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ABSTRACT 

Element Analysls was conducted on 
rainbow trout and Sacramento sucker muscle 
tissue from two streams in the Geysers area, 
California. Specimens were collected June 
1984 In Big Sulphur Creek from sltes down- 
stream and upstream of geothermal power fa- 
cll l t les and in Ll t t le Sulphur Creek which has 
no nearby geothermal development. In com- 
parison to freshwater flsh from other geo- 
graphic locatlons, those ln the Geysers area 
show high levels of the potentlally toxlc ele- 
ments Hg, Pb, Zn and Cu (up to 0.7, 9.5, 47.3 and 
3.1 ppm, respectlvely). In general, the data 
suggest that elevated element levels are 
characteristic of both Llt t le Sulphur Creek and 
Big Sulphur Creek, however Zn, Cu and Pb are 
statistlcally higher In suckers collected down- 
stream of geothermal development. 

INTRODUCTION 

This study provldes reference data for 
27 chemlcal elements In ralnbow trout 
( Omon3yncnus myk/s$ and the Sacramento 
sucker ( Catostomus occ/'entaU.s), taken f rom 
Blg Sulphur and Ll t t le Sulphur creeks. The 
terrain surrounding both streams was actively 
mined (prlmarlly for mercury and manganese) 
prlor to 1960, but only the Blg Sulphur Creek 
watershed has undergone extensive geother- 
mal deve 1 opmen t. 

Although many elements and the com- 
pounds they produce occur naturally as a part 
of the normal eroslon process, thelr concentra- 
tlons can be Increased during constructlon and 
operatlon of mines, roads, well pads, plpellnes, 
power llnes and power plants. The resultant 
sol1 exposure, steam venting from wells and 

coollng tower fallout from power plants can 
Increase element burdens In both the aquatlc 
and terrestr l al ecosystems. 

MATER1 ALS AND METHODS 

Fish muscle samples were collected 
from three experimental sites on Big Sulphur 
Creek: 86-2 1.6, BlS-26.5 and 81s-30.4. (These 
deslgnatlons refer t o  the distance In 
kilometers from the mouth of Big Sulphur 
Creek to  the sampllng slte). Stations 81s- 
3014 and 81s-26.5 are located upstream of the 
core area of geothermal development and have 
been less Impacted by power plant and steam 
field development, Station 81s 21.6 Is 
situated in the downstream portlon of the 
watershed and has been more heavily Impacted 
by steam f leld and power plant operations. 

Suckers were collected from BiS-26.5 
and BiS-2 1.6, and ralnbow trout from 81s-39.4. 
Trout were not found In the downstream 
stretch of Big Sulphur Creek (81s-2 1.6)- The 
fourth collection slte was located on Ll t t le 
Sulphur Creek, LIS-17.3. Thls slte on Li t t le 
Sulphur Creek serves as a reference locatlon 
on a watershed exposed to past mlnlng 
actlvltles but no geothermal development. 

For Na, K,.Ca, Mg, Zn, Cu, Fe, Mn, B, AI, Si, 
TI, V, Co, Nl, Mo, Cr, Sr, Ba, Ll, Ag, Sr, Pb, Be 
and Cd three 0.8 mg subsamples of freeze- 
drled muscle were analyzed separately uslng 
lnductlvely coupled plasma (ICP) emisslon 
spectrometry by the Unlverslty of Callfornla 
laboratorles In Los Angeles. Mercury and As 
were measured by the Babcock Laboratorles In 
Rlverslde, Callfornla by atomic absorption 
(AA) spectrometry. Because of sample slze 
Ilmltatlon Hg and As were analyzed only once 
per tlssue sample. Element amounts are glven 
In parts per mllllon (ppm) dry weight. The 
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lower analytical l im i t  (LAL) defined as the 
lowest level of an element that can be mea- 
sured with absolute certainty is  given in the 
following: Na = 1.00, K = 150.00, Ca 1.00, Mg 
= 50.00, Zn = 5.00, CU = 0.2, Fe = 0.60, Mn = 
0.10, Al  = 1 .OO, Si = 1.00, T i  = 0.50, V = 1 .OO, 
Ni = 0.50, Sr = 0.20, Ba = 0.20, Pb = 1.00 and Hg 
* 0.08. 

