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Abstract: In-situ recovery (ISR) has been the only technique used to extract uranium from sandstone-
hosted uranium deposits in the Pliocene Goliad Sand in the Texas Coastal Plain. Water plays a
crucial role throughout the ISR lifecycle of production and groundwater restoration yet neither the
water use nor other environmental footprints have been well documented. The goal of this study
is to examine historical records for all six ISR operations completed in the Goliad Sand to identify
and quantify parameters that indicate the surface and aquifer disturbances, water use, and radon
emissions. Overall, the average mine area was 0.00023 ± 0.00006 acres per pound (ac/lb) U3O8. The
average mine pore volume was 48.9 ± 50 gal/lb U3O8 with a minimum affected aquifer volume of
0.51 ± 0.08 cubic feet per pound (cu ft/lb) U3O8. An average of 258 ± 40 gallons (gal) of fluid were
disposed per pound (lb) U3O8, with an average of 169 ± 26 gal/lb U3O8 attributed to restoration and
89 ± 36 gal/lb U3O8 attributed to the uranium production phase. The average radon emitted was
1.06 × 10−3 ± 7.4 × 10−4 curies per pound (Ci/lb) U3O8. Goodness-of-fit (R2) values are ≥0.79 for
linear regressions of the amount of uranium produced versus mine area, mine pore volumes, mine
aquifer volumes, water pumped, and total water disposed. The R2 value for radon emitted was
0.68. However, the water disposed only during the uranium production phase is more strongly
correlated to the number of production days (R2 = 0.96) than to uranium production (R2 = 0.84),
whereas the volume of water disposed during restoration is more strongly correlated to the “pore
volume” (R2 = 0.97) than to uranium production (R2 = 0.90). Pore volume is an industry term used to
describe the amount of fluid circulated through the aquifer during the uranium production period
and stipulated in bond agreements in order to satisfy groundwater restoration requirements. Models
constructed in this study can be used to estimate probable water use and the extent of surface and
aquifer disturbances associated with ISR-amenable undiscovered uranium resources in the Goliad
Sand. The historical perspective offered by the data compiled and correlations may prove useful to
both industry and regulators.

Keywords: uranium; mining; in-situ recovery; ISR; water consumption; environmental footprint;
Goliad; Texas Coastal Plain

1. Introduction

The nuclear fuel cycle begins with the production of uranium from natural deposits
using conventional mining and milling or unconventional in-situ recovery (ISR) operations.
Not all uranium deposits are amenable to ISR. Historically, in the Texas Coastal Plain, only
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ISR operations (Alta Mesa, Kingsville Dome, Mt. Lucas, Palangana Dome, Palangana (also
called “La Palangana”), and Rosita) (Figure 1) have extracted uranium from sandstone-
hosted uranium deposits within the Pliocene Goliad Sand. These operations produced
uranium oxide containing uranium-235, a fuel for nuclear energy. ISR is often referred to
as a “mining” technique, however, technically, it is a form of processing akin to milling
but takes place “in situ” in the subsurface within a permeable, saturated aquifer hosting
the uranium deposit. There are two main phases of ISR—the uranium production phase
and the groundwater restoration phase, hereafter referred to simply as production and
restoration, respectively (Figure 2).
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Figure 1. (A) Plan-view map of the Texas Coastal Plain with the six ISR operations completed in the
Goliad Sand examined in this study in relation to the state of Texas and the United States region and
(B) a cross-section map showing the uranium-rich Goliad Sand (modified from Young and others,
2006 [1]), indicated by the solid (yellow) shade.
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During both the production and restoration phases of ISR (Figure 2), the deposit is
continually kept saturated and as such, water plays an important role. During the ISR pro-
duction phase, a leaching fluid, called a lixiviant, is injected into the permeable sandstone-
hosted uranium deposits to dissolve the uranium into the groundwater (Figure 2A). The
lixiviant is groundwater that has been fortified with chemicals designed to dissolve the
uranium by both complexing and oxidizing the uranium, commonly carbonate and oxygen
(Figure 2A). In the early days of ISR in Texas until the early 1980s, ammonium-based
alkaline solutions were typical but are no longer used because they were difficult to clean
up after uranium production ceased [2]. Of the six ISR mines examined, only one mine
(Palangana Dome) used ammonium-based solutions and the others used either natural
bicarbonate (at natural groundwater concentrations), sodium bicarbonate, or carbon diox-
ide gas [CO2(g)] along with oxygen gas [O2(g)]. The uranium-enriched groundwater is
subsequently pumped to the surface where uranium is concentrated at a processing plant
using ion exchange. The uranium concentrate is then treated to precipitate uranium as a
cation diuranate (for example, ammonium diuranate or magnesium diuranate) depending
on the chemicals used in precipitation. The precipitate is referred to as “yellowcake”, which
is the final product of ISR [3]. Note that oftentimes, the uranium production is generically
reported as “U3O8” despite the differences in actual stoichiometry of the final uranium
oxide product. After the uranium is extracted, the effluent stream from the uranium process-
ing plant is refortified with the complexing agent and oxidant, and the refortified effluent
stream is reinjected and recirculated through the deposit until the amount of uranium
dissolved by the extraction process is no longer economically recoverable.

Following the uranium production phase, restoration is required to return the ground-
water quality to pre-mining baseline conditions, stipulated in the mine permit (Figure 2B).
By early 1980, groundwater sweeping, sometimes referred to as “pore-volume flushing” or
“pore-volume displacement”, was the most commonly used method of aquifer restoration
in South Texas [4]. During groundwater sweeping, contaminated groundwater is pumped
to the surface through the ISR production wells and is disposed and replaced by natural
inflows of surrounding native groundwater outside of the mine zone or is replaced by
treated water which has been chemically adjusted at the surface plant and reinjected into
the aquifer [4]. In many cases, after several cycles of groundwater sweep, a polishing
reverse osmosis (RO) step with permeate injection and recirculation is implemented [5–8]
(Figure 2B).

The National Research Council suggested that future development of mineral re-
sources such as uranium should consider the footprint of mining, that is, the tradeoffs
between extracting natural resources such as water and uranium production [9]. The
water footprint of mining is difficult to ascertain because the mining industry has no legal
requirement to report water use during production [10]. The Texas Department of Health
estimated that the 12 companies operating in 1980 were using an 2 billion gallons per
company per year or a total annual volume of 24 billion gallons of uranium-mining fluids
in the injection and recovery process [4]. More recently, the normalized water consumption
(per pound [lb] of uranium as U3O8) has been estimated at a rate of 250 gallons per pound
(gal/lb) of U3O8 [10]. It is not clear if these estimates included the total water from the pro-
duction phase, the processing plant, and restoration. This distinction is important because
in many cases, the amount of water withdrawn does not necessarily reflect consumptive
use because the water is recycled at different rates during the production and restoration
phases. During the production phase, it is estimated that 1–4 percent of the pumped water
(“bleed”) is disposed due to over pumping designed to maintain an inward hydraulic
gradient and prevent escape of mining fluids from the wellfield. Mining operations do not
recycle the produced bleed water at the same rates so the consumption of water varies [11].

During the restoration phase, the amount of water consumed or disposed depends
largely on the restoration process selected [4]. If the groundwater sweep method is used,
100 percent of the withdrawn water is typically sent to Class I deep disposal wells (DDW).
If the groundwater sweep is followed by surface treatment such as reverse osmosis (RO),
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then only the concentrated brine is disposed while the treated permeate (70–90 percent of
the treated water) is reinjected into the mine area (Figure 2). The Alta Mesa, Palangana,
Palangana Dome, Kingsville Dome and Rosita ISR operations disposed of wastewater into
deep disposal wells, whereas wastewater from Mt. Lucas was sent to evaporation ponds
and (or) reused in irrigation. Furthermore, the volume of water withdrawn during ground-
water sweep is likely to produce a significant improvement in water quality, however,
water withdrawals are expected to be large and handling such volumes of water presents a
major waste disposal problem [4].

Some authors suggest that in addition to the consumptive use of water, the environ-
mental footprint of mining should also account the for the physical footprint of the surface
and the aquifer disturbed during mining [12]. For example, Kasper, et al., (1979) conclude
that consumptive water use would have only local effects and would not adversely affect
regional water supplies in either the Texas or the Wyoming type ore-bearing formations [13].
Henry, et al., (1981) add that the projected increase of in-situ mining in Texas could have an
increasing effect on regional hydrology and recommend detailed preoperational tests and
post-restoration monitoring programs to provide more information on the sensitivity of
aquifers [14]. As such, the consumptive use of water is also linked to the spatial footprint
of the ISR mining process.

A primary radioactive emission from the process streams of the production wellfield
is thought to be radon gas [15]. Actual radon released could be lower from in-situ recovery
operations than conventional mining due to the lack of open deposit pits, tailings and ore
stockpiles, however, it is also likely that during operation the release of radon gas would be
above normal baseline for the equivalent region being mined [16,17]. The radon released
could be accounted for from the processing plant with minor components from liquid waste
storage ponds, the well heads and waste scale buildup (for example, calcite for alkaline
ISR) [16,17].

Neither the amount of water used, the spatial extent of ISR per unit of uranium
produced nor radon emissions during ISR are well documented. The goal of this study
is to better identify relationships between uranium production via ISR and water use,
radon release, and the spatial extent of surface and aquifer disturbances that will facilitate
their prediction in future ISR operations. These relationships can be applied to estimate
environmental footprints for undiscovered uranium resource projections in the Goliad
Sands in the Texas Coastal Plain.

