQ�ULVN�DVVHVVPHQW��

3%3.�PRGHOV�LPSURYH�WKH�SKDUPDFRNLQHWLF�H[WUDSRODWLRQV�XVHG�LQ�ULVN�DVVHVVPHQWV�WKDW�LGHQWLI\�WKH�

PD[LPDO��L�H���WKH�VDIH��OHYHOV�IRU�KXPDQ�H[SRVXUH�WR�FKHPLFDO�VXEVWDQFHV��$QGHUVHQ�DQG�.ULVKQDQ��������

3%3.�PRGHOV�SURYLGH�D�VFLHQWLILFDOO\�VRXQG�PHDQV�WR�SUHGLFW�WKH�WDUJHW�WLVVXH�GRVH�RI�FKHPLFDOV�LQ�

KXPDQV�ZKR�DUH�H[SRVHG�WR�HQYLURQPHQWDO�OHYHOV��IRU�H[DPSOH��OHYHOV�WKDW�PLJKW�RFFXU�DW�KD]DUGRXV�ZDVWH�

VLWHV��EDVHG�RQ�WKH�UHVXOWV�RI�VWXGLHV�ZKHUH�GRVHV�ZHUH�KLJKHU�RU�ZHUH�DGPLQLVWHUHG�LQ�GLIIHUHQW�VSHFLHV��

)LJXUH�����VKRZV�D�FRQFHSWXDOL]HG�UHSUHVHQWDWLRQ�RI�D�3%3.�PRGHO���)LJXUHV����±����VKRZ�PRGHOV�IRU�

UDGLRQXFOLGHV�LQ�JHQHUDO�RU�VSHFLILFDOO\�IRU�SOXWRQLXP��
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Figure 3-2.  Conceptual Representation of a Physiologically Based  
Pharmacokinetic (PBPK) Model for a  

Hypothetical Chemical Substance  
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Note:  This is a conceptual representation of a physiologically based pharmacokinetic (PBPK) model for a 
hypothetical chemical substance.  The chemical substance is shown to be absorbed via the skin, by inhalation, or by 
ingestion, metabolized in the liver, and excreted in the urine or by exhalation. 

Source:  adapted from Krishnan and Andersen 1994 
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)RU�UDGLRQXFOLGHV��WKH�3%3.�PRGHO�LV�UHSODFHG�ZLWK�D�VHW�RI�VRSKLVWLFDWHG�SK\VLRORJLFDOO\�EDVHG�

ELRNLQHWLF��3%%.��PRGHOV�IRU�LQKDODWLRQ��LQJHVWLRQ��DQG�VXEPHUVLRQ���7KHVH�ZHUH�GHYHORSHG�WR�

DFFRPSOLVK�YLUWXDOO\�WKH�VDPH�HQG�DV�WKH�3%3.�PRGHOV�DERYH��ZKLOH�LQWHJUDWLQJ�DGGLWLRQDO�SDUDPHWHUV�

�IRU�UDGLRDFWLYH�GHFD\��SDUWLFOH�DQG�SKRWRQ�WUDQVSRUW��DQG�FRPSRXQG�VSHFLILF�IDFWRUV����*RDOV�DUH�WR�

IDFLOLWDWH�LQWHUSUHWLQJ�FKHVW�PRQLWRULQJ�DQG�ELRDVVD\�GDWD��DVVHVVLQJ�ULVN��DQG�FDOFXODWLQJ�UDGLDWLRQ�GRVHV�

WR�D�YDULHW\�RI�WLVVXHV�WKURXJKRXW�WKH�ERG\���7KH�VWDQGDUG�IRU�WKHVH�PRGHOV�KDV�EHHQ�VHW�E\�WKH�,&53�DQG�

WKHLU�PRGHOV�UHFHLYH�LQWHUQDWLRQDO�VXSSRUW�DQG�DFFHSWDQFH���,&53�SHULRGLFDOO\�FRQVLGHUV�QHZHU�VFLHQFH�LQ�

D�W\SH�RI�ZHLJKW�RI�HYLGHQFH�DSSURDFK�WRZDUG�LPSURYLQJ�WKH�VWDWH�RI�NQRZOHGJH�DQG�UHGXFLQJ�

XQFHUWDLQWLHV�DVVRFLDWHG�ZLWK�DSSO\LQJ�WKH�PRGHO�WR�DQ\�JLYHQ�UDGLRQXFOLGH���,&53�SXEOLFDWLRQV�DOVR�DOORZ�

IRU�WKH�XVH�RI�VLWXDWLRQ� DQG�LQGLYLGXDO�VSHFLILF�GDWD�WR�UHGXFH�WKH�RYHUDOO�XQFHUWDLQW\�LQ�WKH�UHVXOWV� �(YHQ�

WKRXJK�WKHUH�PD\�EH�FRQIOLFWLQJ�GDWD�IRU�VRPH�SDUDPHWHUV��VXFK�DV�DEVRUSWLRQ�IDFWRUV��RQH�FDQ�XVH�

FRQVHUYDWLYH�YDOXHV�DQG�VWLOO�UHDFK�FRQFOXVLRQV�RQ�ZKHWKHU�WKH�GRVH�LV�EHORZ�UHFRPPHQGHG�OLPLWV���2QH�RI�

WKH�VWUHQJWKV�RI�WKH�,&53�PRGHO�LV�WKDW�LW�SHUPLWV�WKH�XVH�RI�H[SHULPHQWDOO\�GHWHUPLQHG�PDWHULDO�VSHFLILF�

DEVRUSWLRQ�SDUDPHWHU�YDOXHV�UDWKHU�WKDQ�UHTXLULQJ�WKH�XVH�RI�WKRVH�SURYLGHG�IRU�GHIDXOW�W\SHV���,I�WKH�

PDWHULDO�RI�LQWHUHVW�GRHV�QRW�KDYH�DEVRUSWLRQ�SDUDPHWHU�YDOXHV�WKDW�FRUUHVSRQG�WR�WKRVH�LQ�WKH�PRGHO��H�J���

7\SH�)��0��RU�6���WKH�GLIIHUHQFH�FDQ�KDYH�D�SURIRXQG�HIIHFW�RQ�WKH�DVVHVVPHQW�RI�LQWDNH�DQG�GRVH�IURP�

ELRDVVD\�PHDVXUHPHQWV�� 7KLV�KDV�EHHQ�GLVFXVVHG�LQ�1DWLRQDO�5DGLRORJLFDO�3URWHFWLRQ�%RDUG��153%��

SXEOLVKHG�UHSRUWV�RQ�XUDQLXP��153%��������

7KH�,&53������E������D��GHYHORSHG�D�+XPDQ�5HVSLUDWRU\�7UDFW�0RGHO�IRU�5DGLRORJLFDO�3URWHFWLRQ��

ZKLFK�FRQWDLQV�UHVSLUDWRU\�WUDFW�GHSRVLWLRQ�DQG�FOHDUDQFH�FRPSDUWPHQWDO�PRGHOV�IRU�LQKDODWLRQ�H[SRVXUH�

WKDW�PD\�EH�DSSOLHG�WR�SDUWLFXODWH�DHURVROV�RI�SOXWRQLXP�FRPSRXQGV���7KH�,&53��������������KDV�D�

ELRNLQHWLF�PRGHO�IRU�KXPDQ�RUDO�H[SRVXUH�WKDW�DSSOLHV�WR�SOXWRQLXP���7KH�1DWLRQDO�&RXQFLO�RQ�5DGLDWLRQ�

3URWHFWLRQ�DQG�0HDVXUHPHQWV��1&53��KDV�DOVR�GHYHORSHG�D�UHVSLUDWRU\�WUDFW�PRGHO�IRU�LQKDOHG�

UDGLRQXFOLGHV��1&53���������$W�WKLV�WLPH��WKH�1&53�UHFRPPHQGV�WKH�XVH�RI�WKH�,&53�PRGHO�IRU�

FDOFXODWLQJ�H[SRVXUHV�IRU�UDGLDWLRQ�ZRUNHUV�DQG�WKH�JHQHUDO�SXEOLF���5HDGHUV�LQWHUHVWHG�LQ�WKLV�WRSLF�DUH�

UHIHUUHG�WR�1&53�5HSRUW�1R�������'HSRVLWLRQ��5HWHQWLRQ�DQG�'RVLPHWU\�RI�,QKDOHG�5DGLRDFWLYH�

6XEVWDQFHV��1&53���������,Q�WKH�DSSHQGL[�WR�WKH�UHSRUW��1&53�SURYLGHV�WKH�DQLPDO�WHVWLQJ�FOHDUDQFH�GDWD�

DQG�HTXDWLRQV�ILWWLQJ�WKH�GDWD�WKDW�VXSSRUWHG�WKH�GHYHORSPHQW�RI�WKH�KXPDQ�PRGHO�IRU�SOXWRQLXP��

0RGHOV�RI�WKH�SKDUPDFRNLQHWLFV�RI�SOXWRQLXP�KDYH�EHHQ�GHYHORSHG�IRU�KXPDQV��,&53�����������������D��

.KRNKU\DNRY�HW�DO��������������������/HJJHWW�������/HJJHWW�HW�DO���������GRJV��0HZKLQQH\�DQG�'LHO�

������3ROLJ�HW�DO���������UDWV��'XUELQ�HW�DO���������DQG�PLFH��'XUELQ�HW�DO����������0RGHOV�RI�SOXWRQLXP�
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SKDUPDFRNLQHWLFV�LQ�KXPDQV�WKDW�DUH�FXUUHQWO\�EHLQJ�XVHG�IRU�SUHGLFWLQJ�LQWHUQDO�H[SRVXUHV�DQG�UDGLDWLRQ�

GRVHV�DUH�GHVFULEHG�EHORZ��

Human Respiratory Tract Model for Radiological Protection (ICRP 1994b) 

Deposition. 7KH�,&53������E��KDV�GHYHORSHG�D�GHSRVLWLRQ�PRGHO�IRU�EHKDYLRU�RI�DHURVROV�DQG�YDSRUV�

LQ�WKH�UHVSLUDWRU\�WUDFW���,W�ZDV�GHYHORSHG�WR�HVWLPDWH�WKH�IUDFWLRQV�RI�UDGLRDFWLYLW\�LQ�EUHDWKLQJ�DLU�WKDW�DUH�

GHSRVLWHG�LQ�HDFK�DQDWRPLFDO�UHJLRQ�RI�WKH�UHVSLUDWRU\�WUDFW���,&53������E��SURYLGHV�LQKDODWLRQ�GRVH�

FRHIILFLHQWV�WKDW�FDQ�EH�XVHG�WR�HVWLPDWH�UDGLDWLRQ�GRVHV�WR�RUJDQV�DQG�WLVVXHV�WKURXJKRXW�WKH�ERG\�EDVHG�

RQ�D�XQLW�LQWDNH�RI�UDGLRDFWLYH�PDWHULDO�� 7KH�PRGHO�DSSOLHV�WR�WKUHH�OHYHOV�RI�SDUWLFOH�VROXELOLW\��D�ZLGH�

UDQJH�RI�SDUWLFOH�VL]HV��DSSUR[LPDWHO\�������±����ȝP�LQ�GLDPHWHU���DQG�SDUDPHWHU�YDOXHV�WKDW�FDQ�EH�

DGMXVWHG�IRU�YDULRXV�VHJPHQWV�RI�WKH�SRSXODWLRQ��H�J���VH[��DJH��DQG�OHYHO�RI�SK\VLFDO�H[HUWLRQ��� 7KLV�

PRGHO�DOVR�DOORZV�RQH�WR�HYDOXDWH�WKH�ERXQGV�RI�XQFHUWDLQW\�LQ�GHSRVLWLRQ�HVWLPDWHV���8QFHUWDLQWLHV�DULVH�

IURP�QDWXUDO�ELRORJLFDO�YDULDELOLW\�DPRQJ�LQGLYLGXDOV�DQG�WKH�QHHG�WR�LQWHUSUHW�VRPH�H[SHULPHQWDO�

HYLGHQFH�WKDW�UHPDLQV�LQFRQFOXVLYH���,W�LV�DSSOLFDEOH�WR�SDUWLFXODWH�DHURVROV�FRQWDLQLQJ�SOXWRQLXP��EXW�ZDV�

GHYHORSHG�IRU�D�ZLGH�YDULHW\�RI�UDGLRQXFOLGHV�DQG�WKHLU�FKHPLFDO�IRUPV��

7KH�,&53�GHSRVLWLRQ�PRGHO�HVWLPDWHV�WKH�IUDFWLRQ�RI�LQKDOHG�PDWHULDO�LQLWLDOO\�UHWDLQHG�LQ�HDFK�

FRPSDUWPHQW��VHH�)LJXUH��������7KH�PRGHO�ZDV�GHYHORSHG�ZLWK�ILYH�FRPSDUWPHQWV�� ����WKH�DQWHULRU�QDVDO�

SDVVDJHV��(7��������DOO�RWKHU�H[WUDWKRUDFLF�DLUZD\V��(7����SRVWHULRU�QDVDO�SDVVDJHV��WKH�QDVR� DQG�

RURSKDU\Q[��DQG�WKH�ODU\Q[�������WKH�EURQFKL��%%�������WKH�EURQFKLROHV��EE���DQG�����WKH�DOYHRODU�

LQWHUVWLWLXP��$,����3DUWLFOHV�GHSRVLWHG�LQ�HDFK�RI�WKH�UHJLRQV�PD\�EH�UHPRYHG�DQG�UHGLVWULEXWHG�HLWKHU�

XSZDUG�LQWR�WKH�UHVSLUDWRU\�WUHH�RU�WR�WKH�O\PSKDWLF�V\VWHP�DQG�EORRG�E\�GLIIHUHQW�SDUWLFOH�UHPRYDO�

PHFKDQLVPV��

)RU�H[WUDWKRUDFLF�GHSRVLWLRQ�RI�SDUWLFOHV��WKH�PRGHO�XVHV�PHDVXUHG�DLUZD\�GLDPHWHUV�DQG�H[SHULPHQWDO�

GDWD��ZKHUH�GHSRVLWLRQ�LV�UHODWHG�WR�SDUWLFOH�VL]H�DQG�DLUIORZ�SDUDPHWHUV��DQG�VFDOHV�GHSRVLWLRQ�IRU�ZRPHQ�

DQG�FKLOGUHQ�IURP�DGXOW�PDOH�GDWD���6LPLODU�WR�WKH�H[WUDWKRUDFLF�UHJLRQ��H[SHULPHQWDO�GDWD�VHUYHG�DV�WKH�

EDVLV�IRU�OXQJ��EURQFKL��EURQFKLROHV��DQG�DOYHROL��DHURVRO�WUDQVSRUW�DQG�GHSRVLWLRQ���$�WKHRUHWLFDO�PRGHO�RI�

JDV�WUDQVSRUW�DQG�SDUWLFOH�GHSRVLWLRQ�ZDV�XVHG�WR�LQWHUSUHW�GDWD�DQG�WR�SUHGLFW�GHSRVLWLRQ�IRU�FRPSDUWPHQWV�

DQG�VXESRSXODWLRQV�RWKHU�WKDQ�DGXOW�PDOHV���7DEOH�����SURYLGHV�UHIHUHQFH�UHVSLUDWRU\�YDOXHV�IRU�WKH�

JHQHUDO�&DXFDVLDQ�SRSXODWLRQ�GXULQJ�YDULRXV�LQWHQVLWLHV�RI�SK\VLFDO�H[HUWLRQ��



   
 

    
 
 

 
 
 
 
 

Figure 3-3.  Compartment Model to Represent Particle Deposition and   
Time-Dependent Particle Transport in the  Respiratory Tract*     
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*Compartment numbers shown in lower right corners are used to define clearance pathways.  The clearance rates, 
half-lives, and fractions by compartment, as well as the compartment abbreviations are presented in Table 3-6. 

Source:  ICRP 1994b 
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Table 3-6.  Reference Respiratory Values for a General Caucasian Population at  
Different Levels of Activity  

Breathing 10 Years 15 Years Adult 
parameters: 3 Months 1 Year 5 Years Male Female Both Male Female Male Female 

Resting (sleeping); maximal workload 8% 
Breathing parameters: 

VT(L) 0.04 0.07 0.17 — — 0.3 0.500 0.417 0.625 0.444 
B(m3hour-1) 0.09 0.15 0.24 — — 0.31 0.42 0.35 0.45 0.32 
fR(minute-1) 38 34 23 — — 17 14 14 12 12 

Sitting awake; maximal workload 12% 
Breathing parameters: 

VT(L) NA 0.1 0.21 — — 0.33 0.533 0.417 0.750 0.464 
B(m3hour-1) NA 0.22 0.32 — — 0.38 0.48 0.40 0.54 0.39 
fR(minute-1) NA 36 25 — — 19 15 16 12 14 

Light exercise; maximal workload 32% 
Breathing parameters: 

VT(L) 0.07 0.13 0.24 — — 0.58 1.0 0.903 1.25 0.992 
B(m3hour-1) 0.19 0.35 0.57 — — 1.12 1.38 1.30 1.5 1.25 
fR(minute-1) 48 46 39 — — 32 23 24 20 21 

Heavy exercise; maximal workload 64% 
Breathing parameters: 

VT(L) NA NA NA 0.841 0.667 — 1.352 1.127 1.923 1.364 
B(m3hour-1) NA NA NA 2.22 1.84 — 2.92 2.57 3.0 2.7 
fR(minute-1) NA NA NA 44 46 — 36 38 26 33 

B = ventilation rate; fR = respiration frequency; NA = not applicable; VT = tidal volume 

Source:  See Annex B (ICRP 1994b) for data from which these reference values were derived. 
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'HSRVLWLRQ�RI�LQKDOHG�JDVHV�DQG�YDSRUV�LV�PRGHOHG�DV�D�SDUWLWLRQLQJ�SURFHVV�WKDW�GHSHQGV�RQ�WKH�

SK\VLRORJLFDO�SDUDPHWHUV�QRWHG�DERYH�DV�ZHOO�DV�WKH�VROXELOLW\�DQG�UHDFWLYLW\�RI�D�FRPSRXQG�LQ�WKH�

UHVSLUDWRU\�WUDFW��VHH�)LJXUH��������7KH�,&53������E��PRGHO�GHILQHV�WKUHH�FDWHJRULHV�RI�VROXELOLW\�DQG�

UHDFWLYLW\���65����65����DQG�65����

x  7\SH�65���FRPSRXQGV�LQFOXGH�LQVROXEOH�DQG�QRQUHDFWLYH�JDVHV��H�J���LQHUW�JDVHV�VXFK�DV�+���+H����
7KHVH�FRPSRXQGV�GR�QRW�VLJQLILFDQWO\�LQWHUDFW�ZLWK�WKH�UHVSLUDWRU\�WUDFW�WLVVXHV��DQG�HVVHQWLDOO\�DOO�
FRPSRXQG�LQKDOHG�LV�H[KDOHG���5DGLDWLRQ�GRVHV�IURP�LQKDODWLRQ�H[SRVXUH�RI�65���FRPSRXQGV�DUH�
DVVXPHG�WR�UHVXOW�IURP�WKH�LUUDGLDWLRQ�RI�WKH�UHVSLUDWRU\�WUDFW�IURP�WKH�DLU�VSDFHV��

x  7\SH�65���FRPSRXQGV�LQFOXGH�VROXEOH�RU�UHDFWLYH�JDVHV�DQG�YDSRUV�ZKLFK�DUH�H[SHFWHG�WR�EH�
WDNHQ�XS�E\�WKH�UHVSLUDWRU\�WUDFW�WLVVXHV�DQG�PD\�GHSRVLW�LQ�DQ\�RU�DOO�RI�WKH�UHJLRQV�RI�WKH�
UHVSLUDWRU\�WUDFW��GHSHQGLQJ�RQ�WKH�G\QDPLFV�RI�WKH�DLUZD\V�DQG�SURSHUWLHV�RI�WKH�VXUIDFH�PXFRXV�
DQG�DLUZD\�WLVVXHV��DV�ZHOO�DV�WKH�VROXELOLW\�DQG�UHDFWLYLW\�RI�WKH�FRPSRXQG��

x  7\SH�65���FRPSRXQGV�LQFOXGH�VROXEOH�DQG�UHDFWLYH�JDVHV�DQG�YDSRUV�ZKLFK�DUH�FRPSOHWHO\�
UHWDLQHG�LQ�WKH�H[WUDWKRUDFLF�UHJLRQV�RI�WKH�UHVSLUDWRU\�WUDFW���65���FRPSRXQGV�LQFOXGH�VXOIXU�
GLR[LGH��62���DQG�K\GURJHQ�IOXRULGH��+)���

Respiratory Tract Clearance. 7KLV�SRUWLRQ�RI�WKH�PRGHO�LGHQWLILHV�WKH�SULQFLSDO�FOHDUDQFH�SDWKZD\V�
ZLWKLQ�WKH�UHVSLUDWRU\�WUDFW� �7KH�PRGHO�ZDV�GHYHORSHG�WR�SUHGLFW�WKH�UHWHQWLRQ�RI�YDULRXV�UDGLRDFWLYH�

PDWHULDOV� �7KH�FRPSDUWPHQWDO�PRGHO�UHSUHVHQWV�SDUWLFOH�GHSRVLWLRQ�DQG�WLPH�GHSHQGHQW�SDUWLFOH�WUDQVSRUW�

LQ�WKH�UHVSLUDWRU\�WUDFW��VHH�)LJXUH������ZLWK�UHIHUHQFH�YDOXHV�SUHVHQWHG�LQ�7DEOH������$�%����7KLV�WDEOH�

SURYLGHV�FOHDUDQFH�UDWHV��H[SUHVVHG�DV�D�IUDFWLRQ�SHU�GD\�DQG�DOVR�DV�KDOI�WLPH��3DUW�$���DQG�GHSRVLWLRQ�

IUDFWLRQV��3DUW�%��IRU�HDFK�FRPSDUWPHQW�IRU�LQVROXEOH�SDUWLFOHV���,&53������E��DOVR�GHYHORSHG�PRGLI\LQJ�

IDFWRUV�IRU�VRPH�RI�WKH�SDUDPHWHUV��VXFK�DV�DJH��VPRNLQJ��DQG�GLVHDVH�VWDWXV���3DUDPHWHUV�RI�WKH�FOHDUDQFH�

PRGHO�DUH�EDVHG�RQ�KXPDQ�HYLGHQFH�IRU�WKH�PRVW�SDUW��DOWKRXJK�SDUWLFOH�UHWHQWLRQ�LQ�DLUZD\�ZDOOV�LV�EDVHG�

RQ�H[SHULPHQWDO�GDWD�IURP�DQLPDO�H[SHULPHQWV��

7KH�FOHDUDQFH�RI�SDUWLFOHV�IURP�WKH�UHVSLUDWRU\�WUDFW�LV�D�G\QDPLF�SURFHVV�� 7KH�UDWH�RI�FOHDUDQFH�JHQHUDOO\�

FKDQJHV�ZLWK�WLPH�IURP�HDFK�UHJLRQ�DQG�E\�HDFK�URXWH���)ROORZLQJ�GHSRVLWLRQ�RI�ODUJH�QXPEHUV�RI�

SDUWLFOHV��DFXWH�H[SRVXUH���WUDQVSRUW�UDWHV�FKDQJH�DV�SDUWLFOHV�DUH�FOHDUHG�IURP�WKH�YDULRXV�UHJLRQV��

3K\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI�GHSRVLWHG�PDWHULDO�GHWHUPLQH�WKH�UDWH�RI�GLVVROXWLRQ�DQG��DV�SDUWLFOHV�

GLVVROYH��DEVRUSWLRQ�UDWHV�WHQG�WR�FKDQJH�RYHU�WLPH���%\�FUHDWLQJ�D�PRGHO�ZLWK�FRPSDUWPHQWV�RI�GLIIHUHQW�

FOHDUDQFH�UDWHV�ZLWKLQ�HDFK�UHJLRQ��H�J���%%���%%���%%VHT���WKH�,&53�PRGHO�RYHUFRPHV�SUREOHPV�

DVVRFLDWHG�ZLWK�WLPH�GHSHQGHQW�IXQFWLRQV���(DFK�FRPSDUWPHQW�FOHDUV�WR�RWKHU�FRPSDUWPHQWV�E\�FRQVWDQW�

UDWHV�IRU�HDFK�SDWKZD\��



   
 

    
 
 

Figure 3-4.  Reaction  of Gases or Vapors at Various Levels of the     
Gas-Blood Interface     
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Source:  ICRP 1994b  
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Table 3-7.  Reference Values of Parameters for the Compartment Model to  
Represent Time-dependent Particle Transport from the  

Human Respiratory Tract  

Part A  
Clearance rates for insoluble particles 

Pathway From To Rate (d-1) Half-lifea 

m1,4 AI1 bb1 0.02 35 days 
m2,4 AI2 bb1 0.001 700 days 
m3,4 AI3 bb1 1x10-4 7,000 days 
m3,10 AI3 LNTH 2x10-5 No data 
m4,7 bb1 BB1 2 8 hours 
m5,7 bb2 BB1 0.03 23 days 
m6,10 bbseq LNTH 0.01 70 days 
m7,11 BB1 ET2 10 100 minutes 
m8,11 BB2 ET2 0.03 23 days 
m9,10 BBseq LNTH 0.01 70 days 
m11,15 ET2 GI tract 100 10 minutes 
m12,13 ETseq LNET 0.001 700 days 
m14,16 ET1 Environment 1 17 hours 
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Table 3-7.  Reference Values of Parameters for the Compartment Model to  
Represent Time-dependent Particle Transport from the Human  

Respiratory Tract  

Part B  
Partition of deposit in each region between compartmentsb 

Fraction of deposit in region 
Region or deposition site Compartment assigned to compartmentc 

ET2 ET2 0.9995 
ETseq 0.0005 

BB BB1 0.993-fs 

BB2 fs 

BBseq 0.007 
bb bb1 0.993-fs 

bb2 fs 

bbseq 0.007 
AI  AI1 0.3 

AI2 0.6 
AI3 0.1 

aThe half-lives are approximate since the reference values are specified for the particle transport rates and are rounded in units of  
days-1 . A half-life is not given for the transport rate from Al3 to LNTH, since this rate was chosen to direct the required amount of  
material to the lymph nodes.  The clearance half-life of compartment Al3 is determined by the sum of the clearance rates.  
bSee paragraph 181, Chapter 5 (ICRP 1994b) for default values used for relating fs to dae.  
cIt is assumed that fs is size-dependent. For modeling purposes, fs is taken to be:  

f s    ����� for d ae d  ������ U  ��F P m and 

f    �����e ��������dae U  ��F  �������
s for d ae !  ������ U  ��F P m 

  �

ZKHUH�
fs = fraction subject to slow clearance 
dae = DHURG\QDPLF�SDUWLFOH�GLDPHWHU��ȝP��
ȡ� = particle density (g/cm3) 
Ȥ� = particle shape factor 

AI = alveolar-interstitial region; BB = bronchial region; bb = bronchiolar region; BBseq = compartment representing prolonged 
retention in airway walls of small fraction of particles deposited in the bronchial region; bbseq = compartment representing prolonged 
retention in airway walls of small fraction of particles deposited in the bronchiolar region; ET = extrathoracic region; ETseq = 
compartment representing prolonged retention in airway tissue of small fraction of particles deposited in the nasal passages; GI = 
gastrointestinal; LNET = lymphatics and lymph nodes that drain the extrathoracic region; LNTH = lymphatics and lymph nodes that 
drain the thoracic region 

Source: ICRP 1994b 
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3DUWLFOH�WUDQVSRUW�IURP�DOO�UHJLRQV�LV�WRZDUG�ERWK�WKH�O\PSK�QRGHV�DQG�WKH�SKDU\Q[��DQG�D�PDMRULW\�RI�

GHSRVLWHG�SDUWLFOHV�HQG�XS�EHLQJ�VZDOORZHG���,Q�WKH�IURQW�SDUW�RI�WKH�QDVDO�SDVVDJHV��(7����QRVH�EORZLQJ��

VQHH]LQJ��DQG�ZLSLQJ�UHPRYH�PRVW�RI�WKH�GHSRVLWHG�SDUWLFOHV���3DUWLFOHV�UHPDLQ�KHUH�IRU�DERXW�D�GD\���)RU�

SDUWLFOHV�ZLWK�$0$'V�RI�D�IHZ�PLFURPHWHUV�RU�JUHDWHU��WKH�(7��FRPSDUWPHQW�LV�SUREDEO\�WKH�ODUJHVW�

GHSRVLWLRQ�VLWH���$�PDMRULW\�RI�SDUWLFOHV�GHSRVLWHG�DW�WKH�EDFN�RI�WKH�QDVDO�SDVVDJHV�DQG�LQ�WKH�ODU\Q[��(7���

DUH�UHPRYHG�TXLFNO\�E\�WKH�IOXLGV�WKDW�FRYHU�WKH�DLUZD\V�� ,Q�WKLV�UHJLRQ��SDUWLFOH�FOHDUDQFH�LV�FRPSOHWHG�

ZLWKLQ����PLQXWHV��

&LOLDU\�DFWLRQ�UHPRYHV�GHSRVLWHG�SDUWLFOHV�IURP�ERWK�WKH�EURQFKL�DQG�EURQFKLROHV���7KRXJK�LW�LV�JHQHUDOO\�

WKRXJKW�WKDW�PXFRFLOLDU\�DFWLRQ�UDSLGO\�WUDQVSRUWV�PRVW�SDUWLFOHV�GHSRVLWHG�KHUH�WRZDUG�WKH�SKDU\Q[��D�

IUDFWLRQ�RI�WKHVH�SDUWLFOHV�LV�FOHDUHG�PRUH�VORZO\���(YLGHQFH�IRU�WKLV�LV�IRXQG�LQ�KXPDQ�VWXGLHV���)RU�

KXPDQV��UHWHQWLRQ�RI�SDUWLFOHV�GHSRVLWHG�LQ�WKH�OXQJV��%%�DQG�EE��LV�DSSDUHQWO\�ELSKDVLF���7KH�³VORZ´�

DFWLRQ�RI�WKH�FLOLD�PD\�UHPRYH�DV�PXFK�DV�KDOI�RI�WKH�EURQFKL� DQG�EURQFKLROH�GHSRVLWHG�SDUWLFOHV���,Q�

KXPDQ�EURQFKL�DQG�EURQFKLROH�UHJLRQV��PXFXV�PRYHV�PRUH�VORZO\�ZKHQ�LW�LV�FORVHU�WR�WKH�DOYHROL���)RU�WKH�

IDVWHU�FRPSDUWPHQW��LW�KDV�EHHQ�HVWLPDWHG�WKDW�LW�WDNHV�DERXW���GD\V�IRU�SDUWLFOHV�WR�WUDYHO�IURP�WKH�EURQ�

FKLROHV�WR�WKH�EURQFKL�DQG����GD\V�IURP�WKH�EURQFKL�WR�WKH�SKDU\Q[���7KH�VHFRQG��VORZHU��FRPSDUWPHQW�LV�

DVVXPHG�WR�KDYH�DSSUR[LPDWHO\�HTXDO�IUDFWLRQV�GHSRVLWHG�EHWZHHQ�%%��DQG�EE���ZLWK�ERWK�IUDFWLRQV�

KDYLQJ�FOHDUDQFH�KDOI�WLPHV�HVWLPDWHG�DW����GD\V���3DUWLFOH�VL]H�LV�D�SULPDU\�GHWHUPLQDQW�RI�WKH�IUDFWLRQ�

GHSRVLWHG�LQ�WKLV�VORZ�WKRUDFLF�FRPSDUWPHQW���$�VPDOO�IUDFWLRQ�RI�SDUWLFOHV�GHSRVLWHG�LQ�WKH�%%�DQG�EE�

UHJLRQV�LV�UHWDLQHG�LQ�WKH�DLUZD\�ZDOO�IRU�HYHQ�ORQJHU�SHULRGV��%%VHT�DQG�EEVHT���

,I�SDUWLFOHV�UHDFK�DQG�EHFRPH�GHSRVLWHG�LQ�WKH�DOYHROL��WKH\�WHQG�WR�VWD\�LPEHGGHG�LQ�WKH�IOXLG�RQ�WKH�

DOYHRODU�VXUIDFH�RU�PRYH�LQWR�WKH�O\PSK�QRGHV���&RXJKLQJ�LV�WKH�RQH�PHFKDQLVP�E\�ZKLFK�SDUWLFOHV�DUH�

SK\VLFDOO\�UHVXVSHQGHG�DQG�UHPRYHG�IURP�WKH�$,�UHJLRQ���)RU�PRGHOLQJ�SXUSRVHV��WKH�$,�UHJLRQ�LV�GLYLGHG�

LQWR�WKUHH�VXEFRPSDUWPHQWV�WR�UHSUHVHQW�GLIIHUHQW�FOHDUDQFH�UDWHV��DOO�RI�ZKLFK�DUH�VORZ��

,Q�WKH�DOYHRODU�LQWHUVWLWLDO�UHJLRQ��KXPDQ�OXQJ�FOHDUDQFH�KDV�EHHQ�PHDVXUHG�� 7KH�,&53�PRGHO�XVHV���KDOI�

WLPHV�WR�UHSUHVHQW�FOHDUDQFH���DERXW�����RI�WKH�SDUWLFOHV�KDYH�D����GD\�KDOI�WLPH��DQG�WKH�UHPDLQLQJ�����

DUH�DVVLJQHG�D�KDOI�WLPH�RI�VHYHUDO�KXQGUHG�GD\V���2YHU�WLPH��$,�SDUWLFOH�WUDQVSRUW�IDOOV��DQG�VRPH�

FRPSRXQGV�KDYH�EHHQ�IRXQG�LQ�OXQJV���±���\HDUV�DIWHU�H[SRVXUH��

Absorption into Blood. 7KH�,&53�PRGHO�DVVXPHV�WKDW�DEVRUSWLRQ�LQWR�EORRG�RFFXUV�DW�HTXLYDOHQW�
UDWHV�LQ�DOO�SDUWV�RI�WKH�UHVSLUDWRU\�WUDFW��H[FHSW�LQ�WKH�DQWHULRU�QDVDO�SDVVDJHV��(7����ZKHUH�QR�DEVRUSWLRQ�

RFFXUV���,W�LV�HVVHQWLDOO\�D���VWDJH�SURFHVV��DV�VKRZQ�LQ�)LJXUH�������)LUVW��WKHUH�LV�D�GLVVRFLDWLRQ�
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Figure 3-5.  The Human Respiratory Tract Model: Absorption into Blood 
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Source:  ICRP 1994b  
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�GLVVROXWLRQ��RI�SDUWLFOHV��WKHQ�WKH�GLVVROYHG�PROHFXOHV�RU�LRQV�GLIIXVH�DFURVV�FDSLOODU\�ZDOOV�DQG�DUH�WDNHQ�

XS�E\�WKH�EORRG���,PPHGLDWHO\�IROORZLQJ�GLVVROXWLRQ��UDSLG�DEVRUSWLRQ�LV�REVHUYHG���)RU�VRPH�HOHPHQWV��

UDSLG�DEVRUSWLRQ�GRHV�QRW�RFFXU�EHFDXVH�RI�ELQGLQJ�WR�UHVSLUDWRU\�WUDFW�FRPSRQHQWV���,Q�WKH�DEVHQFH�RI�

VSHFLILF�GDWD�IRU�VSHFLILF�FRPSRXQGV��WKH�PRGHO�XVHV�WKH�IROORZLQJ�GHIDXOW�DEVRUSWLRQ�UDWH�YDOXHV�IRU�WKRVH�

VSHFLILF�FRPSRXQGV�WKDW�DUH�FODVVLILHG�DV�7\SHV�)��IDVW���0��PHGLXP���6��VORZ���DQG�9��LQVWDQWDQHRXV���

x  )RU�7\SH�)��WKHUH�LV�UDSLG������DEVRUSWLRQ�ZLWKLQ����PLQXWHV�RI�WKH�PDWHULDO�GHSRVLWHG�LQ�WKH�%%��
EE��DQG�$,�UHJLRQV��DQG�����RI�PDWHULDO�GHSRVLWHG�LQ�(7��� 7KXV��IRU�QRVH�EUHDWKLQJ��WKHUH�LV�UDSLG�
DEVRUSWLRQ�RI�DSSUR[LPDWHO\�����RI�WKH�GHSRVLW�LQ�(7��IRU�PRXWK�EUHDWKLQJ��WKH�YDOXH�LV������

x  )RU�7\SH�0��DERXW�����RI�WKH�GHSRVLW�LQ�$,�UHDFKHV�WKH�EORRG�HYHQWXDOO\���7KHUH�LV�UDSLG�
DEVRUSWLRQ�RI�DERXW�����RI�WKH�GHSRVLW�LQ�%%�DQG�EE��DQG����RI�PDWHULDO�GHSRVLWHG�LQ�(7��� 7KXV��
WKHUH�LV�UDSLG�DEVRUSWLRQ�RI�DSSUR[LPDWHO\������RI�WKH�GHSRVLW�LQ�(7�IRU�QRVH�EUHDWKLQJ��DQG�
���IRU�PRXWK�EUHDWKLQJ��

x  )RU�7\SH�6�������LV�DEVRUEHG�ZLWKLQ����PLQXWHV�DQG�������LV�DEVRUEHG�ZLWKLQ�������GD\V��VR�
WKHUH�LV�OLWWOH�DEVRUSWLRQ�IURP�(7��%%��RU�EE��DQG�DERXW�����RI�WKH�GHSRVLW�LQ�$,�UHDFKHV�WKH�
EORRG�HYHQWXDOO\��

x  )RU�7\SH�9��FRPSOHWH�DEVRUSWLRQ��������LV�FRQVLGHUHG�WR�RFFXU�LQVWDQWDQHRXVO\��

,&53������D��FODVVLILHV�LQVROXEOH�SOXWRQLXP�R[LGHV�DV�7\SH�6�DQG�UHFRPPHQGV�DVVLJQLQJ�DOO�RWKHU�

SOXWRQLXP�DHURVROV�WR�7\SH�0�LQ�WKH�DEVHQFH�RI�VSHFLILF�LQIRUPDWLRQ�VXSSRUWLQJ�DQ�DOWHUQDWLYH�

FODVVLILFDWLRQ��

ICRP (1994a) Plutonium Biokinetics Model 

Description of the Model. ,&53������������D��GHYHORSHG�D�FRPSDUWPHQWDO�PRGHO�RI�WKH�NLQHWLFV�RI�

LQJHVWHG�SOXWRQLXP�LQ�KXPDQV�WKDW�LV�DSSOLFDEOH�WR�LQIDQWV��FKLOGUHQ��DGROHVFHQWV��DQG�DGXOWV���7KH�PRGHO�

LV�D�PRGLILFDWLRQ�DQG�H[SDQVLRQ�RI�D�VLPLODU�PRGHO�IRU�SOXWRQLXP��'2(�(3$��������GHVFULEHG�E\�/HJJHWW�

���������7KH�IUDFWLRQ�RI�LQJHVWHG�SOXWRQLXP�WKDW�LV�DEVRUEHG��XSWDNH�WR�EORRG��LV�DVVXPHG�WR�YDU\�E\�

FKHPLFDO�IRUP�DQG�DJH��7DEOH��������$EVRUEHG�SOXWRQLXP�HQWHUV�WKH�EORRG�SODVPD�ZKHUH�LW�GLVWULEXWHV�WR�

WKH�VNHOHWRQ��OLYHU��DQG�RWKHU�WLVVXHV��)LJXUH��������([FUHWLRQ�SDWKZD\V�LQFOXGHG�LQ�WKH�PRGHO�DUH�SODVPD�

WR�XULQH�DQG�IHFHV��LQFOXGLQJ�WUDQVIHUV�WR�JDVWURLQWHVWLQDO�WUDFW�IURP�EORRG�DQG�OLYHU���7UDQVIHU�UDWH�

FRHIILFLHQWV�EHWZHHQ�FRPSDUWPHQWV�DUH�DJH�VSHFLILF�DQG��GHSHQGLQJ�RQ�WKH�VSHFLILF�FRHIILFLHQW��YDOXHV�FDQ�

FKDQJH�DW�DJHV���PRQWKV������������DQG����\HDUV��DQG�DGXOW��!���\HDUV���7DEOH�������
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Table 3-8.  Parameters of ICRP (1994a) Model 
of Plutonium Biokinetics in Humansa 

Age 
Parameterb 3 months 1 year 5 years 10 years 15 years Adult 
Soft tissue (ST0) to 6.93x10-1 6.93x10-1 6.93x10-1 6.93x10-1 6.93x10-1 6.930x10-1 

blood 
Soft tissue (ST1) to 4.75x10-4 4.75x10-4 4.75x10-4 4.75x10-4 4.75x10-4 4.75x10-4 

blood 
Soft tissue (ST2) to 1.9x10-5 1.9x10-5 1.9x10-5 1.9x10-5 1.9x10-5 1.9x10-5 

blood 
Cortical/trabecular 7.6x10-3 7.6x10-3 7.6x10-3 7.6x10-3 7.6x10-3 7.6x10-3 

bone marrow to blood 
Other kidney tissue to 1.39x10-3 1.39x10-3 1.39x10-3 1.39x10-3 1.39x10-3 1.39x10-3 

blood 
Liver (2) to blood 2.11x10-4 2.11x10-4 2.11x10-4 2.11x10-4 2.11x10-4 2.11x10-4 

Gonads to blood 1.9x10-4 1.9x10-4 1.9x10-4 1.9x10-4 1.9x10-4 1.9x10-4 

Blood to soft tissue 2.773x10-1 2.773x10-1 2.773x10-1 2.773x10-1 2.773x10-1 2.773x10-1 

(ST0) 
Blood to soft tissue 8.06x10-2 8.06x10-2 8.06x10-2 8.06x10-2 8.06x10-2 8.06x10-2 

(ST1) 
Blood to soft tissue 1.29x10-2 1.29x10-2 1.29x10-2 1.29x10-2 1.29x10-2 1.29x10-2 

(ST2) 
Blood to trabecular 2.264x10-1 2.264x10-1 1.941x10-1 1.941x10-1 1.941x10-1 1.941 x10-1 

surface 
Blood to cortical 2.264x10-1 2.264x10-1 1.941x10-1 1.941x10-1 1.941x10-1 1.294x10-1 

surface 
Trabecular surface to 8.22x10-3 2.88x10-3 1.81x10-3 1.32x10-3 9.59x10-4 2.47x10-4 

volume 
Cortical surface to 8.22x10-3 2.88x10-3 1.53x10-3 9.04x10-4 5.21x10-4 4.11x10-5 

volume 
Trabecular surface to 8.22x10-3 2.88x10-3 1.81x10-3 1.32x10-3 9.59x10-4 4.93x10-4 

marrow 
Trabecular volume to 8.22x10-3 2.88x10-3 1.81x10-3 1.32x10-3 9.59x10-4 4.93x10-4 

marrow 
Cortical surface to 8.22x10-3 2.88x10-3 1.53x10-3 9.04x10-4 5.21x10-4 8.21x10-5 

marrow 
Cortical volume to 8.22x10-3 2.88x10-3 1.53x10-3 9.04x10-4 5.21x10-4 8.21x10-5 

marrow 
Blood to other kidney 3.23x10-3 3.23x10-3 3.23x10-3 3.23x10-3 3.23x10-3 3.23x10-3 

tissue 
Blood to liver (1) 6.47x10-2 6.47x10-2 1.294x10-1 1.294x10-1 1.294x10-1 1.941x10-1 

Liver (1) to liver (2) 1.77x10-3 1.77x10-3 1.77x10-3 1.77x10-3 1.77x10-3 1.77x10-3 
Blood to testes 1.3x10-5 1.9x10-5 2.2x10-5 2.6x10-5 2.1x10-4 2.3x10-4 
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Table 3-8.  Parameters of ICRP (1994a) Model 
of Plutonium Biokinetics in Humansa 

Age 
Parameterb 3 months 1 year 5 years 10 years 15 years Adult 
Blood to ovaries 8.0x10-6 1.0x10-5 2.6x10-5 4.5x10-5 7.8x10-5 7.1x10-5 

Liver (1) to small 1.33x10-4 1.33x10-4 1.33x10-4 1.33x10-4 1.33x10-4 1.330x10-4 

intestine 
Blood to upper large 1.29x10-2 1.29x10-2 1.29x10-2 1.29x10-2 1.29x10-2 1.290x10-2 

intestine contents 
Blood to kidney 6.47x10-3 6.47x10-3 6.47x10-3 6.47x10-3 6.47x10-3 6.470x10-3 

(urinary path) 
Blood to urinary 1.29x10-2 1.29x10-2 1.29x10-2 1.29x10-2 1.29x10-2 1.290x10-2 

bladder contents 
Soft tissue (ST1) to 4.75x10-4 4.75x10-4 4.75x10-4 4.75x10-4 4.75x10-4 4.750x10-4 

urinary bladder 
contents 
Kidneys (urinary path) 1.386x10-2 1.386x10-2 1.386x10-2 1.386x10-2 1.386x10-2 1.386x10-2 

to bladder 
Gastrointestinal tract 5.0x10-3 5.0x10-4 5.0x10-4 5.0x10-4 5.0x10-4 5.0x10-4 

to bloodc 

aSee Figure 3-6 for schematic representation of model. 
bUnits are in days-1, except for gastrointestinal tract to blood, which is unitless.  
cValues shown for the absorption fraction are for general public exposures (e.g., diet).  Recommended values for  
occupational exposures are as follows:  oxides (excluding poly-disperse oxides), 1x10-5; nitrates, 1x10-4; other  
compounds or unknown mixtures, 1x10-4 .  
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Figure 3-6.  Schematic Representation of the ICRP (1994a)      
Model of Plutonium  Biokinetics in Humans*     

�
�

Other Soft Tissues 

Rapid      turnover   Intermediate             Slow turnover     
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*See Table 3-8 for parameter values.  
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%RQH�LV�GLYLGHG�LQWR�WUDEHFXODU�DQG�FRUWLFDO�FRPSRQHQWV��ZLWK�HDFK�IXUWKHU�GLYLGHG�LQWR�ERQH�VXUIDFH��ERQH�

YROXPH��DQG�ERQH�FDYLW\��PDUURZ�FRPSDUWPHQW����,QLWLDO�GHSRVLWLRQ�RI�SOXWRQLXP�LV�DVVXPHG�WR�RFFXU�

IURP�EORRG�GLUHFWO\�WR�ERQH�VXUIDFHV��ZKHUH�LW�FDQ�EH�WUDQVIHUUHG�WR�ERQH�PDUURZ�RU�WR�ERQH�YROXPH���

(OLPLQDWLRQ�RI�SOXWRQLXP�LQ�ERQH�VXUIDFH�DQG�ERQH�YROXPH�LV�DVVXPHG�WR�RFFXU�WKURXJK�ERQH�PDUURZ�WR�

EORRG���7UDQVIHUV�RI�SOXWRQLXP�ZLWKLQ�WKH�FRUWLFDO�RU�WUDEHFXODU�ERQH�FRPSDUWPHQWV�DUH�PRGHOHG�EDVHG�RQ�

DVVXPSWLRQV�DERXW�UDWHV�RI�ERQH�IRUPDWLRQ�DQG�UHVRUSWLRQ��ZKLFK�DUH�DVVXPHG�WR�EH�YDU\�ZLWK�DJH��,&53�

������/HJJHWW���������0RYHPHQW�RI�SOXWRQLXP�WR�WKH�PDUURZ�FRPSDUWPHQW�LV�GHWHUPLQHG�E\�WKH�ERQH�

UHVRUSWLRQ�UDWH��ZKHUHDV�PRYHPHQW�IURP�WKH�ERQH�VXUIDFH�WR�WKH�ERQH�YROXPH�LV�DVVXPHG�WR�RFFXU�E\�

EXULDO�RI�VXUIDFH�GHSRVLWV�ZLWK�QHZ�ERQH�DQG�LV�GHWHUPLQHG�E\�WKH�ERQH�IRUPDWLRQ�UDWH���'XULQJ�JURZWK��

ERQH�IRUPDWLRQ�DQG�UHVRUSWLRQ�DUH�DVVXPHG�WR�RFFXU�DW�GLIIHUHQW�VLWHV�ZLWKLQ�ERQH��WKHUHIRUH��WKH�UDWH�RI�

UHPRYDO�RI�SOXWRQLXP�IURP�WKH�ERQH�VXUIDFH�LV�DSSUR[LPDWHG�E\�WKH�VXP�RI�WKH�ERQH�UHVRUSWLRQ�UDWH�

�UHSUHVHQWHG�LQ�WKH�PRGHO�E\�WKH�PRYHPHQW�RI�SOXWRQLXP�WR�WKH�PDUURZ�FRPSDUWPHQW��DQG�WKH�UDWH�RI�

ERQH�IRUPDWLRQ��ZKLFK�UHVXOWV�LQ�EXULDO�RI�VXUIDFH�GHSRVLWV��UHSUHVHQWHG�E\�PRYHPHQW�RI�SOXWRQLXP�IURP�

WKH�ERQH�VXUIDFH�WR�ERQH�YROXPH����,Q�DGXOWV��WKH�SRVVLELOLW\�RI�UHVRUSWLRQ�DQG�IRUPDWLRQ�RI�ERQH�RFFXUULQJ�

DW�WKH�VDPH�VLWH�LV�DVVXPHG��WKHUHIRUH��RQO\�D�SRUWLRQ�������RI�WKH�ERQH�IRUPDWLRQ�UDWH�UHVXOWV�LQ�EXULDO�RI�

VXUIDFH�GHSRVLWV�DQG�PRYHPHQW�RI�SOXWRQLXP�IURP�WKH�ERQH�VXUIDFH�WR�WKH�ERQH�YROXPH���5DWHV�RI�XSWDNH�

RI�SOXWRQLXP�LQWR�ERQH�VXUIDFH�DUH�DVVXPHG�WR�EH�UHODWLYHO\�IDVW��KDOI�OLIH �±��GD\V��DGXOWV��FRPSDUHG�WR�

UDWHV�IRU�GLVWULEXWLRQ�ZLWKLQ�ERQH�DQG�H[LW�IURP�ERQH��KDOI�OLIH ���±����GD\V��DGXOWV�����±����GD\V��

FKLOGUHQ���WKLV�UHVXOWV�LQ�UHODWLYHO\�UDSLG�XSWDNH�DQG�ORQJ�UHWHQWLRQ�RI�SOXWRQLXP�LQ�ERQH���5DWHV�RI�

GLVWULEXWLRQ�ZLWKLQ�ERQH�DUH�DVVXPHG�WR�EH�KLJKHU�LQ�FKLOGUHQ��E\�D�IDFWRU�RI�DSSUR[LPDWHO\������UHIOHFWLQJ�

PRUH�UDSLG�ERQH�WXUQ�RYHU�LQ�FKLOGUHQ���5DWHV�RI�XSWDNH�RI�SOXWRQLXP�LQWR�OLYHU�DUH�DVVXPHG�WR�EH�

UHODWLYHO\�IDVW��KDOI�OLIH �±���GD\V��FRPSDUHG�WR�HOLPLQDWLRQ�IURP�OLYHU��W��� ����GD\V���ZKLFK�UHVXOWV�LQ�

UHODWLYHO\�UDSLG�XSWDNH�DQG�ORQJ�UHWHQWLRQ�RI�SOXWRQLXP�LQ�OLYHU���3UHGLFWHG�NLQHWLFV�RI�VNHOHWDO�DQG�OLYHU�

SOXWRQLXP�EXUGHQV�LQ�DGXOWV�DQG�FKLOGUHQ��IROORZLQJ�D�VLQJOH�GRVH�RI�SOXWRQLXP�WR�EORRG��H�J���LQWUDYHQRXV�

GRVH��DUH�VKRZQ�LQ�)LJXUH������

Validation of the Model. ,&53�����D�KDV�EHHQ�HYDOXDWHG�ZLWK�GDWD�RQ�SOXWRQLXP�H[FUHWLRQ�DQG�

SRVWPRUWHP�WLVVXH�OHYHOV�LQ�SOXWRQLXP�ZRUNHUV��H�J���&DUEDXJK�DQG�/D�%RQH�������)LOLS\�DQG�.DWKUHQ�

������)ULWVFK�������+RGJVRQ�HW�DO��������-DPHV�HW�DO��������6LQJK�HW�DO����������8QFHUWDLQW\�DQDO\VLV�RI�

PRGHO�SUHGLFWLRQV�KDV�EHHQ�UHSRUWHG��6X]XNL�HW�DO���������

Risk Assessment. 7KH�PRGHO�KDV�EHHQ�XVHG�WR�HVWDEOLVK�WKH�UDGLDWLRQ�GRVH��6Y��SHU�XQLW�RI�LQJHVWHG�

RU�LQKDOHG�SOXWRQLXP��%T��IRU�LQWDNH�DJHV���PRQWKV�WR����\HDUV��,&53�����D����������7KH�GRVH�LQWHJUDWLRQ�
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Figure 3-7.  ICRP (1994a) Model Simulation of Elimination of an Absorbed  
Plutonium Dose (e.g., Intravenous) from the Body in Infants,  

Children, and Adults 
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SHULRG�LV����\HDUV�IRU�DFXWH�LQWDNH�DV�DQ�DGXOW��DJH����\HDUV��DQG�IURP�LQWDNH�WR�DJH����\HDUV�IRU�DFXWH�

LQWDNH�DW�DJHV�����\HDUV��

Target Tissues. 7KH�PRGHO�LV�GHVLJQHG�WR�FDOFXODWH�UDGLDWLRQ�GRVH�FRHIILFLHQWV��6Y�%T��FRUUHVSRQGLQJ�

WR�VSHFLILF�LQKDODWLRQ�RU�LQJHVWLRQ�H[SRVXUHV�WR�SOXWRQLXP�LVRWRSHV���'RVH�FRHIILFLHQWV�KDYH�EHHQ�

HVWLPDWHG�IRU�DOO�PDMRU�RUJDQV��LQFOXGLQJ�WKH�ERQH�VXUIDFHV��ERQH�PDUURZ��DQG�OLYHU��DQG�RWKHU�WLVVXHV�

�,&53�����D������D���

Species Extrapolation. 7KH�PRGHO�LV�EDVHG�RQ�ERWK�KXPDQ�DQG�DQLPDO�GDWD���+RZHYHU��LW�LV�LQWHQGHG�

IRU�DSSOLFDWLRQV�WR�KXPDQ�GRVLPHWU\���$SSOLFDWLRQV�WR�RWKHU�VSHFLHV�ZRXOG�UHTXLUH�FRQVLGHUDWLRQ�RI�

VSHFLHV�VSHFLILF�DGMXVWPHQWV�LQ�PRGHO�SDUDPHWHUV��

Interroute Extrapolation. 7KH�,&53�PRGHO�LV�GHVLJQHG�WR�VLPXODWH�NLQHWLFV�RI�LQJHVWHG�SOXWRQLXP��

LQMHFWHG�SOXWRQLXP��DQG�LI�FRPELQHG�ZLWK�D�UHVSLUDWRU\�WUDFW�PRGHO��H�J���,&53�+XPDQ�5HVSLUDWRU\�7UDFW�

0RGHO�IRU�5DGLRORJLFDO�3URWHFWLRQ��,&53�����E���LQKDODWLRQ�H[SRVXUHV�WR�SOXWRQLXP���7KH�PRGHO�FDQ�EH�

DSSOLHG�WR�DQ\�RWKHU�URXWH�RI�H[SRVXUH�IRU�ZKLFK�WKH�WUDQVIHU�UDWH�WR�EORRG�LV�DYDLODEOH��

Luciani and Polig (2000) Plutonium Biokinetics Model 

Description of the Model. /XFLDQL�DQG�3ROLJ��������GHYHORSHG�D�PRGLILFDWLRQ�RI�WKH�,&53������D��

PRGHO�WKDW�SURYLGHG�D�PRUH�SK\VLRORJLFDO�SDUDPHWHUL]DWLRQ�RI�XULQDU\�H[FUHWLRQ�SDWKZD\V�DQG�

PRGLILFDWLRQV�WR�WKH�ERQH�PRGHO���0RGLILFDWLRQV�WR�WKH�VWUXFWXUH�RI�WKH�PRGHO�ZHUH�� ����GHOHWLRQ�RI�WKH�

WUDQVIHU�SDWKZD\�IURP�VRIW�WLVVXH�67��WR�XULQDU\�EODGGHU������GHOHWLRQ�RI�WUDQVIHU�SDWKZD\V�IURP�FRUWLFDO�

DQG�WUDEHFXODU�ERQH�VXUIDFHV�WR�ERQH�YROXPH��DQG�����DGGLWLRQ�RI�D�WUDQVIHU�SDWKZD\�IURP�EORRG�WR�ERQH�

YROXPH��)LJXUH��������6SHFLILF�FKDQJHV�PDGH�WR�UDWH�FRHIILFLHQWV�DUH�SUHVHQWHG�LQ�7DEOH������

Validation of the Model. 7KH�/XFLDQL�DQG�3ROLJ��������PRGHO�ZDV�FDOLEUDWHG�ZLWK�GDWD�RQ�ORQJ�WHUP�

NLQHWLFV�RI�SOXWRQLXP�LQ�EORRG��XULQH��DQG�IHFHV�IROORZLQJ�LQWUDYHQRXV�LQMHFWLRQ�RI�3X�,9��FLWUDWH�LQWR�

VXEMHFWV�VXIIHULQJ�IURP�FKURQLF�GLVRUGHUV��/DQJKDP�HW�DO��������������0RVV�DQG�*DXWLHU�������5XQGR�HW�

DO���������DQG�XULQDU\�H[FUHWLRQ�RI�SOXWRQLXP�LQ�ZRUNHUV�H[SRVHG�WR�SOXWRQLXP�DW�WKH�0D\DN�SODQW�

�.KRNKU\DNRY�HW�DO����������3UHGLFWHG�XULQDU\�H[FUHWLRQ�RI�SOXWRQLXP�ZDV�FRPSDUHG�WR�REVHUYDWLRQV�PDGH�

RQ�QLQH�ZRUNHUV��86785�������9RHO]�HW�DO����������������7KH�/XFLDQL�DQG�3ROLJ��������PRGHO�VKRZHG�

LPSURYHG�DJUHHPHQW�EHWZHHQ�SUHGLFWLRQV�DQG�REVHUYDWLRQV�FRPSDUHG�WR�WKH�,&53������D��PRGHO��/XFLDQL�



   
 

    
 
 

Figure 3-8.   Schematic Representation of the Luciani and Polig  (2000)      
Model of Plutonium  Biokinetics in Humans     
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3. HEALTH EFFECTS 

Table 3-9.  Comparison of Parameters of ICRP (1994a) Model and Luciani and  
Polig (2000) Model of Plutonium Biokinetics in Humansa  

Adult parameter values 
Parameterb ICRP (1994a) Luciani and Polig (2000) 
Soft tissue (ST0) to blood 6.93x10-1 1.39x10-1 d 

Soft tissue (ST1) to blood 4.75x10-4 9.50x10-4 d 

Soft tissue (ST2) to blood 1.9x10-5 1.9x10-5 

Cortical/trabecular bone marrow to blood 7.6x10-3 7.6x10-3 

Other kidney tissue to blood 1.39x10-3 1.39x10-3 

Liver (2) to blood 2.11x10-4 4.00x10-4 d 

Gonads to blood 1.9x10-4 1.9x10-4 

Blood to soft tissue (ST0) 2.773x10-1 2.773x10-1 

Blood to soft tissue (ST1) 8.06x10-2 8.06x10-2 

Blood to soft tissue (ST2) 1.29x10-2 1.29x10-2 

Blood to trabecular surface 1.941x10-1 2.26x10-1 d 

Blood to cortical surface 1.294x10-1 9.52x10-2 d 

Trabecular surface to volume 2.47x10-4 Deleted 
Cortical surface to volume 4.11x10-5 Deleted 
Trabecular surface to marrow 4.93x10-4 1.59x10-3 d 

Trabecular volume to marrow 4.93x10-4 1.59x10-4 d 

Cortical surface to marrow 8.21x10-5 1.56x10-4 d 

Cortical volume to marrow 8.21x10-5 8.22x10-5 d 

Blood to other kidney tissue 3.23x10-3 3.23x10-3 

Blood to liver (1) 1.941x10-1 1.20x10-1 d 

Liver (1) to liver (2) 1.77x10-3 1.00x10-2 d 

Blood to testes 2.3x10-4 2.3x10-4 

Blood to ovaries 7.1x10-5 7.1x10-5 

Liver (1) to small intestine 1.33x10-4 4.00x10-4 d 

Blood to upper large intestine contents 1.29x10-2 8.0x10-3 d 

Blood to kidney (urinary path) 6.47x10-3 9.93x10-3 d 

Blood to urinary bladder contents 1.29x10-2 9.46x10-3 d 

Soft tissue (ST1) to urinary bladder contents 4.75x10-4 Deleted 
Kidneys (urinary path) to bladder 1.386x10-2 1.02x10-2 d 

Gastrointestinal tract to bloodc 5.0x10-4 5.0x10-4 

aSee Figure 3-8 for schematic representation of model. 
bUnits are in days-1, except for gastrointestinal tract to blood, which is unitless.  
cValues shown for the absorption fraction are for general public exposures (e.g., diet).  Recommended values for  
occupational exposures are as follows:  oxides (excluding poly-disperse oxides), 1x10-5; nitrates, 1x10-4; and other  
compounds or unknown mixtures, 1x10-4 .  
dModified in Luciani and Polig (2000).  
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DQG�3ROLJ���������6HQVLWLYLW\�DQG�XQFHUWDLQW\�DQDO\VHV�RI�PRGHO�SUHGLFWLRQV�KDYH�EHHQ�UHSRUWHG��/XFLDQL�HW�

DO���������������

Risk Assessment. 7KH�PRGHO�FRXOG�EH�XVHG�WR�HVWDEOLVK�WKH�UDGLDWLRQ�GRVH��6Y��SHU�XQLW�RI�LQJHVWHG�

RU�LQKDOHG�SOXWRQLXP��%T��LQ�DGXOWV�LI�OLQNHG�WR�UDGLRDFWLYH�GHFD\�DQG�UDGLDWLRQ�GRVH�PRGHOV��

Target Tissues. 7KH�PRGHO�LV�GHVLJQHG�WR�FDOFXODWH�UDGLDWLRQ�GRVH�FRHIILFLHQWV��6Y�%T��FRUUHVSRQGLQJ�

WR�VSHFLILF�LQKDODWLRQ�RU�LQJHVWLRQ�H[SRVXUHV�WR�SOXWRQLXP�LVRWRSHV��

Species Extrapolation. 7KH�PRGHO�LV�LQWHQGHG�IRU�DSSOLFDWLRQV�WR�KXPDQ�GRVLPHWU\���$SSOLFDWLRQV�WR�

RWKHU�VSHFLHV�ZRXOG�UHTXLUH�FRQVLGHUDWLRQ�RI�VSHFLHV�VSHFLILF�DGMXVWPHQWV�LQ�PRGHO�SDUDPHWHUV��

Interroute Extrapolation. 7KH�/XFLDQL�DQG�3ROLJ��������PRGHO�LV�GHVLJQHG�WR�VLPXODWH�NLQHWLFV�RI�

DEVRUEHG�SOXWRQLXP��DQG�LQFOXGHV�JDVWURLQWHVWLQDO�WUDFW�FRPSDUWPHQWV�IRU�VLPXODWLQJ�DEVRUSWLRQ�IURP�

LQJHVWLRQ���,I�FRPELQHG�ZLWK�D�UHVSLUDWRU\�WUDFW�PRGHO��H�J���,&53�����E���WKH�PRGHO�FDQ�EH�XVHG�WR�

VLPXODWH�LQKDODWLRQ�H[SRVXUHV�WR�SOXWRQLXP���7KH�PRGHO�KDV�EHHQ�DSSOLHG�WR�LQMHFWLRQ�H[SRVXUHV��/XFLDQL�

DQG�3ROLJ�������DQG�FDQ�EH�DSSOLHG�WR�DQ\�RWKHU�URXWH�RI�H[SRVXUH�IRU�ZKLFK�WKH�WUDQVIHU�UDWH�WR�EORRG�LV�

DYDLODEOH��

First Branch of the First Institute of Biophysics (FIB-1) Biokinetic Plutonium Model 

Description of the Model. .KRNKU\DNRY�HW�DO���������������������GHYHORSHG�D�ELRNLQHWLFV�PRGHO�IRU�

SUHGLFWLQJ�WKH�DFFXPXODWLRQ�RI�SOXWRQLXP�LQ�WKH�OXQJV��DQG�FRUUHVSRQGLQJ�UDGLDWLRQ�GRVHV��RI�ZRUNHUV�DW�

WKH�0D\DN�3URGXFWLRQ�$VVRFLDWLRQ��5XVVLDQ�)HGHUDWLRQ���EDVHG�RQ�H[SRVXUH�LQIRUPDWLRQ�DQG�

ELRPRQLWRULQJ�RI�XULQDU\�SOXWRQLXP���7KH�PRGHO�LQFOXGHG�D�OXQJ�FOHDUDQFH�PRGHO��ZKLFK�GHOLYHUHG�

SOXWRQLXP�LQWR�D�PXOWL�FRPSDUWPHQW�HOLPLQDWLRQ��XULQDU\�DQG�IHFDO��PRGHO��)LJXUH��������,Q�WKH�OXQJ�

FOHDUDQFH�PRGHO�VKRZQ�LQ�)LJXUH������LQKDOHG�SOXWRQLXP�ZDV�GLVWULEXWHG�WR�WKUHH�OXQJ�FOHDUDQFH�

SDWKZD\V�� UDSLG�FOHDUDQFH��VORZ�FOHDUDQFH��WR�V\VWHPLF�FRPSDUWPHQWV�DQG�O\PSK�QRGHV���RU�IL[HG�

�SHUPDQHQWO\�UHWDLQHG�LQ�WKH�OXQJ����3OXWRQLXP�FRPSRXQGV�ZHUH�DVVLJQHG�VSHFLILF�GLVWULEXWLRQV�WR�WKH�

WKUHH�SDWKZD\V�DFFRUGLQJ�WR�HVWLPDWHV�RI�³ELRORJLFDO�WUDQVSRUWDELOLW\´��6��DV�GHWHUPLQHG�E\�GLDO\VLV�

WKURXJK�D�VHPL�SHUPHDEOH�PHPEUDQH��.KRNKU\DNRY�HW�DO����������&RPSRXQGV�LQ�WKH�ORZ�WUDQVSRUWDELOLW\�

FODVV��6 ������H�J���3X2���ZHUH�DVVLJQHG�ODUJHU�GLVWULEXWLRQ�IUDFWLRQV�WR�IL[HG�DQG�VORZ�FOHDUDQFH�

SDWKZD\V��FRPSDUHG�WR�KLJKHU�WUDQVSRUWDELOLW\�FODVVHV��H�J���6 ����3X>12�@�����)RU�3X2���OXQJ�UHWHQWLRQ�
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Figure 3-9.  Schematic Representation of the First Institute of Biophysics (FIB) 
Model of Plutonium Biokinetics in Humans* 
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*See Table 3-10 for explanation of symbols and parameter values. 

Source:  Khokhryakov et al. 2002 
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KDOI�WLPHV�DUH�DVVXPHG�WR�EH�DSSUR[LPDWHO\�����GD\V��IDVW��DQG�������GD\V��VORZ��FRUUHVSRQGLQJ�KDOI�

WLPHV�IRU�3X�12����DUH����DQG�������GD\V��UHVSHFWLYHO\��

3OXWRQLXP�DEVRUEHG�IURP�WKH�OXQJ�HQWHUV�D�V\VWHPLF�FRPSDUWPHQW�FRPSRVHG�RI����VXE�FRPSDUWPHQWV�

IURP�ZKLFK�SOXWRQLXP�LV�WUDQVIHUUHG�WR�XULQH�����RU�IHFHV�������7KH�VXE�FRPSDUWPHQWV�UHSUHVHQW�NLQHWLFDOO\�

VLPLODU�SRROV�RI�SOXWRQLXP�LQ�WKH�ERG\��UDWKHU�WKDQ�VSHFLILF�WLVVXHV��L�H���WKH�PRGHO�ZDV�LQWHQGHG�WR�

VLPXODWH�OXQJ�UHWHQWLRQ�DQG�H[FUHWLRQ��QRW�SOXWRQLXP�EXUGHQV�LQ�RWKHU�WLVVXHV���DQG�DUH�DVVLJQHG�XQLTXH�

H[FUHWLRQ�UDWH�FRQVWDQWV���6XPPLQJ�WKH�RXWIORZ�IURP�DOO�ILYH�FRPSDUWPHQWV�SURYLGHV�WKH�HVWLPDWHG�WRWDO�

H[FUHWHG�SOXWRQLXP�SHU�GD\���'LVWULEXWLRQ�IUDFWLRQV�DQG�WUDQVIHU�UDWHV��DQG�KDOI�WLPHV�IRU�WKH�YDULRXV�

FRPSDUWPHQWV�DUH�SUHVHQWHG�LQ�7DEOH��������$�UHFHQW�FRQILJXUDWLRQ�RI�WKH�PRGHO��.KRNKU\DNRY�HW�DO��

������UHSODFHG�WKH�),%���OXQJ�FOHDUDQFH�PRGHO�ZLWK�WKH�,&53�+XPDQ�5HVSLUDWRU\�7UDFW�0RGHO�IRU�

5DGLRORJLFDO�3URWHFWLRQ��,&53�����E���

Validation of the Model. 7KH�),%���PRGHO�KDV�EHHQ�HYDOXDWHG�ZLWK�GDWD�RQ�SOXWRQLXP�H[FUHWLRQ�DQG�

SRVWPRUWHP�OXQJ�DQG�WRWDO�ERG\�EXUGHQV�LQ�����0D\DN�ZRUNHUV��.KRNKU\DNRY�HW�DO����������$Q�

DGDSWDWLRQ�RI�WKH�),%���PRGHO��ZLWK�WKH�OXQJ�FOHDUDQFH�PRGHO�UHSODFHG�E\�WKH�,&53�+XPDQ�5HVSLUDWRU\�

7UDFW�0RGHO�IRU�5DGLRORJLFDO�3URWHFWLRQ��,&53�����E���KDV�DOVR�EHHQ�HYDOXDWHG�DJDLQVW�WKH�VDPH�GDWD�

�.KRNKU\DNRY�HW�DO��������6XVORYD�HW�DO����������$Q�XQFHUWDLQW\�DQDO\VLV�RI�PRGHO�SUHGLFWLRQV�KDV�EHHQ�

UHSRUWHG��.UDKHQEXKO�HW�DO���������

Risk Assessment. 7KH�PRGHO�KDV�EHHQ�XVHG�WR�HVWDEOLVK�WKH�OXQJ�UDGLDWLRQ�GRVH��6Y��SHU�XQLW�RI�

SOXWRQLXP�LQWDNH��%T��LQ�SOXWRQLXP�SURGXFWLRQ�ZRUNHUV��.KRNKU\DNRY�HW�DO���������������

Target Tissues. 7KH�PRGHO�LV�GHVLJQHG�WR�FDOFXODWH�UDGLDWLRQ�GRVH�FRHIILFLHQWV��6Y�%T��WR�WKH�OXQJ�

FRUUHVSRQGLQJ�WR�VSHFLILF�LQKDODWLRQ�H[SRVXUHV�WR�SOXWRQLXP�LVRWRSHV�RU�IURP�XULQH�SOXWRQLXP�

ELRPRQLWRULQJ�GDWD��.KRNKU\DNRY�HW�DO���������������

Species Extrapolation. 7KH�PRGHO�LV�EDVHG�RQ�ERWK�KXPDQ�DQG�DQLPDO�GDWD���+RZHYHU��LW�LV�LQWHQGHG�

IRU�DSSOLFDWLRQV�WR�KXPDQ�GRVLPHWU\���$SSOLFDWLRQV�WR�RWKHU�VSHFLHV�ZRXOG�UHTXLUH�FRQVLGHUDWLRQ�RI�

VSHFLHV�VSHFLILF�DGMXVWPHQWV�LQ�PRGDO�SDUDPHWHUV��

Interroute Extrapolation. 7KH�),%���PRGHO�ZDV�FRQVWUXFWHG�WR�VLPXODWH�NLQHWLFV�RI�LQKDOHG�

SOXWRQLXP��7KH�V\VWHPLF�SRUWLRQ�RI�WKH�PRGHO�LV�DQ�HPSLULFDO�PRGHO��FRPSDUWPHQWDO�ZLWK�QR�DVVLJQPHQWV�

RI�FRPSDUWPHQWV�WR�SK\VLRORJLFDO�HQWLWLHV��IRU�ZKLFK�SDUDPHWHU�YDOXHV�ZHUH�GHULYHG�IURP�GDWD�RQ�
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Table 3-10. Parameters of the First Branch of the First Institute of Biophysics 
(FIB-1) Biokinetic Plutonium Modela 

Parameter Symbol Unit S=0.3% S=1.0% S=3.0% 
Fraction of inhaled V(T) percent Particle size-dependent 
deposited in lung 
Fraction to fast lung � percent 26.5r46.5 71.7r9.1 90.1r3.5 
clearance 
Fraction to fixed lung Kf percent 15.4r4.2 4.3r0.7 1.8r0.2 
compartment 
Fraction to slow lung � percent 58.0r46.4 24.0r9.1 8.1r3.5 
clearance compartment 
Fraction to lymph nodes Kn percent 26.0r4.2 21.0r1.6 11.0r0.9 
Clearance rate from slow � year -1 0.134r0.103 0.133r0.045 0.170r0.063 
lung compartment 

Urine Feces 
ai xi ai xi 

Systemic compartment 1 a1, x1 day-1 4.1x10-3 5.634x10-1 6.0x10-3 3.465x10-1 

Systemic compartment 2 a2, x2 day-1 1.2x10-3 1.26x10-1 1.6x10-3 1.05x10-1 

Systemic compartment 3 a3, x3 day-1 1.3x10-4 1.65x10-2 1.2x10-4 1.24x10-2 

Systemic compartment 4 a4, x4 day-1 3.0x10-5 2.31x10-3 2.0x10-5 1.8x10-3 

Systemic compartment 5 a5, x5 day-1 1.3x10-5 2.0x10-5 5.2x10-6 2.0x10-5 

aSee Figure 3-9 for schematic representation of model. 

Source:  Khokhryakov et al. 2002 
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SOXWRQLXP�H[FUHWLRQ�DQG�SRVWPRUWHP�OXQJ�DQG�WRWDO�ERG\�EXUGHQV�LQ�0D\DN�ZRUNHUV���7KH�PRGHO�FDQQRW�

EH�GLUHFWO\�H[WUDSRODWHG�WR�SUHGLFWLQJ�WKH�NLQHWLFV�RI�V\VWHPLF�SOXWRQLXP�IROORZLQJ�H[SRVXUHV�E\�RWKHU�

URXWHV��H�J���GHUPDO��RUDO���

Leggett et al. (2005) Plutonium Biokinetics Model 

Description of the Model. /HJJHWW�HW�DO���������GHYHORSHG�D�PRGLILFDWLRQ�RI�WKH�,&53������D��

PRGHO���$�VFKHPDWLF�GLDJUDP�RI�WKH�PRGHO�DQG�OLVW�RI�SDUDPHWHU�YDOXHV�DUH�SUHVHQWHG�LQ�)LJXUH������DQG�

7DEOH�������UHVSHFWLYHO\���7KH�PDMRU�LPSRUWDQW�IHDWXUHV�LQWURGXFHG�LQWR�WKH�/HJJHWW�HW�DO���������PRGHO�

DUH�WKH�VLPXODWLRQV�RI�EORRG�DQG�XULQDU\�H[FUHWLRQ�IURP�EORRG��OLYHU��DQG�ERQH���7KH�EORRG�FRPSDUWPHQW�LQ�

WKH�/HJJHWW�HW�DO���������PRGHO�LV�GLYLGHG�LQWR�WZR�VXE�FRPSDUWPHQWV��EORRG����EORRG������$EVRUEHG�

SOXWRQLXP�HQWHUV�EORRG����IURP�ZKHUH�LW�GLVWULEXWHV�WR�RWKHU�WLVVXHV�DQG�LV�H[FUHWHG�LQWR�XULQH���3OXWRQLXP�

LQ�WLVVXHV�UHWXUQV�WR�EORRG����UHF\FOHG�SOXWRQLXP���IURP�ZKHUH�LW�GLVWULEXWHV�WR�EORRG����WKH�UDSLG�VRIW�

WLVVXH�FRPSDUWPHQW��67����DQG�LV�H[FUHWHG�LQ�XULQH���7KH�WZR�EORRG�FRPSDUWPHQWV��ZLWK�ERWK�FRQWULEXWLQJ�

WR�XULQDU\�EODGGHU�FRQWHQWV��SURYLGHV�D�VLPXODWLRQ�RI�D�UHODWLYHO\�IDVW�SDWKZD\�IRU�XULQDU\�H[FUHWLRQ�RI�

UHF\FOHG�SOXWRQLXP��EORRG���WR�XULQH��W���|��KRXUV��DQG�D�VORZHU�H[FUHWLRQ�SDWKZD\�IRU�LQLWLDOO\�DEVRUEHG�

SOXWRQLXP��EORRG���WR�XULQH��W���|���GD\V����7KH�OLYHU�LV�GLYLGHG�LQWR�WKUHH�FRPSDUWPHQWV��OLYHU�������DQG�

�����/LYHU���UHFHLYHV�SOXWRQLXP�IURP�EORRG���IURP�ZKHUH�LW�FDQ�EH�VHFUHWHG�LQWR�WKH�JDVWURLQWHVWLQDO�WUDFW�

�H�J���ELOH���RU�WUDQVIHUUHG�WR�OLYHU���DQG�OLYHU�����7KH�ODWWHU�VXE�FRPSDUWPHQWV�VLPXODWH�IDVWHU�DQG�VORZHU�

WUDQVIHUV�RI�SOXWRQLXP�IURP�OLYHU�WR�EORRG����OLYHU���WR�EORRG��W���|����GD\V��OLYHU���WR�EORRG��

W���|������GD\V����7KLV�FRQILJXUDWLRQ��L�H���IDVW�DQG�VORZHU�OLYHU�FRPSDUWPHQWV��UHVXOWV�LQ�D�JUDGXDO�VKLIW�LQ�

WKH�V\VWHPLF�SOXWRQLXP�GLVWULEXWLRQ�IURP�OLYHU�WR�VNHOHWRQ��ZLWK�WKH�OLYHU�EXUGHQ�EHLQJ�JUHDWHU�WKDQ�

VNHOHWDO�EXUGHQ��LQLWLDOO\�DIWHU�DEVRUSWLRQ��DQG�WKH�OLYHU�FRQWULEXWLRQ�GLPLQLVKLQJ��UHODWLYH�WR�VNHOHWDO��RYHU�

WLPH���$V�LQ�WKH�,&53������D��PRGHO��WKH�VNHOHWRQ�LV�GLYLGHG�LQWR�WUDEHFXODU�DQG�FRUWLFDO�FRPSRQHQWV��

ZLWK�HDFK�IXUWKHU�GLYLGHG�LQWR�VXUIDFH�ERQH��ERQH�YROXPH��DQG�ERQH�FDYLW\��PDUURZ��FRPSDUWPHQWV���,Q�

WKH�,&53������D��PRGHO��LQLWLDO�GHSRVLWLRQ�RI�SOXWRQLXP�LV�DVVXPHG�WR�RFFXU�IURP�EORRG�GLUHFWO\�WR�ERQH�

VXUIDFHV��ZKHUH�LW�FDQ�EH�WUDQVIHUUHG�WR�ERQH�PDUURZ�RU�WR�ERQH�YROXPH��L�H���EXULDO����,Q�WKH�/HJJHWW�HW�DO��

�������PRGHO��SOXWRQLXP�LQ�EORRG���LV�GLUHFWO\�WUDQVIHUUHG�WR�ERWK�ERQH�VXUIDFH�DQG�YROXPH�

FRPSDUWPHQWV���7KLV�FRQILJXUDWLRQ�VLPXODWHV�IDVWHU�DQG�VORZHU�FRPSRQHQWV�RI�EXULDO�RI�SOXWRQLXP�LQ�ERQH�

YROXPH���7KH�IDVW�FRPSRQHQW�LV�UHSUHVHQWHG�E\�GLUHFW�WUDQVIHU�IURP�EORRG���WR�ERQH�YROXPH��W���|���GD\V�

DQG�����GD\V�IRU�WUDEHFXODU�DQG�FRUWLFDO�YROXPH��UHVSHFWLYHO\��DQG�WKH�VORZHU�FRPSRQHQW�LV�UHSUHVHQWHG�

E\�WUDQVIHU�IURP�ERQH�VXUIDFH�WR�YROXPH��W���| ���DQG����\HDUV�IRU�WUDEHFXODU�DQG�FRUWLFDO��UHVSHFWLYHO\���
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Figure 3-10.  Schematic Representation of  the Leggett et al. (2005) Model of     
Plutonium Biokinetics in Humans*      

 
�

Other Soft Tissues 

Intermediate      Rapid            Slow turnover     
turnover  (ST1) turnover (ST0) (ST2) 

Kidneys 

Other kidney  Liver 2 
Urine        Urinary  tissue 

bladder  Liver 1 
contents 

Renal tubule Liver 0 

Blood 2 

Skeleton Gastrointestinal  
tract contents 

Cortical Cortical Cortical 
volume surface marrow Feces 

Gonads Trabecular  Trabecular  Trabecular  
volume surface marrow 

Blood 1 

�
 

*See Table 3-11  for parameter values.  
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3. HEALTH EFFECTS 

Table 3-11. Parameters of Leggett et al. (2005) Model of Plutonium Biokinetics in  
Humansa  

Parameterb Adult value 
Blood (1) to liver (0) 4.6200x10-1 

Blood (1) to cortical surface 8.7780x10-2 

Blood (1) to cortical volume 4.6200x10-3 

Blood (1) to trabecular surface 1.2474x10-1 

Blood (1) to trabecular volume 1.3860x10-2 

Blood (1) to urinary bladder contents 1.5400x10-2 

Blood (1) to renal tubules 7.7000x10-3 

Blood (1) to other kidney 3.8500x10-4 

Blood (1) to upper large intestine contents 1.1550x10-2 

Blood (1) to testes 2.6950x10-4 

Blood (1) to ovary 8.4700x10-5 

Blood (1) to soft tissue (1) 1.8511x10-2 

Blood (1) to soft tissue (2) 2.3100x10-2 

Soft tissue (0) to blood (1) 9.9000x10-2 

Blood (2) to urinary bladder contents 3.5000x100 

Blood (2) to blood (1) 6.7550x101 

Blood (2) to soft tissue (0) 2.8950x101 

Renal tubules to urinary bladder contents 1.7329x10-2 

Other kidney to blood (2) 1.2660x10-4 

Soft tissue (1) to blood (2) 1.3860x10-3 

Soft tissue (2) to blood (2) 1.2660x10-4 

Liver (0) to small intestine contents 9.2420x10-4 

Liver (0) to liver (1) 4.5286x10-2 

Liver (1) to blood (2) 1.5200x10-3 

Liver (1) to liver (2) 3.8000x10-4 

Liver (2) to blood (2) 1.2660x10-4 

Tests to blood (2) 3.8000x10-4 

Ovaries to blood (2) 3.8000x10-4 

Cortical surface to cortical marrow 8.2100x10-5 

Cortical surface to cortical volume 2.0500x10-5 

Cortical volume to cortical marrow 8.2100x10-5 

Trabecular surface to trabecular marrow 4.9300x10-4 

Trabecular surface to trabecular volume 1.2300x10-4 

Trabecular volume to trabecular marrow 4.9300x10-4 
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Table 3-11. Parameters of Leggett et al. (2005) Model of Plutonium Biokinetics in  
Humansa  

Parameterb Adult value 
Cortical marrow to blood (2) 7.6000x10-3 

Trabecular marrow to blood (2) 7.6000x10-3 

aSee Figure 3-10 for schematic representation of model.
bUnits are d-1 . 
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Validation of the Model. 7KH�/HJJHWW�HW�DO���������PRGHO�KDV�EHHQ�HYDOXDWHG�ZLWK�GDWD�RQ�SOXWRQLXP�

H[FUHWLRQ�DQG�SRVWPRUWHP�WLVVXH�OHYHOV�LQ�SOXWRQLXP�ZRUNHUV�DW�WKH�0D\DN�SURGXFWLRQ�SODQW��H�J���

.KRNKU\DNRY�HW�DO��������������DQG�GDWD�IURP�SOXWRQLXP�LQMHFWLRQ�VWXGLHV��/DQJKDP�HW�DO��������������

7DOERW�HW�DO����������7KH�PRGHO�SURYLGHV�SUHGLFWLRQV�RI�EORRG��OLYHU��DQG�IHFDO�SOXWRQLXP�NLQHWLFV�WKDW�

PRUH�FORVHO\�VLPXODWH�REVHUYDWLRQV�PDGH�LQ�LQMHFWLRQ�VWXGLHV�FRPSDUHG�WR�SUHGLFWLRQV�IURP�WKH�,&53�

�����D��PRGHO��/HJJHWW�HW�DO����������7KH�PRGHO�DOVR�SUHGLFWV�XULQDU\�SOXWRQLXP�EDVHG�RQ�REVHUYHG�

XULQDU\�H[FUHWLRQ�NLQHWLFV�LQ�0D\DN�SURGXFWLRQ�SODQW�ZRUNHUV��/HJJHWW�HW�DO���������

Risk Assessment. 7KH�/HJJHWW�HW�DO���������PRGHO�ZDV�GHYHORSHG�WR�XSGDWH�DQG�UHSODFH�WKH�,&53�

�����D��PRGHO�WKDW�LV�FXUUHQWO\�EHLQJ�XVHG�WR�HVWDEOLVK�UDGLDWLRQ�GRVHV��6Y��SHU�XQLW�RI�LQJHVWHG�RU�LQKDOHG�

SOXWRQLXP��%T���,&53�����D��������

Target Tissues. 7KH�PRGHO�ZDV�GHYHORSHG�IRU�FDOFXODWLQJ�ZKROH�ERG\�DQG�WLVVXH�VSHFLILF�UDGLDWLRQ�

GRVH�FRHIILFLHQWV��6Y�%T��FRUUHVSRQGLQJ�WR�DEVRUEHG�DFWLYLWLHV�RI�SOXWRQLXP�LVRWRSHV�� 7DUJHW�WLVVXHV�

UHSUHVHQWHG�LQ�WKH�PRGHO�DUH�VKRZQ�LQ�)LJXUH�������

Species Extrapolation. 7KH�PRGHO�LV�LQWHQGHG�IRU�DSSOLFDWLRQV�WR�KXPDQ�GRVLPHWU\���$SSOLFDWLRQV�WR�

RWKHU�VSHFLHV�ZRXOG�UHTXLUH�FRQVLGHUDWLRQ�RI�VSHFLHV�VSHFLILF�DGMXVWPHQWV�LQ�PRGDO�SDUDPHWHUV��

Interroute Extrapolation. 7KH�/HJJHWW�HW�DO���������PRGHO�LV�GHVLJQHG�WR�VLPXODWH�NLQHWLFV�RI�

DEVRUEHG�SOXWRQLXP�DQG��LI�FRPELQHG�ZLWK�D�JDVWURLQWHVWLQDO�DEVRUSWLRQ�RU�UHVSLUDWRU\�WUDFW�PRGHO��H�J���

,&53�����������D���FRXOG�EH�XVHG�WR�VLPXODWH�V\VWHPLF�NLQHWLFV�RI�LQJHVWLRQ�RU�LQKDODWLRQ�H[SRVXUHV�� 7KH�

PRGHO�FDQ�EH�DSSOLHG�WR�DQ\�RWKHU�URXWH�RI�H[SRVXUH�IRU�ZKLFK�WKH�WUDQVIHU�UDWH�WR�EORRG�LV�DYDLODEOH��

3.5  MECHANISMS OF ACTION 

3.5.1 Pharmacokinetic Mechanisms 

Absorption. 6HYHUDO�PHFKDQLVPV�DSSHDU�WR�FRQWULEXWH�WR�WKH�DEVRUSWLRQ�RI�LQKDOHG�SOXWRQLXP��

����SK\VLFDO�WUDQVIRUPDWLRQ�RI�SOXWRQLXP�SDUWLFOHV�GHSRVLWHG��RU�IRUPHG�IURP�K\GURO\VLV�UHDFWLRQV��LQ�WKH�

OXQJ��LQFOXGLQJ�IUDJPHQWDWLRQ�RI�SDUWLFOHV��DFFHOHUDWHG�E\�DOSKD�UDGLDWLRQ������GLVVROXWLRQ�RI�SDUWLFOHV��DQG�

����SKDJRF\WRVLV�RI�SDUWLFOHV�E\�PDFURSKDJHV��%DLU�HW�DO��������0HZKLQQH\�DQG�'LHO���������7KH�UHODWLYH�

FRQWULEXWLRQV�RI�WKHVH�PHFKDQLVPV�DSSHDU�WR�GHSHQG�RQ�VHYHUDO�IDFWRUV��LQFOXGLQJ�� ����SDUWLFOH�VL]H�RI�WKH�

LQKDOHG�DHURVRO������ZDWHU�VROXELOLW\�RI�WKH�LQKDOHG�SOXWRQLXP��H�J���3X2���3X>12�@��������LVRWRSH�VSHFLILF�
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DFWLYLW\��H�J������3X�����3X���ZKLFK�GHWHUPLQHV�LQWHQVLW\�RI�DOSKD�UDGLDWLRQ�RI�WKH�SDUWLFOHV��DQG�����LQ�WKH�

FDVH�RI�3X2���VXUIDFH�FKDUDFWHULVWLFV�RI�WKH�SDUWLFOHV��DIIHFWHG�E\�WHPSHUDWXUHV�DW�ZKLFK�WKH�3X2��ZDV�

SURGXFHG��

0HFKDQLVPV�RI�DEVRUSWLRQ�RI�SOXWRQLXP�IURP�WKH�JDVWURLQWHVWLQDO�WUDFW�KDYH�QRW�EHHQ�HOXFLGDWHG���6WXGLHV�

FRQGXFWHG�LQ�DQLPDOV�KDYH�VKRZQ�WKDW�JDVWURLQWHVWLQDO�DEVRUSWLRQ�RI�SOXWRQLXP�LV�LQFUHDVHG�LQ�LURQ�

GHILFLHQF\��DQG�LV�GHFUHDVHG�LQ�LURQ�GHILFLHQW�DQLPDOV�E\�WKH�FR�DGPLQLVWUDWLRQ�RI�)H����VXJJHVWLQJ�WKDW�

PHFKDQLVPV�LQYROYHG�LQ�LURQ�DEVRUSWLRQ�PD\�FRQWULEXWH�WR�SOXWRQLXP�DEVRUSWLRQ��6XOOLYDQ�DQG�5XHPPOHU�

������6XOOLYDQ�HW�DO��������� *DVWURLQWHVWLQDO�DEVRUSWLRQ�RI�SOXWRQLXP�FRPSRXQGV�DSSHDUV�WR�EH�KLJKHU�IRU�

PRUH�ZDWHU�VROXEOH�FRPSRXQGV�RI�SOXWRQLXP��DEVRUSWLRQ�RI�SOXWRQLXP�FLWUDWH�WHQGV�WR�EH�JUHDWHU�WKDQ�

QLWUDWH��ZKLFK�LV�JUHDWHU�WKDQ�SOXWRQLXP�R[LGH��3X2����6XOOLYDQ�����D����7KLV�VXJJHVWV�WKDW�GLVVROXWLRQ�RI�

SOXWRQLXP�LQ�WKH�JDVWURLQWHVWLQDO�WUDFW�PD\�FRQWULEXWH�WR�DEVRUSWLRQ��SRVVLEO\��LQ�DGGLWLRQ�WR�HQGRF\WRVLV�

RI�SDUWLFOHV��� *DVWURLQWHVWLQDO�DEVRUSWLRQ�LV�KLJKHU�LQ�QHRQDWDO�DQLPDOV�FRPSDUHG�WR�PDWXUH�DQLPDOV��

ZKLFK�PD\�UHIOHFW�D�PRUH�SHUPHDEOH�JDVWURLQWHVWLQDO�WUDFW�LQ�QHRQDWHV�RU�SK\VLRORJLFDO�DGMXVWPHQWV�LQ�

QHRQDWHV�UHODWHG�WR�QXWULHQW��H�J���LURQ��DEVRUSWLRQ�WKDW�DIIHFW�SOXWRQLXP�XSWDNH��6XOOLYDQ�����D������E��

6XOOLYDQ�DQG�*RUKDP�������6XOOLYDQ�HW�DO����������)DVWLQJ�WHQGV�WR�LQFUHDVH�DEVRUSWLRQ��ZKLFK�VXJJHVWV�

WKH�SRVVLELOLW\�RI�ELQGLQJ�LQWHUDFWLRQV�ZLWK�IRRG�FRPSRQHQWV�LQ�WKH�JDVWURLQWHVWLQDO�WUDFW�DQG�RU�

FRPSHWLWLRQ�IRU�DEVRUSWLRQ�ZLWK�RWKHU�QXWULHQWV��%KDWWDFKDU\\D�HW�DO��������8615&��������

5HVXOWV�IURP�WKHVH�VWXGLHV�VXSSRUW�WKH�IROORZLQJ�JHQHUDO�FRQFOXVLRQV�UHJDUGLQJ�IDFWRUV�WKDW�DIIHFW�

DEVRUSWLRQ�������LQ�JHQHUDO��DEVRUSWLRQ�RI�SOXWRQLXP�FLWUDWH�WHQGV�WR�EH�JUHDWHU�WKDQ�QLWUDWH��ZKLFK�LV�

JUHDWHU�WKDQ�SOXWRQLXP�R[LGH��3X2����6XOOLYDQ�����D�������PRVW�HVWLPDWHV�RI�DEVRUSWLRQ�RI�SOXWRQLXP�

FLWUDWH�DQG�QLWUDWH�LQ�DGXOW�DQLPDOV�DUH�������RI�WKH�GRVH������IDVWLQJ�WHQGV�WR�LQFUHDVH�DEVRUSWLRQ�

�8615&������������DEVRUSWLRQ�LV���±������WLPHV�JUHDWHU�LQ�QHRQDWHV�FRPSDUHG�WR�DGXOWV��GHSHQGLQJ�RQ�

WKH�DQLPDO�VSHFLHV�DQG�FKHPLFDO�IRUP�RI�SOXWRQLXP��6XOOLYDQ�����D������E��6XOOLYDQ�DQG�*RUKDP�������

6XOOLYDQ�HW�DO�������������LURQ�GHILFLHQF\�LQFUHDVHV�DEVRUSWLRQ�LQ�MXYHQLOH�UDWV�DQG�DGPLQLVWUDWLRQ�RI�IHUULF�

LURQ��)H����WR�LURQ�GHILFLHQW�UDWV�GHFUHDVHV�DEVRUSWLRQ��6XOOLYDQ�DQG�5XHPPOHU��������DQG�����DEVRUSWLRQ�

RI�SOXWRQLXP�LQ�VXUIDFH�GXVWV��H�J���ERPE�WHVW�VLWHV��LQ�JXLQHD�SLJV�ZDV���������RI�WKH�GRVH��+DUULVRQ�HW�

DO���������

Distribution. 

