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1 Executive summary

Groundwater is a major source of water in Texas, providing about 60 percent of the water used in
the state. To better formulate water management strategies, planners and decision makers need
reliable estimates of available fresh, brackish, and saline groundwater. House Bill 30, passed by
the 84" Texas Legislative Session, requires the Texas Water Development Board (TWDB or
“the Board”) to identify and designate brackish groundwater production zones in the aquifers of
the state. Specifically, the legislation directs the Board to conduct studies on four aquifers and
report the results of the studies to the legislature by December 31, 2016. Studies and reports on
the remaining aquifers are to be completed by December 31, 2022. To meet this requirement, the
TWDB let contracts to conduct studies of brackish groundwater in six Texas aquifers. The
Rustler Aquifer was one of the aquifers selected for study in House Bill 30. This report
documents the Rustler Aquifer study.

The Rustler Aquifer is a TWDB designated minor aquifer in the state of Texas and underlies
parts of Brewster, Culberson. Jeff Davis, Loving, Pecos, Reeves and Ward counties and defines
the area of this study. The objective of this study is to characterize the quantity and quality of
groundwater within the Rustler Aquifer and to evaluate potential brackish production zones that
can be used by the TWDB to make recommendations to the legislature on designation of
brackish production zones. House Bill 30 provides direction to TWDB to identify and designate
local or regional brackish groundwater production zones in areas of the state with moderate to
high availability and productivity of brackish groundwater that can be developed to reduce the
use of fresh groundwater.

It is important to note that TWDB designates brackish groundwater production zones. The
purpose of this study is to provide the information necessary for the TWDB to designate brackish
groundwater production zones for the Rustler Aquifer. To meet these objectives, we have
collected and analyzed data to better define aquifer structure and transmissive units of the Rustler
Aquifer, and water quality. Hydraulic calculations have been performed to provide guidance
regarding the production potential of the aquifer in potential production areas and the nature of
impacts to protected users and freshwater within the aquifer. This information has been
integrated to evaluate potential production areas for consideration by the Board for formal
designation as brackish groundwater production zones.

A detailed stratigraphic analysis was performed, which focused on refining the Rustler
Formation stratigraphy into its five member units and eight informal submember units. Adding
an additional 346 new geophysical logs to previous research performed by the TWDB, a total of
589 geophysical logs have been analyzed, making approximately 5,000 stratigraphic picks to
gain further insight into the specific depositional and post depositional regime of the Rustler
Formation and how this knowledge relates to the Rustler Aquifer.

A rigorous search for Rustler Aquifer groundwater quality data was performed as part of this
study, including outreach to stakeholders in the aquifer area. To augment observed water quality
data, we used state-of-the art petrophysical analysis techniques to analyze geophysical logs for
both porosity and water quality. Calculations of Rustler Aquifer water quality (total dissolved
solids) using geophysical logs provided the additional data needed to better define the
groundwater salinity zones within the Rustler Aquifer.
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The groundwater quality defined by total dissolved solids concentration was discretized based on
groundwater salinity zones corresponding to; fresh water with total dissolved solids
concentration less than 1,000 milligrams per liter, slightly saline groundwater defined as
groundwater with total dissolved solids concentration between 1,000 to 3,000 milligrams per
liter, moderately saline groundwater with total dissolved solids concentration between 3,000 and
10,000 milligrams per liter and very saline groundwater with total dissolved solids concentration
between 10,000 to 35,000 milligrams per liter. Based upon mapping of salinity zones, INTERA
calculated the volume of groundwater in place for the entire Rustler Formation which included
up to three transmissive units of the Rustler Aquifer where they were discernable. In some areas
of the Rustler Aquifer individual members were not discernable due to collapse and or
dissolution. The Rustler Aquifer contains approximately 18,538,000 acre-feet of groundwater.
Of the approximate 18 million acre-feet of groundwater, 88,000 acre-feet is fresh groundwater,
10,172,000 acre-feet is slightly saline groundwater, 7,905,000 acre-feet is moderately saline and
373,000 acre-feet is very saline. Due to unpredictable and generally low production rates within
the Rustler Aquifer, the vast majority of the groundwater volume in the Rustler Aquifer would
likely be uneconomical to produce.

The final part of the analysis defines potential production areas. In total, we evaluated five
potential production areas. We used the Rustler Aquifer Groundwater Availability Model to
estimate productivity of each potential production area and to evaluate potential impacts to
freshwater resources and water use categories protected in House Bill 30. The ranking of
potential brackish production areas on a productivity basis would be the following: potential
brackish production zone 5; potential brackish production zone 4; potential brackish production
zone 3; potential brackish production zone 1; and potential brackish production zone 2. The
TWDB staff will take the results from this study and consider recommending potential
production areas to be designated to brackish groundwater production zones by the Board.

Study deliverables include a study report, Geographic Information System map files, all data
compiled in a BRACS Database format, and water well and geophysical well log files. In
addition, codes used to calculate volumes, interpolated structural surface and model simulations
to calculate production rates and potential impacts within potential production areas have been
documented and delivered to the TWDB.
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2 Introduction

The Rustler Aquifer is a TWDB designated minor aquifer in the state of Texas and underlies
parts of Brewster, Culberson. Jeff Davis, Loving, Pecos, Reeves and Ward counties (Figure 2-1).
The aquifer is designated as minor because it provides small quantities of water to a relatively
small number of users. However, where it is the only source of water, the Rustler is a critical
water resource to local users. The TWDB defines the boundaries of the Rustler Aquifer as the
extent of groundwater with less than 5,000 milligrams per liter total dissolved solids.

The objective of this study is to characterize the quantity and quality of groundwater within the
Rustler Aquifer and to evaluate potential production areas that can be used by TWDB staff to
recommend brackish groundwater production zones. From there the Executive Administrator
will make recommendations and the Board will designate the brackish groundwater production
zones for the Rustler Aquifer. House Bill 30 provides direction to TWDB to identify and
designate local or regional brackish groundwater production zones in areas of the state with
moderate to high availability and productivity of brackish groundwater that can be used to reduce
the use of fresh groundwater. Table 2-1 defines the criteria set forth in House Bill 30 to be used
for designation of brackish groundwater production zones.

The TWDB designates brackish groundwater production zones. The purpose of this study is to
provide the information necessary for the TWDB to designate brackish groundwater production
zones for the Rustler Aquifer. To meet these objectives, INTERA and our team mates; Dr.
Dennis Powers, Drs. Carlos Torres-Verdin and Jack Sharp from the University of Texas, the
Bureau of Economic Geology Subsurface Library, DrillingInfo and WellGreen, LLC. collected
and analyzed data to better define aquifer structure and transmissive units of the Rustler Aquifer,
and water quality. Hydraulic calculations have been performed to provide guidance regarding the
production potential of the Rustler Aquifer in potential production areas and the nature of
impacts to protected users and freshwater within the aquifer. A summary of our approach will
follow.

