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I 
I 

9. ANACONDA PIT LAKE ! 
I 1.1 ANACONDA FIELD PARAMETERS 

During the winter sampling event (early March), the Anaconda pit lake was isothermal, 

with a water temperature of 6.5" to 7.5 "C throughout the maximum depth of measure- 

ment (321 ft, Figure 1-1). The isothermal conditions and uniform density profile indicate 

that the lake was complctely mixed. Specific conductance tended to increase slightly with 

depth, (850 ps/cm at the surface and 880 ps/cm at 321 ft). The dissolved oxygen (DO) 

profile indicates that hypolimnion oxygen was replenished during turnover (Figure 1-2). 

DO concentrations from the surface to a depth of 125 13 (38 m) were 10-11 mg/L. 

Beyond 150 ft (46 m), the DO concentration decreased to -7 mgL, suggesting that the 

lake was beginning to re-stratify. The winter pH profile was not significantly different 

from that of the summer, although the pH was generally -0.5 units lower. The Eh of the 

lake was fairly constant (-500 mV) with depth, and 50-100 mV greater than that ob- 

served during the summer sampling event. 

1.2 AQUEOUS CHEMISTRY 

Water samples were collected at two depths, and the major ion and nutrient contents 

(Table 1-1) of the two samples were not significantly different from those observed dur- 

ing the summer sampling, with minimal depth dependency. Calcium (-95 mg/L) and so- 

dium (-79 mg/L) remained the dominant cations, while sulfate (-290 mg/L) remained the 

dominant anion. 

The total dissolved phosphorus concentration was 3.9 pg/C in the shallow sample, and 

5.8 pg/L in the deep sample. Total particulate phosphorus in these samples was 5 pg/L 
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and 3 pg/L, respectively, indicating that the lake-total phosphorus concentrations (total 

dissolved + total particulate) had increased from <5 ,ugL in the summer samples, to ap- 

proximately 9 p g L  in thc winter samples. Similarly, ammonia, which was not detected in 

the summer samples (<0.01 mg/L), was at a concentration of 0.015 mgL and 0.01 1 mgL 

in the shallow and deep winter samples, respectively. Furthermore, nitrate concentrations, 

0.1005 mg/L and 0.1250 mg/L in the shallow and deep samples, were slightly higher than 

the summer sample concentrations (0.08 mg/L). 

Trace metal concentrations (Table 1-2) were similar at the two depths. Antimony, arsenic, 

barium, boron, copper, manganese, nickel, selenium, and zinc were detected at concen- 

trations that were not significantly different from those measured in samples collected 

during the summer, with one exception. The dissolved coppcr concentration in the shal- 

low sample was 77 ,ug/L, but no copper was detected in the summer epilimnion sample. 

Arsenic and mercury concentrations were similar to those measured during the summer. 

Total arsenic concentrations were -3.5 pgL, and more than 90 percent of the total arsenic 

was present as  AS'^. Dimethylarsenic acid in the dcep sample (0.15 pgL) was the only 

methylated arsenic species detected at either depth. Mercury methylation was minimal in 

both samples (-2 ng/L total mercury and -0.5 ng/L methyl mercury at both dcpths). 

1.3 PHYTOPLANKTON AND ZOOPLANKTON 

The phytoplankton population shifted from predominantly green to predominantly blue- 

green algae Erom summer to winter. Species identified included six genera of green algae 

(which made up 7 to 33 percent of the total phytoplankton density in the two samples) 

and three genera of blue-green algae (67 to 93 percent of the total phytoplankton density) 

(Table 1-3). Chlorella lap. and choricystis sp. were the predominant species of green algae 

in the two samples, and Jaaginema subtilissiumurn was the predominant blue-green algae. 

The dominance of blue-green algae in the winter san~ples is a significant change &om 

2 
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what was observed in the summer samples, which were made up of 66 to 88 percent 

green algae. 

Zooplankton species identified during winter sampling included one species of adult co- 

pepod (Class Copepoda), immature copepod larvae (nauplii), and four species of rotifers 

(Table 1-4). Copepods made up 6 and 18 percent of the total zooplankton in the two 

samples, while rotifers made up 82 and 94 percent of the total. Cyclopoid nauplius was 

the predominant copepod, and a species of the Order Bdelloidea was the predominant 

rotifer. Although the lake exhibited no shift in zooplankton speciation between summer 

and winter, the total number of zooplankton was nearly ten times smaller than that ob- 

served during the summer sampling event. 
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TABLE 1-1. ANACONDA LAKE WATER COLUMN MAJOR ION AND 

I 
NUTRIENT ANALYTICAL RESULTS 

(All units mg/L) 

Shallow Sample Deep Sample 

I Analyte (Depth = 4.6 m) (Depth = 61 m) 

Ammonia as N 0.0145 0.01 1 

I 
Nitrate as N 0.1005 " 0.125 
Total Dissolved Phosphorus 0.0039 0.0058 
Total Particulate Phosphorus 0.005 ' 0.003 

I Silica 32.3 a 31.5 

Chlorophyll a 0 ' 0 
Turbidity 0.578 0.588 

I 
TDS 552 576 
TOC 1.0 U 1.0 U 
DOC 1.4 1.0 U 
Chloride 37.6 37.4 

I Fluoride 1.3 1.3 
Sulfate 284 293 
Calcium (total) 86.9 91.8 

I Calcium (dissolvedl 91.5 97.7 
Magnesium (total) 15.3 15.4 
Magnesium (dissolvedl 16.3 16.6 
Potassium (total) 4.33 5.13 

I Potassium (dissolvedl 5.36 5.47 
, SiO, (total) 32.9 31.4 

SiO, (dissolved) 34.7 33.4 

I Sodium (total) 74.2 73.0 
Sodium (dissolved) 77.8 79.8 

I a Average of duplicate samples. 
U = Not detected; value represents detection limit. 

g:\dsramsml\calq\0G01\3~3G\MAJ~ION.XLS IAn=rondml 6/3/96 (12:08 PMt 
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TABLE 1-2. ANACONDA LAKE WATER COLUMN 
TRACE ELEMENT ANALYTICAL RESULTS 

(All units pgIL1 

Shallow Sample Deep Sample 
Analvte IDeoth = 4.6 m)  (Deoth = 61 m) 

Antimony (total) 
Antimony (dissolved) 
Arsenic (total) 
Arsenic (dissolved) 

AS" 

AS" 
Monomethyl arsonic acid 

Dimethyl arsenic acid 
Aluminum (total) 
Aluminum (dissolved) 
Barium (total) 
Barium (dissolvedl 
Beryllium (total) 
Beryllium (dissolvedl 
Boron (total) 
Boron (dissolved) 
Cadmium (total) 
Cadmium (dissolved) 
Chromium (total) 
Chromium (dissolved) 
Copper (total) 
Copper (dissolved) 
lron (total) 
lron (dissolvedl 
Lead (total) 
Lead (dissolved) 
Manganese (totall 
Manganese (dissolved) 
Mercury (total? 
Mercury (dissolvedl" 
Methyl ~ e r c u r y ~  
Nickel Itatall 
Nickel (dissolved) 
Selenium (total1 
Selenium (dissolved) 
Silver (total) 
Silver (dissolved) 
Thallium (total) 
Thallium (dissolved) 
Zinc (totall 
Zinc (dissolved) 

a Average of duplicate samples. 
b For mercuv analyses, total mercury and methyl mercury were analyzed using ultra-clean sampling techn~ques. 

Dissolved mercury was analyzed by ICP and thus has a h~gher detection l im~t. 

