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&RQVWLWXHQWV�RI�&RQFHUQ

&RSSHU

'HVFULSWLRQ

&RSSHU��&X��LV�RQH�RI�WKH�PRVW�IDPLOLDU�PHWDOV�
KDYLQJ�EHHQ�XVHG�IRU�WKRXVDQGV�RI�\HDUV�WR
PDNH�WRROV��RUQDPHQWV��XWHQVLOV��DQG�FRLQV���7KH
HDUOLHVW�PHWDO�ZRUNHUV�IRXQG�FRSSHU�YHU\�HDV\�WR
ZRUN�ZLWK��RZLQJ�WR�LWV�PDOOHDELOLW\��GXFWLOLW\�
DQG�PRGHUDWH�PHOWLQJ�SRLQW���������&����&RSSHU
LV�DOVR�RQH�RI�WKH�EHVW�FRQGXFWRUV�RI�ERWK�KHDW
DQG�HOHFWULFLW\��ZKLFK�PDNHV�LW�XVHIXO�LQ
FRRNZDUH�DQG�LQYDOXDEOH�LQ�HOHFWULFDO�FLUFXLWV��
1DWLYH�FRSSHU�LV�VKLQ\�DQG�EURZQ�WR�UHGGLVK�
EURZQ��EXW�LWV�PDQ\�VDOWV�DQG�PLQHUDOV�WDNH�RQ�D
YDULHW\�RI�KXHV�UDQJLQJ�IURP�EULJKW�JUHHQ�WR
SXUSOH�WR�LQGLJR�EOXH�WR�\HOORZLVK�EURZQ��
&KHPLFDOO\�LW�KDV�WZR�R[LGDWLRQ�VWDWHV��IRUPLQJ
HLWKHU�FXSURXV��&X���RU�FXSULF��&X���
FRPSRXQGV���7KH�FXSURXV�FRPSRXQGV�DUH�QRW
FRPPRQ�LQ�QDWXUDO�ZDWHUV��WKRXJK��DV�WKH\
R[LGL]H�UHDGLO\�WR�WKH�ELYDOHQW�IRUP�

2FFXUUHQFH

&RSSHU�LV�ZLGHVSUHDG�LQ�WKH�HQYLURQPHQW�
KDYLQJ�DQ�RYHUDOO�FUXVWDO�DEXQGDQFH�RI�DERXW���
PJ�NJ���,W�LV�SUHVHQW�LQ�ERWK�VHDZDWHU�DQG�IUHVK
ZDWHU�DW�FRQFHQWUDWLRQV�JHQHUDOO\�LQ�WKH�UDQJH�RI
�²����J�/��,UZLQ���������,WV�PRVW�FRPPRQ�RUHV
LQFOXGH�WKH�VXOILGHV�FKDOFRS\ULWH��ERUQLWH�
FKDOFRFLWH��DQG�FRYHOOLWH��DQG�WKH�FDUERQDWHV
D]XULWH�DQG�PDODFKLWH���,Q�WKH�:HVWHUQ�8QLWHG
6WDWHV��ODUJH�FRSSHU�PLQLQJ�RSHUDWLRQV�DUH�IRXQG
LQ�$UL]RQD��1HZ�0H[LFR��8WDK��DQG�0RQWDQD��
0RVW�RI�WKHVH�DUH�H[SORLWLQJ�ORZ�JUDGH�SRUSK\U\
GHSRVLWV������&X��PRVWO\�DV�FKDOFRS\ULWH���
9HLQV�RI�QDWLYH�FRSSHU�DUH�UDUH�LQ�WKH�:HVWHUQ
6WDWHV�

&RSSHU�LV�RQH�RI�WKH�PRVW�FRPPRQ�FRQWDPL�
QDQWV�IRXQG�LQ�XUEDQ�UXQRII���LW�LV�SUHVHQW�LQ�WKH
OHDFKDWH�IURP�PXQLFLSDO�ODQGILOOV�DQG�LQ�VOXGJHV�

JHQHUDWHG�E\�VHZDJH�WUHDWPHQW�SODQWV��DQG�LW�LV
FRPPRQO\�OHDFKHG�IURP�GULQNLQJ�ZDWHU�SLSHV�
SDUWLFXODUO\�LQ�DUHDV�ZKHUH�WKH�GULQNLQJ�ZDWHU�LV
VRPHZKDW�DFLGLF��,UZLQ���������6LJQLILFDQW
DPRXQWV�RI�FRSSHU�DUH�SURGXFHG�LQ�ZDVWHV�IURP
WH[WLOH�PLOOV�DQG�FRVPHWLFV�SODQWV��DQG�LQ�VOXGJH
IURP�KDUGERDUG�SURGXFWLRQ��PLQLQJ��VPHOWLQJ�
DQG�WKH�EXUQLQJ�RI�FRDO�LQ�SRZHUSODQWV��%URZQ
HW�DO��������)XUQHVV�DQG�5DLQERZ�������.DEDWD�
3HQGLDV�DQG�3HQGLDV��������

%DFNJURXQG�&RQFHQWUDWLRQV�³%DFNJURXQG
FRSSHU�OHYHOV�LQ�VRLO�UDQJH�IURP����WR
���PJ�NJ�LQ�XQFRQWDPLQDWHG�DUHDV��.DEDWD�
3HQGLDV�DQG�3HQGLDV���������7KH�DYHUDJH
FRQFHQWUDWLRQ�IRU�ZDWHU�LQ�ODNHV�DQG�VWUHDPV�LV
UHSRUWHG�WR�EH����J�/��1ULDJX��������DQG
DYHUDJH�IUHVKZDWHU�ILVK�FRQFHQWUDWLRQ�LV�
�����PJ�NJ�ZHW�ZHLJKW��ZZ���RU�DERXW�
�����PJ�NJ�GU\�ZHLJKW�>GZ@���WKH���WK�SHUFHQWLOH
FRQFHQWUDWLRQ�LQ�ILVK�ZDV���PJ�NJ�ZZ����PJ�NJ
GZ���6FKPLWW�DQG�%UXPEDXJK���������&RSSHU
FRQFHQWUDWLRQV�LQ�SODQWV�DUH�JHQHUDOO\�LQ�WKH
UDQJH�RI���WR����PJ�NJ�GZ��7KRPSVRQ�HW�DO�
��������:KROH�ERG\�FRQFHQWUDWLRQV�LQ�VPDOO
PDPPDOV�FROOHFWHG�IURP�YDULRXV
XQFRQWDPLQDWHG�VLWHV�UDQJHG�IURP�����WR�����
PJ�NJ�GZ��7DOPDJH�DQG�:DOWRQ���������:KROH�
ERG\�FRQFHQWUDWLRQV�RI�FRSSHU�LQ�DPSKLELDQV
YDU\�IURP���WR�����PJ�NJ�GZ��EXW�H[WUHPHO\
KLJK�FRSSHU�FRQFHQWUDWLRQV��XS�WR�������PJ�NJ
GZ��KDYH�EHHQ�REVHUYHG�LQ�OLYHUV�RI�VRPH
DPSKLELDQV�IURP�XQFRQWDPLQDWHG�DUHDV��+DOO
DQG�0XOKHUQ�������

6XPPDU\�RI�(IIHFWV

&RSSHU�LV�DQ�HVVHQWLDO�HOHPHQW�IRU�DOO�OLYLQJ
RUJDQLVPV��EXW�HOHYDWHG�OHYHOV�RI�FRSSHU�LQ�



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

��

WKH�HQYLURQPHQW�PD\�EH�KDUPIXO�DW�RU�QHDU
FRSSHU�FRQWDPLQDWHG�VLWHV���%RWK�GHILFLHQW�DQG
H[FHVV�DPRXQWV�RI�FRSSHU�FDXVH�DGYHUVH�HIIHFWV
LQ�DOO�VSHFLHV���&RSSHU�LV�JHQHUDOO\�PRUH�WR[LF�WR
DTXDWLF�RUJDQLVPV�WKDQ�WR�ELUGV�RU�PDPPDOV��
7KLV�LV�UHIOHFWHG�E\�WKH�UHODWLYHO\�ORZ�DPELHQW
ZDWHU�TXDOLW\�FULWHULD�IRU�FRSSHU�DQG�E\�WKH�UDULW\
RI�WR[LF�HIIHFWV�WKURXJK�H[FHVV�GLHWDU\�H[SRVXUH
LQ�ELUGV�DQG�PDPPDOV�XQGHU�ILHOG�FRQGLWLRQV��
+RZHYHU��VRPH�XQJXODWHV��VXFK�DV�VKHHS��1$6
������3XOV��������DUH�PRUH�VHQVLWLYH�WR�FRSSHU
WKDQ�RWKHU�PDPPDOV���1HYHUWKHOHVV��FRSSHU
FRQFHQWUD�WLRQV�LQ�WKH�ERGLHV�RI�DTXDWLF�ELUGV
DQG�PDPPDOV�DUH�JHQHUDOO\�ZHOO�UHJXODWHG
�)XUQHVV�DQG�5DLQERZ��������DQG�FRSSHU
WR[LFLW\�LV�PRUH�OLNHO\�WR�DIIHFW�DTXDWLF�SODQWV�
LQYHUWHEUDWHV��DQG�ILVK���$�VXPPDU\�RI�ELRWLF
HIIHFW�OHYHOV�LV�SUHVHQWHG�LQ�WDEOH���

6XWHU�DQG�0DEUH\��������HYDOXDWHG�D�VHULHV�RI
WR[LFRORJLFDO�EHQFKPDUNV�IRU�VFUHHQLQJ�YDULRXV
FRQWDPLQDQWV�IRU�WKHLU�SRWHQWLDO�HIIHFWV�RQ
DTXDWLF�ELRWD���,Q�DGGLWLRQ�WR�WKH�QDWLRQDO
DPELHQW�ZDWHU�TXDOLW\��1$:4��FULWHULD��WKH\
SURYLGHG�VHFRQGDU\�DFXWH�DQG�FKURQLF�YDOXHV�
ORZHVW�FKURQLF�YDOXHV��LQFOXGLQJ�WKRVH�IRU�ILVK�
GDSKQLGV��QRQGDSKQLG�LQYHUWHEUDWHV��DTXDWLF
SODQWV��DQG�DOO�RUJDQLVPV���WHVW�(&��V��VHQVLWLYH
VSHFLHV�WHVW�(&��V��DQG�SRSXODWLRQ�(&��V���7KH
YDOXHV�IRU�ZDWHU�LQ�WDEOH���DUH�DV�IROORZV���´1R
HIIHFWµ�LV�WKH�ORZHVW�FKURQLF�YDOXH�IRU�DOO
RUJDQLVPV��´7R[LFLW\�WKUHVKROGµ�LV�WKH�1$:4
FKURQLF�FULWHULRQ��LI�HVWDEOLVKHG��RU�WKH
VHFRQGDU\�FKURQLF�YDOXH��DQG�´/HYHO�RI
FRQFHUQµ�LV�WKH�UDQJH�EHWZHHQ�WKH�WZR�RWKHU
YDOXHV�

)LHOG�&DVHV

7KUHH�H[DPSOHV�LOOXVWUDWH�WKH�SRWHQWLDO�LPSDFWV
RI�FRSSHU�FRQWDPLQDWHG�PLQH�GUDLQDJH�RQ�WKH
DTXDWLF�HQYLURQPHQW�

��� $FLG�PLQH�GUDLQDJH�IURP�WKH�,URQ
0RXQWDLQ�0LQH�QHDU�5HGGLQJ��&DOLIRUQLD�
FRQWDLQLQJ�KLJK�FRQFHQWUDWLRQV�RI�FRSSHU
DQG�]LQF�FDXVHG�QXPHURXV�ILVK�NLOOV�LQ�WKH

XSSHU�6DFUDPHQWR�5LYHU��)LQOD\VRQ�DQG
$VKXFNLDQ�������)LQOD\VRQ�DQG�9HUUXH
��������6RPH�RI�WKHVH�RFFXUUHG�DV�IDU�EDFN
DV�WKH�HDUO\�����
V��EXW�WKH\�EHFDPH�PRUH
IUHTXHQW�DQG�PRUH�VHULRXV�IROORZLQJ�WKH
FRQVWUXFWLRQ�RI�6KDVWD�'DP�LQ������DQG
.HVZLFN�'DP�LQ��������)LQOD\VRQ�DQG
$VKXFNLDQ��������K\SRWKHVL]HG�WKDW�WKHVH
GDPV�KDG�HIIHFWLYHO\�GLPLQLVKHG�WKH
´GLOXWLRQ�HIIHFWµ�LQ�WKH�6DFUDPHQWR�5LYHU��
<HW��WKH�RXWIORZV�IURP�WKHVH�GDPV�KDYH
DOVR�EHHQ�XVHG�WR�SXUSRVHO\�GLOXWH�HOHYDWHG
FRQFHQWUDWLRQV�WKDW�DUH�GHWHFWHG�DW
GRZQVWUHDP�PRQLWRULQJ�VWDWLRQV�

��� 6LPLODUO\��WR[LF�FRQFHQWUDWLRQV�RI�FRSSHU
DQG�]LQF�IURP�WKH�3HQQ�0LQH�DUHD�LQ�WKH
6LHUUD�1HYDGD�RI�&DOLIRUQLD�FDXVHG�VL]DEOH
ILVK�NLOOV�LQ�WKH�ORZHU�0RNHOXPQH�5LYHU
%DVLQ��)LQOD\VRQ�DQG�5HFWHQZDOG��������
'XULQJ�D�ILVK�NLOO�LQ�WKH�0RNHOXPQH�5LYHU
LQ�������FRSSHU�ZDV�HOHYDWHG�WR�����PJ�/�D
VKRUW�GLVWDQFH�GRZQVWUHDP�IURP�WKH�PLQH�

��� ,Q�&DQDGD��WKH�HIIHFWV�RI�PL[HG�PLQLQJ
ZDVWHV�RQ�ILVK�ZHUH�H[DPLQHG�WKURXJK
LQWHJUDWHG�ILHOG�VDPSOLQJ�RI�ZDWHU�
VHGLPHQW��LQYHUWHEUDWHV��DQG�ILVK
�0XQNLWWULFN�HW�DO��������0LOOHU�HW�DO���������
0LOOHU�HW�DO����������LQ�SDUWLFXODU��PDGH�DQ
H[WHQVLYH�VWXG\�RI�WKH�UHODWLRQVKLSV
EHWZHHQ�FRQFHQWUDWLRQV�RI�]LQF�DQG�FRSSHU
LQ�DOO�WKHVH�PHGLD�LQ�WKH�0DQLWRXZDGJH
FKDLQ�RI�ODNHV�LQ�QRUWKHUQ�2QWDULR���7KH\
IRXQG�D�FRUUHODWLRQ�EHWZHHQ�]LQF
FRQFHQWUDWLRQV�LQ�LQYHUWHEUDWHV�DQG�LQ
VHGLPHQW�EXW�REVHUYHG�QR�VXFK�UHODWLRQVKLS
ZLWK�ZDWHU�FRQFHQWUDWLRQV���1HLWKHU�GLG
WKH\�ILQG�DQ\�UHODWLRQVKLS�EHWZHHQ�]LQF
FRQFHQWUDWLRQV�LQ�ILVK�WLVVXH�DQG�WKRVH�LQ
LQYHUWHEUDWHV��DOWKRXJK�VHYHUDO�ODE�VWXGLHV
KDG�VXJJHVWHG�WKDW�IRRG�DQG�SDUWLFXODWHV�DUH
PXFK�PRUH�LPSRUWDQW�VRXUFHV�RI�]LQF�WKDQ
ZDWHU��3DWULFN�DQG�/RXWLW�������'DOOLQJHU
DQG�.DXW]N\�������DV�FLWHG�LQ�0LOOHU�HW�DO�
��������)RU�ERWK�]LQF�DQG
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Table 8.&Summary of comprehensive biotic effects of copper 
["&" indicates that no data are available]

