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Executive Summary 
 

This report focuses on the effects of atmospheric deposition on the water 
chemistry of high alpine lakes in Grand Teton National Park (GRTE).  Atmospheric 
deposition is the primary cause of acidification in lakes and streams in the United States.  
Mountainous watersheds have an especially low buffering capacity for nitrogenous 
acidifying compounds that are common in atmospheric deposition because of their 
limited soil development and vegetation, short growing season, and large areas of 
exposed bedrock. These watersheds are also susceptible to the release of atmospheric 
pollutants during spring snowmelt - pollutants that accumulate in the snowpack during 
the winter. This inherent sensitivity to acidification, coupled with increased deposition of 
atmospheric pollutants due to population growth and industrialization, means that 
acidification of high elevation lakes and streams is a concern for resource managers, 
particularly in relatively unaffected wilderness areas.   

Increased urbanization of the Western United States has caused a dramatic 
increase in atmospheric deposition of anthropogenically-produced compounds in recent 
years. Long term monitoring of high elevation lakes and streams in Rocky Mountain 
National Park, Colorado, has indicated increased levels of atmospheric deposition and 
increased sensitivity to acidification in Park waters (Mast et al., 1990; Baron, 1992; 
Campbell et al., 1995; Baron and Campbell, 1997; Peterson and Sullivan, 1998; 
Campbell et al., 2000; Sueker et al., 2000; Williams and Tonnessen, 2000; Cosby and 
Sullivan, 2001). Monitoring of alpine and sub-alpine lakes in Grand Teton National Park 
(GRTE), Wyoming, has also indicated greater sensitivity to atmospheric deposition in 
recent years, although the situation is not as serious as it is at the Colorado site (Peterson 
and Sullivan, 1998; Williams and Tonnesson, 1997). Unlike ROMO, there is no current 
long term monitoring effort in place for either atmospheric deposition or water quality of 
high elevation lakes at GRTE. The nearest NADP monitoring station is at Tower Junction 
in Yellowstone National Park (YELL). The only water quality data for GRTE high 
elevation lakes are from the 1985 Western Lake Survey (Landers et al., 1986), the 1999 
resample of this survey (Clow et al., 2002) and from synoptic sampling conducted by 
Gulley and Parker (1986) and Williams and Tonnessen (1997). Monitoring of water 
quality in the high elevation lakes in GRTE is essential to elucidate long-term trends and 
determine the range of inter-annual and seasonal variability in sensitivity to acidification 
from atmospheric deposition. Therefore, the objectives of this study were: 1) to determine 
the status and trends in water quality of 12 high elevation lakes in GRTE with respect to 
atmospheric deposition impacts and 2) to use the relationships between water chemistry 
and watershed physical characteristics to predict which lakes in GRTE are most sensitive 
to acidification. 
 
 
Methods 
 

Monitoring of all potentially impacted water bodies in GRTE was impractical, so 
it was necessary to focus monitoring efforts on only the most sensitive sites. Basin 
physical characteristics such as topography, geology and vegetation were used as 
selection criteria and as parameters in the development of a predictive model of lake 
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sensitivity to acidification.  The purpose being that the model will provide a planning tool 
that can be used to focus future monitoring efforts in GRTE high elevation lakes.    

Twelve lakes were sampled during the summer of 2002.  Nine of the lakes are 
located within GRTE on the east side of the Teton divide with the remainder on the west 
side in the Targhee National Forest.  Sampling parameters included acid neutralizing 
capacity (ANC), pH, conductivity, major anions and cations, dissolved organic carbon 
(DOC), total and particulate nitrogen, and total and particulate phosphorous.  The effects 
of deposition on the study areas were quantified with NADP deposition data and 
snowpack surveys. 

Modeling efforts for the 2002 study in GRTE were centered primarily on multiple 
linear regression analysis and SPSS discriminant analysis.  Basin physical characteristics 
were determined using digital coverages of topography, geology, and habitat and cover 
type.  Step-wise multiple linear regression and discriminant analysis were used to identify 
which variables make a significant contribution to lake sensitivity.  The model was 
calibrated with the data collected in the summer of 2002 at GRTE.  Mean concentrations 
of late season samples were entered into the model. Water chemistry data collected by 
Clow et al. in 1999, Williams and Tonnessen in 1996, and by Landers et al. in 1985 were 
used for model testing and validation. 
  
 
Results 
 

The sampled lakes had a wide range of ANC concentrations - from 37.9 µeq L-1 to 
1488.3 µeq L-1 with a median of 256.5 µeq L-1.  Major ion concentrations and 
conductivity were also highly variable in the sampled lakes. Nitrate concentrations 
ranged from 0.1µeq L-1 to 20.1µeq L-1, with a median of 7.9 µeq L-1.  The highest NO3

- 
concentrations occurred in lakes with the lowest ANC values, with the exception of lakes 
underlain by limestone. Delta Lake, which is fed by Teton Glacier, had the highest NO3

- 

concentration (20.1µeq L-1).  Positive correlations between ANC, conductivity, Ca2+, 
Mg2+, and Na+ - indicative of carbonate mineral weathering - were relatively strong (p ≤ 
0.01). Both NO3

- and Ca/Na ratios were negatively correlated to DOC concentrations. 
Six of the lakes were sampled on more than one occasion as a means of detecting 

temporal trends and solute fluxes. Concentrations of ANC were variable with just over 
half of the lakes exhibiting a decrease in ANC while the other half increased.  On 
average, Ca2+ and Mg2+ concentrations decreased, and Na+ concentrations increased.  
Nitrate concentrations decreased seasonally. 

There were no consistent trends in ANC concentrations among the 12 lakes for 
which there are data from both 1996 and 2002.  Seven of the lakes showed an increase in 
ANC since 1996, whereas the remainder exhibited decreased ANC concentrations.   

Trapper Lake is the only lake that was surveyed for more than two years.  ANC in 
Trapper Lake has decreased by 50% since 1985, and most major cations have also 
decreased since 1985, particularly Ca2+, which has decreased by 48%.  Unlike cation 
trends, anion trends in Trapper Lake were variable.  Since 1985, NO3

- concentrations 
have increased and SO4

2- concentrations have decreased. 
Topographic characteristics in the Teton Range are characteristic of glacial 

environments.  Most of the study basins were located in glacial cirques and tarns that had 
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high percentages of steep slopes dominated by granitic rock and young debris and very 
little vegetation.  This is also reflected in the correlations among basin characteristics, 
with the strongest and most numerous correlations occurring in the granite, limestone, 
and young debris categories. 

The data from the Tower Junction NADP station indicate an overall increase in 
the potential for acidification of GRTE waters by nitrogen-based compounds in 
atmospheric deposition. However, since GRTE does not have its own NADP station, 
such an inference remains tentative.  

Decreased NO3
- and SO4

2- concentrations were observed in snow samples 
collected at Garnet Canyon and Rendezvous Mountain between 2001 and 2002. The fact 
that these values are lower than the 1993-2000 averages, may be due to interannual 
differences in precipitation which may mask trends for wet deposition in snow.  
 
 
Conclusion and Recommendations 
 

The results of the present study suggest that both mechanisms – the acid 
neutralizing effect of limestone bedrock, and high nitrate from talus fields – affect the 
basin water chemistry at sites in GRTE. However, watersheds without limestone but with 
a large amount of young debris have some of the lowest ANC values. In addition, the 
results indicate that, in watersheds without limestone, high NO3

- increases the sensitivity 
to acidification; and glacier dissolution in GRTE study basins may be responsible for 
seasonal increases in NO3

- concentrations in glacier-fed lakes, which in turn decreases the 
ANC.  

It is recommended that the National Park Service conduct additional monitoring 
of target lakes in GRTE - especially, Delta Lake (Figure 15), Surprise Lake and 
Amphitheater Lake (Figure 17), and Lake Solitude and Mica Lake (Figure 18) – all of 
which should be sampled annually.  In conjunction with seasonal monitoring of selected 
lakes, an investigation into the mechanism of nitrate deposition into glacially-fed lakes 
(namely, Delta Lake) is suggested. It is also recommended that a NADP monitoring 
station be installed at GRTE to better monitor the effects of atmospheric deposition 
within the park. 