" Sample taken at a depth of 100  ft. 
U = Not detected; value represents detection limit. 
(U) = Value is the average of t w o  results, one of which was a non-detect. 

g:\datamgrnfical q\OBO1\3,,96\MAJ.lON.XLS (Anaconda tcacel 6/4/96 (1245 PMI 
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TABLE 1-4. ANACONDA PIT LAKE ZOOPLANKTON ANALYSES 
(All units numberlsarnplel 

Sample Depth Interval 0-30 m 0-30 m 

Number of tows 4 4 

Copepoda 
Paracyclops fimbriatus poppei lfemalel 2 1 
Cycfopoid mauplius 7 5 45 

Percent contribution to tow 18% 6% 

Rotifera 
Bdelloid rotifer 226 
Cephalodelfa sp. 1 
Colurella sp. 30 
Lepadella sp. 91 

Percent contribution to tow 82% 

Total Density 425 7 9 8  
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Figure 1.  Location of mine pit lakes in Nevada included as part of this study, 2000-2001. 
 

 
 
 





 
 
 
 

Stratification and Geochemical Trends in the Yerington Pit Mine Lake,  
Lyon County, Nevada 

 
Paul W. Jewell 

Department of Geology and Geophysics 
University of Utah 

Salt Lake City, UT 84112 
 

 
Executive Summary 

 
The pit lake at the Yerington porphyry copper mine was monitored for nearly a year with 

a portable meteorological station, a self contained water column probe, and standard 
geochemical analyses.  Additional geochemical analyses from wells adjacent to the lake were 
provided by Arimetco, Inc., the current operator at Yerington.  These data as well as those from 
previous studies at Yerington and climate data from public domain sources were used to 
construct simple hydrodynamic and geochemical models of the lake which in turn allow general 
long term predictions of water stratification and redox conditions of the water column.  This 
study suggests that:  

(1). The lake will not permanently stratify in any plausible future climate scenario and 
thus will remain oxygenated over the next several decades.  Long term stratification is precluded 
by relatively low concentrations of dissolved solids in ground water and the small amount of 
surface water entering the lake.  This scenario could conceivably change if large amounts of 
water from the Walker River were to enter the lake in the very latest stages of filling. 

(2). Waters in the lake appear to be losing sodium, potassium, magnesium, and 
bicarbonate while ga ining sulfate and calcium.  The addition of sulfate is no doubt the result of 
sulfide weathering and could increase in the future.  Behavior of other major elements is difficult 
to model in terms of a simple carbonate system but could be the result of silicate weathering or 
cation exchange of clays.  

(3). The lake contains elevated concentrations of selenium which will increase over time 
due to the oxygenated nature of the water and the character of the Yerington ores.  Se 
concentrations in sulfides of the Yerington district appear to be high relative to sulfides from 
other porphyry copper deposits and are the source of the selenium in the lake.  Copper is also 
present in elevated concentrations in lake water and is also the result of sulfide dissolution.  The 
lack of long term anoxic conditions should prevent accumulation of other base metals in lake 
water.   
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Stratification and Geochemical Trends in the Yerington Pit Mine Lake,  
Lyon County, Nevada 

 
Paul W. Jewell 

Department of Geology and Geophysics 
University of Utah 

Salt Lake City, UT 84112 
 
 

INTRODUCTION 
 
The Yerington mining district of western Nevada is one of the most famous and long-

lived in the western United States (Knopf, 1918).  Vein style mineralization was discovered in 
1800s and eventually three porphyry and numerous skarn copper deposits were developed.  
Mining has continued at varying activity until the present and produced more than 6 million tons 
of copper (Einaudi, 1982).  After World War II, large scale open pit mining by the Anaconda 
Company began to exploit the low grade copper reserves in the eastern portion of the district.  
The result was an open pit mine approximately 1990 m (6200 ft) long with a maximum width of  
750 m (2500 ft).  Mining from the open pit ceased in 1978 and the pit subsequently filled with 
water.  Like all mines in which mining extends to depths below the pre-mining water table, water 
inflow is dominated by groundwater.  In 1998, the lake had a maximum depth of approximately 
110 m and is still in the process of filling.  The Yerington pit lake is among the deepest in North 
America. 

A number of environmental concerns surround pit mine lakes.  Perhaps the most 
important is chemical evolution of water within the pit.  During initial stages of filling, the pit is 
considered to be terminal whereby ground water flows into the lake, but not out.  As the lake 
level begins to approach that of the surround potentiometric water surface, the lake takes on a 
"flow through" character in which groundwater upgradient of the lake flows in and evolved pit 
lake water becomes a source of dissolved constituents for water flowing down the hydraulic 
gradient and away from the lake.  The nature of pit lake water as a function of time is therefore 
of considerable concern with respect to groundwater quality in the surrounding area.  Additional 
concerns come from the pit lake itself which despite efforts to the contrary, is often used as 
habitat and drinking water by wildlife and birds. 

The hydrology of any lake can be described within the context of a simple model in 
which water enters by groundwater or surface water inflow and leaves by groundwater or 
evaporation (Figure 1).  Chemical constituents enter or leave the lake in the same manner with 
additional sources and sinks from dissolution of minerals due to water-rock interactions in the pit 
lake walls; adsorption/desorption onto clays, Fe-oxides, and organic matter; and the formation of 
solid phases which become sequestered in sediment at the pit lake bottom.  The formation of 
many solid mineral phases can be enhanced or retarded by the redox state of the water column. 

Understanding residence times (which allows enhanced wallrock-water interaction) and 
stratification of the water column (which determines the redox state) are important keys to 
predicting the geochemistry of a lake.  If the lake is in a terminal phase (the early stage of filling) 
water residence times can be expected to be relatively long and extended rock-water interactions 
will probably ensue.  If the lake is in its latter, flow through stage than residence times would be 
shorter although the precise value depends on the hydraulic conductivity and gradient of the 
regional groundwater flow system. 
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Figure 1. Diagrammatic representation of the physical and chemical processes in a large pit mine lake 
(from Miller et al., 1996) 
  

The ability to predict the redox state of pit waters is crucial to any prognostic model of 
lake water quality.  The solubility of many metals and colloidal iron is strongly redox dependent.  
For instance, it has long been recognized that most sulfide minerals are insoluble in low redox 
state waters (Stumm and Morgan, 1996) meaning that the dissolution of sulfides in these 
environments is minimal.  On the other hand, colloidal iron strongly absorbs selenium and 
arsenic in oxygenated environments and will dissolve and release these elements in anoxic 
waters (Davis and Eary, 1997).  Redox conditions in the water column therefore play a critical 
role in determining which suite of trace metals may end up in solution when ground water 
interacts with ore-bearing rocks.   

Surface waters of lakes tend to be oxygenated due to the exchange of gases with the 
atmosphere.  In the deeper portion of lakes, oxygen is consumed by organic matter produced by 
photosynthesis at the surface or the oxidation of sulfide minerals at depth.  The replenishment of 
oxygen to these deep waters is dependent on (1) solar heat flux which warms the upper water and 
tends to stratify the water column, (2) vertical solute gradients which also stratify the water, and 
(3) wind shear stress which tends to mix the water column.  The redox state of the deep water of 
lakes is dependent on the two counteracting effects of density and velocity shear.  In the past, it 
has been believed that lakes with large depth/area ratios such as pit lakes are less prone to deep 
water mixing due the more limited effects of wind- induced currents (Lyons et al., 1994).  While 
this ratio is a useful general measure of the tendency of lakes to mix and remain oxygenated, this 
approach neglects the complex development of vertical density gradients which prevent deep 
hypolimnonic water from mixing with the overlying epilimnion.  In addition to pit lake 
geometry, the presence of high walls tends to shelter the lake surface from winds and thus is a 
potentially important factor for inhibiting water column mixing.    
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BACKGROUND 
 

Previous research 
Concerns of the water quality associated with the large increase in open pit gold mining 

operations in the Great Basin and elsewhere in the world has prompted a number of studies of 
existing pit lakes.  These studies have considered the water balances of the lakes, the 
hydrodynamic behavior of lake waters, water-wall rock interaction, and long term geochemical 
behavior of pit lake waters.  Specific pit lake studies include the Spenceville Mine, California 
(Levy et al., 1996) and the Butte Mine, Montana (Davis and Ashenberg, 1989; Robins et al., 
1997).  Studies which compare the chemistry of existing pit lakes and make efforts to lay out the 
methodology for the future chemistry of pit lakes include Miller et al. (1996), Pillard et al. 
(1996), and Davis and Eary (1997).  Studies which have focused specifically on lake limnology 
include Lyons et al. (1994), Vandersluis et al. (1995), Doyle and Runnels (1997), and Atkins et 
al. (1997).  The latter paper is based on a larger unpublished data set (Kempton, 1996). 

