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Abstract
Waste constituents discharged to the eastern Snake River 

Plain aquifer at the U.S. Department of Energy (DOE) Idaho 
National Laboratory (INL) pose risks to the water quality of 
the aquifer. To understand these risks, the U.S. Geological 
Survey, in cooperation with the DOE, is conducting 
geochemical studies to better understand the hydrologic 
processes at the INL that affect the movement of groundwater 
and waste constituents. In this study, we used natural uranium 
(234U/238U) and strontium (87Sr/86Sr) isotope ratios of surface 
water and groundwater to identify the sources of water, the 
mixing of different source waters, and the flow directions in 
the shallow part (upper 250 feet) of the aquifer at the INL.

Samples were collected from 17 sites at and near the INL 
that represent the source-water contributions to the aquifer. 
These source-water sites included surface water, regional 
groundwater, and springs. Groundwater samples from 63 
sites were collected at and near the INL. For all sites, sample 
collection dates ranged from 1979 to 2019, but groundwater 
samples collected at the INL are representative of wet 
climate cycles when the Big Lost River (BLR) was flowing 
onto the INL.

The 234U/238U activity ratios and 87Sr/86Sr from 
groundwater at the INL were plotted on graphs within ternary 
mixing webs in which the three end members of the mixing 
web represented specific sources of recharge. The large 
number of sources of recharge required numerous mixing 
webs, representing various geographic locations at the INL, 
so that each mixing web represented an area with just three 
sources of recharge. Considerations for determining the 
sources of recharge to groundwater sites included chemical 
signatures in addition to 234U/238U and 87Sr/86Sr, hydrologic 
context, and geographic location. The mixing webs were used 
to estimate the percentage of recharge from specific sources to 
groundwater at wells.

The results of this study identified groundwater from the 
Lemhi Range as a source of recharge to the INL, which was 
a previously unsuspected source of recharge. The estimated 
spatial distribution of recharge from the BLR and groundwater 
from the Lost River Range also decreased and increased, 
respectively, relative to the spatial distribution estimated from 
an earlier study. Upwelling geothermal water was identified at 
only one well, which indicates that the upward movement of 

deep groundwater to the shallow part of the aquifer is largely 
nonexistent. Mixing between surface water and groundwater, 
different groundwater recharge sources, or both is ubiquitous 
at the INL. Mixing of water fully explains the distribution of 
234U/238U and 87Sr/86Sr in groundwater at the INL and thus 
renders unnecessary the hypothesis that fast and slow flow 
zones at the INL are required to explain the distribution of 
234U/238U and 87Sr/86Sr.

Introduction
Water from the eastern Snake River Plain (ESRP) 

aquifer supplies water for industry, irrigates approximately 
900,000 acres of farmland, and provides the sole source of 
drinking water for approximately 200,000 people in eastern 
Idaho (Idaho Department of Environmental Quality, 2015). 
Nuclear research activities at the Idaho National Laboratory 
(INL), a U.S. Department of Energy (DOE) site established 
on the ESRP in eastern Idaho in 1949, produced liquid and 
solid chemical and radiochemical wastes that were disposed 
to the subsurface at various INL facilities (fig. 1, table 1). The 
disposal of these wastes resulted in detectable concentrations 
of some waste constituents in the ESRP aquifer (Davis and 
others, 2013).

The presence of chemical and radiochemical wastes in 
the ESRP aquifer may pose risks to the water quality of the 
aquifer, which is a concern of the State of Idaho, DOE, and the 
public. To understand these risks, the U.S. Geological Survey 
(USGS), in cooperation with the DOE, collects water-quality 
data and conducts investigative studies of the aquifer (Knobel 
and others, 2005). The water-quality data, in addition to 
providing information about risks to groundwater quality 
from waste constituents, are used in geochemistry studies 
(Olmsted, 1962; Robertson and others, 1974; Busenberg 
and others, 2001; Rattray, 2018, 2019, 2023) to understand 
hydrologic and chemical processes in the ESRP aquifer and 
to determine how these processes influence the concentrations 
and movement of groundwater and waste constituents in 
the aquifer. Results from geochemistry studies also provide 
information that may be used to improve, constrain, and (or) 
calibrate groundwater-flow models of the ESRP aquifer at the 
INL (Fisher and others, 2012).
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Figure 1.  Geographic features and water-quality sampling sites at and near the Idaho National Laboratory (INL) and vicinity, 
eastern Idaho.



Introduction    3

Table 1.  Site names and abbreviated names for water-quality sampling sites, Idaho National Laboratory (INL) and vicinity, eastern Idaho.

[The first five sets of data (surface water, tributary valley groundwater, Arco Hills Springs in the Lost River Range, regional groundwater, and geothermal water) 
are considered sources of recharge to groundwater at the INL. Locations of sites are shown in figure 1. Site information is available from the U.S. Geological 
Survey National Water Information System (NWIS) at https://dx.doi.org/10.5066/F7P55KJN (U.S. Geological Survey, 2021)]

Site name Abbreviated name

Surface water

Big Lost River near Atomic City BLRAC
Big Lost River below INL 

diversion BLRINL

Birch Creek at Blue Dome Inn BC
INL diversion at head, near Arco INLDIV
Little Lost River near Howe LLR
Mud Lake near Terreton ML

Tributary valley groundwater

Arco City Well #4 ACW4
Big Springs near Clyde BS
Ruby Farms RF
USGS 126B 126B

Arco Hills Springs in the Lost River Range

King Spring near Arco KS
Unnamed Spring near Arco US
Walker Spring near Arco WS

Regional groundwater

CNWR Well #8 CNWR8
ML 22 ML22

Geothermal water

INEL-1 2,000 feet INEL-1 or INEL1 2,000 feet
INEL-1 10,300 feet INEL-1 or INEL1 10,300 feet

Deep groundwater at the INL

EBR-1 EBR1
Site 9 Site9
Site 14 Site14
USGS 7 7
USGS 15 15

Shallow groundwater in the North INL Area

ANP 6 ANP6
No Name 1 NN1
P&W 2 P&W2
PSTF TEST PSTF
USGS 18 18

Site name Abbreviated name

Shallow groundwater in the Northeast INL Area

ANP 9 ANP9
USGS 26     26
USGS 27     27
USGS 29     29
USGS 31     31
USGS 32     32

Shallow groundwater in the Southeast INL Area

Arbor Test 1     AT1
Area II     A2
Grazing Well #2     GW2
USGS 1     1
USGS 2     2
USGS 100     100
USGS 101     101
USGS 107     107
USGS 110A     110A
USGS 143     143

Shallow groundwater in the Northwest INL Area

Site 4     Site4
Site 17     Site17
Site 19     Site19
USGS 12     12
USGS 19     19
USGS 22     22
USGS 23     23
USGS 97     97
USGS 98     98
USGS 99     99
USGS 102     102
USGS 134 zone 15     134
USGS 146     146

Shallow groundwater in the Central INL Area

Badging Facility Well     BFW
USGS 5     5
USGS 6     6
USGS 17     17

https://dx.doi.org/10.5066/F7P55KJN
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Site name Abbreviated name

Shallow groundwater in the South INL Area

Houghland     Houghland
USGS 14     14
USGS 124     124

Shallow groundwater in the Southwest INL Area

Highway 3     Hwy3
USGS 8     8
USGS 9     9
USGS 11     11
USGS 83     83
USGS 86     86
USGS 89     89
USGS 103     103
USGS 104     104
USGS 105     105
USGS 108     108
USGS 109     109
USGS 117     117
USGS 119     119
USGS 125     125
USGS 135 zone 10     135

Table 1.  Site names and abbreviated names for water-quality 
sampling sites, Idaho National Laboratory (INL) and vicinity, 
eastern Idaho.—Continued

[The first five sets of data (surface water, tributary valley groundwater, Arco 
Hills Springs in the Lost River Range, regional groundwater, and geother-
mal water) are considered sources of recharge to groundwater at the INL. 
Locations of sites are shown in figure 1. Site information is available from the 
U.S. Geological Survey National Water Information System (NWIS) at https://
dx.doi.org/10.5066/F7P55KJN (U.S. Geological Survey, 2021)]

This study used naturally occurring uranium (U) and 
strontium (Sr) isotope ratios of surface water and groundwater 
to investigate hydrologic processes in the ESRP aquifer at the 
INL. Several characteristics of these isotope systems make 
them excellent tracers of water, well-suited for investigating 
hydrologic processes. Uranium and Sr are abundant 
trace elements in most natural waters, they have isotopic 
compositions that can vary widely in different hydrologic 
systems, and their isotopic compositions remain unfractionated 
by near-surface chemical and physical processes (Paces and 
Wurster, 2014).

Chapter A of Professional Paper 1837 (Rattray, 2018) 
documented the use of natural U and Sr isotopic compositions 
and a two-component mixing model to identify sources of 
recharge to groundwater at the INL. Information derived 
from that study indicated that U and Sr isotope ratios were 
not available for all sources of recharge to groundwater at the 
INL or from enough well-distributed groundwater samples 
from the INL to completely and confidently identify the 

sources of recharge throughout the INL. In addition, due to 
the many sources of recharge to groundwater at the INL, it 
was determined that a three-component mixing model would 
better represent the multiple sources of recharge than a 
two-component mixing model. Consequently, during 2018–19, 
water samples were collected from sources of recharge to, and 
groundwater from, the INL and were analyzed for U and Sr 
concentrations and isotope ratios. This report (Professional 
Paper 1837, Chapter D) incorporates these recently collected 
data and uses three-component mixing to evaluate sources of 
recharge to groundwater at the INL.

Purpose and Scope
The objective of this report is to identify the sources 

of water, mixing of different source waters, and the flow 
directions of groundwater in the ESRP aquifer at the INL 
from U (234U/238U), expressed as an activity ratio (AR), and 
Sr (87Sr/86Sr) isotope ratios. Ninety-five groundwater samples 
were collected at and near the INL from 58 shallow wells 
(those that penetrate only the upper 250 feet [ft]) of aquifer) 
and 5 deep wells (those that penetrate deeper than 250 ft 
into the aquifer). Surface-water, spring, and groundwater 
samples were collected from 17 sites that are potential sources 
of water (recharge) to the INL (BLR; fig. 1). Data from 
the 95 groundwater samples used in this study include two 
water samples collected in 1979 (Mann, 1986; McLing and 
others, 2002), one water sample collected in 1991, 64 water 
samples collected during 1996–99 (Johnson and others, 2000; 
Roback and others, 2001), and 28 water samples collected 
during 2018–19 (this study, available at U.S. Geological 
Survey, 2021).

Because the number of shallow groundwater sites with 
available U and Sr isotopic compositions was greater than the 
number of deep groundwater sites, the hydrologic processes 
presented in this report are representative of the shallow 
aquifer. However, these hydrologic processes also may be 
representative of some parts of the deeper aquifer.

Description of Study Area

The study area encompasses approximately 5,000 square 
miles (mi2) of eastern Idaho and includes the (1) southern 
extents of the Pioneer, Lost River, Lemhi, and Beaverhead 
Mountains; (2) Big Lost River, Little Lost River, and Birch 
Creek tributary valleys that bisect the mountains; and (3) 
the ESRP at and adjacent to the INL (fig. 1). The ESRP is a 
relatively flat topographic depression with altitudes at the INL 
ranging from about 4,800 to 5,300 feet (ft), and altitudes in 
the mountains as high as 12,655 ft in the Lost River Range. 
The climate is semi-arid on the ESRP and continental in the 
mountains with mean annual temperatures and precipitation of 
5.7 degrees Celsius (°C) and 8.4 inches (in.) at the INL (period 
of record 1950–2014; National Oceanic and Atmospheric 

https://dx.doi.org/10.5066/F7P55KJN
https://dx.doi.org/10.5066/F7P55KJN


Purpose and Scope    5

Administration, 2015) and about 0.0–2.2 °C and 32–36 in. 
(mostly as snow) in the higher areas of the mountains (period 
of record 1981–2000; PRISM Climate Group, 2015).

Geology
The study area consists of two geologic provinces, the 

northern Basin and Range province and the Snake River 
Plain-Yellowstone Plateau volcanic province, that are 
represented by the mountains and the ESRP, respectively 
(Link and Janecke, 1999; Morgan and McIntosh, 2005). The 
mountains are a heterogeneous mixture of late Cenozoic to 
Paleozoic sedimentary and Neogene silicic volcanic rocks 
(fig. 2). Limestone and dolostone are the primary sedimentary 
rock type, but sandstone and other silicic sedimentary rocks 
are also present. Silicic volcanic rocks in the mountains 
include rhyolite, dacite, and andesite (Lewis and others, 2012).

The ESRP is a structural depression that formed as the 
Yellowstone hot spot moved progressively northeastward 
across Idaho; as the ESRP subsided, it was filled with 
numerous, massive volcanic eruptions. Consequently, the 
ESRP consists of a thick sequence of Neogene rhyolite 
that is overlain by a thick sequence of Quaternary and 
Neogene basalt.

The ESRP contains several structural features (fig. 2) 
at and near the INL. These include (1) volcanic rift zones, 
which are linear to curvilinear belts of numerous volcanic 
structures and landforms that generally trend northwestward 
and are perpendicular to the direction of regional groundwater 
flow (Kuntz and others, 1992), (2) volcanic vent corridors, 
which are narrow zones in and near (and parallel to) volcanic 
rift zones that contain known or inferred volcanic vents, 
fissures, and dikes (Anderson and others, 1999), and (3) the 
Big Lost Trough (BLT) and Mud Lake subbasins, long-lived 
sedimentary basins that were part of Pleistocene Lake Terreton 
(Gianniny and others, 2002).

Hydrology
The amount of precipitation occurring at the INL makes 

precipitation a minor contributor to groundwater at the INL. 
Infiltration of wastewater from ponds at INL facilities also 
is a minor contributor to groundwater. However, wastewater 
discharged at the INL is actually recycled groundwater, so this 
source of recharge is not really a new source of water. Other 
surface water in the study area includes the Big Lost River 
(BLR), Little Lost River (LLR), Birch Creek (BC),1 Mud 
Lake, and irrigation water. Except for the BLR, infiltration 
from these sources of surface water occurs beyond the 
physical boundaries of the INL. Consequently, the BLR is 
the only actual surface-water source that infiltrates through 
the shallow, unsaturated zone to the ESRP aquifer at the INL 
(Bennett, 1990).

1Since 1969, when most water from BC was diverted north of the INL, 
the amount of water flowing onto the INL from BC is small and periodic 
(Swanson and others, 2003).

The BLR is an ephemeral stream on the ESRP, with 
mean annual discharge onto the INL fluctuating between 0 
and greater than 100 cubic feet per second (ft3/s; fig. 3) (U.S. 
Geological Survey, 2021) in response to seasonal flow cycles 
and short-term (3‒8 year) wet-dry climate cycles. The BLR is 
a losing river that infiltrates to the subsurface and terminates 
on the ESRP, and the distance that the BLR flows downstream 
is dependent on the amount of discharge in the stream. 
Localized, episodic infiltration from the BLR, including at 
the BLR sinks, playas, and INL spreading areas (natural 
depressions into which water from the BLR was diverted for 
flood control purposes beginning in 1965; Bennett, 1990) 
(fig. 1) occurs when there is sufficient discharge, which 
usually occurs during wet climate cycles (Bennett, 1990). The 
nonuniform nature of recharge from the BLR causes the ESRP 
aquifer beneath the western half of the INL to behave as a 
transient hydrologic system. Due to the ephemeral nature of 
the BLR, the geochemical signature of this source water will 
change over time (Rattray, 2019).

Regional groundwater is the only source of recharge to 
the ESRP aquifer in the eastern half of the INL. Consequently, 
the aquifer in the eastern half of the INL behaves as a 
steady-state hydrologic system.

The ESRP aquifer underlies the INL. The aquifer is 
composed of hundreds of interfingered layers of discontinuous 
basalt flows and sediment, with the thickness of individual 
basalt flows estimated to range from 2 to 100 ft (Anderson 
and Liszewski, 1997). The fractured-basalt aquifer is 
heterogeneous, largely unconfined, and ranges from several 
hundred to several thousand-feet-in thickness (Ackerman and 
others, 2006). The aquifer is overlain by an unsaturated zone 
that ranges from about 200 to 2,000 ft (Whitehead, 1992).

The porosity of the basalt ranges from 0.05 to 0.27 
(Ackerman and others, 2006), with porosity and permeability 
generally lower in the massive interiors of basalt flows and 
higher in the interflow zones between basalt flows (Welhan, 
Clemo, and others, 2002; Welhan, Johannesen, and others, 
2002; Ackerman and others, 2006). Hydraulic conductivities 
(K) were estimated to range over more than six orders of 
magnitude (log K of -2.00 to 4.38 feet per day [ft/d]; Anderson 
and others, 1999), and average linear flow velocities were 
estimated to range from 2 to 20 ft/d (Barraclough and others, 
1981; Pittman and others, 1988; Mann and Beasley, 1994; 
Cecil and others, 2000; Busenberg and others, 2001).