Distribution in Blood. 'LVVROYHG�SOXWRQLXP�GLVWULEXWHV�LQ�EORRG�SUHGRPLQDQWO\�DV�3X�,9��FRPSOH[HV�

ZLWK�SODVPD�SURWHLQV��/HKPDQQ�HW�DO��������6WHYHQV�HW�DO��������6WRYHU�HW�DO������D��7D\ORU���������
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$OWKRXJK�3X�,9��IRUPV�FRPSOH[HV�ZLWK�D�YDULHW\�RI�SODVPD�SURWHLQV��LQFOXGLQJ�DOEXPLQ����JOREXOLQV��DQG�

ORZ�PROHFXODU�ZHLJKW�SURWHLQV��WKH�GRPLQDQW�FRPSOH[�LV�ZLWK�WUDQVIHUULQ���7KH�GLVVRFLDWLRQ�FRQVWDQW�RI�

3X�,9��WUDQVIHUULQ�FRPSOH[�KDV�QRW�EHHQ�PHDVXUHG��KRZHYHU��WKH�FRPSOH[�DSSHDUV�WR�EH�OHVV�VWDEOH�WKDQ�

)H�,,,��WUDQVIHUULQ�FRPSOH[��.G|������0���$LVHQ�DQG�/LVWRZVN\���������$V�D�UHVXOW��ELQGLQJ�RI�)H�,,,��WR�

WUDQVIHUULQ�FDQ�LQIOXHQFH�WKH�GHJUHH�RI�ELQGLQJ�RI�3X�,9����3OXWRQLXP�DOVR�IRUPV�FRPSOH[HV�ZLWK�

QRQSURWHLQ�OLJDQGV��SRO\FDUER[\ODWHV��H�J���FLWUDWH��ODFWDWH����7KH�VWDELOLW\�FRQVWDQWV�IRU�WKH�PRQR� DQG�

GL�FLWUDWH�FRPSOH[HV�DUH�DSSUR[LPDWHO\������DQG������0��UHVSHFWLYHO\��7D\ORU��������

Distribution within Soft Tissues. 3OXWRQLXP��EHFDXVH�LW�LV�VWURQJO\�ERXQG�WR�SURWHLQV�LQ�EORRG��GRHV�QRW�

HVFDSH�HDVLO\�IURP�WKH�YDVFXODWXUH���+RZHYHU��DW�VLWHV�ZLWKLQ�WKH�ERG\�ZKHUH�EORRG�VLQXVRLGV�DUH�SUHVHQW�

�H�J���LQ�WKH�OLYHU��UHG�ERQH�PDUURZ���SURWHLQ�SOXWRQLXP�FRPSOH[HV�LQ�SODVPD�FDQ�OHDYH�WKH�YDVFXODWXUH�

DQG�GLVWULEXWH�WR�VLWHV�ZLWKLQ�WLVVXHV���3OXWRQLXP�FDQ�H[LVW�ZLWKLQ�WLVVXHV�DV�DQ�LRQ�ERXQG�WR�ELQGLQJ�VLWHV�

RQ�SURWHLQV��LQFOXGLQJ�WKRVH�DVVRFLDWHG�ZLWK�LURQ�PHWDEROLVP��H�J���WUDQVIHUULQ��KDHPRVLGHULQ��DQG�IHUULWLQ��

RU�DV�LQVROXEOH�SDUWLFXODWHV���3DUWLFXODWHV�PD\�GHULYH�IURP�LQKDODWLRQ�RI�SDUWLFOHV�RI�SOXWRQLXP��H�J���3X2���

RU�PD\�IRUP�E\�DJJUHJDWLRQ�RI�SRO\PHULF�K\GURO\VLV�SURGXFWV�RI�PRUH�VROXEOH�3X�,9��FRPSRXQGV��H�J���

SOXWRQLXP�FLWUDWH�DQG�SOXWRQLXP�QLWUDWH���7D\ORU���������,Q�WKH�OXQJ��SOXWRQLXP�DFFXPXODWHV�ZLWKLQ�

DOYHRODU�PDFURSKDJHV�DQG�7\SH�,�DOYHRODU�HSLWKHOLDO�FHOOV��ERWK�RI�ZKLFK�SKDJRF\WL]H�SOXWRQLXP�

SDUWLFOHV���DQG�LQ�OXQJ�DVVRFLDWHG�O\PSK�QRGHV��%DLU�HW�DO����������$JJUHJDWLRQ�RI�PDFURSKDJHV�FDQ�UHVXOW�

LQ�ORFDOL]HG�UHJLRQV�RI�KLJK�DFWLYLW\�WKDW�FDQ�EHFRPH�HQFDSVXODWHG�LQ�ILEURWLF�PDWHULDO��LQKLELWLQJ�WKH�

GLVVROXWLRQ�RI�WKH�SOXWRQLXP�DQG�WKH�IXUWKHU�PLJUDWLRQ�RI�WKH�PDFURSKDJHV�IURP�WKH�OXQJ���3OXWRQLXP�LV�

DOVR�IRXQG�DVVRFLDWHG�ZLWK�KHPRVLGHULQ��LQ�ERQH�PDUURZ�PDFURSKDJHV��DQG�ZLWK�IHUULWLQ�LQ�OLYHU�DQG�RWKHU�

WLVVXHV��H�J���VSOHHQ��ERQH�PDUURZ��ZKHUH�IHUULWLQ�LV�H[SUHVVHG��*RUGHQ�HW�DO��������7D\ORU���������7KH�

VHTXHVWUDWLRQ�RI�SOXWRQLXP�LQWR�IHUULWLQ�PD\�FRQWULEXWH�WR�WKH�UHODWLYHO\�ORQJ�UHWHQWLRQ�WLPH�RI�SOXWRQLXP�

LQ�OLYHU���)ROORZLQJ�LQWUDYHQRXV�DGPLQLVWUDWLRQ�RI����3X�FLWUDWH�RU����3X�12���� WR�UDWV��SOXWRQLXP�ZDV�

IRXQG�LQ�KHSDWRF\WHV�DQG�VLQXVRLGDO�FHOOV���'LVWULEXWLRQ�RI�SOXWRQLXP�ZLWKLQ�OLYHU�ZDV�UHODWLYHO\�

KRPRJHQHRXV�IROORZLQJ�LQMHFWLRQ�RI����3X�FLWUDWH�FRPSDUHG�WR�D�KHWHURJHQHRXV�SDWWHUQ�RI�DJJUHJDWLRQ�LQ�

OLYHU�IROORZLQJ�LQMHFWLRQ�RI����3X�12���� �)RXLOOLW�HW�DO����������$�VLPLODU�SDWWHUQ�KDV�EHHQ�REVHUYHG�LQ�GRJV�

�*HDUKDUW�HW�DO����������7KHVH�REVHUYDWLRQV�VXJJHVW�GLVWLQFW�PHFKDQLVPV�RI�WUDQVIHU�RI�WKH�WZR�FRPSRXQGV�

LQWR�DQG�RU�ZLWKLQ�OLYHU���7KH�WHPSRUDO�FKDQJHV�LQ�WKH�GLVWULEXWLRQ�SDWWHUQ�RI�SOXWRQLXP�LQ�OLYHU�DQG�OXQJ�

DOVR�RFFXU���,Q�OLYHU��WKLV�PD\�GHULYH�IURP�UHJHQHUDWLRQ�RI�LQMXUHG�WLVVXH� �,Q�WKH�OXQJ��SOXWRQLXP�GHSRVLWV�

EHFRPH�IRFDOL]HG��RYHU�WLPH��ZLWKLQ�PDFURSKDJHV���:LWKLQ�WKH�OXQJV��DIWHU�LQWDNHV�RI�LQVROXEOH�SOXWRQLXP�

SDUWLFOHV�WKH�QXPEHU�RI�FRQWDPLQDWHG�PDFURSKDJHV�GHFUHDVHV�DQG�WKH�UHPDLQLQJ�PDFURSKDJHV�EHFRPH�

ORDGHG�ZLWK�HYHQ�ODUJHU�DPRXQWV�RI�SOXWRQLXP���7KHVH�RIWHQ�FRPH�WRJHWKHU�WR�IRUP�ORFDO�KRWVSRWV�WKDW�
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PLUTONIUM 121 

3. HEALTH EFFECTS 

VRPHWLPHV�IRUP�D�ILEURLG�FDSVXOH�DURXQG�WKHP��ZKLFK�LQKLELWV�ERWK�WKH�GLVVROXWLRQ�RI�WKH�SOXWRQLXP�DQG�

WKH�IXUWKHU�PLJUDWLRQ�RI�WKH�PDFURSKDJHV��

Distribution within Bone. 3OXWRQLXP�LQ�ERQH�LQLWLDOO\�GLVWULEXWHV�WR�ERQH�VXUIDFHV�DGMDFHQW�WR�EORRG�

VLQXVRLGV�LQ�ERQH�PDUURZ�DQG�FDQ�VXEVHTXHQWO\�EH�UHGLVWULEXWHG�ZLWKLQ�ERQH�YROXPH�GXULQJ�ERQH�JURZWK�

DQG�UHPRGHOLQJ��5HGLVWULEXWLRQ�RI�SOXWRQLXP�IURP�ERQH�WR�ERQH�PDUURZ�FDQ�DOVR�RFFXU��DW�OHDVW�LQ�SDUW��

IURP�PDFURSKDJH�SKDJRF\WRVLV�RI�SOXWRQLXP�UHOHDVHG�IURP�ERQH�GXULQJ�ERQH�UHVRUSWLRQ���9DULRXV�VWXGLHV�

RI�ERQH�XSWDNH�RI�LQMHFWHG�SOXWRQLXP�VXJJHVW�WKH�IROORZLQJ�JHQHUDO�SDWWHUQ�RI�GHSRVLWLRQ�RI�SOXWRQLXP�RQ�

ERQH�VXUIDFHV��'2(�������/HJJHWW�������3ULHVW�������5RVHQWKDO�HW�DO������D������E��9DXJKDQ�HW�DO��

������������PRQRPHULF�FRPSOH[HV�RI�SOXWRQLXP��H�J���PRQRPHULF�SOXWRQLXP�FLWUDWH��GHSRVLW�SUHIHUHQWLDOO\�

DW�ERQH�VXUIDFHV��ZLWK�UHODWLYHO\�OLWWOH�LQLWLDO�GLVWULEXWLRQ�WR�PDUURZ��ZKHUHDV��KLJKO\�SRO\PHULF�SOXWRQLXP�

GHSRVLWV�SUHIHUHQWLDOO\�LQ�PDUURZ������LQLWLDO�GHSRVLWLRQ�LV�JUHDWHU�RQ�WUDEHFXODU�FRPSDUHG�WR�FRUWLFDO�ERQH�

VXUIDFHV������LQLWLDO�GHSRVLWLRQ�RFFXUV�SUHIHUHQWLDOO\�RQ�HQGRVWHDO�VXUIDFHV�FRPSDUHG�WR�SHULRVWHDO�VXUIDFHV��

����GHSRVLWLRQ�LV�JUHDWHU�RQ�VXUIDFHV�ZKHUH�DFWLYH�UHVRUSWLRQ�LV�RFFXUULQJ�FRPSDUHG�WR�VXUIDFHV�XQGHUJRLQJ�

PLQHUDOL]DWLRQ��DQG�����GHSRVLWLRQ�LV�JUHDWHU�RQ�VXUIDFHV�RI�WKH�D[LDO�VNHOHWRQ��L�H���VNXOO��K\RLG�ERQH��

VWHUQXP��ULEV��DQG�YHUWHEUDH��WKHQ�RQ�WKH�DSSHQGLFXODU�VNHOHWRQ��L�H���OLPEV����0HFKDQLVPV�RI�SOXWRQLXP�

GHSRVLWLRQ�DW�ERQH�VXUIDFHV�DUH�QRW�FRPSOHWHO\�XQGHUVWRRG���3OXWRQLXP��,9��FDQ�IRUP�FRPSOH[HV�ZLWK�

ERQH�JO\FRSURWHLQV��FROODJHQ��DQG�ERQH�PLQHUDO��9DXJKDQ�HW�DO���������

7KH�GHSRVLWLRQ�SDWWHUQ�LQ�ERQH�LV�DJH�GHSHQGHQW���$�FRPSDULVRQ�RI�ERQH�GLVWULEXWLRQ�RI�SOXWRQLXP�LQ�

MXYHQLOH����PRQWKV��EHDJOHV��FRPSDUHG�WR�\RXQJ�DGXOW����±���PRQWKV��DQG�PDWXUH�����PRQWKV��EHDJOHV�

WKDW�UHFHLYHG�D�VLQJOH�LQMHFWLRQ�RI�SOXWRQLXP�FLWUDWH�VKRZHG�WKH�IROORZLQJ�SDWWHUQV��%UXHQJHU�HW�DO������D���

����GHSRVLWLRQ��SHU�FHQW�RI�GRVH��ZDV�KLJKHU�LQ�MXYHQLOHV������D�ODUJHU�IUDFWLRQ�RI�WKH�VNHOHWDO�GHSRVLWLRQ�

RFFXUUHG�LQ�OLPE�ERQHV�RI�MXYHQLOHV��DQG�����SOXWRQLXP�LQ�ERQH�YROXPH��DV�RSSRVHG�WR�ERQH�VXUIDFH��ZDV�

PRUH�SURQRXQFHG�LQ�MXYHQLOHV���7KHVH�REVHUYDWLRQV�DUH�FRQVLVWHQW�ZLWK�WKH�FRQFHSW�WKDW�SOXWRQLXP�

SUHIHUHQWLDOO\�GHSRVLWV�LQ�UHJLRQV�DGMDFHQW�WR�UHG�PDUURZ��ZKLFK�KDV�D�ZLGHU�GLVWULEXWLRQ�LQ�MXYHQLOHV�WKDQ�

LQ�DGXOWV��DQG�LV�PRUH�SURPLQHQW�LQ�WUDEHFXODU�ERQH�WKDQ�LQ�FRUWLFDO�ERQH��DQG�LQ�ERQHV�RI�WKH�D[LDO�

VNHOHWRQ���+LJK�ERQH�WXUQ�RYHU�LQ�MXYHQLOHV�FRQWULEXWHV�WR�PRUH�UDSLG�GLVWULEXWLRQ�RI�SOXWRQLXP�IURP�ERQH�

VXUIDFH�WR�ERQH�YROXPH�DV�D�UHVXOW�RI�EXULDO�RI�VXUIDFH�GHSRVLWV��XQFRYHULQJ�EXULHG�GHSRVLWV��DQG�UHF\FOLQJ�

RI�WKH�SOXWRQLXP�EHWZHHQ�PDUURZ��ERQH��DQG�EORRG��%UXHQJHU�HW�DO������D��/HJJHWW�������3ULHVW�������

9DXJKDQ�HW�DO���������

Metabolism. 3OXWRQLXP�PHWDEROLVP�LQ�SK\VLRORJLFDO�V\VWHPV�FRQVLVWV��SULPDULO\��RI�K\GURO\WLF�

UHDFWLRQV�DQG�IRUPDWLRQ�RI�FRPSOH[HV�ZLWK�SURWHLQ�DQG�QRQSURWHLQ�OLJDQGV���
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PLUTONIUM 122 

3. HEALTH EFFECTS 

Excretion. $EVRUEHG�SOXWRQLXP�LV�H[FUHWHG�LQ�XULQH�DQG�IHFHV���)ROORZLQJ�LQKDODWLRQ�H[SRVXUH�WR�

SOXWRQLXP�DHURVROV��SOXWRQLXP�SDUWLFXODWHV�DUH�WUDQVSRUWHG�IURP�WKH�UHVSLUDWRU\�WUDFW�WR�WKH�JDVWURLQWHVWLQDO�

WUDFW���%HFDXVH�WKH�IUDFWLRQDO�DEVRUSWLRQ�RI�SOXWRQLXP�LQ�WKH�JDVWURLQWHVWLQDO�WUDFW�LV�DSSUR[LPDWHO\��[����±�

�[������QHDUO\�DOO�RI�WKLV�WUDQVSRUWHG�SOXWRQLXP�LV�H[FUHWHG�LQ�IHFHV�� 7KLV�PHFKDQLVP�H[SODLQV�WKH�IHFDO�

H[FUHWLRQ�WKDW�KDV�EHHQ�REVHUYHG�LQ�KXPDQV�DQG�DQLPDOV�GXULQJ�WKH�ILUVW�IHZ�GD\V�IROORZLQJ�H[SRVXUH���

0HFKDQLVPV�IRU�IHFDO�H[FUHWLRQ�WKDW�SHUVLVWV�IRU�PRQWKV�WR�\HDUV�IROORZLQJ�H[SRVXUH�DUH�QRW�DV�ZHOO�

XQGHUVWRRG���3OXWRQLXP�LQMHFWHG�LQWUDYHQRXVO\�LV�H[FUHWHG�LQ�IHFHV�LQ�KXPDQV��/DQJKDP�������7DOERW�HW�

DO���������������QRQKXPDQ�SULPDWHV��8615&��������GRJV��%DLU�HW�DO��������%DOORX�HW�DO��������*XLOPHWWH�

DQG�0XJJHQEXUJ�������6WRYHU�HW�DO���������DQG�URGHQWV��&DUULWW�HW�DO����������'LUHFW�HYLGHQFH�IRU�ELOLDU\�

VHFUHWLRQ�RI�LQMHFWHG�SOXWRQLXP�FRPHV�IURP�VWXGLHV�FRQGXFWHG�LQ�UDWV��%DOORX�HW�DO��������%KDWWDFKDU\\D�HW�

DO���������

0HFKDQLVPV�RI�XULQDU\�H[FUHWLRQ�KDYH�QRW�EHHQ�HOXFLGDWHG�DQG�PD\�LQYROYH�H[FUHWLRQ�RI�SOXWRQLXP�IURP�

SODVPD��RU�VHFUHWLRQ�RI�SOXWRQLXP�LQWR�XULQH�IURP�UHQDO�WLVVXH���,Q�SODVPD��SOXWRQLXP�H[LVWV�SUHGRPLQDQWO\�

ERXQG�WR�SURWHLQV������DSSHDUV�WR�EH�LQ�WKH�IRUP�RI�ORZ�PROHFXODU�ZHLJKW�FRPSOH[HV���7KH�GRPLQDQW�

SURWHLQ�FRPSOH[�LV�ZLWK�WUDQVIHUULQ��PROHFXODU�ZHLJKW ���N'D���ZKLFK�FDQ�DFFRXQW�IRU�����RI�SODVPD�

SOXWRQLXP�IROORZLQJ�LQWUDYHQRXV�DGPLQLVWUDWLRQ�RI�HLWKHU�3X�FLWUDWH�FRPSOH[�RU�3X�12���� �/HKPDQQ�HW�DO��

������6WHYHQV�HW�DO��������6WRYHU�HW�DO������D��7D\ORU���������5HQDO�FOHDUDQFH��SODVPD�WR�XULQH��RI�

WUDQVIHUULQ�LQ�KXPDQV�LV�DSSUR[LPDWHO\����[�����/�GD\��3HVFH�DQG�)LUVW��������WKLV�FRUUHVSRQGV�WR�D�

SODVPD�KDOI�WLPH�RI�DSSUR[LPDWHO\���±���\HDUV��DVVXPLQJ�D�SODVPD�YROXPH�LQ�WKH�DGXOW�KXPDQ�RI���/���

7KHUHIRUH��H[FUHWLRQ�RI�FLUFXODWLQJ�3X�WUDQVIHUULQ�FRPSOH[�LV�XQOLNHO\�WR�DFFRXQW�IRU�EORRG�WR�XULQH�

FOHDUDQFHV�UHSRUWHG�LQ�DGXOWV��H�J���FRUUHVSRQGLQJ�KDOI�WLPHV��±���GD\V���(WKHULQJWRQ�HW�DO��������/HJJHWW�

��������2WKHU�SRVVLEOH�PHFKDQLVPV�WKDW�FRQWULEXWH�WR�XULQDU\�H[FUHWLRQ�DUH�EORRG�WR�XULQH�FOHDUDQFH�RI�

ORZ�PROHFXODU�ZHLJKW�SOXWRQLXP�FRPSOH[HV��RU�VHFUHWLRQ�RI�SOXWRQLXP�IURP�WLVVXH�LQWR�XULQH��

3.5.2 Mechanisms of Toxicity 

7R[LFLW\�RI�SOXWRQLXP�GHULYHV�IURP�WKH�ELRORJLFDO�HIIHFWV�RI�UDGLDWLRQ�HPLWWHG�GXULQJ�WKH�UDGLRORJLFDO�

GHFD\�RI�SOXWRQLXP�LVRWRSHV���7KH�LVRWRSHV����3X�DQG����3X�GHFD\�E\�HPLWWLQJ�D�KLJK�HQHUJ\�DOSKD�SDUWLFOH���

$�YHU\�VPDOO�DPRXQW�RI�WKH�HQHUJ\�LQ�WKH�IRUP�RI�JDPPD�UD\V�LV�DOVR�UHOHDVHG�GXULQJ�WKH�GHFD\�RI�

SOXWRQLXP�LVRWRSHV���+RZHYHU��JDPPD�UDGLDWLRQ�IURP����3X�DQG����3X�GHFD\�LV�RI�VXFK�VPDOO�PDJQLWXGH�

DQG�HQHUJ\�WKDW�WKH�GRPLQDQW�PHFKDQLVPV�RI�WR[LFLW\�DUH�DVVRFLDWHG�ZLWK�DOSKD�UDGLDWLRQ���0ROHFXODU�

GDPDJH�UHVXOWV�IURP�WKH�GLUHFW�LRQL]DWLRQ�RI�DWRPV�WKDW�DUH�HQFRXQWHUHG�E\�DOSKD��DQG�JDPPD��UDGLDWLRQ�
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PLUTONIUM 123 

3. HEALTH EFFECTS 

DQG�E\�LQWHUDFWLRQV�RI�UHVXOWLQJ�IUHH�UDGLFDOV��H�J���+x��2+x��ZLWK�QHDUE\�PDFURPROHFXOHV��H�J���OLSLGV��

QXFOHLF�DFLGV��SURWHLQV����7LVVXH�GDPDJH�UHVXOWV�ZKHQ�WKH�PROHFXODU�GDPDJH�LV�VXIILFLHQWO\�H[WHQVLYH�

DQG�RU�UHSDLU�RI�WKH�GDPDJH�LV�QRW�VXIILFLHQWO\�UDSLG��

$OSKD�UDGLDWLRQ�HPLWWHG�E\�SOXWRQLXP�LVRWRSHV�FDQQRW�SHQHWUDWH�WKH�RXWHU�OD\HUV�RI�WKH�VNLQ���+RZHYHU��

RQFH�SOXWRQLXP�LV�LQWHUQDOL]HG��WKH�H[WUHPHO\�VKRUW�UDQJH�DOSKD�UDGLDWLRQ�SURGXFHV�D�YHU\�ORFDOL]HG�

UDGLDWLRQ�GRVH���$V�D�UHVXOW��WR[LFLW\�RI�SOXWRQLXP�FRLQFLGHV�ZLWK�WKH�GLVWULEXWLRQ�RI�SOXWRQLXP�LQ�WKH�ERG\���

$V�GLVFXVVHG�LQ�6HFWLRQ������7R[LFRNLQHWLFV��WKH�GLVWULEXWLRQ�RI�SOXWRQLXP�GHSHQGV�RQ�PDQ\�IDFWRUV��

LQFOXGLQJ�URXWH�RI�H[SRVXUH��FKHPLFDO�IRUP�DQG�SK\VLFDO�FKDUDFWHULVWLFV�RI�WKH�SOXWRQLXP�FRPSRXQG��DQG�

LWV�FRPSOH[HV���DQG�LVRWRSH�VSHFLILF�DFWLYLW\��L�H���%T�J����7KH�SDWWHUQV�RI�WR[LFLW\�REVHUYHG�LQ�GRJV�

H[SRVHG�WR�YDULRXV�FRPSRXQGV�RI�SOXWRQLXP�UHIOHFW��SULPDULO\��WKH�GLVWULEXWLRQ�RI�SOXWRQLXP�WKDW�IROORZV�

H[SRVXUH�WR�HDFK�FRPSRXQG���/XQJ�FDQFHUV�DQG�RWKHU�HIIHFWV�RI����3X2��RQ�WKH�OXQJ��H�J���SQHXPRQLWLV��

ZHUH�WKH�GRPLQDQW�HIIHFWV�REVHUYHG�LQ�GRJV�IROORZLQJ�LQKDODWLRQ�RI����3X2���ZKLFK�LV�FOHDUHG�UHODWLYHO\�

VORZO\�IURP�WKH�OXQJ��DQG�IURP�WKRUDFLF�O\PSK�QRGHV����$V�D�UHVXOW��IROORZLQJ�LQKDODWLRQ�H[SRVXUHV�WR�
���3X2���WKH�KLJKHVW�UDGLDWLRQ�GRVHV��L�H���HIIHFWLYH�GRVH�HTXLYDOHQWV��RFFXU�LQ�WKH�OXQJ���,Q�FRQWUDVW��

LQKDOHG����3X2�� LV�PRUH�UDSLGO\�FOHDUHG�IURP�WKH�OXQJ�DQG��RQFH�DEVRUEHG��GLVWULEXWHV�SULPDULO\�WR�VNHOHWDO�

WLVVXHV��ERQH�VXUIDFHV�DQG�PDUURZ��DQG�OLYHU��UHVXOWLQJ�LQ�UHODWLYHO\�KLJK�UDGLDWLRQ�GRVHV�WR�ERQH�DQG�OLYHU��

DV�ZHOO�DV�WR�OXQJ���7KLV�LV�FRQVLVWHQW�ZLWK�REVHUYDWLRQV�RI�ERQH��OLYHU��DQG�OXQJ�WR[LFLW\�LQ�GRJV�IROORZLQJ�

LQKDODWLRQ�H[SRVXUHV�WR����3X2���

3.5.3 Animal-to-Human Extrapolations 

0HFKDQLVPV�RI�WR[LFLW\�DQG�WR[LFRNLQHWLFV�RI�SOXWRQLXP��GHVFULEHG�LQ�6HFWLRQV�������DQG��������DUH�

GLUHFWO\�DSSOLFDEOH�WR�KXPDQV���1XPHURXV�VWXGLHV�RI�WKH�GLVWULEXWLRQ�RI�SOXWRQLXP�LQ�KXPDQV��L�H���DXWRSV\�

VWXGLHV�RI�LQGLYLGXDOV�RFFXSDWLRQDOO\�H[SRVHG�WR�SOXWRQLXP��KDYH�VKRZQ�WKDW�WKH�JHQHUDO�SDWWHUQ�RI�

GLVWULEXWLRQ�RI�SOXWRQLXP�LQ�KXPDQV�LV�FRQVLVWHQW�ZLWK�WKDW�REVHUYHG�LQ�YDULRXV�DQLPDO�PRGHOV��ZLWK�WKH�

KLJKHVW�SRUWLRQ�RI�WKH�ERG\�EXUGHQ�LQ�OXQJ��IROORZLQJ�LQKDODWLRQ�H[SRVXUHV���VNHOHWDO�WLVVXHV��DQG�OLYHU��

(SLGHPLRORJLF�VWXGLHV�RI�KHDOWK�RXWFRPHV�DPRQJ�ZRUNHUV�LQ�LQGXVWULHV�WKDW�SURGXFH�DQG�RU�SURFHVV�

SOXWRQLXP�KDYH�SURYLGHG�HYLGHQFH�IRU�LQFUHDVHG�ULVN�RI�OXQJ��OLYHU��DQG�ERQH�FDQFHUV�LQ�DVVRFLDWLRQ�ZLWK�

H[SRVXUHV�WR�SOXWRQLXP���7KHVH�REVHUYDWLRQV�DUH�FRQVLVWHQW�ZLWK�WKH�SDWWHUQ�RI�KHDOWK�HIIHFWV�REVHUYHG�LQ�

DQLPDOV��
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3. HEALTH EFFECTS 

3.6  TOXICITIES MEDIATED THROUGH THE NEUROENDOCRINE AXIS 

5HFHQWO\��DWWHQWLRQ�KDV�IRFXVHG�RQ�WKH�SRWHQWLDO�KD]DUGRXV�HIIHFWV�RI�FHUWDLQ�FKHPLFDOV�RQ�WKH�HQGRFULQH�

V\VWHP�EHFDXVH�RI�WKH�DELOLW\�RI�WKHVH�FKHPLFDOV�WR�PLPLF�RU�EORFN�HQGRJHQRXV�KRUPRQHV���&KHPLFDOV�

ZLWK�WKLV�W\SH�RI�DFWLYLW\�DUH�PRVW�FRPPRQO\�UHIHUUHG�WR�DV�endocrine disruptors�� +RZHYHU��DSSURSULDWH�

WHUPLQRORJ\�WR�GHVFULEH�VXFK�HIIHFWV�UHPDLQV�FRQWURYHUVLDO���7KH�WHUPLQRORJ\�endocrine disruptors��

LQLWLDOO\�XVHG�E\�7KRPDV�DQG�&ROERUQ���������ZDV�DOVR�XVHG�LQ������ZKHQ�&RQJUHVV�PDQGDWHG�WKH�(3$�WR�

GHYHORS�D�VFUHHQLQJ�SURJUDP�IRU�³���FHUWDLQ�VXEVWDQFHV�>ZKLFK@�PD\�KDYH�DQ�HIIHFW�SURGXFHG�E\�D�

QDWXUDOO\�RFFXUULQJ�HVWURJHQ��RU�RWKHU�VXFK�HQGRFULQH�HIIHFW>V@���´�� 7R�PHHW�WKLV�PDQGDWH��(3$�FRQYHQHG�D�

SDQHO�FDOOHG�WKH�(QGRFULQH�'LVUXSWRUV�6FUHHQLQJ�DQG�7HVWLQJ�$GYLVRU\�&RPPLWWHH��('67$&���DQG�LQ�

������WKH�('67$&�FRPSOHWHG�LWV�GHOLEHUDWLRQV�DQG�PDGH�UHFRPPHQGDWLRQV�WR�(3$�FRQFHUQLQJ�endocrine 

disruptors���,Q�������WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�UHOHDVHG�D�UHSRUW�WKDW�UHIHUUHG�WR�WKHVH�VDPH�W\SHV�

RI�FKHPLFDOV�DV�hormonally active agents�� 7KH�WHUPLQRORJ\�endocrine modulators KDV�DOVR�EHHQ�XVHG�WR�

FRQYH\�WKH�IDFW�WKDW�HIIHFWV�FDXVHG�E\�VXFK�FKHPLFDOV�PD\�QRW�QHFHVVDULO\�EH�DGYHUVH���0DQ\�VFLHQWLVWV�

DJUHH�WKDW�FKHPLFDOV�ZLWK�WKH�DELOLW\�WR�GLVUXSW�RU�PRGXODWH�WKH�HQGRFULQH�V\VWHP�DUH�D�SRWHQWLDO�WKUHDW�WR�

WKH�KHDOWK�RI�KXPDQV��DTXDWLF�DQLPDOV��DQG�ZLOGOLIH���+RZHYHU��RWKHUV�WKLQN�WKDW�HQGRFULQH�DFWLYH�

FKHPLFDOV�GR�QRW�SRVH�D�VLJQLILFDQW�KHDOWK�ULVN��SDUWLFXODUO\�LQ�YLHZ�RI�WKH�IDFW�WKDW�KRUPRQH�PLPLFV�H[LVW�

LQ�WKH�QDWXUDO�HQYLURQPHQW���([DPSOHV�RI�QDWXUDO�KRUPRQH�PLPLFV�DUH�WKH�LVRIODYLQRLG�SK\WRHVWURJHQV�

�$GOHUFUHXW]�������/LYLQJVWRQ�������0D\U�HW�DO����������7KHVH�FKHPLFDOV�DUH�GHULYHG�IURP�SODQWV�DQG�DUH�

VLPLODU�LQ�VWUXFWXUH�DQG�DFWLRQ�WR�HQGRJHQRXV�HVWURJHQ���$OWKRXJK�WKH�SXEOLF�KHDOWK�VLJQLILFDQFH�DQG�

GHVFULSWLYH�WHUPLQRORJ\�RI�VXEVWDQFHV�FDSDEOH�RI�DIIHFWLQJ�WKH�HQGRFULQH�V\VWHP�UHPDLQV�FRQWURYHUVLDO��

VFLHQWLVWV�DJUHH�WKDW�WKHVH�FKHPLFDOV�PD\�DIIHFW�WKH�V\QWKHVLV��VHFUHWLRQ��WUDQVSRUW��ELQGLQJ��DFWLRQ��RU�

HOLPLQDWLRQ�RI�QDWXUDO�KRUPRQHV�LQ�WKH�ERG\�UHVSRQVLEOH�IRU�PDLQWDLQLQJ�KRPHRVWDVLV��UHSURGXFWLRQ��

GHYHORSPHQW��DQG�RU�EHKDYLRU��(3$���������6WDWHG�GLIIHUHQWO\��VXFK�FRPSRXQGV�PD\�FDXVH�WR[LFLWLHV�WKDW�

DUH�PHGLDWHG�WKURXJK�WKH�QHXURHQGRFULQH�D[LV���$V�D�UHVXOW��WKHVH�FKHPLFDOV�PD\�SOD\�D�UROH�LQ�DOWHULQJ��

IRU�H[DPSOH��PHWDEROLF��VH[XDO��LPPXQH��DQG�QHXUREHKDYLRUDO�IXQFWLRQ���6XFK�FKHPLFDOV�DUH�DOVR�WKRXJKW�

WR�EH�LQYROYHG�LQ�LQGXFLQJ�EUHDVW��WHVWLFXODU��DQG�SURVWDWH�FDQFHUV��DV�ZHOO�DV�HQGRPHWULRVLV��%HUJHU�������

*LZHUFPDQ�HW�DO��������+RHO�HW�DO���������

1R�VWXGLHV�ZHUH�ORFDWHG�UHJDUGLQJ�HQGRFULQH�GLVUXSWLRQ�LQ�KXPDQV�RU�DQLPDOV�DIWHU�H[SRVXUH�WR�

SOXWRQLXP���1R�in vitro VWXGLHV�ZHUH�ORFDWHG�UHJDUGLQJ�HQGRFULQH�GLVUXSWLRQ�RI�SOXWRQLXP��
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3. HEALTH EFFECTS 

3.7  CHILDREN’S SUSCEPTIBILITY 

7KLV�VHFWLRQ�GLVFXVVHV�SRWHQWLDO�KHDOWK�HIIHFWV�IURP�H[SRVXUHV�GXULQJ�WKH�SHULRG�IURP�FRQFHSWLRQ�WR�

PDWXULW\�DW����\HDUV�RI�DJH�LQ�KXPDQV��ZKHQ�DOO�ELRORJLFDO�V\VWHPV�ZLOO�KDYH�IXOO\�GHYHORSHG� �3RWHQWLDO�

HIIHFWV�RQ�RIIVSULQJ�UHVXOWLQJ�IURP�H[SRVXUHV�RI�SDUHQWDO�JHUP�FHOOV�DUH�FRQVLGHUHG��DV�ZHOO�DV�DQ\�LQGLUHFW�

HIIHFWV�RQ�WKH�IHWXV�DQG�QHRQDWH�UHVXOWLQJ�IURP�PDWHUQDO�H[SRVXUH�GXULQJ�JHVWDWLRQ�DQG�ODFWDWLRQ���

5HOHYDQW�DQLPDO�DQG�in vitro PRGHOV�DUH�DOVR�GLVFXVVHG��

&KLOGUHQ�DUH�QRW�VPDOO�DGXOWV���7KH\�GLIIHU�IURP�DGXOWV�LQ�WKHLU�H[SRVXUHV�DQG�PD\�GLIIHU�LQ�WKHLU�

VXVFHSWLELOLW\�WR�KD]DUGRXV�FKHPLFDOV���&KLOGUHQ¶V�XQLTXH�SK\VLRORJ\�DQG�EHKDYLRU�FDQ�LQIOXHQFH�WKH�

H[WHQW�RI�WKHLU�H[SRVXUH���([SRVXUHV�RI�FKLOGUHQ�DUH�GLVFXVVHG�LQ�6HFWLRQ������([SRVXUHV�RI�&KLOGUHQ��

&KLOGUHQ�VRPHWLPHV�GLIIHU�IURP�DGXOWV�LQ�WKHLU�VXVFHSWLELOLW\�WR�KD]DUGRXV�FKHPLFDOV��EXW�ZKHWKHU�WKHUH�LV�

D�GLIIHUHQFH�GHSHQGV�RQ�WKH�FKHPLFDO��*X]HOLDQ�HW�DO��������15&���������&KLOGUHQ�PD\�EH�PRUH�RU�OHVV�

VXVFHSWLEOH�WKDQ�DGXOWV�WR�KHDOWK�HIIHFWV��DQG�WKH�UHODWLRQVKLS�PD\�FKDQJH�ZLWK�GHYHORSPHQWDO�DJH�

�*X]HOLDQ�HW�DO��������15&���������9XOQHUDELOLW\�RIWHQ�GHSHQGV�RQ�GHYHORSPHQWDO�VWDJH���7KHUH�DUH�

FULWLFDO�SHULRGV�RI�VWUXFWXUDO�DQG�IXQFWLRQDO�GHYHORSPHQW�GXULQJ�ERWK�SUHQDWDO�DQG�SRVWQDWDO�OLIH��DQG�D�

SDUWLFXODU�VWUXFWXUH�RU�IXQFWLRQ�ZLOO�EH�PRVW�VHQVLWLYH�WR�GLVUXSWLRQ�GXULQJ�LWV�FULWLFDO�SHULRG�V�� �'DPDJH�

PD\�QRW�EH�HYLGHQW�XQWLO�D�ODWHU�VWDJH�RI�GHYHORSPHQW�� 7KHUH�DUH�RIWHQ�GLIIHUHQFHV�LQ�SKDUPDFRNLQHWLFV�

DQG�PHWDEROLVP�EHWZHHQ�FKLOGUHQ�DQG�DGXOWV�� )RU�H[DPSOH��DEVRUSWLRQ�PD\�EH�GLIIHUHQW�LQ�QHRQDWHV�

EHFDXVH�RI�WKH�LPPDWXULW\�RI�WKHLU�JDVWURLQWHVWLQDO�WUDFW�DQG�WKHLU�ODUJHU�VNLQ�VXUIDFH�DUHD�LQ�SURSRUWLRQ�WR�

ERG\�ZHLJKW��0RUVHOOL�HW�DO��������15&��������WKH�JDVWURLQWHVWLQDO�DEVRUSWLRQ�RI�OHDG�LV�JUHDWHVW�LQ�LQIDQWV�

DQG�\RXQJ�FKLOGUHQ��=LHJOHU�HW�DO����������'LVWULEXWLRQ�RI�[HQRELRWLFV�PD\�EH�GLIIHUHQW��IRU�H[DPSOH��

LQIDQWV�KDYH�D�ODUJHU�SURSRUWLRQ�RI�WKHLU�ERGLHV�DV�H[WUDFHOOXODU�ZDWHU��DQG�WKHLU�EUDLQV�DQG�OLYHUV�DUH�

SURSRUWLRQDWHO\�ODUJHU��$OWPDQ�DQG�'LWWPHU�������)RPRQ�������)RPRQ�HW�DO��������2ZHQ�DQG�%UR]HN�

������:LGGRZVRQ�DQG�'LFNHUVRQ���������7KH�LQIDQW�DOVR�KDV�DQ�LPPDWXUH�EORRG�EUDLQ�EDUULHU��$GLQROIL�

������-RKDQVRQ�������DQG�SUREDEO\�DQ�LPPDWXUH�EORRG�WHVWLV�EDUULHU��6HWFKHOO�DQG�:DLWHV������� �0DQ\�

[HQRELRWLF�PHWDEROL]LQJ�HQ]\PHV�KDYH�GLVWLQFWLYH�GHYHORSPHQWDO�SDWWHUQV���$W�YDULRXV�VWDJHV�RI�JURZWK�

DQG�GHYHORSPHQW��OHYHOV�RI�SDUWLFXODU�HQ]\PHV�PD\�EH�KLJKHU�RU�ORZHU�WKDQ�WKRVH�RI�DGXOWV��DQG�

VRPHWLPHV�XQLTXH�HQ]\PHV�PD\�H[LVW�DW�SDUWLFXODU�GHYHORSPHQWDO�VWDJHV��.RPRUL�HW�DO��������/HHGHU�DQG�

.HDUQV�������15&�������9LHLUD�HW�DO����������:KHWKHU�GLIIHUHQFHV�LQ�[HQRELRWLF�PHWDEROLVP�PDNH�WKH�

FKLOG�PRUH�RU�OHVV�VXVFHSWLEOH�DOVR�GHSHQGV�RQ�ZKHWKHU�WKH�UHOHYDQW�HQ]\PHV�DUH�LQYROYHG�LQ�DFWLYDWLRQ�RI�

WKH�SDUHQW�FRPSRXQG�WR�LWV�WR[LF�IRUP�RU�LQ�GHWR[LILFDWLRQ���7KHUH�PD\�DOVR�EH�GLIIHUHQFHV�LQ�H[FUHWLRQ��

SDUWLFXODUO\�LQ�QHZERUQV�ZKR�DOO�KDYH�D�ORZ�JORPHUXODU�ILOWUDWLRQ�UDWH�DQG�KDYH�QRW�GHYHORSHG�HIILFLHQW�
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3. HEALTH EFFECTS 

WXEXODU�VHFUHWLRQ�DQG�UHVRUSWLRQ�FDSDFLWLHV��$OWPDQ�DQG�'LWWPHU�������15&�������:HVW�HW�DO����������

&KLOGUHQ�DQG�DGXOWV�PD\�GLIIHU�LQ�WKHLU�FDSDFLW\�WR�UHSDLU�GDPDJH�IURP�FKHPLFDO�LQVXOWV���&KLOGUHQ�DOVR�

KDYH�D�ORQJHU�UHPDLQLQJ�OLIHWLPH�LQ�ZKLFK�WR�H[SUHVV�GDPDJH�IURP�FKHPLFDOV��WKLV�SRWHQWLDO�LV�SDUWLFXODUO\�

UHOHYDQW�WR�FDQFHU��

&HUWDLQ�FKDUDFWHULVWLFV�RI�WKH�GHYHORSLQJ�KXPDQ�PD\�LQFUHDVH�H[SRVXUH�RU�VXVFHSWLELOLW\��ZKHUHDV�RWKHUV�

PD\�GHFUHDVH�VXVFHSWLELOLW\�WR�WKH�VDPH�FKHPLFDO���)RU�H[DPSOH��DOWKRXJK�LQIDQWV�EUHDWKH�PRUH�DLU�SHU�

NLORJUDP�RI�ERG\�ZHLJKW�WKDQ�DGXOWV�EUHDWKH��WKLV�GLIIHUHQFH�PLJKW�EH�VRPHZKDW�FRXQWHUEDODQFHG�E\�WKHLU�

DOYHROL�EHLQJ�OHVV�GHYHORSHG��ZKLFK�UHVXOWV�LQ�D�GLVSURSRUWLRQDWHO\�VPDOOHU�VXUIDFH�DUHD�IRU�DOYHRODU�

DEVRUSWLRQ��15&��������

1XPHURXV�HSLGHPLRORJLFDO�VWXGLHV�RI�LRQL]LQJ�UDGLDWLRQ�H[SRVXUHV�KDYH�IRXQG�KLJKHU�FDQFHU�ULVNV�

DVVRFLDWHG�ZLWK�H[SRVXUHV�RI�LQIDQWV�DQG�FKLOGUHQ�LQIDQF\�DQG�FKLOGKRRG��FRPSDUHG�WR�DGXOWV��$JHQF\�IRU�

7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\�������� $OWKRXJK�WKHUH�LV�QR�GLUHFW�HYLGHQFH�IRU�LQFUHDVHG�

VXVFHSWLELOLW\�RI�FKLOGUHQ�WR�WR[LFLW\�IURP�SOXWRQLXP��VHYHUDO�NLQGV�RI�REVHUYDWLRQV�PDGH�LQ�DQLPDOV�

VXJJHVW�WKDW�LPPDWXUH�DQLPDOV�PD\�EH�PRUH�YXOQHUDEOH�WR�SOXWRQLXP�DV�D�UHVXOW�RI�KLJKHU�GHSRVLWLRQ�RI�

DEVRUEHG�SOXWRQLXP�RQ�ERQH�VXUIDFHV�DQG�KLJKHU�WXUQ�RYHU�RI�ERQH���6WXGLHV�FRQGXFWHG�LQ�LPPDWXUH�

EHDJOHV��LQKDODWLRQ�H[SRVXUHV�WR����3X2��DW�DJH����±����PRQWKV��VKRZHG�WKDW��LQ�FRPSDULVRQ�WR�VLPLODU�

H[SRVXUHV�RI�DGXOW�EHDJOHV��D�ODUJHU�IUDFWLRQ�RI�WKH�LQLWLDOO\�GHSRVLWHG�OXQJ�EXUGHQ�ZDV�WUDQVIHUUHG�WR�WKH�

VNHOHWRQ��'2(�����G����������7KLV�REVHUYDWLRQ�LV�FRQVLVWHQW�ZLWK�WKH�UHVXOWV�IURP�LQMHFWLRQ�VWXGLHV���$�

FRPSDULVRQ�RI�ERQH�GLVWULEXWLRQ�RI�SOXWRQLXP�LQ�MXYHQLOH�EHDJOHV����PRQWKV�RI�DJH���FRPSDUHG�WR�\RXQJ�

DGXOW����±���PRQWK�ROG��DQG�PDWXUH�����PRQWK�ROG��EHDJOHV�WKDW�UHFHLYHG�D�VLQJOH�LQMHFWLRQ�RI�SOXWRQLXP�

FLWUDWH�VKRZHG�WKDW�VNHOHWDO�GHSRVLWLRQ��SHUFHQW�RI�GRVH��ZDV�KLJKHU�LQ�MXYHQLOHV��RFFXUUHG�PRUH�

H[WHQVLYHO\�LQ�JURZLQJ�OLPE�ERQHV��DQG�ZLWKLQ�ERQH��D�ODUJHU�SRUWLRQ�RI�WKH�ERQH�EXUGHQ�ZDV�DVVRFLDWHG�

ZLWKLQ�ERQH�YROXPH��%UXHQJHU�HW�DO������D����$V�GLVFXVVHG�LQ�6HFWLRQ������0HFKDQLVPV�RI�7R[LFLW\��WKHVH�

REVHUYDWLRQV�DUH�FRQVLVWHQW�ZLWK�WKH�FRQFHSW�WKDW�SOXWRQLXP�SUHIHUHQWLDOO\�GHSRVLWV�LQ�UHJLRQV�DGMDFHQW�WR�

UHG�PDUURZ��ZKLFK�KDV�D�ZLGHU�GLVWULEXWLRQ�LQ�MXYHQLOHV�WKDQ�LQ�DGXOWV��DQG�LV�PRUH�SURPLQHQW�LQ�

WUDEHFXODU�ERQH�WKDQ�LQ�FRUWLFDO�ERQH��DQG�LQ�ERQHV�RI�WKH�D[LDO�VNHOHWRQ���+LJK�ERQH�WXUQ�RYHU�LQ�MXYHQLOHV�

PD\�DOVR�FRQWULEXWH�WR�PRUH�UDSLG�GLVWULEXWLRQ�RI�SOXWRQLXP�IURP�ERQH�VXUIDFH�WR�ERQH�YROXPH�DV�D�UHVXOW�

RI�EXULDO�RI�VXUIDFH�GHSRVLWV��XQFRYHULQJ�EXULHG�GHSRVLWV��DQG�UHF\FOLQJ�RI�WKH�SOXWRQLXP�EHWZHHQ�PDUURZ��

ERQH��DQG�EORRG��%UXHQJHU�HW�DO������D��/HJJHWW�������9DXJKDQ�HW�DO����������7KHVH�REVHUYDWLRQV�VXJJHVW�

WKH�SRVVLELOLW\�WKDW�FKLOGUHQ�PD\�KDYH�D�KLJKHU�VXVFHSWLELOLW\�WR�ERQH�PDUURZ�WR[LFLW\�DQG�UHODWHG�

RXWFRPHV��H�J���OHXNHPLD��DQG�VNHOHWDO�WR[LFLW\�RI�SOXWRQLXP�WKDQ�DGXOWV��DOWKRXJK�WKLV�KDV�QRW�EHHQ�

YHULILHG�HLWKHU�H[SHULPHQWDOO\��RU�LQ�HSLGHPLRORJLFDO�VWXGLHV���2QH�REVHUYDWLRQ�WKDW�PD\�EH�SHUWLQHQW�LV�
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3. HEALTH EFFECTS 

WKDW�GRJV��H[DPLQHG���\HDUV�DIWHU�DQ�LQKDODWLRQ�H[SRVXUH�WR����3X2��DW�DJH����±����PRQWKV��VKRZHG�D  

ORZHU�LQFLGHQFH�RI�UDGLDWLRQ�SQHXPRQLWLV�WKDQ�GRJV�H[SRVHG�DV�DGXOWV���7KLV�ZRXOG�EH�FRQVLVWHQW�ZLWK�D  

JUHDWHU�WUDQVIHU�RI�SOXWRQLXP�IURP�WKH�OXQJ�WR�WKH�VNHOHWRQ���/XQJ�WLVVXH�JURZWK�LQ�WKH�\RXQJHU�GRJV�PD\  

KDYH�UHVXOWHG�LQ�VRPH�OXQJ�WLVVXH�ZLWK�OLWWOH�RU�QR�SOXWRQLXP�  

*DVWURLQWHVWLQDO�DEVRUSWLRQ�RI�LQJHVWHG�SOXWRQLXP�LV�KLJKHU�LQ�QHRQDWDO�DQLPDOV�FRPSDUHG�WR�PDWXUH  

DQLPDOV��ZKLFK�PD\�UHIOHFW�D�PRUH�SHUPHDEOH�JDVWURLQWHVWLQDO�WUDFW�LQ�QHRQDWHV�RU�SK\VLRORJLFDO  

DGMXVWPHQWV�LQ�QHRQDWHV�UHODWHG�WR�QXWULHQW��H�J���LURQ��DEVRUSWLRQ�WKDW�DIIHFW�SOXWRQLXP�XSWDNH��� 

$EVRUSWLRQ�KDV�EHHQ�VKRZQ�WR�EH���±������WLPHV�JUHDWHU�LQ�QHRQDWHV�FRPSDUHG�WR�DGXOWV��GHSHQGLQJ�RQ� 

DQLPDO�VSHFLHV�DQG�FKHPLFDO�IRUP�RI�SOXWRQLXP��6XOOLYDQ�����D������E��6XOOLYDQ�DQG�*RUKDP������  

6XOOLYDQ�HW�DO��������� ,URQ�GHILFLHQF\�LQFUHDVHV�DEVRUSWLRQ�LQ�MXYHQLOH�UDWV��6XOOLYDQ�DQG�5XHPPOHU��������� 

+RZHYHU��DYDLODEOH�DQLPDO�GDWD�KDYH�QRW�GHPRQVWUDWHG�WKDW�LQFUHDVHG�SOXWRQLXP�XSWDNH�E\�QHRQDWDO�DQG� 

MXYHQLOHV�UHVXOWV�LQ�LQFUHDVHG�VXVFHSWLELOLW\�WR�WKH�WR[LF�HIIHFWV�RI�LQWHUQDOL]HG�SOXWRQLXP�  

3.8  BIOMARKERS OF EXPOSURE AND EFFECT 

%LRPDUNHUV�DUH�EURDGO\�GHILQHG�DV�LQGLFDWRUV�VLJQDOLQJ�HYHQWV�LQ�ELRORJLF�V\VWHPV�RU�VDPSOHV�� 7KH\�KDYH�

EHHQ�FODVVLILHG�DV�PDUNHUV�RI�H[SRVXUH��PDUNHUV�RI�HIIHFW��DQG�PDUNHUV�RI�VXVFHSWLELOLW\��1$6�15&�

�������

$�ELRPDUNHU�RI�H[SRVXUH�LV�D�[HQRELRWLF�VXEVWDQFH�RU�LWV�PHWDEROLWH�V��RU�WKH�SURGXFW�RI�DQ�LQWHUDFWLRQ�

EHWZHHQ�D�[HQRELRWLF�DJHQW�DQG�VRPH�WDUJHW�PROHFXOH�V��RU�FHOO�V��WKDW�LV�PHDVXUHG�ZLWKLQ�D�FRPSDUWPHQW�

RI�DQ�RUJDQLVP��1$6�15&�������� 7KH�SUHIHUUHG�ELRPDUNHUV�RI�H[SRVXUH�DUH�JHQHUDOO\�WKH�VXEVWDQFH�

LWVHOI��VXEVWDQFH�VSHFLILF�PHWDEROLWHV�LQ�UHDGLO\�REWDLQDEOH�ERG\�IOXLG�V���RU�H[FUHWD���+RZHYHU��VHYHUDO�

IDFWRUV�FDQ�FRQIRXQG�WKH�XVH�DQG�LQWHUSUHWDWLRQ�RI�ELRPDUNHUV�RI�H[SRVXUH���7KH�ERG\�EXUGHQ�RI�D�

VXEVWDQFH�PD\�EH�WKH�UHVXOW�RI�H[SRVXUHV�IURP�PRUH�WKDQ�RQH�VRXUFH�� 7KH�VXEVWDQFH�EHLQJ�PHDVXUHG�PD\�

EH�D�PHWDEROLWH�RI�DQRWKHU�[HQRELRWLF�VXEVWDQFH��H�J���KLJK�XULQDU\�OHYHOV�RI�SKHQRO�FDQ�UHVXOW�IURP�

H[SRVXUH�WR�VHYHUDO�GLIIHUHQW�DURPDWLF�FRPSRXQGV����'HSHQGLQJ�RQ�WKH�SURSHUWLHV�RI�WKH�VXEVWDQFH��H�J���

ELRORJLF�KDOI�OLIH��DQG�HQYLURQPHQWDO�FRQGLWLRQV��H�J���GXUDWLRQ�DQG�URXWH�RI�H[SRVXUH���WKH�VXEVWDQFH�DQG�

DOO�RI�LWV�PHWDEROLWHV�PD\�KDYH�OHIW�WKH�ERG\�E\�WKH�WLPH�VDPSOHV�FDQ�EH�WDNHQ���,W�PD\�EH�GLIILFXOW�WR�

LGHQWLI\�LQGLYLGXDOV�H[SRVHG�WR�KD]DUGRXV�VXEVWDQFHV�WKDW�DUH�FRPPRQO\�IRXQG�LQ�ERG\�WLVVXHV�DQG�IOXLGV�

�H�J���HVVHQWLDO�PLQHUDO�QXWULHQWV�VXFK�DV�FRSSHU��]LQF��DQG�VHOHQLXP����%LRPDUNHUV�RI�H[SRVXUH�WR�

SOXWRQLXP�DUH�GLVFXVVHG�LQ�6HFWLRQ��������
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3. HEALTH EFFECTS 

%LRPDUNHUV�RI�HIIHFW�DUH�GHILQHG�DV�DQ\�PHDVXUDEOH�ELRFKHPLFDO��SK\VLRORJLF��RU�RWKHU�DOWHUDWLRQ�ZLWKLQ�DQ�

RUJDQLVP�WKDW��GHSHQGLQJ�RQ�PDJQLWXGH��FDQ�EH�UHFRJQL]HG�DV�DQ�HVWDEOLVKHG�RU�SRWHQWLDO�KHDOWK�

LPSDLUPHQW�RU�GLVHDVH��1$6�15&�������� 7KLV�GHILQLWLRQ�HQFRPSDVVHV�ELRFKHPLFDO�RU�FHOOXODU�VLJQDOV�RI�

WLVVXH�G\VIXQFWLRQ��H�J���LQFUHDVHG�OLYHU�HQ]\PH�DFWLYLW\�RU�SDWKRORJLF�FKDQJHV�LQ�IHPDOH�JHQLWDO�HSLWKHOLDO�

FHOOV���DV�ZHOO�DV�SK\VLRORJLF�VLJQV�RI�G\VIXQFWLRQ�VXFK�DV�LQFUHDVHG�EORRG�SUHVVXUH�RU�GHFUHDVHG�OXQJ�

FDSDFLW\���1RWH�WKDW�WKHVH�PDUNHUV�DUH�QRW�RIWHQ�VXEVWDQFH�VSHFLILF�� 7KH\�DOVR�PD\�QRW�EH�GLUHFWO\�

DGYHUVH��EXW�FDQ�LQGLFDWH�SRWHQWLDO�KHDOWK�LPSDLUPHQW��H�J���'1$�DGGXFWV����%LRPDUNHUV�RI�HIIHFWV�FDXVHG�

E\�SOXWRQLXP�DUH�GLVFXVVHG�LQ�6HFWLRQ��������

$�ELRPDUNHU�RI�VXVFHSWLELOLW\�LV�DQ�LQGLFDWRU�RI�DQ�LQKHUHQW�RU�DFTXLUHG�OLPLWDWLRQ�RI�DQ�RUJDQLVP
V�DELOLW\�

WR�UHVSRQG�WR�WKH�FKDOOHQJH�RI�H[SRVXUH�WR�D�VSHFLILF�[HQRELRWLF�VXEVWDQFH���,W�FDQ�EH�DQ�LQWULQVLF�JHQHWLF�RU�

RWKHU�FKDUDFWHULVWLF�RU�D�SUHH[LVWLQJ�GLVHDVH�WKDW�UHVXOWV�LQ�DQ�LQFUHDVH�LQ�DEVRUEHG�GRVH��D�GHFUHDVH�LQ�WKH�

ELRORJLFDOO\�HIIHFWLYH�GRVH��RU�D�WDUJHW�WLVVXH�UHVSRQVH�� ,I�ELRPDUNHUV�RI�VXVFHSWLELOLW\�H[LVW��WKH\�DUH�

GLVFXVVHG�LQ�6HFWLRQ�������3RSXODWLRQV�7KDW�$UH�8QXVXDOO\�6XVFHSWLEOH��

3.8.1 Biomarkers Used to Identify or Quantify Exposure to Plutonium 

3OXWRQLXP�LV�D�UDGLRDFWLYH�HOHPHQW���3OXWRQLXP�ZLWKLQ�WKH�ERG\�FDQ�EH�LQIHUUHG�IURP�UDGLRDVVD\V�RI�XULQH��

IHFHV��RU�WLVVXH�VDPSOHV�E\�JURVV�DOSKD�DQDO\VLV��DOSKD�VSHFWURVFRS\��JDPPD�UD\�VSHFWURVFRS\��PDVV�

VSHFWURPHWU\��DQG�OLTXLG�VFLQWLOODWLRQ�WHFKQLTXHV��$OYDUH]�DQG�1DYDUUR�������'DFKHX[�DQG�$XSLDLV�������

'2(�����E��������*XLOPHWWH��������

3.8.2 Biomarkers Used to Characterize Effects Caused by Plutonium 

/LPLWHG�LQIRUPDWLRQ�LV�DYDLODEOH�UHJDUGLQJ�ELRPDUNHUV�RI�HIIHFW�RI�SOXWRQLXP�H[SRVXUH�DQG�REVHUYHG�

HIIHFWV�DUH�QRW�VSHFLILF�WR�UDGLDWLRQ�IURP�SOXWRQLXP�RU�DQ\�RWKHU�UDGLRQXFOLGH���7KH�SUHVHQFH�RI�

FKURPRVRPH�DEHUUDWLRQV�KDV�EHHQ�UHSRUWHG�LQ�KXPDQV�DQG�ODERUDWRU\�DQLPDOV�IROORZLQJ�WKH�

LQWHUQDOL]DWLRQ�RI�SOXWRQLXP��VHH�6HFWLRQ�����IRU�D�GLVFXVVLRQ�RI�SOXWRQLXP�LQGXFHG�JHQRWR[LF�HIIHFWV���

5HODWLYHO\�HDUO\�DGYHUVH�KHDOWK�HIIHFWV�LQ�DQLPDOV�IROORZLQJ�WKH�LQWHUQDOL]DWLRQ�RI�LQKDOHG�SOXWRQLXP�

LQFOXGH�UDGLDWLRQ�SQHXPRQLWLV�DQG�O\PSKRSHQLD��ODWH�RFFXUULQJ�HIIHFWV�PD\�LQFOXGH�ERQH��OXQJ��DQG�OLYHU�

WXPRUV��VHH�6HFWLRQ�������IRU�GHWDLOHG�GLVFXVVLRQ�RI�SOXWRQLXP�LQGXFHG�KHDOWK�HIIHFWV�IROORZLQJ�LQKDODWLRQ�

H[SRVXUH���
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3. HEALTH EFFECTS 

3.9  INTERACTIONS WITH OTHER CHEMICALS 

7KH�WR[LFRNLQHWLFV�RI�SOXWRQLXP�DSSHDU�WR�EH�LQIOXHQFHG�E\�H[SRVXUH�WR�FLJDUHWWH�VPRNH���&LJDUHWWH�

VPRNH��ZKHQ�DGPLQLVWHUHG�WR�PLFH�IROORZLQJ�LQKDODWLRQ�H[SRVXUH�WR����3X2���DSSHDUHG�WR�LQKLELW�WKH�

FOHDUDQFH�RI�SOXWRQLXP��7DOERW�HW�DO����������$W����GD\V�SRVWH[SRVXUH��DQLPDOV�H[SRVHG�WR�SOXWRQLXP�DQG�

FLJDUHWWH�VPRNH�UHWDLQHG�DSSUR[LPDWHO\�����PRUH�SOXWRQLXP�WKDQ�WKRVH�DQLPDOV�H[SRVHG�WR�SOXWRQLXP�

DORQH���,Q�DQRWKHU�VWXG\��UDWV�ZHUH�JLYHQ�VLQJOH�SHUQDVDO�H[SRVXUHV�WR����3X2��ZLWK�RU�ZLWKRXW�FKURQLF�

H[SRVXUH�WR�FLJDUHWWH�VPRNH��)LQFK�HW�DO����������5DWV�UHFHLYLQJ�ERWK�SOXWRQLXP�DQG�FLJDUHWWH�VPRNH�

H[SRVXUH�H[KLELWHG�UHWDUGHG����3X�FOHDUDQFH�IURP�WKH�OXQJ���7KH�DERYH�WR[LFRNLQHWLF�LQWHUDFWLRQV�PD\�

FRQWULEXWH�WR�LQWHUDFWLRQV�UHOHYDQW�WR�WKH�HVWLPDWLRQ�RI�OXQJ�FDQFHU�ULVNV�DVVRFLDWHG�ZLWK�SOXWRQLXP�

H[SRVXUHV�LQ�KXPDQ�SRSXODWLRQV���%RWK�DGGLWLYH�DQG�PXOWLSOLFDWLYH�LQWHUDFWLRQ�PRGHOV�KDYH�EHHQ�XVHG�WR�

PRGHO�LQWHUDFWLRQV�EHWZHHQ�VPRNLQJ�DQG�OXQJ�FDQFHU�ULVN�LQ�VWXGLHV�RI�SOXWRQLXP�ZRUNHUV��-DFRE�HW�DO��

������.UHLVKHLPHU�HW�DO����������

,QFUHDVHG�OXQJ�UHWHQWLRQ�RI����3X��DV�WKH�K\GUR[LGH�FROORLG�FRQWDLQLQJ�D�UHODWLYHO\�KLJK�FRQFHQWUDWLRQ�RI�

JDGROLQLXP��DQG�GHFUHDVHG�IHFDO�H[FUHWLRQ�RI�SOXWRQLXP�ZHUH�QRWHG�LQ�UDWV�DGPLQLVWHUHG����3X��DV�WKH�

K\GUR[LGH�FROORLG��FRQWDLQLQJ�D�UHODWLYHO\�KLJK�FRQFHQWUDWLRQ�RI�JDGROLQLXP�FRPSDUHG�WR�UDWV�UHFHLYLQJ�
���3X�LQ�WKH�DEVHQFH�RI�JDGROLQLXP��6DWR�HW�DO���������

([SRVXUH�WR�LQKDOHG����3X2��IROORZHG�E\�LQWUDWUDFKHDO�LQVWLOODWLRQ�RI�EHQ]R�D�S\UHQH�UHVXOWHG�LQ�D�KLJKHU�

LQFLGHQFH�RI�OXQJ�WXPRUV�DQG�D�GHFUHDVH�LQ�PHGLDQ�VXUYLYDO�WLPH�FRPSDUHG�WR�DQLPDOV�H[SRVHG�WR����3X2��

DORQH��0pWLYLHU�HW�DO����������$V�WKH�GRVH�RI�EHQ]R�D�S\UHQH�LQFUHDVHG��VXUYLYDO�WLPH�GHFUHDVHG���([SRVXUH�

RI�UDWV�WR�D�VLQJOH�LQWUD�DEGRPLQDO�LQMHFWLRQ�RI�D�PL[WXUH�RI����3X2��DQG�EHQ]R�D�S\UHQH�UHVXOWHG�LQ�DQ�

DGGLWLYH�HIIHFW�LQ�WKH�LQGXFWLRQ�RI�DEGRPLQDO�VDUFRPDV��FRPSDUHG�WR�DQLPDOV�JLYHQ�EHQ]R�D�S\UHQH�RU�

SOXWRQLXP�RQO\��$(&�����E���

$�GHFUHDVH�LQ�PHGLDQ�VXUYLYDO�WLPH�ZDV�REVHUYHG�LQ�UDWV�LQMHFWHG�LQWUDYHQRXVO\�ZLWK����3X��LPPHGLDWHO\�

IROORZHG�E\�H[SRVXUH�WR�[�UD\V��%DOORX�HW�DO���������DV�FRPSDUHG�WR�WKRVH�DQLPDOV�H[SRVHG�WR�SOXWRQLXP�

DORQH���$V�H[SRVXUH�WR�[�UD\V�LQFUHDVHG��VXUYLYDO�WLPH�GHFUHDVHG���+RZHYHU��ZKHQ�H[SRVXUH�WR�[�UD\�ZDV�

GHOD\HG��DV�PXFK�DV����GD\V��IROORZLQJ�H[SRVXUH�RI�WKH�UDWV�WR����3X��WKH�QXPEHU�RI�GHDWKV�RFFXUULQJ�

EHIRUH����GD\V�ZDV�UHGXFHG��

([SRVXUH�RI�UDWV�WR����3X2��DQG�DVEHVWRV�E\�LQWUDSHULWRQHDO�LQMHFWLRQ�UHVXOWHG�LQ�D�KLJKHU�LQFLGHQFH�RI�

DEGRPLQDO�WXPRUV�FRPSDUHG�WR�DQLPDOV�H[SRVHG�WR����3X2��DORQH��$(&�����E����+RZHYHU��WKLV�DGGLWLYH�
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3. HEALTH EFFECTS 

HIIHFW�RI�DVEHVWRV�DQG�SOXWRQLXP�ZDV�QRW�REVHUYHG�LQ�WKH�LQGXFWLRQ�RI�SXOPRQDU\�VDUFRPDV�ZKHQ�DVEHVWRV�

ZDV�DGPLQLVWHUHG�WR�UDWV�LQ�FRPELQDWLRQ�ZLWK����3X2��YLD�LQWUDWUDFKHDO�LQVWLOODWLRQ��6DQGHUV�����E����,Q�WKH�

VDPH�VWXG\��DVEHVWRV�GLG�QRW�LQIOXHQFH�WKH�WUDQVORFDWLRQ�RI�SOXWRQLXP�LQ�UDWV���+RZHYHU��DVEHVWRV�

LQFUHDVHG�WKH�SXOPRQDU\�UHWHQWLRQ�RI�SOXWRQLXP�FRPSDUHG�WR�SOXWRQLXP�RQO\�H[SRVXUH��6DQGHUV�����E���

$Q�LQFUHDVHG�LQFLGHQFH�RI�PHWDSODVLD�ZDV�REVHUYHG�LQ�UDWV�H[SHULHQFLQJ�D�VLQJOH�LQKDODWLRQ�H[SRVXUH�WR�
���3X2��IROORZHG�E\�DGPLQLVWUDWLRQ�RI���RU����PJ�YLWDPLQ�&�P/�RI�GULQNLQJ�ZDWHU�IRU���\HDU�

SRVWH[SRVXUH��FRPSDUHG�WR�UDWV�H[SRVHG�WR�SOXWRQLXP�RQO\��6DQGHUV�DQG�0DKDIIH\���������+RZHYHU��WKH�

LQFLGHQFH�RI�VTXDPRXV�FHOO�FDUFLQRPDV�LQ�DQLPDOV�H[SRVHG�WR�SOXWRQLXP�DQG�YLWDPLQ�&�GHFUHDVHG�ZLWK�

LQFUHDVLQJ�GRVH�RI�YLWDPLQ�&���7KH�DXWKRUV�VWDWHG�WKDW�YLWDPLQ�&�PD\�LQWHUIHUH�ZLWK�WKH�SURJUHVVLRQ�RI�

VTXDPRXV�FHOO�PHWDSODVLD�WR�VTXDPRXV�FHOO�FDUFLQRPD��

6WXGLHV�LQ�ODERUDWRU\�DQLPDOV�KDYH�DOVR�GHPRQVWUDWHG�WKH�LQIOXHQFH�RI�PHWDOV�RQ�WKH�WR[LFRNLQHWLFV�RI�

SOXWRQLXP���3UHWUHDWPHQW�RI�UDWV�ZLWK�VXEFXWDQHRXV�LQMHFWLRQ�RI�FDGPLXP�RU�FRSSHU�IROORZHG�E\�

LQWUDYHQRXV�LQMHFWLRQ�RI����3X�RU����3X�UHVXOWHG�LQ�FKDQJHV�LQ�WKH�GLVWULEXWLRQ�SDWWHUQV�RI�SOXWRQLXP��EXW�QRW�

LQ�WRWDO�UHWHQWLRQ�RI�HLWKHU�LVRWRSH���3OXWRQLXP�UHWHQWLRQ�RI�ERWK�LVRWRSHV��IROORZLQJ�SUHWUHDWPHQW�ZLWK�

HLWKHU�PHWDO��ZDV�LQFUHDVHG�LQ�WKH�VSOHHQ�DQG�WKH�NLGQH\V��DV�FRPSDUHG�WR�DQLPDOV�WUHDWHG�ZLWK�SOXWRQLXP�

RQO\��9ROI���������/LYHU�UHWHQWLRQ�RI�SOXWRQLXP�DSSHDUHG�WR�EH�LQFUHDVHG�E\�FRSSHU�SUHWUHDWPHQW�DQG�

GHFUHDVHG�E\�FDGPLXP�SUHWUHDWPHQW��WKHVH�GLIIHUHQFHV�PD\�UHIOHFW�GLIIHUHQW�SURSHUWLHV�RI�WKH�UHVSHFWLYH�

PHWDO�ELQGLQJ�SURWHLQV�RU�GLIIHUHQW�PHFKDQLVPV�RI�DFWLRQ��9ROI��������

,QKDODWLRQ�H[SRVXUH�RI�UDWV�WR�EHU\OOLXP�R[LGH��IROORZHG�E\����3X2���UHVXOWHG�LQ�LQFUHDVHG�UHWHQWLRQ�RI�

SOXWRQLXP�LQ�WKH�OXQJV�DQG�VXEVHTXHQWO\�LQFUHDVHG�WUDQVORFDWLRQ�RI�SOXWRQLXP�WR�WKRUDFLF�O\PSK�QRGHV�

�6DQGHUV�HW�DO����������$OWKRXJK�OXQJ�UHWHQWLRQ�RI�SOXWRQLXP�ZDV�LQFUHDVHG�DQG�EHU\OOLXP�DQG�SOXWRQLXP�

DUH�ERWK�FRQVLGHUHG�WR�EH�OXQJ�FDUFLQRJHQV��FRPELQHG�H[SRVXUHV�RI�UDWV�WR�EHU\OOLXP�DQG����3X�GLG�QRW�

VLJQLILFDQWO\�LQFUHDVH�WKH�LQFLGHQFH�RI�OXQJ�WXPRUV��FRPSDUHG�WR�SOXWRQLXP�RQO\�H[SRVXUH��6DQGHUV�HW�DO��

�������

$GPLQLVWUDWLRQ�RI�DOFRKRO�SULRU�WR�H[SRVXUH�WR�SOXWRQLXP�DSSHDUV�WR�KDYH�DQ�HIIHFW�RQ�WKH�WR[LFRNLQHWLFV�

RI�SOXWRQLXP���5DWV�ZHUH�WUHDWHG�RUDOO\�ZLWK������RU�����HWKDQRO��LQ�����VXFURVH��IRU���RU���ZHHNV��

IROORZHG�E\�DQ�LQWUDYHQRXV�LQMHFWLRQ�RI�SRO\PHULF����3X�DQG�VDFULILFH���RU����GD\V�SRVWH[SRVXUH��'2(�

����H����,Q�DQLPDOV�JLYHQ�HWKDQRO�IRU���ZHHNV��UHWHQWLRQ�RI�SOXWRQLXP�LQ�WKH�OLYHU�ZDV�LQFUHDVHG�DW���GD\�

SRVWH[SRVXUH��EXW�UHWXUQHG�WR�QRUPDO����GD\V�SRVWH[SRVXUH��FRPSDUHG�WR�SOXWRQLXP�RQO\�H[SRVXUH���$W�

��GD\�SRVWH[SRVXUH��OXQJ�UHWHQWLRQ�RI�SOXWRQLXP�ZDV�LQFUHDVHG�LQ�DQLPDOV�JLYHQ�HWKDQRO�IRU���ZHHN��ZKLOH�
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3. HEALTH EFFECTS 

OXQJ�UHWHQWLRQ�RI�SOXWRQLXP�ZDV�GHFUHDVHG�LQ�DQLPDOV�JLYHQ�HWKDQRO�IRU���ZHHNV�� 7KHVH�GLIIHUHQFHV�ZHUH�

VWLOO�DSSDUHQW�DW����GD\V�SRVWLQMHFWLRQ��'2(�����H���

$QLPDO�VWXGLHV�KDYH�EHHQ�FRQGXFWHG�WR�VWXG\�WKH�UHODWLYH�KD]DUGV�RI��GLIIXVH��YHUVXV��ORFDOL]HG��

LUUDGLDWLRQ�RI�WKH�OXQJ��$QGHUVRQ�HW�DO��������0XJJHQEXUJ�HW�DO��������LQ�DQ�HIIRUW�WR�GHWHUPLQH�LI�WKHUH�LV�

D��KRW�SDUWLFOH��RU��KRW�VSRW��HIIHFW���7KH�WKHRU\�K\SRWKHVL]HG�WKDW�ODUJHU�SDUWLFOHV�ZLWK�KLJKHU�DFWLYLW\�DQG�

OHVV�XQLIRUP�GLVWULEXWLRQ�PLJKW�EH�PRUH�OLNHO\�WR�FDXVH�FDQFHU�WKDQ�VPDOOHU��PRUH�XQLIRUPO\�GLVSHUVHG�

SDUWLFOHV���,Q�SHUKDSV�WKH�PRVW�GLUHFW�DQG�UHOHYDQW�VWXG\�RI�WKLV�WKHRU\�XVLQJ�SOXWRQLXP��0XJJHQEXUJ�HW�DO��

�������SURYLGH�GLUHFW�HYLGHQFH�DJDLQVW�WKH�³KRW�SDUWLFOH´�WKHRU\���7KH�DXWKRUV�H[SRVHG�EHDJOH�GRJV�E\�

LQKDODWLRQ�WR�WKUHH�XQLIRUP�VL]HV�RI����3X2��SDUWLFOHV�������������DQG������P�$0$'��UHSUHVHQWLQJ�SDUWLFOH�

DFWLYLWLHV�VSDQQLQJ�PRUH�WKDQ���RUGHUV�RI�PDJQLWXGH�IURP�������WR�����P%T��DV�SDUW�RI�D�FRPSRVLWH�

OLIHVSDQ�VWXG\���7KH\�IRXQG�WKDW�VPDOOHU�DQG�PRUH�XQLIRUPO\�GLVWULEXWHG�SDUWLFOHV�KDYH�WKH�VDPH�RU�JUHDWHU�

SRWHQWLDO�WR�SURGXFH�QHRSODVPV�WKDQ�OHVV�XQLIRUPO\�GLVWULEXWHG�SDUWLFOHV�� ,Q�WKH�$QGHUVRQ�HW�DO���������

VWXGLHV��KDPVWHUV�ZHUH�H[SRVHG�E\�LQVWLOODWLRQ�RI����3X2��RU����3X2��FRQWDLQHG�LQ�]LUFRQLXP�GLR[LGH�

VSKHUHV�� %RWK�LQVWDOODWLRQ�DQG�WKH�XVH�RI�WKH����3X�LVRWRSH�UHSUHVHQW�FRQIRXQGHUV�WR�DVVHVVLQJ�WKH�³KRW�

SDUWLFOH´�WKHRU\���,QVWLOODWLRQ�LV�D�OHVV�UHOHYDQW�URXWH�WKDQ�LQKDODWLRQ�VLQFH�LW�PRUH�FRDUVHO\�GLVWULEXWHV�

PDWHULDO�LQ�D�OHVV�GHILQHG�PDQQHU�WR�D�VPDOOHU�SRUWLRQ�RI�WKH�OXQJ�� $OVR��WKH�VSHFLILF�DFWLYLW\�RI�WKH����3X�

SDUWLFOHV�LV�VHYHUDO�KXQGUHG�WLPHV�JUHDWHU�WKDW�RI�LWV����3X�FRXQWHUSDUW��DQG�WKH�LQWHQVH�UDGLDWLRQ�WKDW�LW�

HPLWV�FDXVHV�SDUWLFOHV�WR�IUDJPHQW���)ROORZLQJ��ORFDOL]HG��H[SRVXUH��WKH�LQFLGHQFH�RI�OXQJ�WXPRUV�ZDV�

VLJQLILFDQWO\�LQFUHDVHG���������RQO\�DW�WKH�KLJKHVW�H[SRVXUH�OHYHO�����[����S&L�>���[����%T@����3X�NJ�ERG\�

ZHLJKW����+RZHYHU��IROORZLQJ��GLIIXVH��H[SRVXUH��D�VLJQLILFDQW�LQFUHDVH�LQ�WKH�LQFLGHQFH�RI�OXQJ�WXPRUV�

ZDV�REVHUYHG�DW�H[SRVXUHV�RI����[����S&L�����[����%T�����3X�NJ�ERG\�ZHLJKW�DQG����[����S&L�

����[����%T�����3X�NJ�ERG\�ZHLJKW���7KH�DXWKRUV�FRQFOXGHG�WKDW�IRU�D�JLYHQ�OXQJ�EXUGHQ�RI�SOXWRQLXP��WKH�

PRVW�KD]DUGRXV�GLVWULEXWLRQ�ZDV��GLIIXVH���

$QLPDO�VWXGLHV�KDYH�VKRZQ�WKH�HIIHFWV�RI�FKHODWLRQ�WKHUDS\�RQ�WKH�UHPRYDO�RI�SUHYLRXVO\�LQFRUSRUDWHG�

DFWLQLGH�HOHPHQWV��VXFK�DV�SOXWRQLXP���6LQJOH�LQWUDYHQRXV�LQMHFWLRQ�RI�SRO\PHULF����3X��SOXV����3X�DV�D�

WUDFHU��LQWR�\RXQJ�DGXOW�EHDJOH�GRJV��IROORZHG�E\�ZHHNO\�H[SRVXUH�WR�GLHWK\OHQHWULDPLQH�SHQWDDFHWDWH�

�'73$��DV�FDOFLXP�VDOW��&D�'73$��RU�GDLO\�H[SRVXUH�RI�'73$�DV�]LQF�VDOW��=Q�'73$���UHVXOWHG�LQ������RU�

���������3X�H[FUHWLRQ��UHVSHFWLYHO\��YV�������SOXWRQLXP�H[FUHWLRQ�DW����KRXUV�SRVWH[SRVXUH�LQ�WKRVH�

DQLPDOV�H[SRVHG�WR�SOXWRQLXP�DORQH��/OR\G�HW�DO������F����$IWHU����GD\V��FXPXODWLYH�H[FUHWLRQ��FRUUHFWHG�

IRU�UDGLRDFWLYH�GHFD\��UHDFKHG�������IRU�&D�'73$��������IRU�=Q�'73$��DQG�������IRU�WKRVH�DQLPDOV�

WUHDWHG�ZLWK�SOXWRQLXP�DORQH���7KH�VWXG\�LQGLFDWHG�WKDW�GDLO\�H[SRVXUH�RI�EHDJOH�GRJV�WR�=Q�'73$�LV�PRUH�

HIIHFWLYH�LQ�LQFUHDVLQJ�WKH�H[FUHWLRQ�RI�LQFRUSRUDWHG�SOXWRQLXP�WKDQ�ZHHNO\�H[SRVXUH�WR�&D�'73$� �$V�
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PLUTONIUM 132 

3. HEALTH EFFECTS 

VSHFXODWHG�E\�WKH�DXWKRUV��WKH�HQKDQFHG�SOXWRQLXP�H[FUHWLRQ�PD\�KDYH�RFFXUUHG�DV�D�UHVXOW�RI�FDOFLXP�

UHSODFHPHQW�LQ�&D�'73$�RU�]LQF�UHSODFHPHQW�LQ�=Q�'73$�E\�SOXWRQLXP�DW�WKH�FHOOXODU�OHYHO��

3.10  POPULATIONS THAT ARE UNUSUALLY SUSCEPTIBLE 

$�VXVFHSWLEOH�SRSXODWLRQ�ZLOO�H[KLELW�D�GLIIHUHQW�RU�HQKDQFHG�UHVSRQVH�WR�SOXWRQLXP�WKDQ�ZLOO�PRVW�

SHUVRQV�H[SRVHG�WR�WKH�VDPH�OHYHO�RI�SOXWRQLXP�LQ�WKH�HQYLURQPHQW���5HDVRQV�PD\�LQFOXGH�JHQHWLF�

PDNHXS��DJH��KHDOWK�DQG�QXWULWLRQDO�VWDWXV��DQG�H[SRVXUH�WR�RWKHU�WR[LF�VXEVWDQFHV��H�J���FLJDUHWWH�VPRNH����

7KHVH�SDUDPHWHUV�UHVXOW�LQ�UHGXFHG�GHWR[LILFDWLRQ�RU�H[FUHWLRQ�RI�SOXWRQLXP�RU�FRPSURPLVHG�IXQFWLRQ�RI�

RUJDQV�DIIHFWHG�E\�SOXWRQLXP�� 3RSXODWLRQV�ZKR�DUH�DW�JUHDWHU�ULVN�GXH�WR�WKHLU�XQXVXDOO\�KLJK�H[SRVXUH�WR�

SOXWRQLXP�DUH�GLVFXVVHG�LQ�6HFWLRQ������3RSXODWLRQV�ZLWK�3RWHQWLDOO\�+LJK�([SRVXUHV��

6WXGLHV�GHVLJQHG�WR�DVVHVV�XQXVXDO�VXVFHSWLELOLW\�RI�KXPDQ�SRSXODWLRQV�WR�WKH�HIIHFWV�RI�SOXWRQLXP�

H[SRVXUH�ZHUH�QRW�ORFDWHG� �(SLGHPLRORJLFDO�VWXGLHV�W\SLFDOO\�LQYROYH�KHDOWK\�ZRUNHUV�RFFXSDWLRQDOO\�

H[SRVHG�WR�ORZ�OHYHOV�RI�SOXWRQLXP��WKHVH�VWXGLHV�KDYH�QRW�LGHQWLILHG�XQXVXDOO\�VXVFHSWLEOH�SRSXODWLRQV���

+RZHYHU��SUHVHQW�NQRZOHGJH�UHJDUGLQJ�WKH�EHKDYLRU�RI�SOXWRQLXP�LQ�KXPDQV�DQG�DQLPDOV�SURYLGHV�VRPH�

LQVLJKW�LQWR�SRSXODWLRQV�WKDW�PLJKW�H[KLELW�LQFUHDVHG�VXVFHSWLELOLW\�WR�WKH�HIIHFWV�RI�SOXWRQLXP�H[SRVXUH��

&KLOGUHQ�PD\�EH�SDUWLFXODUO\�VXVFHSWLEOH�WR�WKH�DGYHUVH�HIIHFWV�RI�SOXWRQLXP���&HOOV�DUH�UHSOLFDWLQJ�PXFK�

PRUH�UDSLGO\�LQ�JURZLQJ�FKLOGUHQ�WKDQ�LQ�DGXOWV� �5DSLGO\�UHJHQHUDWLQJ�FHOOV�DUH�PRUH�UDGLRVHQVLWLYH�WKDQ�

VORZO\�UHJHQHUDWLQJ�FHOOV��VHH�$SSHQGL[�'����7KHUHIRUH��FKLOGUHQ�PD\�EH�PRUH�VXVFHSWLEOH�WR�WKH�UDGLDWLRQ�

HIIHFWV�RI�SOXWRQLXP�WKDQ�DGXOWV��

3HUVRQV�ZLWK�FKURQLF�REVWUXFWLYH�OXQJ�GLVHDVHV�PD\�EH�PRUH�VXVFHSWLEOH�WR�WKH�WR[LF�HIIHFWV�RI�LQKDOHG�

SOXWRQLXP���%DVHG�RQ�UHVXOWV�IURP�VWXGLHV�LQ�UDWV�ZLWK�SXOPRQDU\�HPSK\VHPD��SOXWRQLXP�GHSRVLWLRQ�

ZRXOG�EH�GHFUHDVHG�LQ�D�SHUVRQ�ZLWK�SXOPRQDU\�HPSK\VHPD��EXW�UHWHQWLRQ�ZRXOG�EH�LQFUHDVHG��/XQGJUHQ�

HW�DO����������7KHUHIRUH��D�JUHDWHU�UDGLDWLRQ�GRVH�ZRXOG�EH�GHOLYHUHG�WR�WKH�OXQJV�RI�D�SHUVRQ�ZLWK�

HPSK\VHPD�RU�RWKHU�FKURQLF�REVWUXFWLYH�OXQJ�GLVHDVHV��

3HUVRQV�ZKR�DUH�DQHPLF�GXH�WR�DQ�LURQ�GHILFLHQF\�PD\�EH�PRUH�VXVFHSWLEOH�WR�WKH�WR[LF�HIIHFWV�RI�

SOXWRQLXP���6WXGLHV�E\�'2(������D��GHPRQVWUDWHG�WKDW�JDVWURLQWHVWLQDO�DEVRUSWLRQ�RI�SOXWRQLXP�ZDV�

��IROG�KLJKHU�LQ�LURQ�GHILFLHQW�PLFH�WKDQ�LQ�PLFH�ZLWK�QRUPDO�LURQ�OHYHOV���7KHUHIRUH��SHUVRQV�ZKR�DUH�LURQ�

GHILFLHQW�PD\�DEVRUE�PRUH�SOXWRQLXP��6XOOLYDQ�DQG�5XHPPOHU��������
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PLUTONIUM 133 

3. HEALTH EFFECTS 

3.11  METHODS FOR REDUCING TOXIC EFFECTS 

7KLV�VHFWLRQ�ZLOO�GHVFULEH�FOLQLFDO�SUDFWLFH�DQG�UHVHDUFK�FRQFHUQLQJ�PHWKRGV�IRU�UHGXFLQJ�WR[LF�HIIHFWV�RI�

H[SRVXUH�WR�SOXWRQLXP���+RZHYHU��EHFDXVH�VRPH�RI�WKH�WUHDWPHQWV�GLVFXVVHG�PD\�EH�H[SHULPHQWDO�DQG�

XQSURYHQ��WKLV�VHFWLRQ�VKRXOG�QRW�EH�XVHG�DV�D�JXLGH�IRU�WUHDWPHQW�RI�H[SRVXUHV�WR�SOXWRQLXP���:KHQ�

VSHFLILF�H[SRVXUHV�KDYH�RFFXUUHG��SRLVRQ�FRQWURO�FHQWHUV�DQG�PHGLFDO�WR[LFRORJLVWV�VKRXOG�EH�FRQVXOWHG�

IRU�PHGLFDO�DGYLFH���7KH�IROORZLQJ�WH[WV�SURYLGH�VSHFLILF�LQIRUPDWLRQ�DERXW�WUHDWPHQW�IROORZLQJ�H[SRVXUHV�

WR�SOXWRQLXP��

(OOHQKRUQ�0-��6FKRQZDOG�6��2UGRJ�*��HW�DO���HGV����������5DGLDWLRQ�SRLVRQLQJ���(OOHQKRUQ
V�PHGLFDO�
WR[LFRORJ\�� 'LDJQRVLV�DQG�WUHDWPHQW�RI�KXPDQ�SRLVRQLQJ���%DOWLPRUH��0'�� :LOOLDPV�	�:LONLQV�������
������

5($&�76�� ����D�� 3DFNDJH�LQVHUW�LQVWUXFWLRQV�IRU�XVH�� 3DQWHWDWH�FDOFLXP�WULVRGLXP�LQMHFWLRQ�� 5DGLDWLRQ�
(PHUJHQF\�$VVLVWDQFH�&HQWHU�7UDLQLQJ�6LWH�� 2DN�5LGJH�,QVWLWXWH�IRU�6FLHQFH�DQG�(GXFDWLRQ�� 8�6��
'HSDUWPHQW�RI�(QHUJ\�� KWWS���RULVH�RUDX�JRY�ILOHV�UHDFWV�&DOFLXP�'73$�SDFNDJH�LQVHUW�SGI�� 0D\�����
������

5($&�76�� ����E�� 3DFNDJH�LQVHUW�LQVWUXFWLRQV�IRU�XVH�� 3DQWHWDWH�]LQF�WULVRGLXP�LQMHFWLRQ�� 5DGLDWLRQ�
(PHUJHQF\�$VVLVWDQFH�&HQWHU�7UDLQLQJ�6LWH�� 2DN�5LGJH�,QVWLWXWH�IRU�6FLHQFH�DQG�(GXFDWLRQ�� 8�6��
'HSDUWPHQW�RI�(QHUJ\�� KWWS���RULVH�RUDX�JRY�ILOHV�UHDFWV�=LQF�'73$�SDFNDJH�LQVHUW�SGI�� 0D\�����������

9LFFHOOLR�3��%DQLD�7��%UHQW�-��HW�DO���HGV�� ������ ,RQL]LQJ�UDGLDWLRQ���(PHUJHQF\�WR[LFRORJ\����QG�HG���
3KLODGHOSKLD��3$���/LSSLQFRWW�5DYHQ�3XEOLVKHUV�����������

:DQJ�5<��&KLDQJ�:.����������5DGLDWLRQ�SRLVRQLQJ���,Q���+DGGDG�/0��6KDQQRQ�0:��:LQFKHVWHU�-)��
HGV���&OLQLFDO�PDQDJHPHQW�RI�SRLVRQLQJ�DQG�GUXJ�RYHUGRVH����UG�HG���3KLODGHOSKLD��3$���:�%��6DQGHUV�
&RPSDQ\�����������

&RPSRXQGV�XVHG�WR�UHGXFH�DEVRUSWLRQ�DQG�ERG\�EXUGHQ�DUH�XVHG�IRU�KHDY\�PHWDOV�LQ�JHQHUDO���+RZHYHU��

WUHDWPHQW�SURFHGXUHV�KDYH�EHHQ�DGDSWHG�DQG�XVHG�IRU�WKH�PDQDJHPHQW�RI�SOXWRQLXP�H[SRVXUHV�LQ�WKH�

ZRUNSODFH� �7UHDWPHQWV�XVLQJ�FKHODWRUV�DUH�ZHOO�DFFHSWHG�� 5($&�76�KDV�WHVWHG�DQG�SRVVHVVHV�WKH�

LQYHVWLJDWLRQDO�QHZ�GUXJ�OLFHQVH�IRU�WKH�XVH�RI�FDOFLXP�DQG�]LQF�GLHWK\ODPLQHWULDPLQHSHQWDDFHWLF�DFLG�

�&D�'73$�DQG�=1�'73$��LQ�WKH�8QLWHG�6WDWHV�� 7KHVH�VXEVWDQFHV�ZHUH�WHVWHG�RQ�DGXOWV�DQG�WKHLU�VDIHW\�

DQG�HIIHFWLYHQHVV�ZDV�HVWDEOLVKHG�IRU�WKH�DGXOW�SRSXODWLRQ�� 7KLV�ZDV�H[WUDSRODWHG�WR�WKH�SHGLDWULF�

SRSXODWLRQ�EDVHG�RQ�FRPSDUDELOLW\�RI�SDWKRSK\VLRORJLF�PHFKDQLVPV��5($&�76�����D������E���

3XOPRQDU\�ODYDJH�LV�D�XQLTXH�WUHDWPHQW�IRU�UHGXFLQJ�WKH�OXQJ�EXUGHQ�IURP�LQKDOHG�LQVROXEOH�SOXWRQLXP�

FRPSRXQGV���,W�KDV�EHHQ�XVHG�RQO\�RFFDVLRQDOO\�DQG�LV�XVHIXO�RQO\�LQ�FDVHV�LQYROYLQJ�UHODWLYHO\�KLJK�OXQJ�

EXUGHQV�RI�LQVROXEOH�SOXWRQLXP�FRPSRXQGV��

http://orise.orau.gov/files/reacts/Zinc-DTPA-package-insert.pdf
http://orise.orau.gov/files/reacts/Calcium-DTPA-package-insert.pdf
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PLUTONIUM 134 

3. HEALTH EFFECTS 

3.11.1 Reducing Peak Absorption Following Exposure 

7RSLFDO�DSSOLFDWLRQV�RI�'73$�VROXWLRQ�KDYH�EHHQ�XVHG�WR�UHPRYH�SOXWRQLXP�IURP�VNLQ�DQG�ZRXQGV�DIWHU�

DFFLGHQWDO�GHUPDO�H[SRVXUH��.KRNKU\DNRY�HW�DO����������,Q�H[WUDFHOOXODU�IOXLG��WKH�FKHODWLQJ�DJHQW��'73$�

�D�SRO\FDUER[\ODWH�FRPSRXQG���IRUPV�VWDEOH�ZDWHU�VROXEOH�FRPSOH[HV��ZKLFK�FDQ�EH�H[FUHWHG�LQ�WKH�XULQH�

�'XUELQ�������7D\ORU���������%RWK�&D�'73$�DQG�=Q�'73$�FRPSOH[HV�DUH�XVHG�WR�GHFUHDVH�WKH�ULVN�RI�

FDOFLXP�DQG�]LQF�GHSOHWLRQ���%DVHG�RQ�DQLPDO�H[SHULPHQWV��LW�DSSHDUV�WKDW�DGPLQLVWHUHG�'73$�DHURVROV�

ZRXOG�IRUP�VWDEOH�FRPSOH[HV�ZLWK�VROXEOH�IRUPV�RI�LQKDOHG�SOXWRQLXP�LQ�WKH�OXQJ��WKXV�UHGXFLQJ�WKH�

DPRXQW�RI�SOXWRQLXP�DYDLODEOH�IRU�V\VWHPLF�GHSRVLWLRQ�IROORZLQJ�DEVRUSWLRQ��*HUYHODV�HW�DO��������

0pQpWULHU�HW�DO��������6pUDQGRXU�HW�DO��������6WUDGOLQJ�HW�DO������E����%URQFKRSXOPRQDU\�ODYDJH�KDV�EHHQ�

UHFRPPHQGHG�LQ�FDVHV�ZKHUH�LQKDODWLRQ�RI�LQVROXEOH�SOXWRQLXP�FRPSRXQGV�VXFK�DV����3X2��PD\�UHVXOW�LQ�

GRVHV�WR�WKH�OXQJ�LQ�H[FHVV�RI���P6Y�ZLWKLQ�D�IHZ�ZHHNV��&(&�'2(�������:RRG�HW�DO���������

3RVWH[SRVXUH�WUHDWPHQWV�WKDW�DUH�HIIHFWLYH�LQ�UHGXFLQJ�WR[LF�HIIHFWV�RI�UDGLRQXFOLGHV�VXFK�DV�SOXWRQLXP�

W\SLFDOO\�FRQFHQWUDWH�RQ�GHFRUSRUDWLRQ��UHPRYDO�RI�SOXWRQLXP�IURP�WKH�ERG\�IROORZLQJ�DEVRUSWLRQ��DQG�

DUH�GLVFXVVHG�LQ�6HFWLRQ���������

3.11.2 Reducing Body Burden 

1XPHURXV�DQLPDO�VWXGLHV�KDYH�EHHQ�SHUIRUPHG�WR�DVVHVV�WKH�HIIHFWLYHQHVV�RI�YDULRXV�PHWKRGV�IRU�

GHFRUSRUDWLRQ�RI�DEVRUEHG�SOXWRQLXP�DQG�RWKHU�UDGLRQXFOLGHV���5HFHQW�VXPPDULHV�RI�UHVXOWV�IURP�DQLPDO�

VWXGLHV�DQG�SXEOLVKHG�JXLGDQFH�IRU�GHFRUSRUDWLRQ�RI�UDGLRQXFOLGHV�VXFK�DV�SOXWRQLXP�LQFOXGH�&(&�'2(�

��������*RUGHQ�HW�DO����������0pQpWULHU�HW�DO����������6WUDGOLQJ�HW�DO�������D������E���DQG�:RRG�HW�DO��

��������

'73$�KDV�EHHQ�XVHG�DV�D�FKHODWLQJ�DJHQW�WR�DFFHOHUDWH�WKH�XULQDU\�H[FUHWLRQ�RI�SOXWRQLXP�LQ�KXPDQV�ZKR�

ZHUH�DFFLGHQWDOO\�H[SRVHG�WR�SOXWRQLXP���,Q�RQH�FDVH�RI�DFFLGHQWDO�H[SRVXUH�WR�SOXWRQLXP�QLWUDWH��

DEVRUSWLRQ�LQWR�WKH�EORRG�IURP�D�VNLQ�ZRXQG�UHDFKHG������RI�WKH�DPRXQW�GHSRVLWHG�RQ�WKH�VNLQ��DV�D�

UHVXOW�RI�SURPSW�DQG�UHSHDWHG�LQWUDYHQRXV�LQMHFWLRQV�RI�'73$��PRVW�RI�WKH�DEVRUEHG�SOXWRQLXP�ZDV�

H[FUHWHG�LQ�WKH�XULQH��.KRNKU\DNRY�HW�DO����������5HFHQW�UHFRPPHQGDWLRQV�VXJJHVW�XVLQJ�WKH�&D�'73$�

FRPSOH[�IRU�LQLWLDO�WUHDWPHQW�DQG�WKH�=Q�'73$�FRPSOH[�IRU�VXEVHTXHQW�DGPLQLVWUDWLRQV��0pQpWULHU�HW�DO��

�������DOWKRXJK�=Q�'73$�KDV�QRW�EHHQ�XQLYHUVDOO\�DXWKRUL]HG�IRU�XVH���3URORQJHG�XVH�RI�&D�'73$�

UHVXOWV�LQ�WKH�GHSOHWLRQ�RI�HVVHQWLDO�PHWDOV��SDUWLFXODUO\�]LQF���ZKHUHDV�JUDP�TXDQWLWLHV�RI�=Q�'73$�FDQ�

EH�DGPLQLVWHUHG�LQGHILQLWHO\�ZLWKRXW�VXFK�GHSOHWLRQ���:LWK�WKH�H[FHSWLRQ�RI�WKH�OLYHU��'73$�DSSHDUV�WR�

IRUP�FRPSOH[HV�SULPDULO\�ZLWK�SOXWRQLXP�LQ�VRIW�WLVVXHV�RWKHU�WKDQ�WKH�OLYHU��ZKLFK�H[FKDQJHV�PRUH�
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PLUTONIUM 135 

3. HEALTH EFFECTS 

UDSLGO\�ZLWK�SOXWRQLXP�LQ�SODVPD�WKDQ�LQ�ERQH���7KHUHIRUH��'73$�PD\�EH�OHVV�HIIHFWLYH�LQ�UHGXFLQJ�ERQH�

SOXWRQLXP�OHYHOV��'XUELQ��������

6HYHUDO�UHFHQW�LQYHVWLJDWLRQV�KDYH�IRFXVHG�RQ�PHWKRGV�WR�HQKDQFH�'37$�EDVHG�GHFRUSRUDWLRQ�RI�

SOXWRQLXP�LQ�ODERUDWRU\�DQLPDOV���(QFDSVXODWLRQ�RI�'73$�LQ�FRQYHQWLRQDO�DQG�VWHDOWK�OLSRVRPHV�UHVXOWHG�

LQ�LQFUHDVHG�DFFXPXODWLRQ�RI�'73$�LQ�OLYHU��ERQH��DQG�VSOHHQ�RI�UDWV�DGPLQLVWHUHG�D�VLQJOH�LQWUDYHQRXV�

GRVH�RI����3X��DV�WKH�FLWUDWH��DQG��SUHVXPDEO\��LQFUHDVHG�GHFRUSRUDWLRQ�RI�SOXWRQLXP�IURP�WKHVH�WLVVXHV�

DQG�LQFUHDVHG�XULQDU\�H[FUHWLRQ��3KDQ�HW�DO������������E����3UHYLRXV�UHSRUWV�KDG�GHPRQVWUDWHG�WKDW�'73$�

OLSRVRPHV�ZHUH�PRUH�HIILFLHQW�WKDQ�IUHH�'73$�DW�UHGXFLQJ�SOXWRQLXP�GHSRVLWHG�LQ�ERQH�DQG�OLYHU�RI�PLFH�

�5DKPDQ�HW�DO��������5RVHQWKDO�HW�DO����������3XOPRQDU\�DGPLQLVWUDWLRQ�RI�D�GU\�SRZGHU�IRUPXODWLRQ�RI�

'73$�WR�UDWV�WKDW�KDG�EHHQ�H[SRVHG��QRVH�RQO\��WR�DHURVROV�RI�UHODWLYHO\�LQVROXEOH����3X2��UHVXOWHG�LQ�D�

��IROG�LQFUHDVH�LQ�SOXWRQLXP�XULQDU\�H[FUHWLRQ�LQ�WKH�DEVHQFH�RI�HQKDQFHG�GLVVROXWLRQ�RI����3X2�� LQ�WKH�

OXQJV��*HUYHODV�HW�DO��������6pUDQGRXU�HW�DO����������/LIHWLPH�RUDO�DGPLQLVWUDWLRQ��YLD�GULQNLQJ�ZDWHU��RI�

=Q'73$�WR�UDWV�WKDW�KDG�UHFHLYHG�VLQJOH�LQWUDYHQRXV�LQMHFWLRQ�RI����3X��DV�WKH�FLWUDWH��UHGXFHG�WKH�

LQFLGHQFH�RI�RVWHRVDUFRPDV��9ROI�HW�DO���������

2WKHU�DJHQWV�KDYH�EHHQ�UHFHQWO\�WHVWHG�IRU�HIILFDF\�LQ�GHFRUSRUDWLRQ�RI�LQWHUQDOL]HG�SOXWRQLXP���2UDO�RU�

LQWUDYHQRXV�DGPLQLVWUDWLRQ�RI�RFWDGHQWDWH�VSHUPLQH�EDVHG�VLGHURSKRUH�DQDORJXHV��������/,+232�DQG�

������/,+232��DSSHDUV�WR�EH�PXFK�PRUH�HIIHFWLYH�WKDQ�'73$�IRU�GHFRUSRUDWLRQ�RI�LQWHUQDOL]HG�

SOXWRQLXP�LQ�ODERUDWRU\�DQLPDOV��'XUELQ�HW�DO��������5DPRXQHW�/H�*DOO�HW�DO����������2UDOO\�DGPLQLVWHUHG�

DPSKLSDWKLF�WULHWK\OHQHWHWUDPLQHSHQWDDFHWLF�DFLGV��77��DSSHDU�WR�EH�XVHIXO�LQ�UHPRYDO�RI�SOXWRQLXP�DQG�

RWKHU�DFWLQLGH�HOHPHQWV�IURP�WKH�ERG\��SDUWLFXODUO\�ZKHQ�ORQJHU�WHUP�GHFRUSRUDWLRQ�LV�LQGLFDWHG��0LOOHU�HW�

DO���������

3.11.3 Interfering with the Mechanism of Action for Toxic Effects 

1R�LQIRUPDWLRQ�ZDV�ORFDWHG�UHJDUGLQJ�UHGXFWLRQ�RI�WKH�WR[LF�HIIHFWV�RI�SOXWRQLXP�WKURXJK�LQWHUIHULQJ�ZLWK�

PHFKDQLVPV�RI�DFWLRQ��

3.12  ADEQUACY OF THE DATABASE 

6HFWLRQ�����,�����RI�&(5&/$��DV�DPHQGHG��GLUHFWV�WKH�$GPLQLVWUDWRU�RI�$76'5��LQ�FRQVXOWDWLRQ�ZLWK�WKH�

$GPLQLVWUDWRU�RI�(3$�DQG�DJHQFLHV�DQG�SURJUDPV�RI�WKH�3XEOLF�+HDOWK�6HUYLFH��WR�DVVHVV�ZKHWKHU�

DGHTXDWH�LQIRUPDWLRQ�RQ�WKH�KHDOWK�HIIHFWV�RI�SOXWRQLXP�LV�DYDLODEOH�� :KHUH�DGHTXDWH�LQIRUPDWLRQ�LV�QRW�

DYDLODEOH��$76'5��LQ�FRQMXQFWLRQ�ZLWK�WKH�1DWLRQDO�7R[LFRORJ\�3URJUDP��173���LV�UHTXLUHG�WR�DVVXUH�WKH�
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3. HEALTH EFFECTS 

LQLWLDWLRQ�RI�D�SURJUDP�RI�UHVHDUFK�GHVLJQHG�WR�GHWHUPLQH�WKH�KHDOWK�HIIHFWV��DQG�WHFKQLTXHV�IRU�GHYHORSLQJ�

PHWKRGV�WR�GHWHUPLQH�VXFK�KHDOWK�HIIHFWV��RI�SOXWRQLXP��

7KH�IROORZLQJ�FDWHJRULHV�RI�SRVVLEOH�GDWD�QHHGV�KDYH�EHHQ�LGHQWLILHG�E\�D�MRLQW�WHDP�RI�VFLHQWLVWV�IURP�

$76'5��173��DQG�(3$���7KH\�DUH�GHILQHG�DV�VXEVWDQFH�VSHFLILF�LQIRUPDWLRQDO�QHHGV�WKDW�LI�PHW�ZRXOG�

UHGXFH�WKH�XQFHUWDLQWLHV�RI�KXPDQ�KHDOWK�DVVHVVPHQW���7KLV�GHILQLWLRQ�VKRXOG�QRW�EH�LQWHUSUHWHG�WR�PHDQ�

WKDW�DOO�GDWD�QHHGV�GLVFXVVHG�LQ�WKLV�VHFWLRQ�PXVW�EH�ILOOHG���,Q�WKH�IXWXUH��WKH�LGHQWLILHG�GDWD�QHHGV�ZLOO�EH�

HYDOXDWHG�DQG�SULRULWL]HG��DQG�D�VXEVWDQFH�VSHFLILF�UHVHDUFK�DJHQGD�ZLOO�EH�SURSRVHG��

3.12.1 Existing Information on Health Effects of Plutonium 

7KH�H[LVWLQJ�GDWD�RQ�KHDOWK�HIIHFWV�RI�LQKDODWLRQ��RUDO��DQG�GHUPDO�H[SRVXUH�RI�KXPDQV�DQG�DQLPDOV�WR�

SOXWRQLXP�DUH�VXPPDUL]HG�LQ�)LJXUH������IRU�UDGLRDFWLYH�SOXWRQLXP���7KH�SXUSRVH�RI�WKLV�ILJXUH�LV�WR�

LOOXVWUDWH�WKH�H[LVWLQJ�LQIRUPDWLRQ�FRQFHUQLQJ�WKH�KHDOWK�HIIHFWV�RI�SOXWRQLXP���(DFK�GRW�LQ�WKH�ILJXUH�

LQGLFDWHV�WKDW�RQH�RU�PRUH�VWXGLHV�SURYLGH�LQIRUPDWLRQ�DVVRFLDWHG�ZLWK�WKDW�SDUWLFXODU�HIIHFW�� 7KH�GRW�GRHV�

QRW�QHFHVVDULO\�LPSO\�DQ\WKLQJ�DERXW�WKH�TXDOLW\�RI�WKH�VWXG\�RU�VWXGLHV��QRU�VKRXOG�PLVVLQJ�LQIRUPDWLRQ�LQ�

WKLV�ILJXUH�EH�LQWHUSUHWHG�DV�D�³GDWD�QHHG´���$�GDWD�QHHG��DV�GHILQHG�LQ�$76'5¶V�Decision Guide for 

Identifying Substance-Specific Data Needs Related to Toxicological Profiles �$JHQF\�IRU�7R[LF�

6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\��������LV�VXEVWDQFH�VSHFLILF�LQIRUPDWLRQ�QHFHVVDU\�WR�FRQGXFW�

FRPSUHKHQVLYH�SXEOLF�KHDOWK�DVVHVVPHQWV���*HQHUDOO\��$76'5�GHILQHV�D�GDWD�JDS�PRUH�EURDGO\�DV�DQ\�

VXEVWDQFH�VSHFLILF�LQIRUPDWLRQ�PLVVLQJ�IURP�WKH�VFLHQWLILF�OLWHUDWXUH��

)LJXUH������JUDSKLFDOO\�GHVFULEHV�ZKHWKHU�D�SDUWLFXODU�KHDOWK�HIIHFW�HQG�SRLQW�KDV�EHHQ�VWXGLHG�IRU�D�

VSHFLILF�URXWH�DQG�GXUDWLRQ�RI�H[SRVXUH���,QIRUPDWLRQ�RQ�KHDOWK�HIIHFWV�LQ�KXPDQV�LV�YHU\�OLPLWHG�ODUJHO\�

EHFDXVH�H[SRVHG�SRSXODWLRQV�DUH�VPDOO���(SLGHPLRORJLFDO�VWXGLHV�RI�SHRSOH�ZKR�KDYH�EHHQ�RFFXSDWLRQDOO\�

H[SRVHG�E\�LQKDODWLRQ�WR�SOXWRQLXP�KDYH�HYDOXDWHG�HQG�SRLQWV�VXFK�DV�PRUWDOLW\��FDQFHU��DQG�V\VWHPLF�

HIIHFWV�IROORZLQJ�FKURQLF�GXUDWLRQ�H[SRVXUH���1R�LQIRUPDWLRQ�RQ�KHDOWK�HIIHFWV�LQ�KXPDQV�DIWHU�DFXWH� RU�

LQWHUPHGLDWH�GXUDWLRQ�H[SRVXUH�WR�SOXWRQLXP�ZDV�ORFDWHG���,QIRUPDWLRQ�RQ�KHDOWK�HIIHFWV�IURP�DQLPDO�

VWXGLHV�LV�PRUH�H[WHQVLYH�WKDQ�WKDW�ZKLFK�KDV�EHHQ�UHSRUWHG�LQ�HSLGHPLRORJLFDO�VWXGLHV���7KHVH�VWXGLHV�LQ�

DQLPDOV�SURYLGH�LQIRUPDWLRQ�RQ�KHDOWK�HIIHFWV�IROORZLQJ�ERWK�DFXWH� DQG�LQWHUPHGLDWH�GXUDWLRQ�LQKDODWLRQ�

H[SRVXUH�DQG�OLPLWHG�LQIRUPDWLRQ�RQ�DFXWH�RUDO�H[SRVXUH��
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Figure 3-11.  Existing Information on Health Effects of Plutonium  
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3. HEALTH EFFECTS 

3.12.2 Identification of Data Needs 

Acute-Duration Exposure. 7KH�SRVVLELOLW\�RI�EULHI�H[SRVXUH�RI�KXPDQV�WR�SOXWRQLXP�H[LVWV�DW�

KD]DUGRXV�ZDVWH�VLWHV�RU�DW�DFFLGHQWDO�VSLOO�VLWHV���+RZHYHU��QR�GDWD�DUH�DYDLODEOH�IRU�KXPDQV�H[SRVHG�

DFXWHO\�YLD�LQKDODWLRQ�RU�RUDO�URXWHV���,QIRUPDWLRQ�RQ�WKH�WR[LFLW\�RI�SOXWRQLXP�LQ�ODERUDWRU\�DQLPDOV�

IROORZLQJ�VLQJOH�KLJK�GRVH�LQKDODWLRQ�H[SRVXUH�LV�H[WHQVLYH�DQG�LQGLFDWHV�WKDW�WKH�OXQJ�LV�WKH�PDLQ�WDUJHW�

RUJDQ�IRU�LQKDOHG�SOXWRQLXP���/DERUDWRU\�DQLPDOV�H[SRVHG�E\�WKLV�URXWH�KDYH�GHYHORSHG�SQHXPRQLWLV��

ILEURVLV��PHWDSODVLD��DQG�FDQFHU���$FXWH�H[SRVXUH�RI�ODERUDWRU\�DQLPDOV�WR�ORZHU�GRVHV�RI�SOXWRQLXP�

ZRXOG�EH�XVHIXO�WR�LGHQWLI\�SRVVLEOH�LQKDODWLRQ�WR[LFLW\�LQ�KXPDQV���/LPLWHG�LQIRUPDWLRQ�RQ�DGYHUVH�

HIIHFWV�LQ�ODERUDWRU\�DQLPDOV�IROORZLQJ�DFXWH�RUDO�H[SRVXUH�LQGLFDWHV�WKDW�WKH�JDVWURLQWHVWLQDO�WUDFW�LV�WKH�

PDLQ�WDUJHW�RUJDQ���+RZHYHU��NLQHWLF�VWXGLHV�LQGLFDWH�WKDW�SOXWRQLXP�DEVRUEHG�IURP�WKH�JDVWURLQWHVWLQDO�

WUDFW�LV�GLVWULEXWHG�WR�WKH�VNHOHWRQ�DQG�RWKHU�WLVVXHV��WKHUHIRUH��RWKHU�RUJDQV�PD\�DOVR�EH�DIIHFWHG���%HFDXVH�

WKHUH�DUH�QR�GDWD�RQ�KXPDQV��DQG�DQLPDO�GDWD�DUH�LQVXIILFLHQW��DGGLWLRQDO�LQIRUPDWLRQ�LV�QHHGHG�RQ�DGYHUVH�

HIIHFWV�IROORZLQJ�DFXWH�H[SRVXUH�E\�WKH�RUDO�URXWH���1R�GDWD�DUH�DYDLODEOH�RQ�DGYHUVH�HIIHFWV�IROORZLQJ�

DFXWH�GHUPDO�H[SRVXUH�LQ�KXPDQV�RU�DQLPDOV���/LPLWHG�LQIRUPDWLRQ�IURP�NLQHWLFV�VWXGLHV�LQ�KXPDQV�DQG�

DQLPDOV�LQGLFDWHV�WKDW�WKHUH�LV�OLWWOH�DEVRUSWLRQ�RI�SOXWRQLXP�WKURXJK�LQWDFW�VNLQ���+RZHYHU��SOXWRQLXP�

GHSRVLWHG�LQ�ZRXQGV�LV�DEVRUEHG�DQG�GLVWULEXWHV�WR�QXPHURXV�RUJDQV��LQFOXGLQJ�UHJLRQDO�O\PSK�QRGHV�DQG�

WKH�OLYHU���6LQFH�LQGXVWULDO�DFFLGHQWV�UHVXOWLQJ�LQ�SOXWRQLXP�FRQWDPLQDWHG�ZRXQGV�DUH�NQRZQ�WR�RFFXU��

DGGLWLRQDO�LQIRUPDWLRQ�RQ�DGYHUVH�HIIHFWV�IROORZLQJ�WKLV�W\SH�RI�H[SRVXUH�ZRXOG�EH�KHOSIXO���2QH�

RXWVWDQGLQJ�SUREOHP�ZLWK�DOO�RI�WKH�H[LVWLQJ�DFXWH�H[SRVXUH�WHVWV�LQ�ODERUDWRU\�DQLPDOV�LV�WKDW�WKH�GRVHV�

WHVWHG�DUH�H[WUHPHO\�KLJK�� )XUWKHU�VLQJOH�GRVH�VWXGLHV�IRU�DOO�H[SRVXUH�URXWHV�XVLQJ�D�QXPEHU�RI�ORZHU�

H[SRVXUH�FRQFHQWUDWLRQV�ZRXOG�EH�XVHIXO�LQ�GHWHUPLQLQJ�DQ\�GRVH�UHVSRQVH�UHODWLRQVKLS�IRU�DGYHUVH�KHDOWK�

HIIHFWV��

Intermediate-Duration Exposure. $OO�RI�WKH�PDMRU�VWXGLHV�RI�FDQFHU�DQG�RWKHU�KHDOWK�HQG�SRLQWV�LQ�

DQLPDOV�KDYH�LQYROYHG�OLIHWLPH�IROORZ�XS�RI�DQLPDOV�DFXWHO\�H[SRVHG�WR�SOXWRQLXP�DHURVROV���7KH�

UHODWLYHO\�ORQJ�UHWHQWLRQ�WLPH�RI�SOXWRQLXP�LQ�WKH�ERG\�SURGXFHV�D�FKURQLF�UDGLDWLRQ�GRVLQJ�RI�WLVVXHV�WKDW�

UHWDLQ�SOXWRQLXP���7KHVH�VWXGLHV�KDYH�SURYLGHG�WKH�EDVHV�IRU�DEVRUEHG�UDGLDWLRQ�GRVH�UHVSRQVH�

UHODWLRQVKLSV�IRU�LQKDOHG�SOXWRQLXP�FRPSRXQGV��H�J������3X2������3X2���DQG����3X>12�@�����7R[LFRNLQHWLF�

VWXGLHV��DQG�PRGHOV�GHULYHG�IURP�WKHVH�VWXGLHV��DOORZ�SUHGLFWLRQV�RI�WKH�WLVVXH�GLVWULEXWLRQ�RI�SOXWRQLXP�

WKDW�ZRXOG�EH�H[SHFWHG�ZLWK�UHSHDWHG�H[SRVXUHV�� 7KHVH�FDQ�EH�XVHG�WR�SUHGLFW�GRVH�UHVSRQVH�UHODWLRQVKLSV�

IRU�UHSHDWHG�GRVLQJ�VFHQDULRV���7KH�IHDVLELOLW\�RI�FRQGXFWLQJ�VWXGLHV�RI�LQWHUPHGLDWH� RU�FKURQLF�GXUDWLRQ�

H[SRVXUHV�WR�SOXWRQLXP�FRPSRXQGV�VKRXOG�EH�ZHLJKHG�DJDLQVW�FXUUHQW�XQFHUWDLQWLHV�LQ�SUHGLFWLQJ�WKH�
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RXWFRPHV�IURP�H[LVWLQJ�NQRZOHGJH���)XUWKHUPRUH��UHSHDWHG�H[SRVXUH�GRHV�QRW�DOWHU�ULVN��WKH�WRWDO�GRVH�RI�

DOSKD�UDGLDWLRQ�LV�LPSRUWDQW��QRW�WKH�WHPSRUDO�SDWWHUQ�RI�H[SRVXUH��

)HZ�VWXGLHV�RI�WKH�KHDOWK�HIIHFWV�RI�SOXWRQLXP�DGPLQLVWHUHG�WR�DQLPDOV�E\�WKH�RUDO�URXWH�KDYH�EHHQ�

UHSRUWHG���$�VLQJOH�VWXG\�LQ�UDWV�IRXQG�SURIRXQG�HIIHFWV�RQ�WKH�JDVWURLQWHVWLQDO�HSLWKHOLXP��FRQVLVWHQW�ZLWK�

UDGLDWLRQ�LQGXFHG�LQMXU\���*LYHQ�WKH�UHODWLYHO\�VPDOO�IUDFWLRQDO�DEVRUSWLRQ�RI�LQJHVWHG�SOXWRQLXP��������

RI�DGPLQLVWHUHG�GRVH���LW�LV�YHU\�OLNHO\�WKDW�UHSHDWHG��RU�VLQJOH��RUDO�GRVLQJ�VWXGLHV�WKDW�SURGXFH�V\VWHPLF�

WR[LFLW\�ZLOO�SURGXFH�OHWKDO�HIIHFWV�RQ�WKH�JDVWURLQWHVWLQDO�WUDFW���7KXV��WKH�IHDVLELOLW\�RI�FRQGXFWLQJ�VWXGLHV�

RI�LQWHUPHGLDWH� RU�FKURQLF�GXUDWLRQ�RUDO�H[SRVXUHV�WR�SOXWRQLXP�FRPSRXQGV�VKRXOG�EH�ZHLJKHG�DJDLQVW�

FXUUHQW�XQFHUWDLQWLHV�LQ�SUHGLFWLQJ�WKH�RXWFRPHV�IURP�H[LVWLQJ�NQRZOHGJH��

Chronic-Duration Exposure and Cancer. (SLGHPLRORJLFDO�VWXGLHV�RI�RFFXSDWLRQDO�FRKRUWV�ZLWK�

ORQJ�WHUP�H[SRVXUH�WR�SOXWRQLXP�LQFOXGH�WKRVH�HVWDEOLVKHG�IURP�HPSOR\HHV�DW�8�6��SOXWRQLXP�SURGXFWLRQ�

DQG�RU�SURFHVVLQJ�IDFLOLWLHV��+DQIRUG��/RV�$ODPRV��5RFN\�)ODWV���DV�ZHOO�DV�IDFLOLWLHV�LQ�5XVVLD��0D\DN��

DQG�WKH�8QLWHG�.LQJGRP��H�J���6HOODILHOG����6WXGLHV�RI�0D\DN�FRKRUWV�SURYLGH�HYLGHQFH�IRU�DQ�DVVRFLDWLRQ�

EHWZHHQ�FDQFHU�PRUWDOLW\�DQG�H[SRVXUH�WR�SOXWRQLXP���3OXWRQLXP�GRVH�UHVSRQVH�UHODWLRQVKLSV�IRU�OXQJ�

FDQFHU�PRUWDOLW\�KDYH�EHHQ�FRUURERUDWHG�LQ�IRXU�0D\DN�VWXGLHV��*LOEHUW�HW�DO��������-DFRE�HW�DO��������

.UHLVKHLPHU�HW�DO��������6RNROQLNRY�HW�DO����������6WXGLHV�RI�8�.��DQG�8�6��IDFLOLWLHV�KDYH�H[DPLQHG�

FRKRUWV�RI�ZRUNHUV�ZKR�KDG�VXEVWDQWLDOO\�ORZHU�HVWLPDWHG�SOXWRQLXP�H[SRVXUHV�DQG�FRUUHVSRQGLQJ�

LQWHUQDO�UDGLDWLRQ�GRVHV�WKDQ�WKH�0D\DN�FRKRUWV���&ROOHFWLYHO\��ILQGLQJV�IURP�WKHVH�VWXGLHV�DUH�QRW�DV�

FRQVLVWHQW�DV�WKH�0D\DN�VWXGLHV��DOWKRXJK�VLJQLILFDQWO\�KLJKHU�LQFLGHQFH�RI�FDQFHU�PRUWDOLW\�LQ�FHUWDLQ�

JURXSV�RI�SOXWRQLXP�ZRUNHUV�KDV�EHHQ�IRXQG�LQ�VRPH�VWXGLHV��KLJKHU�FDQFHU�LQFLGHQFH�DQG�RU�ULVNV�IRU�

WLVVXHV�WKDW�UHFHLYHG�WKH�KLJKHVW�SOXWRQLXP�UDGLDWLRQ�GRVHV��L�H���OXQJ��OLYHU��ERQH��KDYH�QRW�EHHQ�IRXQG��

PDNLQJ�FDXVDO�FRQQHFWLRQV�RI�WKHVH�RXWFRPHV�WR�SOXWRQLXP�H[SRVXUH�PRUH�XQFHUWDLQ��%URZQ�HW�DO��������

&DUSHQWHU�HW�DO��������*LOEHUW�HW�DO������E��0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO��������:LQJ�HW�DO��

��������8QFHUWDLQWLHV�LQ�H[SRVXUHV�UHFHLYHG�E\�HDFK�RI�WKHVH�SRSXODWLRQV�DUH�D�PDMRU�FRQWULEXWRU�WR�WKH�

RYHUDOO�XQFHUWDLQW\�LQ�HVWLPDWHV�RI�UDGLDWLRQ�GRVHV�DQG�GRVH�UHVSRQVH�UHODWLRQVKLSV���)RU�WKH�0D\DN�FRKRUW��

DQ�H[WHQVLYH�FROODERUDWLYH�HIIRUW�EHWZHHQ�8�6��DQG�5XVVLDQ�VFLHQWLVWV�KDV�OHG�WR�PDQ\�LPSURYHPHQWV�LQ�

ERWK�H[WHUQDO�DQG�LQWHUQDO�GRVHV���7KH�LPSURYHG�GRVHV��/HJJHWW�HW�DO��������KDYH�QRW�EHHQ�XVHG�LQ�

SXEOLVKHG�DQDO\VHV��EXW�DUH�OLNHO\�WR�EH�XVHG�IXWXUH�DQDO\VHV��/HJJHWW�HW�DO��������9DVLOHQNR�HW�DO����������

&RQWLQXHG�IROORZ�XS�RI�WKHVH�FRKRUWV��XVLQJ�LPSURYHG�H[SRVXUH�HVWLPDWHV��ZRXOG�H[WHQG�RXU�

XQGHUVWDQGLQJ�RI�GRVH�UHVSRQVH�UHODWLRQVKLSV��
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3. HEALTH EFFECTS 

$OO�RI�WKH�PDMRU�VWXGLHV�RI�FDQFHU�DQG�RWKHU�KHDOWK�HIIHFWV�LQ�DQLPDOV�KDYH�LQYROYHG�OLIHWLPH�IROORZ�XS�RI�

DQLPDOV�DFXWHO\�H[SRVHG�WR�SOXWRQLXP�DHURVROV���7KH�UHODWLYHO\�ORQJ�UHWHQWLRQ�WLPH�RI�SOXWRQLXP�LQ�WKH�

ERG\�SURGXFHV�D�FKURQLF�UDGLDWLRQ�GRVLQJ�RI�WLVVXHV�WKDW�UHWDLQ�SOXWRQLXP���7KHVH�VWXGLHV�KDYH�SURYLGHG�

WKH�EDVHV�IRU�DEVRUEHG�UDGLDWLRQ�GRVH�UHVSRQVH�UHODWLRQVKLSV�IRU�LQKDOHG�SOXWRQLXP�FRPSRXQGV��H�J���
���3X2������3X2���DQG����3X>12�@�����7R[LFRNLQHWLF�VWXGLHV��DQG�PRGHOV�GHULYHG�IURP�WKHVH�VWXGLHV��DOORZ�

SUHGLFWLRQV�RI�WKH�WLVVXH�GLVWULEXWLRQ�RI�SOXWRQLXP�WKDW�ZRXOG�EH�H[SHFWHG�ZLWK�UHSHDWHG�H[SRVXUHV���7KHVH�

FDQ�EH�XVHG�WR�SUHGLFW�GRVH�UHVSRQVH�UHODWLRQVKLSV�IRU�UHSHDWHG�GRVLQJ�VFHQDULRV���7KH�IHDVLELOLW\�RI�

FRQGXFWLQJ�VWXGLHV�RI�FKURQLF�GXUDWLRQ�H[SRVXUHV�WR�SOXWRQLXP�FRPSRXQGV�VKRXOG�EH�ZHLJKHG�DJDLQVW�

FXUUHQW�XQFHUWDLQWLHV�LQ�SUHGLFWLQJ�WKH�RXWFRPHV�IURP�H[LVWLQJ�NQRZOHGJH��

)HZ�VWXGLHV�RI�WKH�KHDOWK�HIIHFWV�RI�SOXWRQLXP�DGPLQLVWHUHG�WR�DQLPDOV�E\�WKH�RUDO�URXWH�KDYH�EHHQ�

UHSRUWHG���$�VLQJOH�VWXG\�LQ�UDWV�IRXQG�SURIRXQG�HIIHFWV�RQ�WKH�JDVWURLQWHVWLQDO�HSLWKHOLXP��FRQVLVWHQW�ZLWK�

UDGLDWLRQ�LQGXFHG�LQMXU\���*LYHQ�WKH�UHODWLYHO\�VPDOO�IUDFWLRQDO�DEVRUSWLRQ�RI�LQJHVWHG�SOXWRQLXP��������

RI�DGPLQLVWHUHG�GRVH���LW�LV�YHU\�OLNHO\�WKDW�UHSHDWHG��RU�VLQJOH��RUDO�GRVLQJ�VWXGLHV�WKDW�SURGXFH�V\VWHPLF�

WR[LFLW\�ZLOO�SURGXFH�OHWKDO�HIIHFWV�RQ�WKH�JDVWURLQWHVWLQDO�WUDFW���7KXV��WKH�IHDVLELOLW\�RI�FRQGXFWLQJ�VWXGLHV�

RI�FKURQLF�GXUDWLRQ�RUDO�H[SRVXUH�WR�SOXWRQLXP�FRPSRXQGV�VKRXOG�EH�ZHLJKHG�DJDLQVW�FXUUHQW�

XQFHUWDLQWLHV�LQ�SUHGLFWLQJ�WKH�RXWFRPHV�IURP�H[LVWLQJ�NQRZOHGJH��

Genotoxicity. $OWKRXJK�HSLGHPLRORJLFDO�VWXGLHV�GR�QRW�SURYLGH�FRQFOXVLYH�HYLGHQFH�WKDW�SOXWRQLXP�

SURGXFHV�JHQHWLF�GDPDJH�LQ�KXPDQV��UHVXOWV�RI�VRPH�VWXGLHV�SURYLGH�VXJJHVWLYH�HYLGHQFH�RI�GRVH�UHODWHG�

LQFUHDVHV�LQ�FKURPRVRPDO�DEHUUDWLRQV�LQ�SOXWRQLXP�ZRUNHUV�ZLWK�PHDVXUDEOH�LQWHUQDOL]HG�SOXWRQLXP���

In vitro WHVWV�XVLQJ�KXPDQ�O\PSKRF\WHV�LUUDGLDWHG�ZLWK�SOXWRQLXP�GHPRQVWUDWHG�LQFUHDVHV�LQ�VLVWHU�

FKURPDWLG�H[FKDQJH���/DERUDWRU\�DQLPDOV�KDYH�H[KLELWHG�LQFUHDVHV�LQ�FKURPRVRPDO�DEHUUDWLRQV�LQ�EORRG�

O\PSKRF\WHV�IROORZLQJ�H[SRVXUH�WR�SOXWRQLXP�E\�LQKDODWLRQ���2WKHU�HIIHFWV�LQ�SOXWRQLXP�H[SRVHG�DQLPDOV�

LQFOXGH�GRPLQDQW�OHWKDOLW\�DQG�UHFLSURFDO�FKURPRVRPDO�WUDQVORFDWLRQ���In vitro WHVWV�XVLQJ�PDPPDOLDQ�

FHOOV�FRQILUP�WKH�in vivo UHVXOWV���7KH�HYLGHQFH�LV�FOHDU�WKDW�SOXWRQLXP�LV�JHQRWR[LF���+RZHYHU��PRUH�

H[WHQVLYH�VWXG\�RI�RFFXSDWLRQDOO\�H[SRVHG�LQGLYLGXDOV�ZRXOG�EH�XVHIXO��DQG�ZRXOG�KRSHIXOO\�FODULI\�WKH�

HTXLYRFDO�UHSRUWV�RI�SUHYLRXV�VWXGLHV���5HVXOWV�RI�in vitro DVVHVVPHQW�RI�WKH�SRWHQWLDO�IRU�SOXWRQLXP�

LQGXFHG�KSUW�PXWDWLRQV�ZRXOG�DOVR�EH�XVHIXO��

Reproductive Toxicity. 1R�GDWD�DUH�DYDLODEOH�UHJDUGLQJ�WKH�UHSURGXFWLYH�WR[LFLW\�RI�SOXWRQLXP�DIWHU�

LQKDODWLRQ��RUDO��RU�GHUPDO�H[SRVXUH�LQ�HLWKHU�KXPDQV�RU�DQLPDOV���,Q�ODERUDWRU\�DQLPDOV�JLYHQ�D�VLQJOH�

LQMHFWLRQ�RI�D�KLJK�GRVH�RI�SOXWRQLXP��VLJQLILFDQWO\�LQFUHDVHG�LQFLGHQFHV�RI�IHWDO�GHDWK�ZHUH�UHSRUWHG�DQG�

DWWULEXWHG�WR�GRPLQDQW�OHWKDOLW\���.LQHWLF�VWXGLHV�IROORZLQJ�VLQJOH�LQMHFWLRQ�RI�SOXWRQLXP�LQGLFDWH�WKDW�
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3. HEALTH EFFECTS 

SOXWRQLXP�LV�GLVWULEXWHG�WR�WKH�WHVWHV�RU�RYDULHV�RI�ODERUDWRU\�DQLPDOV��*UHHQ�HW�DO��������������DQG�LV�

UHWDLQHG�WKHUH�IRU�DQ�LQGHILQLWH�SHULRG�RI�WLPH��!����GD\V���*UHHQ�HW�DO��������7D\ORU���������+RZHYHU��

%URRNV�HW�DO���������QRWHG�WKH�ODFN�RI�VLJQLILFDQWO\�LQFUHDVHG�IUHTXHQF\�RI�FKURPRVRPDO�DEHUUDWLRQV�LQ�

VSHUPDWRJRQLD�RI�URGHQWV�IROORZLQJ�LQWUDYHQRXV�LQMHFWLRQ�RI����3X��DV�WKH�FLWUDWH��DW�OHYHOV�KLJK�HQRXJK�WR�

LQGXFH�PDUNHG�OLIH�VKRUWHQLQJ�DQG�LQFUHDVHG�FDQFHU�LQFLGHQFH�� 7KHUHIRUH��VWXGLHV�GHVLJQHG�WR�DVVHVV�WKH�

UHSURGXFWLYH�WR[LFLW\�RI�LQWHUQDOL]HG�SOXWRQLXP�GR�QRW�DSSHDU�QHFHVVDU\�DW�WKLV�WLPH��

Developmental Toxicity. 1R�GDWD�DUH�DYDLODEOH�UHJDUGLQJ�WKH�GHYHORSPHQWDO�WR[LFLW\�RI�SOXWRQLXP�

DIWHU�LQKDODWLRQ��RUDO��RU�GHUPDO�H[SRVXUH�LQ�HLWKHU�KXPDQV�RU�DQLPDOV���+RZHYHU��UHVXOWV�RI�NLQHWLFV�

VWXGLHV�LQ�ZKLFK�DQLPDOV�ZHUH�JLYHQ�D�VLQJOH�LQMHFWLRQ�RI�SOXWRQLXP�GHPRQVWUDWHG�WKDW�SOXWRQLXP�FURVVHV�

WKH�SODFHQWD�DQG�LV�UHWDLQHG�LQ�WKH�IHWXV��'2(�����F��*UHHQ�HW�DO��������� 7KHVH�UHVXOWV�LQGLFDWH�D�SRWHQWLDO�

IRU�DGYHUVH�KHDOWK�HIIHFWV�LQ�IHWXVHV�H[SRVHG�WR�SOXWRQLXP�YLD�WKHLU�PRWKHUV��DQLPDO�VWXGLHV�FRXOG�EH�

GHVLJQHG�WR�LQYHVWLJDWH�WKH�GHYHORSPHQWDO�WR[LFLW\�RI�LQWHUQDOL]HG�SOXWRQLXP��

Immunotoxicity. 1R�GDWD�DUH�DYDLODEOH�UHJDUGLQJ�WKH�LPPXQRWR[LFLW\�RI�SOXWRQLXP�DIWHU�LQKDODWLRQ��

RUDO��RU�GHUPDO�H[SRVXUH�LQ�KXPDQV���,Q�GRJV�H[SRVHG�WR�SOXWRQLXP�YLD�LQKDODWLRQ�IRU�D�VLQJOH�GD\��

GDPDJH�WR�O\PSK�QRGHV�ZDV�REVHUYHG�LQ�FRQMXQFWLRQ�ZLWK�UDGLDWLRQ�SQHXPRQLWLV��*LOOHWW�HW�DO���������

2QFH�SOXWRQLXP�SDUWLFOHV�KDYH�EHHQ�GHSRVLWHG�LQ�WKH�OXQJ��PDFURSKDJHV�SOD\�D�UROH�LQ�WKH�FOHDULQJ�

SURFHVV���,Q�WKLV�FOHDULQJ�SURFHVV��PDFURSKDJHV�SKDJRF\WL]H�SOXWRQLXP�SDUWLFOHV�DQG�XOWLPDWHO\�GHSRVLW�

WKHP�LQ�WKH�O\PSK�QRGHV���7KLV�PHFKDQLVP�PD\�OHDG�WR�VHFRQGDU\�GDPDJH�WR�WKH�O\PSK�QRGHV�DQG�WKXV�WR�

WKH�LPPXQH�V\VWHP���,Q�GRJV�JLYHQ�D�VLQJOH�VXEFXWDQHRXV�LQMHFWLRQ�RI�SOXWRQLXP��GDPDJH�WR�O\PSK�QRGHV�

GUDLQLQJ�WKH�LQMHFWLRQ�VLWH��DV�ZHOO�DV�O\PSKRSHQLD��ZHUH�REVHUYHG��'DJOH�HW�DO����������7KH�VWXGLHV�LQ�

GRJV��WRJHWKHU�ZLWK�NQRZOHGJH�RI�WKH�FOHDULQJ�SURFHVV�LQ�WKH�OXQJ��LQGLFDWH�WKDW�VWXGLHV�GHVLJQHG�WR�

HYDOXDWH�WKH�GLUHFW�WR[LF�HIIHFWV�RI�SOXWRQLXP�RQ�WKH�LPPXQH�V\VWHP�ZRXOG�EH�XVHIXO��

Neurotoxicity. 1R�VWXGLHV�KDYH�EHHQ�SHUIRUPHG�WR�GHWHUPLQH�WKH�QHXURWR[LFLW\�RI�SOXWRQLXP���

+RZHYHU��FHOOV�DQG�WLVVXHV�RI�WKH�QHUYRXV�V\VWHP�PD\�EH�OHVV�UDGLRVHQVLWLYH�WKDQ�IDVWHU�UHJHQHUDWLQJ�FHOOV�

RI�WKH�JDVWURLQWHVWLQDO�WUDFW�RU�SXOPRQDU\�HSLWKHOLXP���&RQVHTXHQWO\��QHXURQDO�LPSDLUPHQW�ZRXOG�QRW�EH�

H[SHFWHG� �)RU�WKLV�UHDVRQ��DVVHVVPHQW�RI�SOXWRQLXP�QHXURWR[LFLW\�LV�QRW�FRQVLGHUHG�QHFHVVDU\�DW�WKLV�WLPH��

Epidemiological and Human Dosimetry Studies. (SLGHPLRORJLFDO�VWXGLHV�RI�RFFXSDWLRQDO�

FRKRUWV�ZLWK�ORQJ�WHUP�H[SRVXUH�WR�SOXWRQLXP�LQFOXGH�WKRVH�HVWDEOLVKHG�IURP�HPSOR\HHV�DW�8�6��

SOXWRQLXP�SURGXFWLRQ�DQG�RU�SURFHVVLQJ�IDFLOLWLHV��+DQIRUG��/RV�$ODPRV��5RFN\�)ODWV���DV�ZHOO�DV�

IDFLOLWLHV�LQ�5XVVLD��0D\DN��DQG�WKH�8QLWHG�.LQJGRP��H�J���6HOODILHOG����6WXGLHV�RI�0D\DN�FRKRUWV�SURYLGH�
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3. HEALTH EFFECTS 

HYLGHQFH�IRU�DQ�DVVRFLDWLRQ�EHWZHHQ�FDQFHU�PRUWDOLW\�DQG�H[SRVXUH�WR�SOXWRQLXP���3OXWRQLXP�GRVH�

UHVSRQVH�UHODWLRQVKLSV�IRU�OXQJ�FDQFHU�PRUWDOLW\�KDYH�EHHQ�FRUURERUDWHG�LQ�IRXU�0D\DN�VWXGLHV��*LOEHUW�HW�

DO��������-DFRE�HW�DO��������.UHLVKHLPHU�HW�DO��������6RNROQLNRY�HW�DO����������6WXGLHV�RI�8�.��DQG�8�6��

IDFLOLWLHV�KDYH�H[DPLQHG�FRKRUWV�RI�ZRUNHUV�ZKR�KDG�VXEVWDQWLDOO\�ORZHU�HVWLPDWHG�SOXWRQLXP�H[SRVXUHV�

DQG�FRUUHVSRQGLQJ�LQWHUQDO�UDGLDWLRQ�GRVHV�WKDQ�WKH�0D\DN�FRKRUWV���&ROOHFWLYHO\��ILQGLQJV�IURP�WKHVH�

VWXGLHV�DUH�QRW�DV�FRQVLVWHQW�DV�WKH�0D\DN�VWXGLHV��DOWKRXJK�VLJQLILFDQWO\�KLJKHU�LQFLGHQFH�RI�FDQFHU�

PRUWDOLW\�LQ�FHUWDLQ�JURXSV�RI�SOXWRQLXP�ZRUNHUV�KDV�EHHQ�IRXQG�LQ�VRPH�VWXGLHV��KLJKHU�FDQFHU�LQFLGHQFH�

DQG�RU�ULVNV�IRU�WLVVXHV�WKDW�UHFHLYHG�WKH�KLJKHVW�SOXWRQLXP�UDGLDWLRQ�GRVHV��L�H���OXQJ��OLYHU��ERQH��KDYH�QRW�

EHHQ�IRXQG��PDNLQJ�FDXVDO�FRQQHFWLRQV�RI�WKHVH�RXWFRPHV�WR�SOXWRQLXP�H[SRVXUH�PRUH�XQFHUWDLQ��%URZQ�

HW�DO��������&DUSHQWHU�HW�DO��������0F*HRJKHJDQ�HW�DO��������2PDU�HW�DO��������:LQJ�HW�DO����������

8QFHUWDLQWLHV�LQ�H[SRVXUHV�UHFHLYHG�E\�HDFK�RI�WKHVH�SRSXODWLRQV�DUH�D�PDMRU�FRQWULEXWRU�WR�WKH�RYHUDOO�

XQFHUWDLQW\�LQ�HVWLPDWHV�RI�UDGLDWLRQ�GRVHV�DQG�GRVH�UHVSRQVH�UHODWLRQVKLSV���)RU�WKH�0D\DN�FRKRUW��DQ�

H[WHQVLYH�FROODERUDWLYH�HIIRUW�EHWZHHQ�8�6��DQG�5XVVLDQ�VFLHQWLVWV�KDV�OHG�WR�PDQ\�LPSURYHPHQWV�LQ�ERWK�

H[WHUQDO�DQG�LQWHUQDO�GRVHV���7KH�LPSURYHG�GRVHV��/HJJHWW�HW�DO��������KDYH�QRW�EHHQ�XVHG�LQ�SXEOLVKHG�

DQDO\VHV��EXW�DUH�OLNHO\�WR�EH�XVHG�IXWXUH�DQDO\VHV��/HJJHWW�HW�DO��������9DVLOHQNR�HW�DO����������&RQWLQXHG�

IROORZ�XS�RI�WKHVH�FRKRUWV��XVLQJ�LPSURYHG�H[SRVXUH�HVWLPDWHV��ZRXOG�H[WHQG�RXU�XQGHUVWDQGLQJ�RI�GRVH�

UHVSRQVH�UHODWLRQVKLSV���([DPLQDWLRQ�RI�WKHVH�FRKRUWV�IRU�HQG�SRLQWV�RWKHU�WKDQ�FDQFHU�PD\�H[WHQG�RXU�

XQGHUVWDQGLQJ�RI�GRVH�UHVSRQVH�UHODWLRQVKLSV�IRU�HIIHFWV�WKDW�KDYH�EHHQ�FRQVLVWHQWO\�REVHUYHG�LQ�DQLPDOV�

�H�J���O\PSKRSHQLD�DQG�QHXWURSHQLD�DQG�SRWHQWLDO�VHFRQGDU\�FRQVHTXHQFHV�RI�WKHVH�HIIHFWV�RQ�WKH�LPPXQH�

V\VWHP����&RQWLQXHG�HSLGHPLRORJLFDO�VWXGLHV�VKRXOG�UHFHLYH�KLJK�SULRULW\��

Biomarkers of Exposure and Effect. 

Exposure.  %LRPDUNHUV�RI�H[SRVXUH�WR�SOXWRQLXP�DUH�ZHOO�HVWDEOLVKHG���3OXWRQLXP�VSHFLILF�UDGLRDFWLYLW\�

IURP�LQWHUQDOL]HG�SOXWRQLXP�FDQ�EH�GHWHFWHG�E\�H[WHUQDO�UDGLDWLRQ�GHWHFWLRQ�GHYLFHV���3OXWRQLXP�FDQ�DOVR�

EH�GHWHFWHG�LQ�WKH�EORRG��XULQH��IHFHV��DQG�WLVVXH�VDPSOHV�IURP�LQGLYLGXDOV�ZKR�KDYH�LQWHUQDOL]HG�

SOXWRQLXP�GHSRVLWV���(VWLPDWHV�RI�WKH�H[WHQW�RI�H[SRVXUH�FDQ�EH�PDGH�XVLQJ�3%%.�PRGHOV���$GGLWLRQDO�

VWXGLHV�GHVLJQHG�WR�DVVHVV�ELRPDUNHUV�RI�H[SRVXUH�WR�SOXWRQLXP�DUH�QRW�QHFHVVDU\��

Effect. %LRPDUNHUV�RI�HIIHFW�UHVXOWLQJ�IURP�SOXWRQLXP�UHOHDVHG�UDGLDWLRQ�DUH�QRW�VSHFLILF�WR�SOXWRQLXP��

5DGLRORJLFDO�HIIHFWV�LQ�DQLPDOV�H[SRVHG�WR�SOXWRQLXP�KDYH�EHHQ�ZHOO�GRFXPHQWHG���$GGLWLRQDO�VWXGLHV�RI�

ELRPDUNHUV�RI�HIIHFW�IRU�SOXWRQLXP�DUH�QRW�QHFHVVDU\��
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3. HEALTH EFFECTS 

Absorption, Distribution, Metabolism, and Excretion. )RU�ODERUDWRU\�DQLPDOV��GHWDLOHG�

TXDQWLWDWLYH�LQIRUPDWLRQ�LV�DYDLODEOH�UHJDUGLQJ�WKH�DEVRUSWLRQ��GLVWULEXWLRQ��DQG�H[FUHWLRQ�RI�SOXWRQLXP�

FRPSRXQGV�IROORZLQJ�DFXWH�H[SRVXUH�E\�LQKDODWLRQ�RU�LQMHFWLRQ���7KHUH�LV�QR�LQIRUPDWLRQ�RQ�WKH�

WR[LFRNLQHWLFV�RI�SOXWRQLXP�IROORZLQJ�FKURQLF�H[SRVXUH�WR�ORZ�OHYHOV��DQG�VWXGLHV�LQ�WKLV�DUHD�ZRXOG�EH�

PRUH�DSSOLFDEOH�WR�KXPDQ�H[SRVXUH�VLWXDWLRQV�WKDQ�VLQJOH�H[SRVXUH�VWXGLHV���,QIRUPDWLRQ�FRQFHUQLQJ�WKH�

WR[LFRNLQHWLFV�RI�SOXWRQLXP�LQ�DGXOW�DQLPDOV�IROORZLQJ�RUDO�H[SRVXUH�LV�DYDLODEOH���+RZHYHU��SUHYLRXV�

DQLPDO�VWXGLHV�KDYH�LQGLFDWHG�WKDW�YHU\�OLWWOH�SOXWRQLXP�LV�DEVRUEHG�IROORZLQJ�RUDO�H[SRVXUH�� 7KHUHIRUH��

VWXGLHV�RI�NLQHWLFV�IROORZLQJ�RUDO�H[SRVXUH�DUH�QRW�QHHGHG�DW�WKLV�WLPH���$GGLWLRQDO�VWXGLHV�RI�DJH�UHODWHG�

GLIIHUHQFHV�LQ�WKH�WR[LFRNLQHWLFV�RI�SOXWRQLXP�ZRXOG�EH�XVHIXO���/LWWOH�LV�NQRZQ�UHJDUGLQJ�WKH�DEVRUSWLRQ��

GLVWULEXWLRQ��DQG�H[FUHWLRQ�RI�SOXWRQLXP�FRPSRXQGV�IROORZLQJ�GHUPDO�H[SRVXUH���+RZHYHU��LW�DSSHDUV�WKDW�

WKH�VNLQ�LV�DQ�HIIHFWLYH�EDUULHU�DJDLQVW�PRVW�SOXWRQLXP�FRPSRXQGV��

Comparative Toxicokinetics. 1XPHURXV�VWXGLHV�RI�WKH�GLVWULEXWLRQ�RI�SOXWRQLXP�LQ�KXPDQV��L�H���

DXWRSV\�VWXGLHV�RI�LQGLYLGXDOV�RFFXSDWLRQDOO\�H[SRVHG�WR�SOXWRQLXP��KDYH�VKRZQ�WKDW�WKH�JHQHUDO�SDWWHUQ�

RI�GLVWULEXWLRQ�RI�SOXWRQLXP�LQ�KXPDQV�LV�FRQVLVWHQW�ZLWK�WKDW�REVHUYHG�LQ�YDULRXV�DQLPDO�PRGHOV��ZLWK�WKH�

KLJKHVW�SRUWLRQ�RI�WKH�ERG\�EXUGHQ�LQ�OXQJ��IROORZLQJ�LQKDODWLRQ�H[SRVXUHV���VNHOHWDO�WLVVXHV��DQG�OLYHU��

(SLGHPLRORJLF�VWXGLHV�RI�KHDOWK�RXWFRPHV�DPRQJ�ZRUNHUV�LQ�LQGXVWULHV�WKDW�SURGXFH�DQG�RU�SURFHVV�

SOXWRQLXP�KDYH�SURYLGHG�HYLGHQFH�IRU�LQFUHDVHG�ULVN�RI�OXQJ��OLYHU��DQG�ERQH�FDQFHUV�LQ�DVVRFLDWLRQ�ZLWK�

H[SRVXUHV�WR�SOXWRQLXP���7KHVH�REVHUYDWLRQV�DUH�FRQVLVWHQW�ZLWK�WKH�SDWWHUQ�RI�KHDOWK�HIIHFWV�REVHUYHG�LQ�

DQLPDOV��SDUWLFXODUO\�GRJV���$GGLWLRQDO�FRPSDUDWLYH�WR[LFRNLQHWLFV�VWXGLHV�GR�QRW�DSSHDU�QHFHVVDU\�DW�WKLV�

WLPH��

Methods for Reducing Toxic Effects. &XUUHQW�VWUDWHJLHV�IRU�UHGXFLQJ�WR[LF�HIIHFWV�RI�SOXWRQLXP�

DUH�WR�KDVWHQ�WKH�HOLPLQDWLRQ�RI�SOXWRQLXP�IURP�WKH�ERG\�E\�DGPLQLVWHULQJ�FRPSOH[LQJ�FKHODWLQJ�DJHQWV���

$�PDMRU�FKDOOHQJH�LQ�DSSO\LQJ�WKLV�VWUDWHJ\�LV�WKDW�3X�,9��LQ�WKH�ERG\�IRUPV�LQVROXEOH�SUHFLSLWDWHV�ZLWKLQ�

WLVVXHV�ZKLFK�DUH�XQDYDLODEOH�IRU�LQWHUDFWLRQ�ZLWK�GLVVROYHG�VXEVWDQFHV�� 0RVW�DJHQWV�WKDW�KDYH�EHHQ�WHVWHG�

SHUIRUP�UHODWLYHO\�SRRUO\�DW�PRELOL]LQJ�SOXWRQLXP�IURP�ERQH��ZKLFK�KDUERUV�D�ODUJH�IUDFWLRQ�RI�WKH�ERG\�

EXUGHQ���&RQWLQXHG�UHVHDUFK�WR�GHYHORS�PRUH�HIIHFWLYH�DJHQWV�WKDW�KDYH�ORZ�WR[LFLW\�ZRXOG�SRWHQWLDOO\�

OHDG�WR�PRUH�VXFFHVVIXO�WKHUDSLHV�IRU�UHGXFLQJ�WR[LF�HIIHFWV�RI�SOXWRQLXP���7KLV�UHVHDUFK�VKRXOG�UHFHLYH�

KLJK�SULRULW\��

Children’s Susceptibility. 'DWD�QHHGV�UHODWLQJ�WR�ERWK�SUHQDWDO�DQG�FKLOGKRRG�H[SRVXUHV��DQG�

GHYHORSPHQWDO�HIIHFWV�H[SUHVVHG�HLWKHU�SUHQDWDOO\�RU�GXULQJ�FKLOGKRRG��DUH�GLVFXVVHG�LQ�GHWDLO�LQ�WKH�

'HYHORSPHQWDO�7R[LFLW\�VXEVHFWLRQ�DERYH��
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PLUTONIUM 144 

3. HEALTH EFFECTS 

6WXGLHV�FRQGXFWHG�LQ�DQLPDOV�KDYH�VKRZQ�WKDW�H[SRVXUHV�WR�SOXWRQLXP�WKDW�RFFXU�LQ�\RXQJ�DQLPDOV�UHVXOW�

LQ�JUHDWHU�GLVWULEXWLRQ�RI�SOXWRQLXP�WR�VNHOHWDO�WLVVXHV�DQG�WKDW�QHRQDWHV�DEVRUE�D�VXEVWDQWLDOO\�ODUJHU�

IUDFWLRQ�RI�DQ�LQJHVWHG�GRVH�RI�SOXWRQLXP�WKDQ�DGXOWV���7KHVH�REVHUYDWLRQV�VXJJHVW�WKDW�LQIDQWV�DQG�

FKLOGUHQ�PD\�KDYH�D�KLJKHU��RU�DOWHUHG��VXVFHSWLELOLW\�WR�SOXWRQLXP�WR[LFLW\���6WXGLHV�RQ�WR[LFRNLQHWLFV�DQG�

KHDOWK�HIIHFWV�IRU�H[SRVXUHV�WKDW�RFFXU�GXULQJ�SRVWQDWDO�GHYHORSPHQW�ZRXOG�LPSURYH�RXU�XQGHUVWDQGLQJ�RI�

SRWHQWLDO�YXOQHUDELOLWLHV�RI�FKLOGUHQ�WR�SOXWRQLXP��

,Q�DGXOWV��DSSUR[LPDWHO\�����RI�WKH�SOXWRQLXP�ERG\�EXUGHQ�UHVLGHV�LQ�ERQH���7KH�SRWHQWLDO�HIIHFWV�RI�

LQFUHDVHG�PRELOL]DWLRQ�RI�ERQH�PLQHUDO�GXULQJ�SUHJQDQF\��WR�VXSSRUW�WKH�GHYHORSPHQW�RI�WKH�IHWDO�

VNHOHWRQ��RQ�PDWHUQDO�IHWDO�WUDQVIHU�RI�SOXWRQLXP�KDV�QRW�EHHQ�H[DPLQHG���6WXGLHV�RI�SOXWRQLXP�OHYHOV�LQ�

RIIVSULQJ�RI�PRWKHUV�ZKR�FDUU\�D�ERQH�EXUGHQ�RI�SOXWRQLXP�ZRXOG�LPSURYH�RXU�XQGHUVWDQGLQJ�RI�SRWHQWLDO�

SUH� DQG�SRVWQDWDO�H[SRVXUHV�WKH�PLJKW�HPDQDWH�IURP�PDWHUQDO�IHWDO�WUDQVIHU��

&KLOG�KHDOWK�GDWD�QHHGV�UHODWLQJ�WR�H[SRVXUH�DUH�GLVFXVVHG�LQ�6HFWLRQ��������,GHQWLILFDWLRQ�RI�'DWD�1HHGV��

([SRVXUHV�RI�&KLOGUHQ��

3.12.3 Ongoing Studies 

'U��&KDUOHV�:DWVRQ��IURP�:DVKLQJWRQ�6WDWH�8QLYHUVLW\��DQG�VHYHUDO�DFWLYH�RU�UHWLUHG�3DFLILF�1RUWKZHVW�

1DWLRQDO�/DERUDWRU\�VFLHQWLVWV�DUH�ILQLVKLQJ�D�FRPSUHKHQVLYH�UHSRUW�RQ�WKH�ELRORJLFDO�HIIHFWV�RI�LQKDOHG�
���3X2�� LQ�EHDJOH�GRJV��WKH�FRPSOHWHG�UHSRUW�ZLOO�EH�VXEPLWWHG�WR�5DGLDWLRQ�5HVHDUFK��

7KH�IROORZLQJ�RQJRLQJ�VWXGLHV�ZHUH�LGHQWLILHG�LQ�WKH�)HGHUDO�5HVHDUFK�,Q�3URJUHVV�GDWDEDVH��)('5,3�

�������

'U��5LFKDUG�'D\��IURP�WKH�8QLYHUVLW\�RI�3LWWVEXUJK��3LWWVEXUJK��3HQQV\OYDQLD��LV�FRQWLQXLQJ�ORQJLWXGLQDO�

IROORZ�XS�KHDOWK�HIIHFWV�DVVHVVPHQW�RI�UDGLDWLRQ�H[SRVXUHV�LQ�D�FRKRUW�RI�ZRUNHUV�IURP�WKH�0D\DN�

IDFLOLWLHV�LQ�5XVVLD�� 'U��0DUWKD�/LQHW��IURP�WKH�'LYLVLRQ�RI�&DQFHU�(SLGHPLRORJ\�DQG�*HQHWLFV��1DWLRQDO�

&DQFHU�,QVWLWXWH��LV�VWXG\LQJ�SRSXODWLRQV�H[SRVHG�WR�RFFXSDWLRQDO�UDGLDWLRQ��ZKLFK�LQFOXGHV�D�FRKRUW�RI�

�������0D\DN�QXFOHDU�IDFLOLW\�ZRUNHUV��LQ�WKH�IRUPHU�6RYLHW�8QLRQ��H[SRVHG�WR�SDUWLFXODUO\�KLJK�GRVHV�RI�

H[WHUQDO�UDGLDWLRQ�DQG�DOSKD�UDGLDWLRQ�IURP�LQWHUQDOL]HG�SOXWRQLXP�� 'U��5D\�/OR\G��IURP�WKH�8QLYHUVLW\�RI�

8WDK��6DOW�/DNH�&LW\��8WDK��LV�WHVWLQJ�UHFHQWO\�GHYHORSHG�SOXWRQLXP�ELRNLQHWLF�PRGHOV�WR�KXPDQ�GDWD�IURP�

5XVVLDQ�QXFOHDU�ZRUNHUV�WR�H[WHQG�FXUUHQW�ELRNLQHWLF��GRVLPHWULF��DQG�ULVN�PRGHOV�WR�WKH�KXPDQ��
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4. CHEMICAL, PHYSICAL, AND RADIOLOGICAL INFORMATION 

4.1  CHEMICAL IDENTITY 

,QIRUPDWLRQ�UHJDUGLQJ�WKH�FKHPLFDO�LGHQWLW\�RI�SOXWRQLXP�DQG�VHOHFWHG�SOXWRQLXP�FRPSRXQGV�LV�ORFDWHG�LQ�

7DEOH������

4.2  PHYSICAL, CHEMICAL, AND RADIOLOGICAL PROPERTIES 

,QIRUPDWLRQ�UHJDUGLQJ�WKH�SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI�SOXWRQLXP�DQG�VHOHFWHG�SOXWRQLXP�

FRPSRXQGV�LV�ORFDWHG�LQ�7DEOH�������,QIRUPDWLRQ�UHJDUGLQJ�WKH�UDGLRORJLFDO�SURSHUWLHV�RI�VHOHFWHG�

SOXWRQLXP�LVRWRSHV�LV�ORFDWHG�LQ�7DEOH�������7KH�GHFD\�VFKHPHV�IRU����3X�DQG����3X�DUH�VXPPDUL]HG�LQ�

)LJXUHV�����DQG������UHVSHFWLYHO\��

3OXWRQLXP�LV�D�PHPEHU�RI�WKH�DFWLQLGH�VHULHV�DQG�LV�D�KXPDQ�PDGH�HOHPHQW��DWRPLF�QXPEHU�������

$FWLQLGHV�DUH�WKH����HOHPHQWV�VWDUWLQJ�ZLWK�DFWLQLXP��DWRPLF�QXPEHU�����DQG�H[WHQGLQJ�WR�ODZUHQFLXP��

DWRPLF�QXPEHU�������$OO�RI�WKH�LVRWRSHV�RI�WKH�DFWLQLGH�HOHPHQWV�DUH�UDGLRDFWLYH���3OXWRQLXP�ZDV�WKH�ILUVW�

KXPDQ�PDGH�HOHPHQW�WR�EH�V\QWKHVL]HG�LQ�ZHLJKDEOH�DPRXQWV������3X�ZDV�GLVFRYHUHG�LQ������E\�6HDERUJ�

DQG�FR�ZRUNHUV��LW�ZDV�V\QWKHVL]HG�E\�WKH�ERPEDUGPHQW�RI�XUDQLXP�ZLWK�GHXWHURQV���+����,VRWRSHV�ZLWK�

PDVV�QXPEHUV����±����KDYH�EHHQ�LGHQWLILHG�IRU�SOXWRQLXP��DOO�DUH�UDGLRDFWLYH���7KH�PRVW�LPSRUWDQW�

LVRWRSH�LV����3X��ZKLFK�KDV�D�KDOI�OLIH�WKDW�LV�VXIILFLHQWO\�ORQJ���������\HDUV��WR�SHUPLW�LWV�SUHSDUDWLRQ�LQ�

ODUJH�DPRXQWV��PDNLQJ�LW�SRVVLEOH�WR�SHUIRUP�FKHPLFDO�VWXGLHV���0HWDOOLF�SOXWRQLXP�H[LVWV�LQ�VL[�DOORWURSLF�

PRGLILFDWLRQV�XQGHU�RUGLQDU\�SUHVVXUH��D�VHYHQWK�SKDVH�H[LVWV�XQGHU�KLJK�SUHVVXUH�� )LYH�R[LGDWLRQ�VWDWHV��

3X�,,,���3X�,9���3X�9���3X�9,���DQG�3X�9,,���DUH�NQRZQ�WR�H[LVW�LQ�FRPSRXQGV�DQG�VROXWLRQ��&ODUN�HW�DO��

��������3OXWRQLXP�,,,��DQG�SOXWRQLXP�,9��DUH�FRQVLGHUHG�WR�EH�WKH�UHGXFHG�IRUPV�RI�SOXWRQLXP��ZKLOH�

SOXWRQLXP�9��DQG�SOXWRQLXP�9,��DUH�WKH�R[LGL]HG�IRUPV��'2(�����D����:KLOH�WKH�DWRPLF�PDVV�RI�

SOXWRQLXP�GHSHQGV�RQ�WKH�LVRWRSH������LV�IUHTXHQWO\�OLVWHG�DV�WKH�PDVV�RI�SOXWRQLXP�RQ�SHULRGLF�WDEOHV���
���3X�LV�WKH�LVRWRSH�ZLWK�WKH�ORQJHVW�KDOI�OLIH��
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PLUTONIUM 146 

4.  CHEMICAL AND PHYSICAL INFORMATION 

Table 4-1.  Chemical Identity of Plutonium and Selected Plutonium Compounds 

Characteristic Informationa 

Chemical name Plutonium Plutonium(IV) dioxide Plutonium nitride 
Synonym(s) No data Plutonium dioxide No data 
Registered trade name(s) No data No data No data 
Chemical formula Pu PuO2 PuN 

Identification numbers: 
CAS registry 7440-07-5b 12059-95-9 12033-54-4 
NIOSH RTECS No data No data No data 
EPA hazardous waste No data No data No data 
OHM/TADS No data No data No data 
DOT/UN/NA/IMDG shipping No data No data No data 
EINECS 231-117-7 235-037-3 No data 
HSDB 6465 No data No data 
NCI No data No data No data 
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4.  CHEMICAL AND PHYSICAL INFORMATION 

Table 4-1.  Chemical Identity of Plutonium and Selected Plutonium Compounds 

Characteristic Informationa 

Chemical name Plutonium nitrate Plutonium(VI) 
fluoride 

Plutonium(IV) 
Oxalatec 

Plutonium(IV) 
fluoride 

Synonym(s) Nitric acid, Plutonium No data Plutonium 
plutonium(4+) hexafluoride tetrafluoride 
salt 

Registered trade name(s) No data No data No data No data 
Chemical formula Pu(NO3)4 PuF6 Pu(C4O8)2 PuF4 

Identification numbers: 
CAS registry 13823-27-3 13693-06-6 14448-76-1c 

13278-81-4d 
13709-56-3 

NIOSH RTECS No data No data No data No data 
EPA hazardous waste No data No data No data No data 
OHM/TADS No data No data No data No data 
DOT/UN/NA/IMDG shipping No data No data No data No data 
EINECS 238-979-3e No data No data No data 
HSDB No data No data No data No data 
NCI No data No data No data No data 

aAll information obtained from ChemIDplus 2009, Lide 2008, and HSDB 2009 except where noted
bThis is the generic CAS Registry Number for plutonium (unspecified form).  Each isotope has an individual CAS 
Registry Number (Table 4-3) 
cChemBioFinder 2009 
dClark et al. 2006 
eThis EINCES number refers to plutonium nitrate (CAS Registry No. 14913-29-2) with a chemical formula of 
Pu(NO3)x. (ChemIDplus 2009) 

CAS = Chemical Abstracts Service; DOT/UN/NA/IMDG = Department of Transportation/United Nations/North 
America/International Maritime Dangerous Goods Code; EINECS = European Inventory of Existing Chemical 
Substances EPA = Environmental Protection Agency; HSDB = Hazardous Substances Data Bank; NCI = National 
Cancer Institute; NIOSH = National Institute for Occupational Safety and Health; OHM/TADS = Oil and Hazardous 
Materials/Technical Assistance Data System; RTECS = Registry of Toxic Effects of Chemical Substances 
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4.  CHEMICAL AND PHYSICAL INFORMATION 

Table 4-2.  Physical and Chemical Properties of Plutonium and Selected  
Plutonium Compounds  

Property Informationa 

Chemical name Plutonium Plutonium dioxide Plutonium nitride 
Molecular weightb 244 276 258 
Physical description Silver, white metal 

Six allotropic 
modifications 
under ordinary 
pressurec 

Yellow-brown cubic 
crystals 

Gray cubic crystals 

Melting point 
Boiling point 
Density 
Odor 

640 °C 
3,228 °C 
19.7 g/cm3 

No data 

2,390 °C 
No data 
11.5 g/cm3 

No data 

2,550 °C 
No data 
14.4 g/cm3 

No data 
Odor threshold: 

Water No data No data No data 
Air No data No data No data 

Solubility: 
Water No data No data No data 
Organic solvents No data No data No data 
Other 

Partition coefficients: 

Soluble in 
hydrochloric acid; 
insoluble in nitric 
acid, concentrated 
hydrogen sulfide 

No data No data 

Log Kow 

Log Koc 

No data 
No data 

No data 
No data 

No data 
No data 

Vapor pressure No data No data No data 
Henry's law constant 
Autoignition temperature 

No data 
No data 

No data 
No data 

No data 
No data 

Flashpoint 
Flammability limits 

No data 
No data 

No data 
No data 

No data 
No data 

Conversion factors No data No data No data 
Explosive limits No data No data No data 
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4.  CHEMICAL AND PHYSICAL INFORMATION 

Table 4-2.  Physical and Chemical Properties of Plutonium and Selected  
Plutonium Compounds  

Property  Informationa 

Chemical name Plutonium nitrate Plutonium Plutonium Plutonium 
hexafluoride oxalate tetrafluoride 

Molecular weightb No data 358 No data 320 
Physical description No data  Red-brown Green-yellow Red-brown 

orthorhombic solidd monoclinic 
crystals crystals 

Melting point No data 51.6 °C No data 1,037 °C 
Boiling point No data No data No data No data 
Density No data 5.08 g/cm3 No data 7.1 g/cm3 

Odor No data No data No data No data 
Odor threshold: 

Water No data No data No data No data  
Air No data No data No data No data  

Solubility: 
Water No data No data No data No data 
Organic solvents No data No data No data No data 
Other No data No data No data No data 

Partition coefficients: No data 
Log Kow No data No data No data No data 
Log Koc No data No data No data No data 

Vapor pressure No data No data No data No data 
Henry's law constant No data No data No data No data 
Autoignition temperature No data No data No data No data 
Flashpoint No data No data No data No data 
Flammability limits No data No data No data No data 
Conversion factors No data No data No data No data 
Explosive limits No data No data No data No data 

aAll information obtained from HSDB 2009 and Lide 2008, except where noted 
bMolecular weights will be dependent on the isotope of plutonium  
cD-phase, simple monoclinic; E-phase, body-centered monoclinic; J-phase, face-centered orthorhombic; G phase,  
face-centered cubic; G’’ phase, body-centered tetragonal; HH phase, body-centered cubic (Clark et al. 2006)  
dPu(C2O4)2•6H2O (CAS No. 26588-74-9) (Clark et al. 2006)  
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4.  CHEMICAL AND PHYSICAL INFORMATION 

Table 4-3.  Radiological Properties of Plutonium Isotopes 

Isotope 
CAS Registry 
No. Half-life 

Decay mode(s)/ 
Energy (MeV) 

Decay 
product(s) 

Specific activity 
(Ci/g) 

236Pu 15411-92-4 2.87 years 
1.5x109 years 

Į�������0H9�
SF/1.9x10-7 MeV 

232U 540 

237Pu 15411-93-5 45.7 days EC/0.220(99.9%) 
Į�����������������

233U 12,100a 

238Pu 13981-16-3 87.7 years 
4.75x1010 years 

Į�������
SF/ 1.8x10-7 

234U 17 

239Pu 15117-48-3b 

19257-39-7c 

2.410x104 years 
8x1015 years 

Į�������
SF/3x10-10 

235U 0.063 

240Pu 14119-33-6 6.56x103 years 
1.14x1011 years 

Į�������
SF/5.7x10-6 

236U 0.23 

241Pu 14119-32-5 14.3 years 

<6x1016 years 

E-/0.0208 (99+%) 
Į����������������
SF/>2.4x10-14 

241Am 
237U 

100 

242Pu 13982-10-0 3.75x105 years 
6.77x1010 years 

Į�������
SF/5.5x10-4 

238U 0.0040 

243Pu 15706-37-3 4.956 hours E-/0.582 243Am 2.6x106c 

244Pu 14119-34-7 8.00x107 years 
6.6x1010 years 

Į���������������
SF/0.12 

240U 1.8x10-5 

aCalculated values 
bAnother CAS Registry number listed for 239Pu is 97918-67-7 
cCAS Registry Number for 239Pu4+ ion 

Į�= alpha particle emission; E- = negative beta emission; SF = spontaneous fission 

Sources:  Baum et al. 2002; ChemIDplus 2009; Clark et al. 2006; DOE 2005a; Lide 2008 
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Figure 4-1.  238Pu Decay Series  
 

238Pu  Pu        87.7  years  

Np        
 

234U  
U  2.46x105        

years  

Pa        
 

230Th  
Th  7.54x104        

years  

Ac        
 

226Ra  Ra        1599 years  

Fr        
 

222Rn  Rn        3.8325 days  

218At  At       1.5 sec  
 

214
218 Po   

Po  210Po  Po  164   3.10 minutes  138.38 days  µseconds   
214Bi  210Bi  Bi    19.9 minutes  5.01 days  

   
214Pb  210Pb  206Pb  Pb    27 minutes  22.3 years  Stable  

  
210Tl  206Tl  Tl       1.3 minutes  4.20 minutes  

    
alpha (D) decay               beta (E-) decay  

 
 
 
Sources:  Baum et al. 2002; Lide 2005  
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4.  CHEMICAL AND PHYSICAL INFORMATION 
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Figure 4-2. 239Pu Decay Series  

 

Am         

239Pu  
Pu  2.410x104        

years  

Np        
 

235U  
U  7.04x108       

years  
231Pa  

Pa  3.28x104       
years   

227
231 Th  Th  Th  18.68      1.063 days  days   

227Ac  Ac       21.772 years  
 

223Ra  Ra        11.435 days  

Fr        
 

219Rn  
Rn    3.96     

seconds  

At        
 

215Po  
Po    0.001781     

seconds  
211Bi  

Bi    2.14     
 minutes   

211Pb  207Pb  Pb      36.1 minutes  stable  
 

207Tl  Tl        4.77 minutes  

    
alpha (D) decay               beta (E-) decay  
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4.  CHEMICAL AND PHYSICAL INFORMATION 

Sources:  Baum et al. 2002; Lide 2005 
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5. PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL 

5.1  PRODUCTION 

1R�LQIRUPDWLRQ�LV�DYDLODEOH�LQ�WKH�75,�GDWDEDVH�RQ�IDFLOLWLHV�WKDW�PDQXIDFWXUH�RU�SURFHVV�SOXWRQLXP�

EHFDXVH�WKLV�FKHPLFDO�LV�QRW�UHTXLUHG�WR�EH�UHSRUWHG�XQGHU�6HFWLRQ�����RI�WKH�(PHUJHQF\�3ODQQLQJ�DQG�

&RPPXQLW\�5LJKW�WR�.QRZ�$FW��7LWOH�,,,�RI�WKH�6XSHUIXQG�$PHQGPHQWV�DQG�5HDXWKRUL]DWLRQ�$FW�RI�

�������(3$��������

3OXWRQLXP�ZDV�WKH�ILUVW�KXPDQ�PDGH�HOHPHQW�WR�EH�V\QWKHVL]HG�LQ�ZHLJKDEOH�DPRXQWV�� ���3X�ZDV�

GLVFRYHUHG�LQ������E\�6HDERUJ�DQG�FR�ZRUNHUV��LW�ZDV�V\QWKHVL]HG�E\�WKH�ERPEDUGPHQW�RI�XUDQLXP�ZLWK�

GHXWURQV���+����,VRWRSHV�ZLWK�PDVV�QXPEHUV����±����KDYH�EHHQ�LGHQWLILHG��DOO�DUH�UDGLRDFWLYH��&ODUN�HW�DO��

��������7UDFH�DPRXQWV�RI�SOXWRQLXP�DUH�IRXQG�ZRUOGZLGH��PRVWO\�GXH�WR�IDOO�RXW�IURP�DWPRVSKHULF�

QXFOHDU�WHVWLQJ��ZKLFK�HQGHG�LQ������DQG�UHOHDVHG�VHYHUDO�LVRWRSHV�RI�SOXWRQLXP��LQFOXGLQJ����3X�����3X��
���3X��DQG����3X��&ODUN�HW�DO��������'2(�����D��(LVHQEXG�DQG�*HVHOO���������3OXWRQLXP�LV�QRW�FRQVLGHUHG�

D�QDWXUDOO\�RFFXUULQJ�HOHPHQW��KRZHYHU��WUDFH�DPRXQWV�RI����3X�DUH�IRXQG�LQ�QDWXUDOO\�RFFXUULQJ�XUDQLXP�

RUHV��EXW�WKH�DPRXQWV�DUH�LQ�VXFK�VPDOO�DPRXQWV�WKDW�H[WUDFWLRQ�LV�QRW�SUDFWLFDO��&ODUN�HW�DO��������(3$�

����E��/LGH���������6PDOO�DPRXQWV�RI����3X�H[LVW�LQ�QDWXUH�IURP�UHPQDQWV�RI�SULPRUGLDO�VWHOODU�

QXFOHRV\QWKHVLV��&ODUN�HW�DO����������6PDOO�DPRXQWV�RI�SOXWRQLXP�ZHUH�SURGXFHG�LQ�QDWXUDO�UHDFWRUV��VXFK�

DV�WKH�2NOR�QDWXUDO�UHDFWRU�LQ�*DERQ��ZKLFK�H[LVWHG�DERXW���ELOOLRQ�\HDUV�DJR��'2(�����D����7KH�PRVW�

FRPPRQ�IRUP�RI�SOXWRQLXP�IRXQG�LQ�WKH�HQYLURQPHQW�LV����3X��IROORZHG�E\����3X��'2(�����D����

/DUJH�TXDQWLWLHV�RI�SOXWRQLXP�ZHUH�ILUVW�SURGXFHG�GXULQJ�WKH�����¶V�DV�SDUW�RI�WKH�0DQKDWWDQ�3URMHFW�LQ�

RUGHU�WR�SURGXFH�WKH�DWRPLF�ERPE���3URGXFWLRQ�FRQWLQXHG�WKURXJKRXW�WKH�\HDUV�RI�WKH�&ROG�:DU��'2(�

����D����7KH�8QLWHG�6WDWHV�EXLOW�DQG�RSHUDWHG����SOXWRQLXP�SURGXFWLRQ�UHDFWRUV�DW�WKH�+DQIRUG�DQG�

6DYDQQDK�5LYHU�6LWHV�VWDUWLQJ�LQ������DQG�HQGLQJ�LQ������ZLWK�WKH�VKXWGRZQ�RI�WKH�ODVW�UHDFWRU���$�WRWDO�RI�

DSSUR[LPDWHO\�����PHWULF�WRQV�RI�SOXWRQLXP�ZDV�SURGXFHG�GXULQJ�WKLV�WLPH��'2(�����E����&XUUHQWO\��
��������������������3X�DUH�FRPPHUFLDOO\�DYDLODEOH�IURP�2DN�5LGJH�1DWLRQDO�/DERUDWRU\�IRU�ODERUDWRU\�UHVHDUFK�

�'2(�����D����

3OXWRQLXP�LV�D�E\SURGXFW�RI�QXFOHDU�HQHUJ\�JHQHUDWLRQ���0RVW�SOXWRQLXP�LVRWRSHV�DUH�SURGXFHG�LQ�

XUDQLXP�IXHOHG�UHDFWRUV�WKURXJK�QHXWURQ�FDSWXUH�E\����8��&ODUN�HW�DO��������.RFK���������$SSUR[LPDWHO\�

������PHWULF�WRQV�RI�SOXWRQLXP�ZHUH�HVWLPDWHG�WR�H[LVW�ZRUOGZLGH�DW�WKH�HQG�RI��������0RVW�RI�WKH�

SOXWRQLXP��������PHWULF�WRQV��ZDV�IRXQG�LQ�LUUDGLDWHG�IXHO�IURP�QXFOHDU�SRZHU�SODQWV���$�SOXWRQLXP�
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5.  PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL 

SURGXFWLRQ�UDWH�RI���±���PHWULF�WRQV�\HDU�ZDV�HVWLPDWHG�IRU�UHDFWRUV�ZRUOGZLGH�DW�WKH�HQG�RI������

�$OEULJKW�DQG�.UDPHU�������&ODUN�HW�DO����������

3OXWRQLXP�IURP�VSHQW�QXFOHDU�IXHO�LV�UHFRYHUHG�E\�WKH�385(;��3OXWRQLXP��8UDQLXP��5HGXFWLRQ��

([WUDFWLRQ��OLTXLG�OLTXLG�H[WUDFWLRQ�SURFHVV��&ODUN�HW�DO��������.RFK���������7KLV�SURFHVV�LV�WKH�PDLQ�

PHWKRG�WR�VHSDUDWH�SOXWRQLXP�DQG�XUDQLXP�IURP�XVHG�UHDFWRU�IXHO�DQG�QHXWURQ�LUUDGLDWHG�DFWLQLGH�PDWHULDO�

�&ODUN�HW�DO����������7KH�EDVLV�RI�WKH�385(;�SURFHVV�LQYROYHV�WKH�VHOHFWLYH�H[WUDFWLRQ�RI�8�9,��DQG�

3X�,9��IURP�D�QLWULF�DFLG�VROXWLRQ�RI�GLVVROYHG�LUUDGLDWHG�IXHO�LQWR�DQ�DOLSKDWLF�K\GURFDUERQ�VROYHQW�WKDW�

FRQWDLQV�WUL�n�EXW\O�SKRVSKDWH���0RVW�RI�WKH�ILVVLRQ�SURGXFWV�DUH�OHIW�LQ�WKH�DFLG�VROXWLRQ��&ODUN�HW�DO��

��������2WKHU�SURFHVVHV��H�J���WKH�ELVPXWK�SKRVSKDWH�SURFHVV�DW�WKH�+DQIRUG�VLWH��KDYH�EHHQ�XVHG�WR�

VHSDUDWH�DQG�SXULI\�SOXWRQLXP�IURP�LUUDGLDWHG�IXHOV��KRZHYHU��PDQ\�RI�WKHVH�DUH�QRZ�RI�RQO\�KLVWRULFDO�

LQWHUHVW��&ODUN�HW�DO���������

0RGHUQ�SOXWRQLXP�PHWDO�SURGXFWLRQ�LQYROYHV�UHFRYHU\�DQG�UHF\FOLQJ�RI�UHVLGXHV�DQG�VFUDS��&ODUN�HW�DO��

��������3OXWRQLXP�PHWDO�LV�SURGXFHG�E\�S\URFKHPLFDO�SURFHVVHV�LQ�HLWKHU�FHQWULIXJDO�RU�VWDWLRQDU\�ERPEV��

7KH�PDMRU�S\URFKHPLFDO�SURFHVVHV�XVHG�E\�ODUJH�IDFLOLWLHV�DUH�ERPE�UHGXFWLRQ�RI�SOXWRQLXP�WHWUDIOXRULGH��

GLUHFW�R[LGH�UHGXFWLRQ��'25���PROWHQ�VDOW�H[WUDFWLRQ��06(���DQRGH�FDVWLQJ��HOHFWURUHILQLQJ��(5���DQG�

S\URUHGR[���,Q�'25��SOXWRQLXP�GLR[LGH�LV�UHGXFHG�ZLWK�FDOFLXP�PHWDO�WR�SURGXFH�SOXWRQLXP�PHWDO�DQG�

FDOFLXP�R[LGH���7KH�06(�SURFHVV�UHGXFHV�WKH�DPRXQW�RI����$P��ZKLFK�LV�D�GHFD\�SURGXFW�RI����3X��LQ�

SOXWRQLXP�PHWDO���,W�DOVR�VHSDUDWHV�WKH�PRUH�UHDFWLYH�HOHPHQWV��H�J���UDUH�HDUWK��ODQWKDQLGH���DONDOL��DQG�

DONDOLQH�HDUWK�PHWDOV��IURP�WKH�SOXWRQLXP�PHWDO���,Q�WKH�(5�SURFHVV��OLTXLG�SOXWRQLXP�R[LGL]HV�IURP�WKH�

DQRGH�LQJRW��ZKLFK�LV�FDVW�IURP�WKH�SOXWRQLXP�PHWDO�GHULYHG�IURP�WKH�06(�SURFHVV��LQWR�D�PROWHQ�VDOW�

HOHFWURO\WH���7KH�3X�,,,��LRQV�DUH�WUDQVSRUWHG�WKURXJK�WKH�VDOW�WR�WKH�FDWKRGH�ZKHUH�WKH\�DUH�UHGXFHG�WR�WKH�

PHWDO�� 7KH�S\URUHGR[�SURFHVV�UHFRYHUV�SOXWRQLXP�PHWDO�IURP�LPSXUH�VFUDS�PDWHULDO�DQG�IURP�VSHQW�

DQRGH�KHHOV�IURP�WKH�(5�SURFHVV��&ODUN�HW�DO����������

5.2  IMPORT/EXPORT 

7KHUH�LV�QR�LQIRUPDWLRQ�RQ�WKH�LPSRUW�RU�H[SRUW�RI�SOXWRQLXP���7KH�LPSRUW�DQG�H[SRUW�RI�SOXWRQLXP�LQ�WKH�

8QLWHG�6WDWHV�LV�JRYHUQHG�E\�WKH�8�6��1XFOHDU�5HJXODWRU\�&RPPLVVLRQ��8615&�����E���

5.3  USE 

���3X�ZDV�ILUVW�XVHG�LQ�ILVVLRQ�ZHDSRQV�EHJLQQLQJ�LQ�������'2(�����D����,Q�D�UHDFWRU�RI�D�QXFOHDU�SRZHU�

SODQW��WKH�ILVVLRQLQJ�RI����8�SURGXFH�WZR�RU�WKUHH�QHXWURQV��ZKLFK�FDQ�EH�DEVRUEHG�E\����8�WR�SURGXFH�
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5.  PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL 

���3X���7KH����3X�IRUPHG�FDQ�DOVR�DEVRUE�QHXWURQV�DQG�XQGHUJR�ILVVLRQ��ZKLFK�SURYLGHV�DERXW�RQH�WKLUG�RI�

WKH�WRWDO�HQHUJ\�SURGXFHG�LQ�D�W\SLFDO�FRPPHUFLDO�QXFOHDU�SRZHU�SODQW��'2(�����D�������3X�LV�XVHG�DV�D�

KHDW�VRXUFH�LQ�QXFOHDU�EDWWHULHV�WR�SURGXFH�HOHFWULFLW\�LQ�GHYLFHV�VXFK�DV�XQPDQQHG�VSDFHFUDIW��DQG�

LQWHUSODQHWDU\�SUREHV��'2(�����D��.RFK���������3OXWRQLXP�LV�D�FDUHIXOO\�UHJXODWHG�PDWHULDO�XQGHU�

JRYHUQPHQW�FRQWURO���6PDOO�TXDQWLWLHV�DUH�XVHG�LQ�UHVHDUFK�ODERUDWRULHV��&ODUN�HW�DO��������DQG�TXDQWLWLHV�

RI�SOXWRQLXP�R[LGHV�DUH�XVHG�LQ�02;��PL[HG�R[LGH�SOXWRQLXP�DQG�XUDQLXP��IXHOV�DV�DQ�DOWHUQDWLYH�WR�ORZ�

HQULFKHG�XUDQLXP�IXHO�XVHG�LQ�OLJKW�ZDWHU�QXFOHDU�SRZHU�UHDFWRUV��0DNKLMDQL������������3X�DQG����3X�DUH�

XVHG�DV�WUDFHUV�LQ�SOXWRQLXP�GHWHUPLQDWLRQV�LQ�HQYLURQPHQWDO�DQG�ELRORJLFDO�VDPSOHV��%URXQV�������'2(�

������.UHVVLQ�HW�DO����������

5.4  DISPOSAL 

3OXWRQLXP�LVRWRSHV�DUH�FODVVLILHG�DV�KD]DUGRXV�VXEVWDQFHV�XQGHU�6HFWLRQ�����D��RI�WKH�&RPSUHKHQVLYH�

(QYLURQPHQWDO�5HVSRQVH��&RPSHQVDWLRQ��DQG�/LDELOLW\�$FW�RI�������&(5&/$���FRPPRQO\�NQRZQ�DV�

6XSHUIXQG���8QGHU�&(5&/$��VSLOOV�RU�GLVFKDUJHV�LQWR�WKH�HQYLURQPHQW�RI�SOXWRQLXP�LVRWRSHV�RI�PRUH�

WKDQ������&L������0%T������3X�����3X�����3X�����3X��DQG����3X�����&L�����[����0%T������3X���RU�������&L�

����[����0%T������3X�DQG����3X��PXVW�EH�UHSRUWHG�LPPHGLDWHO\�WR�WKH�1DWLRQDO�5HVSRQVH�&HQWHU��(3$�

����F����7KH�ILQDO�UHSRUWDEOH�TXDQWLWLHV�IRU�DOO�UDGLRQXFOLGHV�DSSO\�WR�FKHPLFDO�FRPSRXQGV�FRQWDLQLQJ�WKH�

UDGLRQXFOLGHV�DQG�HOHPHQWDO�IRUPV�UHJDUGOHVV�RI�WKH�GLDPHWHU�RI�SLHFHV�RI�VROLG�PDWHULDO��(3$�����F���

'XULQJ�����±������PRVW�QXFOHDU�IXHO�URGV�DQG�WDUJHWV�LUUDGLDWHG�LQ�WKH�UHDFWRUV�DW�WKH����SOXWRQLXP�

SURGXFWLRQ�UHDFWRUV�DW�WKH�+DQIRUG�DQG�6DYDQQDK�5LYHU�6LWHV�ZHUH�UHSURFHVVHG�WR�H[WUDFW�WKH�SOXWRQLXP��

:KHQ�WKH�'HSDUWPHQW�RI�(QHUJ\�VWRSSHG�UHSURFHVVLQJ�VSHQW�IXHO�HOHPHQWV�LQ�$SULO�������DSSUR[LPDWHO\�

������PHWULF�WRQV�RI�VSHQW�IXHO�ZHUH�DFFXPXODWHG�LQ����VWRUDJH�SRQGV���$ERXW�����RI�WKLV�VSHQW�IXHO�LV�

VWRUHG�DW�WKH�+DQIRUG�6LWH�LQ�:DVKLQJWRQ��WKH�6DYDQQDK�5LYHU�6LWH�LQ�6RXWK�&DUROLQD��WKH�,GDKR�1DWLRQDO�

(QJLQHHULQJ�/DERUDWRU\��DQG�:HVW�9DOOH\�LQ�1HZ�<RUN���$SSUR[LPDWHO\��������PHWULF�WRQV�RI�VSHQW�IXHO�

IURP�FRPPHUFLDO�QXFOHDU�SRZHU�SODQWV�DUH�VWRUHG�DW�PRUH�WKDQ�����QXFOHDU�UHDFWRU�VLWHV�DURXQG�WKH�8QLWHG�

6WDWHV��'2(�����E����0RVW�VSHQW�QXFOHDU�IXHO�LV�VWRUHG�LQ�VSHFLDOO\�GHVLJQHG�SRROV�DW�LQGLYLGXDO�UHDFWRU�

VLWHV�DURXQG�WKH�FRXQWU\�LQ����VWDWHV��8615&�����D������F���

7KH�GLVSRVDO�RI�UDGLRDFWLYH�ZDVWH�LV�UHJXODWHG�E\�WKH�UXOHV�RI�WKH�8615&�DQG�(3$���6SHQW�IXHO��ZKLFK�

FRQWDLQV�DSSUR[LPDWHO\����������������������3X�FRPELQHG��LV�FRQVLGHUHG�KLJK�OHYHO�ZDVWH��+/:���0XUUD\�

������0XUUD\�DQG�)HQWLPDQ���������&XUUHQWO\��WKH�SUHIHUUHG�PHWKRG�IRU�+/:�GLVSRVDO�LV�GHHS�

XQGHUJURXQG�EXULDO�LQ�D�PLQHG�FDYLW\��KRZHYHU��QR�IDFLOLWLHV�LQ�WKH�8QLWHG�6WDWHV�KDYH�EHHQ�DXWKRUL]HG�IRU�
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5.  PRODUCTION, IMPORT/EXPORT, USE, AND DISPOSAL 

WKH�GLVSRVDO�RI�+/:���$Q�DOWHUQDWLYH�WR�EXULDO�RI�VSHQW�IXHO�LV�WR�VWRUH�LW�IRU�IXWXUH�XVH�DV�IXHO�IRU�QXFOHDU�

UHDFWRUV���7KH�XUDQLXP�DQG�SOXWRQLXP�FRXOG�EH�H[WUDFWHG�IURP�VSHQW�IXHO�WR�EH�XVHG�DV�IXHO�LQ�QXFOHDU�

SRZHU�SODQWV��

7UDQVXUDQLF�ZDVWHV��758V��FRQWDLQ�VLJQLILFDQW�DPRXQWV�RI�SOXWRQLXP�RU�RWKHU�WUDQVXUDQLF�HOHPHQWV���$V�

RI�������WKH�:DVWH�,VRODWLRQ�3LORW�3ODQW��:,33��QHDU�&DUOVEDG��1HZ�0H[LFR�ZDV�WKH�RQO\�RSHUDWLQJ�

JHRORJLFDO�GLVSRVDO�IDFLOLW\�LQ�WKH�ZRUOG��758�KDV�EHHQ�GLVSRVHG�RI�LQ�WKH�:,33�VLQFH�������0XUUD\�DQG�

)HQWLPDQ���������

,Q�������<XFFD�0RXQWDLQ�ZDV�DSSURYHG�E\�WKH�&RQJUHVV�DQG�WKH�3UHVLGHQW�DV�WKH�VLWH�IRU�WKH�QDWLRQ¶V�ILUVW�

SHUPDQHQW�VSHQW�QXFOHDU�IXHO�DQG�KLJK�OHYHO�UDGLRDFWLYH�ZDVWH�JHRORJLF�UHSRVLWRU\��'2(�����E����0RVW�RI�

WKH�ZDVWH�WKDW�PD\�EH�GLVSRVHG�DW�<XFFD�0RXQWDLQ�ZLOO�EH�VSHQW�QXFOHDU�IXHO�DQG�KLJK�OHYHO�UDGLRDFWLYH�

ZDVWH�� $ERXW�����RI�WKLV�ZDVWH�LV�IURP�FRPPHUFLDO�QXFOHDU�SRZHU�SODQWV�DQG�WKH�UHVW�FRPHV�IURP�

GHIHQVH�SURJUDPV���&XUUHQWO\��WKLV�ZDVWH�LV�VWRUHG�DW�IDFLOLWLHV�LQ����VWDWHV���%\�'HSDUWPHQW�RI�(QHUJ\�

�'2(��SURMHFWLRQV��WKH�HDUOLHVW�WKH�SURSRVHG�UHSRVLWRU\�DW�<XFFD�0RXQWDLQ�FRXOG�RSHQ�DQG�EHJLQ�

DFFHSWLQJ�ZDVWH�LV�������KRZHYHU��YDULRXV�VWHSV�PXVW�ILUVW�EH�PHW�EHIRUH�WKLV�FDQ�RFFXU��(3$���������

6SHQW�IXHOV�PXVW�EH�VWRUHG�LQ�ZDWHU�SRROV�RU�LQ�GU\�VWRUDJH�FDVNV�DW�QXFOHDU�SODQW�VLWHV�XQWLO�D�UHSRVLWRU\�LV�

FRPSOHWHG��0XUUD\���������
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6. POTENTIAL FOR HUMAN EXPOSURE 

6.1  OVERVIEW 

3OXWRQLXP�KDV�EHHQ�LGHQWLILHG�LQ�DW�OHDVW����RI�WKH�������KD]DUGRXV�ZDVWH�VLWHV�WKDW�KDYH�EHHQ�SURSRVHG�

IRU�LQFOXVLRQ�RQ�WKH�(3$�1DWLRQDO�3ULRULWLHV�/LVW��13/���+D]'DW���������+RZHYHU��WKH�QXPEHU�RI�VLWHV�

HYDOXDWHG�IRU�SOXWRQLXP�LV�QRW�NQRZQ���7KH�IUHTXHQF\�RI�WKHVH�VLWHV�FDQ�EH�VHHQ�LQ�)LJXUH�������2I�WKHVH�

VLWHV��DOO�DUH�ORFDWHG�ZLWKLQ�WKH�8QLWHG�6WDWHV��

7UDFH�DPRXQWV�RI�SOXWRQLXP�DUH�IRXQG�ZRUOGZLGH��PRVWO\�GXH�WR�IDOORXW�IURP�DWPRVSKHULF�QXFOHDU�WHVWLQJ��

ZKLFK�HQGHG�LQ�������DQG�UHOHDVHG�VHYHUDO�LVRWRSHV�RI�SOXWRQLXP��LQFOXGLQJ����3X�����3X�����3X��DQG����3X�

�&ODUN�HW�DO��������'2(�����D��(LVHQEXG�DQG�*HVHOO���������3OXWRQLXP�LV�QRW�QDWXUDOO\�RFFXUULQJ��

KRZHYHU��WUDFH�DPRXQWV�RI����3X�DUH�IRXQG�LQ�QDWXUDOO\�RFFXUULQJ�XUDQLXP�RUHV��EXW�WKH�DPRXQWV�DUH�LQ�

VXFK�VPDOO�DPRXQWV�WKDW�H[WUDFWLRQ�LV�QRW�SUDFWLFDO��&ODUN�HW�DO��������/LGH���������6PDOO�DPRXQWV�RI����3X�

H[LVW�LQ�QDWXUH�IURP�UHPQDQWV�RI�SULPRUGLDO�VWHOODU�QXFOHRV\QWKHVLV��&ODUN�HW�DO����������6PDOO�DPRXQWV�RI�

SOXWRQLXP�ZHUH�SURGXFHG�LQ�QDWXUDO�UHDFWRUV��VXFK�DV�WKH�2NOR�QDWXUDO�UHDFWRU�LQ�WKH�$IULFDQ�QDWLRQ�RI�

*DERQ��ZKLFK�H[LVWHG�DERXW���ELOOLRQ�\HDUV�DJR��'2(�����D��� 7KH�PRVW�FRPPRQ�IRUP�RI�SOXWRQLXP�

IRXQG�LQ�WKH�HQYLURQPHQW�LV����3X��IROORZHG�E\����3X��'2(�����D���

/DUJH�TXDQWLWLHV�RI�SOXWRQLXP�ZHUH�ILUVW�SURGXFHG�GXULQJ�WKH�����V�DV�SDUW�RI�WKH�0DQKDWWDQ�3URMHFW�LQ�

RUGHU�WR�SURGXFH�WKH�DWRPLF�ERPE���3URGXFWLRQ�FRQWLQXHG�WKURXJKRXW�WKH�\HDUV�RI�WKH�&ROG�:DU��'2(�

����D����7KH�8QLWHG�6WDWHV�EXLOW�DQG�RSHUDWHG����SOXWRQLXP�SURGXFWLRQ�UHDFWRUV�DW�WKH�+DQIRUG��

:DVKLQJWRQ�DQG�6DYDQQDK�5LYHU��6RXWK�&DUROLQD�VLWHV�VWDUWLQJ�LQ������DQG�HQGLQJ�LQ������ZLWK�WKH�

VKXWGRZQ�RI�WKH�ODVW�UHDFWRU���$�WRWDO�RI�DSSUR[LPDWHO\�����PHWULF�WRQV�RI�SOXWRQLXP�ZDV�SURGXFHG�GXULQJ�

WKLV�WLPH��'2(�����E����

7KH�SULQFLSDO�SOXWRQLXP�LVRWRSHV�XVHG�LQ�PLOLWDU\�DQG�QRQPLOLWDU\�DSSOLFDWLRQV�DUH����3X�DQG����3X���7KHVH�

WZR�LVRWRSHV�DUH�XVHG�EHFDXVH�RI�WKHLU�HDVH�RI�SURGXFWLRQ�DQG�WKHLU�UHODWLYHO\�ORQJ�KDOI�OLYHV�� ���3X�LV�XVHG�

DV�D�KHDW�VRXUFH�LQ�QXFOHDU�EDWWHULHV�WR�SURGXFH�HOHFWULFLW\�LQ�GHYLFHV�VXFK�DV�XQPDQQHG�VSDFHFUDIW��DQG�

LQWHUSODQHWDU\�SUREHV��'2(�����D��.RFK�������� ���3X�DQG����3X�DUH�SURGXFHG�LQ�QXFOHDU�SRZHU�SODQWV�DV�

D�SURGXFW�RI�QXFOHDU�ILVVLRQ�DV�ZHOO�DV�LQ�SURGXFWLRQ�IDFLOLWLHV�IRU�XVH�LQ�QXFOHDU�ZHDSRQV��

3RVVLEOH�VRXUFHV�RI�SOXWRQLXP�WR�WKH�HQYLURQPHQW�LQFOXGH�� SDVW�DWPRVSKHULF�ZHDSRQV�WHVWLQJ��DFFLGHQWV�

LQYROYLQJ�ZHDSRQV�WUDQVSRUW��DFFLGHQWV�LQYROYLQJ�IDLOHG�VSDFH�ODXQFKHV�RI�VDWHOOLWHV��RSHUDWLQJ�QXFOHDU�

UHDFWRUV�DQG�UDGLRLVRWRSH�JHQHUDWRUV��IXHO�SURFHVVLQJ�DQG�UHSURFHVVLQJ�DFWLYLWLHV��DQG�IXHO�WUDQVSRUW�
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6. POTENTIAL FOR HUMAN EXPOSURE 

Figure 6-1. Frequency of NPL Sites with Plutonium and Selected Isotopes  
Contamination  
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6.  POTENTIAL FOR HUMAN EXPOSURE 

�1($�2(&'���������3OXWRQLXP�LV�D�E\SURGXFW�RI�QXFOHDU�HQHUJ\�JHQHUDWLRQ���,W�LV�SURGXFHG�LQ�XUDQLXP�

IXHOHG�UHDFWRUV�WKURXJK�QHXWURQ�FDSWXUH�E\�XUDQLXP���������8���&ODUN�HW�DO��������.RFK���������

$SSUR[LPDWHO\�������PHWULF�WRQV�RI�SOXWRQLXP�ZHUH�HVWLPDWHG�WR�H[LVW�ZRUOGZLGH�DW�WKH�HQG�RI�������ZLWK�

������PHWULF�WRQV�IRXQG�ZLWKLQ�XVHG�IXHO�IURP�QXFOHDU�SRZHU�SODQWV���$�SOXWRQLXP�SURGXFWLRQ�UDWH�RI���±�

���PHWULF�WRQV�\HDU�ZDV�HVWLPDWHG�IRU�UHDFWRUV�ZRUOGZLGH�DW�WKH�HQG�RI�������$OEULJKW�DQG�.UDPHU�������

&ODUN�HW�DO����������

7KH�PDLQ�VRXUFHV�RI�SOXWRQLXP�LQ�WKH�HQYLURQPHQW�DUH�UHOHDVHV�IURP�UHVHDUFK�IDFLOLWLHV��SDVW�DWPRVSKHULF�

QXFOHDU�ZHDSRQV�WHVWLQJ��ZDVWH�GLVSRVDO��QXFOHDU�ZHDSRQV�SURGXFWLRQ�IDFLOLWLHV��DQG�DFFLGHQWV��'2(�

����D����$WPRVSKHULF�WHVWLQJ�RI�QXFOHDU�ZHDSRQV��ZKLFK�HQGHG�LQ�������LV�WKH�VRXUFH�RI�PRVW�RI�WKH�

SOXWRQLXP�LQ�WKH�HQYLURQPHQW�ZRUOGZLGH��ZKLFK�UHOHDVHG�DSSUR[LPDWHO\��������NJ�RI�SOXWRQLXP��'2(�

����D����1XFOHDU�UHDFWRU�DFFLGHQWV��H�J���WKH�&KHUQRE\O�UHDFWRU�LQ�������DQG�RWKHU�DFFLGHQWV�LQYROYLQJ�

QRQ�8�6��QXFOHDU�SRZHUHG�VXEPDULQHV�RU�QXFOHDU�ZHDSRQV�KDYH�DOVR�UHOHDVHG�SOXWRQLXP�LQWR�WKH�

HQYLURQPHQW���7KH�WRWDO�DPRXQW�RI�SOXWRQLXP�UHOHDVHG�GXULQJ�WKHVH�DFFLGHQWV�LV�VPDOO�RQ�D�JOREDO�VFDOH�DV�

FRPSDUHG�WR�WKH�DPRXQW�RI�SOXWRQLXP�UHOHDVHG�GXULQJ�DWPRVSKHULF�QXFOHDU�ZHDSRQV�WHVWLQJ���3OXWRQLXP�

UHOHDVHG�WR�WKH�DWPRVSKHUH�UHDFKHV�WKH�HDUWK
V�VXUIDFH�WKURXJK�ZHW�DQG�GU\�GHSRVLWLRQ�WR�WKH�VRLO�DQG�

VXUIDFH�ZDWHU���2QFH�LQ�WKHVH�PHGLD��SOXWRQLXP�FDQ�VRUE�WR�VRLO�DQG�VHGLPHQW�SDUWLFOHV�RU�ELRDFFXPXODWH�

LQ�WHUUHVWULDO�DQG�DTXDWLF�IRRG�FKDLQV��

6.2  RELEASES TO THE ENVIRONMENT 

&RQFHQWUDWLRQV�RI�SOXWRQLXP�DUH�JHQHUDOO\�H[SUHVVHG�LQ�WHUPV�RI�DFWLYLW\��HLWKHU�LQ�WKH�FXULH��&L��RU�WKH�6,�

XQLW��WKH�EHFTXHUHO��%T���ZKHUH���&L ���[�����%T ������7%T�RU���%T ���[������&L ���S&L���$FWLYLWLHV�

PD\�EH�FRQYHUWHG�LQWR�PDVV�XQLWV�XVLQJ�WKH�VSHFLILF�DFWLYLWLHV�IRU�HDFK�SOXWRQLXP�LVRWRSH���6SHFLILF�

DFWLYLWLHV�IRU�YDULRXV�SOXWRQLXP�LVRWRSHV�DUH�SURYLGHG�LQ�7DEOH�������7KURXJKRXW�WKLV�FKDSWHU��WKH�XQLWV�

XVHG�WR�H[SUHVV�FRQFHQWUDWLRQ�RU�LQWDNH�RI�SOXWRQLXP�DUH�JHQHUDOO\�WKH�VDPH�XQLWV�UHSRUWHG�E\�WKH�DXWKRUV��

ZKLFK�DUH�IROORZHG�E\�FRQYHUWHG�XQLWV�LQ�SDUHQWKHVLV���+RZHYHU��LQ�VRPH�FDVHV��WKH�XQLWV�RULJLQDOO\�

UHSRUWHG�E\�WKH�DXWKRUV�PD\�EH�FRQYHUWHG��H�J���IURP�%T�WR�P%T�RU�IURP�Q&L�WR�S&L��IRU�HDVH�RI�

FRPSDULVRQ�RI�FRQFHQWUDWLRQV�ZLWKLQ�D�VHFWLRQ���&RPPRQ�PHWULF�SUHIL[HV�DUH�SURYLGHG�LQ�7DEOH������

3RVVLEOH�VRXUFHV�RI�SOXWRQLXP�WR�WKH�HQYLURQPHQW�LQFOXGH�� DWPRVSKHULF�ZHDSRQV�WHVWLQJ��DFFLGHQWV�

LQYROYLQJ�ZHDSRQV�WUDQVSRUW��RSHUDWLQJ�QXFOHDU�UHDFWRUV�DQG�UDGLRLVRWRSH�JHQHUDWRUV��IXHO�SURFHVVLQJ�DQG�

UHSURFHVVLQJ�DFWLYLWLHV��DQG�IXHO�WUDQVSRUW��1($�2(&'���������+RZHYHU��SOXWRQLXP�RU�SOXWRQLXP�
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6.  POTENTIAL FOR HUMAN EXPOSURE 

Table 6-1.  Common Metric Prefixes 

Factor Prefix Symbol Factor Prefix Symbol 
10-18 atto a 102 hecto h 
10-15 femto f 103 kilo k 
10-12 pico p 106 mega M 
10-9 nano n 109 giga G 
10-6 micro µ 1012 tera T 
10-3 milli m 1015 peta P 
10-2 1018 centi c exa E 
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6.  POTENTIAL FOR HUMAN EXPOSURE 

FRPSRXQGV�DUH�OLVWHG�RQ�WKH�6XSHUIXQG�$PHQGPHQWV�DQG�5HDXWKRUL]DWLRQ�$FW��6$5$��6HFWLRQ�����WR[LF�

FKHPLFDO�OLVW�DQG��WKHUHIRUH��DUH�QRW�LQFOXGHG�LQ�WKH�7R[LFV�5HOHDVH�,QYHQWRU\��75,���

6.2.1 Air 

7KH�PDLQ�VRXUFHV�RI�SOXWRQLXP�LQ�WKH�HQYLURQPHQW�DUH�UHOHDVHV�IURP�UHVHDUFK�IDFLOLWLHV��QXFOHDU�ZHDSRQV�

WHVWLQJ��ZDVWH�GLVSRVDO��QXFOHDU�ZHDSRQV�SURGXFWLRQ�IDFLOLWLHV��DQG�DFFLGHQWV��'2(�����D����$UHDV�

FRQWDPLQDWHG�ZLWK�SOXWRQLXP��VXFK�DV�WKH�1HYDGD�7HVW�6LWH�RU�RWKHU�QDWLRQDO�IDFLOLWLHV��FRXOG�UHOHDVH�

SOXWRQLXP�LI�WKH�FRQWDPLQDWHG�VRLOV�DUH�UH�VXVSHQGHG�GXULQJ�ZLQG\�RU�ILUH�FRQGLWLRQV��H�J���&HUUR�*UDQGH�

ILUH�LQ�1HZ�0H[LFR���VXUIDFH�FOHDQXS��FRQVWUXFWLRQ��YHKLFXODU�WUDYHO��RU�RWKHU�GLVWXUEDQFHV�WR�WKH�

FRQWDPLQDWHG�VRLO��'2(�����E���

$WPRVSKHULF�WHVWLQJ�RI�QXFOHDU�ZHDSRQV��ZKLFK�HQGHG�LQ�������LV�WKH�VRXUFH�RI�PRVW�RI�WKH�SOXWRQLXP�LQ�

WKH�HQYLURQPHQW�ZRUOGZLGH��ZKLFK�UHOHDVHG�DSSUR[LPDWHO\��������NJ�RI�SOXWRQLXP��'2(�����D����

$SSUR[LPDWHO\�����N&L�����[����7%T��RI��������3X�DQG���N&L������7%T��RI����3X�KDYH�EHHQ�UHOHDVHG�WR�WKH�

DWPRVSKHUH�E\�QXFOHDU�WHVWV�DQG�GLVWULEXWHG�ZRUOGZLGH��(LVHQEXG�DQG�*HVHOO���������&RQFHQWUDWLRQV�RI�

WUDQVXUDQLFV�LQWURGXFHG�LQWR�WKH�HQYLURQPHQW�WKURXJK�XQGHUJURXQG�WHVW�YHQWLQJ��DFFLGHQWV�LQYROYLQJ�8�6��

QXFOHDU�ZHDSRQV��DQG�UHOHDVHV�GXULQJ�ZHDSRQ�SURGXFWLRQ�RSHUDWLRQV�KDYH�EHHQ�QHJOLJLEOH�LQ�FRPSDULVRQ�

ZLWK�WKRVH�UHOHDVHG�GXULQJ�DWPRVSKHULF�WHVWLQJ�RI�QXFOHDU�H[SORVLYHV�LQ�WKH�����V��'2(�����J����

,Q�$SULO��������D�7UDQVLW�1DYLJDWLRQDO�6DWHOOLWH�ZDV�ODXQFKHG�LQ�&DOLIRUQLD�ZLWK�D�SD\ORDG�WKDW�LQFOXGHG�D�

6DWHOOLWH�IRU�D�1XFOHDU�$X[LOLDU\�3RZHU�*HQHUDWRU��61$3��$��FRQWDLQLQJ����N&L������7%T��RI����3X���7KH�

URFNHW�V\VWHP�IDLOHG�DQG�WKH�VDWHOOLWH�UHHQWHUHG�WKH�DWPRVSKHUH�LQ�WKH�6RXWKHUQ�+HPLVSKHUH�DQG�EXUQHG�

RYHU�WKH�,QGLDQ�2FHDQ�DW�DQ�DOWLWXGH�RI�DERXW����NP��+DUOH\���������7KH�GHVWUXFWLRQ�RI�WKH�61$3��$�

UHVXOWHG�LQ�WKH�ODUJHVW�VLQJOH�UHOHDVH�RI����3X�WR�WKH�DWPRVSKHUH��SULPDULO\�LQ�WKH�IRUP�RI�YHU\�VPDOO�R[LGH�

SDUWLFOHV��+DUOH\���������$Q�HVWLPDWHG����7%T����N&L��RI��������3X�ZDV�UHOHDVHG�GXULQJ�WKH�&KHUQRE\O�

DFFLGHQW��$SULO�����������&ODUN�HW�DO����������7KH�RQO\�DUHD�DURXQG�&KHUQRE\O�DIWHU�WKH�$SULO������

DFFLGHQW�ZLWK�SOXWRQLXP�OHYHOV�H[FHHGLQJ���N%T�P��ZDV�ORFDWHG�ZLWKLQ�WKH����NP�]RQH����������3X�

GHSRVLWLRQ�GHQVLWLHV�UDQJHG�IURP������WR�����N%T�P��LQ�WKH�*RPHO�0RJLOHY�%U\DQVN�DUHD������NP�QRUWK�

QRUWKHDVW�RI�WKH�UHDFWRU��DQG�IURP������WR�����N%T�P�� LQ�WKH�.DOXJD�7XOD�2UHO�DUHD������NP�QRUWKHDVW�RI�

WKH�UHDFWRU���$W�.RURVWHQ��ORFDWHG�DERXW�����NP�VRXWKZHVW�RI�WKH�&KHUQRE\O�SRZHU�SODQW��WKH��������3X�

GHSRVLWLRQ�GHQVLW\�GXH�WR�WKH�&KHUQRE\O�DFFLGHQW�ZDV�DERXW������N%T�P����±��WLPHV�ORZHU�WKDQ�WKH�
�������3X�GHSRVLWLRQ�GHQVLW\�IURP�JOREDO�IDOORXW��816&($5�����E����*DUJHU�HW�DO���������UHSRUWHG�WKDW�WKH�
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6.  POTENTIAL FOR HUMAN EXPOSURE 

WRWDO�IORZ�RI�DFWLYLW\�WKURXJK�WKH�JDSV�RI�WKH�VKHOWHU�RI�WKH�&KHUQRE\O�UHDFWRU�PHDVXUHG�GXULQJ�����±�����

ZDV�����[����%T�\HDU��������&L�\HDU��������RI�WKLV�ZDV�GXH�WR��������3X���

5HVHDUFK�IDFLOLWLHV�DQG�SODQWV�KDYH�DOVR�UHOHDVHG�SOXWRQLXP�WR�WKH�DWPRVSKHUH���)RU�H[DPSOH��WKH�

'HSDUWPHQW�RI�(QHUJ\��'2(��0RXQG�3ODQW�LQ�0LDPLVEXUJ��2KLR��UHOHDVHG�DERXW����&L���[�����%T��WR�WKH�

DWPRVSKHUH�IURP�WKH�EHJLQQLQJ�RI�LWV�RSHUDWLRQ�WKURXJK�������1($�2(&'���������7KH�YDVW�PDMRULW\�RI�

WKHVH�UHOHDVHV�RFFXUUHG�LQ�WKH�����V���%\�������WRWDO����3X�DLU�UHOHDVHV�ZHUH�DERXW������RI�WKH�TXDQWLW\�

UHOHDVHG�LQ�������DQG�WKH\�KDYH�EHHQ�PXFK�ORZHU�WKDQ�WKDW�LQ�WKH�\HDUV�VLQFH�������$JHQF\�IRU�7R[LF�

6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\���������$�FRPPHUFLDOO\�RSHUDWHG�UHSURFHVVLQJ�SODQW�LQ�:HVW�9DOOH\��

1HZ�<RUN��KDV�UHSRUWHGO\�UHOHDVHG��[�����&L���[�����%T��RI�SOXWRQLXP�WR�WKH�DWPRVSKHUH�RYHU�WKH�FRXUVH�

RI���\HDUV��1($�2(&'���������7KH�6DYDQQDK�5LYHU�6LWH��ZKLFK�SURGXFHG�SOXWRQLXP�DQG�WULWLXP�DV�ZHOO�

DV�RWKHU�QXFOHDU�PDWHULDOV��UHOHDVHG����[�����%T������&L��RI�SOXWRQLXP�WR�DLU�GXULQJ�WKH�SHULRG�RI�����±�

������&DUOWRQ�HW�DO��������� $Q�HVWLPDWHG�WRWDO�DLU�HPLVVLRQV�IURP�WKH�1HYDGD�7HVW�6LWH��176��RI������&L�

����[�����%T���������3X�ZDV�UHSRUWHG�IRU�FDOHQGDU�\HDU�������'2(�����E����$LU�VDPSOHUV�LQ�WZR�DUHDV�RI�

WKH�176�VKRZHG�WKDW��������3X�LV�URXWLQHO\�GHWHFWHG�GXH�WR�EORZLQJ�FRQWDPLQDWHG�VRLO��KRZHYHU��

FRQFHQWUDWLRQV�DUH�RQO\�VOLJKWO\�DERYH�PLQLPXP�GHWHFWDEOH�FRQFHQWUDWLRQV���$LU�VDPSOLQJ�LQ�WKH�SDVW�KDV�

VKRZQ�WKDW����3X�LV�QRW�GHWHFWHG�LQ�DLU�DW�WKH�176��'2(�����E���

6PDOO�DPRXQWV�RI�YDULRXV�ORQJ�OLYHG�UDGLRQXFOLGHV��LQFOXGLQJ����3X���������3X��DQG����3X��DUH�VWLOO�UHOHDVHG�

WR�WKH�HQYLURQPHQW�WKURXJK�VWDWH�DQG�IHGHUDOO\�SHUPLWWHG�UHOHDVH�SRLQWV�DW�WKH�+DQIRUG�6LWH���*HQHUDOO\��WKH�

UDGLRQXFOLGH�HPLVVLRQV�LQ�WKHVH�UHOHDVHV�DUH�QHDU�FRQFHQWUDWLRQV�WKDW�DUH�LQGLVWLQJXLVKDEOH�IURP�

EDFNJURXQG�UDGLRQXFOLGH�FRQFHQWUDWLRQV�WKDW�RFFXU�QDWXUDOO\�RU�DUH�IURP�IDOORXW��'2(�����F����)URP������

WR�������UHOHDVHV�RI��������3X�WR�DLU�IURP�WKH�+DQIRUG�6LWH�UDQJHG�IURP��[�����&L���[����%T��LQ������WR�

�[�����&L���[����%T��GXULQJ�����±�������'XULQJ�������UHOHDVHV�RI����3X�WR�DLU�UDQJHG�IURP����[�����WR�

���[�����&L�����±���[����%T��LQ�WKUHH�DUHDV�DW�WKH�+DQIRUG�6LWH� �5HOHDVHV�RI����3X�WR�DLU�ZHUH�

���[�����DQG����[�����&L�����[����DQG����[����%T��DW�WZR�DUHDV��DQG�QRW�GHWHFWHG�DW�WZR�RWKHU�DUHDV��

5HOHDVHV�RI��������3X��ZKLFK�LQFOXGHG�JURVV�DOSKD�GDWD��UDQJHG�IURP����[�����WR����[�����&L�����[���±�

���[����%T��DW�ILYH�DUHDV�DW�WKH�+DQIRUG�6LWH�GXULQJ�������'2(�����F����

3OXWRQLXP�KDV�EHHQ�LGHQWLILHG�LQ���DLU�VDPSOH�FROOHFWHG�IURP�������FXUUHQW�RU�IRUPHU�13/�KD]DUGRXV�

ZDVWH�VLWHV�ZKHUH�LW�ZDV�GHWHFWHG�LQ�VRPH�HQYLURQPHQWDO�PHGLD��+D]'DW��������
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6.  POTENTIAL FOR HUMAN EXPOSURE 

6.2.2 Water 

)DOORXW�IURP�DWPRVSKHULF�ZHDSRQV�WHVWLQJ��DFFLGHQWV�LQYROYLQJ�QXFOHDU�ZHDSRQV��SODQQHG�DV�ZHOO�DV�

DFFLGHQWDO�UHDFWRU�HIIOXHQW�UHOHDVHV��DQG�GLVSRVDO�RI�UDGLRDFWLYH�ZDVWHV�DUH�DOO�PHDQV�E\�ZKLFK�SOXWRQLXP�

FDQ�EH�LQWURGXFHG�LQWR�ZDWHU�V\VWHPV��+DUOH\�������1($�2(&'���������,Q�D�W\SLFDO�������PHJDZDWW�

HOHFWULF��0:H��OLJKW�ZDWHU�UHDFWRU�LQ�D�QXFOHDU�SRZHU�SODQW��DERXW�����NJ�RI�SOXWRQLXP�>HTXLYDOHQW�WR�

���[����&L�����[�����%T���RQH�FXULH�RI����3X ���J@�DUH�JHQHUDWHG�SHU�\HDU�RI�RSHUDWLRQ��'2(�����J��

1($�2(&'���������&RQWDPLQDWHG�FRROLQJ�ZDWHU�FRQWDLQLQJ�SOXWRQLXP�IURP�QXFOHDU�SURGXFWLRQ�IDFLOLWLHV�

PD\�KDYH�EHHQ�GLVFKDUJHG�LQWR�RFHDQV�RU�ULYHUV���,I�UHOHDVH�RFFXUV�IURP�ZDVWH�FRQWDLQHUV��EXULHG�

UDGLRDFWLYH�ZDVWHV�PD\�PLJUDWH�RU�VHHS�LQWR�JURXQGZDWHU��1($�2(&'���������$V�DQ�H[DPSOH�RI�SODQW�

HPLVVLRQV��WKH�0RXQG�3ODQW�LQ�0LDPLVEXUJ��2KLR��GLVFKDUJHG�D�WRWDO�RI�DERXW�����&L���[�����%T�����3X�

LQWR�D�ULYHU�QHDU�WKH�VLWH�IURP�WKH�EHJLQQLQJ�RI�LWV�RSHUDWLRQ�WKURXJK�������1($�2(&'���������7KH�

6DYDQQDK�5LYHU�6LWH��6RXWK�&DUROLQD��ZKLFK�SURGXFHG�SOXWRQLXP�DQG�WULWLXP�DV�ZHOO�DV�RWKHU�QXFOHDU�

PDWHULDOV�IURP������WR�������UHOHDVHG����[�����%T�������&L��RI�SOXWRQLXP�WR�VLWH�VWUHDPV�DQG�SRQGV�

GXULQJ�WKH�SHULRG�RI�����±������&DUOWRQ�HW�DO��������� )URP������WR�������WKH�SOXWRQLXP�DQG�XUDQLXP�

H[WUDFWLRQ��385(;��SURFHVV�ZDV�XVHG�LQ�WKH�)�DUHD�RI�WKH�6DYDQQDK�5LYHU�6LWH�WR�UHFRYHU����3X��DV�ZHOO�DV�

RWKHU�UDGLRQXFOLGHV��IURP�LUUDGLDWHG����8���'XULQJ�WKLV�WLPH��WKH�WRWDO�UHSRUWHG�UHOHDVH�RI����3X�WR�WKH�

VHHSDJH�EDVLQ�DW�WKH�)�DUHD�ZDV�����[�����%T�������&L���'DL�HW�DO���������

/LTXLG�HIIOXHQW�FRQWDLQLQJ�YDULRXV�UDGLRQXFOLGHV�LV�GLVFKDUJHG�IURP�VRPH�RI�WKH�IDFLOLWLHV�DW�WKH�+DQIRUG�

6LWH���'XULQJ����������[�����&L�����[����%T��RI��������3X�ZHUH�UHOHDVHG�WR�WKH�&ROXPELD�5LYHU�IURP�WKH�

����DUHDV�DW�WKH�+DQIRUG�6LWH��'2(�����F����

,Q�-DQXDU\��������ZKLOH�DWWHPSWLQJ�WR�PDNH�DQ�HPHUJHQF\�ODQGLQJ��D�8�6��PLOLWDU\�DLUFUDIW�ZLWK�IRXU�

QXFOHDU�ZHDSRQV�RQ�ERDUG�FUDVKHG�LQ�7KXOH��*UHHQODQG���7KH�LPSDFW�UHVXOWHG�LQ�GHWRQDWLRQ�RI�WKH�KLJK�

H[SORVLYHV�LQ�DOO�IRXU�QXFOHDU�ZHDSRQV�DERDUG���7KH�R[LGL]HG�SOXWRQLXP�ZDV�GLVSHUVHG�E\�ERWK�WKH�

H[SORVLRQ�DQG�WKH�ILUH�LQYROYLQJ�WKH�IXHO�LQ�WKH�MHW��+DUOH\���������$PRXQWV�RI�SOXWRQLXP�UHOHDVHG�WR�WKH�

DLU�LQ�WKLV�DFFLGHQW�KDYH�EHHQ�HVWLPDWHG�DW����&L�����[�����%T��RI�LQVROXEOH�SOXWRQLXP��1($�2(&'�

��������7KH�PD[LPXP�FRQFHQWUDWLRQ�RI�SOXWRQLXP�LQ�RFHDQ�VHGLPHQWV�ZDV�IRXQG���NP�IURP�WKH�SRLQW�RI�

LPSDFW� �7KH�VHGLPHQW�ERXQG�SOXWRQLXP�ZDV�IRXQG�WR�PLJUDWH�ERWK�GRZQZDUG�LQ�WKH�VHGLPHQW�FROXPQ�

DQG�KRUL]RQWDOO\�IURP�WKH�SRLQW�RI�LPSDFW���7KH�FRQFHQWUDWLRQV�GHFUHDVHG�ZLWK�GLVWDQFH�IURP�WKH�SRLQW�RI�

LPSDFW��
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PLUTONIUM 164 

6.  POTENTIAL FOR HUMAN EXPOSURE 

6HGLPHQWV�FDQ�DFW�DV�ERWK�D�UHSRVLWRU\�IRU�DQG�D�VRXUFH�RI�ZDWHUERUQH�SOXWRQLXP���$WPRVSKHULF�IDOORXW�

UHDFKLQJ�VXUIDFH�ZDWHU�FDQ�VHWWOH�LQ�WKH�VHGLPHQWV�� 7KH�SOXWRQLXP�LQ�WKH�RFHDQ�VHGLPHQWV�DW�%LNLQL�$WROO��

IRU�H[DPSOH��ZDV�IRXQG�WR�EH�UHVXVSHQGHG�DQG�UHOHDVHG�WR�WKH�ERWWRP�ZDWHUV��'2(�����E����,Q�D�

IUHVKZDWHU�ZDVWH�SRQG�DW�WKH�+DQIRUG�UHDFWRU��SOXWRQLXP�ZDV�IRXQG�WR�EH�ERXQG�WR�WKH�VHGLPHQWV�DQG�ZDV�

QRW�DYDLODEOH�IRU�XSWDNH�E\�SODQWV�RU�DQLPDOV�LQ�WKH�SRQG��'2(�����I��� 7KH�GLIIHUHQFH�EHWZHHQ�WKH�

REVHUYDWLRQV�LQ�WKH�WZR�HFRV\VWHPV�PD\�EH�GXH�WR�WKH�G\QDPLF�QDWXUH�RI�WKH�RFHDQ�ZDWHU�QHDU�%LNLQL�$WROO�

YHUVXV�WKH�UHODWLYHO\�VWDWLF�QDWXUH�RI�D�ZDVWH�ZDWHU�SRQG��

2Q�0D\����������D�SUHVFULEHG�EXUQ�JUHZ�RXW�RI�FRQWURO�LQ�&HUUR�*UDQGH��1HZ�0H[LFR�QHDU�WKH�/RV�

$ODPRV�1DWLRQDO�/DERUDWRU\��/$1/���ZKLFK�EXUQHG�DERXW�������DFUHV�RI�IRUHVW�RQ�WKH�/$1/�VLWH��'2(�

��������7KH�EXUQHG�ODQGVFDSHV�UHVXOWHG�LQ�LQFUHDVHG�VWRUP�UXQRII�DQG�WUDQVSRUW�RI�YDULRXV�FRQWDPLQDQWV��

ZKLFK�LQFOXGHG�SOXWRQLXP�DQG�RWKHU�UDGLRQXFOLGHV�E\�UXQRII�DQG�HURVLRQ�LQ�WKH�FDQ\RQV�WUDYHUVLQJ�/$1/���

&RPSDUHG�ZLWK�DPRXQWV�PHDVXUHG�LQ�WKH���\HDUV�EHIRUH�WKH�ILUH��WKH�\HDUO\�DYHUDJH�DPRXQW�RI�

UDGLRDFWLYLW\�FDUULHG�E\�VWRUP�UXQRII�IORZV�EH\RQG�/$1/�GRZQVWUHDP�ERXQGDU\�LQ�WKH�WZR�WR�WKUHH�\HDUV�

IROORZLQJ�WKH�ILUH�LQFUHDVHG�DERXW����WLPHV�IRU��������3X���7KH�LQFUHDVHV�ZHUH�GXH�PRVWO\�WR�HURVLRQ�RI�

/$1/�FRQWDPLQDWHG�VHGLPHQWV��$QQXDOO\��WKH�HVWLPDWHG�SRVWILUH�WUDQVSRUW�RI��������3X�GRZQVWUHDP�UDQJHG�

IURP���PLOOLFXULHV��P&L��LQ�WKH�ILUVW�\HDU�DIWHU�WKH�ILUH�WR����P&L�LQ�\HDU���DQG�D�WRWDO�RI�DERXW����P&L�RI�
�������3X�ZDV�WUDQVSRUWHG�GRZQVWUHDP�LQ�VWRUP�UXQRII�WKURXJK�WKH���\HDU�SHULRG�IURP������WKURXJK������

�'2(��������

3OXWRQLXP�KDV�EHHQ�LGHQWLILHG�LQ���JURXQGZDWHU�DQG���VXUIDFH�ZDWHU�VDPSOHV�FROOHFWHG�IURP�������13/�

KD]DUGRXV�ZDVWH�VLWHV��ZKHUH�LW�ZDV�GHWHFWHG�LQ�VRPH�HQYLURQPHQWDO�PHGLD��+D]'DW��������

6.2.3 Soil 

3OXWRQLXP�KDV�EHHQ�GHWHFWHG�LQ�H[WUHPHO\�VPDOO�DPRXQWV�DV�D�QDWXUDOO\�RFFXUULQJ�FRQVWLWXHQW�RI�VRPH�

PLQHUDOV�DQG�RUHV���8UDQLXP�DQG�WKRULXP�RUHV�LQ�&DQDGLDQ�SLWFKEOHQGH��%HOJLXP�&RQJR�SLWFKEOHQGH��

&RORUDGR�SLWFKEOHQGH��%UD]LOLDQ�PRQD]LWH��DQG�1RUWK�&DUROLQD�PRQD]LWH�KDYH�EHHQ�IRXQG�WR�FRQWDLQ����3X�

DW�D�ZHLJKW�UDWLR�RI�XS�WR����[������NJ�SOXWRQLXP�NJ�RUH��/HRQDUG��������

6RLOV�PD\�EHFRPH�FRQWDPLQDWHG�IURP�IDOORXW�DVVRFLDWHG�ZLWK�QXFOHDU�ZHDSRQV�WHVWV��VXFK�DV�WKRVH�

FRQGXFWHG�DW�WKH�7ULQLW\�6LWH�LQ�VRXWKHUQ�1HZ�0H[LFR��WKH�3DFLILF�3URYLQJ�*URXQG�DW�WKH�(QHZHWDN�$WROO��

DQG�WKH�1HYDGD�7HVW�6LWH�RU�ZLWK�DFFLGHQWDO��QRQQXFOHDU�GHWRQDWLRQ�RI�QXFOHDU�ZHDSRQV��VXFK�DV�RFFXUUHG�

DW�3DORPDUHV��6SDLQ���5HVHDUFK�IDFLOLWLHV��VXFK�DV�WKH�/RV�$ODPRV�1DWLRQDO�/DERUDWRU\��/RV�$ODPRV��1HZ�
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PLUTONIUM 165 