The Rustler Aquifer, which is wholly comprised of the Rustler Formation, is a complex
assemblage of lithologies ranging from dolomite to limestone to anhydrite to halite to siltstone.
In addition to a complex range of lithologies, post-depositional processes such as cementation,
collapse, faulting, etc., have further complicated the ability to systematically define the Rustler
Formation and differentiate its member units and its informal submember units (Figure 2-2 from
Powers, 2008). In order to better understand the Rustler Formation as it relates to the Rustler
Aquifer, INTERA performed a detailed stratigraphic analysis, initially focused on refining the
Rustler Formation stratigraphy into its various member units and informal submember units
(Figure 2-2). Adding 346 additional new geophysical logs to those available from Ewing and
others (2012) and Meyer (2012), we analyzed 589 geophysical logs making approximately 5,000
stratigraphic picks providing insight into the specific depositional and post depositional regime
of the Rustler Formation as it relates to the Rustler Aquifer. The hydrostructural zonation
proposed in Ewing and others (2012), and results of the detailed hydrostratigraphic analysis
performed in this study, was the framework used in this study to evaluate the hydrogeology of
the Rustler Aquifer

While a significant emphasis of this project is on the acquisition and interpretation of
geophysical logs for structure, stratigraphy and water quality, actual water quality samples from
the Rustler Aquifer represent the most important dataset available. In support of this, a search for
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water chemistry samples from water wells (or recompleted oil and gas wells) that are producing
from the Rustler Aquifer was performed. Large quantities of data were evaluated, and extreme
care was taken to assure that the information that was being assigned to the Rustler Aquifer is an
accurate portrayal of the Rustler water chemistry. The search for this data involved evaluating
multiple online state databases, relevant publications, and inquiries to public and private Rustler
Aquifer users. After the data were gathered, they were further evaluated to understand the data as
they relate to the distribution of water quality. The data was also evaluated to better understand
the relationship between the speciation of ions in Rustler Aquifer water and how it relates to
resistivity from geophysical logs run in oil and gas wells.

From the beginning of this project, the INTERA team knew that, due to the complexity of the
Rustler Formation geology and log availability, standard techniques used in the calculation of
water quality from resistivity logs would not suffice in the Rustler Aquifer. This study used state-
of-the art petrophysical analysis techniques to analyze geophysical logs for both porosity and
water quality. Geophysical logs of much higher quality than surrounding logs were identified
with respect to log type and signature quality. These well logs were designated as “key wells”
and were used in combination with sensitivity analysis to better understand the sensitivities of
geophysical logs in the Rustler Formation to the diverse range in petrophysical parameters found
in the southern Delaware Basin (see Figure 2.2.1 in Ewing and others 2012 for map of Delaware
Basin with respect to entire Permian Basin). The sensitivity modeling provided tremendous
insights into log sensitivities in the project area, and these sensitivities subsequently guided the
approaches taken to calculate petrophysical parameters for the Rustler wells.

In combination with the sensitivity analysis, the key wells were analyzed to determine porosity
from neutron, sonic and resistivity logs and water quality (total dissolved solids in milligrams per
liter), from resistivity logs. Prior to this work, traditional calculations of water quality were
performed using methods such as the Rya Minimum (Estepp, 2010) which is based on the Archie
(1942) water saturation equation. As a result of this study, an approach to calculating water
quality specifically within the Rustler Aquifer of the southern Delaware Basin has been
developed. For future work, this approach can be field checked using water quality samples and
additional petrophysical calculations on quality geophysical logs.

Calculations of water quality provided the additional data needed to better define the
groundwater salinity zones within the Rustler Aquifer. Given that the water chemistry of the
Rustler Aquifer is fairly vertically homogeneous, plan view contours of water quality breaks
were interpreted for the project area, and the Rustler Aquifer was discretized based on water
quality zones defined by Winslow and Kister (1956). Winslow and Kister define groundwater
with less than 1,000 milligrams per liter total dissolved solids as fresh, 1,000 to 3,000 milligrams
per liter as slightly saline, 3,000 to 10,000 milligrams per liter as moderately saline, and 10,000
to 35,000 milligrams per liter as very saline groundwater. These groundwater salinity zones were
used to define three dimensional distributions of brackish groundwater within the Rustler
Aquifer, and a tool was developed to make calculation of brackish groundwater volumes by
geographic location.

Based upon mapping of salinity zones, INTERA calculated the volume of groundwater in place
for the three transmissive members of the Rustler Aquifer: (1) the Magenta Dolomite, (2) the
Culebra Dolomite and (3) the limestones of the Los Medafos. In addition, the volume of
groundwater in place of the Rustler Aquifer was also estimated in areas where the Rustler
Aquifer is suspected to be collapsed and acting as one unit from top to bottom. The Rustler
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Aquifer contains approximately 18,538,000 acre-feet of groundwater. Of the approximate 18
million acre-feet of groundwater, 88,000 acre-feet is fresh groundwater, 10,172,000 acre-feet is
slightly saline groundwater, 7,905,000 acre-feet is moderately saline groundwater, and 373,000
acre-feet is very saline groundwater. It is important to note that a large percentage of this
groundwater would not be economical to produce.

The final part of the analysis defines potential production areas. In total, five potential production
zones were evaluated in this report. The Rustler Aquifer Groundwater Availability Model
(Ewing and others, 2012) was used to estimate productivity of each potential production zone
and to evaluate potential impacts to freshwater resources and water use categories protected in
House Bill 30. The TWDB will take the results from this study and consider whether to

designate brackish production zones based upon our potential production zones.
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Table 2-1. House Bill 30 Criteria for designation of Brackish Production Zones.
Criteria Type Criteria for Designation of a Brackish Groundwater Production Zone
Water Quality Has an average total dissolved solids level of more than 1,000 milligrams per liter.

Separated by hydrogeologic barriers sufficient to prevent significant impacts to water
availability or water quality in the area of the same or other aquifers, subdivisions of
aquifers, or geologic strata that have an average total dissolved solids level of 1,000
milligrams per liter or less at the time of designation of the zone.

Hydraulic Isolation

Is not serving as a significant source of water supply for municipal, domestic, or

Aquifer Use . . L
q agricultural purposes at the time of designation of the zone.

Is not in an area or geologic stratum that is designated or used for wastewater injection
Aquifer Use through the use of injection wells or disposal wells permitted under Texas Water Code,
Title 2, Subtitle D, Chapter 27.

Is not located in: an area of the Edwards Aquifer subject to the jurisdiction of the
Regulatory Edwards Aquifer Authority; the boundaries of the: (a) Barton Springs-Edwards Aquifer
Jurisdiction Conservation District; (b) Harris-Galveston Subsidence District; or (¢) Fort Bend
Subsidence District.
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Figure 2-1.

Project area base map.

Tessey Limestone outcrop shape file comes from USGS Texas Water Science Center and the Texas Natural
Resource Information Center, 2004.
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Figure 2-2.
stratigraphy in the Delaware Basin of West Texas and New Mexico.

Note: For the informal submember units, “A” stands for Anhydrite, “M” stands for Mud and “H” stands for Halite.