Most groundwater moves horizontally through the 
rubble- and sediment-filled interflow zones between basalt 
flows (Whitehead, 1992), although structural features in the 
aquifer may impede and (or) enhance horizontal and (or) 
vertical flow. For example, volcanic vents and noneruptive 
fissures are highly porous and may cut across highly 
permeable zones in and between basalt layers (Anderson and 
others, 1999), so they may provide conduits for the rapid 
vertical movement of groundwater. In contrast, dikes have low 
permeability, and they may impede the horizontal movement 
of groundwater if they have a large lateral and vertical extent 
(Anderson and others, 1999).
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Water-table contours for April 1989 for the ESRP 
aquifer were interpolated from 481 water-level measurements 
(water-level data presented in Rattray, 2018, table 1-1) using 
the natural neighbor technique (Sibson, 1981). Water-table 
contours (fig. 4) indicate that groundwater at the INL generally 
flows south or southwest with a hydraulic gradient of about 
1–8 feet per mile (ft/mi).

Numerous sources of water to the ESRP aquifer are 
present at the INL. These sources include:

• streamflow infiltration from the BLR in the BLR 
channel, sinks, playas, and the INL spreading areas 
(fig. 1) (Bennett, 1990; Busenberg and others, 2001; 
Nimmo and others, 2002);

• inflow of tributary valley groundwater from the 
BLRV, LLRV, and BCV, which includes infiltration of 
surface water from the LLR, BC, and irrigation (fig. 2) 
(Rattray, 2019);

• inflow of mountain front groundwater from the Lost 
River Range (fig. 1) (Rattray, 2019, 2023);

• inflow of regional groundwater northeast of the INL, 
which includes infiltration of surface water from 
irrigation and Mud Lake (Rattray, 2018, fig. 3B; 
Rattray, 2019);

• infiltration of precipitation (Ackerman and others, 
2006; Rattray, 2019); and

• upwelling geothermal water (Mann, 1986; 
Rattray, 2018).

https://dx.doi.org/10.5066/F7P55KJN
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Previous Investigations
Luo and others (2000), Johnson and others (2000), 

Roback and others (2001), McLing and Roback (2007), and 
Rattray (2018) conducted studies that used U and (or) Sr 
isotopes to understand hydrologic processes in the ESRP 
aquifer at the INL. Luo and others (2000) used U- and thorium 
(Th)-decay series disequilibria to understand chemical and 
groundwater processes in the ESRP aquifer at the INL. 
The disequilibria were interpreted to be largely a function 
of adsorption-desorption processes and, for long-lived 
isotopes such as 238U and 234U, dissolution and precipitation. 
Mass balance modeling of the disequilibria enabled them 
to estimate groundwater residences times. From plots of 
contours of residence time, Luo and others (2000) suggested 
that there were two preferential (fast) groundwater-flow 
paths originating at the mouths of the LLRV and BCV and 
oriented in a north-south direction. These fast flow paths were 
estimated to transport water 2‒5 times faster than surrounding 
slow flow areas, resulting in slow flow zones having longer 
residence times than the fast flow zones.

Johnson and others (2000) used 87Sr/86Sr to investigate 
groundwater flow in the ESRP aquifer at the INL. They 
suggested that water-rock interaction between groundwater 
and the host basalt (which have a lower 87Sr/86Sr isotope ratio 
relative to higher ratios inherited from Paleozoic sediments 
to the north of the INL) was an important control on the Sr 
isotope ratios in the groundwater. After plotting contours of 
87Sr/86Sr, Johnson and others (2000) identified a zone of high 
isotope ratios (high isotope-ratio zone 87Sr/86Sr > 0.71100) 
trending southward from the LLRV that was flanked by zones 
of lower isotope ratios to the east and west (low isotope-ratio 
zones). They hypothesized that mixing between different 
sources of water could not entirely explain these contours. 
Instead, the high and low isotope ratio zones represented fast 
(preferential) and slow groundwater flow zones, respectively, 
with the greater time available for water-basalt interaction 
in the slow-flow zones responsible for the relatively low Sr 
isotope ratios in these zones.

Roback and others (2001) used the natural variations 
of U and Sr concentrations and isotope ratios, which reflect 
the varying geologic strata of different source waters, to 
identify chemically distinct water masses, to assess mixing 
and water-rock interaction, and to delineate groundwater flow 
paths. They indicated that mixing and water-rock interaction 
were both required to account for the observed trends in 
isotopic data in the groundwater, with incongruent dissolution 
of the host basalt required to explain the lower 234U/238U 
(relative to regional groundwater) and 87Sr/86Sr (Johnson 
and others, 2000) in parts of the aquifer. Two high 234U/238U 
isotope ratio zones and two lower 234U/238U isotope ratio zones 
were identified in this study. The two high isotope ratio zones 
were interpreted to represent preferential (fast) flow paths 
and extend southeast from the mouths of the LLRV and BCV, 
and the two low-isotope ratio zones reside in the western and 
central parts of the INL (west and east of the high isotope ratio 
zone extending south from the mouth of the LLRV). The two 

low-isotope ratio zones were interpreted to represent stagnant 
(slow) flow zones, largely consisting of recharge from the 
BLR, that are relatively isolated from flow in the regional 
aquifer due to their lower permeability.

McLing and Roback (2007) suggested that the various 
sources of recharge to the aquifer system at the INL have 
distinct thermal and chemical signatures. Consequently, they 
used temperature, chemical, and isotopic (Th, U, and Sr) data 
to understand the groundwater-flow system at the INL. Their 
interpretations of chemical and isotopic data are identical 
to those of Luo and others (2000) and Roback and others 
(2001) and consist of the same long-range preferential (fast) 
flow paths and stagnant (slow) flow zones. They also suggest 
that zones of colder and warmer water temperature correlate 
with preferential and stagnant flow zones, respectively, and 
provide additional evidence for the presence of fast- and 
slow-flow zones.

Rattray (2018) compiled and evaluated a comprehensive 
suite of chemical and isotopic data collected from groundwater 
at the INL, including U data from Roback and others (2001) 
and Sr data from Johnson and others (2000), to improve the 
understanding of hydrologic processes in the ESRP aquifer 
at the INL. Interpretation based on understanding of the 
hydrologic system and chemical and isotopic data, including 
the spatial distribution of U and Sr isotope ratios (Rattray, 
2018, fig. 28Z–28AA), indicated that mixing between recent 
recharge from the BLR with older groundwater sources, not 
fast- and slow-flow zones, is the predominant hydrologic 
process affecting the geochemical evolution of groundwater 
in the western and central parts of the INL. Geochemical 
modeling also indicated that mixing between recent recharge 
and old groundwater2 explains the geochemical evolution 
of groundwater in the western and central parts of the INL 
(Rattray, 2019, table 11, fig. 15).

Data, Methods, and Quality Assurance
Concentrations and isotopic ratios of U and Sr were 

analyzed for 95 water samples (table 2) collected from 79 
sites (figs. 1 and 5; table 2). Mann (1986), Johnson and 
others (2000), Roback and others (2001), and McLing and 
others (2002) reported the results from two water samples 
that were collected in 1979 and analyzed in 1979 for U and 
Sr concentrations and in 1996–99 for U and Sr isotope ratios 
(from an archived water sample) and from 64 water samples 
that were collected and analyzed in 1996–99. The USGS 
reported results from one water sample that was collected 
in 1991 and was analyzed from an archived water sample in 
2019 and 28 water samples that were collected and analyzed in 
2018–19. The USGS-collected results are stored in the USGS 
National Water Information System database (U.S. Geological 
Survey, 2021).

2The term “old groundwater” in this report refers to groundwater that is 
older than the onset of atmospheric bomb testing (pre-1952). Sites at the INL 
containing old groundwater are identified in Rattray (2018, fig. 13).
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Figure 5.  Spatial distribution and groupings of (A) uranium isotope activity ratios and (B) strontium isotope ratios, Idaho National 
Laboratory and vicinity, eastern Idaho. Uranium activities are calculated from isotope analyses of samples collected in 1979 and 
during 1996–98 (Roback and others, 2001). Strontium concentration and isotope analyses of samples collected in 1979 (Mann, 1986) 
and during 1996–98 are from Johnson and others (2000), and McLing and others (2002). Samples collected for this study in 1991 and 
during 2018–19 are available from the U.S. Geological Survey National Water Information System (NWIS) at  
https://dx.doi.org/​10.5066/​F7P55KJN (U.S. Geological Survey, 2021).
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Methods of sample collection and laboratory analysis 
for water samples collected during 1979 and 1996–99 were 
described by L.J. Mann (U.S. Geological Survey, written 
commun., 1989), and in Johnson and others (2000), Roback 
and others (2001), and McLing and others (2002). Water 
samples collected during 1991 and 2018–19 by the USGS 
were collected by pumping water through 0.45-µm filters 
into 250-mL acid-rinsed polyethylene bottles following the 
procedures and guidelines documented in the USGS National 
Field Manual for the Collection of Water-Quality Data (U.S. 
Geological Survey, variously dated) and USGS INL Project 
Office Quality Assurance Plans that were in place at the time 
of sample collection (L.J. Mann, written commun., 1989; 
Bartholomay and others, 2014). Water samples collected 
during 1991 and 2018–19 were analyzed for U and Sr 
concentrations and isotope ratios with thermal ionization 
mass spectrometry (TIMS) at the USGS Denver Radiogenic 
Isotope Laboratory in Denver, Colo. The U results (234U/238U) 
are reported hereinafter as activity ratios (AR), which are 
calculated using the decay constants for 234U and 238U and the 
isotopic composition determined by TIMS. The laboratory 
analytical methods, references, and calculations are described 
in Paces and Wurster (2014).

Few field quality-assurance (QA) samples (replicates 
and blanks) were collected with environmental samples, 
so there is limited QA information associated with U and 
Sr concentrations and isotope ratios. Field QA information 
was not reported for Sr samples collected during 1996–99 
(Johnson and others, 2000), and field QA samples were not 
collected during 2018–19. Roback and others (2001) collected 
one field replicate and an unknown number of blank samples; 
they reported that the maximum field blank correction for U 
concentration was less than 0.3 percent.

Although only one replicate sample was collected, 
water samples were collected during different years from 18 
sites (table 3). These data provide information for evaluating 
the stability of U and Sr concentrations and isotope ratios 
over time. The replicate sample and stability of U and Sr 
concentrations and isotope ratios over time were evaluated 
using relative percent difference (RPD) and (or) normalized 
absolute difference (NAD) (table 3), respectively. Acceptable 
criteria for the replicate sample is an RPD less than or equal 
to 20 percent (Bartholomay and others, 2015) and an NAD 
less than 1.96 (Rattray, 2012, 2014). An NAD of less than 
1.96 indicates that, at the 95-percent confidence level, the 
environmental and replicate measurements did not differ 
significantly. These same criteria were used to evaluate 
the stability of U and Sr concentrations and isotope ratios 
over time.

The replicate sample was analyzed for U concentration 
and 234U/238U (table 2). The RPD for U concentration was 
0.00, and the NAD for 234U/238U was 1.03. Both results 
indicate that sample variability due to collection of water 
samples and analysis of U and 234U/238U was within 
acceptable limits.

The stability of U and Sr chemistry in surface water 
and groundwater over time was evaluated with data from 18 
sites, with each site sampled a second time one or more years 
after the first sample collection event. Thirteen sites had both 
samples collected during 1996–99 and five sites had samples 
collected during 1996–99 and 2018–19 (table 2). Four of the 
sites were streams, 2 were deep groundwater, and 12 were 
shallow groundwater.

The BLR has a large range of RPD (2.70–33.40; table 3) 
and NAD (8.48–54.00), and the LLR has a large NAD for 
87Sr/86Sr (145.69). This wide range of RPD and NAD shows 
that U and Sr concentrations and (or) isotope ratios are quite 
variable in these streams. In contrast, an NAD of 0.00 for 
87Sr/86Sr in BC indicates that the Sr isotope ratio in this stream 
may be nearly constant. However, additional Sr data from 
BC source water would be necessary to confirm whether this 
source water shows Sr isotope ratio variability over time.

The large variability in U and Sr chemistry in the BLR 
and LLR is due to variable relative amounts of the sources of 
water, precipitation runoff, and groundwater,3 to these streams 
(Rattray, 2018) and the lower U and Sr concentrations and 
isotope ratios in precipitation relative to groundwater. The 
chemical composition of water from USGS 22 is consistent 
with a large percentage of water that has been impacted by 
evapotranspiration and therefore likely represents precipitation 
recharge in the western part of the INL (Busenberg and others, 
2001). Consequently, annual precipitation amounts in the 
BLRV and LLRV affect the U and Sr concentrations and (or) 
isotope ratios in these two streams.

The NAD for U isotope ratios were small in deep 
groundwater, as was the RPD for the concentration of U at 
Site 14, indicating that the U concentrations and isotopic 
compositions in deep groundwater may be nearly constant. 
However, the RPD for the concentration of U at USGS 
7 showed large variability. Approximately 69 percent of 
geothermal water, containing anoxic conditions where U 
is insoluble (Rattray, 2018), provides recharge to USGS 7 
(Rattray, 2019). Consequently, variable amounts of recharge 
from geothermal water may be responsible for the variability 
in U concentrations at USGS 7.

The RPD for shallow groundwater for U (12 replicates) 
and Sr (1 replicate) concentrations are all less than 13 percent 
except for an RPD of 26.30 for U concentrations in water 
from USGS 22 (table 3). These results show that changes 
in U and Sr concentrations over time were relatively minor. 
Even the large RPD for USGS 22 only represented a change 
in U concentration of 0.1 ppb, from 0.33 to 0.43 ppb (table 2), 
which is just 3.6 percent of the range of U concentrations 
measured from groundwater at the INL (0.33–3.10 ppb; 
table 2).

3Precipitation is represented with water from USGS 22 (Busenberg and 
others, 2001; Rattray, 2018, 2019) and groundwater from the BLR and LLR 
valleys is represented with water from the Arco City Well #4, Big Springs near 
Clyde, and the Ruby Farms well (table 2, fig. 1).



18    Evaluation of Hydrologic Processes, Eastern Snake River Plain Aquifer, Idaho National Laboratory, Eastern Idaho

Table 3.  Relative percent difference and normalized absolute difference for uranium and strontium concentrations and isotopic ratios 
analyzed from multiple samples collected from the same site, Idaho National Laboratory and vicinity, eastern Idaho.