The lake of the Yerington mine is a particularly useful analog for future large open pit 
gold mines because of its great depth (~110 m) and relatively large areal size.  The lake was 
sampled in 1994 and 1995 by research groups from PTI Environmental Services and the Desert 
Research Institute.  Using these data, Hershey et al. (1996) speculated that the lake did not 
completely turn over on a seasonal basis.  

 
Present study 

In February, 1998, the University of Utah entered into a contract with Arimetco, Inc., the 
current owner and operator of the Yerington mine, to study the pit mine lake for a period of one 
year.  The primary objective was to provide long term predictions of oxygen levels in the water 
column from which general long term predictions of lake water quality could be made.  In order 
to achieve this objective several analytical systems were deployed at the lake: (1) a portable 
meteorological station which could measure the input of kinetic energy via winds to the lake 
surface, (2) an internally recording current and water temperature meter deployed at 10 m depth 
in the center of the lake, and (3) quarterly sampling of water chemistry.  Data from all of these 
endeavors were to be integrated with existing data to produce the conclusion presented here. 

 
Geology of the Yerington district 

A number of excellent studies of the geology of the Yerington district have been 
published (Knopf, 1918; Profett, 1977; Profett and Dilles, 1984; Carten, 1986).  The geology 
near the Yerington open pit mine is dominated by a variety of felsic volcanic and shallow 
plutonic rocks.  These igneous rocks are the product of a Jurassic age magmatic system which 
was subsequently tilted nearly 90 degrees to reveal excellent exposures of the fossilized 
hydrothermal system which formed the ore deposits of the Yerington district.  Published 
geologic maps of the Yerington mine show only silicic igneous rocks in the mine pit (Profett and 
Dilles, 1984; Carten, 1986) (Figure 2) although carbonate rocks and mineralized skarns 
associa ted with the igneous rocks are a well known feature of the Yerington district as a whole.  
Implications of this observation are discussed in more detail below. 
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Figure 2.  Geologic map of the area surrounding the Yerington mine (from Profett and Dilles, 1984).  
Map symbols: Jqmp (granite), Jbqm (quartz monzonite), and Jgd (quartz monzodiorite) represent various 
lithologies of the Jurassic Yerington batholith.  Tgm, Tei, Tru, Twh are various Tertiary silicic volcanic 
units and Qal is quaternary alluvium.       

 
 

Methodologies 
Data on the hydrology, climatology, and geochemistry of the Yerington mine were 

collected between May, 1998 and May, 1999.  Some technical problems with data collection 
were encountered over the course of the year, although the amount of data collected was more 
than sufficient to complete the goals of the project.  Data collected during this project were 
incorporated with existing data from previous studies of the lake.  The combined data sets were 
then used to construct simple hydrodynamic and geochemical models of the lake waters. 

Climatology.  A portable meteorological station was deployed near the lake surface on 
the southern access road to the lake.  The station sampled wind direction and speed and air 
temperature every hour.  The data were stored internally and downloaded during visits to the lake 
which took place at intervals of 6-7 weeks.  A continuous meteorological record was collected 
for the times periods of May 2 to September 18, 1998 and from December 12, 1998 to May 12, 
1999.  The gap in the meteorological record toward the end of 1998 was the result of a breakage 
of a portable computer enroute to Reno on one of the sampling trips.   

Surface heat flux and hence evaporation rates from a body of water are functions of 
surface air temperature, wind speed, net longwave and shortwave radiation (which is largely a 
function of cloud cover), relative humidity, and atmospheric pressure.  Since only wind and 
temperature data were recorded by the meteorological station, additional climate data were 
determined from hourly weather measurements for Fallon, Nevada obtained through EarthInfo, 
Inc.'s collation of weather data from the National Climate Data Center (NCDC).  
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Hydrology.  Data on water velocity and temperature were collected with an S-4 current 
meter manufactured by Applied Microsystems.  The S-4 is an electromagnetic current meter 
which produces a small electrical field during operation.  Moving water disturbs the field and 
generates the measurement.  This type of current meter is capable of measuring very low  
velocities (~1 cm/s) of the type expected in pit mine lakes.  For this project, the probe was 
retrofitted with thermistor with an accuracy of +0.01o1C in order to test the validity of numerical 
models of temperature. 

The probe was deployed at a 10 m depth in the middle of the lake and programmed to 
sample the water over a 10 minute period which was then recorded at a variety of time intervals.  
The 10 m depth was intended to correspond to the approximate depth of the thermocline (zone of 
greatest temperature gradient).  The probe was recovered and the data downloaded at the same 
time as the portable meteorological station.  At the time of these visits, the probe was 
reprogrammed to significantly decrease the sampling interva l (to the order of seconds) and an in 
situ profile of water column temperature was determined.  Considerable technical difficulties 
were encountered with probe deployment and operation and thus the record obtained extends 
only from May 2 through July 6 and September 18 through October 30, 1998. 

Chemistry.  Samples from the water column of the Yerington pit lake were collected 
quarterly between May, 1998 and January, 1999 at the same location in the western side as the 
current meter.  Samples were collected at 10 m intervals from 0-50 m depth and at 15 m intervals 
below that.  A total of 10 samples in the water column were collected.  Water was pumped from 
depth through polyurethane tubing with a peristaltic pump.  The sample tube was flushed with 
three volumes of water between samples.  Dissolved oxygen of the pumped water was measured 
with a Yellow Springs Model 50B meter by taking as much care as possible to avoid exposure of 
sample water to the atmosphere during measurements.  Malfunction of the meter prevented 
measurement of dissolved oxygen during the August, 1998 sampling trip.  pH was determined 
for all samples with a Beckman model 12 pH meter.  Three types of samples were collected: 
unfiltered for measurement of alkalinity, filtered unacidified for anion analysis, and filtered 
acidified for cation analysis.  During the 1/29/99 lake sampling, the filter holder broke, meaning 
that both cation and anion analysis of this suite of samples were unfiltered.  The anion and 
alkalinity samples were transported back to the University of Utah while the anion samples were 
shipped to a commercial laboratory for analysis by inductively coupled mass spectrometry (ICP).  
Samples of ground water at two locations near the pit lake were collected and analyzed by 
Arimetco personnel at various times (Figure 3).   

The first set of lake samples (collected 5/5/98) were analyzed for cations by Western 
Analysis, Inc. of Salt Lake City while subsequent lake samples and all ground water samples 
were analyzed by Col-Tech EnviroLabs of Reno.  Anion analysis was conducted on a Dionex ion 
chromatograph at the University of Utah. 

Initial results of water analysis revealed detectable concentrations of two trace metals 
substantially above the 50% concentration drinking water standards established for the project: 
copper and selenium.  While the source of the copper is obvious, the source of the selenium is 
more problematic.  A geologist with extensive research experience in the Yerington district (John 
Dilles of Oregon State University) indicated that the selenium was probably present in sulfide 
phases (a logical conclusion given the chemical similarities of sulfur and selenium), specifically 
the chalcopyrite-bornite mineral assemblage.  For this reason, an auxiliary project was begun by 
Melissa Mitchell, an undergraduate at the University of Utah, to determine the source of the 
selenium at Yerington.  Unfortunately, flooding of the Yerington mine and the loss of 
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documented core from the deposit since closing of the mine in 1978 made it difficult to locate 
sulfide samples from the deposit.  A single pyrite-chalcopyrite sample from Yerington was found 
in the University of Utah's ore deposits collection and additional samples from the nearby Ann-
Mason porphyry system were provided by Dilles.  Polished mounts of these samples as well as a 
suite of samples from the geologically similar Bingham Canyon copper deposit in Utah were 
prepared and analyzed with the Department of Geology and Geophysics electron microprobe. 

