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Abstract Groundwater with elevated dissolved-solids

concentrations—containing large concentrations of chlo-

ride, sodium, sulfate, and calcium—is present in the Mud

Lake area of Eastern Idaho. The source of these solutes is

unknown; however, an understanding of the geochemical

sources and processes controlling their presence in

groundwater in the Mud Lake area is needed to better

understand the geochemical sources and processes con-

trolling the water quality of groundwater at the Idaho

National Laboratory. The geochemical sources and pro-

cesses controlling the water quality of groundwater in the

Mud Lake area were determined by investigating the

geology, hydrology, land use, and groundwater geochem-

istry in the Mud Lake area, proposing sources for solutes,

and testing the proposed sources through geochemical

modeling with PHREEQC. Modeling indicated that sources

of water to the eastern Snake River Plain aquifer were

groundwater from the Beaverhead Mountains and the

Camas Creek drainage basin; surface water from Medicine

Lodge and Camas Creeks, Mud Lake, and irrigation water;

and upward flow of geothermal water from beneath the

aquifer. Mixing of groundwater with surface water or other

groundwater occurred throughout the aquifer. Carbonate

reactions, silicate weathering, and dissolution of evaporite

minerals and fertilizer explain most of the changes in

chemistry in the aquifer. Redox reactions, cation exchange,

and evaporation were locally important. The source of large

concentrations of chloride, sodium, sulfate, and calcium

was evaporite deposits in the unsaturated zone associated

with Pleistocene Lake Terreton. Large amounts of chloride,

sodium, sulfate, and calcium are added to groundwater from

irrigation water infiltrating through lake bed sediments

containing evaporite deposits and the resultant dissolution

of gypsum, halite, sylvite, and bischofite.

Keywords Geochemistry � Evaporite deposits �
Geochemical modeling � PHREEQC � Groundwater

Introduction

Groundwater in the Mud Lake (Fig. 1) area has elevated

dissolved-solids concentrations, primarily from large con-

centrations of chloride, sodium, sulfate, and calcium

(Stearns et al. 1939; Robertson et al. 1974; Spinazola et al.

1992; Ginsbach 2013). The source of the large concentra-

tions of chloride, sodium, sulfate, and calcium is unknown

(Olmstead 1962; Robertson et al. 1974), although proposed

sources include solution of continuous fallout of NaCl from

the atmosphere, evaporation, infiltration of irrigation water,

leaching of NaCl from the soil horizon, solution of evap-

orite deposits, inputs of HCl and H2SO4, inflow of thermal

water, flushing of grain boundaries and pores from marine

sediments, dissolution of fluid inclusion NaCl from basalt,

and water–rock interaction with rhyolite and andesite

(Robertson et al. 1974; Wood and Low 1988; Schramke

et al. 1996; Busenberg et al. 2001; Ginsbach 2013).

Groundwater in the Mud Lake area resides in the eastern

Snake River Plain (ESRP) aquifer, a sole-source fractured-

basalt aquifer of significant economic value to the State of

Idaho. Recharge to the Mud Lake area occurs from the

Camas Creek and Medicine Lodge Creek drainage basins in

the extreme northeastern extent of the aquifer, and ground-

water in the aquifer flows downgradient (southwest) from

the Mud Lake area through the Idaho National Laboratory
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(INL). Consequently, the water quality of groundwater in

the Mud Lake area influences the water quality of ground-

water at the INL, and an understanding of the geochemical

sources and processes controlling the water quality of

groundwater in the Mud Lake area will provide a better

understanding of the sources and processes controlling the

water quality of groundwater at the INL, a long-term goal of

the Department of Energy and the U.S. Geological Survey

(Knobel et al. 2005). The geochemical sources and pro-

cesses controlling the water quality of groundwater of the

Mud Lake area were determined by investigating the geol-

ogy, hydrology, land use, and groundwater geochemistry in

the Mud Lake area, proposing sources for solutes, and

testing the proposed sources through geochemical modeling

with PHREEQC (Parkhurst and Appelo 2013).

Study area

The study area includes approximately 1,300 km2 of the

Beaverhead Mountains and 1,650 km2 of the ESRP. Annual

precipitation ranges from about 20 cm at Mud Lake to more

than 150 cm in the mountains (Spinazola 1994). Land cover

is primarily shrub and forest in the mountains and shrub and

irrigated agriculture in the ESRP (Fig. 2).

Sedimentary rocks, rhyolite, and sediment are present in

the mountains and rhyolite underlies basalt and sediment in

the ESRP (Morgan et al. 1984; Kuntz et al. 1992; Ginsbach

2013) (Fig. 3). Volcanic rift zones (Kuntz et al. 1992) and

vent corridors (Anderson et al. 1999) are linear features on

the ESRP that contain centers of basalt eruptions. Sediment

in the ESRP is present at the surface and interbedded with

basalt flows in the subsurface. Surface and interbed sedi-

ments of lacustrine origin (Stearns et al. 1939; Nace et al.

1956; Kuntz et al. 1994; Lewis et al. 2012) reside within

the Mud Lake subbasin (Fig. 3) and probably include

evaporite deposits formed during the multiple climate-

derived fluctuations of Pleistocene Lake Terreton (Giann-

iny et al. 2002). Evidence of evaporite deposits in the Mud

Lake area was provided from gypsum identified in sedi-

ments associated with Pleistocene Lake Terreton (Blair

2001; Geslin et al. 2002) and geochemical modeling of

groundwater in the eastern part of the Mud Lake area

(Rattray and Ginsbach 2014). Minerals in the study area

include calcite and dolomite in sedimentary rocks; glass,

quartz, potassium feldspar, plagioclase (An10–35), and iron
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oxides in rhyolite; and glass, olivine, plagioclase (An50–70),

pyroxene, and iron oxides in basalt. All of these minerals

plus sedimentary rock, rhyolite, and basalt fragments,

evaporite minerals, and clay minerals (illite, kaolinite, and

montmorillonite) are present in sediment on the ESRP

(Ginsbach 2013; Rattray and Ginsbach 2014).

