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ABSTRACT

The Eastern Snake River Plain (ESRP) aquifer, beneath the ESRP in Idaho, United States of
America, is one of the most productive, and heavily-used aquifers in the United States. The
Idaho National Laboratory (INL) Site is located on the ESRP. Past waste disposal operations at
the INL Site have led to localized contamination of the ESRP aquifer, and the current waste
inventory in the vadose zone above the aquifer at the INL Site poses a potential future threat to
the aquifer. Additionally, due to past volcanic activity, the ESRP has been the exploration target
for geothermal development, but the presence of the vast cold-water aquifer largely prevents
direct characterization of this potential. For these reasons, a thorough characterization of the
ESRP aquifer is necessary. Previous studies have relied on hydraulic and geochemical data, and
focused primarily on the uppermost productive part of the aquifer. This study presents, for the
first time, groundwater temperature data from more than 200 shallow wells and nine deep wells
in and around the ESRP, which were evaluated to trace aquifer flow patterns in the uppermost
part of the aquifer and elucidate the vertical structure of the upper and lower aquifer,
respectively. These data provide firm constraints that the ESRP contains two aquifers, an upper
productive aquifer and a deep, tight thermal aquifer. This study defines the thickness of the upper
productive aquifer and the nature of the boundary between the two-aquifer systems. The data
also demonstrate that aquifer temperature distribution, combined with other data sources, is a
useful tool to confirm, or reveal, characteristics of an aquifer that cannot be defined by other
methods.

At the water table in the ESRP aquifer beneath the ESRP, groundwater temperatures range from
<6°C to >18°C even though ground-surface temperatures do not vary significantly. The coldest
areas of the aquifer correspond to zones of recharge, primarily from snowmelt in drainages
around the plain and from the Yellowstone Plateau. Zones of high recharge occur where the
South Fork of the Snake River enters the plain near Rexburg, Idaho, and along the northern
margin of the plain from the Medicine Lodge Basin (Centennial Range). Anomalously, warm
zones in the aquifer probably correspond to areas of slow groundwater movement and/or areas
where geothermal input from depth is pronounced and overwhelms the cold water system. Warm
zones occur in the western, north central, and southeastern areas of the INL Site and in an area
just north of Juniper Buttes near the northeastern margin of the plain. In all four areas,
temperatures at the water table reach >18°C.

Vertical temperature profiles from more than 200 shallow wells and nine deep wells in and
around the ESRP show that the warm zones in the ESRP aquifer are the tops of heated
groundwater plumes that are related to less-permeable, slower-flowing regions of the aquifer and
are the result of increased conductive heating or possibly direct geothermal input into the aquifer.
The heated groundwater plumes are not a result of the infiltrated or warmer irrigation water. In
addition, temperature profiles in the nine deep wells show inflection points from a nearly
isothermal regime where groundwater flow controls temperature to steep regional conductive
gradients where there is little lateral movement of groundwater, Examination of drill cores
reveals that these temperature inflection points correspond to the inception of hydrothermal
alteration and mineralization of basalts, which seals permeability and forms the base of the upper
productive (transmissive) aquifer.

Based on temperature inflection points, ESRP aquifer thickness in the area of the INL Site ranges
from <100 m to approximately 400 m, increasing in thickness to =800 m in a deep exploratory
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well approximately 42 km southwest of the INL Site. Deep “channels™ of cold groundwater
characterize the thickest portions of the aquifer with very sharp inflection in well temperature
profiles where the regional thermal conductive gradients mark the base of the upper productive
aquifer. Two of the warmest zones correspond to areas where the aquifer is very thin and
geothermal water is closer to the surface.

Keywords: Eastern Snake River Plain, thermal groundwater tracer, groundwater flow,
temperature distribution.

1. INTRODUCTION

Beneath the Eastern Snake River (ESRP) in Idaho, United States of America, is the
highly-productive and aerially-extensive ESRP aquifer (27,900 km?; Figure 1; Whitehead 1986).
Because of its association with tectonic and thermal features of the Yellowstone hot spot track,
the ESRP and its margins are recognized as the location for potential (and actual) geothermal
resources, It was highlighted as one of six high-grade enhanced geothermal system regions
within the United States (U.S.), with 75% of the 37,500-km” area demonstrating temperatures
>200°C at a depth of 4 km (MIT 2006). In 1991, the ESRP aquifer was designated as a Sole
Source Aquifer under Section 1424 of the Safe Drinking Water Act (EPA 1999). The Sole
Source designation recognizes that the aquifer serves as the principal source for drinking water
for the region and that there is no reasonably available alternative source should the aquifer
become contaminated. For the most part, the aquifer contains pristine, uncontaminated
groundwater. However, past waste disposal practices of the U.S. Department of Energy at the
Idaho National Laboratory (INL) Site have locally contaminated the aquifer with low levels of
organic solvents and radionuclides (DeSimone et al. 2014). Contamination also exists in the
vadose zone above the aquifer at the INL Site, and these shallow sources pose a potential
continuing threat to groundwater quality. In addition, poor agriculture and sewage disposal
practices have resulted in elevated nitrate concentration in some areas of the aquifer

(Neeley 2005).

Effectively managing and protecting the regionally-important ESRP groundwater resource
requires a detailed understanding of the nature and characteristics of the shallow sole source
aquifer and the much deeper heat sources. This study uses observed horizontal and vertical
groundwater temperature observations to infer the thickness of the aquifer. This approach is
integrated with previously-published isotopic studies (Johnson et al. 2000; Lou et al. 2000,
Roback et al. 2001) to infer large-scale aquifer flow features and assess the relationship of the
aquifer to deep heat sources.

2. BACKGROUND
2.1. Hydrogeology

The ESRP is an arcuate structural depression 50 to 100 km wide by 300 km long and
encompasses approximately 27,900 km? of southeastern Idaho. The plain rises from
approximately 1,000 m above mean sea level in the west to >1,500 m in the east. It is bounded
on the north and south by mountains rising >2,500 m above the plain. The mountain ranges are
composed of deformed Paleozoic and Mesozoic sedimentary rocks and silicic volcanics. The
sedimentary rocks have been uplifted relative to the plain by northwesterly trending faults
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associated with the Basin and Range Province (Kuntz et al. 1992), through which the plain cuts a
northeast-trending swath (Pierce and Morgan 2009).
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Figure 1. Map of study area showing topography, major geographic features, water table
elevation contours (Lindholm et al. 1987), and partial boundary of drainage basin for the Eastern
Snake River Plain aquifer (the drainage basin extends farther east, into the Yellowstone area and
farther south into Utah). Control for the contours of aquifer temperature comes from temperature
logs of many wells (black dots). Temperatures of wells in and near the Idaho National
Laboratory Site were acquired during logging campaigns from 1990 through 2001. Temperatures
of wells outside the Idaho National Laboratory Site were reported by Bartholomay et al. (1997)
and Brott et al. (1981). Flow directions (green arrows) were interpreted from both water table
elevations and zones of continuous warm or cool groundwater in the aquifer. Idaho National
Laboratory Site is indicated by “INL.”

Quaternary basaltic eruptive centers and associated flows cover >95% of the topography of the
ESRP. Locally, a thin layer of fluvial sediments and loess covers these basalt flows, primarily
along the Snake River and where drainages feed onto the plain. Individual basalt flows of
relatively small volume were extruded primarily from northwest-trending fracture systems or
numerous small monogenetic shield volcanoes (Pierce and Morgan 1992). At depth, the basalts
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are inter-layered with a variety of sediment, including carbonate, fluvial sands and gravels,
carbonate-rich eolian silt, lacustrine deposits, and minor reworked silicic tuffs (Bartholomay et
al. 1997). Below approximately | km in depth, welded rhyolite tuff and tuffaceous sediments
dominate the plain (Pierce and Morgan 1992). Recent (~2KA) volcanic activity on the ESRP has
resulted in a very-high geothermal gradient (Blackwell 1989) as manifested by numerous thermal
springs around the periphery of the plain.