RESULTS AND DISCUSSION 

Table 1 compares trout samples from 
BiS-30.4, which i s  upstream of most geother- 
mal development, to the reference trout from 
LIS- 17.3. Table 2 compares sucker samples 

from the 91s-26.5 site which is upstream of 
a l l  the older and much of the newer 
development, to the reference suckers from 
Lis-17.3. Table 3 compares sucker samples 
from the BiS-21.6 site, which Is downstream 
of the most extensive geothermal development, 
to the reference suckers from LIS- 17.3. 

Boron, Ti, V, CO, MO, CrJ Li, Ag, Sn, Be, Cd 
and As were below or very near the lower l im i t  
of analytical measurement for almost al l  the 
Big Sulphur Creek and L l t t le  Sulphur Creek 
sites. (Those chemical elements not appearing 
in the tables had values that were below 
minimum analytical l im i  ts). 

Table 1. A comparison of mean element content (ppm, dry wt.) of rainbow 
trout muscle tissue from Li t t le Sulphur Creek (Lis-17.31, N = 9; 
and Big Sulphur Creek (BiS-30.4), N = 9. An asterisk indicates the 
element amount was below the lower l im i t  of accurate measure- 
ment; SD = standard deviation. Confidence level was determined 
by the t-test. 

ELEMENTS LIS- 17.3 LIS-1 7.3 BE-30.4 81s-30.4 CONFIDENCE 
MEAN SD MEAN SD LEVEL 

Na 
K 

Ca 

Zn 
cu 
Fe 
Mn 
Al 
Sl 
T i  
V 

Ni 
Sr 
Ba 
Pb 

Mg 

Hg 

4030.0 
20822.2 

1093.8 
1153.5 

47.3 
1.9 

15.5 
0.4 
5.3 

42.5 
0.5 

2.1 
3.1 
1.1 
9.5 
0.7 

* 

429.3 
249 1.9 
652.1 
131.2 

6.7 
0.8 
7.3 
0.3 
1 .o 
9.1 
0.4 

4.0 
1.5 
0.6 
1.5 
0.3 

* 

Sodium, K, Ca, Mg and Si were found at 
similar levels for the suckers at LIS- 17.3 and 
61s-26.5 and BiS-2 1.6 (tables 2 and 3). Trout 
from BiS-30.4 and Lis-17.3 also had slmllar 
levels for Na, K, and Si, but Ca and Mg were 
signif icantly higher a t  the Lis- 17.3 stte (table 
11, Whether these quantl tles are within nor- 
mal ranges for f ish in mineralized streams Is 
unclear. 

3844.8 
18800.0 

580.6 
973.4 
46.9 
2.2 

20.7 
0.7 
5.4 

05.3 
1 .o 
1.9 
0.4 
2.0 
0.6 
9.2 
0.6 

556.5 
2525.4 
200.3 
143.5 

6.3 
0.9 

12.9 
0.3 
0.9 

99.7 
0.5 
1.3 
0.2 
0.5 
0.2 
1.9 
0.2 

0.05 
0.05 - 

- 
0.05 - 

Iron, A1 and Ni showed no slgniflcant 
differences between either species for the two 
streams. Quantities of Fe and A1 are relatively 
consistent in fish muscle from both Big 
Sulphur and Ll t t le Sulphur creeks. 

Barium levels in trout were slgnlfl- 
cantly hlgher in Lis-17.3 compared to trout 
from 61s-30.4, Strontlum was slgnlficantly 
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higher in suckers from BiS-21.6 compared to 
suckers from LIS- 17.3. 

The highest levels of Mn, 5.0 ppm, were 
found in suckers from BiS-21.6, This 5.0 ppm 
value was also signlllcantly different from the 
Mn level in suckers from Lis-17.3. Detectable 
levels of Mn might be expected given the his- 
tory of mining in the area and the presence of 
manganese-rich sol 1. Manganese does accu- 

mulate in f lsh tissues mainly through digested 
food that i s  part of a food chain bioaccumula- 
t lon (Salankl et a[, 1982). The toxicity of 
this element is unclear because of the wide 
variation of values in published reports ( e t  al, 
' I  979). 