Surface water in the study area (Fig. 2) includes Medi-

cine Lodge and Camas Creeks, both of which terminate on

the ESRP; Mud Lake; ponds, lakes, and wetlands at the

Camas National Wildlife Refuge (CNWR) and Mud Lake

Wildlife Management Area; irrigation canals; and applied

irrigation water. Camas Creek is the primary source of

surface water to Mud Lake and for most surface water

irrigation in the study area; pumped groundwater is also

used for irrigation. Infiltration recharge from surface water

occurs from Medicine Lodge and Camas Creeks; ponds,

lakes, and wetlands at Mud Lake and the CNWR; irrigation

canals; and excess irrigation water (Spinazola 1994).

The unsaturated zone in the ESRP ranges from a few

meters at the CNWR to tens of meters elsewhere and

includes a perched groundwater zone that extends south and

west of Mud Lake (Stearns et al. 1939). The ESRP aquifer

is comprised of hundreds of intercalated, subhorizontal

layers of basalt and sediment (Lindholm 1996) and is
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estimated to be [1,000 m thick in some locations (Garab-

edian 1992). A clay layer creates confined aquifer conditions

in the area around Mud Lake (Spinazola 1994), but the

aquifer is unconfined elsewhere. Most groundwater flow in

the aquifer is horizontal and occurs in rubble- and sediment-

filled interflow zones between basalt flows (Ackerman et al.

2006), although dikes associated with volcanic vent corri-

dors may impede horizontal flow (Anderson et al. 1999).

Downward groundwater movement occurs near the margins

of the ESRP and southwest of Mud Lake, and upward

movement occurs in parts of Camas Creek, Mud Lake, the

CNWR (Spinazola 1994), and within vent corridors where

fissures and dikes may facilitate upward circulation of

geothermal water (Anderson et al. 1999).

Water-table contours indicate that groundwater flows into

the ESRP aquifer from the Beaverhead Mountains and

Camas Creek drainage basin and that groundwater generally

flows south, southwest, or west (Fig. 4). Hydraulic gradients
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calculated from water-table contours are relatively flat north

of Mud Lake (approximately 0.5 m/km) and relatively steep

in the northern part of the ESRP and south of Mud Lake

(approximately 9.5 and 5.7 m/km, respectively). These

gradients are similar to those observed for the ESRP aquifer

at and near the INL (0.2–11 m/km), and given the similar

aquifer materials and stratigraphy for the Mud Lake area and

the INL, average linear flow velocities in the Mud Lake area

are probably similar to the 0.6–6 m/d velocities estimated at

and near the INL (Ackerman et al. 2006).

Water-quality sampling and analytical methods

Water-quality samples were collected between 1979 and

2012 from 41 groundwater (36 wells and 5 springs) and

three surface-water (two streams, one lake) sites (Table 1;

Fig. 4). All of the springs and three of the wells are located

in the Beaverhead Mountains; the remaining 33 well sites

are located on the ESRP. Wells include 20 irrigation, 12

domestic, and 1 stock, recreation, monitoring, and deep

(geothermal) test well. The depth to water in wells
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(excluding the 3,159-m deep test well INEL-1, site 100;

Fig. 1) on the ESRP ranged from about 3–137 m with a

mean depth of about 53 m; the maximum depth of well

open intervals was 71 m with a mean maximum depth of

33 m. Consequently, this study investigates the geochem-

istry of the shallow (upper 71 m) ESRP aquifer.

All water-quality samples, including three replicate sam-

ples (Ginsbach 2013; Rattray and Ginsbach 2014), were col-

lected by the USGS following methods presented in the USGS

National Field Manual for the Collection of Water-Quality

Data (U.S. Geological Survey 2006), Rattray and Ginsbach

(2014), Ginsbach (2013), Busenberg et al. (2000), and Knobel

et al. (1999). Laboratory analytical methods and data-report-

ing conventions were presented in Rattray and Ginsbach

(2014), Busenberg et al. (2000), and Knobel et al. (1999).

Analytical results and quality assurance

Analytical results are shown in Tables 1, 2, 3, and 4.

The reliability of water-quality data was evaluated with

the replicate samples and calculation of the charge balance

(CB) of water samples. Evaluation of the replicate samples

followed procedures described in Rattray (2014), and all

replicate results were acceptable except for one of the three

results for both aluminum and iron (Rattray and Ginsbach

2014). CB errors of 5 % or less generally are considered

acceptable for analyses of water samples (Freeze and

Cherry, 1979). Of the 44 water samples used in this report,

42 had absolute-value CB errors of\4 %, 1 sample had a

CB error of -5.3 % (site 22), and 1 sample had a CB error

of -14.4 % (site 79; it is not clear why this sample had a

high CB error; this sample and data were included in this

report because it is the only sample from this site with a

complete set of water-quality data) (Table 2).

Geochemistry

Water chemistry

Surface water has variable water temperature, dissolved

oxygen (DO), and specific conductance (SpC) (Table 1)

because of seasonal changes in air temperature, the

dependence of oxygen solubility on water temperature, and

evaporation. pH was 7.8 for Camas Creek, 8.0 for Medi-

cine Lodge Creek, and 7.0 for Mud Lake. Nitrate con-

centrations were B0.25 mg/L as N (Table 3). Camas Creek

had a tritium concentration of 26.6 ± 2.1 pCi/L and a d13C

value of -7.98 % (Table 4).

