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ABSTRACT

The stable isotopes of oxygen, hydrogen and sulfur were

used to establish the mixing relationships between ash-pond

waters and ground water at the Utah Power & Light, Company

Power Plant in Lincoln County, Wyoming. This coal-fired plant

discharges ash-laden water which is isotopically distinct from

the local ground water. These environmental isotopes function

well as tracers of pond leakage and mixing of discharged water

with ground water. The plant is within the southwestern part

of the Wyoming thrust belt and lies on west-dipping (10-20 0 )

beds of the Late Cretaceous Hilliard Shale. This marine shale

contains abundant gypsum along partings and fissures. Coal

for the plant is mined from the Late Cretaceous Adaville

Formation, which lies stratigraphically above the Hilliard

Shale. The local ground water is non-potable, containing up

to 20,000 mg/1 of total dissolved solids (TDS). Sulfate

accounts for over 60 percent of the TDS in this predominantly

calcium-sulfate water. Ash-pond waters are lower in TDS,

generally not exceeding 1000 mg/1, of which sulfate is about

50 percent of the dissolved solids. The plant-process water

is obtained by pipeline from the Ham's Fork drainage, ten

miles to the north. This water yields discretely different

oxygen and hydrogen isotopic values compared to the local

ground water. This difference is further enhanced by

evaporative enrichment occurring within the discharge ponds.

Two isotopically distinct sources of sulfur are observed in

this system: (1) sulfate from the combustion of coal, and (2)



sulfate from the distribution of gypsum in the Hilliard Shale.

Estimates of mixing between discharge water and ground water

were calculated from the isotope data. These calculations

indicated that, although the plant is contributing substantial

volumes of water to the aquifer, ground water is diluted by

the mixing of less saline discharge water. This study

demonstrates that stable environmental isotopes can be used as

estimators of surface/ground-water mixing, especially when

isotopically distinguishable sources can be identified.
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INTRODUCTION

Ash-laden water is discharged to surface impoundments at

the Naughton Generating Plant, a coal-fired power plant near

Kemmerer, Lincoln County, Wyoming (Figure 1) operated by Utah

Power & Light Company. Concerns regarding the impact of this

discharge on ground-water quality have been raised by the

Wyoming Department of Environmental Quality (DEQ). The

primary concern of DEQ apparently is that plant discharge

water which contains sulfate may be degrading ground water.

This study was undertaken to determine the contribution of

discharge water to the local aquifer system. This study also

demonstrates the usefulness of stable environmental isotopes

to assessing the mixing of ground and surface water.

The plant uses a liquid handling system to move fly ash

from the combustion chambers to a series of decanting and

settling basins. Water for this system is piped from Ham's

Fork, a stream approximately ten miles to the north, and

delivered to the raw-water pond. Plant water for ash handling

is pumped directly from this pond. Once this water is

circulated through the plant picking up fly ash, it is

discharged to a "decanting" basin. From this basin it is

transferred to a larger settling pond, referred to as an "ash

pond." The Naughton plant maintains two distinct

decanting/settling pond systems to service its two generating

units (Unit 1 and Unit 2). For example, Ash Pond 1 is the

second pond servicing the ash discharge from generating Unit

1. At the far end of each ash pond, water is discharged to
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two separate surface drainage systems. That discharge, either

by infiltration through the impoundment bottoms or along the

surface drainage paths, may degrade ground water is the

concern of DEQ.

In this study, the naturally-occurring isotopes of oxygen,

hydrogen and sulfur have allowed ash-pond water to be

distinguished from natural ground water. The two water

sources have isotopically-distinguishable properties which

enable quantitative estimates of mixing to be made. In

addition, the isotopic data suggest that a complex geochemical

system operates in this basin, especially with regard to

sulfur species.

The isotopes of water, oxygen and hydrogen, provide the

best evidence for mixing in this system. Because these

isotopes travel at the same rate as water, being the

components of water itself, they act as "conservative" or

"ideal" tracers. Thus, these isotopes are not retarded by

interaction with aquifer materials or measurably altered by

geochemical reactions. The raw water originating from Ham's

Fork was found to be isotopically different from the ground

water sampled at the site. This difference is further

enhanced by evaporative enrichment (Craig, 1961) of pond water

as the water travels along the discharge path. That is, the

oxygen and hydrogen isotopic values become less negative as

discharge water travels through the ponds making the

difference between ground-water and pond-water values even

greater. The extent of evaporative enrichment will probably
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vary seasonally, so it may be improper to apply the results of

this study over the entire year without further data.

