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10-1-93
Percent Dissolved in Aquatic Toxicity Tests on Metals

The attached table contains all the data that were found
concerning the percent of the total recoverable metal that was
dissolved in aquatic toxicity tests. This table is intended to
contain the available data that are relevant to the conversion of
EPA's aquatic life criteria for metals from a total recoverable
basis to a dissolved basis. (A factor of 1.0 is used to convert
aquatic life criteria for metals that are expressed on the basis
of the acid-soluble measurement to criteria expressed on the
basis of the total recoverable measurement.) Reports by Grunwald
(1992) and Brungs et al. (1992) provided references to many of
the documents in Jhich pertinent data were found. Each document
was obtained and examined to Jdetermine whether it contained

useful data.

"Dissolved"” is defined as metal that passes through a 0.45-um
membrane filter. If otherwise acceptable, data that were
obtained using 0.3-um glass fiber filters and 0.1-.m membrane
filters were used, and are identified in the table; these data
did not seem to be outliers.

Data were used only if the metal was in a dissolved inorganic
form when it was added to the dilution water. In addition, data
were used only if they were generated in water that would have
been acceptable for use as a dilution water in tests used in the
derivation of water quality criteria for aquatic life; in
particular, the pH had to be between 6.5 and 9.0, and the
concentrations of total organic carbon (TOC) and total suspended
solids (TSS) had to be below 5 mg/L. Thus most data generated
using river water would not be used.

Some data were not used for other reasons. Data presented by
Carroll et al. (1979) for cadmium were not used because 9 of the
36 values were above 150%. Data presented by Davies et al.
(1976) for lead and Holcombe and Andrew (1978) for zinc were not
used because "dissolved" was defined on the basis of
polarography, rather than filtration.

Beyond this, the data were not reviewed for quality. Horowitz et
al. (1992) reported that a number of aspects of the filtration
procedure might affect the results. 1In addition, there might be
concern about use of "clean techniques” and adequate QA/QC.

Each line in the table is intended to represent a separate piece
of information. All of the data in the table were determined in
fresh water, because no saltwater data were found. Data are
becoming available for copper in salt water from the New York
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Harbor study; based on the first set of tests, Hansen (1993)
suggested that the average percent of the copper that is
dissolved in sensitive saltwater tests is in the range of 76 to

82 percent.

A thorough investigation of the percent of total recoverable
metal that is dissolved in toxicity tests might attempt to
determine if the percentage is affected by test technique
(static, renewal, flow-through), feeding (were the test animals
fed and, if so, what food and how much), water quality
characteristics (hardness, alkalinity, pH, salinity), test
organisms (species, loading), etc.

The attached table also gives the freshwater criteria
concentrations (CMC and CCC) because percentages for total
recoverable concentrations much (e.g., more than a factor of 3)
above or below the CMC and CCC are likely to be less relevant.
When a criterion is expressed as a hardness equation, the range
given extends from a hardness of S0 mg/L to a hardness of 200

mg/L.

The following is a summary of the available information for each
metal:

Arsenic(III)

The data available indicate that the percent dissolved is about
100, but all the available data are for concentrations that are
much higher than the CMC and CCC.

Cadmium

Schuytema et al. (1984) reported that “there were no real
differences” between measurements of total and dissolved cadmium
at concentrations of 10 to 80 ug/L (pH = 6.7 to 7.8, hardness =
25 mg/L, and alkalinity = 33 mg/L); total and dissolved
concentrations were said to be "virtually equivalent".

The CMC and CCC are close together and only range from 0.66 to
8.6 ug/L. The only available data that are known to be in the
range of the CMC and CCC were determined with a glass fiber
filter. The percentages that are probably most relevant are 75,
92, 89, 78, and 80.

chromium(III)
The percent dissolved decreased as the total recoverable

concentration increased, even though the highest concentrations
reduced the pH substantially. The percentages that are probably

2



most relevant to the CMC are 50-75, whereas the percentages that
are probably most relevant to the CCC are 86 and 61.