Thermal springs in the mountains (Lidy Hot Spring and

Warm Spring, sites 57 and 58) were hot (48.4 and 27.8 �C),

had low pH (7.2 and 7.1), and had SpC of 694 and 430 lS/

cm at 25 �C. Lidy Hot Spring had large concentrations of

calcium (87 mg/L), potassium (13.6 mg/L), sulfate

(191 mg/L), fluoride (7.0 mg/L), lithium (48 lg/L), and

strontium (1,000 lg/L) and a measurable concentration of

ammonia (0.11 mg/L as N) (Tables 2, 3). Warm Spring

had much smaller concentrations of these chemical species

than Lidy Hot Spring, but had higher concentrations of

magnesium (19.7 mg/L) and bicarbonate (198 mg/L). Tri-

tium concentrations were 0.4 ± 0.3 and 3.1 ± 2.1 pCi/L,

and d13C values were -3.9 and -5.55 %. Deep geother-

mal water from the ESRP (site 100) was hot (57 �C), had a

pH of 7.9, was brackish (2,870 lS/cm at 25 �C), was

presumed to be anoxic, and had small concentrations of

calcium (7.5 mg/L) and magnesium (0.5 mg/L) and large

concentrations of sodium (390 mg/L), bicarbonate

(900 mg/L), sulfate (99 mg/L), fluoride (13 mg/L), boron

(560 lg/L), and iron (1,100 lg/L).

Groundwater from wells (sites 3, 32, and 35) and cold

springs (sites 55, 56, and 59) in the mountains had tem-

peratures ranging from 5.8 to 12.8 �C, pH ranging from 6.9

to 7.8, SpC ranging from 258 to 523 lS/cm at 25 �C, were

anoxic to slightly undersaturated with oxygen (1.1–94.4 %

saturation), and had moderate-to-large carbon dioxide

(CO2) concentrations (logPCO2 of -2.61 to -1.58) and

nitrate concentrations of B0.88 mg/L as N. Tritium con-

centrations ranged from -0.5 ± 1.9 to 33.1 ± 2.5 pCi/L

and d13C values ranged from -12.72 to -8.18 %.

Groundwater from the ESRP aquifer (32 sites excluding

site 100) exhibited a wide range in chemistry (Tables 1, 2,

3, 4). Temperature, pH, and SpC ranged from 9.0 to

17.7 �C, 7.0 to 8.5, and 249 to 929 lS/cm at 25 �C,

respectively. DO ranged from anoxic to supersaturated

(\2.3–122.5 % saturation) and logPCO2 ranged from

-3.25 to -1.72. Cation and anion concentrations (in mg/L)

ranged from 15 to 109 for calcium, 4.6 to 33.0 for mag-

nesium, 9.0 to 85.0 for sodium, 2.0 to 7.2 for potassium,

131 to 457 for bicarbonate, 5.6 to 121 for chloride, 5.3 to

91.3 for sulfate, 0.15 to 1.01 for fluoride, and \0.05 to

13.2 mg/L as N for nitrate. Ammonia concentrations

[0.03 mg/L as N were measured in water from a few sites

(sites 18, 25, 27, and 29), and large lithium concentrations

were measured at sites 25 (71 lg/L) and 29 (47 lg/L).

Tritium ranged from -22 ± 13 to 96 ± 13 pCi/L and

d13C values ranged from -15 to -11.2 %. No trends in the

spatial distribution of physical and chemical parameters

were apparent, although larger SpC and ion concentrations

were generally from groundwater in the southwestern part

of the study area (Fig. 5).

The hydrochemical facies (Fig. 6) of water was calcium

bicarbonate for surface water, most groundwater from the

mountains, and 19 of 32 groundwater samples from the

ESRP. The hydrochemical facies of other groundwater

from the ESRP were various combinations of calcium-,
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Table 1 Site number, date sampled, measurements of field parameters, and calculated carbon dioxide concentration

Report site no. USGS site no. Date

sampled

Temperature

(�C)

pH Specific conductance

(lS/cm at 25 �C)

Dissolved oxygen

(% saturation)

Carbon dioxideb

(log PCO2)