2. Materials and Methods

The literature was reviewed to identify publicly available datasets that reflect the
water footprint of uranium ISR with priority to a national-scale evaluation. Unlike ura-
nium resource and production numbers, which are systematically reported and compiled
by various organizations and made available through the International Atomic Energy
Association (IAEA) (for example, through the World Distribution of Uranium Deposits,
UDEPO), the Energy Information Administration, and the Department of Energy, the water
used in uranium mining is not reported or tracked systematically across the United States
(U.S.) by any single entity. Direct or aggregated data on water-use (pumping, injection
and disposal/consumption), disturbance and radon emissions quantities associated with
uranium production per mine were not identified in the literature or readily accessible com-
pany or regulatory reports. However, documents related to the regulatory compliance were
identified, compiled, and reviewed and found to contain some piecemeal information on
water volumes associated with ISR. Generally, the Nuclear Regulatory Commission (NRC)
is responsible for regulating and permitting uranium production operations, unless the
NRC relinquishes to the States portions of its regulatory authority to license and regulate
by-product and source materials, as in the case of Texas. As such, the Texas Commission
on Environmental Quality (TCEQ) and the Railroad Commission of Texas (RRC) have the
authority to permit uranium mining operations. Permits related to ISR issued by TCEQ
that contain useful information pertaining to the water footprint of ISR include: the mine
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permit, the production area authorization (PAA), and the Class I underground injection
control permit. Unlike the U.S. Environmental Protection Agency (EPA), the TCEQ does not
require an Environmental Impact Statement (EIS) but often does require an Environmental
Assessment (EA). Whereas, the EISs submitted to EPA in Wyoming, New Mexico, South
Dakota, and Nebraska provide information that can be valuable in estimating water use in
uranium mining, the EA does not always explicitly state the amount of water expected to
be used during mining, but may include one or more of the following projected water pa-
rameters: (1) water balances showing estimated flowrates during ISR uranium production
and restoration phases, (2) the surface area of the operation, (3) the rate of aquifer bleed, or
the excess water pumped to maintain an inward hydraulic gradient that is usually disposed
during ISR and restoration, (4) methods used for treatment of the extracted water, (5) water
disposal wells, (6) estimates of pore volumes required for mining and groundwater restora-
tion. The ISR industry uses the term “pore volume” to define an indirect measurement of a
unit volume of aquifer water affected by ISR [4]. The following sources contained some
water parameters that were used to compile information about various aspects of ISR water
use and land and aquifer disturbance with specific data compiled and references published
in a publicly-available companion document [18]:

• The EPA, online database on aquifer exemptions.
• IAEA: Various documents on Uranium Resource Production from ISR,
• Various documents submitted to and obtained from the TCEQ and predecessors

including: Class III injection Permits, Class I Disposal Well Injection Permits, Class I
Disposal Well Operating Reports, Mine Permit Applications, area permits to construct
and operate Class III underground injection wells for ISR of uranium and aquifer
restoration under Chapter 27 Texas Water Code, production area authorizations (PAAs)
to operate Class III underground injection wells for in-situ recovery of uranium and
groundwater Restoration Table Amendment Requests.

• Form 10-K, Annual Report Pursuant to Section 13 or 15(d) of the Securities Exchange
Act of 1934 filed with the U.S. Securities and Exchange Commission (SEC) also contain
information about uranium production and, in some cases, water use.

2.1. Surface Area Disturbance

Surface area values related to in-situ recovery (Figure 3) are reported in Mine Permit
Applications to the Texas Department of Water Resources or the TCEQ or in the Production
Area Authorization (PAA) applications. These areas are described as the lease area, permit
area, mine area, production area and aquifer exemption area. The TCEQ defines the mine
area by the line drawn through the ring of monitoring wells; the permit area—the area
owned or under lease by the permittee, which includes the buffer areas, mine areas and
production areas. The lease area is the largest boundary and refers to the acreage leased;
the production area is the line drawn around the outer perimeter of all injection and
recovery wells used for mining [19]. In some cases, the records are transient such that the
production areas, mine areas, and/or aquifer exemptions change over time, usually due
to expansion as new uranium resource discoveries are made or contraction due to scaling
back of operations. Thus, each report may not represent the final values for each area.

2.2. Subsurface Aquifer Disturbance

Water is extracted and injected into the subsurface during ISR. In Texas, the practice of
injection is regulated by the EPA under its Underground Injection Control (UIC) program.
The TCEQ regulates the UIC program in Texas and issues permits for Class III injection wells
for production and Class I disposal wells, prior to injection for both uranium production
and disposal. ISR operators generally do not report the amount of water withdrawn from
or injected into the Class III wells, but an aquifer exemption is required prior to injection
into a Class III well [20]. An aquifer exemption is a waiver of protection under the Safe
Drinking Water Act for an aquifer, or a portion of an aquifer, based on certain criteria [21].
For example, an aquifer may be exempted if it is: (1) not currently being used—and will
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not be used in the future—as a drinking water source or (2) it is not reasonably expected
to supply a public-water system due to a high total dissolved solids content. Without
an aquifer exemption, certain types of energy production, mining, or waste disposal into
underground sources of drinking water are prohibited [8]. The exempted aquifer area
and thickness of exemption were downloaded from the EPA’s UIC Aquifer Exemption
Database [20] and are multiplied to obtain the “exempted aquifer volume”. The exempted
aquifer volume was further multiplied by the porosity to obtain the “exempted aquifer
water volume”.
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2.3. Normalizing Footprints to Uranium Production

The footprints of the amount of water disposed are not directly reported relative to the
amount of uranium (as U3O8) produced so several sources were reviewed to provide the
amounts of uranium production. The IAEA published documents related to the production
of uranium processing and provided a detailed summary of ISR operations such as uranium
annual and total production, mineralogy, descriptions of the ISR operations, operating
years and pumping rates [3,22]. The SEC, Form 10-K, Annual Report Pursuant to Section
13 or 15(d) of the Securities Exchange Act of 1934 also provides an overview of uranium
production and other information about the history and plans for some ISR sites.

2.4. Total Water Consumption

Liquid waste can be disposed into deep wells or evaporation ponds. Class I disposal
wells are permitted by the TCEQ in accordance with the Texas Water Code Sec. 27.001
(cited as the Injection Well Act). Some disposal records have been compiled by the TCEQ’s
UIC Compliance team identified in Operating Reports and Quarterly Operating Reports
submitted to the TCEQ as part of quarterly operating reports from the facilities found
in the TCEQ’s Central Files room in Austin, Texas [23]. These records were cross-linked
with a list of permitted Class I waste disposal wells (WDWs) that associate the WDW
number to an ISR operation, ISR project, company name, disposal formation and disposal
depth [4].The permit to conduct wastewater injection stipulates the acceptable permitted
waste types, which typically include waste generated during closure of the well and
facilities, lixiviant bleed, lab waste, resin water, filter press wash stream, reverse osmosis
brine stream, restoration wastewater, and other associated waste such as groundwater and
rainfall that may be contaminated [24].

The amount of water disposed is assumed to be consumed because this water is no
longer available for future use after deep-well injection [25]. Companies report water
disposal into Class I deep-disposal wells to the TCEQ in their annual and quarterly Class
I operating reports. These reports were requested and received from the TCEQ’s Central
Records Facility in Austin, TX. Disposal water volumes compiled from these reports were
summed to obtain the cumulative water disposal. Many of these quarterly reports provided
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by TCEQ are not continuous and/or are piecemeal, therefore, summation of quantities
does not represent total water usage but rather minimum total water consumption. Annual
operating reports, where available, usually provide a more complete tabulation of the total
water consumed.

The Uranium Producers of America (UPA) has also compiled an “Approximate Water
Consumption (million gallons)” for several ISR operations in the U.S., as part of a comment
to a proposed EPA Ruling on Groundwater Restoration and ISR [25]. However, the com-
ments by UPA clarify that these data actually represent the quantity of groundwater that is
‘utilized’ during the restoration process, and suggest that a valid estimate of 50 percent of
the listed quantity was actually consumed and disposed of assuming a restoration process
of groundwater sweep followed by reverse osmosis (RO) [25].

2.5. Volumes Extracted for Restoration

Groundwater restoration is tracked by the TCEQ through its mine permit program.
The amount of water extracted or processed during restoration and type of restoration
are reported in the mining companies’ restoration amendment requests. Typically, during
restoration, at least the first few pore volumes containing the most heavily-contaminated
water are treated by groundwater sweep and usually disposed of through deep wells
because most treatment methods are generally inefficient in treating water containing
higher concentrations of contaminants [4]. The groundwater sweep is often followed by
surface treatment, commonly via reverse osmosis. Restoration is intended to achieve a
baseline groundwater quality, but it was commonplace that following the predicated level
of reclamation, baseline values are not achieved [26,27] so that companies apply for an
amendment to their restoration plan that results in relaxed groundwater standards so
that the mining operation can meet the water quality goals and apply for mine closure.
These restoration table amendment requests provide information on the quantities of water
used during restoration and the efficacy of the restoration. Water used during restoration
may be reported in Restoration Progress Reports (Alta Mesa), Restoration Certificates or
Formal Restoration Justification for Ceasing Restoration (Kingsville Dome, Mt. Lucas,
Palangana Dome, Rosita) for sites that have been under restoration. At the time of this
study, restoration had not yet been completed for Palangana. Restoration certificates are
generally applicable to earlier projects under older rules before the requirement of a formal
restoration justification report [28]. These files contain the following information that was
used to delineate the amount of water used during historical ISR mine restoration: (1)
pore volume estimate in the production area, (2) monthly estimates of water pumped, (3)
total water pumped, treated or extracted during restoration, (4) groundwater restoration
method(s) employed and percentage of water used per method, and (5) dates of restoration.
The amount of water disposed during restoration is not provided in these reports in
all cases. On the other hand, in the Texas restoration amendment request reports, the
amount of water removed for processing (treatment) during restoration is often reported
to emphasize that sufficient due diligence in groundwater restoration was performed and
that further groundwater restoration would be too costly to provide justification for ending
restoration by relaxing the groundwater standards. If groundwater sent to disposal wells is
not explicitly reported, the amount of water disposed of is computed by multiplying the
amount “extracted”, “treated”, “used” or “pumped” by 100 percent (groundwater sweep)
or 25–35 percent (reverse osmosis), or 50 percent (groundwater sweep/RO) [25].