The first significant study of the ESRP aquifer system was conducted in the 1930s (Stearns 1936,
Stearns et al. 1938). The aquifer is recharged by underflow and runoff from high mountains that
surround the plain. The most prominent sources of recharge water to the aquifer are the
Yellowstone Plateau at the northeast margin of the ESRP, Centennial Range north of the plain,
and Basin and Range mountain ranges northwest and southeast of the plain (Figure 1).
Infiltration of irrigation water, derived primarily from surface water sources, is also a locally
important source of aquifer recharge water primarily along the eastern margin of the plain,
Regional groundwater flow is generally southwestward in the aquifer, down the length of the
plain from the Yellowstone Plateau to its discharge along the Snake River west of Twin Falls,
Idaho (Figure 1). Because of low temperatures (<20°C), the short residence times of groundwater
in the host rock (generally estimated to be less than a few hundred years), and the relative
insolubility of the host rock, the cool upper productive aquifer is relatively inert geochemically.
Thus, the geochemical and isotopic signature of the recharge terrains is preserved in the
groundwater tens of kilometers into the aquifer (Roback et al. 2001). Groundwater moves
through the host rocks of the plain in interflow rubble zones between lava flows, fractures within
basalt flows, and coarse-grained clastic interbeds at flow rates of up to 1 km/yr " in places
(Fisher and Twinning 2011). Groundwater flow in the aquifer is impeded by thick, relatively
unfractured interior zones of lava flows; zones of fine-grained clastic interbeds; and perhaps
vertical, northwest-trending basalt feeder dikes in volcanic rift zones (see for example, Kuntz et
al. 2002). These geologically heterogeneities lead to differences in saturated hydraulic
conductivity of several orders of magnitude (Welhan and Reed 1997), which render delineation
of groundwater flow patterns difficult. Although it has been long recognized that the aquifer is
highly heterogeneous, past investigators have used the assumption of an equivalent porous
medium in their modeling efforts (Robertson et al. 1974; Lewis and Goldstein 1982; Goode and
Konikow 1990).

This assumption is based on the reasoning that a sufficiently large volume of the ESRP aquifer
will exhibit the same behavior as a smaller volume of a porous medium aquifer (Robertson et al.
1974; Robertson 1976; Garabedian 1986). However, previous investigations of groundwater
chemistry and isotope content (Johnson et al. 2000; Lou et al. 2000; Roback et al. 2001; McLing
et al. 2002) suggest that equivalent porous medium treatment does not adequately describe the
flow complexities arising from the large-scale heterogeneities in transmissivity or the observed
interaction of cold water recharge with high crustal heat.

The objective of this study is to demonstrate that horizontal and vertical temperature distribution,
combined with other data sources, are useful tools for revealing the groundwater flow pattern
and determining the depth to which convective groundwater flow controls temperature.

2.2. Groundwater Temperature

Early conceptual models used to model groundwater flow in the ESRP aquifer assumed uniform
aquifer thickness (see for example, Robertson 1976 and Garabedian 1986). This assumption was
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supported by data from groundwater production wells that were drilled no deeper than the depth
necessary to produce adequate water flow (up to hundreds of m%/s). However, because of the
importance of understanding the geothermal potential and delineating the extent of aquifer
contamination associated with the U.S. Department of Energy’s activities, temperature data from
the nine deep wells (eight drilled on the INL Site and one off the INL Site) provide valuable
insight into the three-dimensional character of the aquifer.

Water recharging the ESRP aquifer from the Yellowstone Plateau and mountain valleys
surrounding the ESRP is mostly snowmelt from high elevation and therefore cold (6 to 9°C). As
groundwater flows to the southwest, the water table generally deepens and flowing aquifer water
intercepts the crustal heat flow of approximately 110 mW m ? (among the highest in North
America; Blackwell and Steele 1992) from below. The aquifer water gradually warms until its
temperature is approximately 11 to 12°C at the location of the INL Site and approximately 16°C
at its discharge in the Thousand Springs area (Figure 1). The southwestward warming of
groundwater (Blackwell 1989) is complicated by flow of cold recharge water toward the plain
from the high mountains along its northwest margin and from the infiltration of diverted Snake
River irrigation water along its southeastern margin (Figure 1). As a result, local thermal profiles
vary drastically, and are strongly influenced by permeability distribution. In addition, there are
zones of deeper, warmer groundwater recharge from the high-temperature areas (>16°C) on the
margins of the plain (for example, the Butte City, Idaho, area [Figure 1]), especially in places
where major side streams carrying cold groundwater are absent. The interplay of crustal heat and
cold flowing groundwater make aquifer temperature analysis a particularly applicable
methodology for investigating aquifer geometry and flow dynamics (Brott et al. 1981).

2.3. Well Temperature Profiles

The contribution of deep thermal groundwater to the upper productive aquifer was first
hypothesized nearly 40 years ago, based on geological arguments (Robertson et al. 1974). Mann
(1986) inferred from well INEL-1 that up to 19 million cubic meters of thermal groundwater
might be upwelling into the effective aquifer beneath the INL Site. Wood and Low (1986)
determined that, based on "*C and 8’H, groundwater in the deep thermal system may be more
than 17,000 years old and may have been recharged during a colder climatic time. McLing et al.
(2002) identified a distinct chemical signature for groundwater that has its source in the well-
equilibrated deep geothermal system, suggesting that deep Na-K-HCO3 groundwaters are
distinct from the groundwater of the upper aquifer system. The chemical influence of this deep
upwelling groundwater is well preserved in the chemical signature of the upper aquifer. McLing
et al. (2002) also postulated based on the limited data that the deep Na-K-HCO3 groundwaters
are widespread across the ESRP indicating that a regional geothermal system is present, albeit
suppressed by the upper productive aquifer.

Since the early 1960s, more than 200 shallow wells in and around the ESRP have had vertical
temperature profiles logged. U.S. Geological Survey (USGS) personnel working at what was
then the National Reactor Testing Station (now INL) performed the earliest temperature logging
(Olmsted 1962). Since the 1970s, several temperature-logging studies have been conducted in
the plain (Brott et al. 1981; Ziagos and Blackwell 1986; Blackwell 1989; Blackwell 1990;
Blackwell et al. 1992; Williams and DeAngelo 2008). The goals of these studies were to

(1) determine crustal heat flow beneath the ESRP aquifer, (2) determine the nature of the
transition from the upper productive aquifer to the convection-dominated deep geothermal
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system, (3) determine the temperature distribution in the aquifer water itself (Blackwell and
Steele 1992), and (4) evaluate the geothermal potential beneath the aquifer. However, because
most of the logged wells were drilled to monitor water levels and collect water samples, they
generally extend only a few meters below the water table and provide only limited information
on sub-aquifer geothermal characteristics. In addition to the monitoring wells, a number of deep
wells were drilled that penetrate the base of the aquifer. Nine of these deep wells have high-
quality temperature logs and are used in this study to provide information on position of the
upper productive aquifer’s base and three-dimensional distribution of temperature throughout the
aquifer. The nine deep wells are identified as INEL-1, Site 14, CH2-2A, CH-1, C1A, WO-2,
ANL-1, M-ETR, and Kimama.

Prior to the availability of drill core, water chemistry, and temperature data from deep boreholes
on the ESRP, there was not an accurate method for determining the position of the effective base
of the upper productive aquifer. Because little was known regarding the deep subsurface, an
early approach was to assume that Tertiary lava flows and sediments that lie beneath the
Quaternary lava flows and sediments of the plain were so old that they were altered and
relatively impermeable, thus defining the base for the aquifer (Robertson et al. 1974; Robertson
1976; Garabedian 1986). Whitehead (1986) used electrical resistivity surveys to define the
thickness of the Quaternary section, and thus the thickness of the aquifer. Anderson and Bowers
(1995) and Anderson et al. (1997) argued that the effective base of the aquifer coincides with the
top of “a thick widespread layer of clay, silt, sand, and altered basalt that is older than about