The Rustler Formation is subdivided into its member units and informal submember units. The Delaware
Mountain Group occurs below the Castile in the majority of the project area. Lateral equivalent units, mainly
the Capitan/Goat Seep Reefs and members of the Artesia Group, occur beneath the Castile Formation in the

southeastern portions of the project area.
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3 Project deliverables

This report contains information on: the project area; the hydrogeologic setting; groundwater
salinity zones; information on previous investigations; a summary of data collection and analysis
methods and results; aquifer hydraulic properties; sampled water quality data including dissolved
minerals and radionuclides; the methodology for calculating groundwater volumes; the
methodology for geophysical well log analysis; discussion on the modeling methodology and
results for potential brackish groundwater production areas including a pumping analysis and
results for 20- and 50-year periods; and recommendations for future improvements and study
conclusions. In addition, figures generated for this report, the accompanying ArcGIS files
(.mxds, shp and raster files) and both digital (Log ASCII Standard) and Tagged Image File
Format (.tif) geophysical logs that were used in the analysis of structure, stratigraphy and water
quality have been provided as part of the deliverables for this project. All of the associated
metadata for the geophysical log analysis has been uploaded into a copy of the BRACS database
using formats consistent with Meyer (2014). These, and files accompanying the groundwater
model runs have been provided on a two terabyte hard drive to the TWDB.
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4 Project area

The project area encompasses portions of Brewster, Culberson, Jeff Davis, Loving, Pecos,
Reeves and Ward counties and is coincident with the boundaries of the Rustler Aquifer as
defined by the TWDB (George and others, 2011). The Rustler Aquifer exists in the outcrop and
portions of the subcrop of the Rustler Formation in the Trans-Pecos area of West Texas. In
Texas, the Rustler Formation outcrop exists in a relatively narrow band oriented approximately
north-south and located slightly west of the Culberson-Reeves county line. The outcrop is
located in Rustler Hills, from which the formation obtained its name. The location of the project
area is shown in Figure 2-1, with the outcrop and downdip portions of the Rustler Aquifer in
Texas as defined by the TWDB and presented in George and others, 2011. In addition, outcrops
of the Tessey Limestone are also shown in Figure 2-1 because several investigators believe that
the Tessey Limestone may act as surface recharge area similar to the Rustler Formation outcrop
in Culberson County. The boundaries of the project area are restricted to the boundaries of the
Rustler Aquifer only in Texas. In the development of the Groundwater Availability Model
(Ewing and others, 2012), the spatial extent of the Rustler Aquifer was extended beyond the
official TWDB boundaries into New Mexico, but these areas of the aquifer are not part of this
project.

The project area intersects several groundwater regulatory jurisdictional boundaries, including
groundwater conservation districts and underground water conservation districts, groundwater
management areas and regional water planning groups. Groundwater conservation districts or
underground water conservation districts in the project area include small portions of the
Brewster County Groundwater Conservation District, the Jeff Davis County Underground Water
Conservation District, portions of the Middle Pecos Groundwater Conservation District, and the
Reeves County Groundwater Conservation District (Figure 4-1). The project area intersects
portions of three groundwater management areas; Groundwater Management Areas 3, 4, and 7
(Figure 4-2). The project area intersects portions of the Far West Texas (E) Regional Water
Planning Area and the Region F Regional Water Planning Area (Figure 4-3). The Rustler
Aquifer does not exist within the boundaries of any River Authority. The Rustler Aquifer is
contained wholly within the Rio Grande basin.

11
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Figure 4-1. Groundwater conservation and underground water conservation districts in the project
area.
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Note: GCD=Groundwater Conservation District; UWCD=Underground Water Conservation District

12



Identification of Potential Brackish Groundwater Production Areas — Rustler Aquifer
Texas Water Development Board Contract Report Number 1600011949

Lea

NEW MEXICO

D Rustler Aquifer Boundary
\:| County Boundary

: State Boundary

Figure 4-2. Groundwater management areas in the project area.

Note: GMA=Groundwater Management Area
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Figure 4-3. Regional water planning groups in the project area.
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S Hydrogeologic setting

5.1 Stratigraphy and structure of the Rustler Formation

The stratigraphy and structure of the top and base of the Rustler Formation was developed by
Ewing and others (2012) in support of a Rustler Aquifer groundwater availability model. While
these surfaces are an accurate regional model of the structure of the top and base of the Rustler,
additional detail on the member units and informal submember units of the Rustler Formation
was necessary for this study in order to understand the distribution of the main hydrostratigraphic
units. In support of this, INTERA used geophysical logs run in oil and gas wells to build a more
detailed geologic and lithologic model of the Rustler Formation, its member units and its
informal submember units. Picks were made for each of the Member Unit and informal
submember unit tops, shown in Figure 2-2.

Geological data comes chiefly from geophysical logs interpreted for this project or from prior
projects (e.g., Rustler groundwater availability model — Ewing and others, 2012 or Meyer, 2012).
Rustler outcrops exist in the western end of the aquifer footprint and locally along the Pecos
River. In addition, if the Tessey Limestone is a lateral, or time, or both lateral and time
equivalent unit to the Rustler Formation, there is also outcrop in the Glass Mountains to the
south of Fort Stockton (Figure 2-1). Geologists (Lupton and Powers) undertaking the geological
interpretation have also been responsible for numerous on-site geological evaluations of Rustler
Aquifer water wells drilled within the aquifer footprint. The data for these wells are proprietary,
but the experience gained helps guide the interpretation of the geology of the Rustler Formation.

An initial phase of this project involved creating a series of north-south and east-west cross-
sections across the Rustler Aquifer footprint. These sections used the Tagged Image File Format
(.tif) files for each of the geophysical logs, and interpretations of the structure and stratigraphy
were made using primarily the gamma ray and porosity signatures. Where there was a
spontaneous potential and resistivity log, stratigraphic inferences could be made by looking at
the resistivity spikes and troughs relative to the anhydritic and silty submember units of the
Rustler Formation.

Interpretations made by Dennis Powers prior to and including the Rustler groundwater
availability model structure (Ewing and others, 2012) lead to the discretization of the Rustler
Formation into structural subdomains. These subdomains reflect the structural complexity of the
Pecos-Loving and Monument Draw Troughs and the intervening structural high between the two
troughs (see Figure 3.0.1 of Ewing and others 2012 for reference). The subdomain approach to
characterizing the Rustler Formation has been adopted with modification in this study. In
addition, the distribution of the major water-bearing units (Magenta Dolomite, Culebra Dolomite
and limestones of the Los Medafios Unit) will lead to a further discretization of the project area
based upon stratigraphy, using the following criteria:

1. Zone 1 - Individual member units are not consistently distinguishable, and collapse due to
karstification is suspected;
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2. Zone 2 - All of the individual member units are consistently distinguishable, and the
hydraulic potential of the zone is the combination of the Magenta Dolomite, Culebra
Dolomite and limestones of the Los Medaios Unit;

3. Zone 3 - Member units above the Tamarisk are consistently eroded, and the hydraulic
potential of the zone is the combination of the Culebra Dolomite and limestones of the
Los Medafios Unit.