Although the isotopic values of the pond water may vary, the

general mixing relationships should still apply.

Sulfur isotopes, although not as conservative in this

system as the water isotopes, provide useful data which

generally confirm the oxygen and hydrogen information and

display some of the geochemical complexities and

heterogeneities evident in this basin. Sulfur isotope data

for sulfate in the plant-discharge water, which originates

from the combustion of coal, vary greatly from that found in

the ground-water sulfate. The ground-water sulfate shows

large isotopic variations over small distances suggesting

varied sulfur sources, heterogeneous sulfur sources and

possible biogeochemical interactions.
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LOCAL HYDROGEOLOGIC SETTING

Geology

The Naughton plant is within the southwestern part of the

Wyoming Thrust Belt on the east limb of the Lazeart syncline,

a north-south trending structure (Rubey and others, 1975). In

the vicinity of the plant, outcrops of the Adaville Formation

and the Hilliard Shale, both Late Cretaceous, are observed.

The Adaville Formation consists of interbedded sandstone,

siltstone, claystone and coal. Coal for the plant is mined

nearby from this formation. The Hilliard Shale, which

underlies the Adaville Formation, consists of a 6000-foot

thick sequence of claystones, siltstones and sandstones. This

marine shale contains abundant gypsum along partings and

fissures. Most soils at the plant site are residual.

The approximate location of the Adaville

Formation/Hilliard Shale contact is shown in Figure 2. The

contact shown is gradational and based on available well logs.

Generally, the contact is placed at the appearance of the

Lazeart sandstone member of the Adaville Formation. This

basal member of the Adaville is a light-gray to white

sandstone (Veatch, 1970). The strata of this basin dip

roughly 20-30 0 W and strike northward (Rubey and others,

1975).

The nature of the contact described suggests the Adaville

Formation is hydrologically interconnected with the underlying

Hilliard Shale, the Adaville Formation most likely providing
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much of the recharge to this basin, especially from the west

and northwest.

Groundwater Hydrology and Water Quality

Depending on the topography and the well location, the

depth from the surface to ground water varies between 0 and 60

feet. The approximate ground-water flow directions are shown

in Figure 2.

Table 1 summarizes the available water-quality data.



METHODS

Sampling Procedures

To ensure a sample representative of the aquifer and not

affected by exposure to the atmosphere, two or more casing

volumes of water were removed from most monitoring wells

before sampling. A few wells yielded so little water that it

was impractical to remove two casing volumes; these wells were

generally sampled after about one casing volume was removed.

Purging and sampling were conducted using either a ground-

water sampling pump or a PVC bailer depending on the yield of

the well. Small glass bottles, sealed with wax to prevent

evaporation and atmospheric exchange, were used for oxygen and

hydrogen isotope samples. Water samples for sulfate analyses

were collected in 500 ml plastic bottles.

Laboratory Procedures

We have applied standard laboratory techniques, with

regular standardization and at least 10% random replication of

analyses. Hydrogen gas for mass spectrometry is produced by

zinc-water reaction (Coleman and others, 1982); carbon dioxide

for oxygen isotope analysis is equilibrated with the sample

water (Epstein and Mayeda, 1953); and sulfur dioxide for

sulfur isotope ratio analysis is produced by reduction during

heating at 11000C of barium sulfate precipitated from the

water (Coleman and Moore, 1978).

Sulfate concentrations were determined using a Hach

turbidometric kit.
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RESULTS

Surface and ground-water samples were analyzed for oxygen,

hydrogen and sulfur isotopic contents. Sulfate concentrations

were also measured. In total, 34 ground-water monitoring

wells and 18 "surface" water locations were sampled. Figures

2 and 3 show these sampling locations.

Eight samples collected upgradient from the ponds, are

believed to be unaffected by pond-water leakage. These wells

are completed in both the Adaville Formation and Hilliard

Shale. Twenty-four wells were sampled because they are in

zones that could contain a portion of pond water. Fifteen

water samples are plant discharge, collected regularly along

the discharge-water path. Two additional samples were

collected within the plant itself: BD (boiler drum) and CT

(cooling tower) water.