Medium
No

effect
Level of
concern

Toxicity
threshold Explanation

Water (µg/L) 0.23 0.23%12 12 Hardness-dependent criteria:  0.23 µg/L is lowest
chronic value for aquatic organisms; 12 µg/L is
NAWQ chronic criterion at hardness of 100 mg/L
(as CaCO3).  (See Suter and Mabrey 1994.) 
Sensitive species may be affected in the "level of
concern" range (depending partly on effects of
pH, temperature, and dissolved oxygen). 

Sediment (mg/kg, dw) 34 34%270 270 "ERL" and "ERM" values of Long et al. (1995). 
However, sulfides in the sediment may reduce
copper toxicity (see text).

Plants (mg/kg dw) 3%30 & >20 Kabata-Pendias and Pendias (1992).  Toxicity
threshold varies depending on species of Cu
present.

Invertebrates & & & Diagnostic levels not established because Cu
generally is homeostatically regulated.  Some
invertebrates (e.g., crustaceans and mollusks)
require Cu for hemocyanin and may normally
have higher levels than other species (Furness
and Rainbow 1990).

Fish, whole body
(mg/kg, dw)

9.8 9.8%13.3 13.3 Diagnostic levels not established because Cu
generally is homeostatically regulated.  After 
9-week dietary exposure, rainbow trout showed
decreased weight gain at 13.3 mg/kg but no
significant effects at 9.8 (Julshamn et al. 1988).

Birds, liver (mg/kg dw)

   Eggs (mg/kg dw)

<60

5.5

25%300

&

>540

&

Data for ducks from Puls (1988); toxic concentra-
tions in waterfowl diets are >200 mg/kg dw.
Egg data from J.P. Skorupa (unpub. data, 1996).

Amphibians/reptiles & & & Diagnostic levels not established; even at
uncontaminated sites, some amphibian tissues
have 800%2,000 mg/kg dw (Hall and Mulhern
1984).

Mammals & & & Diagnostic levels for wild mammals not
established; for sheep, liver concentrations 
>250 mg/kg dw may be toxic (Puls 1988).

FRSSHU��WKH�ZDWHU�FRQFHQWUDWLRQ�ZDV�D�EHWWHU
LQGLFDWRU�RI�PHWDO�FRQFHQWUDWLRQ�LQ�ILVK�WLVVXH
WKDQ�WKH�VHGLPHQW�RU�LQYHUWHEUDWH�FRQFHQWUD�
WLRQV�LQ�WKLV�ILHOG�VWXG\���0LOOHU�HW�DO���������DOVR
UHSRUWHG�UHGXFHG�JURZWK�LQ�IHPDOHV�RI�ZKLWH
VXFNHU�DIWHU�VH[XDO�PDWXUDWLRQ��

GHFUHDVHG�HJJ�VL]H�DQG�IHFXQGLW\��QR�VLJ�QLILFDQW
LQFUHDVH�LQ�IHFXQGLW\�ZLWK�DJH��DQG�DQ�LQFUHDVHG
LQFLGHQFH�RI�VSDZQLQJ�IDLOXUH�DW�D�ZDWHU�ERUQH
]LQF�FRQFHQWUDWLRQ�RI�����PJ�/�DQG�D�VHGLPHQW
FRQFHQWUDWLRQ�RI�������PJ�NJ���,Q�DGGLWLRQ��WKH\
IRXQG�NLGQH\�DQG�OLYHU�



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

��

FRQFHQWUDWLRQV�WR�EH�EHWWHU�LQGLFDWRUV�RI�FKURQLF
]LQF�DQG�FRSSHU�H[SRVXUH�WKDQ�PXVFOH
FRQFHQWUDWLRQV�

0DQ\�PRUH�UHFHQW�ILHOG�VWXGLHV�KDYH�LQYHVWL�
JDWHG�WKH�WR[LFLW\�RI�FRSSHU�DQG�FRSSHU�]LQF
PL[WXUHV�LQ�HIIOXHQWV���)LQOD\VRQ�DQG�9HUUXH
�������DQG�)LQOD\VRQ�DQG�$VKXFNLDQ�������
FRQGXFWHG�ORQJ�WHUP�DQG�VKRUW�WHUP�WR[LFLW\
VWXGLHV�RQ�&KLQRRN�VDOPRQ�DQG�VWHHOKHDG�WURXW�
UHVSHFWLYHO\��LQ�RUGHU�WR�HVWLPDWH�´VDIHµ�OHYHOV�RI
FRSSHU�DQG�]LQF�IRU�WKRVH�VSHFLHV���+DUULVRQ�DQG
.ODYHUNDPS��������DOVR�VWXGLHG�WKH
ELRDFFXPXODWLRQ�RI�FRSSHU��]LQF��DQG�RWKHU
PHWDOV�LQ�QRUWKHUQ�SLNH�DQG�ZKLWH�VXFNHUV�IURP
ODNHV�QHDU�D�VPHOWHU�

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDYDLODELOLW\

:DWHU

,Q�QDWXUDO�ZDWHUV��GLVVROYHG�FRSSHU�RFFXUV�LQ
VHYHUDO�GLIIHUHQW�FKHPLFDO�IRUPV�DQG�LQ�YDULRXV
LQRUJDQLF�DQG�RUJDQLF�FRPSOH[HV���&RSSHU�LV
SUHVHQW�DV�&X���LQ�DFLGLF�ZDWHUV�DQG�&X2+��LQ
VRIW�ZDWHUV��DQG�D�GLVVROYHG�IUDFWLRQ�RI�FRSSHU�LV
EHOLHYHG�WR�EH�WR[LF�LQ�ILVK��'DYLHV�HW�DO���������
)DFWRUV�WKDW�DIIHFW�WKH�VSHFLDWLRQ�RI�FRSSHU�LQ
ZDWHU�DUH�S+��WHPSHUDWXUH��KDUGQHVV��DQG
GLVVROYHG�RUJDQLF�FDUERQ��%RGHN�HW�DO���������
/RZ�S+��VRIW�ZDWHU��DQG�KLJKHU�WHPSHUDWXUH�DUH
NQRZQ�WR�LQFUHDVH�WKH�FRSSHU�WR[LFLW\��

%RWWRP�6HGLPHQW

+DUULVRQ�DQG�.ODYHUNDPS��������IRXQG�QR
FRQVLVWHQW�UHODWLRQVKLS�EHWZHHQ�FRSSHU
FRQFHQWUDWLRQV�LQ�ERWWRP�VHGLPHQW�DQG�WKRVH�LQ
WLVVXHV�RI�ZKLWH�VXFNHU�DQG�QRUWKHUQ�SLNH��WDEOH
������/RQJ�DQG�0RUJDQ��������FRQFOXGHG�WKDW
FRSSHU�LQ�ERWWRP�VHGLPHQW�DW�FRQFHQ�WUDWLRQV
RI�DERXW����PJ�NJ�GZ�PD\�LQGXFH�VXEOHWKDO
EHKDYLRUDO�HIIHFWV�LQ�FODPV�LI�

LW�LV�QRW�WLJKWO\�FKHODWHG�RU�ERXQG�WR�VHGL�PHQWV��
+RZHYHU��/RQJ�HW�DO���������IRXQG�WKDW�FRSSHU
FRQFHQWUDWLRQV�RI����PJ�NJ�UDUHO\�LPSDLU�WKH
VXUYLYDO�RU�UHSURGXFWLRQ�RI�EHQWKLF�LQYHUWHEUDWHV
EXW�WKDW�FRQFHQWUDWLRQV�RI�
����PJ�NJ�RU�KLJKHU�XVXDOO\�GR���$OWKRXJK
PDQ\�RI�WKH�GDWD�WKDW�ZHUH�HYDOXDWHG�ZHUH�IRU
HVWXDULQH�DQG�PDULQH�VHGLPHQWV��+XOO�DQG�6XWHU
�������FRQFOXGHG�WKDW�WKRVH�VFUHHQLQJ�OHYHOV�DOVR
ZHUH�DSSURSULDWH�IRU�IUHVKZDWHU�VHGLPHQWV�XQWLO
PRUH�VSHFLILF�JXLGHOLQHV�EHFRPH�DYDLODEOH��
+RZHYHU��WKH\�DOVR�UHFRPPHQG�WKDW�WKHVH
FRQFHQWUDWLRQV�EH�FRPSDUHG�WR�ORFDO
EDFNJURXQG�OHYHOV�ZKHQ�SRVVLEOH��DQG�WKDW
FRQFHQWUDWLRQV�ZLWKLQ�WKH�EDFNJURXQG�UDQJH
VKRXOG�QRW�EH�FRQVLGHUHG�D�SUREOHP�

$FLG�YRODWLOH�VXOILGH��$96��LQ�WKH�VHGLPHQW�PD\
ELQG�D�FHUWDLQ�SRUWLRQ�RI�VRPH�PHWDOV��&G��&X�
1L��3E��DQG�=Q��DQG�UHQGHU�WKDW�SRUWLRQ
XQDYDLODEOH�DQG�QRQWR[LF�WR�ELRWD�
�'L�7RUR�HW�DO����������,Q�RUGHU�WR�DVVHVV�WKH
HIIHFWV�RI�DFLG�YRODWLOH�VXOILGH�RQ�PHWDO�WR[LFLW\�
WKH�$96�LV�H[WUDFWHG�IURP�VHGLPHQW�ZLWK�K\GUR�
FKORULF�DFLG��DQG�WKH�PHWDO�FRQFHQWUDWLRQ�WKDW
FRPHV�ZLWK�LW�LV�FDOOHG�WKH�VLPXOWDQHRXVO\
H[WUDFWHG�PHWDO��6(0����$OO�6(0V�WKDW�ZRXOG
FRQWULEXWH�DSSUHFLDEO\�WR�WKH�WRWDO�6(0�DUH
PHDVXUHG�DQG�WRWDOHG��'L�7RUR�HW�DO����������+H�
WKH�VHGLPHQWV�DUH�QRW�IXOO\�R[LGL]HG��$GDPV�HW
DO���������WKHQ�DQ�6(0�$96�UDWLR����LQGLFDWHV
WKDW�DFXWH�WR[LFLW\�LV�XQOLNHO\���7KH�PHWKRG�KDV
QRW�\HW�EHHQ�DGDSWHG�IRU�FKURQLF�WR[LFLW\�

6RLO

&RSSHU�LV�DEOH�WR�IRUP�FRPSOH[HV�ZLWK�YDULRXV
VRLO�FRQVWLWXHQWV���&RSSHU�LQ�VRLOV�FDQ�SUHFLSL�
WDWH�ZLWK�K\GUR[LGH��SKRVSKDWH��FDUERQDWH��DQG
VLOLFDWH�WR�EHFRPH�D�FRPSRQHQW�RI�WKH
DPRUSKRXV�IUDFWLRQ�RI�VRLO���,W�FDQ�EH�DGVRUEHG
RQ�WKH�QHJDWLYHO\�FKDUJHG�VRUSWLRQ�VLWHV�RI
VLOLFDWH�FOD\�DQG�LW�FDQ�IRUP�ERWK�VROXEOH�DQG
LQVROXEOH�FRPSOH[HV�ZLWK�FRPSRQHQWV�RI�VRLO
RUJDQLF�PDWWHU��%DNHU�DQG�$PDFKHU���������
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Table 9.&Biological effects of copper concentrations in sediment

Species

Cu in
sediment
(mg/kg)

Cu in biomass (mg/kg
ww, except as noted) and

other effects Location/Comments Reference

Food chain

Invertebrates 102 Complete absence of
Plecoptera, Ephemer-
optera, Odonata,
Trichoptera, Amphipoda,
and Unionidae

Manitouwadge Lake, Ontario, Canada 
(Zn = 1,149 mg/L)

Munkittrick
et al. 1991

Fish

White sucker
(Catostomus
commersoni)

11.4 Liver 50 (dw), muscle
7 (dw), stomach contents
7 (dw)

Loken Lake, Ontario, Canada 
(Zn = 43 mg/L)

Munkittrick
et al. 1991

102 Liver 83 (dw), muscle 
6 (dw), stomach contents
155 (dw).   Lowered growth
rate.

Manitouwadge Lake, Ontario, Canada
(Zn = 1,149 mg/L)

34 Liver 0.21, muscle 0.25 Top soil of Lake Nekik, Manitoba, Canada Harrison
and
Klaverkamp
1990

49 Liver 0.01, muscle 0.28 Top soil of Lake Naosap Mud, Manitoba, Canada

76 Liver 0.01, muscle 0.28 Top soil of Lake Kotyk, Manitoba, Canada

2,775 Liver 13.4, muscle 0.16 Top soil of Lake Hamell, Flin Flon, Canada

2,858 Liver 24.3, muscle 0.25 Top soil of Lake Meridian, Flin Flon, Canada

5,950 Liver 19.8, muscle 0.24 Top soil of Lake Cliff, Flin Flon, Canada

6,988 Liver 14.3, muscle 0.26 Top soil of Lake Phantom, Flin Flon, Canada

12,625 Liver 29.2, muscle 0.18 Top soil of Lake Douglas, Flin Flon, Canada

Northern pike
(Esox lucius)

34 Liver 15.2, muscle 0.11 Top soil of Lake Nekik, Manitoba, Canada Harrison
and
Klaverkamp
1990

49 Liver 11.2, muscle 0.12 Top soil of Lake Naosap Mud, Manitoba, Canada

76 Liver 16.8, muscle 0.11 Top soil of Lake Kotyk, Manitoba, Canada

198 Liver 11.2, muscle 0.2 Top soil of Lake Cleaver, Manitoba, Canada

2,775 Liver 19.5, muscle 0.17 Top soil of Lake Hamell, Flin Flon, Canada

2,858 Liver 17.1, muscle 0.16 Top soil of Lake Meridian, Flin Flon, Canada

5,950 Liver 11.9, muscle 0.18 Top soil of Lake Cliff, Flin Flon, Canada

6,988 Liver 7.6, muscle 0.13 Top soil of Lake Phantom, Flin Flon, Canada

12,625 Liver 28.5, muscle 0.14 Top soil of Lake Douglas, Flin Flon, Canada
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7KH�VWUHQJWK�RI�FRSSHU�VRUSWLRQ�E\�VRLO�FRQVWL�
WXHQWV�RFFXUV�LQ�WKH�IROORZLQJ�UHODWLYH�RUGHU��
PDQJDQHVH�R[LGHV���RUJDQLF�PDWWHU���LURQ
R[LGHV���FOD\�PLQHUDOV���2WKHU�VRLO�FRPSRQHQWV
WKDW�PD\�SOD\�D�OHVV�VLJQLILFDQW�UROH�LQ�FRSSHU
VRUSWLRQ�LQFOXGH�IUHH�SKRVSKDWHV��LURQ�VDOWV��DQG
FOD\�VL]H�DOXPLQRVLOLFDWH�PLQHUDOV���&RSSHU
UHWHQWLRQ�LQ�VRLOV�LQFUHDVHV�ZLWK�LQFUHDVLQJ�VRLO
S+���7KH�ODFN�RI�DGVRUSWLRQ�RI�FRSSHU�DW�ORZ
S+�PD\�EH�GXH�WR�FRPSHWLWLRQ�IRU�VRUSWLRQ�VLWHV
IURP�RWKHU�VRLO�FDWLRQV��0Q����)H����+���DQG
$O�����%URZQ�HW�DO��������

%LRWLF�(IIHFWV

3ODQWV

&RSSHU�VXOIDWH�KDV�EHHQ�XVHG�IRU�PRUH�WKDQ�
���\HDUV�DV�DQ�DOJLFLGH��W\SLFDOO\�DW�D�FRQFHQ�
WUDWLRQ�RI���PJ�/�IRU�WKH�XSSHU�����PHWHU�RI
ZDWHU��0DFNHQWKXQ�DQG�,QJUDP���������,Q�WKH
VRLO��FRSSHU�LV�WR[LF�WR�VHQVLWLYH�SODQWV�DW
FRQFHQWUD�WLRQV�RI����WR����PJ�NJ��'HPD\R�HW
DO����������&HUHDOV��OHJXPHV��VSLQDFK��FLWUXV
VHHGOLQJV��DQG�JODGLROXV�DUH�NQRZQ�WR�EH�PRVW
VHQVLWLYH�WR�FRSSHU���7KH�JHQHUDO�V\PSWRPV�RI
FRSSHU�WR[LFLW\�WR�SODQWV�DUH�GDUN�JUHHQ�OHDYHV
IRO�ORZHG�E\�LQGXFHG�LURQ�FKORURVLV��\HOORZLQJ��
WKLFN��VKRUW��RU�EDUEHG�ZLUH�
URRWV��DQG�GHSUHVVHG�WLOOHULQJ��.DEDWD�3HQGLDV
DQG�3HQGLDV�������

0DFURLQYHUWHEUDWHV

0RVW�DTXDWLF�RUJDQLVPV�DUH�UHODWLYHO\�VHQVLWLYH
WR�FRSSHU��HYHQ�DW�ORZ�FRQFHQWUD�WLRQV���7KH
HIIHFWV�RI�ORZ�FRQFHQWUDWLRQV�RI�FRSSHU�RQ
YDULRXV�LQYHUWHEUDWHV�DUH�QRWHG�LQ�WDEOH������,Q�D
ILHOG�VWXG\��0XQNLWWULFN�HW�DO���������REVHUYHG
FRQFHQWUDWLRQV�RI������J�&X�/�DQG������J
=Q�/�LQ�0DQLWRXZDGJH�/DNH��2QWDULR��&DQDGD��
8QGHU�WKHVH�FRQGLWLRQV��WKH\�QRWHG�WKH
FRPSOHWH�DEVHQFH�RI�8QLRQLGDH�DQG�VHYHUDO
IDPLOLHV�RI�DUWKURSRGV��WDEOH�������0LOOHU�HW�DO�
�������IRXQG�D�FRUUHODWLRQ�EHWZHHQ�

FRSSHU�FRQFHQWUDWLRQV�LQ�LQYHUWHEUDWHV�DQG
ZDWHU�FRQFHQWUDWLRQV�EXW�REVHUYHG�QR�VXFK
UHODWLRQVKLS�ZLWK�VHGLPHQW�FRQFHQWUDWLRQV�

6HGLPHQWV�LQ�WKH�8SSHU�&ODUN�)RUN�5LYHU�DQG
0LOOWRZQ�5HVHUYRLU�LQ�0RQWDQD�KDYH�EHHQ
FRQWDPLQDWHG�ZLWK�PLQH�UHODWHG�ZDVWHV��$V��&G�
&X��3E��0Q��DQG�=Q����,Q�VRIW�VHGLPHQW
GHSRVLWLRQDO�DUHDV��WD[D�RI�2OLJRFKDHWD�DQG
&KLURQRPLGDH�JHQHUDOO\�DFFRXQWHG�IRU�PRUH
WKDQ����SHUFHQW�RI�WKH�EHQWKLF�LQYHUWHEUDWH
FRPPXQLWLHV���&DQILHOG�HW�DO���������REVHUYHG
KLJKHU�QXPEHUV�RI�&KLURQRPLGDH�JHQHUD�LQ
DUHDV�ZKHUH�VHGLPHQWV�KDG�EHHQ�LGHQWLILHG�DV
WR[LF�XVLQJ����GD\�ODERUDWRU\�WHVWV�ZLWK�WKH
DPSKLSRG�*[CNGNNC�C\VGEC���)UHTXHQF\�RI
&KLURQRPLGDH�PRXWKSDUW�GHIRUPLWLHV�DQG�WRWDO
DEXQGDQFH�RI�RUJDQLVPV�GLG�QRW�FRUUHVSRQG�WR
FRQFHQWUDWLRQV�RI�PHWDOV�LQ�VHGLPHQW���,Q�DUHDV
ZKHUH�EHQWKLF�FRPPXQL�WLHV�ZHUH�DIIHFWHG�
VHGLPHQW�DQG�VXUIDFH�
ZDWHU�&X�FRQFHQWUDWLRQV�UDQJHG�IURP�����WR�
������PLFURJUDPV�SHU�JUDP�DQG�����WR�
��������J�/��UHVSHFWLYHO\�

6RPH�DTXDWLF�RUJDQLVPV�FDQ�WROHUDWH�UHOD�WLYHO\
KLJK�OHYHOV�RI�FRSSHU�LQ�WKHLU�GLHWV���+DWDNH\DPD
�������FRPSDUHG�WKH�WR[LFLW\�
RI�FRSSHU�WKURXJK�ZDWHU�DQG�GLHWV�LQ�PD\IO\
ODUYDH�DQG�FRQFOXGHG�WKDW�WKH�KLJK�PRUWDOLW\�DW
�����J�/��WDEOH�����ZDV�SULQFLSDOO\�DWWULEXWDEOH
WR�FRSSHU�LQ�WKH�ZDWHU�EHFDXVH��
DW�WKLV�OHYHO��DOJDH�ELRDFFXPXODWHG�RQO\�
����PJ�NJ��GZ���DQG�WKDW�PXFK�FRSSHU�LQ�WKH
GLHW�ZDV�QRW�HQRXJK�WR�NLOO�PD\IO\�ODUYDH��WDEOH
����

)LVK

0LOOHU�HW�DO���������H[WHQVLYHO\�VWXGLHG�WKH
UHODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQV�RI�FRSSHU
DQG�]LQF�LQ�ZDWHU��VHGLPHQW��LQYHUWHEUDWHV��DQG
ILVK���)RU�ERWK�FRSSHU�DQG�]LQF��WKH�ZDWHU
FRQFHQWUDWLRQ�ZDV�D�EHWWHU�LQGLFDWRU�RI�PHWDO
FRQFHQWUDWLRQ�LQ�ILVK�WLVVXH�WKDQ�WKH�VHGLPHQW�RU
LQYHUWHEUDWH�FRQFHQWUDWLRQV���,Q�DGGLWLRQ��WKH\
IRXQG�NLGQH\�DQG�OLYHU�FRQFHQWUDWLRQV�WR�EH
EHWWHU�LQGLFDWRUV�RI�FKURQLF�FRSSHU�DQG�]LQF�
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Table 10.&Biological effects of copper on aquatic species