6.  POTENTIAL FOR HUMAN EXPOSURE 

0H[LFR��PD\�UHOHDVH�WUHDWHG�UDGLRDFWLYH�ZDVWHV�XQGHU�FRQWUROOHG�FRQGLWLRQV���3URGXFWLRQ�IDFLOLWLHV��VXFK�DV�

WKH�+DQIRUG�DQG�6DYDQQDK�5LYHU�3ODQWV��DQG�H[SHULPHQWDO�UHDFWRU�VWDWLRQV��IRU�H[DPSOH��WKH�,GDKR�

1DWLRQDO�(QJLQHHULQJ�/DERUDWRU\��,GDKR�)DOOV��,GDKR��DOVR�UHOHDVHG�WUHDWHG�SOXWRQLXP�EHDULQJ�UDGLRDFWLYH�

ZDVWHV�XQGHU�FRQWUROOHG�FRQGLWLRQV�WR�VRLOV��+DQVRQ���������

$WPRVSKHULF�ZHDSRQV�WHVWLQJ�IDOORXW�KDV�EHHQ�D�JOREDO�VRXUFH�RI�WUDQVXUDQLFV��LQFOXGLQJ�SOXWRQLXP��LQ�

VRLOV��$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\�������+DUOH\�������1($�2(&'���������7KH�

&HQWHUV�IRU�'LVHDVH�&RQWURO�DQG�3UHYHQWLRQ��&'&��KDV�HVWLPDWHG�WKDW�WKH�WRWDO�GHSRVLWLRQ�RI�SOXWRQLXP�

IURP�ZHDSRQV�WHVWV�DW�WKH�1HYDGD�7HVW�6LWH�ZDV����[����&L�����[�����%T���&'&��������

'XULQJ�������RQO\�IDFLOLWLHV�LQ�WKH�����$UHDV�RI�WKH�+DQIRUG�6LWH�GLVFKDUJHG�UDGLRDFWLYH�OLTXLG�HIIOXHQWV�WR�

WKH�JURXQG�DW�D�6WDWH�$SSURYHG�/DQG�'LVSRVDO�6LWH���5HOHDVHV�RI����3X�DQG��������3X�ZHUH����[�����DQG�

���[�����&L�����[����DQG����[����%T���UHVSHFWLYHO\��'2(�����F����

6HYHUDO�RI�WKH�PDMRU�QXFOHDU�IDFLOLWLHV�LQ�WKH�8QLWHG�6WDWHV�XVH�SOXWRQLXP�DQG�VRPH�RI�WKHVH�KDYH�UHOHDVHG�

SOXWRQLXP�WR�WKH�HQYLURQPHQW�� 7KHVH�UHOHDVHV�KDYH�WDNHQ�SODFH�DW�UHPRWH�VLWHV�DQG�JHQHUDOO\�KDYH�QRW�

EHHQ�PHDVXUDEOH�RXWVLGH�WKH�SODQW�SURSHUW\���$SSUR[LPDWHO\���&L���[�����%T��RI�SOXWRQLXP�KDYH�EHHQ�

GLVSRVHG�LQ�WKH�/RV�$ODPRV�1DWLRQDO�/DERUDWRU\�FDQ\RQ�ZDVWH�GLVSRVDO�VLWHV��+DUOH\������� �7KH�

6DYDQQDK�5LYHU�3ODQW��$LNHQ��6RXWK�&DUROLQD��KDV�UHOHDVHG�D�WRWDO�RI���&L���[�����%T��RI�SOXWRQLXP�WR�

ORFDO�VRLO��+DUOH\���������/HDNDJH�RI�VWRUHG�ZDVWH�UHOHDVHG�EHWZHHQ���±����&L�����[����±���[�����%T��RI�

SOXWRQLXP�WR�WKH�VRLO�RYHU�D�SHULRG�RI�VHYHUDO�\HDUV�DW�WKH�5RFN\�)ODWV�IDFLOLW\��*ROGHQ��&RORUDGR��'2(�

����J����$�EUHDN�LQ�D�ZDVWH�WUDQVIHU�OLQH�FDXVHG�WKH�UHOHDVH�RI�DERXW�����&L���[�����%T��RI����3X�DW�WKH�

0RXQG�3ODQW��0LDPLVEXUJ��2KLR��LQ�������'2(�����J���

$�ILUH�RQ�0D\�����������RFFXUUHG�DW�WKH�SOXWRQLXP�SURFHVVLQJ�IDFLOLW\�DW�5RFN\�)ODWV��ZKLFK�FDXVHG�

FRQFHUQV�DERXW�SRVVLEOH�FRQWDPLQDWLRQ�RI�WKH�VXUURXQGLQJ�DUHDV��$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�

'LVHDVH�5HJLVWU\���������6WXGLHV�VKRZHG�WKDW�ZKLOH�WUDFH�DPRXQWV�RI�SOXWRQLXP�ZHUH�SUHVHQW�LQ�VRLO��WKH�

GLVWULEXWLRQ�ZDV�QRW�FRQVLVWHQW�ZLWK�WKH�ZLQG�GLUHFWLRQ�DW�WKH�WLPH�RI�WKH�ILUH���,W�ZDV�GHWHUPLQHG�WKDW�WKH�

PDMRU�VRXUFH�RI�SOXWRQLXP�FRQWDPLQDWLRQ�ZDV�OHDNDJH�IURP�GUXPV�RI�PDFKLQH�RLO�FRQWDLQLQJ�SOXWRQLXP�

WKDW�ZHUH�EHLQJ�VWRUHG�LQ�DQ�RXWGRRU�DUHD��(LVHQEXG�DQG�*HVHOO��������

$QRWKHU�VRXUFH�RI�VRLO�FRQWDPLQDWLRQ�DW�5RFN\�)ODWV�ZDV�WKH�OHDNDJH�RI�SOXWRQLXP�FRQWDPLQDWHG�RLO���

3OXWRQLXP�ZDV�SUHVHQW�DV�WKH�GLR[LGH�ZKHQ�LW�ZDV�UHOHDVHG���7KH�GLR[LGH�ZDV�WKHQ�DGVRUEHG�WR�WKH�VRLO���

)XJLWLYH�GXVW�HPLVVLRQV�FDXVHG�SOXWRQLXP�FRQWDPLQDWHG�VRLO�WR�EH�GLVWULEXWHG�DZD\�IURP�WKH�VSLOO���0RVW�
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PLUTONIUM 166 

6.  POTENTIAL FOR HUMAN EXPOSURE 

RI�WKH�SOXWRQLXP�UHPDLQHG�RQ�WKH�VXUIDFH��DOWKRXJK�VRPH�ZDV�UHOHDVHG�DQG�PLJUDWHG�GRZQZDUG�WKURXJK�

WKH�VRLO�FROXPQ��/LWWOH�DQG�:KLFNHU��������

$�8�6��PLOLWDU\�DLUFUDIW�FDUU\LQJ�IRXU�QXFOHDU�ERPEV�FROOLGHG�ZLWK�D�WDQNHU�DLUFUDIW�GXULQJ�UHIXHOLQJ�LQ�

3DORPDUHV��6SDLQ��LQ�-DQXDU\���������7KH�ERPEV�EURNH�IUHH�RI�WKH�DLUSODQH�DQG�WKH�KLJK�H[SORVLYH�LQ�WZR�

RI�WKH�ZHDSRQV�GHWRQDWHG�ZKHQ�WKH�ERPEV�KLW�WKH�JURXQG���,QLWLDO�VXUYH\V�VKRZHG�SOXWRQLXP�

FRQFHQWUDWLRQV�RI��[�����&L�P����[����%T�P����LQ�WKH�IRUP�RI�D�ILQHO\�SRZGHUHG�GLR[LGH��ZHUH�VSUHDG�RYHU�

��KHFWDUHV���������P����+DUOH\���������$�ODUJH�DPRXQW�RI�WKH�FRQWDPLQDWHG�VRLO�ZDV�EURXJKW�EDFN�WR�WKH�

6DYDQQDK�5LYHU�IDFLOLW\�LQ�WKH�8QLWHG�6WDWHV�IRU�GHFRQWDPLQDWLRQ�DQG�WKH�VRLO�ZLWK�ORZ�OHYHO�

FRQWDPLQDWLRQ�ZDV�SORZHG�WR�D�GHSWK�RI����FP��+DUOH\��������

3OXWRQLXP�KDV�EHHQ�LGHQWLILHG�LQ���VRLO�DQG���VHGLPHQW�VDPSOHV�FROOHFWHG�IURP�������13/�KD]DUGRXV�

ZDVWH�VLWHV��ZKHUH�LW�ZDV�GHWHFWHG�LQ�VRPH�HQYLURQPHQWDO�PHGLD��+D]'DW��������

6.3  ENVIRONMENTAL FATE 

6.3.1 Transport and Partitioning 

3OXWRQLXP�HQWHUV�WKH�HQYLURQPHQW�SULPDULO\�WKURXJK�UHOHDVHV�WR�WKH�DWPRVSKHUH�RU�GLUHFW�GLVFKDUJH�WR�

SRQGV��VWUHDPV��RU�RFHDQV���(PLVVLRQV�WR�WKH�DWPRVSKHUH�ZLOO�UHVXOW�LQ�SOXWRQLXP�IDOORXW���,Q�WKH�FDVH�RI�

ZHDSRQV�WHVWLQJ��DSSUR[LPDWHO\�RQH�ILIWK�RI�WKH�SOXWRQLXP�UHOHDVHG�IDOOV�RQ�WKH�WHVW�VLWH��+DUOH\���������

7KH�UHVW�LV�FDUULHG�LQ�WKH�DWPRVSKHUH��DGVRUEHG�WR�SDUWLFXODWH�PDWWHU�DQG�LV�WUDQVSRUWHG�EDFN�WR�HDUWK�YLD�

GU\�RU�ZHW�GHSRVLWLRQ���2QFH�SOXWRQLXP�LV�GHSRVLWHG�HLWKHU�RQ�WKH�ODQG�RU�VXUIDFH�ZDWHU��VRUSWLRQ�WR�VRLOV�

RU�VHGLPHQWV�LV�WKH�SULPDU\�HQYLURQPHQWDO�IDWH�RI�SOXWRQLXP���$�VPDOO�IUDFWLRQ�RI�SOXWRQLXP�UHDFKLQJ�WKH�

VRLO�ZLOO�EHFRPH�VROXELOL]HG�HLWKHU�WKURXJK�FKHPLFDO�RU�ELRORJLFDO�SURFHVVHV��GHSHQGLQJ�XSRQ�LWV�FKHPLFDO�

IRUP���,Q�VROXEOH�IRUP��SOXWRQLXP�FDQ�HLWKHU�PLJUDWH�LQ�JURXQGZDWHU�RU�VXUIDFH�ZDWHU�RU�EH�DYDLODEOH�IRU�

XSWDNH�LQWR�SODQWV��FROORLGDO�IRUPV�RI�SOXWRQLXP�DUH�QRW�DV�DYDLODEOH�IRU�XSWDNH�DV�VROXEOH�IRUPV��

$WPRVSKHULF�UHOHDVHV�RI�SOXWRQLXP�RFFXUUHG�DV�D�UHVXOW�RI�IRUPHU�DWPRVSKHULF�QXFOHDU�ZHDSRQV�WHVWLQJ�RU�

URXWLQH�RU�QRQURXWLQH�QXFOHDU�UHDFWRU�RSHUDWLRQV�DQG�IXHO�UHSURFHVVLQJ���7KH�UDWH�DW�ZKLFK�SOXWRQLXP�LV�

UHPRYHG�IURP�WKH�DWPRVSKHUH�GHSHQGV�RQ�WKH�FKHPLFDO�DQG�SK\VLFDO�SURSHUWLHV�RI�WKH�SDUWLFOHV��DV�ZHOO�DV�

WKH�PHWHRURORJLFDO�FRQGLWLRQV�� 7KH�ODUJHU�WKH�SDUWLFOHV��WKH�IDVWHU�IDOORXW�ZLOO�RFFXU���7KH�SDUWLFOH�VL]H�

H[SHFWHG�WR�EH�UHOHDVHG�IURP�HLWKHU�RI�WKH�DERYH�PHQWLRQHG�VRXUFHV�UDQJHV�IURP�����WR�����ȝP���$W�WKH�

KLJKHVW�DOWLWXGHV��DHURVROV�LQ�WKH�DWPRVSKHUH�GHVFHQG�E\�JUDYLW\��DW�ORZHU�OHYHOV��WKH\�DUH�WUDQVSRUWHG�ZLWK�

WKH�JHQHUDO�DLU�PRYHPHQW��816&($5�����D����,Q�WKH�ORZHU�VWUDWRVSKHUH��WKH�PHDQ�UHVLGHQFH�WLPH�RI�
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PLUTONIUM 167 

6.  POTENTIAL FOR HUMAN EXPOSURE 

DHURVROV�UDQJH�IURP��±���DQG��±���PRQWKV�LQ�WKH�SRODU�DQG�HTXDWRULDO�UHJLRQV��UHVSHFWLYHO\���5HPRYDO�

KDOI�WLPHV�IURP�WKH�XSSHU�DWPRVSKHUH�WR�WKH�QH[W�ORZHU�UHJLRQ�UDQJH�IURP���WR���PRQWKV�DQG�UHPRYDO�

KDOI�WLPHV�IURP�WKH�KLJK�DWPRVSKHUH�ZHUH�IRXQG�WR�EH����PRQWKV��816&($5�����D����7KH�JOREDO�IDOORXW�

UDWH�RI����3X��SUHGRPLQDQWO\�IURP�WKH�61$3���DFFLGHQW��DV�GHWHUPLQHG�E\�+DUOH\���������ZDV�

������S&L�P��GD\�����[�����%T�P��GD\��EDVHG�RQ�SOXWRQLXP�OHYHOV�PHDVXUHG�LQ�VXUIDFH�VRLOV�� 7KH�JOREDO�

GHSRVLWLRQ�UDWH�RI��������3X�ZDV�HTXDO�WR������S&L�P��GD\���[����%T�P��GD\���&RUH\�HW�DO���������

3OXWRQLXP�GHSRVLWHG�RQ�VRLO�VXUIDFHV�PD\�EH�UHVXVSHQGHG�LQ�WKH�DWPRVSKHUH�HVSHFLDOO\�LQ�DUHDV�WKDW�KDYH�

ORZ�VRLO�PRLVWXUH�OHYHOV��VXFK�DV�WKH�1HYDGD�7HVW�6LWH� �,Q�GULHU�DUHDV��WKH�OHYHOV�RI�DPELHQW�DLUERUQH�GXVW�

DUH�H[SHFWHG�WR�EH�KLJKHU�WKDQ�LQ�DUHDV�ZLWK�QRUPDO�UDLQIDOO��+DUOH\�������� 7KH�KLJKHVW�FRQFHQWUDWLRQV�RI�

SOXWRQLXP�DUH�OLNHO\�WR�EH�IRXQG�LQ�WKH�ILQH�VLOW�FOD\�SDUWLFOH�VL]H�UDQJH���3DUWLFOHV�RI�WKLV�VL]H�WHQG�WR�EH�

WUDQVSRUWHG�WKH�IDUWKHVW�GLVWDQFH�E\�ZLQG�DQG�ZDWHU��:+2��������

7KH�WUDQVSRUW�DQG�SDUWLWLRQLQJ�RI�SOXWRQLXP�LQ�VRLOV�GHSHQGV�RQ�WKH�IRUP�RI�WKH�FRPSRXQG���7KH�VROXELOLW\�

RI�SOXWRQLXP�GHSHQGV�RQ�WKH�SURSHUWLHV�RI�WKH�VRLO��WKH�SUHVHQFH�RI�RUJDQLF�DQG�LQRUJDQLF�FRPSOH[LQJ�

DJHQWV��WKH�IRUP�RI�SOXWRQLXP�WKDW�HQWHUV�WKH�VRLO�HQYLURQPHQW��DQG�WKH�SUHVHQFH�RI�VRLO�PLFURRUJDQLVPV�

�%HOO�DQG�%DWHV�������'2(�����F��.DEDWD�3HQGLDV�DQG�3HQGLDV�������:+2���������3OXWRQLXP�IDOORXW�

IURP�WKH�DWPRVSKHUH��IRU�H[DPSOH��WHQGV�WR�EH�GHSRVLWHG�SULPDULO\�DV�WKH�LQVROXEOH�GLR[LGH��'2(�����E��

+DUOH\�������� 7KH�PDMRULW\�RI�SOXWRQLXP�UHPDLQV�ZLWKLQ�WKH�WRS�IHZ�FHQWLPHWHUV�RI�WKH�VRLO�VXUIDFH�DV�WKH�

GLR[LGH�IRUP��:+2���������0LFURRUJDQLVPV�FDQ�FKDQJH�WKH�R[LGDWLRQ�VWDWH�RI�SOXWRQLXP��WKHUHE\�HLWKHU�

LQFUHDVLQJ�RU�GHFUHDVLQJ�LWV�VROXELOLW\��

7KH�W\SHV�RI�RUJDQLF�DQG�LQRUJDQLF�PDWHULDOV�GLVSRVHG�RI�LQ�ZDVWH�VWUHDPV�FDQ�DOVR�DIIHFW�WKH�PRELOLW\�RI�

SOXWRQLXP���)RU�H[DPSOH��LQ�VRPH�ZDVWH�VWUHDPV��VXFK�DV�WKH�+DQIRUG�ORFDWLRQ��WKH�FKHODWLQJ�DJHQW�

HWK\OHQHGLDPLQHWHWUDDFHWDWH��('7$��ZDV�XVHG�GXULQJ�WKH�SURGXFWLRQ�DQG�SURFHVVLQJ�RI�SOXWRQLXP�DQG�

ZDV�ZLGHO\�SUHVHQW�LQ�WKH�PL[HG�ZDVWHV�DW�WKH�VLWH��6PLWK�DQG�$PRQHWWH���������('7$�IRUPV�FRPSOH[HV�

ZLWK�SOXWRQLXP��ZKLFK�ZLOO�LQFUHDVH�LWV�PRELOLW\�LQ�VRLOV�DQG�DOVR�SRVVHVVHV�WKH�DELOLW\�WR�DGVRUE�RQWR�VRLO�

LWVHOI��WKXV�UHGXFLQJ�WKH�QXPEHU�RI�DYDLODEOH�VXUIDFH�VLWHV�DW�ZKLFK�SOXWRQLXP�FDQ�DGVRUE�WR��

3OXWRQLXP�ZLOO�PLJUDWH�LQ�VRLOV�DV�WKH�K\GURO\]HG�LRQ�RU�DV�D�FRPSOH[��IRUPHG�ZLWK�RUJDQLF�RU�LQRUJDQLF�

DFLGV���0HZKLQQH\�HW�DO���������IRXQG�WKDW�SDUWLFOHV�VXEMHFWHG�WR�ZHWWLQJ�DQG�GU\LQJ��VXFK�DV�WKRVH�IRXQG�

RQ�WKH�VRLO�VXUIDFH��UHOHDVHG�PRUH�SOXWRQLXP�WKDQ�VRLOV�FRQWLQXDOO\�LPPHUVHG�LQ�D�VROYHQW��VXFK�DV�WKDW�

IRXQG�LQ�ODNHV���7KLV�SKHQRPHQRQ�LV�DWWULEXWHG�WR�WKH�IRUPDWLRQ�RI�D�VROXEOH�GLR[LGH�OD\HU�RQ�WKH�SDUWLFOH
V�

VXUIDFH�GXULQJ�WKH�GU\LQJ�SKDVH���6RLO�RUJDQLVPV�KDYH�DOVR�EHHQ�IRXQG�WR�HQKDQFH�WKH�VROXELOLW\�RI�
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PLUTONIUM 168 

6.  POTENTIAL FOR HUMAN EXPOSURE 

SOXWRQLXP��'2(�����E����2QFH�SOXWRQLXP�HQWHUV�WKH�VROXEOH�SKDVH��LW�WKHQ�EHFRPHV�DYDLODEOH�IRU�XSWDNH�

E\�SODQWV���7KH�SOXWRQLXP�,9��R[LGDWLRQ�VWDWH�LV�IRXQG�LQ�SODQWV�GXH�WR�WKH�DELOLW\�RI�WKH�HQYLURQPHQW�WR�

K\GURO\]H�LW��'2(�����F��*DUODQG�HW�DO����������&DWDOGR�HW�DO���������SRVWXODWH�WKDW�UHGXFWLRQ�RI�WKH�

KLJKHU�R[LGDWLRQ�VWDWHV��VXFK�DV�SOXWRQLXP�9,���RFFXUV�SULRU�WR�DEVRUSWLRQ�WUDQVSRUW�DFURVV�WKH�URRW�

PHPEUDQH��

,Q�DTXHRXV�VROXWLRQ��SOXWRQLXP�W\SLFDOO\�H[LVWV�LQ�RQH�RI�IRXU�FRPPRQ�R[LGDWLRQ�VWDWHV�DQG�WKH�

HQYLURQPHQWDO�IDWH�RI�SOXWRQLXP�LQ�VXUIDFH�ZDWHUV�LV�GHSHQGHQW�XSRQ�ERWK�WKH�R[LGDWLRQ�VWDWH�DQG�WKH�

QDWXUH�RI�WKH�VXVSHQGHG�VROLGV�DQG�VHGLPHQWV�FRQWDLQHG�LQ�WKH�ZDWHU�FROXPQ�� 8QGHU�UHGXFLQJ�FRQGLWLRQV��

SOXWRQLXP�,,,��DQG�SOXWRQLXP�,9��DUH�WKH�PRVW�VWDEOH�R[LGDWLRQ�VWDWHV��ZLWK�SOXWRQLXP�,,,��GRPLQDWLQJ�DW�

S+�YDOXHV������DQG�SOXWRQLXP�,9��GRPLQDWLQJ�DW�S+�YDOXHV�!�����6PLWK�DQG�$PRQHWWH��������8QGHU�

R[LGL]LQJ�FRQGLWLRQV��SOXWRQLXP�,9���SOXWRQLXP�9���DQG�SOXWRQLXP��9,��R[LGDWLRQ�VWDWHV�WHQG�WR�IRUP�DW�

S+�YDOXHV�!��� 7KH�SOXWRQLXP�9��DQG�SOXWRQLXP�9,��R[LGDWLRQ�VWDWHV�W\SLFDOO\�IRUP�PRUH�VROXEOH�

FRPSOH[HV�DQG�SRVVHVV�JUHDWHU�PRELOLW\�WKDQ�WKH�SOXWRQLXP�,,,��DQG�SOXWRQLXP�,9��FRPSOH[HV���+XPLF�

PDWHULDOV��QDWXUDOO\�RFFXUULQJ�RUJDQLF�DFLGV��ZHUH�IRXQG�WR�UHGXFH�SOXWRQLXP�9��WR�SOXWRQLXP�,9��LQ�

VHDZDWHU�� 7KLV�ZDV�IROORZHG�E\�DGVRUSWLRQ�RI�SOXWRQLXP�,9��RQWR�LURQ�GLR[LGHV�DQG�GHSRVLWLRQ�LQWR�WKH�

VHGLPHQWV��'2(�����K����

7KH�SDUWLWLRQLQJ�RI�SOXWRQLXP�IURP�VXUIDFH�ZDWHU�WR�VHGLPHQWV�LQ�IUHVKZDWHU�DQG�PDULQH�HQYLURQPHQWV�

GHSHQGV�RQ�WKH�HTXLOLEULXP�EHWZHHQ�SOXWRQLXP�,9��DQG�SOXWRQLXP�9���DQG�WKH�LQWHUDFWLRQ�EHWZHHQ�

SOXWRQLXP�,9��LQ�VROXWLRQ�DQG�SOXWRQLXP�VRUEHG�RQWR�VHGLPHQW�SDUWLFOH�VXUIDFHV��1&53���������6RUSWLRQ�

RQWR�PDULQH�FOD\V�ZDV�IRXQG�WR�EH�ODUJHO\�LUUHYHUVLEOH��+LJJR�DQG�5HHV���������+LJJR�DQG�5HHV��������

DOVR�IRXQG�WKDW�WKH�LQLWLDO�VRUSWLRQ�RI�SOXWRQLXP�RQWR�FOD\V�ZDV�HIIHFWLYH�LQ�UHPRYLQJ�PRVW�RI�WKH�

SOXWRQLXP�VSHFLHV�WKDW�ZRXOG�EH�DEOH�WR�VRUE�RQWR�WKH�FOD\���:KHQ�VRUSWLRQ�WR�FDUERQDWH�PDULQH�VHGLPHQWV�

ZDV�LQYHVWLJDWHG��LW�ZDV�IRXQG�WKDW�VRPH�GHVRUSWLRQ�IURP�WKH�VXUIDFH�ZRXOG�DOVR�RFFXU���7KLV�EHKDYLRU�

ZDV�GXH�WR�WKH�SUHVHQFH�RI�SOXWRQLXP�FDUERQDWH�FRPSOH[HV�RQ�WKH�VHGLPHQW�VXUIDFHV�ZKLFK�ZHUH�VRUEHG�

OHVV�VWURQJO\�WKDQ�SOXWRQLXP�GLR[LGH�FRPSOH[HV��+LJJR�DQG�5HHV���������,Q�IDFW��WKH�IRUPDWLRQ�RI�

SOXWRQLXP�FRPSOH[HV�ZLWK�RUJDQLF�FDUERQ�FDXVHV�SOXWRQLXP�WR�UHPDLQ�LQ�VROXWLRQ�DV�D�FRPSOH[��1&53�

��������3OXWRQLXP�FDQ�EHFRPH�DGVRUEHG�RQWR�FROORLGV��VPDOO��PLFURPHWHU��SDUWLFOHV�WKDW�DUH�RIWHQ�IRXQG�LQ�

JURXQGZDWHU���$GVRUSWLRQ�WR�FROORLGDO�SDUWLFOHV�FDQ�HQKDQFH�WKH�PRELOLW\�RI�SOXWRQLXP�LQ�JURXQGZDWHU�

�'2(�����D����
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PLUTONIUM 169 

6.  POTENTIAL FOR HUMAN EXPOSURE 

&DUUROO�HW�DO���������UHSRUWHG�GLVWULEXWLRQ�FRHIILFLHQWV��.G��UDQJLQJ�IURP��[���� WR��[����IRU�SOXWRQLXP�LQ�

ERWWRP�VHGLPHQWV�IURP�WKH�.DUD�6HD���7KH�,QWHUQDWLRQDO�$WRPLF�(QHUJ\�$JHQF\��,$($��UHFRPPHQGHG�

.G�YDOXH�IRU�VHGLPHQWV�LV��[���� IRU�SOXWRQLXP��&DUUROO�HW�DO��������,$($���������

3OXWRQLXP�FDQ�EH�WDNHQ�XS�IURP�YDULRXV�HQYLURQPHQWDO�PHGLD�LQWR�SODQWV�DQG�DQLPDOV���7KH�SULPDU\�

IDFWRU�WKDW�JRYHUQV�ZKHWKHU�SOXWRQLXP�LQ�VRLO�FDQ�EH�WDNHQ�XS�E\�SODQWV�URRWV�LV�WKH�SUHVHQFH�RI�VROXEOH�

IRUPV�RI�SOXWRQLXP�LQ�DGMDFHQW�VXEVXUIDFH�VRLOV���7KH�KLJKHVW�FRQFHQWUDWLRQV�RI�SOXWRQLXP�LQ�SODQWV�DUH�

JHQHUDOO\�IRXQG�LQ�WKH�URRWV�ZKHUH�SOXWRQLXP�LV�SUHVHQW�DV�D�VXUIDFH�DEVRUEHG�SOXWRQLXP�FRPSOH[��D�

VWDELOL]HG�FRPSOH[��RU�D�VROXEOH�SOXWRQLXP�FRPSOH[��*DUODQG�HW�DO����������&RQFHQWUDWLRQ�UDWLRV�

�FRQFHQWUDWLRQ�RI�SOXWRQLXP�SHU�JUDP�RI�GU\�SODQW�WLVVXH�GLYLGHG�E\�FRQFHQWUDWLRQ�LQ�WKH�VRLO��RI��[����±�

���[�����ZHUH�FDOFXODWHG�EDVHG�RQ�UDGLRLVRWRSH�H[SHULPHQWV�LQ�VR\EHDQ�SODQWV�JURZQ�LQ�FRQWUROOHG�

HQYLURQPHQWV���7KH�VWHPV�DQG�OHDYHV�ZHUH�IRXQG�WR�SRVVHVV�ORZHU�RYHUDOO�FRQFHQWUDWLRQV�RI�SOXWRQLXP�

WKDQ�WKH�URRWV��EXW�KLJKHU�FRQFHQWUDWLRQV�RI�VROXEOH�SOXWRQLXP��&DWDOGR�HW�DO����������

,Q�VWXGLHV�RQ�RUDQJH�WUHHV��3LQGHU�HW�DO���������IRXQG�WKDW����3X�ZDV�GHSRVLWHG�RQ�WKH�OHDI�RU�VRLO�VXUIDFH��

UHPDLQHG�WKHUH��DQG�WKDW�QR�PHDVXUDEOH�TXDQWLWLHV�ZHUH�WUDQVIHUUHG�WR�WKH�IUXLWV���*UDLQ�FURSV�JURZQ�QHDU�

WKH�6DYDQQDK�5LYHU�3ODQW��$LNHQ��6RXWK�&DUROLQD��ZHUH�IRXQG�WR�FRQWDLQ�KLJKHU�FRQFHQWUDWLRQV�RI�

SOXWRQLXP�WKH�FORVHU�WR�WKH�IDFLOLW\�WKH\�ZHUH�JURZQ���'XULQJ�KDUYHVWLQJ��SOXWRQLXP�IURP�VRLOV�RU�VWUDZ�

ZDV�UHVXVSHQGHG�DQG�PL[HG�ZLWK�WKH�FURS���3OXWRQLXP�LQ�YHJHWDEOH�FURSV�JURZQ�DW�2DN�5LGJH�1DWLRQDO�

/DERUDWRU\��2DN�5LGJH��7HQQHVVHH��FRQWDLQHG�KLJKHU�SOXWRQLXP�FRQFHQWUDWLRQV�LQ�WKH�IROLDJH�ELRPDVV�

WKDQ�LQ�WKH�IUXLW���3HHOLQJ�RI�SRWDWRHV�DQG�EHHWV�UHPRYHG�����RI�WKH�UHVLGXDO�SOXWRQLXP��'2(�����G����

7KH�0D\DN�3URGXFWLRQ�$VVRFLDWLRQ��3$���ZKLFK�SURFHVVHG�ZHDSRQV�JUDGH�SOXWRQLXP�IURP������WR�������

GLVFKDUJHG�UDGLRDFWLYH�ZDVWHV�LQWR�WKH�7HFKD�5LYHU��ZKLFK�EHORQJV�WR�WKH�.DUD�6HD�EDVLQ�RI�WKH�$UFWLF�

2FHDQ���$NOH\HY�HW�DO���������UHSRUWHG�SOXWRQLXP�DFFXPXODWLRQ�FRHIILFLHQWV�UDQJHG�ZLGHO\�IURP��[�����WR�

����IRU�YHJHWDWLRQ�VDPSOHV�WKH�DUHD�RI�WKH�7HFKD�5LYHU� �7KH�DXWKRUV�QRWHG�WKDW�SOXWRQLXP�DFFXPXODWLRQ�LV�

KLJKO\�VSHFLHV�GHSHQGHQW��

3OXWRQLXP�XSWDNH�E\�JUD]LQJ�KHUELYRUHV�ZDV�SUHGRPLQDQWO\�ORFDWHG�ZLWKLQ�WKH�DQLPDO
V�SHOW�DQG�

JDVWURLQWHVWLQDO�WUDFW��'2(�����L����5RGHQWV�VWXGLHG�QHDU�WKH�/RV�$ODPRV�DQG�7ULQLW\�VLWHV�LQ�1HZ�

0H[LFR�VXSSRUW�WKLV�FODLP���'2(������L��IRXQG�QR�HYLGHQFH�RI�ELRFRQFHQWUDWLRQ�WKURXJK�WKH�IRRG�FKDLQ�

IURP�VRLO�WR�SODQWV�WR�URGHQWV���7KH\�FRQFOXGHG�WKDW�VRLO�ZDV�WKH�VRXUFH�RI�SOXWRQLXP�LQ�URGHQWV���,Q�

FRQWUDVW��D�VWXG\�E\�6XOOLYDQ�HW�DO���������VKRZHG�WKDW�URGHQWV�DEVRUEHG�PRUH����3X�ZKHQ�LW�ZDV�

LQFRUSRUDWHG�LQWR�DOIDOID��E\�JURZLQJ�LW�LQ�VRLO�FRQWDLQLQJ�SOXWRQLXP��WKDQ�ZKHQ�LW�ZDV�DGPLQLVWHUHG�LQ�WKH�
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PLUTONIUM 170 

6.  POTENTIAL FOR HUMAN EXPOSURE 

LQRUJDQLF�IRUP��6XOOLYDQ�HW�DO����������7KLV�VWXG\�VXJJHVWV�WKDW�SOXWRQLXP�ERXQG�WR�RUJDQLF�FRPSRXQGV�

PD\�KDYH�LQFUHDVHG�DYDLODELOLW\��

3OXWRQLXP�ZDV�IRXQG�WR�ELRDFFXPXODWH�LQ�DTXDWLF�RUJDQLVPV��SULPDULO\�DW�WKH�ORZHU�HQG�RI�WKH�IRRG�FKDLQ���

7KH�ELRFRQFHQWUDWLRQ�IDFWRUV��L�H���WKH�DPRXQW�RI�WKH�FKHPLFDO�IRXQG�LQ�WKH�RUJDQLVP�GLYLGHG�E\�WKH�

FRQFHQWUDWLRQ�LQ�WKH�VXUURXQGLQJ�ZDWHU�RYHU�WKH�VDPH�WLPH�SHULRG��ZHUH�������IRU�PROOXVNV�DQG�DOJDH��

����IRU�FUXVWDFHD��DQG����IRU�ILVK��:+2���������3OXWRQLXP�LV�FRQFHQWUDWHG�LQ�WKH�ERQHV�RI�ILVK�UDWKHU�WKDQ�

LQ�PXVFOH�WLVVXHV��DV�VHHQ�E\�ZKROH�ILVK�WR�PXVFOH�WLVVXH�UDWLRV�RI�������1&53���������6ZLIW��������

UHSRUWHG�WKDW�ZKROH�ERG\�FRQFHQWUDWLRQ�IDFWRUV�IRU�MXYHQLOH�OREVWHUV�GLG�QRW�H[FHHG�����RYHU�DQ�H[SRVXUH�

SHULRG�RI����GD\V�LQ�VHDZDWHU�FRQWDLQLQJ����3X������3X�ZDV�IRXQG�WR�DFFXPXODWH�PRVWO\�LQ�WKH�JLOOV�DQG�

H[RVNHOHWRQ���

6.3.2 Transformation and Degradation 

3OXWRQLXP�LVRWRSHV�DUH�WUDQVIRUPHG�E\�UDGLRDFWLYH�GHFD\�WR�HLWKHU�XUDQLXP�RU�DPHULFLXP�EDVHG�RQ�WKH�

LVRWRSH��EXW�DV�DQ�HOHPHQW��SOXWRQLXP�FDQQRW�GHJUDGH���7KH�PRVW�FRPPRQ�LVRWRSHV�RI�SOXWRQLXP�DUH����3X��
���3X�����3X��DQG����3X�ZLWK�UHVSHFWLYH�KDOI�OLYHV�RI������������[���������[�����DQG������\HDUV��/LGH���������

7KH�KDOI�OLYHV�IRU����3X�DQG����3X�DUH�YHU\�ORQJ��DQG�RQO\�D�VPDOO�DPRXQW�RI�WUDQVIRUPDWLRQ�ZRXOG�RFFXU�

RYHU�D�KXPDQ�OLIHWLPH������3X�KDV�D�PXFK�VKRUWHU�KDOI�OLIH�DQG�ZRXOG�XQGHUJR�WUDQVIRUPDWLRQ�RYHU�D�

KXPDQ�OLIHWLPH������3X�GHFD\V�LQWR����$P��ZKLFK�KDV�D�KDOI�OLIH�RI�������\HDUV�DQG�LV�DOVR�DQ�DOSKD�SDUWLFOH�

HPLWWHU��%DXP�HW�DO����������,QIRUPDWLRQ�RQ�WKH�UDGLRDFWLYH�WUDQVIRUPDWLRQ�RI�YDULRXV�SOXWRQLXP�LVRWRSHV�

FDQ�EH�IRXQG�LQ�7DEOH��������

6.3.2.1  Air 

3OXWRQLXP�GRHV�QRW�XQGHUJR�WUDQVIRUPDWLRQ�SURFHVVHV�LQ�WKH�DLU�EH\RQG�WKRVH�UHODWHG�WR�UDGLRDFWLYH�GHFD\���

5DGLRDFWLYH�GHFD\�LQ�DLU�LV�QRW�VLJQLILFDQW�IRU�WKRVH�SOXWRQLXP�LVRWRSHV�ZLWK�ORQJ�KDOI�OLYHV�FRPSDUHG�

ZLWK�UHVLGHQFH�WLPHV�LQ�WKH�DWPRVSKHUH���)RU�SOXWRQLXP�LQMHFWHG�LQWR�WKH�DWPRVSKHUH�IURP�D�ZHDSRQ�

GHWRQDWLRQ��WKH�UHVLGHQFH�KDOI�WLPH�RI�SDUWLFXODWH�GHEULV�LQ�WKH�WURSRVSKHUH�RI�DSSUR[LPDWHO\����GD\V�

�%HQQHWW�������1HUR��������

6.3.2.2  Water 

7KH�VROXWLRQ�FKHPLVWU\�RI�SOXWRQLXP�LV�FRPSOH[�GXH�WR�WKH�HDVH�ZLWK�ZKLFK�LW�FDQ�XQGHUJR�R[LGDWLRQ�

UHGXFWLRQ�UHDFWLRQV�DQG�LWV�H[WUHPH�R[RSKLOLFLW\��WHQGHQF\�WR�ELQG�R[\JHQ��RI�SOXWRQLXP�FDWLRQV��&ODUN�HW�
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PLUTONIUM 171 

6.  POTENTIAL FOR HUMAN EXPOSURE 

DO����������2[LGDWLRQ�VWDWHV��,,,�±�9,,��FDQ�EH�SUHSDUHG�DQG�VWDELOL]HG�LQ�VROXWLRQ�XQGHU�DSSURSULDWH�

FRQGLWLRQV���7KH�ORZHU�R[LGDWLRQ�VWDWHV��,,,�DQG�,9��DUH�PRUH�VWDEOH�XQGHU�DFLG�FRQGLWLRQV��WKH�KLJKHU�

R[LGDWLRQ�VWDWHV��9,�DQG�9,,��DUH�PRUH�VWDEOH�XQGHU�DONDOLQH�FRQGLWLRQV���3X�,9��LV�WKH�PRVW�VWDEOH�DQG�

PRVW�VWXGLHG�R[LGDWLRQ�VWDWH��IROORZHG�E\��,,,��DQG��9,����3X�9��DQG�3X�9,��FDWLRQV�DUH�VWURQJ�/HZLV�DFLGV�

DQG�K\GURO\]H�LQ�VROXWLRQ�WR�IRUP�WUDQV�GLR[R�FDWLRQV��3X2�
��DQG�3X2�

����ZKLFK�DUH�FRPPRQO\�UHIHUUHG�WR�

DV�SOXWRQ\O�LRQV�� 7KH�UHGXFWLRQ�SRWHQWLDOV�WKDW�FRXSOH�WKH�IRXU�PRVW�FRPPRQ�R[LGDWLRQ�VWDWHV�RI�

SOXWRQLXP��,,,��,9��9��9,��LQ�DFLGLF�VROXWLRQ�DUH�YHU\�FORVH�LQ�PDJQLWXGH�DQG�DUH�FORVH�WR���YROW�YV��WKH�

VWDQGDUG�K\GURJHQ�HOHFWURGH���,Q�DGGLWLRQ�WKH�NLQHWLFV�R[LGDWLRQ�UHGXFWLRQ�UHDFWLRQV�EHWZHHQ�WKHVH�

R[LGDWLRQ�VWDWHV�DUH�VXFK�WKDW�PXOWLSOH�R[LGDWLRQ�VWDWHV�RI�SOXWRQLXP�FDQ�H[LVW�LQ�DTXHRXV�VROXWLRQ�XQGHU�

DSSURSULDWH�FRQGLWLRQV��&ODUN�HW�DO��������(3$�����E���

7KH�LPSRUWDQW�FKHPLFDO�WUDQVIRUPDWLRQ�SURFHVV�LQ�VXUIDFH�ZDWHU�LV�WKH�R[LGDWLRQ�RU�UHGXFWLRQ�RI�

SOXWRQLXP���,Q�ZDWHUV�ZLWK�ORZ�VXVSHQGHG�VROLGV��SOXWRQLXP�LV�JHQHUDOO\�IRXQG�LQ�R[LGL]HG�IRUPV��

GLVVROYHG�LQ�WKH�ZDWHU���,Q�ZDWHUV�ZLWK�KLJK�VXVSHQGHG�VROLGV��SOXWRQLXP�LV�JHQHUDOO\�UHGXFHG�DQG�VRUEHG�

RQWR�HLWKHU�VXVSHQGHG�VROLGV�RU�VHGLPHQWV��'2(�����D������K��+LJJR�DQG�5HHV��������

3OXWRQLXP�EHKDYHV�GLIIHUHQWO\�WKDQ�PDQ\�RWKHU�LQRUJDQLF�HOHPHQWV�LQ�WKDW�LW�FDQ�H[LVW�VLPXOWDQHRXVO\�LQ�

IRXU�R[LGDWLRQ�VWDWHV�RYHU�D�UDQJH�RI�S+�YDOXHV���8QGHU�DFLGLF�FRQGLWLRQV��WKH�QDWXUH�RI�WKH�FRPSOH[LQJ�

OLJDQGV�SUHVHQW�LQ�VROXWLRQ�ZLOO�LQIOXHQFH�WKH�R[LGDWLRQ�VWDWH�RI�SOXWRQLXP���7KH�SUHVHQFH�RI�IXOYLF�DFLG��D�

QDWXUDOO\�RFFXUULQJ�RUJDQLF�DFLG��IDFLOLWDWHV�WKH�UHGXFWLRQ�RI�SOXWRQLXP�,9��WR�SOXWRQLXP�,,,���HVSHFLDOO\�

EHORZ�S+�������7KH�UHGXFWLRQ�RI�WKH�KLJKHU�R[LGDWLRQ�VWDWHV�DSSHDUV�WR�EH�HYHQ�OHVV�GHSHQGHQW�RQ�S+��

HVSHFLDOO\�EHORZ�S+����,$($�����G���

6.3.2.3  Sediment and Soil 

3OXWRQLXP�IRXQG�LQ�VRLOV�PD\�XQGHUJR�WKH�VDPH�R[LGDWLRQ�UHGXFWLRQ�UHDFWLRQV�GHVFULEHG�IRU�VXUIDFH�

ZDWHUV�LQ�SODFHV�ZKHUH�VRLO�FRQWDFWV�ZDWHU���,Q�DGGLWLRQ�WR�R[LGDWLRQ�UHGXFWLRQ�UHDFWLRQV��SOXWRQLXP�FDQ�

UHDFW�ZLWK�RWKHU�LRQV�LQ�VRLO�WR�IRUP�FRPSOH[HV���7KHVH�FRPSOH[HV�PD\�WKHQ�EH�DEVRUEHG�E\�URRWV�DQG�

PRYH�ZLWKLQ�SODQWV��KRZHYHU��WKH�UHODWLYH�XSWDNH�E\�SODQWV�LV�ORZ���,Q�SODQWV��WKH�FRPSOH[�FDQ�EH�GHJUDGHG�

EXW�WKH�HOHPHQWDO�SOXWRQLXP�ZLOO�UHPDLQ��

6.4  LEVELS MONITORED OR ESTIMATED IN THE ENVIRONMENT 

5HOLDEOH�HYDOXDWLRQ�RI�WKH�SRWHQWLDO�IRU�KXPDQ�H[SRVXUH�WR�SOXWRQLXP�GHSHQGV�LQ�SDUW�RQ�WKH�UHOLDELOLW\�RI�

VXSSRUWLQJ�DQDO\WLFDO�GDWD�IURP�HQYLURQPHQWDO�VDPSOHV�DQG�ELRORJLFDO�VSHFLPHQV���&RQFHQWUDWLRQV�RI�
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PLUTONIUM 172 

6.  POTENTIAL FOR HUMAN EXPOSURE 

SOXWRQLXP�LQ�XQSROOXWHG�DWPRVSKHUHV�DQG�LQ�SULVWLQH�VXUIDFH�ZDWHUV�DUH�RIWHQ�VR�ORZ�DV�WR�EH�QHDU�WKH�

OLPLWV�RI�FXUUHQW�DQDO\WLFDO�PHWKRGV���,Q�UHYLHZLQJ�GDWD�RQ�SOXWRQLXP�OHYHOV�PRQLWRUHG�RU�HVWLPDWHG�LQ�WKH�

HQYLURQPHQW��LW�VKRXOG�DOVR�EH�QRWHG�WKDW�WKH�DPRXQW�RI�FKHPLFDO�LGHQWLILHG�DQDO\WLFDOO\�LV�QRW�QHFHVVDULO\�

HTXLYDOHQW�WR�WKH�DPRXQW�WKDW�LV�ELRDYDLODEOH���7KH�DQDO\WLFDO�PHWKRGV�DYDLODEOH�IRU�PRQLWRULQJ�SOXWRQLXP�

LQ�D�YDULHW\�RI�HQYLURQPHQWDO�PHGLD�DUH�GHWDLOHG�LQ�&KDSWHU����

0RQLWRULQJ�VWXGLHV�W\SLFDOO\�UHSRUW�FRPELQHG��������3X�FRQFHQWUDWLRQV�EHFDXVH����3X�DQG����3X�DUH�QRW�

UHDGLO\�GLVWLQJXLVKDEOH�E\�DOSKD�VSHFWURVFRS\��(LVHQEXG�DQG�*HVHOO��������

6.4.1 Air 

$WPRVSKHUH�QXFOHDU�ZHDSRQV�WHVWLQJ��ZKLFK�HQGHG�LQ�������LV�WKH�PDMRU�VRXUFH�RI�SOXWRQLXP�

FRQWDPLQDWLRQ���6LQFH�WKLV�WLPH��HVVHQWLDOO\�DOO�IDOORXW����3X�KDV�EHHQ�UHPRYHG�IURP�WKH�DWPRVSKHUH��

DOORZLQJ�IRU�PHDVXUHPHQW�RI�EDVHOLQH�PHDVXUHPHQW�RI�SOXWRQLXP�LQ�DLU��

$LU�FRQFHQWUDWLRQV�RI����3X�DW�WKH�3DFLILF�1RUWKZHVW�1DWLRQDO�/DERUDWRU\�QHDU�5LFKODQG��:DVKLQJWRQ�

DYHUDJHG����[�����%T�P������[�����S&L�P�����'XULQJ�������D�QHWZRUN�RI����FRQWLQXRXVO\�RSHUDWLQJ�DLU�

VDPSOHUV�ZHUH�XVHG�WR�PRQLWRU�UDGLRDFWLYH�PDWHULDO�LQ�DLU�QHDU�WKH�+DQIRUG�6LWH��'2(�����F��� ,Q�������
���3X�ZDV�GHWHFWHG�LQ���RI����VLWH�ZLGH�FRPSRVLWH�DLU�VDPSOHV��ZLWK�DYHUDJH�DQG�PD[LPXP�FRQFHQWUDWLRQV�

RI��[�����DQG����[�����S&L�P����[�����DQG����[�����%T�P����UHVSHFWLYHO\���)URP������WR����������3X�ZDV�

GHWHFWHG�LQ����VLWH�ZLGH�DLU�VDPSOHV��ZLWK�D�PD[LPXP�FRQFHQWUDWLRQ�RI����[�����S&L�P������[�����%T�P�����

2QO\���RI�WKH����VLWH�ZLGH�DLU�VDPSOHV�KDG�GHWHFWDEOH�DPRXQWV�RI��������3X�LQ������ZLWK�DQ�DYHUDJH�

FRQFHQWUDWLRQ�RI����[�����S&L�P������[�����%T�P�����2QH�RI�WKH����SHULPHWHU�VDPSOHV�KDG�D�GHWHFWDEOH�

DPRXQW�RI��������3X�DW�D�FRQFHQWUDWLRQ�RI����[�����S&L�P������[�����%T�P�����,Q�������QRQH�RI�WKH�QHDUE\�RU�

GLVWDQW�FRPPXQLWLHV�VLWH�DLU�VDPSOHV�FRQWDLQHG�GHWHFWDEOH�DPRXQWV�RI����3X�RU��������3X���)URP������WR�

���������3X�ZDV�IRXQG�LQ�RQH�DLU�VDPSOH�HDFK�IURP�SHULPHWHU�VLWH�DQG�QHDUE\�FRPPXQLWLHV�VLWHV���������3X�

ZDV�GHWHFWHG�LQ�VHYHQ��IRXU��DQG�RQH�RI�WKH�SHULPHWHU��QHDUE\��DQG�GLVWDQW�FRPPXQLWLHV�DLU�VDPSOHV��

UHVSHFWLYHO\��'2(�����F���

&RQFHQWUDWLRQV�PHDVXUHG�DW�WKH�$UJRQQH�1DWLRQDO�/DERUDWRU\�(DVW�QHDU�&KLFDJR��,OOLQRLV�UDQJHG�IURP�

�[�����WR����[�����%T�P������[����±���[�����S&L�P����'2(�����D����

�������3X�FRQFHQWUDWLRQV�LQ�DLUERUQH�SDUWLFXODWH�PDWWHU�FROOHFWHG�GXULQJ������IURP�ILYH�ORFDWLRQV�DW�WKH�VLWH�

ERXQGDU\�RI�WKH�5RFN\�)ODWV�(QYLURQPHQWDO�7HFKQRORJ\�6LWH��5)(76���&RORUDGR��D�IRUPHU�QXFOHDU�
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PLUTONIUM 173 

6.  POTENTIAL FOR HUMAN EXPOSURE 

ZHDSRQV�SODQW��ZHUH�DOO���[�����S&L�P�����[�����%T�P����'2(�����G������H������I������D�����������3X�

FRQFHQWUDWLRQV�LQ�DLUERUQH�SDUWLFXODWH�PDWWHU�FROOHFWHG�GXULQJ�WKH�ILUVW�DQG�VHFRQG�TXDUWHUV�RI������DW�

5)(76�IURP�DQ�LQGXVWULDO�DUHD�ZHUH����[�����DQG����[�����S&L�P�������[�����DQG�����[�����%T�P����

UHVSHFWLYHO\��

$HURVRO�SDUWLFXODWH�VDPSOHV�ZHUH�FROOHFWHG�DW�WKUHH�VLWHV��2Q�6LWH��1HDU�)LHOG��DQG�&DFWXV�)LHOG��QHDU�WKH�

:DVWH�,VRODWLRQ�3LORW�3ODQW��:,33���D�GHHS�XQGHUJURXQG�QXFOHDU�ZDVWH�VWRUDJH�IDFLOLW\�QHDU�&DUOVEDG��

1HZ�0H[LFR��$ULPRWR�HW�DO��������� 7KH�2Q�6LWH�VDPSOLQJ�ORFDWLRQ�ZDV�����NP�GRZQZLQG�RI�WKH�:,33�

H[KDXVW�VKDIW���7KH�1HDU�)LHOG�VWDWLRQ�ZDV���NP�GRZQZLQG�RI�:,33���7KH�&DFWXV�)LHOG�VWDWLRQ�ZDV����NP�

XSZLQG�RI�WKH�:,33��DQG�VHUYHG�DV�D�UHIHUHQFH�EDFNJURXQG�VLWH���&RQFHQWUDWLRQV�RI����3X�ZHUH�EHORZ�WKH�

PLQLPXP�GHWHFWLRQ�OLPLW�����[�����%T�P��>���[�����S&L�P�@��IRU�DOO�����VDPSOHV�FROOHFWHG������3X�ZDV�

GHWHFWHG�DERYH�WKH�PLQLPXP�GHWHFWLRQ�OLPLW�����[�����%T�P��>���[�����S&L�P�@��LQ���RI�WKH�����VDPSOHV���
�������3X�ZDV�GHWHFWHG�DERYH�WKH�PLQLPXP�GHWHFWLRQ�OLPLW�����[�����%T�P��>�[�����S&L�P�@��LQ�����RI�WKH�

����VDPSOHV�� 0HDQ�FRQFHQWUDWLRQV�RI��������3X�LQ�WKH�����P�SDUWLFXODWH�PDWWHU�IUDFWLRQ�ZHUH����[�����DQG�

���[�����%T�P������[�����DQG����[�����S&L�P���DW�WKH�&DFWXV�)ODWV�DQG�1HDU�)LHOG�VWDWLRQV��UHVSHFWLYHO\��

0HDQ�FRQFHQWUDWLRQV�RI��������3X�LQ�WKH�WRWDO�VXVSHQGHG�SDUWLFXODWH�ZHUH����[���������[������DQG����[�����

%T�P������[���������[������DQG����[�����S&L�P���DW�WKH�&DFWXV�)ODWV��1HDU�)LHOG��DQG�2Q�6LWH�VWDWLRQV��

UHVSHFWLYHO\��$ULPRWR�HW�DO����������

/HKWR�HW�DO���������GHWHUPLQHG�UDGLRQXFOLGH�FRQFHQWUDWLRQV�IURP�DLU�VDPSOHU�ILOWHUV�FROOHFWHG�LQ�WKH�WRZQ�

RI�.XUFKDWRY�DQG�WKH�FLW\�RI�$VWDQD�LQ�.D]DNKVWDQ�� .XUFKDWRY�LV�QHDU�WKH�IRUPHU�6HPLSDODWLQVN�QXFOHDU�

WHVW�VLWH��ZKLFK�LV�KLJKO\�FRQWDPLQDWHG�IURP�QXFOHDU�H[SORVLRQV�FDUULHG�RXW�IURP������WR��������$VWDQD�LV�

DERXW�����NP�ZHVW�RI�.XUFKDWRY���0HGLDQ�FRQFHQWUDWLRQ�RI��[�����DQG����[�����%T�P������[�����DQG�

���[�����S&L�P���IRU��������3X�DQG����3X��UHVSHFWLYHO\��ZHUH�UHSRUWHG�LQ�ZHHNO\�DLU�VDPSOHV���������P��

YROXPH��FROOHFWHG�GXULQJ�����±�����LQ�.XFKDWRY���0HGLDQ�FRQFHQWUDWLRQV�RI����[�����DQG��[�����%T�P��

����[�����DQG����[�����S&L�P���IRU��������3X�DQG����3X��UHVSHFWLYHO\��ZHUH�UHSRUWHG�LQ�DLU�VDPSOHV�FROOHFWHG�

GXULQJ�D���PRQWK�SHULRG�LQ������LQ�$VWDQD�����3X�DFWLYLW\�ZDV�EHORZ�WKH�GHWHFWLRQ�OLPLW�LQ�KDOI�RI�WKH�

ILOWHUV��/HKWR�HW�DO���������

+|OJ\H��������UHSRUWHG��������3X�DQG����3X�FRQFHQWUDWLRQV�LQ�DLU�FROOHFWHG�IURP������WR������LQ�3UDJXH��

&]HFKRVORYDNLD�RI�����±�����DQG������±�����Q%T�P�����[����±���[�����DQG�����[����±���[�����S&L�P����

UHVSHFWLYHO\�� �������3X�FRQFHQWUDWLRQV�LQ�3UDJXH�SRVW�&KHUQRE\O�DLU�VDPSOHV�WDNHQ�LQ�$SULO���±0D\����

�����ZHUH���±��%T�P������[����±���[�����S&L�P����
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PLUTONIUM 174 

6.  POTENTIAL FOR HUMAN EXPOSURE 

6.4.2 Water 

+LURVH�DQG�$R\DPD��������XVHG�WKH�+$0�GDWDEDVH��D�FRPSUHKHQVLYH�GDWD�VHW�RI�YDULRXV�DQWKURSRJHQLF�

UDGLRQXFOLGHV��WR�FDOFXODWH�EDFNJURXQG�OHYHOV�RI��������3X�FRQFHQWUDWLRQV�VXUIDFH�ZDWHUV�RI�WKH�3DFLILF�

2FHDQ���,Q�WKLV�VWXG\��WKH�DXWKRUV�GLYLGHG�WKH�3DFLILF�2FHDQ�EDVLQ�LQWR����³ER[HV´��ZKLFK�WDNH�LQWR�

DFFRXQW�WKH�DQDO\VHV�RI�ODWLWXGLQDO�DQG�ORQJLWXGLQDO�GLVWULEXWLRQV�RI�DQWKURSRJHQLF�UDGLRQXFOLGHV���%DVHG�

RQ�WKHLU�DQDO\VLV���������3X�FRQFHQWUDWLRQV�UDQJHG�IURP��[�����WR����[�����%T�/���[����±���[�����S&L�/��

ZLWKLQ�WKH����³ER[HV´���

6HDZDWHU�VDPSOHV�FROOHFWHG�LQ������LQ�YDULRXV�UHJLRQV�RI�WKH�VRXWKHUQ�%DOWLF�6HD�ZHUH�DQDO\]HG�IRU�

SOXWRQLXP��6WUXPLQVND�DQG�6NZDU]HF���������7KH�KLJKHVW�FRQFHQWUDWLRQV�RI�SOXWRQLXP�ZHUH�JHQHUDOO\�

IRXQG�LQ�WKH�GLVVROYHG�IUDFWLRQV�RI�VHDZDWHU��DQG�UDQJHG�IURP����[�����WR�����[�����%T�/�����[����±�

����[�����S&L�/��IRU����3X�LQ�VDPSOHV�IURP�*GDQVN�%D\�VHDSRUW�DQG��������3X�LQ�VDPSOHV�IURP�3RPHUDQLDQ�

%D\��UHVSHFWLYHO\�� 7KH�ORZHVW�SOXWRQLXP�FRQFHQWUDWLRQV�ZHUH�IRXQG�LQ�WKH�FROORLGDO�IUDFWLRQV������3X�DQG�
�������3X�FRQFHQWUDWLRQV�LQ�WKH�FROORLGDO�IUDFWLRQV�ZHUH�JHQHUDOO\�d�[�����%T�/�����[�����S&L�/��

�6WUXPLQVND�DQG�6NZDU]HF���������+LURVH�DQG�$R\DPD��������UHSRUWHG�WKDW�WKH��������3X�SDUWLFXODWH�

FRQFHQWUDWLRQV�LQ�VXUIDFH�ZDWHUV�RI�WKH�ZHVWHUQ�1RUWK�3DFLILF�2FHDQ�UDQJHG�IURP��[�����WR��[�����%T�/�

��[����±�[�����S&L�/��GXULQJ�����±�������$KLHU�DQG�7UDF\��������UHSRUWHG��������3X�ZDWHU�FRQFHQWUDWLRQV�

LQ�/DNH�0LFKLJDQ��+XURQ��(ULH��DQG�2QWDULR�RI����[���������[���������[������DQG����[�����%T�/�����[�������

���[���������[������DQG����[�����S&L�/���UHVSHFWLYHO\��

+LURVH�HW�DO���������UHSRUWHG��������3X�FRQFHQWUDWLRQV�LQ�VXUIDFH�ZDWHUV�FROOHFWHG�GXULQJ�����±�����IURP�

WKH�6RXWK�3DFLILF�2FHDQ�PLG�ODWLWXGH�UHJLRQ�������6��UDQJLQJ�IURP�����WR�����P%T�P�������±����S&L�P�����

<DPDGD�DQG�=KHQJ��������UHSRUWHG��������3X�VXUIDFH�ZDWHU�FRQFHQWUDWLRQV�LQ�VDPSOHV�WDNHQ�LQ�WKH�YLFLQLW\�

RI�WKH�QXFOHDU�IXHO�UHSURFHVVLQJ�SODQW�DW�5RNNDVKR��-DSDQ�RI�����DQG�����P%T�P��������DQG������S&L�P���

RQ�VDPSOLQJ�GDWHV�6HSWHPEHU�������DQG�-XQH�������UHVSHFWLYHO\����������3X�FRQFHQWUDWLRQV�LQ�VXUIDFH�ZDWHU�

FROOHFWHG�DW�VLWHV�DORQJ�WKH�-DSDQ�6HD�FRDVW�VDPSOHG�LQ�-XQH�������ZHUH�����DQG�����P%T�P��������DQG�

�����S&L�P���DW�6DGR�,VODQG�DQG�DW�$MLJDVDZD��UHVSHFWLYHO\���<DPDGD�HW�DO���������UHSRUWHG��������3X�

FRQFHQWUDWLRQV�RI�������������������������������������DQG������P%T�P������������������������������������

�������DQG�������S&L�P���DW�GHSWKV�RI�������������������������������DQG�������P��UHVSHFWLYHO\��LQ�VDPSOHV�

IURP�6DJDPL�%D\��-DSDQ��ZHVWHUQ�1RUWKZHVW�3DFLILF�2FHDQ�FROOHFWHG�RQ�0DUFK�����������

'XULQJ�������ZDWHU�VDPSOHV�IURP�WKH�&ROXPELD�5LYHU�ZHUH�FROOHFWHG�DW�3ULHVW�5DSLGV�'DP��WKH�PRVW�

XSVWUHDP�GDP�IURP�WKH�+DQIRUG�6LWH��DQG�IURP�5LFKODQG��:DVKLQJWRQ��RQ�WKH�+DQIRUG�6LWH���$YHUDJH�
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PLUTONIUM 175 

6.  POTENTIAL FOR HUMAN EXPOSURE 

�������3X�FRQFHQWUDWLRQV�LQ�ZDWHU�VDPSOHV�FROOHFWHG�DW�WKH�3ULHVW�5DSLGV�'DP�ZHUH����[�����DQG�

���[�����S&L�/�����[�����DQG��[�����%T�/��LQ�WKH�SDUWLFXODWH�DQG�GLVVROYHG�IUDFWLRQV��UHVSHFWLYHO\��LQ�

VDPSOHV�FROOHFWHG�LQ�������DQG�ZHUH����[�����DQG����[�����S&L�/�����[�����DQG����[�����%T�/��LQ�WKH�

SDUWLFXODWH�DQG�GLVVROYHG�IUDFWLRQV��UHVSHFWLYHO\��FROOHFWHG�LQ�����±������'2(�����F������J����$YHUDJH�
�������3X�FRQFHQWUDWLRQV�LQ�ULYHU�ZDWHU�VDPSOHV�FROOHFWHG�DW�5LFKODQG��:DVKLQJWRQ�ZHUH����[�����DQG�

���[�����S&L�/�����[�����DQG����[�����%T�/��LQ�WKH�SDUWLFXODWH�DQG�GLVVROYHG�IUDFWLRQV��UHVSHFWLYHO\��LQ�

VDPSOHV�FROOHFWHG�LQ�������DQG�ZHUH����[�����DQG����[�����S&L�����[�����DQG����[�����%T�/�LQ�WKH�

SDUWLFXODWH�DQG�GLVVROYHG�IUDFWLRQV��UHVSHFWLYHO\��FROOHFWHG�LQ�����±������'2(�����F������J����'DL�HW�DO��

�������UHSRUWHG����3X�FRQFHQWUDWLRQV�UDQJLQJ�IURP���[�����WR�����[�����S&L�NJ����[����±���[�����%T�NJ��

LQ�XQILOWHUHG�ZDWHU�FROOHFWHG�IURP�WKH�+DQIRUG�6LWH����.�$UHD�JURXQGZDWHU�PRQLWRULQJ�ZHOOV���

7KH�0D\DN�QXFOHDU�IXHO�UHSURFHVVLQJ�SODQW�LQ�5XVVLD�3$��GLVFKDUJHG�UDGLRDFWLYH�ZDVWHV�LQWR�WKH�7HFKD�

5LYHU��ZKLFK�EHORQJV�WR�WKH�.DUD�6HD�EDVLQ�RI�WKH�$UFWLF�2FHDQ�� �������3X�FRQFHQWUDWLRQV�LQ�ZDWHU�VDPSOHV�

IURP�WKH�7HFKD�5LYHU�VKRZHG�D�GHFUHDVH�IURP�DSSUR[LPDWHO\��[����%T�/�GRZQ�WR���%T�/��RYHU�D�GLVWDQFH�

RI�����NP�VWDUWLQJ�IURP�'DP�����ZKLFK�LV����NP�IURP�WKH�VLWH�RI�UDGLRDFWLYH�ZDVWH�GLVSRVDO��$NOH\HY�HW�

DO���������%¡UUHW]HQ�HW�DO���������UHSRUWHG�FRQFHQWUDWLRQV�RI������DQG�������P%T�NJ�����[�����DQG�

���[�����S&L�NJ��IRU����3X�DQG����3X��UHVSHFWLYHO\��LQ�ZDWHU�VDPSOHV�FROOHFWHG�RQ�-XQH����������IURP�

5HVHUYRLU����DW�0D\DN��ZKLFK�UHFHLYHG�UDGLRDFWLYH�ZDVWHV����/HYHOV�LQ�VDPSOHV�IURP�WKH�$VDQRY�6ZDPS��

GRZQVWUHDP�IURP�WKH�0D\DN�3$��ZHUH������DQG������P%T�NJ�����[�����DQG����[�����S&L�NJ��IRU����3X�DQG�
���3X��UHVSHFWLYHO\��

6NLSSHUXG�HW�DO���������UHSRUWHG�DYHUDJH��������3X�FRQFHQWUDWLRQV�RI�������������DQG�����%T�P���������������

DQG�����S&L�P����UHVSHFWLYHO\��LQ�ZDWHU�VDPSOHV�FROOHFWHG�LQ������IURP�WKH�2E�(VWXDU\��<HQLVH\�(VWXDU\�

�ERWK�RI�ZKLFK�KDYH�ZHDSRQV�JUDGH�SOXWRQLXP�VRXUFHV�LQ�WKHLU�FDWFKPHQW�DUHDV���DQG�.DUD�6HD��5XVVLD��

6XUIDFH�ZDWHU�VDPSOHV�XSVWUHDP�DQG�GRZQVWUHDP�IURP�WKH�6DYDQQDK�5LYHU�6LWH�DUH�DQDO\]HG�TXDUWHUO\�RU�

RQ�D�EL�DQQXDO�EDVLV�IRU����3X�DQG����3X��$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\���������)URP�

�����WR�������WKHUH�ZHUH�QR�GHWHFWDEOH�OHYHOV�RI����3X�RU����3X�XSVWUHDP�RU�GRZQVWUHDP�IURP�WKH�IDFLOLW\�

�$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\���������

*URXQGZDWHU�VDPSOHV�ZHUH�FROOHFWHG�LQ�0D\������IURP�IRXU�RI�WKH�)�DUHD�ZHOOV�DW�WKH�6DYDQQDK�5LYHU�

6LWH��'DL�HW�DO����������:HOO���LV�XSJUDGLHQW�IURP�WKH�)�DUHD�VHHSDJH�EDVLQV��DQG�ZHOOV��±��GHILQH�D�

WUDQVHFW�DORQJ�WKH�FRQWDPLQDWLRQ�SOXPH������3X�FRQFHQWUDWLRQV�ZHUH�ORZHVW�LQ�ZHOO����DW�DSSUR[LPDWHO\�

�[����DQG��[����DWRPV�NJ��DSSUR[LPDWHO\��[�����DQG��[�����S&L�NJ�>�[�����DQG��[�����%T�NJ@��LQ�

XQILOWHUHG�DQG�ILOWHUHG�IUDFWLRQV��UHVSHFWLYHO\������3X�FRQFHQWUDWLRQV�ZHUH�KLJKHVW�LQ�ZHOO����ZKLFK�LV�
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PLUTONIUM 176 

6.  POTENTIAL FOR HUMAN EXPOSURE 

FORVHVW�WR�WKH�VHHSDJH�EDVLQV��DQG�ZHUH�DSSUR[LPDWHO\��[����DQG����[����DWRPV�NJ��DSSUR[LPDWHO\�

�[�����DQG����[�����S&L�NJ�>���[�����DQG����[�����%T�NJ@��LQ�WKH�XQILOWHUHG�DQG�ILOWHUHG�IUDFWLRQV��

UHVSHFWLYHO\��'DL�HW�DO���������

���3X�FRQFHQWUDWLRQV�UDQJLQJ�IURP�������WR�������S&L�/������[����±���[�����%T�/��DQG�IURP�������WR�

������S&L�/������[����±���[�����%T�/��ZHUH�UHSRUWHG�LQ�XQILOWHUHG�DQG�ILOWHUHG��������P�ILOWUDWH��

JURXQGZDWHU��UHVSHFWLYHO\��VDPSOHG�QHDU�WKH�GLVSRVDO�ZHOO�DW�WKH�,GDKR�&KHPLFDO�3URFHVVLQJ�3ODQW��,GDKR�

1DWLRQDO�(QJLQHHULQJ�/DERUDWRU\��&OHYHODQG�DQG�5HHV���������0XUXURD�DQG�)DQJDWDXID�$WROOV�ZHUH�XVHG�

IURP������WR������IRU�XQGHUJURXQG�WHVWLQJ�RI�QXFOHDU�ZHDSRQV��0XOVRZ�HW�DO����������2I�WKH�QLQH�VLWHV�DW�

0XUXURD�VDPSOHG�IRU�XQGHUJURXQG�ZDWHU��RQO\�WKH�VLWH�DW�&HWR��KDG�D�PHDVXUDEOH�FRQFHQWUDWLRQ�RI��������3X�

DW��[�����%T�/���[�����S&L�/��� 7KH�UHPDLQLQJ�HLJKW�VLWHV�DW�0XUXURD�DQG�WKH�WZR�VLWHV�DW�)DQJDWDXID�KDG�
���3X�������3X�FRQFHQWUDWLRQV�UDQJLQJ�IURP���[�����WR���[�����%T�/����[����±��[�����S&L�/����

FRQFHQWUDWLRQV�DW�ERWK�RI�WKHVH�VLWHV�UDQJHG�IURP���[�����WR���[�����%T�/���[����±��[�����S&L�/��

�0XOVRZ�HW�DO���������

*RUGHHY�HW�DO���������UHSRUWHG��������3X�FRQFHQWUDWLRQV�LQ�JURXQGZDWHU�VDPSOHV�REWDLQHG�LQ������IURP�WKH�

6DU\�8]HQ�QXFOHDU�H[FDYDWLRQ�H[SORVLRQ�VLWH�RI�WKH�6HPLSDODWLQVN�WHVW�DUHD��5XVVLD��UDQJLQJ�IURP��[�����

WR����[�����%T�/�����±����S&L�/����&RQFHQWUDWLRQV�RI��������3X�LQ�ZDWHU�VDPSOHV�IURP�WKH�7RERO�,UW\VK�DUHD�

RI�WKH�7HFKD�,VHW�7RERO�,UW\VK�2E�ULYHU�V\VWHP��WKURXJK�ZKLFK�0D\DN�3$�UDGLRDFWLYH�ZDVWHV�DUH�

WUDQVSRUWHG��ZHUH�VWXGLHG�XVLQJ�VDPSOHV�FROOHFWHG�IURP�6HSWHPEHU����WR�����������1LNLWLQ�HW�DO����������
�������3X�FRQFHQWUDWLRQV�UDQJHG�IURP�����P%T�P��������S&L�P���DW�WKH�OHIW�EDQN�FRQIOXHQFH�RI�WKH�,VHW�

7RERO�5LYHUV�WR�����P%T�P��������S&L�P���DW�WKH�OHIW�EDQN�FRQIOXHQFH�RI�WKH�7RERO�,UW\VK�5LYHUV��D�YDOXH�

RI������P%T�P��������S&L�P���ZDV�UHSRUWHG�DW�PLGVWUHDP�VDPSOHV�RI�WKH�2E�5LYHU��1LNLWLQ�HW�DO���������

6.4.3 Sediment and Soil 

$YHUDJH�SOXWRQLXP�FRQFHQWUDWLRQV�LQ�VXUIDFH�VRLO�IURP�IDOORXW�UDQJH�IURP�DERXW������WR�����S&L�J���[����±�

�[�����%T�J���'2(�����D����(VVHQWLDOO\�DOO�RI�WKH�SOXWRQLXP�IRXQG�LQ�WKH�VXUIDFH�RI�WKH�(DUWK¶V�FUXVW�LV�D�

SURGXFW�RI�KXPDQ�DFWLYLW\�RFFXUULQJ�RYHU�WKH�SDVW����\HDUV��.HWWHUHU�DQG�6]HFKHQ\L��������

7KH�5RFN\�)ODWV�3ODQW�LQ�&RORUDGR�SURFHVVHG�ZHDSRQV�JUDGH�SOXWRQLXP�IURP������WR�������,EUDKLP�HW�DO��

��������&RQWDPLQDWLRQ�IURP�SOXWRQLXP�SURGXFWLRQ�LV�FRPSRVHG�PRVWO\�RI��������3X�DQG�D�VPDOO�DPRXQW�

�a����RI����3X���2WKHU�UHOHDVHV�RI�SOXWRQLXP�WR�WKLV�VLWH��QRZ�FDOOHG�WKH�5)(76��LQFOXGH�JOREDO�IDOORXW��

ORZ�OHYHO�UHOHDVHV�GXULQJ�QRUPDO�SODQW�RSHUDWLRQV��DFFLGHQWDO�UHOHDVHV�GXULQJ�ILUHV�EHWZHHQ������DQG�
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6.  POTENTIAL FOR HUMAN EXPOSURE 

������DQG�OHDNDJH�RI�GUXPV�RI�SOXWRQLXP�FRQWDPLQDWHG�FXWWLQJ�RLO�WR�VRLO�RQVLWH���5HVXVSHQVLRQ�RI�

FRQWDPLQDWHG�VRLOV�GXULQJ�UHPHGLDWLRQ�DFWLYLWLHV�UHVXOWHG�LQ�PRVW�RI�WKH�UHOHDVHV�RI�SOXWRQLXP�DW�WKH�

5)(76���6RLO�VDPSOHV�FROOHFWHG�DW�WKH�5)(76�GXULQJ�����±�����ZHUH�UHSRUWHG�WR�UDQJH�IURP�����%T�NJ�

����S&L�NJ��RIIVLWH�WR����%T�NJ��������S&L�NJ��RQVLWH���,VRWRSLF�UDWLRV�RI����3X����3X�LQFUHDVHG�IURP�

������RQVLWH�WR�������DW����NP�HDVW�RI�WKH�5)(76�ERXQGDU\���$Q�LVRWRSLF�UDWLR�RI������LV�DVVRFLDWHG�ZLWK�

FRQWDPLQDWLRQ�IURP�DFWLYLWLHV�DW�WKH�5)(76��ZKHUHDV�WKH�ZRUOG�PHDQ�LVRWRSLF�UDWLR�GXH�WR�IDOORXW�ZDV�

HVWLPDWHG�DW��������,EUDKLP�HW�DO����������$76'5�H[DPLQHG�VXUIDFH�VRLO�FRQWDPLQDWLRQ�IURP�DQ�

LQGXVWULDO�SRUWLRQ�RI�5)(76�NQRZQ�DV�WKH�³����3DG�$UHD´��EHFDXVH�PXOWLSOH�VLWH�UHSRUWV�LQGLFDWH�WKDW�

RII�VLWH�VXUIDFH�VRLO�FRQWDPLQDWLRQ�ODUJHO\�RULJLQDWHG�IURP�WKLV�ORFDWLRQ��$JHQF\�IRU�7R[LF�

6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\���������6XUIDFH�VRLOV�LQ�WKH�����3DG�$UHD�ZHUH�RULJLQDOO\�

FRQWDPLQDWHG�ZKHQ�LQGXVWULDO�RLOV�FRQWDLQLQJ�WUDFH�DPRXQWV�RI�SOXWRQLXP�OHDNHG�IURP�VWHHO�GUXPV�

VWRUHG�DW�WKH�VLWH�EHWZHHQ������DQG��������$OWKRXJK�'2(�FRQWUDFWRUV�UHPHGLDWHG�PDQ\�RI�WKH�KLJKHVW�

SULRULW\�ZDVWH�VLWHV�WR�OHYHOV�PHDQW�WR�EH�SURWHFWLYH�RI�ZRUNHUV�DQG�UXUDO�UHVLGHQWV�QHDU�WKH�VLWH��VRLO�

VDPSOLQJ�DFWLYLWLHV�LQ�WKLV�DUHD�IRXQG��������3X�OHYHOV�DV�KLJK�DV���������S&L�NJ���������%T�NJ���

ZKLFK�LV�QHDUO\����WLPHV�JUHDWHU�WKDQ�WKH�DFWLRQ�OHYHO�RI��������S&L�NJ��$JHQF\�IRU�7R[LF�6XEVWDQFHV�

DQG�'LVHDVH�5HJLVWU\���������7KH�KLJKHVW�RII�VLWH�FRQFHQWUDWLRQ�RI��������3X�REVHUYHG�GXULQJ�D�

UHPHGLDO�LQYHVWLJDWLRQ�ZDV�������S&L�NJ������%T�NJ����$�VHSDUDWH�VDPSOLQJ�VWXG\�FRQGXFWHG�LQ�WKH�

����V�DW����ORFDWLRQV�DGMDFHQW�WR�5)(76�PHDVXUHG��������3X�FRQFHQWUDWLRQV�LQ�VRLO�UDQJLQJ�IURP������WR�

������%T�NJ�����±����S&L�NJ���/LWDRU���������

,Q������DW�WKH�0F*XLUH�$LU�)RUFH�%DVH�LQ�1HZ�-HUVH\��D�PLVVLOH�FDXJKW�ILUH�DW�WKH�%RHLQJ�0LFKLJDQ�

$HURQDXWLFDO�5HVHDUFK�&HQWHU�DQG�WKH�ZDUKHDG�SDUWLDOO\�EXUQHG�DQG�PHOWHG��UHOHDVLQJ�ZHDSRQV�JUDGH�

SOXWRQLXP��:*3��WR�WKH�ORFDO�HQYLURQPHQW��/HH�DQG�&ODUN���������7KH�:*3�DW�WKLV�VLWH�FRQVLVWHG�RI�

PRVWO\��������3X��ZLWK�D�VPDOO�DPRXQW�RI����3X�DQG�D�QHJOLJLEOH�DPRXQW�RI����$P��$PHUFLXP������DW�WKH�

WLPH�RI�LWV�PDQXIDFWXUH���6RLO�VDPSOHV���±��LQFKHV��ZHUH�FROOHFWHG�IURP�WKLV�VLWH�LQ�-XQH������DQG�

DQDO\]HG�IRU�YDULRXV�SOXWRQLXP�LVRWRSHV���&RQFHQWUDWLRQV�ZHUH�����±�����%T�J����±����S&L�J��IRU�
�������3X�������±������%T�J�����±����S&L�J��IRU����3X��DQG�����±�����%T�J�����±����S&L�J��IRU����3X�LQ�VRLO�

VDPSOHV�ZLWK�YDULRXV�SDUWLFOH�VL]H�IUDFWLRQV�� 7KH�VRLO�IUDFWLRQ�ZLWK�WKH�VPDOOHVW�SDUWLFOH�VL]H����±�����P��

FRQWDLQHG�WKH�KLJKHVW�FRQFHQWUDWLRQV�RI�SOXWRQLXP��ZKLFK�ZHUH�DERXW���RUGHUV�RI�PDJQLWXGH�KLJKHU�WKDQ�

IDOORXW�OHYHOV���%DVHG�RQ�WKH�DFWLYLW\�UDWLRV�RI����3X��������3X�DQG����$P��������3X�LQ�WKH�VDPSOHV��WKH�RULJLQ�

RI�WKH�SOXWRQLXP�LVRWRSHV�ZDV�LGHQWLILHG�DV�:*3��/HH�DQG�&ODUN���������
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PLUTONIUM 178 

6.  POTENTIAL FOR HUMAN EXPOSURE 

6RLO�VDPSOHV�ZHUH�FROOHFWHG�LQ������RQ�DQG�DURXQG�WKH�+DQIRUG�6LWH��'2(�����F����$YHUDJH��������3X�

FRQFHQWUDWLRQV�LQ�VXUIDFH�VRLO�FROOHFWHG�RQ�WKH�����1�$UHD��QHDU�IDFLOLWLHV�DQG�RSHUDWLRQV�LQ�WKH�����DQG�

����DUHDV��DQG�QHDU�IDFLOLWLHV�DQG�RSHUDWLRQV�LQ�WKH�����DQG�����$UHDV�ZHUH��������������DQG������S&L�J�

��[���������[������DQG��[�����%T�J��GU\�ZHLJKW��UHVSHFWLYHO\���:LWK�WKH�H[FHSWLRQ�RI�WKH�FRQFHQWUDWLRQ�

IURP�WKH�����DQG�����$UHDV��WKH�VRLO�FRQFHQWUDWLRQV�LQ������ZHUH�VLPLODU�WR�OHYHOV�GHWHUPLQHG�IURP������

WR��������$YHUDJH��������3X�FRQFHQWUDWLRQV�LQ�VXUIDFH�VRLO�FROOHFWHG�QHDU�+DQIRUG�6LWH�IDFLOLWLHV�DQG�

RSHUDWLRQV�LQ�WKH�����DQG�����$UHDV�IURP������WR������ZHUH�UHSRUWHG�DV�������������������������DQG�

�����S&L�J���[���������[�������[�������[������DQG��[�����%T�J��GU\�ZHLJKW��UHVSHFWLYHO\���$Q�DYHUDJH�
�������3X�FRQFHQWUDWLRQ�RI��������S&L�J�����[�����%T�J��GU\�ZHLJKW�ZDV�UHSRUWHG�LQ�VXUIDFH�VRLO�FROOHFWHG�

IURP�D�GLVWDQW�FRPPXQLW\�LQ�������'2(�����F����5DGLRQXFOLGHV��LQFOXGLQJ��������3X��ZHUH�GHWHFWHG�LQ�

ULYHU�VHGLPHQW�DGMDFHQW�WR�DQG�GRZQVWUHDP�IURP�WKH�+DQIRUG�6LWH�GXULQJ��������0D[LPXP��������3X�

FRQFHQWUDWLRQV�LQ�&ROXPELD�5LYHU�VHGLPHQW�FROOHFWHG�IURP�IRXU�VLWHV�QHDU�WKH�+DQIRUG�6LWH�UDQJHG�IURP�

���[�����WR�������S&L�J�����[����±���[�����%T�J��GU\�ZHLJKW��'2(�����F������J����0HGLDQ��������3X�

FRQFHQWUDWLRQV�IURP�WZR�RI�WKHVH�VLWHV��ZKHUH�PRUH�WKDQ�RQH�VDPSOH�ZDV�FROOHFWHG��ZHUH��������DQG�

�������S&L�J�����[�����DQG����[�����%T�J��GU\�ZHLJKW���0HGLDQ��������3X�FRQFHQWUDWLRQV�LQ�VHGLPHQW�

FROOHFWHG�IURP������WR������IURP�VL[�VLWHV�LQ�WKH�&ROXPELD�5LYHU�QHDU�WKH�+DQIRUG�6LWH�UDQJHG�IURP�

�������WR��������S&L�J�����[����±���[�����%T�J���'2(�����F���

&RQFHQWUDWLRQV�RI��������3X�UDQJHG�IURP�������WR������S&L�J���[����±�[�����%T�J��GU\�ZHLJKW�LQ�VRLO�

FROOHFWHG�IURP�FRPPXQLWLHV�VXUURXQGLQJ�WKH�1HYDGD�7HVW�6LWH�LQ�VRXWKHUQ�1HYDGD�DQG�VRXWKHUQ�8WDK�

GXULQJ�WKH�VXPPHU������DQG�VSULQJ��������7KH�DFWLYLW\�UDWLRV�RI�UDGLRFHVLXP�WR�SOXWRQLXP�LQ�WKH�VRLO�

VDPSOHV�VXJJHVW�WKDW�WKH�1HYDGD�7HVW�6LWH�KDG�D�VLJQLILFDQW�FRQWULEXWLRQ�WR�SOXWRQLXP�OHYHOV�LQ�WKLV�DUHD�DV�

FRPSDUHG�WR�JOREDO�IDOORXW��&L]G]LHO�HW�DO���������

$�VWXG\�RQ�UDGLRQXFOLGH�OHYHOV�LQ�ZHVW�&XPEULDQ�VRLOV�FRQWDPLQDWHG�E\�ORZ�OHYHO�GLVFKDUJHV�IURP�

6HOODILHOG�UHSRUWHG����3X�OHYHOV�GHWHFWHG�DW�D�UDQJH�RI����±�������S&L�NJ���±����%T�NJ��DQG��������3X�

OHYHOV�GHWHFWHG�DW�D�UDQJH�RI����±�������S&L�NJ����±������%T�NJ���/LYHQV�DQG�%D[WHU���������&RUH�

VDPSOHV�RI�VXUIDFH�VRLO�DW�WKH�0D[H\�)ODWV�IDFLOLW\��.HQWXFN\��ZKHUH�UDGLRDFWLYH�ZDVWHV�ZHUH�EXULHG��ZHUH�

UHSRUWHG�WR�FRQWDLQ�D�PHDQ�FRQFHQWUDWLRQ�RI����[����S&L�NJ��������%T�NJ��RI����3X�DQG����[����S&L�NJ�

�����%T�NJ��RI��������3X��1($�2(&'��������

0D[LPXP��������3X�FRQFHQWUDWLRQV�RI�����DQG��������%T�NJ������[����DQG�����[����S&L�NJ��KDYH�EHHQ�

UHSRUWHG�LQ�FRPSRVLWH���±���FP��DQG�VXUIDFH���±��FP��VRLO�VDPSOHV��UHVSHFWLYHO\��FROOHFWHG�LQ�WKH�YLFLQLW\�

RI�JURXQG�]HUR�RI�WKH�ILUVW�WKHUPRQXFOHDU�H[SORVLRQV�DW�WKH�6HPLSDODWLQVN�7HVW�6LWH��676���&DUOVHQ�HW�DO��
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PLUTONIUM 179 

6.  POTENTIAL FOR HUMAN EXPOSURE 

��������0D[LPXP��������3X�FRQFHQWUDWLRQV�RI�����DQG�������%T�NJ������[����DQG�����[����S&L�NJ��KDYH�

EHHQ�UHSRUWHG�LQ�FRPSRVLWH���±���FP��DQG�VXUIDFH���±��FP��VRLO�VDPSOHV��UHVSHFWLYHO\��FROOHFWHG�DW�D�

FUDWHU�FUHDWHG�E\�DQ�XQGHUJURXQG�QXFOHDU�H[SORVLRQV�LQ������DORQJ�WKH�6KDJDQ�5LYHU�DW�WKH�676���

0D[LPXP��������3X�FRQFHQWUDWLRQ�RI�����DQG������%T�NJ�����DQG�����S&L�NJ��KDYH�EHHQ�UHSRUWHG�LQ�

FRPSRVLWH���±���FP��DQG�VXUIDFH���±��FP��VRLO�VDPSOHV��UHVSHFWLYHO\��IURP�YLOODJHV�QHDU�WKH�676�� 7KH�

DFWLYLWLHV�LQ�VRLO�IURP�WKH�YLOODJHV�DUH�W\SLFDO�RI�OHYHOV�DVVRFLDWHG�ZLWK�JOREDO�IDOORXW��&DUOVHQ�HW�DO���������

0LFKHO�HW�DO���������UHSRUWHG�PHDQ�FRQFHQWUDWLRQV�����DQG�����%T�P������[����DQG�����S&L�P����IRU�
�������3X�DQG����3X��UHVSHFWLYHO\��IRU�VRLO�FRUHV�FROOHFWHG�DW�VHYHQ�VLWHV�DGMDFHQW�WR�WKH�FDWFKPHQW�RI�

%OHOKDP�7DUQ��D�VPDOO�ODNH�LQ�&XPEULD��8QLWHG�.LQJGRP���6HGLPHQW�FRUHV�ZHUH�FROOHFWHG�IURP�

���ORFDWLRQV�LQ�WKH�ODNH�GXULQJ�0DUFK������DQG�PHDQ�FRQFHQWUDWLRQV�RI��������3X�DQG����3X�ZHUH�����DQG�

����%T�P�������[����DQG�����S&L�P����UHVSHFWLYHO\���,VRWRSLF�UDWLRV�LQGLFDWHG�WKDW�WKH�VRXUFH�RI�WKHVH�

SOXWRQLXP�LVRWRSHV�ZDV�IDOORXW�IURP�DWPRVSKHULF�ZHDSRQV�WHVWLQJ��0LFKHO�HW�DO�����������������3X�

FRQFHQWUDWLRQV�LQ����VXUIDFH�VRLO�VDPSOHV���±��FP��FROOHFWHG�IURP����DUHDV�LQ�,UDQ�UDQJHG�IURP�������WR�

������%T�NJ�����±����S&L�NJ���$OLDEDGL�HW�DO����������/XNVLHQH�HW�DO���������UHSRUWHG��������3X�

FRQFHQWUDWLRQV�LQ�EHDFK�DQG�IRUHVW�VXUIDFH�VRLOV���±��FP��FROOHFWHG�LQ�����±�����IURP�WKH�%DOWLF�FRDVWOLQH�

LQ�/LWKXDQLD�UDQJLQJ�IURP������WR������DQG�IURP������WR�����%T�NJ�����±���DQG����±���S&L�NJ���

UHVSHFWLYHO\���,YDQRYD�HW�DO���������UHSRUWHG�FRQFHQWUDWLRQ�UDQJLQJ�IURP������WR������%T�NJ���±�

�����S&L�NJ��IRU����3X�DQG�IURP������WR������%T�NJ����±����S&L�NJ��IRU��������3X�LQ�VXUIDFH�VRLOV���±��FP��

FROOHFWHG�LQ�WKH�%U\DQVN��2UHO��DQG�7XOD�UHJLRQV�RI�5XVVLD�LQ��������

�������3X�FRQFHQWUDWLRQV�LQ�VXUIDFH���±��FP��VRLO�VDPSOHV�FROOHFWHG�LQ������LQ�WKH�*RPHO�UHJLRQ�RI�%HODUXV��

QHDU�WKH�&KHUQRE\O�QXFOHDU�SODQW��ZHUH�UHSRUWHG�DV�����DQG�����%T�NJ������DQG����S&L�NJ��GU\�ZHLJKW�

IURP�&KLHSLHWRYLWDFK�DQG�3HFNL��UHVSHFWLYHO\��0LFKHO�HW�DO����������&RQFHQWUDWLRQV�RI��������3X�LQ�VRLO�

VDPSOHV�IURP�WKH��±���DQG���±���FP�GHSWKV�DW�3HFNL�ZHUH������DQG������%T�NJ�����DQG����S&L�NJ��GU\�

ZHLJKW��UHVSHFWLYHO\���6RLO�FRQFHQWUDWLRQV�RI����3X�ZHUH�����DQG������%T�NJ�����DQG����S&L�NJ��GU\�ZHLJKW�

IURP�&KLHSLHWRYLWDFK�DQG�3HFNL��UHVSHFWLYHO\�� ���3X�FRQFHQWUDWLRQV�LQ�VRLO�VDPSOHV�IURP�WKH��±���DQG���±�

���FP�GHSWKV�DW�3HFNL�ZHUH������DQG������%T�NJ����DQG���S&L�NJ��GU\�ZHLJKW��UHVSHFWLYHO\��0LFKHO�HW�DO��

�������

7KH�0D\DN�3$��ZKLFK�SURFHVVHG�ZHDSRQV�JUDGH�SOXWRQLXP�IURP������WR�������GLVFKDUJHG�UDGLRDFWLYH�

ZDVWHV�LQWR�WKH�7HFKD�5LYHU���&RQWDPLQDWLRQ�GHQVLWLHV�RI��������3X�LQ�IORRGSODLQ�VRLO�RQ�WKH�7HFKD�5LYHU�

VKRZHG�D�GHFUHDVH�IURP�DSSUR[LPDWHO\���WR��[�����N%T�P�����±��Q&L�P���RYHU�D�GLVWDQFH�RI�����NP�

VWDUWLQJ�IURP�'DP�����ZKLFK�LV����NP�IURP�WKH�VLWH�RI�UDGLRDFWLYH�ZDVWH�GLVSRVDO���������3X�FRQFHQWUDWLRQV�
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PLUTONIUM 180 

6.  POTENTIAL FOR HUMAN EXPOSURE 

LQ�ERWWRP�VRLO�DORQJ�WKH�ULYHU�FRXUVH�GHFUHDVHG�IURP�DSSUR[LPDWHO\��[����� WR��[�����%T�NJ�����±�

����Q&L�P���RYHU�WKH�VDPH�GLVWDQFH��$NOH\HY�HW�DO����������%¡UUHW]HQ�HW�DO���������UHSRUWHG�FRQFHQWUDWLRQV�

RI�����[���±���[����DQG�����[���±����[����P%T�NJ������±�����DQG�����±�����Q&L�NJ��GU\�ZHLJKW�IRU�
���3X�DQG����3X��UHVSHFWLYHO\�LQ�VXUIDFH�VRLO�VDPSOHV�IURP�WKH�$VDQRY�6ZDPS�DW�0D\DN�3$��FROOHFWHG�RQ�

-XQH������������

,Q�������WZR�QXFOHDU�ZHDSRQV�ZHUH�DFFLGHQWDOO\�GHWRQDWHG�GXULQJ�D�FROOLVLRQ�RI�WZR�DLUFUDIW�LQ�WKH�DUHD�RI�

WKH�YLOODJH�RI�3DORPDUHV��6SDLQ����������3X�LQYHQWRULHV�LQ�VXUIDFH�VRLO�UDQJLQJ�IURP���WR��������%T�P������±�

������Q&L�P���ZHUH�UHSRUWHG�LQ�VDPSOHV�FROOHFWHG�LQ�WKH�YLFLQLW\�RI�WKH�YLOODJH�RI�3DORPDUHV�LQ�2FWREHU�

������-LPHQH]�5DPRV�HW�DO����������&RQFHQWUDWLRQV�LQ�VRLO�VDPSOHV�IURP�7DEHUQDV������NP�DZD\�IURP�

3DORPDUHV��ZHUH�UHSRUWHG�DV������%T�NJ������S&L�NJ��IRU��������3X�%T�NJ�GU\�ZHLJKW�DQG�������%T�NJ�

�����S&L�NJ��GU\�ZHLJKW�IRU����3X��5XELR�0RQWHUR�DQG�6DQFKH]��������

&RQFHQWUDWLRQV�RI��������3X�LQ�SHDW�ERJ�VDPSOHV�IURP�WKH�DUHD�RI�WKH�7RPVN�6HYHUVN�QXFOHDU�IDFLOLW\�

�6LEHULD��5XVVLD��ZHUH�UHSRUWHG�DV�����������DQG������%T�NJ����������DQG�����S&L�NJ��DW�GHSWKV�RI�VXUIDFH�

�����±����DQG����FP��UHVSHFWLYHO\��UHSRUWHG�FRQFHQWUDWLRQV�IRU����3X�ZHUH�������������DQG������%T�NJ�������

�����DQG�����S&L�NJ���UHVSHFWLYHO\���&RQFHQWUDWLRQV�RI��������3X�LQ�IRUHVW�VRLO�VDPSOHV�IURP�WKLV�DUHD�ZHUH�

UHSRUWHG�DV���������������DQG�������%T�NJ������������DQG�����S&L�NJ��DW�GHSWKV�RI�VXUIDFH�������DQG���±�

���FP��UHVSHFWLYHO\��ZKLOH�FRQFHQWUDWLRQV�LQ�VDPSOHV�IURP�DQ�DUHD�ULYHU�EDQN�ZHUH���������������DQG�

������%T�NJ������������DQG�����S&L�NJ��DW�GHSWKV�RI��±����±����DQG���±���FP��UHVSHFWLYHO\��*DXWKLHU�

/DID\H�HW�DO���������

<DPDPRWR�HW�DO�������E��UHSRUWHG��������3X�FRQFHQWUDWLRQV�UDQJLQJ�IURP������WR�������%T�NJ�����±�

������S&L�NJ��LQ����VRLO�VDPSOHV�FROOHFWHG�LQ�2FWREHU������IURP�'RORQ�ORFDWHG����NP�QRUWKHDVW�RI�WKH�

6HPLSDODWLQVN�1XFOHDU�7HVW�6LWH�LQ�.D]DNKVWDQ��DQ�DUHD�FRQWDPLQDWHG�PDLQO\�E\�WKH�ILUVW�8665�QXFOHDU�

WHVW�RQ�$XJXVW�����������

<RVKLGD�HW�DO���������UHSRUWHG�D��������3X�VRLO���±��FP��FRQFHQWUDWLRQ�RI������%T�NJ��������S&L�NJ��GU\�

ZHLJKW�DW�����P�ZHVW�IURP�WKH�1LVKL\DPD�UHVHUYRLU�1DJDVDNL�-DSDQ�� 7KLV�FRQFHQWUDWLRQ�GHFUHDVHG�ZLWK�

LQFUHDVLQJ�GLVWDQFH�IRU�WKH�1LVKL\DPD�UHVHUYRLU� �7KH��������3X�FRQFHQWUDWLRQ�LQ�WKH�VXUIDFH�VRLO�DW�IDUWKHU�

VDPSOLQJ�SRLQW�ZDV�����%T�NJ�������S&L�NJ��GU\�ZHLJKW��D�OHYHO�ZLWKLQ�WKH�UDQJH�ZLWK�JOREDO�IDOORXW�

SOXWRQLXP�FRQFHQWUDWLRQV�LQ�VXUIDFH�VRLO�RI�-DSDQHVH�IRUHVWV������±�����%T�NJ�����±����S&L�NJ��GU\�

ZHLJKW���<RVKLGD�HW�DO���������
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PLUTONIUM 181 

6.  POTENTIAL FOR HUMAN EXPOSURE 

&RQFHQWUDWLRQV�RI��������3X�LQ�VRLOV�IURP�FRXQWLHV�WKURXJKRXW�+XQJDU\�UDQJHG�IURP�������WR������%T�NJ�

�����±���S&L�NJ��DQG�FRQFHQWUDWLRQV�RI����3X�LQ�WKHVH�VDPH�VDPSOHV�ZHUH�UHSRUWHG�WR�UDQJH�IURP�������WR�

�����%T�NJ�����±���S&L�NJ���9DUJD�DQG�7DUMiQ�������� ,VRWRSLF�UDWLR�DQDO\VLV�LQGLFDWHG�WKDW�WKH�SOXWRQLXP�

OHYHOV�LQ�+XQJDU\�DULVH�IURP�JOREDO�IDOORXW�UHODWHG�WR�DWPRVSKHULF�WHVWLQJ�RI�QXFOHDU�ZHDSRQV��

�������3X�FRQFHQWUDWLRQV�LQ�VHGLPHQW�FRUHV�FROOHFWHG�IURP�/DNH�0LFKLJDQ�LQ�����±�����UDQJHG�IURP�

������WR�������S&L�J���[����±����[�����%T�J��GU\�ZHLJKW���,W�ZDV�HVWLPDWHG�LQ�WKLV�UHSRUW�WKDW�UDGLRDFWLYLW\�

LQ�WKH�VHGLPHQWV�ZDV�FRQILQHG�WR�WKH�XSSHU���FP�RI�WKH�VHGLPHQWV��DQG�LQ�PDQ\�RI�WKH�FRUH�VDPSOHV��QR�

UDGLRDFWLYLW\�ZDV�GHWHFWHG�EHORZ�D�GHSWK�RI���FP��,$($�����J�����

5DSLHMNR�HW�DO���������UHSRUWHG��������3X�PHGLDQ�FRQFHQWUDWLRQV�RI���������������±�����FP�GHSWK�QHDU�

VHZDJH�WUHDWPHQW�SODQW�����������������±�����FP�GHSWK�����������������±�����FP�GHSWK���DQG����������

�����±�����FP�GHSWK��%T�NJ��S&L�NJ��LQ�VHGLPHQW�VDPSOHV�FROOHFWHG�LQ�$SULO������IURP�WKH�3HFRQLF�

5LYHU��GRZQVWUHDP�IURP�WKH�%URRNKDYHQ�1DWLRQDO�/DERUDWRU\��%1/����&RQFHQWUDWLRQV�RI����3X�LQ�WKHVH�

VDPH�VDPSOHV�ZHUH���������������������DQG�������%T�NJ�������������DQG����S&L�NJ���UHVSHFWLYHO\���7KH�

PHGLDQ�FRQFHQWUDWLRQV�RI��������3X�LQ�VHGLPHQWV�IURP�'RQDKXHV�3RQG�DQG�)RUJH�3RQG��IXUWKHU�GRZQ�

VWUHDP�IURP�%1/��ZHUH�����DQG�����%T�NJ������DQG����S&L�NJ���UHVSHFWLYHO\�����3X�ZDV�QRW�GHWHFWHG�LQ�

WKHVH�VDPSOHV���&RQFHQWUDWLRQ�UDQJHV�IRU��������3X�LQ�FRQWURO�VDPSOHV�IURP�WKH�&RQQHWTXRW�5LYHU�ZHUH����±�

����%T�NJ����±����S&L�NJ��DW����±�����FP�GHSWK�DQG�����±�����%T�NJ���±���S&L�NJ��DW�����±�����FP�

GHSWK�����3X�FRQFHQWUDWLRQV�ZHUH�UHSRUWHG�DV�����±�����%T�NJ���±��S&L�NJ��DW����±�����FP�GHSWK�DQG�

�����±������%T�NJ����±��S&L�NJ��DW�����±�����FP�GHSWK��5DSLHMNR�HW�DO���������

6NLSSHUXG�HW�DO���������UHSRUWHG�DYHUDJH��������3X�FRQFHQWUDWLRQV�RI�������������DQG������%T�NJ�����������

DQG����S&L�NJ���UHVSHFWLYHO\��LQ�VHGLPHQWV�FROOHFWHG�LQ������IURP�WKH�2E�(VWXDU\�DQG�<HQLVH\�(VWXDU\�

�ERWK�RI�ZKLFK�KDYH�ZHDSRQV�JUDGH�SOXWRQLXP�VRXUFHV�LQ�WKHLU�FDWFKPHQW�DUHDV���DQG�.DUD�6HD��5XVVLD��

6XUIDFH�VHGLPHQW�VDPSOHV���±��FP��IURP�WKH�5KRQH�5LYHU�FROOHFWHG�LQ�0DUFK������DW�WKH�LQSXW�LQWR�WKH�

*XOI�RI�/LRQV��1RUWKZHVWHUQ�0HGLWHUUDQHDQ�6HD��ZHUH�UHSRUWHG�WR�FRQWDLQ�FRQFHQWUDWLRQV�RI��������3X�DQG�
���3X�RI������±����%T�NJ������±������S&L�NJ��DQG������±������%T�NJ������±�����S&L�NJ���UHVSHFWLYHO\�

�/DQVDUG�HW�DO����������&RQFHQWUDWLRQV�RI��������3X�LQ�VHGLPHQW�FRUHV�FROOHFWHG�LQ�1RYHPEHU������UDQJHG�

IURP�������WR�������%T�NJ������±������S&L�NJ��DW��±���FP�DQG����±����FP�GHSWK��UHVSHFWLYHO\���

&RQFHQWUDWLRQV�RI����3X�LQ�VHGLPHQW�FRUHV�FROOHFWHG�LQ�1RYHPEHU������UDQJHG�IURP�������WR�������%T�NJ�

�����±������S&L�NJ��DW��±���FP�DQG����±����FP�GHSWK��UHVSHFWLYHO\���6RXUFHV�RI�SOXWRQLXP�LVRWRSHV�LQ�

WKH�5KRQH�5LYHU�YDOOH\�KDYH�EHHQ�LGHQWLILHG�DV�ZHDWKHULQJ�RI�WKH�FDWFKPHQW�EDVLQ�FRQWDPLQDWHG�E\�
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PLUTONIUM 182 

6.  POTENTIAL FOR HUMAN EXPOSURE 

DWPRVSKHULF�IDOORXW�DQG�OLTXLG�HIIOXHQWV�UHOHDVHG�IURP�WKH�0DUFRXOH�UHSURFHVVLQJ�SODQW��ORFDWHG�XSVWUHDP�

����NP�IURP�WKH�ULYHU�PRXWK��VLQFH�������/DQVDUG�HW�DO���������

/LDR�HW�DO���������UHSRUWHG����3X�FRQFHQWUDWLRQV�LQ�VHGLPHQW�IURP�/DNH�3R\DQJ��(DVW�&KLQD�RI��������
���3X�������DQG�������P%T�J�����������DQG�����S&L�NJ��DW��±����±���DQG���±���FP�GHSWK��UHVSHFWLYHO\��

FRQFHQWUDWLRQV�RI���������������DQG�������P%T�J������������DQG�����S&L�NJ��ZHUH�UHSRUWHG�DW�WKHVH�VDPH�

GHSWKV��UHVSHFWLYHO\���7KH����3X����3X�UDWLR���������LQ�VHGLPHQW�VDPSOHV�IURP�/DNH�3R\DQJ�LQGLFDWHG�WKDW�

SOXWRQLXP�SROOXWLRQ�ZDV�IURP�JOREDO�IDOORXW��

6.4.4 Other Environmental Media 

�����������3X�ZDV�LGHQWLILHG�LQ�LPSRUWHG�IRRG�FROOHFWHG���ZHHNV�DIWHU�WKH�&KHUQRE\O�DFFLGHQW�LQ�DQ�

)'$�86'$�VSRQVRUHG�VXUYH\��KRZHYHU��FRQFHQWUDWLRQV�ZHUH�QRW�SURYLGHG���*HQHUDOO\��FRQWDPLQDWLRQ�

OHYHOV�IRU�WKH�UDGLRQXFOLGHV�VXUYH\HG�ZHUH�EHORZ�)'$¶V�OHYHOV�RI�FRQFHUQ��&XQQLQJKDP�HW�DO����������7KH�

)'$�GHYHORSHG�JXLGDQFH�OHYHOV�IRU�UDGLRQXFOLGH�DFWLYLW\�FRQFHQWUDWLRQ��FDOOHG�GHULYHG�LQWHUYHQWLRQ�OHYHOV�

�',/V���ZKLFK�KHOS�GHWHUPLQH�ZKHWKHU�GRPHVWLF�IRRG�LQ�LQWHUVWDWH�FRPPHUFH�RU�IRRG�RIIHUHG�IRU�LPSRUW�

LQWR�WKH�8QLWHG�6WDWHV�SUHVHQW�D�VDIHW\�FRQFHUQ��)'$���������7KH�',/�IRU����3X������3X������$P�LV�

��%T�.J��)'$���������9DULRXV�UDGLRQXFOLGHV�ZHUH�PHDVXUHG�LQ������RQ�VDPSOHV�RI�PL[HG�GLHW�IURP�

UHJLRQV�WKURXJKRXW�WKH�8QLWHG�.LQJGRP��0$))�����E����&RQFHQWUDWLRQV�RI�DOO�DUWLILFLDO�UDGLRQXFOLGHV�

ZHUH�UHSRUWHG�WR�EH�ORZ�DQG�RI�OLWWOH�VLJQLILFDQFH���&RQFHQWUDWLRQV�RI����3X�ZHUH�JHQHUDOO\����������%T�NJ�

�������S&L�NJ��DQG�FRQFHQWUDWLRQV�RI��������3X�UDQJHG�IURP���������WR���������%T�NJ���[����±�����

S&L�NJ���0$))�����E����6DPSOHV�RI�PLON��FURSV��EUHDG��DQG�PHDW�FROOHFWHG�IURP�WKH�8QLWHG�.LQJGRP�LQ�

�����ZHUH�DQDO\]HG�IRU�YDULRXV�QDWXUDO�DQG�DUWLILFLDO�UDGLRQXFOLGHV��FRQFHQWUDWLRQV�RI�SOXWRQLXP�����3X�

DQG��������3X��ZHUH�JHQHUDOO\���������%T�/���������S&L�/��IRU�PLON�DQG���������%T�NJ���������S&L�NJ��

IRU�FURSV��EUHDG��DQG�PHDW��0$))�����E���

6HYHQW\�WZR�EHYHUDJH�EUDQGV�DYDLODEOH�WR�WKH�SXEOLF�LQ�WKH�8QLWHG�.LQJGRP�ZHUH�VXUYH\HG�IRU�QDWXUDO�

DQG�DQWKURSRJHQLF�UDGLRQXFOLGHV���%HYHUDJHV�LQFOXGHG�LQ�WKLV�VXUYH\�ZHUH�IUXLW�MXLFHV��IUXLW�MXLFH�GULQNV��

IUXLW�VTXDVKHV��FDUERQDWHG�GULQNV��EDE\�MXLFHV��IODYRUHG�VSULQJ�DQG�PLQHUDO�ZDWHUV��FLGHUV��ZLQHV��EHHUV��

DQG�RWKHUV�EHYHUDJHV��VXFK�DV�SRZGHUHG�FKRFRODWH�DQG�PDOW�GULQNV���/HYHOV�RI�DOO�DQWKURSRJHQLF�

UDGLRQXFOLGHV�VXUYH\HG��LQFOXGLQJ����3X�DQG��������3X��ZHUH�EHORZ�WKH�OLPLWV�RI�GHWHFWLRQ��0$))�����D����

6DQFKH]�HW�DO���������VWXGLHG�GRVHV�RI�DUWLILFLDO�UDGLRQXFOLGHV��LQFOXGLQJ��������3X��LQ�WKH�GLHW�RI�LQGLYLGXDOV�

OLYLQJ�LQ�&XPEULD��8QLWHG�.LQJGRP���7KLV�LQYHVWLJDWLRQ�LQFOXGHG�WKUHH�GXSOLFDWH�GLHW�VWXGLHV�FRQGXFWHG�LQ�

������������DQG��������,Q�JHQHUDO��PHDQ��������3X�FRQFHQWUDWLRQV�LQ�GLHW�VDPSOHV�IURP�WKHVH�VXUYH\V�ZHUH�
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PLUTONIUM 183 

