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Acid Precipitation and Surface-Water Vulnerability on 

the Western Slope of the High Colorado Rockies 

John Harte, Greg P. Lockett, Richard A. Schneider 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, CA 94720 

Abstract 

Precipitation and surface waters in a high-elevation watershed on 

the western slope of the Colorado Rockies were studied over a'period of 

nearly two years. Anion artd cation determinations were carried out· on 

precipitation samples; precipitation pH was ~ 4.5 in 26 of the 77 sam-

pIes measured. The sensitivity of the watershed to acidification is 

characterized and evidence is presented to suggest a recent decline in 

surface-water alkalinity, but not pH. Precipitation measurements at our 

site are shown to differ considerably from those in the northeastern 

U.S. and to resemble more those obtained in California and the 

southwestern U.S. 

I. Introduction 

Subsequent to its discovery and documentation in Scandinavia and in 

the northeastern U.S., acid precipitation has been reported in several 

locations in the western U.S., most notably in southern and central Cal-

ifornia (1,2) and the eastern slope of the Colorado Rockies (3). The 

study reported here extends to the western slope of the Colorado Rockies 

our knowledge of site-specific incidence and potential effects of acid 

precipitation. 
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Increased foss~l fu~l"consumption in California, the Great Basin, 

or in the upper or lower Colorado River drainage regions could subject 

the western slope of the Rockies to acidic precipitation. For that rea-
--" 

son, this investigation was designed to obtain reliable baseline data on 

precipitation and surface water chemistry on the western slope. Such 

data provide a means of assessing the present sensitivity of watersheds 

in the region to acidification and will allow future determination of a 

possible worsening trend in precipitation quality. 

Our study site is a remote and relatively pristine high-elevation 

watershed located in the Elk Mountains of west-central Colorado. Within 

the site, the entire upstream drainage is included. The site is largely 

on land owned by The Nature Conservancy and is called the Galena 

Mountain/Mexican Cut Preserve. The study to date has extended over a 

20-month period and includes 12 non-consecutive months of observations. 

The two major results reported here are evidence for numerous storm 

events with pH considerably below 5.6 and evidence of very poorly buf-

fered surface waters, as measured by titratable alkalinity. In addi-

tion, biological species likely to be sensitive to acidification have 

been located at the site and preliminary censusing of these populations 

has been carried out. 

II. Site Description 

The specific study site is the Galena Mountain/Mexican Cut Preserve 

(latitude: N" , longitude: 107 0 4'00" W), in Gunnison County. 

The preserve is a hydrologically self-contained watershed on the eastern 

side of Galena Mountain. On three sides a high ridge (ca. 3800 m), sur-
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2 rounds Galena Lake, a tarn of approximate area 30,000 m , maximum depth 

12 m, and elevation 3670 m. Galena Mountain is composed of the Morrison 

and Maroon formations, which include metamorphosed quartzite, siltstone, 

sandstone, and shale that have been tipped up and worn differentially by 

glacial action. As a result, the topography pelow Galena Lake consists 

of two shelves (the Mexican Cut), on each of which lies a string of 

small interconnected water bodies (kettle ponds and a tarn on the upper 

level and kettle ponds on the lower one). 

The high drainage above Galena Lake flows through sedge- and 

lichen-dominated tundra into Galena Lake. The outflow from the lake 

proceeds over a waterfall and into the upper-level ponds of Mexican Cut. 

The drainage creek then spills into the lower level of the Cut, down a 

steep slope and into the Crystal River below. The vegetation -surround-

ing-the upper-level ponds is characterized by sparse, dwarfed spruce-fir 

or "krummholz." The lower level is characterized by an open subalpine 

forest of Englemann spruce and alpine fir. A schematic map of the study 

site is shown in Fig. 1. From the time of snow melt until mid-summer, 

small streams connect the water bodies as shown in the figure. As sum-

mer progresses, these surface flows dry up and only ground water flows 

connect the water bodies. 

Within the watershed, we have selected several lentic and lotic 

sites for our surface-water measurements. These sites are indicated in 

Fig. 1. Earlier investigation (4) indicated that a wide spectrum of 

biological and chemical conditibns is found among six of the ponds in 

the lower level of the Cut. Our sites include those of Dodson (4), 

along with 18 other sites including additional ones on the lower level, 
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several on the upper level of the Cut, and several in Galena Lake and 

the snow fields above. 