[Uranium activities are calculated from isotope analyses of samples collected in 1979 and during 1996–98 (Roback and others, 2001). Strontium concentra-
tion and isotope analyses of samples collected in 1979 (Mann, 1986) and during 1996–98 are from Johnson and others (2000), and McLing and others (2002). 
Samples collected for this study in 1991 and during 2018–19 are available from the U.S. Geological Survey National Water Information System (NWIS) at 
https://dx.doi.org/10.5066/F7P55KJN (U.S. Geological Survey, 2021).Site name: LVS, large volume sample. Uranium expressed as activity ratios. Normalized 
absolute difference: 234U/238U and 87Sr and 86Sr, isotope ratios of uranium and strontium, respectively. Abbreviations and symbol: mm-dd-yyyy, month, day, 
year; yyyy-yy, year range; –, analytical data not available]

Site name
Sample dates 
(mm-dd-yyyy; 

yyyy-yy)

Years 
between 

sample dates

Relative 
percent difference

Normalized 
absolute difference

Uranium Strontium 234U/238U 87Sr/86Sr

Surface water

Big Lost River near Atomic City 04-10-1997 2 2.70 – 54.00 –
Big Lost River below INL diversion 07-14-1999
Big Lost River near Atomic City 04-10-1997 21 26.60 33.40 42.19 8.48
INL diversion at head, near Arco 05-30-2018
Birch Creek 1996–99 About 20 – – – 0.00
Birch Creek at Blue Dome Inn 04-30-2018
Little Lost River 1996–99 About 20 – – – 145.69
Little Lost River near Howe 05-01-2018

Deep groundwater at the INL

Site 14 08-20-1996 1 0.00 – 0.00 –
Site 14 LVS 09-11-1997
USGS 7 04-21-1997 21 8.80 – 0.26 –
USGS 7 04-11-2018

Shallow groundwater in the North INL Area

USGS 18 07-19-1996 1 0.50 – 2.40 –
USGS 18 LVS 09-12-1997

Shallow groundwater in the Northeast INL Area

USGS 26 10-15-1996 2 0.83 – 3.33 –
USGS 26 LVS 09-03-1998
USGS 27 10-15-1996 2 1.92 – 2.22 –
USGS 27 LVS 09-02-1998

Shallow groundwater in the Southeast INL Area

USGS 1 04-21-1997 1 1.20 – 2.11 –
USGS 1 LVS 08-31-1998
USGS 1 LVS 08-31-1998 0 0.00 – 1.03 –
USGS 1 LVS replicate 08-31-1998
USGS 101 10-10-1996 1 3.00 – 1.77 –
USGS 101 LVS 09-08-1997

Shallow groundwater in the Northwest INL Area

Site 17 07-25-1996 23 6.80 12.70 6.51 3.85
Site 17 04-11-2019
USGS 19 10-15-1996 1 1.90 – 4.60 –
USGS 19 LVS 09-10-1997
USGS 22 07-18-1996 2 26.30 – 2.70 –
USGS 22 LVS 08-31-1998

https://dx.doi.org/10.5066/F7P55KJN
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Table 3.  Relative percent difference and normalized absolute difference for uranium and strontium concentrations and isotopic ratios 
analyzed from multiple samples collected from the same site, Idaho National Laboratory and vicinity, eastern Idaho.—Continued

[Uranium activities are calculated from isotope analyses of samples collected in 1979 and during 1996–98 (Roback and others, 2001). Strontium concentra-
tion and isotope analyses of samples collected in 1979 (Mann, 1986) and during 1996–98 are from Johnson and others (2000), and McLing and others (2002). 
Samples collected for this study in 1991 and during 2018–19 are available from the U.S. Geological Survey National Water Information System (NWIS) at 
https://dx.doi.org/10.5066/F7P55KJN (U.S. Geological Survey, 2021).Site name: LVS, large volume sample. Uranium expressed as activity ratios. Normalized 
absolute difference: 234U/238U and 87Sr and 86Sr, isotope ratios of uranium and strontium, respectively. Abbreviations and symbol: mm-dd-yyyy, month, day, 
year; yyyy-yy, year range; –, analytical data not available]

Site name
Sample dates 
(mm-dd-yyyy; 

yyyy-yy)

Years 
between 

sample dates

Relative 
percent difference

Normalized 
absolute difference

Uranium Strontium 234U/238U 87Sr/86Sr

Shallow groundwater in the Central INL Area

USGS 6 07-16-1996 1 0.00 – 2.83 –
USGS 6 LVS 09-12-1997
USGS 17 10-16-1996 1 2.30 – 0.84 –
USGS 17 LVS 09-11-1997

Shallow groundwater in the Southwest INL Area

USGS 86 10-11-1996 1 4.00 – 1.44 –
USGS 86 LVS 09-08-1997
USGS 103 07-15-1996 1 2.00 – 3.05 –
USGS 103 LVS 09-09-1997

The NAD for shallow groundwater for U (12 replicates) 
and Sr (1 replicate) isotope ratios included three NAD that 
were less than 1.96, eight NAD ranging from 2.11 to 3.33, and 
two higher NAD of 4.60 and 6.51. The NAD of 6.51 was for 
234U/238U from Site 17 and represented a change in 234U/238U 
of 0.076, from 3.005 to 3.081 (table 2), which is just 3.6 
percent of the range of 234U/238U measured from groundwater 
at the INL (1.544–3.627; table 2). These results show that 
while U and Sr isotope ratios sampled during different years 
were statistically significantly different, the differences were 
relatively small. Thus, even though shallow groundwater 
samples were collected for this study over a 29-year time 
period, the relatively stable U and Sr isotope ratios of these 
groundwater samples means that the results of this study 
are not biased by the time elapsed between discrete sample 
collection campaigns.

Geochemistry
The solubility of U depends on redox conditions; but, 

in oxidized water, U “readily forms uranyl ions (UO2
2+) 

that complex with other ligands (that is, uranyl carbonate)” 
(Paces and Wurster, 2014, p. 216). Natural U consists of 
three, long-lived radioactive isotopes—238U, 235U, and 
234U with half-lives on the order of 109, 108, and 105 years, 
respectively (anthropogenic and non-natural U isotopes have 
been discharged to the subsurface at the INL, but they were 

not detected in any environmental water samples [Roback and 
others, 2001]). Uranium-234 is a daughter product in the 238U 
decay chain and, in rocks older than about 1.5 million years, 
234U reaches a state of secular equilibrium “such that the ratio 
of 234U/238U activities is equal to 1.0” (Paces and Wurster, 
2014, p. 216, and references within). However, the 234U/238U 
activity ratio in water is usually larger than 1.0 due to physical 
processes associated with α-decay recoil that cause 234U 
(or the parent isotope 234Th) to preferentially etch, leach, or 
dissolve from the rock relative to 238U (Osmond and Cowart, 
2000; Rattray, 2018). These physical processes cause the 
234U/238U in groundwater to increase with increasing length of 
time that the groundwater is in contact with geologic materials 
(although very long contact times may cause the ratio to 
decrease to secular equilibrium as mineral sites with leachable 
234U become exhausted).

Sr is a divalent alkali-earth element, is highly soluble 
in most aqueous solutions, and is a relatively abundant trace 
metal with a strong chemical affinity to Ca2+ (Paces and 
Wurster, 2014). Natural Sr has three stable isotopes (84Sr, 
86Sr, and 88Sr) and a radiogenic isotope (87Sr) derived from 
β-decay of rubidium-87 (87Rb, half-life on the order of 
1010 years) (Paces and Wurster, 2014). Non-natural 90Sr has 
been discharged to the subsurface at the INL, but because 
this Sr isotope decays to zircon-90 and yttrium-90, it does 
not affect 87Sr/86Sr (Rattray, 2018). Because Sr and Rb may 
substitute for Ca and K, respectively, in minerals, the 87Sr/86Sr 
in water reflect the isotopic compositions of soluble minerals 
in geologic strata in which the water resides or has resided.

https://dx.doi.org/10.5066/F7P55KJN
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Three-Component Mixing
Two-component mixing ratios were used by Roback and 

others (2001) and Rattray (2018) to identify sources of water 
at wells throughout the INL. However, the numerous sources 
of water to the ESRP aquifer at the INL present complexities 
for using two-component mixing with U and Sr isotope ratios 
to identify source waters. These complexities were resolved 
with two methods.

The first method was to use a three-component mixing 
model (Paces and Wurster, 2014) instead of a two-component 
model. The additional source water end member available 
with the three-component mixing model was necessary 
because geochemical modeling indicated that groundwater at 
many sites had more than two sources of water (Rattray, 2019, 
table 11). However, three-component mixing was sufficient 
for modeling the sources of water to most groundwater sites 
because, based on geochemical modeling, three or fewer 
sources of water accounted for 94 percent4 or more of the 
sources of water at 97 percent of the deep and shallow 
groundwater sites at the INL.

The second method was to group shallow groundwater 
sites at the INL (table 2) into seven geographic areas referred 
to hereinafter as the North, Northeast, Southeast, Central, 
Northwest, South, and Southwest INL Areas (fig. 6). Sites in 
these INL Areas were largely the same as presented in Rattray 
(2019, fig. 7), although some differences reflect the additional 
information available from 234U/238U and 87Sr/86Sr analyses 
from water samples collected during 2018–19. Additional 
chemical data were used to identify probable sources of 
recharge when the 234U/238U and 87Sr/86Sr of groundwater 
from sites did not constrain the groundwater to three or 
fewer sources of recharge. For example, groundwater with 
lithium concentrations less than 5 µg/L indicates that the 
groundwater contains recharge that is entirely from tributary 
valley water (surface water and groundwater) (Rattray, 2018, 
fig. 20). Consequently, lithium concentrations greater than 5 
µg/L indicates that the groundwater probably contains some 
recharge from regional groundwater. In addition, tritium 
activities may be used to identify young or old groundwater 
(Rattray, 2018, fig. 13), with young groundwater containing 
recharge from streams, Mud Lake, and surface-water irrigation 
return flows.

These two methods, taken together, attempt to resolve 
complexities with determining source water end members 
for the three-component mixing models. By grouping the 
groundwater sites into geographical areas, the end members 
were determined by the local geochemistry and hydrologic 
constraints. Although the intention is for the three-component 
mixing models to use one set of source water end members 

4Because “Groundwater containing recharge from wastewater” is just 
recycled groundwater, it was not included as a source of water in this report. 
Consequently, the percentages of “Sources of Recharge” in Rattray (2019, 
table 11) were recalculated and normalized to 100 percent without including 
recharge from wastewater.

for each geographical site, for some sites the geochemistry, 
amount of recharge for some source waters, and mixing of 
surface and groundwaters requires additional end members. 
The complicated recharge and mixing conditions for some 
areas at the INL can be addressed by allowing for multiple 
ternary diagrams to describe the scope of source-water 
contributions in each INL Area, as applicable.

The three-component mixing used in this report was 
described by Paces and Wurster (2014) and is based on a 
two-component mixing theory presented in Faure (1986) and 
Faure and Mensing (2005). This theory states that for a system 
with two end members, X and Y, elemental concentrations 
in the two-component mixture depend on the element 
concentrations, CX and CY, and the fraction of mixing, f 
(from 0 to 1):

	 CM = f (CX – CY) + CY (Faure, 1986).� (1)

Similarly, the isotopic composition of the mixture, 
RM, depends on the elemental and isotope ratios of the end 
members, RX and RY:

	 RM = (RXCXf/CM) + (RYCY(1-f)/CM) (Faure, 1986).� (2)

Values of RM define a family of hyperbolic curves 
with the degree of curvature dependent on the difference 
in element concentrations. Mixing fractions are distributed 
unevenly along the curve and are compressed towards the 
end member with the largest concentration. Using two sets 
of the above equations, binary mixtures of U and Sr from 
sources with different isotope ratios will plot along a curve 
in 234U/238U‒87Sr/86Sr space (Paces and Wurster, 2014; 
Rattray, 2018).

In this report, three-component mixing of U and Sr 
isotope ratios is treated as a series of separate two-component 
mixtures using concentrations and isotope ratios from three 
distinct source water end members, X, Y, and Z (Paces and 
Wurster, 2014). Three-component mixtures plot within a 
polygonal space defined by the three two-component mixing 
curves, X‒Y, X‒Z, and Y‒Z (hypothetical two-component 
mixing curves for end members are represented by dark 
lines in fig. 7) (Paces and Wurster, 2014). Mixing webs were 
constructed to quantify the proportions of each source water 
end member “by calculating individual two-component 
mixing curves between intermediate end members consisting 
of values for CM and RM determined at 0.1 intervals of 
f for mixtures along all three two-end member curves” 
(hypothetical two-component mixing curves for intermediate 
end members are represented by the light lines in figure 7 and 
create a mixing web) (Paces and Wurster, 2014, p. 220).
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Survey, 2021).

https://doi.org/10.5066/F7P55KJN
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Figure 7.  Three-component (X, Y, and Z) mixing web with two-component mixing curves at 0.1 mixing fraction intervals. Graphical 
representation created using descriptions from Paces and Wurster (2014).

Interpretation of Isotope Ratios
Groundwater at the INL contains 234U/238U and 87Sr/86Sr 

that reflect a combined isotope ratio of the sources of recharge 
that mixed to form the groundwater. Because these sources 
of recharge have distinctive U and Sr isotope ratios, these 
isotope ratios may be used to identify different sources of 
recharge, and to estimate the relative amounts of each source 
of recharge, to groundwater at the INL. The distinct isotope 
ratios for different sources of recharge provide confidence 
in accurately identifying individual sources of recharge. 
However, to assess the accuracy of the estimated relative 
amounts of individual sources of recharge in a groundwater 
sample the uncertainties associated with these estimates must 
be evaluated.

Characterization of Sources of Recharge

Known or suspected sources of recharge to groundwater 
at the INL include precipitation, streams (BLR, LLR, and 
BC), groundwater from tributary valleys (BLRV, LLRV, and 
BCV), groundwater from the Lost River Range, regional 
groundwater, geothermal water, and wastewater (Ackerman 
and others, 2006; Rattray, 2018, 2019). However, because 

wastewater is actually recycled groundwater, the U and Sr 
isotope ratios of wastewater merely reflect the isotope ratios 
of the original groundwater. Consequently, for the purposes of 
this study, wastewater was disregarded as a source of recharge.

The distinct U and Sr isotope ratios of sources of 
recharge are derived from the residence time of this water 
in the geologic strata hosting the sources of recharge and 
the dissolution rates, U and Sr concentrations, and isotope 
ratios of the rocks comprising the geologic strata. At the INL, 
geologic strata of recharge water are the carbonate rocks 
of the mountains and tributary valleys north and northwest 
of the INL and the ESRP basalt east of the INL (fig. 2). 
Groundwater may travel long distances through these geologic 
strata and have relatively long residence times. However, 
the mean residence time of sources of recharge to the INL in 
these terranes may be relatively short, and therefore young, 
due to abundant recharge from precipitation, streams, and 
lakes that occurs near the INL. The carbonate rocks contain 
minerals that dissolve rapidly while the ESRP basalt contains 
silicate minerals that dissolve slowly. Carbonate rocks have 
typical U and Sr concentrations of about 1.9 and 610 parts 
per million (ppm), respectively, which are about 2 to 3 times 
higher than concentrations of these elements in the basalt 
rock units (Faure, 1986; Rattray, 2018, p. 39–40). Although 
the geologic host unit U isotope ratio does not change relative 
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to groundwater residence time, the groundwater hosted in 
carbonate rocks or ESRP basalt have U isotope ratios that 
vary depending on groundwater residence times. Strontium 
isotope ratios in carbonate rocks, which typically range from 
about 0.7068 to 0.7092, are slightly higher than Sr isotope 
ratios of about 0.7056‒0.7080 measured from ESRP basalt 
(Rattray, 2018, p. 39).

Uranium concentrations in potential sources of recharge 
range from 0.19 parts per billion (ppb) in geothermal water 
from INEL-1 to 7.21 ppb in spring water from the Lost 
River Range, and Sr concentrations range from 74 ppb in 
groundwater from the Little Lost River valley to 333 ppb 
in regional groundwater southwest of Mud Lake (fig. 1 and 
table 1; potential sources of recharge in table 2 are surface 
water, tributary valley groundwater, Arco Hills Springs in 
the Lost River Range, regional groundwater, and geothermal 
water). Uranium activity ratios in potential sources of recharge 
range from 1.714 to 3.622 in spring water from the Lost River 
Range and Sr isotope ratios range from 0.708156 in spring 
water from the Lost River Range to 0.71256 in the Little Lost 
River (table 2; figs. 5 and 8).

Precipitation is a minor source of recharge that may occur 
anywhere at the INL. Because there are no U or Sr isotope 
ratios measured from precipitation at the INL, an assumption 
was made for this source. Using other geochemical lines of 
evidence, the isotope ratios of groundwater from USGS 22 
in the Northwest INL Area, which appear to consist entirely 
of precipitation (Busenberg and others, 2001, p. 90; Rattray, 
2019, table 11), were used to characterize this source. These 
authors based this conclusion on a combination of isotopic and 
chemical signatures including carbon, oxygen, and deuterium 
isotopes, as well as nitrate and chloride concentrations 
(Rattray, 2018, 2019). Groundwater from USGS 22 is 
distinctive from other sources of recharge because it has 
the lowest 234U/238U, 1.544, in the study area (table 2). This 
comparatively low activity ratio is consistent with the lower 
value that is expected for recent recharge from precipitation 
relative to older groundwater. The 87Sr/86Sr, 0.70951, is 
relatively low but not unique when compared to other sources 
of recharge in the study area (fig. 8).

Streams are an important source of recharge at the 
INL. However, because the BLR is an ephemeral stream 
and the LLR and BC terminate or are largely diverted north 
of the INL, large amounts of direct recharge from streams 
is limited to periodic recharge from the BLR in the central 
and southwestern parts of the INL (Rattray, 2019, fig. 15). 
Although the U and Sr isotope ratios from two water samples 
collected from BLR are not unique, the low 234U/238U and 
intermediate 87Sr/86Sr are distinctive from the isotope ratios of 
other sources of recharge in the central or southwestern part of 

the INL (fig. 8). Because groundwater from USGS 17 (located 
in the Central INL Area; fig. 6) consists entirely of recharge 
from the BLR, and plots in figure 8 in a similar location as 
water from the BLR, the isotope ratios measured from USGS 
17 represent a third isotope ratio signature of water from the 
BLR. Groundwater from No Name 1, located in the North 
INL Area (fig. 6), consists almost entirely of recharge from 
surface water. Earlier studies indicated that water at this well 
was a mixture of water from the BLR and BC (Rattray, 2018, 
2019). However, the 234U/238U and 87Sr/86Sr of this water plot 
near, and along a trend line for, the three representative water 
samples of the BLR and far from the 234U/238U and 87Sr/86Sr of 
water from BC (fig. 8). Consequently, water from No Name 1 
is entirely from the BLR and provides a fourth water sample 
with 234U/238U and 87Sr/86Sr of water from the BLR. The trend 
line in figure 8 of these four representative BLR end-member 
water samples probably reflects increasing ratios of spring 
season runoff to groundwater in the BLR as isotope ratios 
decrease.