1.8 million years and equivalent in age to the Glenns Ferry Formation.” Drilling of well INEL-1,
through the base of the productive aquifer showed that, at least locally, the position of the aquifer
base is related the inception of secondary mineralization, which seals conductive structure in the
aquifer host rock (Mann 1986). Mann (1986) noted that in well INEL-1, where the water table is
approximately 120 m below land surface, temperature, groundwater chemistry, and permeability
changed dramatically in the borehole approximately 250 m below land surface. Aquifer
properties (i.e., temperature, chemistry, and permeability) above the 250-m transition were
consistent with the regional aquifer system; however, below 250 m, temperatures were higher,
groundwater chemistry was more sodium and potassium rich, and matrix permeability was
dramatically reduced and head increased (Mann 1986). The implication of well INEL-1
observations regarding change in aquifer properties with depth was not realized until Morse and
McCurry (2002) and McLing et al. (2002) conducted studies. Using available core and water
samples, these studies suggested that the characteristics of the entire ESRP aquifer system are the
same as observed in well INEL-1. Based on changes in groundwater chemistry with depth,
McLing et al. (2002) concluded the aquifer was actually composed of two systems, a shallow,
cold, highly-transmissive aquifer with fast-moving groundwater and a deep, warm, more
stagnant aquifer system, This conclusion is supported by the measured 35,000-year age for deep
groundwater from well INEL-1 (Mann 1986). Morse and McCurry (2002) observed in the drill
core collected from deep boreholes that the inception of hydrothermal alteration and secondary
mineralization of basalts coincides with the transition from Ca-Mg-HCO3 to N-K-HCO3 type
groundwater reported by McLing et al. (2002). The occurrence of mineral alteration results in
decreased permeability allowing the conductive thermal gradient to control temperature in the
deeper aquifer system.
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3. METHODS

Geothermal heat and borehole temperature logs have a long history of use for defining aquifer
flow direction and quantifying aquifer hydraulic parameters (Bredehoeft and Papadopulos 1965;
Ge 1998; Burns et al. 2011; Saar 2011; Burns et al. 2015). In most of these applications, the
aquifers that were studied have a large variability in horizontal and vertical permeability or are
regionally confined. Burns et al. (2011) had some success using aquifer temperature to model
regional aquifer behavior in the confined Columbia Plateau aquifer. Saar (2011) showed that
using geothermal heat in an aquifer combined with multiple diverse data sets makes a powerful
tool to elucidate large-scale groundwater flow. Also, well temperature profiles have been used in
computational models to identify fracture flow zones within an aquifer system (Shemin 1997,
Ge 1998; Ingebritsen 1992). Heat flow in the ESRP averages 110 mW m * (Blackwell 1989) but
is not uniformly distributed. Heat flow is highest along the margins of the plain (80 to

100 mW/m?-s) and lowest along the central plain (approximately 30 mW/m?-s). The low heat
flow values in this region are largely based on shallow wells, which are strongly influenced by
the presence of a huge fast-flowing aquifer system in the ESRP, When heat flow is measured in
deep wells that penetrate below the base of the aquifer, the values are more consistent with the
regional heat flow of 110 mW/m?-s (Blackwell 1989). However, even for the deepest boreholes
drilled into the plain, there is significant variability in heat flow depending on location. For
example, heat flow measured in well INEL-1 is up to 110 mW m * while heat flow in well CH-1,
15 km to the southeast, is 65 mW m .

Although thousands of wells have been drilled into the ESRP aquifer for contaminant
monitoring, domestic water supply, and agriculture production, these wells provide very little
information regarding the vertical character of the aquifer. Fortunately, over the past 40 years,
there have been a number of deep wells drilled that penetrate through the upper productive
aquifer. Nine of these deep wells that have had multiple high-quality temperature profiles
collected are used in this study. The most recent well drilled was the Kimama well. The Kimama
well was drilled in 2010 as part of Project Hotspot, which drilled a series of deep boreholes in
southern Idaho (Shervais et al. 2013), The 1,912-m-deep Kimama well was drilled 42 km
southwest of the INL Site (Figure 1). Although the Kimama well was decommissioned due to
Idaho State permitting requirements not long after drilling, the data collected from the well
(Twining and Bartholomay 201 1; Shervais et al. 2013) have proven invaluable. Data from the
Kimama well allow for extending the three-dimensional aquifer model well outside of the INL
Site. Together, the nine deep wells used in this study represent rare and extremely valuable
windows into the vertical character of the aquifer. Unfortunately, the three deepest wells
(INEL-1, Kimama, and WO-2) are no longer available for study. For these three deepest wells,
this study relies on existing data that were collected by the USGS in the past, in some cases
(wells INEL-1 and WO-2), more than 30 years ago (Mann 1986; Blackwell 1990).

This study summarizes borehole temperature data from more than 200 shallow monitoring wells
and nine deep wells of sufficient depth to penetrate to the conductive heat flow regime beneath
the ESRP aquifer. The USGS collected and recorded data from many of the deepest INL wells.
Thermal data from several of these wells have been collected for several decades and show that
aquifer temperatures and borehole temperature profiles have remained remarkably stable over
time. It has been recognized that available hydraulic head data may lack the resolution to fully
characterize groundwater flow in regional aquifers such as the ESRP (Blackwell and Priest 1996;
Anderson 2005). Therefore, it is important that other studies and sources of data be used to refine
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295  conclusions drawn from the water-table elevation measurements alone. Synthesis of multiple
296  sources of data such as temperature, chemistry, hydraulic head, and environmental isotopes can
297  offer a better understanding of flow characteristics than any single data source considered in
298  isolation.

299 4. TEMPERATURE PROFILES IN DEEP WELLS IMPLICATIONS FOR AQUIFER
300 GEOMETRY

301  The ESRP aquifer geologic characteristics provide a unique opportunity to use temperature logs
302 in numerous wells distributed over 27,900 km? to define the dynamics of aquifer flow in an

303 exceptionally large, free-flowing, aquifer in fractured rock. It is also an ideal system to test the
304  validity of using groundwater temperature combined with chemical data to characterize

305  large-scale aquifer conditions, Temperature profiles from the nine deep wells shown in Figure 2
306  show abreak in slope from an isothermal gradient in the upper reaches of the boreholes to a
307  deeper, steep conductive gradient in the deeper reaches of the boreholes. This break in slope
308  marks the base of the upper productive aquifer and the transition to the deep, tight geothermal
309  aquifer at depth. Drill core data collected from some of the deep wells show that this break in
310  slope also corresponds to the inception of hydrothermal alteration and secondary mineralization
311  of basalts beneath the upper aquifer (Morse and McCurry 2002). The occurrence of mineral

312 alteration is important because it results in the sealing of conductive structure within the aquifer,
313 and allows conductive heat flow to dominate.
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Figure 2. Temperature profiles for nine deep wells at Idaho National Laboratory Site and in the
Eastern Snake River Plain.

Temperature profiles for individual wells completed in the ESRP aquifer illustrate the regional
and local three-dimensional character of the aquifer temperature. In general, temperature profiles
for aquifer wells show a constant temperature gradient in the vadose zone from the land surface
to the water table. That gradient usually increases with depth in places where the aquifer
temperature is >16°C but can be negative over areas where there is vigorous cold-water recharge
(Brott et al. 1981). Below the water table, the profiles are either isothermal or show minimal
temperature change with depth (Figure 2). This lack of vertical variation in temperature is
interpreted to be the result of fast-flowing groundwater in the highly-transmissive upper aquifer
(Anderson 2005). As shown in Figure 2, the bottom of the isothermal section is usually abrupt,
and below that depth the gradient increases to reflect the conductive transfer of heat from the
deep crust and upper mantle. The nearly constant measured heat flow over large areas of the
ESRP (on a kilometric scale) supports the idea of conductive heat flow from great depth
(Blackwell and Steele 1992; Blackwell et al. 1992). The abrupt transition from “isothermal” to
conductive gradient (temperature inflection point) corresponds to the upper limit of alteration
and mineralization of basalts, as evidenced in drill cores for several wells (Morse and McCurry
2002). The abrupt transition is also coincident with the change in groundwater chemistry
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described by McLing et al. (2002). These types of abrupt vertical changes in thermal regime are
also seen in other volcanic terrains such as the Cascade Range (Blackwell and Priest 1996).

The temperature profiles of the nine deep wells for which quality temperature logs are available
(Figure 2) provide important insights regarding geometry and flow dynamics of the ESRP
aquifer (Table 1).

Table 1. Aquifer thickness as indicated by characteristics of temperature logs in deep wells at
Idaho National Laboratory Site and Eastern Snake River Plain.