2.6. Volumes Used during Uranium Production

The ISR uranium production phase involves re-circulation of water through a mineral-
ized aquifer. Water use during this phase is from the processing plant and the bleed [29].
The bleed is the amount of water continuously pumped and removed from the wellfield
in excess of what is injected in order to maintain a hydrostatic cone of depression over
the life of the ISR operation, including during production, restoration, standby, and the
groundwater stabilization period following mining. In the six mines examined, the bleed
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rates were not explicitly provided and the period that each phase of operations overlap for
each wellfield are somewhat variable and are not delineated according to the ISR phase. As
such, the water disposed due to the aquifer bleed cannot be explicitly calculated. Since the
total disposal and the disposal attributed to the restoration phase are available as previ-
ously described, the difference is equal to the water use during all other non-restoration
phases during the life cycle of ISR and are thus considered as the water used or disposed
of during the uranium production phase for all the ISR operations except for Mt. Lucas
and Palangana Dome. The water used during the uranium production phase at Palangana
Dome is computed by summing all the volumes disposed prior to the onset of restoration,
which are reported in the Class I Disposal Well Operation Reports. For the Mt. Lucas mine,
the amount of water disposed during mining is calculated based on the total percentage of
groundwater anticipated to be committed during normal facility operations (2.5 percent of
the total flowrate of about 4 million gallons per day, MGD, [30]), which is diverted to the
waste pond [31].

2.7. Linear Regressions

The data were plotted as a function of uranium production, as pounds (lb U3O8). A
trendline was added using a model Y = m × X, without a constant term, where Y is the
indicator of interest, X is pounds of U3O8 and m is the slope of the line. This model assumes
Y must be 0 when X = 0, that is, there is no water use, disposal, or disturbance if there is no
uranium production via ISR. Linear regressions were also provided for other variables for
which data were available, namely pore volume and production time, to determine how
these parameters were related to the environmental footprints.

2.8. Hydrogeologic Setting

All six of the ISR mines examined in this study (Figure 1) are located within the Rio
Grande Embayment in the Texas Coastal Plain, Texas (U.S.) and completed in the Pliocene
Goliad Sand, the youngest uranium hosting Tertiary unit (Figure 4) [32]. At Kingsville
Dome (Kleberg County), Palangana Dome (Duval County) and possibly Alta Mesa (Brooks
County), uranium is found as roll-front type deposits in fluvial-deltaic sediments of the
Goliad Sand in association with salt domes. Similarly, uranium deposits at Rosita (Duval
County) and Mt. Lucas (Live Oak County) are of the roll-front type [32].

The Goliad Sand consists of poorly consolidated clay, sandstone, marl, caliche, lime-
stone, and conglomerate [33]. Fluvial deposits within the Goliad Sand consist of very
fine to medium sand, gravelly coarse sand, sandy gravel, and pebble-to-cobble-sized
gravel [34–36]. The Goliad Sand dips towards the coast, ranging in thickness from about
65 m at outcrop to about 670 m near the coast [34,35]. The Goliad Sand is one of the geologic
units that contains the Evangeline Aquifer, which is part of the Gulf Coast Aquifer System
located along the Gulf of Mexico coast (Figure 4) [1]. More details are provided in Baker
(1979), Morton et al. (1988), Young et al. (2006, 2010, 2012), Hall et al. (2017), Dahlkamp
(2010) and references therein [1,32,34–38]. See Figure 4 for the geologic and hydrogeologic
units within the area including the Goliad Sand.
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Figure 4. A generalized geologic stratigraphic column of the study area in the Texas Coastal Plain
including the Goliad Sand, which is the host for uranium roll-front type deposits mined by the sixed
ISR operations in this study. 1 Modified from [34,35,38,39]. 2 Modified from [34,35,40,41].
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3. Results

The following indicators were identified that quantify part of ISR’s environmental
footprint for each ISR mine: (1) the water pumped during uranium production, (2) the
mine surface area, (3) the physical aquifer volume that is exempted from requirements
of the Clean Water Act, (4) the volume of water contained within the pore spaces of the
exempted volume, (5) the mine aquifer volume, (6) the water within the pore spaces of
the mine volume, (7) the volume of disposed water, (8) the volumes of water pumped and
disposed during the uranium production and during groundwater restoration phases and
(9) the radon emitted. Data extracted from a review of regulatory reporting documents,
a literature review and their specific references are freely available online [18]. These
indicators were collected for the six ISR operations that have historically produced uranium
from the Goliad Sand listed in Table A1: Alta Mesa, Mt. Lucas, Kingsville Dome, Palangana
Dome, Palangana and Rosita.

3.1. Water Pumped during Uranium Production

Table A1 and Figure 5 show the volumes of water pumped during the uranium
production phase of each ISR operation, which are estimated based on the total production
time and the rate of pumping reported for the production plant [22]. Not all the volumes
of water are disposed. Generally, 96 percent or greater of the water pumped is thought
to be reinjected (recycled) during the uranium production phase. The average amount of
water pumped for all six mines normalized to production is ~6900 ± 4815 gal/lb U3O8
produced. If 4 percent of this pumped amount is disposed (96 percent recycled), the average
amount of water pumped is consistent with previous estimates of around 250 gal/lb U3O8
disposed [10]. Pumping rates provide an indicator of the magnitude of ISR operations and
water consumed and can be used to understand the costs related to pumping. The water
reinjected, however, likely has a different composition than the original groundwater due
to chemical treatments and interactions of the lixiviant with the aquifer and the orebody.
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Figure 5. Volume of water pumped during the uranium production phase as a function of uranium
produced (as lb U3O8) for the six ISR operations listed in Table A1. Compiled data used to construct
these graphs as well as associated references are publicly available online [18]. Note BG = billion
gallons. Black line is the linear trend line and blue lines are the 95 percent confidence intervals.

3.2. Mine Area

Although there are several spatial parameters associated with ISR (Table A2), Everest
Minerals, the operator of the Mt. Lucas ISR facility, estimated that the total surface area
“used” and “affected” would be 200 acres (ac), which appears to be mostly equivalent to
the mine area based on the initial acreage reported in the Environmental Assessment [31].
The potential for surface contamination exists from normally anticipated spills, leaks and
weeps in wellfield plumbing [31,42]. Accordingly, Everest Minerals planned to remove
the soil from the entire field affected by operations within the affected area to an average
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depth of two centimeters (cm) and transfer it to a licensed disposal site [31]. The operator
of the Rosita ISR operation estimated that soil would be removed at a depth of 1 cm
for 10 percent of wellfield soil [42]. The mine area, which is the surface area within the
monitoring well ring, encompasses the production area, the wellfield area and the buffer
surrounding the production and injection wells. The mine and production areas are plotted
in Figure 6A,B, respectively, as a function of uranium production. The mine area normalized
to the uranium production (assumed to be equal to the mine area divided by the total
production) averages approximately 2.3 × 10−4 ± 6 × 10−4 ac/lb U3O8 (or 0.23 ac/1000 lb)
for the six ISR operations completed in the Goliad Sand. The normalized production area
is 4.6 × 10−5 ± 2.6 × 10−5 ac/lb U3O8).
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Figure 6. (A) Mine area and (B) production area as a function of uranium produced (as lb U3O8) for
the six ISR operations listed in Table A1. Compiled data used to construct these graphs as well as
associated references are publicly available online [18]. Note: ac = acres. Black line is the linear trend
line and blue lines are the 95 percent confidence intervals.

3.3. Aquifer Exemptions

For each ISR operation, Table A3 lists the areas and thicknesses of the portions of
aquifers exempted from the Clean Water Act regulations obtained from the EPA [20]
and the computed volumes of the exempted aquifer and estimated water within each
exempted volume. The methods used to establish the aquifer exemption area boundaries
may or may not follow the dimensions of the aquifer, mining area, or other hydrologic or
geologic boundary that could prevent movement of groundwater outside of the exempted
aquifer [20]. The exempted aquifer volumes reported for the six ISR operations in this study
are plotted in Figure 7. The exempted thickness listed may, in some cases, match the entire
thickness of the aquifer unit and in other cases, the exempted thickness is only a portion of
the saturated thickness [43]. On average, the portions of the aquifer exempted from the
Clean Water Act and the pore spaces within the exempted aquifer are about 1.4 ± 2.5 acre-
feet per pound (ac-ft/lb) of U3O8 and 120,000 ± 200,000 gal/lb U3O8, respectively, with
both values ranging nearly three orders of magnitude for the six ISR operations completed
in the Goliad Sand.