More about how the Rustler Aquifer will be discretized into hydrostructural subdomains
(generally referred to as subdomains in this report) will be addressed in later portions of this
section.

The geophysical log analysis program Petra® has the capability to display these cross-sections
relative to a single stratigraphic horizon (stratigraphic mode), for example the top of Rustler
Formation, or relative to mean sea level (structural mode). The stratigraphic and lithologic
assessments were made primarily in the stratigraphic mode, using top of Rustler as the main
reference horizon. Stratigraphic mode is the best for interpreting lateral differences in deposition,
especially with a regionally extensive and continuous marker bed such as the A5, A4 or A3
anhydrites when they occur at the top of Rustler Formation, representing the distinctive boundary
between the Dewey Lake and Rustler Formations. Structure mode displays the post-depositional
changes in the geologic units and allows for the interpretation of fault location(s) and geometry.
In stratigraphic mode, with the wells artificially placed one inch apart, it was immediately
apparent that the Member and submember units of the Rustler Formation were laterally extensive
and, where they were not laterally extensive, it was predictable and consistent.

5.1.1 Stratigraphy

Figure 5-1 shows two type logs in the northern and central portions of the Rustler Aquifer extent
with stratigraphy and lithology identified. To determine general lateral continuity, each of the
five member units of the Rustler Formation (Los Medafios, Culebra Dolomite, Tamarisk,
Magenta Dolomite, and Forty-niner, from base to top) were distinguished where possible. Two
stratigraphic cross-sections (P-P’ and P1-P1°) were prepared that illustrate the continuity and
general differences from north to south and west to east within each of the Member and
submember units of the Rustler Formation. The locations of these two cross-sections are shown
in Figure 5-2 and the actual cross-sections are given in Figures 5-3 and 5-4. These sections were
done with an enforced horizontal spacing of approximately one inch and were “hung” on the top
of the Rustler Formation. Informal submember units of the Rustler Formation (Figure 2-2 and
also Figure 2 in Powers, 2008) were identified, when possible, for greater detail and information
about lateral changes that might help distinguish hydrologic regions. For example, in subdomain
4 and zone 3 (Figure 5-10), units above the Tamarisk Member, mainly the Magenta Dolomite,
appeared to be consistently eroded away. Hence, the Rustler Aquifer in this area is comprised of
the Culebra Dolomite and limestones of the Los Medafios Formation.

The Rustler-Dewey Lake transition is one of the most widely recognized contacts in the Permian
Basin, both from geophysical logs and early work based on cuttings. Many geophysical logs are
annotated by individual geologists or geophysicists to show “1 anhydrite” or “Rustler.” In
general, there is no variance here from that history. Toward the southeastern margin of the
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project area, however, our work indicates that pre-Dewey Lake erosion has likely removed some
of the uppermost Rustler Formation units. Some logs display low natural gamma intervals above
the obvious top of Rustler contact, and these may represent partially dissolved remains of upper
Rustler Formation sulfate. The signatures are not clear, and we have tended to place these as part
of the basal Dewey Lake. Currently, no official standard exists in the southeastern margin of the
aquifer area for how to assign the contact specifically. In those cases, we worked from the Los
Medafios pick and tried to clearly identify the Member and sub member units until a logical
Dewey Lake-Rustler transition could be picked. This process, along with building sections from
west to east and north to south, gave rise to the thesis that the Magenta Dolomite had been
eroded away in the eastern to southeastern portion of the project area and needed to be treated
accordingly when interpolating the raster surfaces of the Member and submember units.

The Salado-Rustler transition is clear in the northern area and is not always clear to the south and
around the margins of the project area. We have taken a more inclusive approach: a deeper,
thicker interval displaying higher natural gamma is more likely to be included as Rustler
Formation in some areas, whether it truly belongs to the Rustler Formation depositional system
or might be an amalgamated upper Salado. Our experience indicates that the main potential
water-bearing interval in the Los Medafios is carbonate and lies well above “extra” Rustler
Formation that may be included here. This approach is slightly different than the one taken by
Ewing and others (2012) and will result in a consistently lower pick for the Rustler-Salado
contact and in turn a slightly thicker Rustler Formation.

Figure 5-1 displays differences between the northern end of the Rustler aquifer footprint and the
central-south area. Informal units of the Rustler are clearly identified, and principal lithologies
are shown for each informal unit, as well as the two formal members that are carbonates. This
two-log cross-section also identifies differences in the Los Medanos Member between the
carbonate water-bearing portions (central part of the aquifer footprint) and potentially equivalent
zones to the north that appear to be halite or halite-cemented sand. The Los Medafios is known to
include carbonates in the southern Delaware Basin (Eager, 1983) but not in the northern
Delaware Basin in and around the Waste Isolation Pilot Plant site. The acoustic velocity of this
interval in 30-025-08302 is the same as the halite in the upper Salado Formation in this well,
leading us to believe that it is halite-cemented. Because of this lateral facies change, the
northeastern end of the footprint has fewer zones in the Los Medafios interpreted as carbonate
and, potentially, water-bearing. However, given the ambiguity of the limestone signal in this area
on many of the logs, we assumed that the limestone of the Los Medafios was generally present in
this area, but its water resource potential is considered to be greatly reduced by halite
cementation as compared to areas of the aquifer to the south with less ambiguous log picks.

The geophysical log (42-389-00802) from south-central Reeves County is near areas where
cuttings from a water well clearly identified carbonate (mainly limestone) in the Los Medafios.
The log signature for this well served as a template for much of the interpreted carbonate zones
in the Los Medafios. This carbonate signature tends to have a natural gamma higher than
background, may overlie a thin low-gamma zone (sulfate?), and may increase natural gamma
upward to another thin low-gamma zone. At the north end of the aquifer footprint, the Los
Medafnios displays a characteristic high natural gamma further down in the member that
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decreases upward. Within the aquifer footprint, a thin (20-30 feet) interval of low gamma shows
acoustic velocity very consistent with either halite, or halite-cemented sandstone, for this
interval.

To the extent possible, we interpreted these limestone signatures from the Los Medafios
throughout the footprint of the Rustler Aquifer. These carbonates are not present in the northern
Delaware Basin, to the north of the aquifer footprint, but they represent expanded hydrologic
potential for the aquifer as a whole. Areas in the northern portion of the aquifer footprint should
be treated with caution with respect to the presence of limestones of the Los Medafios due to the
fact that it is suspected that this area represents the beginning of the transition from limestones in
the south into an equivalent halite cemented sand in the north.

The Culebra Dolomite and Los Medanos on a reference geophysical log (42-389-00802 on
Figure 5-1) from southern Reeves County have been interpreted based on experience from
proprietary work in a similar area. The Culebra here is much thicker than in the northern
Delaware Basin, and the signature from well 42-389-00802 has been used to interpret the
Culebra where it appears to be thicker. Possible explanations are that the upper carbonate in this
thicker unit is restricted to the Texas portion of the Delaware Basin, or that it is partially
equivalent to the overlying sulfate bed (informally A-2) in the northern Delaware Basin.

