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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

98 q"@@

snakerivergeothermal.org



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.

Sw

~oe ] Basalt lava flows NE
[CIIL__] sasatt dikes of the Great Rift
Yellowstone Plstesu

E Silicic volcanic rocks

s ol Snake River Plain Aquifer

Big Southern Butte

Henry's Fork  Istand Park

SW to NE Longitudinal Section, Snake River Plain Aquifer

0 100
S ——— Extreme Vertical Exaggeration
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
above Vertical Exaggeration 50 X abeve
MSL MSL
189 Temperature contours in degroes C. — 1400
L 1os CIA ‘L
= : ‘ ’T‘.‘ n WO2 Fra
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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
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; 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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After Lowis ot ol (2012)

Figure 7: (A) Location of the Newdale thermal area on the northeastern flank of the ESRP aquifer, showing locations of thermal
wells completed in late-Neogene rhyolitic rocks of the Heise Group (B). Also shown are locations of low-temperature
wells in the ESRP aquifer (A) adjacent to the Newdale area that were evaluated for their tracer patterns and behavior,
which might indicate a thermal contribution to ground waters in this part of the ESRP aquifer.
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Figure 8: Tracer behavior in thermal well waters of the Newdale thermal area (> 16 °C), showing key relationships in (A) minor
and trace clements and (B) correlations among major elements.
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Figure 8 summanzes concentrations of major and minor solutes as reported in the NWIS database for Newdale thermal waters (> 16
°C) that issue from rhyolitic rocks outside the ESRP aquiter. Evidence for rhyolite water-rock labeling is seen in elevated F, Li and B
concentrations (Figure 8A), although the data are insufficient to discern any meaningful patterns in Li and B, as well as Na, S$i0, and
Na/Ca ratio. Fluonide concentrations are characteristically limited by fluorite (CaF;) solubility when Ca"* concentrations exceed 20-30
mg/l in mixtures of Ca-nich ground water.

Figure 9 shows solute tracer behavior in low-temperature (< 16 “C) ground waters of the ESRP aquifer adjacent to the Newdale thermal
are (Figure 7). Note that the correlation of Si0; vs. Na/Ca ratios is almost identical to that seen in Newdale's thermal waters (Figure 8)
for Na/Ca ratios < 2, suggesting that this correlation may be a sensitive indicator of rhyolite-labeled thermal water where it enters the
ESRP aquifer.
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Figure 9: Tracer behavior in low-temperature (< 16 °C) ground waters of the ESRP aquifer adjacent to the Newdale thermal
area. Unlike other solute tracers of rhyolite-labeled thermal waters, which display no useful information (grayed symbol
plots), the SiO; vs. Na/Ca correlation is almost identical to that observed in Newdale thermal waters in which Na/Ca <2,

3.5. The Idaho National Laboratory Area

The geochemical patterns observed in the Newdale area are clearly consistent with dilution of rhyolite-labeled thermal water with local
Ca-Mg-HCO; ground water. In other thermal areas, such as the Rexburg and Ashton areas (Figure 4), high Cl- concentrations observed
in the thermal end-member suggest that Cl-rich sedimentary fluids reacted with rhyolitic rock, similar to the Cl-enriched thermal waters
of Banbury Hot Springs (Table 1). Even more complex behavior is seen in the Idaho Falls thermal area, with evidence of rhvolite-
labeled thermal waters, Cl-enriched thermal waters, and possible anthropogenic water sources (e.g., infiltration from drain wells and
canals, Welhan, 2015),

The most complex tracer relationships are observed in wells of the INL thermal area, reflecting local anthropogenic contamination but
also mixing processes within boreholes open over a wide depth interval and those that are sampled at multiple depths. Figure 10A
shows a sitewide plot of 67 samples in which Li correlates with B, and Li correlates with temperature in all but a small subset of
samples (Figure 10B); this subset is not site specific and is geographically scattered. Far fewer boron data are available sitewide (not
shown), and do not show a correlation with temperature.

Figure 11 summarizes the principal types of Cl vs T behavior observed in individual INL wells. The majority display essentially
isothermal behavior but with large Cl vanations (Figure 108, C). Possible reasons are that C1 is locally introduced from anthropogenic
sources (storage ponds, disposal wells, storm water retention basins), and intra-borchole flow in wells open over large intervals may
promote mixing of hydrostratigraphic units of different water types (e.g.. Bartholomay and Twining, 2010).
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4. DISCUSSION

The NWIS data for the Rexburg, Idaho Falls and INL thermal areas indicate that anthropogenic influences as well as water-rock
reactions other than with felsic volcanics (e.g., sedimentary rocks) can limit the utility of geochemical tracing. However, where such
mfluences can be ruled out, trace element and temperature mtormation appear to be diagnostic indicators of thermal waters that have
onginated within the hot rhyolitic rocks of the ESRP,

Table 2 summarizes data on basaltic and felsic rocks from southemn [daho, showing that rhyolitic rocks of the Snake River Plain /
Yellowstone voleanic province have much higher Cl and F, elevated Li and shightly higher B compared to SRP basalts, with Cl and F
contents 1n the same range as the granitic rock composition used by Ramirez-Guzman et al. (2004) in their modeling of water-rock
mnteraction (Figure 6). Available B analyses of SRP basalt are very similar to mid-ocean ridge basalt (MORB), whereas the avatlable
analyses of evolved basalts at Craters of the Moon show higher B levels, consistent with these rocks’ evolved nature.
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Figure 30: (A) All available NWIS data on Li and B in INL ground waters; far fewer B data (not shown) are available and do
not correlate with temperature. (B) Aside from those high Li values shown in grey symbols (possibly reflecting
anthropogenic contamination), which exceed the mean of Li values plotted in (A), the great majority of Li concentrations
sitewide correlate with temperature at > 99.5% confidence.

Figure 12 depicts the shift in major-ion and trace-clement chemistry that occurs in deep borehole INEL-1, a well that was drilled to a
depth of 3160 m near the margin of the ESRP, in which rhyodacite and welded tuff compnise the section between 750 m depth and TD
(Mann, 1986). These thermal waters also display charactenistic major and minor element relationships that reflect thermal reactions with
felsic rock, and highlight the striking contrast between these waters and the shallow basalt aquifer (Ca-HCOs-tvpe above ca. 750 m
depth), with very low F, Li. The underlying welded tull and rhyodacite, in contrast, host a Na-HCOs-tvpe thermal water considerably
enriched in F, Liand B. The step-like change m composition reflects the shifi from low-temperature water-rock reactions characteristic
of the ESRP aquifer (¢.g., Wood and Low, 1988) to reactions with felsic rocks at elevated temperature.
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Figure 41: Examples of the most common types of Cl and temperature variability seen in INL-area wells. A minority of wells
display no evidence of a mixing relationship (A), whereas the overwhelming majority is characterized by isothermal
behavior with large variations in CI (B, C). Relatively few wells display clear evidence of two-component mixing, such as
between ambient ground water with a thermal water having low CI (D) or elevated Ci (E, F).

= ) I poen ]
Rocktype  Sample provenance G0 Mo g L4 u Source
Basalt, MORE  Famous area, MAR; Tamayo FZ: Juan de Fuce Ridge; EPR; 48 analyses 470.515 S6(3-4718(3.13) 1
Basalt, SRP Gerritt basalt, Mesa Falls (~ 0.2 Ma) 478 1147 2% 42 11 2
N = Fissure basalt, Spencer Kiigore (0.5 Ma) 482 1 215 102 15 2
> 3 Kimama flow {15 ka) 452 5 35 n b
. e Lava Creek flow, Craters of the Moon {13 ka) 3 3
Basalt, evolved Devils Orchard flow, Craters of the Moon (* S ka) 2
vz " Mighway flow, Craters of the Moo (2.4 ka) 3
- * Semate flow, Craters of the Moon (24 ka) 3
Rhwolite Cougar Point tafl, Broness-lacbridge eruptive center (11.5 Ma), three anstyse 743 11 263 6 1.2 2
> Lava Creek Tuff Member B, east of Magic Reservolr (0.64 Ma) 768 0.53 378 4596 1 2
. Big Southern Butte, obsidian (0.3 Ma) %9 0.48 a4 1167 24 2
. Big Southern Butte, obsidian (0.3 Ma) %8 047 43 2000 2900 .
¢ Moonstone Moustain, NW of Magic Reservols %3 o8 343 <500 20 ]
Y Wedge Butte fow, SE of Magic Reservolr (3.0 Ma) 747 0.7 394 <500 420 ‘
> Ammon quarry, ssh-flow tuff (3.1 Ma) ns 099 516 <500 200 ‘
~ Lost River Range near Howe, vitrophyte 7%5 053 337 1200 .
N Nez Perce flow, Yellowstone plateau (0.15 Ma) %9 0.49 158 a2 125 2
: Canyon flow, Yellowstone platesy (0.48 Ma) 55 0.89 27 128 2
: Crystal Springs flow, Yellowstone plateau (N0 ka) 769 049 in 744 125 2
. Obsidian Cliffs flow, YeRowstone plateau (0.17 Ma) 71 0.45 393 713 128 2
Topaz riwolite  China Mat flow {57 ka), seven analyses Topar Rhyolite ** na o7 B 380 an 55 15 56
56 108 +0) 0 + U t % 27

* wferred from contents of MORE vencies (Cagoshema ot ol 2017)
** mean and 1o range

1~ Rywn and Langmuw (1937, 1993}
2 -Saeov et WL 2009)

3 gents et AL {1992)
&-Leeman (1982)

S - Lrwn and Lauftman (2013)
6 - Ford (200%)

Table 2: Comparative summary of available data on F, Li, and B content of basalts and rhyolites of the SRP and vicinity.
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4.1. Implications of a Thermal Advective Input

The data from INEL-1 clearly define the geochemical nature of thermal water that has equilibrated with hot rhyolite in one area of the
ESRP. The fact that INEL-1"s deep thenmal water is > 35k vears old (Mann, 1986) is consistent with the hypothesis that its Na-HCO,
composition reflects prolonged reaction with felsic volcanic rocks. The existence of a substantial upward vertical hydraulic gradient
between rhyolite and basalt in the arcas of INEL-1 (ca, 0.05 - 0.1; Mann, 1986) implies that the hydraulic conductivity of rhyolite and/or
mineralized basalts and sedimentary interbeds at the base of the ESRP aquifer must be quite low in order to explain such long residence
tmes. This conjecture is corroborated by hydraulic conductivity measurements which indicate that K < 0.01 m/day in these rocks
(Mann, 1986). Even so, Mann (1986) estimated that the flux of these thermal waters into the base of the ESRP aquifer is of the order of
2 x 10° m'fyear over the INL’s arca. If this proves to be typical of other thermally affected areas in the ESRP aquifer, then the
magnitude of thermal recharge denived from the rhyolite could comprise a significant fraction of the ESRP aquifer’s overall water
budget.

4.2. Evidence for Thermal Inputs From Hot Rhyolites

It would be difficult to evaluate such an hypothesis where anthropogenic solutes play a major role, such as on the northwestern half of
the INL. Rather, an area of the aguifer that is affected by thenmal water inputs but not by anthropogenic disturbances 1s required.
Figure 13 shows all NWIS wells sampled between 2000 and 2012, together with a kriged interpolation of NWIS temperature data
(unfiltered for depth) that are available for the ESRP. The data define a subdued thermal high that extends along the axis of the aquifer
southwest of the INL for a distance of more than 80 km, This axial anomaly has persisted in wells sampled post-1995 and therefore is a
real feature of the aquifer’s thermal structure,  Recent heat flow modeling of aquifer temperatures (C. Palmer, unpubl. report, 2015)
suggests that this axial thermal feature may be an artifact of low ground water velocities in this area of the aquifer in response 10 an
otherwise geographically uniform basal conductive heat flux.
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Figure 52: Comparison of thermal waters sampled in deep borehole INEL-1 drilled to 3.2 km in ESRP rhyodacite and welded
tuff (Mann, 1986). Major-cation compositional shifts between the ESRP basalt aquifer (Ca-Mg-HCO; water type; T~ 12
°C) and thermal waters in the rhyolitic rocks (Na-HCO; water type; T > 30 °C) are accompanied by a 300-fold increase in
Na/Ca, a two-fold enrichment in dissolved silica and boron (not shown), and 60-fold enrichments in fluorine and lithium.
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As shown in Figureld, however, there are areas where ground water temperatures in excess of 14 °C reflect the input of heat and solute
tracers that are characteristic of rhyolite-labeled thermal waters (after Olmsted, 1962; Busenberg et al., 2000, 2001; Fisher et al., 2012).
Figure14 summarizes previous work in this regard, showing locations of thermally affected waters beneath the INL as well as areas of
anomalous trace solute concentrations that are indicative of rhyolite-labeled thermal waters. These patterns indicate that advective
inputs of heat and solute occur in discrete areas of the ESRP where thermal waters enter through the aquifer’s base and along its
northern margin.