All isotope ratios are reported as permil (part per

thousand) with respect to the reference standard, Standard Mean

Ocean Water (SMOW) for hydrogen and oxygen, and Canyon Diablo

Troilite (CDT) in the case of sulfur. The 6-values are

calculated by the following conventional expression:

Sx = (Rx / Rstd 1) x io 3

where Rx represents the isotopic ratio of the sample (i.e.

180/ 160, 2H/H, and 34S/ 32 S) and Rstd corresponds to the

reference standard. Isotopic results are reported in this way

because mass spectrometers measure the differences between the

ratio of the sample and that of the reference gas, rather the

absolute ratio of a sample.
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The isotope and sulfate concentration data are provided in

Table 2. Map views of the isotopic distribution for ground

water are provided for oxygen, hydrogen and sulfur isotopes

(Figures 4, 5 and 6). Isotopic data for discharge-water

locations is also presented (Figures 7, 8 and 9).

The precisions for the oxygen, hydrogen and sulfur values

are +/-0.3, +/-2.0 and +/-0.5 permil, respectively.
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DISCUSSION

The Isotopes of Water

In order to estimate the degree of mixing, it is first

necessary to delineate the different sources of ground water

in the basin. Oxygen and hydrogen isotopic data were plotted

in relation to the global meteoric water line to help identify

these sources (Figure 10). The meteoric water line (MWL)

represents the average of normal precipitation on a global

basis (Craig, 1961). Isotopic compositions of precipitation,

in general, are functions of temperature, elevation, distance

inland, and latitude (Craig, 1961). As elevation, distance

inland and latitude increase the 6-values decrease, whereas

the isotope 6-values tend to increase with rising temperature.

The MWL is represented by the following equation of a line: SD

= 8 6 180 + 10%..

Isotopic values which deviate significantly from the MWL

usually indicate water which has experienced partial

evaporation or what is referred to as "evaporative

enrichment." This water is isotopically heavier than the

precipitation from which it originated. Ponded water which

has experienced partial evaporation shows a distinctive

pattern with respect to the MWL: as evaporation progresses,

the remaining water plots increasingly to the right of the MWL

on a line of lower slope. This "evaporation" line has

somewhat lower slope (4 to 7) than the MWL (slope = 8). Pond

waters at this site plot along distinct evaporation lines.
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Figure 10 shows a distribution of sample values noticeably

subparallel to the MWL. Samples of background or upgradient

ground-water plot in the lower left corner and close to the

MWL, while pond water values are found well away from the MWL

in the upper right corner of the graph. This linear

relationship is the mixing trend which enables us to calculate

the percentage of water at a given well location which

originated in the discharge ponds. To be more precise about

our mixing end members, similar plots are shown in Figures 11

and 12 for the two sectors of the site, referred to as Unit 1

(south pond system) and Unit 2 (north pond system).

On the plot for Unit 2, data from wells B-7, B-8, B-12, E-

10, and E-5 plot along the meteoric line (Figure 11). This

indicates that water from these wells has not mixed with water

which has undergone evaporative enrichment. Linear regression

performed on data presented on this plot delineates the mixing

line shown. By graphically measuring the ratio of the length

of a line segment connecting the sample point to the ground-

water end-member to the length of a segment connecting the

end-members on the mixing line, estimates of the percentage of

pond water in each well can be made. The results for Unit 1

samples are given in Table 3.

More specifically, the above results were calculated by

fixing the end points of the mixing segments as shown by the

arrows in Figure 11. Calculations were then performed as

follows: % pond water = (length of segment AX / length of

segment AB) X 100, where A represents the end-member for
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upgradient ground water, B represents the end-member for pond

water, and X represents the sample value.

Since most sample points do not lie directly on the mixing

line, their location was fixed by constructing a line

perpendicular to the mixing line through the point of

interest; the intersection of these lines was used as the

point X.

With the exception of well B-14, this approach is

reasonable. The explanation for B-14 lying so far from the

mixing and meteoric lines is unclear.

An identical approach was taken for the Unit 2 data

(Figure 12). A clear example of an evaporation line is

displayed in this figure (slope = 4.3). Table 4 lists the

results of the mixing calculations.