 
 

 
 

 iv



Table of Contents 
Executive Summary........................................................................................................... i 
 
Table of Contents .............................................................................................................. v 
Table of Tables ................................................................................................................. vi 
Table of Figures............................................................................................................... vii 
Acknowledgements .......................................................................................................... ix 
 
Introduction....................................................................................................................... 1 
Study Area ......................................................................................................................... 4 
Methods.............................................................................................................................. 6 
Atmospheric Deposition ..................................................................................................... 6 
Lake Selection and Sampling.............................................................................................. 7 
Modeling of Lake Water Chemistry ................................................................................... 9 

Basin Characterization ......................................................................................... 10 
Model Development .............................................................................................. 11 

Results .............................................................................................................................. 12 
Atmospheric Deposition ................................................................................................... 12 
Lake Solute Concentrations .............................................................................................. 15 
Trends in Solute Concentrations....................................................................................... 20 

Seasonal Trends .................................................................................................... 20 
Temporal Trends ................................................................................................... 21 

Field-filtered vs. Laboratory-filtered Samples.................................................................. 24 
Lake Water Chemistry Modeling...................................................................................... 25 

Basin Characterization ......................................................................................... 25 
Correlations Between Lake Chemistry and Basin Characteristics....................... 29 
Prediction of Solute Concentrations: Multiple Linear Regression....................... 32 
Discriminant Analysis ........................................................................................... 37 

Discussion......................................................................................................................... 39 
Atmospheric Deposition at Grand Teton National Park ................................................... 39 
Water Chemistry of High Elevation Lakes in Grand Teton National Park ...................... 41 

Effect of Bedrock Geology .................................................................................... 42 
Effect of Young Debris .......................................................................................... 42 
Effect of Glaciers .................................................................................................. 45 

Long Term Trends in Lake Water Chemistry................................................................... 48 
Predicting Lake Water Chemistry Based on Watershed Characteristics .......................... 49 
 
Conclusions and Recommendations.............................................................................. 52 
 
APPENDIX A - Solute chemistry for samples analyzed at the Rocky Mountain 
Research Station, Fort Collins, Colorado ..................................................................... 55 
APPENDIX B  - Quality assurance tests for solute chemistry analyzed at the RMRS, 
Fort Collins, Colorado.................................................................................................... 57 
Literature Cited .............................................................................................................. 59 

 v



Table of Tables 
Table 1.  Monthly mean maximum and minimum temperatures, and precipitation at 

Moose, Wyoming, and monthly mean precipitation at Phillips Bench SNOTEL site. 
Period of Record is 1958 to 2003 at Moose and 1971 to 2000 at Phillips Bench. ..... 6 

 
Table 2.  Lakes Surveyed in Grand Teton National Park during the summer of 2002....... 8 
 
Table 3. Early and late season sample dates for selected GRTE lakes............................... 9 
 
Table 4. Laboratory protocols for samples analyzed in 2002 at GRTE............................ 10 
 
Table 5. Major cations, pH, conductivity, ANC, major anions, Ca/Na ratio, DOC, Total 

N, and Total P in sampled lakes at GRTE in 2002. Values are the mean of all 
samples collected. Units are in µeq L , except for conductivity (µS/cm) and DOC, 
total P, and total N (ppb).

-1

.......................................................................................... 18 
 
Table 6. Spearman correlation coefficients for pH, ANC, conductivity, major cations and 

major anions, Ca/Na ratio, Total P, Total N, and DOC. ........................................... 19 
 
Table 7. Seasonal comparisons of pH, ANC, conductivity, major cations, and major 

anions for lakes sampled in GRTE in the summer of 2002. ..................................... 20 
 
Table 8. Comparison of pH, ANC, conductivity, major cations, and major anioins in 

GRTE lakes in 1985, 1996, 1999 and 2002 based on data from Landers et al., 1985; 
Williams and Tonnessen, 1997; Clow et al., 1999 and the 2002 survey................... 22 

 
Table 9. P-values for Wilcoxon Signed Ranks Test and Paired t-Test for the differences 

between field-filtered and laboratory-filtered samples. ............................................ 25 
 
Table 10.  Physical characteristics of basins sampled in 1996 and 2002. Geology and 

vegetation classes are expressed as a percentage of basin area. ............................... 27 
 
Table 11. Spearman correlation coefficients for basin physical characteristics. .............. 28 
 
Table 12.  Spearman correlation coefficients for relationships between basin physical 

characteristics and mean lake water concentrations. ................................................ 30 
 
Table 13.  Results of multiple linear regression analysis of relationships between lake 

water chemistry and basin physical parameters........................................................ 33 
 
 
 

 vi



Table of Figures 
 
Figure 1. Lakes Sampled in Grand Teton National Park (1985, 1996, 1999, and 2002) 

………………………………………………………………………..External Pocket 
 
Figure 2. Trends in NO3

- deposition at Tower Junction in YELL .................................... 13 
 
Figure 3. Trends in SO4

2- deposition at Tower Junction in YELL ................................... 14 
 
Figure 4. Trends in NH4

+ deposition at Tower Junction in YELL ................................... 14 
 
Figure 5.  Acid Neutralizing Capacity (ANC) trends in Trapper Lake between 1985 and 

2002 based on data from Landers et al., 1985; Williams and Tonnessen, 1997; Clow 
et al., 1999 and the 2002 survey. .............................................................................. 23 

 
Figure 6. Cation trends in Trapper Lake between 1985 and 2002 based on data from 

Landers et al., 1985; Williams and Tonnessen, 1997; Clow et al., 1999 and the 2002 
survey........................................................................................................................ 23 

 
Figure 7.  Anion trends in Trapper Lake between 1985 and 2002 based on data from 

Landers et al, 1985; Williams and Tonnessen, 1997; Clow et al., 1999 and the 2002 
survey........................................................................................................................ 24 

 
Figure 8 - Relationship between percentage of basin area with young debris and (a) mean 

Ca/Na ratios and (b) mean pH.  Prediction lines of 95% mean confidence intervals 
are displayed. ............................................................................................................ 31 

 
 Figure 9. Relations between measured and predicted mean lake concentrations of (a) 

ANC, (h) Ca/NA ratios, (i) Ca2+, (j)Na+, (k) Mg2+, and (l) K+ for Williams and 
Tonnessen [1997]. ..................................................................................................... 36 

 
Figure 10. Relations between measured and predicted mean lake concentrations of (g) 

NO3
-, (h) SO4

2- ratios, (i) pH, and (j) conductivity, for Williams and Tonnessen 
[1997]. ....................................................................................................................... 37 

 
Figure 11.  Boxplot of percent granite in study basins relative to acidification 

susceptibility. ............................................................................................................ 38 
 
Figure 12.  The Wall – primarily limestone - west of Snowdrift Lake as seen from 

Avalanche Divide...................................................................................................... 45 
 
Figure 13.  Snowdrift Lake as seen from Avalanche Divide............................................ 45 
 
Figure 14.  Relations between glacier-fed lakes and seasonal mean NO3

- concentrations.
................................................................................................................................... 46 

 

 vii



Figure 15.  Delta Lake ...................................................................................................... 47 
 
Figure 16. The toe and glacial moraine of Teton Glacier just above Delta Lake ............. 48 
 
Figure 17.  Surprise Lake.................................................................................................. 50 
 
Figure 18.  Amphitheater Lake ......................................................................................... 51 
 
Figure 19.  Mica Lake (left) and Lake Solitude (right) as seen from Paintbrush Divide . 53
 

 viii



Acknowledgements 
 
 The National Park Service provided the funding for this research. Special thanks 
go to Susan O’Ney at Grand Teton National Park (GRTE).  Ms. O’Ney was instrumental 
in the continuation of this research due to her skill at securing funds for this project and 
her adeptness at locating previous water quality research for use during this study.  We 
are very appreciative.  We are also indebted to the trail crew at GRTE for hauling our 
gear up and down the canyons – thanks, you guys. 
 Many thanks go out to family and friends who served as field assistants and pack 
mules during the field season.  Dr. J.P Pujol was the first to dive in and did so with a 
smile on his face; Joanne Youngdahl-Morris made fast friends with the trail crew, which 
made our job much easier; and Matt Wotherspoon was a hard worker.  We are especially 
thankful to Daniel Corbin who hauled gear along approximately 300 miles of trail and 
unknown thousands of feet of elevation gain.  It never would’ve happened without them. 
 
 

 ix



Introduction 
 

Sulfur dioxide (SOx) and nitrogen oxide (NOx) emissions from the burning of 

fossil fuels and from industrial processes have greatly increased the amount and acidity 

of atmospheric deposition in every major industrialized country since the beginning of 

the 20th century (Ingersoll et al., 2004). The generation of electricity and powering of 

internal combustion engines release nitrogen oxides into the atmosphere. The use of 

fertilizers to boost agricultural productivity results in the emission of ammonia and 

ammonium compounds. These nitrogen-based atmospheric pollutants are either adsorbed 

to dust particles or dissolved in atmospheric water vapor. Settling of atmospheric dust 

particles (dry deposition) or the occurrence of rain and snow (wet deposition) serves as a 

transport mechanism, returning pollutants to the earth’s surface. The contaminants 

contained in wet and dry deposition reach surface water bodies, such as lakes and 

streams, primarily as runoff from surrounding terrestrial areas.   

Atmospheric deposition is the primary cause of acidification in lakes and streams 

in the United States.  Mountainous watersheds have an especially low buffering capacity 

for nitrogen-based acidifying compounds in atmospheric deposition because of their 

sparse vegetation, short growing season, poor soil development, and the presence of 

extensive areas of exposed bedrock. In addition, atmospheric pollutants that accumulate 

in the winter snowpack in mountainous watersheds are released rapidly during the spring 

snowmelt, resulting in a large nutrient flux that quickly overwhelms the soil’s limited 

storage capacity. Consequently, lakes and streams in mountainous areas are especially 

vulnerable to acidification and other water quality impacts caused by atmospheric 

deposition. This inherent sensitivity to acidification, coupled with increased deposition of 
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atmospheric pollutants due to population growth and industrialization, means that 

acidification of high elevation lakes and streams is a concern for resource managers, 

particularly in relatively unaffected wilderness areas.  

As in most other parts of the developed world, increased urbanization of the 

Western United States has caused a dramatic increase in deposition of anthropogenically-

produced compounds in recent years. Long term monitoring of high elevation lakes and 

streams in Rocky Mountain National Park (ROMO), Colorado, has indicated increased 

levels of atmospheric deposition and increased sensitivity to acidification in Park waters 

(Mast et al., 1990; Baron, 1992; Campbell et al., 1995; Baron and Campbell, 1997; 

Peterson and Sullivan, 1998; Campbell et al., 2000; Sueker et al., 2000; Williams and 

Tonnessen, 2000; Cosby and Sullivan, 2001). Monitoring of alpine and sub-alpine lakes 

in Grand Teton National Park (GRTE), Wyoming, has also indicated greater sensitivity to 

atmospheric deposition in recent years, although the situation is not as serious as it is at 

the Colorado site (Peterson and Sullivan, 1998; Williams and Tonnesson, 1997). Unlike 

ROMO, there is no current long term monitoring effort in place for either atmospheric 

deposition or water quality of high elevation lakes at GRTE. The nearest NADP 

monitoring station is at Tower Junction in Yellowstone National Park (YELL).  