1 440127112120601 7/22/2010 11.4 7.4 509 96.6 -2.31

2 435532112121401 7/30/2007 13.2 7.7 311 82.2 -2.58

3 442456112125501 8/8/2011 7.9 7.8 325 1.1 -2.61

4 441023112131201 7/3/2008 13.9 7.9 284 104.7 -2.82

5 441222112142701 8/9/2011 14.4 7.9 292 98.5 -2.84

6 435846112145601 8/8/2011 12.1 8.3 249 89.6 -3.25

7 440451112154601 7/22/2010 14.2 7.3 340 106.4 -2.17

8 435358112161101 7/20/2011 10.6 7.0 431 25.2 -1.72

9 435229112163202 8/23/2011 12.9 7.6 370 70a -2.44

10 440553112170001 7/12/2011 15.5 8.0 278 92.6a -2.89

11 435031112182101 7/27/2010 11.7 7.2 656 100.4 -1.75

12 435241112185201 8/9/2011 12.8 7.8 301 54.3 -2.66

13 434624112194601 7/30/2008 13.2 7.7 313 89.2 -2.60

14 440734112205401 7/12/2011 12.6 7.9 417 95.8a -2.77

15 435500112212502 6/19/2007 12.1 7.6 293 86.9 -2.55

16 440908112213501 7/3/2008 13.6 7.9 452 97.0 -2.58

17 441456112234701 6/4/2012 9.0 7.8 344 85.5 -2.72

18 435712112263201 9/23/2009 13.2 7.9 265 108.5 -2.80

19 435028112264501 5/14/1997 11.0 7.7 510b 43c -2.33

20 434739112264501 8/23/2011 11.4 7.6 572 47.4a -2.19

21 440734112271401 7/3/2008 11.0 7.5 560 103.2 -2.17

22 434657112282201 6/4/1991 12.0 7.8 722 86.0 -2.33

23 434818112284801 8/29/1989 14.6 7.9 613 47c -2.63

24 440001112290401 6/6/2012 10.5 7.3 929 74.0 -1.92

25 440058112293605 6/11/1991 12.5 8.1 282 \2.3 -2.99

26 440847112303801 9/6/2006 11.6 7.4 489 122.5 -2.11

27 435003112313101 6/26/2008 17.7 8.2 307 42.8 -3.09

28 440328112314501 7/6/2006 11.2 7.6 557 101.5 -2.39

29 435402112332101 6/12/1991 12.5 8.5 335 7.9 -3.32

30 435241112332401 6/6/2012 12.9 7.4 848 84.1 -1.79

31 435951112335701 6/6/2012 11.2 7.3 692 49.2 -1.93

32 442317112364901 6/4/2012 7.0 7.3 523 68.0 -2.04

33 435831112365401 8/30/2010 12.4 7.2 823 105.2 -2.00

34 440226112402401 9/6/2006 16.2 7.7 427 113.6 -2.46

35 442629112425601 6/4/2012 10.7 7.4 400 76.1 -2.22

55 440951112311701 6/5/2012 12.8 7.8 338 88.1 -2.69

56 442601112322201 6/5/2012 5.8 6.9 360 89.4 -1.58

57 440832112331001 11/27/2000 48.4 7.2 694 &135 -1.82

58 441522112381901 6/5/2012 27.8 7.1 430 29.5 -1.75

59 441741112440701 6/5/2012 7.3 7.4 258 94.4 -2.36

78 13114150 8/8/2011 19.3 7.8 147 75.8 -2.82

79 13116000 10/3/1984 7.8 8.0 470 105a -2.62

99 13115000 10/30/1984 5.4 7.0b 381 78.6a -1.78

100 433717112563501 6/1979 57 7.9 2,870b 0c -1.76

Report site numbers 1–35 wells, 55–59 springs, 78–79 streams, 99 lake, 100 geothermal well
a Dissolved oxygen sample collected on different dates than indicated in Table
b Calculated with PHREEQC
c Estimated from hydrologic conditions at site and concentrations of dissolved oxygen in nearby groundwater
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sodium-, and magnesium-bicarbonates and calcium chlo-

ride bicarbonate (site 33). Thermal water was calcium

sulfate (site 57), calcium bicarbonate (site 58), and sodium

bicarbonate (site 100).

Interpretation of isotopic data

Most d2H and d18O values (Fig. 7) of groundwater in the

study area (plus values for groundwater from the Centennial

Mountains; these values are included in Fig. 7 because

much of the groundwater in the study area originates from

there) plot near and approximately parallel to the local

meteoric water line for winter (Benjamin et al. 2004)

indicating that most groundwater is of meteoric origin and

from winter precipitation. All groundwater from the ESRP

plots along a trend line (determined from linear regression

of Mud Lake d2H and d18O values) for evaporation of Mud

Lake water, but only sites 19, 22, and 23 (southwest of Mud

Lake; Fig. 4) have large d2H and d18O values that indicate

evaporated water was a significant source of recharge.

d13C values in groundwater are influenced by the d13C

values of recharge water that equilibrates with unsaturated

zone CO2 (with a d13C & -24 to -30 %), fractionation

of CO2 as CO2 gas in the unsaturated zone dissolves in

groundwater (d13C in bicarbonate enriched by &9 %),

dissolution of carbonates (carbonate d13C & 0 %), and

decay of organic matter (organic matter d13C & -24 to

-30 %) (Clark and Fritz 1997). The d13C values measured

from the mountains and the ESRP (Table 4) probably

reflect a greater influence from dissolution of carbonates in

the mountains and infiltrating surface water, decay of

organic matter, or both in the ESRP.

The approximate age of water was estimated from tri-

tium concentrations in water samples, monthly records

(from 1953 to 2009) of tritium concentrations in precipi-

tation (Michel 1989 and personal communication, Inter-

national Atomic Energy Agency 2013), and the decay

equation for tritium. Tritium concentrations indicating pre-

1952 (old), post-1952 (young), and a mixture of old and

young water, for the years 1991 and 2012, are shown in

Table 5. Old water was estimated for 2 sites in the

mountains and 4 sites on the ESRP; young water was

estimated for 3 sites in the mountains, 3 sites on the ESRP,

and Camas Creek; and a mixture of young and old water

was estimated for 3 sites in the mountains and 4 sites on the

ESRP (Table 4). The old water on the ESRP was from sites

(sites 5 and 17) in the northeastern part of the ESRP that

received recharge from old water in the mountains (water

similar in age to site 3, Table 4; Fig. 3) or from sites with

unusual chemistry (i.e., anoxic water) located in volcanic

vent corridors (sites 25 and 29). Groundwater from the

other 7 sites on the ESRP was either young or a mixture of

young and old water, indicating that a source of young

water provided recharge to most of the shallow ground-

water in the ESRP.

Sources of solutes

Solutes in groundwater are derived from recharge water,

anthropogenic inputs, and chemical reactions. Potentially

important sources of recharge water to the ESRP aquifer

are groundwater from the Beaverhead Mountains,

groundwater from the Camas Creek drainage basin (Rat-

tray and Ginsbach 2014), infiltration of surface water

(Medicine Lodge and Camas Creeks; lakes, ponds, and

wetlands at Mud Lake and the CNWR; and irrigation

water), and upwelling of geothermal water from beneath

the aquifer (Mann 1986).

Upward movement of geothermal water occurs beneath

the ESRP aquifer at the INL (site 100, Mann 1986) and

may occur in the aquifer in the Mud Lake area within

volcanic vent corridors (Anderson et al. 1999). Four sites

(sites 25, 27, 29, and 34) located in volcanic vent corridors

had either anoxic water (\2.3 and 7.9 % saturation,

Table 1) or high water temperatures (16.2 and 17.7 �C,

Table 1), which may indicate that geothermal water was a

source of water to these sites. Other indicators of geo-

thermal water were the presence of ammonia, elevated

concentrations of fluoride, lithium, and boron (Tables 2, 3),

the large concentration ratio of sodium to total cations (in

meq/L) for sites 25 and 27, consistent with mixing of

geothermal water similar in chemical composition to site

100 with other water from the ESRP (Fig. 6), and hydraulic

head measurements at and near site 25 that indicates

upward flow of groundwater (U.S. Geological Survey

2014).

Anthropogenic inputs include fertilizer in irrigated

areas and road salt and anti-icing liquid (beginning in

2000) on highways (Fig. 2). Fertilizer may be sources of

nitrogen, potassium, and chloride; road salt and anti-icing

liquid may be sources of sodium, magnesium, and

chloride.