Our experience across the Permian Basin also indicates that the Culebra was deposited after a
widespread transgression (e.g., Holt and Powers, 1988; Powers and Holt, 1999), and the
underlying mudstone/claystone provides an important marker in natural gamma logs beyond
even the carbonate deposition (Powers, 2008). Likewise, the informal A-1 in the Los Medafios
Member and A-3 (the upper sulfate of the Tamarisk Member) are very widespread, useful
stratigraphic markers with good log signatures. Each of these beds represents a regional
freshening of the paleo-depositional environment that contrasts with the paleo-depositional
environment of underlying beds.

At the Waste Isolation Pilot Plant site, the Culebra is the most significant hydrologic unit in the
northern Delaware Basin. Here, it is assumed to be significant, but data are too scant to assert its
relative hydraulic properties as compared to the other Rustler members. From our field
experience, the carbonate(s) of the Los Medafios are significant groundwater sources in the
southern part of the basin and may exceed the Culebra in productivity. The Magenta can bear
water locally elsewhere; although it is present in the southern Delaware Basin, its hydrologic
potential there is practically unassessed to our knowledge. It is assumed to have some import, but
our assessment is based primarily on the stratigraphic distribution of the Magenta, as opposed to
knowledge of its hydraulic characteristics in the southern Delaware Basin.

For initial quality control on Rustler Formation stratigraphy and carbonate intervals, all of the
geophysical logs were rechecked, especially with respect to details of the upper Rustler
Formation around the boundary of the aquifer footprint. Erosion (or possibly some upper Rustler
Formation solution) prior to Dewey Lake deposition apparently altered the upper Rustler
Formation around much of the aquifer boundary. Petra® was used to create temporary short
cross-sections (generally <12 logs), with common overlap with one or more wells where logs
had previously been checked. In most cases, minor adjustments to the stratigraphic picks were
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needed to provide consistency. Assigned carbonate intervals in the Los Medanos from initial
work were again examined for every well in short, commonly overlapping, cross-sections. As the
transition area north of Pecos became more evident, some of these wells were revisited several
times to increase confidence and consistency in the assignment (or removal) of interpreted
carbonate zones. All picks, along with associated metadata, were tabulated in Appendix 19.5,
provided as a GIS shape file and imported into the BRACS database.

5.1.2 Structure

As a result of previous work in the southern Delaware Basin, the INTERA team knew that the
structural configuration of the Rustler Formation was going to introduce complexity into the
characterization. With the main goal of identifying the stratigraphic continuity, or lack thereof, of
the Member and submember units completed, the next task was to better understand how the
structural distribution of these units had been altered by post-depositional processes, mainly
dissolution related collapse. In general, the structure of the project area is dominated by the
Pecos-Loving and Monument Draw Troughs (subdomains 9 and 4 respectively) and the
structurally more stable areas flanking the troughs (subdomains 10, 8 and 7) (Figure 5-2).

Collapse and subsequent faulting in the area is attributed to dissolution of the Salado and Castile
evaporites. To help distinguish these effects from tectonic events, the elevation of the Castile-
Delaware Mountain Group contact has been picked on the majority of the wells (447 out of 589,
see Appendix 19.5). Given a relatively quiet post-depositional structural environment, the top of
the Delaware Mountain Group within the Rustler Formation footprint is relatively flat when
compared to the Rustler Formation. One exception to this is in subdomain 5, where it appears
that the faulting that upthrew the Glass Mountains also impacted the pre Ochoan rocks in the
area. In areas where the Rustler Formation top has been significantly down-faulted, collapse in
the Salado and/or Castile Formations is suspected to have occurred, and the overall thickness of
those units, as determined from subtracting top of Salado Formation from top of Delaware
Mountain Group, has thinned substantially when compared with areas where the Rustler
Formation has not been downthrown.

After making all of the Rustler Member and submember unit picks, the stratigraphic cross-
sections were then converted into structural cross-sections. It was immediately apparent that
faulting and dissolution collapse affected the project area on both a local and regional scale.
Large areas of the aquifer footprint display evidence of major elevation differences for various
Rustler Formation member units. Localized dissolution induced fault graben structure can have
throws in excess of 1,000 feet. To better relay these points, four structural cross-sections were
created. The locations of the four cross-sections are shown in Figure 5-5 and the actual cross-
sections are given in Figures 5-6 through 5-9. The geophysical logs are displayed at a common
vertical scale and relative to sea level (equivalent to subsea depth commonly used in petroleum
geology). In addition, the distance between each log baseline is scaled according to the distance
between wells represented in the cross-section. The natural gamma is not normalized to account
for hole diameter, open or cased hole, or other factors.

The Rustler Formation is the formation of interest, but the Dewey Lake Formation and some of
the upper Salado Formation are also represented in the cross-sections. Contacts for the formal
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member units, as well as some informal submember units (Figure 2-2; see also Powers, 2008),
are identified by name and/or number. The three most likely water-bearing intervals (Magenta
Dolomite, Culebra Dolomite, and limestones of the Los Medafios) are colored blue-green with
carbonate lithologic symbols.

Faults have been inferred along these cross-sections where the displacements are more
significant across relatively short distances. Regarding structure, two things are of note: (1) with
the exception of the area north of the Glass Mountains and south of Fort Stockton (Oates Field
area), the top of the Delaware Mountain Group does not generally indicate faulting with such
displacements; and (2) that the intervening soluble evaporites of the Salado and Castile have not
been so thoroughly interpreted as to determine where solution and collapse may be concentrated.
It was hypothesized that we would be able to use marker beds in the Salado, mainly the Vaca
Triste sandstone, to better understand collapse but, these marker beds were not able to be
consistently picked in the wells. An evaluation of each of the four structural cross-sections is
provide below.

Cross-Section 0-0°

Cross-Section 0-0’ (Figure 5-6) runs the length of the project area from north to south, and it is a
key cross-section into which east-west cross-sections are tied. The vertical scale on the cross-
section is approximately 130 times the horizontal scale. The central two-thirds of the cross-
section is bounded by interpreted faults and show the main properties of subdomain 9, the largest
within the project area boundaries. These fault locations are generally consistent with
hydrostructural domains proposed by Ewing and others (2012) and serve to represent the main
bounding faults between subdomains 9 and 8 to the north and subdomain 5 to the south. The
faulting between wells 10513 and 35149, and in turn subdomains 9 and 5, appears to be more
severe the farther west one goes along the fault separating those two regions. It is possible that
the geometry of this fault could result in a more consistent connection between the upthrown and
downthrown portions of the Rustler Formation on the eastern side than on the western side.