Table 2. A comparison of mean element content (ppm, dry wt.) of Sacramento 
sucker muscle tissue from L l t t le  Sulphur Creek (LIS- 17.31, N = 1 1; 
and Big Sulphur Creek (61s-26.51, N = 4. An asterisk indicates the ele- 
ment amount was below the lower l im i t  of accurate measurement; 
SD = standard deviation. Confidence level was determined by the t test. 

ELEMENTS LIS- 17.3 LIS- 17.3 BIS-26.5 BE-26.5 CONFIDENCE 
MEAN SD MEAN SD LEVEL 

Na 
K 

Ca 
Mg 
Zn 
cu 
Fe 
Mn 
A1 
si 
T i  
Ni 
Sr 
Ba 
L i  
Pb 
Hg 

4 1 30.0 
20863.6 

8 16.0 
1217.7 

30.5 
3.1 

17.2 
1.9 
6.4 

93.4 
0.8 
1.9 
1.8 
2.3 
0.7 
6.1 
0.7 

523.8 
2250.9 
33 1.3 
89.2 
4.7 
I .6 
7.2 
0.7 
3.0 

68.5 
0.2 
3.1 
0.8 
0.6 
0.2 
1.2 
0.2 

ELEMENTS OF NOTE 

The concentratlons of Hg, Cu, Pb and Zn, 
are particularly noteworthy. A1 though some 
varlatlon exlsts between streams and wlthin 
specles, the values for these four metals were 
consistently hlgh at a l l  sltes on Blg Sulphur 
and L i t t le  Sulphur creeks (table 4.) Compara- 
ble data on element content of the creek 
waters at the f ish statlons i s  not available. 
However, some llmited data suggests that the 
waters of these two creeks have a relatively 
hlgh level of mlnerallzatlon. 

3832.5 
22275.0 

820.6 
1403.6 

30.2 
1.7 

24.3 
2.8 
4.9 

91.2 

1 .o 
2.2 
2.0 
0.8 
6.5 
0.6 

* 

687.2 
4702.0 
205.2 
260.4 

9.0 
0.4 

11.1 
2.2 
0.3 

19.8 

0.5 
0.4 
0.1 
0.2 
1 .o 
0.2 

* 

High concentratlons of these lour metals 
may be toxic and/or lethal to flsh. At sub- 
lethal levels these metals form compounds 
which accumulate In f lsh tlssues. Further, 
mercury levels Increase In concentration w l th  
succeedlng levels of the food chain 
(biomagnificatlon) Connell and Miller (1984). 

MERCURY 

In comparlson to  Hg levels reported In 
the llterature, the sucker and trout muscle 
sampled in this study contained moderately 
hlgh levels of Hg. Mercury concentratlons were 
very slmilar for both l l sh  specles on Ll t t le 
Sulphur Creek (sucker, 0.7 ppm; trout, 0.7 ppm) 
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and for the BiS-26.5 (sucker, 0.6 ppm) and BiS- 
30.4 (trout 0.6 ppm) sites on Big Sulphur Creek. 
The only mean value for either species below 
0.5 ppm (the USDA standard for human con- 
sumption) was the sucker sample collected 
downstream at 81s-2 1.6 (0.4 ppm). 

Uthe and Bligh (1971) examined lake 
whitefish, northern pike, rainbow smelt and 
yellow perch from industrialized areas in 
Canada and found Hg levels to  vary from 0.07 
ppm to 0.70 ppm, respectively, In dressed fish 
(muscle and bone). Benson et a1 (1976) 
examined 160 fish representing 19 species 
from Idaho reservoirs and the Snake Rlver. 
Ninety-eight percent of the samples contained 
detectable Hg, with the highest residues over 
6.0 ppm; 19 percent contained residues over 
0.5 ppm. 

In fish, Hg is  accumulated in direct pro- 
portion to  fish weight, fish length and duration 
of exposure (Scott and Armstrong, 1972; Scott, 
1974). Our data show a clear relationship of 
Hg content to weight. Small suckers (less than 
100 g each) collected from 61s-21.6 were 
found to have mean Hg levels of 0.28 ppm, 
while large suckers ( 100 g or more) had a mean 
Hg level of 0.58 ppm. Moreover, Hg has been 
shown to  concentrate in fish high in the food 
chain particularly in large predatory fish 
(Wissmath and Kreuzer, 1979X Olson et al 
(1975) have shown that there is a pronounced 
ability to  take in Hg and a concomitant limited 
capacity to  excrete this metal. This inability 
to  eliminate Hg results in levels above 1 .O pprn 
accumulating in fish tissues collected from 
water containing as l i t t l e  as 0.018 pprn of the 
organic form, methylmercury (Olson et al, 
1975). 