Deposition data from YELL is used to evaluate GRTE because both parks are exposed to 

the same general air masses and are not subject to any nitrogen or sulfur point sources 

(Peterson and Sullivan, 1998).  The only water quality data for GRTE high elevation 

lakes are from the 1985 Western Lake Survey (Landers et al., 1986) and the 1999 

resample of this survey (Clow et al., 2002) and synoptic sampling conducted by Gulley 

and Parker (1986) and Williams and Tonnessen (1997).  
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Monitoring of water quality in the high elevation lakes in GRTE is essential in 

order to elucidate long-term trends and determine the range of inter-annual and seasonal 

variability in sensitivity to acidification from atmospheric deposition. This is consistent 

with one of the goals of the National Park Service’s Vital Signs Monitoring Program 

(VSMP): the identification of trends in water quality within GRTE and other park units 

(National Park Service, 2001). It is also consistent with the the Antidegradation Policy 

and the Outstanding National Resource Waters (ONRW) designation provisions of the 

Clean Water Act, which provide additional protection of a state's highest-quality waters 

and which emphasize “…identifying specific existing or emerging water quality 

problems.”   

Monitoring of all potentially impacted water bodies in GRTE is impractical, so it 

is necessary to focus monitoring efforts on only the most sensitive sites. The sensitivity 

of aquatic systems to environmental input can be determined by the identification of 

factors controlling lake water chemistry. Basin physical characteristics such as 

topography, geology and vegetation are oftentimes vehicles for other variables that 

influence water chemistry more directly (Sueker et al., 2001; Kamenik et al., 2001; Clow 

and Sueker, 2000; Meixner et al., 2000).    Using basin physical parameters to develop a 

predictive model of lake sensitivity to acidification will provide a planning tool that can 

be used to focus future monitoring efforts in GRTE high elevation lakes.   Therefore, the 

objectives of this study were: 1) to determine the status and trends in water quality of 12 

high elevation lakes in GRTE with respect to atmospheric deposition impacts and 2) to 

use the relationships between water chemistry and watershed physical characteristics to 

predict which lakes in GRTE are most sensitive to acidification. 
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Study Area 
 

Grand Teton National Park (GRTE) in northwest Wyoming encompasses some of 

the nation's most spectacular mountain landscapes and includes approximately ninety 

subalpine and alpine lakes. These lakes are embedded in the cirques and glacially-formed 

canyons of the Teton Range, which rises approximately 2100 m above Jackson’s Hole 

(elevation 1892 m) (National Park Service, 1997).   The town of Jackson Hole is located 

just south of GRTE, but, as a whole, the population of northwestern Wyoming is low.  

Although there is very little industrial development in the immediate area, there is 

industrial activity to the south, east, and west of the park.   

The 12 lake basins surveyed in this study include two glacial moraine lakes, three 

alpine kettle lakes, and seven cirque lakes (Figure 1).  Nine of the lakes are located within 

GRTE on the east side of the Teton divide with the remainder on the west side in the 

Targhee National Forest.  The eastern front of the Teton Range - unique in the Rocky 

Mountains – is very steep and is the product of erosion of Precambrian crystalline rocks 

along the steeply dipping Teton fault. This hard crystalline rock makes up the majority of 

the bedrock in the Teton Range, but darker-colored metamorphic rocks such as the Mt. 

Moran Gneiss and lighter-colored igneous rocks such as the Mt. Owen Granite are also 

present (National Park Service, 1997).  Glaciers at the heads of stream valleys formed 

cirque lakes, such as Lake Solitude, and these are the dominant lake type at higher 

elevations in the Tetons (Meyers, 2000).  As the ice expanded, the toes of the glaciers 

descended toward the valley floor.  Upon reaching the valley, the ice melted, forming 

moraine-dammed lakes such as Bradley Lake and Trapper Lake (National Park Service, 

1997). 
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The geographical extent of the effects of atmospheric deposition on aquatic 

systems is unknown, but dilute systems may be affected by contaminants from local, 

regional, or global sources (Fenn et al., 2003).  There is very little industrial activity in 

the area surrounding the park, but atmospheric deposition impacts on water quality are 

still an issue of concern in GRTE.  The primary reasons for concern are: (1) increased 

residential and business development in Jackson Hole; (2) increased use of prescribed 

burning in and around Jackson Hole; (3) proposed oil and gas development and 

associated activities south, east, and west of the park; (4) agricultural practices in Idaho 

west of the park; and (5) metropolitan and industrial development along the western slope 

of the Wasatch Mountains.  In addition to industry and development, the number of 

automobiles that pass through the park each year is a concern.  Park visitation was 

approximately 4 million individuals in 2002, an increase of almost 36% since 1983. 

Monthly mean maximum temperatures at Moose, Wyoming (elevation 1960 m), 

range from -3.4 o C in January to 26.8 o C in July (Table 1). Monthly mean minimum 

temperatures range from –17.2 o C in January to 5.2 o C in July. Average total 

precipitation values at Moose, Wyoming, range from 3.0 cm in July to 6.6 cm in January, 

and the average total annual precipitation is 53.6 cm. However, precipitation amounts in 

the Teton Range are much greater. The Phillips Bench SNOTEL site (elevation 2499 m), 

southwest of Teton Village, receives an average of 111.3 cm of precipitation annually. 
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Table 1.  Monthly mean maximum and minimum temperatures, and precipitation at Moose, Wyoming, and 
monthly mean precipitation at Phillips Bench SNOTEL site. Period of Record is 1958 to 2003 at Moose 
and 1971 to 2000 at Phillips Bench. 

 Parameter  Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Max. Temperature (°C)  -3.4 -0.6 3.9 9.6 16.1 21.5 26.8 26.2 20.6 13.3 3.3 -3.2 11.2 

Min. Temperature (°C)  -17.2 -15.9 -11.2 -5.4 -0.7 2.9 5.2 4.2 0.1 -5.0 -10.3 -17.1 -5.9 M
oo

se
 

Total Precipitation (cm)  6.6 5.0 4.0 3.7 4.9 4.5 3.0 3.4 3.7 3.2 5.5 6.3 53.6 
 

Precipitation at Phillips Bench 
SNOTEL (cm) 15.2 13.0 12.2 9.4 8.9 5.8 3.3 4.1 5.1 6.4 12.4 15.5 111.3 

 

 
 
Methods 
 
Atmospheric Deposition 

The National Atmospheric Deposition Program/National Trends Network 

(NADP/NTN) monitors deposition across the United States (http://nadp.sws.uiuc.edu/). 

Grand Teton National Park (GRTE) does not have a NADP station, but there is a station 

at Tower Junction in Yellowstone National Park (YELL) that has been monitoring 

deposition since 1980. Deposition data from the YELL Tower Junction site can be used 

to evaluate GRTE because both parks are exposed to the same general air masses and are 

not subject to any nitrogen or sulfur point sources (Peterson and Sullivan, 1998).  

Therefore, data from Tower Junction were used to evaluate atmospheric deposition 

during this study.  

Clow et al. (2002) measured snowpack chemistry in the Rocky Mountains during 

the winters of 1992 – 1999 and found no statistically significant differences between 

NO3
- and SO4

2- concentrations in snowpack and winter volume-weighted mean wet-

deposition concentrations.  Therefore, snowpack surveys can be used to assess winter 
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period wet atmospheric deposition inputs to high elevation lakes and streams in situations 

where NADP/NTN monitoring sites are limited or not available. Since 1993, Snowpack 

surveys have been conducted at Garnet Canyon and Rendezvous Mountain at GRTE in 

(Ingersoll et al., 2002; Ingersoll et al., 2004), and these data were used to further evaluate 

atmospheric deposition in the study area.   

 

Lake Selection and Sampling 

In the summer of 2002, twelve lakes were sampled in GRTE and the Targhee 

National Forest, at elevations ranging from 2108 m to 3050 m and surface areas ranging 

from 0.9 ha to 27 ha (Figure 1 and Table 2). Lake selection was based on past sampling 

surveys (Gulley and Parker, 1986; Landers et al., 1986; Williams and Tonnessen, 1997), 

basin morphometric characteristics, and accessibility. 

Sampling parameters included acid neutralizing capacity (ANC), pH, 

conductivity, major anions and cations, dissolved organic carbon (DOC), total and 

particulate nitrogen, and total and particulate phosphorous.  In order to obtain a well-

mixed sample, samples were collected from either the center of the lake or at the outlet. 

Sampling dates were dependent upon accessibility and the amount of ice present on the 

lake surface. Generally, samples were collected from May to September at lower 

elevation lakes and from July to September at higher elevation lakes (Table 3).  

Whenever possible, both early and late season samples were collected in order to 

associate seasonal trends with varying water chemistry.  During the Williams and 

Tonnessen survey conducted in 1996, high late-season NO3
- concentrations were 

observed.  Therefore, samples were collected during early and late summer to observe the 
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seasonal flux of nitrate and other analytes in alpine watersheds. Duplicates of all samples 

- except DOC and total P, and total N - and field blanks (10%) were collected.   

Table 2.  Lakes Surveyed in Grand Teton National Park during the summer of 2002. 