 

 
 
Figure 3.  Simplified topography from the Yerington area showing the location of the sampling 

location in the middle of the lake (star) and groundwater wells (circles).  From the U.S .Geological 
Survey Yerington 7.5' quadrangle. 

 
 
Hydrodynamic models.  In order to understand the hydrodynamic behavior of the water 

column, a primitive equation numerical models were used to predict the thermal evolution of 
Yerington pit lake waters.  The model is a one-dimensional version of the Princeton Ocean 
Model (POM) which is widely used to study circulation in lakes, estuaries, and shallow coastal 
oceans (see reference list at http://www.aos.princeton.edu/WWWPUBLIC/htdocs.pom/).  This 
model have been used extensively in his research over a number of years (Jewell, 1992, 1995 a, 
b) and has a long track record in accurately predicting the thermal and bigeochemical 
characteristics of lakes and shallow marine settings.    

Geochemical models.  A variety of geochemical speciation and transport computer codes 
are available to model the geochemical behavior of natural waters.  For this project, the 
PHREEQC geochemical code (Parkhurst et al., 1995) was chosen to study the lake waters.  This 
is an extremely flexible code which has been employed in many previous modeling studies of 
natural waters.  Several thermodynamic data bases are available for use with this code.  The 
MINTEQA2 data base was used in this study because it included selenium mineral phases 
(Allison et al., 1990) 
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RESULTS 
  

Meteorological data were used as boundary conditions for the numerical hydrodynamic 
model.  Comparison between model output and the velocity and temperature data were then 
compared in order to assess the validity of model output.  Model and data were then used to 
predict the hydrodynamic behavior of the water column under different climate scenarios.  The 
model output was then used in conjunction with PHREEQC to evaluate the idealized, long term 
geochemical of the water column. 

  
Hydrodynamic behavior of the water column. 

Observations.  The Yerington pit lake shows limnologic behavior very similar to that of 
natural lakes at mid latitude locations.  A seasonal thermocline develops in the spring, increasing 
to a maximum surface temperature of approximately 25oC in the late summer and fall.  
Hypolimnitic water was relatively uniform (6.2-6.5oC) below approximately 40 m depth (Table 
1).  At the winter sampling in January, 1999, the lake had a uniform temperature of 
approximately 6oC, indicating that turnover probably occurred sometime in late 1998.  Since 
freshwater has a density maximum at 4oC, continued cooling after the January sampling would 
simply have left the water column completely mixed until surface temperature fell below 4oC at 
which time the water column could have again become restratified.  The fact that the coldest 
waters measured in the deep portion of the Yerington Lake have been in the range of 5-7oC 
(Kempton, 1996; Table 1) argues against this and instead suggests instead that the lake is 
monomictic i.e., it mixes once during the coldest portion of the year. 

One of the goals of the project was to determine how much the pit walls adjacent to a 
large lake such as Yerington isolates surface waters from wind shear.  Obviously, wind intensity 
has very high short term variability.  In order to mitigate this variability in collected data, the 
average of the wind kinetic energy (E = 0.5*ρ*V2) was computed over a 24 hour period for both 
the meteorological station at the Yerington pit lake and for five years (1986-1990) of NCDC data 
from Fallon.  (1999 meteorological data for Fallon were not available at the time of the writing 
of this project).  While both the Yerington pit lake and Fallon are characterized by the 
predominance of low energy winds,  Yerington has a distinct lack of the winter time high energy 
winds found at Fallon (Figure 4). The low wind intensities at the Yerington pit lake produced 
modest currents (< 6 cm/s) at 10 m depth in the lake (Figure 5).        

Numerical models.  The seasonal behavior the Yerington pit lake water column was 
studied with the Princeton Ocean Model (POM) described in Jewell (1995a) modified to 
incorporate real time atmospheric boundary conditions.  Surface heat flux was computed using 
an energy balance model which incorporates short wave radiation, long wave radiation, latent 
heat flux, and sensible (conductive) heat flux.  These variables can be calculated from surface air 
temperature, wind velocity, relative humidity, atmospheric pressure, and cloudiness.  The model 
is based on similar previously published modeling studies and techniques (Gill, 1982; Mellor and 
Kantha, 1989).  The two most important adjustable parameters in the model are the amount of 
light penetration and the extinction coefficient.  Two scenarios are shown (Figure 6): a high light 
penetration- low extinction coefficient scenario (most often applied to lakes with low suspend 
organic and inorganic matter and a low light penetration-high extinction coefficient scenario 
(probably more appropriate for the Yerington pit lake).  
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Depth Temp    DO Saturated   AOU           pH 

  (m)    (C) (mg/L) 
DO 
(mg/L) (mg/L)  

      
5/5/1998      

0 14.8 8.8 7.08 -1.72  
10 9.9 7.0 7.91 0.91 8.2 
20 6.9 6.8 8.51 1.71 7.3 
30 6.3 6.8 8.64 1.84 7.6 
40 6.3 7.2 8.64 1.44 6.2 
50 6.2 8.3 8.66 0.36 7.5 
65 6.2 8.6 8.66 0.06 7.5 
80 6.2 8.8 8.66 -0.14 7.3 
95 6.2 9.0 8.66 -0.34 7.2 

110 6.2 9.0 8.66 -0.34 7.5 
      
6/19/1998       

0 18.5     
10 13.4     
20 7.2     
30 6.5     
40 6.5     
50 6.4     
65 6.3     
80 6.3     
95 6.3     

110 6.3     
      
      
8/16/1998      

0 23.1  5.98  7.9 
10 14.9  7.06  8.3 
20 7.6  8.36  8.1 
30 6.7  8.55  7.9 
40 6.5  8.59  7.9 
50 6.4  8.61  7.9 
65 6.3  8.64  7.8 
80 6.4  8.61  7.8 
95 6.4  8.61  7.8 

110 6.4  8.61  7.8 
      
10/30/1998      

0 14.0 9.0 7.20 -1.80 8.5 
10 14.2 8.3 7.17 -1.13 8.6 
20 12.0 9.6 7.53 -2.07 8.4 
30 6.9 7.8   8.2 
40 6.5 7.4 8.59 1.19 8.0 
50 6.5 7.3 8.59 1.29 7.9 
65 6.5 7.7 8.59 0.89 8.0 
80 6.5 7.0 8.59 1.59 7.9 
95 6.5 7.0 8.59 1.59 7.9 

110 6.5 6.9 8.59 1.69 7.9 
      
1/29/1999      

0 5.9 10.4 8.72 -1.68 8.3 
10 5.9 12.1 8.72 -3.38 8.0 
20 5.9 10.2 8.72 -1.48 8.0 
30 5.9 10.8 8.72 -2.08 8.0 
40 5.9 10.7 8.72 -1.98 8.0 
50 5.9 10.8 8.72 -2.08 8.0 
65 5.9 11.2 8.72 -2.48 8.0 
80 5.9 11.0 8.72 -2.28 8.0 
95 5.9 11.0 8.72 -2.28 8.0 

110 5.9 11.2 8.72 -2.48 7.9 

 
Table 1.  Temperature, dissolved oxygen, and pH values of the Yerington pit lake.  Saturated DO is 
calculated from Weiss (1970).  AOU (Apparent Oxygen Utilization) = DO - DO(saturated). 
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Figure 4.  Summary of daily averaged wind kinetic energy (megaergs) for January September, 1998.  
Open circles are NCDC data for Fallon, Nevada from 1986-1990.  Closed squares are meteorological data 
collected for this project. 
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Figure 5.  Summary of current data (cm/s) at  
10 m depth for three different time periods 
in 1998.  The varying density of data reflects 
different sampling periods employed by the 
current meter.                                 
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Figure 6.  Comparison of temperature data at 
the Yerington pit lake and output from the 
numerical model.  Model output is shown 
for high and low light penetration 
simulations corresponding to 60% and 80% 
of light penetrating the water column.  
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Input data for the model was derived from the surface air temperature and wind speed collected 
during this study.  On the whole, results from the model show good correspondence between 
observed and modeled values (Figure 6).  The model shows the poorest correspondence near the 
thermocline.  This is probably due to the inability of the 1-dimensional model to reproduce 3-
dimensional effects such as internal waves (Jewell, 1995b).  The high and low light model 
scenarios do not produce significant differences in predicted temperatures.   