Chromjium(VI)
The data available indicate that the percent dissolved is about

100, but all the available data are for concentrations that are
much higher than the CMC and CCC.

copper

Howarth and Sprague (1978) reported that the total and dissolved
concentrations of copper were "little different" except when the
total copper concentration was above S00 ug/L at hardness = 360
mg/L and pH = 8 or 9. Chakoumakos et al. (1979) found that the
percent dissolved depended more on alkalinity than on hardness,
pH, or the total recoverable concentration of copper.

Chapman (1993) and Lazorchak (1987) both found that the addition
of daphnid food affected the percent dissolved very little, even
though Chapman used yeast-trout chow-alfalfa whereas 'Lazorchak
used algae in most tests, but yeast-trout chow-alfalfa in some
tests. Chapman (1993) found a low percent dissolved with and
without food, whereas Lazorchak (1987) found a high percent
dissolved with and without food. All of Lazorchak's values were
in high hardness water; Chapman's one value in high hardness
water was much higher than his other values.

Chapman (1993) and Lazorchak (1987) both compared the effect of
food on the total recoverable LCS50 with the effect of food on the
dissolved LC50. Both authors found that food raised both the
dissolved LC50 and the total recoverable LC50 in about the same
proportion, indicating that food did not raise the total
recoverable LC50 by sorbing metal onto food particles; possibly
the food raised both LC50s by (a) decreasing the toxicity of
dissolved metal, (b) forming nontoxic dissolved complexaes with

-he metal, or (c) reducing uptake.

The CMC and CCC are close together and only range from 6.5 to 34
ug/L. The percentages that are probably most relevant are 74,
95, 95, 73, 57, 53, 52, 64, and 91.

Lead

The data presented in Spehar et al. (1978) were from Holcombe et
al. (1976). Both Chapman (1993) and Holcombe et al. (1976) found
that the percent dissolved increased as the total recoverable
concentration increased. It would seem reasonable to expect more
precipitate at higher total recoverable concentrations and
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therefore a lower percent dissolved at higher concentrations.
The increase in percent dissolved with increasing concentration
might be due to a lowering of the pH as more metal is added if
the stock solution was acidic.

The percentages that are probably most relevant to the CMC are 9,
18, 25, 10, 62, 68, 71, 75, 81, and 95, whereas the percentages

that are probably most relevant to the CCC are 9 and 10.

Mercury

The only percentage that is available is 73, but it is for a
concentration that is much higher than the CMC.

Nickel
The percentages that are probably most relevant to the CMC are
88, 93, 92, and 100, whereas the only percentage that is probably

relevant to the CCC is 76.

Selenium

No data are available.

Silver

There is a CMC, but not a CCC. The percentage dissolved seems to
be greatly reduced by the food used to feed daphnids, but not by
the food used to feed fathead minnows. .he percentages that are
probably most relevant to the CMC are 4. 79, 79, 73, 91, 90, and

93.

Zinc

The CMC and CCC are close together and only range from 59 to 210
ug/L. The percentages that are probably most relevant are 31,
77, 77, 99, 94, 100, 103, and 96.



Recommended Values (%)* and Ranges of Measured Percent Dissolved
Considered Most Relevant in Fresh Water

Metal

Arsenic(1II)
Cadmium
Chromium(III)
Chromium(VI)
Copper

Lead

Mercury
Nickel
Selenium
Silver

Zinc

CcMC ccc
Recommended Recommended
Value (%) (Range %) Value (%) (Range %)
95 100-104% 95 100-104"
85 75-92 85 75-92
85 50-75 85 61-86
95 100® 95 100°
85 52-95 85 52-95
50 9-95 25 9-10
35 73% NAE NASE
85 88-100 85 76
NA® NAS NA® NAC
85 41-93 Yy® Yy®?
85 31-103 85 31-103

A The recommended values are based on current knowledge and are
subject to change as more data becomes available.