III. Methods 

Collection 

Surface water samples were collected weekly between 1030 hand 1330 

h in LPE bottles. A rubber-raft and a horizontal Van Dorn-type sampler 

(Alpha) were used to collect water from the center of pond L1 and the 

Galena Lake epilimnion and hypolimnion. The snowpack was sampled using a 

plastic shovel. 

Precipitation samples were collected at two locations. Samples for 

the summer of 1981 were collected at the Galena Mountain/Mexican cut 

watershed. All other samples were collected at the Rocky Mountain Bio

logical Laboratory (R}1BL) located approximately 10 km southeast of the 

field site at an elevation of 2900 m. 

Summer 1980 rainfall samples were collected on an event basis in a 

4-1iter glass beaker placed on a bench. Collection efforts for the sum

mer of 1981 were guided by the recommendations of Galloway and Likens 

(5,6). Plastic collectors (Aerochem Metrics) designed to avoid the col

lection of rain splash were sited in a grassy, meadow in the lower Cut 

20 m from the nearest trees. Rainfall was collected on an event basis 6 

days/week. 

During winters, a snow board was placed in an open meadow adjacent 

to RMBL. Each morning at about 0800 h, the depth of snow accumulated 

during the previous 24 hours was measured. The snow density was deter

mined from the mass of a known volume of snow. The product of these 
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factors is reported here as rain equivalents. Vertically integrated 

snow samples were obtained for chemical analysis. 

Soil samples were collected on July 28, 1981, from the region south 

of Galena Lake containing the main· network of inlet streams. Soil from 

the surface or just below the grass mat was transferred to a plastic bag 

using a plastic shovel. 

Pre-Analytical Treatment and Storage 

At Galena Mountain/Mexican Cut, pH and alkalinity were generally 

determined within minutes and never longer than 2 hours after collec

tion. Snowpack samples were brought to ambient temperature in a warm 

water bath. At RMBL, snow collection bottles were left in a sunny win

dow to facilitate melting and warming. pH was determind when the sam

ples reached room temperature and always within 8 hours of collection. 

Melted snow and water for metal analyses were quickly transferred 

from collection bottles to 250 ml LPE bottles prepared according to the 

recommendations of Moody and Lindstrom (7) and containing 2.5 ml of 

Ultrex Nitric Acid (J.T. Baker). The storage bottles were prepared 

under a laminar flow clean air hood. Depending on the time of collec

tion, 1 to 3 months elapsed prior to analysis. 

Samples subsequently analyzed at Lawrence Berkeley Laboratory (LBL) 

for ammonium, nitrate, and sulfate ions were stored in new 30 ml LPE 

bottles rinsed with glass-distilled water. No preservatives were added 

to the samples. 

prior to analysis. 

Samples were stored for intervals of 2 to 4.5 months 
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One month after collection, the soil samples were air dried at LBL 

and passed through a 2 mm sieve. A correction factor for the moisture 

content of the air-dry soil was determined. 

Methods of Chemical Analysis 

All chemicals were analytical reagent grade unless otherwise speci-

fied. The precision (aT) of -alkalinity and pH measurements was 

estimatedfI·om replicate field measurements. All other precisions (a A) 

were estimated from replicate measurement of dilute water standards~ 

The chemical homogeneity of Galena Lake and its compartments during 

stratification relative to analytical uncertainties was verified for pH 

and alkalinity measurements. Similar homogeneity was assumed for the 

other chemical parameters and for the ponds and stream cross-sections. 

" 
During the summer of 1980 and the winter of 1980-81, pH measure-

ments were made with Horizon Model 999 pH meter and a compatible gel-

filled combination electrode with a Ag/AgCl reference or a Sargent-Welch 

Model PBX pH meter and a combination glass electrode with a saturated 

calomel reference. Both systems were calibrated before each round of 

analyses at a particular site on a particular day. Stirring was 

achieved by swirling the sample about a fixed-electrode or by stirring 

the sample with the electrode. When possible, buffers and samples were 

brought to the same temperature prior to analysis. Otherwise, the ther-

mal compensator was manually adjusted for each sample. 

Guided by the recommendations of Galloway, Cosby, and Likens (8), 

the pH measurement process was substantially modified at the beginning 

of the summer of 1981. A Sargent-Welch Model PBX pH meter with a glass 

combination electrode was used exclusively. A water turbine driven by a 
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battery-operated pump provided efficient magnetic stirring in the field. 