3.4. Minimum Affected Aquifer Volume

Typically, only a portion of the exempted aquifer is penetrated with injection and
production wells that are configured to the orebody to optimize uranium extraction. As
such, only a fraction of the exempted aquifer is thought to be affected. The wellfields, which
include the injection and production wells, are the areas where most activities that disturb
the surface and subsurface take place leaving a majority of the permitted area undisturbed
and unaffected by surface operations [8]. The physical dimensions of the ore zone region
are based on the area of wellfield patterns and the thickness of the mined ore zone. The
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pore volume represents the volume of water that fills the void space inside a certain volume
of rock or sediment. The defined thickness may have some variation in that regulators can
decide to consider the full aquifer thickness, the ore zone thickness or the portion of the
aquifer open to the well screens [7]. Consideration could be influenced by what is known
about the vertical mixing of the leaching fluids during the mining phase of operations [7].
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The State Engineer of New Mexico helped to establish legal precedent for consump-
tive water use in ISR by accepting the premise that rather than simple consumption of
extracted water, the ISR process largely recirculates the known [pore] volume or “corpus”
of groundwater over the life of a mine within the confines of the mineralized portion of the
aquifer, which contains the ore [29]. The corpus of groundwater is based on the idea that the
mine zone acts as much like a tank where the lixiviant (largely consisting of groundwater
with added chemicals) is circulated in and out of the tank [29]. This basis, however, does
not necessarily account for the extent of the aquifer unit confined within the upper and
lower aquitards, that is, the entire saturated thickness, nor the horizontal extent to which
affected water could potentially flow. However, it does give an impression of the potential
minimum affected aquifer. The premise further assumes that all water in the ore zone
region is available for flow, but in reality, the “pore volume” or “corpus” concept only
applies to porous portions of the subsurface mining zone.

Typically, a pore volume is calculated by multiplying the surface area of a wellfield (the
area covered by injection and recovery wells) by the thickness of the production zone being
exploited and the estimated or measured porosity of the aquifer material [8]. However,
for restoration purposes, a pore volume may be defined to include the total fluid volume
within the ore zone and the fluid volume within any zones of lixiviant excursion from the
orebody [4]. The amount of water that may be handled during restoration operations to
return the injection zone to pre-mining conditions is often reported as the number of pore
volumes after the pore volume is defined in gallons [44].

The mathematical formulas used to calculate pore volumes are not commonly reported,
but in some cases, variations in formulas were found in different ISR operations and also
within the same ISR operation from year to year. For example, in 1983, the pore volumes
(PVs) were calculated at Mt. Lucas, as follows [45]:

Pore volume = Affected area × affected aquifer thickness × porosity (1)
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Later, at the Mt. Lucas ISR operation, the pore volumes were calculated differently
to account for the possibility of vertical and horizontal excursions. The calculation also
reduced the thickness under consideration from the entire aquifer thickness to only the
screen length of injection wells and specified that the affected area only included the area
under the pattern, presumably of injection and production wells as [46]:

PV (ac-ft) = Acreage under pattern × 110% (for horizontal migration) × average
screen length × 130% (for vertical migration) × porosity

(2)

Six pore volumes were estimated to achieve restoration utilizing groundwater sweep
at Mt. Lucas. Likewise, an estimated six PVs were also estimated for restoring the ground-
water at the Palangana ISR operation but using a different equation [24]:

PV = Area under the pattern × flare factor of 1.75 × effective porosity × open interval (3)

Equation (3) accounts for flare or the amount of aquifer water outside of the pore
volume that has been impacted by lixiviant flow during the recovery phase [8]. Flare is
normal and is sometimes included in the computation of the pore volume by the use of
both horizontal and vertical proportionality “flare factors”. This equation also specifies an
effective porosity instead of total porosity, which is usually smaller because it represents
only the porosity of connected pore spaces and excludes pore space which cannot flow
fluids. The pore volume provides only a relative indicator of the impacted subsurface
because it may not fully account for the movement of fluids outside of the production zone
that could be due to: (1) excursions, (2) the potential for a leaky aquifer or missing confining
layers, (3) drawdown impacts from pumping, (4) mounding from injection, (5) the radius
of influence, (6) heterogeneity or faulting, or (7) the saturated thickness versus the total
thickness of the ore zone in which the well is completed. In any case, it provides a relative
indicator of the minimum amount of pore water affected during ISR. Not accounting for
flare, the bulk rock volume of the minimum subsurface aquifer potentially affected could
be estimated by arranging Equation (1) as:

Minimum affected area × minimum affected aquifer thickness =
pore volume/porosity

(4)

Minimum affected volume = pore volume/porosity (5)

Figure 8 shows plots of the mine pore volume and minimum affected aquifer volume
as a function of uranium production. Table A4 shows the minimum estimated pore volumes
reported by the operators for each ISR operation and the minimum volumes of potentially
affected aquifer for Goliad Sand ISR operations computed using Equation (5). The extents
of minimum aquifer volumes affected range from 11 to 40 million cubic feet (cu ft) with an
average of 0.51 ± 0.08 cu ft/lb U3O8 normalized minimum aquifer volumes affected.

3.5. Water Disposal into Deep Disposal Wells

In addition to using the pore volume to describe the amount of lixiviant circulation
needed to leach an orebody, the operator also uses the pore volume to describe the unit
number of water removals, circulations, and treatments needed to flow through a depleted
orebody to achieve restoration [8]. As such, the computation of the pore volume ultimately
influences the amount of water consumed or sent to disposal wells.

Table A5 and Figure 9 reflect the minimum volumes of water injected into disposal
wells. Alta Mesa, Kingsville Dome, Rosita, Palangana Dome, and Palangana used Class
I wells to dispose of wastewater. Mt. Lucas did not employ a deep disposal well, but
rather sent all waste streams to a settling pond where the water was treated with barium
chloride to promote precipitation of a barium-radium-sulfate to reduce radium levels. The
radium-containing sludge was then disposed of while the treated waters were used for
irrigation. So, technically, the bulk of the wastewater was beneficially reused at Mt. Lucas
assuming the wastewater was treated to meet standards of use, and hence, is not considered



Minerals 2022, 12, 369 13 of 29

waste unlike the water disposed into a disposal well. These disposal volumes include all
wastes from both the production and restoration phases as well as waste from other parts
of the ISR operations such as from the processing plant.
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Figure 8. (A) Mine pore volume and (B) minimum affected aquifer volume as a function of uranium
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for the six ISR operations listed in Table A1. Compiled data used to construct these graphs as well as
associated references are publicly available online [18]. Note: MG = million gallons. Black line is the
linear trend line and blue lines are the 95 percent confidence intervals.

3.5.1. Water Pumped and Disposed during Restoration

The amount of water consumed during restoration is not explicitly reported. The
amount of water “removed from the aquifer” and sometimes disposed into waste disposal
wells, however, is sometimes stipulated in formal Restoration Reports or in Applications for
a Restoration Table Amendment found in the Production Area Authorization permit. When
granted, the amendment usually results in relaxing of target groundwater concentrations
for certain problematic contaminants on the basis that further restoration using reverse
osmosis (RO) is too expensive and will consume large amounts of groundwater. While
the amount of water “removed”, or “pumped”, is often cited in the Restoration Table
Amendment request, these amounts are not necessarily sent to disposal. All (100 percent)
of this water is disposed of only when the groundwater sweep restoration method is
used and only an estimated 25–30 percent of the water pumped and treated with reverse
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osmosis is actually consumed or disposed; the remainder is typically reinjected or otherwise
recycled in the ISR process. That said, reverse osmosis was cited as the best technology
available for groundwater cleanup at Rosita and several ISR sites outside of the Goliad
Sand, including the Holiday-El Mesquite, Vasquez, O’Hern to name a few, albeit the most
expensive. Table A6 reflects the minimum amounts of water reported as “removed for
restoration” in the restoration reports as well as the amount of water re-injected and the net
water disposed. In many cases only the first pore volumes pumped are disposed prior to RO
and thereafter, water is treated and anywhere from 70 to 80 percent is reinjected/recycled
(if RO is used) during the cleanup process. Figure 10 shows the amounts of water treated
and disposed during restoration, both of which are more strongly correlated to the number
of pore volumes than to the total uranium production.
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Figure 10. The amount of water (A) extracted and (B) disposed during groundwater restoration as a
function of uranium produced (as lb U3O8) for Alta Mesa, Kingsville Dome, Mt. Lucas, Palangana
Dome and Rosita (restoration not yet begun on Palangana) and the amount of water (C) extracted
and (D) disposed during groundwater restoration as a function of mine pore volume for Kingsville
Dome, Mt. Lucas, Palangana Dome and Rosita (pore volume not reported for Alta Mesa). Compiled
data used to construct these graphs as well as associated references are publicly available online [18].
Note: MG = million gallons. Black line is the linear trend line and blue lines are the 95 percent
confidence intervals.

3.5.2. Water Disposed during Uranium Production

The fraction of water volume consumed during the uranium production phase differs
from the restoration phase. During the production phase, water disposal usually includes
the aquifer bleed and wastes from the plant. The bleed is a small portion of the barren solu-
tion that is continually diverted from the ion exchange circuit to provide a net production
volume greater than injection volume to insure a steady influx of ground water into the
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wellfield area. The bleed is continuously extracted over the life of the mine [47]. Bleed
volume was disposed of via the deep disposal wells in the Goliad Sand ISR operations,
except for Mt. Lucas Mine. At Mt. Lucas, the barren fluid diverted from the recycle circuit
was used for irrigation [45]. The volume of water disposed during the production phase is
not explicitly identified in the Class I operating reports or Class III annual reports. Likewise,
bleed volume, bleed rate or plant waste volumes are not systematically reported.