At the northern end of the cross-section, the effects of erosion (removing upper Rustler
Formation) and solution are apparent, and some of the logs are classified as “collapse.” As
explained elsewhere, this designates areas where, in general, we interpret dissolution to have
removed or damaged the stratigraphic relationships to the point that unit identifications are
limited. The southern end of the cross-section also is classified this way, although we remain
uncertain of the extent of facies changes and transition into the Tessey Limestone (Formation).
Subdomain 9 has good internal consistency, all three potential water-bearing intervals are
present, and it represents a significant target overall for exploitation of brackish water.

From the structural high at the north end, there is apparent dip to the south-southeast along the
cross-section. One of the logs (00594) at the structural high presents interpretive difficulties,
with an apparent greatly thickened Los Medafios. This log illustrates the decision to include
more of the high-gamma zones in the Rustler Formation, although they may be amalgamated
upper Salado Formation. Note that the adjacent log (31270) presented what appears to be a more
distinctive basal Rustler Formation, and the Rustler-Salado contact was interpreted accordingly.
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This cross-section also illustrates the relatively thin Magenta that characterizes much of the
project area. In general, our experience suggests that it is unlikely to very productive over the
project area, presumably due in large part to its thinness.

The Culebra, as interpreted here, is generally considerably thicker than is found in the northern
Delaware Basin. Experience from wells nearby in Subdomain 7 reveal that the carbonate
thickness is much greater, and this has directed interpretation of the geophysical logs. Some of
the logs show a signature within the lower interpreted Culebra that is very similar to that in the
northern Delaware Basin. We are unable to determine, on the basis of available information for
this study, whether the Culebra is simply thicker to the south or if beds above the Culebra to the
north have carbonate facies to the south. Here, we simply designate the entire carbonate interval
as Culebra.

Of note, we were not able to find good log coverage between wells 31421 and 32331. Several
nearby wells were hung between these two wells, but the wells were to the west and updip within
the Pecos-Loving Trough. Adding these wells between 31421 and 32331 resulted in an artificial
“upthrow” of the Rustler Formation, so they were removed and the area was appropriately
labeled in the section.

Cross-Section 1-1°

Cross-section 1-1° (Figure 5-7) generally parallels 0-0°, running from the north end of the project
area to the south-southeast near Fort Stockton. It traverses several subdomains, with Subdomains
9, 7 and 4 mostly represented. The scaling and representation of logs and features is the same as
for Cross-section 0-0 with the exception of the vertical scale which is approximately 90 times the
horizontal scale.

In contrast with 0-0°, Rustler Formation units are well represented across the section, with no
area interpreted as “collapse”. The major structural transitions representing the hydrostructural
boundaries can be clearly seen on this section. However, the specific orientation of the cross-
section serves to “smear” the faulting as the section transitions from subdomain 7 into
subdomain 9. This, combined with the significant localized faulting/solution collapse (called
breccia pipes by some researchers, Meyer, 2012 for example), accurately displays some of the
significant structural elevation changes that can happen in this specific area. It is clear that the
Pecos River and the occurrence of localized collapse in southwestern Loving and western Ward
Counties are coincident. In general, sharp structural changes are evident and more significant
along this cross-section, compared to 0-0’. More faulting (compared to 0-0”) has been
interpreted, and the northern end of the cross-section is more disrupted than is the southern end.

The southern end of Cross-section 1-1’ in Subdomain 4 exhibits evidence that upper Rustler
Formation units (A5 and M4) have been thinned or completely removed, likely by erosion before
the Dewey Lake was deposited. The transition from Subdomain 7 to Subdomain 4 represents the
transition from the stable platform in between the Pecos-Loving and Monument Draw Troughs
into the Monument Draw Trough subdomain. However, unlike the Pecos Trough, the Monument
Draw Trough has a clear plunge to the north that results in much subtler faulting south of Fort
Stockton when compared to north of Fort Stockton.
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Cross-Section A-A’

Cross-section A-A’ (Figure 5-8) is a west-east cross-section, in the northern part of the project
area, intersecting both 0-0’ and 1-1°. The west end (A) starts in the Rustler Hills outcrop area;
the eastern end (A’) extends just outside the project area near Monahans, Texas. The scaling and
representation of logs and features is the same as for Cross-section 0-0, with the exception of the
vertical scaling, which is set at roughly 70 times the horizontal scale.

Cross-section A-A’ displays all the complexities of importance in these cross-sections: numerous
displacements interpreted as faults; difficult-to-interpret logs classified as “collapse”; erosion of
the upper Rustler Formation; a complicated upper Salado-Rustler contact; and higher dip on the
west (and north) with much reduced dip to the east (south).

As elsewhere, there is general correspondence between the hydrostructural subdomains and the
continuity of log intervals as they cross these subdomains. Greater detail, with more logs, shows
that the subdomains are more complicated than presented in the Rustler groundwater availability
model (Ewing and others, 2012).

It is not clear that the displacements inferred in the cross-section will necessarily extend great
distances and prevent hydrologic continuity. Nevertheless, the two lower potential water-bearing
units (Culebra dolomite and limestones of the Los Medafios) are identifiable in most logs, with
the exception of the limestones of the Los Medaios, which is intermittently present in wells
32272 through 31489. The limestones of the Los Medafos are represented with question marks
in some of these wells because the geophysical signature of the limestone was difficult to
interpret. The Magenta is thicker here in the north than in much of the south, and it may have
more hydrologic potential than in the south.

Cross-Section B-B’

Cross-section B-B’ (Figure 5-9) is oriented west to east and approximately parallels Interstate 10
through the southern end of the project area. It crosses Subdomains 9, 7, and 4. Cross-section B-
B’ intersects both 0-0’ and 1-1°. The scaling and representation of logs and features is the same
as for Cross-section A-A’, including the vertical scaling which is set at roughly 100 times the
horizontal scale.

B-B’ presents a different structural pattern compared to the other three cross-sections. The
western end, in Subdomain 9, is synformal. All members and informal units are interpreted as
present and persistent. It is possible that the lower structural points offer greater hydrologic
potential. A fault is interpreted that is the boundary between Subdomains 9 and 7 and represents
complete displacement of the Rustler Formation.

Subdomain 7 is bounded by inferred faults, and the Rustler Formation is antiformal, with the
eastern limb lower than the western. The uppermost Rustler Formation appears to be missing
from the eastern limb of the antiform, but all potential water-bearing carbonates are present and
appear continuous.

Subdomain 4 is mildly synformal, with a higher eastern limb. The principal characteristic of this
part of the log cross-section is that the upper Rustler Formation has been removed, down to the
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upper Tamarisk (A-3) in some logs. This is similar to the southeastern end of 1-1°. The Culebra
and carbonate of Los Medafios are persistent although they are both somewhat thinner than some
of the central areas in the north to south cross-sections.

5.2 Relationship between stratigraphy, structure and hydrogeology

When comparing areas of significant faulting in the Rustler Formation with the structural
subdomains developed by Ewing and others (2012), it is immediately apparent that the structural
subdomains provide a means to account for the major faults within the project area. More
localized minor structural features were noted but not incorporated into the interpolation of
regional surfaces because they likely had minimal effect on the regional hydrochemistry or
volumetrics of the Rustler Aquifer.