Gradient
Aquifer Thickness Depth to Aquifer Base (°C/km)
Well Name (m) (m) Deep Aquifer

INEL-1 100 220 44
Site 14 120 200 14
CH2-2A 342 405 60
CH-1 166 450 39
CI1A 149 330 49
WO-2 368 510 72
ANL-1 364 550 120
M-ETR 110 245 39
Kimama >800 >900 75

First, the depth to the base of the aquifer (the inflection from isothermal to regional conductive
gradients) ranges from 100 m to >680 m beneath the water table. The aerial distribution of
aquifer thickness contoured from these nine deep well control points shows that a deep,
east-to-northeast-trending “channel” crosses the southeastern and south-central portion of the
INL Site (Figure 3). Six of the nine deep well logs reveal a water-table temperature of
approximately 12 to 13°C, but three of them (i.e., wells INEL-1, C1A, and M-ETR) have aquifer
temperatures of approximately 18 to 20°C and define a warm zone in the aquifer (Figure 4).
Vertical profiles for these wells show increasing groundwater temperatures with depth to the
base of the aquifer. These observations refute the suggestion by Robertson et al. (1974) that
warm groundwater rests above colder groundwater due to infiltrating irrigation water or playa
lake settings. Rather, temperature profiles in these deep wells show that heat from depth through
the upwelling of geothermally heated water entering into the upper productive aquifer is the
cause of the warm zones. In these areas, the geothermal flux is so great relative to flow of
groundwater that temperatures are affected from the base of the aquifer to the water table.
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356  Figure 1. Contours of aquifer thickness on Idaho National Laboratory Site based on eight deep
357  wells for which temperature logs are available.
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Figure 2. Aquifer temperature at water table for Eastern Snake River Plain aquifer within and
near Idaho National Laboratory Site.

5.  AQUIFER TEMPERATURE DISTRIBUTION

The ESRP aquifer temperature distribution at the water table (Figure 4) was mapped using
temperature-logging data from more than 200 shallow wells in the ESRP. Figure 4 shows the
temperature of the aquifer is not uniform across the plain, but rather varies as a function of
distance from recharge areas, flow velocity, and geothermal upwelling from depth. A
longitudinal section of the aquifer, showing the persistent warming of the aquifer from recharge
to discharge zones, also was constructed from this information (Figure 5). Because of an
extensive groundwater monitoring program at INL, more than half of the deep wells used for this
study are located near the INL Site. Many additional wells are distributed across the entire plain
(Brott et al. 1981; Ziagos and Blackwell 1986; Bartholomay et al. 1997), especially in the
agricultural regions along the Snake River. Background temperatures for the aquifer generally
range from approximately 11 to 13°C, in the central part of the aquifer, but are punctuated by
several anomalously warm and cool areas (Figure 1). Figure 1 was developed from the
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374  integration of data from this study for the area proximal to the INL Site with data from
375  Bartholomay et al. (1997) and Brott et al. (1981) for the larger plain.
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376 Scale (km)

377  Figure 5. Simplified and idealized longitudinal section of Eastern Snake River Plain aquifer from
378  its source in the Yellowstone area to its discharge in the Thousand Springs area. Blue arrows

379  indicate recharge to the aquifer from the Yellowstone Plateau. Groundwater flow is generally
380  parallel to the section but there is considerable lateral infiltration from the highlands surrounding
381  the Eastern Snake River Plain, Only the fast-flowing upper productive aquifer is colored to

382  indicate temperature and vertical variation in temperature is assumed to be negligible compared
383  to horizontal temperature variation. The indicated temperature distribution illustrates the overall
384  warming from approximately 5°C in the source areas to approximately 16°C at the discharge area
385  and the effect of two “hotspots,” one at Juniper Buttes and one in the southeastern corner of the
386  Idaho National Laboratory Site, Basal heat flux is the average annual heat flux estimated by

387  Blackwell (1989). Approximate line of section is shown in Figure 1.

388  The coldest groundwater in the ESRP aquifer (as low as 6°C) is located south of the Yellowstone
389  Plateau and in areas of recharge by the major drainages along the margins of the ESRP. In

390  contrast when compared to the regional groundwater temperature, there are anomalously warm
391  areas in the aquifer (temperatures reach or exceed approximately 18°C at the water table). These
392 warm zones occur along the margins of the plain, except in areas where the major drainages

393  enter the plain. Additional warm zones within the aquifer itself occur in the northern INL Site; at
394  the southeast corner of the Site; north of Juniper Buttes; and northwest of Jerome, Idaho

395  (Figure 1), which are upgradient of the discharge areas of the aquifer in the Snake River Canyon
396  between Twin Falls and Bliss, Idaho. These warm zones signify places where geothermal heating
397  from depth is sufficient to affect aquifer temperature at the water table, either because of slow
398  groundwater flow in the aquifer, or vigorous input of geothermally-heated water from below the
399  base of the aquifer, or both.
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6. VERTICAL AQUIFER TEMPERATURE DISTRIBUTION

Vertical ESRP aquifer temperature distribution in the area where numerous deep wells have been
drilled and logged (i.e., the INL Site area) is shown in the Figure 6 cross section, which shows
the profound differences in aquifer temperature distribution and temperature gradients for
different areas. The south-central area of the INL Site, represented by well ANL-1, is
characterized by a channel of relatively cool groundwater that extends to a depth of
approximately 400 m below the water table, below which a sharp inflection to the regional
conductive gradient (within a depth interval of approximately 100 m) occurs. Data from the
Kimama well provide supporting evidence that this thick channel of cool groundwater is a
regional feature extending well south of the INL Site, In contrast, the north-central area,
represented by wells CH2-2A, Site 14, and USGS-7 (identified as 7 on the map in Figure 6), is
characterized by warm temperatures at the water table (i.e., temperatures up to 16 or 17°C),
gradual warming with depth below the water table, and a less abrupt transition to the regional
conductive gradient. Because this warm zone occurs in an area where sediment interbeds within
the basalt sequence are numerous and thick (Helm-Clark et al. 2004), this study speculates that
transmissivities are lower here than elsewhere in the aquifer and that groundwater flows
sufficiently slow to allow geothermal heat from below to affect aquifer temperature throughout
the entire thickness of the aquifer.

North-South Aquifer Temperature
waen  Cross Section Through the INL s
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Figure 6. Detailed north-to-south cross section showing aquifer temperature distribution beneath
Idaho National Laboratory Site. Lightly shaded zones are sediment interbed layers within the
basalt sequence.
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The warm zone at the southeast corner of the INL Site (Figure 4) requires an alternate
explanation. It occurs along the axis of the ESRP, where interbeds are few, but where volcanic
source areas with porous near-vent facies are abundant (Hackett and Smith 1992). In this
instance, the ESRP aquifer temperatures may reflect longer residence times coupled with the
presence of a geothermal circulation system of sufficient size that is able to overwhelm the
cooler productive aquifer. The interpretation that this thermal anomaly is caused by the presence
of a strong geothermal circulation may imply that this area is a good target for geothermal
exploration.

7.  HORIZONTAL TEMPERATURE DISTRIBUTION: IMPLICATIONS FOR
GROUNDWATER FLOW

ESRP aquifer temperature variation along and across the ESRP provides useful information for
tracing aquifer flow paths because of the interaction of cold recharge waters (mostly snowmelt)
with exceptionally high heat flow (Blackwell 1989; Blackwell et al. 1992) from the crust beneath
the ESRP. Cold recharge water derived along the margins of the plain and from surface recharge,
and plumes of warm groundwater created by the upwelling of geothermal water, act as
long-term, large-scale tracer tests that elucidate the flow regime within the aquifer. The size,
shape, and continuity of these cold and warm plumes are influenced by preferential pathways for
groundwater flow and provide information about flow directions, relative flow velocities, and
lateral dispersivity of the aquifer.

