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Abstract Competing with communities, agriculture, and
industry for potable-water resources can pose great chal-
lenges for mining companies seeking public and regulatory
support for proposed projects. In semi-arid and arid regions
of the world where freshwater resources are limited, using
potable resources to supply water to mining operations
often faces opposition from existing water users or is
subject to lengthy regulatory reviews. Here we describe
how Intercontinental Potash Corp. (USA) developed a
deep, non-potable water supply from the Capitan aquifer
for its Ochoa SOP Mine Project (Ochoa Project) in
southeastern New Mexico (USA) that safeguards the lim-
ited freshwater resources. Through a program of explor-
atory well drilling, aquifer testing, and groundwater flow
modeling, we find that the Capitan aquifer can sustain the
proposed pumping rate of 252 L/s for a 50 year period, and
that drawdown is predicted to be up to 200 m in the area of
the proposed well field. We also find that depletions from
the Pecos River, a connected stream subject to interstate
compact agreements for water deliveries, are predicted to
be at a rate of up to 1.10 L/s. We attribute the minimal
impacts of the proposed pumping on the Pecos River lar-
gely to a zone of low hydraulic conductivity
(1.5 x 107 m/day) near the county line that separates the
aquifer where pumping is proposed in Lea County, New
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Mexico, from the area where the aquifer is connected to the
Pecos River in Eddy County, New Mexico.
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Introduction

Fundamental to the successful development and operation
of most mines is securing a sufficient, long-term supply of
process water required for routine functioning. In locations
where water supplies are short, including the southwestern
United States of America, clashes between mining com-
panies and competing water users can cause delays in
development schedules and, in turn, losses in revenue. A
company that competes for limited freshwater resources
risks losing public and regulatory agency support for its
projects. In contrast, a company that considers non-potable
options can avoid pitting its interests against those of other
water users, thereby increasing the probability that it will
secure critical support required to advance development
and operational goals. Central to the strategy for develop-
ing the Ochoa SOP Project in southeastern New Mexico
was the use of a non-potable water supply in a region that
contains the largest potash reserve in the USA (Barker and
Austin 1993), but is relatively water-short.

The Ochoa Project is located 100 km east of Carlsbad,
New Mexico, and less than 35 km from the New Mexico-
Texas state line (Fig. 1). Operations will include a con-
ventional underground polyhalite mine and processing
facility that will produce SOP and sulphate of potash
magnesia (SOPM). The processing of polyhalite, mining,
and administrative needs on-site require a total water
consumption of about 190 L/s.
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A variety of water-supply options were considered for
the Ochoa Project, including purchasing or leasing pota-
ble water from nearby municipalities, purchasing or
leasing existing water rights, purchasing an out-of-state
source of water, applying to the State of New Mexico for
a new appropriation of water, or developing a deep, non-
potable resource. Of these many options, the development
of a non-potable resource from the Capitan aquifer was
selected to supply water to the Ochoa Project because: (1)
the Capitan aquifer is recognized by the U.S. Geological
Survey (Hood and Kister 1962) and state agencies (e.g.
Texas Water Development Board 2010) as a significant
brackish water resource with a proven history of industrial
use for oil and gas development during the 1960s and
1970s; (2) the New Mexico Office of the State Engineer,
the state agency responsible for regulating water use
throughout the state, and the U.S. Bureau of Land Man-
agement, the federal agency regulating the construction
and operation of the mine, were both supportive of the
use of the Capitan aquifer for mining and industrial
purposes; (3) no permit was required to pump the deep,
non-potable water for mining purposes because the aqui-
fer meets several basic criteria that allow development
without a lengthy permitting process; and (4) developing
the aquifer did not directly compete with other water
users in the area.
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Capitan Aquifer

The Capitan aquifer (Fig. 1) was formed by the youngest of
the Permian shelf-margin reef complexes that developed
around the Delaware Basin (Harris and Saller 1999). Hiss
(1975) describes the Capitan aquifer as a lithosome that
includes the Capitan and Goat Seep formations and most of
the Carlsbad carbonate facies of the Artesia Group from
northern Pecos County, Texas, around to the Guadalupe
Mountains and the Gilliam and Word formations in
southern Pecos County (Glass Mountains). Within Lea
County, New Mexico, the Capitan aquifer ranges from 240
to 670 m thick, and is approximately 20 km wide near the
Eddy/Lea County line and 10 km wide directly east of the
Ochoa Project (Leedshill-Herkenhoff Inc. et al. 2000). In
the area of the Ochoa well field (Fig. 1), the top of the
aquifer is about 1,344 m below ground surface (bgs), the
bottom is about 1,642 m bgs, and water level is about
210 m bgs.