In Table 1, the amount of water disposed during the uranium production phase is
estimated for Alta Mesa, Kingsville Dome and Rosita by subtracting the total estimated
fluids disposed during restoration (Table A6) from the total fluids disposed (Table A5).
The total waste water from the Mt. Lucas is calculated from an estimate of the total
percentage of groundwater anticipated to be committed during normal facility operations
(2.5 percent of the total flowrate) [31] with the flowrate of just over 4 million gallons per day
(MGD) between 1983 and 1987 [22], during which the ISR facility operated. At Palangana,
restoration had not begun at the time of the analysis, so all water sent to the disposal well
is assumed to be due to mining, which was identified through examination of operator
reports, restoration amendment requests compared to dates of when restoration began.
Figure 11 illustrates that the amount of water used during uranium production is more
closely correlated to the amount of total production days rather than the total volume of
uranium produced.

The amounts of water used during production and groundwater restoration nor-
malized by the amount of uranium produced are shown in Table 1. Notice that the
current phase of each mine differs. Palangana Dome and Mt. Lucas have been remediated;
Kingsville Dome, Rosita and Alta Mesa have been remediated and are in standby, and
Palangana has been mined but not completely remediated. The water volumes disposed
in Tables 1, A5 and A6 are considered minimum volumes because: (1) the values do not
include all water disposed of for these mines and (2) further water use is expected for the
mine units that are on standby and partially restored as of 2020. Generally, the overall
average water use is higher for the restoration phase, as suggested in previous studies [10],
but in some cases, water use during mining is greater than during restoration. Table 1
illustrates that the six ISR uranium mines hosted in the Goliad Sand collectively consumed
at least 3.7 billion gallons of water so far to extract roughly 14.5 million pounds of U3O8,
based on production and disposal records for disposal wells related to ISR operation.
Table 1 also shows that the water disposal is highest for the Palangana Dome facility, which
initially invoked ammonium-based lixiviant solutions, but eventually were discontinued
because ammonium-based lixiviants posed groundwater restoration difficulties. When the
water use volumes for the Palangana Dome were excluded from consideration, an overall
average normalized disposal volume per uranium production of 258 ± 40 gallons of fluid
is disposed per lb U3O8, with an average of 169 ± 26 gal/lb U3O8 attributed to restoration
and 89 ± 36 gal/lb U3O8 (excluding both Palangana Dome because it used an ammonium-
based lixiviant and Palangana Mine because it has not yet undergone restoration) attributed
to the mining phase are computed for the overall water use in ISR production and restora-
tion. Because Palangana has not yet undergone restoration, any water that is bled from the
wellfields during standby would be considered part of the uranium production water use
in this study such that the average water use during mining will be larger than reported
here. In any case, the average value of 258 gal/lb U3O8 disposed during both restoration
and mining is about 3.7 percent of the total average water pumped, which is consistent
with a recirculation rate of greater than 95 percent as stated in Section 3.1. This value
also compares favorably to previously estimated disposal volumes in historical uranium
ISR operations in Texas of 250 gal/lb of uranium (1894 m3/ton U), which was estimated
using a water utilization rate for uranium mining of 280 ac-ft in each of three counties
(Kleberg, Duval, and Brooks) [10]. This study acknowledged that the number of operating
mines is limited and suggested that the actual water consumption can be much lower if no
restoration is being done [10].
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Table 1. Summary of minimum water disposed throughout the mine life, during production and
during restoration normalized to U3O8 produced.

Mine Name Fluid Disposed (MG) Production
U3O8 (lb)

Fluid Disposed (MG)/lb U3O8 (Total) 9

Mining Restoration 7 Total 8 Mining Restoration Total

Alta Mesa Project
(PAA-1 only) 1 224 284 508 1,610,000 (PAA-1)

4,621,600 (total) 48 176
(PAA-1 only)

225
(partial

restoration)

Kingsville Dome 2 454 858 1312 4,240,200 107 202 309

Mt. Lucas Mine 3 148
(estimated) 299 447 2,069,425 72 144 216

Palangana 4 158 Not begun
158

mining
only

560,000 282 Not begun
yet

282
(mining only)

Palangana Dome 5 112 379 491 340,000 329 1115 1444

Rosita 6

(PAA-1, PAA-2)
340 403 743 2,650,200 128 152 280

Average all mines (gal/lb U3O8) 10,12 137 358 495
Average excluding ammonium-based (gal/lb U3O8) 11,12 89 169 258

Compiled data used to construct this table as well as associated references are publicly available online [18]. Notes:
1 Alta Mesa: Only PAA-1 had been restored at time of data compilation so the uranium in PAA-1 produced is
evaluated for restoration; the balance of disposal is assumed due to mining and compared to total production.
2 Kingsville Dome: Restoration for PAA-1, PAA-2 and PAA-3 (estimated). Total processed volumes include all
PAA1,2,3. Production includes all PAAs. Range of disposal volumes slightly different from Heitzenrater and
URI Operation reports 2016. 3 Mt. Lucas: Disposal fluid volumes only include water consumed in 6 of 9 PAAs
and water consumed for production is estimated from expected percent of water expected to be diverted to
waste based on the Environmental Assessment; Mt. Lucas used surface irrigation following barium treatment
for disposal [23]. 4 Palangana: Data compilations do not reflect restoration, which had not yet been initiated at
the time of the study. 5 Palangana Dome: operations before July 1994; Ammonium-based lixiviant may have
impacted volumes of water used for restoration. 6 Rosita: Restoration volumes include mined PAA-1 and PAA-2
(PAA-3 and PAA-4 not produced). 7 From Table A6. 8 From Table A5. 9 Computed as total disposal divided by
total U3O8 produced. 10 Computation of average water volumes excluded the Palangana operation because it has
not yet undergone restoration; inclusion would increase the average fluid disposal during mining for all mines to
161 gal/lb U3O8. 11 Computation of average excluded the Palangana operation because it has not yet undergone
restoration; inclusion would increase the average fluid disposal during mining for all non-ammonium-based
mines to 128 gal/lb U3O8. 12 The amount of water attributed to the uranium extraction phase at Palangana will
continue to increase with little or no uranium production until restoration is begun.
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Figure 11. Water disposed during the uranium production phase as a function of (A) amount of
uranium produced (as lb U3O8) and (B) production days for all six ISR operations. Compiled data
used to construct these graphs as well as associated references are publicly available online [18].
Note: MG = million gallons. Black line is the linear trend line and blue lines are the 95 percent
confidence intervals.
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3.6. Radon

Radon is a contaminant at ISR mines. While ISR may not have significant radon
releases compared to open pit or underground uranium mining and milling, radon releases
do occur, thought to stem mainly from the processing activities at the surface. Documented
radon releases were identified for only three of the six Goliad Sand ISR operations [48],
listed in Table A7. Kingsville Dome releases are estimated as a maximum of 6958 curies per
year (Ci/y) (~2.4 × 10−3 Ci/lb U3O8 average) [48]. The Alta Mesa ISR operation releases
are estimated as a maximum of 740 Ci/y (~0.61 × 10−3 Ci/lb U3O8 average) based on
the operator radiological assessment, which modeled emissions from a central processing
facility, ponds and wellfield venting [48]. Mt Lucas ISR releases were estimated based on
the radon source (that is, uranium) at 0.13 × 10−3 Ci/lb U3O8 (not measured but calculated
prior to mining and considered here to be an average). The Mt. Lucas mine operators
invoked the following assumptions used for calculating radon-222 emissions [31]:

• Leaching of uranium in the ore zone mobilizes all the radon gas present with the
dissolved uranium.

• All the radon gas dissolved in the pregnant solution will be released to the atmosphere.
• Radon-222 and its daughters are in secular equilibrium with uranium-238.
• The major source of radon-222 emissions in a uranium solution mining project is the

wellfield surge tanks. Conservatively, it is assumed that only one covered surge tank
with a pipe type vent will be located at the processing facility.

The resulting radon-222 release at Mt. Lucas [31] was estimated as 0.13 × 10−3 Ci per
lb of U3O8 calculated as:

Radon emissions (Ci) = (0.848 g U/g U3O8) × (0.9927 g U-238/g U) ×
(0.333 µCi/g U-238) × (1 × 10−6 Ci/µCi)

(6)

Previously, it was found that the release rate of radon-222 from open top surge tanks
ranged from 50 to 75 percent of the radon-222 in solution [31]. Palangana Dome, Palangana
and Rosita estimates in Table A7 are based on the average estimated radon release rates
of Alta Mesa, Kingsville Dome and Mt. Lucas of 1.06 × 10−3 Ci/lb U3O8. These radon
releases may have been modeled or calculated based on radium or uranium concentrations
in the source material. Therefore, not all the radon potentially generated by the source
material may have actually been released at the site. Because these estimates are influenced
by design of the surface equipment and other factors, radon estimates may differ at other
sites and in the future as technology changes. The average normalized radon release for all
six mines listed in Table A7 is 1.06 × 10−3 ± 7.4 × 10−4 Ci/lb U3O8.

Figure 12 shows the linear regression of estimated radon emissions in Table A7 and
can be used to compute radon emissions at other ISR sites completed in the study area as:

Radon emissions (Ci) = 1279 Ci/million lb U3O8 × Uranium Production
(million lb U3O8)

(7)

As such, the estimated radon release per pound of U3O8 of 0.0013 Ci/lb U3O8 (or
1279 Ci/million lb U3O8) is just over twice the normalized radon release estimate of
54 gigabecquerel/tonne U3O8 for ISR mines in Australia (equivalent to 0.00066 Ci/lb
U3O8) [16]. Note that these values are also considerably lower than the 1088 GBq/t U3O8
estimate for underground uranium mining [16].