 

Lake Name 
Elevation 

(m) Surface Area (ha)

Mean 
Depth* 

(m) 

Max 
Depth* 

(m) 

Alaska Basin Lake 2917 0.7 ------- ------- 

Amphitheater Lake 2956 1.9 4.9 7 

Bradley Lake 2140 27.1 13.3 34 

Delta Lake 2747 2.8 1.9 8 

Granite Basin Lakes 2776 3.1 ------- ------- 

Holly Lake 2868 3.8 3 7 

Lake Solitude 2754 15.1 ------- ------- 

Mica Lake 2913 3.9 ------- ------- 

Snowdrift Lake 3050 22.2 15.2 30 

Sunset Lake 2942 1.1 ------- ------- 

Surprise Lake 2915 0.9 3 6 

Trapper Lake 2108 1.4 2.4 5 

*Depth data not available for all lakes (Gulley and Parker 1986)  
 

Lake water samples were collected in high-density polyethylene bottles.  Heat-

etched amber glass bottles were used to collect DOC samples.  All sample bottles were 

treated with de-ionized water at the laboratory and were triple rinsed with sample water 

on site before collection.  Both filtered and unfiltered samples were taken at each site – 

except for DOC (filtered only) and total phosphorous and total nitrogen (unfiltered only).   

Filtered samples were collected to compare agency and laboratory protocols and to 

determine the most appropriate methods for future sampling.  Samples were filtered 

through a 0.45 µm polycarbonate membrane at the time of collection.  After the samples 

were collected, they were immediately chilled and sent within 24 hours to either the 

Rocky Mountain Research Station (RMRS) laboratory in Fort Collins, Colorado, or the 

University of Georgia Institute of Ecology Stable Isotope Laboratory (UGIESIL) in 

Atlanta, Georgia.  RMRS staff conducted the analysis of anions, cations, pH, 
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conductivity, alkalinity, and ANC while UGIESIL staff analyzed samples for DOC, total 

P, and total N (Table 4). Both laboratories followed standard EPA protocols for the 

analysis of dilute water samples (EPA-600/4-79-020). 

 

Table 3. Early and late season sample dates for selected GRTE lakes. 

  Seasonal Sampling Dates 

Lake Name 
No. times 
sampled Early Mid Late 

Alaska Basin Lake 1     08/04/02 

Amphitheater Lake 2   06/30/02 09/08/02 

Bradley Lake 3 05/30/02 07/01/02 09/08/02 

Delta Lake 1    09/08/02 

Granite Basin 1     08/11/02 

Holly Lake 1    08/31/02 

Lake Solitude 2   07/03/02 08/31/02 

Mica Lake 1    08/31/02 

Snowdrift Lake 2   07/04/02 08/02/02 

Sunset Lake 1     08/04/02 

Surprise Lake 2   06/30/02 09/08/02 

Trapper Lake 3 06/01/02 06/29/02 07/31/02 

 

 Accuracy of analyses was evaluated using certified high-purity standards 

traceable to the National Institute of Standards and participation in blind-audit 

performance tests conducted by the U.S. Geological Survey. Results of these tests rated 

the RMRS lab a 3.8 on a 4.0 scale. Analytical results were checked by comparing 

measured and predicted specific conductance and by ionic charge balance.  

 

Modeling of Lake Water Chemistry 

Mathematical models for predicting water chemistry in natural waters have been 

used successfully in mountain catchments (Clow and Sueker, 2000; Meixner et al., 2000; 

Wolford et al., 1996).  Modeling efforts for the 2002 study in GRTE were centered 

primarily on multiple linear regression analysis and SPSS discriminant analysis.  
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Table 4. Laboratory protocols for samples analyzed in 2002 at GRTE. 

 
Solute Technique Equipment Laboratory 
pH Gran Analysis PC-Titrate Autotitration system for pH 

and alkalinity 
RMRS 

ANC Same Same RMRS 

Conductivity Same PC-Titrate Conductivity Meter Model 
4310 for conductivity 

RMRS 

Anions Ion Chromatograph (IC) with separator 
column for anions (APHA 1998a) and 
monovalent/divalent column for cation 

Anions: Waters IC with Dionex AS12 A 
Separator Column, Model 431 
conductivity detector, Model 717 plus 
autosampler, Model 501 pump 

RMRS 

Cations Same Cations: Waters IC with Water IC PAK 
Cation M/D Column, Model 431 
conductivity detector, Model 717 plus 
autosampler, Model 501 pump 

RMRS 

DOC UV-Persulfate Infrared Detection 
 

Shimadzu  TOC-5000A  
Total Organic Carbon Analyzer with 
ASI-5000A Auto Sampler 

UGIESIL 

Total P Continuous Flow Colorimetric Analysis Technicon AutoAnalyzer UGIESIL 

Total N Same Same UGIESIL 

 

 

Basin Characterization 

Interaction between watershed runoff and geologic materials is the primary 

control on the chemistry of natural waters (Morel and Hering, 1993).  Physical 

weathering of geologic surfaces increases chemical weathering and is directly related to 

the supply of cations, silicate, sulfate, and alkalinity to surface waters.  Basin physical 

characteristics (topography and geology) control runoff processes and pathways and, 

hence, the extent of interaction between water and geologic materials. 

Basin physical characteristics were determined using digital coverages of 

topography, geology, and habitat and cover type.  National Park Service staff at GRTE 

provided all spatial data.  Categories for analysis were expressed as a percentage of the 

total basin surface area and were quantified using the Geographic Information System 

(GIS) software ArcGIS Spatial Analyst.   
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Geologic characteristics of each study basin were derived from a digital copy of 

the revised Geologic Map of Grand Teton National Park, Teton County, Wyoming, of 

1992 (Love et al.,1992).  Geology units were classified as granite, metamorphic rock, 

limestone, sedimentary (non-limestone), diabasic dike, old debris, young debris, or peat.  

Surficial debris was designated as either old (Pleistocene) or young (Holocene) because 

of expected differences in hydrolysis weathering (Clow and Sueker, 2000; Johnson, 

1984). 

The digital coverage of combined habitat and vegetation cover types was 

constructed from field data collected by NPS technicians in 1992 at GRTE.  Classes 

included forest, sub-alpine meadow, tundra and un-vegetated.   

Topographic characteristics were calculated using the 10-meter Digital Elevation 

Model (DEM) for GRTE.  The GIS software ArcGIS Spatial Analyst was used to 

calculate basin area, median slope, median elevation, percentage of the basin with slopes 

≥ 30° (steep slope), lake elevation, lake surface area, and lake area/watershed area ratios. 

 

Model Development 

A step-wise multiple linear regression method was used in the GRTE study in an 

attempt to associate basin characteristics with water chemistry and to identify those 

independent variables that exert a strong influence on the association.  Discriminant 

analysis was also used to identify which variables make a significant contribution to the 

classification of lake sensitivity.  Both models were run in SPSS.  The data were assumed 

to be normally distributed and, in the case of discriminant analysis, group membership 

was assumed to be mutually exclusive and collectively exhaustive.   However, the results 
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from the linear regression model were expected to be richer because ANC is a continuous 

variable. 

 The model was calibrated with the data collected in the summer of 2002 at GRTE.  

Mean concentrations of late season samples were entered into the model.  Parameters 

included ANC, pH, conductivity, Ca2+, Mg2+, Na+, K+, Cl-, F-, NO3
-, SO4

2-, NH4
+, DOC, 

Total P, and Total N.  Water chemistry data collected by Clow et al. in 1999, Williams 

and Tonnessen in 1996, and by Landers et al. in 1985 were used for model testing and 

validation. 

 Spearman correlation matrices were used to identify the relationships between 

solutes and basin characteristics.  After the relationships were identified, multiple linear 

regression was employed to obtain coefficients for model testing.  Discriminant analysis 

was also used to identify sensitive water bodies, and ANC was the screening criteria.  

Categories of sensitivity were: chronic (ANC < 50µeq L-1), episodic (ANC <100µeq L-1), 

and not susceptible (ANC > 100µeq L-1). 

 

Results 

Atmospheric Deposition 

The 2002 annual precipitation weighted means for SO4
2- and NO3

- deposition at 

Tower Junction were 7.5µeq L-1 and 11.6µeq L-1, respectively (NADP/NTN).  

Concentrations for both anions have increased since 2001. While NO3
- concentrations in 

2002 were the highest in 10 years, long-term data from the Tower Junction site indicate 

almost no change in NO3
- deposition (Figure 2). Concentrations of SO4

2- have decreased 
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by 30 % over this same period (Figure 3).  However, NH4
+ concentrations at Tower 

Junction have doubled since the early 1990s (Figure 4).   

Snowpack surveys conducted at Garnet Canyon and Rendezvous Mountain at 

GRTE indicated that both nitrate and sulfate concentrations decreased from 2001 to 2002; 

NO3
- decreased from 7.0 to 5.8 µeq L-1, and SO4

2- decreased from 5.9 to 4.9 µeq L-1 

(Ingersoll et al., 2002). The 2002 values were below the 1992-1999 averages for NO3
- 

and SO4
2-, which were 6.89 and 7.78 µeq L-1, respectively at Garnet Canyon, and 6.57 

and 7.91µeq L-1, respectively at Rendezvous Mountain (Nanus et al., 2003).  