Table 3. A comparison of mean element content (ppm, dry wt.) of Sacramento 
sucker muscle tissue from Litt le Sulphur Creek (LIS- 17.31, N = 1 1; 
and Big Sulphur Creek (BiS-21.61, N = 1 1; SD = standard deviation. 
Confidence level was determined by the t-test. 

ELEMENTS LIS- 17.3 LIS- 17.3 BE-2 1.6 BIS-2 1.6 CONFIDENCE 
MEAN SD MEAN SD LEVEL 

Na 
K 

Ca 

Zn 
cu 
Fe 
Mn 
A1 
si 
Ti 
Ni 
Sr 
Ba 
Li  
Pb 

Mg 

Hg 

4 1 30.0 
20863.6 

8 16.0 
1217.7 

30.5 
3.1 

17.2 
1.9 
6.4 

93.4 
0.8 
1.9 
1.8 
2.3 
0.7 
6.1 
0.7 

523.8 
2250.9 
33 1.3 
89.2 
4.7 
1.6 
7.2 
0.7 
3.0 

68.5 
0.2 
3.1 
0.8 
0.6 
0,2 
1.2 
0.2 

3829.4 
18690.9 

953.1 
1135.7 

37.0 
2.0 

18.2 
5.0 
5.6 

80.4 
9.0 
1.9 
3.6 
1.6 
0.7 
8.7 
0.4 

851.4 - 
2899.5 - 
485.3 - 
159.8 - 

5.9 0.01 
0.9 - 
8.1 - 
2.4 0.01 
1.3 - 

29.6 - 
13.7 - 
3.4 - 
1.4 0.01 
0.6 - 
0.3 - 
1.2 0.01 
0.2 0.05 
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Table 4. 

SPEC I ES 

Mean concentrations (ppm, dry wt.) of Hg, Zn, Cu, Pb for 
Sacramento sucker (N = 1 1) and rainbow trout (N = 9) 
musculature from L i t t le  Sulphur Creek (Lis- 17.3) and the 
upstream (BiS-30.4) and downstream (BiS-21.6) sites of 
Big Sulphur Creek. Values in parentheses are standard 
deviations; an asterisk means trout were not present. 

SITE HG ZN cu PB 

Sucker LIS- 17.3 0.7 (0.2) 
Trout LIS- 17.3 0.7 (0.3). 

Sucker BE-26.5 0.6 (0.2) 
Trout BiS-30.4 0.6 (0.9) 

Sucker BiS-2 1.6 0.4 (0.2) 
Trout BiS-2 1.6 * 

30.5 (4.7) 3.1 (1.6) 6.1 (1.2) 
47.3 (6.7) 1.9 (0.8) 9.5 ( 1 .5) 

30.2 (9.0) 1.7 (0.4) 6.5 ( 1  .O) 
46.9 (6.3) 2.2 (0.9) 9.2 ( 1.9) 

37.0 (5.9) 2.0 (0.9) 8.7 ( 1.2) * * * 
L' 

LEAD 
ZINC 

Mean Pb concentrations recorded for this 
study were high when compared with those re- 
ported in the literature. Concentrations varied 
between species; however, the difference was 
consistent for both Lit t le Sulphur Creek 
(sucker, 6.1 ppm; trout, 9.5 ppm) 
and BiS-30.4 (trout, 9.2 ppm) sites on Big 
Sulphur Creek. Lead levels were signif lcantly 
higher in  suckers (8.7 Ppm) from the BiS-21.6 
site. 

Pakkala et al (1972) measured whole 
body concentrations and found no obvious re- 
lationship between fish size, species or sex 
and their respective Pb, Zn and Cu concentra- 
tions. They also measured Pb concentrations 
from 419 fish from 49 different bodies of 
water in New York state. Whole body 
concentrations of Pb ranged from 0.3 ppm to  
1.5 ppm with a few samples measured at 3.0 
ppm. Uthe and Bligh (1971) measured Pb 
concentrations in dressed samples of lake 
whitefish, northern pike, ralnbow smelt and 
yellow perch from lakes near lndustrialized 
and non-industrial ized areas and recorded 
values below 0.5 ppm. Badsha and Goldspink 
(1982) examined bream and roach from north- 
western England and found Pb levels in muscle 
that ranged from 0.17 to  1.55 PPm, while 
kidney, liver and bone had concentration values 
that in many cases exceeded 10 times those of 
muscle alone. 