Recharge of groundwater from tributary valleys occurs 
across the northern and southwestern INL boundaries and 
groundwater from the BLRV, LLRV, and BCV is a significant 
source of water to the southwestern corner, western part, and 
northern and central parts of the INL, respectively (Rattray, 
2019, fig. 17). Groundwater from the BLRV (Arco City Well 
#4) has distinctive 234U/238U and 87Sr/86Sr because it has a 
lower 87Sr/86Sr than the BLR and there are no other sources of 
recharge to the southwestern corner of the INL with similar 
ratios (fig. 8). Groundwater from the LLRV (Ruby Farms and 
Big Springs) is distinctive from other sources of recharge in 
the western part of the INL because it has 234U/238U that are 
higher than the ratio for the BLR and lower than ratios for 
groundwater from the BCV (USGS 126b) and Lost River 
Range. The 87Sr/86Sr in groundwater from the LLRV, however, 
varies widely (fig. 8), perhaps because these sites have 
different source waters. They may have different source waters 
because the Ruby Farms well5 is located near the mouth of 
the LLRV whereas Big Springs is located about 20 mi up 
the valley (fig. 1). Groundwater from the BCV is distinctive 
from other sources of recharge because groundwater from this 
valley has relatively higher 234U/238U and 87Sr/86Sr than other 
tributary valleys (fig. 8).

5The water sample for Ruby Farms was collected in 1991 and archived until 
2019 when it was analyzed for U and Sr concentrations. The U concentration 
measured for this water sample (0.21 ppb; table 2) is much lower than the 
U concentrations of other water collected from the LLR valley (0.93 for Big 
Springs and 1.06 ppb for the LLR; table 2) and may be due to organic material 
creating reducing conditions in the archived water sample. Consequently, the 
U concentration for Ruby Farms was adjusted to 1.0 ppb in three-component 
mixing models.
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Figure 8. Uranium activity (234U/238U) and strontium (87Sr/86Sr) isotope ratios in sources of recharge to groundwater at the Idaho 
National Laboratory (INL) and vicinity, eastern Idaho. Uranium activities are calculated from isotope analyses of samples collected in 
1979 and during 1996–98 (Roback and others, 2001). Strontium concentration and isotope analyses of samples collected in 1979 (Mann, 
1986) and during 1996–98 are from Johnson and others (2000), and McLing and others (2002). Samples collected for this study in 1991 
and during 2018–19 are available from the U.S. Geological Survey National Water Information System (NWIS) at  
https://dx.doi.org/10.5066/F7P55KJN (U.S. Geological Survey, 2021).

Recharge of groundwater from the mountain front of the 
Lost River Range occurs across the western INL boundary and 
is a source of water to the western part of the INL. 234U/238U 
and 87Sr/86Sr were analyzed from three spring water samples 
from the Arco Hills area of the Lost River Range (fig. 1). 
Unnamed Spring had a small flow and appeared to consist 
of shallow groundwater. Both Walker and King Springs had 
a large, steady flow of water with the outflow from Walker 
Spring about 500 ft higher in elevation than the outflow from 
King Spring. 234U/238U varied widely between these three 
springs and indicate that these springs tap different sources 
of water. Previous studies have indicated that the source of 
water to USGS 23, near the Lost River Range in the western 
part of the INL (fig. 1), was groundwater from the Lost River 

Range (Busenberg and others, 2001, p. 90; Rattray, 2019, 
fig. 15). The close similarity between 234U/238U and 87Sr/86Sr 
from USGS 23 and King Spring (fig. 8) shows that the deeper 
groundwater flowing from King Spring is representative of 
some groundwater providing recharge from the Lost River 
Range to the ESRP aquifer in the western part of the INL. 
King Spring is a distinctive source of recharge because it has 
high 234U/238U and low 87Sr/86Sr (fig. 8). However, when King 
Spring is used as an end member for three-component mixing, 
the large U concentration of King Spring (table 2) creates 
distortion in the ternary mixing web. Consequently, the isotope 
ratios from USGS 23, which has a lower U concentration than 
King Spring, will be used in ternary mixing webs to represent 
recharge of groundwater from the Lost River Range.

https://dx.doi.org/10.5066/F7P55KJN
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Regional groundwater is the largest source of recharge to 
the ESRP aquifer at the INL (Rattray, 2018, table 1), provides 
recharge across the eastern INL boundary, and is the dominant 
source of water in the eastern part of the INL (Rattray, 2019, 
fig. 15). Types of regional groundwater potentially providing 
recharge to the INL include groundwater in the ESRP aquifer 
(1) largely uninfluenced by infiltration of surface water (lakes, 
streams, or irrigation return flows), (2) strongly influenced by 
infiltration of surface water, and (3) that represents infiltration 
recharge from Mud Lake. These types of regional groundwater 
are represented with isotope ratios in water from CNWR #8, 
ML 22, and Mud Lake (fig. 8), respectively. The 234U/238U 
and 87Sr/86Sr of regional groundwater are low, although the 
234U/238U of ML 22 and Mud Lake are much lower than 
the 234U/238U of CNWR #8. The 234U/238U and 87Sr/86Sr of 
regional groundwater are distinctive because they are much 
lower than the 234U/238U and 87Sr/86Sr in groundwater from the 
BCV, the other principal source of recharge to the eastern part 
of the INL.

Geothermal water is a minor source of recharge that 
occurs across the base of the ESRP aquifer (Ackerman and 
others, 2006). Geothermal water is present in groundwater 
from some deep boreholes, such as INEL-1 (Mann, 
1986) and USGS 7 (Rattray, 2019, table 11), but upward 
flowing geothermal water does not appear to reach shallow 
groundwater at the INL. However, a small amount of upward 
flowing geothermal water does reach shallow groundwater in 
the Mud Lake area east of the INL (Rattray, 2015), and this 
shallow groundwater flows onto the INL across the eastern 
INL boundary. Consequently, geothermal water is present in 
small amounts in some regional groundwater flowing onto the 
INL (Rattray, 2019, p. 40). Although 234U/238U and 87Sr/86Sr 
data are available for geothermal water (INEL 1, fig. 8), 
geothermal water will not be included in three-component 
mixing models because it does not appear to be a source of 
recharge to shallow groundwater at the INL.

Uncertainty

Uncertainty in the estimated relative amounts of 
individual sources of recharge in a groundwater sample 
includes (1) whether or not all sources of recharge are 
accounted for, (2) whether the available isotope ratios 
accurately and completely represent a particular source of 
recharge, (3) whether the number of these sources are three 
or less (that is, can three-component mixing account for all 
sources of recharge), (4) whether it is possible to uniquely 
identify three or fewer sources of recharge to a groundwater 
site, (5) the error in estimating the percentage of a source of 
recharge from a ternary mixing web with grids at intervals of 
10 percent, and (6) measurement error.

Gaps in U and Sr isotope ratios were found by Rattray 
(2018), wherein not all sources of recharge to groundwater at 
INL were represented. During 2018–19, additional samples 
that addressed these gaps were collected and analyzed. 
Consequently, all known and suspected sources of recharge 
to groundwater at the INL are now represented with U and Sr 
isotope ratios.

Although 234U/238U and 87Sr/86Sr are available for all 
known or suspected sources of recharge, some of these sources 
of recharge have variable 234U/238U and 87Sr/86Sr. For example, 
there are four water samples from the BLR with 234U/238U 
and 87Sr/86Sr, and the 234U/238U in these samples range from 
1.733 to 2.251 (fig. 8; table 2). This large range of 234U/238U 
in the BLR creates uncertainty as to which pair of 234U/238U 
and 87Sr/86Sr in the BLR should be used in three-component 
mixing models. A similar large range of 234U/238U is present 
in regional groundwater (CNWR #8 and ML 22) and a large 
range of 87Sr/86Sr is present in groundwater from the LLRV 
(Ruby Farms and Big Springs).

Resolving the uncertainties derived from nonuniform 
234U/238U and 87Sr/86Sr for a source of recharge may be 
straightforward in some instances. For example, the four 
different pairs of U and Sr isotope ratios in the BLR probably 
reflect differing amounts of spring season runoff contributing 
to total discharge, with greater discharge traveling greater 
distances along the BLR channel. The four water samples 
from the BLR were collected at different locations along the 
river channel, so the water sample with the closest proximity 
to the most likely location of recharge from the BLR can be 
selected for different areas at the INL. Proximity to sources of 
recharge also may be used to choose the most likely source of 
recharge in three-component mixing models that have more 
than three potential sources of recharge. The large range of 
234U/238U in regional groundwater represents differences in 
this isotope ratio in regional groundwater with and without 
recharge from surface water. These are two distinct types 
of regional groundwater and both may be included in a 
single three-component mixing model. In situations like 
the LLRV, where the difference in 87Sr/86Sr (or 234U/238U in 
other situations) in groundwater is large, the isotope ratios 
in groundwater at the INL may provide an indication of 
which isotope ratio in the source of recharge best represents 
that source.

The sources of recharge to groundwater sites at the INL 
were estimated by Rattray (2019, table 11; Rattray, 2023, 
table 11) with geochemical modeling. Groundwater from 
57 sites with 87Sr/86Sr and 234U/238U were modeled, 12 (21 
percent) of which were estimated to have more than three 
sources of recharge. Five of these sites are from the western 
part of the INL and seven are from the eastern part. Of the five 
sites in the western part of the INL, three sources of recharge 
were estimated to account for 99 percent of the recharge to 
three sites, 93 percent at USGS 103, and 90 percent at USGS 
135. Of the seven sites in the eastern part of the INL, four 
have geothermal water as a source of recharge. However, 
this geothermal water flowed onto the INL as part of regional 
groundwater (Rattray, 2019) and, therefore, is not actually a 
separate source of recharge. For the three other sites, three 
sources of recharge were estimated to account for 98 percent 
of the recharge to USGS 107, 95 percent at USGS 14, and 
92 percent at the Houghland well. These results indicate that 
ternary mixing webs that account for three sources of recharge 
will adequately represent all sources of recharge to most 
groundwater sites at the INL.
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Related to number of sources of recharge is whether 
it is possible to uniquely identify three or fewer sources 
of recharge to each groundwater site to include in the 
ternary mixing web. Because there is a wide distribution of 
234U/238U‒87Sr/86Sr for sources of recharge (fig. 8), this will not 
be a problem for most groundwater sites. Consequently, this 
problem will be addressed on a case-by-case basis in section, 
“Groundwater at the Idaho National Laboratory” when 
questions do arise about which sources of recharge should be 
included in the ternary mixing web.

The percentage of sources of recharge to groundwater 
sites at the INL will be estimated from ternary mixing webs. 
These webs have coarse grids, with grid intervals of 10 
percent (fig. 7), so estimates from these grids will have some 
uncertainty. However, decreasing the grid size will allow 
estimation of uncertainty to about ±1 percent for the combined 
sources of recharge.

The absolute measurement uncertainty for 234U/238U and 
87Sr/86Sr can be calculated from activity and isotopic ratios and 
uncertainties presented in table 2. Typical values for 234U/238U 
and 87Sr/86Sr are about 2.000±0.006 and 0.710000±0.000010 
(table 2 and the data sources referenced therein), respectively. 
These lead to absolute measurement uncertainties, at the 
95-percent confidence level of about 0.3 percent for 234U/238U 
and 0.001 percent for 87Sr/86Sr.

For any groundwater at the INL that is from a single 
source of recharge, the absolute measurement uncertainty is 
the total measurement uncertainty. If there are two sources of 
recharge (where the problem reduces to a binary mixing line), 
the total measurement uncertainty for each source of recharge 
is a relative measurement uncertainty calculated using the 
difference between 234U/238U or 87Sr/86Sr from the two sources 
of recharge. Because either 234U/238U or 87Sr/86Sr may provide 
the largest relative separation, or uniqueness, in isotope 
ratios between different sources of recharge, the relative 
measurement uncertainty used for calculating uncertainty is 
the U or Sr isotope ratio pair that provides the smallest relative 
measurement error between the two sources of recharge. The 
relative measurement uncertainty for two sources of recharge 
is calculated as follows:

	​ z ​ = ​ (​x​ ​(U,Sr)​​​ ± ​u​ x​​)​ − ​(​y​ ​(U,Sr)​​​ ± ​u​ y​​)​​,� (3)

where
	 z	 is the difference between two isotope ratios, 

x(U,Sr) and y(U,Sr), for either 234U/238U or 
87Sr/86Sr; and

	 ux and uy	 are the absolute measurement uncertainties 
associated with isotope ratios x(U,Sr) 
and y(U,Sr).

The sum of the absolute measurement uncertainty is 
equal to ux plus uy, and the relative measurement error, δz, is

	​​ (​δ​ z​​)​ ​ = ​ 
​(​u​ x​​ + ​u​ y​​)​

 ____________  ​|​x​ ​(U,Sr)​​​ − ​y​ ​(U,Sr)​​​|​​​.� (4)

If there are three sources of recharge, then the 
measurement uncertainty is the sum of the relative 
measurement uncertainties calculated for the three binary 
mixing lines that make up the ternary mixing web (Paces and 
Wurster, 2014).

Using the isotope ratios and uncertainties in table 2, 
relative measurement uncertainties can be calculated at the 
95-percent confidence level. For example, the southeastern 
part of the INL potentially receives recharge entirely from 
regional groundwater (represented with water from Mud Lake 
and groundwater from CNWR Well #8 and ML 22). Using 
equation 2, the smallest relative measurement uncertainties 
were produced using 87Sr/86Sr for the Mud Lake‒ML 22 binary 
mixing line and 234U/238U for the Mud Lake‒CNWR Well 
#8 and CNWR Well #8‒ML 22 binary mixing lines, and the 
respective relative measurement uncertainties were 3.7, 1.7, 
and 1.7 percent. The total relative measurement uncertainty for 
this ternary mixing web is 7.1 percent, the sum of these three 
relative measurement uncertainties.

Groundwater at the Idaho National Laboratory

The U and Sr isotope ratios for sources of recharge to, 
and groundwater at, the INL are plotted in figure 9. Due to the 
large number of sources of recharge, and the limitations to the 
number of sources of recharge that can make up end members 
in the three-component mixing models, it is necessary to 
construct three-component mixing models that represent 
smaller areas at the INL with fewer sources of recharge. 
Smaller areas were created by identifying areas at the INL 
with about three sources of recharge and grouping together 
the groundwater sites within these INL Areas (fig. 6). The 
groundwater sites within these INL Areas represent shallow 
groundwater (upper 250 ft of the aquifer) at the INL. There are 
five sites that represent deep groundwater (fig. 9) from wells 
that extend more than 250 feet below water table (ft bwt), and 
this deep groundwater may have different sources of recharge 
than nearby shallow groundwater. However, to provide some 
insight into the sources of recharge to deep groundwater at the 
INL, the U and Sr isotope ratios for deep groundwater will 
be evaluated along with the isotope ratios of nearby shallow 
groundwater.

North INL Area
There are five shallow and two deep groundwater sites 

in the North INL Area (fig. 6). Shallow groundwater from 
site No Name 1 consists entirely of recharge from the BLR 
(see discussion in section, “Characterization of Sources of 
Recharge”), and the lower 234U/238U in groundwater from site 
No Name 1 not only distinguishes this site from other sites 
from the North INL Area (fig. 10A), but also indicates that the 
BLR probably is not a significant source of recharge to the 
other sites.
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Figure 9.  Uranium (234U/238U) activity ratios and strontium (87Sr/86Sr) isotope ratios in surface water and groundwater, Idaho National 
Laboratory (INL) and vicinity, eastern Idaho. Uranium activities are calculated from isotope analyses of samples collected in 1979 and 
during 1996–98 (Roback and others, 2001). Strontium concentration and isotope analyses of samples collected in 1979 (Mann, 1986) and 
during 1996–98 are from Johnson and others (2000), and McLing and others (2002). Samples collected for this study in 1991 and during 
2018–19 are available from the U.S. Geological Survey National Water Information System (NWIS) at  
https://dx.doi.org/10.5066/F7P55KJN (U.S. Geological Survey, 2021).

https://dx.doi.org/10.5066/F7P55KJN
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Figure 10.  Ternary mixing webs for the North INL Area, Idaho National Laboratory (INL) and vicinity, eastern Idaho. A. Sources 
of recharge for P&W 2. B. Sources of recharge for USGS 7. C. Sources of recharge for Site 14 and USGS 18. Uranium activities are 
calculated from isotope analyses of samples collected in 1979 and during 1996–98 (Roback and others, 2001). Strontium concentration 
and isotope analyses of samples collected in 1979 (Mann, 1986) and during 1996–98 are from Johnson and others (2000), and McLing and 
others (2002). Samples collected for this study in 1991 and during 2018–19 are available from the U.S. Geological Survey National Water 
Information System (NWIS) at https://dx.doi.org/10.5066/F7P55KJN (U.S. Geological Survey, 2021).

https://dx.doi.org/10.5066/F7P55KJN
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Geochemical modeling indicated that sources of recharge 
to the other six groundwater sites in the North INL area (fig. 6) 
were predominantly groundwater from the BCV (which 
includes recharge from BC) or recharge from the BLR, plus 
a small amount of upwelling geothermal water at USGS 7 
(Rattray, 2019, table 11). However, the interpretation that the 
BLR and groundwater from the BCV are significant sources 
of recharge to these sites appears to be incorrect because 
groundwater from these sites has much higher 234U/238U than 
the BLR (represented with No Name 1 for the North INL 
Area) and, except for P&W 2, much lower 87Sr/86Sr than were 
measured in water from BC or groundwater from the BCV 
(represented with USGS 126b). The 234U/238U and 87Sr/86Sr 
from these sites plot significantly above and to the left of a 
binary mixing line between the BLR and groundwater from 
the BCV (fig. 10A).