 

Figure 2. Trends in NO3
- deposition at Tower Junction in YELL 
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Figure 3. Trends in SO 2- deposition at Tower Junction in YELL 4

 

Figure 4

 
. Trends in NH4

+ deposition at Tower Junction in YELL 
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Lake Solute Concentrations 

The lakes that were sampled during the summer of 2002 had a wide range of 

ANC c

lta 

 

e to acidic deposition. In relatively pristine areas, the 

concen n 

able 5). 

est 

 K+ 

concen

 

evapotranspiration and snowmelt contributions on concentrations of Ca2+ and Na+.  

oncentrations (Table 5). The ANC concentrations ranged from 37.9 µeq L-1 to 

1488.3 µeq L-1 with a median of 256.5 µeq L-1. Surprise Lake, Amphitheater Lake, De

Lake, and Lake Solitude had ANC concentrations below 50 µeq L-1.  Lakes with ANC

concentrations ≤ 50 µeq L-1 are highly susceptible to acidification. Granite Basin Lake, 

Holly Lake, and Mica Lake had concentrations of ANC between 50 and 100 µeq L-1, 

indicating periodic susceptibility to acidification. 

Concentrations of base cations are generally low in non-acidified waters, but 

increase substantially in respons

tration of Ca2+, Mg2+, Na+, and K+ in sensitive waters will generally be less tha

about 50 to 100 µeq/L.  Like ANC, major ion concentrations (Ca2+, Mg2+, Na+, K+, Cl-, 

NO3
-, SO4

2-) and conductivity were also highly variable in the sampled lakes (T

Concentrations of Ca2+, Mg2+, and conductivity were the highest in Sunset Lake and the 

lowest in Surprise Lake. The median concentrations for Ca2+ and Mg2+ were 76.8 µeq L-1 

and 28.9 µeq L-1, respectively, and the median conductivity was 12.1µS cm-1. The high

concentrations of Na+ and K+ were in Trapper Lake (38.8 and 26.1 µeq L-1, respectively), 

with median values of 15.2 µeq L-1 for Na+ and 9.6 µeq L-1 for K+.  Lake Solitude had the 

lowest Na+ concentration (8.9 µeq L-1), and Granite Basin Lake had the lowest

tration (3.1µeq L-1).   

The contribution of silicate weathering to cation concentrations in water samples

is explained by Ca/Na ratios, which were calculated to allow for the effects of 
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Ca/Na ratios ranged from 2.4 to 34.8 µeq L-1, with a median of 3.9 µeq L-.  Thes

are higher than what can be

e values 

 explained solely by silicate weathering.  

d 

ed organic carbon (DOC) causes water to be naturally low in pH and 

NC, or even to be acidic (ANC less than 0).  However, DOC contributes substantially to 

the buffering capacity of natural waters at low pH values. Waters sensitive to 

acidification from acidic deposition in the West generally have DOC less than about 300 

to 500 ppb (Peterson and Sullivan, 1998). Dissolve organic carbon concentrations ranged 

from 1776.0 ppb in Alaska Basin Lake to 289.0 ppb in Snowdrift Lake, with a median 

value of 712.0 ppb.  Total P values were below detection limits (BDL) in all lakes except 

Alaska Basin Lake, which had a concentration of 12 ppb.  Values for total N ranged from 

BDL in Trapper Lake to 363.0 ppb in Delta Lake, with a median of 94.0 ppb. 

Correlations among solutes define lake water chemistry.  Positive correlations 

between ANC, conductivity, Ca2+, Mg2+, and Na+ were relatively strong (p ≤ 0.01) and 

are indicative of carbonate mineral weathering (Moldan and Cerny, 1992; Morel and 

Nitrate concentrations ranged from 0.1µeq L-1 to 20.1µeq L-1, with a median of 

7.9 µeq L-1.  The highest NO3
- concentrations occurred in lakes with the lowest ANC 

values, with the exception of Sunset Lake and Snowdrift Lake, which are located on 

opposite sides of the same limestone divide. Delta Lake, which is fed by Teton Glacier, 

had the highest NO3
- concentration (20.1µeq L-1), while the lowest NO3

- concentrations 

were in Granite Basin Lake and Holly Lake (0.1µeq L-1). Sulfate concentrations range

from 7.7 µeq L-1 in Amphitheater Lake to 424.8 µeq L-1 in Sunset Lake, with a median 

concentration of 15.4 µeq L-1.   

Dissolv

A
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H

17

ng, 1993).  Both NO3
- and Ca/Na ratios were negatively correlated to DOC 

concentratio s (Tab 6    

Quality assurance procedures of chemical analyses are detailed in Appendix B.  

Ionic charge balance of each major-ion analysis was calculated by dividing the sum of 

c ns (hy um d ammonium) minus 

the sum of a d s otal cations and anions 

i lution. Ion balances calculated for the 2002 water chemistry were mostly negative 

with a mean value of –4.7%, indicating an excess of measured anions over cations in 

solution. One possible explanation for the negative bias of the ionic balances is that DOC 

w t inc  8  average, Stottlemeyer 

pers. comm

 

eri

atio

n so

as no

n le ).

drogen ion, calcium, magnesium, sodi , potassium, an

nions (alkalinity, chloride, nitrate, an ulfate) by the t

luded in the calculation (1 mg DOC = microeq charge

.). 
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Trends in Solute Concentrations 
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Table 7. Seasonal comparisons of pH, ANC, conductivity, major cations, and major anions for lakes 

Name Date pH ANC Cond Ca Mg Na K NH4 F Cl NO3 SO4 

Seasonal Trends 

Six of the lakes (Amphitheater Lake, Bradley Lake, Lake Solitude, Snowdrift 

Lake, Surprise Lake, and Trapper Lake) were sampled on more than one occasion as a 

means of detecting temporal trends and solute fluxes (Table 3). Concentrations of ANC 

decreased seasonally in Amphitheater Lake, Bradley Lake, and Surprise Lake but showed

a marked increase in Lake Solitude and Trapper Lake and a slight increase in Snowdrift 

Lake (Table 7).   

On average, Ca2+ and Mg2+ concentrations decreased – with the exception of Lake 

Solitude - and Na+ concentrations increased.  Nitrate concentrations decreased seasonall

Phosphate concentrations were below detection limits, and SO4
2- concentration

ed seasonally – with the exception of, once again, Lake Solitude.  There was little 

variation in cation and anion concentrations at Surprise Lake between 1996 and 2002. 

sampled in GRTE in the summer of 2002. 

Amphitheater Lake 06/30/02 6.47 49.3 7.4 38.573 12.59 13.049 5.576 0.61 53.46 3.357 5.225 7.704 
Amphitheater Lake 09/08/02 6.606 40.3 5.8 32.385 10.697 14.05 5.371 1.22 53.32 3.103 0 6.33 

9.21 5.754 3.097 17.406 Bradley Lake 05/30/02 7.192 148.9 19.4 113.273 38.099 28.491 15.704 1.497 16
Bradley Lake 07/01/02 7.031 108.2 15.4 86.577 28.472 21.9 6 13.683 0.887 116 9.85 4.767 9.709 16.115 
Bradley Lake 09/08/02 7.027 104.6 14.4 88.573 28.472 21.053 14.886 2.994 126.66 4.118 6.451 15.387 

Lake Solitude 07/03/02 6.625 37.9 8.4 47.705 13.248 8.874 4.271 0 47.3 2.031 12.241 12.763 
Lake Solitude 08/31/02 7.146 107.1 13.2 93.164 30.117 14.354 5.755 1.22 121.21 2.059 1.242 17.073 

Snowdrift Lake 07/04/02 7.848 658.2 75.4 514.471 205.966 14.441 16.701 0 679.27 3.131 13.757 54.925 
Snowdrift Lake 08/02/02 7.846 676.2 69.8 493.713 204.32 15.311 16.932 0 661.37 2.736 12.612 53.135 

Surprise Lake 06/30/02 6.546 43 6.8 34.531 11.109 13.049 5.141 0 47.14 3.78 4.435 8.203 
Surprise Lake 09/08/02 6.555 41.7 6.3 33.234 12.014 14.528 5.959 0.942 53.88 3.272 0 8.12 

Trapper Lake 06/01/02 7.073 170.5 23.3 128.293 39.416 36.494 24.886 0 188.51 5.387 11.66 23.632 
Trapper Lake 06/29/02 7.228 176 21.7 125.2 37.276 31.579 20.512 0 183.53 3.187 7.854 20.446 
Trapper Lake 07/31/02 7.324 219.6 26.7 155.14 47.727 38.756 26.088 0 235.83 8.152 4.661 22.84 

Units are in µeq L-1, except for conductivity (µS/cm) and DOC, total P, and total N (ppb). 
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Trends across time are useful for detecting changes in basic lake chemistry, which 

y be a result of climate change, natural disruption, or anthropogenic effects.  There 

 both 1996 and 2002 (Tab

ce 1996 r h rem d r hib d de e  A con ntra n   Th la  

rease in ANC was Bradley Lake, where ANC increased from 102.1 to 148.9 µeq L-1.  

where ANC decreased from 149.4 to 77.9 µeq L , 

 i y

te conc

a  Lak i h o y k  t s v  r

pled as part of the Western Lake Survey in 1985, by Clow et al. in 

Williams and Tonnessen in 1996, and as part of this stud i 2002.  ANC in 

e a e r   % s c 2 9  

ecrea d y 8  o  2 8  t 1 µ q -1 F u  .

Temporal Trends 

ma

were no consistent trends in ANC concentr

data from

sin

inc

The largest decline was in Mica Lake, 

indicating a trans

Nitra

Lake was first sam

1999, by 

Trapp

ations among the 12 lakes for which there are 

le 8).  Seven of the lakes showed an increase in ANC 

, whe eas t e ain e  ex ite creas d NC ce tio s. e rgest

-1

ition from ‘not-suscept ble’ to ‘episodic’ sensitivit  to acidification.    

entrations increased in all lakes except Holly and Mica Lakes.     