Again, some of the wells (B-6, B-10 and B-11) plot some

distance from the mixing and meteoric lines. This tends to

suggest more extreme evaporation (especially for B-6) or

isotopic exchange with aquifer material, but it is unknown

whether these processes could be acting at this site. This

deviation may also indicate a contribution of ground water

from the east. Because no background sample is available for

the eastern flank of the basin, this particular inconsistency

is difficult to evaluate.

Sulfur Isotopes

Although the sulfur isotopic data are difficult to

interpret quantitatively, several useful "qualitative"

conclusions can be reached. First, little of the sulfate
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occurring in wells downgradient from the ponds actually had

its origin in the ash ponds. This follows from two important

observations: (1) that no ground-water sample shows sulfur

isotope values significantly greater than zero permil (Figure

13), and, (2) that pond-water sulfate concentrations are much

smaller, generally by one or two orders of magnitude, than

natural ground-water concentrations. In fact, the isotope

data imply that the natural sulfate sources dominate and

generally overwhelm the isotopic signature of the pond-water

sulfate. However, this interpretation does not contradict the

apparent mixing of pond and ground water indicated by the

oxygen and hydrogen isotope data.

The second conclusion is that the "background" sulfur

isotope values are far from uniform. This heterogeneity makes

quantitative estimates of mixing difficult; although a close

grouping of pond-water values makes the discharge-water end

member easy to ascertain, the upgradient well samples plot

throughout the entire distribution of ground-water values.

This variable distribution of sulfur values suggests the

likelihood of an active geochemical environment operating in

this basin. This system may include the biogeochemical

(bacterially-mediated) reduction of sulfate sulfur which would

cause the remaining sulfate to become enriched in 34 S.

Reduced sulfur may combine with available metal ions to form

sulfide minerals which at a later time, if conditions change,

may again be oxidized. Sulfur-containing organic components

of the shale may also oxidize, contributing an additional
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source of sulfate. The abundant gypsum, as noted on available

well logs, is probably the most important sulfate contributor.

Heterogeneity of this source may help explain the sulfur

isotope results.

When examined more closely, the sulfur isotope data

suggest that pond water traveling along the discharge path is

modified both isotopically and in concentration. Although

this is mostly conjecture, these trends may be explained by

some combination of (1) the leaching of sulfate from fly-ash,

(2) the dissolution of gypsiferous aquifer materials along the

pond bottoms, and (3) the incorporation of sulfur from stack

emissions. Other explanations may also be plausible including

a varying isotopic signature with time for the discharge water

itself. Work by the Environmental Protection Agency (1977)

shows that some sulfate is available from the leaching of fly-

ash. This may account for the increasing sulfate

concentration in conjunction with decreasing isotope values

observed for Unit 2, but a more complex explanation is needed

for Unit 1.

Seepage or Infiltration?

Although it is apparent from the mixing calculations that

pond water is indeed mixing with ground water, the mechanism

by which discharge enters the aquifer may not be as clear.

Two probable mechanisms are immediately obvious: first,

seepage is occurring directly through the bottom of the ponds,

and second, surface discharge from the ash ponds infiltrates

to the ground-water table along the drainages downgradient
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from the ash ponds. Although some combination of these two

processes is probably taking place, substantial evidence

points toward the former mechanism.

Specifically, the wells immediately downgradient from the

ash ponds all show the highest percentages of pond water,

while wells farther downgradient show a decreasing portion

owing to dilution with unaffected water. If infiltration

along the drainage were dominant, we would expect the opposite

trend to exist, that is, that the pond-water portion would

actually increase downgradient as more and more pond-derived

water reached the ground-water table.

Estimation of Aquifer Parameters from Isotope Data

Knowing the extent of pond-water movement, its flow

direction and the time of initial pond filling, it is possible

to estimate ground-water travel rates and hydraulic

conductivity. Because evidence for the longest travel

distance of pond water is observed at well B-19, the movement

of seepage from the north ash pond to this well will be used

for this calculation. This pond was constructed in October of

1971 while the samples were collected in October, 1985. The

distance (dl) from Ash Pond 2 to B-19 is approximately 7600

feet with a head decrease (dh) of about 80 feet. From this

information, the travel rate (seepage) is estimated:

clseepage = 7600 ft / 14 yrs = 543 ft/yr

This value should be regarded as a minimum value without

further downgradient data to indicate the total travel

distance.