Potential chemical reactions include carbonate reactions,

dissolution of evaporite minerals, silicate weathering, redox

reactions, and cation exchange. Carbonate, evaporite, and

silicate minerals are present throughout the study area.

Carbonate and evaporite minerals dissolve readily in dilute

groundwater and should be important contributors of sol-

utes to groundwater, with potentially large amounts of

evaporite mineral dissolution within the Mud Lake subbasin

(Fig. 3). Silicate minerals dissolve slowly in groundwater,

so the only silicate minerals likely to dissolve in significant

quantities during the short residence time of shallow

groundwater in the ESRP aquifer (based on average linear

flow velocities and the approximate age of groundwater) are

plagioclase and volcanic glass (Rattray and Ginsbach
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2014). Increasing potassium concentrations with decreasing

depth in geothermal water below the ESRP aquifer (Mann

1986) indicate that upward-moving geothermal water may

dissolve potassium feldspar in rhyolite. Incongruent

dissolution of silicate minerals produces clay minerals; a

calcium–sodium aluminosilicate stability diagram (with

typical aluminum and silica activities for groundwater in

the study area) indicates that the stable clay mineral in

Table 2 Site number,

analytical results for major ions

(in mg/L), and charge balance

(CB) of water samples

Report site numbers 1–35 wells,

55–59 springs, 78–79 streams,

99 lake, 100 geothermal well
a Calculated with PHREEQC

from alkalinity and other water-

quality measurements
b Nitrate plus nitrite was

included in charge balance

calculations

Site No. Ca Mg Na K SiO2 HCO3
a Cl SO4 F CBb (%)

1 70 13.5 14.9 3.2 28 137 17.8 65.4 0.36 2.0

2 32 9.5 14.5 2.7 37 140 7.7 14.0 0.89 -0.7

3 28 19.0 16.0 1.1 13 193 4.0 16.0 0.08 -0.1

4 26 10.9 10.3 2.0 36 142 6.6 5.3 0.29 -0.2

5 30 10.3 10.8 2.7 34 131 15.0 12.7 0.25 -1.3

6 30 8.3 9.0 2.4 34 131 5.6 9.3 0.49 -2.0

7 39 13.2 14.2 2.6 33 168 12.9 13.6 0.37 0.5

8 62 13.7 11.0 2.9 30 252 6.0 10.4 0.32 0.5

9 41 11.8 14.9 2.7 34 181 12.3 13.8 0.48 -1.3

10 30 9.5 11.5 2.2 35 140 9.6 6.0 0.41 -0.1

11 74 17.8 47.5 4.2 25 374 13.6 21.2 0.22 -0.7

12 32 9.6 13.2 2.9 34 162 9.5 9.1 0.41 -3.9

13 32 9.3 14.8 2.9 37 148 8.8 11.7 1.01 -1.5

14 49 13.8 11.2 2.7 28 176 25.8 17.2 0.26 -0.7

15 28 9.6 17.6 3.1 34 137 12.6 10.9 0.54 1.0

16 55 15.1 15.4 2.8 29 219 11.4 27.1 0.36 0.6

17 37 11.7 14.7 3.8 46 140 25.7 16.1 0.53 0.4

18 28 8.6 11.9 2.8 35 131 9.8 8.9 0.45 -1.3

19 69 28.6 38.2 5.8 32 272 55.0 42.1 0.19 1.1

20 58 19.9 30.8 5.5 32 307 19.2 16.1 0.27 -0.6

21 73 19.9 12.8 3.3 27 258 15.2 42.0 0.33 1.3

22 66 23.0 45.0 5.4 28 327 51.0 39.0 0.30 -5.3

23 42 14.0 56.0 6.5 29 218 43.0 30.0 0.40 0.2

24 109 33.0 47.3 5.4 34 322 93.0 91.3 0.16 0.9

25 22 4.6 28.0 4.8 48 151 6.8 8.3 0.90 -2.4

26 65 16.1 12.7 3.5 35 237 16.2 36.9 0.36 -0.7

27 15 6.3 37.2 6.8 33 140 12.7 17.2 0.64 -0.3

28 67 16.7 15.7 4.1 37 198 47.5 39.5 0.25 -0.8

29 19 17.0 23.0 4.3 29 179 10.0 9.8 0.50 -2.4

30 75 26.7 85.0 7.2 27 457 36.1 29.3 0.15 -0.6

31 75 20.7 51.6 4.8 37 291 46.2 52.8 0.22 1.3

32 75 19.9 11.1 2.9 27 258 7.4 51.8 0.41 2.2

33 89 29.9 28.4 5.4 36 194 121 64.1 0.28 -0.2

34 41 14.6 25.8 3.4 39 180 16.4 48.1 0.47 -1.6

35 54 18.1 5.8 1.2 12 201 5.4 34.9 0.54 1.9

55 47 7.7 11.4 2.9 29 164 15.8 15.9 0.43 -1.0

56 57 15.6 3.3 0.7 8 240 1.8 7.4 0.12 0.5

57 87 16.0 26.4 13.6 34 168 6.7 191 7.0 -1.6

58 53 19.7 9.9 2.9 17 198 5.2 58.0 0.94 0.6

59 39 8.9 3.2 0.7 8 149 3.4 9.3 0.10 0.1

78 19 4.7 3.6 2.0 18 91 1.0 1.4 0.11 -1.2

79 59 18.0 8.9 2.2 15 306 8.4 51.0 0.30 -14.4

99 47 13.0 16.0 3.6 26 212 11.0 8.9 0.50 3.1

100 7.3 0.5 390 7.5 47 900 12 99 13 -0.83
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contact with groundwater is calcium montmorillonite

(Fig. 8). Redox reactions may include oxidation of organic

matter in wetlands and reduced species in geothermal water;

d15N values of 6.9 and 9.5 % for sites 25 and 29 (Knobel

et al. 1999), respectively, indicate that denitrification was

not an important process in these anoxic waters. Clay is an

efficient cation exchange substrate, so cation exchange may

be important in areas where surface water infiltrates through

Table 3 Site number and

analytical results for nitrogen

species (in mg/L as N) and

selected trace elements

(in lg/L)