The zone of elevated temperatures along the aquifer’s northern margin is heavily influenced by historic waste reprocessing and disposal
activities, by dilution with tributary recharge from the highlands outside the aquifer (Olmsted, 1962; Fisher et al., 2012), and by thermal
fluid inputs from the northern margin of the aquifer. In contrast, ground waters east of this zone are less diluted by tributary sources and
have consistently higher Li , B, F, Na and SiO, concentrations. Two areas mapped by Busenberg et al. (2000; 2001) have dissolved He
concentrations above air-saturation, which is further evidence for a rhyolitic basement source. The inference is that thermal waters such
as those sampled by deep borehole INEL-1 (Figure 12) are injected through the ESRP aquifer’s base in these areas.

In Figure 14, a local thermal anomaly identified by Busenberg et al. (2000; 2001) in the southeast corner of the INL has been extended
on the basis of NWIS temperature data from additional wells to the southwest, suggesting that Busenberg’s thermal anomaly may be
part of a much larger axial thermal zone (Figure 13).

Figure 15 summarizes temperature and solute tracer behavior for wells within the axial thermal zone as well as upgradient of it,
particularly in the area having enhanced levels of Li, B, F, Na and SiO, identified by Busenberg et al. (2000, 2001). As shown in the
inset, the low signal/noise contrast in these waters precludes any identification of mixing behavior based on major-ion solutes such as
Na and SiO,. However, the axial thermal zone, as well as ground waters in Busenberg’s anomaly (whose dissolved He concentrations
are >3 times air-saturation), are characterized by elevated levels of Li and B, with a SiO, vs. Na/Ca correlation that is very similar to
that observed in the ESRP aquifer adjacent to the Newdale thermal area (Figure 9) and which characterizes Newdale’s high-temperature
waters (Welhan, 2015).
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Figure 63: All NWIS temperature data from the period 2000 to 2012 overlain on regional temperature trends as interpolated by
ordinary Kkriging.
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Figure 74: Summary of solute tracer patterns and arcas of thermally affected ground waters on the INL, modified after Olmsted
(1962), Busenberg et al. (2000; 2001) and Fisher et al. (2012), plotted together with all USGS NWIS data. Helium-isotope
(R/Ra) data from Dobson et al. (2015). The arca of thermally affected water identified by Busenberg et al. in the INL's
southeast corner (stippled) has been extended to include the larger thermal anomaly that extends to the southwest, as
indicated in Figure 13,

The pattem of elevated levels of diagnostic tracers in the axial thermal anomaly are summarized in Figure 15: of 24 wells in the axial
thermal zone, 17 have T > 14 °C; 18 have Na above 15 mg/l; 20 have Na/Ca ratios > 0.7; and 11 have Li and B > 10 pg/l and 20 pg/l,
respectively. These solute ennchments appear to be confined to the area of this axial thermal anomaly and one identified by Busenberg
in the east-central INL area (hatched, in Figure 14). However, well coverage in the intervening area is poor, so it is unclear whether
these represent separate thermal anomalies or a larger, contiguous zone of elevated temperatures and tracer concentrations.

Nevertheless, the spatial pattem of solute ennchments that are diagnostic of rhyolite-labeled thermal water indicates that solute mass
from the rhyolitic basement is being injected through the base of the aquifer at one or more locations in this area of the ESRP. The
spatial distribution of these diagnostic tracers suggest two altemate hypotheses: (1) thenmal waters are injected into the ESRP aquifer
over a considerable geographic area within and upgradient of the INL; or (2) mjection of thermal water and tracer mass is localized
where preferential flowpaths exist in the rhyolitic rocks and intervening mineralized basalts that define the base of the ESRP aquifer.

4.3. Advective Heat Transfer

The results of heat transport modeling by Palmer (unpubl. rept., 2015), based on a purely conductive heat-transfer mechanism between
the rhyolite and the ERP aquifer, indicate that localized thermal anomalies in the central ESRPA (Figures 13 and 14) are the expression
of low-transmissivity zones in the ESRP flow field. That is, aquifer temperatures are higher where ground water flow velocities are low
and advective overprinting by shallow ground water flow of basal heat conduction is diminished. However, the model does not consider
the implications of advective input of heat, nor can it be used to evaluate whether both conductive and advective heat-transfer processes
are operative.

The large vertical hydraulic gradient observed in INEL-1 between the riwolitic and basaltic flow systems (Mann, 1986) coupled with
observations of openly flowing fractures and active thermal water flow in the rhyolite (Moos and Barton, 1990), indicates that a
significant advective input of thermal water from the rhyolitic basement s not only possible but needs to be evaluated for a
geohydrologic conceptual model.

Corroborating Mann’s (1986) hypothesis that a significant advective flux of thermal water through the base of the ESRP aquifer would
provide valuable information on the hydraulic connection between the rhyolite and the overlying aquiter as well as the manner in which
heat is stored and transported out of the rhyolite. Stated another way, if dilution ratios between ambient ground water and thermal water
can be inferred from temperature and/or trace element data, such information would provide an independent estimate of the rhyolite’s
hydraulic conductivity and the manner in which thermal waters enter the aquifer,
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Figure 85: Solute tracer behavior in wells of the axial thermal zone and upgradient wells. The observed SiO; vs. Na/Ca
correlation is very similar to that seen in the ESRP aquifer adjacent to the Newdale thermal area (Figure 9) and, together
with clevated Li and B levels, confirms that rhyolite-labeled thermal water is being advected into the ESRP aquifer in
this area.

A two-component mixing model was evaluated m the area of the axial thermal zone (Figure 14), assuming that the chemistry of ground
water in the area of the axial thermal high only reflects mixing between regional ESRP ground water and thermal water discharging
from the rhyolite.

The average water temperature in wells of the axial thermal zone is 14,9 °C (26 = 1.6 n = 54). Figure 16 shows all NWIS temperature
and C1 data for these wells, In general, the pattem of Cl-temperature vanations is reminiscent of that seen in the majonity of INL
monitoring wells (e.g., Figures 11B, 11C).

The end members in the two-component mixing analysis are: (1) thermal water issuing from the rhyolite beneath the axial thermal zone;
(2) local shallow ground water immediately upgradient of the mixing zone; and (3) the composition of the mixture within the mixing
zone. To simplify the analysis, mixing between components was assumed to be instantaneous and complete between the base of the
aquifer and the sampling depth of each well.

4.3.1 Thenmal End Member

Ostensibly, data from INEL-1 would seem to provide a reasonable constraint on the thermal component (Cl = 12 mg/l: Mann, 1986).
However, recognizing that its chemical composition and temperatures could be spatially variable, depending on rock type, heat content
and water-rock reaction temperature, and the Cl content of ground water that reacts at depth, the best estimate of the maximum Cl
composition of thermal water entering the axial thermal zone 1s assumed to be the minimum Cl concentration shown in Figure 16: ca.
7.5 mg/l. Although lower than INEL-1, it is stll well within the range observed in thermal waters that have mteracted with felsic rocks
in other areas of the SRP (Table 1) and is consistent with INL wells that exhibit mixing behavior with a low-Cl thermal component (e.g..
Figure 11D).

The temperature of the thermal end member was defined by the depth to the base of the aquiter where the thermal water enters (ca, 100
m; Podgomey et al., 2013), and INEL-1"s thermal gradient (40 “C/km: Mann, 1986), thereby constraining its temperature at 25 °C.
Information from the nearby Kimama deep borehole (Freeman, 2013) was not considered relevant, because those waters have an
unusual Na-Cl composition, and are non-representative of thermal fluids issuing from rhyolite in the INL area.
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Figure 96: Available Cl-temperature data for wells that define the axial thermal zone south of INL (Figure 14). Data from
individual wells are plotted with different symbols.

4.3.2 Non-themmal End Member

The nearest NWIS wells defining upgradient ground water conditions are more than 20 km from the axial thermal zone; more than 70
measurements from such wells within a distance of 60 km have a mean of T = 11.6 °C (26 = 3.0) and Cl = 17.6 mg/l 20 = 30.0).
Considering the distances involved and the large relative uncertainties in these averages, however, a better estimate of local ground
water flowing through the axial thermal zone was derived from the 119 NWIS analyses of the two highest-C1 wells plotted in Figure 16
with a mean of T = 14.7 °C (20 = 14) and Cl = 21.2 mg/l (26 = 8.0). These values are similar to, but somewhat higher than, those
defined by the 70 upgradient wells and are considered the best available estimates of the non-thermal end member,

4.3.3 Mixed Water Composition

The thermal water issuing from the base of the aquifer is assumed to mix with ground water moving through the axial thermal zone. a
mixture whose composition was estimated from the average of 27 measurements in the lowest-Cl wells shown in Figure 13: T = 156
“C (26 = 1.5)and Cl = 10.3 mg/l (2a = 6.0). Note that the 60% relative uncertainty in this Cl estimate renders any mixing calculation
highly uncertain,

With the above estimates in hand, the mixing fractions of the thermal and non-thermal end members can be determined using the
following relationship (for temperature);

me = 1. Tlhmnl *+( I‘D * Tnonsthernuls (h

where Ty = 15.6 °C, Tipama = 25 °C, thontherma = 14.7 °C, and [is the mixing fraction of thermal water flux relative to’thc diluting flux
of ESRP ground water, defined as Qperma/(Qeeremt T Gronthermt . WHETe Qi 18 the specific vertical Darcy flux (per m®) defined by the
hyvdraulic conductivity (K) and vertical gradient (1) within the rhyolitic rocks:

Qubermat = Kiyotite * Trtmotite (2)

Solving for ' equation (1) vields an estimate of the mixing fraction based on temperature. In this case, 1= 0,087, i.¢., Qpama 15 an
order of magmtude smaller than Qe heenat. In companison, the flux ratio estimated using Cl data is unreasonably large, being almost an
order of magnitude greater (' = 0.82). Given the large relative uncertainties in the estimated T and Cl end member values, such a
discrepancy is not unexpected.

4.4. Inferred Hydraulic Conductivity of Rhyolite

Based on hnear tracer velocities and porosities (0.05-0.2) for basalts in the vicimty of the axial thermal zone, Ackerman et al. (2006)
estimated the specific Darey flux in the aquifer, Q..o mama. 1© be in the range of 1.5 to 13 m/day. Mann (1986) estimated a vertical
hydraulic gradient of (.07 m/m in the upper part of INEL-1. Assuming the vertical gradient beneath the axial thermal zone is in the
range of 0.05 to 0.1 m/m, then the flux ratio estimated via [ in equation (1) and the specific Darcy flux in the ESRP aquifer allows
Kihyotire 10 be estimated using equation (2). The estimated range of Koy is therefore 1.5 1o 25 m/day.

This estimate 1s orders of magnitude larger than the hydraulic conductivity reported for unfractured rhyolite in borehole INEL-1 (0.0005
to 0.01 m/day; Mann, 1986). The only way to reconcile these disparate results is to conclude that either (1) the flux ratio derived on the
basis of temperatures is grossly imaccurate or (it) the thermal flux into the aquifer 1s localized and focused along preferential flow paths
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having a much higher effective hydraulic conductivity, such as in large fracture zones, zones of collapse breccias associated with burnied
caldera structures, andfor vertical heterogeneities along the feeder dikes of Big Southem Butte and nearby rhyolite domes.

Possibility (i) cannot be ruled out, because flux ratios < (.01 apply to scenarios where Ty >> 25 “C and/or T, permat 1S Very close to
T, Possibility (i1) could apply to either or both the fractured rhyolite and/or mineralized basalt that overlies the rhyolite and defines
the base of the ESRP aquifer. The colored underlay in Figure 17, taken from Whitehead (1986), represents interpreted basalt thickness
based on resistivity data; since basalt outcrops at or near the surface in this part of the ESRP, its thickness can be used as a first-order
proxy for depth to rhyolite. Note that the axial thermal high in Figure 17 originates near where rhyolite appears to shallow to within
300-600 m of the surface before deepening rapidly to the northeast. south and southwest. This fact alone could facilitate the transport of
thermal water into the shallow aquifer at this location.

The clustered nature of thenmal occurrences on the ESRP (Figure 4), therefore, may be a reflection of thermal outflow from rhvolitic
basement rocks along preferential flow paths associated with buried caldera collapse structures that are inferred to underlie the ESRP
(Figure 1), and is also consistent with the highly fractured nature of thyolitic rocks beneath the Snake River Plain that have been drilled.
For example, Moos and Barton’s (19%0) analysis of INEL-1"s high-resolution televiewer log confirmed that fracture density varies
considerably in different depth zones, that large-aperture fractures exist in the rhyolite, and even though most fractures are sealed due to
past hydrothermal deposition, open fractures do exist and are associated with elevated temperatures that indicate active flow of thenmal
water. Together with the inferences made from the mixing calculation, these facts suggest that thenmal water, that is actively circulating
within the rhyolite, makes its way into the ESRP aquifer only in certain areas, possibly where the rhyolite is shallowest and/or where
local preferential flow paths channel thermal water into the shallow aquifer. This may explain the geographically localized nature of
thermal ground water occurrences in the ESRP aquifer (Figure 4),

Figure 107: Wells that define the axial thermal zone in the vicinity of the southern INL. The colored underlay, taken from
Whitehead (1986), represents interpreted basalt thickness based on resistivity data and deep control wells; it serves as a
proxy for depth to rhyolite/mineralized basalt (contours are in feet).