Tr pper e s t e nl  la e tha  was ur eyed fo  more than two years.  Trapper 

y n 

r L k  has dec eased by 50  in e 1985, from 441.2 µeq L-1 to 1 .6 µeq L-1 

(Figure 5).  Most m

has d

ajor cations have also decreased since 1985, particularly Ca2+, which 

se  b  4 % fr m 9 .8 o 55.1 e  L  ( ig re 6)    
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Figure 5.  Acid Neutralizing Capacity (ANC) trends in Trapper Lake between 1985 and 2002 based on 
data from Landers et al., 1985; Williams and Tonnessen, 1997; Clow et al., 1999 and the 2002 survey. 
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Figure 6. Cation trends in Trapper Lake between 1985 and 2002 based on 
Williams and Tonnessen, 1997; Clow et al., 1999 and the 2002 survey. 

data from Landers et al., 1985; 
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Unlike cation trends, anion trends in Trapper Lake are variable.  Nitrate 

concentrations have increased since 1985 with most of the increase occurring after 1999 

(Figure 7).  Variations of Cl - and oncen n inimal – with most F - values 

falling below detection limits in 1996 and 1999.  Sulfate concentrations decreased 

between 1985 and 1996 and increased between 1996 and 1999.  On average, SO4
2- 

concentrations have decreased sin  1985 (F  7

 F - c tratio s are m

ce igure ).  

Year
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Figure 7.  Anion trends in Trapper Lake between 1985 and 2002 based on data from Landers et al, 1
Williams and Tonnessen, 1997; Clow et al., 1999 and the 2002 survey. 

 

Field-filtered vs. Laboratory-filtered Samples 

Differences between field-filtered and labora

985; 

tory-filtered samples were tested for 

indepen

 field filtered values, and for pH (p ≤ 

0.05), which was slightly higher in laboratory-filtered samples than in field-filtered 

dence using the Wilcoxon Signed Ranks Test and the Paired t-Test (Table 9).  

The Wilcoxon Signed Ranks Test showed statistically significant differences for F - at p ≤ 

0.05, with laboratory-filtered values higher than the

 24



sample ces. 

 

ure of pH. 

Table 9. ield-
filtered and laboratory-filtered samples. 

s.  Results of the paired t-Test for these data failed to show significant differen

Since F - concentrations have little effect on the chemistry of the sampled waterbodies, 

and values were below detection limits for a majority of the samples, the test results were 

disregarded.  Discrepancies in the pH between field- and laboratory-filtered values can be

attributed to processing delays and the variable nat

 P-values for Wilcoxon Signed Ranks Test and Paired t-Test for the differences between f

 

Solute Wilcoxon
Paired 
t-test

ANC 0.345 0.232
Alk 0.586 0.908
Cond 0.042 0.123
pH 0.028 0.021
Ca 0.42
Na 0.18

0 0.414
5 0.168

Mg 0.372 0.452
K 0.507 0.705
F 0.043 0.048
Cl 0.008 0.137
NO3 0.346 0.296
SO4 0.257 0.392
NH4 0.735 0.572

 

 

Lake Water Chemistry Modeling 

Basin Characterization 

Topographic characteristics in the Teton Range are characteristic of glacial 

environments. Basin physical characteristics for lakes sampled by Williams and 

Tonnessen (1997) in 1996 and in the present survey reflect the variation in alpine and 

subalpine environments in GRTE (Table 10). Median slopes ranged from 16° in Alaska 

Basin Lake to 38° at Lake of the Crags.  Percentages of slopes ≥ 30° (steep slopes) 

ranged from 8% at Sunset Lake to 80% in Lake of the Crags.  Study lakes residing in 
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basins with high percentages of steep slopes we
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re located in glacial cirques or tarns and 
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r omprised 6% to 60% f t  basins. 

Study bas e mostly sp ely v tat Alaska Basin Lake, 

nite Basin Lake,  Sunset Lake, which are located east of the divide in the Jedediah 

ith Wilderness Area and have a high proportion

e d Trapper Lake had bstan getation jacen  each shore, but the basins 

er d.

Most of the stu y basins were located in glacial cirques and tarns. This is 

o bas  recently 

a d l c r a d with steep slope, 

tary ck, an  correlated with 

ope and positiv ebris was 

had surface areas rangin

Percentages of granite ranged from

deb
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Lak

drain
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glaciated terrain (T

sedim
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g from 1 ha to 6 a.

og  of th dy s w  do nated by granitic rock and young debris.  

 0.0 Su t Lak to 83.2 (Surpri

is c  o he study   

ins wer ars ege ed, except for 

and

 of alpine tundra  (Table 10).  Bradley 

 an

ing into each lak

 su tial ve  ad t to

e w e largely unvegetate  

d

ns am ng in characteristics, which is typical of

ble 11).  Me ian slope was high y or el te

en

l

 ro d n u vegetated terrain.  Limestone was negatively

ely correlated with sedimentary rock, and old d
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Correlations Between Lake Chemistry and Basin Characteristics 

 The relationship between physical characteristics and water chemistry is complex.  

The type of rock present in the basin is just as important as the slope of the watershed and 

the amount of veget . str est d m  nu rou orr t er  th

granite, limestone, a u eb c r ab 2) a a g ly

cor  0.01) p N o ti  C M r  w ess 

significantly (p≤0.05 r d  F d a o lt

study basins, limestone had a strong (p≤ 1) it o tio it 2+ ig ant 

(p≤ 5) positive correlations also exis e en es  a C

conductivity, SO4
2-,  ra .  0  p ve e n ur

between young debris and NO ).  Additionally, conductivity, 

a2+, Mg2+, and pH (Figure 8b) were significantly correlated to young debris (p≤0.05).  

Chemical weathering is enhanced in study basins with young debris, which explains the 

relationship between young debris and major cations, NO3
-, and pH. 

ation  The ong  an ost me s c ela ions w e in e 

nd yo ng d ris atego ies (T le 1 . Gr nite w s ne ative  

related (p≤ with H, A C, c nduc vity, a2+, g2+, and SO4
2-. G anite as l

) cor elate with   an- Ca/N  rati s.  A hough present in only four 

 0.0  pos ive c rrela n w h Mg .  S nific

 0.0 ted b twe  lim tone nd pH, AN , 

and Ca/Na tios  Strong (p≤ .01) ositi  corr latio s occ red 

3
- and Ca/Na ratios (Figure 8a

C
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Table 12.  Spearman correlation coefficients for relationships between basin physical characteristics and 
mean lake water concentrations. 
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pH -0.31 -0.42 0.16 -0.78* 0.62† 0.23 0.22 0.61† 0.53 -0.18 -0.47
ANC -0.43 -0.45 0.11 -0.80* 0.67† 0.30 0.27 0.49 0.59† -0.04 -0.57†
Conductivity -0.27 -0.31 0.25 -0.71* 0.67† 0.22 0.21 0.60† 0.48 -0.18 -0.44
Ca -0.25 -0.37 0.15 -0.77* 0.53 0.20 0.20 0.64† 0.45 -0.31 -0.37
Mg -0.41 -0.33 0.08 -0.75* 0.76* 0.24 0.07 0.65† 0.66† -0.23 -0.48
Na -0.29 -0.44 0.39 -0.50 0.39 0.32 0.60† -0.06 0.19 0.45 -0.67†
K 0.12 -0.03 0.50 -0.40 0.48 -0.09 0.18 0.53 0.10 -0.16 -0.15
NH4 0.02 -0.24 -0.14 0.29 0.15 -0.37 -0.20 0.37 0.09 -0.25 -0.12
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Cl 0.52† -0.02 0.76* 0.02 0.02 -0.22 0.28 0.08 -0.33 0.25 -0.06
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Ca/Na -0.17 0.06 -0.04 -0.57† 0.58† -0.01 -0.30 0.81* 0.58† -0.65† -0.05
*Correlation is significant at the .01 level (2-tailed).        
†Correlation is significant at the .05 level (2-tailed).        
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Figure 8 - Relationship between percentage of basin area with young debris and (a) mean Ca/Na ratios and 
(b) mean pH.  Prediction lines of 95% mean confidence intervals are displayed. 
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Generally, the regression models for major cations showed good agreement 

between observed and predicted values (Figure 9 b-f).  The strongest model in this group 

was the Mg2+ regression model.  Limestone, granite, forest, and sub-alpine meadow were 

the best predictors for Mg2+ and accounted for 97% of the variance in concentrations.  

The weakest model was the Na+ regression model (Adjusted R2 = 0.636), which relied on 

limestone and median elevation as predictors.  Limestone – by itself – would not be the 

best chemical predictor for basins in the GRTE study area because only four basins had 

limestone deposits.  In this study, granite was present in every limestone basin except 

Rimrock Lake, which had a high percentage of metamorphic rock. 

 The regression model for ANC (Figure 9a) served as an excellent predictor for 

buffering capacity.  Once again, limestone and granite were the predictors for the ANC 

model and explained 86.5% of the variance. 