® All available data are for concentrations that are much higher
than the CMC.

C NA = No data are available.

P YY = A CCC is not available, and therefore cannot be adjusted.

B NA = Bioaccumulative chemical and not appropriate to adjust to
percent dissolved.



ZL6T 3ISeD pue BuTIdOTd L°L (ST 202 oN

d nd S 0L 00¥9-0SY»
8L61 "Te 3@ Jeyeds ¥»°L 2y 9y é 4 é S w06 zez-¢

ZB6T °"T® 3@ TI®D S'L »» LY ON S é 8 oe 08-9

€661 uvmdeyd v°g8 (9T 602 ON s Wa é 6§ 1S

€661 uemdeyd 0°'s 8@ (1) 4 ON S Ka e Le St

€661 uemdeyd gz 1% 1< ON s Na é 8L ot

¥86T uosyae) pue yeyads 7L 1y 13 ON S Hd ¥ v8 rd7
¥86T uosyae) pue aeyads G-z 1 zy ON s nd 8 96 12Z-ST
9861 3IpueTd puw Jeyads p° L ey 117 ON d Wi € 68 [ ¢
Z861 ani1iap pue uosAeturd T°z 6T 12 ON d SO é ol6 0°'v-9%"0
c66T uemdeyd 6°L ¢8 €01 sex o )[4} 3 St 8Z°0

€661 uvmdeyd 9°. 9y €S sax d Na é 1y 9T°0

4(1/6n 9°8 03 8°T = DO {1/Bn 0°Z ©3 99°0 = DOD :Ivjemysexrs) RATRAVD

9861 3puerd pue xeyads LA €Y vy ON K| W4 € 00T 00921

¥86T °“Te J@ ewmy] 9°L 144 8y A < < S ¥0T 000ST-009

(7/6n 09€ = OWD {1/Bn 061 = D00 :a9jemysaiy) TITIVSIRISHV

*I5d H@ “YIV "PIPH Poo3 395  59T153d35 U ;"88Ta R 41D

ju9daad v uduod



6L6T °I® 39 soyewnoyeyd

n
L]
€

691 114 ON

d €O é 68 08-01
6L61 “T® 39 sOYewnoyeyd voL oL 1% ] ON 4 J7 < L8 0oE-0Y
6L61 °Te 39 sSoxrvENOYeyYD €°9 8L 14+ ON d €L é 98 00Z-02
6L6T °‘Te 39 soyewnoyeyd 0°L <L 61 ON d Lo é Zs 00Z-00T
6L6T *Te 3@ sSoywwNOYRYD 9°L [ %4 L ON d €O 3 6L 001-0¢
6L6T "T® 39 sSoXeEnoOYeyd 8°9 0z 148 ON 4 fi e é 8L oozZ-o¥
6L61 "Te 3@ soxewnoyeyd 0°L (/14 Lt ON d o e 142 0€-0T1

s(1/bn vg 03 2°6 = OWO !7/Bn 1Z 03 §'9 = DD :xe3jemysexd) HIIIOD

9861 3IpueTd pue Jeyads veL £V 1 27 ON d W4 $°66 00€E’EY

9L61 Y3 TWS puR ueurapy 9°L vie oce sax d 4954 ¢ 00T 000°S2Z<

(1/Bn 91 = DWO {1/Bn I1 = DDD :a@3emysaiy) TTATHNIROIHD

€661 uemdeyd ,z°9 G2z 061 ON

S Wa é of 5998S
€661 uemdeyd ,0°9 o1 96 ON S ) (o] é Lz 9T¥LZ
€661 uemdeyd (-9 ¢ oTY ON s NQ é ze L9292
€661 uemdeyd -9 ¢ s> ON S (] e 9z 0y891
€661 ueadeyd p L gy 4 sax d Wa e 19 1281
€661 ueamdeuyd z°'8 991 90z SO d Wa é ¥S zy