5. GEOHYDROLOGIC CONCEPTUAL MODEL

The NWIS geochemical and temperature data examined in this study lead to some significant inferences and conclusions. Figure 18,
adapted from Mcling et al. (in press), depicts the current working hypothesis: the head of the axial thermal zone comcides with the arca
where the conductive gradient in altered basalts and underlying rhyolite shallows considerably, which is consistent with the inference
based on Figure 17°s basalt thickness / depth to the base of the aquifer. The figure also underscores the complex nature of the aquifer’s
northem margin where both thermal and non-thermal tributary imputs (including possible fault-controlled upwelling) and their
corresponding geochemical signatures can complicate interpretations of miNing,

Figure 19 summarizes essential elements of the geohydrologic conceptual model, which incorporates the geochemical information and
constraints identified in this work. The key elements of the model are:

16

136 SO

snakerivergeothermal.org



Welhan
South North

e
N

b= 1.0
wll 220 18 T OTANCM2 b

5 Axial thermal high
1 A0 = v 1,400
R o e T‘ If
3 Li,F, B, Ho A "’-'N:m«n A \Su /! E
U A s' e —— Tributary VA S R T e & R
| Na,sio; / nttows / margin | 1| /| |}
4 A
L Advective

Figure 118: Cross section from north to south showing isotherms (°C) in the ESRP aquifer beneath the INL, the base of the
aquifer (mineralized basalt / rhyolite and the depth of conductively dominated heat flow), and inferred fluxes of thermal
and non-thermal into the aquifer from its northern margin and from the underlving rhyolite. Red arrows represent,
thermal water inputs through the base of the aquifer as well as possible fault-controlled upwelling along the aquifer's
margin, and blue arrows represent cold ground water / surface water inflows from the ESRP’s bounding highlands and
tributary valleys. The position of the axial thermal anomaly of Figure 17 is indicated in the inset.
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Figure 129: Conceptual model of ESRP geohydrology in the vicinity of the proposed FORGE test site, illustrating key elements
controlling advective heat and solute inputs to the ESRP aquifer.
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Conductive heat flow raises aquiler water temperatures in low-velocity zones
*  Heat and solute tracers from rhyolitic basement are injected into the aquifer’s base
* Thermal and non-thermal advective inputs (heat + tracers) occur at the aquifer margin
+  Preferential flow zones in the rhyolitic basement and the mineralized base of the aquifer focus these advective thermal inputs
to the aquifer
Steady-state heat transport modeling indicates that ESRP aquiler temperatures are sensitive to the ground water velocity field (C.
Palmer, per. comm., 2015). Assuming purely conductive heat transfer at the base of the active flow regime, elevated water temperatures
are predicted a considerable distance above the base of the aquifer in areas where local ground water velocities are low. This builds on
previous work (e.g.. Brott et al,, 1981; Blackwell, 1989) and confirms that conductive heat transfer exerts an important first-order
control on the thermal state of the ESRP aquiler.

As Welhan (2015) has suggested. and the preceding analysis confirms, the association of elevated temperatures with the presence of
certain major and trace elements in thermal ground waters of the ESRP is a characteristic feature of these waters. In particular,
enrichments in Na, Si0,, Li and B appear to be diagnostic of thermal water-rock reactions in the rhyolitic basement rocks and provides
conclusive evidence that advective heat transport must be considered in any conceptual model of the deep EGS resource.

Work by Busenberg et al. (2000, 2001) has shown that these same elements, as well as dissolved He, are enriched in areas of the INL
where above-ambient ground water temperatures are found, corroborating the hypothesis that rhvolite-labelexd thermal waters are
injected through the base of the aquifer in the area of the INL. Their work also suggests that thermal waters are injected into the aquifer
at the aquifer’s northern margin, perhaps along basin-bounding fault structures. Measurements by Dobson et al. (2014) of elevated
3He/4He ratios in a nearby thermal well corroborates the hypothesis that heat and solute mass from depth are mjected along the aquifer
margin. However, due to extensive dilution by tributary surface and ground waters in this area of the aquifer, it is not known whether
these thermal waters also are enriched in rhyolite-derived solutes.

The most speculative element of the conceptual model portrayed in Figure 19 is the mechanism by which thermal water moves within
the rhvolitic basement and makes its way to the overlying aquifer. The results of the two-component mixing model suggest that the axial
thermal zone is supported by localized preferential flow. To date, the generation of permeable structures created by caldera collapse has
focused on structures and lithofacies inferred from theoretical and experimental models (e.g., Branney, 1995; Cole et al., 20035) that
have led to new insights mto collapse mechanisms and resulting structures. Acocella (2008) proposed a four-stage, subsidence-
controlled collapse sequence resulting in a series of nested calderas bounded by normal and reverse ning faults and intra-caldera collapse
breccias. Together with permeable fault and fracture zones, these breccia facies may be particularly important in determining the
geometry of preferential flow within the rhyolitic basement rocks,

6. IMPLICATIONS FOR EGS DEVELOPMENT

The scale of advective transport within the rhyolite basement is not known, but its existence raises the possibility that the thenmal
resource in the FORGE target zone may be significantly attected by hydrothermal heat transfer. Also, if’ preferential flow proves to be
an important factor in this area and heterogeneous facies such as collapse breccias play a major role, then issues like rock strength, stress
conditions and impacts on dritling and fracture stimulation n 2 highly fractured rock environment may need to be considered.

Finally, given the sharp contrast in chemical compositions of ESRP ground water and fluids that are expected to be encountered in the
EGS target rocks, consideration should be given to the thermodynamic stability of the solute load in shallow ground water if' it is used as
the heat-transter fluid. In addition, its potential to cause Ca-scaling problems due to CaCOy and CaF; must be evaluated and chemical
necessary stabilization approaches identified.

7. CONCLUSIONS

Certain solutes found in anomalously warm ground waters of the ESRP aquifer are diagnostic of thermal water-rock reactions in
rhvolitic / felsic rocks. Enrichments in Na, SiO,, Li and B, in particular, are diagnostic indicators of the presence of rhyolite-labeled
thermal water, as might high dissolved He concentrations (Busenberg, 2001) and diagnostic proportions of SiO, vs. Na/Ca, which
appears to be a sensitive indicator even in highly dilute mixtures. The association of these tracer solutes with elevated ground water
temperatures that occur in spatially discrete clusters throughout the ESRP conclusively demonstrates that heat transfer into the ESRP
aquifer occurs not only via conduction but by advection of heat and solutes through its base and at its margins.

The failure of a simple two-component mixing model to independently confirm the magnitude of core-scale rhyolite hydraulic
conductivity measurements in INEL-1 may simply reflect the low signal/noise contrast in thermally aflected areas of the aquifer and
uncertamty in the values of the end-member temperatures used in the mixing calculation. Significant spatial vanability in the vertical
hydraulic gradient and/or the magnitude of the lateral Darcy flux in the ESRP aquifer could also be responsible. On the other hand, it
may indicate that considerable permeability heterogeneity exists and that preferential flow paths dominate advective transport in the
rhyolites. This is supported by the observed association of thermal fluid flow in open fractures in INEL-1 (Moos and Barton, 1990), as
well as more recent data on fracture geometry in deep boreholes drilled into rhyolite in other parts of the Snake River Plain (Shervais et
al,, 2013; Moody et al., in prep.), which indicate that open fractures and systematic changes in fracture density with depth will need to
be considered in assessments of hydraulic conditions within the EGS resource,
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ABSTRACT

The Snake River Plam is an area characterized by high heat flow and abundant Quatemary volcanism, While USGS assessments
indicate that sigmificant undiscovered geothermal resources are likely to be present in this region, no commercial geothermal
development in this region has occurred. Elevated “He/'He values reflect crustal input of mantle volatiles and may serve as a
geochemical indicator of hidden geothenmal systems that are masked by the presence of shallow cold water aguifers.

This study is part of an integrated geochemical investigation of thermal features in the central and eastern Snake River Plain region,
Our project started by compiling existing He isotope data. regional heat flow data, and the locations of thermal wells and springs to
develop compositional trends and identify new sampling opportunities where data gaps exist. Our initial field work has resulted i the
highest *He/*He measurements ever reported for the Snake River Plain, with three locations having Re/Ra values greater than 2.0,
suggesting that we can see through the effects of shallow cold water aquifers to indicate the presence of mantle-denved fuid and heat
input into the shallow crust. Our new He isotopic results and previously reported data for the Snake River Plain range from (.03 to 2.36
Re/Ra. These results will be evaluated in conjunction with the results of conventional, isotopic, and multicomponent geothermometry
studies.

1. INTRODUCTION

One of the key R&D challenges for the DOE Geothermal Technologies Office Hvdrothenmal program is to develop techniques that can
be used to dentify undiscovered geothenmal resources in the US, which the USGS has estimated as having a mean power production
potential of 30 GWe (Williams et al., 2008). One of the main areas with elevated heat flow in the US, the Snake River Plain (Figure 1),
has no geothermal systems that have been commercially developed for energy generation. This area is characterized by abundant
Quatemary volcanism associated with the migration of the Yellowstone hotspot, but in a large portion of this region there are shallow
cold water aquifers that mask the presence of higher temperatures at depth,

Much of the volcanism in the Snake River Plain is associated with the migration of the Yellowstone hotspot (Pierce and Morgan, 2009),
and consists of bimodal basalts and rhyolites that have been erupted over the past 17 Ma. The rhyolites were derived from a sequence
of progressively younger to the east silicic volcanic centers (Morgan et al., 1984; Leeman et al,, 2008). Voluminous basalt flows range
n age from Tertiary to Holocene. and are found throughout both the Eastem and Western Snake River Plain. A small subset of these
basalts are late Quaternary to Holocene in age, and form 8 distinet eruptive centers (Kuntz et al., 1992; Hughes et al,, 2002), including
the Craters of the Moon. A number of Quaternary rhyolitic domes and cryptodomes are located in the Eastern Snake River Plain — these
are thought to have evolved from differentiation of basalt (McCurry et al., 2068),

While low enthalpy geothermal fluids have been hamessed for direct use in Idaho for more than a century, geothermal exploration
activity in the Snake River Plain for high-enthalpy systems has been carried out sporadically over the past 50 years (Ross, 1970; Young
and Mitchell, 1973; Parliman and Young, 1992), and has not vet resulted in the discovery and development of a commercial geothermal
system in the area, One recent research study, Project Hotspot, drilled three deep (=2 km) wells in three different regions of the Snake
River Plain (Nielson et al., 2012 Shervais et al., 2013). One of these wells (Kimama) intersected a thick (=900 m) cold water aquifer
before encountering an elevated thermal gradient, while a second well (Kimberley) encountered a thick (~1500m) reservoir of 35-60°C
water in rhvolitic lavas and tuffs. The third well (Mountain Home) discovered a high temperature (~150°C) geothermal system with
artesian flow. None of these locations had any surface thermal features that could be used to predict the varving thermal conditions that
were encountered.

With the exception of active rift zones (such as Iceland) and hot spots (Hawaii), basaltic dominated volcanic provinces are often
neglected as possible hosts for productive geothermal systems (Nielson et al,, 2015). This is in part due to the lack of shallow, long-
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lived magma chambers that would provide a sustained source of heat to the shallow crust. However, as evidenced by the elevated heat
flow, volcanic activity in the Snake River Plain region appears to be associated with magmatic intrusions in the crust that do provide a
viable source of heat based on crustal models (Peng and Humphreys, 1998; DeNosaquo et al., 2009). McCurry and Welhan (2012),
Nielson and Shervais (2014), and McLing et al, (2014) all postulate that basaltic sill complexes associated with these volcanic features
could serve as the heat source for geothermal systems in the Snake River Plain region. However, such subsurface features are ditticult
to detect using standard exploration techniques. One possible way to detect such features is to use a tracer that would be present in
geothermal fluids that would identify the presence of a magmatic component. Helium isotopes may serve as such a tracer for
geothermal fluids in the Snake River Plain region.
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Figure 1: Heat flow map of Idaho and the surrounding region, showing clevated values in the Snake River Plain (Blackwell et
al., 2011).

2. FIELD AND LABORATORY METHODS

Helium samples were collected dunng three field campaigns: September 2003, March 2014, and June 2014, Samples collected in 2014
were obtained from thenmal springs and wells as part of a coordinated geochemical study of these features for multicomponent and
isotopic geothermometry (McLing ¢t al., 2014; Cannon et al., 2014). A type-K thermocouple was used to measure the temperature of’
the thermal features, Gas samples for noble gas analyses were collected from bubbling hot springs using an inverted plastic funnel that
was connected with Tygon tubing to a copper tube. Gas was bubbled through the system to purge any atmospheric contamination, and
the gas samples were then trapped in the copper tube using cold seal weld clamps, resulting in a gas sample volume of ~9.8 em®. For
water samples without a gas phase, water was collected in copper tubes to trap dissolved gases for analysis. The samples were then
analyzed with a noble gas mass spectrometer at the Center for Isotope Geochemistry at LBNL using the methods described in Kennedy
and van Soest (2006). Helium isotopic compositions have been corrected for air contamination (Re) using the He/Ar and Ne/Ar ratios
by assuming all of the Ne and Ar were denived from air or air saturated water.