The following sequence of operations was followed for each pH measure

ment: the buffer or sample solution was stirred vigorously for one 

minute after introduction of the electrode. This was followed by a four 

minute period of quiesence prior to recording the pH value. During the 

initial calibration, this procedure was repeated alternating between 

buffers bracketing the expected pH of the samples. The meter was 

recalibrated until no deviation from the calibration values was discer

nible after the period of quiesence. With surface water and precipita

tion samples, this procedure was repeated with subsamples from a partic

ular site or event until three consecutive values within 0.1 pH unit 

were obtained or until the sample was consumed. In the case of inade

quate sample volume, the final value or the average of the last two 

values is reported here depending on the judgment of the anaylst. At 

regular intervals (at least once every two hours) and at the end of a 

set of measurements, the stability of the meter-electrode system was 

verified. If the calibrating buffers failed to produce signals within + 

0.01 pH units of the expected values, all sample measurements since the 

last calibration or verification were rejected. The electrode was 

rinsed copiously with glass-distilled water and dried with a kim-wipe 

before buffers or new samples. However, the electrode was neither 

rinsed nor dried between subsamples from the same site or event. 

The meter-electrode-stirring systems described above were also used 

for alkalinity determinations. Samples were titrated with H2S04 or Hel 

delivered from a 25-ml glass buret or a 2-ml Gilmont micrometer syringe. 

Endpoints were determined by extrapolation of a linear regression on 
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Gran's plot points to the volume axis. (8,9,10,11) 

Calcium and magnesium were determined on a Perkin-Elmer 306 Atomic 

Absorption Spectrophotometer in the flame mode using a nitrous oxide

acetylene flame and the instrumental parameters recommended by Perkin

Elmer in Analytical Methods for Atomic Absorption Spectrophotometry. 

Ammonium was determined by the method of Solorzano (12). Sample 

and reagent volumes scaled-down by a factor of 0.1. The absorbance of 

each sample was measured at 640 nm using a Zeiss PM2DL spectrophotometer 

and a 1 cm path-length cell. Nitrate and sulfate were determined on a 

Dionex model 12S Ion Chromatograph. 

Cation-exchange capacity was determined by the saturation of 

exchange sites with ammonium and the subsequent displacement of the 

ammonium with acidified sodium chloride (13). Ammonium in the final 

leachate was determined with a HNU ammonia-selective electrode connected 

to a Sargent-Welch model PBX pH meter in the millivolt mode as described 

by Miller, Riecken, and Walter (14). 

Trace metal analyses were carried out in both surface water and 

precipitation samples using flameless Atomic Absorbtion spectropho

tometry. Elemental analysis of sediment samples from Galena Lake was 

made with neutron activation or X-ray fluorescence, depending on the 

particular element. The results of the aqueous trace metal determina

tions are primarily of value as a baseline, against which future changes 

can be detected. The elemental analysis serves to identify interesting 

trace metals to study in the aqueous medium. The results of these meas

urements and the methods used for their determination are not reported 

h-ere but are available- on request to the _ authors. 
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IV. Results 

Precipitation Measurements 

Our major results are presented in Tables 1-3 and in Figures 2-4. 

Table 1 shows the pHs of all measured samples, along with the date of 

the event and the amount of precipitation. Table 2 shows averages of 

these data over various time intervals. For some of the events, 

ammonium, nitrate, and sulfate concentrations were measured; the results 

are shown in Table 3. 

In Figures 2-4, the pH values of the individual samples are plotted 

against the amount of precipitation, the time interval between the event 

and the preceding one, and, for those samples with pH i 5.0, the ratio 

of the nitrate to sulfate concentration of the sample. Fig. 2 shows 

that both the very high and the very low pH measurements correspond to 

samples with a relatively small amount of precipitation. Fig. 3 sug-

gests a weak inverse relation between pH and sample interval. Fig. 4 

indicates that the most acidic winter events show a slight tendency 

toward higher nitrate-to-sulfate ratios. 

scatter is evident in all three plots. 