¥861 uvudeyd pue susa93ls o0°t ¥z S ON d 9s & SL-0G 00T1<

¥861 uemdeyd pue SuaA’ls Zz°L  ¥Z ¥4 ¢ 4 9s é 98 S6¥-61
¥861 uemdeyd pue SUSAI}S £°L e s F a 9s i v6 £€1-6

4{1/bn 00T€ 03 086 = OWD !11/bn oLE ©3 0ZT = 90D :iejemysexs) TITTIVTRATHOSHS



LB6T XYeyoaozeq

0°8 LIT 89T 89X | Wa 4 98 101’95
LB6T Yeyoxozer 0°8 LIT 891 ,S3x | Wa L 6L 65-92

LB6T Yeydaozel 0°8 LTI 891 ON | Ha 9 1 85-82

GL6T JToudg B-L £V Sy 1891 d oq 2 408 Z91-21

TB6T "T® @ TI®D L°CL (¥ 8 ON s e 61 YL 06-S1

€861 "Te 39 I93SToWIOWWRH €£°.L LV 8y ON s os 1A 88 ozt
€861 "[v 32 J9SToWIdwWWeH ¢€°L €V zs ON s Wa 9 16 Lt
€861 °Tv 312 IIjSTomasumey O0°L OF 0s ON § NW9'WA vt 96 ¥8-62
€661 uewdeyd T1°g 8 90T ON s Wa e v9 6t

£66T uemdeyd 6°¢ 6L 1) ¢ ON s Ha é zs €€

€661 uewdeyd 9°¢ Gy zs ON S Wa e €S (4%
€661 uewdeyd 8°¢ ¢8 $0Y s9x | Wa é 6¢ 14

€661 ueudeyd 9°7 ¥y 1s 89X d Wa é LS 91

€661 uewdeyd 1°8 691 11z se;x | Wa e €L €1

€661 uewdeyd ¥°'z  6¢€ ev sax s HWa é €y Gt

€661 uewdeyd (°z LE 6¥ ON S Na e LS L9
Z861 Oni1xaA pue uosiefutd T°z. 61 1 ¢4 ON d S0 é oC8 08-9
8461 °Te 3@ PUIlT 0°'8 €V Ly 1S9X F| Wd é %28< 25-S

q9861 -Ie 3@ uostaed 'L 8¢ 1€ ON o TR r4 16 SLt
Q986T °"T® 239 uosta®d (°L GG 2s ON s Wa 4 96 0S
qQ9861 °Te 3@ uostaed z'r 8¢ 1€ ON . | va 4 S6 02
q986T °"[e 3@ uUosSII®D L°'f GG 4 ON s va 4 S6 61-81
q°’e9g61 °Te 3@ uosTIed Z°L 8¢ 1€ 89} d ao € ¥8-6¢L (16~-21
qQ’e9g6T -Te 32 uostaed z'p B¢ 1> s3x d ao Z (91-6z1 ¥-€
6L6T °"Te 33 soyewno)leyd G°g L1 oL ON d 1o é v6 00¥-~-00T
6L61 °Tw 3@ soyemnoX®Yyd 0°'¢ 091 G617 ON d 1o é 26 00€T-00€



9861 3IpuetTy pue aeyads

€861
£861

‘Te 32 J93sTouIaumey
‘1e 319 J93sTawmIauwmeH

9861 3Ipueld pue aeyads

9L61
9L61
9L6T
9L61
9L61
9L6T

‘1e
-Te
‘Te
‘Te
‘Te
-qe

19
39
et
Y-
29
39

2qUOD TOH
2qWOD TOH
2quOD Ol
2quOD TOH
2qWODTOH
9quUODTOH

€861 S93RYO0SSY Wl

€661
€661
€661

€661
€661
€661

uemdey)
uemdey)d
uewndey)d

ueudeyd
uewudey)
uendey)