 Anion models were not as successful as cation models.  Chloride and F - models 

were not available for reasons mentioned earlier – concentrations below detection limits 

and lack of fitness.  Since neither solute is acidic, they contribute no net negative 

alkalinity.  For this reason, the absence of Cl- and F- regression equations is not a 

concern.  The regression model for NO3
- overestimated concentrations (Figure 10g).  This 

over-prediction may be caused by the incorporation of multiple seasonal samples in 2002 

as opposed to one grab sample in 1996.  Seasonal NO3
- fluctuations have been observed 

in study lakes in GRTE, especially late season fluxes in glacier-fed lakes (discussed 

later).  The discrepancy between years would definitely have an effect on bias within the 

model. 
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 Conductivity and pH were consistently over-predicted (Figure 10i-j).  The one 

solute affected by field filtering appeared to be pH and lack of fit may be a result of poor 

field or laboratory techniques.  However, it seems more likely that the variations in pH 

concentrations are correlated to the variations in model parameters, specifically granite 

and sub-alpine meadow. 
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 Figure 9. Relations between measured and predicted mean lake concentrations of (a) ANC, (h) Ca/NA 
ratios, (i) Ca2+, (j)Na+, (k) Mg2+, and (l) K+ for Williams and Tonnessen [1997]. 
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Figure 10. Relations between measured and predicted mean lake concentrations of (g) NO3
-, (h) SO4

2- 
ratios, (i) pH, and (j) conductivity, for Williams and Tonnessen [1997]. 

 
 

Discriminant Analysis 
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episodic (ANC < 100µeq L-1), or not susceptible (ANC >100µeqL-). The same data that 

ategorical analysis, and 

granite

ter 

ing 

 

l 

-1 

an 

were employed in the regression analysis were used in this c

, limestone, and young debris were the variables.   

The variable that best defined group membership was granite (Figure 11).  Af

analysis of the regression equations discussed in the previous section, it is not surpris

that granite was the best variable to maximize the differences between ANC categories. 

On average, lakes with ANC concentrations < 50µeq L-1 were in basins that had tota

granite compositions ranging from 60% to 80%; lakes with 50µeq L-1<ANC < 100µeqL

had granite deposits comprising 20% to 50% of the basin; and >100µeq L-1 had less th

20% granite in the basin. 
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Figure 11.  Boxplot of percent granite in study basins relative to acidification susceptibility. 
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Discussion 

Atmospheric Deposition at Grand Teton National Park 

Air quality in the Rocky Mountains and northern Great Plains region is 

considerably better than in most other areas of the continental United States. This is 

primarily due to the absence of high levels of fossil fuel combustion associated with 

metropolitan areas and because atmospheric conditions are not highly conducive to the 

formation and accumulation of ozone (Peterson and Sullivan, 1998). However, the 

rapidly al and 

 in 

4 in 

In contrast, nitrogen deposition has increased over most of the western United 

States since the 1980s (Fenn et al., 2003). The primary sources are transportation, 

agriculture, and industry. The highest N-deposition rates are likely to be downwind from 

major urban areas, but high deposition rates may also occur downwind from agricultural 

sources (Tonnessen et al., 2003).  The absence of a trend in NO3
- deposition at the Tower 

Junction site suggests that regional air quality impacts due to vehicular emissions have 

remained relatively similar over the last 10 years. The large increase in NH4
+ observed at 

 increasing population of the region, with the resultant increase in industri

agricultural activity, means that deteriorating air quality and consequent atmospheric 

deposition impacts are an ongoing concern.   

The NADP monitoring station at Tower Junction in Yellowstone National Park 

supplied the deposition data for the GRTE study area.  The observed long-term decline

SO4
2- concentrations at Tower Junction is consistent with a region-wide decline in SO

atmospheric deposition (Clow et al., 2003). The decline is probably due to increased 

regulation of emissions from coal-fired power plants and a decline in the number of metal 

smelters in the region.   
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the Tower Junction site is probably due to a regional increase in the use of ammonium-

based f

ADP 

igh-

and 

o 

ertilizers on agricultural soils. Taken in combination, the data from Tower 

Junction indicate an overall increase in the potential for acidification of GRTE waters by 

nitrogen-based compounds in atmospheric deposition. However, since GRTE does not 

have its own NADP station, such an inference remains tentative. A similar lack of N

stations has hampered efforts to monitor atmospheric deposition status and trends in h

elevation watersheds throughout the western U.S. (Nanus et al., 2003).  

The increased sensitivity of high elevation watersheds to acidification is 

accentuated by the inputs of wet deposition as snow.  The decrease in NO3
- and SO4

2- 

concentrations observed at Garnet Canyon and Rendezvous Mountain between 2001 

2002, and the fact that these values are lower than the 1993-2000 averages, may be due t

interannual differences in precipitation. The 2002 snowfall season in the Teton Range 

was much drier than in previous years, and snow depths were below the 1993-2000 

average (Ingersoll et al., 2004).  Likewise, precipitation from rain decreased from the 

previous year and was part of a general decline since 1999 (WRCC, 2002). Interannual 

differences in precipitation may mask trends for wet deposition in snow.  
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Water Chemistry of High Elevation Lakes in Grand Teton National Park 

t 

 

nt 

 

phic 

 in 

 Campbell, 

987). For example, acid-reactive sinks in the form of sedimentary materials increase the 

ms (Johnson, 1984). The results of the present study indicate that 

two fac

 

The ability of a landscape to neutralize acidity is reflected in the chemistry of tha

landscapes waterbodies (Stumm and Schnoor, 1985). Chemical weathering – especially in

abraded areas - can largely account for lake chemistry (Stauffer, 1990), and is the major 

acid neutralizing process in most mountain ecosystems.  Weathering results in the 

neutralization of H+ and the production of soluble base cations, aluminum and silica 

(H4SiO4).  Weathering also buffers surface waters (Johnson,1984) and supplies nutrie

cations to the soil (Likens et al., 1977). Chemical weathering rates are temperature and 

moisture dependent, so climate is a primary control.  In the cool, dry climate typical of 

high elevation watersheds in semi-arid western North America, weathering rates are

relatively low. Consequently, ion concentrations in lakes and streams are very low, and 

vulnerability to acidification is high. However, differences in basin geologic, topogra

and vegetation characteristics can result in variability among high elevation watersheds

their relative sensitivity to acidification (Clow and Sueker, 2000; Turk and

1

reactivity of alpine syste

tors – the bedrock geology and the amount of young debris – are important 

controls on lake water chemistry and sensitivity to acidification. In addition, the presence 

of a glacier within the watershed appears to affect lake water chemistry by providing an

additional source of solutes or by adding complexity to the flow path of catchment water. 
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Effect of Bedrock Geology  

Carbonate rock dissolution is responsible for the bulk of the alkalinity in North 

Americ

GRTE study 

es 

 percolating water. In 

glaciate more 

 of 

nd 

an waters, with the remainder originating from calcium and magnesium silicates 

and alumino-silicates (Johnson, 1984).  Limestone is present in parts of the 

area, and lakes with limestone bedrock appear to have sufficient buffering capacity as a 

result of carbonate weathering.  The three basins with limestone bedrock, Snowdrift Lake 

(Figure 12 and 13), Sunset Lake, and Alaska Basin Lake, had ANC values of 676.2, 

1488.3, and 110.3µeq L-1, respectively, for a mean of 758.3 µeq L-1. In contrast, lak

without limestone bedrock had ANC values ranging from 42.5 to 219.6 µeq L-1 with a 

mean of 89.3 µeq L-1.  The highest ANC value in a basin without limestone was in 

Trapper Lake, which also had much higher Ca2+ and Mg2+ concentrations than any other 

non-limestone basin. The source of the increased Ca2+ and Mg2+ in Trapper Lake is 

unknown, but it may be due to a localized occurrence of limestone or other calcareous 

bedrock material not shown on the geological maps used for this study.   

 

Effect of Young Debris  

Physical weathering increases chemical weathering rates by increasing the surface 

area available for chemical reactions between bedrock material and

d landscapes, the grinding action of the glacier creates rock debris that is 

chemically reactive than the bedrock from which it is derived. Freeze-thaw weathering

bedrock outcrops creates talus slopes that are similarly more reactive, which is 

particularly effective in mountain environments with large areas of exposed bedrock a

strong seasonal temperature differences. Many of the basins included in this study 
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contain young (Holocene) debris created by a combination of glacial activity and phy

weathering (Table 10). 

The increased weathering associated with the presence of rock debris can either 

help or hinder a waterbody’s buffering capacity, depending on the bedrock 

characteristics. For example, in a 1985 study of GRTE lakes, Gulley and Parker (1986) 

noted that the only significant difference in solute chemistry among survey lakes was the

elevated Mg

sical 

 

below Schoolroom 

Glacier

 

f 

n, 

a 

 

spheric deposition.  

The results of the present study suggest that both mechanisms – the acid 

neutralizing effect of limestone bedrock, and high nitrate from talus fields – affect the 

basin water chemistry at sites in GRTE. The three basins with limestone bedrock (Alaska 

Basin, Snowdrift, and Sunset Lakes) also have high proportions of young debris, and 

ANC values are relatively high, suggesting that a similar mechanism to that proposed by 

2+ in Schoolroom Lake.  Schoolroom Lake is located 

, which is situated on limestone bedrock. Glacial abrasion of the limestone 

bedrock apparently contributed to the buffering capacity of Schoolroom Lake. However,

NO3
- concentrations in talus contributed to NO3

- in stream water in the Green Lakes 

Valley of the Colorado Front Range (Williams et al., 1997).  Talus slopes contain areas o

sand, clay, and organic material that sometimes support patches of tundra-like vegetatio

which may affect the N cycle. Williams et al. hypothesized that the increased surface are

of talus, and the increased residence time of water flowing through talus fields, results in 

increased NO3
- concentrations in surface waters. Similar conclusions were made in the 

Andrews Creek watershed in 2002 (Sickman et al., 2003). In situations where talus 

occupies a significant proportion of a watershed, N-enrichment may be a greater problem

for water quality than acidification from atmo
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Gulley and Parker (1986) for Schoolroom Lake is also controlling the ANC in these 

lakes. However, watersheds without limestone but with a large amount of young debris, 

such as Lake Solitude and Mica Lake, have some of the lowest ANC values. Snowpack 

studies have shown that the neutralizing effect of Ca2+ is sometimes overcome by 

increases in NO3
- and SO4

2- (Mast et al., 2001), which is illustrated by lower pH values 

(Turk et al., 2001). The results of the present study indicate that, in watersheds without 

limestone, high NO3
- increases the sensitivity to acidification.     