 
Geochemical trends. 

Major elements.  In addition to the samples collected over the course of this project, 
analyses of lake water collected by Arimetco personnel between 1996 and 1997 and one analysis 
published in a journal are included in the data set (Miller et al., 1996) (Table 2).  Many of the 
lake samples collected by Arimetco have a significantly different chemistry than the other lake 
samples.  This may be attributable to the fact that these samples were collected in the littoral 
(shore) zone of the lake which often has a chemistry distinctly different from the bulk of lake 
water due to surface runoff, interactions with suspended sediment, or much higher biological 
activity.  For this reason, these samples have been excluded from subsequent analysis of lake 
chemistry. 

The accuracy of geochemical analyses is typically established by computing a charge 
balance for a given sample.  This involves converting concentrations of the major cations and 
anions into equivalents (multiplying the molar concentration of the element by charge of the ion) 
and determining how close the two come to balancing.  For relatively high TDS waters such as 
those at Yerington, the difference should be less than 5%.  Unfortunately, many of the samples in 
this project exceeded that threshold.  Samples analyzed by Western Analysis (the 5/5/98 lake 
samples) had the best charge balances.  The poorest results were recorded in the water well 
samples.  For the purpose of this report, all lake samples in which the charge balance difference 
exceeded 10% were excluded from subsequent analysis.  It should be noted that the particularly 
poor charge balances for the analyses of 1/29/99 is probably due to their being unfiltered during 
collection.  Since lakes waters exceed calcite saturation (see discussion below), small calcite 
particles might have dissolved in the acidified cation samples bottles while not dissolving in the 
unacidified samples analyzed for alkalinity.  Even though groundwater samples have very poor 
charge balances, they have been included in subsequent analyses since these were the only 
groundwater data available. 

The major cation elements (Ca, Mg, Na, K) of the Yerington pit lake do not vary 
significantly on either a temporal or spatial (depth) basis (Table 2).  Likewise, bicarbonate (the 
dominant component of alkalinity for waters of this pH range), sulfate, and chloride are not 
significantly changed in the waters.   

Perhaps the most important question to be evolved from the major ion analysis: how does 
the pit lake modify the chemistry of the incoming ground water?  This question can be addressed 
in a general fashion by computing ratios of elements and considering the conservative vs. 
nonconservative behavior of a chemical component relative to an ion (chloride) which is widely 
considered to be conservative.  This allows the effects of evaporation to be differentiated from 
chemical reactions involving wall rocks, biology, or other lacustrine processes.  The procedure 
involves predicting the concentration of a specific ion in the lake water on the basis of the ratio 
between chloride in the lake water and the inflowing groundwater: 
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  Na  K Ca Mg  HCO3 SO4 Cl NO3 F Sr Ba Fe Mn Li Cu Se Hg Sb Tl 

 
pH 

 (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)  

                     

7/25/1996 (1) 29 3 33 6 100 38 17 0.2 0.6  30 212 n.d  315 n.d n.d n.d 43 8.0 

11/21/1996 (1) 33 3 49 7 128 87 21 n.d 0.6  31 190 n.d  183 n.d n.d n.d 27 7.2 

Miller (2) 76 7 93 15  270 36 0.7 1.4  34 10 320  160 130     
                     

5/5/1998                         

Surface 75 5 70 14 148 258 35 1.9 1.2 0.58 30 n.d n.d 30 n.d n.d n.d n.d n.d  

10 m 77 5 69 14 146 244 35 1.6 1.3 0.57 27 14 13 24 n.d n.d 1 n.d n.d 8.2 

20 m 82 5 79 16 147 259 36 2.1 1.2 0.63 29 n.d 14 35 n.d n.d n.d n.d n.d 7.3 
30 m 82 5 84 17 146 269 36 4.1 1.2 0.71 30 n.d n.d 43 n.d n.d n.d n.d n.d 7.6 

40 m 83 6 84 18 146 278 37 1.7 1.2 0.72 37 49 20 29 n.d n.d n.d n.d n.d 6.2 

50 m 80 5 80 17 142 279 36 5.4 1.2 0.70 31 n.d 19 41 n.d n.d n.d n.d n.d 7.5 

65m 82 5 85 17 146 265 36 2.1 1.2 0.76 34 n.d 22 33 n.d n.d n.d n.d n.d 7.5 

80 m 78 5 74 16 148 267 36 1.7 1.1 0.76 29 n.d 20 25 n.d n.d n.d n.d n.d 7.3 
95 m 78 5 82 17 146 272 36 1.7 1.2 0.60 31 n.d 17 33 n.d n.d n.d n.d n.d 7.2 

110 m 82 5 86 16 146 272 36 1.7 1.5 0.77 29 28 21 25 n.d n.d n.d n.d n.d 7.5 

                     

7/7/1997 (1) 78 5 94 19 118 315 37 n.d 1.4  n.d 20 10  20 105  7 n.d  

                      
8/16/1998                     

surface 69 4 71 14 124 272 38 0.9 0.9 0.96 43 n.d n.d 20 n.d 92 n.d 7 n.d 7.9 

10 m 61 4 78 14 135 263 36 1.2 1.2 0.95 44 n.d n.d 19 n.d 92 2 7 n.d 8.3 

20 m 63 4 83 14 145 273 39 1.0 1.0 0.97 44 n.d 10 19 54 91 1 8 n.d 8.1 

30 m 64 4 83 15 141 277 37 1.4 0.8 0.98 46 n.d 10 19 64 95 1 8 n.d 7.9 
40 m 64 4 86 14 143 279 38 1.2 0.9 0.99 36 n.d 20 18 56 96 1 8 n.d 7.9 

50 m 67 5 88 15 146 278 37 1.3 1.1 0.97 46 n.d n.d 18 56 92 1 8 n.d 7.9 

65m 66 5 86 15 145 278 37 1.2 0.9 0.99 46 n.d n.d 18 56 95 n.d 8 n.d 7.8 

80 m 69 5 86 15 144 277 37 1.3 0.9 0.99 46 n.d 20 18 56 92 n.d 8 n.d 7.8 

95 m 67 4 87 14 143 283 38 1.2 0.9 0.98 47 n.d 20 18 58 103 n.d 8 n.d 7.8 
110 m 67 4 86 14 144 277 37 1.2 0.9 0.98 46 n.d 20 18 58 95 n.d 8 n.d 7.8 

                     

10/30/1998                     

surface 74 5 74 14 127 271 33 n.d 0.8 0.75 31 n.d n.d 26 n.d 89 n.d 6 n.d 8.5 

10 m 74 5 75 14 129 271 31 n.d 0.8 0.77 32 n.d n.d 27 11 93 n.d 7 n.d 8.6 
20 m 72 5 82 14 144 284 32 2.0 0.8 0.76 31 n.d n.d 28 32 96 n.d 7 n.d 8.4 