3. RESULTS

There are very few published He isotope values for thermal waters i the Snake River Plam region. Welhan et al. (1988) reported He
isotope values ranging from (.14 to 0.51 R/Ra for four thermal springs in the Snake River Plain region. A more comprehensive
unpublished study of He isotopic variations for 19 thermal springs and wells in southern Idaho was conducted by Jenkins (1979); he
reported R/Ra values ranging from 0.1 to 1.56, with all but two samples having values less than 1.

The initial results of this study provide He isotope data from a wide range ol thermal springs and wells in the Snake River Plain and
neighboring areas. A total of 11 He samples were collected duning the 2003 field season, and an additional 21 He samples were
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collected in 2014, Three of the areas that were sampled in 2003 were resampled in 2014 as a check on the reproducibility of the
analyses. In all cases, the Re/Ra values for the resampled features are within 0.2 Re/Ra of each other.

He isotope values for the features sampled thus far in this study range trom a low of 0.03 Rc/Ra (for Lidy Hot Springs) up to a high
value of 2.36 for the Barmron’s (Camas Creek Ranch) well (Figures 2 & 3). A total of eight features had Re/Ra values greater than 1.5,
with three of these having values greater than 2. The elevated (Re/Ra>1.5) values cluster in three distinct regions: one near Craters of
the Moon (Green House well), a second in the Twin Falls area (Miracle HS, Banbury HS and well, and Sligers well), and a third located
on the northem margin of the Snake River Plain north of Twin Falls (White Amrow HS, Magic Reservoir HS well, and Barron's well),

Temperature He Isotope

degrees C Rc/Ra

® <40 0.00-0.50

o 40-59 ) 051-1.00

© 60-79 () 101-150

e >80 () 151-200
(O 201-250

Figure 2: He isotopic values for the Snake River Plain superimposed on a digital elevation map with locations of latest
Pleistocene-Holocene basalts (Kuntz et al,, 1992; Hughes et al., 2002), Quaternary rhyolites (McCurry et al,, 2008), and
the outlines of major Tertiary silicic volcanic centers (Leeman et al., 2008). Symbol size and number indicates Rc/Ra He
value, and symbaol color indicates the measured surface temperature of spring or well
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4. DISCUSSION

Helium isotopes can be used to identity the source of the helium (Ballentine et al., 2002: Graham, 2002), thus facilitating its use a tracer
for the origin of geothermal fluids. There are three major reservoirs of helium: the mantle, the crust, and the atmosphere. The “He/'He
of air is 1.4 x 10, and is defined as Ra. Mantle (magmatic) He values are typically enriched in *He, with *He/*He ratios 7 to 9 times
that of atmosphere (7-9 R/Ra), Because "He is produced by radiogenic decay of Th and U, crustal He ratios are typically ~ 0.02 R/Ra.

Kennedy and van Soest (2007) conducted a detniled study of He isotopic compositions of thermal features across the Basin and Range.
They observed that fluids from geothermal systems located on the westem margin of the Great Basin that were associated a volcanic
heat source had elevated *He/'He values (Re/Ra >3). In contrast, amagmatic geothermal systems in the Basin and Range Province had
significantly lower values (Re/Ra from ~0.2 to 2) however, these values are considerably above crustal values (~0.02).  They
interpreted the slightly elevated values for the nonvolcanic systems to reflect amagmatic flow of mantle fluids through the ductile lower
crust. The values increased systematically from cast to west, correlating with an east-west increase in crustal strain rate suggesting a
concurrent cast-west increase in deep crustal permeability, enhancing uid flow to the surface. Several regions were found to have
anomalously high R/Ra values with respect to the general trend. Siler et al. (2014) looked to correlate the occurrence of major structural
features in these regions to see if they might serve as localized zones of higher permeability that woull further facilitate deep crustal
circulation of fluids and heat.

While the Snake River Plain has a clear association with voung volcanism (Figure 2), the thermal effects of this magmatic activity in the
shallow crust are often masked by a thick cold water aquifer that overlies much of the Eastern Snake River Plain region (McLing et al.,
2014). This cold water aquifer has a thickness reaching up to more than 900 m in places (Nielson et al., 2012: Shervais et al., 2013).
Another challenge is that most of the thermal features encountered in the Snake River Plain are located along its margins. Fluids
sampled from these features may have undergone cooling and mixing, thus making interpretation of fluid geothermometry challenging,
Multicomponent geothermometry has been emploved to better constrain the source temperatures of these complex fluids (Neupane et
al,, 2014; Cannon et al., 2014),

During the preliminary phase of this project, we examined the three regions with elevated He isotopic ratios to see if’ they coincide with
areas that have evidence of young volcanism (Figure 2) or high heat flow (Figure 3). Only one of the areas (Green House well — Re/Ra
= 2.23, by Arco) is near young (< 15 Ka) volcanic rocks (Craters of the Moon). This well is quite unremarkable in terms of its flowing
temperature (36.3°C), and multicomponent geothermometry vields a source temperature estimate of only 67£15°C (Cannon et al.,
2014). The other two high He isotope clusters (the Twin Falls area and the area near Magic Reservoir HS) are in arcas with Miocene
rhyolites and Plio-Pleistocene basalts (Leeman et al., 1982, Whitehead, 1992; Ellis et al., 2010) but are generally associated with higher
temperature thermal features and/or wells. These clusters are located in arcas with high heat flow (Figure 3).

One area that warrants future study is the region around Mountain Home, where drilling has revealed the existence of a hidden 150°C
geothermal reservoir (Shervais et al., 2013). Unfortunately this well was plugged and abandoned before it could be sampled for He
isotopes, but other wells in the region might contain geochemical signatures related to this system.  While this area does not have
Holocene voleanism, it does host Quatemary basalts (Shervais et al., 2002) and may be underlain by vounger basaltic sills (Nielson and
Shervais, 2014).

4. CONCLUSIONS

New helium isotope data for thenmal waters in the Snake River Plain has revealed a number of elevated (Re/Ra>1,5) He isotope values
that are higher than previously reported data for this region. These values suggest a significant mantle helium component.  These
clevated values have been observed thus far in three different areas within the Snake River Plain. There is not a clear correlation
between these elevated *He/'He values and young (< 15 Ka) volcanic features. However, this He signature may be related to basaltic
intrusions that are thought to sustain the high heat flow in this region. Future work will include integration of the He data with isotope
and multicomponent geothermometry and collection of additional samples in areas such as Mountain Home, where a hidden geothermal
system has been discovered.  Such sampling will help test whether He isotopes can help identify svstems that have no surface
manifestations in the Snake River Plain region.
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Figure 3: He isotopic values for the Snake River Plain superimposed on USGS heat flow map of the Snake River Plain (Williams
and DeAngelo, 2011). Map depicts inferred heat flow below the groundwater flow system. Map was generated to identify
regional-scale variations, so high heat flow in geothermal regions was capped at 120 mW/m’. Outline of the Snake River
Plain province from Payne et al. (2012). Symbol size and number indicates Re/Ra He value, and symbol color indicates
measured surface temperature of spring or well. The three Project Hotspot wells, depicted as stars, are (from west to
cast) Mountain Home, Kimberly, and Kimama (Shervais et al., 2013).
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Proposed FORGE Laboratory on the Eastern Snake
River Plain, Idaho
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ABSTRACT

This paper presents the results of a geomechanical charactenization of cores from a well in the Eastern Snake River Plain, Idaho, near a
proposed FORGE EGS Laboratory. The geological and geothermics features of the aren make the Fastern Snake River Plain a
promising target for an EGS system. The cores tested were obtained from the INEL-1 well with core depths ranging from 1,558 - 3,160
m. According 1o previous geological studies, rock types present in this well are mamnly rhyolite tufls, rhyodacites, basalts and lava
deposits (Miller et al). The section of core tested i1s mainly rhyolitic tuf) or rhyodacites. These rocks are hydrothenmally altered in
places and are found to have varving permeability, depending upon the stress level and existence of natural fractures. The core segments
from one well were plugged to obtamn one mch diameter and two inch long specimens for geomechanical charactenzation mcluding
porosity, permeability, velocity data, elastic modulus, Poisson's ratio, tensile strength, and Mohr-Coulomb envelope as well as some
acoustic emissions during triaxial tests. Pore scale characterization was also performed using thin section and Scanning electron
microscope (SEM) imaging.

1. INTRODUCTION

Enhanced geothermal systems are expected to be a significant source of energy generation in the vears 1o come. One of the most
promising sites for this m the US is the Snake nver geothermal Consortium’s (SRGC) proposed located within [daho National
Laborutories” Geothermal Resource Research Area (GRRA), which is located along the Snake River Plain i south castern Idaho, The
presence of high underground heat flow and a large underground aquifer within the Snake River Plain makes it ideal for a geothermal
energy development (Wilhams et. al),

EGS development relies on ereation of conductive pathways for flud flow and heat exchange. Low primary reservoir rock permeability
requires hydraulic fracturing with shear and tensile fractures depending on the specific site characteristics, For a successful stimulation
as well as dnlling programs, geomechanical properties of the target rocks are needed. Two core sections form depths of 4874 ft and
10,365 1, cach about 4 1o 6 inches, were provided by INEL. Plugs were extracted from these cores to obtamn switable samples for
geomechanical testing. Mineral composition and pore scale characterization has been performed using SEM and thin sections. A vanety
of laboratory tests have been conducted on the plugs to determining rock strength (trnaxial and uniaxial), velocity data (shear and
compressional), elastic properties, acoustic cmissions analvsis, stress<dependent porosity and permeability, crushed porosity (low
pressure pyncometer porosity ).

2. MINERALOGICAL AND PETROLOGIC DESCRIPTION OF THE CORE SAMPLES

2.1 Mineralogy of the INEL Core

One inch plugs from each of the two cores were tested using Fourier transform infrared spectroscopy (FTIR). The following table shows
the mineral composition of the two samples.

Spectrum Mineral | 00 C0 o ion) | (Yecompostion) "
Quartz 2555 2313
Onthoclase Feldspar 2548 10.87
Ohigoclase Feldspar 1625 10,06
Albite 607 21.30
[ Tilite 16.78 285
Calcite 0.00 6.83
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Dolomite 1.33 4.60
Smectite 4.21 34
Kaolinite 1.4 0.09
Mixed Clays (.88 13.50
Siderite 238 298

Table 1: Mineral composition in the INEL-1 core plugs using FTIR
Feldspars (Orthoclase, Oligoclase and Albite) constitute 42-27% of the composition here followed by silica (quartz) at 24-27%.
2.2 Petrology of INEL core

Two petrographic thin section images were prepared for the two cores (from depths 4874 1 and 103635 Rt respectively), The rocks have
an aphanitic texture with a few interspersed large grains of sizes 1-4 mm. The core from 4874 {1 is lighter in colour.

s

Figure 1: Thin section images of the core plugs from 4874 ft show a largely aphanitic texture with a few large quartz grains
interspersed across. Porosity is not clearly observed suggesting small size pores which are described in detail in the SEM images.
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Figure 2: Thin section images of the core plugs from 10,365 ft, these also show a more aphanitic texture with a few large quartz
grains interspersed across. Unconnected porosity and a micro-crack can be seen here (both black).

2.3 Scanning clectron microscope (SEM) analysis

SEM imaging was usad to understand the pore structure of the core ~ this includes mainly pore sizes, pore connectivity and presence off
micro cracks. The following images show the pore structure at two different magnification levels. The core from 4874 ft shows pores of
20-100 pm at a 35X magnification. Most of the pores appear to be small though. Several large quartz grains (1-2 mm) can be seen
mterspersed within the sample (marked as green circles in figure 3). Pore connectivity is good. No micro cracks are seen here.

For the 10,3651t core, the structure is markedly different. No porosity is evident here in the 35x magnification. In the 240x magnified
image though, a few pores can be seen with sizes less than 30 um. A healed fracture is seen here. many more can be seen throughout the
sample.

Figure 3: SEM images of the 4874 ft core

Healed fracture

Figure 4: SEM images of the 10,3651t core
3
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2.4 Porosity and Permeability

Porosity and Permeability were measured for all samples before triaxial testing using an automated Porosimeter-Permeameter. The
Porosity was measured first using Boyle's law technique using Helium expansion at different confining pressures. Helium was injected
at both the ends of the core sample to achieve equilibrium faster. Below plot shows the variation of porosity (0.3%-11%) with confining

pressure, the deeper core from 10,3650 depth was found to have very low porosity.