Minerals 2022, 12, 369 18 of 29

Minerals 2022, 12, x FOR PEER REVIEW 18 of 29 

Radon emissions (Ci) = 1279 Ci/million lb U3O8 × Uranium Production 

(million lb U3O8) 
(7)

As such, the estimated radon release per pound of U3O8 of 0.0013 Ci/lb U3O8 (or 1279

Ci/million lb U3O8) is just over twice the normalized radon release estimate of 54 gigabec-

querel/tonne U3O8 for ISR mines in Australia (equivalent to 0.00066 Ci/lb U3O8) [16]. Note

that these values are also considerably lower than the 1088 GBq/t U3O8 estimate for un-

derground uranium mining [16]. 

Figure 12. Radon emitted (Ci) as a function of uranium produced (as lb U3O8) for the six ISR opera-

tions listed in Table A1. Compiled data used to construct this graph are derived from Table A7. 

Black line is the linear trend line and blue lines are the 95 percent confidence intervals. 

4. Discussion 

Figures 5 through 12 display the indicators of historical water use and disturbance 

plotted as a function of the amount of uranium produced per ISR operation but in some 

cases, also show better correlation to other factors. The correlation heatmap in Figure 13 

illustrates the goodness-of-fit (R2) values for the various linear regressions of the environ-

mental footprint indicators to understand relationship to parameters other than U3O8, 

such as pore volume and number of uranium production days. The water pumped during 

uranium production phase (R2 = 0.93), the water disposed during uranium production 

phase (R2 = 0.84), the mine area (R2 = 0.94), the mine pore volume (R2 = 0.91) and the mini-

mum affected aquifer volume (R2 = 0.82) are linearly correlated to the amount of uranium 

produced. The strong linear correlation of mine area to uranium produced is likely be-

cause the mine area is defined by the placement of the wells, which are optimized to the 

location of the uranium mineralized orebody. Likewise, the pore volume was calculated 

by operators based on the production area, which is typically inset by 400 feet from the 

monitoring wells that define the boundary of the mine area so it may explain the strong 

linear correlation with uranium production.

,

,

Figure 12. Radon emitted (Ci) as a function of uranium produced (as lb U3O8) for the six ISR
operations listed in Table A1. Compiled data used to construct this graph are derived from Table A7.
Black line is the linear trend line and blue lines are the 95 percent confidence intervals.

4. Discussion

Figure 5 through 12 display the indicators of historical water use and disturbance
plotted as a function of the amount of uranium produced per ISR operation but in some
cases, also show better correlation to other factors. The correlation heatmap in Figure 13
illustrates the goodness-of-fit (R2) values for the various linear regressions of the envi-
ronmental footprint indicators to understand relationship to parameters other than U3O8,
such as pore volume and number of uranium production days. The water pumped during
uranium production phase (R2 = 0.93), the water disposed during uranium production
phase (R2 = 0.84), the mine area (R2 = 0.94), the mine pore volume (R2 = 0.91) and the
minimum affected aquifer volume (R2 = 0.82) are linearly correlated to the amount of ura-
nium produced. The strong linear correlation of mine area to uranium produced is likely
because the mine area is defined by the placement of the wells, which are optimized to the
location of the uranium mineralized orebody. Likewise, the pore volume was calculated
by operators based on the production area, which is typically inset by 400 feet from the
monitoring wells that define the boundary of the mine area so it may explain the strong
linear correlation with uranium production.
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Figure 13. A heatmap of goodness-of-fit (R2) values of the linear regressions for the various environ-
mental footprints as a function of pounds of U3O8, pore volume and production days. Cooler shades
indicate higher R2 values.
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The minimum affected aquifer volume in this analysis was estimated from the pore vol-
ume and the approximate average aquifer porosity but does not account for the differences
in methods used to compute pore volumes by each of the operators. This simplification
could account for the slightly less robust linear correlation of the minimum affected aquifer
volume (R2 = 0.82) with uranium production. In contrast, the exempted aquifer areas
and thicknesses are not always based on an exact relationship to the orebody, but instead,
may be related to lease boundaries or the potential for future expansion. This lack of
direct relationship to the orebody may account for the poor linear correlation of the aquifer
exempted volumes with uranium production (R2 = 0.39).

An understanding of the relative contributions of historical water disposal between
restoration and production allows us to examine factors that affect water use. The amount
of water disposed during the uranium production phase is more strongly correlated to
duration of the uranium production phase (R2 = 0.96) than to the amount of uranium
produced (R2 = 0.84). This relationship is logical because during the production phase, the
amount of water disposed consists of the aquifer bleed and the plant processing operations,
which are designed for a specific flowrate. Again, a minimum bleed or over-pumping
to maintain a hydrostatic cone of depression during both production and restoration is
required, which is often reported between 1 and 4 percent of the design flowrate. Because
the bleed water sent to disposal is a fraction of the amount of water continuously pumped,
the longer the mine life, the more pumping and the more wastewater sent to disposal. The
total water pumped during uranium production phase is linearly correlated to the amount
of uranium produced (R2 = 0.93) and the production days (R2 = 0.94), which accounts for
the pumping rate. These observations reflect that the dynamic leaching of ores varies at
each uranium operation. The amount of uranium can be used to predict the total water
pumped during the uranium production phase, which can then be used to ultimately
predict water disposal during the uranium production phase, if the recycling rate is known.

Figure 13 also shows that the water volume extracted (processed) (R2 = 0.93) and the
total water disposed (R2 = 0.90) during the groundwater restoration phase are linearly
correlated to uranium production. However, the amount of water disposed during restora-
tion of a given production area is more strongly linearly correlated to the pore volume
of the mine unit (R2 = 0.97) than to the amount of uranium produced (R2 = 0.90). As
previously mentioned, the pore volume is the common measurement used to describe the
water present in the pore spaces of the aquifer unit hosting the uranium orebody commonly
used by operators. This result suggests that water use during restoration and total water
use could be related to the liquid-to-solid ratio. Interestingly, while there is variation in
computations made for pore volumes, the minimum affected aquifer volumes per unit of
uranium produced are similar among ISR operations.

It was unexpected that there would not be such a strong correlation between pore
volume and volumes of water sent to disposal given the disparity in the methods used
to compute the pore volumes for each operation. A possible alternative reason for the
strong correlation given the differences in computing the pore volumes from operation to
operation is that the number of pore volumes treated during groundwater restoration is
predetermined during the mine design and stipulated in permits or bond agreements before
mining so that the restoration ends when the stipulated number of pore volumes have been
processed. In five of the six operations, regulators granted a request to cease restoration op-
erations, reduce bleed, and amend the restoration table to pre-mining baseline groundwater
quality targets. This decision was based on a demonstration that an appropriate effort had
been made to achieve restoration and further restoration would result in consumption of
water and energy without additional benefit and/or the formation water present in the
exempted portion of the aquifer would be suitable for any use to which it was reasonably
suited prior to mining activity. Such restoration amendment table requests are granted in
accordance with Texas Administrative Code 30TAC§331.107. Thus, prediction of water use
during restoration should be made in light of regulatory requirements, flexibilities, and
bond agreements.
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Based on the R2 values, it appears that the consumptive restoration volumes (R2 = 0.90)
can be predicted much better than consumptive production volumes (R2 = 0.84) per lb U3O8.
While flowrate and time may be a better predictor of water disposed during production,
before ISR mining begins in a specific location, it is difficult to know what flow rates will
be achieved in actual operation. Total production time and flowrates may be difficult to
predict prior to mining because of metallurgical extraction efficiency for a given lixiviant
chemistry, likely heterogeneities in the subsurface and uranium market conditions. These
uncertainties are likely contributing to the much greater standard deviation of water
consumption per lb of U3O8 for production than for restoration, as reflected in Table 1.
Restorative water consumption, on the other hand, is better predicted by mine pore volume,
which is a variable that should be reasonably well known before mining (once an ore zone
is mapped out), so it may be possible to predict this quantity with reasonable accuracy
before mining operations. However, neither the flowrates, the time of production, nor the
orebody delineations are known prior to the discovery of an orebody, as in the case of an
undiscovered uranium resource assessment where only the amounts of U3O8 are projected.

Models of the relationship between quantities of environmental footprints versus
uranium production were derived from linear regressions in Equations (8)–(16) in order
to project environmental footprints when the only the estimated amount of uranium is
reported as part of resource assessments. The quantile-quantile (Q-Q) plots in Appendix B
(Figure A1) illustrate that the residuals of the linear models of mine area, total water
disposed, mine pore volume, minimum affected aquifer volume, water pumped during
the uranium production and restoration phases, water disposed during production and
restoration and radon emitted in equations (8)–(16) follow a normal distribution. Although
the small number of points makes the results unstable (that is, additional data could change
the linear fits), these models can provide a reasonable approximation of the likely quantities
for the reported amount of undiscovered uranium resources (as lb U3O8) projected in the
Goliad Sands [49]:

Mine Area (ac) = 0.0002 × lb U3O8 R2 = 0.94 (8)

Total Water Disposed (gal) = 216.6 × lb U3O8 R2 = 0.80 (9)

Mine Pore Volume (gal) = 23.3 × lb U3O8 R2 = 0.91 (10)

Minimum Affected Aquifer Volume (cu ft) = 10.6 × lb U3O8 R2 = 0.77 (11)

Water Pumped During Uranium Production (gal) = 4244.7 × lb U3O8 R2 = 0.93 (12)

Water Extracted During Restoration (gal) = 530.7 × lb U3O8 R2 = 0.93 (13)

Water Disposed During Uranium Production (non-restoration) (gal) = 84.1 × lb U3O8 R2 = 0.84 (14)

Water Disposed During Restoration (gal) = 184.8 × lb U3O8 R2 = 0.90 (15)

Radon Emitted (Ci) = 0.0013 × lb U3O8 R2 = 0.68 (16)

Because these equations were derived based on data for the six ISR operations that
produced uranium from the Goliad Sand in the Texas Coastal Plain from the 1970s to about
2016, trends could be different in other regions due to differences in leaching solutions,
geology, and mineralogy. The geologic environment is not inert with respect to the lixiviant
and geochemical barriers also could have an important role in ISR. Additionally, mining
methods, restoration methods, market conditions and regulations could differ from region
to region and could also change over time. All these factors could influence the magnitude
of the environmental footprints examined in this study and limit the use of these models.