PSTF Test plots adjacent to Ruby Farms on 
234U/238U‒87Sr/86Sr mixing webs for the North INL Area 
(fig. 10A), and the 234U/238U and 87Sr/86Sr for Ruby Farms 
do not plot near any known or suspected sources of recharge 
to the North INL Area (fig. 9). Ruby Farms is in the LLRV 
and is located on the opposite side of the southern extent 
of the Lemhi Range from PSTF Test (fig. 1). Based on 
their nearly identical 234U/238U and 87Sr/86Sr and proximity 
to the southern extent of the Lemhi Range, groundwater 
from this part of the Lemhi Range may be the source of 
recharge to Ruby Farms and PSTF Test. The relatively low 
tritium activity in groundwater from PSTF Test (2.5±0.1 
pCi/L; Rattray, 2019, table 8) shows that this water consists 
of old groundwater (Rattray, 2018, fig. 13A) and probably 

has not received any recent recharge from BC, the BLR, 
or surface-water-influenced groundwater from the BCV. 
The most likely source of old groundwater at PSTF Test is 
groundwater from beneath the Lemhi Range, and the presence 
of old groundwater at PSTF Test supports this hypothesis.

ANP 6 is located about 2.6 mi north of PSTF Test 
(fig. 6). ANP 6 and PSTF Test have similar 87Sr/86Sr but ANP 
6 has a higher 234U/238U than PSTF Test (fig. 10A). ANP 6, 
like PSTF Test, has a low tritium activity (3.2±0.1 pCi/L; 
Rattray, 2019, table 8) that shows that ANP 6 consists of old 
groundwater (Rattray, 2018, fig. 13A). The old groundwater 
at ANP 6 indicates that the source of recharge to this well is 
most likely groundwater from the Lemhi Range, and their 
different 234U/238U probably means that recharge to these two 
wells consists of groundwater from different locations in the 
Lemhi Range.

Three ternary mixing webs were created for the North 
INL Area. The first mixing web has groundwater from the 
BCV (represented with USGS 126b) and the Lemhi Range 
(represented with PSTF Test and ANP 6) as end members 
(fig. 10A). Any recharge from BC was assumed to be 
represented as part of the groundwater from the BCV (Rattray, 
2019, table 11). Three sites plot within this mixing web—Site 
14, P&W 2, and USGS 18. However, Site 14 and USGS 18 
appear to contain some geothermal water (Rattray, 2018, 
fig. 14) and their sources of recharge will be represented with 
a different mixing web. Groundwater from the BCV and the 
Lemhi Range, respectively, comprise 67 and 33 percent of the 
recharge to P&W 2 (table 4; fig. 10A).
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Table 4.  Sources of recharge (where the source of recharge represents the origin of the water) to 
groundwater sites, percentage of total recharge for each source, and measurement and estimation 
uncertainties associated with the ternary mixing webs, Idaho National Laboratory (INL) and vicinity, 
eastern Idaho.

[Results from geochemical modeling are presented in Rattray (2019, table 11). Sources of recharge: BCV, groundwa-
ter from the Birch Creek valley; BLR, Big Lost River; BLRV, groundwater form the Big Lost River valley; DGW, deep 
groundwater; GTW, geothermal water; LLR, Little Lost River; LLRV, groundwater from the Little Lost River valley; 
LR, groundwater from the Lemhi Range; LRR, groundwater from the Lost River Range; Pre, precipitation; RGW, 
regional groundwater. Abbreviations and symbols: na, not applicable; 2s, 2 standard deviations; +, plus; ±, plus or 
minus; ?, uncertain or unknown]

Site name Sources of recharge Percentage of recharge

Measurement (2s) 
+ estimate 

uncertainty from 
mixing web 
(± percent)

Deep groundwater at the INL

EBR-1 BLR, Pre, LRR     62, 26, 12 5.1
Site 9 BLR, LR, LRR, LLRV, 

LLR
    53, 23, 15, 8, 1 4.9

Site 14 LR, DGW, BCV     60, 21, 19 6.2
USGS 7 GTW, LR, BLR     69, 17, 14 4.2
USGS 15 LR, LLRV, LLR     71, 25, 4 6.5

Shallow groundwater in the North INL Area

ANP 6 LR     100 na
No Name 1 BLR     100 na
P&W 2 BCV, LR     67, 33 7.3
PSTF TEST LR     100 na
USGS 18 LR, BCV, DGW     54, 36, 10 6.2

Shallow groundwater in the Northeast INL Area

ANP 9 BCV, LR, RGW     62, 30, 8 4.9
USGS 26 BCV, LR, RGW     51, 25, 24 4.9
USGS 27 RGW, BCV, LR     84, 11, 5 4.9
USGS 29 RGW     100 8.1
USGS 31 RGW, BCV, LR     61, 26, 13 4.9
USGS 32 RGW, BCV, LR     67, 22, 11 4.9

Shallow groundwater in the Southeast INL Area

Arbor Test 1 RGW, BCV, LR     82, 12, 6 4.9
Area II RGW, BCV, LR     54, 31, 15 4.9
Grazing Well #2 RGW, BCV, LR     63, 25, 12 4.9
USGS 1 RGW, BCV, LR     64, 24, 12 4.9
USGS 2 RGW, BCV, LR     77, 15, 8 4.9
USGS 100 RGW, BCV, LR     77, 15, 8 4.9
USGS 101 RGW, BCV, LR     97, 2, 1 4.9
USGS 107 RGW, BCV, LR     42, 38, 20 4.9
USGS 110A RGW, BCV, LR     47, 36, 17 4.9
USGS 143 RGW     100 8.1

Shallow groundwater in the Northwest INL Area

Site 4 BLR, LR, LLRV, LLR, 
LRR

    71, 20, 7, 1, 1 3.6



Interpretation of Isotope Ratios    31

Table 4.  Sources of recharge (where the source of recharge represents the origin of the water) to 
groundwater sites, percentage of total recharge for each source, and measurement and estimation 
uncertainties associated with the ternary mixing webs, Idaho National Laboratory (INL) and vicinity, 
eastern Idaho.—Continued

[Results from geochemical modeling are presented in Rattray (2019, table 11). Sources of recharge: BCV, groundwa-
ter from the Birch Creek valley; BLR, Big Lost River; BLRV, groundwater form the Big Lost River valley; DGW, deep 
groundwater; GTW, geothermal water; LLR, Little Lost River; LLRV, groundwater from the Little Lost River valley; 
LR, groundwater from the Lemhi Range; LRR, groundwater from the Lost River Range; Pre, precipitation; RGW, 
regional groundwater. Abbreviations and symbols: na, not applicable; 2s, 2 standard deviations; +, plus; ±, plus or 
minus; ?, uncertain or unknown]

Site name Sources of recharge Percentage of recharge

Measurement (2s) 
+ estimate 

uncertainty from 
mixing web 
(± percent)

Shallow groundwater in the Northwest INL Area—Continued

Site 17 LR, LRR, LLRV, LLR     53, 25, 19, 3 3.9
Site 19 LRR, LR, BLR, LLRV, 

LLR
    58, 24, 9, 8, 1 3.6

USGS 12 BLR, LR, LRR, LLRV, 
LLR

    64, 20, 8, 7, 1 3.6

USGS 19 LRR, LR, LLRV, LLR     56, 31, 11, 2 3.7
USGS 22 Pre     100 na
USGS 23 LRR     100 na
USGS 97 BLR, LR, LLRV, LRR, 

LLR
    51, 30, 10, 7, 2 3.6

USGS 98 BLR, LRR, LR, LLRV, 
LLR

    68, 14, 13, 4, 1 3.6

USGS 99 LR, BLR, LLRV, LRR, 
LLR

    52, 18, 18, 9, 3 3.6

USGS 102 BLR, LR, LLRV, LRR, 
LLR

    57, 25, 9, 8, 1 3.6

USGS 134 zone15 LRR, BLR, LR, LLRV, 
LLR

    46, 37, 12, 4, 1 3.6

USGS 146 ?     ? na
Shallow groundwater in the Central INL Area

Badging Facility Well LR, BLR, LLRV, LLR     50, 36, 12, 2 9.3
USGS 5 BLR, LR, LLRV, LLR     69, 26, 4, 1 6.7
USGS 6 BLR, DGW, LR     58, 37, 5 5.2
USGS 17 BLR     100 na

Shallow groundwater in the South INL Area

Houghland ?     ? na
USGS 14 ?     ? na
USGS 124 ?     ? na

Shallow groundwater in the Southwest INL Area

Fingers Butte Well BLRV, LRR, Pre     55, 26, 19 5.6
Highway 3 BLR, LRR, LR, LRRV     92, 4, 3, 1 4.9
USGS 8 BLRV, LRR, BLR     76, 18, 6 7.2
USGS 9 BLR, LRR, LR, LLRV     85, 13, 1, 1 4.9
USGS 11 BLR, LRR, LLRV     66, 33, 1 3.8
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Table 4.  Sources of recharge (where the source of recharge represents the origin of the water) to 
groundwater sites, percentage of total recharge for each source, and measurement and estimation 
uncertainties associated with the ternary mixing webs, Idaho National Laboratory (INL) and vicinity, 
eastern Idaho.—Continued

[Results from geochemical modeling are presented in Rattray (2019, table 11). Sources of recharge: BCV, groundwa-
ter from the Birch Creek valley; BLR, Big Lost River; BLRV, groundwater form the Big Lost River valley; DGW, deep 
groundwater; GTW, geothermal water; LLR, Little Lost River; LLRV, groundwater from the Little Lost River valley; 
LR, groundwater from the Lemhi Range; LRR, groundwater from the Lost River Range; Pre, precipitation; RGW, 
regional groundwater. Abbreviations and symbols: na, not applicable; 2s, 2 standard deviations; +, plus; ±, plus or 
minus; ?, uncertain or unknown]

Site name Sources of recharge Percentage of recharge

Measurement (2s) 
+ estimate 

uncertainty from 
mixing web 
(± percent)

Shallow groundwater in the Southwest INL Area—Continued

USGS 83 Pre, BLR, LR, LLRV, LLR     71, 13, 11, 4, 1 5.3
USGS 86 Pre, BLR, LRR     75, 15, 10 5.1
USGS 89 Pre, BLR, LRR     66, 29, 5 5.1
USGS 103 BLR, LR, LRR, LLRV, 

LLR
    63, 17, 13, 6, 1 4.9

USGS 104 Pre, LR, BLR, LLRV, LLR     67, 15, 12, 5, 1 5.3
USGS 105 BLR, LR, LRR, LLRV     79, 9, 9, 3 4.9
USGS 108 BLR, LRR, LR, LLRV, 

LLR
    73, 13, 10, 3, 1 4.9

USGS 109 ?     ? na
USGS 117 Pre, BLR, LRR     58, 32, 10 5.1
USGS 119 Pre, BLR, LRR     54, 35, 11 5.1
USGS 125 BLR, LRR, LR, LLRV     90, 7, 2, 1 4.6
USGS 135 zone 10 LRR, BLR, BLRV     46, 43, 11 7.2

The second mixing web for the North INL Area 
represents sources of recharge to the deep groundwater at 
USGS 7 (fig. 10B). USGS 7 has a much lower 87Sr/86Sr 
than other groundwater in the North INL Area (fig. 10A), 
probably because deep groundwater at USGS 7 has a 
geothermal influence (Rattray, 2018, fig. 14; Rattray, 2019, 
table 11). Figure 10B indicates that recharge to USGS 7 
consists primarily of geothermally influenced groundwater 
(represented with INEL-1 2,000 ft; Mann, 1986) plus smaller 
amounts of groundwater from the Lemhi Range (represented 
with PSTF Test) and water from the BLR (represented with 
No Name 1) (table 4).

The third mixing web for the North INL Area (fig. 10C) 
represents sources of recharge to Site 14 and USGS 18, which 
are downgradient of USGS 7 (figs. 4 and 6). Groundwater at 
these wells have slightly higher water temperatures, lithium 
concentrations, and percentage of terrigenic helium than are 
measured in other groundwater (except for USGS 7) in the 
North INL Area (Rattray, 2018, fig. 28A, 28R, and 28CC), all 
of which indicate that groundwater at these wells contains 
some geothermal water (Mann, 1986, table 2; Rattray, 2018, 
fig. 14). End member sources of recharge for figure 10C are 
groundwater from P&W 2 (representing groundwater from the 
BCV) PSTF Test (representing groundwater from the Lemhi 

Range), and USGS 7 (geothermally influenced groundwater). 
These sources of recharge, respectively, represent 60, 21, and 
19 percent of the groundwater at Site 14 and 54, 36, and 10 
percent of the groundwater at USGS 18 (table 4). The BCV 
source water is represented by USGS 126b (100 percent) in 
figure 10A. Previous geochemical modeling determined that 
P&W 2 source water is comprised of 75 percent BC and 25 
percent USGS 126b (Rattray, 2019, table 11). The Sr and U 
isotope ratios used for the ternary mixing calculations show 
that P&W 2 also has some input from the Lemhi Range (33 
percent). The decision to use P&W 2 as the BCV end member 
allows that small component of Lemhi Range source water to 
be an additional water source to the wells in figure 10C.

In summary, the North INL Area 87Sr/86Sr and 234U/238U 
compositions can be described using multiple sources of 
groundwater, geothermal, and surface-water recharge, 
including from the BLR. Multiple end members, even for the 
same source waters, were necessary to explain the sources 
of water to both shallow and deep groundwater sites. Given 
that the aquifer system is transient, the ternary mixing webs, 
and thus water sources, may be variable over time given 
spring season water runoff, geothermal, and old groundwater 
influence.
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Northeast INL Area
There are seven shallow groundwater sites in the 

Northeast INL Area (fig. 6). Geochemical modeling (Rattray, 
2019, table 11) indicated that sources of recharge to these sites 
were regional groundwater (some of which contains some 
geothermal water; Rattray, 2019, table 11), groundwater from 
the BCV (which includes recharge from BC), and the BLR. 
However, the presence of the BLR as a source of recharge to 
the Northeast INL Area is questionable because (1) the BLR 
does not appear to be a source of recharge to groundwater 
at sites in the North INL Area, with the exception of site No 
Name 1, and (2) water from the BLR is unlikely to travel so 
far east from what now appears to be concentrated, but not 
widespread, recharge from the BLR in the North INL Area. 
Consequently, ternary mixing webs were created for the 

Northeast INL Area with (1) groundwater from the BCV and 
the Lemhi Range (represented with site P&W 2) and regional 
groundwater (represented with CNWR #8 and ML 22) as end 
members for five shallow groundwater sites and (2) regional 
groundwater (represented with CNWR8, ML 22, and ML) as 
end members for USGS 29 (fig. 11).