Porosity (%)

Porosity vs confining pressure

12
10 {
8 1 1
6 ¢} . {
——Sample V2, 4874 1t |
\ 8- Sample H, 4874
4} + e Sample VARt |
‘ —a—Sample 4, 103657
2 -t - —- 1
S
0 _— i — ) 4
0 1000 2000 3000 4000 5000 6000
Confining pressure (psi)

Figure 5: Porosity vs confining pressure for four core plugs from the INEL-1 core, sample depths are provided

Total porosity (crushed) was also measured using the displaced fluid method by taking a piece of core and crushing it to obtain grain

density and total porosity values for both the core depths. These are shown below:

Sample Bulk density | Grain density | Total  porosity
(g/ec) (glec) (%)

10365 253 2.66 4.67

4874 ft 2.30 263 1249

Table 2: Density and total porosity for INEL core plugs

The values of crushed porosity are very different from the connected porosity for the deeper core section; this indicates that it possibly

has lots of unconnected pores,

Permeability was measured using the standard unsteady state pressure decay technique. The data is used to determine the equivalent
liquid permeability, ship and turbulence factors, An equivalent air permeability at a defined confining pressure can also be caleulated,
Both these tests were done before triaxial testing of the sample.

To evaluate the permeability of the sample dunng tniaxial testing, two precision syringe pumps are used to maintain a small pressure
differential of 100 psi across the sample under a given confining pressure. Although any fluid can be used for permeability
measurements, nitrogen gas was used in these expeniments, Klinkenberg corrections were applied to cormrect for slippage. One way to
avoid the need for comrections is to use higher pore pressure (>2000 psi). The confining pressure must be adjusted to maintain the
required effective confining pressure during the test. Then, sample is left for achieving steady state ~ this is achieved when the flow rate
in both the upstream and downstream pumps becomes approximately the same (figure 6).

The time period to achieve steady state varied ~ for TufY or shales of nano-darcy permeability, 6-12 hours are needed (if using gas only,
liquids can take a week or more). Hence for all samples with ~ micro-darcy or lower permeability, gas was used.
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Figure 6: Plot shows steady state equilibrium between upstream and downstream pumps for measuring permeability,

3. DYNAMIC VELOCITY MEASUREMENTS

Both Compressional and shear velocities were measured using 500 kHz crystals at hydrostatic pressure of 35(X) psi before triaxial
testing. The following table shows these values for the respective samples:

Sample P-wave velocity S-wave velocity (nvs) Dynamic Elastic Dynamic Vp/Vs
(m/s) Modulus (GPa) Poisson's ratio
(unitless)
Vi 4089.46 2633.74 36.36 0.15 1.55
V2 3872.02 251681 32.064 0.13 1.54
H 529286 3425.12 5940 0.14 1.55
Sample 4, 10365 ft 4648.65 3286.62 55.14 - 141

Table 3: Dynamic measurements on the INEL core plugs

As can be seen, both Compressional and shear velocities merease with depth. There is sigmficant difference between velocities
measured between vertical and honizontal plugs from the 48741t depth. This indicates anisotropy between vertical and horizontal
properties. As can be seen in the static measurements section fater, this translates into a higher strength for the horizontal core plug as
compared to a vertical plug as expected. Ratio of Compressional to shear velocities varies between 1.4-1.5.

A companson between the static and dynamic measurements ( Elastic modulus and Poisson ratio) is provided in the summary table
below.

4. STRENGTH AND MODULUS MEASUREMENTS

4.1 Multistage triaxial and triaxial-injection testing

Tnaxial testing normally involves taking several samples from the same depth (or close depths) and then subjecting them to traxial tests
at varying confining pressures to define the strength envelope. However, limited sample availability and sample heterogeneity can result
m vanations in strength and other parameters resulting into difficulties m defining a meaningtul envelope. Multistage tniaxial testing
(Kovari and Tisa in 1975) has been used increasingly in defining strength envelopes (Wang et al,, 2016). Use of multistage triaxial
testing involves subjecting the sample to varying confining pressures and applving deviatoric stress to levels which won't cause
rreversible damage, The range of confining pressures can be defined depending upon the expected stress levels in the reservoir.
Prevention of permanent damage can be ensured by using a criterion to define when o stop applying deviatoric (see Tran et al (2010),
Kovani and Tisa (1975), Kovari et al. (1983), Kim and Ko (1979), Crawford and Wvlie(1987)). For the purpose of this paper, the
experiments which were camied out have used the volumetric strain deflection in conjunction with AE information to define the
stopping point.

In a tnaxial test combined with injection (to replicate m-situ stimulation practice) the sample is loaded to the point of dilatancy where
the volumetric strain curve shows a deflection. Then, the pore pressure is increased to induce rock failure.. The test provides useful data
for stimulation treatment design. We performed two variants of this test. In the first case, the sample was stressed axially to a pre-
determined level (close to failure based on analysis of reservoir stress data) with a certain confining pressure, then the pore pressure was

bl
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increased and the sample deformation was observed. If the sample did not fail, a higher pore pressure and/or differential stress was
applied to induce failure. In the second case, the sample was loaded until the deflection in the volumetnic strain was observed. Then, the
pore pressure was increased to bring the sample to failure. In each case, the principal stresses at failure were measured.

Two multistage triaxial compression tests, two injection tests, and five Brazilian tests were camed out to determine the geomechanical
properties and the Mohr-Coulomb failure envelopes. Also, permeability before and after tests was measured for all the triaxially tested
samples.

Figure below shows the four core plugs used for tniaxial and injection tests. All samples are one inch in diameter and have a length to
diameter ratio of 2:1 with the exception of sample H, which had a ratio of 1.92:1. It can be observed that, the three core plugs from
4,8301 had no visible fractures and looked very similar i appearance. However, the core plug from 10,365 {t depth had several healed
fractures,

Sampleno 4, 10

o
e
e,
i
f‘l-
|2
—
=

Figure 7: Pictures of samples before the triaxial or injection tests
Two samples — both from the well INEL-1, were subject to multistage tnaxial tests; four to five different confining pressure stages were
used for these tests and the samples were taken to failure using gas injection in the last loading stage. The axial stress was applied using
2 strain control mode at a rate of 3x10-6 strains/sec. The following procedure was followed:
1. Sample 1s jacketed with a thin copper jacket (0.003™ thickness) and 8-12 acoustic crystals are added on the jacket at fixed locations.
2. Sample 1s hydrostatically loaded to a confining pressure slowly while monitoring strain.

3, Sample is then loaded deviatorically until volumetric strain deflection is observed, at this point sample is unloaded. Confining
pressure is changed for the next stage. This 1s repeated until the last stage.

4. In the last stage, failure is initiated using injection while the sample 1s under a confining pressure of 3500 psi and an axial load
which causes a negative change in volumetric strain. This has been descnbed earlier.

250

) 23852,
Pe = 3500 psi
oy = 23.58¢e,
Po = 2750 pss
op = 26.95¢,
Fe = 2000 psi
oy~ 25.18¢,
Pc = 1250 psi

-0, (MPa)

0
0.40% -020% 0.00% 020% 040% 0.60% 080% 1000 120%
Strain (%)

Figure 8: Stress strain response at four stages of multistage triaxial test for INEL-V1 (4874 ft depth) sample. Volumetric
deflection point increases with increase in confining pressure signifying higher strength; Young's modulus also increases slightly
at higher confining pressures,
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Figure 9: Mohr-Coulomb plot for INEL sample V1, depth 4874 ft.
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Figure 10: Stress strain response at four stages of multistage triaxial test for Sample no 4, 103651t depth. Volumetric deflection
point increases with increase in confining pressure signifving higher strength; Young's modulus also increases slightly at higher
confining pressures. As compared to the shallower samples, this shows more strength.

The failure envelope for both the samples was calculated assuming that the best fit tangent line of non- failure Mohr circles has the same
slope as the failure envelope. as shown in fig. above using technique defined by Pagoulatos (2004).

200 T 1A Uips
e 1179 Mg
180 !
3920 Mg
160 | ——rrrum
140 y=0.7918x+435 | —07
& 120 2 Tl — L e
-~ |
- | =20 e
g 100 | — L
5 ipe)
i 8
7 @
&
2
0 : |
0 s0 100 150 200 250 300 350
Nornmlstress, MPa

Figure 11: Mohr-Coulomb plot for INEL sample no 4, depth 10365 ft.
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Figure 12: Triaxial - injection plot for sample V2, 48741t depth

Sample

V1, 48741t V2, 48741 H, 487411 Sample-4, 103631
Static Young's ?
modulus (GPa)** 275 270 348 468
Stati POI1SLON <
i I 0.15 0.16 0.16
Unconfined
Compressive 1322 - - 179.2
Strength (MPa)y*
Cohesion (MPa)* 295 - - 435
Friction angle* 28 - - 382°
Peak strength 5
(MPa)** 2298 2235 260.1 2514
Dynamic Young's
frodulig 364 326 594 351
Dynamic. Poisson | 54 0.13 0.14 z
ratio

* - Measured using Mohr Circle data
** - Measured at 3500 psi confining pressure

Table 4: Summary of static and dynamic measurements performed on samples from the INEL-1 well
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Following inferences can be made from the measurements recorded above:

I.  There 1s some anisotropy between honzontal and vertical plugs from the 48741t core. Horizontal plug shows higher strength
and higher voung’s modulus in both static and dynamic measurements.

2. Dynamic and static Poisson’s ratios are almost same (within 10%). However static and dynamic voung's moduli are different
(14-41% difterence, average 23%) but show similar trend in all four plugs with higher values in dynamic measurements.
3. Decper core samples (lithologies) are stronger than the shallower core and have higher elastic modulus. This correlates very

well with their porosities (lower porosity in deeper core) and velocities (higher velocity i deeper core).

4. Young's modulus increases very slightly as confining pressures are increased in the multistage triaxial tests- this indicates
that these rocks are well compacted already

Figure 13: Pictures of samples after testing; copper jacket hasn’t been removed to prevent sample disintegration. Red lines show
clear fractures seen on surface. Location of these fractures in 3-D has been studied in next section using acoustic emissions,

4.2 Brazilian Test (Indirect Tensile Strength Test)
Indirect tension tests often referred to as Brazilian tests were performed on plugs from both the core depths. The indirect tensile strength
of the specimens were calculated as follows:
2P
O =—
¢ »Dt
Where, a; is the Brazilian tensile strength (MPa), P is the load at failure (N). D is the diameter of the specimen (mm); t is the thickness

of the specimen (mm) (ISRM 1978). A picture of the test assembly and a test result for the sample from 10,3651 depth are shown
below,

12

10

Force [kN)
o

Figure 14: Axial force vs time plot for sample Bl (left) and picture showing the crack at centre of sample after Brazilian test.

Table 5 shows a summary of the tensile strength values for the five samples that were tested. It can be seen that the three plugs trom
10,365 ft show significant variation in strength, this happened due to presence of healed fractures in all three samples. S2 had fewer
fractures and hence shows higher strength. Samples were loaded to get highest possible value of strength (perpendicular to fractures).

9
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Indirect Tensile Strength
Sample name (MPa)
S1(10365 ft) 19.2
S2 (10365 1) 248
T1 (10365 t) 138
Bl (4874 i) 200
B2 (4874 ) 15.2

Table 5: Brazilian test results for the INEL core plugs, the variation in the three values for the 10365 ft can be explained on the
basis of presence of natural fractures

5. PERMEABILITY CHANGES DUE TO ROCK FAILURE

Table 6 describes the changes in permeability observed after fracturing. It should be noted that during compressional loading two
processes compete ~ the sample compression reduces permeability due to pore closure, while micro fracturing or shear fracturing
inecreases permeability. Permeability has been observed to decrease with increasing triaxial loading (even after fracture) for high
porosity samples like sandstones and to increase for low porosity samples (Ohaka, 2010). The final permeability change is also a
function of whether the fracture intersects the ends of the sample or more localized. Horizontal sample permeability was not measured
during these tests. It can be seen from below table that most of the samples showed large increases in permeability after fracturing
which shows that injection experiments could be successful in creating improved fluid flow in these rocks. The final values of
permeability though are stll low (ub).

Plug Initial permeability (uD) Final permeability (uD) Ratio of Final to initial
permeability

V-1,4874 1t 182 1668.0 92

V-2, 4874 1t 0.068 0.5%0 9

H, 4874 1t 0.197 10,138 44

Sample 4, 10365 0.086 17.357 201

Table 6: Permeability values before and after triaxial testing for the INEL core plugs

6. ACOUSTIC EMISSION ANALYSIS DURING ROCK FAILURE

The MISTRAS Express-24 channel, Acoustic Emisston (AE) svstem with a frequency range of 1KHz - 1MHz was used with 8 1o 12 AE
sensors per sample for recording acoustic emissions generated during the triaxial tests. These sensors were attached to the sample using
epoxy. A preamplifier of 40 dB was applied to all the sensors. The amplitude cut of! on these sensors vanied from 45-55 dB: any wave
below this amplitude is discarded by the system as noise. Frequency and energy of failure events were also recorded during the tests -
these give insights into the nature of failure; typically higher confining pressures result in lower energy released during the failure if the
rocks become more ductile. A sample rate of 1 MSPS (million samples per second) was used to record the AE information. 3-D location
analysis was also performed using AE mformation ~ this technique uses the source amplitude and the differences m time 1t took the
wave to reach the different sensors to arrive at the location of the event. 3-D location is highly dependent upon the rock type - rocks
which generate low AE (including Tuft) typically do not give a good 3-I) location response as compared to very brittle rocks which
generate high amplitude AE waves during the failure process.