The distribution of the member units had direct implications on the hydrogeologic
interpretations. In the majority of the project area, the A5 anhydrite of the Forty-niner Member is
situated at the top of the Rustler Formation. The transition between the high gamma siltstone of
the Dewey Lake Formation and the low gamma anhydrite of the Rustler Formation is what
makes the characteristic signature of the Rustler-Dewey Lake contact. In the southeast portion of
the aquifer extent, the top of the Rustler Formation transitions from A5 to A4. In these areas, the
Rustler-Dewey Lake contact is still characteristic but, the AS and M4 have been eroded. Even
farther to the southeast, the top of the Rustler Formation is represented by the Tamarisk Member
Unit (Subdomain 4 Zone 3 in Figure 5-10). Wells to the south and west that are marked as
collapsed represent areas where the various member units of the Rustler Formation are more
consistently unidentifiable and likely due to collapse. We hypothesize collapse for two main
reasons: (1) field investigations of the Rustler Formation outcrop in the Rustler Hills and various
other sites to the north clearly shows that the Rustler Formation is karstified, collapsed and has
significant recharge features, and (2) in the southern portion of the aquifer, recharge is suspected
from the Glass Mountains and would likely create a similar dissolution/recharge situation.

For purposes of classification in this report, we modified the structural (see Figure 4.2.10 of
Ewing and others, 2012) and hydrostructural (see Figure 4.6.6 of Ewing and others, 2012)
subdomains. We adopted the hydrostructural subdomain terminology. Hydrdostructural
subdomains in this report (informally referred to as subdomains in this report) were developed
using a combination of the structural subdomains proposed by Ewing and others (2012), along
with stratigraphic boundaries that demarcate the transition zones between areas that have all
three major water-bearing units (Zone 2), areas that only have the lower two major water-bearing
units (Zone 3) and areas of suspected collapse (Zone 1) (Figure 5-10). Areas identified as
collapse are in Zone 1 and occur in outcrop to the northwest, immediately down dip from
outcrop in the southwest and in the south (Figure 5-10). In all three hydrostructural subdomains,
collapse is likely related to recharge and dissolution of the underlying evaporites. For zones of
collapse, the Rustler Aquifer is characterized by the entire Rustler Formation. Areas with an
entire section of Rustler member units are designated as Zone 2. Zone 2 occupies the majority of
the Rustler Aquifer extent and represent an area where we identified all three water-bearing
units: Magenta Dolomite, Culebra Dolomite and limestones within the Los Medafios Unit. In
Zone 2, the Rustler Aquifer is comprised of the three previously mentioned hydrostratigraphic
units. Zone 3 represents an area where the top of Rustler is represented by the top of the
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Tamarisk Member Unit (A3). In this area, it is suspected that the Magenta Dolomite has been
extensively eroded, and any remaining portions of the unit are disconnected and do not represent
a consistent, laterally connected resource. In Zone 3, the Rustler Aquifer is comprised of Culebra
Dolomite and limestones of the Los Medafios Unit.

It must be re-emphasized that parsing the submember units into the stratigraphic zones is our
attempt to simplify the extremely complex structural, stratigraphic and hydrogeologic
environments represented by the Rustler Aquifer. While an area might be characterized as having
all of the hydrostratigraphic units, there could be smaller portions of them where we were not
able to find the units in all of the wells. Future local studies could result in a refinement of the
characterization of a particular area.

5.3 Interpolation of structural surfaces

The interpolation of the structural picks was completed using ArcGIS v.10.2. This entire process,
along with instructions on how to recreate the surfaces using ArcGIS v.10.2, is summarized in
Appendix 19.1. The results of this process provided insights into the structure and thickness of
the main transmissive units comprising the Rustler Aquifer. Main emphasis on the interpolation
was to maintain consistency with the previous top of Rustler Formation/Aquifer surface create
by Ewing and others (2012), maintain consistency with the thicknesses of the water-bearing units
and maintain consistency with the structural picks made in Petra®.

To maintain consistency with the previous top of Rustler Formation/Aquifer surface from Ewing
and others (2012), we sampled picks made as part of this study for the top of the Rustler
Formation to the surface from Ewing and others (2012) and interpolated a residual surface from
the difference between the previous surface and the new pick. This interpolated residual surface
was then added to the surface created by Ewing and others (2012). Residuals tended to be the
largest in areas where Ewing and others (2012) did not have a pick and a new pick was acquired
as part of this study. In addition, a few wells very close to the fault boundaries appeared to be on
the wrong side of the interpreted fault. While it would have been ideal to change the fault
location, we instead decided to take that well out of the interpolation (documented in Appendix
19.1).

Figure 5-11 is a map of the interpolated elevation of the top of the Rustler Formation. As can be
clearly seen from the map, faulting has had a significant influence on the top of the Rustler
Formation. The transition between the Pecos-Loving Trough and the structurally elevated portion
between the Pecos-Loving and Monument Draw Troughs represents a sharp fault with blocks
downthrown to the west. From the outcrop into the Pecos-Loving Trough, the top of Rustler
Formation dips much more gradually. While this surface is represented as one continuous
surface, it is in reality a series of downthrown blocks to the east. Given the amount of effort
involved in characterizing these fault blocks, it was considered acceptable to account for the dip
of the Rustler Formation top in this area using a slope as opposed to individual fault blocks. The
transition between hydrostructural subdomains 7 and 4 represents the transition into the
Monument Draw Trough. As with the Pecos Trough, the top of Rustler could be more accurately
represented with a series of downthrown blocks but, the level of effort made it prohibitive.
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Figure 5-12 is a map of the depth to the top of the Rustler Formation. The Rustler Formation
transitions from ground surface in outcrop in the northwest to depths around 2,000 to 2,500 feet
in the Pecos-Loving and Monument Draw Troughs. Additionally, significant topographic relief
exists in the south to southwestern portion of the project area. In this area, the Rustler Formation
is anticipated to be 3,000 to 3,500 feet below ground surface. Large portions of the structurally
elevated area between the Pecos-Loving and Monument Draw Trough display depths around 250
feet below ground surface.

Figure 5-13 is a map of the thickness of the Rustler Formation and was created by subtracting the
interpolated structural elevations of the top of the Rustler Formation from the top of the Salado
Formation. On average, the Rustler Formation is 450 feet thick and perturbations from this are
likely associated with the structural pick for the top of the Salado Formation. In some areas, this
pick was difficult due to the absence of a clear transition between the mudstones of the Los
Medaiios Unit and the halites of the Salado Formation. While this can serve to thicken the unit, it
is not thought to significantly affect the volumetric calculations due to the discretization of the
three major transmissive carbonates (zone 2) in the majority of the project area. In and
immediately downdip from outcrop, the Rustler Formation is likely thicker than it was in Ewing
and others (2012). In the southern portions of the project area, specifically in the collapse portion
of subdomain 5 (Figure 5-10), a 100-foot thickness was imposed due to lack of data in the area.