The sites closest to the mouth of the BCV (fig. 1) contain 
larger percentages of water from the BCV and the Lemhi 
Range (table 4; fig. 11), whereas the sites farthest south and 
east contain larger percentages of regional groundwater. Thus, 
recharge to ANP 9, near the mouth of the BCV, consists of 
62, 30, and 8 percent groundwater from the BCV, the Lemhi 
Range, and regional groundwater, respectively, whereas 
recharge to USGS 29, the site farthest east, is comprised 
entirely of regional groundwater (table 4).
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Figure 11.  Ternary mixing webs for the Northeast INL Area (ANP 9, USGS 26, USGS 27, USGS 29, USGS 31, and USGS 32) and 
Southeast INL Area (Arbor Test, Area II, Grazing well #2, USGS 1, USGS 2, USGS 100, USGS 101, USGS 107, USGS 110A, and USGS 
143), Idaho National Laboratory (INL) and vicinity, eastern Idaho. Uranium activities are calculated from isotope analyses of samples 
collected in 1979 and during 1996–98 (Roback and others, 2001). Strontium concentration and isotope analyses of samples collected 
in 1979 (Mann, 1986) and during 1996–98 are from Johnson and others (2000), and McLing and others (2002). Samples collected for this 
study in 1991 and during 2018–19 are available from the U.S. Geological Survey National Water Information System (NWIS) at  
https://dx.doi.org/10.5066/F7P55KJN (U.S. Geological Survey, 2021).

https://dx.doi.org/10.5066/F7P55KJN
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Southeast INL Area
There are 10 shallow groundwater sites in the Southeast 

INL Area (fig. 6). Geochemical modeling (Rattray, 2019, 
table 11) indicated that sources of recharge to these sites were 
regional groundwater, groundwater from the BCV (which 
includes recharge from BC), and the BLR. However, the 
presence of the BLR as a source of recharge to the Southeast 
INL Area is questionable for the same reasons as for the 
Northeast INL Area. The sites from the Southeast INL Area 
are plotted on the same ternary mixing webs that were used to 
represent sites from the Northeast INL Area (fig. 11) because 
they share the same sources of recharge.

The sites plot on the mixing webs with decreasing 
and increasing percentages of regional groundwater and 
groundwater from the Lemhi Range and BCV (fig. 11), 
respectively, with increasing distance west from the Mud 
Lake area (fig. 1). Thus, recharge to USGS 143, the site 
closest to the Mud Lake area, is comprised entirely of regional 
groundwater and recharge to USGS 107, the site farthest west 
from the Mud Lake area, consists of 42, 38, and 20 percent 
regional groundwater and groundwater from the BCV and 
Lemhi Range, respectively (table 4).

Northwest INL Area
There are 13 shallow and 1 deep groundwater sites 

in the Northwest INL Area (fig. 6). Shallow groundwater 
from USGS 22 and USGS 23 consist entirely of recharge 
from precipitation and the Lost River Range (see discussion 
in section, “Characterization of Sources of Recharge”), 
respectively. Geochemical modeling (Rattray, 2019, table 11) 
indicated that sources of recharge to the Northwest INL Area 
were primarily water from the BLR and groundwater from the 
LLRV, with precipitation and groundwater from the Lost River 
Range providing recharge to some sites in the western part of 
the Northwest INL Area.

Two sources of recharge in the Northwest INL Area are 
No Name 1 (representing water from the BLR) and USGS 
23 (representing groundwater from the Lost River Range). 
Representing groundwater from the LLRV is problematic 
because three sources of water together represent the recharge 
from LLR, each of which has a distinct Sr isotope ratio. These 
three sources are the LLR, groundwater from Big Springs, 
and groundwater from Ruby Farms (that represents water 
from the Lost River Range). Deep groundwater from USGS 
15 plots within a ternary mixing web of these three sources 
of recharge (fig. 12A), with recharge amounts of about 71 
percent groundwater from the Lost River Range (represented 
with Ruby Farms), 25 percent groundwater from upgradient 
parts of the LLRV (represented with Big Springs), and 4 
percent surface water from the LLR. It is possible that the 

surface water from the LLR could actually be an even smaller 
percentage of surface water from the BLR. USGS 15 is 
about 5 mi downgradient from the LLRV and may be a good 
representation of groundwater exiting the LLRV. Therefore, 
groundwater from USGS 15 will be used in ternary mixing 
webs as an end member source of recharge representing 
groundwater exiting the LLRV.

Ten of the remaining 11 shallow groundwater sites in 
the Northwest INL Area plot within a ternary mixing web 
with USGS 23 (representing groundwater from the Lost River 
Range), USGS 15, and No Name 1 (representing the BLR) as 
end members (fig. 12B). One site, USGS 146, plots outside 
of the mixing web and, for reasons that are not understood, 
has the highest 87Sr/86Sr in the study area. USGS 19 also 
is just downgradient of the LLRV (fig. 1) and, based on its 
location relative to the BLR (fig. 6), probably does not receive 
any recharge from the BLR. The most reasonable ternary 
mixing web for USGS 19 includes Walker Spring as source 
of recharge, which represents a second groundwater source of 
recharge from the Lost River Range (fig. 12C).

The ternary mixing web illustrated in figure 12B for five 
groundwater sites (Site 4, USGS 12, USGS 97, USGS 98, and 
USGS 102) in the western part of the Northwest INL Area 
(fig. 6), and south of the BLR sinks (fig. 1), shows the BLR is 
the primary source of recharge (table 4). These results show 
that the sinks and channel of the BLR in the eastern part of the 
Northwest INL Area are significant sources of recharge to the 
ESRP aquifer (Bennett, 1990).

Groundwater from the Lost River and Lemhi Ranges 
are the primary sources of recharge to Site 17, Site 19, USGS 
19, USGS 99, and USGS 134 z15 (table 4). The large amount 
of recharge of groundwater from the Lemhi and Lost River 
Ranges may indicate that groundwater in the lower part of 
the LLRV is comprised primarily of groundwater from the 
southern extent of these mountain ranges. Down-valley flow 
of groundwater in the LLRV and recharge of water from the 
LLR apparently are lesser sources of recharge to the lower part 
of the LLRV.

Central INL Area
There are four shallow groundwater sites in the central 

INL area (fig. 6). These four sites were grouped together 
because these sites have a similar geographic location (fig. 6). 
However, the U and Sr isotope ratios and other chemistry data 
indicate that groundwater at these sites are not chemically 
homogeneous. For example, tritium activities indicate that 
groundwater at USGS 6 is old water, groundwater at the 
Badging Facility Well and USGS 5 are a mixture of young 
and old water, and USGS 17 is young water (Rattray, 2018, 
fig. 13).
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Figure 12.  Ternary mixing webs for the Northwest INL Area, Idaho National Laboratory (INL) and vicinity, eastern Idaho. A. Sources of 
recharge from the Little Lost River valley. B. Sources of recharge for Site 4, Site 17, Site 19, USGS 12, USGS 19, USGS 97, USGS 98, USGS 
99, USGS 102, USGS 134 z15. C. Sources of recharge for USGS 19. Uranium activities are calculated from isotope analyses of samples 
collected in 1979 and during 1996–98 (Roback and others, 2001). Strontium concentration and isotope analyses of samples collected 
in 1979 (Mann, 1986) and during 1996–98 are from Johnson and others (2000), and McLing and others (2002). Samples collected for this 
study in 1991 and during 2018–19 are available from the U.S. Geological Survey National Water Information System (NWIS) at  
https://dx.doi.org/10.5066/F7P55KJN (U.S. Geological Survey, 2021).

https://dx.doi.org/10.5066/F7P55KJN
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Figure 12.—Continued
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Sources of recharge to the Central INL Area may include 
a mixture of the sources of recharge to the North, Northeast, 
and Nortthwest INL Areas such as regional groundwater, the 
BLR, groundwater from the BCV and LLRV, and groundwater 
from the Lemhi and Lost River Ranges. In addition, the 
slightly elevated concentration of lithium and percentage of 
terrigenic helium in groundwater at USGS 6 (Rattray, 2018, 
figs. 14 and 20) indicates that this water probably contains 
a small amount of geothermal water. Groundwater at USGS 
17 consists entirely of recharge from the Big Lost River 
and was discussed in section “Characterization of Sources 
of Recharge.” Sources of recharge used as end members in 
ternary mixing webs for the other three groundwater sites in 
the Central INL Area were restricted (1) by the chemical data 
described earlier, (2) to being hydrologically upgradient of the 
groundwater sites (fig. 4), and (3) to generate 234U/238U and 
87Sr/86Sr ternary mixing webs that include one or more of the 
groundwater sites.

Three separate ternary mixing webs were generated 
for the sites in the Central INL Area (fig. 13A–13C). End 
member sources of recharge for the mixing webs included 
deep groundwater (represented with USGS 7, which contains 
geothermal water), the BLR (represented with No Name 1 and 
the BLR near Atomic City), and groundwater from the Lemhi 
Range (represented with Ruby Farms and PSTF Test) and the 
LLRV (represented with USGS 15). The resulting percentages 
for sources of recharge at each site were (table 4):

•	 USGS 6: 58, 37, and 5 percent water from the BLR, 
deep groundwater, and groundwater from the Lemhi 
Range, respectively.

•	 Badging Facility Well: 50, 36, 12, and 12 percent 
groundwater from the Lemhi Range, and water from 
the BLR, LLRV, and LLR, respectively.

•	 USGS 5: 69, 26, 4, and 1 percent water from the BLR, 
groundwater from the Lemhi Range, and water from 
the LLRV, and LLR, respectively.



38    Evaluation of Hydrologic Processes, Eastern Snake River Plain Aquifer, Idaho National Laboratory, Eastern Idaho

INL Diversion

USGS 126bP&W2

PSTF Test

No Name 1

BLRAC

Big Springs

Ruby Farms

Birch Creek

USGS 17

USGS 7
Site 14

USGS 6

USGS 15

Little Lost River

ANP 6

Badging Facility Well

USGS 5

0.7095 0.7100 0.71150.7105 0.7110 0.7120 0.7125
1.50

2.00

2.50

3.00

3.50

A. Sources of recharge for USGS 6

Ac
tiv

ity
 ra

tio
 o

f u
ra

ni
um

-2
34

/u
ra

ni
um

-2
38

 (23
4 U/

23
8 U)

Isotope ratio of strontium-87/strontium-86 (87Sr/86Sr)

Shallow groundwater in Central INL Area

Surface water

Tributary valley groundwater

Deep groundwater

EXPLANATION

Well—Big Lost River end member

Figure 13.  Ternary mixing webs for the Central INL Area, Idaho National Laboratory (INL) and vicinity, eastern Idaho. A. Sources of 
recharge for USGS 6. B. Sources of recharge for the Badging Facility Well. C. Sources of recharge for USGS 5. Uranium activities are 
calculated from isotope analyses of samples collected in 1979 and during 1996–98 (Roback and others, 2001). Strontium concentration 
and isotope analyses of samples collected in 1979 (Mann, 1986) and during 1996–98 are from Johnson and others (2000), and McLing and 
others (2002). Samples collected for this study in 1991 and during 2018–19 are available from the U.S. Geological Survey National Water 
Information System (NWIS) at https://dx.doi.org/10.5066/F7P55KJN (U.S. Geological Survey, 2021).

https://dx.doi.org/10.5066/F7P55KJN
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South INL Area
There are three shallow groundwater sites, the Houghland 

Well, USGS 14, and USGS 124 in the South INL Area (fig. 6). 
These three sites were grouped together in the South INL 
Area because (1) they are located south of the INL (fig. 6), 
(2) lithium and silica concentrations indicate that this water 
contains some regional groundwater (Rattray, 2018, fig. 20; 
Rattray, 2019, table 7; U.S. Geological Survey, 2021), and 
(3) geochemical modeling indicates that the BLR, regional 
groundwater, and groundwater from the LLRV and BCV 
contribute water to these sites (Rattray, 2019, table 11).

Possible sources of recharge to the South INL Area 
include the BLR, regional groundwater, water from the BCV 
and LLRV, and groundwater from the Lemhi and Lost River 
Ranges. Groundwater from the BLRV also is a possible source 
of recharge to the Houghland Well, which is about 11 mi 
southwest of USGS 14 (fig. 6). Lithium concentrations at the 
Houghland Well, USGS 14, and USGS 124 were 12, 24.3, 
and 6.7 µg/L (U.S. Geological Survey, 2021) and indicate that 
regional groundwater is a source of recharge to these sites, 
albeit a small source to USGS 124. The BLR also is probably 
a source of recharge to these sites because they are located 
downgradient of the BLR and within an area that appears to 
receive recharge from the BLR (Rattray, 2019, figs. 15 and 
18). There are too many potential sources of recharge to the 
South INL Area to positively identify the sources of recharge 
to these wells using Sr and U isotope ternary mixing webs 
exclusively.

Southwest INL Area
There are 17 shallow and 2 deep groundwater sites in 

the Southwest INL Area (fig. 6). The potential sources of 
recharge to this area include precipitation, the BLR and LLR, 
and groundwater from the BLRV and LLRV and the Lemhi 
and Lost River Ranges. Sources of recharge to these sites 
were evaluated with six ternary mixing webs (fig. 14A–14F) 
because of the large number of sources of recharge and the 
need to use three different representations of water from the 
BLR to define the source waters in the Southwest INL Area. 
The sites were grouped into different ternary mixing webs 
based on (1) sources of recharge that are hydrologically 
upgradient of groundwater sites (figs. 4 and 6), (2) sources 
of recharge at sites indicated from geochemical modeling 
(Rattray, 2019, table 11), (3) a site or group of sites plotting 
within a ternary mixing web that has plausible end member 
sources of recharge, and (4) the spatial consistency of sources 
of recharge at a site with sources of recharge at upgradient 
sites. Groundwater from one site, USGS 109, plots outside any 
plausible mixing web and, like groundwater from USGS 146 
(fig. 10), has a relatively high 87Sr/86Sr for reasons that are not 
understood.

The different U and Sr isotope ratios used to represent 
recharge from the BLR in the Southwest INL Area were from 
(1) the INL diversion at head, near Arco for three shallow 
groundwater sites in the western part of the Southwest INL 

Area, (2) USGS 17 for five shallow and one deep groundwater 
sites along the BLR or in the southeastern part of the area, and 
(3) No Name 1 for seven shallow and one deep groundwater 
sites near, west, east, and south of the Radioactive Waste 
Management Complex (RWMC). The sites for which the 
INL diversion at head, near Arco and USGS 17 are sources 
of recharge are hydrologically downgradient of these actual 
and hypothetical BLR sites. Site No Name 1 is in the North 
INL Area and located far from the RWMC. No Name 1 was 
used to represent the BLR for sites where water appears to 
be (1) mostly recharge from surface water (Rattray, 2019, 
table 11) yet the low tritium activities in the groundwater6 
(Rattray, 2019, table 5) indicate that the water is old (Rattray, 
2018, fig. 13; U.S. Geological Survey, 2021) and probably 
stagnant or (2) recharge through the spreading areas and 
therefore represents years where discharge in the BLR was 
large. Arguments based on other chemical characteristics of 
the apparently old, stagnant water were used to suggest that 
this water may represent large paleorecharge events, and that 
the water in the BLR during these events may be more dilute 
than represented with the current water samples from the BLR. 
Consequently, No Name 1, which has the U and Sr isotope 
ratios from BLR water that is most like dilute precipitation 
(fig. 9), was believed to be a reasonable representation for 
recharge of water from the BLR to these sites. Low U and Sr 
isotope ratios in groundwater from some sites in the Southwest 
INL Area suggest that significant amounts of precipitation 
are a source of recharge. However, in general, precipitation 
is a minor source of recharge to groundwater at the INL 
(Ackerman and others, 2006) so, although some recharge from 
precipitation likely does occur, most of the indicated recharge 
from precipitation probably represents dilute recharge from the 
BLR. Although there are three representations of water from 
the BLR for this area, each of these sites used to characterize 
source water to the Southwest INL Area lie on a trend line in 
234U/238U and 87Sr/86Sr space and likely represent expected 
variation in the source of BLR water because of the ephemeral 
nature of this sinking river, and the extent of recharge at the 
INL (see section, “Characterization of Sources of Recharge”).

Precipitation and the BLR were the major sources of 
recharge in the eastern and central parts of the Southwest INL 
Area (fig. 6; table 4). Precipitation (represented with USGS 
22) was the primary source of recharge to groundwater at 
USGS 83 and USGS 104 in the northeast (fig. 14A) and to 
USGS 86, USGS 89, USGS 117, and USGS 119 near the 
RWMC (fig. 14B), and the BLR (represented with USGS 17 or 
INL diversion at head) was the primary source of recharge to 
groundwater at nine shallow and two deep groundwater sites 
in the southeastern part of the Southwest INL Area (fig. 14C). 
In the western part of the Southwest INL Area groundwater 
from the BLRV (represented with Arco City Well #4) was the 
primary source of recharge to USGS 8 and the Fingers Butte 
Well and groundwater from the Lost River Range (represented 
with USGS 23) was the primary source of recharge to USGS 
135 z10 (fig. 14D–14F).