In the main recharge area for the eastern portion of the ESRP aquifer, just southwest of the
Yellowstone Plateau, the groundwater is rapidly warmed from approximately 6 to 11°C
(Figure 6). Except for one warm well near Juniper Buttes and cold recharge from streams north
and south of the ESRP, aquifer temperature remains near 11 to 12°C throughout the reach from
the Yellowstone Plateau to the INL Site. Significant warming takes place along the eastern
boundary of the INL Site, and aquifer temperatures of >13°C prevail throughout much of the
INL Site area. Because the density of available temperature logs for wells downgradient of the
INL Site is much lower, the aquifer temperature effects of input from some known geothermal
areas such as that near Magic Reservoir are not well defined in Figure 6. However, sufficient
temperature data exist (e.g., Brott et al. 1981) to document the influence that the regional
geothermal heat flow of the plain has on the temperature of water in the aquifer. Groundwater
emerging from the aquifer in springs along the Snake River Canyon between Twin Falls and
Bliss shows that the aquifer has warmed from approximately 6°C when it was recharged to
14.5 to 16°C when it was discharged (Bartholomay et al. 1997; USGS 2004).

The areal ESRP aquifer temperature distribution provides information about aquifer flow
directions at both the local scale (where well density is sufficient to resolve it) and a regional
scale. An example of local-scale flow structure is shown in the north-central part of the INL Site
(Figure 4). Here, a narrow plume of cold recharge groundwater penetrates the large warm zone
in the central INL Site. This narrow cold plume is not just a surface feature, where cold recharge
water is riding on top of the regional aquifer. Rather, this cold channel penetrates to a significant
depth into the subsurface as shown in Figure 7. This cold channel results from aquifer recharge
water that flows along strong preferential pathways (probably fracture zones) aligned with the
regional stress field (Welhan and Reed 1997). This water flows with sufficient velocity to
counter the effects of geothermal heat from below. Support for this interpretation comes from
multiple sources including tracer tests in which injected tracers break through to distant
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466  observation wells long before breaking through to nearer wells that are not within the preferential
467  pathway indicated by the temperature data (Arnett 2002). Likewise, the contamination plume
468  from the Test Area North injection well located proximal to deep well CH2 has the same overall
469  shape and direction as the narrow cold plume (INEEL 2003). The addition of the Kimama well
470  datain 2011 (Twining and Bartholomay 2011) may support the existence of a thick, cold

471  preferential channel for groundwater flow along the central axis of the ESRP, as the well is on
472 strike with the cold, thick aquifer channel at the INL Site and has an aquifer thickness of >855 m.
473 However, given the paucity of data and the distance between Test Area North area and the

474  Kimama well, this speculation should be considered tenuous at best,

475 A zone of relatively cool groundwater with temperatures of 10 to 11°C occurs in the

476  southwestern corner of the INL Site (Figures 4 and 6) and is located in a region of the INL Site

477  where water from the Big Lost River is diverted for flood control purposes into large infiltration
478  basins in high precipitation years. This water infiltrates rapidly through the vadose zone (Wood

479  and Huang 2015) to the ESRP aquifer, where it forms an anomalously cool zone in this area of

480  the INL Site.

481  On the regional scale, the temperature distribution provides information about long-range ESRP
482  aquifer flow. Throughout the aquifer, temperature distribution reveals the numerous flow paths
483  that are defined by warm and cold groundwater moving through the aquifer (Figures 1 and 4).
484  For example, at the northeast portion of the aquifer, a warm zone near Juniper Buttes is

485  elongated to the west-southwest (Figure 1), at an oblique angle to the southwest trending axis of
486  the plain. The western elongation of this thermal anomaly rather than parallel to the axis of the
487  plain based on the regional hydraulic gradient may result from the large influx of cooler recharge
488  water from the drainage of the South Fork of the Snake River (Figure 1) as it emerges from the
489  southeastern margin of the plain near Idaho Falls, Idaho. USGS data for the Lorenzo gage on the
490  South Fork of the Snake River north of Idaho Falls shows that water temperature during the

491  irrigation season (May to September) is approximately 7 to 16°C and drops to <5°C from

492 November to March. Another major contributor to this diversion to the west is the influx of large
493 volumes of irrigation water diverted from the Snake River to support agriculture in the eastern
494  region of the ESRP. This large volume of cold-water recharge causes a ridge in the water table
495  and forces aquifer flow to the northwest, having the effect of forcing the flow from upgradient
496  parts of the aquifer through the INL Site area, most of it through the deep, cool channel

497  discussed in section 6 (Figures 3 and 6). Most of the cold water in the recharge zone from the
498  South Fork of the Snake River then flows downgradient near the southern eastern margin of the
499  plain, south to the Kimama well area. The warm groundwater zone near the southeast corner of
500  the INL Site (Figure 1) appears to be a zone of high geothermal input to the aquifer, resulting in
501  significant warming of groundwater flowing through this area. The warm flow path

502  downgradient of this warm groundwater zone remains intact throughout the reach of the aquifer
503  from the INL Site to discharge areas near Thousand Springs. Water from the cold channel at the
504  INL Site, from Birch Creek, and from the Little Lost River, flows parallel to the warm plume,
505  but remains along its northwest margin. Cold groundwater recharged from the South Fork of the
506  Snake River flows semi-parallel to it along the southeast side (Figure 1), The cold-groundwater
507  recharge plume from the Big Lost River remains close to the northwest margin of the plain and
508  merges with flow from the Little and Big Wood Rivers. The apparent persistence of the warm
509  stream for >100 km downgradient suggests that lateral dispersion in this reach of the aquifer is
510 limited.
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Flow directions based on ESRP aquifer temperature distribution can be compared to previous
interpretations of flow directions (see for example, Garabedian 1986 and Ackerman et al. 2006),
This study’s flow direction analysis based on temperature provides more details of the flow
regime for the area within the INL Site, where the resolution based on temperature is greater due
to the large number of temperature-logged wells. The presence of a warm zone in the aquifer
near the southeast corner of the INL Site (Figure 1) defines the western boundary between the
heat flow of the regional ESRP aquifer and the limit of influence that cold recharge from the
South Fork of the Snake River has on aquifer temperature. Although the South Fork of the Snake
River contributes a large amount of recharge water to the aquifer, the data for this study show
that this recharge is restricted to a zone that abuts the southeast margin of the plain (Figure 1).

8. COMPARISON TO FLOW REGIME INDICATED BY GROUNDWATER
CHEMISTRY AND EQUILIBRATION OF NATURAL ISOTOPES

Studies of the ESRP aquifer beneath the INL Site using naturally occurring chemical constituents
and isotopes of uranium and strontium support the temperature-defined flow paths presented in
this study. Johnson et al. (2000) and Roback et al. (2001) used uranium-234/-238 and strontium-
87/-86 isotope ratios to track groundwater flow paths. The areal distribution of uranium isotopes
provide a clear and detailed pattern of flow pathways that shows many similarities to that
provided by temperature data. For brevity, only the uranium data are discussed in detail.
However, similar conclusions can be made on the basis of strontium isotopes and to a lesser
extent the solute concentration data (Johnson et al. 2000). The Figure 7 map shows the
distribution of uranium isotope ratios and reveals flow patterns at scales of tens of kilometers in
length. These patterns reflect the fact that groundwater recharging the aquifer from drainages
north of the ESRP and from surface water sources has isotopic signatures that are distinct from
those of the main aquifer. This recharging groundwater, tagged with a unique natural isotopic
signature, can be traced downgradient until the uniqueness of the isotopic signature is lost due to
water-rock reaction or mixing and dilution.
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Figure 7. Uranium isotope contour map, showing regions of preferential flow and low flow, High
ratios characteristic of recharge source regions extend far into the aquifer in preferential flow
zones (after Roback et al. 2001).

Despite the consistency derived from the two independent data sets (groundwater temperature
and chemical signatures), there is not always direct correlation between temperature and isotope
ratios at a local scale. This is especially the case along the margins of the ESRP where thermal
input is highest. For example, zones with high uranium isotope ratios emanate from the valleys
of Birch Creek and the Little Lost River and these zones generally correlate with the cold
groundwater recharge plumes defined by the thermal profiles (Figure 6). However, when
compared in detail, samples with high uranium-234/-238 isotope ratios at the mouths of the
valleys of Birch Creek and the Little Lost River span a wide range of temperatures. This is
interpreted to indicate that groundwater originating from these recharge valleys is warmed as it
enters the ESRP aquifer proper, which along its northwest margin is an area of high heat flow,
without significantly changing the isotope ratios. This implies that in these particular areas the
flux of recharge water is sufficiently high to overwhelm the chemical signature of upwelling
geothermal water. In a second example, cool groundwater zones in the southwest part of the INL
Site and to the northeast of the INL Site correspond to zones of lower uranium-234/-238 isotope
ratios. Both of these zones are interpreted to be zones of infiltration based on chemical, isotopic,
and hydrologic data (Roback et al. 2001, and references therein) and based on temperature data
(this study). Therefore, the fact that temperature and isotope ratios are not directly correlated is
due to different mechanistic origins of the temperature and isotopic signatures. Regardless,
interpretations of areal patterns of temperature and isotope ratios yield consistent flow patterns.
Because of the different mechanistic origins of the temperature and isotope signatures combined,
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use of the two data sets provides valuable information regarding the origin and evolution of the
groundwater.