£861 UOSTIIERH pue 3oy
‘1e 39 II[XN039

9L61

9861 3ipuerd pue xeyads

41

<
*
™~

o e . e
[ B ol T o N o

NNANNANN
*

ﬁ.
w.
o.
/bn
9°L
<8

LA

(9 4

-3
144

1% 4

1% 4
1% 4
13 4
14 4
1% 4
1% 4

9zt
98
Ly

00Z 03 ¥t = OWO !1/Bbn

£t
(YA

12 4

14 4

s
134

1 A4

1A
1 A4
1 44
144
1 44
144

ze
051
00T
0s
st

cot
zs

LI
€oz

144

ON

d

WS

T

(7/6n y°z = DHD :1@3emysaay)

ON
ON

ON

ON
sax
Sox
sox
sax
89X

ON
oN
ON
oN
sax

sax
s9x

ON
ON

ON

g wnunwn M kb R W

Lt 03

S

d

s
HA'WD ‘W4

nd

€14
€14
L4
nA: |
L9
il

23
na
Ra
Wa
Wa

Ka
Wa

q4o
Wi

Hnd

rt
LA

~

o e e o (e B0 O Do B

Ce 0e 0

€°T = 00D

€L Lt
T XENSYaR
S6 08S
96 00LZ-022
6L 0012
4] 001Y
W18 yLY
- S€Z
"Ly 611
u89 8S
ul9 ve
01 6C~-L
8¢~ LO6T
(% 3 r443
6¢ Z19
14 £6T
8T 18T
6 LT
ta93emysaly) VA1
6L<-69<  DODE-0EZ
1 4] 091
98 96



o1

€661 SMN 1°8 6y 6% ON S Hd é €6 10%-9

€661 SMN (4N - 6v ozl ON S W4 é 06 68-5

€66T SMN 1°8 6Y 8v ON s W4 é 16 Ze-v

€661 SMN 1°8 6% 0s ON S Wd 2 €L Ze-2

€661 SMN 6°L 6b 6¥ 0S®A S Ha é 6L va-2

€661 SMN 1°8 6y 1S ON S Hd < 6L €

€861 °"T® 32 JaxyaqaN 0°L st 9t 894 S Ha ¢ 1T o°v
€861 °"T® 3@ IayaqoaN 0°L sz 9¢ ON s Ha é 184 0oy
€661 ueadeyd S ¢ Le LY 83X S Wa 2 1 86°6

£661 uewmdeyd 9°L LE LY ON s HWa ¢ L 61°0

(d1qerTeAR® 30U ST DOD ® {1/Bn g1 03 Z°T = DHD :Iajemysaxld) WINIIS

‘afqerTeAR aIv v3ep ON

(7/6n gz = OWD !1/Bn g = 22D :WALVMHSAWL) RATNITIS

€861 Sd93RTOOSSY QUL --- ==~ 1£4 ON | Ad é 06 000%
t661T uemdeyd 6L ve 00t ON S Ha é 00T 12 2%4
t661 uewdeyd z°'g  ¥8 VoY ON s Wa é Z6 Ov61T
€661 uemdeyd (°¢ 127 1S ON S Wa é €6 6081
€661 ueudeyd Lt cv ¥S ON s Ka é 88 S¥9
€661 uemdeyd '8 191 G0Z s9)x | Wa e L8 8LS
£661 uewdeyd 8°( (8 LOY 83X d Wa ¢ 9¢L 061
t661 uewdeyd -1 6b 11 S3X | Wa é 18 €4