6.  POTENTIAL FOR HUMAN EXPOSURE 

UHSRUWHG�WR�UDQJH�IURP���[����� �WKH�GHWHFWLRQ�OLPLW��WR�����[�����%T�NJ������[����±����[�����S&L�NJ��

IUHVK�ZHLJKW�LQ�ERWK�WKH�FRQWURO�JURXS�IURP�ZHVW�&XPEULD������DQG�WKH�VWXG\�JURXS�IURP�6HOODILHOG�LQ�

������ 7KH�KLJKHVW��������3X�FRQFHQWUDWLRQV�RI����[����DQG����[����%T�NJ�������DQG������S&L�NJ��IUHVK�

ZHLJKW�ZHUH�IRXQG�LQ������GLHW�VXUYH\V��ZKLFK�FRQWDLQHG�FUDE��6HOODILHOG��DQG�FRFNOHV��ZHVW�&XPEULD��

�6DQFKH]�HW�DO����������&RRSHU�HW�DO���������DQDO\]HG�IRRG�DQG�WRWDO�GLHW�VDPSOHV�IRU�YDULRXV�UDGLRDFWLYH�

LVRWRSHV�WKDW�ZHUH�FROOHFWHG�IURP�VHOHFWHG�FRPPXQLWLHV�LQ�DUHDV�RI�WKH�IRUPHU�8QLRQ�RI�WKH�6RYLHW�

6RFLDOLVW�5HSXEOLF��8�6�6�5���WKDW�ZHUH�FRQWDPLQDWHG�ZLWK�IDOORXW�IURP�WKH�DFFLGHQW�DW�&KHUQRE\O���

&RQFHQWUDWLRQV�RI��������3X�LQ�WRWDO�GLHW�VDPSOHV�UDQJHG�IURP����[�����WR����[�����%T�NJ�����[����±�

�[�����S&L�NJ��GU\�ZHLJKW��&RRSHU�HW�DO���������

7ZHQW\�(PPHQWDO�FKHHVH�VDPSOHV�ZHUH�FROOHFWHG�IURP���(XURSHDQ�UHJLRQV��$OOJlX��*HUPDQ\��%UHWDJQH��

)UDQFH��6DYRLH��)UDQFH��6ZLW]HUODQG��)LQODQG��DQG�9RUDUOEHUJ��$XVWULD���DQG�DQDO\]HG�IRU�YDULRXV�

UDGLRQXFOLGHV������3X�DQG��������3X�FRQFHQWUDWLRQV�ZHUH�GHWHUPLQHG�LQ�RQH�VDPSOH�IURP�HDFK�ORFDWLRQ��

H[FHSW�)LQODQG��DQG�ZHUH�IRXQG�WR�EH�OHVV�WKDQ�WKH�GHWHFWLRQ�OLPLW������%T�NJ�>��S&L�NJ@��)URLGHYDX[�HW�DO��

��������

6DPSOHV�RI�ERWWRP�IHHGLQJ�ILVK��ZKLWH�VXFNHU��Catostomus commersoni���FKDQQHO�FDWILVK��Ictalurus 

punctatus���DQG�FDUS��Cyprinus carpio��ZHUH�FROOHFWHG�DORQJ�WKH�5LR�*UDQGH�XSVWUHDP�DQG�GRZQVWUHDP�RI�

WKH�/RV�$ODPRV�1DWLRQDO�/DERUDWRU\��/$1/��LQ�6HSWHPEHU������DQG�DQDO\]HG�IRU�YDULRXV�UDGLRQXFOLGHV�

�)UHVTXH]�HW�DO������E����0HDQ�FRQFHQWUDWLRQ�RI��������3X�LQ�VDPSOHV�FROOHFWHG�GRZQVWUHDP�RI�/$1/�

UDQJHG�IURP����[�����WR�����[�����S&L�J�����[�����WR�����[�����%T�J��LQ�PXVFOH�DQG�ERQH��DQG�IURP�

����[�����WR������[�����S&L�J������[�����WR�����[�����%T�J��LQ�YLVFHUD���,Q�VDPSOHV�FROOHFWHG�XSVWUHDP�RI�

/$1/���������3X�FRQFHQWUDWLRQV�UDQJHG�IURP����[�����WR�����[�����S&L�J�����[�����WR�����[�����%T�J��LQ�

PXVFOH�DQG�ERQH��DQG�D�PHDQ�FRQFHQWUDWLRQ�RI�����[�����S&L�J������[�����%T�J��ZDV�GHWHUPLQHG�LQ�

YLVFHUD���)RU�PRVW�RI�WKH�UDGLRQXFOLGHV��FRQFHQWUDWLRQV�LQ�ILVK�FROOHFWHG�GRZQVWUHDP�RI�/$1/�ZHUH�QRW�

VLJQLILFDQWO\�KLJKHU�WKDQ�WKRVH�LQ�ILVK�FROOHFWHG�XSVWUHDP�RI�/$1/��)UHVTXH]�HW�DO������E���

%¡UUHW]HQ�HW�DO���������UHSRUWHG����3X�FRQFHQWUDWLRQV�RI����������������DQG�����P%T�NJ��������������������

DQG������S&L�NJ��ZHW�ZHLJKW�DQG����3X�FRQFHQWUDWLRQV�UHSRUWHG�RI��������������DQG����%T�NJ��������������

������DQG�����S&L�NJ��ZHW�ZHLJKW�LQ�PXVVHOV��SLNH�ERQH��SLNH�ILOHW��DQG�URDFK��UHVSHFWLYHO\��FROOHFWHG�RQ�

-XQH����������IURP�D�UHVHUYRLU�DGMDFHQW�WR�WKH�$VDQRY�6ZDPS��GRZQVWUHDP�IURP�WKH�0D\DN�3$��

2LNDZD�DQG�<DPDPRWR��������UHSRUWHG����3X�DQG����3X�FRQFHQWUDWLRQV�OLYHUV�RI�6XUXPH�VTXLG�FDXJKW�

GXULQJ�WKH�ILVKHU\�VHDVRQ�IURP�6HSWHPEHU±'HFHPEHU������LQ�WKH�FRDVWDO�VHDZDWHUV�RII�-DSDQ��
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PLUTONIUM 184 

6.  POTENTIAL FOR HUMAN EXPOSURE 

&RQFHQWUDWLRQV�RI����3X�DQG����3X�RI����±���P%T�NJ�������±�����S&L�NJ��DQG����±���P%T�NJ�������±�

�����S&L�NJ���UHVSHFWLYHO\��WKHVH�FRQFHQWUDWLRQV�ZHUH�VHYHUDO�WKRXVDQG�WLPHV�KLJKHU�WKDQ�OHYHOV�IRXQG�LQ�

VHDZDWHU��

9DULRXV�PHWDOV�DQG�UDGLRQXFOLGHV��LQFOXGLQJ����3X�DQG��������3X��ZHUH�PHDVXUHG�LQ�ELUGV�DQG�HJJV�IURP�

$PFKLWND�DQG�.LVND�,VODQGV�LQ�WKH�%HULQJ�6HD�1RUWKHUQ�3DFLILF�2FHDQ�� ���3X�ZDV�QRW�GHWHFWHG�RYHU�WKH�

PLQLPXP�GHWHFWDEOH�DFWLYLW\��0'$��LQ�DQ\�VDPSOHV�� �������3X�ZDV�RQO\�GHWHFWHG�DERYH�WKH�0'$�DW�

�����%T�NJ������S&L�NJ��ZHW�ZHLJKW�LQ�D�JXLOOHPRW�FRPSRVLWH��%XUJHU�DQG�*RFKIHOG��������

&RQFHQWUDWLRQV�RI��������3X�UDQJHG�IURP����WR�����S&L�NJ�������±����%T�NJ��GU\�ZHLJKW�LQ�DWWLF�GXVW�

FROOHFWHG�IURP�FRPPXQLWLHV�VXUURXQGLQJ�WKH�1HYDGD�7HVW�6LWH�LQ�VRXWKHUQ�1HYDGD�DQG�VRXWKHUQ�8WDK�

GXULQJ�WKH�VXPPHU������DQG�VSULQJ��������7KH�DFWLYLW\�UDWLRV�RI�UDGLRFHVLXP�WR�SOXWRQLXP�LQ�WKH�GXVW�

VDPSOHV�VXJJHVW�WKDW�WKH�1HYDGD�7HVW�6LWH�KDG�D�VLJQLILFDQW�FRQWULEXWLRQ�WR�SOXWRQLXP�OHYHOV�LQ�WKLV�DUHD�DV�

FRPSDUHG�WR�JOREDO�IDOORXW��&L]G]LHO�HW�DO���������

3OXWRQLXP�FRQFHQWUDWLRQV�LQ�YHJHWDWLRQ�ZHUH�PRQLWRUHG�GXULQJ������RQ�WKH�+DQIRUG�6LWH����������3X�ZDV�

QRW�GHWHFWHG�LQ�YHJHWDWLRQ�VDPSOHV�FROOHFWHG�RQ�WKH�+DQIRUG�6LWH�LQ�WKH�����1�$UHD�DQG�WKH�����DQG�

����$UHDV��'2(�����F��� $Q�DYHUDJH��������3X�FRQFHQWUDWLRQ�RI�������S&L�J���[�����%T�J��GU\�ZHLJKW��ZDV�

UHSRUWHG�LQ�YHJHWDWLRQ�VDPSOHV�FROOHFWHG�IURP�WKH�����DQG�����$UHDV���$��������3X�FRQFHQWUDWLRQ�RI�

��������S&L�J�����[�����%T�J��GU\�ZHLJKW�ZDV�UHSRUWHG�LQ�YHJHWDWLRQ�IURP�GLVWDQW�FRPPXQLWLHV���$YHUDJH�
�������3X�FRQFHQWUDWLRQV�LQ�YHJHWDWLRQ�VDPSOHV�FROOHFWHG�LQ�����±�����LQ�WKH�����1�$UHD�DQG�WKH�����DQG�

����$UHDV�UDQJHG�IURP��������WR�������DQG�IURP�������WR�������S&L�J�����[����±���[�����DQG��[����±�

�[�����%T�J��GU\�ZHLJKW�DQG�ZDV�QRW�GHWHFWHG�LQ�WKH������VDPSOHV���$YHUDJH��������3X�FRQFHQWUDWLRQV�LQ�

YHJHWDWLRQ�VDPSOHV�FROOHFWHG�GXULQJ�����±�����UDQJHG�IURP�������WR�������S&L�J���[����±���[�����%T�J��

GU\�ZHLJKW��'2(�����F����,Q�������PHDQ��������3X�FRQFHQWUDWLRQV�RI�������������������������DQG�

��������S&L�J���[�������[���������[������DQG����[�����%T�J��GU\�ZHLJKW�ZHUH�UHSRUWHG�LQ�YHJHWDWLRQ�

VDPSOHV�FROOHFWHG�VLWH�ZLGH�DW�WKH�+DQIRUG�6LWH��DW�WKH�SHULPHWHU��DW�WKH�VKRUHOLQH�RI�WKH�+DQIRUG�5HDFK�RI�

WKH�&ROXPELD�5LYHU��DQG�DW�D�GLVWDQW�VLWH��UHVSHFWLYHO\�� ���3X�ZDV�RQO\�GHWHFWHG�LQ�RQH�RI�ILYH�VDPSOHV�

FROOHFWHG�RQ�VLWH�DW�D�FRQFHQWUDWLRQ�RI����[�����S&L�J���[�����%T�J��GU\�ZHLJKW���7KH�UHVXOWV�UHSRUWHG�IRU�

WKH������VDPSOHV�ZHUH�VLPLODU�WR�WKRVH�UHSRUWHG�LQ�������������������DQG�������'2(�����F���

$NOH\HY�HW�DO���������UHSRUWHG�WKDW�SOXWRQLXP�FRQFHQWUDWLRQV�LQ�JUDVV�VDPSOHV�IURP�WKH�$VDQRY�6ZDPSV�

DQG�GDPV�RQ�WKH�7HFKD�5LYHU�ZHUH�HVWLPDWHG�WR�EH��±���%T�NJ�����±������S&L�NJ����$YHUDJH�YDOXHV�IRU�

SOXWRQLXP�FRQFHQWUDWLRQV�LQ�YHJHWDWLRQ�IURP�WKH�IORRG�SODLQ�VHFWLRQ�IURP�'DP����WR�WKH�YLOODJH�RI�
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6.  POTENTIAL FOR HUMAN EXPOSURE 

0XVO\XPRYR�ZHUH�UHSRUWHG�DV���%T�NJ������S&L�NJ���DQG�����%T�NJ�����S&L�NJ��LQ�WKH�VHFWLRQ�IURP�

0XVO\XPRYR�WR�=DUHFKQR\H�� 7KHVH�VLWHV�DUH�LQ�WKH�DUHD�RI�WKH�0D\DN�3$��$NOH\HY�HW�DO���������

%¡UUHW]HQ�HW�DO���������UHSRUWHG�FRQFHQWUDWLRQV�RI�����DQG�����P%T�NJ�������DQG������S&L�NJ��IRU����3X�

DQG����DQG����P%T�NJ�������DQG������S&L�NJ��IRU����3X�LQ�WZR�GULHG�JUDVV�VDPSOHV�IURP�WKH�$VDQRY�

6ZDPS�FROOHFWHG�RQ�-XQH���������������3X�DQG����3X�FRQFHQWUDWLRQV�RI�������DQG�����P%T�NJ�����DQG�

�����S&L�NJ��GU\�ZHLJKW�DQG�����DQG����P%T�NJ������DQG������S&L�NJ��GU\�ZHLJKW�ZHUH�DOVR�UHSRUWHG�LQ�

WZR�VDPSOHV�RI�ZDWHU�SODQWV��UHVSHFWLYHO\��%¡UUHW]HQ�HW�DO��������

3OXWRQLXP�FRQFHQWUDWLRQV�LQ�PRVV�VDPSOHV�IURP�FRXQWLHV�LQ�+XQJDU\�ZHUH�UHSRUWHG�DV������DQG�

������%T�NJ�������DQG�����S&L�NJ��IRU��������3X�DQG������DQG�������%T�NJ�������DQG������S&L�NJ��IRU����3X�

LQ�.RPDURP�DQG�+HYHV��UHVSHFWLYHO\��9DUJD�DQG�7DUMiQ�������� �������3X�FRQFHQWUDWLRQV�LQ�DVKHG�IRGGHU�

�3HVW���KD\��%DFV�.LVNXQ���DQG�VHGJH��7ROQD��ZHUH�UHSRUWHG�DV��������������DQG�������%T�NJ�������������

DQG������S&L�NJ���UHVSHFWLYHO\������3X�FRQFHQWUDWLRQV�LQ�WKHVH�VDPH�VDPSOHV�ZHUH�UHSRUWHG�DV������������

DQG������%T�NJ�������������DQG����S&L�NJ���UHVSHFWLYHO\��9DUJD�DQG�7DUMiQ��������

6.5  GENERAL POPULATION AND OCCUPATIONAL EXPOSURE 

7KH�HVWLPDWHG����\HDU�GRVH�FRPPLWPHQW�IURP�SOXWRQLXP�IRU�SHRSOH�LQ�WKH�QRUWK�WHPSHUDWH�]RQH�GXH�WR�

DWPRVSKHULF�QXFOHDU�ZHDSRQV�WHVWV�FRQGXFWHG�EHIRUH������LV�����PUDG��������P*\��WR�WKH�ERQH�OLQLQJ�

FHOOV��(LVHQEXG���������7KH�DYHUDJH�DQQXDO�GRVH�HTXLYDOHQW�IURP�DOO�EDFNJURXQG�UDGLDWLRQ�WR�DQ�LQGLYLGXDO�

UHVLGLQJ�LQ�WKH�8QLWHG�6WDWHV�LV�HVWLPDWHG�WR�EH�����PUHP������P6Y���1&53����������

6DQFKH]�HW�DO���������UHSRUWHG�WKDW��������3X�FRQWULEXWHG�WKH�ORZHVW�GRVH�RI�UDGLRQXFOLGHV�VWXGLHG�LQ�D�

VXUYH\�RI�WKH�GLHWV�RI�LQGLYLGXDOV�OLYLQJ�LQ�&XPEULD��8QLWHG�.LQJGRP��WKH�DYHUDJH�GRVH�ZDV��������6Y�

�������PUHP����&RQFHQWUDWLRQV�RI��������3X�LQ�WRWDO�GLHW�VDPSOHV�FROOHFWHG�IURP�DUHDV�RI�WKH�IRUPHU�

8�6�6�5��WKDW�ZHUH�FRQWDPLQDWHG�E\�IDOORXW�IURP�&KHUQRE\O�UDQJHG�IURP����[�����WR��[�����%T�J�

����[����±�[�����S&L�J��GU\�ZHLJKW��D�ZRUVW�FDVH�FDOFXODWHG�GRVH�RI������6Y�������PUHP��ZDV�UHSRUWHG�IRU�
�������3X��&RRSHU�HW�DO����������3LHWU]DN�)OLV�DQG�2U]HFKRZVND��������VWXGLHG�WKH�FRQWHQW�RI��������3X�LQ�

GDLO\�GLHW�VDPSOHV�FROOHFWHG�IURP�D�KRVSLWDO�LQ�%LDO\VWRN��3RODQG�IURP�0DUFK������WR�0D\��������7KH�

HVWLPDWHG�DQQXDO�LQWDNH�RI�SOXWRQLXP�ZDV�������%T�\HDU�������S&L�\HDU��LQ�WKH�ILUVW�\HDU�DIWHU�WKH�DFFLGHQW�

DW�&KHUQRE\O��DIWHU�WKH�VL[WK�\HDU��WKH�GDLO\�LQWDNH�ZDV�������%T�\HDU������S&L�\HDU���3LHWU]DN�)OLV�DQG�

2U]HFKRZVND���������'DLO\�LQJHVWLRQ�RI��������3X�LQ�IRRG�LQ�-DSDQ�EHWZHHQ������DQG������GXH�WR�

DWPRVSKHULF�IDOORXW�ZDV�HVWLPDWHG�WR�EH����[�����S&L�GD\�����[�����%T�GD\���+LVDPDWVX�HW�DO����������
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6.  POTENTIAL FOR HUMAN EXPOSURE 

)LOLS\�HW�DO���������UHSRUWHG�SOXWRQLXP�FRQFHQWUDWLRQV�LQ�ERQH�VDPSOHV�FROOHFW�DW�DXWRSV\�IURP�HLJKW�

LQGLYLGXDOV�IRU�WKH�8QLWHG�6WDWHV�7UDQVXUDQLXP�DQG�8UDQLXP�5HJLVWULHV��86785�� �7KH�86785�

GRFXPHQWV�OHYHOV�DQG�GLVWULEXWLRQ�RI�XUDQLXP�DQG�WUDQVXUDQLXP�LVRWRSHV�LQ�KXPDQ�WLVVXHV�IRU�

RFFXSDWLRQDOO\�H[SRVHG�ZRUNHUV�ZKR�GRQDWH�WKHLU�ERGLHV�WR�VFLHQFH��86785���������3OXWRQLXP�OHYHOV�

ZHUH�PHDVXUHG�LQ�YDULRXV�ERQH�VDPSOHV���FODYLFOH��SDWHOOD��ULEV���±�����VWHUQXP��DQG�YHUWHEUDH��7�±/����
���3X�FRQFHQWUDWLRQV�UDQJHG�IURP��������FODYLFOH��WR�������VWHUQXP��%T�NJ������±������S&L�NJ��GU\�

ZHLJKW������3X�FRQFHQWUDWLRQV�UDQJHG�IURP��������SDWHOOD��WR��������YHUWHEUDH��%T�NJ������±�

�������S&L�NJ��GU\�ZHLJKW�� ���3X�FRQFHQWUDWLRQV�UDQJHG�IURP��������VWHUQXP��WR�������VWHUQXP��%T�NJ�

���±����S&L�NJ��GU\�ZHLJKW��)LOLS\�HW�DO����������,YDQRYD�HW�DO���������PHDVXUHG�SOXWRQLXP�

FRQFHQWUDWLRQV�LQ�OXQJV��WUDFKHREURQFKLDO�O\PSK�QRGHV��7/1���OLYHU��DQG�ERQH�LQ����LQGLYLGXDOV�ZKR�OLYHG�

LQ�WKH�DUHDV�RI�WKH�%U\DQVN�UHJLRQ�RI�5XVVLD�WKDW�ZDV�FRQWDPLQDWHG�E\�WKH�&KHUQRE\O�DFFLGHQW���$YHUDJH�

FRQFHQWUDWLRQV�RI������������3X�LQ�OXQJ��7/1��OLYHU��DQG�ERQH�WLVVXH�ZHUH����������������������DQG�

������%T�NJ����������������DQG�����S&L�NJ��GU\�ZHLJKW��UHVSHFWLYHO\��,YDQRYD�HW�DO���������

7RWDO�SOXWRQLXP�GHSRVLWLRQ�LQ�ILYH�0DQKDWWDQ�3URMHFW�ZRUNHUV�H[SRVHG�WR�SOXWRQLXP�LQ�����±�����UDQJHG�

IURP����WR�������%T�������±�������S&L��DFFRUGLQJ�WR�DXWRSV\�GDWD��9RHO]�HW�DO����������0HDQ�

FRQFHQWUDWLRQV�RI��������3X�LQ�KXPDQ�WLVVXHV�IURP�DXWRSV\�VSHFLPHQV�LQ�-DSDQ�UDQJHG�IURP����[�����S&L�J�

����[�����%T�J���FHUHEUXP��WR����[�����S&L�J�����[�����%T�J���JRQDGV��ZHW�ZHLJKW��7DNL]DZD��������

:UHQQ�DQG�&RKHQ��������UHSRUWHG����3X�OHYHOV�LQ�WLVVXHV�GHULYHG�IURP����DXWRSV\�FDVHV�LQ�1HZ�<RUN�&LW\�

IURP������WR��������$YHUDJH�OHYHOV�IRU�OXQJ��OLYHU��YHUWHEUDH��DQG�JRQDGV�ZHUH����[�������[���������[�������

DQG��[�����S&L�J�����[�������[���������[������DQG��[�����%T�J���UHVSHFWLYHO\�� 7LVVXH�VDPSOHV�IURP�DXWRSV\�

FDVHV�RI�QRQRFFXSDWLRQDOO\�H[SRVHG�LQGLYLGXDOV�IURP�*UHDW�%ULWDLQ�VKRZHG�PHGLDQ��������3X�

FRQFHQWUDWLRQV�IRU�ULEV��YHUWHEUDH��IHPXU��OLYHU��DQG�OXQJV�RI����[���������[���������[�������[������DQG�

���[�����S&L�J�����[���������[���������[���������[������DQG����[�����%T�J���UHVSHFWLYHO\���&RPSDUDEOH�

VDPSOHV�WDNHQ�IURP�DXWRSV\�FDVHV�IURP�D�UHJLRQ�LQ�*UHDW�%ULWDLQ�ORFDWHG�QHDU�D�SOXWRQLXP�SURFHVVLQJ�

SODQW�KDG�PHGLDQ�FRQFHQWUDWLRQV�RI����[���������[���������[���������[������DQG����[�����S&L�J�����[�������

���[���������[���������[������DQG����[�����%T�J��IRU�ULEV��YHUWHEUDH��IHPXU��OLYHU��DQG�OXQJV��UHVSHFWLYHO\�

�3RSSOHZHOO�HW�DO���������

,EUDKLP�HW�DO���������VWXGLHG�WKH�H[FUHWLRQ�RI����3X�LQ�XULQH�RI�UHVLGHQWV�OLYLQJ�QHDU�WKH�5RFN\�)ODWV�

(QYLURQPHQWDO�7HFKQRORJ\�6LWH��5)(76��� 7KH�5RFN\�)ODWV�JURXS�FRQVLVWHG�RI�WZR�JURXSV�RI�LQGLYLGXDOV�

OLYLQJ�QHDU�5)(76��ZKR�ZHUH�QRW�RFFXSDWLRQDOO\�H[SRVHG�WR�SOXWRQLXP���8ULQH�ZDV�FROOHFWHG�IURP�WKH�

ILUVW�JURXS�GXULQJ�����±�����DQG�VDPSOHV�ZHUH�FROOHFWHG�IURP�WKH�VHFRQG�JURXS�LQ��������%DFNJURXQG�
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PLUTONIUM 187 

6.  POTENTIAL FOR HUMAN EXPOSURE 

VDPSOHV�ZHUH�DOVR�FROOHFWHG�GXULQJ�WZR�SHULRGV�IURP�LQGLYLGXDOV�OLYLQJ�LQ�&RORUDGR�OHDVW����NP�IURP�WKH�

5)(76� �0HDQ����3X�H[FUHWLRQ�UDWHV�RI����[�����DQG����[�����%T�GD\�����[�����DQG����[�����SL&L�GD\��

ZHUH�UHSRUWHG�IRU�WKH�HQWLUH�5RFN\�)ODWV�JURXS�DQG�WKH�EDFNJURXQG�JURXS��UHVSHFWLYHO\���$QDO\VLV�

LQGLFDWHG�WKDW�WKHVH�GDWD�ZHUH�QRW�VWDWLVWLFDOO\�VLJQLILFDQWO\�GLIIHUHQW�� 0HDVXUHG�OHYHOV�RI����3X�LQ�XULQH�

IURP�WKH�5RFN\�)ODWV�JURXS�ZHUH�ZLWKLQ�WKH�UDQJH�UHSRUWHG�IRU�EDFNJURXQG�OHYHOV��,EUDKLP�HW�DO����������

%RORWRY�HW�DO���������UHSRUWHG����3X�FRQFHQWUDWLRQV�LQ�KXPDQ�KDLU�UDQJLQJ�IURP������WR�����%T�NJ����±�

���S&L�NJ��LQ�VDPSOHV�IURP�WKH�DUHD�RI�WKH�KHDYLO\�GDPDJHG�6HPLSDODWLQVN�QXFOHDU�ERPE�WHVW�VLWH�UHJLRQ�

LQ�5XVVLD������3X�FRQFHQWUDWLRQV�LQ�KXPDQ�JDOO�VWRQHV�FROOHFWHG�IURP�WKUHH�LQGLYLGXDOV�IURP�0LQVN��

%HODUXV�ZHUH�����±�����%T�NJ�����±���S&L�NJ���JDOO�VWRQHV�IURP�DQRWKHU�LQGLYLGXDO�LQ�.UDNRZ��3RODQG�

FRQWDLQHG�������%T�NJ�����S&L�NJ�����3X��%RORWRY�HW�DO���������

<DPDPRWR�HW�DO�������D��UHSRUWHG�SOXWRQLXP�FRQFHQWUDWLRQV�KXPDQ�WLVVXH�VDPSOHV��LQFOXGLQJ�ERQH�

�YHUWHEUD���OXQJV��OLYHU��DQG�NLGQH\V��FROOHFWHG�GXULQJ�����±�����DW�DXWRSV\�IURP�QLQH�UHVLGHQWV�ZKR�GLHG�

LQ�VRPH�VHWWOHPHQWV�DQG�LQ�6HPLSDODWLQVN�&LW\�DURXQG�WKH�6HPLSDODWLQVN�1XFOHDU�7HVW�6LWH�� �������3X�
���3XFRQFHQWUDWLRQV�LQ�IRXU�ERQH��YHUWHEUD��VDPSOHV�UDQJHG�IURP�������WR������P%T�J�DVKHG�ZHLJKW���

FRQFHQWUDWLRQV�LQ�VL[�NLGQH\�VDPSOHV�UDQJHG�IURP�������WR������P%T�J�DVKHG�ZHLJKW�����3X�ZDV�QRW�

GHWHFWHG�LQ�WKHVH�NLGQH\�VDPSOHV���,Q�WKH�QLQH�OLYHU�VDPSOHV����3X�DQG����3X�FRQFHQWUDWLRQV�ZHUH�����±�

�����DQG����±�����P%T�J�DVKHG�ZHLJKW��UHVSHFWLYHO\���,Q�WKH�QLQH�OXQJ�VDPSOHV����3X�DQG����3X�

FRQFHQWUDWLRQV�UDQJHG�IURP�������WR������DQG�IURP�QRW�GHWHFWHG�WR������P%T�J�DVKHG�ZHLJKW��

UHVSHFWLYHO\���,Q�DGGLWLRQ��ERQH�VDPSOHV��PDLQO\�YHUWHEUDO�ERQH��ZHUH�FROOHFWHG�IURP����GHFHDVHG�UHVLGHQWV�

RI�WKLV�DUHD�� �������3X�DFWLYLW\�LQ�WKHVH�ERQH�VDPSOHV�UDQJHG�IURP�������WR�������P%T�J�DVKHG�ZHLJKW��ZLWK�

D�PHDQ�RI������P%T�J�DVK�ZHLJKW���<DPDPRWR�HW�DO�������D��UHSRUWHG�WKDW�WKH��������3X�OHYHOV�LQ�ERQH��

OXQJ��DQG�OLYHU�VDPSOHV�LQ�WKLV�VWXG\�GLG�QRW�VHHP�WR�EH�ODUJHO\�GLIIHUHQW�IURP�UDQJHV�IRXQG�IRU�KXPDQ�

WLVVXH�VDPSOHV�IRU�UHVLGHQWV�IURP�RWKHU�FRXQWULHV�WKDW�ZHUH�GXH�VROHO\�WR�JOREDO�IDOORXW�GXULQJ�WKH�����V±�

����V���+XPDQ�WLVVXH�DXWRSV\�VDPSOHV�ZHUH�REWDLQHG�IRU�WKH�SHULRG�RI�����±�����IURP�QRQ�

RFFXSDWLRQDOO\�H[SRVHG�UHVLGHQWV�RI�2]\RUVN��5XVVLD�LQ�WKH�YLFLQLW\�RI�WKH�0D\DN�QXFOHDU�IDFLOLW\���6LQFH�

WKH�HDUO\�����V��WKH�SOXWRQLXP�ERG\�EXUGHQ�LQ�WKH�2]\RUVN�SRSXODWLRQ�ZDV�VKRZQ�WR�JURZ�DW�D�QHDUO\�

FRQVWDQW�UDWH�DQG�WRWDO�DFFXPXODWLRQ�DPRXQWHG�WR�����%T�DW����\HDUV�DIWHU�WKH�FRQVWUXFWLRQ�RI�WKH�SODQW�LQ�

WKH�FLW\��6XVORYD�HW�DO���������
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PLUTONIUM 188 

6.  POTENTIAL FOR HUMAN EXPOSURE 

6.6  EXPOSURES OF CHILDREN 

7KLV�VHFWLRQ�IRFXVHV�RQ�H[SRVXUHV�IURP�FRQFHSWLRQ�WR�PDWXULW\�DW����\HDUV�LQ�KXPDQV���'LIIHUHQFHV�IURP�

DGXOWV�LQ�VXVFHSWLELOLW\�WR�KD]DUGRXV�VXEVWDQFHV�DUH�GLVFXVVHG�LQ�6HFWLRQ������&KLOGUHQ¶V�6XVFHSWLELOLW\��

&KLOGUHQ�DUH�QRW�VPDOO�DGXOWV���$�FKLOG¶V�H[SRVXUH�PD\�GLIIHU�IURP�DQ�DGXOW¶V�H[SRVXUH�LQ�PDQ\�ZD\V���

&KLOGUHQ�GULQN�PRUH�IOXLGV��HDW�PRUH�IRRG��EUHDWKH�PRUH�DLU�SHU�NLORJUDP�RI�ERG\�ZHLJKW��DQG�KDYH�D�

ODUJHU�VNLQ�VXUIDFH�LQ�SURSRUWLRQ�WR�WKHLU�ERG\�YROXPH���$�FKLOG¶V�GLHW�RIWHQ�GLIIHUV�IURP�WKDW�RI�DGXOWV���

7KH�GHYHORSLQJ�KXPDQ¶V�VRXUFH�RI�QXWULWLRQ�FKDQJHV�ZLWK�DJH���IURP�SODFHQWDO�QRXULVKPHQW�WR�EUHDVW�PLON�

RU�IRUPXOD�WR�WKH�GLHW�RI�ROGHU�FKLOGUHQ�ZKR�HDW�PRUH�RI�FHUWDLQ�W\SHV�RI�IRRGV�WKDQ�DGXOWV���$�FKLOG¶V�

EHKDYLRU�DQG�OLIHVW\OH�DOVR�LQIOXHQFH�H[SRVXUH���&KLOGUHQ�FUDZO�RQ�WKH�IORRU��SXW�WKLQJV�LQ�WKHLU�PRXWKV��

VRPHWLPHV�HDW�LQDSSURSULDWH�WKLQJV��VXFK�DV�GLUW�RU�SDLQW�FKLSV���DQG�VSHQG�PRUH�WLPH�RXWGRRUV���&KLOGUHQ�

DOVR�DUH�FORVHU�WR�WKH�JURXQG��DQG�WKH\�GR�QRW�XVH�WKH�MXGJPHQW�RI�DGXOWV�WR�DYRLG�KD]DUGV��15&��������

&KLOGUHQ�ZRXOG�EH�H[SRVHG�WR�SOXWRQLXP�IURP�IDOORXW�E\�VLPLODU�URXWHV�DUH�DGXOWV��VXFK�DV�LQJHVWLRQ�RI�

IRRG�DQG�ZDWHU�DQG�EUHDWKLQJ�DPELHQW�DLU���+RZHYHU��OHYHOV�ZRXOG�JHQHUDOO\�EH�ORZ�IRU�FKLOGUHQ�QRW�OLYLQJ�

QHDU�DUHDV�ZLWK�NQRZQ�SOXWRQLXP�FRQWDPLQDWLRQ��H�J���DUHDV�ZKHUH�QXFOHDU�DFFLGHQWV�RU�IRUPHU�SOXWRQLXP�

SURFHVVLQJ�SODQWV����/LPLWHG�GDWD�RQ�H[SRVXUHV�RI�FKLOGUHQ�WR�SOXWRQLXP�ZHUH�ORFDWHG��

&RPSDUHG�WR�DGXOWV��WKH�SRWHQWLDO�IRU�SOXWRQLXP�H[SRVXUH�LV�JUHDWHU�IRU�FKLOGUHQ�ZKR�FRQVXPH�IRRGV��H�J���

PLON��JUDLQV��SURGXFHG�LQ�DUHDV�ZLWK�HOHYDWHG�FRQFHQWUDWLRQV�RI�SOXWRQLXP�LQ�WKH�VRLO�DQG�IRU�FKLOGUHQ�ZLWK�

HOHYDWHG�FRQFHQWUDWLRQV�RI�SOXWRQLXP�LQ�WKHLU�GULQNLQJ�ZDWHU���&KLOGUHQ�DUH�PRUH�OLNHO\�WR�EH�H[SRVHG�WR�

SOXWRQLXP�LQ�GDLU\�SURGXFWV�SURGXFHG�LQ�FRQWDPLQDWHG�DUHDV��

2¶'RQQHOO�HW�DO���������UHSRUWHG�DQ�DYHUDJH��������3X�FRQFHQWUDWLRQ�LQ�SHUPDQHQW�WHHWK�FROOHFWHG�IURP�

FKLOGUHQ�ZLWKLQ�WKH�8QLWHG�.LQJGRP�DQG�5HSXEOLF�RI�,UHODQG�RI���P%T�NJ������S&L�NJ��DVK�ZHLJKW��
�������3X�FRQFHQWUDWLRQV�GHFUHDVHG�ZLWK�LQFUHDVLQJ�GLVWDQFH�IURP�6HOODILHOG��DW��±������±�����DQG�

!����PLOHV�IURP�6HOODILHOG��DYHUDJH��������3X�FRQFHQWUDWLRQV�ZHUH�����������DQG�����P%T�NJ��������������

DQG������S&L�NJ��DVK�ZHLJKW��UHVSHFWLYHO\���7KHVH�OHYHOV�DUH�QRW�FRQVLGHUHG�WR�SUHVHQW�D�UDGLRORJLFDO�

KD]DUG��2¶'RQQHOO�HW�DO����������8ULQH�FROOHFWHG�GXULQJ�D����KRXU�SHULRG�IURP����VFKRRO�DJHG�FKLOGUHQ�LQ�

1RUWK�/RQGRQ�FRQWDLQHG������%T�GD\�RI����3X��3ULHVW�HW�DO���������
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PLUTONIUM 189 

6.  POTENTIAL FOR HUMAN EXPOSURE 

6.7  POPULATIONS WITH POTENTIALLY HIGH EXPOSURES 

7RWDO�SOXWRQLXP�GHSRVLWLRQ�LQ�ILYH�0DQKDWWDQ�3URMHFW�ZRUNHUV�H[SRVHG�WR�SOXWRQLXP�LQ�����±�����UDQJHG�

IURP����WR�������%T�������±�������S&L��DFFRUGLQJ�WR�DXWRSV\�GDWD��9RHO]�HW�DO����������

,QGLYLGXDOV�OLYLQJ�QHDU�IDFLOLWLHV�ZKLFK�XWLOL]H�SOXWRQLXP�LQ�WKHLU�RSHUDWLRQV�PD\�KDYH�KLJKHU�H[SRVXUH�

SRWHQWLDO�GXH�WR�UHJXODU�UHOHDVHV�WKURXJK�VWDFN�HPLVVLRQV�RU�ZDVWH�ZDWHU���,Q�DGGLWLRQ��DWPRVSKHULF�IDOORXW�

WR�WKH�VRLO�FDQ�UHVXOW�LQ�VHFRQGDU\�UHOHDVHV�GXH�WR�GXVW�JHQHUDWLRQ�ZKLOH�IDUPLQJ�RU�GXH�WR�XSWDNH�E\�FURSV�

DQG�VXEVHTXHQW�LQJHVWLRQ�RI�FRQWDPLQDWHG�FURSV��&RUH\�HW�DO���������

,QGLYLGXDOV�OLYLQJ�LQ�3DORPDUHV��6SDLQ��ZHUH�H[SRVHG�WR�SOXWRQLXP�DIWHU�WKH�GLVSHUVDO�RI�WKH�SOXWRQLXP�LQ�

WZR�ERPEV�UHOHDVHG�GXULQJ�WKH�PLGDLU�FROOLVLRQ�RI�WZR�DLUSODQHV��,UDQ]R�HW�DO����������([SRVXUH�YLD�

LQKDODWLRQ�GXH�WR�WKH�UHVXVSHQVLRQ�RI�FRQWDPLQDWHG�VRLO�ZDV�VWXGLHG�IRU����\HDUV�IROORZLQJ�WKH�UHOHDVH��

7KRVH�LQGLYLGXDOV�OLYLQJ�QHDU�FXOWLYDWHG�ODQGV�ZLWK�WKH�KLJKHVW�FRQWDPLQDWLRQ�UHFHLYHG�D�FXPXODWLYH�WRWDO�

RI������PUHP�����[�����P6Y��IURP������WR������ZKLOH�WKRVH�LQ�WKH�XUEDQ�DUHD�RI�3DORPDUHV��IDUWKHU�DZD\�

IURP�WKH�VRXUFH��UHFHLYHG�����PUHP�����[�����P6Y���,UDQ]R�HW�DO���������

.DWKUHQ�HW�DO���������GHWHUPLQHG�OHYHOV�RI����3X�DW�DXWRSV\�LQ�ERQHV�RI�DQ�LQGLYLGXDO�NQRZQ�WR�KDYH�KDG�

RFFXSDWLRQDO�H[SRVXUH�WR�SOXWRQLXP���9DOXHV�UDQJHG�IURP����[�����WR�����[�����S&L�J�DVK�����[����±�

���[�����%T�J�DVK���ZLWK�WKH�KLJKHVW�YDOXH�GHWHFWHG�LQ�WKH�VFDSXOD��

.DZDPXUD��������HVWLPDWHG�WKH��������3X�LQKDODWLRQ�LQWDNH�RI�YLVLWRUV�WR�.LHY�DIWHU�WKH�&KHUQRE\O�DFFLGHQW�

WR�EH�����S&L�GD\�������%T�GD\��GXULQJ�SHDN�IDOORXW�H[SRVXUH��

6.8  ADEQUACY OF THE DATABASE 

6HFWLRQ�����L�����RI�&(5&/$��DV�DPHQGHG��GLUHFWV�WKH�$GPLQLVWUDWRU�RI�$76'5��LQ�FRQVXOWDWLRQ�ZLWK�WKH�

$GPLQLVWUDWRU�RI�(3$�DQG�DJHQFLHV�DQG�SURJUDPV�RI�WKH�3XEOLF�+HDOWK�6HUYLFH��WR�DVVHVV�ZKHWKHU�

DGHTXDWH�LQIRUPDWLRQ�RQ�WKH�KHDOWK�HIIHFWV�RI�SOXWRQLXP�LV�DYDLODEOH�� :KHUH�DGHTXDWH�LQIRUPDWLRQ�LV�QRW�

DYDLODEOH��$76'5��LQ�FRQMXQFWLRQ�ZLWK�173��LV�UHTXLUHG�WR�DVVXUH�WKH�LQLWLDWLRQ�RI�D�SURJUDP�RI�UHVHDUFK�

GHVLJQHG�WR�GHWHUPLQH�WKH�KHDOWK�HIIHFWV��DQG�WHFKQLTXHV�IRU�GHYHORSLQJ�PHWKRGV�WR�GHWHUPLQH�VXFK�KHDOWK�

HIIHFWV��RI�SOXWRQLXP���

7KH�IROORZLQJ�FDWHJRULHV�RI�SRVVLEOH�GDWD�QHHGV�KDYH�EHHQ�LGHQWLILHG�E\�D�MRLQW�WHDP�RI�VFLHQWLVWV�IURP�

$76'5��173��DQG�(3$���7KH\�DUH�GHILQHG�DV�VXEVWDQFH�VSHFLILF�LQIRUPDWLRQDO�QHHGV�WKDW�LI�PHW�ZRXOG�
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6.  POTENTIAL FOR HUMAN EXPOSURE 

UHGXFH�WKH�XQFHUWDLQWLHV�RI�KXPDQ�KHDOWK�DVVHVVPHQW���7KLV�GHILQLWLRQ�VKRXOG�QRW�EH�LQWHUSUHWHG�WR�PHDQ�

WKDW�DOO�GDWD�QHHGV�GLVFXVVHG�LQ�WKLV�VHFWLRQ�PXVW�EH�ILOOHG���,Q�WKH�IXWXUH��WKH�LGHQWLILHG�GDWD�QHHGV�ZLOO�EH�

HYDOXDWHG�DQG�SULRULWL]HG��DQG�D�VXEVWDQFH�VSHFLILF�UHVHDUFK�DJHQGD�ZLOO�EH�SURSRVHG��

6.8.1 Identification of Data Needs 

Physical and Chemical Properties. 7DEOH�����VXPPDUL]HV�PDQ\�RI�WKH�UHOHYDQW�SK\VLFDO�DQG�

FKHPLFDO�SURSHUWLHV�RI�SOXWRQLXP�DQG�VHOHFWHG�SOXWRQLXP�FRPSRXQGV���7DEOH�����VXPPDUL]HV�WKH�

UDGLRORJLFDO�SURSHUWLHV�RI�VHOHFWHG�SOXWRQLXP�LVRWRSHV���7KHUH�DUH�DGHTXDWH�GDWD�IRU�WKH�SK\VLFDO��

FKHPLFDO��DQG�UDGLRORJLFDO�SURSHUWLHV�RI�SOXWRQLXP�DQG�SOXWRQLXP�FRPSRXQGV���1R�GDWD�QHHGV�DUH�

LGHQWLILHG���

Production, Import/Export, Use, Release, and Disposal. $FFRUGLQJ�WR�WKH�(PHUJHQF\�

3ODQQLQJ�DQG�&RPPXQLW\�5LJKW�WR�.QRZ�$FW�RI����������8�6�&��6HFWLRQ��������LQGXVWULHV�DUH�UHTXLUHG�

WR�VXEPLW�VXEVWDQFH�UHOHDVH�DQG�RII�VLWH�WUDQVIHU�LQIRUPDWLRQ�WR�WKH�(3$���7KH�75,��ZKLFK�FRQWDLQV�WKLV�

LQIRUPDWLRQ�IRU�������EHFDPH�DYDLODEOH�LQ�0D\�RI��������7KLV�GDWDEDVH�LV�XSGDWHG�\HDUO\�DQG�VKRXOG�

SURYLGH�D�OLVW�RI�LQGXVWULDO�SURGXFWLRQ�IDFLOLWLHV�DQG�HPLVVLRQV��

7KH�SRWHQWLDO�IRU�KXPDQ�H[SRVXUH�WR�SOXWRQLXP�LV�JUHDW�GXH�WR�LWV�XELTXLWRXV�SUHVHQFH�LQ�WKH�HQYLURQPHQW��

UHVXOWLQJ�IURP�UHOHDVHV�IURP�SURGXFWLRQ�IDFLOLWLHV�DQG�IURP�ZHDSRQV�WHVWLQJ��DQG�LWV�UDGLRORJLFDO�KDOI�OLIH��

+RZHYHU��WKH�OHYHO�RI�H[SRVXUH�WR�SOXWRQLXP�ZLOO�JHQHUDOO\�EH�VPDOO���7KH�SURGXFWLRQ�DQG�XVH�RI�

SOXWRQLXP����±����DUH�ZHOO�GRFXPHQWHG���7KHUH�LV�OLWWOH�LQIRUPDWLRQ�UHJDUGLQJ�WKH�SURGXFWLRQ�RI����3X���

7KH�DPRXQWV�RI�WKHVH�SOXWRQLXP�LVRWRSHV�SURGXFHG�IRU�YDULRXV�DSSOLFDWLRQV�KDYH�EHHQ�GRFXPHQWHG��

KRZHYHU��WKH�PRVW�FXUUHQW�LQIRUPDWLRQ�LV�IURP��������0RUH�UHFHQW�GDWD�DUH�QHHGHG�LQ�RUGHU�WR�FRPSDUH�

SDVW�DQG�SUHVHQW�SURGXFWLRQ�DQG�WR�SURMHFW�IXWXUH�SURGXFWLRQ���7KH�PDMRULW\�RI�LQIRUPDWLRQ�RQ�WKH�

SURGXFWLRQ�DQG�XVH�RI�SOXWRQLXP�LV�FODVVLILHG�LQ�WKH�QDWLRQ
V�GHIHQVH�SURJUDP���,QIRUPDWLRQ�RQ�SDVW�PDMRU�

UHOHDVHV�RI�SOXWRQLXP�IURP�ZHDSRQV�WHVWLQJ�DQG�IURP�WKH�H[SORVLRQ�RI�D�QDYLJDWLRQDO�VDWHOOLWH�LV�DYDLODEOH��

+RZHYHU��FXUUHQW�LQIRUPDWLRQ�RQ�UHOHDVHV�IURP�SURGXFWLRQ�IDFLOLWLHV�LV�XQDYDLODEOH�DQG�LV�QHHGHG�LQ�RUGHU�

WR�PRQLWRU�SRSXODWLRQV�WKDW�PLJKW�EH�H[SRVHG�� 7KH�GLVSRVDO�RI�SOXWRQLXP�SULRU�WR������LV�GRFXPHQWHG��

EXW�DJDLQ��PRUH�UHFHQW�LQIRUPDWLRQ�UHJDUGLQJ�DPRXQWV�EHLQJ�KHOG�IRU�PDQGDWHG�GLVSRVDO�LQ�WKH�SURSRVHG�

KLJK�OHYHO�GLVSRVDO�IDFLOLW\�LV�QHHGHG���5XOHV�DQG�UHJXODWLRQV�IRU�WKH�GLVSRVDO�RI�SOXWRQLXP�KDYH�EHHQ�

HVWDEOLVKHG�DQG�WKHVH�DUH�UHSRUWHG�LQ�&KDSWHU����
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6.  POTENTIAL FOR HUMAN EXPOSURE 

Environmental Fate. 7KH�PDMRU�WUDQVSRUW�SURFHVVHV�LQYROYHG�LQ�WKH�HQYLURQPHQWDO�IDWH�RI�SOXWRQLXP��

DV�LW�UHODWHV�WR�SRWHQWLDO�KXPDQ�H[SRVXUH��KDYH�EHHQ�IDLUO\�ZHOO�GHILQHG�� 7KHVH�SURFHVVHV�LQFOXGH�WUDQVSRUW�

LQ�WKH�DWPRVSKHUH�ZKHQ�DGVRUEHG�WR�SDUWLFXODWH�PDWWHU�DQG�GU\�RU�ZHW�GHSRVLWLRQ�RQ�ODQG�DQG�ZDWHU���

,QIRUPDWLRQ�RQ�HQYLURQPHQWDO�FRPSDUWPHQWV��VXFK�DV�IOX[�UDWHV��DQG�WKH�PHFKDQLVPV�DQG�UDWHV�RI�VHYHUDO�

SURFHVVHV�LQYROYHG�LQ�WKH�ELRJHRFKHPLFDO�F\FOLQJ�RI�SOXWRQLXP�DUH�VWLOO�XQGHILQHG���7KH�GDWD�DYDLODEOH�

UHJDUGLQJ�XSWDNH�RI�SOXWRQLXP�E\�SODQWV�DUH�OLPLWHG���7KHUH�LV�VRPH�LQIRUPDWLRQ�UHJDUGLQJ�WKH�FRQYHUVLRQ�

RI�WKH�R[LGL]HG�IRUPV�RI�SOXWRQLXP�WR�UHGXFHG�IRUPV�IROORZHG�E\�XSWDNH�LQWR�SODQWV���,QIRUPDWLRQ�

UHJDUGLQJ�WKH�LQIOXHQFH�RI�LQRUJDQLF�FRPSOH[HV�RQ�WUDQVSRUW�DQG�UHJDUGLQJ�WKH�PHGLD�VSHFLILF�HIIHFWV�RI�

S+�RQ�WKH�R[LGDWLRQ�VWDWHV�RI�SOXWRQLXP�ZRXOG�EH�XVHIXO�LQ�RUGHU�WR�PRUH�IXOO\�XQGHUVWDQG�WUDQVSRUW�

SURFHVVHV���7KH�SHUVLVWHQFH�RI�SOXWRQLXP�LVRWRSHV�LV�ZHOO�GRFXPHQWHG���7UDQVIRUPDWLRQ�RI�SOXWRQLXP�LV�

WKURXJK�UDGLRDFWLYH�GHFD\�RU�FKHPLFDO�R[LGDWLRQ�UHGXFWLRQ�UHDFWLRQV�� 7KHVH�SURFHVVHV�KDYH�EHHQ�ZHOO�

FKDUDFWHUL]HG��

Bioavailability from Environmental Media.����3OXWRQLXP�LV�NQRZQ�WR�EH�DEVRUEHG�IROORZLQJ�
LQKDODWLRQ�H[SRVXUH���%LRDYDLODELOLW\�IROORZLQJ�RUDO�DQG�GHUPDO�H[SRVXUH�LV�YHU\�ORZ��KRZHYHU��SOXWRQLXP�

FDQ�EH�DEVRUEHG�IURP�FRQWDPLQDWHG�ZRXQGV���%LRDVVD\�GDWD�DUH�DYDLODEOH�RQ�DEVRUSWLRQ�IURP�

FRQWDPLQDWHG�DLU�DQG�ZDWHU��

Food Chain Bioaccumulation.����3OXWRQLXP�KDV�EHHQ�VKRZQ�WR�ELRFRQFHQWUDWH�LQ�DTXDWLF�RUJDQLVPV�DW�
WKH�ORZHU�HQG�RI�WKH�IRRG�FKDLQ��:+2���������+RZHYHU��GDWD�GR�QRW�LQGLFDWH�WKDW�SOXWRQLXP�LV�

ELRFRQFHQWUDWHG�LQ�SODQWV��KLJKHU�DTXDWLF�RUJDQLVPV��RU�DQLPDOV���,Q�DGGLWLRQ��WKHUH�LV�QR�LQGLFDWLRQ�WKDW�

SOXWRQLXP�LV�ELRPDJQLILHG�LQ�WHUUHVWULDO�RU�DTXDWLF�IRRG�FKDLQV���1R�DGGLWLRQDO�LQIRUPDWLRQ�RQ�

ELRDFFXPXODWLRQ�DSSHDUV�WR�EH�QHFHVVDU\�DW�WKLV�WLPH��

Exposure Levels in Environmental Media. 5HOLDEOH�PRQLWRULQJ�GDWD�IRU�WKH�OHYHOV�RI�SOXWRQLXP�

LQ�FRQWDPLQDWHG�PHGLD�DW�KD]DUGRXV�ZDVWH�VLWHV�DUH�QHHGHG�VR�WKDW�WKH�LQIRUPDWLRQ�REWDLQHG�RQ�OHYHOV�RI�

SOXWRQLXP�LQ�WKH�HQYLURQPHQW�FDQ�EH�XVHG�LQ�FRPELQDWLRQ�ZLWK�WKH�NQRZQ�ERG\�EXUGHQ�RI�SOXWRQLXP�WR�

DVVHVV�WKH�SRWHQWLDO�ULVN�RI�DGYHUVH�KHDOWK�HIIHFWV�LQ�SRSXODWLRQV�OLYLQJ�LQ�WKH�YLFLQLW\�RI�KD]DUGRXV�ZDVWH�

VLWHV��

$�QXPEHU�RI�VWXGLHV�KDYH�EHHQ�SHUIRUPHG�WKURXJKRXW�WKH�\HDUV�RQ�WKH�IDOORXW�DVVRFLDWHG�ZLWK�WKH�WHVWLQJ�

RI�QXFOHDU�ZHDSRQV���,QIRUPDWLRQ�LV�DYDLODEOH�RQ�OHYHOV�LQ�DLU��ZDWHU��VRLO��SODQW�PDWHULDOV��DQG�IRRGVWXIIV�

�$KLHU�DQG�7UDF\�������$ULPRWR�HW�DO��������'DL�HW�DO��������'2(�����D������D������F������G������H��

����I������D��+LURVH�DQG�$R\DPD�������,EUDKLP�HW�DO��������/HH�DQG�&ODUN�������/HKWR�HW�DO��������
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6.  POTENTIAL FOR HUMAN EXPOSURE 

/LWDRU�������0XOVRZ�HW�DO��������6WUXPLQVND�DQG�6NZDU]HF���������,Q�SDUWLFXODU��LQIRUPDWLRQ�LV�YHU\�

OLPLWHG�RQ�OHYHOV�LQ�PHGLD�DVVRFLDWHG�ZLWK�DUHDV�VXUURXQGLQJ�ZDVWH�VLWHV���6XFK�LQIRUPDWLRQ�LV�QHHGHG�LQ�

RUGHU�WR�TXDQWLI\�WKH�SRWHQWLDO�H[SRVXUH�YLD�WKHVH�VRXUFHV���/LPLWHG�GDWD�DUH�DYDLODEOH�RQ�HVWLPDWHV�RI�

KXPDQ�LQWDNH�YLD�VSHFLILF�PHGLD��H�J���IRRG���&RRSHU�HW�DO��������3LHWU]DN�)OLV�DQG�2U]HFKRZVND�������

6DQFKH]�HW�DO����������7KLV�LQIRUPDWLRQ�ZRXOG�EH�LPSRUWDQW�LQ�GHWHUPLQLQJ�WKH�LPSDFW�RI�H[SRVXUH�WKURXJK�

HDFK�RI�WKHVH�PHGLD���,Q�JHQHUDO��SOXWRQLXP�OHYHOV�IRXQG�LQ�HQYLURQPHQWDO�PHGLD�WKDW�UHVXOWHG�IURP�IDOORXW�

DUH�ORZ�DQG�H[SRVXUH�ZRXOG�DOVR�EH�H[SHFWHG�WR�EH�ORZ���3OXWRQLXP�H[SRVXUH�ZRXOG�OLNHO\�RQO\�EH�

UHOHYDQW�WR�LQGLYLGXDOV�OLYLQJ�QHDU�DUHDV�ZLWK�NQRZQ�SOXWRQLXP�FRQWDPLQDWLRQ��H�J���QXFOHDU�DFFLGHQW�VLWHV�

RU�ZDVWH�VLWHV���

Exposure Levels in Humans. 3OXWRQLXP�FRQFHQWUDWLRQV�KDYH�EHHQ�UHSRUWHG�LQ�YDULRXV�WLVVXHV�DQG�

ELRORJLFDO�IOXLGV��LQFOXGLQJ�XULQH��DQG�LQ�OXQJ��OLYHU��DQG�ERQH�WLVVXHV�REWDLQHG�IURP�DXWRSV\��)LOLS\�HW�DO��

������,EUDKLP�HW�DO��������,YDQRYD�HW�DO��������3RSSOHZHOO�HW�DO��������7DNL]DZD�������9RHO]�HW�DO��������

:UHQQ�DQG�&RKHQ���������2FFXSDWLRQDOO\�H[SRVHG�SRSXODWLRQV�DUH�OLNHO\�URXWLQHO\�ELRPRQLWRUHG�WKURXJK�

XULQDO\VLV���+RZHYHU��VXFK�GDWD�DUH�QRW�PDGH�DYDLODEOH�DQG�DUH�QHHGHG�WR�TXDQWLI\�H[SRVXUH�WR�WKHVH�

LQGLYLGXDOV���,Q�DGGLWLRQ��QR�LQIRUPDWLRQ�LV�DYDLODEOH�RQ�ELRPRQLWRULQJ�RI�LQGLYLGXDOV�DURXQG�13/�VLWHV�

ZKHUH�SOXWRQLXP�KDV�EHHQ�IRXQG�RU�RI�WKH�JHQHUDO�SXEOLF��

7KLV�LQIRUPDWLRQ�LV�QHFHVVDU\�IRU�DVVHVVLQJ�WKH�QHHG�WR�FRQGXFW�KHDOWK�VWXGLHV�RQ�WKHVH�SRSXODWLRQV��

Exposures of Children.����&KLOGUHQ�ZRXOG�EH�H[SRVHG�WR�SOXWRQLXP�IURP�IDOORXW�E\�VLPLODU�URXWHV�DUH�
DGXOWV��VXFK�DV�LQJHVWLRQ�RI�IRRG�DQG�ZDWHU�DQG�EUHDWKLQJ�DPELHQW�DLU���+RZHYHU��OHYHOV�ZRXOG�JHQHUDOO\�

EH�ORZ�IRU�FKLOGUHQ�QRW�OLYLQJ�QHDU�DUHDV�ZLWK�NQRZQ�SOXWRQLXP�FRQWDPLQDWLRQ��H�J���DUHDV�ZKHUH�QXFOHDU�

DFFLGHQWV�RU�IRUPHU�SOXWRQLXP�SURFHVVLQJ�SODQWV����/LPLWHG�GDWD�RQ�H[SRVXUHV�RI�FKLOGUHQ�WR�SOXWRQLXP�

ZHUH�ORFDWHG���2¶'RQQHOO�HW�DO���������UHSRUWHG��������3X�OHYHOV�LQ�SHUPDQHQW�WHHWK�FROOHFWHG�IURP�FKLOGUHQ�

LQ�WKH�8QLWHG�.LQJGRP�DQG�5HSXEOLF�RI�,UHODQG���3ULHVW�HW�DO���������UHSRUWHG����3X�FRQWHQW�LQ�XULQH�LQ�

1RUWK�/RQGRQ�VFKRRO�FKLOGUHQ���

7KHUH�GR�QRW�DSSHDU�WR�EH�DQ\�FKLOGKRRG�VSHFLILF�PHDQV�WR�GHFUHDVH�H[SRVXUH�WR�SOXWRQLXP���+RZHYHU��DV�

OHYHOV�RI�SOXWRQLXP�LQ�IRRG�DQG�DPELHQW�DLU�DUH�JHQHUDOO\�ORZ��H[SRVXUH�WR�SOXWRQLXP�ZRXOG�DOVR�EH�

H[SHFWHG�WR�EH�ORZ��

1R�GDWD�ZHUH�ORFDWHG�RQ�SOXWRQLXP�FRQFHQWUDWLRQV�LQ�EUHDVW�PLON�RU�LQIDQW�IRUPXODV���$GGLWLRQDO�VWXGLHV�

RQ�GDLO\�LQWDNH�RI�SOXWRQLXP�LQ�FKLOGUHQ�DQG�LQIDQWV�ZRXOG�EH�XVHIXO�WR�HVWLPDWH�WKH�H[SRVXUH�RI�WKLV�
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6.  POTENTIAL FOR HUMAN EXPOSURE 

SRSXODWLRQ�WR�SOXWRQLXP��SDUWLFXODUO\�LQ�DUHDV�FRQWDPLQDWHG�ZLWK�SOXWRQLXP�ZKHUH�H[SRVXUH�PD\�EH�RI�

JUHDWHU�FRQFHUQ��

&KLOG�KHDOWK�GDWD�QHHGV�UHODWLQJ�WR�VXVFHSWLELOLW\�DUH�GLVFXVVHG�LQ�6HFWLRQ���������,GHQWLILFDWLRQ�RI�'DWD�

1HHGV��&KLOGUHQ¶V�6XVFHSWLELOLW\��

Exposure Registries. 1R�H[SRVXUH�UHJLVWULHV�IRU�SOXWRQLXP�ZHUH�ORFDWHG���7KLV�VXEVWDQFH�LV�QRW�

FXUUHQWO\�RQH�RI�WKH�FRPSRXQGV�IRU�ZKLFK�D�VXE�UHJLVWU\�KDV�EHHQ�HVWDEOLVKHG�LQ�WKH�1DWLRQDO�([SRVXUH�

5HJLVWU\�� 7KH�VXEVWDQFH�ZLOO�EH�FRQVLGHUHG�LQ�WKH�IXWXUH�ZKHQ�FKHPLFDO�VHOHFWLRQ�LV�PDGH�IRU�VXE�

UHJLVWULHV�WR�EH�HVWDEOLVKHG� �7KH�LQIRUPDWLRQ�WKDW�LV�DPDVVHG�LQ�WKH�1DWLRQDO�([SRVXUH�5HJLVWU\�IDFLOLWDWHV�

WKH�HSLGHPLRORJLFDO�UHVHDUFK�QHHGHG�WR�DVVHVV�DGYHUVH�KHDOWK�RXWFRPHV�WKDW�PD\�EH�UHODWHG�WR�H[SRVXUH�WR�

WKLV�VXEVWDQFH��

86785�HVWDEOLVKHG�D�GDWDEDVH�WR�GRFXPHQW�OHYHOV�DQG�GLVWULEXWLRQ�RI�XUDQLXP�DQG�WUDQVXUDQLXP�LVRWRSHV�

LQ�KXPDQ�WLVVXHV�IRU�RFFXSDWLRQDOO\�H[SRVHG�ZRUNHUV�ZKR�GRQDWH�WKHLU�ERGLHV�WR�VFLHQFH��86785���������

7KH�'HSDUWPHQW�RI�(QHUJ\��'2(��KDV�GHYHORSHG�WKH�&RPSUHKHQVLYH�(SLGHPLRORJLF�'DWD�5HVRXUFH�

�&('5��3URJUDP�WR�SURYLGH�SXEOLF�DFFHVV�WR�KHDOWK�DQG�H[SRVXUH�GDWD�FRQFHUQLQJ�'2(�LQVWDOODWLRQV���,Q�

DGGLWLRQ��VWXGLHV�UHODWLQJ�WR�SRSXODWLRQV�UHVLGLQJ�QHDU�'2(�LQVWDOODWLRQV��DV�ZHOO�DV�RWKHU�VWXGLHV�RI�

UDGLDWLRQ�H[SRVXUHV�DQG�KHDOWK�HIIHFWV��VXFK�DV�DWRPLF�ERPE�VXUYLYRUV��DUH�LQFOXGHG�LQ�&('5��&('5�

�������

6.8.2 Ongoing Studies 

1R�RQJRLQJ�VWXGLHV�SHUWDLQLQJ�WR�WKH�HQYLURQPHQWDO�IDWH�RI�SOXWRQLXP�RU�SOXWRQLXP�FRPSRXQGV�ZHUH�

LGHQWLILHG�LQ�D�VHDUFK�RI�WKH�)HGHUDO�5HVHDUFK�LQ�3URJUHVV�GDWDEDVH��)('5,3��������
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6.  POTENTIAL FOR HUMAN EXPOSURE 

7KLV�SDJH�LV�LQWHQWLRQDOO\�EODQN��
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7. ANALYTICAL METHODS 

7KH�SXUSRVH�RI�WKLV�FKDSWHU�LV�WR�GHVFULEH�WKH�DQDO\WLFDO�PHWKRGV�WKDW�DUH�DYDLODEOH�IRU�GHWHFWLQJ��

PHDVXULQJ��DQG�RU�PRQLWRULQJ�SOXWRQLXP��LWV�PHWDEROLWHV��DQG�RWKHU�ELRPDUNHUV�RI�H[SRVXUH�DQG�HIIHFW�WR�

SOXWRQLXP���7KH�LQWHQW�LV�QRW�WR�SURYLGH�DQ�H[KDXVWLYH�OLVW�RI�DQDO\WLFDO�PHWKRGV���5DWKHU��WKH�LQWHQWLRQ�LV�

WR�LGHQWLI\�ZHOO�HVWDEOLVKHG�PHWKRGV�WKDW�DUH�XVHG�DV�WKH�VWDQGDUG�PHWKRGV�RI�DQDO\VLV���0DQ\�RI�WKH�

DQDO\WLFDO�PHWKRGV�XVHG�IRU�HQYLURQPHQWDO�VDPSOHV�DUH�WKH�PHWKRGV�DSSURYHG�E\�IHGHUDO�DJHQFLHV�DQG�

RUJDQL]DWLRQV�VXFK�DV�(3$�DQG�WKH�1DWLRQDO�,QVWLWXWH�IRU�2FFXSDWLRQDO�6DIHW\�DQG�+HDOWK��1,26+����2WKHU�

PHWKRGV�SUHVHQWHG�LQ�WKLV�FKDSWHU�DUH�WKRVH�WKDW�DUH�DSSURYHG�E\�JURXSV�VXFK�DV�WKH�$VVRFLDWLRQ�RI�

2IILFLDO�$QDO\WLFDO�&KHPLVWV��$2$&��DQG�WKH�$PHULFDQ�3XEOLF�+HDOWK�$VVRFLDWLRQ��$3+$���

$GGLWLRQDOO\��DQDO\WLFDO�PHWKRGV�DUH�LQFOXGHG�WKDW�PRGLI\�SUHYLRXVO\�XVHG�PHWKRGV�WR�REWDLQ�ORZHU�

GHWHFWLRQ�OLPLWV�DQG�RU�WR�LPSURYH�DFFXUDF\�DQG�SUHFLVLRQ��

7KH�DFFXUDWH�DQG�UHOLDEOH�GHWHUPLQDWLRQ�RI�SOXWRQLXP�LQ�ELRORJLFDO�DQG�HQYLURQPHQWDO�VDPSOHV�LV�

LPSRUWDQW�EHFDXVH�RI�WKH�SRWHQWLDO�LPSDFW�RI�WKLV�HOHPHQW�RQ�SXEOLF�KHDOWK���$QDO\WLFDO�PHWKRGV�XVHG�WR�

PHDVXUH�SOXWRQLXP�LQ�ELRORJLFDO�DQG�HQYLURQPHQWDO�PHGLD�DUH�KLJKO\�UHILQHG�FRPSDUHG�WR�RWKHU�

WUDQVXUDQLFV���$OSKD�VSHFWURPHWU\�LV�WKH�PRVW�ZLGHO\�XVHG�PHWKRG�IRU�WKH�GHWHUPLQDWLRQ�RI�SOXWRQLXP���

+RZHYHU��WKLV�PHWKRG�W\SLFDOO\�FDQQRW�UHVROYH�WKH����3X�DQG����3X�SHDNV�GXH�WR�WKHLU�VLPLODU�HQHUJLHV�

������DQG������0H9����$Q�LQGHSHQGHQW�PDVV�VSHFWURPHWULF�DQDO\VLV�LV�UHTXLUHG�LQ�RUGHU�WR�GHWHUPLQH�WKH�

LQGLYLGXDO�FRQFHQWUDWLRQV�RI����3X�DQG����3X��0XUDPDWVX�HW�DO������D��:ROI���������0LWFKHOO�HW�DO���������

KDYH�GHVFULEHG�D�GHFRQYROXWLRQ�WHFKQLTXH�EDVHG�RQ�FRPPHUFLDO�VRIWZDUH�WR�UHVROYH�WKH��������3X�SHDNV�LQ�

DOSKD�VSHFWURVFRS\���2WKHU�PHWKRGV�VXFK�DV�WKHUPDO�LRQL]DWLRQ�PDVV�VSHFWURPHWU\��7,06��DQG�DFFHOHUDWRU�

PDVV�VSHFWURPHWU\��$06��KDYH�EHHQ�XVHG�IRU�WKH�GHWHUPLQDWLRQ�RI�SOXWRQLXP���,QGXFWLYHO\�FRXSOHG�

SODVPD�PDVV�VSHFWURPHWU\��,&3�06��KDV�DGYDQWDJHV�RI�HDVH�RI�RSHUDWLRQ�DQG�UDSLG�DQDO\VLV���,Q�DGGLWLRQ��

,&3�06�FDQ�SURYLGH�LQIRUPDWLRQ�DERXW�WKH����3X����3X�UDWLR�LQ�D�VDPSOH��ZKLFK�FDQ��LQ�WXUQ��SURYLGH�

LPSRUWDQW�LQIRUPDWLRQ�DERXW�WKH�VRXUFH�RI�SOXWRQLXP�FRQWDPLQDWLRQ��0XUDPDWVX�HW�DO������D��9DUJD�HW�DO��

������:ROI���������,QWHUIHUHQFHV�WKDW�PD\�EH�REVHUYHG�ZLWK�,&3�06�DUH�FDXVHG�E\�SRO\DWRPLF�LRQV�LQ�WKH�

SODVPD��VXFK�DV����8+��DQG����8+�
���ZKLFK�FDQ�LQWHUIHUH�ZLWK����3X�DQG����3X��UHVSHFWLYHO\��LQ�VDPSOHV�

ZLWK�KLJK�FRQFHQWUDWLRQV�RI�XUDQLXP��(SRY�HW�DO��������)LJJ�HW�DO����������

*HQHUDO�HQYLURQPHQWDO�VXUYH\�LQVWUXPHQWV��H�J���DOSKD�SDUWLFOH�PHWHUV��DUH�DYDLODEOH��EXW�WKH\�DUH�QRW�

VSHFLILF�IRU�SOXWRQLXP���7KH�SUHGRPLQDQW�DQDO\WLFDO�PHWKRG�IRU�PHDVXULQJ�SOXWRQLXP�SUHVHQW�DW�RU�QHDU�

EDFNJURXQG�FRQFHQWUDWLRQV�LQ�ERWK�ELRORJLFDO�DQG�HQYLURQPHQWDO�PHGLD�UHTXLUHV�UDGLRFKHPLFDO�VHSDUDWLRQ�
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PLUTONIUM  196 

7. ANALYTICAL METHODS 

DQG�SXULILFDWLRQ�LQ�FRQMXQFWLRQ�ZLWK�D�TXDQWLWDWLYH�PHDVXUHPHQW�WHFKQLTXH��H�J���DOSKD�VSHFWURPHWU\��

OLTXLG�VFLQWLOODWLRQ��RU�PDVV�VSHFWURPHWU\���

7.1  BIOLOGICAL MATERIALS 

0HWKRGV�IRU�WKH�GHWHUPLQDWLRQ�RI�SOXWRQLXP�LQ�ELRORJLFDO�PDWHULDOV�DUH�VXPPDUL]HG�LQ�7DEOH�������7KH�

SURFHGXUHV�WKDW�KDYH�EHHQ�GHYHORSHG�IRU�WKH�GHWHUPLQDWLRQ�RI�VPDOO�TXDQWLWLHV�RI�SOXWRQLXP�LQ�ELRORJLFDO�

VDPSOHV��DV�ZHOO�DV�LQ�HQYLURQPHQWDO�VDPSOHV��LQFOXGH�WKH�IROORZLQJ�VWHSV��

x  5HOHDVH�RI�SOXWRQLXP�IURP�WKH�VDPSOH
V�PDWUL[�LQWR�VROXWLRQ�DQG�WKH�DGGLWLRQ�RI�SOXWRQLXP�
WUDFHUV��

x  &RQFHQWUDWLRQ�E\�SUHFLSLWDWLRQ�ZLWK�D�QRQLVRWRSLF�FDUULHU��H�J���ODQWKDQXP�RU�QHRG\PLXP��RU�E\�
VROYHQW�H[WUDFWLRQ��

x  3XULILFDWLRQ�E\�SUHFLSLWDWLRQ��OLTXLG�H[WUDFWLRQ��RU�LRQ�H[FKDQJH�FKURPDWRJUDSK\��DQG��

x  'HWHUPLQDWLRQ�RI�WKH�SOXWRQLXP�FRQWHQW�RI�WKH�VDPSOH�E\�DOSKD�VSHFWURVFRS\�RU�RWKHU�WHFKQLTXHV��

7ZR�FRPPRQ�PHWKRGV�IRU�UHOHDVLQJ�SOXWRQLXP�IURP�WKH�VDPSOH
V�PDWUL[�LQWR�VROXWLRQ�DUH�DFLG�H[WUDFWLRQ�

DQG�DFLG�GLVVROXWLRQ���6DPSOHV�DUH�ZHW��RU�GU\�DVKHG�SULRU�WR�VROXELOL]DWLRQ���/HDFKLQJ�WKH�VDPSOH�ZLWK�D�

PL[WXUH�RI�DFLGV��H�J���QLWULF�DFLG�DQG�K\GURFKORULF�DFLG��KDV�WKH�DGYDQWDJH�RI�HDVLO\�KDQGOLQJ�ODUJH�VDPSOH�

YROXPHV��EXW�ZLWK�WKH�SRWHQWLDO�GLVDGYDQWDJH�RI�OHDYLQJ�SOXWRQLXP�FRPSRXQGV�LQ�WKH�UHVLGXH���7KH�DFLG�

GLVVROXWLRQ�SURFHGXUH�LQFOXGHV�WKH�DGGLWLRQ�RI�H[FHVV�K\GURIOXRULF�DFLG��+)��WR�WKH�DERYH�PL[WXUH�RI�DFLGV�

DQG�UHVXOWV�LQ�GLVVROXWLRQ�RI�PXFK��LI�QRW�DOO��RI�WKH�VDPSOH�PDWUL[���5HIUDFWRU\�SOXWRQLXP�FRPSRXQGV�

�H�J���3X2���DUH�PRUH�OLNHO\�WR�EH�GLVVROYHG�XSRQ�DGGLWLRQ�RI�+)���+RZHYHU��GLVVROXWLRQ�RI�LQWHUIHULQJ�

HOHPHQWV��VXFK�DV�LURQ��SKRVSKRURXV��DQG�RWKHU�UDUH�HDUWKV��H�J���DOSKD�SDUWLFOH�HPLWWHUV��LV�DOVR�LQFUHDVHG�

LQ�DFLG�GLVVROXWLRQ���

$�WKLUG�H[DPSOH�RI�D�GLVVROXWLRQ�PHWKRG�LV�IXVLRQ��ZKLFK�LV�XVHG�SULPDULO\�IRU�GHFRPSRVLWLRQ�RI�

JHRORJLFDO�DQG�VROLG�HQYLURQPHQWDO�PHGLD�DQG�LV�VXLWDEOH�IRU�ODUJH�VDPSOHV��VHYHUDO�JUDPV���:ROI��������

)XVLRQ�GHFRPSRVLWLRQ�LV�SHUIRUPHG�E\�KHDWLQJ�D�VDPSOH�ZLWK�D�IOX[�UHDJHQW�DW�DWPRVSKHULF�SUHVVXUH�LQ�D�

JUDSKLWH��]LUFRQLXP��RU�SODWLQXP�FUXFLEOH���&RPPRQ�IOX[HV�LQFOXGH�K\GUR[LGHV��SHUR[LGHV��FDUERQDWHV��

ELVXOIDWHV��K\GURVXOIDWHV��S\URVXOIDWHV��WHWUDERUDWHV��DQG�PHWDERUDWHV���)XVLRQ�ZLWK�VRGLXP�K\GUR[LGH�DQG�

VRGLXP�SHUR[LGH��1D2+�1D�2���LV�DQ�HIIHFWLYH�PHWKRG�IRU�GHFRPSRVLWLRQ�RI�VLOLFD�FRQWDLQLQJ�PDWULFHV��

$�GLVDGYDQWDJH�RI�IXVLRQ�GHFRPSRVLWLRQ�LV�WKDW�XVH�RI�D�ODUJH�DPRXQW�RI�IOX[�PDWHULDO�UHVXOWV�LQ�D�VROXWLRQ�
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7. ANALYTICAL METHODS 

Table 7-1. Analytical Methods for Determining Plutonium in Biological Materials 

Sample matrix Preparation method 
Analytical 
method 

Sample 
detection limit 

Percent 
recovery Reference 

Tissue Wet ashed with HNO3/H2O2, 
separation by anion 
exchange, 

ICP-MS 1 fg/mL No data Yamamoto 
et al. 2008a 

Urine Samples were spiked with a 
known amount of plutonium 
and digested with nitric 
acid/hydrogen peroxide 
Non-digested (raw) samples 
were also analyzed 

ICP-MS 0.18 pg/L 
(digested 
samples after 
preconcentration) 
1.9 pg/L (raw 
samples) 

70–100% 
(raw 
samples) 

Epov et al. 
2005 

Tissue Wet ashed with 
HNO3/H2SO4; collected on 
Fe(OH)2; separation by ion 
exchange and 
electrodeposition or 
microprecipitation 

Į�VSHFWUR-
metry 

0.0007 Bq 
(400 minutes) 

No data DOE 1997 
Pu-04-RC 

Tissue Wet ashed with HNO3/HF; 
separation by solvent 
extraction; electrodeposition 
onto platinum disc 

VROLG�VWDWH�Į�
spectrometry 

0.65 Bq 
(400 minutes) 

No data DOE 1997 
Pu-05-RC 

Urine Wet ashing with 
H2O2/HNO3/HCl/HF/H2SO4; 
separation by anion 
exchange chromatography; 
electrodeposition onto 
platinum disc 

VROLG�VWDWH�Į�
spectrometry 

0.60 Bq 
(400 minutes) 

No data DOE 1997 
Pu-06-RC 

Urine Wet ashed with 
HNO3/H2O2/HCl; purified by 
ion exchange 
chromatography 

Į�VSHFWUR-
metry 

No data No data DOE 1997 
Pu-07-RC; 
Pu-11-RC 

Tissue Ashed at 400 ºC; dissolved 
in HNO3/HCl; filtered; 
decomposed with HF; 
purified by ion exchange 
chromatography 

Į�VSHFWUR-
metry 

No data No data DOE 1997 
Pu-08-RC; 
Pu-11-RC 

Tissue Digested with HNO3/H2SO4; 
coprecipitation of plutonium 
with Fe(OH)3; purified by ion 
exchange chromatography 

Į�VSHFWUR-
metry 

No data No data DOE 1997 
Pu-09-RC; 
Pu-11-RC 

Tissue Ashing; electrodeposition Į�VSHFWUR-
metry 

No data No data USTUR 
Method 600 

Biological soft 
tissues 

Wet ash; filter; extract; 
electrodeposition on 
platinum disk 

Į�VSHFWUR-
metry 

No data No data Singh and 
Wrenn 1988 

Urine Evaporate; wet ash; filter; 
extract; electrodeposit on 
platinum disk 

Į�VSHFWUR-
metry 

No data No data Singh and 
Wrenn 1988 
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7. ANALYTICAL METHODS 

Table 7-1. Analytical Methods for Determining Plutonium in Biological Materials 

Sample matrix Preparation method 
Analytical 
method 

Sample 
detection limit 

Percent 
recovery Reference 

Fecal matter Wet ash; filter; extract; 
electrodeposition on 
platinum disk 

Į�VSHFWUR-
metry 

No data No data Singh and 
Wrenn 1988 

Bones Dry ash; reduce valence 
state; extract; electro-
deposition on platinum disk 

Į�VSHFWUR-
metry 

No data No data Singh and 
Wrenn 1988 

Milk Dry ashed; dissolution in 
HCl; extraction with 
triisooctylamine; 
coprecipitate with lanthanum 
fluoride; filtration 

Į�VSHFWUR-
metry 

No data No data EPA 1984 
(Method 
00-09) 

Plant Dissolve starch; filter; wet 
ash; extract; electro-
deposition on platinum disk 

Į�VSHFWUR-
metry 

0.0027 pCi 
(0.1x10-4 Bq) 

No data Bunzl and 
Kracke 1987 

ICP-MS = inductively coupled plasma-mass spectrometry 
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PLUTONIUM 199 

7. ANALYTICAL METHODS 

ZLWK�D�KLJK�FRQWHQW�RI�WRWDO�GLVVROYHG�VROLGV��UHTXLULQJ�FKHPLFDO�VHSDUDWLRQ�RI�WKH�DQDO\WH�IURP�WKH�

GLVVROYHG�IOX[�PDWHULDO��:ROI��������

3OXWRQLXP�VROXWLRQV�WKDW�FRQWDLQ�������RWKHU�DOSKD�SDUWLFOH�HPLWWHUV��H�J���DPHULFLXP�DQG�QHSWXQLXP���RU�

����ODUJH�DPRXQWV�RI�ILVVLRQ�SURGXFWV��H�J���FHVLXP���RU�LQWHUIHULQJ�DPRXQWV�RI�RWKHU�VXEVWDQFHV�VXFK�DV�

LURQ��FDOFLXP��XUDQLXP��DQG�SKRVSKRURXV�QHHG�WR�XQGHUJR�DGGLWLRQDO�FKHPLFDO�VHSDUDWLRQ�SURFHGXUHV���

1RQ�UDGLRDFWLYH�FDUULHUV��VXFK�DV�ODQWKDQXP�IOXRULGH��/D)����QHRG\PLXP�IOXRULGH��1G)����DQG�]LUFRQLXP�

SKHQ\OSKRVSKDWH��=U&�+�32����DUH�XVHG�WR�VHOHFWLYHO\�SUHFLSLWDWH�WKH�ODQWKDQLGHV�� 6ROYHQW�H[WUDFWLRQ�DQG�

LRQ�H[FKDQJH�VHSDUDWLRQ�PHWKRGV�DUH�SUHIHUUHG�PHWKRGV�EHFDXVH�RI�EHWWHU�VHSDUDWLRQV���,Q�DGGLWLRQ��WKH\�

GR�QRW�LQYROYH�WKH�DGGLWLRQ�RI�QRQYRODWLOH�VXEVWDQFHV�UHVXOWLQJ�LQ�DQ�HDVLHU�SUHSDUDWLRQ�RI�WKH�FR�

SUHFLSLWDWLRQ�VRXUFH�XVHG�IRU�DOSKD�SDUWLFOH�FRXQWLQJ��

7KHVH�H[WUDFWLRQ�WHFKQLTXHV�FDQ�EH�PDGH�YHU\�HIILFLHQW�DQG�VHOHFWLYH�E\�DGMXVWLQJ�WKH�R[LGDWLRQ�VWDWH�RI�

WKH�SOXWRQLXP�DQG�RWKHU�VDPSOH�FRQVWLWXHQWV���&RPPRQ�H[WUDFWLRQ�PHWKRGV�VSHFLILF�IRU�SOXWRQLXP�XVH�

��WKHQR\OWULIOXRURDFHWRQH��77$���WHWUDSURS\ODPPRQLXP�WULQLWUDWH�LQ�LVRSURS\ODFHWRQH�RU�WULLVRRFW\ODPLQH��

FXSIHUURQ�LQ�FKORURIRUP��WULEXW\OSKRVSKDWH��DQG�WUL�RFW\OSKRVSKLQH�GLR[LGH���$QLRQ�H[FKDQJH�PHWKRGV�

ZLWK�HLWKHU�QLWULF�RU�K\GURFKORULF�DFLG�VROXWLRQV�DUH�FRPPRQO\�XVHG���&DWLRQ�H[FKDQJH�FROXPQ�PHWKRGV�

DUH�OHVV�IUHTXHQWO\�XVHG��%URXQV��������

3ULRU�WR�PHDVXUHPHQW��WKH�VHSDUDWHG�DQG�SXULILHG�SOXWRQLXP�LV�W\SLFDOO\�GHSRVLWHG�DV�D�YHU\�WKLQ�OD\HU�RQ�D�

KLJKO\�SROLVKHG�PHWDO�SODQFHW���7ZR�WHFKQLTXHV�WKDW�DUH�FRPPRQO\�XVHG�DUH�������HOHFWURGHSRVLWLRQ��DQG�

����FR�SUHFLSLWDWLRQ�ZLWK�D�FDUULHU���,Q�HOHFWURGHSRVLWLRQ��WKH�SOXWRQLXP�LV�HOHFWURGHSRVLWHG�RQ�D�SROLVKHG�

VWDLQOHVV�VWHHO��RU�SODWLQXP�GLVN���,Q�WKH�FR�SUHFLSLWDWLRQ�WHFKQLTXH��DFWLQLGHV�FDQ�EH�FR�SUHFLSLWDWHG�IURP�D�

ODUJH�YROXPH�RI�VROXWLRQ�XVLQJ�DQLRQV�VXFK�DV�IOXRULGHV��K\GUR[LGHV��DQG�SKRVSKDWH���$FWLQLGHV�LQ�WKH�WUL�

RU�WHWUDYDOHQW�VWDWH�FDQ�EH�UHPRYHG�IURP�VROXWLRQ�E\�WKH�DGGLWLRQ�RI�ODQWKDQLGH�IOXRULGH�FDUULHUV��VXFK�DV�

1G)��RU�/D)���ZKLFK�DUH�XVHG�WR�FR�SUHFLSLWDWH�WKH�VHSDUDWHG�DQG�SXULILHG�SOXWRQLXP�IURP�VROXWLRQ���,URQ�

K\GUR[LGH�FDQ�DOVR�EH�XVHG�WR�FR�SUHFLSLWDWH�DFWLQLGHV�IURP�D�FDUERQDWH�IUHH�VROXWLRQ���7KH�SUHFLSLWDWH�LV�

WKHQ�SUHSDUHG�IRU�FRXQWLQJ�E\�HLWKHU�ILOWUDWLRQ�RU�E\�HYDSRUDWLRQ�RI�D�VOXUU\�RI�WKH�SUHFLSLWDWH�RQWR�D�

VWDLQOHVV�VWHHO�GLVN��+LQGPDQ�������0LWFKHOO�������6LOO�DQG�:LOOLDPV�������7DOYLWLH�������:ROI���������

7KH�8�6��'HSDUWPHQW�RI�(QHUJ\�(QYLURQPHQWDO�0HDVXUHPHQW�/DERUDWRU\�3URFHGXUHV�0DQXDO�DQG�WKH�8�6��

7UDQVXUDQLXP�DQG�8UDQLXP�5HJLVWULHV�5DGLR�$QDO\VLV�3URFHGXUHV�0DQXDO�SURYLGH�WHFKQLTXHV�IRU�WKH�

GHWHUPLQDWLRQ�RI�SOXWRQLXP�LQ�ELRORJLFDO�VDPSOHV�XVLQJ�DOSKD�VSHFWURVFRS\��'2(�������86785���������
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7. ANALYTICAL METHODS 

7KH�RWKHU�WZR�DOSKD�SDUWLFOH�HPLWWLQJ�SOXWRQLXP�LVRWRSHV�����3X�DQG����3X��DUH�QRUPDOO\�QRW�IRXQG�LQ�

HQYLURQPHQWDOO\�VLJQLILFDQW�TXDQWLWLHV��DQG�DUH�QRW�FRPPRQ�FRQVWLWXHQWV�RI�QXFOHDU�IXHOV�RU�ZDVWH�ZDWHUV���

7KHUHIRUH��WKH\�FDQ�EH�XVHG�DV�WUDFHUV�WR�DLG�LQ�WKH�DQDO\VLV�RI�RWKHU�LVRWRSHV���,Q�WKLV�FDOLEUDWLRQ�

SURFHGXUH��D�NQRZQ�TXDQWLW\�RI�D�WUDFHU�LV�DGGHG�WR�WKH�VDPSOH�EHLQJ�DQDO\]HG�LQ�RUGHU�WR�GHWHUPLQH�WKH�

\LHOG���7KLV�LV�WKH�SHUFHQWDJH�RI�WKH�WRWDO�DPRXQW�RI�SOXWRQLXP�LQ�WKH�VDPSOH�WKDW�LV�DFWXDOO\�PHDVXUHG�LQ�

WKH�HOHFWURGHSRVLWHG�DPRXQW�DIWHU�WKH�VHSDUDWLRQ��SXULILFDWLRQ��DQG�SUHSDUDWLRQ�RI�WKH�VRXUFH��%URXQV�

�������

7KH�PRVW�FULWLFDO�VWHS�LQ�WKH�DQDO\VLV�RI�ELRORJLFDO�VDPSOHV�LV�FRPSOHWH�GLVVROXWLRQ�RI�WKH�VDPSOH�WR�DVVXUH�

VROXELOL]DWLRQ�RI�DOO�SOXWRQLXP�FRPSRXQGV���%LRORJLFDO�VDPSOHV�DUH�JHQHUDOO\�GLVVROYHG�E\�ZHW�DVKLQJ�RU�D�

FRPELQDWLRQ�RI�ZHW�DQG�GU\�DVKLQJ���+LJK�WHPSHUDWXUHV�����±�������&��GXULQJ�DVKLQJ�VKRXOG�EH�DYRLGHG�

LQ�RUGHU�WR�SUHYHQW�WKH�IRUPDWLRQ�RI�DQ�LQVROXEOH�IRUP�RI�SOXWRQLXP�GLR[LGH��1LHOVRQ�DQG�%HDVOH\�������

6LOO���������3OXWRQLXP�WKDW�KDV�EHHQ�GLVWULEXWHG�WR�XULQH��EORRG��RU�VRIW�WLVVXH�DV�D�UHVXOW�RI�PHWDEROLF�

SURFHVVHV�LV�XVXDOO\�LQ�D�UHDGLO\�VROXEOH�IRUP���/XQJ�WLVVXH��IHFHV��DQG�H[FLVHG�WLVVXH�IURP�ZRXQG�VLWHV�

ZLOO�OLNHO\�FRQWDLQ�LQVROXEOH�IRUPV�RI�SOXWRQLXP�DQG�ZLOO�UHTXLUH�WUHDWPHQW�ZLWK�+)�DQG�UHSHDWHG�DVKLQJV�

WR�HIIHFW�VROXELOL]DWLRQ���7LVVXHV��IHFHV��DQG�YHJHWDWLRQ�UHTXLUH�UHSHDWHG�WUHDWPHQW�ZLWK�D�PL[WXUH�RI�

FRQFHQWUDWHG�QLWULF�DFLG��+12����SHUFKORULF�DFLG��+&O2����DQG�VXOIXULF�DFLG��+�62���LQ�RUGHU�WR�R[LGL]H�

WKH�ODUJH�DPRXQW�RI�RUJDQLF�PDWHULDOV�LQ�WKHVH�VDPSOHV���,I�DQ�LQVROXEOH�UHVLGXH�UHPDLQV�DIWHU�UHSHDWHG�

DVKLQJV��WKHQ�IXVLRQ�RI�WKH�UHVLGXH�ZLWK�JUDP�TXDQWLWLHV�RI�DQ�LQRUJDQLF�IOX[��H�J���VRGLXP�FDUERQDWH��

VRGLXP�S\URVXOIDWH��FDQ�EH�XVHG�WR�HIIHFW�VROXWLRQ���.QRZQ�DPRXQWV�RI�D�SOXWRQLXP�LVRWRSH�DUH�

FRPPRQO\�DGGHG�VXEVHTXHQW�WR�WKH�GLVVROXWLRQ�VWHS�VR�WKDW�WKH�SHUFHQWDJH�RI�SOXWRQLXP�UHFRYHUHG�DIWHU�

VHSDUDWLRQ�DQG�SXULILFDWLRQ��L�H���WKH�\LHOG��PD\�EH�GHWHUPLQHG���7KLV�DGGHG�SOXWRQLXP�PXVW�EH�LQ�WKH�VDPH�

FKHPLFDO�IRUP�DV�WKH�SOXWRQLXP�LQ�WKH�VDPSOH�RU�WKH�\LHOG�HVWLPDWHV�ZLOO�QRW�UHIOHFW�WKH�SHUFHQWDJH�RI�

SOXWRQLXP�UHFRYHUHG�IURP�WKH�GLVVROYHG�VDPSOH��(3$�����D��1LHOVRQ�DQG�%HDVOH\��������

0HWKRGV�XVHG�IRU�FRQFHQWUDWLQJ�SOXWRQLXP�LQ�D�VDPSOH�E\�D�FDUULHU�DUH�RIWHQ�VSHFLILF�WR�RQH�R[LGDWLRQ�

VWDWH�RI�WKH�SOXWRQLXP���)RU�H[DPSOH��WKH�FODVVLFDO�ELVPXWK�SKRVSKDWH�ODQWKDQXP�IOXRULGH�PHWKRG�RI�

FRQFHQWUDWLQJ�SOXWRQLXP�IURP�XULQH�VDPSOHV�LV�VSHFLILF�WR�SOXWRQLXP�LQ�WKH�WUL� DQG�WHWUDYDOHQW�VWDWHV�DQG�

ZLOO�OHDYH�SOXWRQLXP�9,��LQ�VROXWLRQ���7KH�IDWH�RI�WKH�YDULRXV�R[LGDWLRQ�VWDWHV�RI�SOXWRQLXP�LQ�KXPDQV�LV�

QRW�ZHOO�XQGHUVWRRG�DQG�DQDO\VLV�SURFHGXUHV�PXVW�LQVXUH�UHGXFWLRQ�RU�R[LGDWLRQ�RI�SOXWRQLXP�LQWR�

DSSURSULDWH�R[LGDWLRQ�VWDWHV���/LYHU�DQG�NLGQH\�VDPSOHV�PD\�FRQWDLQ�PHWDOV��H�J���LURQ��WKDW�PD\�JUHDWO\�

UHGXFH�FKHPLFDO�\LHOGV�GXULQJ�WKH�ILQDO�HOHFWURGHSRVLWLRQ�VWHS��(3$�����D���
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PLUTONIUM 201 

7. ANALYTICAL METHODS 

6HQVLWLYH�PHWKRGV�IRU�DQDO\VLV�RI�SOXWRQLXP�LQ�XULQH�DUH�SDUWLFXODUO\�LPSRUWDQW�IRU�HVWLPDWLQJ�

RFFXSDWLRQDO�SOXWRQLXP�ERG\�EXUGHQV���5RXWLQHO\�DYDLODEOH�LQVWUXPHQWDWLRQ��VXFK�DV�WKH�DOSKD�

VSHFWURPHWHU��FDQ�UHDGLO\�GHWHFW�WKHVH�ORZ�FRQFHQWUDWLRQV���0RUH�VHQVLWLYH�PHWKRGV�DUH�FRPPRQO\�

UHTXLUHG�IRU�XULQH�VDPSOHV�LQ�RUGHU�WR�DVVHVV�FKURQLF�H[SRVXUHV�WR�SOXWRQLXP���7KHVH�ORZ�GHWHFWLRQ�OLPLWV�

ZHUH�ILUVW�DFKLHYHG�LQ�WKH�SDVW�E\�QXFOHDU�HPXOVLRQ�WUDFN�FRXQWLQJ���,Q�WKLV�PHWKRG��WKH�HOHFWURGHSRVLWHG�

VDPSOH�LV�H[SRVHG�WR�QXFOHDU�WUDFN�ILOP��VXEVHTXHQW�WR�WKH�LVRODWLRQ�RI�SOXWRQLXP���7KH�DOSKD�SDUWLFOH�

HPLWWLQJ�LVRWRSHV�RI�SOXWRQLXP�ZLOO�OHDYH�WUDFNV�RQ�WKH�ILOP��ZKLFK�DUH�FRXQWHG�WR�TXDQWLI\�WKH�DPRXQW�RI�

SOXWRQLXP���1XFOHDU�HPXOVLRQ�WUDFN�FRXQWLQJ�KDV�EHHQ�XVHG�LQ�WKH�SDVW�WR�PHDVXUH�SOXWRQLXP�

FRQFHQWUDWLRQV�LQ�WKH�XULQH�RI�ZRUNHUV�DW�D�QXFOHDU�UHDFWRU�SODQW��1LHOVRQ�DQG�%HDVOH\���������$�W\SH�RI�

VFLQWLOODWLRQ�FRXQWLQJ�KDV�EHHQ�XVHG�WR�PHDVXUH����3X�DQG�DPHULFLXP���������$P��LQ�DQLPDO�WLVVXHV�

�1&53��������

(SRY�HW�DO���������UHSRUWHG�D�PHWKRG�ZKHUH�QRQGLJHVWHG�XULQH�VDPSOHV�FRXOG�EH�DQDO\]HG�ZLWK�D�GHWHFWLRQ�

OLPLW�RI�����SJ�/���7KH�DXWKRUV�QRWHG�WKDW�LQ�WKH�FDVH�RI�DQ�HPHUJHQF\��XULQH�DQDO\VLV�ZLWKRXW�GLJHVWLRQ�

FRXOG�SURYLGH�D�UDSLG�GHWHUPLQDWLRQ��DERXW���KRXU��RI�SOXWRQLXP�OHYHOV�LQ�XULQH���+RZHYHU��VDPSOH�

GLJHVWLRQ�ZRXOG�EH�QHHGHG�LI�PRUH�SUHFLVH�DQG�VHQVLWLYH�DQDO\VLV�LV�UHTXLUHG���)RXU�KRXUV�DUH�UHTXLUHG�WR�

DQDO\]H�XULQH�VDPSOHV�ZLWK�GLJHVWLRQ��(SRY�HW�DO�����������

7.2  ENVIRONMENTAL SAMPLES 

0HWKRGV�IRU�WKH�GHWHUPLQDWLRQ�RI�SOXWRQLXP�LQ�HQYLURQPHQWDO�VDPSOHV�DUH�VXPPDUL]HG�LQ�7DEOH�������7KH�

VHSDUDWLRQ�DQG�H[WUDFWLRQ�PHWKRGV�XVHG�WR�SUHSDUH�ELRORJLFDO�VDPSOHV�IRU�SOXWRQLXP�DQDO\VLV�DUH�

FRPPRQO\�XVHG�IRU�HQYLURQPHQWDO�VDPSOHV���/DUJH�YROXPHV�RI�DLU�VDPSOHV��H�J����������P���VKRXOG�EH�

FROOHFWHG�LQ�RUGHU�WR�REWDLQ�GHWHFWDEOH�DPRXQWV�RI�SOXWRQLXP�LQ�SDUWLFXODWH�LQ�DLU��(3$�����D���

)LHOG�VXUYH\�LQVWUXPHQWV�IRU�PHDVXULQJ�SKRWRQV�RI����$P�LQ�VXUIDFH�VRLOV�DQG�RQ�DLUERUQH�SDUWLFXODWHV�DUH�

DYDLODEOH��H�J���)LHOG�,QVWUXPHQW�IRU�'HWHFWLQJ�/RZ�(QHUJ\�5DGLDWLRQ�RU�),'/(5��ZLWK�D�PLQLPXP�

GHWHFWLRQ�OLPLW�RI�DSSUR[LPDWHO\�WZLFH�WKH�PDJQLWXGH�RI�D�EDFNJURXQG�OHYHO�RI����3X���[���±�

�[����S&L�P�����±���%T�P�����7KH�),'/(5�XVHV�D�VRGLXP�LRGLGH�RU�FDOFLXP�IOXRULGH�FU\VWDO�DQG�SKRWRQ�

KHLJKW�GLVFULPLQDWLRQ�LQ�RUGHU�WR�GHWHFW�WKH����NH9�[�UD\V�HPLWWHG�IURP�WKH�SURJHQ\�RI�SOXWRQLXP��RU�WKH�

���NH9�JDPPD�SKRWRQV�RI����$P���7KHVH�LQVWUXPHQWV�DUH�XVHIXO�IRU�LGHQWLI\LQJ�DUHDV�RI�FRQWDPLQDWLRQ��

EXW�FDQQRW�EH�XVHG�WR�DFFXUDWHO\�SUHGLFW�WKH�FRQFHQWUDWLRQ�RI�SOXWRQLXP�LQ�VXUIDFH�VRLOV��(3$�����D����

7KLV�LQVWUXPHQW�KDV�EHHQ�XVHG�LQ�DHULDO�VXUYH\V�RI�ODUJH�DUHD�VRXUFHV��VXFK�DV�WKH�1HYDGD�7HVW�6LWH��
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PLUTONIUM 202 

7. ANALYTICAL METHODS 

Table 7-2. Analytical Methods for Determining Plutonium in Environmental  
Samples  

Sample 
matrix Preparation method 

Analytical 
method 

Sample 
detection limit Recovery Reference 

Air filter, 
soil, water, 
vegetation 

Fusion with KF and 
pyrosulfate; dissolution 
in HCl; coprecipitation 
on BaSO4; dissolution of 

Į�VSHFWURPHWU\� No data 85–95% DOE 1999c 
CHEM-TP-A.20 

BaSO4 and 
reprecipitation with 
DPTA 

Water Separation of 
radionuclides by 
Eichrom resins 

Į�VSHFWURPHWU\� 0.6 mBq 
(400 minutes) 

93% DOE 1997 
Se-03 

Soil Plutonium isotopes are 
leached from soil using 
HNO3/HCl 

Į�VSHFWURPHWU\� 1 mBq 
(400 minutes) 

No data DOE 1997 
Pu-02-RC 

Air filter Digestion with HNO3 
followed by treatment 
with HF; decompose 
filters composed of 
organic polymer 
overnithe at 450 ºC prior 
to digestion 

Į�VSHFWURPHWU\� No data No data DOE 1997 
Pu-01-RC; 
Pu-11-RC; 
G-03 

Soil, 
sediment 

Plutonium isotopes are 
leached with HNO3/HCl; 
purification by ion 
exchange 
chromatography; 
microprecipitation 

Į�VSHFWURPHWU\� 1 mBq 
(400 minutes) 

No data DOE 1997 
Pu-12-RC 

Water Heated in HNO3/HCl; 
evaporation and 
dissolution in HNO3; 

Į�VSHFWURPHWU\� No data No data DOE 1997 
Pu-07-RC; 
Pu-11-RC; G-03 

purified by ion 
exchange; 
microprecipitation 

Vegetation Ashed at 400 ºC; 
dissolved in HNO3/HCl; 
filtered; decomposed 
with HF; purified by ion 
exchange 
chromatography 

Į�VSHFWURPHWU\� No data No data DOE 1997 
Pu-08-RC; 
Pu-11-RC 

Vegetation Digested with 
HNO3/H2SO4; 
coprecipitation of 
plutonium with Fe(OH)3; 
purified by ion exchange 
chromatography 

Į�VSHFWURPHWU\� No data No data DOE 1997 
Pu-09-RC; 
Pu-11-RC 
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PLUTONIUM 203 

7. ANALYTICAL METHODS 

Table 7-2. Analytical Methods for Determining Plutonium in Environmental  
Samples  

Sample Analytical Sample 
matrix Preparation method method detection limit Recovery Reference 
Food HNO3, closed-vessel ICP-MS 0.020 pg/g 100±20% Evans et al. 2003 

microwave digestion 
Air Dry ash; filter; extract; Į�VSHFWURPHWU\� No data No data EPA 1984 

reduce valence; (EPA Method 
coprecipitate with 00-04) 
lanthanum fluoride 

Soil, coal, Ashed or evaporated; Į�VSHFWURPHWU\� No data No data EPA 1984 (EPA 
fly ash, dissolved with HF, Method Pu-01) 
ores, HClO4, and HCl; 
vegetation, extraction with 
biotia, and triisooctylamine/p-
water xylene; stripped with 

HNO3; wet ashed; co-
precipitated with 
lanthanum fluoride; 
filtration 

Water, soil, Ashing; ion exchange Į�VSHFWURPHWU\� 0.02 pCi/sample No data EPA 1979 
air, separation; 
vegetation, electrodeposition 
and animal 
tissue 
Water Filter; extract; Į�SDUWLFOH� No data No data EPA 1980 

coprecipitate with counter (either (EPA method 
lanthanum fluoride proportional or 907.0) 

scintillation 
detectors) 

Drinking Acidify; oxidation with Į�SDUWLFOH� No data 93% EPA 1982 (EPA 
water sodium nitrite; counter Method 911) 

precipitation; extraction 
with tri-isooctylamine; 
co-precipitated with 
lanthanum fluoride 

DPTA = diethylenetriamine-pentaacetic acid; ICP-MS = inductively coupled plasma-mass spectrometry 
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PLUTONIUM 204 

7. ANALYTICAL METHODS 

6LQFH�VRLO�DGVRUEHG�SOXWRQLXP�FRQWDPLQDWLRQ�H[LVWV�DV�GLVFUHWH�SDUWLFOHV�RI�YDULRXV�VL]HV��DQDO\VLV�RI�

ODUJHU�VRLO�YROXPHV����±����J��LV�UHFRPPHQGHG��(3$�����D����&RPPRQO\��VRLO�VDPSOHV�ZLWK�KLJK�

DPRXQWV�RI�FDUERQDWH�DUH�GLIILFXOW�WR�DQDO\]H���0RUH�UDSLG��HIILFLHQW��DQG�HFRQRPLFDO�SURFHGXUHV�KDYH�

EHHQ�GHYHORSHG�WR�VHTXHQWLDOO\�DQDO\]H�D�QXPEHU�RI�UDGLRDFWLYH�DFWLQLGHV��+LQGPDQ��������

7KH�8�6��'HSDUWPHQW�RI�(QHUJ\�(QYLURQPHQWDO�0HDVXUHPHQW�/DERUDWRU\�SURYLGHV�WHFKQLTXHV�IRU�WKH�

GHWHUPLQDWLRQ�RI�SOXWRQLXP�LQ�YDULRXV�ELRORJLFDO�DQG�HQYLURQPHQWDO�VDPSOHV�XVLQJ�DOSKD�VSHFWURVFRS\���

(3$�PHWKRGV�DUH�DYDLODEOH�IRU�WKH�GHWHUPLQDWLRQ�RI�SOXWRQLXP�LQ�DLU��VRLO��FRDO�IO\�DVK��RUHV��YHJHWDWLRQ��

ELRWD��DQG�ZDWHU���$3+$�KDV�VWDQGDUG�PHWKRGV�IRU�GHWHUPLQDWLRQ�RI�JURVV�DOSKD�DQG�EHWD�UDGLRDFWLYLW\�DQG�

JDPPD�HPLWWLQJ�UDGLRQXFOLGHV�LQ�ZDWHU��0HWKRGV������DQG�������UHVSHFWLYHO\��KRZHYHU��QR�PHWKRGV�WKDW�

DUH�VSHFLILF�WR�SOXWRQLXP�LVRWRSHV�DUH�UHSRUWHG��$3+$�����D������E����1R�PHWKRGV�ZHUH�UHSRUWHG�E\�WKH�

$2$&�IRU�WKH�GHWHUPLQDWLRQ�RI�SOXWRQLXP��$2$&���������

$QGHUVRQ�HW�DO���������UHSRUWHG�WKDW�WKH�8�6��)RRG�DQG�'UXJ�$GPLQLVWUDWLRQ�GHWHUPLQHV����3X�

FRQFHQWUDWLRQ�XVLQJ�HOHFWURSODWLQJ�DQG�DOSKD�VSHFWURVFRS\��IROORZLQJ�VHTXHQWLDO�QLWULF�DFLG�K\GURIOXRULF�

DFLG�DQG�QLWULF�DFLG�K\GURIOXRULF�DFLG�K\GURFKORULF�DFLG�GLJHVWLRQV�RI�DVKHG�IRRG�VDPSOHV���$�GHWHFWLRQ�

OLPLW�RI�������%T�NJ�IRU����3X�LV�UHSRUWHG�IRU�WKLV�PHWKRG��

$OSKD�VSHFWURPHWU\�LV�WKH�PRVW�FRPPRQ�DQDO\WLFDO�PHWKRG�IRU�PHDVXULQJ�SOXWRQLXP�FRQFHQWUDWLRQV�LQ�

HQYLURQPHQWDO�VDPSOHV���2WKHU�PHDVXUHPHQW�WHFKQLTXHV�DYDLODEOH�DUH�OLTXLG�VFLQWLOODWLRQ��PDVV�

VSHFWURPHWU\��06���DQG�JDPPD�VSHFWURPHWU\���,&3�06�KDV�EHHQ�XVHG�LQFUHDVLQJO\�IRU�WKH�GHWHUPLQDWLRQ�

RI�SOXWRQLXP�LQ�HQYLURQPHQWDO�VDPSOHV��0XUDPDWVX�HW�DO������D����/RZ�FRQFHQWUDWLRQV�RI�SOXWRQLXP�LQ�

HQYLURQPHQWDO�VDPSOHV�ZLWK�KLJK�VDOW�DQG�RUJDQLF�PDWWHU�FRQWHQW�FDXVH�VLJQDO�VXSSUHVVLRQ�DQG�PDNH�LW�

GLIILFXOW�WR�REWDLQ�DQ�DFFXUDWH�SOXWRQLXP�GHWHUPLQDWLRQ���3UHFRQFHQWUDWLRQ�DQG�PDWUL[�VHSDUDWLRQ�DUH�

W\SLFDOO\�UHTXLUHG�LQ�WKHVH�DQDO\VHV��(SRY�HW�DO��������)LJJ�HW�DO����������

06�LV�XVHG�E\�VRPH�UHVHDUFK�ODERUDWRULHV�WR�GHWHUPLQH�WKH�FRQFHQWUDWLRQ�RI�HDFK�SOXWRQLXP�LVRWRSH��

LQFOXGLQJ�WKH�QDWXUDOO\�RFFXUULQJ����3X���06�GHWHUPLQHV�WKH�QXPEHU�RI�DWRPV�RI�D�JLYHQ�PDVV�QXPEHU�

DQG��WKHUHIRUH��FDQ�PHDVXUH�WKH�FRQFHQWUDWLRQ�RI�DOO�RI�WKH�SOXWRQLXP�LVRWRSHV��QRW�RQO\�WKH�DOSKD�SDUWLFOH�

HPLWWHUV�DV�LQ�DOSKD�VSHFWURPHWU\���06�LV�VHYHUDO�RUGHUV�RI�PDJQLWXGH�PRUH�VHQVLWLYH�WKDQ�DOSKD�

VSHFWURPHWU\�LQ�GHWHUPLQLQJ�WKH�TXDQWLWLHV�RI�SOXWRQLXP�LVRWRSHV�ZLWK�ORQJ�KDOI�OLYHV��ZKLFK�DOVR�WHQG�WR�

EH�WKH�KHDYLHU�LVRWRSHV��
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PLUTONIUM 205 

7. ANALYTICAL METHODS 

4XDQWLWLHV�RI����3X��D�EHWD�SDUWLFOH�HPLWWHU��FDQ�EH�TXDQWLILHG�IURP�DVVXPHG�LVRWRSLF�DEXQGDQFH�UDWLRV��

HVWLPDWHG�LQ�JURZWK�RI�LWV�SURJHQ\����$P�E\�JDPPD�VSHFWURPHWU\��RU�06��(3$�����D��� ���$P�LV�

SURGXFHG�IURP�WKH�EHWD�GHFD\�RI����3X�DQG��WKHUHIRUH��FDQ�EH�XVHG�WR�LQGLUHFWO\�PHDVXUH�WKH�FRQFHQWUDWLRQ�

RI����3X��0HW]�DQG�:DWHUEXU\���������'LUHFW�GHWHUPLQDWLRQ�RI����3X�E\�PHDVXUHPHQW�RI�LWV�ORZ�HQHUJ\�

EHWD�SDUWLFOH�GHFD\�KDV�EHHQ�UHSRUWHG�XVLQJ�OLTXLG�VFLQWLOODWLRQ�DQDO\VLV��0DUWLQ��������

7.3  ADEQUACY OF THE DATABASE 

6HFWLRQ�����L�����RI�&(5&/$��DV�DPHQGHG��GLUHFWV�WKH�$GPLQLVWUDWRU�RI�$76'5��LQ�FRQVXOWDWLRQ�ZLWK�WKH�

$GPLQLVWUDWRU�RI�(3$�DQG�DJHQFLHV�DQG�SURJUDPV�RI�WKH�3XEOLF�+HDOWK�6HUYLFH��WR�DVVHVV�ZKHWKHU�

DGHTXDWH�LQIRUPDWLRQ�RQ�WKH�KHDOWK�HIIHFWV�RI�SOXWRQLXP�LV�DYDLODEOH�� :KHUH�DGHTXDWH�LQIRUPDWLRQ�LV�QRW�

DYDLODEOH��$76'5��LQ�FRQMXQFWLRQ�ZLWK�173��LV�UHTXLUHG�WR�DVVXUH�WKH�LQLWLDWLRQ�RI�D�SURJUDP�RI�UHVHDUFK�

GHVLJQHG�WR�GHWHUPLQH�WKH�KHDOWK�HIIHFWV��DQG�WHFKQLTXHV�IRU�GHYHORSLQJ�PHWKRGV�WR�GHWHUPLQH�VXFK�KHDOWK�

HIIHFWV��RI�SOXWRQLXP���

7KH�IROORZLQJ�FDWHJRULHV�RI�SRVVLEOH�GDWD�QHHGV�KDYH�EHHQ�LGHQWLILHG�E\�D�MRLQW�WHDP�RI�VFLHQWLVWV�IURP�

$76'5��173��DQG�(3$���7KH\�DUH�GHILQHG�DV�VXEVWDQFH�VSHFLILF�LQIRUPDWLRQDO�QHHGV�WKDW�LI�PHW�ZRXOG�

UHGXFH�WKH�XQFHUWDLQWLHV�RI�KXPDQ�KHDOWK�DVVHVVPHQW���7KLV�GHILQLWLRQ�VKRXOG�QRW�EH�LQWHUSUHWHG�WR�PHDQ�

WKDW�DOO�GDWD�QHHGV�GLVFXVVHG�LQ�WKLV�VHFWLRQ�PXVW�EH�ILOOHG���,Q�WKH�IXWXUH��WKH�LGHQWLILHG�GDWD�QHHGV�ZLOO�EH�

HYDOXDWHG�DQG�SULRULWL]HG��DQG�D�VXEVWDQFH�VSHFLILF�UHVHDUFK�DJHQGD�ZLOO�EH�SURSRVHG��

7.3.1 Identification of Data Needs 

$QDO\WLFDO�PHWKRGV�DUH�DYDLODEOH�DQG�DUH�DGHTXDWHO\�VHQVLWLYH�WR�GHWHFW�SOXWRQLXP�LVRWRSHV�LQ�ELRORJLFDO�

PDWHULDOV��H�J���EORRG��XULQH��DQG�ERQH��DQG�LQ�HQYLURQPHQWDO�VDPSOHV��H�J���ZDWHU��VRLO��DLU��DQG�IRRG����1R�

GDWD�QHHGV�DUH�LGHQWLILHG�DW�WKLV�WLPH��

Methods for Determining Biomarkers of Exposure and Effect. 