A considerable amount of 

For several of the summer 1980 rain events, we measured the pH 

immediately after the event and then one to three days later in samples 

that were sealed iri glass flasks after initial measurement. In all 

cases, the pH rose from one-half to one pH unit during that time inter

val, presumably because of the presence of buffering agents in the pre

cipitation samples. Rain splash on the dusty ground near the collector 

was one likely source for such agents. We note, in addition, that the 

generally alkaline soils at lower elevations in the western u.s. could 
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be the· source of buffering agents in precipitation even at higher eleva-

tions. Calcium plus magnesium concentrations measured in the summer 

1981 precipitation samples (for which rain splash was eliminated) ranged 

from 9.0 to 18.2 ~q/l, supporting this speculation and suggesting that 

the precipitation pH could have been lower than measured had partial 

neutralization not occurred. The presence of buffering materials in the 

precipitation mat account for the spread in Fig. 3; long intervals 

between storms can, under some circumstances, allow acidic materials to 

build up in the atmosphere and, under other circumstances, allow alka-

line agents to build up (15). 

Surface Water Measurements 

Table 4 shows results of the surface water measurements of pH, 

alkalinity, and calcium and magnesium concentrations. In Fig. 5, the 

plot of pH vs. alkalinity shows that all of the data lie below the 

theoretical curve. The formula for this curve is [H+] + [alkalinity] = 

10-11.5/[H+]. It is derived under the assumption that all the alkalin-

ity is due to the bicarbonate system, and is based on the standard 

equilibrium relations for atmospheric CO 2 (at 3500m) and aqueous OH-, 

2- - + C0 3 , HC0 3 , CO 2 , and H. The figure suggests that other sources of 

alkalinity besides bicarbonate are present. For those samples for which 

calcium and magnesium concentrations were measured, a linear regression 

of alkalinity against the sum of the calcium and magnesium concentra-

tions (expressed as microequivalents/liter) yields 

alkalinity = 10.6 + 0.65 ([Ca] + [Mg]), 

with r = 0.97, n 30. This suggests that a portion of the bicarbonate 
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alkalinity associated with the calcium and magnesium is gone, but that 

other sources of buffering, perhaps of organic origin, are present. 

Miscellaneous 

A number of other measurements pertinent to the vulnerability of 

the watershed to acidification were carried out. On the slope above 

Galena Lake, at four sites where much of the snow melt funnels toward 

the lake, four soil samples were taken in July 1981. Soil cation

exchange-capacity measurements on these samples yielded 28, 22, 30, and 

26 milliequivalents per 100 grams of dry soil. Extremely thin soils 

characterize these slopes and thus the total soil buffering capacity is 

low. 

In the first week of July 1980 snow samples were collected from the 

slope above Galena Lake, at site GS1 in Fig. 1, Samples taken from the 

surface, 6" deep, and 3' deep had pHs of 5.9, 5.8, and 5.6 respectively. 

The alkalinities of the 6" and 3' samples were 8 and -7 ~eq/l respec

tively. 

A species of salamander, Ambystoma tigrinum, inhabits many of the 

ponds in the Mexican Cut. Censusing has been carried out over two sum

mers in pond L1 and in 1981 for all ponds. Because this species belongs 

to the same genus as the acid-sensitive spotted salamander (Ambystoma 

maculatum) of the Adirondacks (16) it may serve as a valuable biological 

indicator of a decreasing trend in surface water pH during snow melt, 

when routine measurements are extremely difficult to carry out. Other 

populations found at the site that may serve as useful indicators are 

cutthroat trout (Salmo clarki), lichens inhabiting much of the above..,. 
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timberline area, and several species of Daphnia, including D. pulex, 

which may be sensitive to declining pond water pH (17). A discussion of 

the associations between the Daphnia populations and the specific 

physico-chemical conditions in the individual ponds is given by Dodson 

(4). 

V. Discussip.TJ.,' 

The results provide evidence of acidic precipitation in the west 

Elk Mountains of Colorado. The period of study was too short to allow 

estimation of a temporal trend in the total acidity or the ionic compo

sition of the samples. Our sampling and chemical analysis of precipita

tion at the site are continuing, however, and we expect to be able to 

characterize such trends after several more years of investigation. 

In several respects, the precipitation data presented here differ 

qualitatively from those in the northeastern U.S. Comparing winter snow 

with summer rain events, the variation in pH from storm to storm is con

siderably greater in winter than in summer at our site. The 15 precipi

tation samples with lowest pH all occurred in winter and the 19 events 

with highest pH also occurred in winter. This is in contrast to obser

vations elsewhere that indicate the most acidic events and the widest 

range of pHs occur in summer (18). 