The hydraulic conductivity of the Capitan aquifer is
highly variable. West of the Pecos River, the hydraulic
conductivity is extremely high due to caves and caverns
resulting from groundwater dissolution of carbonate rocks
(Hiss 1975). For example, Barroll et al. (2004) used an
estimated hydraulic conductivity of 229 m/day for the
Capitan aquifer in the area extending west from the Pecos
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River for several kilometers to the Guadalupe Mountains
(Fig. 1) for a flow model of the Capitan aquifer for the
Carlsbad area. This part of the Capitan aquifer west of the
Pecos River is an important source of water for the City of
Carlsbad and other water users in the area. East of the
Pecos River, both hydraulic conductivity and water quality
drop quickly. Measurements of hydraulic conductivity east
of the Pecos River down to the Glass Mountains in Texas
range from 0.3 to 7.6 m/day and average 1.5 m/day (Hiss
1975).

Near the Eddy/Lea County line, there is a zone of low
hydraulic conductivity associated with a constriction in the
Capitan aquifer that divides the aquifer into two distinct
limbs and creates a groundwater divide between two sep-
arate hydraulic regimes. The constriction in the aquifer is
attributed to submarine canyons that incised into the shelf
carbonates that compose the aquifer (Hiss 1975; Hill 1996).
Hiss (1975) described these submarine canyons as a series
of basinward-trending, deep-sea channels that extend for
many tens of kilometers into the basin. Electrical logs
suggest that the submarine canyons are almost completely
filled with a mixture of carbonate debris, sandstones, and
siltstones resembling the basin facies near the shelf margin
(Hiss 1975). The most prominent of the submarine canyons
is the West Laguna submarine canyon (Fig. 1), which is
believed responsible for the groundwater divide.

The Capitan aquifer is confined above by the Salado
Formation and both laterally and beneath by the Delaware
Mountain and Artesia Groups. The hydraulic conductivity
of the overlying halite and anhydrite intervals of the Salado
Formation are extremely low compared to other rock types,
interpreted to be on the order of 1.2 x 107° to
3.5 x 107® m/day by Beauheim et al. (1991). Except in the
Glass Mountains in Texas where the Capitan Reef Com-
plex crops out (Fig. 1) and where the Pecos River has
eroded the Salado Formation in the area of Carlsbad, New
Mexico, the Capitan aquifer is not in communication with
overlying aquifers. In the area of the Pecos River, however,
the Capitan aquifer is well connected to the Pecos River
and the associated alluvial aquifer. Historically, the Capi-
tan aquifer discharged into the Pecos River at Carlsbad
Spring near Carlsbad, New Mexico. However, groundwater
pumping for municipal, industrial, and irrigation use
intercepts most of the water that would have discharged to
the river.

Recharge from the basin to the Capitan aquifer is
restricted laterally by the Castile Formation, a halite
deposit that acts as a barrier to groundwater flow (Mercer
1983). Underlying the Castile Formation and the Capitan
aquifer is the Delaware Mountain Group. With a hydraulic
conductivity several orders of magnitude lower than that of
the Capitan aquifer, along with very low, naturally occur-
ring hydraulic gradients, a relatively small quantity of

water would be expected to flow from the Delaware
Mountain Group into the Capitan aquifer under natural-
gradient conditions (Mercer 1983). Along the back reef,
shelf carbonates and sandstones of the Artesia Group grade
into evaporites with distance from the aquifer, as discussed
by Ward et al. (1986). The aquifer is largely constrained by
these evaporites and the associated low hydraulic conduc-
tivity. However, hydraulic communication increases
between the Capitan aquifer and the relatively permeable
rocks of the San Andres Formation (Hiss 1980), in places
such as the San Simon Channel and Sheffield Channel
(Fig. 1), which have hydraulic conductivities up to ten
times that of the adjacent back-reef facies (Ward et al.
1986).