Species

Cu concen-
tration in

water
(µg/L) Effect Comments Reference

Invertebrates

Cladoceran (Daphnia
magna) egg

10,000 Significant effect in
development

46-h exposure; eggs more
tolerant than adult

Bodar et al.
1989

22 16% reproduction
impairment

Chronic exposure Nriagu 1979

44 3 week LC50

Cladocerans (Daphnia
ambigua, D. parvula,
D. pulex)

60 Significant drop in
instantaneous rate of
population growth

Chronic exposure Nriagu 1979

Amphipod (Gammarus
pseudolimnaeus)

4.6 No effect Chronic exposure Nriagu 1979

8 Second-generation growth
affected, but no effect in first
generation

Crayfish (Orconectes
rusticus)

15 15% growth retarded Chronic exposure Nriagu 1979

Mayfly larvae (Epeorus
latifolium)

5%10 No significant effect in
growth rate

Temp. 12.5EC Hatakeyama
1989

15 Growth rate decreased dur-
ing first 3 weeks but
restored gradually after
4 weeks

20%25 Growth rate <7% of the
control.  100% mortality by
10 weeks

100 83% mortality in 1 week Temp. 11.5EC

Midge larvae (Chironomus
tentans)

327 48-h EC50; immobilization Temp. 14EC; pH 6.3 Khangarot
and Ray
1989

Invertebrates, general 9.7 Complete absence of
Plecoptera, Ephemeroptera,
Odonata, Trichoptera,
Amphipoda, and Unionidae

Manitouwadge Lake, Ontario,
Canada.
Zn concentration 232 µg/L

Munkittrick
et al. 1991

Fish

Brown bullhead (Ameiurus
nebulosus)

19 Increased mortality, reduced
growth

Water hardness 187 and
38 mg/L

Nriagu 1979

27 Cu in biomass (mg/kg dw): 
gill 6.9, liver 11, kidney 10

20-month exposure

Cu in biomass (ppm dw): 
gill 9.4, liver 33, kidney 10

30-d exposure; pH 7.2%8.2, 

Brook trout (Salvelinus
fontinalis)

5 Reduced growth Water hardness 38 mg/L Nriagu 1979

8 Reduced growth Water hardness 187 mg/L
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Table 10.&Biological effects of copper on aquatic species&Continued

Species

Cu concen-
tration in

water
(µg/L) Effect Comments Reference

Fish&Continued

Bluegill (Lepomis
macrochirus)

400 96-h LC50 (if Zn present) pH 6.8%7.5; temp. 22°± 1EC;
Zn = 1400 µg/L

Thompson
et al. 1980

1,000 96-h LC50 (if Zn absent) pH 6.8%7.5; temp. 16.5°%
23EC; Zn = 0

Chinook salmon fry
(Oncorhynchus
tshawytscha)

54 96-h LC50 In fresh water.  Mean weight
0.87 g

Hamilton
and Buhl
199058 96-h LC50 In fresh water.  Mean weight

0.66 g

60 96-h LC50 In brackish water.  Mean
weight 1.6 g

78 24-h LC50 In fresh water.  Mean weight
1.60 g

81 24-h LC50 In brackish water.  Mean
weight 0.87 g

145 24-h LC50 In brackish water.  Mean
weight 0.66 g

Chinook salmon
(Oncorhynchus
tshawytscha) 
eggs (to hatching)

26 28-d LC10s, based on
various mixed solutions of
Cu and Zn

Zn = dissolved Cu Finlayson
and Verrue
1980

29 Zn = 6× dissolved Cu

40 Zn = 3× dissolved Cu

49 Zn = 11× total Cu

50 Zn = 6× total Cu

70 Zn = 3× total Cu

Chinook salmon
(Oncorhynchus
tshawytscha) hatchlings to
swim-up fry

14 28-d LC50s, based on
various mixed solutions of
Cu and Zn

Zn = 11× dissolved Cu Finlayson
and Verrue
1980

20 Zn = 6× dissolved Cu

27 Zn = 11× total Cu

32 Zn = 3× dissolved Cu

37 Zn = 6× total Cu

56 Zn = 3× total Cu

Coho salmon
(Oncorhynchus kisutch)

60 96-h LC50 Smolts in May; temp. 10%
12EC; hardness 68%78 or
89%99 mg/L (as CaCO3)

Lorz and
McPherson
1976

74 96-h LC50 Yearlings in November; other
conditions as above

Fathead minnow
(Pimephales promelas)

18 Reduced spawning and egg
production, increased
mortality

Water hardness 31 mg/L Nriagu 1979

33 Reduced egg production Water hardness 198 mg/L

37 Reduced egg production Water hardness 200 mg/L
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Table 10.&Biological effects of copper on aquatic species&Continued

Species

Cu concen-
tration in

water
(µg/L) Effect Comments Reference

Fish&Continued

Neomacheilus barbatulus 760 Cu in biomass (mg/kg dw): 
gill 164, liver 115, muscle
8.5

64-d exposure; pH 8.6 Nriagu 1979

Rainbow trout
(Oncorhynchus mykiss)

19 Reduced percent hatch and
increased mortality

Water hardness: 100 mg/L Nriagu 1979

Steelhead trout
(Oncorhynchus mykiss)
eggs (to hatching)

<10 60-d LC10s, based on
various mixed solutions of
Cu, Zn, and Al

Cu:Zn:Al = 1:12:18, dissolved
copper

Finlayson
and
Ashuckian
197919 Cu:Zn:Al = 1:12:18, total

copper

19 Cu:Zn:Al = 1:4:6, dissolved
copper

43 Cu:Zn:Al = 1:4:6, total copper

Steelhead trout
(Oncorhynchus mykiss)
hatchlings to swim-up fry

<10 60-d LC10s, based on
various mixed solutions of
Cu, Zn, and Al

Cu:Zn:Al = 1:12:18, for both
total and dissolved copper

Finlayson
and
Ashuckian
197914 Cu:Zn:Al = 1:4:6, dissolved

copper

36 Cu:Zn:Al = 1:4:6, total copper

White sucker (Catostomus
commersoni)

2.1 Control group; Cu in
biomass (mg/kg dw):  liver
50, muscle 7, stomach
contents 7

Loken Lake, Ontario, Canada;
Zn conc. 10 µg/L

Munkittrick
et al. 1991

9.7 Lowered growth rate; Cu in
biomass (mg/kg dw):  liver
83, muscle 6, stomach
contents 155

Manitouwadge Lake, Ontario,
Canada; Zn conc. 232 µg/L

Amphibians

Narrow-mouthed toad
(Gastrophryne
carolinensis)

40 17-d LC50 Adult Birge and
Black 1979

50 3-d LC50 Tadpole

Southern gray tree frog
(Hyla chrysoscelis)

40 9-d LC50 Adult Birge and
Black 1979

60 3-d LC50 Tadpole

Leopard frog (Rana
pipiens)

40 8-d LC50 Adult Birge and
Black 1979

60 4-d LC50 Tadpole

Marbled salamander
(Ambystoma opacum)

70 8-d LC50 Adult Birge and
Black 1979

359 4-d LC50 Tadpole

Birds

Mallard (Anas
platyrhynchos)

10,000 No adverse effect Juveniles Foster and
Ramsdell
1997
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Table 11.&Summary of exposure-response or exposure-bioaccumulation of copper

Species

Cu concentration
in diet

(mg/kg dw)
Exposure
duration

Cu concentration in
biomass

(mg/kg ww) Effects Reference

Food chain

Woodlouse
(Porcellio scaber)

200,000 No effect on survival Beyer et al.
1984

Mayfly (Epeorus
latifolium) adult

<590 (in algae) 8 weeks No change in mortality or
growth rate

Hatakeyama
1989

Mayfly larvae 1,140 (in algae) 1 week 50% decrease in growth
rate.  Slight increase in
mortality.