The considerable amount of scatter when pH is regressed against the 

logarithm of precipitation amount (r=0.25, n=71) or interval between 

samples (r=0.3, n=65) is also in contrast to observations in the 

northeastern U.S., where pH tends to be more positively correlated with 

precipitation amount and negatively with storm interval (18,19,20). 

12 
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Precipitation data from the eastern U.S. indicate typical annually 

averaged nitrate-to-sulfate (equivalents) ratios of 0.4 (19,22), in con-

trast to our measured value of 0.9. In this respect, our results are 

more typical of the western U.S. (1,2,3). 

In the eastern U.S., precipitation events in the colder months tend 

to have a significantly higher nitrate-to-sulfate ratio than those in 

warmer months (19,21). Our data show no significant trend of that sort; 

during the summer 1981 the average nitrate-to-sulfate ratio differed 

from the summer-pIus-winter average by less than 3%. 

Our data are also distinguished from precipitation measurements in 

the northeastern U.S. by the large ammonium concentrations we observed. 

In this respect, we note the similarity of our data to those taken in 

the southwestern U.S. (15). For those samples in which sulfate, 

nitrate, and ammonium were measured (summer 1981), [NH;] averages 15.0 

~eq/l, [SO~-] averages 20.9 ~eq/l, [N03 ] averages 17.3 ~eq/l and [H+] 

averages 23.1 ~eq/l •• The ammonium-to-sulfate ratio of 0.72 is consid-

erably higher than in the northeastern U.S., where the ratio of 

ammonium-to-sulfate in precipitation averages about 0.2. (18,20,22). 

Our results are suggestive of aerosol composition characterized by a 

However, we are not 

suggesting that the precipitation resembles aerosol in other respects. 

In particular, for our summer 1981 samples, the ratio of [H+] to [SOZ-] 

is 1.1 and the ratio of [NO;] to [NH~] is 1.2. Both ratios are consid-

erably higher than for aerosols in the northeastern U.S. where 0.2 and 

0.04 are typical values, respectively (23). 
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The variations in [NHt] and [H+] measurements from event to event 

in summer 1981 can be about equally well explained by variation in the 

nitrate and sulfate concentrations separately. In particular, linear 

regressions yields 

[NH+] ~ 0.79 [SOi- ] -1.20; r = 0.80, n =. 13, 

[NH+] = 0.94 [NO~] -1.00; r = 0.87, n .= 13, 

[H+] =·0.63 2- + 10.7; 0.73, n =¥14, [S0 4 ] r = 

and 

[H+] = 0.74 [NO)] + 10.9; r = 0.79, n = 14 

where all concentrations are expressed as microequivalents per liter. 

The discussion above was based on comparisons of concentrations. 

If volume-weighted comparisons are made, the same qualitative results 

are still obtained. A safe generalization is that the precipitation 

chemistry at our site on the western slope of the Colorado Rockies bears 

a closer resemblance to the precipitation chemistry in California and 

the southeastern u.s. than it does to the precipitation chemistry in the 

northeastern u.s. and Scandinavia. 

The surface-water and soil analyses indicate that some of the water 

bodies in this high-elevation watershed are quite vulnerable to acidifi-

cation. In particular, the alkalinities of Galena Lake and of ponds 6, 

8, 9, 10, 11, and 12 average below 60 ~eq/liter. Other ponds have con-

siderably higher alkalinity, and the reasons for the differences remain 

undetermined. In some of the ponds below timberline with alkalinity 

above 60 ~eq/l, such as pond 1, relatively high biological productivity 

could be a contributing factor (4). However, we note that the two ponds 
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with the highest alkalinity in the watershed, ponds U5 and U6 with 

alkalinities of 462 and 902 ~eq/l, respectively, are above timberline in 

the upper Cut and had considerably less visible accumulations of water 

column organic materials by mid-summer than did the ponds below timber-

line, such as pond Ll. Organic acids from conifers surrounding the 

ponds in the lower Cut are a possible cause of the lower pH and alkalin-

ity found there, while ground water in contact with subterranean lime-

stone could be a cause of the high alkalinity seen in U5 and U6. 

To determine whether acid precipitation has had an effect on the 

aquatic systems in the watershed, historical baseline data are needed. 