6Except for groundwater from USGS 104, which contains tritium from 
waste disposal (Rattray, 2018, fig. 13).
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Figure 14.  Ternary mixing webs for the Southwest INL Area, Idaho National Laboratory (INL) and vicinity, eastern Idaho. A. Sources of 
recharge for USGS 83 and USGS 104. B. Sources of recharge for USGS 86, USGS 89, USGS 117, and USGS 119. C. Sources of recharge 
for USGS 9, USGS 103, USGS 105, USGS 108, and Highway 3. D. Sources of recharge for USGS 125. E. Sources of recharge for USGS 
8, USGS 11, and USGS 135 z10. F. Sources of recharge for Fingers Butte well. Uranium activities are calculated from isotope analyses 
of samples collected in 1979 and during 1996–98 (Roback and others, 2001). Strontium concentration and isotope analyses of samples 
collected in 1979 (Mann, 1986) and during 1996–98 are from Johnson and others (2000), and McLing and others (2002). Samples collected 
for this study in 1991 and during 2018–19 are available from the U.S. Geological Survey National Water Information System (NWIS) at 
https://dx.doi.org/10.5066/F7P55KJN (U.S. Geological Survey, 2021).

https://dx.doi.org/10.5066/F7P55KJN
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Confidence in Results
Confidence in the precision and accuracy of sources, and 

their percentage, of recharge to groundwater sites determined 
with 234U/238U and 87Sr/86Sr ternary mixing webs was assessed 
with two methods. The first method assessed the precision 
of estimates of recharge from ternary mixing webs and the 
second method assessed precision and accuracy by comparing 
the difference in results between the ternary mixing webs and 
geochemical modeling (Rattray, 2019, table 11). Precision 
errors in the ternary mixing webs result from measurement 
and estimation errors (described in section, “Uncertainty”). 
The sum of these two errors was calculated for each ternary 
mixing web and is shown in table 4 for 52 groundwater sites. 
This precision error ranged from 3.6 to 9.3 percent with a 
mean and standard deviation of 5.1±1.3 percent.

Assessing precision and accuracy of sources of recharge 
by comparing differences in sources of recharge between 
the 234U/238U and 87Sr/86Sr ternary mixing webs (table 4) 
and geochemical modeling (Rattray, 2019, table 11) requires 
reporting comparable sources of recharge with both methods. 
However, the geochemical model identifies sources of 
recharge entering the ESRP aquifer across the boundaries 
of the INL whereas the sources of recharge identified from 
the mixing webs reflects the origin of water at groundwater 

sites. This difference is because the major ion chemistry of 
water used in modeling takes on the chemical signature of all 
hydrochemical systems it travels through while 234U/238U or 
87Sr/86Sr used in the mixing webs retains the isotope signature 
of the original, unmixed water.

The principal difference in sources of recharge between 
these two methods occurs where water enters the ESRP 
aquifer from the BCV and LLRV. For example, sources of 
recharge identified from 234U/238U and 87Sr/86Sr ternary mixing 
webs show that groundwater exiting the BCV is a mixture of 
groundwater from the BCV and the Lemhi Range whereas 
geochemical modeling identifies this water as groundwater 
from the BCV. Similarly, 234U/238U and 87Sr/86Sr mixing 
webs identify groundwater exiting the LLRV as a mixture 
of groundwater from the Lost River and Lemhi Ranges, 
the LLRV, and water from the LLR whereas geochemical 
modeling identifies this water as groundwater from the 
LLRV. Another difference is that wastewater is identified as 
a source of recharge with geochemical modeling (Rattray, 
2019, table 1; Rattray, 2023, table 11) but not with 234U/238U 
and 87Sr/86Sr mixing webs (table 4). However, wastewater 
represents a minor source of recharge to all sites in this study 
area, except USGS 89 (table 4; Rattray, 2019, table 11), and 
therefore will cause only slight differences in sources of 
recharge identified from 234U/238U and 87Sr/86Sr mixing webs 
and geochemical modeling.



Hydrologic Processes    47

The difference in sources of recharge identified with 
the mixing webs and geochemical modeling was resolved by 
assuming that the sources of recharge to P&W 2 and USGS 15 
(table 4) are representative of groundwater exiting the BCV 
and LLRV (fig. 1), respectively. Based on this assumption, the 
sources of recharge to groundwater sites shown in table 4 were 
recalculated, and table 5 shows the sources of recharge that 
are approximately representative of water entering the ESRP 
aquifer across the INL boundaries.

Uncertainty when comparing results from 234U/238U 
and 87Sr/86Sr ternary mixing webs (table 4) and geochemical 
modeling (Rattray, 2019, table 11) was estimated by 
identifying the largest discrepancy for a single source of 
recharge, even if that source of recharge was only represented 
in one of the two methods used for identifying the sources of 
recharge. This discrepancy, or estimated uncertainty, is shown 
in table 5 for 53 groundwater sites and ranged from 0 to 100 
percent with a mean and standard deviation of 33±25 percent.

Many of these discrepancies are large, and many of 
these large discrepancies can be attributed to erroneous 
sources of recharge identified with geochemical modeling 
or improved resolution of sources of recharge with the 
234U/238U‒87Sr/86Sr ternary mixing webs. For example, 
the large discrepancies in the North INL Area are due to 
geochemical models erroneously identifying the BLR as a 
significant and widespread source of recharge to this area 
and the 234U/238U‒87Sr/86Sr ternary mixing webs, but not the 
geochemical models, identifying geothermal water, deep 
groundwater, and groundwater from the Lemhi Range as 
sources of recharge (table 5; Rattray, 2019, table 11). These 
apparent errors in sources of recharge in the North INL Area 
also affect many hydrologically downgradient sites in the 
Northeast, Southeast, and Central INL Areas.

Several sites in the Northwest INL Area have large 
discrepancies for a source of recharge (table 5). These 
discrepancies are mostly due to the better resolution of 
recharge of groundwater from the Lost River Range with 
234U/238U and 87Sr/86Sr than with the major ion chemistry 
used for geochemical modeling. However, at USGS 98, 
the discrepancy is due to the large percentage of recharge 
attributed to the BLR with the mixing web. The large 
discrepancy for USGS 98 can be attributed to the transient 
nature of recharge from the BLR (fig. 4) and chemistry 
data that were collected during the first and third years of 
short-term wet climate cycles for geochemical modeling 
and the 234U/238U‒87Sr/86Sr ternary mixing web, respectively 
(Roback and others, 2001). Consequently, the percentage of 
recharge from the BLR to USGS 98 estimated with the model 
and mixing web probably are both correct and reflect the 
transient nature of recharge in this part of the aquifer.

There are several sites in the Southwest INL Area that 
have a large discrepancy for a source of recharge (table 5). 
Although the hydrologic system in this part of the INL is 
transient, this does not appear to influence the discrepancies at 
most of these sites. At many sites, the large discrepancy is due 
to larger amounts of recharge of surface water (precipitation 
plus the BLR) in the mixing webs than the geochemical 
models. It is not clear why there is a difference in surface 

water between these two methods, although the isotope ratios 
may be more affected than major ion chemistry by the greater 
surface water to groundwater ratio in the BLR during periods 
with large discharge amounts. The relatively low U isotope 
ratios in groundwater from many sites in the Southwest INL 
Area (fig. 5A) are, however, consistent with large amounts of 
recharge from surface water in this area (fig. 9).

The other cause for large discrepancies for a source of 
recharge in the Southwest INL Area is the amount of recharge 
attributed to groundwater from the Lost River Range. Both 
major ions and U and Sr isotopes were analyzed in water 
collected from USGS 23. However, the major ion chemistry 
of groundwater from the Lost River Range is affected by 
agricultural practices in the BLRV and LLRV, whereas the U 
and Sr isotope ratios probably are not affected, and this is the 
most likely cause for large discrepancies in recharge amounts 
of groundwater from the Lost River Range.

Hydrologic Processes
Hydrologic processes were evaluated by creating 

illustrations from the data in table 5 that show the areal 
distribution of sources of recharge, mixing of water, and 
groundwater-flow directions. Figure 15A shows a hand-drawn 
areal distribution of groundwater sources of recharge across 
the INL, where the indicated source of recharge represents 
the primary source of groundwater at each site. This figure 
indicates that:

•	 the eastern part of the INL consists of regional 
groundwater;

•	 groundwater from the BCV and LLRV flow south and 
southwest from the mouth of their respective valleys to 
slightly beyond the southern boundary of the INL;

•	 groundwater from the BLRV largely resides west of the 
boundary of the INL; and

•	 groundwater from the Lemhi and Lost River 
Ranges flows south from the mountain fronts and 
comprise relatively small and large areas of the INL, 
respectively.

These areas of primary groundwater sources of recharge 
are similar to those indicated from geochemical modeling 
(Rattray, 2019, fig. 15A). However, some differences between 
these two interpretations of primary groundwater sources of 
recharge are that 234U/238U and 87Sr/86Sr indicate that:

•	 groundwater at USGS 107 and USGS 110A in the 
south-central part of the INL is primarily from the 
BCV and not regional groundwater;

•	 the Lemhi Range is a source of recharge, and this 
groundwater extends to the central part of the INL and 
separates groundwater from the BCV and LLRV; and

•	 groundwater from the Lost River Range is the primary 
groundwater source of recharge in the western part of 
the INL and extends south of the INL.
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Figure 15.  Sources of recharge, Idaho National Laboratory and vicinity, eastern Idaho. A. Primary groundwater recharge source. B. 
Precipitation and geothermal water recharge source. C. Big Lost River recharge source. Boundaries of primary groundwater sources 
are hand-drawn and approximate.
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234U/238U and 87Sr/86Sr indicate that precipitation is 
a source of recharge in the southwestern part of the INL 
(fig. 15B), a result similar to interpretations from geochemical 
modeling (Rattray, 2019, fig. 15C, table 11; Rattray, 2023, 
table 11). Although precipitation is indicated in these figures, 
the precipitation indicated in the Southwest INL Area 
(fig. 6) in these figures and tables is assumed to represent 
paleorecharge from the BLR (Rattray, 2018). Consequently, 
the only site at the INL where precipitation is assumed to be 
a significant source of recharge is at USGS 22. Although the 
general area where precipitation/paleorecharge is indicated 
as a source of recharge is consistent between interpretations 
from geochemical modeling and 234U/238U and 87Sr/86Sr, the 
specific sites do vary. Both methods, however, indicate that 
precipitation/paleorecharge occurs at many sites near the 
RWMC and the INL spreading areas.

Figure 15B also indicates that geothermal water moves 
upward to, and resides in, groundwater at USGS 7. USGS 7 
is located within the Lava Ridge-Hells Half Acre volcanic rift 
zone (Kuntz and others, 1992; Rattray, 2018), and geologic 
features within the rift zone may facilitate the upward 
movement of deep geothermal water. Geochemical modeling 
(Rattray, 2019, fig. 15C) indicates that geothermal water 
is present in groundwater at several sites in the North and 
Northeast INL Areas and at USGS 146 in the Northwest INL 
Area (fig. 6). Helium concentrations and isotopic composition 
recently analyzed from water collected from the Northeast 
INL Area (USGS 26 and USGS 31) and the North INL Area 
(Site 14, USGS 18) support the interpretation that groundwater 
at these sites contains some geothermal water, but the helium 
data analyzed from water collected at USGS 146 indicate that 
this groundwater does not contain geothermal water (U.S. 
Geological Survey, 2021).

Geothermal water present in groundwater in the 
Northeast INL Area moved upward east of the INL (Rattray, 
2015) and was incorporated into shallower groundwater that 
subsequently flowed onto the INL (Rattray, 2019). Similarly, 
interpretation of 234U/238U and 87Sr/86Sr indicates that 
geothermal water in the North INL Area, in groundwater at 
USGS 18 and Site 14 (and USGS 6 in the Central INL Area), 
represents shallow groundwater that flowed downgradient 
from the vicinity of USGS 7 (table 5). This interpretation 
differs from the interpretation by Anderson and others (1999), 
who suggested that the relatively warm water at USGS 18 
(Rattray, 2019, table 6) may be influenced by nearby dikes and 
fissures associated with an underlying vent corridor. Although 
upwelling geothermal water probably is a source of recharge 
to deeper parts of the aquifer (Mann, 1986; Ackerman and 

others, 2006), interpretations from 234U/238U and 87Sr/86Sr and 
geochemical modeling indicate that upwelling geothermal 
water provides minimal recharge to the shallow aquifer. 
Consequently, the shallow aquifer probably is dominated by 
horizontal or downward flow of groundwater (Ackerman and 
others, 2006, fig. 24; Rattray, 2023).

Recharge from the BLR is shown in figure 15C, with 
recharge amounts in the figure consisting of the sum of 
recharge from the BLR and precipitation (except at USGS 22, 
precipitation is assumed to represent paleorecharge from the 
BLR) in table 5. Hand-drawn areas in this figure represent 
recharge from the BLR that ranges from 25 to 49 percent, 50 
to 74 percent, and exceeds 75 percent of the total recharge 
at a site. Recharge from the BLR exceeds 75 percent at most 
sites adjacent to or south of the BLR and the INL spreading 
areas, in the southwestern corner of the INL, and at USGS 
17 and No Name 1, which are either adjacent to the river 
channel or the terminal playas for the BLR. Relative to the 
75 percent recharge area, recharge from the BLR ranges from 
50 to 74 percent to the south and northeast. The sites to the 
northeast may receive recharge from the BLR from either the 
river channel or the BLR sinks. Sites where recharge from 
the BLR ranges from 25 to 49 percent are few. The limited 
extent of recharge from the BLR that is less than 50 percent 
may be due to changes in vertical to horizontal conductivity 
ratios. Horizontal transport in the unsaturated zone of surface 
water infiltrating from the INL spreading areas is rapid, at 
the scale of kilometers (Nimmo and others, 2002). However, 
water moving horizontally may eventually reach areas where 
fracture zones, fissures, or smaller sediment thickness increase 
vertical hydraulic conductivity, which will increase the 
downward, and reduce the horizontal, movement of water.

The estimated area of the ESRP aquifer affected by 
recharge from the BLR is smaller in figure 15C than the 
area indicated with geochemical modeling (Rattray, 2019, 
fig. 15B), even though data from both datasets represents 
recharge during the first few years of wet cycles. An error in 
the estimates of recharge from the BLR with geochemical 
modeling was described in section, “Confidence in Results,” 
and this error probably accounts for much of the discrepancy 
in the estimated areas of recharge from the BLR between 
geochemical modeling and mixing estimations made using 
234U/238U and 87Sr/86Sr. Consequently, the recharge areas 
indicated for the BLR with 234U/238U and 87Sr/86Sr (fig. 15C) 
probably are a better representation of recharge from the BLR, 
and the transient part of the hydrologic system, than the areas 
indicated with geochemical modeling.
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Table 5 shows that mixing, between surface water and 
groundwater, two different sources of groundwater, or both 
types of mixing, occurs throughout the INL. The areas of BLR 
recharge shown in figure 15C also are indicative of the areas 
at the INL where surface water and groundwater mix. Mixing 
between surface water and the underlying groundwater will 
occur when there is flow in the BLR on the INL, which usually 
occurs during wet climate cycles, and in some years only 
during spring season runoff, but not during dry climate cycles. 
Mixing of regional groundwater with groundwater from the 
mountains and valleys is particularly important to understand 
and identify because groundwater entering the INL from the 
mountains and valleys north of the INL travels southeast and 
regional groundwater entering the INL is traveling southwest. 
Consequently, the convergence of these two water bodies 
directly influences groundwater flow directions in the central 
and eastern parts of the INL.

Mixing lines are shown in figure 16 with hand-drawn 
contours that identify where regional groundwater contributes 
0, 50, and 90 percent of the total recharge. In the northern 
part of the INL mixing lines trend approximately north-south. 
This directional trend probably reflects the influence of 
groundwater from the BCV, which is moving southeasterly 
when entering the INL on the generally southwesterly flow 
of regional groundwater. In the central and eastern parts of 
the INL, the mixing lines trend northeast-southwest, which 
suggests a diminishing influence of groundwater from the 
BCV on the direction of flow of regional groundwater. In the 
south-central part of the INL, the mixing lines begin to trend 
north-south again, which probably reflects the influence of 
southerly flowing groundwater from the BCV on regional 
groundwater-flow directions. These mixing lines also show 
that groundwater residing in the eastern part of the INL is 
mostly regional groundwater, whereas groundwater residing in 
the western half of the INL is entirely from the mountains and 
valleys north of the INL.

Figure 17 shows areas that indicate the primary 
groundwater sources of recharge, mixing lines that show 
where regional groundwater makes up 50 and 90 percent of 
the underlying groundwater, 1989 water-table contours (from 
fig. 4), and hand-drawn arrows that indicate approximate 
groundwater-flow directions at the INL. The arrows were 
drawn approximately through the center of the groundwater 
areas, through the center of area between the 50 and 90 

percent mixing lines, and parallel to the 90 percent mixing line 
for the arrow in the southeastern part of the INL. The arrows 
indicate that flow directions are southwest in the southeastern 
and south-central parts, southeast in the northern part, and 
south in the central and western parts of the INL. With one 
exception, these arrows cross water-table contours in a 
roughly perpendicular direction, consistent with expected flow 
directions relative to water-table contours. This consistency 
provides confidence that the orientation of the areas and lines 
depicting the primary groundwater resources of recharge 
and the percentage of regional groundwater are reasonably 
accurate.