4(1/bn 0052 03 064 = OHD !1/Bn 08z 03 88 = JJD :I33jemysaxd) TIOIN



£86T
€861

*1e 3@ I9)sSTauwlouumey
‘{e 3@ a93STIUWIDumely

9961 JUNnOK
9961 IJIUNOK

961
96T

anbeadg
anbeads

28617 @aNIaxap pue uosieyurg

q986T
q9861

q9861
q986T1

q9861
q986T

‘1e 3@
‘1e 39

‘1e 39
‘e 29

‘[e 39
‘{e 3@

€661
€661
€66T

£661
€661
€661

uostaed
uostaed

uostaed
uostae)d

uostIed
uostae)

uendeyn
ueundey)
uemdey)

ueudey)
ueadey)
uemdey)

N~ N (- i - N 0N
. . . . . .
~ B~ ~ o~

NN
~~

~N N
o~~~

1T

‘Pasn sem JI2311J aueiquam wri-gyp 0 ® ‘pajou se 3daox3y

9v
1% 4

Z91
291

~ 0~
~~

1
(A

61

SS
8¢

*
~~

1°3
g€

~ o~

8¢
8¢t

O e~
~a

€671
S8
Ly

LY
€8
691

4(1/Bn 012 03 g9 OWO {1/6n 06T 03 6§ = D00 :I93eAYSdI)

69
(4

voz
voz

414
114

12

gs
It

s
1€

1€
1§

961
501
147

zs
LA12¢
Tte

ON
ON

ON
ON

ON
ON

ON

ON
ON

ON
ON

s9x
sax

ON
ON
ON

sax
sax
sSax

0nwv

fo  fae Bme B fa

x@e nuunny meE Kun xXn

9s

WQ'WO ' W4
Wd
Wa

SvY
SY

SO

Rd
W4

ao
ao

ao
ao

Wa
Wa
Ha

Wa
Ra
(¢}

€1
€T

0o (e O NN N~ N~ [\ [ X e 0o

O O

96
€0t

oL

€8
001
0G6

001
o0t

143
66

LOT-18
62T-1L

9L
8L
ve

LL
LL
1€

TUOTIRIAIUBDUOCD ITQRIIA0III [0 v

oreZ
00vY-091

000¥<
000v>

0ZSS
oveT

00S-0V

166
€6€-881

081
(L9T

(€LZ-8T
oL

ve
188
9%€

161
z9
(4]

ONYZ



A S

ILY3 SIaquEeyd 3ISI] IY3 WOIJ SeM PaIel[TJ SeM JPY3 UOTINTOS ayj 3Ieyy pauwnsse ST 3T
"anteA 8TY3l HUTUIIDUOD ITQRTTRAR ST UOTIPWIOIUT pa3Tmiy ATUO

‘1/bw g moraq D0l puw ssi YITA JI33em JBATI URITO ® Sem I93vM UOTINTTP aYL

*A1aat3doadsax ‘1/bm poz pue

TISUpITeE SWTEs
STSUSYETPEY F375UGUSTIe]
PTIewwes

YsI3IPTOD

Mmouutu peayjzed

InIeUS? TUOSTeYY

TUbTR wYUqaeq

-duytays autaq 3I[nNpe uazoaj sem pooJ aylL

0S 3O s9ssaupiey I03J aaev siaqunu OM3} 8yl

o8
Ad
HO
49

23
Ha

*ejrejre~-moyd> 3noxl-3Iseak sem pooj IYL

‘aebre sea pooj ayy ,,

*POO3 puv YSTJ paureIUOd

'6°9 moreq sem Hd Byl ,
‘pesn sem 133113 auvaquaw wrl-Q1°0 V

‘PISN sem 19313 X3QTI BBETD wi-c'0 V ,

ybnoayjy-mo13 = 4
TemduUax = ¥y
OI3®38 = §

{31V pIsSn suoyIvTAdIAqER SYlL

sptuydeg = va

INOIY JLVOIYIIND = 1D
uowtes YOOUuIlyd = SO
ysyjiead = ¥o

BIQRp TTUQAEPOTISD = Qo
3INnoxy} yooxd = 14

uowes OTJURIIV = SY

:91e Pasn SUOTIVTARIQQR YL ,

*suostiedwod paxyed jo zaquny



References

Adelman, I.R., and L.L. Smith, Jr. 1976. Standard Test Fish
Development. Part I. Fathead Minnows (Pimephales promelas) and

Goldfish (Carassius auratusgs) as Standard Fish in Bioassays and
Their Reaction to Potential Reference Toxicants. EPA-600/3-76-

06la. National Technical Information Service, Springfield, VA.
Page 24.