AEMEQ analysis was camied out for all the tests. Figure 15 below shows the time - stress responses in conjunction with AE
information for each of the four tests. The figures show the rate and number of hits observed during the respective tests. It can be
observed that generally the rocks tested have a good AE response with the strongest AE response observed close to and during failure.
Also, low AE activity 1s observed after failure when ship takes place on the shear surface. Samples V1 generated low AE after failure
while samples V2, H, and 4 show good AE response to fracture slippage. Overall the highest number of events were recorded for
sample H and followed closely by V1, and 4 and far less for V2., This can be explained as follows:

10
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1. Sample H has the highest strength and is more brittle (sharp drop in stress after failure) than all other samples. This clearly
contributed to its high AE rate and total number of events.

2. Sample V1 and sample no 4 both generated similar number of hits, however in terms of rate of AE generation, sample V1 had
double the rate at fracture initiation as compared to sample no 4, This is because sample 4 had several healed fractures before
testing and deformation localized on those prior to the formation of a new fracture plane. On actual observation after failure,
sample 4 had several failure planes — it failed along the healed fractures in addition to newly gencrated failure planes resulting
in & more gradual failure process than V1 which failed in a highly bnttle manner.

3. Sample V2 had the lowest AE response, this despite it having almost the same strength and coming from the same exact depth
as V1 and almost similar dynamic and clastic modulus. This can be attributed to presence of micro cracks in V1 which
contributed to a good initial permeability value (more than 250 times that of V2). As a result the pore pressure within VI was
able to increase more rapidly throughout the sample, causing a more brittle failure as compared to V2 which had a very ductile
failure. It can be seen in table 6 that even the final permeability in V2 after failure is lower than the initial permeability in V1.
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Figure 15: AE hits rate and cumulative number of hits correlated to axial stress during triaxial testing observed in the four
INEL -1 well core plugs. More brittle failure (V1, H and sample no 4) show high number of hits as compared to sample V2
(ductile failure — observe stress plot). Most of the hits are generated during fracturing although some are generated just before
and during fracture sliding.

It should be noted that the AE was recorded using 8-12 sensors and these rocks were observed to generate far less AE activity when
compared with sandstones (for example Berea sandstone in a similar experiment generated over 10000 hits). AE responses vary from
rock to rock and typically,

The following plots show the 2-D and 3-D location analysis of’ AL events for all the four samples. The figures show the failed sample
next to the 2-D location plot and a three dimensional plot showing location of events. It should be noted that the red lines on the sample
show the fracture location. Also, location analysis shows the location of micro-fracturing in addition to the large shear fracture

locations.

.' u
u
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Figure 16: Sample 2D location plots with Sample V1 (top left), sample V2 (top right). Sample H (bottom left) and Sample no 4
(bottom right) showing event locations in 2-D within the sample as compared with the fracture location in the respective samples
(marked red). Location algorithm picks up micro cracking as well within the sample.

Figure 17: Sample 3-D location plots showing event locations in 3-D within the sample (right)
13
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CONCLUSIONS

Geomechanical properties of dnll cores from the INEL-1 well have been characterized n this work, The results provide information
regarding the elastic and failure properties along with pore structure, compositional analysis, and porosity and permeability. The
mineralogical analysis clearly shows presence of mainly feldspars (42-48%) and silica (24-27%). Clay composition varies from 24-27%.
Porosity varies from 14% at the 4 8741t depth to 4% at 10,365 1t depth ~ this can also help understand the higher strength in the deeper
core. The deeper core showed the presence of healed fractures and the sample failed along these fractures. Elastic properties were found
to increase with depth and a high MEQ rate was also observed. This can be seen in the much higher values of Young’s modulus in the
deeper core, Velocity measurements show considerable anisotropy in vertical and horizontal plugs i the 487411 core — this correlated
very well with strength measurements on the core plugs with horizontal plugs showing higher strength and velocities. Smee only one
plug was available from 10,365 ft depth, it is recommended to obtain more plugs with a different orientation to understand variations in
strength, i’ any, Permeability measurements clearly show a large increase after fracturing — this shows that although fracture closure in
absence of proppants will reduce overall conductivity, it will still be much higher than existing permeability. AE activity was observed
during the tests, and was observed to increase exponentially during fracture with low activity during slippage.
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Geomechanical Modeling

Geologic Model Background

The Idaho National Laboratory (INL) is sited on the Eastern Snake River Plain (ESRP) west of

Idaho Falls, Idaho. The Snake River Plain cuts a concave northward arc across the Northern Basin and
Range physiographic province, the trace of a hotspot whose present position is marked by the
Yellowstone caldera (e.g., Morgan, 1972). In the ESRP, initial silicic volcanism has since given way to
extensive extrusion of basalts that now overlie the silicic volcanics. This volcanism is still active; flows
within the Craters of the Moon National Monument a few miles west of INE are less than 10,000 years
old (Kunz et al., 1986).

Information regarding the composition of the materials that underlie the ESRP has generally been
obtained from interpretations of surface geophysical investigations. Analyses of cores and cuttings
obtained during drilling of the INEL-1 borehole provide one of the few direct observations of the
subsurface (Prestwich and Bowman et al., 1980). Based on these analyses, more than 610 m of basalts
have been extruded onto the ESRP. Sands and gravels are interlayered with these basalts. The underlying
silicic volcanics extend to the total depth of more than 3.1 km. These include more than 1,675 m of
welded tuffs, with minor amounts of cinders and tuffaceous interbeds. Dense, recrystallized
hydrothermally altered rhyodacite ash-flows were found in the borehole below about 2,500 m. Below this
depth, the rock becomes increasingly dacitic; at 2,880 m, an abrupt change to dacites was inferred from an
increase in logged density. At greater depths, basaltic intrusions comprise as much as 25% of the present
40-km-thick crust, based on interpretations of seismic refraction data (e.g., Sparlin et al., 1982).

Snake River Plain Tectonics

Basin and Range tectonic activity characterizes the regions on both sides of the ESRP, as characterized by
the 1983 Borah Peak earthquake immediately to the north of the INL Site. Although significant activity
appears to be concentrated within a parabolic arc with its head beneath Yellowstone National Park, no
earthquakes larger than M, = 3 have been detected in the period since 1961 beneath the plain itself.
However, feeder vents for the extrusive basalts are aligned in a north-northwest direction, suggesting that
the plain is extending in the same direction as the surrounding province. A number of ideas have been
proposed to explain the lack of seismic activity beneath the plain. These include that the plain is
undergoing ductile deformation, a consequence of elevated subsurface temperatures (e.g., Furlong, 1979),
or alternatively that the basalts are simply too strong to fail (Anders et al., 1989).

The stress orientation data for a larger region surrounding the plain was compiled from the World Stress
Data Base and includes data through 1989. Three earthquakes in northern Nevada indicate a roughly
NE-SW direction of principal horizontal compression in the Basin and Range and a normal faulting
environment. A series of earthquakes near the ldaho/Utah border suggests a similar magnitude and
orientation of the principal stress field immediately to the SE of the plain. Immediately to the north of the
Snake River Plain (SRP), maximum compression trends NW-SE, as illustrated by the stress directions
inferred from the 1983 Borah Peak normal faulting event (indicated by a solid triangle).
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One- to Three-Dimensional Geomechanical Modeling of the ESRP

In low-matrix-permeability reservoirs, such as the ESRP, stimulation response is controlled largely by the
properties of natural and induced fracture networks, which are in turn controlled by the in situ stresses,
the fracture distribution and connectivity, and the hydraulic behavior of the fractures. Exploiting this
complex interaction requires knowledge of the present-day stress field at the reservoir scale for effective
and efficient stimulation.

The methodology to fully characterize the subsurface at the INL’s proposed Frontier Observatory for
Research in Geothermal Energy (FORGE) site integrates three field-scale models derived from a broad
multidisciplinary set of data. A geologic model provides the structural framework, lithology and
reservoirs properties, a three-dimensional (3D) geomechanical model of the magnitudes and orientations
of reservoir stresses, pore pressure evolution and rock mechanical properties, and a discrete fracture
network (DFN) model fracture characterization and distribution.

Interpreting rock types and distributions within a volcanic setting is complicated by the heterogeneity and
discontinuity of the rocks. To develop the 3D geologic framework, geostatistical methods will be applied
within a structural grid-cell model built using the JewelSuite software. For the base case model, the facies
picks of formation tops from drilled wells are matched to interpreted facies boundaries as a set of well-tie
cross sections. This information is used to generate a 3D structural volume with a consistent set of rock
types within a given facies region. The base case geologic model result (best-case and worst-case
scenarios below) provides the common framework for the subsequent modeling in this study. The base
geologic structural model for the proposed FORGE site shows the geologic evolution and subsequent
horizons through time.
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Best case scenario geologic model.

LCC Outflow KC Outflow Base BLT

Base LRS Base Heise Base Basalt

Worst case scenario geologic model.

A complete geomechanical model consists of estimates of the in situ or present-day stresses (both
orientation and magnitude), the rock strength and rock properties, and the pore pressure or formation
pressure. In keeping with the majority of work in rock mechanics, tectonophysics and structural geology,
we use the convention that compressive stress is positive. We use this convention because in situ stress at
depth greater than a few tens of meters in the earth, confining pressure in apparatus, and fluid pressure in
pores are always compressive. Positive compressive stress is also the convention used in the field of soil
mechanics. This is opposite to the convention adopted in work on the theory of elasticity and continuum

mechanics where stresses are assumed positive when tensile (see discussions in Jaeger and Cook, 1979;
Zoback, 2007).
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In geologically simple reservoirs, a 3D static geomechanical model can be developed based on sufficient
well control, attributes derived from geophysical data and structural information. 3D dynamic
geomechanical models are necessary where we need to solve correctly pressures in more complex
reservoirs such as areas with large topographic relief, e.g., beneath mountain ranges, or with large lateral
density contrasts, e.g., adjacent to salt bodies. Dynamic models are also required to calculate stress
continuity across faults, stress perturbations due to active fault slip, and changes in stress magnitudes with
depletion.

One-Dimensional Geomechanical Modeling Workflow

The initial phase of 3D geomechanical modeling involves the development of calibrated, one-dimensional
(1D) geomechanical models based on data from wells distributed throughout the geothermal reservoir.
The 1D models are an essential step toward creation of a 3D geomechanical model, because they are used
to develop and verify static stochastic 3D geomechanical models and 3D dynamic geomechanical finite
element simulations of more complex or time dependent aspects reservoirs evolution (i.e., reservoir
pressure and temperature evolution with time).

For the FORGE study, offset well data will be utilized to derive 1D profiles of vertical stress, S,,
maximum horizontal stress, Spmax, minimum horizontal stress Symin, pore pressure, Py, and rock
mechanical properties (UCS, T, E, etc.). For 1D geomechanical models, we assume that one of the
principal stresses acts essentially vertically and that the other two principal stresses act horizontally.

To constrain the stresses within the proposed FORGE site, our team will utilize a broad suite of historical
and newly acquired data recorded in wells drilled into SRP to map in detail the magnitudes and
orientations of in situ stress across the field. The methodology requires characterization of
drilling-induced wellbore failures through analysis and interpretation of available wellbore image data.
We will use least principal stress values (S3) inferred from leak-off tests or mini-fracs, information about
vertical stress from density logs, and pore pressure information obtained by direct measurement or
inferred from drilling data along with the observed wellbore failures to constrain the full stress tensor in
the reservoir.

We use the suite of data recorded in the 3,300-meter-deep INEL-1 borehole in 1990 to demonstrate our
proposed approach. Standard logs recorded in the borehole included a density log, neutron porosity, sonic
slowness, electrical resistivity, formation temperature, natural gamma ray, and caliper hole size
measurements. In addition, analog acoustic televiewer data were recorded over the interval 2,066 to

3120 m and then digitized post-logging (Moos and Barton, 1990).

We will compare values of compressive rock strength obtained in triaxial laboratory measurements
against effective in situ rock strength determined through the log-based analysis. Log-based rock
mechanical properties are derived through application of empirical relationships to the wireline data to
calculate depth profiles of UCS, Young’s modulus, Poisson’s ratio, and internal friction. The fundamental
INL log data and the computed geomechanical parameter profiles are shown in the example below.
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Log-derived rock strength must be calibrated against laboratory triaxial rock strength measurements.
Newly acquired rock strength measurements (Bakshi et al., 2016) are plotted in this example and show
excellent correlation with the log-derived values. A histogram of computed UCS values over the interval
1,500 to 3,000 m yield a P10 of 121 MPa and P90 of 183 MPa. These will values help to constrain the

possible magnitudes of the horizontal stresses based on the presence or absence of wellbore breakouts in
the well.
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In the vicinity of the proposed FORGE site, the vertical stress, Sv, at 3,500 m is 82 MPa based on
integrated density logs recorded in the INEL-1 borehole. The water table measured in INEL-1 is at 91 m,
indicating pore pressure in sub-hydrostatic at a value of 34 MPa at this depth. Wireline data and drilling
experience from the INEL-1 borehole provide an estimate for the least horizontal principal stress, Spmin Of
58 MPa * 2 MPa at this depth. The lack of leak-off or mini-frac tests in any of the site boreholes currently
limits our ability to accurately validate the least principal stress gradient.
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To constrain the magnitude of Symax, our approach will utilize the Baker Hughes GMI*SFIB™ modeling
software along with the results of wellbore failure analyses to derive a stress state consistent with the
occurrence or absence of drilling induced tensile fractures and wellbore breakouts in the reservoir zones.
The modeling requires well-calibrated values for S,, Spmin, Pp, and UCS.