The one exception to this apparent accuracy is near the 
4,475-foot-altitude water-table contour in the south-central 
part of the INL. In this area, the flow direction perpendicular 
to the water-table contour would be south, but the areas 
representing groundwater from the BCV and LLRV indicate a 
southwesterly flow for groundwater in this area. Terminating 
the southern extension of the area representing groundwater 
from the BCV near USGS 5 (fig. 15A) and extending farther 
south the areas representing groundwater from the Lemhi 
Range and LLRV, resolves the discrepancy in flow directions 
inferred from the 4,475-foot-altitude water-table contour 
(fig. 17) and areas representing the primary groundwater 
source of recharge.

End member sources of recharge for ternary mixing webs 
for USGS 107 and USGS 110A included regional groundwater 
and groundwater from the BCV (fig. 11). However, if 
groundwater from the BCV does not extend south to these 
wells then they require a revised ternary mixing web that does 
not include groundwater from the BCV. Changing the end 
member sources of recharge to the BLR, regional groundwater, 
and groundwater from the LLRV (fig. 18) indicates that 
these sources of recharge provide, respectively, 8, 46, and 46 
percent of recharge to USGS 107 and 14, 50, and 36 percent of 
recharge to USGS 110A. This revised interpretation probably 
is a better representation of the groundwater at these wells 
because it is consistent with lithium and silica concentrations 
that indicate the groundwater at these wells is primarily 
regional groundwater (Rattray, 2018, fig. 20). Figure 19 shows 
the (1) revised areas representing the primary groundwater 
sources of recharge, (2) 50 and 90 percent mixing lines, and 
(3) groundwater-flow directions.



56    Evaluation of Hydrologic Processes, Eastern Snake River Plain Aquifer, Idaho National Laboratory, Eastern Idaho

00

5050

9090

ANP 9

ANP 6

EBR-1

P&W 2

8

Site 4

6

5

1

7

Site 9

ML 22

8989
86

11

9998

97

23

22

19

Site 19

Site 17

18

17

14

Area II

32
29

27

26

15
Site 14

125

119119

117

146

102

103

143

101

100

124

105
104

Highway 3

PSTF TEST

126B

99

2

Ruby Farms

12

83

31

110A

108

135

Arco City 
Well #4

Fingers Butte 
Well

No Name 1

MLML

BS

WS

LLR

BC

INLDIV

BLRACBLRAC

US

Arbor Test 1

134

INEL-1

BFW

109

107

BLRINLBLRINL

KS

Beaverhead 

M
ountains

Beaverhead 

M
ountains

Lost River Range

Lost River Range

Lem
hi Range

Lem
hi Range

Arco HillsArco Hills

TANTAN

MFCMFC

NRFNRF

CFACFA

RWMCRWMC

ATRCATRC

INTECINTEC

Birch Creek

Little Lost River

Bi
g 

Lo
st 

Ri
ve

r

C
am

as

 Cree
k

Medi
cine L

od
ge

 C
re

ek

Mud Lake

Arco

Howe

Terreton

Monteview

Atomic City

Blue Dome

Hamer

Dubois

Idaho 
National 

Laboratory

Idaho 
National 

Laboratory

112°30' 112°15'112°45'113°00'113°15'

44°00'

43°45'

43°30'

43°15'

Base from U.S. Geological Survey, 1:24,000 and 1:100,000-scale digital data
UTM Zone 12N. North American Datum of 1927 

0 2 4 6 8 10 MILES

0 2 4 6 8 10 KILOMETERS

EXPLANATION
Primary groundwater recharge source

Groundwater101

Birch Creek valley

Regional

Lemhi Range

Lost River Range

Little Lost River valley

Big Lost River valley

Surface water

Selected facilities at the Idaho National Laboratory

Advanced Test Reactor Complex 

Central Facilities Area

Idaho Nuclear Technology and Engineering Center 

Materials and Fuels Complex

Naval Reactors Facility

Radioactive Waste Management Complex 

Test Area North

ATRCATRC

MFCMFC

NRFNRF

CFACFA

RWMCRWMC

TANTAN

INTECINTEC

Water-quality sampling site and abbreviation— 
Abbreviations for site names are shown in table 1

BL

Regional groundwater, 0, 50, and 90 percentage 
mixing lines

50

Figure 16.  Primary groundwater sources of recharge and mixing lines representing 0, 50, and 90 percent regional groundwater 
relative to groundwater from the mountains and valleys, Idaho National Laboratory and vicinity, eastern Idaho. Boundaries of primary 
groundwater sources are hand-drawn and approximate.
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Figure 17.  Primary groundwater sources of recharge, percentage of regional groundwater, 1989 water-table contours, and 
groundwater-flow directions, Idaho National Laboratory and vicinity, eastern Idaho. Boundaries of primary groundwater sources are 
hand-drawn and approximate.
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Figure 19.  Revised primary groundwater sources of recharge, 50 and 90 percent mixing lines, and groundwater-flow directions, Idaho 
National Laboratory and vicinity, eastern Idaho. Boundaries of primary groundwater sources are hand-drawn and approximate.



60    Evaluation of Hydrologic Processes, Eastern Snake River Plain Aquifer, Idaho National Laboratory, Eastern Idaho

Comparison of Results with Previous 
Investigations

This study, and geochemical modeling (Rattray, 2019), 
show that mixing fully explains the distribution of 234U/238U 
and 87Sr/86Sr in groundwater at the INL. Consequently, 
the hypothesis that fast and slow flow zones are required 
to explain the distribution of 234U/238U and 87Sr/86Sr in 
groundwater at the INL (Johnson and others, 2000; Luo and 
others, 2000; Roback and others, 2001; McLing and Roback, 
2007) is unnecessary. The differing hydrologic interpretations 
between this study and these previous investigations are 
explained by different interpretations about the (1) necessity 
of water-rock interaction to produce low isotope ratios (that 
is, a slow flow zone) in groundwater, (2) source and age of 
water in the slow flow zones, and (3) reliability and accuracy 
of the contours for the high isotope ratio zone (that is, a fast 
flow zone) that extends south from the mouth of the LLRV and 
separates the western and central low isotope ratio zones.

Luo and others (2000), Johnson and others (2000), 
Roback and others (2001), and McLing and Roback (2007) 
suggest that water-rock interaction between groundwater 
and the host basalt, which has low U and Sr isotope ratios 
(Rattray, 2018, fig. 22), is responsible for the low U and Sr 
isotope ratios in groundwater in the low isotope ratio zones. 
They discount mixing between the BLR and groundwater 
as responsible for these low isotope ratios because some of 
the isotope ratios in groundwater in the low isotope ratio 
zones are lower than the isotope ratios in the BLR. However, 
this interpretation assumes that the U and Sr isotope ratios 
in the BLR have constant values. This is unlikely because, 
while groundwater inflow to the BLR probably is relatively 
constant with time, precipitation in the BLR drainage, and 
the contribution of surface water runoff to the BLR, varies 
dramatically on annual and short-term climate cycle time 
scales. Consequently, the ratio of surface-water runoff to 
groundwater in the BLR increases as precipitation amounts 
increase. Because precipitation has lower U and Sr isotope 
ratios than the BLR (Rattray, 2018, p. 54, fig. 22B), U and Sr 
isotope ratios in the BLR decrease when a larger proportion 
of precipitation contribute water to the BLR. Therefore, U and 
Sr isotope ratios in the BLR are not constant with time and 
infiltration recharge from the BLR is a viable source for the 
low U and Sr isotope ratios in groundwater in the low isotope 
ratio zones. Due to the limited sample size to study this effect 
directly, additional discrete sampling of precipitation inputs 
to the BLR drainage basin and associated recharge locations 
during high-water years may further refine this isotope 
distribution observation for future studies.

Uranium and Sr isotope ratios in the western and central 
low isotope ratio zones are lowest in groundwater from wells 
USGS 22 and USGS 17, respectively. Johnson and others 
(2000), Luo and others (2000), Roback and others (2001), and 
McLing and Roback (2007) suggest that the low isotope ratios 
in this water means that it is old, slow-moving groundwater 
relative to groundwater in the fast-flow zones. In addition,  

Luo and others (2000, fig. 9) assign residence times of 67 
and 77 years to groundwater at USGS 22 and USGS 17, 
respectively, which indicates that recharge of the source water 
for these wells predates atmospheric bomb testing. However, 
other hydrochemical studies indicate that groundwater 
at USGS 22 and USGS 17 consists entirely or mostly of 
young recharge from precipitation and the BLR (Busenberg 
and others, 2001, p. 86 and 90; Rattray, 2019, table 11), 
respectively. Groundwater at these wells have large tritium 
activities (160.9±0.4 pCi/L at USGS 22 and 50.0±0.5 pCi/L 
at USGS 17), which shows that the groundwater contains 
atmospheric tritium that postdates atmospheric bomb testing 
(Rattray, 2018, table 17, fig. 13). Consequently, the available 
chemical evidence supports an interpretation that groundwater 
at these two wells is young water, not old groundwater.

The reliability and validity of the isotope ratio contours 
used to define high isotope ratio zones from previous studies 
were questionable because no U or Sr isotope ratios were 
available from the area between USGS 22 and USGS17 in 
the LLRV (fig. 1; Johnson and others, 2000, fig. 2; Luo and 
others, 2000, fig. 9; Roback and others, 2001, fig. 2; McLing 
and Roback, 2007, fig. 1). The large isotope ratio zone 
without isotope data extends from Site 17 in the northern 
part of the INL to the Badging Facility Well in the southern 
part of the INL (Johnson and others, 2000, fig. 2; Roback and 
others, 2001, fig. 2). 234U/238U decreased in the downgradient 
direction from 3.01 at Site 17 to 2.53 at the Badging Facility 
Well (Roback and others, 2001, table 1, values divided by 55 
ppm to convert to activity ratios) whereas 87Sr/86Sr at these 
two wells, 0.71091, were identical (Johnson and others, 2000, 
GSA Data Repository Table). Consequently, these isotope ratio 
contours indicate that isotope ratios in the large isotope ratio 
zone between Site 17 and the Badging Facility Well should be 
a uniform 0.71091 for 87Sr/86Sr and decrease from 3.01 to 2.53 
in a north-to-south direction for 234U/238U.

The validity of the large isotope ratio contours was tested 
by collecting and analyzing water samples for 234U/238U and 
87Sr/86Sr in 2019 from five wells (Site 4, USGS 97, USGS 98, 
USGS 99, and USGS 102; fig. 1) located between Site 17 and 
the Badging Facility Well (fig. 1). One well, USGS 99, had a 
234U/238U, 2.70, that was within the isotope ratio range for the 
large isotope ratio zone, but the 87Sr/86Sr, 0.71102, was larger 
than isotope ratio indicated from the isotope ratio contours. 
The isotope ratios for the other four wells were all lower 
than suggested from the isotope ratio contours and ranged 
from 2.06 to 2.35 for 234U/238U and 0.71045 to 0.71077 for 
87Sr/86Sr (table 2; fig. 5). Consequently, the U activity ratios 
refute the interpretation that there is a large isotope ratio zone 
located between Site 17 and the Badging Facility Well, the 
key interpretation presented in support of preferential fast flow 
paths. The isotope ratios are consistent, however, with mixing 
between recent recharge from the BLR and old groundwater 
containing low and high isotope ratios, respectively. Thus, 
while the 234U/238U and 87Sr/86Sr from groundwater at the INL 
do reflect the various and distinct sources of recharge to the 
aquifer, they do not indicate the presence of slow and fast flow 
zones of groundwater transport.



Acknowledgments    61

Summary and Conclusions
Uranium (U) activity ratios and strontium (Sr) isotope 

ratios were used to trace sources of recharge from source areas 
to groundwater at 62 wells distributed throughout the Idaho 
National Laboratory (INL) by plotting 234U/238U and 87Sr/86Sr 
in groundwater from the INL on ternary mixing webs with 
sources of recharge as end members for the mixing webs. The 
many sources of recharge to groundwater at the INL preclude 
identifying sources of recharge with only one or a few mixing 
webs. Consequently, numerous mixing webs were created that 
represent various geographic areas throughout the INL, such 
that each area could be limited to just three likely sources of 
recharge. This strategy was generally successful, although 
limiting to three sources of recharge in the Central, South, 
and Southwest INL Areas required interpretation of additional 
hydrologic and chemical constraints.

The mixing webs were used to estimate the percent 
recharge from individual sources of recharge to groundwater 
at well locations. A previously unrecognized source of 
recharge, groundwater from the Lemhi Range, was identified. 
Also, the estimated spatial distribution of recharge from the 
Big Lost River (BLR) and groundwater from the Lost River 
Range decreased and increased, respectively, relative to the 
spatial distribution estimated with geochemical modeling. 
These changes were due to over estimating recharge from the 
BLR in the North INL Area with geochemical modeling and 
better resolution of recharge of groundwater from the Lost 
River Range using 234U/238U and 87Sr/86Sr signatures.

Uncertainty in estimates of percent recharge were 
evaluated. Precision, representing measurement error plus 
error in estimates of recharge from the mixing web, were 
generally 5 percent or less. Accuracy was evaluated by 
comparing the percent sources of recharge determined with 
234U/238U and 87Sr/86Sr and geochemical modeling. However, 
due to the additional sources of recharge and improved 
resolution of recharge with 234U/238U and 87Sr/86Sr, this 
comparison resulted in large differences in percent recharge 
between the two methods. Based on the additional recharge 
information identified with 234U/238U and 87Sr/86Sr, though, the 
mixing webs probably provide better estimates of the sources 

of recharge. These estimates are less accurate in areas at the 
INL where the ESRP aquifer acts as a transient hydrologic 
system as compared to the steady-state parts of the aquifer 
because flow, and 234U/238U and 87Sr/86Sr, in the BLR vary 
significantly in response to precipitation amounts in the BLR 
drainage basin.

Groundwater in the eastern Snake River Plain aquifer 
generally flows from northeast to southwest. This general 
direction of flow is altered at the INL by the southeasterly flow 
of groundwater from the Birch Creek and Little Lost River 
valleys into the ESRP aquifer. As this valley groundwater 
converges with regional groundwater, the flow direction turns 
south and eventually southwest in the central and south-central 
parts of the INL, respectively.

Upwelling geothermal water is presumed to flow across 
the base of the aquifer. However, upwelling geothermal water 
was identified at just one well (USGS 7) at the INL, indicating 
that the upward movement of deep groundwater to the shallow 
(upper 250 ft) part of the aquifer is largely nonexistent. 
Consequently, shallow groundwater must flow in horizontal or 
downward directions.

Mixing between surface water and groundwater, different 
groundwaters, or both is ubiquitous at the INL. Mixing of 
water fully explains the distribution of 234U/238U and 87Sr/86Sr 
in groundwater at the INL and thus renders unnecessary 
the hypothesis that fast and slow flow zones at the INL are 
required to explain the distribution of 234U/238U and 87Sr/86Sr.
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deep groundwater  Groundwater at the 
Idaho National Laboratory that is more than 
the 250 feet below the water table (does not 
include geothermal water).

groundwater from multilevel wells   
Groundwater from wells with multiple, 
discrete sampling zones of various depths 
below the land surface. Provides a vertical 
profile of groundwater chemistry in the 
ESRP aquifer. Groundwater from multilevel 
wells may be either contaminated or natural 
groundwater.

natural groundwater  Groundwater at 
and south of the Idaho National Laboratory, 
excluding contaminated groundwater, that is 
less than 250 ft below the water table.

old groundwater  Groundwater that is older 
than the onset of atmospheric bomb testing 
(pre-1952). In this report, this qualitative age 
was assigned to groundwater with tritium 
activities less than 4 pCi/L.

paleorecharge  Groundwater that was 
recharged during the last glacial epoch.

regional groundwater  Groundwater in the 
eastern Snake River Plain aquifer east and 
southeast of the Idaho National Laboratory. 
Includes ML 22, USGS 3A, and USGS 101 in the 
southeastern part of the INL.

tributary valley groundwater  Groundwater 
from the Big Lost River, Little Lost River, 
and Birch Creek valleys. Includes two 
groundwater samples (ML 55 and ML 59) from 
the Beaverhead Mountains.

young groundwater  Groundwater that 
is younger than the onset of atmospheric 
bomb testing (post-1952). This qualitative 
groundwater age was determined from tritium 
activities.
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