9. GEOTHERMAL IMPLICATIONS
9.1. High Geothermal Potential

The many thermal springs along the margins of the ESRP (Cannon et al. 2014), the high heat
flow (Blackwell and Steele 1992) within the plain, and recent volcanic activity (Pierce and
Morgan 2009) suggest the presence of a significant geothermal potential beneath the ESRP
aquifer. However, the large volume of fast-flowing cold groundwater in the transmisive aquifer
effectively blankets the plain geothermal system. The high crustal heat flow of the plain
manifests itself in several geothermal springs and warm groundwater in domestic wells along the
margins of the plain, where the aquifer is absent or very thin. It is also apparent in the
temperature logs of deep wells that penetrate to depths beneath the bottom of the aquifer on the
plain as described in this study and Brott et al. (1981). In both these cases, heat flow

>100 mW/m® is observed. In contrast, the heat flow in the plain wells drilled above or a short
distance into the aquifer averages only approximately 25 to 30 mW/m? (Brott et al. 1981),
illustrating the efficiency with which the aquifer intercepts heat before it reaches the near-surface
environment.

While there is little doubt concerning the existence of geothermal systems deep in the ESRP,
very little is known about their depth, geochemistry, and the ultimate geothermal potential. To
gain more insight into the plain’s geothermal potential, a careful evaluation of a diversity of data
sets, including areal temperature distribution and temperature profiles from shallow and deep
wells, groundwater chemistry, and advanced computational models, is needed. Figures 1, 4,
and 7 show areas of commonality where isotope and temperature contours show a similar
pattern. This study conclude that the areas of the aquifer where the isotope and temperature
contours are parallel indicate flow paths over a high, uniform crustal heat flow or are areas
within the aquifer where the regional aquifer flow velocities are high enough to suppress the
thermal and chemical signature of thermal fluids. In contrast, areas where isotope and
temperature contours are orthogonal to the regional aquifer flow represent areas of the aquifer
with abnormally high heat flow (or the introduction of geothermal fluids) resulting in a positive
temperature anomaly or the infiltration and mixing of cooler waters for a negative temperature
anomaly. The conclusions provided from this study have added valuable insight into the flow
dynamics of the upper productive aquifer and help identify several areas of high geothermal
potential beneath the INL Site and ESRP,

9.2, Enhanced Geothermal Potential

In spite of the paucity of geothermal springs on the recently volcanically-active ESRP, the large
number of hot springs located on the periphery of the plain and the high heat flow in the plain
(Blackwell 1989), the ESRP remains an area of high geothermal potential. However, it is likely
that due to the depth of the geothermal system and lack of formation permeability any
development of geothermal energy associated with the ESRP would be through enhanced
geothermal system engineering. Observations made from core material collected for several deep
wells that penetrate through the upper productive aquifer (e.g., INEL-1, Kimama, and WO-2)
reveal that diagenetic processes in the deep aquifer system have effectively sealed most
conductive structure in the deep system. Additionally, the USGS conducted several hydraulic
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tests in well INEL-1 (Mann 1986) at the interval of 1.3 to 3.2 km below ground surface. A
pumping test in this interval was conducted for 7 days and yielded an average reservoir
permeability of 7.2 * 10-16 m” for the interval. Permeability this low in the reservoir zone
would almost certainly require advanced enhanced geothermal systems reservoir engineering to
economically develop the geothermal energy resources of the ESRP.

10. SUMMARY

This study documents an integrated effort, using ESRP aquifer temperature in conjunction with
previously-reported isotopic data (Johnson et al. 2000; Roback et al. 2001), to trace regional
groundwater flow to reveal the effective thickness of the aquifer and identify zones of
geothermal potential below the regional aquifer. Additionally, temperature data are compared
herein to isotope data from previous studies. Evaluation of these combined data sets confirms the
validity of using temperature to refine the ESRP aquifer conceptual model and geothermal
potential of the deep ESRP.

Thermal study of the nine deep wells used in this study shows details of the flow pattern in the
horizontal and vertical directions that have not been seen by other techniques and identified the
nature of the lower boundary of the transmissive portion of the ESRP aquifer (in a broad sense)
(Smith 2004). Surprisingly, this boundary is sharp and related to the first occurrence (with depth)
of moderate temperature thermal alteration (Morse and McCurry 2002) and is marked by a
change in groundwater chemistry from shallow Ca-Mg-HCO3 to deep Na-K-HCO3 type water
(McLing et al. 2002). A second unexpected fact is that the heat flow is high and uniform below
the aquifer and shows no depth variation over hundreds of meters to kilometers. Vertical
temperature profiles, the distribution of hydrothermal alteration and mineralization (Morse and
McCurry 2002), and groundwater chemistry in the ESRP aquifer (McLing et al. 2002) indicate
that the aquifer is comprised of two parts: an upper, cold, fast-moving aquifer and a deep, slow-
moving geothermal system. The shallow (or productive) portion of the aquifer occurs from the
water table (60 m to >200 m below land surface), to a depth of 300 to 500 m below land surface.
Fast-moving (1.52 to 10.51 m d-1), cold (9 to 15°C), calcium- and magnesium-rich groundwater
characterize this part of the aquifer (Wood and Low 1986; McLing 1994). The deeper portion of
the aquifer is characterized by slower moving (0.006 to 0.091 m d-1), warm (>30°C)
groundwater and has a higher sodium-potassium ratio (Mann 1986; McLing et al. 2002).
Although a sharp contact between these two systems is not always observed, changes in
geothermal gradients can be used to delineate the two systems,

Temperature profiles in deep wells (Figure 2) show a break in slope from an upper isothermal
gradient (nearly constant temperature with depth) to a deeper, moderately steep conductive
gradient (rapid temperature rise with depth). This study interprets this break in slope as the
effective base of the upper productive aquifer and the top of the deep geothermal system. Drill
core collected from some of the deep wells show that this break in slope also corresponds to the
inception of hydrothermal alteration and secondary mineralization of basalts beneath the upper
aquifer (Morse and McCurry 2002). The occurrence of mineral alteration is important because it
results in the sealing of conductive structure within the aquifer, causing permeability to
dramatically decrease, and allowing high heat flow from below to dominate aquifer temperature
below this horizon. Using these breaks in slope as a guide, aquifer thickness in the INL Site area
ranges from near 0 m to approximately 400 m and >855 m at the Kimama well to the south of the
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INL Site. Deep channels of cold groundwater characterize the thickest portions of the aquifer
with very sharp inflection to the regional thermal gradient at depth.

Groundwater temperatures and borehole temperature profiles provide unique insight into the
geometry of the ESRP aquifer and generally support the conclusions of the isotope-preferred
flow path studies (Johnson et al. 2000; Lou et al. 2000; Roback et al. 2001). For example,
groundwater temperature at the top of the aquifer beneath the INL Site ranges from <8°C to
>18°C. At the regional scale, the coldest of this groundwater correlates with the preferential flow
corridors identified by Johnson et al. (2000) and Roback et al. (2001) and is associated with areas
where cold recharge moves rapidly through the aquifer system. And, regions where groundwater
temperature is warmer generally correlate with the slower flow regions identified by the previous
studies. Providing supporting evidence for the conclusion that in areas of the aquifer where there
are thermal anomalies, groundwater flow is slow enough that the regional geothermal gradient
can affect groundwater temperatures. Or, that geothermal input from depth is exceptionally
vigorous allowing the upwelling geothermal heat from depth to overwhelm the cold upper
productive aquifer. Overall, this study shows that using three-dimensional synthesis of new and
existing aquifer temperature data can aid in constraining three-dimensional aquifer geometry,
constraining groundwater flow paths, and identifying the location of potential shallow enhanced
geothermal systems resources,
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ABSTRACT

Data from the U.S. Geological Survey’s National Water Information System (NWIS) database reveal the existence of a number of
thermally anomalous areas on the eastern Snake River Plain (ESRP) aquifer, most of them near its margins, and NWIS temperature and
chemistry data provided conclusive evidence that thermal waters onginating in the hot rhvolitic rocks underlying the ESRP basalts
inject heat and solute mass into the overlying ESRP aquifer.