We provide an example of this approach, again based on preliminary modeling of data recorded

circa 1990 in the INEL-1 borehole. The figure plots Symax Versus Spmin for a fixed value of S, (at a depth
of 3,500 m) to graphically illustrate all possible stress states as constrained by Coulomb frictional faulting
theory (Moos and Zoback, 1990; see figure below). The perimeter of the figure polygon indicates the
limiting values of Symin and Shmax for which the state of stress is in equilibrium with the frictional strength
of preexisting faults, a condition often observed in the earth (e.g., Zoback and Healy, 1992). For any point
around the perimeter of the polygon, construction of a Mohr diagram would show that the circle would be
exactly touching the Coulomb frictional failure line for an optimally oriented fault. We utilize a
coefficient of friction of 0.6, consistent with the results from laboratory tests (Byerlee, 1978) conducted
for many rock types encountered in the earth’s crust, including geothermal reservoirs. The only allowable
stress states are those that are either along the perimeter of the polygon or within its interior. This ensures
that the in situ stresses never exceed a ratio of shear to effective normal stress that would initiate
earthquakes on well-oriented faults.

In order to apply more rigorous constraints on stress magnitudes using observations of wellbore failure,
the plot also displays lines on the frictional constraint polygon that indicate the combination of values of
Shmin and Spymax (for the given vertical stress, S,) that are consistent with wellbore failures observed in
image logs. Red lines represent the stresses consistent with observed breakouts (contoured for different
rock strengths) and the blue line represents the minimum values of Sy for the given Sy, that would be
required to generate drilling-induced tensile wall fractures.

From the data currently available for this site, the maximum horizontal stress magnitude can only be
constrained as transitional between normal faulting and strike slip faulting Sy > Symax > Shmin (red shaded
area in the diagram below) with Sy, of 89 MPa + 11 MPa at 3,500 m. Once we have acquired
contemporary wellbore image data, we will use this workflow to analyze data recorded in the newly
drilled and existing wells to more precisely constrain stress magnitudes.

For the INEL-1 example, in situ stress orientation indicators such as wellbore breakouts and drilling-
induced thermal fractures were not observed in the original 1990 image logging program precluding
measurement of in situ stress orientation from these data. Although drilling-induced thermal fractures
would be expected to occur at depth in the deeper INEL-1 borehole, it is likely that the relatively low-
resolution circa 1990 acoustic televiewer tool could not resolve these fine-scale features. Our proposed
science plan requires that more contemporary, higher-resolution wellbore image logging be undertaken at
the FORGE site as part of the next logging program to help constrain both in situ stress orientation and
magnitude.
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Preliminary geomechanical model for INEL-1 borehole based on limited geomechanical data.
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Constructing the Three-Dimensional Geomechanical Model

The FORGE 3D geomechanical model will use a number of these 1D models and the geologic structural
model (i.e., lithologies, horizons, and faults) to create a reservoir-scale geomechanical model as described
in Holland et al. (2010). With moderate structural complexity and relatively homogenous stress fields
within the reservoir, reservoir compartment, and overburden, the full workflow can be carried out within
the 3D static model. For this methodology, a 3D grid is used and populated with the properties of the

1D geomechanical using geostatistical methods. The pore pressure and horizontal stresses are calculated
using similar techniques used in the 1D models; only in this case, the calculations are not done along a
well, but along the vertical, orthogonal pillars of the grid. The population of the grid with the primary
properties is analogous to building a reservoir grid, although using a much higher resolution over the
entire vertical column.

These reservoir-scale models make use of static equations to calculate the stress. 3D static modeling will
incorporate density, static Young’s modulus, and Poisson’s ratio values derived from the 1D
geomechanical modeling. Once upscaled, the 1D properties are mapped onto the structural grid. High-
resolution 3D geomechanical models based on structural grids have a clear advantage over a 1D
depth-stretched model by honoring structural and stratigraphic constraints. Layer thickness variations,
erosional contacts, and lateral changes are accounted for. The image below shows density mapped to the
preliminary structural grid generated for the proposed FORGE site. The contoured horizon is reservoirs
temperature at 3,500-meter depth.
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Under the assumption that one of the principal stress directions is vertical, the minimum and maximum
horizontal stresses are calculated based on effective stress ratios derived from the 1D modeling. These
ratios relate the effective horizontal stresses to the effective overburden and are related to the rock
property and the stress field conditions. Populating these ratios allows estimating the horizontal stresses in
respect to the local pore pressure, local overburden, and the local rock type. As with the stresses, the pore
pressure cannot simply be extrapolated along the material layers. Different methods are possible
depending on the pore pressure model and the available data (Ward et al., 1992; Bowers, 1994). With the
stress model and the primary rock properties in place, other secondary properties like the fracture gradient
are then—similar to the stresses—calculated from the grid properties at every cell location.
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Application of the Geomechanical Model — Wellbore Stability and Hydraulic
Fracture Design

Knowledge of the in situ stresses allows optimization of drilling mud weights, the design of stable
wellbore trajectories, assessment of the stability of uncased wells, and the evaluation of casing schemes.
For example, based on the geomechanical model, it is straightforward to calculate the safe mud window
for drilling wells for any well trajectory. We will use quantitative risk assessment to examine the
influence of the uncertainties of the geomechanical model on the predicted required mud weight window,
either at a certain depth or for a particular wellbore section. Quantitative risk assessment provides the
probability distribution for drilling success where achievement of success is defined by engineering
design. This information is extremely useful when prioritizing data collection or when determining what
new data are required to increase the confidence in the wellbore stability analysis results.
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{ Quantitative Risk Assessment( QRA) for mud

In geothermal environments, it is critical to assess implications of thermoelastic stress changes while
drilling. Cooling increases the tensile stresses (and decreases the compressive stresses) at the wellbore
wall, affecting the development of wellbore breakout decreasing the collapse pressure required for
compressional failure at the wellbore wall. As the hole warms up after drilling, the compressional stresses
increase and so does the collapse pressure. Over time, the hole falls into thermal equilibrium and the
collapse pressure increase requires higher mud weight to control excessive breakout development. The
figure below shows the effects of this time-dependent stress evolution for the EGS Habanero field (data
courtesy of Geodynamics, LTD).
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Of equal importance to drilling is the application of the geomechanical model to well completion design,
specifically the ability to hydraulically fracture the rock at the desired depth in the reservoir. With the
geomechanical model, the optimal trajectory to initiate hydraulic fractures and for these fractures to link
up and grow away from the wellbore can be determined.

Effect of Drilling Direction - Fracture Intiabion (SG) Effect of Drilling Direction - Fracture Link-Up (SG)
MD =3000.00 m (TVD-RT = 3000.00 m) un-m’:)qoomrvo-m-aooomm)

Optimal trajectories to initiate (left) and link-up (right) hydraulic fractures as a function of wellbore
trajectory.

Natural Fracture Characterization and DFN Development

3D natural fracture characterization uses a variety of data to spatially map fracture occurrence,
orientation, spacing, and intensity. The primary deterministic data for 3D fracture characterization are
wellbore image data, microseismic data, well test or injectivity data, advanced acoustic logging data, and
3D seismic data. Wellbore imaging tools have dramatically improved in resolution and accuracy over the
past 25 years; our proposed investigation of the ESRP will certainly benefit from these improvements. In

182 SO

snakerivergeothermal.org



Snake River Geothermal

CONSORTIUM

addition, there now exist wireline tools such as the deep shear wave imager that can image fractures and
faults up to 30 m away from the wellbore, significantly enhancing knowledge of spatial fracture
distribution. Further, high-resolution mineralogical logging (FLEX) can be used to discriminate sealed
from permeable fractures in geothermal reservoirs. Contemporary 3D seismic data analysis methods
include determination of fracture attributes based on seismic coherency which again would augment
wellbore data with spatial fracture distribution.

In review of the limited data available for natural fracture analysis in this area, the Moos and Zoback
(1990) study analyzed the depth distribution and orientation of fractures intersecting the three shallow
wells and the deeper INEL-1 borehole. The image data provided a preliminary view of flow stratigraphy
within the basalts, revealing a characteristic lithostratigraphy within each flow unit. At the base of each
flow is a narrow zone of rubbly material, which grades into a massive interior cut by near-vertical
fractures, possibly columnar joints. Near the top is a narrow zone a few meters thick of shallow-dipping
fractures. This pattern of fractures detected in the basalts penetrated by the shallow wells is most likely
due to thermal stresses generated during cooling. Individual flows identified on the bases of this
characteristic pattern have thicknesses on the order of 26 m.

Well Name:  INEL-1  Log Date: 2000
Well Location: Idaho Depth Range: 2,066.8-3,1206m

0 EY 0 70 E £ 0 770 EZ
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Typical circa 1990 wellbore image data recorded in Borehole INEL-1.

A limited sampling of the depth, orientations, apparent apertures, and lithologic setting of macroscopic
fractures intersecting the INEL-1 borehole within the interval 2,067 to 3,121 m were available from the
1990 wellbore image analysis. In the welded tuffs, there are two main fracture populations, one striking
northeast-southwest dipping steeply to the northwest and the other orientated roughly north-south dipping
steeply to the west. In the lower rhyodacites, there are three dominant fracture populations (1) a
northeast-southwest set steeply dipping both northwest and southeast; (2) an east-northeast set dipping to
the south, and (3) a south-southeast set dipping to the north. The variability of fracture trends revealed by
the image data analysis indicates there is a well-developed network of fractures that can provide a base
reservoir volume for stimulation.
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Fracture distribution derived from rhyolite interval, Borehole INEL-1.

Fracture distribution derived from rhyodacite interval, Borehole INEL-1.

Steeply dipping fractures are interpreted as relict structures related to caldera collapse, and thus were not
formed in the present-day stress field. In addition to these fractures, numerous more shallow-dipping
fractures were found. Fracture frequency does not systematically decrease with depth in the study
interval. Although mechanisms acting to close fractures would be expected to reduce the number of open
fractures with increasing depth, the data do not show this trend. Shallow-dipping fractures tend to cluster
within specific depth intervals. This pattern is similar to that found in the extrusive basalts. The fracture
distribution tends to be clustered with intermittent high fracture densities.

There appears to be a cyclic repetition of high-density fracturing followed by moderate to low fracture
density throughout the logged interval of the INEL-1 borehole. These apparent cycles may be associated
with repeated deposition of the volcanics and with the associated compositional changes indicating that
the cyclic repetition of high density fracturing with intervening zones of moderate to low fracture density
may be a consequence of processes occurring during deposition and cooling of the silicic volcanics. This
detailed analysis of the fracture distribution will help to inform the stochastic DFN model.
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Fracture distribution (tadpole plot), fracture frequency per foot and associated well logs over the
interval 6,780 to 10,200 m in Borehole INEL-1.

Three-Dimensional Fracture Characterization — Discrete Fracture Network
Modeling

3D fracture characterization is focused on developing a conceptual model for natural fractures,
interpreting a hydro-structural model for the site, and developing a 3D static DFN model. By static DFN,
we mean a description of where fractures are expected to occur in 3D, their intensity (measured strictly as
fracture area per unit volume), their statistical distributions of size (i.e., extent) and orientations. The DFN
is built using the 3D geomechanics study, geological model, and various other well logs, microseismic
and operational data, drilling logs, and interpretations. Then the model is calibrated on dynamic
information based on monitoring data in response to injection, i.e., performing simulations of hydraulic
stimulations of specific wells. These low-flow-rate injection tests are used to characterize the hydraulic
properties of the fractures, their width, stiffness, and strength—properties that are often difficult to
guantify, leading to the typically large uncertainties in predicted response to stimulation of fractured
reservoirs. Model iterations include adjusting DFN parameters such as intensity, size, and aperture. Post-
stimulation tracer tests of dipole injection between two wells can also be used to confirm the resulting
DFN model parameterization and to screen stochastic realizations showing solute transport characteristics
most similar to those observed.

An example of our DFN workflow applied to the Wayang Windu Geothermal Field in Indonesia is shown
below (data courtesy of STAR Energy). Deterministic data are from wellbore data, image logs,
production logs, lithology, and microseismic data recorded under stimulation provide fracture intensity,
distribution, and hydraulic aperture. Stochastic DFN models are generated to find the optimal fit to the
deterministic data. Integrating the results from our 3D geomechanical grid with the DFN fracture
distribution, we can determine, using Coulomb failure analysis, the proximity to frictional failure of each
fractures in the DFN. Mapping these fracture intersections to the reservoir volume provides a means to
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identify “geomechanical sweet spots,” zones with the highest density of stress sensitive fractures
(Barton et al., 2013) for stimulation design.
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Fracture characterization from wellbore data

Fracture trends of a DFN model Density of stress sensitive fracture intersections

Implications of the in situ stress sate and fracture network for stimulation of the SRP
geothermal reservoir.