In fact, limited data are available for the year 1972 for six ponds in 

the lower Cut (4). Figure 6 compares the 1972 summer-averaged pH and 

alkalinity results with the equivalent data we measured in 1981. The 

figure indicates a decrease in alkalinity in all six ponds. However, 

because of the possibility of fluctuations in pH and alkalinity from 

year to year, and because of the absence of error estimates for the 1972 

measurements, more definitive conclusions about long-term trends must 

await a longer baseline. The pH trends suggested by Fig. 6 should not 

be taken seriously, given the measurement uncertainties for pH. 

VI. Conclusion 

A watershed is at risk from acid precipitation when three criteria 

are met: acid precipitation is falling in the watershed, buffering 

agents are present only in low concentrations, and sensitive biological 

species inhabit the site. All three criteria are satisfied in the 

Galena Mountain/Mexican Cut Preserve; if precipitation in the region 

continues to be acidic in the future, chemical and biological 
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transformations can, be anticipated. 
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Figure-Captions 

Fig.1 A schematic map of the Galena Mountain/Mexican Cut Watershed. 

Sampling sites are indicated by., the lake, tarn, and ponds are 

indicated by rectangles, and connecting streams by lines with 

arrows in the direction of flow. 

Fig.2 Precipitation pH versus precipitationalllount. 

Fig.3 Precipitation pli versus time interval between the time the sample 

was collected and the time the preceeding sample was collected, 

rounded off to the nearest day. Sample collection always 

occurred either in the midst of a storm or immediately after the 

cessation of precipitation. 

Figo4 Precipitation pH versus the ratio of nitrate equivalents to sul

fate equivalents for events with pH i 5. Summer events are indi

cated by • and winter events by o. 

Fig.5 Plot of pH versus alkalinity for all surface-water samples. The 

curve is a theoretical relation between pH and carbonate

bicarbonate alkalinity. 

Fig.6 Comparison of pH and alkalinity in 1972 and 1981. Experimental 

uncertainties for the 1981 data are listed in Table 4; uncer

tainty estimates for the 1972 data are not available. 
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Table I 

Precipitation Sample Date, Amount, and pH 

* + pH++ 
.' Sample Date Amount 

Cem} 

Sunnner 1980 
1 7/07/80 4.3 
2 7/08/80 4.4 
3 7/11/80 4.2 
4 7/12/80 4.6 

Winter 1980-81 
Sa 12/05/80 0.2 5.0 
5b 12/06/80 2.1 5.0 
5c 12/07/80 0.7 4.9 
6a 12/23/80 0.6 3.6 
6b 12/24/80 0.8 4.4 
7 1/06/81 0.2 3.9 
8 1/17/81 0.2 3.6 
9 1/24/81 0.2 3.7 

lOa 1/29/81 0.4 3.9 
lOb 1/31/81 0.5 4.1 
lla 2/09/81 1.0 __ 3.8 
llb 2/10/81 1.8 . 4.7 
12 2/27/81 0.5 6.4 
13 3/04/81 1.2 5.0 
14 3/07/81 0.3 4.0 
15 3/10/81 0.2 4.1 
16 3/12/81 0.6 4.1 
17a 3/17/81 1.8 4.0 
17b 3/18/81 1.0 4.7 
18 3/21/81 2.0 4.1 
19a 3/24/81 0.5 4.6 
19b 3/25/81 0.6 4.4 
20a 3/27/81 0.4 4.0 
20b 3/28/81 0.5 4.5 
21 3/31/81 1.0 4.2 
22a 4/03/81 0.8 4.0 
22b 4/04/81 2.1 4.7 
22c 4/05/81 0.5 4.3 
23 4/08/81 

J." 
0.9 4.0 

24 4/22/81 0.5 5.2 
25 5/06/81 1.0 6.3 
26 5/09/81 0.4 5.6 
27a 5/12/81 1.3 6.0 
27b 5/13/81 1.4 5.7 
28 5/21/81 0.5 6.7 
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Summer ,1981 
29 7/01/81 1.0 5.16 
30 7/02/81 0.2 5.10 
31 7/08/81 0.05 4.60 
32 7/08/81 0.8 4.60 
33 7/09/81 0.2. 4.70 
34 7/10/81 0.7 4.72 
35 7/11/81 0.3 4.51 
36 7/16/81 0.3 4.40 
37 7/16/81 0.6 4.64 
38 7/17/81 0.4 4.70 
39 7/22/81 0.05 4.48 
40 7/25/81 0.5 4.58 
41 7/25/81 0.2 4.44 
42 7/26/81 2.0 4.71 