Report site numbers 1–35 wells,

55–59 springs, 78–79 streams,

99 lake, 100 geothermal well,

na not analyzed, E result

estimated by laboratory

Site no. NO3 ? NO2 NO2 NH3 Al Ba B Fe Li Mn Sr

1 13.2 E0.001 \0.02 na na na \6 na \0.2 na

2 3.22 \0.002 \0.02 na 10 na \6 na E0.2 na

3 \0.02 \0.001 0.03 1.8 85 14 635 17 27 1,721

4 0.67 \0.002 \0.02 na na na \8 na \0.4 na

5 0.74 \0.001 \0.01 2.7 26 25 \3.2 7 1.6 131

6 1.73 \0.001 \0.01 10.2 21 19 5.0 12 \0.1 100

7 3.25 E0.001 \0.02 na na na E5.5 na \0.2 na

8 1.74 \0.001 \0.01 na na na \3.2 na \0.2 na

9 2.14 \0.001 \0.01 na na na \3.2 na \0.2 na

10 1.09 \0.001 0.01 na na na \3.2 na \0.2 na

11 4.88 \0.002 \0.02 na na na \6 na \0.2 na

12 0.95 \0.001 \0.01 \1.7 30 21 3.6 13 \0.1 127

13 2.52 \0.002 \0.02 na na na E5.7 na \0.4 na

14 1.48 \0.001 \0.01 na na na \3.2 na \0.2 na

15 1.21 \0.002 \0.02 na 29 na \6 na E0.1 na

16 1.12 \0.002 \0.02 na na na \8 na \0.4 na

17 1.34 \0.001 \0.01 \2.2 56 117 3.3 6 0.2 400

18 1.49 E0.001 0.18 na na na E3.4 na 1.5 na

19 5.30 na na 2.0 151 36 73 14 na 306

20 1.30 \0.001 \0.01 na na na \3.2 na \0.2 na

21 1.76 E0.002 0.03 na na na \8 na 1.0 na

22 4.40 \0.01 \0.01 \10 130 48 41 25 0.1 280

23 4.10 \0.01 0.01 na 95 50 5.0 32 na 180

24 2.92 \0.001 \0.01 \2.2 127 90 5.2 16 0.2 502

25 \0.05 \0.01 0.20 \10 62 84 85 71 91 77

26 1.51 \0.002 E0.01 na 112 na \6 na \0.6 na

27 0.11 0.004 0.14 na na na E4.8 na 5.7 na

28 1.71 \0.002 \0.01 na 74 na \6 na \0.6 na

29 \0.05 0.020 0.33 10 51 na 11 47 na 160

30 8.52 \0.001 \0.01 \2.2 138 78 5.4 28 0.3 329

31 4.43 \0.001 \0.01 \2.2 78 82 4.7 20 \0.1 308

32 0.54 \0.001 \0.01 \2.2 56 26 \3.2 5 \0.1 417

33 4.20 \0.002 \0.02 na na na \6 na \0.2 na

34 1.27 \0.002 E0.01 na 51 na 16.1 na E0.5 na

35 0.22 \0.001 \0.01 \2.2 64 18 \3.2 5 0.1 317

55 0.88 \0.001 \0.01 \2.2 87 25 13.8 10 \0.1 146

56 0.43 \0.001 \0.01 \2.2 83 8 \3.2 4 \0.1 122

57 \0.05 \0.006 0.11 E14 45 90 20 48 13 1,000

58 0.14 \0.001 \0.01 \2.2 70 35 \3.2 15 0.2 337

59 0.70 \0.001 \0.01 \2.2 143 8 \3.2 1 \0.1 61

78 \0.02 \0.001 0.02 13.9 33 8 31.4 3 2.3 77

79 0.18 na na na na na na na na 310

99 0.25 na na na na na 20 na 80 170

100 na na na na na 560 1,100 na 50 150
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sediment. For dilute surface water with much larger con-

centrations of calcium than magnesium, such as water from

Camas Creek (site 78, Table 2), calcium should replace

sodium on exchange sites (Drever 1997).

Geochemical modeling

Geochemical modeling attempts to identify the net chemi-

cal reactions that account for observed changes in chemistry

Table 4 Site number, date sampled, measurements of the stable isotopes (2 sigma uncertainty) of hydrogen, oxygen, and carbon and the

radiogenic isotope tritium (1 sigma uncertainty), and approximate age of water

Site no. Date sampled Stable isotopes (%) Tritium

Hydrogen (d2H ± 2) Oxygen (d18O ± 0.2) Carbon (d13C ± 0.2) (pCi/L) Approximate age of water