Fish

Rainbow trout
(Oncorhynchus
mykiss)

3.5 9 weeks Whole fish 1.8; liver
7.9

Julshamn et
al. 1988

102 Whole fish 3.0; liver 18

194 Whole fish 4.7; liver 35

405 Whole fish 6.2; liver 35

603 Whole fish 7.8; liver 91

810 Whole fish 9.8;
liver 112

Slight increase in mortality
rate

990 Whole fish 13.3;
liver 149

Significant decrease in
weight gain; significant
increase in mortality

178 20 weeks Liver 159 No effect.  (Diet also had
683 mg Zn/kg dw)

Knox et al.
1982

Birds

Chicken >500 Growth retardation Melring et al.
1959

Turkey >50 Purified diet; reduced
growth and survival

Waibel et al.
1963

>800 Natural diet; no effects

Mammals

Rat 500 4 weeks Reduced growth Boyden et al.
1937

Domestic sheep
(Ovis aries)

30%60 10 weeks Decreased food
consumption, weight loss,
hemolytic crisis, increased
mortality

Zervas et al.
1990

H[SRVXUH�WKDQ�PXVFOH���1ULDJX��������UHSRUWHG
WKDW�EURRN�WURXW�DUH�HVSHFLDOO\�VHQVLWLYH�WR
FRSSHU�FRQFHQWUDWLRQV�LQ�ZDWHU��WDEOH������DQG
\HW�.QR[�HW�DO���������IRXQG�WKDW�UDLQERZ�WURXW
FDQ�WROHUDWH�UHODWLYHO\�KLJK�GLHWDU\�FRQFHQ�
WUDWLRQV�RI�FRSSHU��WDEOH�������7KH�GLIIHUHQW�

WROHUDQFH�OHYHOV�DUH�OLNHO\�GXH�LQ�SDUW�WR�YDU\LQJ
WR[LFLWLHV�RI�WKH�FRSSHU�VSHFLHV�XVHG�LQ�WKH�WZR
VWXGLHV�

$V�VKRZQ�LQ�WDEOH�����1ULDJX��������UHSRUWHG
UHGXFHG�HJJ�SURGXFWLRQ�LQ�IDWKHDG�PLQQRZV
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DW�UHODWLYHO\�ORZ�FRSSHU�FRQFHQWUD�WLRQV�LQ�ZDWHU��
,Q�DGGLWLRQ��0LOOHU�HW�DO���������UHSRUWHG�UHGXFHG
JURZWK�LQ�ZKLWH�VXFNHU��%CVQUVQOWU
EQOOGTUQPK��IHPDOHV�DIWHU�VH[XDO�PDWXUDWLRQ�
GHFUHDVHG�HJJ�VL]H�DQG�IHFXQGLW\��QR�VLJQLILFDQW
LQFUHDVH�LQ�IHFXQGLW\�ZLWK�DJH��DQG�DQ�LQFUHDVHG
LQFLGHQFH�RI�VSDZQLQJ�IDLOXUH�DW�ZDWHUERUQH
FRSSHU�FRQFHQWUDWLRQV�
RI�����J�/�DQG�VHGLPHQW�FRQFHQWUDWLRQV�RI�
���PJ�NJ�

$PSKLELDQV

$PSKLELDQV�DUH�UHODWLYHO\�VHQVLWLYH�WR�ZDWHU�
ERUQH�FRSSHU�FRQFHQWUDWLRQV�GXULQJ�WKH
GHYHORSPHQWDO�VWDJHV��WDEOH�����EXW�DUH�UHODWLYHO\
WROHUDQW�WR�KLJK�FRSSHU�EXUGHQV�DV�DGXOWV�DQG
DFFXPXODWH�ODUJH�DPRXQWV�RI�FRSSHU�LQ�WKHLU
OLYHUV��+DOO�DQG�0XOKHUQ�������

%LUGV

7KHUH�DUH�IHZ�VWXGLHV�DYDLODEOH�RQ�WKH�WR[LFLW\�RI
FRSSHU�WR�ELUGV��EXW�LW�DSSHDUV�WKDW�WKH\�WROHUDWH
FRSSHU�EHWWHU�WKDQ�PRVW�DTXDWLF�RUJDQLVPV�GR��
1$6��������UHSRUWHG�WKDW�
����PJ�&X�NJ�LQ�WKH�GLHW�LV�WKH�PD[LPXP
WROHUDEOH�OHYHO�IRU�SRXOWU\���7KLV�YDOXH�PD\�EH
XVHG�WR�HVWLPDWH�WKH�VDIHW\�OHYHOV�IRU�DYLDQ
ZLOGOLIH�ZLWK�WKH�XVH�RI�VDIHW\�IDFWRUV���3XOV
�������FRQVLGHUHG�WKH�WR[LF�GLHWDU\�OHYHO�IRU
GXFNV�WR�EH�!����PJ�NJ�DQG�QRWHG�WKDW�GXFNV
DFFXPXODWH�PRUH�FRSSHU�LQ�WKH�OLYHU�WKDQ�GR
FKLFNHQV�RU�WXUNH\V�IHG�WKH�VDPH�GLHWDU\�OHYHOV��
7KH�PD[LPXP�VDIH�GLHWDU\�OHYHOV�RI�FRSSHU�IRU
JURZLQJ�FKLFNV�DQG�WXUNH\V�
ZHUH�HVWLPDWHG�WR�EH�����DQG�����PJ�NJ�
UHVSHFWLYHO\��LQ�WKH�GLHW��1HDWKHU\�DQG�0LOOHU
��������-XYHQLOH�PDOODUGV�FRXOG�WROHUDWH�D�FRSSHU
FRQFHQWUDWLRQ�XS�WR����PJ�/�LQ�GULQNLQJ�ZDWHU
ZLWK�S+�JUHDWHU�WKDQ�
����ZLWKRXW�DGYHUVH�KHDOWK�HIIHFWV��)RVWHU�DQG
5DPVGHOO�������

0DPPDOV

0DPPDOV��WRR��DUH�UHODWLYHO\�WROHUDQW�WR�FRSSHU
FRPSDUHG�WR�DTXDWLF�RUJDQLVPV���)RU�PRVW
GRPHVWLF�PDPPDOV��WKH�PD[LPXP
UHFRPPHQGHG�WROHUDEOH�OHYHO�RI�FRSSHU�LQ�WKH
GLHW�UDQJHV�IURP�����WR�����PJ�NJ��1$6��������
7KH�OHYHO�IRU�VKHHS��KRZHYHU��ZDV�RQO\���
PJ�NJ���=HUYDV�HW�DO���������IRXQG�WKDW
���PJ�&X�NJ�LQ�WKH�GLHW�ZDV�WR[LF�WR�VKHHS
�WDEOH�������*HQHUDO�VLJQV�RI�FRSSHU�WR[LFLW\�LQ
PDPPDOV�DUH�LQKLELWLRQ�RI�JURZWK��PXVFXODU
G\VWURSK\��DQHPLD��LPSDLUHG�UHSURGXFWLRQ��DQG
GHFUHDVHG�ORQJHYLW\���6\PSWRPV�RI�FRSSHU
SRLVRQLQJ�DUH�HVSHFLDOO\�DSSDUHQW�ZKHQ
PRO\EGHQXP�FRQWHQW�LV�ORZ��'HPD\R�
HW�DO����������6PDOO�PDPPDOV�VXFK�DV�VKUHZV�
PLFH��DQG�YROHV�PD\�EH�XVHIXO�ELRPRQLWRUV�IRU
FRSSHU��DV�VKRZQ�LQ�WDEOH�����7DOPDJH�DQG
:DOWRQ���������,Q�VKUHZV��FRSSHU�FRQFHQ�WUDWHG
LQ�LQGLYLGXDO�WLVVXHV�LQ�WKH�RUGHU�KDLU�!�OLYHU�!
NLGQH\�!�ZKROH�ERG\��+XQWHU�DQG�-RKQVRQ
��������

%LRDFFXPXODWLRQ

,Q�RUGHU�WR�HYDOXDWH�WKH�FXPXODWLYH�WR[LFLW\�RI
FRSSHU�DQG�RWKHU�PHWDOV��$V��&G��+J��3E��DORQJ
WKH�IRRG�FKDLQ��<DQQDL�HW�DO���������UDLVHG�D�ODUJH
TXDQWLW\�RI�DOJDH��/KETCEVKPKWO�DQG�%JNQTGNNC�
RQ�PHWDO�ULFK�ZDVWH�ZDWHU��IHG�WKH�DOJDH�WR
FKLFNHQV�DQG�FDUS��DQG�WKHQ�IHG�WKH�PHDW�RI
WKHVH�FKLFNHQV�DQG�FDUS�WR�UDWV���7KH\�IRXQG
WKDW�ELRDFFXPXODWLRQ�GLG�QRW�LQFUHDVH�WKH�OHYHOV
RI�DQ\�RI�WKHVH�PHWDOV�LQ�FKLFNHQV�RU�FDUS�H[FHSW
IRU�FKLFNHQV
�OLYHUV��ZKLFK�FRQWDLQHG�KLJKHU
FRSSHU�WKDQ�WKH�OLYHUV�RI�FRQWURO�FKLFNHQV���DQG
WKH\�REVHUYHG�QR�FKDQJH�LQ�WKH�JHQHUDO
DSSHDUDQFH��EHKDYLRU��DQG�VXUYLYDO�RI�WKH�UDWV
WKDW�DWH�WKH�FKLFNHQ�DQG�FDUS�PHDW���7KH\
FRQFOXGHG�WKDW�VXFK�PHDW�ZRXOG�SRVH�QR�KD]DUG
WR�FRQVXPHUV�
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Table 12.&Accumulation of copper in small mammals compared to
copper concentrations in soils

[Data from Hunter and Johnson (1982)]

Copper concentration
(mg/kg, dry weight)

Medium 
Uncontaminate

d site
Copper refinery

site

Soil 9.3 2,480

Wood mouse (Apodemus
sylvaticus)
   Kidney
   Liver
   Hair
   Muscle

10.8
13.4
6.5
8.5

11.9
23.7
14.7
6.9

Field Vole (Microtus agrestis)
   Kidney
   Liver
   Hair
   Muscle

10.8
13.4
6.5
8.5

22.6
13.5
24.2
9.3

Shrew (Sorex araneus)
   Kidney
   Liver
   Muscle

22.8
31.1
10.9

38.5
56.1
17.4

,QWHUDFWLRQV

0L[WXUHV�RI�FRSSHU�DQG�]LQF�DUH�NQRZQ�WR�EH
DGGLWLYH�RU�V\QHUJLVWLF�LQ�WR[LFLW\�WR�PDQ\
DTXDWLF�RUJDQLVPV���)LQOD\VRQ�DQG�9HUUXH�������
FRQGXFWHG�ORQJ�WHUP�DQG�VKRUW�WHUP�WR[LFLW\
VWXGLHV�RQ�&KLQRRN�VDOPRQ��1PEQTJ[PEJWU
VUJCY[VUEJC��XVLQJ�YDULRXV�ZDWHU�FRQFHQWUDWLRQV
RI�FRSSHU�DQG�]LQF�PL[WXUH���7KH\�HVWLPDWHG
WKDW�VDIH�OHYHOV�RI�FRSSHU�DQG�]LQF�IRU�&KLQRRN
VDOPRQ�ZRXOG�EH�EHORZ����DQG�����J�/�
UHVSHFWLYHO\���)RU�PRVW�DQLPDOV��WKH�VHYHULW\�RI
FRSSHU�WR[LFLW\�FKDQJHV�JUHDWO\�GHSHQGLQJ�RQ
WKH�FRSSHU��PRO\EGHQXP�UDWLRV�LQ�WKHLU�GLHW��
0DQ\�VWXGLHV�KDYH�UHSRUWHG�WKDW�ZKHQ�DQLPDOV
FRQVXPH�ORZ�OHYHOV�RI�PRO\EGHQXP�LQ�WKHLU
GLHW��FRSSHU�DFFXPXODWHV�PXFK�IDVWHU�DQG�FDXVHV
FRSSHU�SRLVRQLQJ�DW�ORZHU�FRQ�FHQWUDWLRQV��
+LJK�FRQFHQWUDWLRQV�RI�PRO\EGHQXP��RQ�WKH
RWKHU�KDQG��DUH�NQRZQ�WR�LQGXFH�FRSSHU

GHILFLHQFLHV���$�ORZ�PROHFXODU�ZHLJKW�SURWHLQ�
PHWDOORWKLRQHLQ��DOVR�SOD\V�DQ�LPSRUWDQW�UROH�LQ
WKH�WUDQVSRUW��VWRUDJH��DQG�GHWR[LILFDWLRQ�RI
FRSSHU��+DPLOWRQ�DQG�0HKUOH��������
0HWDOORWKLRQHLQ�V\QWKHVLV�LV�LQGXFHG�LQ�PRVW
YHUWHEUDWHV�DQG�VRPH�SODQWV�ZKHQ�WKH\�DUH
FKURQLFDOO\�RU�DFXWHO\�H[SRVHG�WR�FRSSHU�DQG
RWKHU�KHDY\�PHWDOV���,W�SURYLGHV�SURWHFWLRQ
DJDLQVW�FRSSHU�E\�VHTXHVWHULQJ�FRSSHU�PRUH
HIILFLHQWO\�

5HJXODWRU\�6WDQGDUGV

6WDQGDUGV�DQG�FULWHULD�HVWDEOLVKHG�E\�WKH�
8�6��(QYLURQPHQWDO�3URWHFWLRQ�DJHQF\�DUH�OLVWHG
LQ�WDEOH������)RU�VWDQGDUGV�DQG�FULWHULD�VHW�E\
6WDWH�DJHQFLHV��FRQWDFW�WKRVH�DJHQFLHV�GLUHFWO\��
6HH�$SSHQGL[�,�IRU�D�OLVWLQJ�RI�ZDWHU�TXDOLW\
RIILFLDOV�LQ�WKH����:HVWHUQ�6WDWHV�
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Table 13.&U.S. Environmental Protection Agency standards and criteria
for copper

(See Appendix II for explanation of terms.  Source:  EPA, 1985, 1995)

Status EPA priority pollutant; carcinogencity unknown

Drinking water MCL 1,300 µg/L (may vary with treatment technique)

Freshwater criteria (hardness dependent)1

At hardness of 50 mg/L CaCO3 9.2 µg/L for acute exposure
6.5 µg/L for chronic exposure

At hardness of 100 mg/L CaCO3 18 µg/L for acute exposure
12 µg/L for chronic exposure

At hardness of 200 mg/L CaCO3 34 µg/L for acute exposure
21 µg/L for chronic exposure

     1 Official criteria are given as hardness-dependent equations; values listed here are
examples that result from these equations at the stated hardness levels.  The criterion for
acute exposure is equal to e [0.9422{ln(hardness)}-1.464]; that for chronic exposure equals

e[0.8545{ln(hardness)}-1.465].
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