Benoit, D.A. 1975. Chronic Effects of Copper on Survival,
Growth, and Reproduction of the Bluegill (Lepomis macrochirus).
Trans. Am. Fish. Soc. 104:353-358.

Brungs, W.A., T.S. Holderman, and M.T. Southerland. 1992.
Synopsis of Water-Effect Ratios for Heavy Metals as Derived for
Site-Specific Water Quality Criteria.

Call, D.J., L.T. Brooke, and D.D. Vaishnav. 1982. Aquatic
Pollutant Hazard Assessments and Development of a Hazard
Prediction Technology by Quantitative Structure-Activity
Relationships. Fourth Quarterly Report. University of
Wisconsin-Superior, Superior, WI.

Carlson, A.R., H. Nelson, and D. Hammermeister. 1986a.
Development and Validation of Site-Specific Water Quality
Criteria for Copper. Environ. Toxicol. Chem. 5:997-1012.

Carlson, A.R., H. Nelson, and D. Hammermeister. 1986b.
Evaluation of Site-Specific Criteria for Copper and Zinc: An
Integration of Metal Addition Toxicity, Effluent and Receiving
Water Toxicity, and Ecological Survey Data. EPA/600/S3-86-026.
National Technical Information Service, Springfield, VA.

Carroll, J.J., S.J. Ellis, and W.S. Oliver. 1979. 1Influences of
Hardness Constituents on the Acute Toxjicity of Cadmium to Brook

Trout (Salvelinus fontinalis).

Chakoumakos, C., R.C. Russo, and R.V. Thurston. 1979. Toxicity
of Copper to Cutthroat Trout (Salmo clarki) under Different
Conditions of Alkalinity, pH, and Hardness. Environ. Sci.
Technol. 13:213-219.

Chapman, G.A. 1993, Memorandum to C. Stephan. June 4.

Davies, P.H., J.P. Goettl, Jr., J.R. Sinley, and N.F. Smith.
1976. Acute and Chronic Toxicity of Lead to Rainbow Trout Salmo
gairdneri, in Hard and Soft Water. Water Res. 10:199-206.

Finlayson, B.J., and K.M Verrue. 1982. Toxicities of Copper,
Zinc, and Cadmium Mixtures to Juvenile Chinook Salmon. Trans.

Am. Fish. Soc. 111:645-650.
13



Geckler, J.R., W.B. Horning, T.M. Neiheisel, Q.H. Pickering, E.L.
Robinson, and C.E. Stephan. 1976. Validity of Laboratory Tests
for Predicting Copper Toxicity in Streams. EPA-600/3-76-116.
National Technical Information Service, Springfield, VA. Page

118.

Grunwald, D. 1992. Metal Toxicity Evaluation: Review, Results,
and Data Base Documentation.

Hammermeister, D., €. Northcott, L. Brooke, and D. Call. 1983.
Comparison of Copper, Lead and Zinc Toxicity to Four Animal
Species in Laboratory and ST. Louis River Water. University of

Wisconsin-Superior, Superior, WI.
Hansen, D.J. 1993. Memorandum to C.E. Stephan. April 15.

Holcombe, G.W., D.A. Benoit, E.N. Leonard, and J.M. McKim. 1976.
Long-Term Effects of Lead Exposure on Three Generations of Brook
Trout (Salvelinus fontinalis). J. Fish. Res. Bd. Canada 33:1731-

1741.