Effective production from EGS reservoirs requires stimulation of preexisting natural fractures, but it is
also accompanied by hydraulic fracturing, which creates high-conductivity pathways back to the
producing well. These are often held open after stimulation using proppants injected with the stimulation
fluid. Because injection pressures exceed the least stress, the stimulated volume creation is likely here to
be through a combination of shear stimulation and growth of new hydraulic fractures, enabling more
efficient connections within the preexisting natural fracture system.

For the very limited 1D geomechanical data available for the INEL-1 borehole, we can evaluate the mud
pressure at which a tensile fracture starts to form on the wellbore wall for a given tensile strength. The
plot below represents this pressure as a function of wellbore trajectory; vertical wells are plotted in the
center, and horizontal wells plot along the outside edge. The grid in the plot is aligned with the stress
symmetry. Geographical north is at top of the plot and the two arrows pointing into the plot indicate the
azimuth of the maximum horizontal stress based on out limited data. The plot shows wells highly
deviated in the direction of Sy, require higher stimulation pressures than those drilled in the direction of

SHmax-
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Effect of Drilling Dwection - Fracture Intaton (SG)
MD = 2500.00 m (TVD-RT = 3500 .00 m)

165G

Similarly, we can use the INEL-1 1D geomechanical model to estimate the optimal trajectory to stimulate
the preexisting natural fracture system. The approach we use for modeling the connected stimulated
network is the observation, validated by numerous studies (e.g., N. Barton, 2007), that fracture
conductivity is enhanced when fractures have slipped under a critical state in which the shear stress is
sufficient to cause the fracture to fail in shear. Explicitly, we define this condition using a Coulomb
failure criterion in which slip occurs when 1 > uo, — Sp (T is the shear stress acting on the fracture, p is the
coefficient of sliding friction, o, is the effective normal stress, and Sy is the cohesion).

Under natural conditions (left plot), most fractures are nearly completely closed, as oy, is always greater
than zero in situ. Raising the reservoir pressure, as occurs during stimulation, decreases effective normal
stress thereby causing an increase in the number of fractures that are critically stressed and thus can slip
(right plot). Because fracture walls are rough, slip requires an increase in the crack width which enhances
conductivity. As stimulation pressure continues to increase to values above the fracture gradient, Mode |
(tensile) cracks will open, and, with continued pressure increases, the pre-stimulated shear fractures will
also open. When the pressure drops after stimulation is complete, shear fractures remain open (they
self-prop), but Mode I cracks will re-close unless proppant or other means are used to maintain their
newly created aperture.

The stereoplots below show the measured fractures in Borehole INEL-1 before and after stimulation at
1 SG where white indicates critically stressed natural fractures. The lower Mohr circles show the pre- and
post-stimulation effective stresses.
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Effect of Fracture Otientation (poles an lower hemisphere) Effect of Fracture Orientation (poles on lower hemisphere)
and Mohr Diagram at TWD = 2604 +- 552 m (MD = 2604 m) and Mohr Diagram at TVD = 2604 +- 552 m (MD = 2604 m)

-0.8 06 -0.4

Coulorb Failure Function, 5G Coulomb Failure Function, SG
L] : 0 h :
® B 03 T N s
w 4 :
é 02 % O2F ey (EEREERERRRRN: .....
A w : : : "
] : TR T o PRV L T L
g g H ; 2 : : : "
&0 0s 1 g ; ; ; :
Effective normal stress, 3G 0z n nz 04
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Sy=237 3G Coefiicient of friction = 0.6 Sv=237 5G Coeﬁ’lc_ient foricpon =0k
SHmax = 2.39 56 Cohesion = 0 psi SHmax = 2.33 50 Cohesion =0 psi
Shrnin = 1.70 3G Depletion/injection = 0 Shrin = 1.70 36 Depletion/lnjection = 1 3G
SHmax azimuth = 135 deg  Stress path parameter =0 SHrmas azimuth =135 deg  Stress path parameter =100
Pare pressure = 0.99 5G 53-narmal frac limit = 10 deg Pore pressure = 1.93 3G S3-normal frac limit = 10 deg
Bint's coefiicient = 1.00 Best Wall = 81/159 deg Biat's coefficient = 1.00 Best Well = 84/179 deg

We will use Baker Hughes’s new ARGOS™ fully 3D fracture modeling software to establish our planned
development of a fully calibrated 3D reservoir geomechanical model and coupled DFN model; well
design criteria, including optimal trajectories; landing points; frac staging; spacing; sequencing; and
proppant schedules. ARGOS is a multiphysics platform for hydraulic fracture modeling in complex,
unconventional formations such as EGS. Importantly, the interoperability between JewelSuite and
ARGOS enables a powerful workflow for fracture modeling in complex unconventional formations.
ARGOS can read directly from JewelSuite FORGE geomechanical models, various meshes and wellbore

designs required for simulation. ARGOS simulation results can then read by JewelSuite for visualization
and analysis.

Fracture width
4mm

3D modeling reveals that the effects of varying cluster spacing on fracture growth can be highly
asymmetric in laterally variable media.
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The ARGOS software can predict pressure and flow at any point along the wellbore or within the
developing fracture network and incorporates models for fracture aperture and slip. Under stimulation the
hydrofrac provides the initial connection to the wellbore and natural fractures connect once slip occurs
and nucleate microseismic activity. The ARGOS software can fully capture the exchange of frac fluids
into the formation and preexisting fractures as a result of stimulation. Comparison to microseismic data
provides validation, as shown below.

Natural fractures connected to a wellbore at an injection pressure of 25 MPa.
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Appendix H

Characterization

An extensive list of wireline petrophysical and wellbore image logs are planned for characterization of the
Frontier Observatory for Research in Geothermal Energy site (Table H-1).

The Snake River Geothermal Consortium will record critical production logs, temperatures, flowmeter
readings, and pressures to aid in mapping fluid inflow/outflow zones along the wellbore. Repeat
temperature logs also reveal the systematic recovery to ambient temperatures of the cooled temperature
profile that results from active circulation of cold surface fluid during drilling. Early production logs will
be obtained prior to setting casing but prior to recovery of the well; later logs will be acquired after
drilling fluid loss zones (perhaps coinciding to the primary flow zone) are behind casing.

Crossed-dipole acoustic logs can detect stress-induced anisotropy, and they help to identify and orient
compliant and, therefore possibly conductive, fractures in the volcanic rocks. Acoustic logs are also
invaluable for determining rock mechanical properties as a function of depth (i.e., rock strength, Poisson’s
ratio, Young’s modulus, and friction angle) that can be calibrated with laboratory-derived values. We will
also deploy the new deep shear wave-imaging tool capable of imaging near-well fractures that may or
may not intersect the borehole as far as 18 m (60 ft) away from the well (Figure H-1). The lower image in
Figure H-1 shows deep shear wave-imaging data looking out 15 m (50 ft) away from the borehole where
reflectors are seen bounded by clear lithology structures. Primary strike direction of the reflector is

N55E imaged from horizontal shear waves polarized in the same direction. These data provide extremely
important natural fracture and fault information for wellbore completion design in geothermal reservoirs.
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Logging
Method

Table H-1. Summary of proposed well bore geophysical logging methods.

Method
Name

’ Information Supplied

Comment

Priority

Required to compute overburden stress
by integration.
Bulk density computed Important for porosity.
from electron density
Density Estimate of content of Fe, | Important constraint on gravity modeling.
350°F and CDL/ZDL | Ca, and Mg relative to Si, H
500°F from PEF
PEF can help differentiate limestone,
dolomite, and mafic-rich rocks (i.e.,
volcanics) from those with high quartz
content, and help with clay mineralogy.
Total volume of clay and K-rich minerals.
Spectral Separately measures the U is mobile; high values could indicate
natural contributions of K, Th, paleo-flow zones.
gamma DSL and U to the total GR H
gggo:z and Th and K help with clay mineralogy.
Recommended over standard GR.
Important for porosity.
Neutron Porosity from hydrogen Useful for clay volume if non-clay
porosity content minerals are radioactive.
350°Fand | N - . L
E00°F VVolume of clays or Not sensitive to porosity variation for
hydrated alteration porosities below a few percent.
products
A measure of the volume Important constraint on magnetotelluric
of electrically conductive | modeling.
o fluids (i.e., porosity)
ReSLSt'V'ty In low porosity rock, a Low resistivity indicates higher porosity,
350°F and HDIL £ the Vol £ h £ electricall . M
500°F measure of the volume o or the presence of electrically conQuctlve
conductive minerals minerals e.g., clays, oxides, or pyrite.
May provide estimate of total dissolved
solids of fluids.
Compressional and shear Calibration for seismic or vertical seismic
elastic-wave velocities profile.
With density, dynamic Measure of degree of consolidation
. elastic moduli (stiffness).
Acoustic
350°F and DAL Can be used to compute rock strength to H
500°F help constrain stress from observations of
Stoneley-wave reflections | wellbore failure.
and attenuation Detecting compliant / conductive
fractures Estimate of matrix permeability
by Stoneley-wave inversion.
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Logging
Method

Method
Name

‘ Information Supplied

Comment

Priority

Useful for better seismic ties using
transversely anisotropic velocities.
) Sensitive to stress to determine
Azimuthal shear-wave . : : .
. orientations of maximum and minimum
anisotropy .
horizontal stresses.
Crossed Combined with Stoneley | Sensitive to intrinsic anisotropy (steep
dipole modeling, Tl elastic open fractures; dipping bedding).
acoustic XMAC-FL | moduli H
350°F and T . . . .
500°F Hole ellipticity and its Independent information is required to
orientation, from differentiate stress-induced from intrinsic
centralizer calipers anisotropy.
Can substitute for 4-arm dipmeter to
detect breakouts.
Processing is carried out offsite.
All crossed dipole Detection of fracture and fault size and
Deep Shear acoustic information geometry between wells.
Wa\ge Image DSWI Imaging structure _ Processing is carried out offsite. H
350°F and (fractures and faults) in
500°F the volume surrounding
the wellbore
Important for structural analysis.
Can be so sensitive to fine scale features
it obscures useful information.
Centimeter-scale image of | Identifying drilling-induced tensile
wall rock resistivity fractures for stress.
; Fine-scale fractures, In contrast to an acoustic image, does not
Electrical ; - .
images 350°F STAR electrlcqlly resistive vs. provide complete wellbore coverage. M
conductive, NOT “open”
vs. “closed”
Subtle stratigraphy Sannot be u”sed alone to detect
permeable” fractures.
Pads can be damaged by high
temperature.
Excellent to identify mechanically
. “weak” fractures.
Acoustic Several cm-scale image of - ——
in?z?gljjess asoep | UXPL/ wellbore wall reflectivity | Less resolution than electrical image logs. H
and 500°F GTI Several cm-scale image of | provides 100% wellbore coverage.
wellbore radius .
Excellent for breakout and tensile fracture
analyses.
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Logging
Method

Method
Name

‘ Information Supplied

Comment

Additional structural constraint.

Dip of electrically-

Priority

Azimuthal anisotropic materials May help separate structural from stress-
resistivity 3DEX induced elastic anisotropy. L
350°F Resistivity perpendicular Structural information available
and parallel to bedding post-acquisition.
P . Pad-type tools are sensitive to wellbore
orosity
Nuclear roughness.
magnetic MREX Estimate of permeability Per'meaplllty estimate requires L
resonance calibration.
350°F May have temperature limitations- rated
to standard 350°F.
The stress and pore pressure data can be
Pore pressure very important to supplement or replace
o an extended leak-off test.
Wireline . .
straddle May not be available from all service
packers RCX-SP providers Have severe temperature H
350°F Least Principal stress from | constraints and pressure limitations Only
micro-fracturing tests SLB and BHI offer - 120k (for one set of
packers), 35k for element changes, 20%
surcharge for high strength mandrel.
Pulsed Detailed mineralogy.
neutron . Mass fraction of Carbon content.
350°F and Rockview individual elements : . : : L
E00°F Precise depth delineation of lithologic
contacts.
Detects weak fractures and faults that
cause wellbore enlargements.
. . . Single-arm caliper provides information
Caliper Hole size, using one or to correct other logs for hole size
350°F, 2 axis | WGI more independently 9 ' H
at 500°F articulated arms Multi-arm caliper (6-arm) allows
determination of hole shape; if oriented
can be used to detect and orient wellbore
breakouts for stress determination.
Tools that qualify need additional
preparation.
High RCX - SP HT surcharge applies above
Temperature | | High-Temperature 300°F. H
350°F, 2 axis Logging over 350F Maintenance costs are escalated after
at 500F 350°F

Availability of these special tools results
in higher transport costs.
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Figure H-1. Near-well fractures that may or may not intersect the borehole as far as 18 m (60 ft) away
from the wellbore (upper images) and deep shear wave imaging data looking out 15 m (50 ft) away from
the borehole where s are seen bounded by clear lithology structures (lower image).
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