Methods

Two exploratory wells were drilled to characterize the
hydraulic properties of the Capitan aquifer in the area of
the proposed water-supply well field. The wells were
spaced 457 m from one another and fully penetrated the
thickness of the Capitan aquifer to provide sufficient data
for modeling and water-treatment testing. The wells, each
drilled to approximately 1,642 m bgs, produce from a
22.2 cm diameter open hole over the 320 m thickness of
the Capitan aquifer. Step-drawdown tests were completed
to characterize the specific capacity of the wells in support
of engineering and design of the well field.

Following well construction and testing, an aquifer test
was completed to characterize bulk aquifer properties and
inform a groundwater flow model developed in support of
the mine permitting process. The pumping well was
pumped at a constant rate of 31 L/s for 7 days, followed by
a recovery period of 23 days. Water levels were monitored
in the pumping and observation wells before commencing
the test, during the pumping phase, and during the recovery
phase. The data were analyzed to estimate transmissivity,
hydraulic conductivity, and storativity.

Both conceptual and numerical groundwater models
were developed to support the mine permitting effort for
the Ochoa Project. The conceptual groundwater model
provided the basis for development of a numerical
groundwater flow model of the Capitan aquifer. The
numerical groundwater flow model provided quantification
of potential impacts of pumping deep, saline groundwater
from the ICP wells on existing wells and springs producing
from, and surface water bodies in contact with, the aquifer
in New Mexico and Texas. The aquifer was modeled using
MODFLOW-2000 (Harbaugh et al. 2000) using a uniform
grid spacing of 609 m by 609 m.

The portion of the aquifer included in the model domain
extends east and south from near Carlsbad, New Mexico, to
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the Glass Mountains in Texas (Fig. 2). Recharge from the
Glass Mountains was initially estimated to be 173 L/s using
a method adapted from Beach et al. (2004). This method
takes into account the precipitation, topographic, geologic,
and soil characteristics of the study area, and then calculates
the potential recharge and runoff, thereby determining the
groundwater recharge for the area of interest. Glass
Mountain recharge was subsequently reduced to 70 L/s
during model calibration. Aquifer thickness and depth were
identified using logs from the large number of oil and gas
wells in the region. These logs, as well as other data sources,
and the subsequent development of a database containing
information about the formation tops, were key components
for delineating the hydrostratigraphic units to be included in
the numerical groundwater flow model. In addition to the
use of pre-existing data, aquifer test data from the two ICP
water wells provided site-specific information on the Cap-
itan aquifer.

Four models were developed to support the permitting
processes: a no-action model, a calibration model, and two
predictive models representing the ICP water-supply
pumping and recovery scenarios. The no-action model was
developed to provide results for a simulation without
groundwater pumping. The calibration model represents
historical flows from 1967 through 1972, the period during
which data were available for hydraulic heads and stresses
on the system. Hydraulic conductivity was the only
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parameter adjusted during the calibration process, which
was completed using the code PEST (Watermark Numer-
ical Computing 2005). Using the overall structure and flow
parameters of the calibration model, along with the results
of the no-action model that defined the initial model heads
and pre-pumping outflows from the Capitan aquifer, the
predictive pumping model simulated a 50 year pumping
scenario at 252 L/s, a rate larger than the water demand of
190 L/s to accommodate loss in the water treatment pro-
cess. The recovery model was used to evaluate rebound of
groundwater levels after Ochoa supply wells were shut off.

Because accurate estimates of flow rates between the
Capitan aquifer and adjacent aquifers were unknown and a
physically based model of the system was required, lateral
flow exchanges between the Capitan aquifer and the Dela-
ware Mountain Group (the aquifer on the Delaware Basin
side of the Capitan aquifer, or basin aquifer) and the back-
reef aquifers were determined using one-dimensional
MODFLOW models linked to different sections of the
Capitan aquifer boundary (Fig. 3). Each one-dimensional
model had a thickness of 304 m based on Hiss (1975), a
domain of 153 km, and a storativity conservatively set to
5 x 107, which is about twice the storage associated with
the compressibility of water in a 304 m thick unit of 5 %
porosity. The standard domain of 153 km is representative
of the San Simon Channel and Sheffield Channel, based on
the delineation of zero porosity in back-reef formations by
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Fig. 3 Flow into and out of the Capitan aquifer model boundaries
were represented by flux across each model boundary reach using
one-dimensional models for the Basin-North, Basin-South, San
Simon Channel, and Sheffield Channel. Fluxes determined from
one-dimensional models were then multiplied by the length of each
model boundary reach to obtain the total flux. Reach lengths are
120 km each for the Basin-North (red) and Basin-South (green),
77 km for the San Simon Channel (orange), and 58 km for the
Sheffield Channel (grey)