Zinc levels in fish musculature from Big 
Sulphur and Lit t le Sulphur creeks are generally 
much higher than those reported in the litera- 
ture. Concentrations varied between species; 
however, the difference was consistent for 
both Lit t le Sulphur Creek (sucker, 30.5 ppm; 
trout, 47.3 ppm) and BiS-26.5 (sucker, 30.2 
ppm) and BiS-30.4 (trout, 46.9 ppm) on Big 
Sulphur Creek. Zinc concentrations were sig- 
nif  icantly higher for suckers at 815-2 1.6 on 
Big Sulphur Creek. 

Wilson et al (1981) analyzed rainbow 
trout muscle and liver tissue for Zn concen- 
trations due t o  acid mine wastes in the Sacra- 
mento River Basin. They found no relationship 
between metal concentrations in the muscle 
and the size or age of trout. Further, neither 
was there a relatlonshlp to  the concentration 
of Zn in the water. They concluded that the 
observed range of Zn (8.3 to  15.3 ppm, dry 
weight) was similar t o  other studies and was a 
"background" level for muscle. The muscle 
level concentrations for trout in the present 
study were three to  five times the assumed 
"background" level. Wilson et al ( 198 1 )  found 
Zn concentrations in l iver tissues t o  Increase 
with fish length, weight and age. In their 
study the range of .Zn in l iver was from 1 16 to  
190 ppm which is  minimally a ten-fold in- 
crease over the muscle concentration. On a 
comparative basis, the rainbow trout livers in 
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the present study (had they been analyzed) 
would have had an estlmated l lver Zn level of 
about 460 ppm. 

Largemouth bass from the Savannah 
River in South Carollna were found to have 
muscle concentrations of 22.2 ppm Zn (Pinder 
and Giesy, 198 1 1. Four species of dressed fish 
from Canadian lakes ranged from 12 ppm In 
lakes free from Industrial development to  20 
ppm near industrialized regions (Lucas et al, 
1970). Badsha and Goldspink ( 198 1 1 found that 
Zn values for muscle tissue from bream and 
roach ln northwestern England ranged from 
1.49 to 1 1.45 ppm. 

COPPER 

Copper values for muscle In suckers and 
trout were higher than those reported in the 
literature. Copper concentrations varied in 
suckers at L i t t le Sulphur Creek (3.1 ppm) and 
BiS-26.5 (1.7 ppm) and BiS-21.6 (2.0 ppm) on 
Big Sulphur Creek. The higher value for Cu on 
Li t t le Sulphur Creek was slgnlficant; however, 
copper levels for trout were similar for L i t t le 
Sulphur Creek (1.9 ppm) and the BiS-30.4 Site 
(2.2 ppm) on 819 Sulphur Creek. 

Copper is  one of  the most toxic metals 
affecting fish, wi th a wide range of sublethal 
and lethal values (Black et at, 1976). Water 
hardness and pH can also significantly modify 
the toxicity of Cu. 

Wllson etal(l9811, in addition to ana- 
lyzing rainbow trout muscle and liver tissues 
for Zn in the Sacramento River Basin, also ob- 
tained Cu data. As wi th Zn, there was no rela- 
tionship between concentrations in the muscle 
and slze or age of the trout; nor was there any 
relationship to Cu levels in the water. Again, 
as wi th Zn, Cu levels had a range of  
"background levels similar to other studies in 
the continental United States, namely, (0.6 to 
< 1 .O pprn (dry weight). 

Largemouth bass muscle from the 
Savannah River In South Carollna had Cu con- 
centrations of 0.62 ppm (Plnder and Giesy, 
1981). Four specles of Canadlan dressed 
freshwater f ish had Cu concentrations that 
varied from 0.5 ppm in relatively unpolluted 
areas to 1.28 ppm In highly lndustriallzed 
areas (Uthe and Bligh, 1971). Whole fish 

values for Lake Superior, Lake Michigan and 
Lake Erle ranged from 0.85 pprn to 2.7 pprn 
(Uthe and Bllgh, 197 1 ). 