30 m 72 5 82 14 144 277 29 2.1 0.7 0.76 30 n.d n.d 29 46 96 n.d 7 n.d 8.2 

40 m 74 5 82 14 146 277 29 2.4 0.7 0.78 31 n.d n.d 31 42 98 n.d 7 n.d 8.0 

50 m 73 5 82 14 146 279 30 2.3 0.7 0.76 31 n.d n.d 31 43 95 n.d 7 n.d 7.9 

65m 72 5 81 14 146 278 30 2.2 0.8 0.76 31 n.d n.d 34 45 96 n.d 8 n.d 8.0 
80 m 71 5 82 14 141 278 31 2.3 0.8 0.76 31 n.d n.d 36 48 96 n.d 8 n.d 7.9 

95 m 74 5 83 14 146 279 30 2.3 0.8 0.76 31 n.d n.d 37 49 93 n.d 8 n.d 7.9 

110 m 72 5 83 14 146 279 30 2.4 0.8 0.72 30 n.d n.d 25 43 94 n.d 7 n.d 7.9 

                      

1/29/1999                     
surface 82 4 91 17 148 286 38   0.85 n.d 41 20 14 44 141 n.d 8 n.d 8.3 

10 m 90 4 99 18 154 275 39   0.83 n.d 41 20 12 34 133 n.d 8 n.d 8.0 

20 m 86 4 95 17 153 275 35   0.85 n.d 31 20 12 42 136 n.d 8 n.d 8.0 

30 m 87 4 96 17 148 270 38   0.79 n.d 177 19 10 40 134 n.d 8 n.d 8.0 

40 m 85 4 94 17 147 262 38   0.82 n.d 33 57 11 43 138 n.d 8 n.d 8.0 
50 m 96 5 106 19 148 266 38   0.82 n.d 28 23 11 38 135 n.d 8 n.d 8.0 

65m 91 5 100 19 145 260 37   0.85 n.d 21 21 10 40 144 n.d 8 n.d 8.0 

80 m 82 4 90 17 145 260 38   0.84 n.d 19 20 n.d. 39 135 n.d 8 n.d 8.0 

95 m 79 5 87 17 148 266 37   0.87 n.d 15 n.d. 10 40 143 n.d 8 n.d 8.0 

110 m 95 4 105 18 145 266 37   0.86 n.d 17 n.d. 10 39 139 n.d 8 n.d 7.9 
                     

Well 36 (1)                     

7/17/1996 36 6 30 8 119 32 18 0.3 0.6  32 n.d n.d  67 n.d n.d n.d 1 7.3 

7/8/1998 35 4 37 8 132 39 14 n.d 0.5  n.d n.d n.d  12 n.d n.d n.d n.d 8.1 

3/10/1999 32 2 30 7 130 34 12 n.d 0.4  n.d 307 148  196 n.d n.d n.d n.d 7.2 
                     

Well 2B (1)                     

7/1/1998 42 4 37 7 126 273 24 3.1 1.5  n.d 50 n.d  70 7 n.d n.d n.d 8.0 

10/2/1998 42 4 39 8 128 39 27 2.2 0.6  n.d 80 n.d  n.d n.d n.d n.d n.d 7.3 

11/18/1998 39 4 41 8 124 40 28 0.7 0.9  n.d 80 n.d  n.d n.d n.d n.d n.d 7.8 
4/1/1999 41 3 36 8 128 45 28 0.9 0.4  n.d 62 n.d  n.d n.d n.d n.d n.d 7.3 

                     
n.d.= not 
detected                     
                     

Analyses for Ag, Al, As, Be, Bi, Cd, Cr, Co, Ga, Pb, Mo, Ni P, Sc, Sn, Ti, V,  and Zn all below 50% drinking water MCL levels          

                     

(1) Analysis from Miller et al. (1996)                   

(2) Analysis from Arimetco, Inc.                   

 
Table 2.  Major, minor, and trace element chemistry of the Yerington pit lake and associated groundwater 
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ion* = iongw x (Cllake/Clgw)    (1) 

 
If the predicted concentration (ion*) exceeds the measured ion concentration in the lake,  

then that particular constituent has been added to the water by some chemical reaction within the 
lake.  Likewise, if ion* is less than the measured concentration, the ion has been removed or 
there is a net sink in the water column.  Average groundwater composition from two wells (36 
and 2B) (Table 2) were used for this analysis. 

For Well 36 Na+, K+, Mg,2+ HCO3
- appear to have been removed from lake water while 

Ca has been added (Figure 7).  For Well 2B, the picture is more ambiguous.  K+ and  HCO3
-
 

appear to be constant and all other elements appear to have been added to lake water (Figure 8).  
The increase in dissolved sulfate in lake waters relative to groundwater is almost certainly the 
result of oxidation of sulfide minerals (primarily pyrite) caused by interaction of lake water with 
the surrounding wall rock.  This can be seen with the classic equation chemical equation which 
partially describes the initial weathering of pyrite acid mine systems (Stumm and Morgan, 1996, 
p. 691):   

+− ++=++ HSOOHFeOOHFeS 42)(
4

15 2
43222  (2) 

     
Unlike acid mine drainages, hydrogen ion produced as a result of (2) is probably  

consumed by chemical processes within the lake.  A variety of possibilities may account for this.  
For instance, photosynthesis consumes hydrogen ions while producing algal protoplasm via the 
classic Redfield equation (Redfield, 1963): 

 
 2161102631062

2
42 13818012216106 OPNOHCHHHPONOCO +=++++ +−−   (3) 

 
Another possibility might be that despite the lack of mapped carbonate units in the pit 

lake (Figure 2), calcite is being dissolved 
 

−++ +=+ 3
2

3 HCOCaHCaCO   (4) 
    

However, this reaction produces both calcium and bicarbonate while the mass balance 
model suggests that the lake is a sink rather than a source of bicarbonate (Figures 7, 8).   

Analysis of both groundwater and lake water with the aqueous speciation model 
PHREEQC revealed that groundwater is not saturated with any minerals of note.  Lakes waters 
are saturated with respect to calcite and at, the lake surface, aragonite (Figure 9). 
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Figure 7.  Comparison of observed ion concentrations in the lake and predicted concentrations by 
evaporation of ground water from Well 36 (designated with an *).  Values in the upper right hand side of 
the graph indicate removal from the lake while those in the lower right indicate addition to the lake. 
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Figure 8.  Comparison of observed ion concentrations in the lake and predicted concentrations by 
evaporation of ground water from Well 2B (designated with an *).  Values in the upper right hand side of 
the graph indicate removal from the lake while those in the lower right indicate addition to the lake. 
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Figure 9.  Saturation Index (SI) defined as the ion activity product for a particular mineral divided 

by the equilibrium constant (Stumm and Morgan, 1997) for lake and groundwater of the Yerington 
system.  A positive SI indicates the mineral is oversaturated while a negative number indicates 
undersaturation.  

 
 
   Selected trace metals.  Most trace metals were below detection limits established for 

this study.  Other important trace elements exhibited considerable variation over the course of 
the multiple sampling trips.  Selenium in concentrations of 89-105 ppb was present in all 
analyses except that the 5/5/98 and 1/29/99 sampling.  The former set of samples was analyzed 
by Western Analysis and their analytic method may have been faulty for this element.  The 
elevated concentrations of Se as well as Fe in the 1/29/99 samples is probably due to dissolution 
of colloidal ferric iron hydroxides in the acidified, unfiltered samples from this trip.  Se is 
generally below detection limit in the groundwater samples suggesting that like geochemically 
similar sulfur, this element is being added by in lake geochemical reactions (equation 2). 

The source of selenium is solid substitution of this element in sulfides of the Yerington 



deposit (Table 4).  Pyrite, chalcopyrite, and bornite all show significant amounts of selenium (up 
to 0.121 weight percent) at Yerington and in the nearby Ann-Mason porphyry copper deposit.  
Samples from similar porphyry copper deposit (Bingham Canyon) have only minor amounts of 
Se (Table 4). 