3 8/8/2011 -131.8 -17.48 -10.35 -0.5 ± 1.9 pre-1952

5 8/9/2011 -131.5 -17.33 -11.21 -4 ± 2.3 pre-1952

6 8/8/2011 -132.9 -17.62 -13.41 13.3 ± 2.1 mixture

9 8/29/1989 -133 -17.45 na na na

12 8/9/2011 -134.4 -17.62 -13.21 8.6 ± 1.9 mixture

17 6/4/2012 -134.1 -17.35 -11.42 -0.1 ± 2.1 pre-1952

19 5/14/1997 -120.8 -14.88 -12.7 53.5 ± 1.9 post-1952

22 6/4/1991 -120 -14.95 -13.2 96 ± 13 post-1952

23 8/29/1989 -123 -15.55 na na na

24 6/6/2012 -132.3 -17.26 -13.14 9.7 ± 2.2 mixture

25 6/11/1991 -135 -17.90 -12.6 2.3 ± 1.3a pre-1952

29 6/12/1991 -135 -17.85 -11.7 -22 ± 13 pre-1952

30 6/6/2012 -130.9 -16.98 -15 9.7 ± 2.2 mixture

31 6/6/2012 -132.4 -17.13 -12.28 4.7 ± 2.1 mixture

32 6/4/2012 -137.9 -18.00 -11.63 19.3 ± 2.3 mixture

35 6/4/2012 -143.3 -18.66 -8.18 8.5 ± 2.3 mixture

55 6/5/2012 -137.7 -18.03 -9.47 10.5 ± 2.2 mixture

56 6/5/2012 -131.4 -17.41 -12.72 28.8 ± 2.3 post-1952

57 11/5/1990 -135 -18.10 -3.9 0.4 ± 0.3 pre-1952

58 6/5/2012 -135.0 -17.65 -5.55 3.1 ± 2.1 mixture

59 6/5/2012 -129.2 -17.02 -9.12 33.1 ± 2.5 post-1952

78 8/8/2011 -124.7 -16.24 -7.98 26.6 ± 2.1 post-1952

99 3/28/1991 -132 -17.75 na na na

99 5/2/1991 -133 -17.60 na na na

99 5/31/1991 -134 -17.85 na na na

99 7/2/1991 -131 -17.75 na na na

99 7/30/1991 -133 -17.70 na na na

99 8/29/1991 -134 -17.85 na na na

99 10/2/1991 -135 -17.75 na na na

99 11/4/1991 -133 -17.30 na na na

99 12/6/1991 -129 -16.70 na na na

99 1/3/1992 -130 -16.90 na na na

99 2/7/1992 -135 -17.50 na na na

99 3/6/1992 -122 -15.55 na na na

99 4/6/1992 -133 -17.60 na na na

99 4/30/1992 -135 -17.70 na na na

99 6/18/1992 -134 -17.80 na na na

99 10/29/1997 -132 -17.32 na na na

Report site numbers 3–35 wells, 55–59 springs, 78 stream, 99 lake, na not analyzed
a Tritium sample collected on 5/21/1997
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between initial (one or more) and final (one) water com-

positions (solutions) along a single flowline or joined

(mixture) flowlines. Modeling was performed with PHRE-

EQC using the minimal mode, which means that models

were reduced to the minimum number of phases needed to

satisfy model constraints (Parkhurst and Appelo 2013).

Solutions used in the models were the water compositions in

Tables 1, 2, and 3. Water from Camas Creek was used to

represent relatively unevaporated Mud Lake water because

the water from Mud Lake collected for chemical analyses in

Tables 1, 2, and 3 was significantly evaporated. Solution

uncertainties were the larger of the CB (absolute value) of a

solution (rounded up to the nearest 1 %) or 5 %. Where

measurements of aluminum and iron were not available,

these constituents were assigned values of\10 and\20 lg/L,

respectively. Values reported (or assigned) as ‘‘less than’’

were modeled as one-half the ‘‘less than’’ value with an

uncertainty of 100 %. All solutions were assigned a pe of 4

except for the deep geothermal groundwater from site 100.

Site 100 was assigned a pe of -5 so that speciation of

constituents with PHREEQC would produce reduced spe-

cies of carbon (methane) and sulfur (hydrogen sulfide).
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Fig. 5 Map showing surface

geology (Lewis et al. 2012) and
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concentrations (in mmol/L) of

selected major ions in water
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Fig. 6 Major-ion composition
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Elements included in the models were hydrogen, oxy-

gen, carbon, silica, nitrogen, sulfur, chloride, fluoride,

calcium, magnesium, sodium, potassium, aluminum, and

iron. Phases included carbonates (calcite, dolomite),

evaporites (gypsum, halite, sylvite, bischofite), silicates

[rhyolitic volcanic glass, plagioclase (An25 and An60),

potassium feldspar], fluorite, calcium montmorillonite,

goethite, fertilizer (ammonium nitrate, sylvite), road salt

(halite), anti-icing liquid (MgCl2, represented as bischo-

fite), organic matter, and gasses (methane, hydrogen sul-

fide, DO, CO2). DO was included as a phase because the

water sample from Camas Creek (site 78) had a tempera-

ture of 19.3 �C and was undersaturated with DO; however,

most water from Camas Creek would recharge at colder

temperatures and be saturated with DO. Based on satura-

tion indices, kinetic considerations, and redox conditions,

all phases should dissolve in groundwater except for cal-

cium montmorillonite and goethite (precipitate) and calcite

(dissolve or precipitate).

Geochemical models were run with water compositions

from sites 6–31 and 33–34 as final solutions. From one to

many plausible results (i.e., model results that were con-

sistent with land cover, hydrology, geochemistry, and sat-

uration indices) were produced for each site except for site

17 (the results for site 17 were not consistent with d2H,

d18O, and tritium values). Plausible model results from

individual sites were similar in overall mass transfers of

carbonates, silicates, evaporites, etc., but differed as to

which specific phases were involved in mass transfers. A

representative model result for each site is shown in

Table 6 (small amounts of fluoride dissolved and goethite

precipitated in nearly all models but are not shown in

Table 6).

The model results indicate that sources of water to the

ESRP aquifer were groundwater from the Beaverhead

Mountains and the Camas Creek drainage basin; infiltration

of surface water from Medicine Lodge Creek, Camas

Creek, Mud Lake, and irrigation water; and upward flow of

geothermal water. Because Camas Creek was the primary

source of surface water to Mud Lake and for most surface

water used for irrigation, and because surface water

recharge occurred over most of the ESRP aquifer, Camas

Creek was a very important source of recharge to the

aquifer.

Mixing of groundwater with surface water or other

groundwater occurred throughout the ESRP, and mixing of

groundwater with surface water, other groundwater, and

geothermal water was modeled for four sites (sites 25, 27,

29, and 34) located in volcanic vent corridors. Evaporation

was modeled to reproduce the chemistry of groundwater

from sites downgradient of the CNWR (site 8) and Mud

Lake (sites 19 and 22).