Ward et al. (1986). The initial condition for the one-
dimensional models was a uniform, static water level. For
the basin aquifer, one-dimensional models with hydraulic
conductivity set to 3.0 x 107 m/day were used to repre-
sent the flux across the boundary in both the north and the
south of the basin. For the back-reef aquifers, one-dimen-
sional models with hydraulic conductivity each set to
5.2 x 1072 m/day were linked to the Capitan aquifer model
in the San Simon Channel and Sheffield Channel area.
Potential impacts to groundwater in the vicinity of the
Pecos River near Carlsbad, New Mexico, were based on
reduced groundwater discharge to the Pecos River. An
extensive and detailed evaluation of the groundwater flow
system was conducted by Barroll et al. (2004) in support of
the State of New Mexico’s efforts to manage water in the
Carlsbad area. This work included the development of the
Carlsbad Area Groundwater (CAGW) model, which is a
numerical model of the flow system used to assess potential
impacts in that area. A superposition model of the CAGW
model (CAGWsup) was further developed as a tool for
evaluating impacts on river flows due to additional with-
drawals from the aquifer in that area (Papadopulos 2008).
The CAGWsup model was used to evaluate the induced
leakage from the Pecos River (Fig.2) from proposed
pumping. A sensitivity analysis in accordance with ASTM

(2008) was performed to evaluate the sensitivity of the
calibrated groundwater model with respect to various
parameters and boundary conditions.

Results

Pump testing indicated that the supply wells can sustain
pumping rates of 31 L/s or greater for extended periods.
The specific capacity of the well is summarized in Table 1.
Rapid rebound was observed following cessation of
pumping in the pumping well during the step test; the water
level returned to 100 % of the pre-test level within 1 h. As
expected, the specific capacity decreased with an increase
in the pumping rate. The maximum estimated storativity
value from the 7 day pumping test was 1.5 x 107
Transmissivity of the Capitan aquifer was estimated to be
650 m*/day, yielding an estimated horizontal hydraulic
conductivity of 2.1 m/day, applying a 304 m thickness for
the open-hole producing zone.

Model calibration statistics indicate that the model is
well-calibrated (Table 2). The mean head residual of
0.36 m indicates little bias (i.e. simulated heads are not too
high or too low, on average). The RMSE was 2.59 m and
the range in heads was 203 m, leading to a normalized
RMSE of 1.3 %, indicating that the model accurately
reproduces the observed heads.

Predictive simulations indicate that drawdown will be
greater east of the groundwater divide created by the sub-
marine canyons near the Eddy/Lea County line (Fig. 4).
Results of the sensitivity analysis showed that induced

Table 1 Results of specific capacity testing at three pumping rates
(steps) used for well testing

Step Flow rate Water level Specific capacity
no. (L/s) drawdown (m) (L/s/m)

20 56.1 0.36

28 90.5 0.31

37 140.8 0.26
Table 2 Results of model calibration statistics
Calibration statistic Result
Mean error (m) 0.36
Residual standard deviation (m) 2.56
Root mean squared error (RMSE; m) 2.59
Minimum residual (m) —7.53
Maximum residual (m) 11.03
Range of observations 203
Normalized RMSE 0.013
Number of observations 272
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leakage from the Pecos River was in the range of
1.00-1.25 L/s for a significant portion of the simulations
(Fig. 5). The mean value for induced leakage was 1.10 L/s,
and the standard deviation of the data was 0.61 L/s. After
50 years of pumping of the Ochoa well field, the wells
were shut off in the model and the water levels in the
Capitan aquifer were allowed to rebound. At the end of
500 years, the water level near the ICP pumping wells had
rebounded to 87 % of its original no-action level.