Winter 1981-82 
43 11/07/81 0.4 4.72 
44 11/18/81 0.5 5.57 
45 11/26/81 0.4 5.22 
46 11/28/81 0.4 5.02 
47a 12/15/81 0.7 5.00 
47b 12/16/81 1.6 4.94 
48 12/22/81 1.4 5.13 
49 12/27/81 3.0 5.23 
50a 12/30/81 1.5 5.00 
50b 12/31/81 2.3 5.04 
50c 1/01/82 3.5 5.20 
50d 1/02/82 1.9 5.42 
51 1/03/82 1.2 5.27 
52a 1/05/82 1.6 5.56 
52b 1/06/82 2.9 5.18 
53a 1/19/82 0.5 4.56 
53b 1/21/82 1.6 5.13 
53c 1/22/82 0.7 5.63 
54 1/29/82 0.4 5.40 
55 2/01/82 0.8 5.68 
56 2/04/82 1.1 5.11 
57 2/08/82 0.4 5.51 
58 2/10/82 1.2 4.67 
59 2/11/82 0.4 5.54 

* Samples designated by the same number (e.g., 5a, 5b, 5c) were 
judged to come from the same storm event. For all purposes of 
data analysis here, these are treated as separate measurements. 

+ Sample amount is the liquid depth of the precipitation. 

++ Precision of summer 1980 and winter 1980-81: 0T=0.2, 1~n~3. 
Precision.of summer. 1981 and winter ·1981-82: 0T=0.05, 1~n~3. 
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Table II 

Precipitation Acidity Averages, With and Without a 
Precipitation-Amount Weighting Factor (cm of precip.) 

N 

L + 
Time Period N 

i=l[Hi ] (precipitation amounti 
-log ~~~N~--------------------~

L (precipitation amount)i 

i=l 

Summer· 1980 4 

Winter 1980-81 35 4.28 

Summer 1981 14 4.68 

Winter 1981-82 24 5.12 

Total 73, n 4.55 
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N [H:] 
-log L -~

i=l N 

4.35 

0 
4.17 

4.64 

5.09 

4.40 



Table III 

Results of Chemical Measurements for the Indicated Samples 

Precipitation 
* + 2- ++ Sample NH NO SO 

(lJe~/l) (lJe~/l) (lJe~/l) 
29 3 4.5 8.9 
30 0.5 2.3 7.0 .' 
31 22 37.2 44.4 
32 16 17.1 24.4 
33 8 9.2 12.8 
34 7 11.2 7.2 
35 16 15.6 20.0 
36 32 32.1 36.6 
37 18 19.3 15.8 
38 8 10.4 17.4 
39 20.5 26.2 
40 10 16.9 19.0 
41 40 29.3 31.4 
42 14 16.4 21.0 
43 9.0 15.9 
44 o. 9.0 
45 9.5 8.8 
46 0 11.3 
47a 2.4 8.8 
47b 3.1 13.1 
48 3.8 8.1 
49 1.0 6.2 
50a 3.0 7.8 
50b 3.2 6.9 
50c 1.8 3.6 
50d 4.7 6.4 
51 3.8 3.8 
52a .4 1.9 
52b 2.4 5.7 
53a 47.7 17.5 
53b 12.4 8.0 
53c 2.8 4.4 
54 4.0 2.5 
55 2.4 3.8 
56 4.8 2.8 
57 2.2 1.4 
58 16.6 12.1 
59 1.4 1.9 'i' 

* Precision for [NH4 ] < 15lJeq/l: °A=O.046 [NHi.] + 0.3 jJeq/l, n=l 
Precision for [NH4 ] > 15lJeq/l: 0A=l lJeq/l, n=l. 