Thermal waters issuing from hot felsic basement rocks in southem Idaho are Na-HCO; type due to water-rock reactions at elevated T.
They are charactenistically depleted in Ca and Mg, typically low in Cl (depending on the source water that reacts with the felsic rock),
and high in pH. Na, HCO4, SiO,. Liand B (as well as F, if' not diluted with high-Ca waters). These diagnostic tracers are seen in thermal
waters (<44 °C) that issue from shallow wells in late Neogene rhyolites of the Newdale thermal area and thermal waters (<57 °C)
sampled from INEL-1, & 3.2 km-deep borehole in thyodacite and welded tufl.

A correlation between Si0O; and Na/Ca molar ratio appears to be a sensitive mdicator of the presence of rhyolite-labeled water, as scen
in thermal waters of the Newdale area, the highest-temperature anomaly in ground waters associated with ESRP volcanic rocks, and in
dilute mixtures in the ESRP aquifer adjacent to the Newdale area, as well as in warm ground waters of the ESRP aguifer near the INL.

On the INL, contamination from anthropogenic sources and from recharge of both cold tributary surface and ground waters along the
aquifer’s northern margin renders geochemical tracing of thermal water ineflective in the area of the proposed FORGE test site. The
clearest evidence of thermal water entering the aquifer through its base 1s seen 10-20 km to the southeast where previously identified
thenmal and geochemical anomalies have been identified, characterized by elevated Na, SiO,, Li, B and slight ennichments in F, as well
as high dissolved He.

An estimate of the advective flux of thermal water in this area was derived via a two-component mixing model. Based on published
aquiter flux and porosity information, however, the magnitude of the estimated thermal flux through the base of the aquifer is
incompatible with core-scale data on the rhyolite’s hydraulic conductivity and vertical gradient observed beneath the INEL-1. This
suggests that advective heat transport from the rhyolite is not spatially uniform but focused along localized preferential flow paths
within the rhyolite and the mineralized basalts that overlie the rhyolite. This interpretation is consistent with observations of thermal
fluid flow in INEL-1"s fractured rhyolitic rocks and supports the hypothesis that the rhyolitic basement hosts preferential flow paths.

These findings were incorporated in a geohydrologic conceptual model of the proposed INL FORGE field site.

1. INTRODUCTION

The tremendous geothermal potential of hot rhyolitic rock beneath the castern Snake River Plain (ESRP) along the track of the
Yellowstone hotspot has long been recognized (MIT, 2006), but information necessary for effective exploration and development of this
resource, such as its hydraulic characteristics and advective vs. conductive heat transfer mechanisms, has been hard to come by. Except
for a very few deep geotechnical and monitoring wells on and near the Idaho National Laboratory (INL) and a few such wells in other
locations on the ESRP, too little is known of the rhyolites to eflectively constrain its regional thermal structure or our conceptual models
of EGS-mineable heat. In the WSRP, for example, a studv by Amey et al. (1982) illustrated the relevance of a wide variety of
geophysical and geochemical information to assess EGS potential.  As part of the Snake River Geothermal Consortium, the Idaho
Geological Survey is working on the FORGE initiative to identify an EGS test site on the ESRP. This repont the results of an analysis of
thermal and geochemical data from the ESRP aquifer that have not previously been evaluated in a geothermal context, in order to refine
the geohydrogeologic conceptual model of this thermal resource,

2. GEOHYDROLOGIC BACKGROUND

The ESRP comprises a complex sequence of volcanic materials that record the passage of the Yellowstone hotspot beneath the westem
North American plate beginning in early to middle Miocene time (Brott et al,, 1981). Fractured and highly permeable basalt lava flows
of Phiocene and younger age, intercalated with minor amounts of fine to coarse colian, Muvial and playa sediments, hosts an active, fast-
flowing aquifer in the uppermost part of the basalt section (Smith, 2004). Total basalt thickness approaches 2 km in the central portion
of the basin, but secondary mineralization has reduced porosity and permeability by orders of magnitude in the deeper basalts (e.g..
Morse and McCurry, 2002) and created an effective hydraulic base to the ESRP aquifer. This restricts active ground water flow to the
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uppermost ca. 100 to 500 meters of the basalts in the vicinity of the INL (e.g., McLing et al.. 2014). Underlying this mineralized aquifer
base are more than 3 kilometers of ignimbrite, welded tufl, rhyolitic and granitic basement (hereafier collectively referred to as
“rhyolite”) that reflect the pervasive silicic volcanism and caldera collapse that occurred in the wake of the hotspot’s passage.

Figure 1 depicts some of the many caldera collapse structures that have been postulated to underlie the ESRP basalts (Morgan 1984:
Morgan and McIntosh 2005, Drew et al. 2012; Anders et al. 2013). Total volume of erupted felsic material, primarily ignimbrite, has
been estimated from 750 km® to >1800 km® (Morgan and McIntosh, 2005). Although the permeability of these rocks is gencrally low
(e.g., Mann, 1986), intracaldera collapse breccias, ning dikes and fracture zones may be permeable (Branney, 1995: Cole et al., 2003).
Deep boreholes that penetrate the riwolitic rocks beneath the ESRP reveal the existence of open fractures that support active flow zones
within otherwise hydraulically “tight” rock (Moos and Barton, 1990; Moody, in press, 2015).

These deep, felsic rocks retain constderable heat, possibly augmented locally by vounger heat sources, as expressed in late Quaternary
rhyolite domes and crypto-domes of the ESRP. Although the flow of ground water in the basalt aquifer masks high heat flow at depth
(e.g., Brott et al., 1981), three quarters of the ESRP’s area is thought to exceed 200 °C at 4 km depth, making these hot rhyolitic rocks
one of the highest-value EGS exploration targets in the U.S. (MIT, 2006; Podgorney et al, 2013; McLing et al., 2014),

Figure 1: Inferred buried caldera collapse structures beneath ESRP basalts, after M, McCurry (written comm., 2015) based on
Morgan (1984); Morgan and McIntosh (2005); Drew et al. (2012); Anders et al. (2013). Area designated as Big Lost
Trough represents a long-lived topographic depression that has controlled sedimentation and basalt accumulation for
over 0.5 Ma (Bestland et al,, 2002), which may be an expression of one or more buried collapse structures in rhyolitic
basement rocks.

3. NWIS DATABASE

The USGS’s National Water Information System (NWIS) database (http:/maps.waterdata.usgs. gov/mapper/index. html) contains a
wealth of data on the temperature and chemistry of ground waters in the ESRP aquifer, including trace-clement data (Figure 2). The
data reported on here have not been filtered by well depth, sampling time or aquifer lithology of the producing zone and represent
samples collected from individual wells that have been sampled at various times, in some cases spanning a period of decades, by
pumping from fixed depths within the aquifer. This report represents a preliminary evaluation of the NWIS data for the purpose of
determining whether it sheds useful light on thermal influences in the ESRP aquiter and testable hypotheses with which to constrain
geohydrologic conceptual models of the EGS resource beneath the ESRP aquifer,
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Figure 2: All available temperature data from USGS National Water Information System database for ground waters sampled
in southeast Idaho from 1911 to 2015,

3.1. Thermal Data

A number of multi-level sampling systems have been installed on the INL recently. which provide discrete temperature and water
quality information from discrete depth intervals within a well (Bartholomay and Twining, 2010). Figure 3 summarizes all available
temperature data from the NWIS data set collected from well Middle 2050A, indicating two important features: (1) pre-2008 data
collected by contractors prior to adoption of formal sampling protocols (R. Bartholomay, pers. comm., 2015) shows considerable scatter
(20 ~ 1 “C); and (2) thermal equilibration following drilling, particularly in low-yield and/or infrequently sampled wells could take
several years in areas where aquifer permeability or ground water velocities are low. For some wells, therefore, even though
measurements were made using standardized protocols, the NWIS temperature data may contain significant uncertainties due to factors
such as infrequent or incomplete purging and contributions of water from different depths when sampled under different hydrologic
conditions.