Exposure.  7KHUH�DUH�PHWKRGV�DYDLODEOH�IRU�PHDVXULQJ�WKH�LVRWRSHV�RI�SOXWRQLXP�LQ�ELRORJLFDO�VDPSOHV��

7KH�PHDVXUHPHQW�RI�SOXWRQLXP�LQ�WKH�XULQH�LV�FRQVLGHUHG�D�ELRPDUNHU�RI�H[SRVXUH�WR�SOXWRQLXP���0HWKRGV�

DUH�DYDLODEOH�WR�GHWHFW�SOXWRQLXP�LQ�WKH�XULQH���+RZHYHU��QR�LQIRUPDWLRQ�ZDV�DYDLODEOH�FRQFHUQLQJ�WKH�

UHOLDELOLW\�RI�WKHVH�PHWKRGV�IRU�GHWHUPLQLQJ�SOXWRQLXP�OHYHOV�LQ�WKH�XULQH���3OXWRQLXP�FDQ�EH�GHWHUPLQHG�

VHQVLWLYHO\�DQG�VHOHFWLYHO\�E\�DOSKD�VSHFWURPHWU\�DQG�,&3�06�LQ�XULQH�DQG�WLVVXHV��'2(�������(SRY�HW�
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7. ANALYTICAL METHODS 

DO����������$QDO\WLFDO�PHWKRGV�ZLWK�VDWLVIDFWRU\�VHQVLWLYLW\�DQG�SUHFLVLRQ�DUH�DYDLODEOH�WR�GHWHUPLQH�OHYHOV�

RI�SOXWRQLXP�LQ�KXPDQ�WLVVXHV�DQG�ERG\�IOXLGV���

Effect. �([LVWLQJ�PHWKRGV�DUH�VHQVLWLYH�HQRXJK�WR�PHDVXUH�EDFNJURXQG�OHYHOV�IRU�SOXWRQLXP�LQ�WKH�

SRSXODWLRQ�DQG�OHYHOV�DW�ZKLFK�ELRORJLFDO�HIIHFWV�RFFXU��

Methods for Determining Parent Compounds and Degradation Products in Environmental 
Media. (QYLURQPHQWDO�PHGLD�DUH�DQDO\]HG�WR�LGHQWLI\�FRQWDPLQDWHG�DUHDV�DQG�WR�GHWHUPLQH�LI�

FRQWDPLQDQW�OHYHOV�FRQVWLWXWH�D�FRQFHUQ�IRU�KXPDQ�KHDOWK���7KH�GHWHFWLRQ�RI�SOXWRQLXP�LQ�DLU��ZDWHU��DQG�

VRLO�LV�RI�FRQFHUQ�GXH�WR�WKH�SRWHQWLDO�IRU�KXPDQ�H[SRVXUH���7KHUH�DUH�PDQ\�VWHSV�LQYROYHG�LQ�WKH�DQDO\VLV�

RI�SOXWRQLXP�LQ�HQYLURQPHQWDO�PHGLD���$OSKD�VSHFWURPHWU\�D�VDWLVIDFWRU\�PHWKRG�DYDLODEOH�IRU�WKH�

GHWHUPLQDWLRQ�RI�SOXWRQLXP�LQ�ZDWHU��DLU��DQG�VROLG�ZDVWH�VDPSOHV��'2(�����������F����

7.3.2 Ongoing Studies 

1R�RQJRLQJ�VWXGLHV�SHUWDLQLQJ�WR�DQDO\WLFDO�PHWKRGV�IRU�SOXWRQLXP�ZHUH�LGHQWLILHG�LQ�D�VHDUFK�RI�WKH�

)HGHUDO�5HVHDUFK�LQ�3URJUHVV�GDWDEDVH��)('5,3��������
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8. REGULATIONS, ADVISORIES, AND GUIDELINES  

,QWHUQDWLRQDO�DQG�QDWLRQDO�UHJXODWLRQV�DQG�JXLGHOLQHV�SHUWLQHQW�WR�KXPDQ�H[SRVXUH�WR�SOXWRQLXP�DQG�WR�

RWKHU�UDGLRDFWLYH�VXEVWDQFHV�DUH�VXPPDUL]HG�LQ�7DEOH�������5HFRPPHQGDWLRQV�IRU�UDGLDWLRQ�SURWHFWLRQ�IRU�

SHRSOH�LQ�WKH�JHQHUDO�SRSXODWLRQ�DV�D�UHVXOW�RI�H[SRVXUH�WR�UDGLDWLRQ�LQ�WKH�HQYLURQPHQW�DUH�IRXQG�LQ�WKH�

,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�5DGLRORJLFDO�3URWHFWLRQ��,&53��3XEOLFDWLRQ�����,&53���������1DWLRQDO�

JXLGHOLQHV�IRU�RFFXSDWLRQDO�UDGLDWLRQ�SURWHFWLRQ�DUH�IRXQG�LQ�WKH��)HGHUDO�5DGLDWLRQ�3URWHFWLRQ�*XLGDQFH�

IRU�2FFXSDWLRQDO�([SRVXUH���(3$���������7KH�JXLGDQFH�SUHVHQWV�JHQHUDO�SULQFLSOHV�IRU�WKH�UDGLDWLRQ�

SURWHFWLRQ�RI�ZRUNHUV�DQG�VSHFLILHV�WKH�QXPHULFDO�SULPDU\�JXLGHV�IRU�OLPLWLQJ�RFFXSDWLRQDO�H[SRVXUH���

7KHVH�UHFRPPHQGDWLRQV�DUH�FRQVLVWHQW�ZLWK�WKH�,&53��,&53��������

7KH�EDVLF�SKLORVRSK\�RI�UDGLDWLRQ�SURWHFWLRQ�LV�WKH�FRQFHSW�RI�$/$5$��$V�/RZ�$V�5HDVRQDEO\�

$FKLHYDEOH����$/$5$�UHTXLUHV�WKDW�VRFLDO�DQG�HFRQRPLF�IDFWRUV�WR�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ��DQG�

WKDW�IXUWKHU�UHGXFWLRQV�LQ�GRVH�DUH�QRW�LQGLFDWHG�ZKHUH�WKH�FRVWV�RI�UHGXFLQJ�H[SRVXUH�EHFRPH�

GLVSURSRUWLRQDWH�WR�WKH�EHQHILW�DFKLHYHG���$V�D�UXOH��DOO�H[SRVXUH�VKRXOG�EH�NHSW�DV�ORZ�DV�UHDVRQDEO\�
DFKLHYDEOH�DQG�WKH�UHJXODWLRQV�DQG�JXLGHOLQHV�DUH�PHDQW�WR�JLYH�DQ�XSSHU�OLPLW�WR�H[SRVXUH���%DVHG�RQ�WKH�

SULPDU\�JXLGHOLQHV��(3$��������JXLGHV�IRU�$QQXDO�/LPLWV�RQ�,QWDNH��$/,V��DQG�'HULYHG�$LU�

&RQFHQWUDWLRQV��'$&V��KDYH�EHHQ�FDOFXODWHG��8615&�����D��� 7KH�$/,�LV�GHILQHG�DV��WKH�DQQXDO�LQWDNH�

RI�D�JLYHQ�UDGLRQXFOLGH�E\�5HIHUHQFH�0DQ�ZKLFK�ZRXOG�UHVXOW�LQ�D�FRPPLWWHG�HIIHFWLYH�GRVH�HTXLYDOHQW�RI�

��UHPV��VWRFKDVWLF��RU����UHPV�WR�DQ�RUJDQ�RU�WLVVXH��QRQ�VWRFKDVWLF�´��8615&�����D��� 7KH�'$&�LV�

GHILQHG�DV��WKH�FRQFHQWUDWLRQ�RI�D�JLYHQ�UDGLRQXFOLGH�LQ�DLU�ZKLFK��LI�EUHDWKHG�E\�WKH�UHIHUHQFH�PDQ�IRU�D�

ZRUNLQJ�\HDU�RI�������KRXUV�XQGHU�FRQGLWLRQV�RI�OLJKW�ZRUN��LQKDODWLRQ�UDWH�RI�����P��RI�DLU�KRXU���UHVXOWV�

LQ�WKH�LQWDNH�RI�RQH�$/,���8615&�����D����7KH�$/,V�DQG�'$&V�UHIHU�WR�RFFXSDWLRQDO�VLWXDWLRQV��EXW�PD\�

EH�FRQYHUWHG�WR�DSSO\�WR�H[SRVXUH�RI�SHUVRQV�LQ�WKH�JHQHUDO�SRSXODWLRQ�E\�DSSOLFDWLRQ�RI�FRQYHUVLRQ�

IDFWRUV��7DEOH�������

1R�LQKDODWLRQ�RU�RUDO�05/V�ZHUH�GHULYHG�IRU�SOXWRQLXP�RU�SOXWRQLXP�FRPSRXQGV��

7KH�(3$�,5,6�GDWDEDVH�KDV�ZLWKGUDZQ�LWV�FDQFHU�FODVVLILFDWLRQ�IRU�UDGLRQXFOLGHV��EXW�WKH�(3$�2IILFH�RI�

$LU�DQG�5DGLDWLRQ�EHOLHYHV�WKDW�DOO�UDGLRQXFOLGHV��LQFOXGLQJ�WKH�SOXWRQLXP�LVRWRSHV��VKRXOG�EH�FRQVLGHUHG�

WR�EH�NQRZQ�FDUFLQRJHQV��DQG�KDV�DVVLJQHG�WKHP�WR�*URXS�$���&DUFLQRJHQLF�WR[LFLW\�YDOXHV�IRU�SOXWRQLXP�

LVRWRSHV�DUH�OLVWHG�LQ�(3$¶V�5DGLRQXFOLGH�7DEOH��5DGLRQXFOLGH�&DUFLQRJHQLFLW\�±�6ORSH�)DFWRUV��)HGHUDO�

*XLGDQFH�5HSRUW�1R�����0RUELGLW\�5LVN�&RHIILFLHQWV��LQ�8QLWV�RI�3LFRFXULHV���(3$���������/LIHWLPH�

H[FHVV�WRWDO�FDQFHU�ULVN�SHU�XQLW�LQWDNH�LV�LQFOXGHG�IRU�ZDWHU�LQJHVWLRQ��IRRG�LQJHVWLRQ��VRLO�LQJHVWLRQ��
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8.  REGULATIONS, ADVISORIES, AND GUIDELINES 

Table 8-1.  Regulations, Advisories, and Guidelines Applicable to Plutonium and  
Plutonium Compounds  

Agency Description Information Reference 
INTERNATIONAL 
Guidelines: 

IARC Carcinogenicity classification 
239Pu and its decay products (may 
contain 240Pu and other isotopes), as 
aerosols 

Group 1a 
IARC 2006 

ICRP Occupational—whole body exposure 5 rem/year ICRP 1977 
Individual—short-term, to critical 
populations 

0.5 rem/year 

Individual—chronic exposure 0.1 rem/year 
WHO Air quality guidelines No data WHO 2000 

Drinking water quality guidelines No data WHO 2004 
NATIONAL 
Regulations and 
Guidelines: 
a.  Air 

ACGIH Dose limits for exposure to ionizing 
radiation 

ACGIH 2006 

Effective dose 
In any single year 50 mSv 
Averaged over 5 years 20 mSv per year 

Annual equivalent dose to 
Lens of the eye 150 mSv 
Skin 500 mSv 
Hands and feet 500 mSv 

Embryo-fetus exposures once the 
pregnancy is known 

Monthly equivalent dose 
Dose to the surface of women’s 
abdomen (lower trunk) 

0.5 mSv 
2 mSv for the remainder 
of the pregnancy 

Intake of radionuclide 1/20 of ALI 
EPA AEGL-1, -2, and -3 No data EPA 2007b 

Occupational—the committed effective 
dose equivalent (internal) and annual 
effective dose equivalent (external) 
combined 

5 rem/year EPA 1987 
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8.  REGULATIONS, ADVISORIES, AND GUIDELINES 

Table 8-1.  Regulations, Advisories, and Guidelines Applicable to Plutonium and  
Plutonium Compounds  

Agency Description  Information Reference 
NATIONAL (cont.) 

FRC  Individual—whole body exposure 5 rem/year 
Individual—operational guide for 0.17 rem/year 
“suitable sample of population” when 
individual whole body doses are not 
known 

EPA  National emission standards for 10 mrem/year  
emissions of radionuclides other than  
radon from Department of Energy  
facilities  

NIOSH  REL (10-hour TWA) No data 
OSHA  Exposure limits of individuals to ionizing  

radiation in restricted areas (rems per  
calendar quarter)  

Whole body: head and trunk; active 1.25 rems 
blood-forming organs; lens of eyes; 
or gonads 
Hands and forearms; feet and ankles 18.75 rems 
Skin of whole body  7.5 rems 

USNRC Occupational values for oral ingestion  
ALI (µCi) of Class W  

236Pu  2x10+0 

237Pu 1x10+4 

238Pu 9x10-1 (bone surface) 
239Pu 8x10-1 (bone surface) 
240Pu 8x10-1 (bone surface) 
241Pu 4x10+1 (bone surface) 
242Pu 8x10-1 (bone surface) 
243Pu 2x10+4 

244Pu 8x10-1 (bone surface) 
Occupational values for inhalation ALI 
(µCi) of Class Wb 

236Pu 2x10-2 

237Pu 3x10+3 

238Pu 7x10-3 (bone surface) 
239Pu 6x10-3 (bone surface) 
240Pu 6x10-3 (bone surface) 
241Pu 3x10-1 (bone surface) 
242Pu 7x10-3 (bone surface) 
243Pu 4x10+4 

244Pu 7x10-3 (bone surface) 

FRC 1960 

EPA 2002 
40 CFR Part 61 

OSHA 2006 
29 CFR 1910.1096 

USNRC 2007a 
10 CFR 20, 
Appendix B 
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8.  REGULATIONS, ADVISORIES, AND GUIDELINES 

Table 8-1.  Regulations, Advisories, and Guidelines Applicable to Plutonium and  
Plutonium Compounds  

Agency Description Information Reference 
NATIONAL (cont.) 

Occupational values for inhalation ALI 
(µCi) of Class Yb 

236Pu 
237Pu 
238Pu 
239Pu 
240Pu 
241Pu 
242Pu 
243Pu 
244Pu 

USNRC Occupational values for inhalation DAC 
(µCi/mL) of Class Wb 

236Pu 
237Pu 
238Pu 
239Pu 
240Pu 
241Pu 
242Pu 
243Pu 
244Pu 

Occupational values for inhalation DAC 
(µCi/mL) of Class Yb 

236Pu 
237Pu 
238Pu 
239Pu 
240Pu 
241Pu 
242Pu 
243Pu 
244Pu 

b.  Water 
Drinking water standards and health 
advisories for gross alpha particle 
activity 

10-4 Cancer risk 
National primary drinking water 
standards for alpha particles 

MCLG 
MCL 
Public health goal 

4x10-2  

3x10+3  

2x10-2  

2x10-2 (bone surface)  
2x10-2 (bone surface)  
8x10-1 (bone surface)  
2x10-2 (bone surface)  
4x10+4  

2x10-2 (bone surface)  

8x10-12  

1x10-6  

3x10-12  

3x10-12  

3x10-12  

1x10-10  

3x10-12  

2x10-5  

3x10-12  

2x10-11  

1x10-6  

8x10-12  

7x10-12  

7x10-12  

3x10-10  

7x10-12  

2x10-5  

7x10-12  

15 pCi/L  

Zero  
15 pCi/L  
Zero  

USNRC 2007a 
10 CFR 20, 
Appendix B 

EPA 2006 

EPA 2003 
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8.  REGULATIONS, ADVISORIES, AND GUIDELINES 

Table 8-1.  Regulations, Advisories, and Guidelines Applicable to Plutonium and  
Plutonium Compounds  

Agency Description Information Reference 
NATIONAL (cont.) 
c.  Food No data 

FDA Guidance level for radionuclide in 
domestic and imported food 

FDA 2004 

Derived intervention level 2 Bq/kg 
d.  Other 

ACGIH Carcinogenicity classification No data ACGIH 2006 
EPA Carcinogenicity classification Group Ac EPA 2001 
EPA Superfund, emergency planning, and 

community right-to-know 
EPA 2007c 
40 CFR 302.4 

Designated CERCLA hazardous 
substance 

Reportable quantity (Ci) 
236Pu 
237Pu 
238Pu 
239Pu 
240Pu 
241Pu 
242Pu 
243Pu 
244Pu 

0.1 
1,000 
0.01 
0.01 
0.01 
1 
0.01 
1,000 
0.01 

NTP Carcinogenicity classification Known to be human 
carcinogens 

NTP 2005 

aGroup 1:  carcinogenic to humans 
bThe ALIs and DACs for inhalation are given for an aerosol with an activity median aerodynamic diameter (AMAD) of  
1 ȝm and for three classes (D,W,Y) of radioactive material, which refer to their retention (approximately days, weeks,  
or years) in the pulmonary region of the lung.  This classification applies to a range of clearance half-times of less  
than 10 days for D, for W from 10 to 100 days, and for Y greater than 100 days (USNRC 2007a).  
cGroup A: known human carcinogen  

ACGIH = American Conference of Governmental Industrial Hygienists; AEGL = Acute Exposure Guideline Levels;  
ALI = Annual Limit on Intake; CERCLA = Comprehensive Environmental Response, Compensation, and Liability Act;  
CFR = Code of Federal Regulations; DAC = Derived Air Concentration; EPA = Environmental Protection Agency;  
FDA = Food and Drug Administration; FRC = Federal Radiation Council; IARC = International Agency for Research  
on Cancer; ICRP = International Commission on Radiological Protection; MCL = maximum contaminant level;  
MCLG = maximum contaminant level goal; NIOSH = National Institute for Occupational Safety and Health;  
NTP = National Toxicology Program; OSHA = Occupational Safety and Health Administration; REL = recommended  
exposure limit; RfC = inhalation reference concentration; RfD = oral reference dose; TWA = time-weighted average;  
USNRC = U.S. Nuclear Regulatory Commission; WHO = World Health Organization  
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8.  REGULATIONS, ADVISORIES, AND GUIDELINES 

LQKDODWLRQ��DQG�H[WHUQDO�H[SRVXUH���7KH�ULVN�YDOXHV�IRU�VHOHFWHG�SOXWRQLXP�LVRWRSHV�DUH�SUHVHQWHG�LQ�

7DEOH�������7KH�(3$�KDV�QRW�GHULYHG�UHIHUHQFH�FRQFHQWUDWLRQV��5I&V��RU�UHIHUHQFH�GRVHV��5I'V��IRU�

SOXWRQLXP��,5,6��������EXW�KDV�GHULYHG�D�PD[LPXP�FRQWDPLQDQW�OHYHO��0&/��RI����S&L�/�IRU�WRWDO�DOSKD�

HPLWWHUV��LQFOXGLQJ�SOXWRQLXP���OHVV�XUDQLXP�DQG�UDGRQ��(3$��������
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8.  REGULATIONS, ADVISORIES, AND GUIDELINES 

Table 8-2. Radionuclide Carcinogenicity—Slope Factors for Plutonium (Federal  
Guidance Report No. 13 Morbidity Risk Coefficients, in Units of Picocuries)a  

Slope factor (morbidity risk coefficient) lifetime excess total cancer risk per unit 
intake or exposure 

Gastro- External 
intestinal Water Food Soil exposure 
absorption ingestion ingestion ingestion Inhalation (risk/year 

Isotopeb Fractionc (risk/pCi) (risk/pCi) (risk/pCi) (risk/pCi) per pCi/g) 
Pu-234 5.00x10-4 8.58x10-13 1.25x10-12 2.39x10-12 6.85x10-11 1.61x10-7  

Pu-235 5.00x10-4 4.37x10-15 6.03x10-15 9.73x10-15 2.39x10-15 2.37x10-7  

Pu-236 5.00x10-4 7.47x10-11 9.92x10-11 1.74x10-10 2.28x10-8 1.19x10-10  

Pu-237 5.00x10-4 5.77x10-13 8.40x10-13 1.62x10-12 1.27x10-12 1.12x10-7  

Pu-238 5.00x10-4 1.31x10-10 1.69x10-10 2.72x10-10 3.36x10-8 7.22x10-11  

Pu-239 5.00x10-4 1.35x10-10 1.74x10-10 2.76x10-10 3.33x10-8 2.00x10-10  

Pu-240 5.00x10-4 1.35x10-10 1.74x10-10 2.77x10-10 3.33x10-8 6.98x10-11  

Pu-241 5.00x10-4 1.76x10-12 2.28x10-12 3.29x10-12 3.34x10-10 4.11x10-12  

Pu-242 5.00x10-4 1.28x10-10 1.65x10-10 2.63x10-10 3.13x10-8 6.25x10-11  

Pu-243 5.00x10-4 4.74x10-13 6.92x10-13 1.34x10-12 2.94x10-13 5.50x10-8  

Pu-244 5.00x10-4 1.37x10-10 1.80x10-10 2.94x10-10 2.93x10-8 3.01x10-11  

Pu-245 5.00x10-4 4.48x10-12 6.55x10-12 1.28x10-11 2.07x10-12 1.77x10-6  

Pu-246 5.00x10-4 1.73x10-11 2.53x10-11 4.92x10-11 1.73x10-11 4.04x10-7  

aEPA classifies all radionuclides as Group A (known human) carcinogens.  Radionuclide risk coefficients, or slope 
factors, are calculated by EPA's ORIA to assist HEAST users with risk-related evaluations and decision-making at 
various stages of the remediation process.  Most values presented are taken from EPA (1999, 2000); risk 
estimates for the soil ingestion pathway are not addressed, but have been computed using similar methods. 
Ingestion and inhalation slope factors are central estimates in a linear model of the age-averaged, lifetime 
attributable radiation cancer incidence (fatal and nonfatal cancer) risk per unit of activity inhaled or ingested, 
expressed as risk/pCi.  Slope factors can be converted into the SI units of becquerels (1 Bq=1 nuclear 
transformation per second) by dividing each inhalation, ingestion, or external exposure value by 0.037.  Ci, the 
customary unit of activity is equal to 3.7x1,010 nuclear transformations per second (1 pCi=10–12 Ci).  Inhalation 
values for particulates represent the indicated ICRP lung absorption type (medium, particulate).  External exposure 
slope factors are central estimates of the lifetime attributable radiation cancer incidence risk for each year of 
exposure to external radiation from photon-emitting radionuclides uniformly distributed in a thick layer of soil 
(expressed as risk/year per pCi/g of soil).
bFor each radionuclide listed, slope factors correspond to the risks per unit intake or exposure for that radionuclide 
only. 
cGastrointestinal absorption fractions are the fractional amounts of each radionuclide absorbed across the 
gastrointestinal tract into the bloodstream. 

Bq = Becquerel; Ci = curie; EPA = Environmental Protection Agency; HEAST = Health Effects Assessment 
Summary Table; ICRP = International Commission on Radiological Protection; ORIA = Office of Radiation and 
Indoor Air; pCi = picocurie; SI = International System 

Source:  EPA 2001 
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7KLV�SDJH�LV�LQWHQWLRQDOO\�EODQN��
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$&*,+��������� ,RQL]LQJ�UDGLDWLRQ�� 7KUHVKROG�OLPLW�YDOXHV�IRU�FKHPLFDO�VXEVWDQFHV�DQG�SK\VLFDO�DJHQWV�
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�1RW�FLWHG�LQ�WH[W�

http://www.atsdr.cdc.gov/HAC/pha/pha.asp?docid=634&pg=3#appa
http://www.atsdr.cdc.gov/toxprofiles/tp145.pdf
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http://www.atsdr.cdc.gov/HAC/pha/SavannahRiverSite121707/SavannahRiverSiteFinalPHA121707.pdf
http://www.atsdr.cdc.gov/HAC/pha/RockyFlats(DOE)/RockyFlatsPHA051305a.pdf
http://www.atsdr.cdc.gov/toxprofiles/tp149.pdf
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http://chembiofinderbeta.cambridgesoft.com/SimpleSearch.aspx
http://cedr.lbl.gov/aboutcedr.html
http://www.cdc.gov/nceh/radiation/fallout/default.htm
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DEVRUSWLRQ���9RO��,,���:DVKLQJWRQ��'&���8�6��'HSDUWPHQW�RI�(QHUJ\���185(*�&5�������

'2(�������F���%LRNLQHWLFV�RI����3X�LQ�LPPDWXUH�GRJV�WKDW�LQKDOHG����3X2��� $QQXDO�UHSRUW���:DVKLQJWRQ��
'&���8�6��'HSDUWPHQW�RI�(QHUJ\���/0)��������

'2(�������G�� 7R[LFLW\�RI�LQKDOHG�SRO\GLVSHUVH�RI�PRQRGLVSHUVH�DHURVROV�RI����3X2�� LQ�6\ULDQ�KDPVWHUV��
,9���$QQXDO�UHSRUW���:DVKLQJWRQ��'&���8�6��'HSDUWPHQW�RI�(QHUJ\���/0)��������
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.:��HGV���(QYLURQPHQWDO�UHVHDUFK�RQ�DFWLQLGH�HOHPHQWV���:DVKLQJWRQ��'&���8�6��'HSDUWPHQW�RI�(QHUJ\��
2IILFH�RI�6FLHQFH�DQG�7HFKQLFDO�,QIRUPDWLRQ����������'(����������
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$OEHUWV�--��0F/HDG�.:��HGV���(QYLURQPHQWDO�UHVHDUFK�RQ�DFWLQLGH�HOHPHQWV���:DVKLQJWRQ��'&���8�6��
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'2(�������G�� 7R[LFLW\�RI����3X2��LQ�LQPDWXUH�EHDJOH�GRJV���,;���,QKDODWLRQ�WR[LFRORJ\�UHVHDUFK�LQVWLWXWH�
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������������:DVKLQJWRQ��'&���8�6��'HSDUWPHQW�RI�(QHUJ\������������/0)�������
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KWWS���ZZZ�IDV�RUJ�VJS�RWKHUJRY�GRH�SX��\�KWPO�� 0D\�����������

http://www.fas.org/sgp/othergov/doe/pu50y.html
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http://hanford-site.pnl.gov/envreport/2004/15222.htm
http://www.cdphe.state.co.us/HM/rf/documents/envsurveillancerpt3q2005.pdf
http://www.cdphe.state.co.us/HM/rf/documents/envsurveillancerpt2q2005.pdf
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http:CHEM-TP-A.20
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www.osti.gov/bridge/servlets/purl/14779
http://www.eml.st.dhs.gov/publications/procman
http://ndep.nv.gov/lts/close/circle.htm
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'XUELQ�3:����������0HWDEROLVP�DQG�ELRORJLFDO�HIIHFWV�RI�WKH�WUDQVSOXWRQLXP�HOHPHQWV���,Q���+RGJH�+&��
6WDQQDUG�-1��+XUVK�-%��HGV���8UDQLXP��SOXWRQLXP��WUDQVSOXWRQLF�HOHPHQWV���1HZ�<RUN��1<���6SULQJHU�
9HUODJ�����������

'XUELQ�3:��+RURYLW]�0:��&ORVH�(5��������� 3OXWRQLXP�GHSRVLWLRQ�NLQHWLFV�LQ�WKH�UDW���+HDOWK�3K\V�
���������������

http://www.ocrwm.doe.gov/info_library/newsroom/documents/Yucca_leg_03_06_07_press_release.pdf
http://www.ornl.gov/sci/isotopes/catalog.html
http://www.pnl.gov/main/publications/external/technical_reports/PNNL
http://www.cdphe.state.co.us/HM/rf/documents/envsurveillancerpt4q2005.pdf
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'XUELQ�3:��.XOOJUHQ�%��6FKPLGW�&7����������&LUFXODWRU\�NLQHWLFV�RI�LQWUDYHQRXVO\�LQMHFWHG����3X�,9��
FLWUDWH�DQG���&�&D1D��'73$�LQ�PLFH���&RPSDULVRQ�ZLWK�UDW��GRJ��DQG�UHIHUHQFH�PDQ���+HDOWK�3K\V�
���������������

'XUELQ�3:��.XOOJUHQ�%��;X�-��HW�DO����������2FWDGHQWDWH�K\GUR[\S\ULGLQRQDWH��+232��OLJDQGV�IRU�
SOXWRQLXP��,9����3KDUPDFRNLQHWLFV�DQG�RUDO�HIILFDF\�� 5DGLDW�3URW�'RVLPHWU\�������������������

(LVHQEXG�0��HG����������(QYLURQPHQWDO�UDGLRDFWLYLW\�IURP�QDWXUDO��LQGXVWULDO��DQG�PLOLWDU\�VRXUFHV����UG�
HG���1HZ�<RUN��1<���$FDGHPLF�3UHVV��,QF����������������������

(LVHQEXG�0��*HVHOO�7��HGV� ������� (QYLURQPHQWDO�UDGLRDFWLYLW\���)URP�QDWXUDO��LQGXVWULDO��DQG�PLOLWDU\�
VRXUFHV����WK�HG���6DQ�'LHJR��&$���$FDGHPLF�3UHVV����������������

(OOHQKRUQ�0-��6FKRQZDOG�6��2UGRJ�*��HW�DO���HGV����������5DGLDWLRQ�SRLVRQLQJ���(OOHQKRUQ
V�PHGLFDO�
WR[LFRORJ\���'LDJQRVLV�DQG�WUHDWPHQW�RI�KXPDQ�SRLVRQLQJ���%DOWLPRUH��0'�� :LOOLDPV�	�:LONLQV�������
������

(3$�������D���(YDOXDWLRQ�RI�VDPSOH�FROOHFWLRQ�DQG�DQDO\VLV�WHFKQLTXHV�IRU�HQYLURQPHQWDO�SOXWRQLXP���,Q��
6HOHFWHG�WRSLFV�� 7UDQVXUDQLXP�HOHPHQWV�LQ�WKH�JHQHUDO�HQYLURQPHQW���������:DVKLQJWRQ��'&���8�6��
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH�RI�5DGLDWLRQ�3URJUDPV����

(3$�������E�� $YDLODELOLW\��XSWDNH�DQG�WUDQVORFDWLRQ�RI�SOXWRQLXP�ZLWKLQ�ELRORJLFDO�V\VWHPV���$�UHYLHZ�
RI�VLJQLILFDQW�OLWHUDWXUH���(3$�����������

(3$��������� 5DGLRFKHPLFDO�DQDO\WLFDO�SURFHGXUHV�IRU�DQDO\VLV�RI�HQYLURQPHQWDO�VDPSOHV���/DV�9HJDV��
19� �8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\���(0$/�/9����������

(3$��������� 3UHVFULEHG�SURFHGXUHV�IRU�PHDVXUHPHQW�RI�UDGLRDFWLYLW\�LQ�GULQNLQJ�ZDWHU���&LQFLQQDWL��2+��
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\���(QYLURQPHQWDO�0RQLWRULQJ�DQG�6XSSRUW�/DERUDWRU\���
(3$�����������

(3$��������� 'HWHUPLQDWLRQ�RI�SOXWRQLXP�LQ�GULQNLQJ�ZDWHU���0HWKRG�������&LQFLQQDWL��2+���8�6��
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\���KWWS���ZZZ�HSD�JRY�QH�LQIR�WHVWPHWKRGV�SGIV�PHWKRG�������SGI��
$XJXVW�����������

(3$��������� 5DGLRFKHPLVWU\�SURFHGXUHV�PDQXDO���0RQWJRPHU\��$/���8�6��(QYLURQPHQWDO�3URWHFWLRQ�
$JHQF\���(DVWHUQ�(QYLURQPHQWDO�5DGLDWLRQ�)DFLOLW\���(3$�����������

(3$��������� 5DGLDWLRQ�SURWHFWLRQ�JXLGDQFH�WR�IHGHUDO�DJHQFLHV�IRU�RFFXSDWLRQDO�H[SRVXUH��DSSURYDO�RI�
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�UHFRPPHQGDWLRQV���8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\���)HG�5HJLVW�
��������������

(3$�������D���1DWLRQDO�SULPDU\�GULQNLQJ�ZDWHU�UHJXODWLRQV���8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\���
&RGH�RI�)HGHUDO�5HJXODWLRQV������&)5������

(3$�������E�� /LPLWLQJ�YDOXHV�RI�UDGLRQXFOLGH�LQWDNH�DQG�DLU�FRQFHQWUDWLRQ�DQG�GRVH�FRQYHUVLRQ�IDFWRUV�
IRU�LQKDODWLRQ��VXEPHUVLRQ��DQG�LQJHVWLRQ���)HGHUDO�*XLGDQFH�5HSRUW�1R�������:DVKLQJWRQ��'&���8�6��
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH�RI�5DGLDWLRQ�3URJUDPV���(3$�����������

http://www.epa.gov/ne/info/testmethods/pdfs/method%20911.pdf
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UHSRUWDEOH�TXDQWLWLHV��DQG�QRWLILFDWLRQV���8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\���&RGH�RI�)HGHUDO�
5HJXODWLRQV������&)5��������KWWS���HFIU�JSRDFFHVV�JRY�FJL�W�WH[W�WH[W�
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HPLVVLRQV�RI�UDGLRQXFOLGHV�RWKHU�WKDQ�UDGRQ�IURP�'HSDUWPHQW�RI�(QHUJ\�IDFLOLWLHV���&RGH�RI�)HGHUDO�
5HJXODWLRQV����&)5�����:DVKLQJWRQ��'&���8�6���(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\���
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KWWS���ZZZ�HSD�JRY�UDGLDWLRQ�\XFFD�DERXW�KWPO�� 0DUFK�����������

(SRY�91��%HQNKHGGD�.��&RUQHWW�5-��HW�DO� ������� 5DSLG�GHWHUPLQDWLRQ�RI�SOXWRQLXP�LQ�XULQH�XVLQJ�IORZ�
LQMHFWLRQ�RQ�OLQH�SUHFRQFHQWUDWLRQ�DQG�LQGXFWLYHO\�FRXSOHG�SODVPD�PDVV�VSHFWURPHWU\���-�$QDO�$WRP�
6SHFWURP�������������

http://www.epa.gov/radiation/yucca/about.html
http://www.epa.gov/epahome/cfr40.htm
http:Regulations.40
http://ecfr.gpoaccess.gov/cgi/t/text/text
http://www.epa.gov/oppt/aegl/pubs/compiled.pdf
http://www.emsus.com/downloads/IRM.pdf
http://epa.gov/waterscience/criteria/drinking
http://www.epa.gov/safewater/mcl.html
http://www.epa.gov/radiation/heast/docs/heast2_table_4-d2_0401.wpd
http://www.epa.gov/radiation/docs/federal/402-r-99-001.pdf
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http://www.osti.gov/bridge/product.biblio.jsp?query_id=0&page=0&osti_id=766949
http://www.fda.gov/ICECI/ComplianceManuals/CompliancePolicyGuidanceManual/UCM074576
http://www.cfsan.fda.gov/~dms/nucleve2.html
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-�&RQWURO�5HOHDVH���������������
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*UHHQ�'��+RZHOOV�*��9HQQDUW�-��HW�DO����������7KH�GLVWULEXWLRQ�RI�SOXWRQLXP�LQ�WKH�PRXVH�RYDU\���,QW�-�
$SSO�5DGLDW�,VRW����������������

*UHHQ�'��+RZHOOV�*5��:DWWV�5+����������3OXWRQLXP�LQ�WKH�WLVVXHV�RI�IRHWDO��QHRQDWDO�DQG�VXFNOLQJ�PLFH�
DIWHU�3X�DGPLQLVWUDWLRQ�WR�WKHLU�GDPV���,QW�-�5DGLDW�%LRO����������������

*ULIILQ�&6��+DUYH\�$1��6DYDJH�-5��������� &KURPDWLG�GDPDJH�LQGXFHG�E\����3X�DOSKD�SDUWLFOHV�LQ�*��DQG�
6�SKDVH�&KLQHVH�KDPVWHU�9���FHOOV��&RPPHQW�LQ���,QW�-�5DGLDW�%LRO�������������������,QW�-�5DGLDW�%LRO�
�������������

*XLOPHWWH�5$�� ������ $�ORZ�HQHUJ\�SKRWRQ�GHWHFWRU�IRU�WKH�UDGLRDVVD\�RI�3X�RU�$P�LQ�ELRORJLFDO�
VDPSOHV���+HDOWK�3K\V����������������

*XLOPHWWH�5$��0XJJHQEXUJ�%$��������� (IIHFWLYHQHVV�RI�FRQWLQXRXVO\�LQIXVHG�'73$�IRU�GHFRUSRUDWLQJ�
LQKDOHG�SOXWRQLXP�����DQG�FXULXP�����DHURVROV���+HDOWK�3K\V����6����

*XLOPHWWH�5$��0XJJHQEXUJ�%$��������� 'HFRUSRUDWLRQ�WKHUDS\�IRU�LQKDOHG�SOXWRQLXP�QLWUDWH�XVLQJ�
UHSHDWHGO\�DQG�FRQWLQXRXVO\�DGPLQLVWHUHG�'73$���,QW�-�5DGLDW�%LRO����������������
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http://www.atsdr.cdc.gov/hazdat.html
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http://toxnet.nlm.nih.gov/cgi-bin/sis/search
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WKH�HQYLURQPHQW���9LHQQD�� ,QWHUQDWLRQDO�$WRPLF�(QHUJ\�$JHQF\������������,$($�60���������

,$($�������J���3OXWRQLXP�DQG�DPHULFLXP�LQ�/DNH�0LFKLJDQ�VHGLPHQWV���,Q���7UDQVXUDQLXP�QXFOLGHV�LQ�WKH�
HQYLURQPHQW���3URFHHGLQJV�RI�WKH�V\PSRVLXP�RQ�WUDQVXUDQLXP�QXFOLGHV�LQ�WKH�HQYLURQPHQW���9LHQQD��
,QWHUQDWLRQDO�$WRPLF�(QHUJ\�$JHQF\������������,$($�60���������

,$($�������K�� 3OXWRQLXP�LQ�$WODQWLF�FRDVWDO�HVWXDULHV�LQ�WKH�6RXWKHDVWHUQ�8QLWHG�6WDWHV�RI�$PHULFD���,Q���
7UDQVXUDQLXP�QXFOLGHV�LQ�WKH�HQYLURQPHQW���3URFHHGLQJV�RI�WKH�V\PSRVLXP�RQ�WUDQVXUDQLXP�QXFOLGHV�LQ�
WKH�HQYLURQPHQW���9LHQQD�� ,QWHUQDWLRQDO�$WRPLF�(QHUJ\�$JHQF\����������,$($�60���������

,$($�������L���(QYLURQPHQWDO�DQG�SXEOLF�KHDOWK�FRQVHTXHQFHV�RI�WKH�FRQWUROOHG�GLVSRVDO�RI�WUDQVXUDQLF�
HOHPHQWV�WR�WKH�PDULQH�HQYLURQPHQW���,Q���7UDQVXUDQLXP�QXFOLGHV�LQ�WKH�HQYLURQPHQW���3URFHHGLQJV�RI�WKH�
V\PSRVLXP�RQ�WUDQVXUDQLXP�QXFOLGHV�LQ�WKH�HQYLURQPHQW���9LHQQD���,QWHUQDWLRQDO�$WRPLF�(QHUJ\�$JHQF\��
����������,$($�60���������

,$($�������M���&XUUHQW�VWDWXV�RI�8WDK�ORQJ�WHUP����3X�VWXGLHV���,Q���%LRORJLFDO�DQG�HQYLURQPHQWDO�HIIHFWV�
RI�ORZ�OHYHO�UDGLDWLRQ���9RO������9LHQQD���,QWHUQDWLRQDO�$WRPLF�(QHUJ\�$JHQF\���������

,$($�������N���'RPLQDQW�OHWKDO�WHVWV�RI�PDOH�PLFH�JLYHQ����3X�VDOW�LQMHFWLRQV���,Q���%LRORJLFDO�DQG�
HQYLURQPHQWDO�HIIHFWV�RI�ORZ�OHYHO�UDGLDWLRQ���9RO������9LHQQD���,QWHUQDWLRQDO�$WRPLF�(QHUJ\�$JHQF\�����
����

,$($��������� &KURPRVRPH�FKDQJHV�LQ�VRPDWLF�FHOOV�RI�ZRUNHUV�ZLWK�LQWHUQDO�GHSRVLWLRQV�RI�SOXWRQLXP���
,Q���%LRORJLFDO�LPSOLFDWLRQV�RI�UDGLRQXFOLGHV�UHOHDVHG�IURP�QXFOHDU�LQGXVWULHV���9RO������9LHQQD��
,QWHUQDWLRQDO�$WRPLF�(QHUJ\�$JHQF\������������67,�38%������

,$($��������� 6HGLPHQW�GLVWULEXWLRQ�FRHIILFLHQWV�DQG�FRQFHQWUDWLRQ�IDFWRUV�IRU�ELRWD�LQ�WKH�PDULQH�
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,EUDKLP�6$��:HEE�6%��:KLFNHU�):� ������� &RQWULEXWLRQV�RI�5RFN\�)ODWV�UHOHDVHV�WR�WKH�WRWDO�SOXWRQLXP�
LQ�UHJLRQDO�VRLOV���+HDOWK�3K\V��������������

http://monographs.iarc.fr/ENG/Classification/index.php
http://www
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http://www.epa.gov/iris/subst
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http://www.mrw.interscience.wiley.com/emrw/9783527306732/ueic/article/a21_133/current/pdf
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http://www.fas.org/sgp/othergov/doe/lanl/lib-www/la-pubs/00329054.pdf


   
 

 
 
 

 
 
 
 
 

�
�

�� �
�

��
�

� �

�
� � � �

�

�
� � � �

�
�� � �

�
� �

�
�

� �

�
� �

�

�
�

�
� �

�
� �

�
�

� � �
� � �

�
� �

�
� �

�
�

�
�

�

PLUTONIUM 238 

9.  REFERENCES 

/LGH�'5����������&5&�KDQGERRN�RI�FKHPLVWU\�DQG�SK\VLFV�����������������WK�HG���%RFD�5DWRQ��)/���&5&�
3UHVV�� 7D\ORU�	�)UDQFLV�*URXS������������������������������

/LGH�'5����������&5&�KDQGERRN�RI�FKHPLVWU\�DQG�SK\VLFV�����������������WK�HG���%RFD�5DWRQ��)/� �&5&�
3UHVV�� 7D\ORU�	�)UDQFLV�*URXS������������������������������������

/LVWHU�%$-��0RUJDQ�$��6KHUZRRG�5-����������([FUHWLRQ�RI�SOXWRQLXP�IROORZLQJ�DFFLGHQWDO�VNLQ�
FRQWDPLQDWLRQ���+HDOWK�3K\V��������������

/LWDRU�0,��������� 3OXWRQLXP�FRQWDPLQDWLRQ�LQ�VRLOV�LQ�RSHQ�VSDFH�DQG�UHVLGHQWLDO�DUHDV�QHDU�5RFN\�)ODWV��
&RORUDGR���+HDOWK�3K\V����������������

/LWWOH�&$��:KLFNHU�):����������3OXWRQLXP�GLVWULEXWLRQ�LQ�5RFN\�)ODWV�VRLO���+HDOWK�3K\V����������������

/LYHQV�)5��%D[WHU�06����������3DUWLFOH�VL]H�DQG�UDGLRQXFOLGH�OHYHOV�LQ�VRPH�:HVW�&XPEULDQ�VRLOV� �6FL�
7RWDO�(QYLURQ����������

/LYLQJVWRQ�$/����������)RUDJH�SODQW�HVWURJHQV�� -�7R[LFRO�(QYLURQ�+HDOWK�����������������

/LYLQJVWRQ�*.��)DON�5%��6FKPLG�(��������� (IIHFW�RI�RFFXSDWLRQDO�UDGLDWLRQ�H[SRVXUHV�RQ�FKURPRVRPH�
UDWHV�LQ�IRUPHU�SOXWRQLXP�ZRUNHUV���5DGLDW�5HV���������������

/OR\G�5'��$QJXV�:��7D\ORU�*1��HW�DO�������D���6RIW�WLVVXH�WXPRUV�LQGXFHG�E\�PRQRPHULF����3X���+HDOWK�
3K\V����������������

/OR\G�5'��%RVHPDQ�--��7D\ORU�*1��HW�DO�������F���'HFRUSRUDWLRQ�IURP�EHDJOHV�RI�D�PL[WXUH�RI�PRQRPHULF�
DQG�SDUWLFXODWH�SOXWRQLXP�XVLQJ�&D�'73$�DQG�=Q�'73$���'HSHQGHQFH�XSRQ�IUHTXHQF\�RI�
DGPLQLVWUDWLRQ���+HDOWK�3K\V����������������

/OR\G�5'��%UXHQJHU�):��$QJXV�:��HW�DO�������E���0DPPDU\�WXPRU�RFFXUUHQFH�LQ�EHDJOHV�JLYHQ����3X���
+HDOWK�3K\V����������������

/OR\G�5'��0LOOHU�6&��7D\ORU�*1��HW�DO�������D���,V�WKHUH�D�GLIIHUHQFH�LQ�UDGLRQXFOLGH�LQGXFHG�ERQH�WXPRU�
VHQVLWLYLW\�EHWZHHQ�PDOH�DQG�IHPDOH�EHDJOHV"��+HDOWK�3K\V����������������

/OR\G�5'��7D\ORU�*1��$QJXV�:��HW�DO����������%RQH�FDQFHU�RFFXUUHQFH�DPRQJ�EHDJOHV�JLYHQ����3X�DV�
\RXQJ�DGXOWV���+HDOWK�3K\V��������������

/OR\G�5'��7D\ORU�*1��-HH�:6��HW�DO�������E���5HODWLYH�UDGLRVHQVLWLYLW\�RI�ERQH�WXPRU�LQGXFWLRQ�DPRQJ�
EHDJOHV�DV�D�IXQFWLRQ�RI�DJH�DW�LQMHFWLRQ�RI����3X�RU����5D���+HDOWK�3K\V��������������

/XFLDQL�$��3ROLJ�(����������9HULILFDWLRQ�DQG�PRGLILFDWLRQ�RI�WKH�,&53����PRGHO�IRU�SOXWRQLXP�GRVH�
FDOFXODWLRQ���+HDOWK�3K\V����������������

/XFLDQL�$��'RHUIHO�+��3ROLJ�(��������� 6HQVLWLYLW\�DQDO\VLV�RI�WKH�XULQDU\�H[FUHWLRQ�RI�SOXWRQLXP���5DGLDW�
3URW�'RVLPHWU\����������������

/XFLDQL�$��'RHUIHO�+��3ROLJ�(��������� 8QFHUWDLQW\�DQDO\VLV�RI�WKH�XULQDU\�H[FUHWLRQ�RI�SOXWRQLXP���5DGLDW�
3URW�'RVLPHWU\�������������������



   
 

 
 
 

 
 
 
 
 

� �� � �
� � � �

�
�

� �� �
�

� �
� � �

�
� �

� � �
�

� � �
� �

�

� �
�

� � �

�
��

�
�

� �

�
�

� �
�

�
�

� �

�
�� � �

�
�

� � �
� �

�
� �

�
�

� �

�
� �

�
�

PLUTONIUM 239 

9.  REFERENCES 

/XNVLHQH�%��'UXWHLNLHQH�5��*YR]GDLWH�5��HW�DO�� ������ &RPSDUDWLYH�DQDO\VLV�RI����3X�����&V�����3E�DQG���.�
VSDWLDO�GLVWULEXWLRQV�LQ�WKH�WRS�VRLO�OD\HU�DW�WKH�%DOWLF�FRDVW�� -�(QYLURQ�5DGLRDFW����������������

/XQG�(��7NDWFKHY�$9����������&RQFHQWUDWLRQ�RI�SOXWRQLXP�LQ�SODFHQWDV�IURP�WKH�1HQHW]�DXWRQRPRXV�
GLVWULFW�FORVH�WR�WKH�1RYD\D�=HPOD\H�QXFOHDU�ZHDSRQV�WHVW�VLWH�� 5DGLDW�3URW�'RVLPHWU\����������������

/XQGJUHQ�'/��'DPRQ�(*��'LHO�-+��HW�DO�� ������ 7KH�GHSRVLWLRQ��GLVWULEXWLRQ�DQG�UHWHQWLRQ�RI�LQKDOHG�
���3X2��LQ�WKH�OXQJV�RI�UDWV�ZLWK�SXOPRQDU\�HPSK\VHPD���+HDOWK�3K\V����������������

/XQGJUHQ�'/��*LOOHWW�1$��+DKQ�))��HW�DO����������(IIHFWV�RI�SURWUDFWLRQ�RI�WKH�DOSKD�GRVH�WR�WKH�OXQJV�RI�
PLFH�E\�UHSHDWHG�LQKDODWLRQ�H[SRVXUH�WR�DHURVROV�RI����3X2��� 5DGLDW�5HV�����������������

/XQGJUHQ�'/��+DKQ�))��5HEDU�$+��HW�DO����������(IIHFWV�RI�WKH�VLQJOH�RU�UHSHDWHG�LQKDODWLRQ�H[SRVXUH�RI�
6\ULDQ�KDPVWHUV�WR�DHURVROV�RI����3X2��� ,QW�-�5DGLDW�%LRO�5HODW�6WXG�3K\V�&KHP�0HG�������������

/XQGJUHQ�'/��+DOH\�3-��+DKQ�))��HW�DO����������3XOPRQDU\�FDUFLQRJHQLFLW\�RI�UHSHDWHG�LQKDODWLRQ�
H[SRVXUH�RI�UDWV�WR�DHURVROV�RI����3X2��� 5DGLDW�5HV���������������

/�QLQJ�.*��)UROHQ�+��1LOVVRQ�$����������*HQHWLF�HIIHFWV�RI����3X�VDOW�LQMHFWLRQV�LQ�PDOH�PLFH���0XWDW�5HV�
���������������

0$))�������E���5DGLRDFWLYLW\�LQ�IRRG�DQG�WKH�HQYLURQPHQW���������/RQGRQ�� 0LQLVWU\�RI�$JULFXOWXUH��
)LVKHULHV�DQG�)RRG���5,)(�����KWWS���ZZZ�VHSD�RUJ�XN�SGI�SXEOLFDWLRQV�ULIH�ULIH��SGI�� 0DUFK�����������

0$))�������D���1XPEHU�������$�VXUYH\�RI�OHYHOV�RI�UDGLRDFWLYLW\�LQ�8.�SURGXFHG�EHYHUDJHV���0LQLVWU\�RI�
$JULFXOWXUH��)LVKHULHV�DQG�)RRG���
KWWS���DUFKLYH�IRRG�JRY�XN�PDII�DUFKLYH�IRRG�LQIVKHHW������QR�������EHY�KWP�� 0D\�����������

0DNKLMDQL�$����������7HFKQLFDO�DVSHFWV�RI�WKH�XVH�RI�ZHDSRQV�SOXWRQLXP�DV�UHDFWRU�IXHO���6FLHQFH�IRU�
GHPRFUDWLF�DFWLRQ���$Q�,((5�SXEOLFDWLRQ���9RO���������,QVWLWXWH�IRU�(QHUJ\�DQG�(QYLURQPHQWDO�5HVHDUFK���
KWWS���ZZZ�LHHU�RUJ�VGDILOHV�YROB������PR[PDLQ��KWPO�� $XJXVW�����������

0DUWLQ�-(����������'HWHUPLQDWLRQ�RI����3X�LQ�ORZ�OHYHO�UDGLRDFWLYH�ZDVWHV�IURP�UHDFWRUV���+HDOWK�3K\V�
���������������

0D\U�8��%XWVFK�$��6FKQHLGHU�6��������� 9DOLGDWLRQ�RI�WZR�LQ�YLWUR�WHVW�V\VWHPV�IRU�HVWURJHQLF�DFWLYLWLHV�
ZLWK�]HDUDOHQRQH��SK\WRHVWURJHQV�DQG�FHUHDO�H[WUDFWV���7R[LFRORJ\������������������

0F*HRJKHJDQ�'��*LOOLHV�0��5LGGHOO�$(��HW�DO����������0RUWDOLW\�DQG�FDQFHU�PRUELGLW\�H[SHULHQFH�RI�
IHPDOH�ZRUNHUV�DW�WKH�%ULWLVK�QXFOHDU�IXHOV�6HOODILHOG�SODQW��������������$P�-�,QG�0HG����������������

0F,QUR\�-)��.DWKUHQ�5/��6ZLQW�0-����������'LVWULEXWLRQ�RI�SOXWRQLXP�DQG�DPHULFLXP�LQ�ZKROH�ERGLHV�
GRQDWHG�WR�WKH�8QLWHG�6WDWHV�WUDQVXUDQLXP�UHJLVWU\���5DGLDW�3URWHFW�'RVLPHW������������������

0F,QUR\�-)��.DWKUHQ�5/��9RHO]�*/��HW�DO����������8�6���7UDQVXUDQLXP�5HJLVWU\�UHSRUW�RQ�WKH����3X�
GLVWULEXWLRQ�LQ�D�KXPDQ�ERG\���+HDOWK�3K\V����������������

0pQpWULHU�)��*UDSSLQ�/��5D\PRQG�3��HW�DO��������� 7UHDWPHQW�RI�DFFLGHQWDO�LQWDNHV�RI�SOXWRQLXP�DQG�
DPHULFLXP���*XLGDQFH�QRWHV���$SSO�5DGLDW�,VRW����������������

http://www.ieer.org/sdafiles/vol_5/5-4/moxmain4.html
http://archive.food.gov.uk/maff/archive/food/infsheet/1997/no110/110bev.htm
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0LOOHU�6&��/LX�*��%UXHQJHU�):��HW�DO��������� (IILFDF\�RI�RUDOO\�DGPLQLVWHUHG�DPSKLSDWKLF�
SRO\DPLQRFDUER[\OLF�DFLG�FKHODWRUV�IRU�WKH�UHPRYDO�RI�SOXWRQLXP�DQG�DPHULFLXP�� &RPSDULVRQ�ZLWK�
LQMHFWHG�=Q�'73$�LQ�WKH�UDW���5DGLDW�3URW�'RVLPHWU\�����������������

0LWFKHOO�5)� ������� (OHFWURGHSRVLWLRQ�RI�DFWLQLGH�HOHPHQWV�DW�WUDFHU�FRQFHQWUDWLRQV���$QDO�&KHP��������
�����

0LWFKHOO�&5��$]L]RYD�79��+DQGH�03��HW�DO��������� 6WDEOH�LQWUD�FKURPRVRPDO�ELRPDUNHUV�RI�SDVW�
H[SRVXUH�WR�GHQVHO\�LRQL]LQJ�UDGLDWLRQ�LQ�VHYHUDO�FKURPRVRPHV�RI�H[SRVHG�LQGLYLGXDOV���5DGLDW�5HV�
��������������

0LWFKHOO�3,��9LQWUR�//��'DKOJDDUG�+��HW�DO����������3HUWXUEDWLRQ�LQ�WKH����3X����3X�JOREDO�IDOORXW�UDWLR�LQ�
ORFDO�VHGLPHQWV�IROORZLQJ�WKH�QXFOHDU�DFFLGHQWV�DW�7KXOH��*UHHQODQG��DQG�3DORPDUHV��6SDLQ����6FL�7RWDO�
(QYLURQ��������������

0RRUHV�65��7DOERW�5-��(YDQV�1��HW�DO�� ������ 0DFURSKDJH�GHSOHWLRQ�RI�PRXVH�OXQJ�IROORZLQJ�LQKDODWLRQ�
RI����3X2��� 5DGLDW�5HV�������������������
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0RUJDQ�$��+DLQHV�-:��+DUULVRQ�-'����������7KH�LQFRUSRUDWLRQ�RI�SOXWRQLXP�E\�WKH�HPEU\R�DQG�IHWXV�RI�
UDWV�DQG�JXLQHD�SLJV���,QW�-�5DGLDW�%LRO������������������

0RUJDQ�$��+DUULVRQ�-'��6WDWKHU�-:����������(VWLPDWHV�RI�HPEU\RQLF�DQG�IHWDO�GRVHV�IURP����3X���+HDOWK�
3K\V����������������

0RULQ�0��1HQRW�-&��/DIXPD�-����������0HWDEROLF�DQG�WKHUDSHXWLF�VWXG\�IROORZLQJ�DGPLQLVWUDWLRQ�WR�UDWV�RI�
���3X�QLWUDWH��$�FRPSDULVRQ�ZLWK����3X���+HDOWK�3K\V����������������

0RUVHOOL�3/��)UDQFR�0RUVHOOL�5��%RVVL�/����������&OLQLFDO�SKDUPDFRNLQHWLFV�LQ�QHZERUQV�DQG�LQIDQWV��
$JH�UHODWHG�GLIIHUHQFHV�DQG�WKHUDSHXWLF�LPSOLFDWLRQV�� &OLQ�3KDUPDFRNLQ���������������

0RVV�:'��*DXWLHU�0$� ��������$GGLWLRQDO�VKRUW�WHUP�SOXWRQLXP�XULQDU\�H[FUHWLRQ�GDWD�IURP�WKH������
�����SOXWRQLXP�LQMHFWLRQ�VWXGLHV�� ,Q� �9RHO]�*/��HG���2FFXSDWLRQDO�+HDOWK�DQG�(QYLURQPHQW�5HVHDUFK�
�������+HDOWK��6DIHW\�DQG�(QYLURQPHQW�'LYLVLRQ���/RV�$ODPRV��10���/RV�$ODPRV�1DWLRQDO�/DERUDWRU\��
5HSRUW�/$�������35��

0XJJHQEXUJ�%$��*XLOPHWWH�5$��+DKQ�))��HW�DO����������5DGLRWR[LFLW\�RI�LQKDOHG����3X2��LQ�GRJV���5DGLDW�
5HV��������������

0XJJHQEXUJ�%$��*XLOPHWWH�5$��0HZKLQQH\�-$��HW�DO�� ������ 7R[LFLW\�RI�LQKDOHG�SOXWRQLXP�GLR[LGH�LQ�
EHDJOH�GRJV���5DGLDW�5HV�����������������

0XJJHQEXUJ�%$��+DKQ�))��0HQDFKH�0*��HW�DO����������&RPSDUDWLYH�GHWHUPLQLVWLF�HIIHFWV�RI�LQKDOHG��
LQVROXEOH�DOSKD��DQG�EHWD�SDUWLFOH�HPLWWLQJ�UDGLRQXFOLGHV�LQ�GRJV���5DGLDW�5HV�����6���6����

0XJJHQEXUJ�%$��:ROII�5.��0DXGHUO\�-/��HW�DO����������&DUGLRSXOPRQDU\�IXQFWLRQ�RI�GRJV�ZLWK�
SOXWRQLXP�LQGXFHG�FKURQLF�OXQJ�LQMXU\���5DGLDW�5HV�����������������

0XOVRZ�6��&RTXHU\�0��'RYOHWH�&����������5DGLRQXFOLGH�FRQFHQWUDWLRQV�LQ�XQGHUJURXQG�ZDWHUV�RI�
0XUXURD�DQG�)DQJDWDXID�$WROOV���6FL�7RWDO�(QYLURQ������������������

0XUDPDWVX�<��+DPLOWRQ�7��8FKLGD�6��HW�DO�������E���0HDVXUHPHQW�RI����3X����3X�LVRWRSLF�UDWLRV�LQ�VRLOV�
IURP�WKH�0DUVKDOO�,VODQGV�XVLQJ�,&3�06�� 6FL�7RWDO�(QYLURQ�������������������

0XUDPDWVX�<��<RVKLGD�6��7DJDPL�.��HW�DO�������D���,&3�06�DQDO\VLV�RI�HQYLURQPHQWDO�SOXWRQLXP���,Q��
.XGR�$��HG���3OXWRQLXP�LQ�WKH�HQYLURQPHQW���(GLWHG�SURFHHGLQJV�RI�WKH�VHFRQG�LQYLWHG�,QWHUQDWLRQDO�
6\PSRVLXP�1RYHPEHU�������������2VDNDP��-DSDQ���.LGOLQJWRQ��2[IRUG���(OVHYLHU�6FLHQFH�/WG����������

0XUUD\�5/��������� 1XFOHDU�UHDFWRUV���,Q���.LUN�2WKPHU�HQF\FORSHGLD�RI�FKHPLFDO�WHFKQRORJ\���9RO�������
-RKQ�:LOH\�	�6RQV��,QF�������������
KWWS���ZZZ�PUZ�LQWHUVFLHQFH�ZLOH\�FRP�HPUZ���������������NLUN�DUWLFOH�UHDFPXUU�D���FXUUHQW�SGI��
0D\�����������

0XUUD\�5/��)HQWLPDQ�$:��������� :DVWH�PDQDJHPHQW��UDGLRDFWLYH���,Q���.LUN�2WKPHU�HQF\FORSHGLD�RI�
FKHPLFDO�WHFKQRORJ\���9RO�������-RKQ�:LOH\�	�6RQV��,QF�������������
KWWS���ZZZ�PUZ�LQWHUVFLHQFH�ZLOH\�FRP�HPUZ���������������NLUN�DUWLFOH�ZDVWPXUU�D���FXUUHQW�SGI��
0D\�����������

http://www.mrw.interscience.wiley.com/emrw/9780471238966/kirk/article/wastmurr.a01/current/pdf
http://www.mrw.interscience.wiley.com/emrw/9780471238966/kirk/article/reacmurr.a01/current/pdf
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/DSSV�DQG�VRXWKHUQ�)LQQV�� +HDOWK�3K\V����������������

1DJDVDZD�+��/LWWOH�-%����������,QGXFWLRQ�RI�VLVWHU�FKURPDWLG�H[FKDQJHV�E\�H[WUHPHO\�ORZ�GRVHV�RI�DOSKD�
SDUWLFOHV����&RPPHQW�LQ���&DQFHU�5HV������������&DQFHU�5HV�������������������

1DJDVDZD�+��/LWWOH�-%��,QNUHW�:&��HW�DO�������E���&\WRJHQHWLF�HIIHFWV�RI�H[WUHPHO\�ORZ�GRVHV�RI�
SOXWRQLXP�����DOSKD�SDUWLFOH�LUUDGLDWLRQ�LQ�&+2�.���FHOOV���0XWDW�5HV�����������������

1DJDVDZD�+��5REHUWVRQ�-��/LWWOH�-%�������D���,QGXFWLRQ�RI�FKURPRVRPDO�DEHUUDWLRQV�DQG�VLVWHU�FKURPDWLG�
H[FKDQJHV�E\�DOSKD�SDUWLFOHV�LQ�GHQVLW\�LQKLELWHG�FXOWXUHV�RI�PRXVH���7����DQG��7��FHOOV���,QW�-�5DGLDW�
%LRO�������������

1$6�15&��������� 5HSRUW�RI�WKH�RYHUVLJKW�FRPPLWWHH���,Q���%LRORJLF�PDUNHUV�LQ�UHSURGXFWLYH�WR[LFRORJ\���
:DVKLQJWRQ��'&���1DWLRQDO�$FDGHP\�RI�6FLHQFHV��1DWLRQDO�5HVHDUFK�&RXQFLO��1DWLRQDO�$FDGHP\�3UHVV��
�������

1&53��������� 5DGLRORJLFDO�DVVHVVPHQW���3UHGLFWLQJ�WKH�WUDQVSRUW��ELRDFFXPXODWLRQ��DQG�XSWDNH�E\�PDQ�RI�
UDGLRQXFOLGHV�UHOHDVHG�WR�WKH�HQYLURQPHQW���1&53�5HSRUW�1R�������%HWKHVGD��0'� �1DWLRQDO�&RXQFLO�RQ�
5DGLDWLRQ�3URWHFWLRQ�DQG�0HDVXUHPHQWV��������������������

1&53��������� $�KDQGERRN�RI�UDGLRDFWLYLW\�PHDVXUHPHQWV�SURFHGXUHV����QG�HG���1&53�5HSRUW�1R�������
%HWKHVGD��0'���1DWLRQDO�&RXQFLO�RQ�5DGLDWLRQ�3URWHFWLRQ�DQG�0HDVXUHPHQWV������������

1&53��������� ,RQL]LQJ�UDGLDWLRQ�H[SRVXUH�RI�WKH�SRSXODWLRQ�RI�WKH�8QLWHG�6WDWHV���5HFRPPHQGDWLRQV�RI�
WKH�1&53���1&53�5HSRUW�1R�������%HWKHVGD��0'���1DWLRQDO�&RXQFLO�RQ�5DGLDWLRQ�3URWHFWLRQ�DQG�
0HDVXUHPHQWV���������

1&53��������� 'HSRVLWLRQ��UHWHQWLRQ�DQG�GRVLPHWU\�RI�LQKDOHG�UDGLRDFWLYH�VXEVWDQFHV���%HWKHVGD��0'��
1DWLRQDO�&RXQFLO�RQ�5DGLDWLRQ�3URWHFWLRQ�DQG�0HDVXUHPHQWV��������������������

1($�2(&'��������� 7KH�HQYLURQPHQWDO�DQG�ELRORJLFDO�EHKDYLRXU�RI�SOXWRQLXP�DQG�VRPH�RWKHU�
WUDQVXUDQLXP�HOHPHQWV���3DULV��)UDQFH���1XFOHDU�(QHUJ\�$JHQF\��2(&'��

1HOVRQ�,&��7KRPDV�9:��.DWKUHQ�5/����������3OXWRQLXP�LQ�VRXWK�FHQWUDO�:DVKLQJWRQ�6WDWH�DXWRSV\�WLVVXH�
VDPSOHV�������������+HDOWK�3K\V����������������

1HQRW�-&��6WDWKHU�-:����������7KH�WR[LFLW\�RI�SOXWRQLXP��DPHULFLXP�DQG�FXULXP���$�UHSRUW�SUHSDUHG�XQGHU�
FRQWUDFW�IRU�WKH�&RPPLVVLRQ�RI�WKH�(XURSHDQ�&RPPXQLWLHV�ZLWKLQ�LWV�5HVHDUFK�DQG�'HYHORSPHQW�
3URJUDPPH�RQ��3OXWRQLXP�5HF\FOLQJ�LQ�/LJKW�:DWHU�5HDFWRUV����1HZ�<RUN���3HUJDPPRQ�3UHVV�������

1HQRW�-��0DVVH�5��0RULQ�0��HW�DO� ��������$Q�H[SHULPHQWDO�FRPSDUDWLYH�VWXG\�RI�WKH�EHKDYLRXU�RI����1S��
���3X�����3X�����$P�DQG����&P�LQ�ERQH���+HDOWK�3K\V����������������

1HUR�$����������,QVWUXPHQWDWLRQ�IRU�PRQLWRULQJ�SOXWRQLXP�LQ�WKH�HQYLURQPHQW���1XFOHDU�6DIHW\��������
�����
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1LHOVRQ�-0��%HDVOH\�70��������� 5DGLRFKHPLFDO�GHWHUPLQDWLRQ�RI�SOXWRQLXP�IRU�UDGLRORJLFDO�SXUSRVHV���
,Q���:LFN�2��HG���3OXWRQLXP�KDQGERRN���$�JXLGH�WR�WKH�WHFKQRORJ\���9RO������/D�*UDQJH�3DUN��,/���7KH�
$PHULFDQ�1XFOHDU�6RFLHW\�����������

1LNLWLQ�$,��&KXPLFKHY�9%��9DOHWRYD�1.��HW�DO����������7KH�FXUUHQW�FRQWHQW�RI�DUWLILFDO�UDGLRQXFOLGHV�LQ�
WKH�ZDWHU�RI�WKH�7RERO�,UW\VK�ULYHU�V\VWHP��IURP�WKH�PRXWK�RI�WKH�,VHW�5LYHU�WR�WKH�FRQIOXHQFH�ZLWK�WKH�2E�
5LYHU�� -�(QYLURQ�5DGLRDFW�������������

15&��������� 3HVWLFLGHV�LQ�WKH�GLHWV�RI�LQIDQWV�DQG�FKLOGUHQ���:DVKLQJWRQ��'&���1DWLRQDO�$FDGHP\�3UHVV���
1DWLRQDO�5HVHDUFK�&RXQFLO��

153%��������� ,QGXVWULDO�XUDQLXP�FRPSRXQGV���([SRVXUH�OLPLWV��DVVHVVPHQW�RI�LQWDNH�DQG�WR[LFLW\�DIWHU�
LQKDODWLRQ���&KLOWRQ���1DWLRQDO�5DGLRORJLFDO�3URWHFWLRQ�%RDUG���153%�:����

173����������,RQL]LQJ�UDGLDWLRQ���5HSRUW�RQ�FDUFLQRJHQV�����WK�HG���5HVHDUFK�7ULDQJOH�3DUN��1&���1DWLRQDO�
7R[LFRORJ\�3URJUDP���8�6��'HSDUWPHQW�RI�+HDOWK�DQG�+XPDQ�6HUYLFHV���KWWS���QWS�
VHUYHU�QLHKV�QLK�JRY�QWS�URF�WRF���KWPO���0D\�����������

2
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����������������

2JKLVR�<��<DPDGD�<�������D���3DWKRJHQHWLF�SURFHVV�RI�OXQJ�WXPRUV�LQGXFHG�E\�LQKDODWLRQ�H[SRVXUH�RI�
UDWV�WR�SOXWRQLXP�GLR[LGH�DHURVROV���5DGLDW�5HV��������������

2JKLVR�<��<DPDGD�<�������E�� 6WUDLQ�GLIIHUHQFHV�LQ�FDUFLQRJHQLF�DQG�KHPDWRSRLHWLF�UHVSRQVHV�RI�PLFH�
DIWHU�LQMHFWLRQ�RI�SOXWRQLXP�FLWUDWH���5DGLDW�5HV�����������������

2JKLVR�<��<DPDGD�<�������D���&RPSDULVRQV�RI�SXOPRQDU\�FDUFLQRJHQHVLV�LQ�UDWV�IROORZLQJ�LQKDODWLRQ�
H[SRVXUH�WR�SOXWRQLXP�GLR[LGH�RU�[�UD\�LUUDGLDWLRQ���-�5DGLDW�5HV��7RN\R�����������������

2JKLVR�<��<DPDGD�<�������E�� 7KH�VSHFLILF�LQGXFWLRQ�RI�RVWHRVDUFRPDV�LQ�GLIIHUHQW�PRXVH�VWUDLQV�DIWHU�
LQMHFWLRQV�RI����3X�FLWUDWH�� -�5DGLDW�5HV��7RN\R�����������������

2JKLVR�<��<DPDGD�<��,LGD�+�������D���'LIIHUHQWLDO�LQGXFWLRQ�RI�ERQH�DQG�KHPDWRSRLHWLF�WXPRUV�LQ�&�+�
PLFH�DIWHU�WKH�LQMHFWLRQ�RI����3X�FLWUDWH���-�5DGLDW�5HV��7RN\R�����������������

2JKLVR�<��<DPDGD�<��,LGD�+��HW�DO����������'LIIHUHQWLDO�GRVH�UHVSRQVHV�RI�SXOPRQDU\�WXPRU�W\SHV�LQ�WKH�
UDW�DIWHU�LQKDODWLRQ�RI�SOXWRQLXP�GLR[LGH�DHURVROV�� -�5DGLDW�5HV��7RN\R���������������

2JKLVR�<��<DPDGD�<��,VKLJXUH�1��HW�DO�������E���+LJK�LQFLGHQFH�RI�PDOLJQDQW�OXQJ�FDUFLQRPDV�LQ�UDWV�
DIWHU�LQKDODWLRQ�RI����3X2��DHURVRO���-�5DGLDW�5HV��7RN\R�����������������

2LNDZD�6��<DPDPRWR�0��������� 3OXWRQLXP�FRQFHQWUDWLRQ�DQG����3X����3X�DWRPLF�UDWLR�LQ�OLYHU�RI�VTXLG�
FROOHFWHG�LQ�WKH�FRDVWDO�VHD�DUHDV�RI�-DSDQ���-�(QYLURQ�5DGLRDFW�������������

http://ntp
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6HOODILHOG�SODQW�RI�%ULWLVK�QXFOHDU�IXHOV����(UUDWXP�LQ�� %U�-�&DQFHU�������������������%U�-�&DQFHU������
��������������

26+$��������� ,RQL]LQJ�UDGLDWLRQ���7R[LF�DQG�KD]DUGRXV�VXEVWDQFHV���:DVKLQJWRQ��'&���2FFXSDWLRQDO�
6DIHW\�DQG�+HDOWK�$GPLQLVWUDWLRQ���&RGH�RI�)HGHUDO�5HJXODWLRQV������&)5�������������
KWWS���ZZZ�RVKD�JRY�FRPS�OLQNV�KWPO�� 0D\�����������
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DQG�DGROHVFHQFH���,Q���)DONQHU�)��HG���+XPDQ�GHYHORSPHQW���3KLODGHOSKLD��3$���:%�6DXQGHUV�����������

3DTXHW�)��3RQF\�-�/��+DP�*-��HW�DO����������7UDQVIHU�RI�SRORQLXP��QHSWXQLXP��SOXWRQLXP�DQG�DPHULFLXP�
WR�WKH�SULPDWH�IHWXV���5DGLDW�3URW�'RVLPHWU\������������������

3DUN�-)��%DLU�:-��%XVFK�5+��������� 3URJUHVV�LQ�EHDJOH�GRJ�VWXGLHV�ZLWK�WUDQVXUDQLXP�HOHPHQWV�DW�
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3DUN�-)��%XVFKERP�5/��'DJOH�*(��HW�DO����������,QKDOHG�SOXWRQLXP�LQ�GRJV���,Q���'2(��HG���3DFLILF�
1RUWKZHVW�/DERUDWRU\�DQQXDO�UHSRUW�IRU������WR�WKH�'2(�2IILFH�RI�(QHUJ\�5HVHDUFK���:DVKLQJWRQ��'&��
8�6��'HSDUWPHQW�RI�(QHUJ\���31/������3W������8&�����

3DUN�-)��%XVFKERP�5/��'DJOH�*(��HW�DO����������%LRORJLFDO�HIIHFWV�RI�LQKDOHG����3X2�� LQ�EHDJOHV���5DGLDW�
5HV��������������

3HVFH�$0��)LUVW�05����������3URWHLQV�LQ�XULQH���,Q���3URWHLQXULD���$Q�LQWHJUDWHG�UHYLHZ���1HZ�<RUN��1<��
0DUFHO�'HNNHU���������

3KDQ�*��/H�*DOO�%��*ULOORQ�*��HW�DO�������E���(QKDQFHG�GHFRUSRUDWLRQ�RI�SOXWRQLXP�E\�'73$�
HQFDSVXODWHG�LQ�VPDOO�3(*�FRDWHG�OLSRVRPHV���%LRFKLPLH���������������

3KDQ�*��5DPRXQHW�/H�*DOO�%��0DQFHDX�-��HW�DO�������� �7DUJHWLQJ�RI�GLHWK\OHQH�WULDPLQH�SHQWDDFHWLF�DFLG�
HQFDSVXODWHG�LQ�OLSRVRPHV�WR�UDW�OLYHU���$Q�HIIHFWLYH�VWUDWHJ\�WR�SUHYHQW�ERQH�GHSRVLWLRQ�DQG�LQFUHDVH�XULQH�
HOLPLQDWLRQ�RI�SOXWRQLXP�LQ�UDWV���,QW�-�5DGLDW�%LRO����������������

3LHWU]DN�)OLV�=��2U]HFKRZVND�*��������� 3OXWRQLXP�LQ�GDLO\�GLHW�LQ�3RODQG�DIWHU�WKH�&KHUQRE\O�DFFLGHQW���
+HDOWK�3K\V����������������

3LQGHU�-(��$GULDQR�'&��&LUDYROR�7*��HW�DO����������7KH�LQWHUFHSWLRQ�DQG�UHWHQWLRQ�RI����3X�GHSRVLWLRQ�E\�
RUDQJH�WUHHV���+HDOWK�3K\V����������������

3ROLJ�(����������.LQHWLF�PRGHO�RI�WKH�GLVWULEXWLRQ�RI����3X�LQ�WKH�EHDJOH�VNHOHWRQ�� +HDOWK�3K\V�����������
�����

3ROLJ�(��%UXHQJHU�):��/OR\G�5'��HW�DO����������%LRNLQHWLFV�DQG�GRVLPHWULF�PRGHO�RI�SOXWRQLXP�LQ�WKH�
GRJ���+HDOWK�3K\V����������������

http://www.osha.gov/comp-links.html
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3RPHUDQWVHYD�0'��5DPD\D�/.��6KHYFKHQNR�9$��HW�DO����������(YDOXDWLRQ�RI�WKH�JHQHWLF�HIIHFWV�RI����3X�
LQFRUSRUDWHG�LQWR�PLFH���0XWDW�5HV���������������

3RSSOHZHOO�'6��+DP�*-����������'LVWULEXWLRQ�RI�SOXWRQLXP�DQG�DPHULFLXP�LQ�WLVVXHV�IURP�D�KXPDQ�
DXWRSV\�FDVH���-�5DGLRO�3URW���������������

3RSSOHZHOO�'6��+DP�*-��'RGG�1-��HW�DO����������3OXWRQLXP�DQG�&V�����LQ�DXWRSV\�WLVVXHV�LQ�*UHDW�
%ULWDLQ���6FL�7RWDO�(QYLURQ�������������

3RSSOHZHOO�'6��+DP�*-��-RKQVRQ�7(��HW�DO��������� 3OXWRQLXP�LQ�DXWRSV\�WLVVXHV�LQ�*UHDW�%ULWDLQ���+HDOWK�
3K\V����������������

3RSSOHZHOO�'6��+DP�*-��0F&DUWK\�:��HW�DO����������7UDQVIHU�RI�SOXWRQLXP�DFURVV�WKH�KXPDQ�JXW�DQG�LWV�
XULQDU\�H[FUHWLRQ���5DGLDW�3URW�'RVLPHWU\������������������

3ULHVW�1'����������7KH�GLVWULEXWLRQ�DQG�EHKDYLRXU�LQ�PHWDOV�LQ�WKH�VNHOHWRQ�DQG�ERG\���6WXGLHV�ZLWK�
UDGLRQXFOLGHV���,Q���3ULHVW�1'��9DQ�'H�9\YHU�)��HGV���7UDFH�PHWDOV�DQG�IOXRULGH�LQ�ERQHV�DQG�WHHWK���%RFD�
5DWRQ��)/�� &5&�3UHVV����������

3ULHVW�1'��3LFK�*0��)LILHOG�/.��HW�DO����������$FFHOHUDWRU�PDVV�VSHFWURPHWU\�IRU�WKH�GHWHFWLRQ�RI�XOWUD�
ORZ�OHYHOV�RI�SOXWRQLXP�LQ�XULQH��LQFOXGLQJ�WKDW�H[FUHWHG�DIWHU�WKH�LQJHVWLRQ�RI�,ULVK�6HD�VHGLPHQWV� �5DGLDW�
5HV�����6���6����

3ULVH�.0��'DYLHV�6��0LFKDHO�%'����������7KH�UHODWLRQVKLS�EHWZHHQ�UDGLDWLRQ�LQGXFHG�'1$�GRXEOH�VWUDQG�
EUHDNV�DQG�FHOO�NLOO�LQ�KDPVWHU�9���ILEUREODVWV�LUUDGLDWHG�ZLWK�����N9S�;�UD\V������0H9�QHXWURQV�RU����3X�
Į�SDUWLFOHV���,QW�-�5DGLDW�%LRO����������������

3URVVHU�6/��0F&DUWK\�:��/DQGV�&����������7KH�SOXWRQLXP�FRQWHQW�RI�KXPDQ�IHWDO�WLVVXH�DQG�LPSOLFDWLRQV�
IRU�IHWDO�GRVH���5DGLDW�3URW�'RVLPHWU\��������������

3XUURWW�5-��(GZDUGV�$$��/OR\G�'&��HW�DO����������7KH�LQGXFWLRQ�RI�FKURPRVRPH�DEHUUDWLRQV�LQ�KXPDQ�
O\PSKRF\WHV�E\�in vitro�LUUDGLDWLRQ�ZLWK�DOSKD�SDUWLFOHV�IURP�SOXWRQLXP�������,QW�-�5DGLDW�%LRO�����������
�����

5DJDQ�+$��3DUN�-)��2OVRQ�5-��HW�DO��������� /\PSKRF\WRSHQLD�LQGXFHG�LQ�EHDJOH�GRJV�E\�LQKDODWLRQ�RI�
���3X�����,Q���5DGLDWLRQ�DQG�WKH�O\PSKDWLF�V\VWHP���3URFHHGLQJV�RI�WKH�)RXUWHHQWK�$QQXDO�+DQIRUG�
%LRORJ\�6\PSRVLXP�DW�5LFKODQG��:DVKLQJWRQ��6HSWHPEHU����2FWREHU�����������:DVKLQJWRQ��'&���8�6��
$WRPLF�(QHUJ\�&RPPLVVLRQ��'LYLVLRQ�RI�%LRPHGLFDO�DQG�(QYLURQPHQWDO�5HVHDUFK���&21)�������������
�����

5DKPDQ�<(��5RVHQWKDO�<(��&LHUQ\�($����������,QWUDFHOOXODU�SOXWRQLXP���5HPRYDO�E\�OLSRVRPH�
HQFDSVXODWHG�FKHODWLQJ�DJHQWV���6FLHQFH����������������

5DPRXQHW�/H�*DOO�%��*ULOORQ�*��5DWHDX�*��HW�DO����������&RPSDUDWLYH�GHFRUSRUDWLRQ�HIILFDF\�RI�������
/,+232��������/,+232�DQG�'73$�DIWHU�FRQWDPLQDWLRQ�RI�UDWV�ZLWK�VROXEOH�IRUPV�RI����3X�DQG����8��
5DGLDW�3URW�'RVLPHWU\�������������������

5DSLHMNR�$��5RVVRQ�5��/DKU�-��HW�DO����������5DGLRQXFOLGHV�LQ�3HFRQLF�5LYHU�ILVK��PXVVHOV��DQG�VHGLPHQWV��
+HDOWK�3K\V����������������
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5($&�76�������D���3DFNDJH�LQVHUW�LQVWUXFWLRQV�IRU�XVH���3DQWHWDWH�FDOFLXP�WULVRGLXP�LQMHFWLRQ���5DGLDWLRQ�
(PHUJHQF\�$VVLVWDQFH�&HQWHU�7UDLQLQJ�6LWH���2DN�5LGJH�,QVWLWXWH�IRU�6FLHQFH�DQG�(GXFDWLRQ���8�6��
'HSDUWPHQW�RI�(QHUJ\���KWWS���RULVH�RUDX�JRY�ILOHV�UHDFWV�&DOFLXP�'73$�SDFNDJH�LQVHUW�SGI���0D\�����
������

5($&�76�������E���3DFNDJH�LQVHUW�LQVWUXFWLRQV�IRU�XVH���3DQWHWDWH�]LQF�WULVRGLXP�LQMHFWLRQ���5DGLDWLRQ�
(PHUJHQF\�$VVLVWDQFH�&HQWHU�7UDLQLQJ�6LWH���2DN�5LGJH�,QVWLWXWH�IRU�6FLHQFH�DQG�(GXFDWLRQ���8�6��
'HSDUWPHQW�RI�(QHUJ\���KWWS���RULVH�RUDX�JRY�ILOHV�UHDFWV�=LQF�'73$�SDFNDJH�LQVHUW�SGI�� 0D\�����������

5REHUWVRQ�-%��5DMX�05����������6XGGHQ�UHYHUVLRQ�WR�QRUPDO�UDGLRVHQVLWLYLW\�WR�WKH�HIIHFWV�RI�[�LUUDGLDWLRQ�
DQG�SOXWRQLXP�����DOSKD�SDUWLFOHV�E\�D�UDGLRUHVLVWDQW�UDW�PRXVH�K\EULG�FHOO�OLQH���5DGLDW�5HV�����������
�����

5RPDQRY�6$��*XLOPHWWH�5$��+DKQ�))��HW�DO��������� 0RGLI\LQJ�WKH�,&53����GRVLPHWU\�PRGHO�EDVHG�RQ�
UHVXOWV�REWDLQHG�IURP�0D\DN�SOXWRQLXP�ZRUNHUV���5DGLDW�3URW�'RVLPHWU\�����������������

5RVHQWKDO�0:��/LQGHQEDXP�$��5XVVHOO�--��HW�DO�������D���0HWDEROLVP�RI�PRQRPHULF�DQG�SRO\PHULF�
SOXWRQLXP�LQ�WKH�UDEELW��FRPSDULVRQ�ZLWK�WKH�PRXVH���+HDOWK�3K\V���������������

5RVHQWKDO�0:��0RUHWWL�(��5XVVHOO�--��HW�DO�� ����E���0DUURZ�GHSRVLWLRQ�DQG�GLVWULEXWLRQ�RI�PRQRPHULF�
DQG�SRO\PHULF����3X�LQ�WKH�PRXVH��HVWLPDWHG�E\�XVH�RI���)H���+HDOWK�3K\V��������������

5RVHQWKDO�0:��5DKPDQ�<(��0RUHWWL�(6��HW�DO����������5HPRYDO�RI�SRO\PHULF�SOXWRQLXP�E\�'73$�
GLUHFWHG�LQWR�FHOOV�E\�OLSRVRPH�HQFDSVXODWLRQ���5DGLDW�5HV���������������

5XELR�0RQWHUR�3��0DUWLQ�6DQFKH]�$����������3OXWRQLXP�FRQWDPLQDWLRQ�IURP�DFFLGHQWDO�UHOHDVH�RU�VLPSO\�
IDOORXW��VWXG\�RI�VRLOV�DW�3DORPDUHV��6SDLQ�� -�(QYLURQ�5DGLRDFW�������������

5XQGR�-��6WDU]\N�30��6HGOHW�-��HW�DO��������� 7KH�H[FUHWLRQ�UDWH�DQG�UHWHQWLRQ�RI�SOXWRQLXP��������GD\V�
DIWHU�DFTXLVWLRQ���'LDJQRVLV�DQG�WUHDWPHQW�RI�LQFRUSRUDWHG�UDGLRQXFOLGHV���9LHPD��$XVWUL]���,QWHUQDWLRQDO�
$WRPLF�(QHUJ\���������

5XVVHOO�--��6LNRY�05��.DWKUHQ�5/����������3OXWRQLXP�FRQWHQW�RI�KXPDQ�SODFHQWDO�WLVVXHV�DIWHU�
RFFXSDWLRQDO�H[SRVXUH���5DGLDW�3URW�'RVLPHWU\�����������������

6DQFKH]�$/��:DOWHUV�&%��6LQJOHWRQ�'/��HW�DO� ��������)RRG�LQJHVWLRQ�GRVHV�IURP�DUWLILFLDO�UDGLRQXFOLGHV�
LQ�&XPEULDQ�GLHWV��WHQ�\HDUV�SRVW�&KHUQRE\O���-�(QYLURQ�5DGLRDFW����������������

6DQGHUV�&����������&DUFLQRJHQLFLW\�RI�LQKDOHG�SOXWRQLXP�����LQ�WKH�UDW���5DGLDW�5HV���������������

6DQGHUV�&/�������D���(IIHFWV�RI�3X2��SDUWLFOHV�GHSRVLWHG�LQ�WKH�OXQJ�IROORZLQJ�LQWUDSHULWRQHDO�LQMHFWLRQ���
+HDOWK�3K\V��������������

6DQGHUV�&/�������E���'RVH�GLVWULEXWLRQ�DQG�QHRSODVLD�LQ�WKH�OXQJ�IROORZLQJ�LQWUDWUDFKHDO�LQVWLOODWLRQ�RI�
���3X2��DQG�DVEHVWRV���+HDOWK�3K\V����������������

6DQGHUV�&/����������,QKDODWLRQ�WR[LFRORJ\�RI����3X2��DQG����3X2��LQ�6\ULDQ�JROGHQ�KDPVWHUV���5DGLDW�5HV�
���������������

6DQGHUV�&/��/XQGJUHQ�'/�� ������ 3XOPRQDU\�FDUFLQRJHQHVLV�LQ�WKH�)����DQG�:LVWDU�UDW�DIWHU�LQKDODWLRQ�
RI�SOXWRQLXP�GLR[LGH���5DGLDW�5HV�����������������

http://orise.orau.gov/files/reacts/Zinc-DTPA-package-insert.pdf
http://orise.orau.gov/files/reacts/Calcium-DTPA-package-insert.pdf
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6DQGHUV�&/��0DKDIIH\�-$�� ������ &DUFLQRJHQLFLW\�RI�LQKDOHG�DLU�R[LGL]HG�SOXWRQLXP�����GLR[LGH�LQ�UDWV��
,QW�-�5DGLDW�%LRO�5HODW�6WXG�3K\V�&KHP�0HG��������������

6DQGHUV�&/��0DKDIIH\�-$�� ������ $FWLRQ�RI�YLWDPLQ�&�RQ�SXOPRQDU\�FDUFLQRJHQHVLV�IURP�LQKDOHG�
���3X2��� +HDOWK�3K\V����������������

6DQGHUV�&/��&DQQRQ�:&��3RZHUV�*-�� ������ /XQJ�FDUFLQRJHQHVLV�LQGXFHG�E\�LQKDOHG�KLJK�ILUHG�R[LGHV�
RI�EHU\OOLXP�DQG�SOXWRQLXP���+HDOWK�3K\V����������������

6DQGHUV�&/��'DJOH�*(��&DQQRQ�:&��HW�DO����������,QKDODWLRQ�FDUFLQRJHQHVLV�RI�KLJK�ILUHG����3X2��LQ�UDWV���
5DGLDW�5HV����������������

6DQGHUV�&/��'DJOH�*(��&DQQRQ�:&��HW�DO����������,QKDODWLRQ�FDUFLQRJHQHVLV�RI�KLJK�ILUHG����3X2��LQ�UDWV���
5DGLDW�5HV����������������

6DQGHUV�&/��/DXKDOD�.(��0F'RQDOG�.(��HW�DO�������D���/LIHVSDQ�VWXGLHV�LQ�UDWV�H[SRVHG�WR����3X2��
DHURVRO�� �(UUDWXP�LQ���+HDOWK�3K\V��������������+HDOWK�3K\V����������������

6DQGHUV�&/��/DXKDOD�.(��0F'RQDOG�.(�������E���/LIHVSDQ�VWXGLHV�LQ�UDWV�H[SRVHG�WR����3X2��DHURVRO��
,,,���6XUYLYDO�DQG�OXQJ�WXPRXUV���,QW�-�5DGLDW�%LRO����������������

6DQGHUV�&/��0F'RQDOG�.(��/DXKDOD�.(�������D���3URPRWLRQ�RI�SXOPRQDU\�FDUFLQRJHQHVLV�E\�SOXWRQLXP�
SDUWLFOH�DJJUHJDWLRQ�IROORZLQJ�LQKDODWLRQ�RI����3X2��� 5DGLDW�5HV�����������������

6DQGHUV�&/��0F'RQDOG�.(��0DKDIIH\�-$�������E���/XQJ�WXPRU�UHVSRQVH�WR�LQKDOHG�3X�DQG�LWV�
LPSOLFDWLRQV�IRU�UDGLDWLRQ�SURWHFWLRQ���+HDOWK�3K\V����������������

6DWR�+��7DNDKDVKL�6��.XERWD�<����������(IIHFWV�RI�JDGRLQLXP�RQ�WKH�UHWHQWLRQ�DQG�WUDQVORFDWLRQ�RI����3X�
K\GUR[LGH���+HDOWK�3K\V����������������

6FKRILHOG�*%����������%LRORJLFDO�FRQWURO�LQ�D�SOXWRQLXP�SURGXFWLRQ�IDFLOLW\���%U�-�5DGLRO�������������
�����

6FKRILHOG�*��+RZHOOV�+��:DUG�)��HW�DO����������$VVHVVPHQW�DQG�PDQDJHPHQW�RI�D�SOXWRQLXP�FRQWDPLQDWHG�
ZRXQG�FDVH���+HDOWK�3K\V�������������

6HDUOH�$��%HHFKH\�&��*UHHQ�'��HW�DO����������&\WRJHQHWLF�HIIHFWV�RI�SURWUDFWHG�H[SRVXUHV�WR�DOSKD�SDUWLFOHV�
IURP�SOXWRQLXP�����DQG�WR�JDPPD�UD\V�IURP�FREDOW����FRPSDUHG�LQ�PDOH�PLFH���0XWDW�5HV�������������

6HDUOH�$��%HHFKH\�&��*UHHQ�'��HW�DO����������'RPLQDQW�OHWKDO�DQG�RYDULDQ�HIIHFWV�RI�SOXWRQLXP�����LQ�
IHPDOH�PLFH���,QW�-�5DGLDW�%LRO�������������

6pUDQGRXU�$/��7VDSLV�1��*HUYHODV�&��HW�DO�� ������ 'HFRUSRUDWLRQ�RI�SOXWRQLXP�E\�SXOPRQDU\�
DGPLQLVWUDWLRQ�RI�&D�'73$�GU\�SRZGHU� �$�VWXG\�LQ�UDW�DIWHU�OXQJ�FRQWDPLQDWLRQ�ZLWK�GLIIHUHQW�SOXWRQLXP�
IRUPV���5DGLDW�3URW�'RVLPHWU\�������������������

6HWFKHOO�%3��:DLWHV�*0+�� ������ 7KH�EORRG�WHVWLV�EDUULHU�� ,Q���&UHHS�52��$VWZRRG�(%��*HLJHU�65��HGV���
+DQGERRN�RI�SK\VLRORJ\���(QGRFULQRORJ\�9���:DVKLQJWRQ��'&���$PHULFDQ�3K\VLRORJLFDO�6RFLHW\������
�����
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6KLOQLNRYD�16��3UHVWRQ�(��5RQ�(6��HW�DO��������� &DQFHU�PRUWDOLW\�ULVN�DPRQJ�ZRUNHUV�DW�WKH�0D\DN�
1XFOHDU�&RPSOH[���5DGLDW�5HV����������������

6LOO�&����������6RPH�SUREOHPV�LQ�PHDVXULQJ�SOXWRQLXP�LQ�WKH�HQYLURQPHQW���,Q���+HDO\�-��HG���3OXWRQLXP��
KHDOWK�LPSOLFDWLRQV�IRU�PDQ���1HZ�<RUN��1<���3HUJDPPRQ�3UHVV�����������

6LOO�&:��:LOOLDPV�5/����������3UHSDUDWLRQ�RI�DFWLQLGHV�IRU�Į�VSHFWURPHWU\�ZLWKRXW�HOHFWURGHSRVLWLRQ��
$QDO�&KHP�������������

6LQJK�13��:UHQQ�0(����������3OXWRQLXP�FRQFHQWUDWLRQ�LQ�KXPDQ�WLVVXHV���&RPSDULVRQ�WR�WKRULXP���
+HDOWK�3K\V�������������

6LQJK�13��:UHQQ�0(����������'HWHUPLQDWLRQV�RI�DFWLQLGHV�LQ�ELRORJLFDO�DQG�HQYLURQPHQWDO�VDPSOHV���6FL�
7RWDO�(QYLURQ�������������

6LQJK�,6��6KDUPD�5&��$EDQL�0&��������� $�FRPSXWDWLRQDO�VWXG\�RI�WKH�XULQDU\�H[FUHWLRQ�UDWHV�IRU����3X�
XVLQJ�QHZ�,&53�LQWHUQDO�GRVLPHWU\�PRGHOV���5DGLDW�3URW�'RVLPHWU\�������������������

6NLSSHUXG�/��%URZQ�-��)LILHOG�/.��HW�DO����������$VVRFLDWLRQ�RI�SOXWRQLXP�ZLWK�VHGLPHQWV�IURPWKH�2E�DQG�
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9LFFHOOLR�3��%DQLD�7��%UHQW�-��HW�DO���HGV�� ������ ,RQL]LQJ�UDGLDWLRQ���(PHUJHQF\�WR[LFRORJ\����QG�HG���
3KLODGHOSKLD��3$���/LSSLQFRWW�5DYHQ�3XEOLVKHUV�����������

9LHLUD�,��6RQQLHU�0��&UHVWHLO�7����������'HYHORSPHQWDO�H[SUHVVLRQ�RI�&<3�(��LQ�WKH�KXPDQ�OLYHU��
+\SHUPHWK\ODWLRQ�FRQWURO�RI�JHQH�H[SUHVVLRQ�GXULQJ�WKH�QHRQDWDO�SHULRG���(XU�-�%LRFKHP�����������������

9RHO]�*/��/DZUHQFH�-1����������$����\�PHGLFDO�IROORZ�XS�RI�0DQKDWWDQ�3URMHFW�SOXWRQLXP�ZRUNHUV���
+HDOWK�3K\V����������������

9RHO]�*/��*ULHU�56��+HPSHOPDQQ�/+��������� $����\HDU�PHGLFDO�IROORZ�XS�RI�0DQKDWWDQ�SURMHFW�3X�
ZRUNHUV���+HDOWK�3K\V����������������

9RHO]�*/��+HPSHOPDQQ�/+��/DZUHQFH�-1��HW�DO����������$����\HDU�PHGLFDO�IROORZ�XS�RI�0DQKDWWDQ�
SURMHFW�SOXWRQLXP�ZRUNHUV���+HDOWK�3K\V����������������

9RHO]�*/��/DZUHQFH�-1��-RKQVRQ�(5����������)LIW\�\HDUV�RI�SOXWRQLXP�H[SRVXUH�WR�WKH�0DQKDWWDQ�3URMHFW�
SOXWRQLXP�ZRUNHUV� �$Q�XSGDWH���+HDOWK�3K\V����������������

9ROI�9����������,QIOXHQFH�RI�FDGPLXP�DQG�FRSSHU�RQ�WKH�GLVWULEXWLRQ�SDWWHUQ�RI�SOXWRQLXP�LQ�WKH�UDW���-�
7R[LFRO�(QYLURQ�+HDOWK���������������

9ROI�9��/X]�$��6FDIIHU�(��HW�DO����������(IIHFW�RI�RUDO�=Q'73$�RQ�ODWH�HIIHFWV�RI�LQMHFWHG�SOXWRQLXP�LQ�UDW���
,QW�-�5DGLDW�%LRO����������������

:DQJ�5<��&KLDQJ�:.����������5DGLDWLRQ�SRLVRQLQJ���,Q���+DGGDG�/0��6KDQQRQ�0:��:LQFKHVWHU�-)��
HGV���&OLQLFDO�PDQDJHPHQW�RI�SRLVRQLQJ�DQG�GUXJ�RYHUGRVH����UG�HG���3KLODGHOSKLD��3$���:�%��6DQGHUV�
&RPSDQ\�����������

:DUQHU�$-��7DOERW�5-��1HZWRQ�'����������'HSRVLWLRQ�RI�SOXWRQLXP�LQ�KXPDQ�WHVWHV���5DGLDW�3URW�
'RVLPHWU\��������������

:HLVV�-)��:DOEXUJ�+(��������� ,QIOXHQFH�RI�WKH�PDVV�RI�DGPLQLVWHUHG�SOXWRQLXP�RQ�LWV�FURVV�SODFHQWDO�
WUDQVIHU�LQ�PLFH���+HDOWK�3K\V�������������

http://www.tricity.wsu.edu/ustur/publications/NHRTRREV03.pdf
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9.  REFERENCES 

:HOOHU�5(��%XVFKERP�5/��'DJOH�*(��HW�DO�������D���+HSDWLF�HIIHFWV�RI�LQKDOHG�SOXWRQLXP�GLR[LGH�LQ�
EHDJOHV�� 5DGLDW�5HV���������������

:HOOHU�5(��%XVFKERP�5/��3DUN�-)��HW�DO�� ����E���+HPDWRORJLFDO�HIIHFWV�RI�LQKDOHG�SOXWRQLXP�GLR[LGH�LQ�
EHDJOHV�� 5DGLDW�5HV���������������

:HOOHZHHUG�-��:LOGHU�0(��&DUSHQWHU�6*��HW�DO�� ������ )ORZ�F\WRPHWULF�GHWHUPLQDWLRQ�RI�UDGLDWLRQ�
LQGXFHG�FKURPRVRPH�GDPDJH�DQG�LWV�FRUUHODWLRQ�ZLWK�FHOO�VXUYLYDO���5DGLDW�5HV��������������

:HVW�-5��6PLWK�+:��&KDVLV�+��������� *ORPHUXODU�ILOWUDWLRQ�UDWH��HIIHFWLYH�UHQDO�EORRG�IORZ��DQG�PD[LPDO�
WXEXODU�H[FUHWRU\�FDSDFLW\�LQ�LQIDQF\���-�3HGLDWU�����������

:KLWHKRXVH�&$��7DZQ�(-��5LGGHOO�$(����������&KURPRVRPH�DEHUUDWLRQV�LQ�UDGLDWLRQ�ZRUNHUV�ZLWK�
LQWHUQDO�GHSRVLWV�RI�SOXWRQLXP���5DGLDW�5HV�����������������

:+2��������� (QYLURQPHQWDO�KHDOWK�FULWHULD���� �6HOHFWHG�UDGLRQXFOLGHV���*HQHYD�� :RUOG�+HDOWK�
2UJDQL]DWLRQ�����������

:+2��������� $LU�TXDOLW\�JXLGHOLQHV����QG�HG���*HQHYD��6ZLW]HUODQG���:RUOG�+HDOWK�2UJDQL]DWLRQ���
KWWS���ZZZ�HXUR�ZKR�LQW�'RFXPHQW�$,4�$LU4XDO5HS0WJ�SGI�� 0DUFK�����������

:+2��������� *XLGHOLQHV�IRU�GULQNLQJ�ZDWHU�TXDOLW\���9ROXPH�����5HFRPPHQGDWLRQV����UG�HG���*HQHYD��
6ZLW]HUODQG���:RUOG�+HDOWK�2UJDQL]DWLRQ���KWWS���ZZZ�ZKR�LQW�ZDWHUBVDQLWDWLRQBKHDOWK�GZT�JGZT��HQ����
0DUFK�����������

:LGGRZVRQ�(0��'LFNHUVRQ�-:7����������&KHPLFDO�FRPSRVLWLRQ�RI�WKH�ERG\���,Q���&RPDU�&/��%URQQHU�)��
HGV�� 0LQHUDO�PHWDEROLVP�� $Q�DGYDQFHG�WUHDWLVH� �9RO��,,���7KH�HOHPHQWV�3DUW�$���1HZ�<RUN���$FDGHPLF�
3UHVV���������

:LJJV�/'��-RKQVRQ�(5��&R[�'H9RUH�&$��HW�DO�� �������0RUWDOLW\�WKURXJK������DPRQJ�ZKLWH�PDOH�
ZRUNHUV�DW�WKH�/RV�$ODPRV�QDWLRQDO�ODERUDWRU\���&RQVLGHULQJ�H[SRVXUHV�WR�SOXWRQLXP�DQG�H[WHUQDO�
LRQL]LQJ�UDGLDWLRQ���+HDOWK�3K\V����������������

:LQJ�6��5LFKDUGVRQ�'%����������$JH�DW�H[SRVXUH�WR�LRQLVLQJ�UDGLDWLRQ�DQG�FDQFHU�PRUWDOLW\�DPRQJ�
+DQIRUG�ZRUNHUV���)ROORZ�XS�WKURXJK��������2FFXS�(QYLURQ�0HG�������������

:LQJ�6��5LFKDUGVRQ�'��:ROI�6��HW�DO����������3OXWRQLXP�UHODWHG�ZRUN�DQG�FDVH�VSHFLILF�PRUWDOLW\�DW�WKH�
8QLWHG�6WDWHV�'HSDUWPHQW�RI�(QHUJ\�+DQIRUG�6LWH���$P�-�,QG�0HG����������������

:ROI�6)����������7UDFH�DQDO\VLV�RI�DFWLQLGHV�LQ�JHRORJLFDO��HQYLURQPHQWDO��DQG�ELRORJLFDO�PDWULFHV���,Q��
0RUVV�/5��(GHOVWHLQ�10��)XJHU�-��HGV���7KH�FKHPLVWU\�RI�WKH�DFWLQLGH�DQG�WUDQVDFWLQLGH�HOHPHQWV�� 9RO������
�UG�HG���'RUGUHFKW��7KH�1HWKHUODQGV���6SULQJHU�������������

:RRG�5��6KDUS�&��*RXUPHORQ�3��HW�DO����������'HFRUSRUDWLRQ�WUHDWPHQW�PHGLFDO�RYHUYLHZ���5DGLDW�3URW�
'RVLPHWU\��������������

:RRGKRXVH�-$��6KDZ�,&��������� ,GHQWLILFDWLRQ�RI�SOXWRQLXP�UHWHQWLRQ�SDUDPHWHUV�LQ�KXPDQV�YLD�
SKDUPDFRNLQHWLF�DQDO\VLV�RI�RFFXSDWLRQDO�SOXWRQLXP�XULQDU\�H[FUHWLRQ�GDWD���5DGLDW�3URW�'RVLPHWU\������
����������

http://www.who.int/water_sanitation_health/dwq/gdwq3/en
http://www.euro.who.int/Document/AIQ/AirQualRepMtg.pdf
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9.  REFERENCES 

:UHQQ�0(��&RKHQ�1����������'HWHUPLQDWLRQ�RI�3X����������WLVVXH�FRQFHQWUDWLRQV�LQ�QRQRFFXSDWLRQDOO\�
H[SRVHG�UHVLGHQWV�RI�1HZ�<RUN�&LW\���1HZ�<RUN��1<���1HZ�<RUN�8QLYHUVLW\�0HGLFDO�&HQWHU��,QVWLWXWH�RI�
(QYLURQPHQWDO�0HGLFLQH���&22���������

<DPDGD�0��=KHQJ�-����������'HWHUPLQDWLRQ�RI����3X�����3X�DWRP�UDWLR�LQ�FRDVWDO�VXUIDFH�VHDZDWHUV�IURP�
WKH�ZHVWHUQ�1RUWK�3DFLILF�2FHDQ�DQG�-DSDQ�6HD���$SSO�5DGLDW�,VRW�������������

<DPDGD�0��=KHQJ�-��:DQJ�=��������� ���3X����3X�DWRP�UDWLRV�LQ�VHDUZDWHU�IURP�6DJDPL�%D\��ZHVWHUQ�
1RUWKZHVW�3DFLILF�2FHDQ��VRXUFHV�DQG�VFDYHQJLQJ���-�(QYLURQ�5DGLRDFW�������������

<DPDPRWR�0��2LNDZD�6��6DNDJXFKL�$��HW�DO�������E���'HWHUPLQDWLRQ�RI�WKH����3X����3X�LVRWRSLF�UDWLRV�LQ�
KXPDQ�WLVVXHV�FROOHFWHG�IURP�DUHDV�DURXQG�WKH�6HPLODSDWLQVN�1XFOHDU�7HVW�6LWH�E\�VHFWRU�ILHOG�KLJK�
UHVROXWLRQ�,&3�06���+HDWK�3K\V����������������

<DPDPRWR�0��7RPLWD�-��6DNDJXFKL�$��HW�DO�������E���6SDWLDO�GLVWULEXWLRQ�RI�VRLO�FRQWDPLQDWLRQ�E\����&V�
DQG��������3X�LQ�WKH�YLOODJH�RI�'RORQ�QHDU�WKH�6HPLSDODWLQVN�1XFOHDU�7HVW�6LWH�� 1HZ�LQIRUPDWLRQ�RQ�
WUDFHV�RI�WKH�UDGLRDFWLYH�SOXPH�IURP�WKH����$XJXVW������QXFOHDU�WHVW���+HDOWK�3K\V����������������

<RVKLGD�6��0XUDPDWVX�<��<DPD]DNL�6��HW�DO��������� 'LVWULEXWLRQ�RI�QXFOHDU�ERPE�3X�LQ�1LVKL\DPD�DUHD��
1DJDVDNL��HVWLPDWHG�E\�DFFXUDWH�DQG�SUHFLVH�GHWHUPLQDWLRQ�RI����3X����3X�UDWLR�LQ�VRLOV���-�(QYLURQ�
5DGLRDFW�����������

=LHJOHU�((��(GZDUGV�%%��-HQVHQ�5/��HW�DO�� ������ $EVRUSWLRQ�DQG�UHWHQWLRQ�RI�OHDG�E\�LQIDQWV���3HGLDWU�
5HV��������������
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10.  GLOSSARY  

Absorbed dose—7KH�DPRXQW�RI�HQHUJ\�GHSRVLWHG�E\�LRQL]LQJ�UDGLDWLRQ�LQ�D�XQLW�PDVV�RI�WLVVXH���,W�LV�
H[SUHVVHG�LQ�XQLWV�RI�MRXOH�SHU�NLORJUDP��-�NJ���DQG�FDOOHG�³*UD\´��*\���

Absorption—7KH�WDNLQJ�XS�RI�OLTXLGV�E\�VROLGV��RU�RI�JDVHV�E\�VROLGV�RU�OLTXLGV��

Acute Exposure—([SRVXUH�WR�D�FKHPLFDO�IRU�D�GXUDWLRQ�RI����GD\V�RU�OHVV��DV�VSHFLILHG�LQ�WKH�
7R[LFRORJLFDO�3URILOHV��

Adsorption—7KH�DGKHVLRQ�LQ�DQ�H[WUHPHO\�WKLQ�OD\HU�RI�PROHFXOHV��DV�RI�JDVHV��VROXWHV��RU�OLTXLGV��WR�WKH�
VXUIDFHV�RI�VROLG�ERGLHV�RU�OLTXLGV�ZLWK�ZKLFK�WKH\�DUH�LQ�FRQWDFW��

Adsorption Coefficient (Koc)—7KH�UDWLR�RI�WKH�DPRXQW�RI�D�FKHPLFDO�DGVRUEHG�SHU�XQLW�ZHLJKW�RI�
RUJDQLF�FDUERQ�LQ�WKH�VRLO�RU�VHGLPHQW�WR�WKH�FRQFHQWUDWLRQ�RI�WKH�FKHPLFDO�LQ�VROXWLRQ�DW�HTXLOLEULXP��

Adsorption Ratio (Kd)—7KH�DPRXQW�RI�D�FKHPLFDO�DGVRUEHG�E\�VHGLPHQW�RU�VRLO��L�H���WKH�VROLG�SKDVH��
GLYLGHG�E\�WKH�DPRXQW�RI�FKHPLFDO�LQ�WKH�VROXWLRQ�SKDVH��ZKLFK�LV�LQ�HTXLOLEULXP�ZLWK�WKH�VROLG�SKDVH��DW�D�
IL[HG�VROLG�VROXWLRQ�UDWLR���,W�LV�JHQHUDOO\�H[SUHVVHG�LQ�PLFURJUDPV�RI�FKHPLFDO�VRUEHG�SHU�JUDP�RI�VRLO�RU�
VHGLPHQW��

Benchmark Dose (BMD)—8VXDOO\�GHILQHG�DV�WKH�ORZHU�FRQILGHQFH�OLPLW�RQ�WKH�GRVH�WKDW�SURGXFHV�D�
VSHFLILHG�PDJQLWXGH�RI�FKDQJHV�LQ�D�VSHFLILHG�DGYHUVH�UHVSRQVH���)RU�H[DPSOH��D�%0'���ZRXOG�EH�WKH�
GRVH�DW�WKH�����ORZHU�FRQILGHQFH�OLPLW�RQ�D�����UHVSRQVH��DQG�WKH�EHQFKPDUN�UHVSRQVH��%05��ZRXOG�EH�
������7KH�%0'�LV�GHWHUPLQHG�E\�PRGHOLQJ�WKH�GRVH�UHVSRQVH�FXUYH�LQ�WKH�UHJLRQ�RI�WKH�GRVH�UHVSRQVH�
UHODWLRQVKLS�ZKHUH�ELRORJLFDOO\�REVHUYDEOH�GDWD�DUH�IHDVLEOH��

Benchmark Dose Model—$�VWDWLVWLFDO�GRVH�UHVSRQVH�PRGHO�DSSOLHG�WR�HLWKHU�H[SHULPHQWDO�WR[LFRORJLFDO�
RU�HSLGHPLRORJLFDO�GDWD�WR�FDOFXODWH�D�%0'��

Bioconcentration Factor (BCF)—7KH�TXRWLHQW�RI�WKH�FRQFHQWUDWLRQ�RI�D�FKHPLFDO�LQ�DTXDWLF�RUJDQLVPV�
DW�D�VSHFLILF�WLPH�RU�GXULQJ�D�GLVFUHWH�WLPH�SHULRG�RI�H[SRVXUH�GLYLGHG�E\�WKH�FRQFHQWUDWLRQ�LQ�WKH�
VXUURXQGLQJ�ZDWHU�DW�WKH�VDPH�WLPH�RU�GXULQJ�WKH�VDPH�SHULRG��

Biomarkers—%URDGO\�GHILQHG�DV�LQGLFDWRUV�VLJQDOLQJ�HYHQWV�LQ�ELRORJLF�V\VWHPV�RU�VDPSOHV�� 7KH\�KDYH�
EHHQ�FODVVLILHG�DV�PDUNHUV�RI�H[SRVXUH��PDUNHUV�RI�HIIHFW��DQG�PDUNHUV�RI�VXVFHSWLELOLW\��

Cancer Effect Level (CEL)—7KH�ORZHVW�GRVH�RI�FKHPLFDO�LQ�D�VWXG\��RU�JURXS�RI�VWXGLHV��WKDW�SURGXFHV�
VLJQLILFDQW�LQFUHDVHV�LQ�WKH�LQFLGHQFH�RI�FDQFHU��RU�WXPRUV��EHWZHHQ�WKH�H[SRVHG�SRSXODWLRQ�DQG�LWV�
DSSURSULDWH�FRQWURO��

Carcinogen—$�FKHPLFDO�FDSDEOH�RI�LQGXFLQJ�FDQFHU��

Case-Control Study—$�W\SH�RI�HSLGHPLRORJLFDO�VWXG\�WKDW�H[DPLQHV�WKH�UHODWLRQVKLS�EHWZHHQ�D�
SDUWLFXODU�RXWFRPH��GLVHDVH�RU�FRQGLWLRQ��DQG�D�YDULHW\�RI�SRWHQWLDO�FDXVDWLYH�DJHQWV��VXFK�DV�WR[LF�
FKHPLFDOV����,Q�D�FDVH�FRQWUROOHG�VWXG\��D�JURXS�RI�SHRSOH�ZLWK�D�VSHFLILHG�DQG�ZHOO�GHILQHG�RXWFRPH�LV�
LGHQWLILHG�DQG�FRPSDUHG�WR�D�VLPLODU�JURXS�RI�SHRSOH�ZLWKRXW�RXWFRPH��

Case Report—'HVFULEHV�D�VLQJOH�LQGLYLGXDO�ZLWK�D�SDUWLFXODU�GLVHDVH�RU�H[SRVXUH���7KHVH�PD\�VXJJHVW�
VRPH�SRWHQWLDO�WRSLFV�IRU�VFLHQWLILF�UHVHDUFK��EXW�DUH�QRW�DFWXDO�UHVHDUFK�VWXGLHV��
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10.  GLOSSARY 

Case Series—'HVFULEHV�WKH�H[SHULHQFH�RI�D�VPDOO�QXPEHU�RI�LQGLYLGXDOV�ZLWK�WKH�VDPH�GLVHDVH�RU�
H[SRVXUH�� 7KHVH�PD\�VXJJHVW�SRWHQWLDO�WRSLFV�IRU�VFLHQWLILF�UHVHDUFK��EXW�DUH�QRW�DFWXDO�UHVHDUFK�VWXGLHV��

Ceiling Value—$�FRQFHQWUDWLRQ�RI�D�VXEVWDQFH�WKDW�VKRXOG�QRW�EH�H[FHHGHG��HYHQ�LQVWDQWDQHRXVO\��

Chronic Exposure—([SRVXUH�WR�D�FKHPLFDO�IRU�����GD\V�RU�PRUH��DV�VSHFLILHG�LQ�WKH�7R[LFRORJLFDO�
3URILOHV��

Cohort Study—$�W\SH�RI�HSLGHPLRORJLFDO�VWXG\�RI�D�VSHFLILF�JURXS�RU�JURXSV�RI�SHRSOH�ZKR�KDYH�KDG�D�
FRPPRQ�LQVXOW��H�J���H[SRVXUH�WR�DQ�DJHQW�VXVSHFWHG�RI�FDXVLQJ�GLVHDVH�RU�D�FRPPRQ�GLVHDVH��DQG�DUH�
IROORZHG�IRUZDUG�IURP�H[SRVXUH�WR�RXWFRPH���$W�OHDVW�RQH�H[SRVHG�JURXS�LV�FRPSDUHG�WR�RQH�XQH[SRVHG�
JURXS��

Cross-sectional Study—$�W\SH�RI�HSLGHPLRORJLFDO�VWXG\�RI�D�JURXS�RU�JURXSV�RI�SHRSOH�WKDW�H[DPLQHV�
WKH�UHODWLRQVKLS�EHWZHHQ�H[SRVXUH�DQG�RXWFRPH�WR�D�FKHPLFDO�RU�WR�FKHPLFDOV�DW�RQH�SRLQW�LQ�WLPH��

Data Needs—6XEVWDQFH�VSHFLILF�LQIRUPDWLRQDO�QHHGV�WKDW�LI�PHW�ZRXOG�UHGXFH�WKH�XQFHUWDLQWLHV�RI�KXPDQ�
KHDOWK�DVVHVVPHQW��

Developmental Toxicity—7KH�RFFXUUHQFH�RI�DGYHUVH�HIIHFWV�RQ�WKH�GHYHORSLQJ�RUJDQLVP�WKDW�PD\�UHVXOW�
IURP�H[SRVXUH�WR�D�FKHPLFDO�SULRU�WR�FRQFHSWLRQ��HLWKHU�SDUHQW���GXULQJ�SUHQDWDO�GHYHORSPHQW��RU�
SRVWQDWDOO\�WR�WKH�WLPH�RI�VH[XDO�PDWXUDWLRQ���$GYHUVH�GHYHORSPHQWDO�HIIHFWV�PD\�EH�GHWHFWHG�DW�DQ\�SRLQW�
LQ�WKH�OLIH�VSDQ�RI�WKH�RUJDQLVP��

Dose Equivalent—$�TXDQWLW\�XVHG�LQ�UDGLDWLRQ�SURWHFWLRQ�WR�SODFH�DOO�UDGLDWLRQ�RQ�D�FRPPRQ�VFDOH�IRU�
FDOFXODWLQJ�WLVVXH�GDPDJH�� 'RVH�HTXLYDOHQW�LV�WKH�DEVRUEHG�GRVH�LQ�JUD\V�PXOWLSOLHG�E\�D�UDGLDWLRQ�
ZHLJKWLQJ�IDFWRU���7KH�UDGLDWLRQ�ZHLJKWLQJ�IDFWRU�DFFRXQWV�IRU�GLIIHUHQFHV�LQ�UDGLDWLRQ�HIIHFWV�FDXVHG�E\�
GLIIHUHQW�W\SHV�RI�LRQL]LQJ�UDGLDWLRQ���6RPH�UDGLDWLRQ��LQFOXGLQJ�DOSKD�SDUWLFOHV��FDXVHV�D�JUHDWHU�DPRXQW�RI�
GDPDJH�SHU�XQLW�RI�DEVRUEHG�GRVH�WKDQ�RWKHU�UDGLDWLRQ� �7KH�VLHYHUW��6Y��LV�WKH�XQLW�XVHG�WR�PHDVXUH�GRVH�
HTXLYDOHQW��

Dose-Response Relationship—7KH�TXDQWLWDWLYH�UHODWLRQVKLS�EHWZHHQ�WKH�DPRXQW�RI�H[SRVXUH�WR�D�
WR[LFDQW�DQG�WKH�LQFLGHQFH�RI�WKH�DGYHUVH�HIIHFWV��

Effective Dose—$�GRVLPHWULF�TXDQWLW\�XVHIXO�IRU�FRPSDULQJ�WKH�RYHUDOO�KHDOWK�HIIHFWV�RI�LUUDGLDWLRQ�RI�
WKH�ZKROH�ERG\�� ,W�WDNHV�LQWR�DFFRXQW�WKH�DEVRUEHG�GRVHV�UHFHLYHG�E\�YDULRXV�RUJDQV�DQG�WLVVXHV�DQG�
ZHLJKV�WKHP�DFFRUGLQJ�WR�SUHVHQW�NQRZOHGJH�RI�WKH�VHQVLWLYLW\�RI�HDFK�RUJDQ�WR�UDGLDWLRQ���,W�DOVR�DFFRXQWV�
IRU�WKH�W\SH�RI�UDGLDWLRQ�DQG�WKH�SRWHQWLDO�IRU�HDFK�W\SH�WR�LQIOLFW�ELRORJLF�GDPDJH���7KH�HIIHFWLYH�GRVH�LV�
XVHG��IRU�H[DPSOH��WR�FRPSDUH�WKH�RYHUDOO�KHDOWK�GHWULPHQWV�RI�GLIIHUHQW�UDGLRQXFOLGHV�LQ�D�JLYHQ�PL[���7KH�
XQLW�RI�HIIHFWLYH�GRVH�LV�WKH�VLHYHUW��6Y�����6Y� ���-�NJ��

Embryotoxicity and Fetotoxicity—$Q\�WR[LF�HIIHFW�RQ�WKH�FRQFHSWV�DV�D�UHVXOW�RI�SUHQDWDO�H[SRVXUH�WR�D�
FKHPLFDO��WKH�GLVWLQJXLVKLQJ�IHDWXUH�EHWZHHQ�WKH�WZR�WHUPV�LV�WKH�VWDJH�RI�GHYHORSPHQW�GXULQJ�ZKLFK�WKH�
LQVXOW�RFFXUV���7KH�WHUPV��DV�XVHG�KHUH��LQFOXGH�PDOIRUPDWLRQV�DQG�YDULDWLRQV��DOWHUHG�JURZWK��DQG�in utero 
GHDWK��

Environmental Protection Agency (EPA) Health Advisory—$Q�HVWLPDWH�RI�DFFHSWDEOH�GULQNLQJ�ZDWHU�
OHYHOV�IRU�D�FKHPLFDO�VXEVWDQFH�EDVHG�RQ�KHDOWK�HIIHFWV�LQIRUPDWLRQ���$�KHDOWK�DGYLVRU\�LV�QRW�D�OHJDOO\�
HQIRUFHDEOH�IHGHUDO�VWDQGDUG��EXW�VHUYHV�DV�WHFKQLFDO�JXLGDQFH�WR�DVVLVW�IHGHUDO��VWDWH��DQG�ORFDO�RIILFLDOV��
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Epidemiology—5HIHUV�WR�WKH�LQYHVWLJDWLRQ�RI�IDFWRUV�WKDW�GHWHUPLQH�WKH�IUHTXHQF\�DQG�GLVWULEXWLRQ�RI�
GLVHDVH�RU�RWKHU�KHDOWK�UHODWHG�FRQGLWLRQV�ZLWKLQ�D�GHILQHG�KXPDQ�SRSXODWLRQ�GXULQJ�D�VSHFLILHG�SHULRG���

Equivalent Dose—7KH�DEVRUEHG�GRVH�LQ�DQ�RUJDQ�RU�WLVVXH�PXOWLSOLHG�E\�WKH�UHOHYDQW�UDGLDWLRQ�ZHLJKWLQJ�
IDFWRU�w5��

Genotoxicity—$�VSHFLILF�DGYHUVH�HIIHFW�RQ�WKH�JHQRPH�RI�OLYLQJ�FHOOV�WKDW��XSRQ�WKH�GXSOLFDWLRQ�RI�
DIIHFWHG�FHOOV��FDQ�EH�H[SUHVVHG�DV�D�PXWDJHQLF��FODVWRJHQLF��RU�FDUFLQRJHQLF�HYHQW�EHFDXVH�RI�VSHFLILF�
DOWHUDWLRQ�RI�WKH�PROHFXODU�VWUXFWXUH�RI�WKH�JHQRPH��

Half-life—$�PHDVXUH�RI�UDWH�IRU�WKH�WLPH�UHTXLUHG�WR�HOLPLQDWH�RQH�KDOI�RI�D�TXDQWLW\�RI�D�FKHPLFDO�IURP�
WKH�ERG\�RU�HQYLURQPHQWDO�PHGLD��

Immediately Dangerous to Life or Health (IDLH)—7KH�PD[LPXP�HQYLURQPHQWDO�FRQFHQWUDWLRQ�RI�D�
FRQWDPLQDQW�IURP�ZKLFK�RQH�FRXOG�HVFDSH�ZLWKLQ����PLQXWHV�ZLWKRXW�DQ\�HVFDSH�LPSDLULQJ�V\PSWRPV�RU�
LUUHYHUVLEOH�KHDOWK�HIIHFWV��

Immunologic Toxicity—7KH�RFFXUUHQFH�RI�DGYHUVH�HIIHFWV�RQ�WKH�LPPXQH�V\VWHP�WKDW�PD\�UHVXOW�IURP�
H[SRVXUH�WR�HQYLURQPHQWDO�DJHQWV�VXFK�DV�FKHPLFDOV��

Immunological Effects—)XQFWLRQDO�FKDQJHV�LQ�WKH�LPPXQH�UHVSRQVH��

Incidence—7KH�UDWLR�RI�LQGLYLGXDOV�LQ�D�SRSXODWLRQ�ZKR�GHYHORS�D�VSHFLILHG�FRQGLWLRQ�WR�WKH�WRWDO�
QXPEHU�RI�LQGLYLGXDOV�LQ�WKDW�SRSXODWLRQ�ZKR�FRXOG�KDYH�GHYHORSHG�WKDW�FRQGLWLRQ�LQ�D�VSHFLILHG�WLPH�
SHULRG��

Intermediate Exposure—([SRVXUH�WR�D�FKHPLFDO�IRU�D�GXUDWLRQ�RI���±����GD\V��DV�VSHFLILHG�LQ�WKH�
7R[LFRORJLFDO�3URILOHV��

In Vitro—,VRODWHG�IURP�WKH�OLYLQJ�RUJDQLVP�DQG�DUWLILFLDOO\�PDLQWDLQHG��DV�LQ�D�WHVW�WXEH��

In Vivo—2FFXUULQJ�ZLWKLQ�WKH�OLYLQJ�RUJDQLVP��

Lethal Concentration(LO) (LCLO)—7KH�ORZHVW�FRQFHQWUDWLRQ�RI�D�FKHPLFDO�LQ�DLU�WKDW�KDV�EHHQ�UHSRUWHG�
WR�KDYH�FDXVHG�GHDWK�LQ�KXPDQV�RU�DQLPDOV��

Lethal Concentration(50) (LC50)—$�FDOFXODWHG�FRQFHQWUDWLRQ�RI�D�FKHPLFDO�LQ�DLU�WR�ZKLFK�H[SRVXUH�IRU�
D�VSHFLILF�OHQJWK�RI�WLPH�LV�H[SHFWHG�WR�FDXVH�GHDWK�LQ�����RI�D�GHILQHG�H[SHULPHQWDO�DQLPDO�SRSXODWLRQ��

Lethal Dose(LO) (LDLo)—7KH�ORZHVW�GRVH�RI�D�FKHPLFDO�LQWURGXFHG�E\�D�URXWH�RWKHU�WKDQ�LQKDODWLRQ�WKDW�
KDV�EHHQ�UHSRUWHG�WR�KDYH�FDXVHG�GHDWK�LQ�KXPDQV�RU�DQLPDOV��

Lethal Dose(50) (LD50)—7KH�GRVH�RI�D�FKHPLFDO�WKDW�KDV�EHHQ�FDOFXODWHG�WR�FDXVH�GHDWK�LQ�����RI�D�
GHILQHG�H[SHULPHQWDO�DQLPDO�SRSXODWLRQ��

Lethal Time(50) (LT50)—$�FDOFXODWHG�SHULRG�RI�WLPH�ZLWKLQ�ZKLFK�D�VSHFLILF�FRQFHQWUDWLRQ�RI�D�FKHPLFDO�
LV�H[SHFWHG�WR�FDXVH�GHDWK�LQ�����RI�D�GHILQHG�H[SHULPHQWDO�DQLPDO�SRSXODWLRQ��

Lowest-Observed-Adverse-Effect Level (LOAEL)—7KH�ORZHVW�H[SRVXUH�OHYHO�RI�FKHPLFDO�LQ�D�VWXG\��
RU�JURXS�RI�VWXGLHV��WKDW�SURGXFHV�VWDWLVWLFDOO\�RU�ELRORJLFDOO\�VLJQLILFDQW�LQFUHDVHV�LQ�IUHTXHQF\�RU�VHYHULW\�
RI�DGYHUVH�HIIHFWV�EHWZHHQ�WKH�H[SRVHG�SRSXODWLRQ�DQG�LWV�DSSURSULDWH�FRQWURO��
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Lymphoreticular Effects—5HSUHVHQW�PRUSKRORJLFDO�HIIHFWV�LQYROYLQJ�O\PSKDWLF�WLVVXHV�VXFK�DV�WKH�
O\PSK�QRGHV��VSOHHQ��DQG�WK\PXV��

Malformations—3HUPDQHQW�VWUXFWXUDO�FKDQJHV�WKDW�PD\�DGYHUVHO\�DIIHFW�VXUYLYDO��GHYHORSPHQW��RU�
IXQFWLRQ��

Minimal Risk Level (MRL)—$Q�HVWLPDWH�RI�GDLO\�KXPDQ�H[SRVXUH�WR�D�KD]DUGRXV�VXEVWDQFH�WKDW�LV�
OLNHO\�WR�EH�ZLWKRXW�DQ�DSSUHFLDEOH�ULVN�RI�DGYHUVH�QRQFDQFHU�KHDOWK�HIIHFWV�RYHU�D�VSHFLILHG�URXWH�DQG�
GXUDWLRQ�RI�H[SRVXUH��

Modifying Factor (MF)—$�YDOXH��JUHDWHU�WKDQ�]HUR��WKDW�LV�DSSOLHG�WR�WKH�GHULYDWLRQ�RI�D�0LQLPDO�5LVN�
/HYHO��05/��WR�UHIOHFW�DGGLWLRQDO�FRQFHUQV�DERXW�WKH�GDWDEDVH�WKDW�DUH�QRW�FRYHUHG�E\�WKH�XQFHUWDLQW\�
IDFWRUV�� 7KH�GHIDXOW�YDOXH�IRU�D�0)�LV����

Morbidity—6WDWH�RI�EHLQJ�GLVHDVHG��PRUELGLW\�UDWH�LV�WKH�LQFLGHQFH�RU�SUHYDOHQFH�RI�GLVHDVH�LQ�D�VSHFLILF�
SRSXODWLRQ��

Mortality—'HDWK��PRUWDOLW\�UDWH�LV�D�PHDVXUH�RI�WKH�QXPEHU�RI�GHDWKV�LQ�D�SRSXODWLRQ�GXULQJ�D�VSHFLILHG�
LQWHUYDO�RI�WLPH��

Mutagen—$�VXEVWDQFH�WKDW�FDXVHV�PXWDWLRQV���$�PXWDWLRQ�LV�D�FKDQJH�LQ�WKH�'1$�VHTXHQFH�RI�D�FHOO¶V�
'1$���0XWDWLRQV�FDQ�OHDG�WR�ELUWK�GHIHFWV��PLVFDUULDJHV��RU�FDQFHU��

Necropsy—7KH�JURVV�H[DPLQDWLRQ�RI�WKH�RUJDQV�DQG�WLVVXHV�RI�D�GHDG�ERG\�WR�GHWHUPLQH�WKH�FDXVH�RI�
GHDWK�RU�SDWKRORJLFDO�FRQGLWLRQV��

Neurotoxicity—7KH�RFFXUUHQFH�RI�DGYHUVH�HIIHFWV�RQ�WKH�QHUYRXV�V\VWHP�IROORZLQJ�H[SRVXUH�WR�D�
FKHPLFDO��

No-Observed-Adverse-Effect Level (NOAEL)—7KH�GRVH�RI�D�FKHPLFDO�DW�ZKLFK�WKHUH�ZHUH�QR�
VWDWLVWLFDOO\�RU�ELRORJLFDOO\�VLJQLILFDQW�LQFUHDVHV�LQ�IUHTXHQF\�RU�VHYHULW\�RI�DGYHUVH�HIIHFWV�VHHQ�EHWZHHQ�
WKH�H[SRVHG�SRSXODWLRQ�DQG�LWV�DSSURSULDWH�FRQWURO���(IIHFWV�PD\�EH�SURGXFHG�DW�WKLV�GRVH��EXW�WKH\�DUH�QRW�
FRQVLGHUHG�WR�EH�DGYHUVH��

Octanol-Water Partition Coefficient (Kow)—7KH�HTXLOLEULXP�UDWLR�RI�WKH�FRQFHQWUDWLRQV�RI�D�FKHPLFDO�
LQ�n�RFWDQRO�DQG�ZDWHU��LQ�GLOXWH�VROXWLRQ��

Odds Ratio (OR)—$�PHDQV�RI�PHDVXULQJ�WKH�DVVRFLDWLRQ�EHWZHHQ�DQ�H[SRVXUH��VXFK�DV�WR[LF�VXEVWDQFHV�
DQG�D�GLVHDVH�RU�FRQGLWLRQ��WKDW�UHSUHVHQWV�WKH�EHVW�HVWLPDWH�RI�UHODWLYH�ULVN��ULVN�DV�D�UDWLR�RI�WKH�LQFLGHQFH�
DPRQJ�VXEMHFWV�H[SRVHG�WR�D�SDUWLFXODU�ULVN�IDFWRU�GLYLGHG�E\�WKH�LQFLGHQFH�DPRQJ�VXEMHFWV�ZKR�ZHUH�QRW�
H[SRVHG�WR�WKH�ULVN�IDFWRU�� �$Q�25�RI�JUHDWHU�WKDQ���LV�FRQVLGHUHG�WR�LQGLFDWH�JUHDWHU�ULVN�RI�GLVHDVH�LQ�WKH�
H[SRVHG�JURXS�FRPSDUHG�WR�WKH�XQH[SRVHG�JURXS��

Organophosphate or Organophosphorus Compound—$�SKRVSKRUXV�FRQWDLQLQJ�RUJDQLF�FRPSRXQG�
DQG�HVSHFLDOO\�D�SHVWLFLGH�WKDW�DFWV�E\�LQKLELWLQJ�FKROLQHVWHUDVH��

Permissible Exposure Limit (PEL)—$Q�2FFXSDWLRQDO�6DIHW\�DQG�+HDOWK�$GPLQLVWUDWLRQ��26+$��
DOORZDEOH�H[SRVXUH�OHYHO�LQ�ZRUNSODFH�DLU�DYHUDJHG�RYHU�DQ���KRXU�VKLIW�RI�D����KRXU�ZRUNZHHN��
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Pesticide—*HQHUDO�FODVVLILFDWLRQ�RI�FKHPLFDOV�VSHFLILFDOO\�GHYHORSHG�DQG�SURGXFHG�IRU�XVH�LQ�WKH�FRQWURO�
RI�DJULFXOWXUDO�DQG�SXEOLF�KHDOWK�SHVWV��

Pharmacokinetics—7KH�G\QDPLF�EHKDYLRU�RI�D�PDWHULDO�LQ�WKH�ERG\��XVHG�WR�SUHGLFW�WKH�IDWH�
�GLVSRVLWLRQ��RI�DQ�H[RJHQRXV�VXEVWDQFH�LQ�DQ�RUJDQLVP���8WLOL]LQJ�FRPSXWDWLRQDO�WHFKQLTXHV��LW�SURYLGHV�
WKH�PHDQV�RI�VWXG\LQJ�WKH�DEVRUSWLRQ��GLVWULEXWLRQ��PHWDEROLVP��DQG�H[FUHWLRQ�RI�FKHPLFDOV�E\�WKH�ERG\��

Pharmacokinetic Model—$�VHW�RI�HTXDWLRQV�WKDW�FDQ�EH�XVHG�WR�GHVFULEH�WKH�WLPH�FRXUVH�RI�D�SDUHQW�
FKHPLFDO�RU�PHWDEROLWH�LQ�DQ�DQLPDO�V\VWHP���7KHUH�DUH�WZR�W\SHV�RI�SKDUPDFRNLQHWLF�PRGHOV���GDWD�EDVHG�
DQG�SK\VLRORJLFDOO\�EDVHG���$�GDWD�EDVHG�PRGHO�GLYLGHV�WKH�DQLPDO�V\VWHP�LQWR�D�VHULHV�RI�FRPSDUWPHQWV��
ZKLFK��LQ�JHQHUDO��GR�QRW�UHSUHVHQW�UHDO��LGHQWLILDEOH�DQDWRPLF�UHJLRQV�RI�WKH�ERG\��ZKHUHDV�WKH�
SK\VLRORJLFDOO\�EDVHG�PRGHO�FRPSDUWPHQWV�UHSUHVHQW�UHDO�DQDWRPLF�UHJLRQV�RI�WKH�ERG\��

Physiologically Based Pharmacodynamic (PBPD) Model—$�W\SH�RI�SK\VLRORJLFDOO\�EDVHG�GRVH�
UHVSRQVH�PRGHO�WKDW�TXDQWLWDWLYHO\�GHVFULEHV�WKH�UHODWLRQVKLS�EHWZHHQ�WDUJHW�WLVVXH�GRVH�DQG�WR[LF�HQG�
SRLQWV���7KHVH�PRGHOV�DGYDQFH�WKH�LPSRUWDQFH�RI�SK\VLRORJLFDOO\�EDVHG�PRGHOV�LQ�WKDW�WKH\�FOHDUO\�
GHVFULEH�WKH�ELRORJLFDO�HIIHFW��UHVSRQVH��SURGXFHG�E\�WKH�V\VWHP�IROORZLQJ�H[SRVXUH�WR�DQ�H[RJHQRXV�
VXEVWDQFH��

Physiologically Based Pharmacokinetic (PBPK) Model—&RPSULVHG�RI�D�VHULHV�RI�FRPSDUWPHQWV�
UHSUHVHQWLQJ�RUJDQV�RU�WLVVXH�JURXSV�ZLWK�UHDOLVWLF�ZHLJKWV�DQG�EORRG�IORZV�� 7KHVH�PRGHOV�UHTXLUH�D�
YDULHW\�RI�SK\VLRORJLFDO�LQIRUPDWLRQ���WLVVXH�YROXPHV��EORRG�IORZ�UDWHV�WR�WLVVXHV��FDUGLDF�RXWSXW��DOYHRODU�
YHQWLODWLRQ�UDWHV��DQG�SRVVLEO\�PHPEUDQH�SHUPHDELOLWLHV���7KH�PRGHOV�DOVR�XWLOL]H�ELRFKHPLFDO�
LQIRUPDWLRQ��VXFK�DV�DLU�EORRG�SDUWLWLRQ�FRHIILFLHQWV��DQG�PHWDEROLF�SDUDPHWHUV���3%3.�PRGHOV�DUH�DOVR�
FDOOHG�ELRORJLFDOO\�EDVHG�WLVVXH�GRVLPHWU\�PRGHOV��

Prevalence—7KH�QXPEHU�RI�FDVHV�RI�D�GLVHDVH�RU�FRQGLWLRQ�LQ�D�SRSXODWLRQ�DW�RQH�SRLQW�LQ�WLPH���

Prospective Study—$�W\SH�RI�FRKRUW�VWXG\�LQ�ZKLFK�WKH�SHUWLQHQW�REVHUYDWLRQV�DUH�PDGH�RQ�HYHQWV�
RFFXUULQJ�DIWHU�WKH�VWDUW�RI�WKH�VWXG\���$�JURXS�LV�IROORZHG�RYHU�WLPH��

q1*—7KH�XSSHU�ERXQG�HVWLPDWH�RI�WKH�ORZ�GRVH�VORSH�RI�WKH�GRVH�UHVSRQVH�FXUYH�DV�GHWHUPLQHG�E\�WKH�
PXOWLVWDJH�SURFHGXUH���7KH�T��FDQ�EH�XVHG�WR�FDOFXODWH�DQ�HVWLPDWH�RI�FDUFLQRJHQLF�SRWHQF\��WKH�
LQFUHPHQWDO�H[FHVV�FDQFHU�ULVN�SHU�XQLW�RI�H[SRVXUH��XVXDOO\�ȝJ�/�IRU�ZDWHU��PJ�NJ�GD\�IRU�IRRG��DQG�
ȝJ�P�� IRU�DLU���

Recommended Exposure Limit (REL)—$�1DWLRQDO�,QVWLWXWH�IRU�2FFXSDWLRQDO�6DIHW\�DQG�+HDOWK�
�1,26+��WLPH�ZHLJKWHG�DYHUDJH��7:$��FRQFHQWUDWLRQ�IRU�XS�WR�D����KRXU�ZRUNGD\�GXULQJ�D����KRXU�
ZRUNZHHN��

Reference Concentration (RfC)—$Q�HVWLPDWH��ZLWK�XQFHUWDLQW\�VSDQQLQJ�SHUKDSV�DQ�RUGHU�RI�
PDJQLWXGH��RI�D�FRQWLQXRXV�LQKDODWLRQ�H[SRVXUH�WR�WKH�KXPDQ�SRSXODWLRQ��LQFOXGLQJ�VHQVLWLYH�VXEJURXSV��
WKDW�LV�OLNHO\�WR�EH�ZLWKRXW�DQ�DSSUHFLDEOH�ULVN�RI�GHOHWHULRXV�QRQFDQFHU�KHDOWK�HIIHFWV�GXULQJ�D�OLIHWLPH��
7KH�LQKDODWLRQ�UHIHUHQFH�FRQFHQWUDWLRQ�LV�IRU�FRQWLQXRXV�LQKDODWLRQ�H[SRVXUHV�DQG�LV�DSSURSULDWHO\�
H[SUHVVHG�LQ�XQLWV�RI�PJ�P��RU�SSP��

Reference Dose (RfD)—$Q�HVWLPDWH��ZLWK�XQFHUWDLQW\�VSDQQLQJ�SHUKDSV�DQ�RUGHU�RI�PDJQLWXGH��RI�WKH�
GDLO\�H[SRVXUH�RI�WKH�KXPDQ�SRSXODWLRQ�WR�D�SRWHQWLDO�KD]DUG�WKDW�LV�OLNHO\�WR�EH�ZLWKRXW�ULVN�RI�GHOHWHULRXV�
HIIHFWV�GXULQJ�D�OLIHWLPH���7KH�5I'�LV�RSHUDWLRQDOO\�GHULYHG�IURP�WKH�QR�REVHUYHG�DGYHUVH�HIIHFW�OHYHO�
�12$(/��IURP�DQLPDO�DQG�KXPDQ�VWXGLHV��E\�D�FRQVLVWHQW�DSSOLFDWLRQ�RI�XQFHUWDLQW\�IDFWRUV�WKDW�UHIOHFW�
YDULRXV�W\SHV�RI�GDWD�XVHG�WR�HVWLPDWH�5I'V�DQG�DQ�DGGLWLRQDO�PRGLI\LQJ�IDFWRU��ZKLFK�LV�EDVHG�RQ�D�
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SURIHVVLRQDO�MXGJPHQW�RI�WKH�HQWLUH�GDWDEDVH�RQ�WKH�FKHPLFDO�� 7KH�5I'V�DUH�QRW�DSSOLFDEOH�WR�
QRQWKUHVKROG�HIIHFWV�VXFK�DV�FDQFHU��

Reportable Quantity (RQ)—7KH�TXDQWLW\�RI�D�KD]DUGRXV�VXEVWDQFH�WKDW�LV�FRQVLGHUHG�UHSRUWDEOH�XQGHU�
WKH�&RPSUHKHQVLYH�(QYLURQPHQWDO�5HVSRQVH��&RPSHQVDWLRQ��DQG�/LDELOLW\�$FW��&(5&/$����5HSRUWDEOH�
TXDQWLWLHV�DUH�������SRXQG�RU�JUHDWHU�RU�����IRU�VHOHFWHG�VXEVWDQFHV��DQ�DPRXQW�HVWDEOLVKHG�E\�UHJXODWLRQ�
HLWKHU�XQGHU�&(5&/$�RU�XQGHU�6HFWLRQ�����RI�WKH�&OHDQ�:DWHU�$FW���4XDQWLWLHV�DUH�PHDVXUHG�RYHU�D�
���KRXU�SHULRG��

Reproductive Toxicity—7KH�RFFXUUHQFH�RI�DGYHUVH�HIIHFWV�RQ�WKH�UHSURGXFWLYH�V\VWHP�WKDW�PD\�UHVXOW�
IURP�H[SRVXUH�WR�D�FKHPLFDO���7KH�WR[LFLW\�PD\�EH�GLUHFWHG�WR�WKH�UHSURGXFWLYH�RUJDQV�DQG�RU�WKH�UHODWHG�
HQGRFULQH�V\VWHP���7KH�PDQLIHVWDWLRQ�RI�VXFK�WR[LFLW\�PD\�EH�QRWHG�DV�DOWHUDWLRQV�LQ�VH[XDO�EHKDYLRU��
IHUWLOLW\��SUHJQDQF\�RXWFRPHV��RU�PRGLILFDWLRQV�LQ�RWKHU�IXQFWLRQV�WKDW�DUH�GHSHQGHQW�RQ�WKH�LQWHJULW\�RI�
WKLV�V\VWHP��

Retrospective Study—$�W\SH�RI�FRKRUW�VWXG\�EDVHG�RQ�D�JURXS�RI�SHUVRQV�NQRZQ�WR�KDYH�EHHQ�H[SRVHG�
DW�VRPH�WLPH�LQ�WKH�SDVW���'DWD�DUH�FROOHFWHG�IURP�URXWLQHO\�UHFRUGHG�HYHQWV��XS�WR�WKH�WLPH�WKH�VWXG\�LV�
XQGHUWDNHQ���5HWURVSHFWLYH�VWXGLHV�DUH�OLPLWHG�WR�FDXVDO�IDFWRUV�WKDW�FDQ�EH�DVFHUWDLQHG�IURP�H[LVWLQJ�
UHFRUGV�DQG�RU�H[DPLQLQJ�VXUYLYRUV�RI�WKH�FRKRUW��

Risk—7KH�SRVVLELOLW\�RU�FKDQFH�WKDW�VRPH�DGYHUVH�HIIHFW�ZLOO�UHVXOW�IURP�D�JLYHQ�H[SRVXUH�WR�D�FKHPLFDO��

Risk Factor—$Q�DVSHFW�RI�SHUVRQDO�EHKDYLRU�RU�OLIHVW\OH��DQ�HQYLURQPHQWDO�H[SRVXUH��RU�DQ�LQERUQ�RU�
LQKHULWHG�FKDUDFWHULVWLF�WKDW�LV�DVVRFLDWHG�ZLWK�DQ�LQFUHDVHG�RFFXUUHQFH�RI�GLVHDVH�RU�RWKHU�KHDOWK�UHODWHG�
HYHQW�RU�FRQGLWLRQ��

Risk Ratio—7KH�UDWLR�RI�WKH�ULVN�DPRQJ�SHUVRQV�ZLWK�VSHFLILF�ULVN�IDFWRUV�FRPSDUHG�WR�WKH�ULVN�DPRQJ�
SHUVRQV�ZLWKRXW�ULVN�IDFWRUV���$�ULVN�UDWLR�JUHDWHU�WKDQ���LQGLFDWHV�JUHDWHU�ULVN�RI�GLVHDVH�LQ�WKH�H[SRVHG�
JURXS�FRPSDUHG�WR�WKH�XQH[SRVHG�JURXS��

Short-Term Exposure Limit (STEL)—7KH�$PHULFDQ�&RQIHUHQFH�RI�*RYHUQPHQWDO�,QGXVWULDO�
+\JLHQLVWV��$&*,+��PD[LPXP�FRQFHQWUDWLRQ�WR�ZKLFK�ZRUNHUV�FDQ�EH�H[SRVHG�IRU�XS�WR����PLQXWHV�
FRQWLQXDOO\���1R�PRUH�WKDQ�IRXU�H[FXUVLRQV�DUH�DOORZHG�SHU�GD\��DQG�WKHUH�PXVW�EH�DW�OHDVW����PLQXWHV�
EHWZHHQ�H[SRVXUH�SHULRGV���7KH�GDLO\�7KUHVKROG�/LPLW�9DOXH�7LPH�:HLJKWHG�$YHUDJH��7/9�7:$��PD\�
QRW�EH�H[FHHGHG��

Standardized Mortality Ratio (SMR)—$�UDWLR�RI�WKH�REVHUYHG�QXPEHU�RI�GHDWKV�DQG�WKH�H[SHFWHG�
QXPEHU�RI�GHDWKV�LQ�D�VSHFLILF�VWDQGDUG�SRSXODWLRQ��

Target Organ Toxicity—7KLV�WHUP�FRYHUV�D�EURDG�UDQJH�RI�DGYHUVH�HIIHFWV�RQ�WDUJHW�RUJDQV�RU�
SK\VLRORJLFDO�V\VWHPV��H�J���UHQDO��FDUGLRYDVFXODU��H[WHQGLQJ�IURP�WKRVH�DULVLQJ�WKURXJK�D�VLQJOH�OLPLWHG�
H[SRVXUH�WR�WKRVH�DVVXPHG�RYHU�D�OLIHWLPH�RI�H[SRVXUH�WR�D�FKHPLFDO��

Teratogen—$�FKHPLFDO�WKDW�FDXVHV�VWUXFWXUDO�GHIHFWV�WKDW�DIIHFW�WKH�GHYHORSPHQW�RI�DQ�RUJDQLVP��

Threshold Limit Value (TLV)—$Q�$PHULFDQ�&RQIHUHQFH�RI�*RYHUQPHQWDO�,QGXVWULDO�+\JLHQLVWV�
�$&*,+��FRQFHQWUDWLRQ�RI�D�VXEVWDQFH�WR�ZKLFK�PRVW�ZRUNHUV�FDQ�EH�H[SRVHG�ZLWKRXW�DGYHUVH�HIIHFW���
7KH�7/9�PD\�EH�H[SUHVVHG�DV�D�7LPH�:HLJKWHG�$YHUDJH��7:$���DV�D�6KRUW�7HUP�([SRVXUH�/LPLW�
�67(/���RU�DV�D�FHLOLQJ�OLPLW��&/���
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PLUTONIUM 261 

10.  GLOSSARY 

Time-Weighted Average (TWA)—$Q�DOORZDEOH�H[SRVXUH�FRQFHQWUDWLRQ�DYHUDJHG�RYHU�D�QRUPDO���KRXU�
ZRUNGD\�RU����KRXU�ZRUNZHHN��

Toxic Dose(50) (TD50)—$�FDOFXODWHG�GRVH�RI�D�FKHPLFDO��LQWURGXFHG�E\�D�URXWH�RWKHU�WKDQ�LQKDODWLRQ��
ZKLFK�LV�H[SHFWHG�WR�FDXVH�D�VSHFLILF�WR[LF�HIIHFW�LQ�����RI�D�GHILQHG�H[SHULPHQWDO�DQLPDO�SRSXODWLRQ��

Toxicokinetic—7KH�DEVRUSWLRQ��GLVWULEXWLRQ��DQG�HOLPLQDWLRQ�RI�WR[LF�FRPSRXQGV�LQ�WKH�OLYLQJ�RUJDQLVP��

Uncertainty Factor (UF)—$�IDFWRU�XVHG�LQ�RSHUDWLRQDOO\�GHULYLQJ�WKH�0LQLPDO�5LVN�/HYHO��05/��RU�
5HIHUHQFH�'RVH��5I'��RU�5HIHUHQFH�&RQFHQWUDWLRQ��5I&��IURP�H[SHULPHQWDO�GDWD� �8)V�DUH�LQWHQGHG�WR�
DFFRXQW�IRU�����WKH�YDULDWLRQ�LQ�VHQVLWLYLW\�DPRQJ�WKH�PHPEHUV�RI�WKH�KXPDQ�SRSXODWLRQ������WKH�
XQFHUWDLQW\�LQ�H[WUDSRODWLQJ�DQLPDO�GDWD�WR�WKH�FDVH�RI�KXPDQ������WKH�XQFHUWDLQW\�LQ�H[WUDSRODWLQJ�IURP�
GDWD�REWDLQHG�LQ�D�VWXG\�WKDW�LV�RI�OHVV�WKDQ�OLIHWLPH�H[SRVXUH��DQG�����WKH�XQFHUWDLQW\�LQ�XVLQJ�ORZHVW�
REVHUYHG�DGYHUVH�HIIHFW�OHYHO��/2$(/��GDWD�UDWKHU�WKDQ�QR�REVHUYHG�DGYHUVH�HIIHFW�OHYHO��12$(/��GDWD��
$�GHIDXOW�IRU�HDFK�LQGLYLGXDO�8)�LV�����LI�FRPSOHWH�FHUWDLQW\�LQ�GDWD�H[LVWV��D�YDOXH�RI���FDQ�EH�XVHG��
KRZHYHU��D�UHGXFHG�8)�RI���PD\�EH�XVHG�RQ�D�FDVH�E\�FDVH�EDVLV����EHLQJ�WKH�DSSUR[LPDWH�ORJDULWKPLF�
DYHUDJH�RI����DQG����

Xenobiotic—$Q\�FKHPLFDO�WKDW�LV�IRUHLJQ�WR�WKH�ELRORJLFDO�V\VWHP��
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10. GLOSSARY 

7KLV�SDJH�LV�LQWHQWLRQDOO\�EODQN��
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PLUTONIUM A-1 

APPENDIX A. ATSDR MINIMAL RISK LEVELS AND WORKSHEETS 

7KH�&RPSUHKHQVLYH�(QYLURQPHQWDO�5HVSRQVH��&RPSHQVDWLRQ��DQG�/LDELOLW\�$FW��&(5&/$��>���8�6�&��

�����HW�VHT�@��DV�DPHQGHG�E\�WKH�6XSHUIXQG�$PHQGPHQWV�DQG�5HDXWKRUL]DWLRQ�$FW��6$5$��>3XE��/����±�

���@��UHTXLUHV�WKDW�WKH�$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\��$76'5��GHYHORS�MRLQWO\�ZLWK�

WKH�8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��(3$���LQ�RUGHU�RI�SULRULW\��D�OLVW�RI�KD]DUGRXV�VXEVWDQFHV�PRVW�

FRPPRQO\�IRXQG�DW�IDFLOLWLHV�RQ�WKH�&(5&/$�1DWLRQDO�3ULRULWLHV�/LVW��13/���SUHSDUH�WR[LFRORJLFDO�

SURILOHV�IRU�HDFK�VXEVWDQFH�LQFOXGHG�RQ�WKH�SULRULW\�OLVW�RI�KD]DUGRXV�VXEVWDQFHV��DQG�DVVXUH�WKH�LQLWLDWLRQ�

RI�D�UHVHDUFK�SURJUDP�WR�ILOO�LGHQWLILHG�GDWD�QHHGV�DVVRFLDWHG�ZLWK�WKH�VXEVWDQFHV��

7KH�WR[LFRORJLFDO�SURILOHV�LQFOXGH�DQ�H[DPLQDWLRQ��VXPPDU\��DQG�LQWHUSUHWDWLRQ�RI�DYDLODEOH�WR[LFRORJLFDO�

LQIRUPDWLRQ�DQG�HSLGHPLRORJLF�HYDOXDWLRQV�RI�D�KD]DUGRXV�VXEVWDQFH���'XULQJ�WKH�GHYHORSPHQW�RI�

WR[LFRORJLFDO�SURILOHV��0LQLPDO�5LVN�/HYHOV��05/V��DUH�GHULYHG�ZKHQ�UHOLDEOH�DQG�VXIILFLHQW�GDWD�H[LVW�WR�

LGHQWLI\�WKH�WDUJHW�RUJDQ�V��RI�HIIHFW�RU�WKH�PRVW�VHQVLWLYH�KHDOWK�HIIHFW�V��IRU�D�VSHFLILF�GXUDWLRQ�IRU�D�

JLYHQ�URXWH�RI�H[SRVXUH���$Q�05/�LV�DQ�HVWLPDWH�RI�WKH�GDLO\�KXPDQ�H[SRVXUH�WR�D�KD]DUGRXV�VXEVWDQFH�

WKDW�LV�OLNHO\�WR�EH�ZLWKRXW�DSSUHFLDEOH�ULVN�RI�DGYHUVH�QRQFDQFHU�KHDOWK�HIIHFWV�RYHU�D�VSHFLILHG�GXUDWLRQ�

RI�H[SRVXUH�� 05/V�DUH�EDVHG�RQ�QRQFDQFHU�KHDOWK�HIIHFWV�RQO\�DQG�DUH�QRW�EDVHG�RQ�D�FRQVLGHUDWLRQ�RI�

FDQFHU�HIIHFWV�� 7KHVH�VXEVWDQFH�VSHFLILF�HVWLPDWHV��ZKLFK�DUH�LQWHQGHG�WR�VHUYH�DV�VFUHHQLQJ�OHYHOV��DUH�

XVHG�E\�$76'5�KHDOWK�DVVHVVRUV�WR�LGHQWLI\�FRQWDPLQDQWV�DQG�SRWHQWLDO�KHDOWK�HIIHFWV�WKDW�PD\�EH�RI�

FRQFHUQ�DW�KD]DUGRXV�ZDVWH�VLWHV���,W�LV�LPSRUWDQW�WR�QRWH�WKDW�05/V�DUH�QRW�LQWHQGHG�WR�GHILQH�FOHDQ�XS�RU�

DFWLRQ�OHYHOV��

05/V�DUH�GHULYHG�IRU�KD]DUGRXV�VXEVWDQFHV�XVLQJ�WKH�QR�REVHUYHG�DGYHUVH�HIIHFW�OHYHO�XQFHUWDLQW\�IDFWRU�

DSSURDFK�� 7KH\�DUH�EHORZ�OHYHOV�WKDW�PLJKW�FDXVH�DGYHUVH�KHDOWK�HIIHFWV�LQ�WKH�SHRSOH�PRVW�VHQVLWLYH�WR�

VXFK�FKHPLFDO�LQGXFHG�HIIHFWV�� 05/V�DUH�GHULYHG�IRU�DFXWH���±���GD\V���LQWHUPHGLDWH����±����GD\V���DQG�

FKURQLF������GD\V�DQG�ORQJHU��GXUDWLRQV�DQG�IRU�WKH�RUDO�DQG�LQKDODWLRQ�URXWHV�RI�H[SRVXUH���&XUUHQWO\��

05/V�IRU�WKH�GHUPDO�URXWH�RI�H[SRVXUH�DUH�QRW�GHULYHG�EHFDXVH�$76'5�KDV�QRW�\HW�LGHQWLILHG�D�PHWKRG�

VXLWDEOH�IRU�WKLV�URXWH�RI�H[SRVXUH���05/V�DUH�JHQHUDOO\�EDVHG�RQ�WKH�PRVW�VHQVLWLYH�FKHPLFDO�LQGXFHG�HQG�

SRLQW�FRQVLGHUHG�WR�EH�RI�UHOHYDQFH�WR�KXPDQV���6HULRXV�KHDOWK�HIIHFWV��VXFK�DV�LUUHSDUDEOH�GDPDJH�WR�WKH�

OLYHU�RU�NLGQH\V��RU�ELUWK�GHIHFWV��DUH�QRW�XVHG�DV�D�EDVLV�IRU�HVWDEOLVKLQJ�05/V���([SRVXUH�WR�D�OHYHO�

DERYH�WKH�05/�GRHV�QRW�PHDQ�WKDW�DGYHUVH�KHDOWK�HIIHFWV�ZLOO�RFFXU��

05/V�DUH�LQWHQGHG�RQO\�WR�VHUYH�DV�D�VFUHHQLQJ�WRRO�WR�KHOS�SXEOLF�KHDOWK�SURIHVVLRQDOV�GHFLGH�ZKHUH�WR�

ORRN�PRUH�FORVHO\���7KH\�PD\�DOVR�EH�YLHZHG�DV�D�PHFKDQLVP�WR�LGHQWLI\�WKRVH�KD]DUGRXV�ZDVWH�VLWHV�WKDW�
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PLUTONIUM A-2 

APPENDIX A 

DUH�QRW�H[SHFWHG�WR�FDXVH�DGYHUVH�KHDOWK�HIIHFWV���0RVW�05/V�FRQWDLQ�D�GHJUHH�RI�XQFHUWDLQW\�EHFDXVH�RI�

WKH�ODFN�RI�SUHFLVH�WR[LFRORJLFDO�LQIRUPDWLRQ�RQ�WKH�SHRSOH�ZKR�PLJKW�EH�PRVW�VHQVLWLYH��H�J���LQIDQWV��

HOGHUO\��QXWULWLRQDOO\�RU�LPPXQRORJLFDOO\�FRPSURPLVHG��WR�WKH�HIIHFWV�RI�KD]DUGRXV�VXEVWDQFHV���$76'5�

XVHV�D�FRQVHUYDWLYH��L�H���SURWHFWLYH��DSSURDFK�WR�DGGUHVV�WKLV�XQFHUWDLQW\�FRQVLVWHQW�ZLWK�WKH�SXEOLF�KHDOWK�

SULQFLSOH�RI�SUHYHQWLRQ���$OWKRXJK�KXPDQ�GDWD�DUH�SUHIHUUHG��05/V�RIWHQ�PXVW�EH�EDVHG�RQ�DQLPDO�VWXGLHV�

EHFDXVH�UHOHYDQW�KXPDQ�VWXGLHV�DUH�ODFNLQJ�� ,Q�WKH�DEVHQFH�RI�HYLGHQFH�WR�WKH�FRQWUDU\��$76'5�DVVXPHV�

WKDW�KXPDQV�DUH�PRUH�VHQVLWLYH�WR�WKH�HIIHFWV�RI�KD]DUGRXV�VXEVWDQFH�WKDQ�DQLPDOV�DQG�WKDW�FHUWDLQ�SHUVRQV�

PD\�EH�SDUWLFXODUO\�VHQVLWLYH�� 7KXV��WKH�UHVXOWLQJ�05/�PD\�EH�DV�PXFK�DV�����IROG�EHORZ�OHYHOV�WKDW�

KDYH�EHHQ�VKRZQ�WR�EH�QRQWR[LF�LQ�ODERUDWRU\�DQLPDOV��

3URSRVHG�05/V�XQGHUJR�D�ULJRURXV�UHYLHZ�SURFHVV���+HDOWK�(IIHFWV�05/�:RUNJURXS�UHYLHZV�ZLWKLQ�WKH�

'LYLVLRQ�RI�7R[LFRORJ\�DQG�(QYLURQPHQWDO�0HGLFLQH��H[SHUW�SDQHO�SHHU�UHYLHZV��DQG�DJHQF\�ZLGH�05/�

:RUNJURXS�UHYLHZV��ZLWK�SDUWLFLSDWLRQ�IURP�RWKHU�IHGHUDO�DJHQFLHV�DQG�FRPPHQWV�IURP�WKH�SXEOLF���7KH\�

DUH�VXEMHFW�WR�FKDQJH�DV�QHZ�LQIRUPDWLRQ�EHFRPHV�DYDLODEOH�FRQFRPLWDQW�ZLWK�XSGDWLQJ�WKH�WR[LFRORJLFDO�

SURILOHV�� 7KXV��05/V�LQ�WKH�PRVW�UHFHQW�WR[LFRORJLFDO�SURILOHV�VXSHUVHGH�SUHYLRXVO\�SXEOLVKHG�OHYHOV��

)RU�DGGLWLRQDO�LQIRUPDWLRQ�UHJDUGLQJ�05/V��SOHDVH�FRQWDFW�WKH�'LYLVLRQ�RI�7R[LFRORJ\�DQG�

(QYLURQPHQWDO�0HGLFLQH��$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\�������&OLIWRQ�5RDG�1(��

0DLOVWRS�)�����$WODQWD��*HRUJLD��������

05/V�ZHUH�QRW�GHULYHG�IRU�SOXWRQLXP��DV�GLVFXVVHG�LQ�6HFWLRQ������
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PLUTONIUM  B-1 

APPENDIX B.  USER'S GUIDE 

Chapter 1 

Public Health Statement 

7KLV�FKDSWHU�RI�WKH�SURILOH�LV�D�KHDOWK�HIIHFWV�VXPPDU\�ZULWWHQ�LQ�QRQ�WHFKQLFDO�ODQJXDJH�� ,WV�LQWHQGHG�
DXGLHQFH�LV�WKH�JHQHUDO�SXEOLF��HVSHFLDOO\�SHRSOH�OLYLQJ�LQ�WKH�YLFLQLW\�RI�D�KD]DUGRXV�ZDVWH�VLWH�RU�
FKHPLFDO�UHOHDVH���,I�WKH�3XEOLF�+HDOWK�6WDWHPHQW�ZHUH�UHPRYHG�IURP�WKH�UHVW�RI�WKH�GRFXPHQW��LW�ZRXOG�
VWLOO�FRPPXQLFDWH�WR�WKH�OD\�SXEOLF�HVVHQWLDO�LQIRUPDWLRQ�DERXW�WKH�FKHPLFDO��

7KH�PDMRU�KHDGLQJV�LQ�WKH�3XEOLF�+HDOWK�6WDWHPHQW�DUH�XVHIXO�WR�ILQG�VSHFLILF�WRSLFV�RI�FRQFHUQ�� 7KH�
WRSLFV�DUH�ZULWWHQ�LQ�D�TXHVWLRQ�DQG�DQVZHU�IRUPDW�� 7KH�DQVZHU�WR�HDFK�TXHVWLRQ�LQFOXGHV�D�VHQWHQFH�WKDW�
ZLOO�GLUHFW�WKH�UHDGHU�WR�FKDSWHUV�LQ�WKH�SURILOH�WKDW�ZLOO�SURYLGH�PRUH�LQIRUPDWLRQ�RQ�WKH�JLYHQ�WRSLF��

Chapter 2 

Relevance to Public Health 

7KLV�FKDSWHU�SURYLGHV�D�KHDOWK�HIIHFWV�VXPPDU\�EDVHG�RQ�HYDOXDWLRQV�RI�H[LVWLQJ�WR[LFRORJLF��
HSLGHPLRORJLF��DQG�WR[LFRNLQHWLF�LQIRUPDWLRQ���7KLV�VXPPDU\�LV�GHVLJQHG�WR�SUHVHQW�LQWHUSUHWLYH��ZHLJKW�
RI�HYLGHQFH�GLVFXVVLRQV�IRU�KXPDQ�KHDOWK�HQG�SRLQWV�E\�DGGUHVVLQJ�WKH�IROORZLQJ�TXHVWLRQV��

��� :KDW�HIIHFWV�DUH�NQRZQ�WR�RFFXU�LQ�KXPDQV"�

��� :KDW�HIIHFWV�REVHUYHG�LQ�DQLPDOV�DUH�OLNHO\�WR�EH�RI�FRQFHUQ�WR�KXPDQV"�

��� :KDW�H[SRVXUH�FRQGLWLRQV�DUH�OLNHO\�WR�EH�RI�FRQFHUQ�WR�KXPDQV��HVSHFLDOO\�DURXQG�KD]DUGRXV�
ZDVWH�VLWHV"�

7KH�FKDSWHU�FRYHUV�HQG�SRLQWV�LQ�WKH�VDPH�RUGHU�WKDW�WKH\�DSSHDU�ZLWKLQ�WKH�'LVFXVVLRQ�RI�+HDOWK�(IIHFWV�
E\�5RXWH�RI�([SRVXUH�VHFWLRQ��E\�URXWH��LQKDODWLRQ��RUDO��DQG�GHUPDO��DQG�ZLWKLQ�URXWH�E\�HIIHFW���+XPDQ�
GDWD�DUH�SUHVHQWHG�ILUVW��WKHQ�DQLPDO�GDWD���%RWK�DUH�RUJDQL]HG�E\�GXUDWLRQ��DFXWH��LQWHUPHGLDWH��FKURQLF����
In vitro�GDWD�DQG�GDWD�IURP�SDUHQWHUDO�URXWHV��LQWUDPXVFXODU��LQWUDYHQRXV��VXEFXWDQHRXV��HWF���DUH�DOVR�
FRQVLGHUHG�LQ�WKLV�FKDSWHU��

7KH�FDUFLQRJHQLF�SRWHQWLDO�RI�WKH�SURILOHG�VXEVWDQFH�LV�TXDOLWDWLYHO\�HYDOXDWHG��ZKHQ�DSSURSULDWH��XVLQJ�
H[LVWLQJ�WR[LFRNLQHWLF��JHQRWR[LF��DQG�FDUFLQRJHQLF�GDWD���$76'5�GRHV�QRW�FXUUHQWO\�DVVHVV�FDQFHU�
SRWHQF\�RU�SHUIRUP�FDQFHU�ULVN�DVVHVVPHQWV�� 0LQLPDO�5LVN�/HYHOV��05/V��IRU�QRQFDQFHU�HQG�SRLQWV��LI�
GHULYHG��DQG�WKH�HQG�SRLQWV�IURP�ZKLFK�WKH\�ZHUH�GHULYHG�DUH�LQGLFDWHG�DQG�GLVFXVVHG��

/LPLWDWLRQV�WR�H[LVWLQJ�VFLHQWLILF�OLWHUDWXUH�WKDW�SUHYHQW�D�VDWLVIDFWRU\�HYDOXDWLRQ�RI�WKH�UHOHYDQFH�WR�SXEOLF�
KHDOWK�DUH�LGHQWLILHG�LQ�WKH�&KDSWHU���'DWD�1HHGV�VHFWLRQ��

Interpretation of Minimal Risk Levels 

:KHUH�VXIILFLHQW�WR[LFRORJLF�LQIRUPDWLRQ�LV�DYDLODEOH��$76'5�KDV�GHULYHG�05/V�IRU�LQKDODWLRQ�DQG�RUDO�
URXWHV�RI�HQWU\�DW�HDFK�GXUDWLRQ�RI�H[SRVXUH��DFXWH��LQWHUPHGLDWH��DQG�FKURQLF��� 7KHVH�05/V�DUH�QRW�
PHDQW�WR�VXSSRUW�UHJXODWRU\�DFWLRQ��EXW�WR�DFTXDLQW�KHDOWK�SURIHVVLRQDOV�ZLWK�H[SRVXUH�OHYHOV�DW�ZKLFK�
DGYHUVH�KHDOWK�HIIHFWV�DUH�QRW�H[SHFWHG�WR�RFFXU�LQ�KXPDQV��
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PLUTONIUM B-2 

APPENDIX B 

05/V�VKRXOG�KHOS�SK\VLFLDQV�DQG�SXEOLF�KHDOWK�RIILFLDOV�GHWHUPLQH�WKH�VDIHW\�RI�D�FRPPXQLW\�OLYLQJ�QHDU�
D�FKHPLFDO�HPLVVLRQ��JLYHQ�WKH�FRQFHQWUDWLRQ�RI�D�FRQWDPLQDQW�LQ�DLU�RU�WKH�HVWLPDWHG�GDLO\�GRVH�LQ�ZDWHU���
05/V�DUH�EDVHG�ODUJHO\�RQ�WR[LFRORJLFDO�VWXGLHV�LQ�DQLPDOV�DQG�RQ�UHSRUWV�RI�KXPDQ�RFFXSDWLRQDO�
H[SRVXUH��

05/�XVHUV�VKRXOG�EH�IDPLOLDU�ZLWK�WKH�WR[LFRORJLF�LQIRUPDWLRQ�RQ�ZKLFK�WKH�QXPEHU�LV�EDVHG���&KDSWHU����
�5HOHYDQFH�WR�3XEOLF�+HDOWK���FRQWDLQV�EDVLF�LQIRUPDWLRQ�NQRZQ�DERXW�WKH�VXEVWDQFH���2WKHU�VHFWLRQV�VXFK�
DV�&KDSWHU���6HFWLRQ�������,QWHUDFWLRQV�ZLWK�2WKHU�6XEVWDQFHV�´�DQG�6HFWLRQ��������3RSXODWLRQV�WKDW�DUH�
8QXVXDOO\�6XVFHSWLEOH��SURYLGH�LPSRUWDQW�VXSSOHPHQWDO�LQIRUPDWLRQ��

05/�XVHUV�VKRXOG�DOVR�XQGHUVWDQG�WKH�05/�GHULYDWLRQ�PHWKRGRORJ\���05/V�DUH�GHULYHG�XVLQJ�D�
PRGLILHG�YHUVLRQ�RI�WKH�ULVN�DVVHVVPHQW�PHWKRGRORJ\�WKDW�WKH�(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��(3$��
SURYLGHV��%DUQHV�DQG�'RXUVRQ�������WR�GHWHUPLQH�UHIHUHQFH�GRVHV��5I'V��IRU�OLIHWLPH�H[SRVXUH���

7R�GHULYH�DQ�05/��$76'5�JHQHUDOO\�VHOHFWV�WKH�PRVW�VHQVLWLYH�HQG�SRLQW�ZKLFK��LQ�LWV�EHVW�MXGJHPHQW��
UHSUHVHQWV�WKH�PRVW�VHQVLWLYH�KXPDQ�KHDOWK�HIIHFW�IRU�D�JLYHQ�H[SRVXUH�URXWH�DQG�GXUDWLRQ���$76'5�
FDQQRW�PDNH�WKLV�MXGJHPHQW�RU�GHULYH�DQ�05/�XQOHVV�LQIRUPDWLRQ��TXDQWLWDWLYH�RU�TXDOLWDWLYH��LV�DYDLODEOH�
IRU�DOO�SRWHQWLDO�V\VWHPLF��QHXURORJLFDO��DQG�GHYHORSPHQWDO�HIIHFWV���,I�WKLV�LQIRUPDWLRQ�DQG�UHOLDEOH�
TXDQWLWDWLYH�GDWD�RQ�WKH�FKRVHQ�HQG�SRLQW�DUH�DYDLODEOH��$76'5�GHULYHV�DQ�05/�XVLQJ�WKH�PRVW�VHQVLWLYH�
VSHFLHV��ZKHQ�LQIRUPDWLRQ�IURP�PXOWLSOH�VSHFLHV�LV�DYDLODEOH��ZLWK�WKH�KLJKHVW�QR�REVHUYHG�DGYHUVH�HIIHFW�
OHYHO��12$(/��WKDW�GRHV�QRW�H[FHHG�DQ\�DGYHUVH�HIIHFW�OHYHOV���:KHQ�D�12$(/�LV�QRW�DYDLODEOH��D�
ORZHVW�REVHUYHG�DGYHUVH�HIIHFW�OHYHO��/2$(/��FDQ�EH�XVHG�WR�GHULYH�DQ�05/��DQG�DQ�XQFHUWDLQW\�IDFWRU�
�8)��RI����PXVW�EH�HPSOR\HG���$GGLWLRQDO�XQFHUWDLQW\�IDFWRUV�RI����PXVW�EH�XVHG�ERWK�IRU�KXPDQ�
YDULDELOLW\�WR�SURWHFW�VHQVLWLYH�VXESRSXODWLRQV��SHRSOH�ZKR�DUH�PRVW�VXVFHSWLEOH�WR�WKH�KHDOWK�HIIHFWV�
FDXVHG�E\�WKH�VXEVWDQFH��DQG�IRU�LQWHUVSHFLHV�YDULDELOLW\��H[WUDSRODWLRQ�IURP�DQLPDOV�WR�KXPDQV����,Q�
GHULYLQJ�DQ�05/��WKHVH�LQGLYLGXDO�XQFHUWDLQW\�IDFWRUV�DUH�PXOWLSOLHG�WRJHWKHU���7KH�SURGXFW�LV�WKHQ�
GLYLGHG�LQWR�WKH�LQKDODWLRQ�FRQFHQWUDWLRQ�RU�RUDO�GRVDJH�VHOHFWHG�IURP�WKH�VWXG\�� 8QFHUWDLQW\�IDFWRUV�XVHG�
LQ�GHYHORSLQJ�D�VXEVWDQFH�VSHFLILF�05/�DUH�SURYLGHG�LQ�WKH�IRRWQRWHV�RI�WKH�OHYHOV�RI�VLJQLILFDQW�H[SRVXUH�
�/6(��WDEOHV��

Chapter 3 

Health Effects 

Tables and Figures for Levels of Significant Exposure (LSE) 

7DEOHV�DQG�ILJXUHV�DUH�XVHG�WR�VXPPDUL]H�KHDOWK�HIIHFWV�DQG�LOOXVWUDWH�JUDSKLFDOO\�OHYHOV�RI�H[SRVXUH�
DVVRFLDWHG�ZLWK�WKRVH�HIIHFWV�� 7KHVH�OHYHOV�FRYHU�KHDOWK�HIIHFWV�REVHUYHG�DW�LQFUHDVLQJ�GRVH�
FRQFHQWUDWLRQV�DQG�GXUDWLRQV��GLIIHUHQFHV�LQ�UHVSRQVH�E\�VSHFLHV��05/V�WR�KXPDQV�IRU�QRQFDQFHU�HQG�
SRLQWV��DQG�(3$
V�HVWLPDWHG�UDQJH�DVVRFLDWHG�ZLWK�DQ�XSSHU��ERXQG�LQGLYLGXDO�OLIHWLPH�FDQFHU�ULVN�RI���LQ�
�������WR���LQ��������������8VH�WKH�/6(�WDEOHV�DQG�ILJXUHV�IRU�D�TXLFN�UHYLHZ�RI�WKH�KHDOWK�HIIHFWV�DQG�WR�
ORFDWH�GDWD�IRU�D�VSHFLILF�H[SRVXUH�VFHQDULR�� 7KH�/6(�WDEOHV�DQG�ILJXUHV�VKRXOG�DOZD\V�EH�XVHG�LQ�
FRQMXQFWLRQ�ZLWK�WKH�WH[W�� $OO�HQWULHV�LQ�WKHVH�WDEOHV�DQG�ILJXUHV�UHSUHVHQW�VWXGLHV�WKDW�SURYLGH�UHOLDEOH��
TXDQWLWDWLYH�HVWLPDWHV�RI�12$(/V��/2$(/V��RU�&DQFHU�(IIHFW�/HYHOV��&(/V���

7KH�OHJHQGV�SUHVHQWHG�EHORZ�GHPRQVWUDWH�WKH�DSSOLFDWLRQ�RI�WKHVH�WDEOHV�DQG�ILJXUHV���5HSUHVHQWDWLYH�
H[DPSOHV�RI�/6(�7DEOH�����DQG�)LJXUH�����DUH�VKRZQ���7KH�QXPEHUV�LQ�WKH�OHIW�FROXPQ�RI�WKH�OHJHQGV�
FRUUHVSRQG�WR�WKH�QXPEHUV�LQ�WKH�H[DPSOH�WDEOH�DQG�ILJXUH��
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PLUTONIUM  B-3 

APPENDIX B 

LEGEND 
See Sample LSE Table 3-1 (page B-6) 

���  5RXWH�RI�([SRVXUH���2QH�RI�WKH�ILUVW�FRQVLGHUDWLRQV�ZKHQ�UHYLHZLQJ�WKH�WR[LFLW\�RI�D�VXEVWDQFH�
XVLQJ�WKHVH�WDEOHV�DQG�ILJXUHV�VKRXOG�EH�WKH�UHOHYDQW�DQG�DSSURSULDWH�URXWH�RI�H[SRVXUH�� 7\SLFDOO\�
ZKHQ�VXIILFLHQW�GDWD�H[LVW��WKUHH�/6(�WDEOHV�DQG�WZR�/6(�ILJXUHV�DUH�SUHVHQWHG�LQ�WKH�GRFXPHQW���
7KH�WKUHH�/6(�WDEOHV�SUHVHQW�GDWD�RQ�WKH�WKUHH�SULQFLSDO�URXWHV�RI�H[SRVXUH��L�H���LQKDODWLRQ��RUDO��
DQG�GHUPDO��/6(�7DEOHV�����������DQG������UHVSHFWLYHO\����/6(�ILJXUHV�DUH�OLPLWHG�WR�WKH�LQKDODWLRQ�
�/6(�)LJXUH������DQG�RUDO��/6(�)LJXUH������URXWHV���1RW�DOO�VXEVWDQFHV�ZLOO�KDYH�GDWD�RQ�HDFK�
URXWH�RI�H[SRVXUH�DQG�ZLOO�QRW��WKHUHIRUH��KDYH�DOO�ILYH�RI�WKH�WDEOHV�DQG�ILJXUHV��

���  ([SRVXUH�3HULRG�� 7KUHH�H[SRVXUH�SHULRGV²DFXWH��OHVV�WKDQ����GD\V���LQWHUPHGLDWH����±�
����GD\V���DQG�FKURQLF������GD\V�RU�PRUH�²DUH�SUHVHQWHG�ZLWKLQ�HDFK�UHOHYDQW�URXWH�RI�H[SRVXUH��
,Q�WKLV�H[DPSOH��DQ�LQKDODWLRQ�VWXG\�RI�LQWHUPHGLDWH�H[SRVXUH�GXUDWLRQ�LV�UHSRUWHG���)RU�TXLFN�
UHIHUHQFH�WR�KHDOWK�HIIHFWV�RFFXUULQJ�IURP�D�NQRZQ�OHQJWK�RI�H[SRVXUH��ORFDWH�WKH�DSSOLFDEOH�
H[SRVXUH�SHULRG�ZLWKLQ�WKH�/6(�WDEOH�DQG�ILJXUH��

���  +HDOWK�(IIHFW�� 7KH�PDMRU�FDWHJRULHV�RI�KHDOWK�HIIHFWV�LQFOXGHG�LQ�/6(�WDEOHV�DQG�ILJXUHV�DUH�
GHDWK��V\VWHPLF��LPPXQRORJLFDO��QHXURORJLFDO��GHYHORSPHQWDO��UHSURGXFWLYH��DQG�FDQFHU���
12$(/V�DQG�/2$(/V�FDQ�EH�UHSRUWHG�LQ�WKH�WDEOHV�DQG�ILJXUHV�IRU�DOO�HIIHFWV�EXW�FDQFHU��
6\VWHPLF�HIIHFWV�DUH�IXUWKHU�GHILQHG�LQ�WKH��6\VWHP��FROXPQ�RI�WKH�/6(�WDEOH��VHH�NH\�QXPEHU�
�����

���  .H\�WR�)LJXUH�� (DFK�NH\�QXPEHU�LQ�WKH�/6(�WDEOH�OLQNV�VWXG\�LQIRUPDWLRQ�WR�RQH�RU�PRUH�GDWD�
SRLQWV�XVLQJ�WKH�VDPH�NH\�QXPEHU�LQ�WKH�FRUUHVSRQGLQJ�/6(�ILJXUH���,Q�WKLV�H[DPSOH��WKH�VWXG\�
UHSUHVHQWHG�E\�NH\�QXPEHU����KDV�EHHQ�XVHG�WR�GHULYH�D�12$(/�DQG�D�/HVV�6HULRXV�/2$(/�
�DOVR�VHH�WKH�WZR����U��GDWD�SRLQWV�LQ�VDPSOH�)LJXUH�������

���  6SHFLHV�� 7KH�WHVW�VSHFLHV��ZKHWKHU�DQLPDO�RU�KXPDQ��DUH�LGHQWLILHG�LQ�WKLV�FROXPQ���&KDSWHU����
�5HOHYDQFH�WR�3XEOLF�+HDOWK���FRYHUV�WKH�UHOHYDQFH�RI�DQLPDO�GDWD�WR�KXPDQ�WR[LFLW\�DQG�
6HFWLRQ�������7R[LFRNLQHWLFV���FRQWDLQV�DQ\�DYDLODEOH�LQIRUPDWLRQ�RQ�FRPSDUDWLYH�WR[LFRNLQHWLFV���
$OWKRXJK�12$(/V�DQG�/2$(/V�DUH�VSHFLHV�VSHFLILF��WKH�OHYHOV�DUH�H[WUDSRODWHG�WR�HTXLYDOHQW�
KXPDQ�GRVHV�WR�GHULYH�DQ�05/��

���  ([SRVXUH�)UHTXHQF\�'XUDWLRQ�� 7KH�GXUDWLRQ�RI�WKH�VWXG\�DQG�WKH�ZHHNO\�DQG�GDLO\�H[SRVXUH�
UHJLPHQV�DUH�SURYLGHG�LQ�WKLV�FROXPQ���7KLV�SHUPLWV�FRPSDULVRQ�RI�12$(/V�DQG�/2$(/V�IURP�
GLIIHUHQW�VWXGLHV���,Q�WKLV�FDVH��NH\�QXPEHU������UDWV�ZHUH�H[SRVHG�WR�³&KHPLFDO�[´�YLD�LQKDODWLRQ�
IRU���KRXUV�GD\����GD\V�ZHHN��IRU����ZHHNV���)RU�D�PRUH�FRPSOHWH�UHYLHZ�RI�WKH�GRVLQJ�UHJLPHQ��
UHIHU�WR�WKH�DSSURSULDWH�VHFWLRQV�RI�WKH�WH[W�RU�WKH�RULJLQDO�UHIHUHQFH�SDSHU��L�H���1LWVFKNH�HW�DO��
�������

���  6\VWHP���7KLV�FROXPQ�IXUWKHU�GHILQHV�WKH�V\VWHPLF�HIIHFWV�� 7KHVH�V\VWHPV�LQFOXGH�UHVSLUDWRU\��
FDUGLRYDVFXODU��JDVWURLQWHVWLQDO��KHPDWRORJLFDO��PXVFXORVNHOHWDO��KHSDWLF��UHQDO��DQG�
GHUPDO�RFXODU�� �2WKHU��UHIHUV�WR�DQ\�V\VWHPLF�HIIHFW��H�J���D�GHFUHDVH�LQ�ERG\�ZHLJKW��QRW�FRYHUHG�
LQ�WKHVH�V\VWHPV���,Q�WKH�H[DPSOH�RI�NH\�QXPEHU�����RQH�V\VWHPLF�HIIHFW��UHVSLUDWRU\��ZDV�
LQYHVWLJDWHG��

���  12$(/���$�12$(/�LV�WKH�KLJKHVW�H[SRVXUH�OHYHO�DW�ZKLFK�QR�KDUPIXO�HIIHFWV�ZHUH�VHHQ�LQ�WKH�
RUJDQ�V\VWHP�VWXGLHG���.H\�QXPEHU����UHSRUWV�D�12$(/�RI���SSP�IRU�WKH�UHVSLUDWRU\�V\VWHP��
ZKLFK�ZDV�XVHG�WR�GHULYH�DQ�LQWHUPHGLDWH�H[SRVXUH��LQKDODWLRQ�05/�RI�������SSP��VHH�
IRRWQRWH��E����
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PLUTONIUM  B-4 

APPENDIX B 

���  /2$(/�� $�/2$(/�LV�WKH�ORZHVW�GRVH�XVHG�LQ�WKH�VWXG\�WKDW�FDXVHG�D�KDUPIXO�KHDOWK�HIIHFW���
/2$(/V�KDYH�EHHQ�FODVVLILHG�LQWR��/HVV�6HULRXV��DQG��6HULRXV��HIIHFWV�� 7KHVH�GLVWLQFWLRQV�KHOS�
UHDGHUV�LGHQWLI\�WKH�OHYHOV�RI�H[SRVXUH�DW�ZKLFK�DGYHUVH�KHDOWK�HIIHFWV�ILUVW�DSSHDU�DQG�WKH�
JUDGDWLRQ�RI�HIIHFWV�ZLWK�LQFUHDVLQJ�GRVH���$�EULHI�GHVFULSWLRQ�RI�WKH�VSHFLILF�HQG�SRLQW�XVHG�WR�
TXDQWLI\�WKH�DGYHUVH�HIIHFW�DFFRPSDQLHV�WKH�/2$(/�� 7KH�UHVSLUDWRU\�HIIHFW�UHSRUWHG�LQ�NH\�
QXPEHU�����K\SHUSODVLD��LV�D�/HVV�6HULRXV�/2$(/�RI����SSP���05/V�DUH�QRW�GHULYHG�IURP�
6HULRXV�/2$(/V��

����  5HIHUHQFH�� 7KH�FRPSOHWH�UHIHUHQFH�FLWDWLRQ�LV�JLYHQ�LQ�&KDSWHU���RI�WKH�SURILOH��

����  &(/���$�&(/�LV�WKH�ORZHVW�H[SRVXUH�OHYHO�DVVRFLDWHG�ZLWK�WKH�RQVHW�RI�FDUFLQRJHQHVLV�LQ�
H[SHULPHQWDO�RU�HSLGHPLRORJLF�VWXGLHV���&(/V�DUH�DOZD\V�FRQVLGHUHG�VHULRXV�HIIHFWV�� 7KH�/6(�
WDEOHV�DQG�ILJXUHV�GR�QRW�FRQWDLQ�12$(/V�IRU�FDQFHU��EXW�WKH�WH[W�PD\�UHSRUW�GRVHV�QRW�FDXVLQJ�
PHDVXUDEOH�FDQFHU�LQFUHDVHV��

����  )RRWQRWHV���([SODQDWLRQV�RI�DEEUHYLDWLRQV�RU�UHIHUHQFH�QRWHV�IRU�GDWD�LQ�WKH�/6(�WDEOHV�DUH�IRXQG�
LQ�WKH�IRRWQRWHV���)RRWQRWH��E��LQGLFDWHV�WKDW�WKH�12$(/�RI���SSP�LQ�NH\�QXPEHU����ZDV�XVHG�WR�
GHULYH�DQ�05/�RI�������SSP��

LEGEND 
See Sample Figure 3-1 (page B-7) 

/6(�ILJXUHV�JUDSKLFDOO\�LOOXVWUDWH�WKH�GDWD�SUHVHQWHG�LQ�WKH�FRUUHVSRQGLQJ�/6(�WDEOHV���)LJXUHV�KHOS�WKH�
UHDGHU�TXLFNO\�FRPSDUH�KHDOWK�HIIHFWV�DFFRUGLQJ�WR�H[SRVXUH�FRQFHQWUDWLRQV�IRU�SDUWLFXODU�H[SRVXUH�
SHULRGV��

����  ([SRVXUH�3HULRG� �7KH�VDPH�H[SRVXUH�SHULRGV�DSSHDU�DV�LQ�WKH�/6(�WDEOH���,Q�WKLV�H[DPSOH��KHDOWK�
HIIHFWV�REVHUYHG�ZLWKLQ�WKH�DFXWH�DQG�LQWHUPHGLDWH�H[SRVXUH�SHULRGV�DUH�LOOXVWUDWHG��

����  +HDOWK�(IIHFW�� 7KHVH�DUH�WKH�FDWHJRULHV�RI�KHDOWK�HIIHFWV�IRU�ZKLFK�UHOLDEOH�TXDQWLWDWLYH�GDWD�
H[LVWV�� 7KH�VDPH�KHDOWK�HIIHFWV�DSSHDU�LQ�WKH�/6(�WDEOH��

����  /HYHOV�RI�([SRVXUH���&RQFHQWUDWLRQV�RU�GRVHV�IRU�HDFK�KHDOWK�HIIHFW�LQ�WKH�/6(�WDEOHV�DUH�
JUDSKLFDOO\�GLVSOD\HG�LQ�WKH�/6(�ILJXUHV���([SRVXUH�FRQFHQWUDWLRQ�RU�GRVH�LV�PHDVXUHG�RQ�WKH�ORJ�
VFDOH��\��D[LV���,QKDODWLRQ�H[SRVXUH�LV�UHSRUWHG�LQ�PJ�P��RU�SSP�DQG�RUDO�H[SRVXUH�LV�UHSRUWHG�LQ�
PJ�NJ�GD\��

����  12$(/�� ,Q�WKLV�H[DPSOH��WKH�RSHQ�FLUFOH�GHVLJQDWHG���U�LGHQWLILHV�D�12$(/�FULWLFDO�HQG�SRLQW�LQ�
WKH�UDW�XSRQ�ZKLFK�DQ�LQWHUPHGLDWH�LQKDODWLRQ�H[SRVXUH�05/�LV�EDVHG���7KH�NH\�QXPEHU����
FRUUHVSRQGV�WR�WKH�HQWU\�LQ�WKH�/6(�WDEOH���7KH�GDVKHG�GHVFHQGLQJ�DUURZ�LQGLFDWHV�WKH�
H[WUDSRODWLRQ�IURP�WKH�H[SRVXUH�OHYHO�RI���SSP��VHH�HQWU\����LQ�WKH�WDEOH��WR�WKH�05/�RI�
������SSP��VHH�IRRWQRWH��E��LQ�WKH�/6(�WDEOH���

����  &(/�� .H\�QXPEHU���P�LV�RQH�RI�WKUHH�VWXGLHV�IRU�ZKLFK�&(/V�ZHUH�GHULYHG���7KH�GLDPRQG�
V\PERO�UHIHUV�WR�D�&(/�IRU�WKH�WHVW�VSHFLHV�PRXVH���7KH�QXPEHU����FRUUHVSRQGV�WR�WKH�HQWU\�LQ�WKH�
/6(�WDEOH��
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PLUTONIUM  B-5 

APPENDIX B 

����  (VWLPDWHG�8SSHU�%RXQG�+XPDQ�&DQFHU�5LVN�/HYHOV�� 7KLV�LV�WKH�UDQJH�DVVRFLDWHG�ZLWK�WKH�XSSHU�
ERXQG�IRU�OLIHWLPH�FDQFHU�ULVN�RI���LQ��������WR���LQ��������������7KHVH�ULVN�OHYHOV�DUH�GHULYHG�
IURP�WKH�(3$
V�+XPDQ�+HDOWK�$VVHVVPHQW�*URXS
V�XSSHU�ERXQG�HVWLPDWHV�RI�WKH�VORSH�RI�WKH�
FDQFHU�GRVH�UHVSRQVH�FXUYH�DW�ORZ�GRVH�OHYHOV��T����

����  .H\�WR�/6(�)LJXUH�� 7KH�.H\�H[SODLQV�WKH�DEEUHYLDWLRQV�DQG�V\PEROV�XVHG�LQ�WKH�ILJXUH��
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SAMPLE  
1 o  Table 3-1.  Levels of Significant Exposure to [Chemical x] – Inhalation 

LOAEL (effect) Exposure 
Key to  frequency/ NOAEL Less serious Serious (ppm) 
figurea Species duration System (ppm) (ppm)  Reference 

2 

3 

4 

o  INTERMEDIATE EXPOSURE 

5 6 7 8 9 10 

o Systemic p p p p p p 

18 Rat  13 wk Resp 3b 10 (hyperplasia) 
o  5 d/wk Nitschke et al. 1981 

6 hr/d 
CHRONIC EXPOSURE 

Cancer  11 

p 

38 Rat  18 mo 20 (CEL, multiple Wong et al. 1982 
5 d/wk organs) 
7 hr/d 

39 Rat  89–104 wk 10 (CEL, lung tumors, NTP 1982 
5 d/wk nasal tumors) 
6 hr/d 

40 Mouse  79–103 wk 10 (CEL, lung tumors, NTP 1982 
5 d/wk hemangiosarcomas) 
6 hr/d 

12 o  a The number corresponds to entries in Figure 3-1. 
b Used to derive an intermediate inhalation Minimal Risk Level (MRL) of 5x10-3 ppm; dose adjusted for intermittent exposure and divided 
by an uncertainty factor of 100 (10 for extrapolation from animal to humans, 10 for human variability). 
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  PLUTONIUM B-8  

APPENDIX B 

7KLV�SDJH�LV�LQWHQWLRQDOO\�EODQN��
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PLUTONIUM C-1 

APPENDIX C. ACRONYMS, ABBREVIATIONS, AND SYMBOLS 

$&*,+� $PHULFDQ�&RQIHUHQFH�RI�*RYHUQPHQWDO�,QGXVWULDO�+\JLHQLVWV�
$&2(0� $PHULFDQ�&ROOHJH�RI�2FFXSDWLRQDO�DQG�(QYLURQPHQWDO�0HGLFLQH�
$',� DFFHSWDEOH�GDLO\�LQWDNH�
$'0(� DEVRUSWLRQ��GLVWULEXWLRQ��PHWDEROLVP��DQG�H[FUHWLRQ�
$('� DWRPLF�HPLVVLRQ�GHWHFWLRQ�
$),'� DONDOL�IODPH�LRQL]DWLRQ�GHWHFWRU�
$)26+� $LU�)RUFH�2IILFH�RI�6DIHW\�DQG�+HDOWK�
$/,� DQQXDO�OLPLWV�RQ�LQWDNH�
$/7� DODQLQH�DPLQRWUDQVIHUDVH�
$0$'� DFWLYLW\�PHGLDQ�DHURG\QDPLF�GLDPHWHU�
$0/� DFXWH�P\HORLG�OHXNHPLD�
$2$&� $VVRFLDWLRQ�RI�2IILFLDO�$QDO\WLFDO�&KHPLVWV�
$2(&� $VVRFLDWLRQ�RI�2FFXSDWLRQDO�DQG�(QYLURQPHQWDO�&OLQLFV�
$3� DONDOLQH�SKRVSKDWDVH�
$3+$� $PHULFDQ�3XEOLF�+HDOWK�$VVRFLDWLRQ�
$67� DVSDUWDWH�DPLQRWUDQVIHUDVH�
DWP� DWPRVSKHUH�
$76'5� $JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\�
$:4&� $PELHQW�:DWHU�4XDOLW\�&ULWHULD�
%$7� EHVW�DYDLODEOH�WHFKQRORJ\�
%&)� ELRFRQFHQWUDWLRQ�IDFWRU�
%(,� %LRORJLFDO�([SRVXUH�,QGH[�
%0'�&� EHQFKPDUN�GRVH�RU�EHQFKPDUN�FRQFHQWUDWLRQ�
%0';� GRVH�WKDW�SURGXFHV�D�;��FKDQJH�LQ�UHVSRQVH�UDWH�RI�DQ�DGYHUVH�HIIHFW�
%0'/;� ����ORZHU�FRQILGHQFH�OLPLW�RQ�WKH�%0';�
%0'6� %HQFKPDUN�'RVH�6RIWZDUH�
%05� EHQFKPDUN�UHVSRQVH�
%T� %HFTXHUHO�
%6&� %RDUG�RI�6FLHQWLILF�&RXQVHORUV�
&� FHQWLJUDGH�
&$$� &OHDQ�$LU�$FW�
&$*� &DQFHU�$VVHVVPHQW�*URXS�RI�WKH�8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�
&$6� &KHPLFDO�$EVWUDFW�6HUYLFHV�
&'&� &HQWHUV�IRU�'LVHDVH�&RQWURO�DQG�3UHYHQWLRQ�
&(/� FDQFHU�HIIHFW�OHYHO�
&(/'6� &RPSXWHU�(QYLURQPHQWDO�/HJLVODWLYH�'DWD�6\VWHP�
&(5&/$� &RPSUHKHQVLYH�(QYLURQPHQWDO�5HVSRQVH��&RPSHQVDWLRQ��DQG�/LDELOLW\�$FW�
&)5� &RGH�RI�)HGHUDO�5HJXODWLRQV�
&L� FXULH�
&,� FRQILGHQFH�LQWHUYDO�
&/� FHLOLQJ�OLPLW�YDOXH�
&/3� &RQWUDFW�/DERUDWRU\�3URJUDP�
FP� FHQWLPHWHU�
&0$'� FRXQW�PHGLDQ�DHURG\QDPLF�GLDPHWHU�
&0/� FKURQLF�P\HORLG�OHXNHPLD�
&36&� &RQVXPHU�3URGXFWV�6DIHW\�&RPPLVVLRQ�
&:$� &OHDQ�:DWHU�$FW�
'$&� GHULYHG�DLU�FRQFHQWUDWLRQ�
'+(:� 'HSDUWPHQW�RI�+HDOWK��(GXFDWLRQ��DQG�:HOIDUH�
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PLUTONIUM C-2 

APPENDIX C 

'++6� 'HSDUWPHQW�RI�+HDOWK�DQG�+XPDQ�6HUYLFHV�
'1$� GHR[\ULERQXFOHLF�DFLG�
'2'� 'HSDUWPHQW�RI�'HIHQVH�
'2(� 'HSDUWPHQW�RI�(QHUJ\�
'2/� 'HSDUWPHQW�RI�/DERU�
'27� 'HSDUWPHQW�RI�7UDQVSRUWDWLRQ�
'27�81�� 'HSDUWPHQW�RI�7UDQVSRUWDWLRQ�8QLWHG�1DWLRQV��
1$�,0'*� 1RUWK�$PHULFD�,QWHUJRYHUQPHQWDO�0DULWLPH�'DQJHURXV�*RRGV�&RGH�

':(/� GULQNLQJ�ZDWHU�H[SRVXUH�OHYHO�
(&'� HOHFWURQ�FDSWXUH�GHWHFWLRQ�
(&*�(.*� HOHFWURFDUGLRJUDP�
((*� HOHFWURHQFHSKDORJUDP�
((*/� (PHUJHQF\�([SRVXUH�*XLGDQFH�/HYHO�
(3$� (QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�
)� )DKUHQKHLW�
)�� ILUVW�ILOLDO�JHQHUDWLRQ�
)$2� )RRG�DQG�$JULFXOWXUDO�2UJDQL]DWLRQ�RI�WKH�8QLWHG�1DWLRQV�
)'$� )RRG�DQG�'UXJ�$GPLQLVWUDWLRQ�
)(0$� )HGHUDO�(PHUJHQF\�0DQDJHPHQW�$JHQF\�
),)5$� )HGHUDO�,QVHFWLFLGH��)XQJLFLGH��DQG�5RGHQWLFLGH�$FW�
)3'� IODPH�SKRWRPHWULF�GHWHFWLRQ�
ISP� IHHW�SHU�PLQXWH�
)5� )HGHUDO�5HJLVWHU�
)6+� IROOLFOH�VWLPXODWLQJ�KRUPRQH�
J� JUDP�
*&� JDV�FKURPDWRJUDSK\�
JG� JHVWDWLRQDO�GD\�
*/&� JDV�OLTXLG�FKURPDWRJUDSK\�
*3&� JHO�SHUPHDWLRQ�FKURPDWRJUDSK\�
*6'� JHRPHWULF�VWDQGDUG�GHYLDWLRQ�
*\� JUD\�
+3/&� KLJK�SHUIRUPDQFH�OLTXLG�FKURPDWRJUDSK\�
+5*&� KLJK�UHVROXWLRQ�JDV�FKURPDWRJUDSK\�
+6'%� +D]DUGRXV�6XEVWDQFH�'DWD�%DQN�
,$5&� ,QWHUQDWLRQDO�$JHQF\�IRU�5HVHDUFK�RQ�&DQFHU�
,&53� ,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�5DGLRORJLFDO�3URWHFWLRQ�
,'/+� LPPHGLDWHO\�GDQJHURXV�WR�OLIH�DQG�KHDOWK�
,/2� ,QWHUQDWLRQDO�/DERU�2UJDQL]DWLRQ�
,5,6� ,QWHJUDWHG�5LVN�,QIRUPDWLRQ�6\VWHP�
,75,� ,QKDODWLRQ�7R[LFRORJ\�5HVHDUFK�,QVWLWXWH�
N%T� NLOR%HTXHUHO�
.G� DGVRUSWLRQ�UDWLR�
NJ� NLORJUDP�
NNJ� PHWULF�WRQ�
.RF� RUJDQLF�FDUERQ�SDUWLWLRQ�FRHIILFLHQW�
.RZ� RFWDQRO�ZDWHU�SDUWLWLRQ�FRHIILFLHQW�
/� OLWHU�
/&� OLTXLG�FKURPDWRJUDSK\�
/&��� OHWKDO�FRQFHQWUDWLRQ������NLOO�
/&/R� OHWKDO�FRQFHQWUDWLRQ��ORZ�
/'��� OHWKDO�GRVH������NLOO�



  �
�

 
�
 

 
 
 
 
 

� �
� �

� �
� �

� �
� � �

� �
� �
� � �
� �
� �
� � �

� �
� �

� �
� �
� �
� � �
� �
� �
� � �
� �

� �
� �

� �
� � �

� � �
� �
� � �

� �
� �

� �
� �

�
�

� �
� � �

� �
� � �

� �
� �

� �
� �
� �

�
� � �

� �
� �
� �

� �
� �

PLUTONIUM C-3 

APPENDIX C 

/'/R� OHWKDO�GRVH��ORZ�
/'+� ODFWLF�GHK\GURJHQDVH�
/+� OXWHLQL]LQJ�KRUPRQH�
/2$(/� ORZHVW�REVHUYHG�DGYHUVH�HIIHFW�OHYHO�
/6(� /HYHOV�RI�6LJQLILFDQW�([SRVXUH�
/7��� OHWKDO�WLPH������NLOO�
P� PHWHU�
0$� trans,trans�PXFRQLF�DFLG�
0$/� PD[LPXP�DOORZDEOH�OHYHO�
P&L� PLOOLFXULH�
0&/� PD[LPXP�FRQWDPLQDQW�OHYHO�
0&/*� PD[LPXP�FRQWDPLQDQW�OHYHO�JRDO�
0)� PRGLI\LQJ�IDFWRU�
0)2� PL[HG�IXQFWLRQ�R[LGDVH�
PJ� PLOOLJUDP�
P/� PLOOLOLWHU�
PP� PLOOLPHWHU�
00'� PDVV�PHGLDQ�GLDPHWHU�
PP+J� PLOOLPHWHUV�RI�PHUFXU\�
PPRO� PLOOLPROH�
PSSFI� PLOOLRQV�RI�SDUWLFOHV�SHU�FXELF�IRRW�
05/� 0LQLPDO�5LVN�/HYHO�
06� PDVV�VSHFWURPHWU\�
1$$46� 1DWLRQDO�$PELHQW�$LU�4XDOLW\�6WDQGDUG�
1$6� 1DWLRQDO�$FDGHP\�RI�6FLHQFH�
1$7,&+� 1DWLRQDO�$LU�7R[LFV�,QIRUPDWLRQ�&OHDULQJKRXVH�
1$72� 1RUWK�$WODQWLF�7UHDW\�2UJDQL]DWLRQ�
1&(� QRUPRFKURPDWLF�HU\WKURF\WHV�
1&(+� 1DWLRQDO�&HQWHU�IRU�(QYLURQPHQWDO�+HDOWK�
1&,� 1DWLRQDO�&DQFHU�,QVWLWXWH�
1&53� 1DWLRQDO�&RXQFLO�RQ�5DGLDWLRQ�3URWHFWLRQ�
1'� QRW�GHWHFWHG�
1)3$� 1DWLRQDO�)LUH�3URWHFWLRQ�$VVRFLDWLRQ�
QJ� QDQRJUDP�
1+$1(6� 1DWLRQDO�+HDOWK�DQG�1XWULWLRQ�([DPLQDWLRQ�6XUYH\�
1,(+6� 1DWLRQDO�,QVWLWXWH�RI�(QYLURQPHQWDO�+HDOWK�6FLHQFHV�
1,26+� 1DWLRQDO�,QVWLWXWH�IRU�2FFXSDWLRQDO�6DIHW\�DQG�+HDOWK�
1,26+7,&� 1,26+
V�&RPSXWHUL]HG�,QIRUPDWLRQ�5HWULHYDO�6\VWHP�
1/0� 1DWLRQDO�/LEUDU\�RI�0HGLFLQH�
QP� QDQRPHWHU�
QPRO� QDQRPROH�
12$(/� QR�REVHUYHG�DGYHUVH�HIIHFW�OHYHO�
12(6� 1DWLRQDO�2FFXSDWLRQDO�([SRVXUH�6XUYH\�
12+6� 1DWLRQDO�2FFXSDWLRQDO�+D]DUG�6XUYH\�
13'� QLWURJHQ�SKRVSKRUXV�GHWHFWLRQ�
13'(6� 1DWLRQDO�3ROOXWDQW�'LVFKDUJH�(OLPLQDWLRQ�6\VWHP�
13/� 1DWLRQDO�3ULRULWLHV�/LVW�
15� QRW�UHSRUWHG�
15&� 1DWLRQDO�5HVHDUFK�&RXQFLO�
16� QRW�VSHFLILHG�
1636� 1HZ�6RXUFH�3HUIRUPDQFH�6WDQGDUGV�
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PLUTONIUM C-4 

APPENDIX C 

17,6� 1DWLRQDO�7HFKQLFDO�,QIRUPDWLRQ�6HUYLFH�
173� 1DWLRQDO�7R[LFRORJ\�3URJUDP�
2':� 2IILFH�RI�'ULQNLQJ�:DWHU��(3$�
2(55� 2IILFH�RI�(PHUJHQF\�DQG�5HPHGLDO�5HVSRQVH��(3$�
2+0�7$'6� 2LO�DQG�+D]DUGRXV�0DWHULDOV�7HFKQLFDO�$VVLVWDQFH�'DWD�6\VWHP�
233� 2IILFH�RI�3HVWLFLGH�3URJUDPV��(3$�
2337� 2IILFH�RI�3ROOXWLRQ�3UHYHQWLRQ�DQG�7R[LFV��(3$�
23376� 2IILFH�RI�3UHYHQWLRQ��3HVWLFLGHV�DQG�7R[LF�6XEVWDQFHV��(3$�
25� RGGV�UDWLR�
26+$� 2FFXSDWLRQDO�6DIHW\�DQG�+HDOWK�$GPLQLVWUDWLRQ�
26:� 2IILFH�RI�6ROLG�:DVWH��(3$�
276� 2IILFH�RI�7R[LF�6XEVWDQFHV�
2:� 2IILFH�RI�:DWHU�
2:56� 2IILFH�RI�:DWHU�5HJXODWLRQV�DQG�6WDQGDUGV��(3$�
3$+� SRO\F\FOLF�DURPDWLF�K\GURFDUERQ�
3%%.� SK\VLRORJLFDOO\�EDVHG�ELRNLQHWLF�
3%3'� SK\VLRORJLFDOO\�EDVHG�SKDUPDFRG\QDPLF�
3%3.� SK\VLRORJLFDOO\�EDVHG�SKDUPDFRNLQHWLF�
3&(� SRO\FKURPDWLF�HU\WKURF\WHV�
3(/� SHUPLVVLEOH�H[SRVXUH�OLPLW�
SJ� SLFRJUDP�
3+6� 3XEOLF�+HDOWK�6HUYLFH�
3,'� SKRWR�LRQL]DWLRQ�GHWHFWRU�
SPRO� SLFRPROH�
305� SURSRUWLRQDWH�PRUWDOLW\�UDWLR�
31/� 3DFLILF�1RUWKZHVW�/DERUDWRU\�
SSE� SDUWV�SHU�ELOOLRQ�
SSP� SDUWV�SHU�PLOOLRQ�
SSW� SDUWV�SHU�WULOOLRQ�
3616� SUHWUHDWPHQW�VWDQGDUGV�IRU�QHZ�VRXUFHV�
5%&� UHG�EORRG�FHOO�
5(/� UHFRPPHQGHG�H[SRVXUH�OHYHO�OLPLW�
5I&� UHIHUHQFH�FRQFHQWUDWLRQ�
5I'� UHIHUHQFH�GRVH�
51$� ULERQXFOHLF�DFLG�
54� UHSRUWDEOH�TXDQWLW\�
57(&6� 5HJLVWU\�RI�7R[LF�(IIHFWV�RI�&KHPLFDO�6XEVWDQFHV�
6$5$� 6XSHUIXQG�$PHQGPHQWV�DQG�5HDXWKRUL]DWLRQ�$FW�
6&(� VLVWHU�FKURPDWLG�H[FKDQJH�
6'� VWDQGDUG�GHYLDWLRQ�
6(� VWDQGDUG�HUURU�
6*27� VHUXP�JOXWDPLF�R[DORDFHWLF�WUDQVDPLQDVH�
6*37� VHUXP�JOXWDPLF�S\UXYLF�WUDQVDPLQDVH�
6,&� VWDQGDUG�LQGXVWULDO�FODVVLILFDWLRQ�
6,0� VHOHFWHG�LRQ�PRQLWRULQJ�
60&/� VHFRQGDU\�PD[LPXP�FRQWDPLQDQW�OHYHO�
605� VWDQGDUGL]HG�PRUWDOLW\�UDWLR�
61$5/� VXJJHVWHG�QR�DGYHUVH�UHVSRQVH�OHYHO�
63(*/� 6KRUW�7HUP�3XEOLF�(PHUJHQF\�*XLGDQFH�/HYHO�
67(/� VKRUW�WHUP�H[SRVXUH�OLPLW�
6725(7� 6WRUDJH�DQG�5HWULHYDO�
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PLUTONIUM C-5 