ELEMENT LOADS 

Both natural and anthropogenic activi- 
t ies have contributed to the element load of 
f ish in Big Sulphur and Li t t le Sulphur creeks. 
Until the early 1960s mercury mines repre- 
sented the dominant anthropogenic activlty in 
both drainages. Found in the same ores de- 
posits wl th mercury are Cu, Zn, Mn and Pb. 
Surface mining usually creates acidif led, min- 
eral-rich deposits that are readily eroded and 
eventually accumulate in the hydrosphere 
(Connell and Mi 1 ler, 1 984). 

Geothermal steam production has 
steadily increased in the Geysers since 1960. 
Many parts of the process leading to electric- 
i t y  production allow for the release of 
mineral-laden steam into the atmosphere. The 
dissolved and particulate matter returns to the 
earth as fallout and eventually enters the hy- 
drosphere. Soil eroslon, from the many 
construction phases of steam development, 
may also have accelerated the release of 
metals lnto the envlronment. It is probable 
that both the Ll t t le Sulphur Creek and Big 
Sulphur Creek drainages have historically car- 
ried a high trace element content. The rock 
formations at the Geysers are prone to erosion, 
and natural weathering of rock and soil may 
maintain a high background element load in 
both streams. In addition, there are, at least 
in the Big Sulphur Creek area, a number of 
natural geothermal surface features (hot 
springs and fumaroles) that contribute 
mineral-laden steam and water to the envi- 
ronment. 

Assessing the potential hazard of these 
elements to f ish populations at the Geysers 
would be conjectural based on this lni t lal  
survey and limlted sample size. Certainly 
many trace elements, at less than toxic levels, 
are essential for normal physiological pro- 
cesses (Lucas et al, 1970). At the other ex- 
treme, hlgh concentrations of a particular el- 
ement can be toxic. (See Bryan, 1976, for 
limitations of lethal toxicity data in metal 
studies.) Chronic exposure to sublethal con- 
centratlons of elements can debllitate growth 
and reproduction of f ish Benoit et al, 1976; 
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Brungs, 1969; Davies et ai, 1976; Eaton, 1973; 
Holcombe et a,!, 1979 Pickering and Gast, 
1972; Spehar, 1976). Subtle changes in one or 
more element concentrations can affect 
enzyme relationships (Davies, 1976). Seem- 
ingly unimportant levels of one element may 
act synergistically wi th another element to 
cause an effect. Moreover, physical changes in 
water temperature, pH, hardness and redox 
conditions modify element toxicity (Connell 
and Miller, 1984). 

It i s  known that many fish species can 
acclimatize to enriched levels of various ele- 
ments. The different species' total physi- 
ological and behavioral response vary season- 
ally and geographically as well as according to 
the individual's age and weight when f i rst  ex- 
posed (Connell and Miller, 1984). 

CONCLUSIONS 

Historically both Big Sulphur and Lit t le 
Sulphur creeks have probably malntained high 
background levels of many chemical elements. 
Trout and suckers from both streams exhibit 
high levels of Hg, Zn, Cu and Pb when compared 
to freshwater fish from other geographic lo- 
cations. The conservative measure of muscle 
tissue of Big Sulphur Creek suckers shows 
enrichment of Zn, Cu and Pb, compared to those 
from Lit t le Sulphur Creek. Further, the ele- 
vated levels in suckers were from fish living 
downstream of geothermal development and 
natural geothermal surface features. Of the 
four elements, Hg i s  probably of greatest con- 
cern since Hg i s  known to bioaccumulate, 
which means that this heavy metal i s  trans- 
ferred and concentrated in the food chain. 

There are crit ical thresholds in the 
physiology of a l l  species and In the ecological 
balance of an aquatic community. Trout and 
non-game species of fish have probably 
adapted to many of the environmental ex- 
tremes of Big Sulphur and Lit t le Sulphur 
creeks. Because of these extremes, the Big 
Sulphur Creek drainage i s  a stressed environ- 
ment. Whet her geothermal power development 
adds significantly to the stress is  not clear. 
Further studies and monitoring w i l l  be neces- 
sary to adequately answer this question. 
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