 
Table 4.  Concentrations of Se in sulfides of the Yerington, Ann Mason, and Bingham, Canyon, Utah 
porphyry copper deposits (weight percent).  n = number of analyses per sample.  n.d. = not detected. 

 

 pyrite chalcopyrite bornite 
Yerington 0.121 + 0.045 (n=9) 0.066 + 0.029 (n=4)  

Ann Mason 
   D222-1286.5 
   D109-1863 
   D114-2616 

 
 

 
0.009 + 0.013 (n=7) 
0.027 + 0.054 (n=6) 
0.002 + 0.005 (n=7) 

 
0.019 + 0.021 (n=6) 
0.057 + 0.069 (n=11) 
0.016 + 0.024 (n=6) 

Bingham Canyon 
   625 
   619c 
   639 
 

 
n.d. (n=2) 
0.004 + 0.007 (n=6) 
0.001 + 0.001 (n=6) 

 
0.004 + 0.007 (n=7) 
n.d. (n=6) 
0.002 + 0.004 (n=6) 

 

 
 
Copper concentrations of 1-64 ppb are present in most lake samples with the exception 

again being the earliest 5/5/98 suite.  The lack of detectable copper in the surface waters during 
the summer and fall in the lake may be due to bioutilization of this element during 
photosynthesis.  Copper in groundwater is present in approximately the same concentrations as 
the lake, suggesting that dissolution of copper is not an important lacustrine process.   

Several other trace elements show variable concentrations.  Antimony is present in the 7-
8 ppb range in all except the very first lake samples but is absent from groundwater (Table 2).  
Mercury makes irregular appearances close to the detection limit.  Thallium is present in rather 
large concentrations (27 and 43 ppb) in the 1996 lake samples analyzed by Arimetco.  As 
mentioned previously, the chemistry of these waters is anomalous relative to most other lake 
samples and the abnormal Tl may be a result of processes which are peculiar to the lakes littoral 
environment. 

Nutrient elements.  The development of anoxia in a water body is dependent on the 
amount of available nutrients (phosphorous, nitrogen, and various trace elements such as iron 
and copper) as well as the ability to exchange oxygen with the atmosphere.  Primary productivity 
of most lakes is considered to be phosphorous limited (i.e., phosphorous is the first element to be 
depleted during photosynthesis and thus limits the amount of biological productivity).  Most lake 
eutrophication models are based on phosphorous loading (i.e., the amount of phosphorous added 
per unit area of the lake per time) (e.g., Vollenweider, 1975).  Unfortunately, phosphorous was 
below the detection limit in all of the water analyses carried out to date at Yerington.  In 
seawater, nitrogen and phosphorous have a ratio of approximately 16:1 and so phosphorous 
concentrations can often be inferred from nitrogen concentrations.  N:P ratios in lakes are much 



more variable and this method cannot be applied with any confidence.  Even if it could be, 
measured nitrogen concentrations from Yerington are extremely variable with reported values of 
0.08 ppm (Kempton, 1996), 0.67 ppm (Miller et al., 1996), or 0-5.4 ppm (Table 1, this study).   

pH.  Although pH as low as 6.2 is recorded in upper hypolimion of the spring/summer 
lake waters, the vast majority of pH measurement for both lake and groundwaters in the 
Yerington area are in the 7.5-8.5 range (Table 2).  In general, lake water is approximately one pH 
unit higher than that measured in the groundwater.  

Dissolved oxygen.  Dissolved oxygen concentrations are a function of temperature and 
dissolved salts and are therefore most easily examined within the context of the their relative 
saturation in water.  Gas solubility equations in Weiss (1970) were used to determine oxygen 
solubility for a given temperature.  Measured oxygen concentrations could then be examined 
within the framework of saturation concentrations (Figure 10).  The high temperature (> 10oC) 
lake samples near the surface are generally saturated or supersaturated with respect to oxygen, a 
condition that is commonly observed in photosynthetically active lake and ocean waters (e.g., 
Broecker and Peng, 1982).  Hypolimnotic waters are depleted in DO by 1-2 mg/L a feature 
which can also be explained as the result of oxidation of organic matter sinking from the photic 
zone.  The fact that deep water oxygen depletion was not greater in 1998 than it was in previous  
sampling years is additional evidence that the lake turns over on an annual basis.  

It is interesting to examine the behavior of the Yerington pit lake relative to other pit 
mine lakes.  Although the Yerington lake does not become seasonally anoxic, the much 
shallower Aurora pit lake does (Kempton, 1996).  This is the result of (1) the much higher nitrate 
and nitrite concentrations at Aurora (4-5 ppm) and (2) the much shallower depth at Aurora (17 m 
vs. 110 m at Yerington).  Lake depth is an important consideration because in lakes which 
overturn annually, the hypolimnion provides a large dissolved oxygen reservoir capable of 
oxidizing organic matter from the epilimnion.  Since the depth of the photic zone of lakes is less 
variable than the depth of the epilimnion, deep lakes (> 50 m) have less of a tendency to become 
anoxic than lakes which are between 20 and 50 m deep (Jewell, 1992). 

  
Long term climatological and geochemical trends 

The ability to make long term predictions of water quality in pit lakes involves an 
extremely large number of meteorological, hydrological, and geochemical factors, only a small 
number of which can be examined in this study.  The most important aspect of the long term 
behavior of pit lake waters examined here is the tendency of pit lake waters to develop a 
permanently stratified water column which will subsequently become anoxic, thereby 
significantly changing water column chemistry. 

 Modern climatology and water balance.  Yerington is located in the rain shadow of the 
Sierra Nevada mountains in an area of extremely low annual rainfall (5.3" or 13.5 cm per year) 
(Western Regional Climate Center: http://www.wrcc.dri.edu).  Evaporation calculated from the 
combined Fallon and Yerington data sets according to the methods outlined in Gill (1982) were 
approximately 0.6-0.7 m/yr.  This is considerably less than values from published values of pan 
evaporation rates of 1.2-1.5 m/yr for this area of Nevada (e.g., Dingman, 1994, Figure 7-6).  The 
difference could be due to the lower wind energy in the Yerington pit (Figure 4) since 
evaporation is directly proportional to wind velocity (e.g., Gill, 1982, eq. 2.4.5). 

If precipitation minus evaporation (P-E) is assumed to be approximately 0.5 m/year, then 
total P-E since mine closure would be approximately 10 m.  This implies a concentration factor 
in lake waters of approximately 10% which is considerably less than the difference in chloride 



concentrations (representing a conservative element) observed between lake water and ground 
water (approximately 100% and 50% for wells 2B and 36 respectively) (Table 2).  Similar 
discrepancies have been noted in other pit lake studies and may be attributable to a certain 
amount of dissolved salts which accumulate on the floors and wall of open pit mines during 
mining operations (Castendyk, 1999).   
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Figure 10.  Temperature-dissolved oxygen data from the Yerington pit lake.  Triangles represent date 
from Table 1 and Kempton (1996) during thermal stratification while circles represent samples taken 
during lake turnover in January, 1999.   

 
  
During the winter of 1997, flood waters from the Walker River were diverted into the 

Yerington pit lake.  The precise volume of diverted water is not precisely known (J. Sawyer, 
personal communication).  A plot of known lake elevation over time reveals that lake elevation 
increased 2-3 feet above what might be considered the normal trend of the rising lake level 
(Figure 11).  The change in chemistry in the lake brought about by the water diversion is 
therefore not believed to be significant. 

 
 



 
 
 
 

 

 
 

Figure 11.  3rd order polynomial fit of pre-Walker River diversion lake elevation with respect to time.  
The first two data points represent the cessation of mining (1978) and lake elevation from the Yerington 
7.5' topographic map (1982).  Post 1990 elevation data were provided by Arimetco.  The last circle 
represents the post river diversion elevation. 