APPENDIX C 

6Y� VLHYHUW�
7'��� WR[LF�GRVH������VSHFLILF�WR[LF�HIIHFW�
7/9� WKUHVKROG�OLPLW�YDOXH�
72&� WRWDO�RUJDQLF�FDUERQ�
734� WKUHVKROG�SODQQLQJ�TXDQWLW\�
75,� 7R[LFV�5HOHDVH�,QYHQWRU\�
76&$� 7R[LF�6XEVWDQFHV�&RQWURO�$FW�
7:$� WLPH�ZHLJKWHG�DYHUDJH�
8)� XQFHUWDLQW\�IDFWRU�
8�6�� 8QLWHG�6WDWHV�
86'$� 8QLWHG�6WDWHV�'HSDUWPHQW�RI�$JULFXOWXUH�
86*6� 8QLWHG�6WDWHV�*HRORJLFDO�6XUYH\�
8615&� 8QLWHG�6WDWHV�1XFOHDU�5HJXODWRU\�&RPPLVVLRQ�
92&� YRODWLOH�RUJDQLF�FRPSRXQG�
:%&� ZKLWH�EORRG�FHOO�
:+2� :RUOG�+HDOWK�2UJDQL]DWLRQ�
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PLUTONIUM C-6 

APPENDIX C 

!� JUHDWHU�WKDQ�
�� JUHDWHU�WKDQ�RU�HTXDO�WR�
 � HTXDO�WR�
�� OHVV�WKDQ�
�� OHVV�WKDQ�RU�HTXDO�WR�
�� SHUFHQW�
Į� DOSKD�
ȕ� EHWD�
Ȗ� JDPPD�
į� GHOWD�
ȝP� PLFURPHWHU�
ȝJ� PLFURJUDP�
T�� FDQFHU�VORSH�IDFWRU�
±� QHJDWLYH�
�� SRVLWLYH�
���� ZHDNO\�SRVLWLYH�UHVXOW�
�±�� ZHDNO\�QHJDWLYH�UHVXOW�
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PLUTONIUM D-1 

APPENDIX D.  OVERVIEW OF BASIC RADIATION PHYSICS, CHEMISTRY, 
AND BIOLOGY 

8QGHUVWDQGLQJ�WKH�EDVLF�FRQFHSWV�LQ�UDGLDWLRQ�SK\VLFV��FKHPLVWU\��DQG�ELRORJ\�LV�LPSRUWDQW�WR�WKH�
HYDOXDWLRQ�DQG�LQWHUSUHWDWLRQ�RI�UDGLDWLRQ�LQGXFHG�DGYHUVH�KHDOWK�HIIHFWV�DQG�WR�WKH�GHULYDWLRQ�RI�UDGLDWLRQ�
SURWHFWLRQ�SULQFLSOHV�� 7KLV�DSSHQGL[�SUHVHQWV�D�EULHI�RYHUYLHZ�RI�WKH�DUHDV�RI�UDGLDWLRQ�SK\VLFV��
FKHPLVWU\��DQG�ELRORJ\�DQG�LV�EDVHG�WR�D�ODUJH�H[WHQW�RQ�WKH�UHYLHZV�RI�0HWWOHU�DQG�0RVHOH\���������
+REEV�DQG�0F&OHOODQ���������(LFKKRO]���������+HQGHH���������&HPEHU���������DQG�(DUO\�HW�DO����������

D.1 RADIONUCLIDES AND RADIOACTIVITY 

7KH�VXEVWDQFHV�ZH�FDOO�HOHPHQWV�DUH�FRPSRVHG�RI�DWRPV���$WRPV�LQ�WXUQ�DUH�PDGH�XS�RI�QHXWURQV��SURWRQV�
DQG�HOHFWURQV��QHXWURQV�DQG�SURWRQV�LQ�WKH�QXFOHXV�DQG�HOHFWURQV�LQ�D�FORXG�RI�RUELWV�DURXQG�WKH�QXFOHXV���
1XFOLGH�LV�WKH�JHQHUDO�WHUP�UHIHUULQJ�WR�DQ\�QXFOHXV�DORQJ�ZLWK�LWV�RUELWDO�HOHFWURQV���7KH�QXFOLGH�LV�
FKDUDFWHUL]HG�E\�WKH�FRPSRVLWLRQ�RI�LWV�QXFOHXV�DQG�KHQFH�E\�WKH�QXPEHU�RI�SURWRQV�DQG�QHXWURQV�LQ�WKH�
QXFOHXV���$OO�DWRPV�RI�DQ�HOHPHQW�KDYH�WKH�VDPH�QXPEHU�RI�SURWRQV��WKLV�LV�JLYHQ�E\�WKH�DWRPLF�QXPEHU��
EXW�PD\�KDYH�GLIIHUHQW�QXPEHUV�RI�QHXWURQV��WKLV�LV�UHIOHFWHG�E\�WKH�DWRPLF�PDVV�QXPEHUV�RU�DWRPLF�
ZHLJKW�RI�WKH�HOHPHQW����$WRPV�ZLWK�GLIIHUHQW�DWRPLF�PDVV�EXW�WKH�VDPH�DWRPLF�QXPEHUV�DUH�UHIHUUHG�WR�DV�
LVRWRSHV�RI�DQ�HOHPHQW��

7KH�QXPHULFDO�FRPELQDWLRQ�RI�SURWRQV�DQG�QHXWURQV�LQ�PRVW�QXFOLGHV�LV�VXFK�WKDW�WKH�QXFOHXV�LV�TXDQWXP�
PHFKDQLFDOO\�VWDEOH�DQG�WKH�DWRP�LV�VDLG�WR�EH�VWDEOH��L�H���QRW�UDGLRDFWLYH��KRZHYHU��LI�WKHUH�DUH�WRR�IHZ�RU�
WRR�PDQ\�QHXWURQV��WKH�QXFOHXV�LV�XQVWDEOH�DQG�WKH�DWRP�LV�VDLG�WR�EH�UDGLRDFWLYH���8QVWDEOH�QXFOLGHV�
XQGHUJR�UDGLRDFWLYH�WUDQVIRUPDWLRQ��D�SURFHVV�LQ�ZKLFK�D�QHXWURQ�RU�SURWRQ�FRQYHUWV�LQWR�WKH�RWKHU�DQG�D�
EHWD�SDUWLFOH�LV�HPLWWHG��RU�HOVH�DQ�DOSKD�SDUWLFOH�LV�HPLWWHG���(DFK�W\SH�RI�GHFD\�LV�W\SLFDOO\�DFFRPSDQLHG�
E\�WKH�HPLVVLRQ�RI�JDPPD�UD\V���7KHVH�XQVWDEOH�DWRPV�DUH�FDOOHG�UDGLRQXFOLGHV��WKHLU�HPLVVLRQV�DUH�FDOOHG�
LRQL]LQJ�UDGLDWLRQ��DQG�WKH�ZKROH�SURSHUW\�LV�FDOOHG�UDGLRDFWLYLW\���7UDQVIRUPDWLRQ�RU�GHFD\�UHVXOWV�LQ�WKH�
IRUPDWLRQ�RI�QHZ�QXFOLGHV�VRPH�RI�ZKLFK�PD\�WKHPVHOYHV�EH�UDGLRQXFOLGHV��ZKLOH�RWKHUV�DUH�VWDEOH�
QXFOLGHV�� 7KLV�VHULHV�RI�WUDQVIRUPDWLRQV�LV�FDOOHG�WKH�GHFD\�FKDLQ�RI�WKH�UDGLRQXFOLGH�� 7KH�ILUVW�
UDGLRQXFOLGH�LQ�WKH�FKDLQ�LV�FDOOHG�WKH�SDUHQW��WKH�VXEVHTXHQW�SURGXFWV�RI�WKH�WUDQVIRUPDWLRQ�DUH�FDOOHG�
SURJHQ\��GDXJKWHUV��RU�GHFD\�SURGXFWV��

,Q�JHQHUDO�WKHUH�DUH�WZR�FODVVLILFDWLRQV�RI�UDGLRDFWLYLW\�DQG�UDGLRQXFOLGHV� �QDWXUDO�DQG�DUWLILFLDO��PDQ�
PDGH����1DWXUDOO\�RFFXUULQJ�UDGLRDFWLYH�PDWHULDO��1250��H[LVWV�LQ�QDWXUH�DQG�QR�DGGLWLRQDO�HQHUJ\�LV�
QHFHVVDU\�WR�SODFH�WKHP�LQ�DQ�XQVWDEOH�VWDWH���1DWXUDO�UDGLRDFWLYLW\�LV�WKH�SURSHUW\�RI�VRPH�QDWXUDOO\�
RFFXUULQJ��XVXDOO\�KHDY\�HOHPHQWV��WKDW�DUH�KHDYLHU�WKDQ�OHDG���5DGLRQXFOLGHV��VXFK�DV�UDGLXP�DQG�
XUDQLXP��SULPDULO\�HPLW�DOSKD�SDUWLFOHV���6RPH�OLJKWHU�HOHPHQWV�VXFK�DV�FDUERQ����DQG�WULWLXP��K\GURJHQ�
���SULPDULO\�HPLW�EHWD�SDUWLFOHV�DV�WKH\�WUDQVIRUP�WR�D�PRUH�VWDEOH�DWRP���1DWXUDO�UDGLRDFWLYH�DWRPV�
KHDYLHU�WKDQ�OHDG�FDQQRW�DWWDLQ�D�VWDEOH�QXFOHXV�KHDYLHU�WKDQ�OHDG���(YHU\RQH�LV�H[SRVHG�WR�EDFNJURXQG�
UDGLDWLRQ�IURP�QDWXUDOO\�RFFXUULQJ�UDGLRQXFOLGHV�WKURXJKRXW�OLIH���7KLV�EDFNJURXQG�UDGLDWLRQ�LV�WKH�PDMRU�
VRXUFH�RI�UDGLDWLRQ�H[SRVXUH�WR�PDQ�DQG�DULVHV�IURP�VHYHUDO�VRXUFHV���7KH�QDWXUDO�EDFNJURXQG�H[SRVXUHV�
DUH�IUHTXHQWO\�XVHG�DV�D�VWDQGDUG�RI�FRPSDULVRQ�IRU�H[SRVXUHV�WR�YDULRXV�DUWLILFLDO�VRXUFHV�RI�LRQL]LQJ�
UDGLDWLRQ��

$UWLILFLDO�UDGLRDFWLYH�DWRPV�DUH�SURGXFHG�HLWKHU�DV�D�E\�SURGXFW�RI�ILVVLRQ�RI�XUDQLXP�RU�SOXWRQLXP�DWRPV�
LQ�D�QXFOHDU�UHDFWRU�RU�E\�ERPEDUGLQJ�VWDEOH�DWRPV�ZLWK�SDUWLFOHV��VXFK�DV�QHXWURQV�RU�SURWRQV��GLUHFWHG�DW�
WKH�VWDEOH�DWRPV�ZLWK�KLJK�YHORFLW\���7KHVH�DUWLILFLDOO\�SURGXFHG�UDGLRDFWLYH�HOHPHQWV�XVXDOO\�GHFD\�E\�
HPLVVLRQ�RI�SDUWLFOHV��VXFK�DV�SRVLWLYH�RU�QHJDWLYH�EHWD�SDUWLFOHV�DQG�RQH�RU�PRUH�KLJK�HQHUJ\�SKRWRQV�
�JDPPD�UD\V����8QVWDEOH��UDGLRDFWLYH��DWRPV�RI�DQ\�HOHPHQW�FDQ�EH�SURGXFHG��
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PLUTONIUM D-2 

APPENDIX D 

%RWK�QDWXUDOO\�RFFXUULQJ�DQG�DUWLILFLDO�UDGLRLVRWRSHV�ILQG�DSSOLFDWLRQ�LQ�PHGLFLQH��LQGXVWULDO�SURGXFWV��DQG�
FRQVXPHU�SURGXFWV���6RPH�VSHFLILF�UDGLRLVRWRSHV��FDOOHG�IDOO�RXW��DUH�VWLOO�IRXQG�LQ�WKH�HQYLURQPHQW�DV�D�
UHVXOW�RI�QXFOHDU�ZHDSRQV�XVH�RU�WHVWLQJ��

D.2 RADIOACTIVE DECAY 

D.2.1 Principles of Radioactive Decay 

7KH�VWDELOLW\�RI�DQ�DWRP�LV�WKH�UHVXOW�RI�WKH�EDODQFH�RI�WKH�IRUFHV�RI�WKH�YDULRXV�FRPSRQHQWV�RI�WKH�QXFOHXV��
$Q�DWRP�WKDW�LV�XQVWDEOH��UDGLRQXFOLGH��ZLOO�UHOHDVH�HQHUJ\��GHFD\��LQ�YDULRXV�ZD\V�DQG�WUDQVIRUP�WR�
VWDEOH�DWRPV�RU�WR�RWKHU�UDGLRDFWLYH�VSHFLHV�FDOOHG�GDXJKWHUV��RIWHQ�ZLWK�WKH�UHOHDVH�RI�LRQL]LQJ�UDGLDWLRQ��
,I�WKHUH�DUH�HLWKHU�WRR�PDQ\�RU�WRR�IHZ�QHXWURQV�IRU�D�JLYHQ�QXPEHU�RI�SURWRQV��WKH�UHVXOWLQJ�QXFOHXV�PD\�
XQGHUJR�WUDQVIRUPDWLRQ���)RU�VRPH�HOHPHQWV��D�FKDLQ�RI�GDXJKWHU�GHFD\�SURGXFWV�PD\�EH�SURGXFHG�XQWLO�
VWDEOH�DWRPV�DUH�IRUPHG���5DGLRQXFOLGHV�FDQ�EH�FKDUDFWHUL]HG�E\�WKH�W\SH�DQG�HQHUJ\�RI�WKH�UDGLDWLRQ�
HPLWWHG��WKH�UDWH�RI�GHFD\��DQG�WKH�PRGH�RI�GHFD\���7KH�PRGH�RI�GHFD\�LQGLFDWHV�KRZ�D�SDUHQW�FRPSRXQG�
XQGHUJRHV�WUDQVIRUPDWLRQ���5DGLDWLRQV�FRQVLGHUHG�KHUH�DUH�SULPDULO\�RI�QXFOHDU�RULJLQ��L�H���WKH\�DULVH�IURP�
QXFOHDU�H[FLWDWLRQ��XVXDOO\�FDXVHG�E\�WKH�FDSWXUH�RI�FKDUJHG�RU�XQFKDUJHG�QXFOHRQV�E\�D�QXFOHXV��RU�E\�WKH�
UDGLRDFWLYH�GHFD\�RU�WUDQVIRUPDWLRQ�RI�DQ�XQVWDEOH�QXFOLGH�� 7KH�W\SH�RI�UDGLDWLRQ�PD\�EH�FDWHJRUL]HG�DV�
FKDUJHG�RU�XQFKDUJHG�SDUWLFOHV��SURWRQV��DQG�ILVVLRQ�SURGXFWV��RU�HOHFWURPDJQHWLF�UDGLDWLRQ��JDPPD�UD\V�
DQG�[�UD\V��� 7DEOH�'���VXPPDUL]HV�WKH�EDVLF�FKDUDFWHULVWLFV�RI�WKH�PRUH�FRPPRQ�W\SHV�RI�UDGLDWLRQ�
HQFRXQWHUHG��

D.2.2 Half-Life and Activity 

)RU�DQ\�JLYHQ�UDGLRQXFOLGH��WKH�UDWH�RI�GHFD\�LV�D�ILUVW�RUGHU�SURFHVV�WKDW�LV�FRQVWDQW��UHJDUGOHVV�RI�WKH�
UDGLRDFWLYH�DWRPV�SUHVHQW�DQG�LV�FKDUDFWHULVWLF�IRU�HDFK�UDGLRQXFOLGH�� 7KH�SURFHVV�RI�GHFD\�LV�D�VHULHV�RI�
UDQGRP�HYHQWV��WHPSHUDWXUH��SUHVVXUH��RU�FKHPLFDO�FRPELQDWLRQV�GR�QRW�HIIHFW�WKH�UDWH�RI�GHFD\���:KLOH�LW�
PD\�QRW�EH�SRVVLEOH�WR�SUHGLFW�H[DFWO\�ZKLFK�DWRP�LV�JRLQJ�WR�XQGHUJR�WUDQVIRUPDWLRQ�DW�DQ\�JLYHQ�WLPH��LW�
LV�SRVVLEOH�WR�SUHGLFW��RQ�DYHUDJH��WKH�IUDFWLRQ�RI�WKH�UDGLRDFWLYH�DWRPV�WKDW�ZLOO�WUDQVIRUP�GXULQJ�DQ\�
LQWHUYDO�RI�WLPH��

7KH�activity LV�D�PHDVXUH�RI�WKH�TXDQWLW\�RI�UDGLRDFWLYH�PDWHULDO���)RU�WKHVH�UDGLRDFWLYH�PDWHULDOV�LW�LV�
FXVWRPDU\�WR�GHVFULEH�WKH�DFWLYLW\�DV�WKH�QXPEHU�RI�GLVLQWHJUDWLRQV��WUDQVIRUPDWLRQV��SHU�XQLW�WLPH���7KH�
XQLW�RI�DFWLYLW\�LV�WKH�FXULH��&L���ZKLFK�ZDV�RULJLQDOO\�UHODWHG�WR�WKH�DFWLYLW\�RI�RQH�JUDP�RI�UDGLXP��EXW�LV�
QRZ�GHILQHG�DV�WKDW�TXDQWLW\�RI�UDGLRDFWLYH�PDWHULDO�LQ�ZKLFK�WKHUH�DUH��

��FXULH��&L�� ����[�����GLVLQWHJUDWLRQV��WUDQVIRUPDWLRQV��VHFRQG��GSV��RU�����[�����GLVLQWHJUDWLRQV�
�WUDQVIRUPDWLRQV��PLQXWH��GSP���

7KH�6,�XQLW�RI�DFWLYLW\�LV�WKH�EHFTXHUHO��%T�����%T� �WKDW�TXDQWLW\�RI�UDGLRDFWLYH�PDWHULDO�LQ�ZKLFK�WKHUH�LV�
��WUDQVIRUPDWLRQ�VHFRQG���6LQFH�DFWLYLW\�LV�SURSRUWLRQDO�WR�WKH�QXPEHU�RI�DWRPV�RI�WKH�UDGLRDFWLYH�
PDWHULDO��WKH�TXDQWLW\�RI�DQ\�UDGLRDFWLYH�PDWHULDO�LV�XVXDOO\�H[SUHVVHG�LQ�FXULHV��UHJDUGOHVV�RI�LWV�SXULW\�RU�
FRQFHQWUDWLRQ���7KH�WUDQVIRUPDWLRQ�RI�UDGLRDFWLYH�QXFOHL�LV�D�UDQGRP�SURFHVV��DQG�WKH�QXPEHU�RI�
WUDQVIRUPDWLRQV�LV�GLUHFWO\�SURSRUWLRQDO�WR�WKH�QXPEHU�RI�UDGLRDFWLYH�DWRPV�SUHVHQW���)RU�DQ\�SXUH�
UDGLRDFWLYH�VXEVWDQFH��WKH�UDWH�RI�GHFD\�LV�XVXDOO\�GHVFULEHG�E\�LWV�UDGLRORJLFDO�KDOI�OLIH��75��L�H���WKH�WLPH�
LW�WDNHV�IRU�D�VSHFLILHG�VRXUFH�PDWHULDO�WR�GHFD\�WR�KDOI�LWV�LQLWLDO�DFWLYLW\���7KH�VSHFLILF�DFWLYLW\�LV�DQ�
LQGLUHFW�PHDVXUH�RI�WKH�UDWH�RI�GHFD\��DQG�LV�GHILQHG�DV�WKH�DFWLYLW\�SHU�XQLW�PDVV�RU�SHU�XQLW�YROXPH��7KH�
KLJKHU�WKH�VSHFLILF�DFWLYLW\�RI�D�UDGLRLVRWRSH��WKH�IDVWHU�LW�LV�GHFD\LQJ��
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PLUTONIUM D-3 

APPENDIX D 

7KH�DFWLYLW\�RI�D�UDGLRQXFOLGH�DW�WLPH�W�PD\�EH�FDOFXODWHG�E\��

������W�7UDG�$� �$RH

ZKHUH�$�LV�WKH�DFWLYLW\�LQ�GSV�RU�FXULHV�RU�EHFTXHUHOV��$R� LV�WKH�DFWLYLW\�DW�WLPH�]HUR��W�LV�WKH�WLPH�DW�ZKLFK�
PHDVXUHG��DQG�7UDG� LV�WKH�UDGLRORJLFDO�KDOI�OLIH�RI�WKH�UDGLRQXFOLGH��7UDG�DQG�W�PXVW�EH�LQ�WKH�VDPH�XQLWV�RI�
WLPH����7KH�WLPH�ZKHQ�WKH�DFWLYLW\�RI�D�VDPSOH�RI�UDGLRDFWLYLW\�EHFRPHV�RQH�KDOI�LWV�RULJLQDO�YDOXH�LV�WKH�
UDGLRDFWLYH�KDOI�OLIH�DQG�LV�H[SUHVVHG�LQ�DQ\�VXLWDEOH�XQLW�RI�WLPH��

Table D-1.  Characteristics of Nuclear Radiations 

7\SLFDO� 3DWK�OHQJWKE�

5DGLDWLRQ� 5HVW�PDVVD� &KDUJH� HQHUJ\�UDQJH� $LU� 6ROLG� &RPPHQWV�
$OSKD��Į�� �����DPX� ��� �±���0H9� �±���FP� ��±���ȝP� ,GHQWLFDO�WR�LRQL]HG�

+H�QXFOHXV�
1HJDWURQ��ȕ±�� ����[�����DPX�� ±�� �±��0H9� �±���P� �±��FP� ,GHQWLFDO�WR�HOHFWURQ�

�����0H9�
3RVLWURQ��ȕ��� ����[�����DPX�� ��� ����0H9� �±���P� �±��FP� ,GHQWLFDO�WR�HOHFWURQ�

�����0H9� H[FHSW�IRU�VLJQ�RI�
FKDUJH�

1HXWURQ� �������DPX�� �� �±���0H9� E� E� )UHH�KDOI�OLIH������PLQ�
�������0H9�

;�UD\��H�P� �SKRWRQ�� ±� �� ��NH9±����NH9� E� E� 3KRWRQ�IURP�
WUDQVLWLRQ�RI�DQ�
HOHFWURQ�EHWZHHQ�
DWRPLF�RUELWV�

*DPPD��S��
�H�P� �SKRWRQ��

±� �� ���NH9±��0H9� E� E� 3KRWRQ�IURP�QXFOHDU�
WUDQVIRUPDWLRQ�

D�7KH�UHVW�PDVV��LQ�DPX��KDV�DQ�HQHUJ\�HTXLYDOHQW�LQ�0H9�WKDW�LV�REWDLQHG�XVLQJ�WKH�HTXDWLRQ�( PF���ZKHUH���DPX� �����0H9��
E�3DWK�OHQJWKV�DUH�QRW�DSSOLFDEOH�WR�[��DQG�JDPPD�UD\V�VLQFH�WKHLU�LQWHQVLWLHV�GHFUHDVH�H[SRQHQWLDOO\��SDWK�OHQJWKV�LQ�VROLG�WLVVXH�
DUH�YDULDEOH��GHSHQGLQJ�RQ�SDUWLFOH�HQHUJ\��HOHFWURQ�GHQVLW\�RI�PDWHULDO��DQG�RWKHU�IDFWRUV��

DPX� �DWRPLF�PDVV�XQLW��H�P��� �HOHFWURPDJQHWLF��0H9� �0HJD(OHFWURQ�9ROWV�

7KH�VSHFLILF�DFWLYLW\�LV�D�PHDVXUH�RI�DFWLYLW\��DQG�LV�GHILQHG�DV�WKH�DFWLYLW\�SHU�XQLW�PDVV�RU�SHU�XQLW�
YROXPH��7KLV�DFWLYLW\�LV�XVXDOO\�H[SUHVVHG�LQ�FXULHV�SHU�JUDP�DQG�PD\�EH�FDOFXODWHG�E\�

FXULHV�JUDP � � ���[���� ���7UDG���DWRPLF�ZHLJKW� �RU�

>������[�����[� PDVV�J�@���>7UDG �[� DWRPLF�ZHLJKW@�

ZKHUH�7UDG� LV�WKH�UDGLRORJLFDO�KDOI�OLIH�LQ�GD\V��

,Q�WKH�FDVH�RI�UDGLRDFWLYH�PDWHULDOV�FRQWDLQHG�LQ�OLYLQJ�RUJDQLVPV��DQ�DGGLWLRQDO�FRQVLGHUDWLRQ�LV�PDGH�IRU�
WKH�UHGXFWLRQ�LQ�REVHUYHG�DFWLYLW\�GXH�WR�UHJXODU�SURFHVVHV�RI�HOLPLQDWLRQ�RI�WKH�UHVSHFWLYH�FKHPLFDO�RU�
ELRFKHPLFDO�VXEVWDQFH�IURP�WKH�RUJDQLVP���7KLV�LQWURGXFHV�D�UDWH�FRQVWDQW�FDOOHG�WKH�ELRORJLFDO�KDOI�OLIH�
�7ELRO��ZKLFK�LV�WKH�WLPH�UHTXLUHG�IRU�ELRORJLFDO�SURFHVVHV�WR�HOLPLQDWH�RQH�KDOI�RI�WKH�DFWLYLW\�� 7KLV�WLPH�
LV�YLUWXDOO\�WKH�VDPH�IRU�ERWK�VWDEOH�DQG�UDGLRDFWLYH�LVRWRSHV�RI�DQ\�JLYHQ�HOHPHQW��
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PLUTONIUM D-4 

APPENDIX D 

8QGHU�VXFK�FRQGLWLRQV�WKH�WLPH�UHTXLUHG�IRU�D�UDGLRDFWLYH�HOHPHQW�WR�EH�KDOYHG�DV�D�UHVXOW�RI�WKH�FRPELQHG�
DFWLRQ�RI�UDGLRDFWLYH�GHFD\�DQG�ELRORJLFDO�HOLPLQDWLRQ�LV�WKH�HIIHFWLYH�FOHDUDQFH�KDOI�WLPH��

7HII� ��7ELRO�[�7UDG�����7ELRO���7UDG���

7DEOH�'���SUHVHQWV�UHSUHVHQWDWLYH�HIIHFWLYH�KDOI�OLYHV�RI�SDUWLFXODU�LQWHUHVW��

Table D-2.  Half-Lives of Some Radionuclides in Adult Body Organs 

+DOI�OLIHD�

5DGLRQXFOLGH� &ULWLFDO�RUJDQ� 3K\VLFDO� %LRORJLFDO� (IIHFWLYH�

8UDQLXP����� .LGQH\� ��������������\� ��G� ��G�
+\GURJHQ��E� :KROH�ERG\� �����\� ���G� ���G�
�7ULWLXP��
,RGLQH����� 7K\URLG� ��G� ���G� ����G�
6WURQWLXP���� %RQH� ���\� ���\� ���\�
3OXWRQLXP����� %RQH�VXUIDFH� �������\� ���\� ���\�

/XQJ� �������\� ����G� ����G�
&REDOW���� :KROH�ERG\� ����\� �����G� ���G�
,URQ���� 6SOHHQ� ����\� ����G� ����G�
,URQ���� 6SOHHQ� �����G� ����G� ���G�
0DQJDQHVH���� /LYHU� ����G� ���G� ���G�
&HVLXP����� :KROH�ERG\� ���\� ���G� ���G�

DG� �GD\V��\� �\HDUV 
E0L[HG�LQ�ERG\�ZDWHU�DV�WULWLDWHG�ZDWHU  

D.2.3 Interaction of Radiation with Matter 

%RWK�LRQL]LQJ�DQG�QRQLRQL]LQJ�UDGLDWLRQ�ZLOO�LQWHUDFW�ZLWK�PDWHULDOV��WKDW�LV��UDGLDWLRQ�ZLOO�ORVH�NLQHWLF�
HQHUJ\�WR�DQ\�VROLG��OLTXLG�RU�JDV�WKURXJK�ZKLFK�LW�SDVVHV�E\�D�YDULHW\�RI�PHFKDQLVPV���7KH�WUDQVIHU�RI�
HQHUJ\�WR�D�PHGLXP�E\�HLWKHU�HOHFWURPDJQHWLF�RU�SDUWLFXODWH�UDGLDWLRQ�PD\�EH�VXIILFLHQW�WR�FDXVH�
IRUPDWLRQ�RI�LRQV���7KLV�SURFHVV�LV�FDOOHG�LRQL]DWLRQ���&RPSDUHG�WR�RWKHU�W\SHV�RI�UDGLDWLRQ�WKDW�PD\�EH�
DEVRUEHG��VXFK�DV�XOWUDYLROHW�UDGLDWLRQ��LRQL]LQJ�UDGLDWLRQ�GHSRVLWV�D�UHODWLYHO\�ODUJH�DPRXQW�RI�HQHUJ\�LQWR�
D�VPDOO�YROXPH��

7KH�PHWKRG�E\�ZKLFK�LQFLGHQW�UDGLDWLRQ�LQWHUDFWV�ZLWK�WKH�PHGLXP�WR�FDXVH�LRQL]DWLRQ�PD\�EH�GLUHFW�RU�
LQGLUHFW���(OHFWURPDJQHWLF�UDGLDWLRQV��[�UD\V�DQG�JDPPD�SKRWRQV��DUH�LQGLUHFWO\�LRQL]LQJ��WKDW�LV��WKH\�JLYH�
XS�WKHLU�HQHUJ\�LQ�YDULRXV�LQWHUDFWLRQV�ZLWK�FHOOXODU�PROHFXOHV��DQG�WKH�HQHUJ\�LV�WKHQ�XWLOL]HG�WR�SURGXFH�D�
IDVW�PRYLQJ�FKDUJHG�SDUWLFOH�VXFK�DV�DQ�HOHFWURQ���,W�LV�WKH�HOHFWURQ�WKDW�WKHQ�PD\�UHDFW�ZLWK�D�WDUJHW�
PROHFXOH�� 7KLV�SDUWLFOH�LV�FDOOHG�D�³SULPDU\�LRQL]LQJ�SDUWLFOH���&KDUJHG�SDUWLFOHV��LQ�FRQWUDVW��VWULNH�WKH�
WLVVXH�RU�PHGLXP�DQG�GLUHFWO\�UHDFW�ZLWK�WDUJHW�PROHFXOHV��VXFK�DV�R[\JHQ�RU�ZDWHU���7KHVH�SDUWLFXODWH�
UDGLDWLRQV�DUH�GLUHFWO\�LRQL]LQJ�UDGLDWLRQV���([DPSOHV�RI�GLUHFWO\�LRQL]LQJ�SDUWLFOHV�LQFOXGH�DOSKD�DQG�EHWD�
SDUWLFOHV���,QGLUHFWO\�LRQL]LQJ�UDGLDWLRQV�DUH�DOZD\V�PRUH�SHQHWUDWLQJ�WKDQ�GLUHFWO\�LRQL]LQJ�SDUWLFXODWH�
UDGLDWLRQV��
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PLUTONIUM D-5 

APPENDIX D 

0DVV��FKDUJH��DQG�YHORFLW\�RI�D�SDUWLFOH��DV�ZHOO�DV�WKH�HOHFWURQ�GHQVLW\�RI�WKH�PDWHULDO�ZLWK�ZKLFK�LW�
LQWHUDFWV��DOO�DIIHFW�WKH�UDWH�DW�ZKLFK�LRQL]DWLRQ�RFFXUV� �7KH�KLJKHU�WKH�FKDUJH�RI�WKH�SDUWLFOH�DQG�WKH�ORZHU�
WKH�YHORFLW\��WKH�JUHDWHU�WKH�SURSHQVLW\�WR�FDXVH�LRQL]DWLRQ���+HDY\��KLJKO\�FKDUJHG�SDUWLFOHV��VXFK�DV�DOSKD�
SDUWLFOHV��ORVH�HQHUJ\�UDSLGO\�ZLWK�GLVWDQFH�DQG��WKHUHIRUH��GR�QRW�SHQHWUDWH�GHHSO\���7KH�UHVXOW�RI�WKHVH�
LQWHUDFWLRQ�SURFHVVHV�LV�D�JUDGXDO�VORZLQJ�GRZQ�RI�DQ\�LQFLGHQW�SDUWLFOH�XQWLO�LW�LV�EURXJKW�WR�UHVW�RU�
�VWRSSHG��DW�WKH�HQG�RI�LWV�UDQJH��

D.2.4 Characteristics of Emitted Radiation 

D.2.4.1 Alpha Emission. ,Q�DOSKD�HPLVVLRQ��DQ�DOSKD�SDUWLFOH�FRQVLVWLQJ�RI�WZR�SURWRQV�DQG�WZR�
QHXWURQV�LV�HPLWWHG�ZLWK�D�UHVXOWLQJ�GHFUHDVH�LQ�WKH�DWRPLF�PDVV�QXPEHU�E\�IRXU�DQG�UHGXFWLRQ�RI�WKH�
DWRPLF�QXPEHU�RI�WZR��WKHUHE\�FKDQJLQJ�WKH�SDUHQW�WR�D�GLIIHUHQW�HOHPHQW���7KH�DOSKD�SDUWLFOH�LV�LGHQWLFDO�
WR�D�KHOLXP�QXFOHXV�FRQVLVWLQJ�RI�WZR�QHXWURQV�DQG�WZR�SURWRQV���,W�UHVXOWV�IURP�WKH�UDGLRDFWLYH�GHFD\�RI�
VRPH�KHDY\�HOHPHQWV�VXFK�DV�XUDQLXP��SOXWRQLXP��UDGLXP��WKRULXP��DQG�UDGRQ���$OO�DOSKD�SDUWLFOHV�
HPLWWHG�E\�D�JLYHQ�UDGLRLVRWRSH�KDYH�WKH�VDPH�HQHUJ\�� 0RVW�RI�WKH�DOSKD�SDUWLFOHV�WKDW�DUH�OLNHO\�WR�EH�
IRXQG�KDYH�HQHUJLHV�LQ�WKH�UDQJH�RI�DERXW���WR���0H9��GHSHQGLQJ�RQ�WKH�LVRWRSH�IURP�ZKLFK�WKH\�FDPH��

7KH�DOSKD�SDUWLFOH�KDV�DQ�HOHFWULFDO�FKDUJH�RI������%HFDXVH�RI�WKLV�GRXEOH�SRVLWLYH�FKDUJH�DQG�WKHLU�VL]H��
DOSKD�SDUWLFOHV�KDYH�JUHDW�LRQL]LQJ�SRZHU�DQG��WKXV��ORVH�WKHLU�NLQHWLF�HQHUJ\�TXLFNO\���7KLV�UHVXOWV�LQ�YHU\�
OLWWOH�SHQHWUDWLQJ�SRZHU���,Q�IDFW��DQ�DOSKD�SDUWLFOH�FDQQRW�SHQHWUDWH�D�VKHHW�RI�SDSHU�� 7KH�UDQJH�RI�DQ�
DOSKD�SDUWLFOH��WKH�GLVWDQFH�WKH�FKDUJHG�SDUWLFOH�WUDYHOV�IURP�WKH�SRLQW�RI�RULJLQ�WR�LWV�UHVWLQJ�SRLQW��LV�
DERXW���FP�LQ�DLU��ZKLFK�GHFUHDVHV�FRQVLGHUDEO\�WR�D�IHZ�PLFURPHWHUV�LQ�WLVVXH�� 7KHVH�SURSHUWLHV�FDXVH�
DOSKD�HPLWWHUV�WR�EH�KD]DUGRXV�RQO\�LI�WKHUH�LV�LQWHUQDO�FRQWDPLQDWLRQ��L�H���LI�WKH�UDGLRQXFOLGH�LV�LQVLGH�WKH�
ERG\���

D.2.4.2  Beta Emission. $�EHWD�SDUWLFOH��	��LV�D�KLJK�YHORFLW\�HOHFWURQ�HMHFWHG�IURP�D�GLVLQWHJUDWLQJ�
QXFOHXV���7KH�SDUWLFOH�PD\�EH�HLWKHU�D�QHJDWLYHO\�FKDUJHG�HOHFWURQ��WHUPHG�D�QHJDWURQ��	���RU�D�SRVLWLYHO\�
FKDUJHG�HOHFWURQ��WHUPHG�D�SRVLWURQ��	�����$OWKRXJK�WKH�SUHFLVH�GHILQLWLRQ�RI��EHWD�HPLVVLRQ��UHIHUV�WR�
ERWK�	��DQG�	���FRPPRQ�XVDJH�RI�WKH�WHUP�JHQHUDOO\�DSSOLHV�RQO\�WR�WKH�QHJDWLYH�SDUWLFOH��DV�GLVWLQJXLVKHG�
IURP�WKH�SRVLWURQ�HPLVVLRQ��ZKLFK�UHIHUV�WR�WKH�	��SDUWLFOH��

D.2.4.2.1  Beta Negative Emission. %HWD�SDUWLFOH��	���HPLVVLRQ�LV�DQRWKHU�SURFHVV�E\�ZKLFK�D�
UDGLRQXFOLGH��ZLWK�D�QHXWURQ�H[FHVV�DFKLHYHV�VWDELOLW\�� %HWD�SDUWLFOH�HPLVVLRQ�GHFUHDVHV�WKH�QXPEHU�RI�
QHXWURQV�E\�RQH�DQG�LQFUHDVHV�WKH�QXPEHU�RI�SURWRQV�E\�RQH��ZKLOH�WKH�DWRPLF�PDVV�QXPEHU�UHPDLQV�
XQFKDQJHG��� 7KLV�WUDQVIRUPDWLRQ�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�D�GLIIHUHQW�HOHPHQW�� 7KH�HQHUJ\�VSHFWUXP�RI�
EHWD�SDUWLFOH�HPLVVLRQ�UDQJHV�IURP�D�FHUWDLQ�PD[LPXP�GRZQ�WR�]HUR�ZLWK�WKH�PHDQ�HQHUJ\�RI�WKH�
VSHFWUXP�EHLQJ�DERXW�RQH�WKLUG�RI�WKH�PD[LPXP���7KH�UDQJH�LQ�WLVVXH�LV�PXFK�OHVV���%HWD�QHJDWLYH�
HPLWWLQJ�UDGLRQXFOLGHV�FDQ�FDXVH�LQMXU\�WR�WKH�VNLQ�DQG�VXSHUILFLDO�ERG\�WLVVXHV��EXW�PRVWO\�SUHVHQW�DQ�
LQWHUQDO�FRQWDPLQDWLRQ�KD]DUG��

D.2.4.2.2  Positron Emission. ,Q�FDVHV�LQ�ZKLFK�WKHUH�DUH�WRR�PDQ\�SURWRQV�LQ�WKH�QXFOHXV��SRVLWURQ�
HPLVVLRQ�PD\�RFFXU���,Q�WKLV�FDVH�D�SURWRQ�PD\�EH�WKRXJKW�RI�DV�EHLQJ�FRQYHUWHG�LQWR�D�QHXWURQ��DQG�D�
SRVLWURQ��	���LV�HPLWWHG��� 7KLV�LQFUHDVHV�WKH�QXPEHU�RI�QHXWURQV�E\�RQH��GHFUHDVHV�WKH�QXPEHU�RI�SURWRQV�
E\�RQH��DQG�DJDLQ�OHDYHV�WKH�DWRPLF�PDVV�QXPEHU�XQFKDQJHG���7KH�JDPPD�UDGLDWLRQ�UHVXOWLQJ�IURP�WKH�
DQQLKLODWLRQ��VHH�JORVVDU\��RI�WKH�SRVLWURQ�PDNHV�DOO�SRVLWURQ�HPLWWLQJ�LVRWRSHV�PRUH�RI�DQ�H[WHUQDO�
UDGLDWLRQ�KD]DUG�WKDQ�SXUH�	 HPLWWHUV�RI�HTXDO�HQHUJ\��

D.2.4.2.3 Gamma Emission. 5DGLRDFWLYH�GHFD\�E\�DOSKD��EHWD��RU�SRVLWURQ�HPLVVLRQ��RU�HOHFWURQ�
FDSWXUH�RIWHQ�OHDYHV�VRPH�RI�WKH�HQHUJ\�UHVXOWLQJ�IURP�WKHVH�FKDQJHV�LQ�WKH�QXFOHXV���$V�D�UHVXOW��WKH�

��1HXWULQRV�DOVR�DFFRPSDQ\�QHJDWLYH�EHWD�SDUWLFOHV�DQG�SRVLWURQ�HPLVVLRQV�
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PLUTONIUM D-6 

APPENDIX D 

QXFOHXV�LV�UDLVHG�WR�DQ�H[FLWHG�OHYHO���1RQH�RI�WKHVH�H[FLWHG�QXFOHL�FDQ�UHPDLQ�LQ�WKLV�KLJK�HQHUJ\�VWDWH��
1XFOHL�UHOHDVH�WKLV�HQHUJ\�UHWXUQLQJ�WR�JURXQG�VWDWH�RU�WR�WKH�ORZHVW�SRVVLEOH�VWDEOH�HQHUJ\�OHYHO�� 7KH�
HQHUJ\�UHOHDVHG�LV�LQ�WKH�IRUP�RI�JDPPD�UDGLDWLRQ��KLJK�HQHUJ\�SKRWRQV��DQG�KDV�DQ�HQHUJ\�HTXDO�WR�WKH�
FKDQJH�LQ�WKH�HQHUJ\�VWDWH�RI�WKH�QXFOHXV���*DPPD�DQG�[�UD\V�EHKDYH�VLPLODUO\�EXW�GLIIHU�LQ�WKHLU�RULJLQ��
JDPPD�HPLVVLRQV�RULJLQDWH�LQ�WKH�QXFOHXV�ZKLOH�[�UD\V�RULJLQDWH�LQ�WKH�RUELWDO�HOHFWURQ�VWUXFWXUH�RU�IURP�
UDSLGO\�FKDQJLQJ�WKH�YHORFLW\�RI�DQ�HOHFWURQ��H�J���DV�RFFXUV�ZKHQ�VKLHOGLQJ�KLJK�HQHUJ\�EHWD�SDUWLFOHV�RU�
VWRSSLQJ�WKH�HOHFWURQ�EHDP�LQ�DQ�[�UD\�WXEH���

D.3 ESTIMATION OF ENERGY DEPOSITION IN HUMAN TISSUES 

7ZR�IRUPV�RI�SRWHQWLDO�UDGLDWLRQ�H[SRVXUHV�FDQ�UHVXOW��LQWHUQDO�DQG�H[WHUQDO�� 7KH�WHUP�H[SRVXUH�GHQRWHV�
SK\VLFDO�LQWHUDFWLRQ�RI�WKH�UDGLDWLRQ�HPLWWHG�IURP�WKH�UDGLRDFWLYH�PDWHULDO�ZLWK�FHOOV�DQG�WLVVXHV�RI�WKH�
KXPDQ�ERG\���$Q�H[SRVXUH�FDQ�EH��DFXWH��RU��FKURQLF��GHSHQGLQJ�RQ�KRZ�ORQJ�DQ�LQGLYLGXDO�RU�RUJDQ�LV�
H[SRVHG�WR�WKH�UDGLDWLRQ���,QWHUQDO�H[SRVXUHV�RFFXU�ZKHQ�UDGLRQXFOLGHV��ZKLFK�KDYH�HQWHUHG�WKH�ERG\��H�J���
WKURXJK�WKH�LQKDODWLRQ��LQJHVWLRQ��RU�GHUPDO�SDWKZD\V���XQGHUJR�UDGLRDFWLYH�GHFD\�UHVXOWLQJ�LQ�WKH�
GHSRVLWLRQ�RI�HQHUJ\�WR�LQWHUQDO�RUJDQV���([WHUQDO�H[SRVXUHV�RFFXU�ZKHQ�UDGLDWLRQ�HQWHUV�WKH�ERG\�GLUHFWO\�
IURP�VRXUFHV�ORFDWHG�RXWVLGH�WKH�ERG\��VXFK�DV�UDGLDWLRQ�HPLWWHUV�IURP�UDGLRQXFOLGHV�RQ�JURXQG�VXUIDFHV��
GLVVROYHG�LQ�ZDWHU��RU�GLVSHUVHG�LQ�WKH�DLU���,Q�JHQHUDO��H[WHUQDO�H[SRVXUHV�DUH�IURP�PDWHULDO�HPLWWLQJ�
JDPPD�UDGLDWLRQ��ZKLFK�UHDGLO\�SHQHWUDWH�WKH�VNLQ�DQG�LQWHUQDO�RUJDQV���%HWD�DQG�DOSKD�UDGLDWLRQ�IURP�
H[WHUQDO�VRXUFHV�DUH�IDU�OHVV�SHQHWUDWLQJ�DQG�GHSRVLW�WKHLU�HQHUJ\�SULPDULO\�RQ�WKH�VNLQ
V�RXWHU�OD\HU��
&RQVHTXHQWO\��WKHLU�FRQWULEXWLRQ�WR�WKH�DEVRUEHG�GRVH�RI�WKH�WRWDO�ERG\�GRVH��FRPSDUHG�WR�WKDW�GHSRVLWHG�
E\�JDPPD�UD\V��PD\�EH�QHJOLJLEOH��

&KDUDFWHUL]LQJ�WKH�UDGLDWLRQ�GRVH�WR�SHUVRQV�DV�D�UHVXOW�RI�H[SRVXUH�WR�UDGLDWLRQ�LV�D�FRPSOH[�LVVXH���,W�LV�
GLIILFXOW�WR�� ����PHDVXUH�LQWHUQDOO\�WKH�DPRXQW�RI�HQHUJ\�DFWXDOO\�WUDQVIHUUHG�WR�DQ�RUJDQLF�PDWHULDO�DQG�WR�
FRUUHODWH�DQ\�REVHUYHG�HIIHFWV�ZLWK�WKLV�HQHUJ\�GHSRVLWLRQ��DQG�����DFFRXQW�IRU�DQG�SUHGLFW�VHFRQGDU\�
SURFHVVHV��VXFK�DV�FROOLVLRQ�HIIHFWV�RU�ELRORJLFDOO\�WULJJHUHG�HIIHFWV��WKDW�DUH�DQ�LQGLUHFW�FRQVHTXHQFH�RI�
WKH�SULPDU\�LQWHUDFWLRQ�HYHQW��

D.3.1 Dose/Exposure Units 

D.3.1.1  Roentgen. 7KH�URHQWJHQ��5��LV�D�XQLW�RI�[�RU�JDPPD�UD\�H[SRVXUH�DQG�LV�D�PHDVXUHG�E\�WKH�
DPRXQW�RI�LRQL]DWLRQ�FDXVHG�LQ�DLU�E\�JDPPD�RU�[�UDGLDWLRQ���2QH�URHQWJHQ�SURGXFHV�����[�����FRXORPE�
SHU�NLORJUDP�RI�DLU���,Q�WKH�FDVH�RI�JDPPD�UDGLDWLRQ��RYHU�WKH�FRPPRQO\�HQFRXQWHUHG�UDQJH�RI�SKRWRQ�
HQHUJ\��WKH�HQHUJ\�GHSRVLWLRQ�LQ�WLVVXH�IRU�D�GRVH�RI���5�LV�DERXW��������MRXOHV��-���NJ�RI�WLVVXH��

D.3.1.2 Absorbed Dose and Absorbed Dose Rate. 7KH�DEVRUEHG�GRVH�LV�GHILQHG�DV�WKH�HQHUJ\�
LPSDUWHG�E\�WKH�LQFLGHQW�UDGLDWLRQ�WR�D�XQLW�PDVV�RI�WKH�WLVVXH�RU�RUJDQ���7KH�XQLW�RI�DEVRUEHG�GRVH�LV�WKH�
UDG����UDG� �����HUJ�JUDP� ������-�NJ�LQ�DQ\�PHGLXP���$Q�H[SRVXUH�RI���5�UHVXOWV�LQ�D�GRVH�WR�VRIW�WLVVXH�
RI�DSSUR[LPDWHO\������-�NJ���7KH�6,�XQLW�LV�WKH�JUD\�ZKLFK�LV�HTXLYDOHQW�WR�����UDG�RU���-�NJ���,QWHUQDO�DQG�
H[WHUQDO�H[SRVXUHV�IURP�UDGLDWLRQ�VRXUFHV�DUH�QRW�XVXDOO\�LQVWDQWDQHRXV�EXW�DUH�GLVWULEXWHG�RYHU�H[WHQGHG�
SHULRGV�RI�WLPH���7KH�UHVXOWLQJ�UDWH�RI�FKDQJH�RI�WKH�DEVRUEHG�GRVH�WR�D�VPDOO�YROXPH�RI�PDVV�LV�UHIHUUHG�
WR�DV�WKH�DEVRUEHG�GRVH�UDWH�LQ�XQLWV�RI�UDG�XQLW�WLPH��

D.3.1.3 Working Levels and Working Level Months. :RUNLQJ�OHYHO��:/��LV�D�PHDVXUH�RI�WKH�
DWPRVSKHULF�FRQFHQWUDWLRQ�RI�UDGRQ�DQG�LWV�VKRUW�OLYHG�SURJHQ\���2QH�:/�LV�GHILQHG�DV�DQ\�FRPELQDWLRQ�
RI�VKRUW�OLYHG�UDGRQ�GDXJKWHUV��WKURXJK�SRORQLXP�������SHU�OLWHU�RI�DLU��WKDW�ZLOO�UHVXOW�LQ�WKH�HPLVVLRQ�RI�
���[����0H9�RI�DOSKD�HQHUJ\���$Q�DFWLYLW\�FRQFHQWUDWLRQ�RI�����S&L�UDGRQ�����/�RI�DLU��LQ�HTXLOLEULXP�
ZLWK�LWV�GDXJKWHUV��FRUUHVSRQGV�DSSUR[LPDWHO\�WR�D�SRWHQWLDO�DOSKD�HQHUJ\�FRQFHQWUDWLRQ�RI���:/���7KH�
:/�XQLW�FDQ�DOVR�EH�XVHG�IRU�WKRURQ�GDXJKWHUV���,Q�WKLV�FDVH�����[����0H9�RI�DOSKD�HQHUJ\����:/��LV�
UHOHDVHG�E\�WKH�WKRURQ�GDXJKWHUV�LQ�HTXLOLEULXP�ZLWK�����S&L�WKRURQ�/���7KH�SRWHQWLDO�DOSKD�HQHUJ\�
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PLUTONIUM D-7 

APPENDIX D 

H[SRVXUH�RI�PLQHUV�LV�FRPPRQO\�H[SUHVVHG�LQ�WKH�XQLW�:RUNLQJ�/HYHO�0RQWK��:/0����2QH�:/0�
FRUUHVSRQGV�WR�H[SRVXUH�WR�D�FRQFHQWUDWLRQ�RI���:/�IRU�WKH�UHIHUHQFH�SHULRG�RI�����KRXUV��RU�PRUH�
JHQHUDOO\�

:/0� �FRQFHQWUDWLRQ��:/��[�H[SRVXUH�WLPH��PRQWKV� ��RQH�³PRQWK´� �����ZRUNLQJ�KRXUV���

D.3.2 Dosimetry Models 

'RVLPHWU\�PRGHOV�DUH�XVHG�WR�HVWLPDWH�WKH�GRVH�IURP�LQWHUQDOO\�GHSRVLWHG�WR�UDGLRDFWLYH�VXEVWDQFHV�� 7KH�
PRGHOV�IRU�LQWHUQDO�GRVLPHWU\�FRQVLGHU�WKH�DPRXQW�RI�UDGLRQXFOLGHV�HQWHULQJ�WKH�ERG\��WKH�IDFWRUV�
DIIHFWLQJ�WKHLU�PRYHPHQW�RU�WUDQVSRUW�WKURXJK�WKH�ERG\��GLVWULEXWLRQ�DQG�UHWHQWLRQ�RI�UDGLRQXFOLGHV�LQ�WKH�
ERG\��DQG�WKH�HQHUJ\�GHSRVLWHG�LQ�RUJDQV�DQG�WLVVXHV�IURP�WKH�UDGLDWLRQ�WKDW�LV�HPLWWHG�GXULQJ�VSRQWDQHRXV�
GHFD\�SURFHVVHV�� 7KH�GRVH�SDWWHUQ�IRU�UDGLRDFWLYH�PDWHULDOV�LQ�WKH�ERG\�PD\�EH�VWURQJO\�LQIOXHQFHG�E\�WKH�
URXWH�RI�HQWU\�RI�WKH�PDWHULDO���)RU�LQGXVWULDO�ZRUNHUV��LQKDODWLRQ�RI�UDGLRDFWLYH�SDUWLFOHV�ZLWK�SXOPRQDU\�
GHSRVLWLRQ�DQG�SXQFWXUH�ZRXQGV�ZLWK�VXEFXWDQHRXV�GHSRVLWLRQ�KDYH�EHHQ�WKH�PRVW�IUHTXHQW���7KH�JHQHUDO�
SRSXODWLRQ�KDV�EHHQ�H[SRVHG�YLD�LQJHVWLRQ�DQG�LQKDODWLRQ�RI�ORZ�OHYHOV�RI�QDWXUDOO\�RFFXUULQJ�
UDGLRQXFOLGHV�DV�ZHOO�DV�UDGLRQXFOLGHV�IURP�QXFOHDU�ZHDSRQV�WHVWLQJ��

7KH�PRGHOV�IRU�H[WHUQDO�GRVLPHWU\�FRQVLGHU�RQO\�WKH�SKRWRQ�GRVHV��DQG�QHXWURQ�GRVHV��ZKHUH�DSSOLFDEOH��
WR�RUJDQV�RI�LQGLYLGXDOV�ZKR�DUH�LPPHUVHG�LQ�DLU�RU�DUH�H[SRVHG�WR�D�FRQWDPLQDWHG�REMHFW���

D.3.2.1  Ingestion. ,QJHVWLRQ�RI�UDGLRDFWLYH�PDWHULDOV�LV�PRVW�OLNHO\�WR�RFFXU�IURP�FRQWDPLQDWHG�
IRRGVWXIIV�RU�ZDWHU�RU�HYHQWXDO�LQJHVWLRQ�RI�LQKDOHG�FRPSRXQGV�LQLWLDOO\�GHSRVLWHG�LQ�WKH�OXQJ���,QJHVWLRQ�
RI�UDGLRDFWLYH�PDWHULDO�PD\�UHVXOW�LQ�WR[LF�HIIHFWV�DV�D�UHVXOW�RI�HLWKHU�DEVRUSWLRQ�RI�WKH�UDGLRQXFOLGH�RU�
LUUDGLDWLRQ�RI�WKH�JDVWURLQWHVWLQDO�WUDFW�GXULQJ�SDVVDJH�WKURXJK�WKH�WUDFW��RU�D�FRPELQDWLRQ�RI�ERWK���7KH�
IUDFWLRQ�RI�D�UDGLRDFWLYH�PDWHULDO�DEVRUEHG�IURP�WKH�JDVWURLQWHVWLQDO�WUDFW�LV�YDULDEOH��GHSHQGLQJ�RQ�WKH�
VSHFLILF�HOHPHQW��WKH�SK\VLFDO�DQG�FKHPLFDO�IRUP�RI�WKH�PDWHULDO�LQJHVWHG��DQG�WKH�GLHW��DV�ZHOO�DV�VRPH�
RWKHU�PHWDEROLF�DQG�SK\VLRORJLFDO�IDFWRUV�� 7KH�DEVRUSWLRQ�RI�VRPH�HOHPHQWV�LV�LQIOXHQFHG�E\�DJH��XVXDOO\�
ZLWK�KLJKHU�DEVRUSWLRQ�LQ�WKH�YHU\�\RXQJ��

D.3.2.2  Inhalation. 7KH�LQKDODWLRQ�URXWH�RI�H[SRVXUH�KDV�ORQJ�EHHQ�UHFRJQL]HG�DV�EHLQJ�D�PDMRU�
SRUWDO�RI�HQWU\�IRU�ERWK�QRQUDGLRDFWLYH�DQG�UDGLRDFWLYH�PDWHULDOV�� 7KH�GHSRVLWLRQ�RI�SDUWLFOHV�ZLWKLQ� WKH�
OXQJ�LV�ODUJHO\�GHSHQGHQW�XSRQ�WKH�VL]H�RI�WKH�SDUWLFOHV�EHLQJ�LQKDOHG���$IWHU�WKH�SDUWLFOH�LV�GHSRVLWHG��WKH�
UHWHQWLRQ�ZLOO�GHSHQG�XSRQ�WKH�SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI�WKH�GXVW�DQG�WKH�SK\VLRORJLFDO�VWDWXV�RI�
WKH�OXQJ���7KH�UHWHQWLRQ�RI�WKH�SDUWLFOH�LQ�WKH�OXQJ�GHSHQGV�RQ�WKH�ORFDWLRQ�RI�GHSRVLWLRQ��LQ�DGGLWLRQ�WR�WKH�
SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI�WKH�SDUWLFOHV�� 7KH�FRQYHUVH�RI�SXOPRQDU\�UHWHQWLRQ�LV�SXOPRQDU\�
FOHDUDQFH�� 7KHUH�DUH�WKUHH�GLVWLQFW�PHFKDQLVPV�RI�FOHDUDQFH�ZKLFK�RSHUDWH�VLPXOWDQHRXVO\���&LOLDU\�
FOHDUDQFH�DFWV�RQO\�LQ�WKH�XSSHU�UHVSLUDWRU\�WUDFW�� 7KH�VHFRQG�DQG�WKLUG�PHFKDQLVPV�DFW�PDLQO\�LQ�WKH�
GHHS�UHVSLUDWRU\�WUDFW�� 7KHVH�DUH�SKDJRF\WRVLV�DQG�DEVRUSWLRQ���3KDJRF\WRVLV�LV�WKH�HQJXOILQJ�RI�IRUHLJQ�
ERGLHV�E\�DOYHRODU�PDFURSKDJHV�DQG�WKHLU�VXEVHTXHQW�UHPRYDO�HLWKHU�XS�WKH�FLOLDU\��HVFDODWRU��RU�E\�
HQWUDQFH�LQWR�WKH�O\PSKDWLF�V\VWHP���6RPH�LQKDOHG�VROXEOH�SDUWLFOHV�DUH�DEVRUEHG�LQWR�WKH�EORRG�DQG�
WUDQVORFDWHG�WR�RWKHU�RUJDQV�DQG�WLVVXHV��

D.3.3 Internal Emitters 

$Q�LQWHUQDO�HPLWWHU�LV�D�UDGLRQXFOLGH�WKDW�LV�LQVLGH�WKH�ERG\���7KH�DEVRUEHG�GRVH�IURP�LQWHUQDOO\�GHSRVLWHG�
UDGLRLVRWRSHV�GHSHQGV�RQ�WKH�HQHUJ\�DEVRUEHG�SHU�XQLW�WLVVXH�E\�WKH�LUUDGLDWHG�WLVVXH���)RU�D�UDGLRLVRWRSH�
GLVWULEXWHG�XQLIRUPO\�WKURXJKRXW�DQ�LQILQLWHO\�ODUJH�PHGLXP��WKH�FRQFHQWUDWLRQ�RI�DEVRUEHG�HQHUJ\�PXVW�
EH�HTXDO�WR�WKH�FRQFHQWUDWLRQ�RI�HQHUJ\�HPLWWHG�E\�WKH�LVRWRSH���$Q�LQILQLWHO\�ODUJH�PHGLXP�PD\�EH�
DSSUR[LPDWHG�E\�D�WLVVXH�PDVV�ZKRVH�GLPHQVLRQV�H[FHHG�WKH�UDQJH�RI�WKH�SDUWLFOH���$OO�DOSKD�DQG�PRVW�
EHWD�UDGLDWLRQ�ZLOO�EH�DEVRUEHG�LQ�WKH�RUJDQ��RU�WLVVXH��RI�UHIHUHQFH���*DPPD�HPLWWLQJ�LVRWRSH�HPLVVLRQV�
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PLUTONIUM D-8 

APPENDIX D 

DUH�SHQHWUDWLQJ�UDGLDWLRQ��DQG�D�VXEVWDQWLDO�IUDFWLRQ�RI�JDPPD�HQHUJ\�PD\�EH�DEVRUEHG�LQ�WLVVXH���7KH�GRVH�
WR�DQ�RUJDQ�RU�WLVVXH�LV�D�IXQFWLRQ�RI�WKH�HIIHFWLYH�UHWHQWLRQ�KDOI�WLPH��WKH�HQHUJ\�UHOHDVHG�LQ�WKH�WLVVXH��WKH�
DPRXQW�RI�UDGLRDFWLYLW\�LQLWLDOO\�LQWURGXFHG��DQG�WKH�PDVV�RI�WKH�RUJDQ�RU�WLVVXH��

D.4 BIOLOGICAL EFFECTS OF RADIATION 

:KHQ�ELRORJLFDO�PDWHULDO�LV�H[SRVHG�WR�LRQL]LQJ�UDGLDWLRQ��D�FKDLQ�RI�FHOOXODU�HYHQWV�RFFXUV�DV�WKH�LRQL]LQJ�
SDUWLFOH�SDVVHV�WKURXJK�WKH�ELRORJLFDO�PDWHULDO���$�QXPEHU�RI�WKHRULHV�KDYH�EHHQ�SURSRVHG�WR�GHVFULEH�WKH�
LQWHUDFWLRQ�RI�UDGLDWLRQ�ZLWK�ELRORJLFDOO\�LPSRUWDQW�PROHFXOHV�LQ�FHOOV�DQG�WR�H[SODLQ�WKH�UHVXOWLQJ�GDPDJH�
WR�ELRORJLFDO�V\VWHPV�IURP�WKRVH�LQWHUDFWLRQV�� 0DQ\�IDFWRUV�PD\�PRGLI\�WKH�UHVSRQVH�RI�D�OLYLQJ�
RUJDQLVP�WR�D�JLYHQ�GRVH�RI�UDGLDWLRQ���)DFWRUV�UHODWHG�WR�WKH�H[SRVXUH�LQFOXGH�WKH�GRVH�UDWH��WKH�HQHUJ\�RI�
WKH�UDGLDWLRQ��DQG�WKH�WHPSRUDO�SDWWHUQ�RI�WKH�H[SRVXUH���%LRORJLFDO�FRQVLGHUDWLRQV�LQFOXGH�IDFWRUV�VXFK�DV�
VSHFLHV��DJH��VH[��DQG�WKH�SRUWLRQ�RI�WKH�ERG\�H[SRVHG���6HYHUDO�H[FHOOHQW�UHYLHZV�RI�WKH�ELRORJLFDO�HIIHFWV�
RI�UDGLDWLRQ�KDYH�EHHQ�SXEOLVKHG��DQG�WKH�UHDGHU�LV�UHIHUUHG�WR�WKHVH�IRU�D�PRUH�LQ�GHSWK�GLVFXVVLRQ�
�%URGVN\�������+REEV�DQG�0F&OHOODQ�������,&53�������0HWWOHU�DQG�0RVHOH\�������5XELQ�DQG�&DVDUHWW�
�������

D.4.1 Radiation Effects at the Cellular Level 

$FFRUGLQJ�WR�0HWWOHU�DQG�0RVHOH\���������DW�DFXWH�GRVHV�XS�WR����UDG������P*\���VLQJOH�VWUDQG�EUHDNV�LQ�
'1$�PD\�EH�SURGXFHG���7KHVH�VLQJOH�VWUDQG�EUHDNV�PD\�EH�UHSDLUHG�UDSLGO\���:LWK�GRVHV�LQ�WKH�UDQJH�RI�
��±����UDG�����±��*\���LUUHSDUDEOH�GRXEOH�VWUDQGHG�'1$�EUHDNV�DUH�OLNHO\��UHVXOWLQJ�LQ�FHOOXODU�
UHSURGXFWLYH�GHDWK�DIWHU�RQH�RU�PRUH�GLYLVLRQV�RI�WKH�LUUDGLDWHG�SDUHQW�FHOO���$W�ODUJH�GRVHV�RI�UDGLDWLRQ��
XVXDOO\�JUHDWHU�WKDQ�����UDG����*\���GLUHFW�FHOO�GHDWK�EHIRUH�GLYLVLRQ��LQWHUSKDVH�GHDWK��PD\�RFFXU�IURP�
WKH�GLUHFW�LQWHUDFWLRQ�RI�IUHH�UDGLFDOV�ZLWK�HVVHQWLDOO\�FHOOXODU�PDFURPROHFXOHV�� 0RUSKRORJLFDO�FKDQJHV�DW�
WKH�FHOOXODU�OHYHO��WKH�VHYHULW\�RI�ZKLFK�DUH�GRVH�GHSHQGHQW��PD\�DOVR�EH�REVHUYHG��

7KH�VHQVLWLYLW\�RI�YDULRXV�FHOO�W\SHV�YDULHV���$FFRUGLQJ�WR�WKH�%HUJRQLH�7ULERQGHDX�ODZ��WKH�VHQVLWLYLW\�RI�
FHOO�OLQHV�LV�GLUHFWO\�SURSRUWLRQDO�WR�WKHLU�PLWRWLF�UDWH�DQG�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�GHJUHH�RI�
GLIIHUHQWLDWLRQ��0HWWOHU�DQG�0RVHOH\���������5XELQ�DQG�&DVDUHWW��������GHYLVHG�D�FODVVLILFDWLRQ�V\VWHP�
WKDW�FDWHJRUL]HG�FHOOV�DFFRUGLQJ�WR�W\SH��IXQFWLRQ��DQG�PLWRWLF�DFWLYLW\���7KH�FDWHJRULHV�UDQJH�IURP�WKH�
PRVW�VHQVLWLYH�W\SH���YHJHWDWLYH�LQWHUPLWRWLF�FHOOV����IRXQG�LQ�WKH�VWHP�FHOOV�RI�WKH�ERQH�PDUURZ�DQG�WKH�
JDVWURLQWHVWLQDO�WUDFW��WR�WKH�OHDVW�VHQVLWLYH�FHOO�W\SH���IL[HG�SRVWPLWRWLF�FHOOV���IRXQG�LQ�VWULDWHG�PXVFOHV�RU�
ORQJ�OLYHG�QHXUDO�WLVVXHV��

&HOOXODU�FKDQJHV�PD\�UHVXOW�LQ�FHOO�GHDWK��ZKLFK�LI�H[WHQVLYH��PD\�SURGXFH�LUUHYHUVLEOH�GDPDJH�WR�DQ�
RUJDQ�RU�WLVVXH�RU�PD\�UHVXOW�LQ�WKH�GHDWK�RI�WKH�LQGLYLGXDO���,I�WKH�FHOO�UHFRYHUV��DOWHUHG�PHWDEROLVP�DQG�
IXQFWLRQ�PD\�VWLOO�RFFXU��ZKLFK�PD\�EH�UHSDLUHG�RU�PD\�UHVXOW�LQ�WKH�PDQLIHVWDWLRQ�RI�FOLQLFDO�V\PSWRPV��
7KHVH�FKDQJHV�PD\�DOVR�EH�H[SUHVVHG�DW�D�ODWHU�WLPH�DV�WXPRUV�RU�FHOOXODU�PXWDWLRQV��ZKLFK�PD\�UHVXOW�LQ�
DEQRUPDO�WLVVXH��

D.4.2 Radiation Effects at the Organ Level 

,Q�PRVW�RUJDQV�DQG�WLVVXHV�WKH�LQMXU\�DQG�WKH�XQGHUO\LQJ�PHFKDQLVP�IRU�WKDW�LQMXU\�DUH�FRPSOH[�DQG�PD\�
LQYROYH�D�FRPELQDWLRQ�RI�HYHQWV���7KH�H[WHQW�DQG�VHYHULW\�RI�WKLV�WLVVXH�LQMXU\�DUH�GHSHQGHQW�XSRQ�WKH�
UDGLRVHQVLWLYLW\�RI�WKH�YDULRXV�FHOO�W\SHV�LQ�WKDW�RUJDQ�V\VWHP���5XELQ�DQG�&DVDUHWW��������GHVFULEH�DQG�
VFKHPDWLFDOO\�GLVSOD\�WKH�HYHQWV�IROORZLQJ�UDGLDWLRQ�LQ�VHYHUDO�RUJDQ�V\VWHP�W\SHV���7KHVH�LQFOXGH�� D�
UDSLG�UHQHZDO�V\VWHP��VXFK�DV�WKH�JDVWURLQWHVWLQDO�PXFRVD��D�VORZ�UHQHZDO�V\VWHP��VXFK�DV�WKH�SXOPRQDU\�
HSLWKHOLXP��DQG�D�QRQUHQHZDO�V\VWHP��VXFK�DV�QHXUDO�RU�PXVFOH�WLVVXH���,Q�WKH�UDSLG�UHQHZDO�V\VWHP��RUJDQ�
LQMXU\�UHVXOWV�IURP�WKH�GLUHFW�GHVWUXFWLRQ�RI�KLJKO\�UDGLRVHQVLWLYH�FHOOV��VXFK�DV�WKH�VWHP�FHOOV�LQ�WKH�ERQH�
PDUURZ���,QMXU\�PD\�DOVR�UHVXOW�IURP�FRQVWULFWLRQ�RI�WKH�PLFURFLUFXODWLRQ�DQG�IURP�HGHPD�DQG�
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PLUTONIUM D-9 

APPENDIX D 

LQIODPPDWLRQ�RI�WKH�EDVHPHQW�PHPEUDQH��GHVLJQDWHG�DV�WKH�KLVWRKHPDWLF�EDUULHU��++%���ZKLFK�PD\�
SURJUHVV�WR�ILEURVLV���,Q�VORZ�UHQHZDO�DQG�QRQUHQHZDO�V\VWHPV��WKH�UDGLDWLRQ�PD\�KDYH�OLWWOH�HIIHFW�RQ�WKH�
SDUHQFK\PDO�FHOOV��EXW�XOWLPDWH�SDUHQFK\PDO�DWURSK\�DQG�GHDWK�RYHU�VHYHUDO�PRQWKV�UHVXOW�IURP�++%�
ILEURVLV�DQG�RFFOXVLRQ�RI�WKH�PLFURFLUFXODWLRQ��

D.4.3 Low Level Radiation Effects 

&DQFHU�LV�WKH�PDMRU�ODWHQW�KDUPIXO�HIIHFW�SURGXFHG�E\�LRQL]LQJ�UDGLDWLRQ�DQG�WKH�RQH�WKDW�PRVW�SHRSOH�
H[SRVHG�WR�UDGLDWLRQ�DUH�FRQFHUQHG�DERXW�� 7KH�DELOLW\�RI�DOSKD��EHWD��DQG�JDPPD�UDGLDWLRQ�WR�SURGXFH�
FDQFHU�LQ�YLUWXDOO\�HYHU\�WLVVXH�DQG�RUJDQ�LQ�ODERUDWRU\�DQLPDOV�KDV�EHHQ�ZHOO�GHPRQVWUDWHG���7KH�
GHYHORSPHQW�RI�FDQFHU�LV�QRW�DQ�LPPHGLDWH�HIIHFW���5DGLDWLRQ�LQGXFHG�OHXNHPLD�KDV�WKH�VKRUWHVW�ODWHQW�
SHULRG�DW���\HDUV��ZKLOH�RWKHU�UDGLDWLRQ�LQGXFHG�FDQFHUV�KDYH�ODWHQW�SHULRGV�!���\HDUV��7KH�PHFKDQLVP�E\�
ZKLFK�FDQFHU�LV�LQGXFHG�LQ�OLYLQJ�FHOOV�LV�FRPSOH[�DQG�LV�D�WRSLF�RI��LQWHQVH�VWXG\���([SRVXUH�WR�LRQL]LQJ�
UDGLDWLRQ�FDQ�SURGXFH�FDQFHU�DW�DQ\�VLWH�ZLWKLQ�WKH�ERG\��KRZHYHU��VRPH�VLWHV�DSSHDU�WR�EH�PRUH�FRPPRQ�
WKDQ�RWKHUV��VXFK�DV�WKH�EUHDVW��OXQJ��VWRPDFK��DQG�WK\URLG���

'1$�LV�D�PDMRU�WDUJHW�PROHFXOH�GXULQJ�H[SRVXUH�WR�LRQL]LQJ�UDGLDWLRQ���2WKHU�PDFURPROHFXOHV��VXFK�DV�
OLSLGV�DQG�SURWHLQV��DUH�DOVR�DW�ULVN�RI�GDPDJH�ZKHQ�H[SRVHG�WR�LRQL]LQJ�UDGLDWLRQ���7KH�JHQRWR[LFLW\�RI�
LRQL]LQJ�UDGLDWLRQ�LV�DQ�DUHD�RI�LQWHQVH�VWXG\��DV�GDPDJH�WR�WKH��'1$�LV�XOWLPDWHO\�UHVSRQVLEOH�IRU�PDQ\�RI�
WKH�DGYHUVH�WR[LFRORJLFDO�HIIHFWV�DVFULEHG�WR�LRQL]LQJ�UDGLDWLRQ��LQFOXGLQJ�FDQFHU�� 'DPDJH�WR�JHQHWLF�
PDWHULDO�LV�EDVLF�WR�GHYHORSPHQWDO�RU�WHUDWRJHQLF�HIIHFWV��DV�ZHOO���+RZHYHU��IRU�HIIHFWV�RWKHU�WKDQ�FDQFHU��
WKHUH�LV�OLWWOH�HYLGHQFH�RI�KXPDQ�HIIHFWV�DW�ORZ�OHYHOV�RI�H[SRVXUH��

D.5 UNITS IN RADIATION PROTECTION AND REGULATION 

D.5.1  Dose Equivalent (or equivalent dose) 

'RVH�HTXLYDOHQW��DV�PHDVXUHG�LQ�UHP�RU�6LHYHUW��LV�D�VSHFLDO�UDGLDWLRQ�SURWHFWLRQ�TXDQWLW\�WKDW�LV�XVHG��IRU�
DGPLQLVWUDWLYH�DQG�UDGLDWLRQ�VDIHW\�SXUSRVHV�RQO\��WR�H[SUHVV�WKH�DEVRUEHG�GRVH�LQ�D�PDQQHU�ZKLFK�
FRQVLGHUV�WKH�GLIIHUHQFH�LQ�ELRORJLFDO�HIIHFWLYHQHVV�RI�YDULRXV�NLQGV�RI�LRQL]LQJ�UDGLDWLRQ�� 7KH�GRVH�
HTXLYDOHQW�FRQFHSW�LV�DSSOLFDEOH�RQO\�WR�GRVHV�WKDW�DUH�QRW�JUHDW�HQRXJK�WR�SURGXFH�ELRPHGLFDO�HIIHFWV��

7KH�15&�GHILQHV�WKH�GRVH�HTXLYDOHQW��+��DV�WKH�SURGXFW�RI�WKH�DEVRUEHG�GRVH��'��DQG�WKH�TXDOLW\�IDFWRU��4��
DW�WKH�SRLQW�RI�LQWHUHVW�LQ�ELRORJLFDO�WLVVXH�� 7KLV�UHODWLRQVKLS�LV�H[SUHVVHG�DV�+� �'�[�4���7KH�1&53�
GHILQHV�HTXLYDOHQW�GRVH��+��DV�WKH�SURGXFW�RI�WKH�DEVRUEHG�GRVH��'��DQG�WKH�UDGLDWLRQ�ZHLJKWLQJ�IDFWRU��ZU��
7KLV�UHODWLRQVKLS�LV�H[SUHVVHG�DV�+� �'ZU��

7KH�TXDOLW\�IDFWRU�RU�UDGLDWLRQ�ZHLJKWLQJ�IDFWRU�LV�D�GLPHQVLRQOHVV�TXDQWLW\�WKDW�GHSHQGV�LQ�SDUW�RQ�WKH�
VWRSSLQJ�SRZHU�IRU�FKDUJHG�SDUWLFOHV��DQG�LW�DFFRXQWV�IRU�WKH�GLIIHUHQFHV�LQ�ELRORJLFDO�HIIHFWLYHQHVV�IRXQG�
DPRQJ�WKH�W\SHV�RI�UDGLDWLRQ���2ULJLQDOO\�UHODWLYH�ELRORJLFDO�HIIHFWLYHQHVV��5%(��ZDV�XVHG�UDWKHU�WKDQ�4�
WR�GHILQH�WKH�TXDQWLW\��UHP��ZKLFK�ZDV�RI�XVH�LQ�ULVN�DVVHVVPHQW�� 7KH�JHQHUDOO\�DFFHSWHG�YDOXHV�IRU�
TXDOLW\�IDFWRUV�DQG�UDGLDWLRQ�ZHLJKWLQJ�IDFWRUV�IRU�YDULRXV�UDGLDWLRQ�W\SHV�DUH�SURYLGHG�LQ�7DEOH�'�����7KH�
GRVH�HTXLYDOHQW�UDWH�LV�WKH�WLPH�UDWH�RI�FKDQJH�RI�WKH�GRVH�HTXLYDOHQW�WR�RUJDQV�DQG�WLVVXHV�DQG�LV�
H[SUHVVHG�DV�UHP�XQLW�WLPH�RU�VLHYHUW�XQLW�WLPH��
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APPENDIX D  

Table D-3.  Quality Factors (Q) and Radiation Weighting Factors 

5DGLDWLRQ�:HLJKWLQJ�)DFWRU��ZU��
7\SH�RI�UDGLDWLRQ� 4XDOLW\�IDFWRU��4��

;��JDPPD��RU�EHWD�UDGLDWLRQ� �� ��

$OSKD�SDUWLFOHV��PXOWLSOH�FKDUJHG� ��� ���
SDUWLFOHV��ILVVLRQ�IUDJPHQWV�DQG�
KHDY\�SDUWLFOHV�RI�XQNQRZQ�FKDUJH�

1HXWURQV������NH9�WR���0H9��� �������GHSHQGLQJ�RQ� ���
SURWRQV��DOSKD�SDUWLFOHV��FKDUJHG� HQHUJ\�
SDUWLFOHV�RI�XQNQRZQ�HQHUJ\�

1HXWURQV�RI�XQNQRZQ�HQHUJ\� ���

7KHUPDO�QHXWURQV� �� ��

+LJK�HQHUJ\�SURWRQV� ��� ��

6RXUFH�  
8615&��������� 6WDQGDUGV�IRU�WKH�SURWHFWLRQ�DJDLQVW�UDGLDWLRQ��WDEOHV������E����DQG������E����� ���&)5�����������8�6�� 
1XFOHDU�5HJXODWRU\�&RPPLVVLRQ��:DVKLQJWRQ��'�&�  
1&53�����  

D.5.2  Relative Biological Effectiveness 

5%(�LV�XVHG�WR�GHQRWH�WKH�H[SHULPHQWDOO\�GHWHUPLQHG�UDWLR�RI�WKH�DEVRUEHG�GRVH�IURP�RQH�UDGLDWLRQ�W\SH�
WR�WKH�DEVRUEHG�GRVH�RI�D�UHIHUHQFH�UDGLDWLRQ�UHTXLUHG�WR�SURGXFH�DQ�LGHQWLFDO�ELRORJLF�HIIHFW�XQGHU�WKH�
VDPH�FRQGLWLRQV���*DPPD�UD\V�IURP�FREDOW����DQG����±����NH9�[�UD\V�KDYH�EHHQ�XVHG�DV�UHIHUHQFH�
VWDQGDUGV���7KH�WHUP�5%(�KDV�EHHQ�ZLGHO\�XVHG�LQ�H[SHULPHQWDO�UDGLRELRORJ\��DQG�WKH�WHUP�TXDOLW\�IDFWRU�
�RU�UDGLDWLRQ�ZHLJKWLQJ�IDFWRU��XVHG�LQ�FDOFXODWLRQV�RI�GRVH�HTXLYDOHQW�IRU�UDGLDWLRQ�VDIHW\�SXUSRVHV��,&53�
������1&53�������816&($5���������5%(�DSSOLHV�RQO\�WR�D�VSHFLILF�ELRORJLFDO�HQG�SRLQW��LQ�D�VSHFLILF�
H[SRVXUH��XQGHU�VSHFLILF�FRQGLWLRQV�WR�D�VSHFLILF�VSHFLHV�� 7KHUH�DUH�QR�JHQHUDOO\�DFFHSWHG�YDOXHV�RI�5%(��

D.5.3  Effective Dose Equivalent (or effective dose) 

7KH�DEVRUEHG�GRVH�LV�XVXDOO\�GHILQHG�DV�WKH�PHDQ�DEVRUEHG�GRVH�ZLWKLQ�DQ�RUJDQ�RU�WLVVXH�� 7KLV�
UHSUHVHQWV�D�VLPSOLILFDWLRQ�RI�WKH�DFWXDO�SUREOHP���1RUPDOO\�ZKHQ�DQ�LQGLYLGXDO�LQJHVWV�RU�LQKDOHV�D�
UDGLRQXFOLGH�RU�LV�H[SRVHG�WR�H[WHUQDO�UDGLDWLRQ�WKDW�HQWHUV�WKH�ERG\��JDPPD���WKH�GRVH�LV�QRW�XQLIRUP�
WKURXJKRXW�WKH�ZKROH�ERG\���7KH�VLPSOLI\LQJ�DVVXPSWLRQ�LV�WKDW�WKH�GHWULPHQW�ZLOO�EH�WKH�VDPH�ZKHWKHU�
WKH�ERG\�LV�XQLIRUPO\�RU�QRQ�XQLIRUPO\�LUUDGLDWHG���,Q�DQ�DWWHPSW�WR�FRPSDUH�GHWULPHQW�IURP�DEVRUEHG�
GRVH�RI�D�OLPLWHG�SRUWLRQ�RI�WKH�ERG\�ZLWK�WKH�GHWULPHQW�IURP�WRWDO�ERG\�GRVH��WKH�,&53��������GHULYHG�D�
FRQFHSW�RI�HIIHFWLYH�GRVH�HTXLYDOHQW���,&53��������FKDQJHV�WKLV�WHUP�WR�HIIHFWLYH�GRVH��EXW�LW�KDV�QRW�\HW�
EHHQ�DGRSWHG�E\�WKH�15&�RU�'2(����

7KH�HIIHFWLYH�GRVH�HTXLYDOHQW��+(��LV�

+(� ���:W�+W�

ZKHUH�+W� LV�WKH�GRVH�HTXLYDOHQW��RU�HTXLYDOHQW�GRVH��LQ�WKH�WLVVXH�W��:W� LV�WKH�WLVVXH�ZHLJKWLQJ�IDFWRU�LQ�WKDW�
WLVVXH��ZKLFK�UHSUHVHQWV�WKH�HVWLPDWHG�SURSRUWLRQ�RI�WKH�VWRFKDVWLF�ULVN�UHVXOWLQJ�IURP�WLVVXH��W��WR�WKH�
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APPENDIX D 

VWRFKDVWLF�ULVN�ZKHQ�WKH�ZKROH�ERG\�LV�XQLIRUPO\�LUUDGLDWHG�IRU�RFFXSDWLRQDO�H[SRVXUHV�XQGHU�FHUWDLQ�
FRQGLWLRQV��,&53���������7LVVXH�ZHLJKWLQJ�IDFWRUV�IRU�VHOHFWHG�WLVVXHV�DUH�OLVWHG�LQ�7DEOH�'����

7KH�,&58���������,&53���������DQG�1&53��������QRZ�UHFRPPHQG�WKDW�WKH�UDG��URHQWJHQ��FXULH��DQG�UHP�
EH�UHSODFHG�E\�WKH�6,�XQLWV� �JUD\��*\���&RXORPE�SHU�NLORJUDP��&�NJ���%HFTXHUHO��%T���DQG�VLHYHUW��6Y���
UHVSHFWLYHO\���7KH�UHODWLRQVKLS�EHWZHHQ�WKH�FXVWRPDU\�XQLWV�DQG�WKH�LQWHUQDWLRQDO�V\VWHP�RI�XQLWV��6,��IRU�
UDGLRORJLFDO�TXDQWLWLHV�LV�VKRZQ�LQ�7DEOH�'����

Table D-4.  Tissue Weighting Factors for Calculating Effective Dose  
Equivalent and Effective Dose for Selected Tissues  

7LVVXH�:HLJKWLQJ�IDFWRU�

7LVVXH� 1&53�����,&53��� 15&�,&53���

%ODGGHU� ����� ±�
%RQH�PDUURZ� ����� �����
%RQH�VXUIDFH� ����� �����
%UHDVW� ����� �����
&RORQ� ����� ±�
(VRSKDJXV� ����� ±�
*RQDGV� ����� �����
/LYHU� ����� ±�
/XQJ� ����� �����
2YDU\� ±�
6NLQ� ����� ±�
6WRPDFK� ����� ±�
7K\URLG� ����� �����
Remainder ����� �����

Total ����� �����

,&53��� �,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�5DGLRORJLFDO�3URWHFWLRQ�������5HFRPPHQGDWLRQV�RI�WKH�,&53�
1&53���� �1DWLRQDO�&RXQFLO�RQ�5DGLDWLRQ�3URWHFWLRQ�DQG�0HDVXUHPHQWV����������5LVN�(VWLPDWHV�IRU�5DGLDWLRQ�3URWHFWLRQ��
5HSRUW�������%HWKHVGD��0DU\ODQG�
15&� �1XFOHDU�5HJXODWRU\�&RPPLVVLRQ��7LWOH�����&RGH�RI�)HGHUDO�5HJXODWLRQV��3DUW����
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PLUTONIUM D-12  

APPENDIX D  

Table D-5.  Comparison of Common and SI Units for Radiation Quantities 

&XVWRPDU\�
4XDQWLW\� XQLWV� 'HILQLWLRQ� 6,�XQLWV� 'HILQLWLRQ�

$FWLYLW\��$��

$EVRUEHG�GRVH��'��

$EVRUEHG�GRVH�UDWH�
�Ć��

'RVH�HTXLYDOHQW�
�+��

'RVH�HTXLYDOHQW�
UDWH�����

(IIHFWLYH�GRVH�

(TXLYDOHQW�GRVH�
�+��

/LQHDU�HQHUJ\�
WUDQVIHU��/(7��

FXULH��&L�� ���[�����
WUDQVIRUPDWLRQV�V���

EHFTXHUHO��%T�� V���

UDG��UDG�� �����-NJ��� JUD\���*\�� -NJ���

UDG�SHU�VHFRQG�
�UDG�V����

�����-NJ��V��� JUD\�SHU�VHFRQG�
�*\�V����

-NJ���V���

UHP� �����-NJ��� VLHYHUW��6Y�� -NJ���

UHP�SHU�VHFRQG�
�UHP�V����

�����-NJ��V��� VLHYHUW�SHU�VHFRQG�
�6Y�V����

-NJ���V���

UHP� �����-NJ��� VLHYHUW��6Y�� -NJ���

UHP� �����-NJ��� VLHYHUW��6Y�� -NJ���

NLORHOHFWURQ�YROWV� �����[������-P��� NLORHOHFWURQ�YROWV� �����[������-P���

SHU�PLFURPHWHU�
�NH9�ȝP����

SHU�PLFURPHWHU�
�NH9�ȝP����

-NJ��� �-RXOHV�SHU�NLORJUDP��-NJ��V��� �-RXOHV�SHU�NLORJUDP�SHU�VHFRQG��-P��� �-RXOHV�SHU�PHWHU��V��� �SHU�VHFRQG�
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APPENDIX D 

REFERENCES FOR APPENDIX D 

$76'5�������D���7R[LFRORJLFDO�SURILOH�IRU�WKRULXP���8�6��'HSDUWPHQW�RI�+HDOWK�DQG�+XPDQ�6HUYLFHV���
3XEOLF�+HDOWK�6HUYLFH���$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\���$WODQWD��*$��

$76'5�������E���7R[LFRORJLFDO�SURILOH�IRU�UDGLXP���8�6��'HSDUWPHQW�RI�+HDOWK�DQG��+XPDQ�6HUYLFHV���
3XEOLF�+HDOWK�6HUYLFH���$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\���$WODQWD��*$��

$76'5�������F���7R[LFRORJLFDO�SURILOH�IRU�UDGRQ���8�6��'HSDUWPHQW�RI�+HDOWK�DQG��+XPDQ�6HUYLFHV���
3XEOLF�+HDOWK�6HUYLFH���$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\���$WODQWD��*$��

$76'5��������� 7R[LFRORJLFDO�SURILOH�IRU�XUDQLXP���8�6��'HSDUWPHQW�RI�+HDOWK�DQG��+XPDQ�6HUYLFHV���
3XEOLF�+HDOWK�6HUYLFH���$JHQF\�IRU�7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\���$WODQWD��*$��

%(,5�,,,��������� 7KH�HIIHFWV�RQ�SRSXODWLRQV�RI�H[SRVXUH�WR�ORZ�OHYHOV�RI�LRQL]LQJ�UDGLDWLRQ���&RPPLWWHH�
RQ�WKH�%LRORJLFDO�(IIHFWV�RI�,RQL]LQJ�5DGLDWLRQV��1DWLRQDO�5HVHDUFK�&RXQFLO���:DVKLQJWRQ��'&���1DWLRQDO�
$FDGHP\�3UHVV��

%(,5�,9��������� +HDOWK�ULVNV�RI�UDGRQ�DQG�RWKHU�LQWHUQDOO\�GHSRVLWHG�DOSKD�HPLWWHUV���&RPPLWWHH�RQ�WKH�
%LRORJLFDO�(IIHFWV�RI�,RQL]LQJ�5DGLDWLRQV��1DWLRQDO�5HVHDUFK�&RXQFLO���:DVKLQJWRQ��'&���1DWLRQDO�
$FDGHP\�3UHVV��

%(,5�9��������� +HDOWK�HIIHFWV�RI�H[SRVXUH�WR�ORZ�OHYHOV�RI�LRQL]LQJ�UDGLDWLRQ���&RPPLWWHH�RQ�WKH�
%LRORJLFDO�(IIHFWV�RI�,RQL]LQJ�5DGLDWLRQV��1DWLRQDO�5HVHDUFK�&RXQFLO���:DVKLQJWRQ��'&���1DWLRQDO�
$FDGHP\�3UHVV��

%URGVN\�$��������� 5HYLHZ�RI�UDGLDWLRQ�ULVNV�DQG�XUDQLXP�WR[LFLW\�ZLWK�DSSOLFDWLRQ�WR�GHFLVLRQV�
DVVRFLDWHG�ZLWK�GHFRPPLVVLRQLQJ�FOHDQ�XS�FULWHULD���+HEURQ�&RQQHFWLFXW��56$�3XEOLFDWLRQV��

&HPEHU�+��������� ,QWURGXFWLRQ�WR�KHDOWK�SK\VLFV���1HZ�<RUN���1<��0F*UDZ�+LOO��

(DUO\�3��5D]]DN�0��6RGHH�'��������� 1XFOHDU�PHGLFLQH�WHFKQRORJ\����QG�HG���6W��/RXLV���&�9��0RVE\�
&RPSDQ\��

(LFKKRO]�*��������� (QYLURQPHQWDO�DVSHFWV�RI�QXFOHDU�SRZHU���$QQ�$UERU��0,���$QQ�$UERU�6FLHQFH��

+HQGHH�:����������5DGLRDFWLYH�LVRWRSHV�LQ�ELRORJLFDO�UHVHDUFK���1HZ�<RUN��1<�� -RKQ�:LOH\�DQG�6RQV��

+REEV�&��0F&OHOODQ�5����������5DGLDWLRQ�DQG�UDGLRDFWLYH�PDWHULDOV���,Q���'RXOO�-��HW�DO���HGV���&DVDUHWW�DQG�
'RXOO
V�7R[LFRORJ\����UG�HG���1HZ�<RUN��1<���0DFPLOODQ�3XEOLVKLQJ�&R���,QF������������

,&53��������� ,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�5DGLRORJLFDO�3URWHFWLRQ���5HFRPPHQGDWLRQV�RI�WKH�
,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�5DGLRORJLFDO�3URWHFWLRQ���,&53�3XEOLFDWLRQ������9RO�����1R������2[IRUG��
3HUJDPRQ�3UHVV��

,&53��������� ,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�5DGLRORJLFDO�3URWHFWLRQ���/LPLWV�IRU�LQWDNHV�RI�UDGLRQXFOLGHV�
E\�ZRUNHUV���,&53�3XEOLFDWLRQ������9RO������1R��������2[IRUG���3HUJDPRQ�3UHVV��

,&53��������� /LPLWV�IRU�,QWDNHV�RI�5DGLRQXFOLGHV�E\�:RUNHUV���3XEOLFDWLRQ������,QWHUQDWLRQDO�
&RPPLVVLRQ�RQ�5DGLRORJLFDO�3URWHFWLRQ���3HUJDPRQ�3UHVV��
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,&53��������� ,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�5DGLRORJLFDO�3URWHFWLRQ���$�FRPSLODWLRQ�RI�WKH�PDMRU�FRQFHSWV�
DQG�TXDQWLWLHV�LQ�XVH�E\�,&53���,&53�3XEOLFDWLRQ������2[IRUG���3HUJDPRQ�3UHVV��

,&53��������� ,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�5DGLRORJLFDO�3URWHFWLRQ������5HFRPPHQGDWLRQV�RI�WKH�,&53�

,&58��������� ,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�5DGLDWLRQ�8QLWV�DQG�0HDVXUHPHQWV���,&58�5HSRUW�1R�������
:DVKLQJWRQ��'&��

-DPHV�$����������$�UHFRQVLGHUDWLRQ�RI�FHOOV�DW�ULVN�DQG�RWKHU�NH\�IDFWRUV�LQ�UDGRQ�GDXJKWHU�GRVLPHWU\���,Q��
+RSNH�3��HG���5DGRQ�DQG�LWV�GHFD\�SURGXFWV���2FFXUUHQFH��SURSHUWLHV�DQG�KHDOWK�HIIHFWV���$&6�6\PSRVLXP�
6HULHV�������:DVKLQJWRQ��'&���$PHULFDQ�&KHPLFDO�6RFLHW\�����������

-DPHV�$��5R\�0��������� 'RVLPHWULF�OXQJ�PRGHOV���,Q���*HUEHU�*��HW�DO���HG���$JH�UHODWHG�IDFWRUV�LQ�
UDGLRQXFOLGH�PHWDEROLVP�DQG�GRVLPHWU\���%RVWRQ���0DUWLQXV�1LMKRII�3XEOLVKHUV���������  

.RQGR�6����������+HDOWK�HIIHFWV�RI�ORZ�OHYHO�UDGLDWLRQ� �.LQNL�8QLYHUVLW\�3UHVV��2VDND��-DSDQ��DYDLODEOH� 
IURP�0HGLFDO�3K\VLFV�3XEOLVKLQJ��0DGLVRQ��:LVFRQVLQ��  

.DWR�+��6FKXOO�:��������� 6WXGLHV�RI�WKH�PRUWDOLW\�RI�$�ERPE�VXUYLYRUV���5HSRUW���3DUW����&DQFHU�
PRUWDOLW\�DPRQJ�DWRPLF�ERPE�VXUYLYRUV������������5DGLDW�5HV�������������

0HWWOHU�)��0RVHOH\�5��������� 0HGLFDO�HIIHFWV�RI�LRQL]LQJ�UDGLDWLRQ���1HZ�<RUN�� *UXQH�DQG�6WUDWWRQ��

1&53��������� %DVLF�UDGLDWLRQ�SURWHFWLRQ�FULWHULD���1DWLRQDO�&RXQFLO�RQ�5DGLDWLRQ�3URWHFWLRQ�DQG�
0HDVXUHPHQWV���5HSRUW�1R�������:DVKLQJWRQ��'&��

1&53��������� $�KDQGERRN�RI�UDGLRDFWLYLW\�PHDVXUHPHQWV�SURFHGXUHV����QG�HG��1DWLRQDO�&RXQFLO�RQ�
5DGLDWLRQ�3URWHFWLRQ�DQG�0HDVXUHPHQWV���5HSRUW�1R�������%HWKHVGD��0'��

1&53��������� 5LVN�HVWLPDWHV�IRU�UDGLDWLRQ�SURWHFWLRQ��1DWLRQDO�&RXQFLO�RQ�5DGLDWLRQ�3URWHFWLRQ�DQG�
0HDVXUHPHQWV���5HSRUW�������%HWKHVGD��0DU\ODQG�

2WDNH�0��6FKXOO�:����������0HQWDO�UHWDUGDWLRQ�LQ�FKLOGUHQ�H[SRVHG�LQ�XWHUR�WR�WKH�DWRPLF�ERPEV� �$�
UHDVVHVVPHQW�� 7HFKQLFDO�5HSRUW�5(5)�75�������5DGLDWLRQ�(IIHFWV�5HVHDUFK�)RXQGDWLRQ��-DSDQ��

5XELQ�3��&DVDUHWW�*����������&OLQLFDO�UDGLDWLRQ�SDWKRORJ\���3KLODGHOSKLD���:�%��6DQGHUV�&RPSDQ\������ 

816&($5��������� 8QLWHG�1DWLRQV�6FLHQWLILF�&RPPLWWHH�RQ�WKH�(IIHFWV�RI�$WRPLF�5DGLDWLRQ���6RXUFHV  
DQG�HIIHFWV�RI�LRQL]LQJ�UDGLDWLRQ���1HZ�<RUN���8QLWHG�1DWLRQV�  

816&($5��������� 8QLWHG�1DWLRQV�6FLHQWLILF�&RPPLWWHH�RQ�WKH�(IIHFWV�RI�$WRPLF�5DGLDWLRQ���,RQL]LQJ  
UDGLDWLRQ���6RXUFHV�DQG�ELRORJLFDO�HIIHFWV���1HZ�<RUN�� 8QLWHG�1DWLRQV�  

816&($5��������� 8QLWHG�1DWLRQV�6FLHQWLILF�&RPPLWWHH�RQ�WKH�(IIHFWV�RI�$WRPLF�5DGLDWLRQ���*HQHWLF  
DQG�VRPDWLF�HIIHFWV�RI�LRQL]LQJ�UDGLDWLRQ���1HZ�<RUN�� 8QLWHG�1DWLRQV�  

816&($5��������� 8QLWHG�1DWLRQV�6FLHQWLILF�&RPPLWWHH�RQ�WKH�(IIHFWV�RI�$WRPLF�5DGLDWLRQ���6RXUFHV��
HIIHFWV�DQG�ULVNV�RI�LRQL]DWLRQ�UDGLDWLRQ���1HZ�<RUN�� 8QLWHG�1DWLRQV��
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PLUTONIUM D-15 

APPENDIX D 

816&($5��������� 8QLWHG�1DWLRQV�6FLHQWLILF�&RPPLWWHH�RQ�WKH�(IIHFWV�RI�$WRPLF�5DGLDWLRQ���6RXUFHV�
DQG�HIIHFWV�RI�LRQL]LQJ�UDGLDWLRQ���1HZ�<RUN��8QLWHG�1DWLRQV��

8615&��������� 6WDQGDUGV�IRU�WKH�SURWHFWLRQ�DJDLQVW�UDGLDWLRQ��WDEOH������E���������&)5�����������8�6��
1XFOHDU�5HJXODWRU\�&RPPLVVLRQ��:DVKLQJWRQ��'�&��
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  PLUTONIUM D-16  

APPENDIX D 

7KLV�SDJH�LV�LQWHQWLRQDOO\�EODQN��
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PLUTONIUM E-1 

APPENDIX E.  INDEX  

DEVRUEHG�GRVH������������������������������������������������������������������������������������������������������������������������������������������  
DFWLYLW\�PHGLDQ�DHURG\QDPLF�GLDPHWHU��VHH�$0$'���������������������������������������������������������������������������������  
DGHQRFDUFLQRPDV������������������������������������������������������������������������������������������������������������������������������������������  
DGVRUEHG ��������������������������������������������������������������������������������������������������������������������������������������������  
DGVRUSWLRQ������������������������������������������������������������������������������������������������������������������������������������������������������� 
DODQLQH�DPLQRWUDQVIHUDVH��VHH�$/7� ��������������������������������������������������������������������������������������������������������������� 
$/,��VHH�DQQXDO�OLPLWV�RQ�LQWDNH�������������������������������������������������������������������������������������������������������  
$/7��VHH�DODQLQH�DPLQRWUDQVIHUDVH� ��������������������������������������������������������������������������������������������������������������� 
$0$'��DFWLYLW\�PHGLDQ�DHURG\QDPLF�GLDPHWHU��������������������������������������������������������������������  
DPELHQW�DLU�����������������������������������������������������������������������������������������������������������������������������������������������  
DQQXDO�OLPLWV�RQ�LQWDNH��VHH�$/,�������������������������������������������������������������������������������������������������������������������� 
ELRDFFXPXODWLRQ��������������������������������������������������������������������������������������������������������������������������������������������� 
ELRFRQFHQWUDWLRQ�IDFWRU����������������������������������������������������������������������������������������������������������������������������������� 
ELRNLQHWLF������������������������������������������������������������������������������������������������������������������������������������������������  
ELRPDUNHU�������������������������������������������������������������������������������������������������������������������������������������������  
EORRG�FHOO�FRXQW��������������������������������������������������������������������������������������������������������������������������������������������  
EUHDVW�PLON��������������������������������������������������������������������������������������������������������������������������������������������������  
FDQFHU �������������������������������������������������������������������������������������������������������������������� 

�������������������������������������������������������������������������������������� 
FDUFLQRJHQ������������������������������������������������������������������������������������������������������������������������������������������������������ 
FDUFLQRJHQLF�������������������������������������������������������������������������������������������������������������������������������������������������  
FDUFLQRJHQLFLW\������������������������������������������������������������������������������������������������������������������������������������������������ 
FDUFLQRPD�������������������������������������������������������������������������������������������������������������������������������������������������  
FDUFLQRPDV���������������������������������������������������������������������������������������������������������������������������������������������������  
FDUGLDF�DUUK\WKPLD������������������������������������������������������������������������������������������������������������������������������������������� 
FDUGLRYDVFXODU�����������������������������������������������������������������������������������������������������������������������������������������  
FDUGLRYDVFXODU�HIIHFWV�����������������������������������������������������������������������������������������������������������������������������������  
FKURPRVRPDO�DEHUUDWLRQV ���������������������������������������������������������������������������������������������������������������������  
FOHDUDQFH���������������������������������������������������������������������������������������������������������������������  
'$&��VHH�GHULYHG�DLU�FRQFHQWUDWLRQ��������������������������������������������������������������������������������������������������������  
GHDWK���������������������������������������������������������������������������������������������������������������  
GHULYHG�DLU�FRQFHQWUDWLRQ��VHH�'$&��������������������������������������������������������������������������������������������������������������� 
HOLPLQDWLRQ�KDOI�WLPH��������������������������������������������������������������������������������������������������������������������������������������� 
HOLPLQDWLRQ�UDWH������������������������������������������������������������������������������������������������������������������������������������������������ 
HQGRFULQH�����������������������������������������������������������������������������������������������������������������������������������������������������  
HQGRFULQH�HIIHFWV���������������������������������������������������������������������������������������������������������������������������������������������� 
HU\WKHPD���������������������������������������������������������������������������������������������������������������������������������������������������������� 
IHWXV������������������������������������������������������������������������������������������������������������������������������������������������������  
IUDFWLRQDO�DEVRUSWLRQ������������������������������������������������������������������������������������������������������������������������������  
JDVWURLQWHVWLQDO�HIIHFWV������������������������������������������������������������������������������������������������������������������������������  
JHQHUDO�SRSXODWLRQ�����������������������������������������������������������������������������������������������������������������������������������  
JHQRWR[LF������������������������������������������������������������������������������������������������������������������������������������������������  
JHQRWR[LFLW\������������������������������������������������������������������������������������������������������������������������������������������������  
JHRPHWULF�VWDQGDUG�GHYLDWLRQ��VHH�*6'���������������������������������������������������������������������������������������������������������� 
JURXQGZDWHU������������������������������������������������������������������������������������������������������������������������������������� 
*6'��VHH�JHRPHWULF�VWDQGDUG�GHYLDWLRQ���������������������������������������������������������������������������������������������������  
KDOI�OLIH�����������������������������������������������������������������������������������������������������������������������������������������  
KHPDWRORJLFDO�HIIHFWV������������������������������������������������������������������������������������������������������������������������������  
KHPDWRSRLHWLF���������������������������������������������������������������������������������������������������������������������������������������  
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PLUTONIUM E-2 

$33(1',;�(�

KHSDWLF�HIIHFWV���������������������������������������������������������������������������������������������������������������������������������������������  
K\GURO\VLV�����������������������������������������������������������������������������������������������������������������������������������������������  
,&53��VHH�,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�5DGLRORJLFDO�3URWHFWLRQ������������������������������������������������ 

������������������������������������������� 
�������������������������������������������  

LPPXQH�V\VWHP������������������������������������������������������������������������������������������������������������������������������������������  
LPPXQRORJLFDO��������������������������������������������������������������������������������������������������������������������������������������  
LPPXQRORJLFDO�HIIHFWV������������������������������������������������������������������������������������������������������������������������������������� 
,QKDODWLRQ�7R[LFRORJ\�5HVHDUFK�,QVWLWXWH��VHH�,75,������������������������������������������������������������������������������������  
,QWHUQDWLRQDO�&RPPLVVLRQ�RQ�5DGLRORJLFDO�3URWHFWLRQ��VHH�,&53��������������������������������������������������������  
,75,��VHH�,QKDODWLRQ�7R[LFRORJ\�5HVHDUFK�,QVWLWXWH������������������������������������������������������������  
.RZ��������������������������������������������������������������������������������������������������������������������������������������������������������������  
OHXNHPLD������������������������������������������������������������������������������������������������������������������������������������������������  
OHXNRSHQLD����������������������������������������������������������������������������������������������������������������������������������������������������  
O\PSKDWLF����������������������������������������������������������������������������������������������������������������������������������������������  
O\PSKRSRLHWLF�����������������������������������������������������������������������������������������������������������������������������������������������  
O\PSKRUHWLFXODU ������������������������������������������������������������������������������������������������������������������������������������������  
PLFURQXFOHL�����������������������������������������������������������������������������������������������������������������������������������������������  
PLON�������������������������������������������������������������������������������������������������������������������������������������������������������������  
PXFRFLOLDU\�������������������������������������������������������������������������������������������������������������������������������������������  
PXVFXORVNHOHWDO�HIIHFWV���������������������������������������������������������������������������������������������������������������������������������  
1DWLRQDO�&RXQFLO�RQ�5DGLDWLRQ�3URWHFWLRQ��VHH�1&53� ���������������������������������������������������������������������������������� 
1&53��VHH�1DWLRQDO�&RXQFLO�RQ�5DGLDWLRQ�3URWHFWLRQ�����������������������������������������������������������������������  
QHRQDWDO ��������������������������������������������������������������������������������������������������������������������������������������������������  
QHRSODVWLF������������������������������������������������������������������������������������������������������������������������������������������������  
QHXUREHKDYLRUDO���������������������������������������������������������������������������������������������������������������������������������������������� 
QHXWURSHQLD����������������������������������������������������������������������������������������������������������������������������������������������  
QXFOHDU�������������������������������������������������������������������������������������������������������������� 

����������������������������������������������������������������������������������������  
RFXODU�HIIHFWV����������������������������������������������������������������������������������������������������������������������������������������������  
RGGV�UDWLR��������������������������������������������������������������������������������������������������������������������������������������������  
3DFLILF�1RUWKZHVW�/DERUDWRU\ �VHH�31/������������������������������������������������������������������������������������������������������  
3%%.��VHH�SK\VLRORJLFDOO\�EDVHG�ELRNLQHWLF����������������������������������������������������������������������������������������������  
SKDUPDFRG\QDPLF�������������������������������������������������������������������������������������������������������������������������������������������� 
SKDUPDFRNLQHWLF������������������������������������������������������������������������������������������������������������������������������������  
SK\VLRORJLFDOO\�EDVHG�ELRNLQHWLF��VHH�3%%.�������������������������������������������������������������������������������������������������� 
SODFHQWD��������������������������������������������������������������������������������������������������������������������������������������������������������  
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