Past studies have shown that Ca/Na ratios increase with increasing physical 

disturbance and reach a maximum in glaciated areas (Henrikson, 1980; Stauffer, 1990). 

 GRTE, the highest Ca/Na ratios were recorded at Snowdrift and Sunset Lakes (59 and 

82, respectively).  Although both basins had large percentages of young debris – Sunset 

ake with 60% and Snowdrift Lake with 40% - they also resided in areas underlain by 

tionship between Ca/Na ratios and juvenility observed in other areas 

did not Ca/Na 

a ratios 

 

In

L

limestone. The rela

 apply in glacier-fed lakes in granitic basins. For example, Mica Lake had a 

ratio of approximately 16 and was 37% young debris (comparable to Snowdrift Lake) but 

lacked limestone deposits (47% granite, instead). These results suggest that Ca/N

in GRTE lakes are more dependent on bedrock geology than on the presence of juvenile

terrane with large amounts of young debris.  
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Figure 12.  The Wall – primarily limestone - west of Snowdrift Lake as seen from Avalanche Divide 

 

 
Figure 13.  Snowdrift Lake as seen from Avalanche Divide 

Glacier dissolution in GRTE study basins may be responsible for seasonal 

increases in NO3
- concentrations in glacier-fed lakes (Figure 14), which in turn decreases 

 

Effect of Glaciers  
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the ANC.  Delta Lake (Figure 15 and 16) – a glacier-fed lake – had a mean Ca2+ 

concentration of 50.9µeqL-1 but NO3
- and SO4

2- concentrations were high (20.1 µeq L-1 

and 12.3 µeq L-1, respectively), resulting in an ANC value of 42.5 µeq L-1.  In contrast, 

Alaska Basin Lake had a mean Ca2+ concentration of 68.5µeq L-1, a mean NO3
- 

concentration of 0.4 µeq L-1, and a mean SO4
2- concentration of 13.7 µeq L-1.  The ANC 

value for this lake was 110.3 µeq L-1.    
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Figure 14.  Relations between glacier-fed lakes and seasonal mean NO3
- concentrations. 

 

Research on subglacial hydrological systems is limited.  Current studies have 

shown that chemical processes in glacial environments are not inhibited by limited soils 

and vegetation and low temperatures as was originally thought, but are enhanced by the 

increased physical weathering in glacial areas (Brown, 2002).  The contributions of 

snowmelt and icemelt to the chemical composition of surface waters in glacially-fed 

systems is directly related to the routing of these waters along different flowpaths 

(Tranter et al., 1997; Mitchell et al., 2001).  Studies conducted at the base of Haut 

Glacier d’ Arolla in Switzerland suggested that high NO3
- concentrations in boreholes 
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 47

were representative of snowmelt waters draining through a subglacial hydrologic system 

– a delayed flow.  Therefore, the chemistry of waters draining through alpine glaciers is 

dependent on flow path and the long-term storage of snowpack (Tranter et al., 1997). 

 

Figure 15.  Delta Lake 

 



 
Figure 16. The toe and glacial moraine of Teton Glacier just above Delta Lake 

Long Term Trends in Lake Water Chemistry 

temporal trends. However, data from Trapper Lake, the only lake included in three 

s in atmospheric deposition or differences in 

 

A lack of historical data from most GRTE lakes precluded detailed analysis of 

different surveys over the last 20 years indicated a decline in ANC. Differences in solute 

concentrations could be attributed to change

precipitation prior to or during sampling.  The peaks in solute concentrations apparent 

during the 1999 survey were probably due to increased rainfall during the sample period 

 

(Clow et al., 2003). 
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Predicting Lake Water Chemistry Based on Watershed Characteristics 

The effects of watershed characteristics, such as topography, geology and 

vegetation, on solute concentrations have been widely studied during the past decade.  

Clow and Sueker (2000) found that the percentage of steep slopes (≥ 30°), unvegetated 

terrain, and young surficial debris were positively correlated to each other.  These same 

features were negatively correlated with concentrations of base cations, silica, and 

alkalinity and were positively correlated with NO3
-, acidity, and runoff.  In the Mt Zirkel 

Wilderness Area, Colorado, alkalinity concentrations were correlated with elevation 

(Turk and Campbell, 1987). 

Mathematical models for predicting water chemistry in natural waters have been 

used successfully in mountain catchments.  An example is MAGIC (Model of 

acidification of groundwater in catchments), which was applied to two catchments in 

GRTE - Surprise and Amphitheater Lakes (Figure 17 and 18) – where the effects of 

future increases of S and N were estimated over a 50-year projection interval (Cosby and 

Sullivan, 2001).  In this study, sensitivities of GRTE study lakes were not deemed as 

critical as that of lakes in the Sierra Nevada, but they were still considered susceptible to 

acidification. In other as found to be a good predictor of lake 

alkalinity (Turk and Adams, 1983; Turk and Campbell, 1987), but in GRTE altitude had 

very little impact on buffering capacity.   

Modeling efforts for the 2002 study in GRTE were centered primarily on multiple 

linear regression analysis and discriminant analysis. Results of the multiple linear 

regression models for study lakes were variable, but, on average, showed good agreement 

with earlier sample data.  Granite and limestone served as the best predictors for solute 

studies, lake altitude w
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concentrations with young debris and steep slopes playing significant roles for most 

solutes – especially major base cations, and pH.   

 

Figure 17.  Surprise Lake 
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Figure 18.  Amphitheater Lake 

 

Calcite weathering was important in many basins in GRTE, which is reflected in 

the inclusion of limestone as a parameter in many of the regression models.  However, 

the models that only relied on limestone as a predictive parameter were skewed, beca

very few basins had large limestone deposits.  A portion of the overestimation of Ca/Na 

ratios can probably be attributed to the delicate balance between Ca , NO

use 

2+ -

 for 

 basin 

3 , and young 

debris in lakes within GRTE. 

 Limitations of the models resulting from this study reside in the lack of landscape 

variability within the GRTE study area.  For example, concentrations of base cations

Rimrock Lake were consistently overestimated.  The major difference between this

and the others in the study area was the presence of a large deposit of non-limestone 

sedimentary rock (28% of total basin area). 
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In the discriminant analysis, the variable that best defined group membership was 

granite.  Typically, lakes with ANC concentrations < 100 µeq L-1 resided in basins that 

had total granite compositions ranging from 20% to 80%.  When the categories were 

applied to basins sampled in 1996, the analysis held true to the categorization.  South 

Leigh Lake had an ANC concentration of 83.2 µeq L-1 and was underlain with granite 

deposits totaling approximately 72% of the entire basin.  Likewise, Lake of the Crags had 

an ANC of 67 µeq L-1 and resided in a basin of 22% granite.  Therefore, the results of the 

discriminate analysis support the regression analysis results in that granite appears to be a 

suitable predictor for ANC concentrations in GRTE. 

  

Conclusions and Recommendations 

Twelve lakes in GRTE, Wyoming, were sampled for major anions and cations, 

ANC, alkalinity, conductivity, pH, DOC, total P, and total N in order to determine their 

sensitivity to acidification, and to understand the relationship between basin 

characteristics and lake water chemistry.  The results indicate that many of the high 

elevation lakes in GRTE are sensitive to acidification, with half of the lakes having ANC 

orphic bedrock 

re the most sensitive to acidification, particularly when the basin contains a high 

proport  

s 

g 

concentrations < 100 µeq L-1.  Lakes in basins with granitic and/or metam

a

ion of young debris. Examples include Lake Solitude and Mica Lake (Figure 19).

Lakes with basins that are at least partially underlain by limestone bedrock, such a

Alaska Basin, Snowdrift and Sunset Lakes, are the least sensitive to acidification, 

regardless of the presence of young debris. Seasonal melt from remnant glaciers feedin

several of the lakes in GRTE may increase sensitivity to acidification by increasing the 
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nitrogen flux in the late summer. Nutrient enrichment may also play a larger role in w

quality than acidification due to increased N deposition.  A lack of historical data from

most GRTE lakes precluded

ater 

 

 detailed analysis of temporal trends. However, data from 

Trapper Lake, the only lake included in three different surveys over the last 20 years 

indicated a consistent decline in ANC.    

 

 
 

Amphitheater Lake (Figure 17 and 18), and Lake Solitude and Mica Lake (Figure 19) – 

all of which should be sampled annually.  In conjunction with seasonal monitoring of 

selected lakes, an investigation into the mechanism or source of N and P in glacially fed 

Figure 19.  Mica Lake (left) and Lake Solitude (right) as seen from Paintbrush Divide 

It is recommended that the National Park Service conduct additional monitoring 

of target lakes in GRTE - specifically, Delta Lake (Figure 15), Surprise Lake and 
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l

54

akes (e.g. D ta and Mica Lakes) is suggested. It is also recommended that a NADP 

itoring

sition 

el

 stamon

depo

tion be installed at GRTE to better monitor the effects of atmospheric 

within the Park. 
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