Carbonate reactions, silicate weathering, and dissolution

of evaporites and fertilizer explain most of the change in

chemistry in the ESRP aquifer (Table 6). Large amounts of

gypsum and halite dissolution support the interpretation that

evaporite deposits are present within the Mud Lake subbasin

and are a significant source of chloride, sodium, sulfate, and

calcium in groundwater. Redox reactions were important at

the CNWR and Mud Lake (from oxidation of organic matter)

and at locations (sites 25, 27, 29, and 34) where upwelling

geothermal water mixed with groundwater (from oxidation

of reduced carbon and sulfur species in the geothermal

water). For example, anoxic groundwater at two sites (sites

25 and 29) was modeled by mixing geothermal water (site

100) with surface water and groundwater upgradient of these

sites and oxidation of reduced species in the geothermal

water. The groundwater would only be anoxic at these sites if

the groundwater was relatively stagnant because a continual

inflow of oxidized groundwater would produce oxidized

Table 5 Estimated age of water based on tritium concentrations in

water samples

Approximate age of water Tritium concentration (pCi/L)

Year

1991 2012

Pre-1952 (old, pre bomb) \4 \1

Post-1952 (young, post bomb) [60 [20

Mixture 4–60 1–20

8642
8

10

12

14

Calcium montmorillonite

Kaolinite

Sodium montmorillonite

•

Explanation

Site 100

Water from
study area

Log10[Na+/H+]
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g 10

[C
a2+

/(H
+ )

2 ]

[Al] = 2x10-7

[SiO2] = 4x10-4

T = 10 OC
P = 0.8321 atm •

Fig. 8 Stability relations among kaolinite, calcium montmorillonite,

and sodium montmorillonite with compositions of water samples

indicated. Brackets indicate thermodynamic activity of indicated

species
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conditions. Cation exchange was locally important in areas

where water had significant contact with sediment, for

instance, areas where surface water infiltration occurred

through wetlands or from irrigation.

Bischofite (could also be carnallite or anti-icing liquid)

appears to be a source of chloride in a few locations. At one

location (site 33), a large mass transfer of bischofite into

solution was required (Table 6) because water from this site

had an unusually large chloride/sodium ratio (4.3, Table 2).

A similar chloride/sodium ratio, 4.1, was observed at site 22

in 1950 (Olmstead 1962); however, since 1950, the SpC at

site 22 (1,000 lS/cm at 25 �C in 1950; Olmstead 1962)

decreased 28 % and the chloride/sodium ratio decreased to

1.1 (Table 2). The SpC at site 33 decreased 25 % since

measurements were first made in 2002 (U.S. Geological

Survey 2014), although the chloride/sodium ratio has

remained stable. A possible explanation for the initial large

SpC and chloride/sodium ratio at these sites followed by a

decreasing SpC and ratio (at site 22) is dissolution of

evaporite minerals, including evaporite minerals that pre-

cipitated from a magnesium chloride brine. Magnesium

chloride brines are present in some present-day salt lakes

(Krupp 2005) and may have formed locally in the study area

during the multiple climate-derived fluctuations of Lake

Terreton.

Location where dissolution of evaporite deposits is

occurring

Evaporite deposits within the Mud Lake area are associated

with sediment of Lake Terreton. Surficial deposits of lake

sediment extend over the southwestern part of the ESRP in

the Mud Lake area and westward onto the INL (Figs. 1, 3).

Gypsum identified in lake sediment in several wells at

depths ranging from 60 to 740 m below land surface (Blair

2001; Geslin et al. 2002) indicates that evaporite deposits

may be present at various depths. To determine whether

large amounts of evaporite deposits are dissolving within

or outside areas defined by surficial lake sediment, or both,

and in the unsaturated zone (from infiltration of irrigation

water), saturated zone, or both, a plot was made of SpC

versus NO3 ? NO2 in groundwater (where SpC is related

to the dissolution of evaporite minerals and the concen-

tration of NO3 ? NO2 is related to infiltration of irrigation

water).

Groundwater was grouped by location—within and

outside the area of surficial lake sediment on the ESRP in

the Mud Lake area (excluding anoxic groundwater with

input of thermal water that has anomalous chemistry and

hydrology) and within the area of surficial lake sediment

on the ESRP at the INL west of the Mud Lake area

(Figs. 3, 9). The ESRP in the Mud Lake area is exten-

sively irrigated, but no irrigation occurs on the INL

(Figs. 1, 2, 3).

The range (and mean) of SpC in groundwater from

areas within and outside surficial lake sediment in the

Mud Lake area were 265–929 (540) and 249–560

(394) lS/cm at 25 �C, respectively. The larger SpC in

groundwater beneath surficial lake sediments in the Mud

Lake area indicates that evaporite deposits are probably

present in greater quantity beneath the area where surfi-

cial lake sediment is present than in areas where surficial

lake sediment is not present. Groundwater from beneath

surficial lake sediment in the Mud Lake area also shows a

moderate positive correlation (R2 = 0.50; Fig. 9) between

SpC and NO3 ? NO2, indicating that infiltration of irri-

gation water is probably dissolving evaporite deposits in

R² = 0.50
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versus concentrations of nitrate
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the unsaturated zone. The SpC (range 301–407 lS/cm at

25 �C, mean = 357 lS/cm at 25 �C) of groundwater

beneath surficial lake sediment at the INL (Knobel et al.

1999), where no irrigation occurs, is smaller than the SpC

of groundwater beneath surficial lake sediment in the Mud

Lake area (Fig. 9). This result also supports the hypoth-

esis that infiltration of irrigation water through the

unsaturated zone is dissolving evaporite deposits associ-

ated with Lake Terreton resulting in elevated concentra-

tions of some solutes in groundwater in the Mud Lake

area.

Conclusions

The source of elevated solute concentrations in ground-

water in the Mud Lake area is evaporite deposits in the

unsaturated zone associated with Pleistocene Lake Terr-

eton. Large amounts of chloride, sodium, sulfate, and cal-

cium are added to groundwater from irrigation water

infiltrating through lake bed sediments containing these

evaporite deposits and the resultant dissolution of gypsum,

halite, sylvite, and bischofite.
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