Long term climatological trends.  The long term stability and hence the redox condition 
and geochemistry of the water column in the Yerington pit lake needs to be evaluated within the 
context of climate extremes expected over the next century.  Foremost among these, are 
hypothesized climate trends in the Great Basin as a result of atmospheric warming.   Causes of 
global warming are controversial and both the observed climate changes to date as well as those 
predicted with atmospheric general circulation models (GCMs) show extreme spatial variability 
in both temperature and precipitation changes (Houghten et al., 1990). 

For the sake of this project, two climate extremes which might increase stratification 
during the next 50 years were examined: (1) mean temperature was assumed to increase by 6oC 
and (2) annual precipitation was increased by 2 mm/day (0.73 m/year).  These conditions 
correspond to the maximum changes predicted by GCM output (Houghton, 1990, figures 5.4-
5.6).  It should be emphasized that GCM models have very coarse spatial resolution (100s of km) 
and often are not capable of resolving complex topography such as the rain shadow effect of the 
Sierra Nevada mountains and so these simulations should simply be taken as the most extreme of 
many possible climate scenarios.    

Water column stability and dissolved oxygen concentrations were studied with the 1-
dimensional Princeton Ocean Model (POM) and surface heat flux calculations described above.  
A baseline, 50-year simulation was run using an annual cycle of five year (1986-1990) averages 
for pressure, humidity, cloud cover and surface air temperature at Fallon as model input.  Wind 
velocity recorded at the surface of the Yerington pit lake was used where possible for model 
input.  Where wind speed data were missing, wind was set to a constant value of 3.2 m/s (7 
mph).  This baseline, 50 year simulation was then repeated using the climate extremes mentioned 
above.  

In both the baseline and extreme climate scenarios, the Yerington pit lake overturns on an 
annual basis (Figure 12).  Note surprisingly, the temperature of the deep water is 2-3o higher in 
the global warming scenario (Figure 12b).  Modeled dissolved oxygen below the thermocline 
therefore does change more than the 1-2 mg/L observed on an annual basis in the data (Figure 
10).       

Water column stability.  The lack of predicted permanent stratification and therefore long 
term anoxia in the Yerington pit lake is the result of (1) the relatively low total dissolved solids 
of the water column and (2) the relatively small amount of surface water which enters the lake on 
an annual basis.  In order for a water body to become permanently stratified, vertical density 
gradients from freshwater surface inflow during seasonal thermal stratification must be 
sufficiently strong large that winds will not mix the waters once the lake becomes thermally 
homogenous in the fall and/or spring.  Such conditions simply do not exist at Yerington.  In fact, 
the magnitude of seasonal evaporation is such that the TDS of surface waters is greater than the 
TDS of deep waters during thermal stratification (Kempton, 1996, Figure 1-3).   

Previous studies of water column stability in pit lakes have applied lake surface 
area/depth ratio (often called the Peterson Scaling Parameter or PSP) as a measure of the 
tendency of the lake to stratify (Vandersluis et al.., 1995).  The underlying assumption of this 
parameter is that deep lakes are less prone to wind shear forcing and thus more likely to stratify.  
While this ratio is appropriate for freshwater lakes, others have argued that (1) thermal heat flux 
(primarily from geothermal waters), (2) evaporation loss, and (3) groundwater outflow are the 
key variables for understanding pit lake stratification (Lyons et al., 1994).  Of these three 
variables, geothermal heat flow is the most difficult to predict because detailed knowledge of 
bottom heat flux into a lake is site specific.  This variable is probably not important at Yerington 



 
 

 

 
 

 
Figure 12.  Simulation of seasonal temperature in the Yerington pit lake at the end of 50 years.  Top panel 
used modern climate conditions while the bottom panel shows conditions for elevated temperature and 
rainfall which might be expected in an extreme example of global warming. 



 
and so will not be considered further here.  Likewise, net groundwater flux to a lake is difficult to 
determine without detailed knowledge of local hydraulic conductivity and head gradients.  Even 
so, the role of groundwater in lake stratification should only be an issue in those cases were the 
solute concentration of the groundwater is sufficiently greater than surface water flowing into 
lake so that wind shear will not mix the lake when the vertical thermal gradient reaches zero 
(during the late fall for temperate latitude lakes).  The third variable, high seasonal evaporation, 
should increase the density of surface waters and thus promote mixing during high wind events.   

At the most basic physical level, the tendency of a water mass to become stratified is 
simply dependent on the vertical density gradient (which encompasses the three variables 
mentioned by Lyons et al., 1994) as well as water velocity shear brought about by wind forcing 
(which is implied but not specifically considered in the PSP).  All of these variables can be 
conveniently expressed as the gradient Richardson number, the ratio of the density gradient 
(which tends to stabilize a water column) and the velocity shear gradient (which tends to 
destabilize it).  If the gradient Richardson number exceeds 0.25, the water column is believed to 
be stable (Turner, 1973). 
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In equation (5), ρ is density, u is horizontal velocity, and g is the gravitational constant.  

The gradient Richardson number can be used to make general determinations of the tendency of 
Yerington mine to mix or remain permanently stratified.  For the sake of this study, the velocity 
gradient was determined by taking the maximum measured velocity at 10 m (6 cm/s; Figure 5), 
at which time the water column would be most unstable, over the shortest vertical distance at 
which the modeled water velocity was probably close to zero (assumed to be the point where the 
vertical temperature gradient is zero).  This depth is approximately 40 m (Figure 6).  Under these 
conditions   is ~ 0.06 ms-1/(40 - 10) m = .002 s-1.  The denominator of the Richardson number is 
therefore 0.004 kgm-3s-2.  In order to maintain a stable water column  must be ~  (.004 kgm-3s-

2)(0.25)/9.8 ms-2 = .0001 kg/m4.  The density gradient over this 30 m vertical interval must 
therefore be 0.003 kg/m3 = 3 g/ m3 or 3 mg/L.  These density gradients are relatively small and 
indicate that stratification could occur if (1) the TDS of the lake increases significantly and (2) a 
larger amount of fresh water (such as Walker River diversion) were to enter the lake over a short 
period of time. 

 
 

DISCUSSION 
 

Nearly 20 years after open pit mining operations ceased, the Yerington mine is still in the 
process of filling.  Within the context of overall pit lake evolution, the lake is in its terminal 
phase, that is, groundwater is entering the lake with little if any water leaving to enter the 
regional groundwater system.  Once lake elevation approximately equals that of the regional 
groundwater system, the lake will be in its flow through stage and changes in water by the pit 
lake can have an important influence on groundwater quality downgradient from the lake.     



 On the basis of this study, it is believed that the Yerington pit lake will not become 
anoxic either in its short term, terminal phase or in the long term (decades from) once the flow 
through stage has been achieved.  Permanent stratification in a pit mine as well as in natural 
lakes is brought about by low density surface water flows capping higher density groundwater 
entering the deeper portions of the lake.  Even if seasonal cooling of the relatively fresh surface 
waters produces an isothermal vertical temperature profile, vertical solute gradients produce a 
density gradient with a sufficiently high gradient Richardson number (equation 5) to prevent 
seasonal mixing of the water column. 

The total dissolved solids of groundwater entering the Yerington pit lake is relatively 
low.  Even though evaporation has increased the total solutes in lake by 50-100% since mine 
closure, TDS of the lake remains low.  Even if geochemical reactions within the lake were to 
produce large amounts of solutes, the topographic setting of the lake is such that surface water 
runoff is minimal (Figure 3).  

Water quality in the Yerington pit lake is remarkably good with only a small number of 
trace elements (Cu, SO4, Se) present at concentrations greater than the 50% concentration level 
for groundwater.  Clearly, these will have an impact on regional groundwater surrounding once 
the lake achieves flow through status.  The exact nature of these impacts depends on factors 
(primarily the hydraulic conductivity and regional hydraulic gradients) which are beyond the 
scope of this report.  It can be stated with some certainty, however, that anoxic waters with 
associated high concentrations of metals will probably not be a factor in the overall 
environmental impact of the Yerington mine on its surrounding. 
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