+ Precision: ° = 0.05 [NO;], n=l. A 
2-++ Precision: ° = 0.03 [SO 4] , n=l. A 
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Table IV 

Surface Water Measurements 

Si,te * pH+ Alkalinity++ Cat Mg tt Date 
(lJ eq/l) (lJeq/l) (lJeq /1) 

~ 
GF1 7/02/80 6.1 27 
(Galena Lake 7/06/80 6.2 
inflow) 7/20/80 6.1 8 

6/24/81 6.20 17 28 4.0 
7/03/81 6.14 12 30 3.8 
7/07/81 6.65 17 24 5.4 

G1 8/05/80 6.8 34 
(Galena Lake 7/03/81 6.26 30 40 8.6 
hypolimnion) 7/07/81 6.00 24 

7/14/81 6.95 32 38 8.0 
7/24/81 7.07 38 3.6 8.8 
7/28/81 6.82 32 32 7.2 
8/04/81 6.86 39 38 12 

G2 8/05/80 6.9 33 
(Galena Lake 7/03/81 6.47 33 46 . 7.6 
epilimnion) 7/07/81 6.61 33 40 7.6 

7/14/81 36 7.2 
7/24/81 6.89 26 36 6.6 
7/28/81 6.97 31 34 7.0 
8/04/81 6.80 32 34 6.8 

G3 7/06/80 5.9 36 
(Galena Lake 7/12/80 6.1 30 
east shore) 6/24/81 6.20 22 

GF2 7/02/80 5.9 
(Galena Lake 7/06/80 6.2 
outflow) 7/20/80 6.7 28 

6/24/81 6.30 20 36 7.4 
7/03/81 6.42 28 34 6.6 
7/07/81 6.50 22 32 6.2 

. .; 7/14/81 6.60 

U2 7/26/81 7.20 105 
(upper pond 
112 ) 

U3 7/11/81 7.48 
(upper pond 7/25/81 7.56 168 
113 ) 8/04/81 7.54 181 
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U5 7/19/81 7.88 
(upper pond 7/25/81 7.64 462 
115 ) 8/05/81 206 58 

U6 7/19/81 -8.15 
(upper pond 7/25/81 8.06 902 
116 ) 

UFl 7/24/81 7.57 439 4~ 

(upper Cut 7/28/81 7.50 224 
outflow) 

L1 7/06/80 6.9 228 
(lower pond 7/12/80 7.0 240 
111 ) 7/19/80 7.6 240 

7/02/81 7.28 222 204 66 
7/09/81 7.49 226 204 66 
7/12/81 7.54 214 
7/17/81 7.56 246 200 66 
7/24/81 7.68 214 206 66 
7/25/81 7.78 221 
7/28/81 196 64 
8/06/81 7.12 209 204 64 

LF1 7/06/80 6.9 
(outflow 7/19/80 7.4 200 
from L1) 6/24/81 6.81 230 220 72 

L5 7/11/81 7.28 
(lower pond 7/15/81 7.41 
115 ) 7/25/81 7.37 223 

7/26/81 7.16 206 
8/06/81 7.12 194 202 58 

L6 7/11/81 6.39 
(lower pond 7/15/81 6.30 
116) 7/25/81 6.37 52 

7/.26/81. 6.26 53 

L8 7/15/81. 6.46 
(lower pond 7/16/81 6.40 
118 ) 7/17/81 6.49 

7/25/81 6.55 43 
7/26/81 6.39 35 
8/06/81 6.30 36 48 12 :>l 

L9 7/15/81 6.35 
(lower pond 7/26/81 6.14 25 
119) 8/06/81 6.24 25 

L10 7/15/81 6.36 57 
(lower pond 7/16/81 5.89 
1111) 7/17/81 6.06 
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v 

• 

7/19/81 6.13 60 
7/26/81 5.93 57 
8/06/81 6.01 60 78 24 

L12 7/12/81 6.72 
(lower pond 7/25/81 6.78 24 
1112) 8/06/81 6.57 31 28 5.2 

LF2 7/28/80 7.2 220 
(lower Cut 5/24/81 7.25 170 218 36 
outflow) 7/02/81 7.24 180 224 38 

7/08/81 246 46 
7/11/81 7.50 
7/17/81 7.40 250 226 46 
7/28/81 7.77 228 290 44 

* The locations of sites are indicated in Fig. 1. 

+ Precision for summer 1980: 0T=0.2, n=l. Precision for summer 
1981: ° T=0.05, n=3. 

++ Precision: ° = T 2 j..I eq/l, 1~n~4. 

t Precision: ° = A 
0.1 [Ca] , n=l. 

tt Precision: ° = A 
0.1 [Mg] , n=l. 
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Department of Energy. Any conclusions or opinions 
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