5. Conclusions

Documenting water use, disturbed surface area, water treated and disturbed subsur-
face volumes per pound of uranium is complex at ISR facilities because:
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• in general, quantities of water use, disturbed surface area, water treated, disturbed
subsurface volume and radon emissions may not be systematically reported or if they
are, may not be reported for all phases throughout the life of the operation, that is,
production and groundwater restoration;

• if reported, these parameters are not reported in conjunction with uranium produc-
tion values;

• each operation implements a different water balance with differing pumping rates,
injection rates, treatments and recycling rates and many times, production water use
co-occurs with restoration at a given mine with several production fields operating
concurrently or at different stages of the life cycle;

• oftentimes, water pumping, if reported, is typically reported per wellfield, but uranium
production rates are not provided per wellfield;

• each operation uses different reporting formats and/or calculations;
• different water balances are employed in each operation, that is, with different levels

of disposal and recycling, depending on pumping and disposal rates and technologies
used for wastewater treatment;

• radon emissions could be influenced by the process facility design;
• each ISR operation is implemented within a “mine permit” but for different production

areas within a site, and it is not unusual for the production phase to be implemented
at one production area under a mine permit, while another production area under the
same permit is undergoing groundwater restoration;

• comprehensive lists of water disposal records and mine production are not read-
ily available;

• water disposal records are reported per permitted waste disposal well and attributed
to a company name, and not necessarily to a ISR operation name;

• water disposal is often reported in restoration reports as “pore volumes” and not in
volumetric units such as gallons;

• historically, ISR operations in Texas have not consistently computed the pore volume;
• the number of pore volumes stipulated in the surety bond agreement to restore the

aquifer after the uranium production phase may differ for each ISR operation;
• in some cases, there are more than one waste disposal well listed per mine name;
• a mine name could be associated with different owners;
• records are piecemeal and parameters may change over time as the operations grow

or cease such that data in any given report may not reflect the actual final parameters
that define a site or a complete set of data.

Despite these challenges, this work highlighted specific sources of data and methods
that can compute minimum footprints of historical ISR operations in the Goliad Sand
including the minimum amounts of water consumed, water extracted, mine areas and
minimum affected aquifer volumes. This work also identified two important factors that
influence water usage. First, the production time and production flowrate of the ISR
operation are important indicators of the amount of water that is used in non-restoration
activities because they are related to the total amount of water pumped and processed
during the uranium production phase and thus, the amount of bleed and plant wastewater
sent to disposal wells. Second, the pore volume is important for ascertaining the amount of
water used during restoration because it is used as a basis for determining the amount of
wastewater treated and disposed. These relationships can be useful for predicting future
environmental footprints in the Goliad Sand due to ISR within the vicinity of historical
operations. By learning about the historical environmental footprints of uranium ISR,
the environmental footprints of future uranium extraction via ISR can be improved by
potentially identifying opportunities for water recycling, reuse, and repurposing.
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Appendix A

The Appendix A contains tables used to construct the figures in the main text: Table A1
Overview of the six ISR operations completed in the Goliad Sand in the Texas Coastal
Plain examined in this study; Table A2 Minimum areas associated with ISR operations;
Table A3 Quantities of aquifer exemptions for the Goliad Sand ISR operations; Table A4
Minimum volume of potentially affected aquifer for ISR operations completed in the Goliad
Sand; Table A5 Minimum Volumes of Wastewater Injected into Class I Deep Disposal Wells;
Table A6 Minimum amounts of water removed and disposed during restoration; Table A7
Radon releases at ISR facilities.

Table A1. Overview of the six ISR operations completed in the Goliad Sand in the Texas Coastal Plain
examined in this study.

ISR Operation
Name

Production
Period(s)

Approx.
Production

Time (d)

Production
U3O8 (lb)

Average
Recovery

Factor

Flow Rate of
Leaching
Solution
(gal/Day)

[22]

Water
Pumped
during

Production
(BG) 6

Water Pumped
Normalized to

Production
(gal/lb U3O8)

Alta Mesa 1 2006 to 2012 2190 4,621,600 81% 7,291,149 16 3455
PAA-1 1,610,000 84%
PAA-2 1,498,200 74%
PAA-3 290,400 111%
PAA-4 850,000 87%
PAA-5 35,000 58%
PAA-6 338,000 NA
PAA-7

Kingsville
Dome 2

1988 to 1990,
1996 to 1999,
2006 to 2009

2920 4,240,200 7,608,155 22 5239

Mt. Lucas 1983 to 1987 1460 2,069,425 4,057,683 5.9 2863

Palangana
November

2010 to
July 2014

1369 560,000 43% 3,487,071 4.8 8525
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Table A1. Cont.

ISR
Operation

Name

Production
Period(s)

Approx.
Production

Time (d)

Production
U3O8 (lb)

Average
Recovery

Factor

Flow Rate of
Leaching
Solution
(gal/Day)

[22]

Water
Pumped
during

Production
(BG) 6

Water Pumped
Normalized to

Production
(gal/lb U3O8)

Palangana
Dome 3

1977 to 1980,
1985 to 1986 1460 340,000 33% 4,311,288 6.2 18,513

Rosita 4,5
1990 to 1992,

1995 to
1999, 2009

2312 2,650,200 44% 5,072,103 12 4425

Compiled data used to construct this table as well as associated references are publicly available online [18].
Notes: 1 Alta Mesa PAA was on standby at the time of the data collection. 2 Kingsville Dome: Production includes
all production area authorizations (PAAs), 3 All operations used non-ammonium based lixiviants except for
Palangana Dome, 4 Rosita (PAA-1, PAA-2) produced (PAA-3,PAA-4 not produced as of 2016), 5 recovery factor for
Rosita not explicitly given but is estimated as U3O8 produced/initial estimate, 6 BG = billion gallons.

Table A2. Minimum areas associated with ISR operations.

Mine/Production Area
Authorization

Production
Area (ac)

Wellfield Area
or Area Under

Pattern (ac)
Mine Area (ac) Permit

Area (ac)
Lease

Area (ac)
Mine Area

(ac/lb U3O8)

Alta Mesa 204 1394 2312 0.00023
PAA-1 244
PAA-2 40 188
PAA-3 18 91
PAA-4 15 133
PAA-5 40 230
PAA-6 91 259
PAA-7 91 250

Kingsville Dome 124 513 2135 2857 0.00012
PAA-1 70 155
PAA-2 39 208
PAA-3 20 157

Mt. Lucas 117 27 382 6023 4360 0.00018
PAA-1 East 15 2.7 24

PAA-2 (EA) East 10 2.8 28
PAA-3 (H) East 22 2.4 72

PAA-4 (HM) East 11 4.6 30
PAA-5 (Lillian) East 10 1.5 30
PAA-6 (“M”) West 6 3.8 39
PAA-7 (“J”) West 32 5.3 121
PAA-8 (“South J”) 6 2.1 38
PAA-9 (“J1”) West 5 1.8

Palangana 16 195 6151 8791 0.00035
PAA-1 11 85
PAA-2 5 55
PAA-3 55
PAA-4 13 95 *

Palangana Dome 31 86 162 6272 0.00025
PAA-1 86

Rosita 50 555 2278 0.00021
PAA-1 24 173
PAA-2 26 382

Compiled data used to construct this table as well as associated references are publicly available online [18]. Notes:
* predicted.
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Table A3. Quantities of aquifer exemptions for the Goliad Sand ISR operations.

Injection Well
ID

Approx. Ore
Porosity (%)

Aquifer
Exempted
Area (ac)

Exempted
Thickness

(ft)

Average
Dissolved
Solids of

Groundwa-
ter in Mine
Area (mg/L)

Exempted
Volume 3,4

(ac-ft)

Exempted
Pore Water
Volume 5

(gal)

Exempted
Aquifer

Volume per
Production

(ac-ft/lb
U3O8) 6

Exempted
Aquifer
Water

Volume per
Production

(gal/lb
U3O8)

Alta Mesa,
original 1 1840 400 870, 1000 736,000 81,541,054,336

0.55 61,483
Alta Mesa,
revised 1 28–40 5457 470 2,564,790 284,151,740,150

Kingsville
Dome

(original) 1
547 200 900 to 1300 109,400 11,050,924,380

0.22 22,442

Kingsville
Dome Ext 2 30, 32 2135 390 832,650 84,109,252,145

Mt Lucas 28, 27, 23 6023 375 850 2,258,625 191,353,790,765 1.09 92,467

Palangana 2 25 6272 585 1000 to 1100 3,669,120 298,896,972,192 6.55 533,745

Palangana
Dome 2 10–30, 23 200 326 878 65,200 4,567,784,925 0.19 13,435

Rosita 1,3 200 170
1800

34,000 3,323,684,280
0.04 3762Rosita 1,3 30 1000 40 40,000 3,910,216,800

Rosita Ext 1,3 70 400 28,000 2,737,151,760

Notes: 1 The multiple listing for Rosita and Kingsville Dome represent various extensions and therefore the areas
and volumes should be added for a total whereas the second listing for Alta Mesa is an update therefore only the
updated (second) value(s) should be used in the total. 2 Two EPA aquifer exemptions are listed as “Palangana”
but are considered to be separate operations—Palangana Dome (operated prior to 1990) and Palangana Mine
(currently in operation); each were delineated by comparison to TCEQ records and mine permit number. 3 An
average of range of thicknesses is used to compute the volume. 4 Computed as: Exempted volume = Exempted
thickness x exempted aquifer area. 5 Computed as Exempted Pore volume = exempted volume x porosity. 6 Unit
conversion: 1 ac-ft = 325,851.43 gal. Compiled data used to construct this table as well as associated references are
publicly available online [18].