15

The average linear or seepage velocity	 s thenY ( qseepage )

converted to the darcy flux (q) by multiplying by porosity

(n). The porosity of the Hilliard Shale is estimated to be 25

percent based on values for shale provided by Davis and

DeWeist (1966) and considering the fractured and weathered

nature of much of this material as indicated by well logs.

Thus, the darcy flux is calculated as:

q = n qseepage = 0.25 (543 ft/yr) = 136 ft/yr

By rearranging the Darcy's law equation to solve for K

(hydraulic conductivity):

K=
-q dl/dh = 136 ft/yr (7600 ft/80 ft) = 12920 ft/yr

= 0.012 cm/sec

we obtain a minimum value for hydraulic conductivity. This

value compares well with slug test results (Battelle, 1985)

which have a range of 0.99 to 0.022 cm/sec, especially

considering it as a minimum value.

The Effect of Plant Discharge on the Local Aquifer

Discharge water from the Naughton Generating Plant has

certainly affected the ground-water hydrology in this basin.

Although the effect on water chemistry is apparently

negligible, the addition to the physical flow system has been

significant. The isotope data indicate that over one mile

downgradient, 65 percent of the ground water originated from

the ash ponds. Thus, the aquifer downgradient from the ponds

has approximately doubled in volume from the introduction of

pond water.
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SUMMARY AND CONCLUSIONS

Several conclusions regarding the impact of water

discharged from the Naughton Generating Plant on the

subsurface hydrology in this area are evident:

(1) The discharge ponds contribute a substantial portion

of ground water downgradient from the site. Samples collected

from the farthest downgradient wells sampled indicate that

over 50 percent of the ground water at these locations

originated as ash-pond water. In particular, wells B-18 (5760

feet downgradient) and B-19 (7600 feet downgradient)

respectively contain 53 and 64 percent pond water as indicated

by oxygen and hydrogen isotope data.

(2) Sulfur isotope information reveals that naturally-

occurring sulfate dominates the hydrogeochemistry of this

aquifer. This sulfate, mostly originating from the

dissolution of gypsum, overwhelms the minor contribution of

sulfate from the ash ponds. Therefore, the addition of plant

water to the local aquifer does not increase the ground-water

sulfate content. In fact, the addition of pond water appears

to cause some dilution of the high TDS ground water.

(3) The distribution of oxygen and hydrogen isotope values

suggest that pond water is entering the ground-water system

mostly by seepage through the pond bottoms rather than by

infiltration along the surface-drainage paths.

(4) It is possible to estimate hydraulic conductivity

using the oxygen and hydrogen isotope data. These data
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compare favorably with slug test results. Ground-water travel

rates downgradient from the plant are in excess of 540 ft/yr.

Overall, this study demonstrates that environmental

isotopes are useful tracers of pond leakage and

surface/ground-water mixing, especially when isotopically

distinguishable sources can be identified.
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TABLE 1: Summary of Geochemical Data (mg/1) * .

RAW WATER POND WATER GROUND WATER**

TDS 240 660 912-34500

SO4
2- 56 308 285-20500

Cl - 14 16 27-2447

Ca2+ 36 126 146-614

Na+

mg2+

5

36

34

30

86-8600

59-2700

HCO 3 - 201 194 131-1531

* Data Provided by Utah Power & Light Company.

** Range of values for 29 monitoring wells.



Table 2: Isotope and sulfate concentration (mg/l) data.

SAMPLE

B-1

B-2

B-3

8-4

B-6

B-7

B-8

B-9

B-10

B-11

8-12

B-14

8-15

B-17

8-18

B-19

DEQ-1

DEO-3

DEQ-4

DEO-5A

DEO-6A

DEO-7

DE0-8

DEO-9

E-2

E-3

E-4

E-5

E-7

E-10

E-12

NDH-2

NOM-3

NDH-6

RW-IN

RU-OUT

BD

CT

DB1-IN

DB1-OUT

Del S34 (repeat)

-11.95

-11.33

	

-0.60	 -0.95

-11.70

-14.05

-12.81

0.25

-19.68

-17.79

-18.30

-8.24

	

-22.40	 -17.96

-15.54

	

-13.06	 -13.54

	