Holcombe, G.W., and R.W. Andrew. 1978. The Acute Toxicity of
Zinc to Rainbow and Brook Trout. EPA-600/3-78-094. .National
Technical Information Service, Springfield, VA.

Horowitz, A.J., K.A. Elrick, and M.R. Colberg. 1992. The Effect
of Membrane Filtration Artifacts on Dissolved Trace Element
Concentrations. Water Res. 26:753-763.

Howarth, R.S., and J.B. Sprague. 1978. Copper Lathality to
Rainbow Trout in Waters on Various Hardness and pH. Water Res.

12:455-462.

JRB Associates. 1983. Dexnonstration of the Site-specific
Criteria Modification Prccess: Selser's Creek, Ponchatoula,
Louisiana.

Lazorchak, J.M. 1987. The Significance of Weight Loss of
magna Straus During Acute Toxicity Tests with Copper.

Daphnia
Ph.D. Thesis.

Lima, A.R., C. Curtis, D.E. Hammermeister, T.P. Markee, C.E.
Northcott, L.T. Brooke. 1984. Acute and Chronic Toxicities of
Arsenic(III) to Fathead Minnows, Flagfish, Daphnids, and an
Amphipod. Arch. Environ. Contam. Toxicol. 13:595-601.

Lind, D., K. Alto, and S. Chatterton. 1978. Regional Copper-
Nickel Study. Draft.

Mount, D.I. 1966. The Effect of Total Hardness and pH on Acute
Toxicity of Zinc to Fish. Air wWater Pollut. Int. J. 10:49-56.

14



Nebeker, A.V., C.K. McAuliffe, R. Mshar, and D.G. Stevens. 1983.
Toxicity of Silver to Steelhead and Rainbow Trout, Fathead
Minnows, and Daphnia magna. Environ. Toxicol. Chem. 2:95-104.

Pickering, Q.P., and M.H. Gast. 1972. Acute and Chronic
Toxicity of Cadmium to the Fathead Minnow (Pimephales promelas).

J. Fish. Res. Bd. Canada 29:1099-1106.

Rice, D.W., Jr., and F.L. Harrison. 1983. The Sensitivity of
Adult, Embryonic, and Larval Crayfish Procambarus clarkii to
Copper. NUREG/CR-3133 or UCRL-53048. National Technical
Information Service, Springfield, VA.

Schuytema, G.S., P.0O. Nelson, K.W. Malueg, A.V. Nebeker, D.F.
Krawczyk, A.K. Ratcliff, and J.H. Gakstatter. 1984. Toxicity of
Cadmium in Water and Sediment Slurries to Daphnia magna.

Environ. Toxicol Chem. 3:293-308.

Spehar, R.L., R.L. Anderson, and J.T. Fiandt. 1978. Toxicity
and Biocaccumulation of Cadmium and Lead in Aquatic Invertebrates.

Enviro'.. Pollut. 15:195-208.

Spehar, R.L., and A.R. Carlson. 1984. Derivation of Site-
Specific Water Quality Criteria for Cadmium and the St. Louis
River Basin, Duluth, Minnesota. Environ. Toxicol. Chem. 3:651~-

665,

Spehar, R.L., and J.T. Fiandt. 1986. Acute and Chronic Effects
of Water Quality Criteria-Based Metal Mixtures on Three Aquatic

~h

Species. Environ. Toxicol. Chem. 5:917-931.

Sprague, J.B. 1964. Lethal Concentration of Copper and Zinc for
Young Atlantic Salmon. J. Fish. Res. Bd. Canada 21:17-9926.

Stevens, D.G., and G.A. Chapman. 1984. Toxicity of Trivalent
Chromium to Early Life Stages of Steelhead Trout. Environ.

Toxicol. Chem. 3:125-133.

University of Wisconsin-Superior. 1993. Preliminary duata from
work assignment 1-10 for Contract No. 68-Ci-0034.

15