Table A4. Minimum volume of potentially affected aquifer for ISR operations completed in the
Goliad Sand.

Minimum 1 Estimated
Pore Volume 2 (MG)

Porosity Values
Reported 2

Minimum Associated
Aquifer Volume 3

(Million cu ft)

Normalized Minimum
Associated Subsurface

Aquifer Volume 4

(cu ft/lb U3O8)

Alta Mesa Unknown 28%–40% Unknown Unknown
Kingsville Dome 93 30%, 32% 40 0.43

Mt. Lucas 51 28%, 27%, 23% 26 0.51
Palangana 21 25% 11 0.53

Palangana Dome 47 10%–30%, 23% 29 0.62
Rosita 63 30% 28 0.45

Notes: 1 minimum is stipulated because not all production area estimated pore volumes were obtained, 2

Calculated by summing pore volumes listed in Table A6 and reported in million gallons (MG). 3 associated aquifer
volume calculated by dividing the average pore volume by the porosity, 4 normalized minimum associated
subsurface volume computed by dividing the subsurface minimum associated aquifer volume by the production
values listed in Table A1. Compiled data used to construct this table as well as associated references are publicly
available online [18].
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Table A5. Minimum Volumes of Wastewater Injected into Class I Deep Disposal Wells.

Mine Name Disposal Well Start Date End Date
Minimum 1

Water Volume
Disposed (MG)

Disposal Depth
(ft)

Disposal
Formation

Alta Mesa WDW-365 31 January 2004 30 September 2017 279 4381–5381 Frio
Alta Mesa WDW-366 30 April 2007 30 September 2017 229 Permit not found Permit not found

Kingsville Dome WDW-248 24 June 1988 31 December 2015 1312 4200–5300 Upper Frio
Kingsville Dome WDW-247 No records found No records found No records found Permit not found Permit not found

Mt. Lucas WDW-194 No records found No records found No records found 5200–5900 Yegua
Palangana WDW-418 No records found No records found No records found Permit not found Permit not found
Palangana WDW-419 31 December 2010 30 June 2017 158 5470–6900 Jackson, Yegua

Palangana Dome WDW-134 July 1978 March 1991 491 5968–6597 Yegua
Rosita WDW-250 October 1990 December 2015 743 4100–5400 Yegua

Compiled data used to construct this table as well as associated references are publicly available online [18]. Notes:
1 “minimum” is stipulated because not all disposal records were acquired.

Table A6. Minimum amounts of water removed and disposed during restoration.

Name Wellfield, Zone, or
Production Area

Gallons per
Pore Volume
of the Mine

Area

Restoration

Cumulative
Water

Extracted (gal)

Cumulative
Water Injected

(gal)
Disposal Method

Water
Disposed

(MG)

% of
Treated
Water

Disposed

Pore
Volumes

Con-
sumed

Alta Mesa PAA-1 Not available 912,909,140 735,467,720 Deep Well Disposal
(Extract-Injected) 284 31% NA

Mt. Lucas
(Estimated) 1 PAA-1 (East E) 5,451,494 Information not found, possibly because restoration amendment not requested

Mt. Lucas 1,2 PAA-2 (East EA) 8,310,000 85,000,000 30,996,300 Sweep, RO + Reinject
+ Land Application 54 64% 6.5

Mt Lucas
(Estimated) 1,2 PAA-3 (East H) 5,093,058 Information not found

Mt. Lucas 1,2 PAA-4 (East HM) 8,574,491 80,000,000 42,700,965

Sweep, Remove and
Replace with
Overlying Aquifer
Groundwater

37 47% 4.4

Mt. Lucas 1,2 PAA-5 (East Lillian) 2,333,333 14,000,000 5,623,333 Sweep, RO + Reinject
+ Land Application 8 60% 3.6

Mt. Lucas 1,2 PAA-6 (West M) 7,142,857 64,000,000 31,571,429

Sweep, Remove and
Replace with
Overlying Aquifer
Groundwater

32 51% 4.5

Mt. Lucas 1,2 PAA-7 (West J) 7,109,557 183,000,000 50,975,524 Sweep, RO + Reinject
+ Land Application 132 72% 18.6

Mt. Lucas 1,2 PAA-8 (West South J) 3,398,471 80,000,000 45,267,630 Sweep, RO + Reinject
+ Land Application 35 43% 10.2

Mt. Lucas
(Estimated) 1 PAA-9 (West J-1) 3,144,466 Information not found

Kingsville
Dome 3 PAA 1 (total) 27,279,412 742,000,000 Not reported WDW248 (1/3 of

Extracted vol) 245 33% 9.0

Kingsville
Dome 3 PPA 2 (total) 31,566,456 997,500,000 Not reported WDW248 (1/3 of

Extracted vol) 329 33% 10.4

Kingsville
Dome 3,4 PAA 3 33,923,975 860,500,000 Not reported Information not

found 284 33% 8.4

Palangana 5 PAA03070-004 20,755,295 Restoration has not yet begun WDW418 WDW419 NA—Restoration has not yet begun

Palangana
Dome PAA-1 46,800,000 584,540,091 205,548,913

WDW-134
(79,495,750 gal) and
via irrigation or DDW
(300,605,409 gal)

379 65% 8.1

Rosita 3 PAA-1 (total) 35,766,423 490,000,000 Not reported WDW250 (1/3 of
Extracted vol) 162 33% 4.5

Rosita 3 PAA-2 (total) 26,911,765 732,000,000 Not reported WDW250 (1/3 of
Extracted vol) 242 33% 9.0

Compiled data used to construct this table as well as associated references are publicly available online [18].
Notes: 1 The fate of extracted water not explicitly stated in Restoration Amendment Justification reports, 2 Only
the PVs and/or total cumulative volumes extracted for processing and processing method are reported. If
groundwater sweep, 100% disposal is assumed; if RO, 30% disposal is assumed as per referenced documents
or if a water consumption rate is given then that is multiplied by the total time pumped/treated. 3 Disposal
values not explicitly stated, but references indicated 33% of volumes extracted and treated were disposed.
4 Extracted and disposal volumes not explicitly stated. Reference [50] states a total of 2.6 billion gallons treated.
Calculated PAA-3 treatment = 2.6 × 109 gal − (PAA-1 vol + PAA-2 vol). 5 Restoration had not begun at the time
of data compilation.
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Table A7. Radon releases at ISR facilities.

Operation Production
Years

Documented
Maximum

Release (Ci/y) 1

Documented
Average
Annual
Release
(Ci/y) 1

U3O8
Production (lb)

Normalized Rn
Release

(Ci/lb U3O8) 2,3

Total Rn
Release (Ci)

Alta Mesa 6 740 472 4,621,600 0.00061 2832
Kingsville Dome 8 6958 1291 4,240,200 0.0024 10,328

Mt. Lucas 4 2,069,425 0.00013 551
Palangana Dome 4 340,000 0.00106 650

Palangana 4 560,000 0.00106 1070
Rosita 6 2,650,200 0.00106 5065

1 Calculated Average annual release rate [48]. 2 Mt. Lucas radon estimates are calculated as follows [31]: Radon-
222 release rate = (0.848 g U/g octoxide) × (0.9927 g U − 238/g U) × (0.333 µCi/g U-238), which equated to a
radon emanation rate of 0.00013 Ci per lb of U3O8 = 130,000,000 pCi/lb U3O8. 3 Palangana Dome, Palangana and
Rosita estimates based on the average Ra release rates of Alta Mesa, Kingsville Dome and Mt. Lucas.

Appendix B

The following are the quantile-quantile (Q-Q) plots (Figure A1) that illustrate that the
residuals of the models to compute mine area, total water disposed, mine pore volume,
minimum affected aquifer volume, water pumped and disposed during the uranium
production and restoration phases and radon emitted in Equations (8)–(16) listed in the
Section 4 follow a normal distribution.
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Figure A1. Q-Q plots for (A) mine area, (B) mine pore volume, (C) total water disposed of, (D) mini-
mum affected aquifer volume, (E) water pumped during uranium production, (F) water extracted
during groundwater restoration, (G) water disposed of during uranium production, (H) water dis-
posed of during groundwater restoration and (I) radon emitted as a function of uranium produced (as
lb U3O8). Plots include data for the six ISR operations listed in Table A1 except for plots (B) and (D),
which include only Kingsville Dome, Mt. Lucas, Palangana Dome, Palangana, and Rosita and plots (F)
and (H), which include only Alta Mesa, Kingsville Dome, Mt. Lucas, Palangana Dome, and Rosita.
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