Discussion

The testing and modeling results show that the Capitan
aquifer will be capable of providing a long-term supply of
water to the Ochoa Project. Well and aquifer testing con-
firmed the desired well yield and that the hydraulic char-
acter of the Capitan aquifer was suitable for the desired
supply. Maximum simulated drawdown of 200 m after
50 years of pumping will not change the confined nature of
the aquifer because the present water level is approxi-
mately 210 m bgs and the top of the aquifer is at 1,344 m
bgs. The hydraulic conductivity of 2.1 m/day estimated
from testing was above the average measurement of 1.5 m/
day reported by Hiss (1975) for the entire Capitan aquifer,
but within the reported range of 0.3-7.6 m/day. The
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transmissivity of 650 m*/day estimated from testing is
comparable to the value of 929 m*/day reported by Hiss
(1975) for areas of the aquifer outside of the submarine
canyons. Though the storativity value of 1.5 x 10™* was
on the lower end of the scale for hard rock aquifers,
adopting this value for use in the model resulted in a more
conservative evaluation of potential impacts.

Simulated drawdown demonstrates the importance of the
thinning of the Capitan aquifer at the West Laguna sub-
marine canyon near the Eddy/Lea County line and its effect
on limiting the impact of pumping at the Ochoa well field on
groundwater discharge to the Pecos River. For example,
drawdown decreases sharply from 30 m immediately east
of the West Laguna submarine canyon to 1.5 m within a
few kilometers west of the hydraulic divide (Fig. 4). Rela-
tive to modeled hydraulic conductivities for most of the
aquifer, the modeled value of 1.5 x 10~ m/day for the
constriction zone is significantly less. However, compared
to an estimated hydraulic conductivity of <7.3 x 10~* m/
day, which is based on permeability measurements of drill
core from the lower section of the Capitan Reef Complex in
a research borehole a few kilometers west of the constric-
tion (Garber et al. 1989), the modeled value is relatively
conservative. As a result, simulated impacts of pumping the
Ochoa well field on induced leakage from the Pecos River
are both reasonable and conservative.
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Fig. 5 Distribution of estimated impacts of pumping on the Pecos
River from the sensitivity analysis

The water balance after 50 years of pumping 252 L/s at
the Ochoa well field highlights the importance of hydraulic
communication between the Capitan aquifer and both the
basin aquifer and the San Simon Channel (Fig. 6). For
example, the flux after 50 years of pumping was 62 L/s
from the basin aquifers and 80 L/s from the San Simon and
Sheffield Channels. Though the hydraulic conductivity of
the basin aquifer is several orders of magnitude less than
that of the Capitan aquifer (Mercer 1983), when applied
over a combined length of 240 km where the aquifers are
in communication, the total contribution is substantial. The
contributions from basin and back-reef aquifers total
142 L/s, which is more than the combined amount of
109 L/s contributed from aquifer storage (39 L/s) and
recharge from the Glass Mountains (70 L/s). Comparing
the mean for induced leakage of 1.10 L/s from the Pecos
River to 1,625 L/s, the average rate of groundwater dis-
charge to the River over the period of 1965 to 2001 (Barroll
et al. 2004), groundwater discharge from the aquifer to the
river would be reduced by only 0.07 %.

Conclusions

By supplying the Ochoa Project with deep, non-potable
water from the Capitan aquifer, ICP avoided a relatively
complicated process for developing fresh water, and instead
safeguarded its use for other purposes that are essential to
the surrounding community. Where regulatory frameworks
encourage or permit the use of non-potable resources,

ICP Pumping 3
(252 L/s)

1.1L/s
Induced Pecos River
Leakage

39L/s
Model Storage (Inflow)

Basin - North
No Flow
Boundary

24 L/s wi

Basin — South = (11 L/s)

Sheffield Channel

70 L/s
Glass Mountains

Fig. 6 Water balance after pumping 252 L/s for 50 years from the
Ochoa Project well field. Size of arrow corresponds to size of
contributing recharge or discharge

developing these resources can help project owners over-
come barriers to doing business in regions that have limited
drinking water resources. Though sourcing water from
deep, non-potable aquifers may require deeper wells and
desalination, making the commitment to safeguard limited
freshwater resources can add value to a project through
public and regulatory support received when proposals do
not include a new and competing use of freshwater. As
freshwater resources become more limited, companies that
choose to adopt conventional drilling and treatment tech-
nologies to develop non-potable resources may also realize
value in the support received for such proposals.
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