The great majority of the ESRP-area wells in the NWIS data set represent ground water from the shallow basalt aquifer; a very small
subset of sampled wells represent water issuing from rhyolitic rocks in the Ashton and Newdale areas. As shown in Figure 4, the NWIS
temperature data define several areas that have ground water temperatures above ambient (defined as ca, 10-12 “C over most of the
ESRP). The tendency of anomalous temperatures to cluster near the margins of the aquifer indicates that the source of this thermal water
lies beneath these areas. Whether these thermal manifestations reflect upwelling directly from the underlving hot rhyolitic rocks or
whether thermal water rises along structural heterogeneities at the basin margins is not known.

3.2. Regional Geochemical Context

Table 1 summarizes key major and trace-clement characteristics of ground water from thermally influenced arcas in southern Idaho that
reflect the geochemical fingerprint of thermal reaction with felsic rock. Relative to ambient, non-thermal ground water characteristic of
the ESRP aquifer, these thermal waters display a striking shift in major-ion composition to Na-HCO;-type water, with decreased Ca, Mg
and increased Si0,, consistent with themmodynamic predictions of Ramirez-Guzman et al. (2004). They are also greatly enriched in F
(indicating they are not influenced by mixing with Ca-rich ground water), as well as Li and B. The fact that thenmal waters from the
Banbury area are much higher in C1, while sharing all other characteristics, suggests that the CI content of the initial reacting water may
be a determining factor, as bom out by reaction-path modeling (e.g., Ramirez-Guzman, 2004), which shows that the C1 content duning
reaction with granite remains unchanged.
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Figure 3: Example of USGS multi-level well temperature data fro well Middle 2050A (drilled 2005), showing poor precision of
pre-2008 measurements collected by contractors relative to post-2008 data collected by USGS using consistent sampling
protocols. The post-2008 data suggest that thermal equilibration in this well occurred over a time span of at least five
vears following drilling.

Figure 4: Locations of thermally affected areas in the eastern Snake River Plain aquifer, which may inform on the mechanisms
of heat transport from underlying rhyolitic rocks (the EGS resource) into the shallow flow system as well as on the
hydraulic characteristics of the resource.
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Area L pH G Mg Na K $I0, HCO, CO, 5O, O F U B WaterType Sources
INL rhyodacite (INEL-1 deep borehole) Mean 48 8.1 81 09 363 8 85 833 88 14 13 029 039 Na-HCO, Mennise
2¢ 19 04 16 : @ 3 0 “ s 1 ool os
AT 3 Mn M 79 73 08 3 8 M 0 @ 13 12 o oo
Mex ST #3829 11 30 8 101 80 % U 13 o1 om
tdaho batholith Mean 68 91 1.8 01 82 2 79 S4& 42 26 9 13 0.08 0.09 Na-MCO, Oruschelims
je % 07 35 o1 s 2 ¥ 0 & 3 17 0 o o Kratenar, 1993
ne 17 Min 4 80 09 00 W 31 4 31 o0 3 3 3 0% oo White, 1967
Mar 88 96 63 O 40 3 108 60 118 & ¥ 0 o1y 0N Young 1985
Youngs 1981
Boise Front Mean 76 84 18 01 88 1 S8 139 22 7 16 0.04 0.08 Na-HCO, Seheley Group, 1990
3¢ & o8 12 61 ? 1 % wu ¢ ¢ ¢ om oo Mayo & others 1984
ns 3 Mn # 74 313 00 M 31 2 o 1 12 o0 o0
M B8 83 32 a2 ® 2 W o 2 11 19 ooy o0
Mountain Home area Mean 51 90 45 02 8 2 106 128 29 10 8§ 12 0.01 0.12 Na-MCO,  amevetnl 1982
As 11 M 30 78 09 02 %2 31 4« % o 3 2 3 000 o0e
Max 8 96 160 00 40 5 45 447 317 14 20 003 O
s ¥ 13 63 8 ;N 8 N B W 7 £ 00 o
Banbury Hot Springs Mean 64 93 1.1 01 130 1 88 67 49 32 40 21 0.05 0.39 Na-MCO,Cl ewsand roung 1982
2¢ 13 04 O3 00 33 O 12 ¥ W T B 1 o0 ON
AE 7 Mm 37 80 07 O3 100 3 B % ¥ 7 B M4 o0 0O
Max 72 835 15 03 150 3 100 %0 M 33 51 7 008 O%

Table 2: Summary of major ion and F, Li and B cconcentration (all as mg/l) characteristic of thermal waters in felsic rock
environments of the Snake River Plain and Idaho batholith,

ESRP aquifer waters

* Rhyolite thermal waters

/‘A ] '\ ® Thermal area averages

& & o Z

ESRP ground T
water 2y
SO,
g,
L4t
o et v od

. — oy

; P A .
Ca Na+K CO;+HCO, Ccl

Figure 5: Piper plot summarizing major-ion compositions of ESRP ground water relative to thermal waters that issue from
rhyolitic and granitic rocks of southern and central Idaho, which are characteristically depleted in Ca, Mg and enriched
in Na, HCO,, SiO, and occasionally Cl, where Cl-rich sedimentary waters have reacted with the hot rock.
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Figure 6: Origin of high-pH, Na-HCOy-type water as a consequence of a multi-stage reaction path for meteoric water in contact
with a granite at clevated temperatures. From Ramirez-Guzman et al. (2004), based on simulations using the CHILLER
reaction-path code of Reed and Spycher (1984).

Figure 5 shows general compositional variations in NWIS major-ion data for ground waters of the ESRP aquifer and emphasizes the
extreme difference in major-ion composition of thermal waters issuing from hot rhyolitic and granitic rocks of southern and central
Idaho, including those adjacent to and that underlic the ESRP aquifer. In general, thermal water-rock reactions between ground waters
and these rocks shift the major ion composition away from a Ca-Mg-HCO; type that characterizes ESRP ground water toward a strongly
Na-HCOy composition. As predicted thermodynamically on the basis of reaction-path modeling (e.g., Ramirez-Guzman et al., 2004;
Figure 6), depletion of Ca'” and Mg and enrichment of Na', HCOy, SiO,, pH and I are diagnostic of thermal waters that react with
granitic rocks, A similar pattem of tracer behavior in thermally affected ground waters of the ESRP would suggest that such waters have
mteracted with felsic rocks at elevated temperatures and are geochemically so labeled,

3.3. Trace-clement Abundances

Thermally anomalous ground waters of the ESRP aquifer (Figures 2 and 4) display certain trace-clement ennchments that are diagnostic
of thermal waters in contact with felsic volcanic rocks, Ennchments of F, Li and B have been reported in thermal waters of the Idaho
batholith as well as in ground waters along the margins of the western SRP (Waag and Wood, 1987; Krahmer, 1995: Druschel, 1998)
and have been sampled within the deep borehole, INEL-1, that was drilled into hot rhyolitic rocks beneath the ESRP aquifer (Mann,
1986). Work by Fisher et al. (2012) presented the latest assessment of some of these data in the immediate vicinity of the INL,
demonstrating that shallow tributary recharge from the highlands in the vicinity of the aquifer’s margins encroaches on and dilutes
diagnostic tracers like L1 and B in a systematic fashion.

3.4. The Newdale Thermal Area

Figure 7 shows the Newdale thermal area noted in Figure 4, located on the northeastem flank of the ESRP aquifer. In this area, waters
up to 44 °C issue from shallow wells (< 300 m) completed in late-Neogene rhyolitic rocks. Ground water in this thermal area serves as a
useful end member for evaluating geochemical pattems that anise from high-temperature water-rock reactions with rhyolitic rocks of the
ESRP. It also provides a convenient site for examining the low-T waters of the nearby ESRP aquifer for evidence of tracers that could
be used to identify thermal water inputs to the aquifer from the adjacent thermal area,
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