-18.27	 -17.69

-13.45

-7.29

-3.72

-5.67

-0.01

	

-8.12	 -8.37

-9.92

-14.75

-10.41

-12.74

-13.22

-9.14

-8.90

-15.34

-15.27

	

-14.93	 -15.36

-1.09

-15.36

-0.13

	

15.36	 14.84

14.92

nosamp

12.65

9.62

11.16

CSO4]

3530

11300

1850

5100

16000

2030

1000

5900

2200

5600

1650

12000

4600

10800

12600

3900

11400

5600

10200

1700

1600

3300

6400

1650

10300

5700

28000

9200

6800

3000

4700

840

3000

1300

80

110

3250

470

750

Del 018 (repeat)

-16.91

-17.29

-17.2

-18.45

-14.02

-18.34

	

-19.39	 -19.88

-17.93

-16.18

-16.3

-19.66

-14.3

-14.29

-15.26

-15.15

-14.71

-17.21

-16.83

-16.13

-12.72

-14.28

	

-14.14	 -14.41

-12.46

-11.96

-18.15

	

-16.98	 -17.33

-17.22

-18.23

-15.71

-18.81

-13.27

-13.86

-17.74

	

-17.44	 -18.14

	

-15.66	 -15.93

-15.48

-14.81

-5.93

-12.96

-12.69

Del D

-132.2

-134.7

-129.9

-138.9

-134.4

-137.4

-143.9

-134.3

-136.8

-137.0

-146.8

-128.7

-115.4

-124.0

-123.1

-112.6

-134.4

-137.7

-122.7

-100.9

-113.7

-110.0

-101.5

-102.0

-137.5

-129.5

-131.1

-137.6

-125.5

-138.9

-107.8

-112.2

-136.9

-131.9

-115.1

-118.0

-119.4

-66.6

-105.2

-103.5

(repeat) (repeat) Avg Del D

-132.2

-134.9

-129.9

-137.6 -138.3

-134.4

-137.4

-143.9

-134.3

	

-133.0	 -134.9

	

-135.0	 -136.0

-146.8

-128.7

	

-115.2	 -115.3

-124.0

	

-122.9	 -123.0

	

-109.0	 -110.8

	

-135.9	 -135.2

-137.7

	

-125.7	 -124.2

-100.9

	

-113.3	 -113.5

	

-109.6	 -109.8

	

-101.3	 -101.4

-102.0

-137.5

-129.5

-131.1

-137.6

-125.5

-138.9

-107.5 -107.7

-112.2

-136.9

	

-129.2	 -130.6

	

-120.6	 -118.1	 -117.9

	

-119.9	 -119.0

-119.4

-66.6

	

-107.5	 -106.4

-103.5



Table 2: Isotope and sulfate concentration (mg/l) data.

DB1A-POND 7.95 515 -11.18 -97.1 -95.3 -96.2

AP1-POND-S 8.43 530 -11.9 -99.3 -99.3

AP1-POND-B 9.05 680 -11.43 -102.0 -102.0

AP1-OUT 9.11 720 -12.07 12.61 -101.5 -101.5

DB2-IN 13.73 80 -15.86 15.68 -118.8 -117.5 -118.2

0B2-SW-1 11.36 440 -15.11 -111.7 -110.9 -111.3

082-OUT 10.81 11.19 280 -14.06 -108.0 -112.1 111.1 -110.4

AP2-POND-S 7.25 660 -12.37 -101.0 -101.0

AP2-POND-M 8.16 630 -12.94 -103.8 -103.5 -103.7

AP2-POND-B 7.63 700 -12.19 -102.0 -102.0

AP2-OUT 9.15 450 -12.6 -101.0 102.6 -104.4 -102.7



TABLE 3: Mixing Results for Unit 1.

WELL	 % POND WATER

E-7	 45
B-17	 50
B-18	 53
B-15	 67
B-14	 57
DEQ-6A	 69
DEQ-7	 73
DEQ-5A	 94
DEQ-8	 96
DEQ-9	 100



TABLE 4: Mixing Results For Unit 2.

WELL	 % POND WATER

B-9	 0
E-4	 10
E-3	 15
DEQ-4	 32
B-15	 65
B-19	 64
E-12	 86
NDH-2	 68
B-10	 16
B-11	 19
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