Figure 5-14 is a map of the thickness of the Magenta Dolomite and was created by subtracting
the interpolated structural elevations of the top of the Magenta Dolomite from the top of the
Tamarisk Member Unit. This unit was consistently the thinnest of the three main transmissive
units. In general, the Magenta Dolomite has an average thickness of 16 feet, with a maximum of
71 feet and a minimum of five feet. Given its relative thinness, the Magenta Dolomite is not
considered a large potential resource.

Figure 5-15 is a map of the thickness of the Culebra Dolomite and was created by subtracting
interpolated elevations for the top of the Culebra Dolomite from the interpolated elevations for
the top of the Los Medafios Member Unit. The Culebra Dolomite has an average thickness of 65
feet, with a minimum of 17 and a maximum of 140 feet. Thicknesses generated by the
subtraction of the two previously mentioned surfaces were constrained with the actual range in
thickness values from the structural picks. The Culebra Dolomite represents the most identifiable
carbonate of the three main transmissive water-bearing units. The base of the Culebra Dolomite,
represented by the high gamma spike of the Los Medafios Member, served to punctuate the base
of the unit throughout the Rustler Aquifer extent. Thicknesses of the Culebra over 100 feet
generally only happen in a few areas and are thought to be localized phenomena.

Figure 5-16 is a thickness map of the limestones of the Los Medafios Unit. In general, one to two
and sometimes three limestones comprised the bulk of the limestones within the Los Medafios
Unit. For simplicity and the fact that any one limestone could not be consistently correlated, we
decided to treat the limestones of the Los Medafios Unit as one hydrostratigraphic unit. The
structural pick for the top of the highest limestone and the base of the lowest limestone were
interpolated and subsequently subtracted from one another to acquire the thickness of the total
unit. While this might create small amount of additional non-limestone thickness in the unit, it is
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inconsequential. On average, the limestones of the Los Medafios are 59 feet thick and range
between 15 and 162 feet.

Hydrogeologically, in areas designated as collapse (Zone 1 in Figure 5-10) the Rustler Aquifer is
comprised entirely by the Rustler Formation. In areas where there is a preserved thickness of the
Magenta Dolomite, Culebra Dolomite and limestones of the Los Medainos Unit, the Rustler
Aquifer is represented by the total thickness of the three units. In areas where the Magenta
Dolomite is suspected to be eroded (Zone 3 in Figure 5-10), the Rustler Aquifer is represented by
the combined thickness of the Culebra Dolomite and the limestones of the Los Medafios Unit
(Zone 2 in Figure 5-10).
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Figure 5-11. Interpolated elevation (in feet above mean sea level) of the top of the Rustler Formation.
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Figure 5-14. Interpolated thickness (in feet) of the Magenta Dolomite.
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6 Groundwater salinity zones
Groundwater salinity zones were determined through a combination of:

e Structural and stratigraphic evaluation of the Rustler Formation in an attempt to delineate
the specific hydrostratigraphic units that comprise the Rustler Aquifer (Section 5 and
Appendix 19-1 and 19-5);

e Evaluation of sampled water quality from wells determined to be completed in the
Rustler Aquifer (Section 10 and Appendices 19.3 — 19.4);

e Evaluation of high quality geophysical logs (referred to as key wells) using advanced
petrophysical techniques (Section 13);

e Additional calculations using a technique developed from the analysis of the key wells in
an attempt to infill areas in between the sampled water quality and key wells (Section
13).

Figure 6-1 is a map of the project area with total dissolved solids values from sampled water
wells and springs posted with a white background, key well calculated total dissolved solids
posted with a red background, and additional calculations of total dissolved solids posted with a
green background. The posted total dissolved solids values represent an average value from the
transmissive water-bearing units found at that location. An average was taken so that total
dissolved solids sampled from water wells could be compared to calculated total dissolved solids
values for the transmissive units using geophysical methods. Because the degree of resolution
between a water-well sample and a geophysical log calculation are different, we had to integrate
all data to the lowest degree of resolution, which is the Rustler Aquifer.

Initial calculations of total dissolved solids on key wells were made irrespective of the
geographic location. Upon placing the well location on the map and posting the total dissolved
solids value along with those from sampled water wells and springs, it was immediately apparent
that this unbiased approach to calculating the total dissolved solids in the key wells produced a
high level of consistency with the sampled values. Exceptions did occur, especially in the
southwestern portion of the project area where the value of 20,372 milligrams per liter total
dissolved solids occurs (Figure 6-1). However, the consistency between the two separate
techniques is irrefutable, and their combination provides a much clearer understanding of the
water quality distribution in the Rustler Aquifer. Further, in an attempt to infill some of the areas
in between the sampled and calculated water quality, additional calculations of total dissolved
solids were made using a less petrophysically rigorous technique that was adapted based upon
what was learned from analyzing key geophysical wells.

After posting all of the sampled and calculated water quality values on a map of the Rustler
Aquifer, it was immediately apparent that trends in water quality existed and could be defined. In
support of this, contours of 1,000, 3,000 and 10,000 milligrams per liter total dissolved solids
were defined. The contours were made to be consistent with Winslow and Kister (1956). Of note,
the sampled water quality in the southwestern portion of the aquifer was the only occurrence of
total dissolved solids less than or equal to 1,000 milligrams per liter. These contours are based on
the data available to INTERA during the generation of this report. These contours, along with the
tools used and provided to the Brackish Resource Aquifer Characterization System Program to
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evaluate the volumetrics of the salinity zones, are meant to be living tools that can be used to
increase our knowledge of Rustler Aquifer water quality as more data become available.

Interpolated surfaces based on picks for the main hydrostratigraphic units that comprise the
Rustler Aquifer were clipped to the water quality zones in an attempt to better understand the
occurrence and distribution of the various water quality zones. (This section will refer to Rustler
Aquifer subdomains, and the reader is referred to Figure 5-10 for their locations).

6.1 Slightly saline zones

The slightly saline zone consists of: the entire Rustler Formation in outcrop and hydrostructural
subdomains 10, 8 and 5; the Magenta and Culebra Dolomites and limestones of the Los Medaios
Unit in subdomains 9 and 7 and the northern portion of subdomain 4; and the Culebra Dolomite
and limestones of the Los Medafios Unit in the southern portion of subdomain 4 (Figure 6-2;
subdomains in Figure 5-10). The depth to the top of the slightly saline zone ranges from zero in
outcrop where the zone reaches ground surface to 3,550 feet in the southern extent of subdomain
9 and the southwestern extent of subdomain 5 (Figure 6-2). Average depth to the top of the
slightly saline zone is 1,115 feet below ground surface. Depth to the base of the slightly saline
zone ranges between 95 feet in outcrop and 3,805 feet below ground surface in the southern
extent of the Rustler Aquifer (Figure 6-3). Average depth to the base of the slightly saline zone is
1,465 feet below ground surface. The thickness of the slightly saline zone averages 247 feet and
ranges between 80 feet in portions of subdomains 9, 7 and 4 to greater than 300 feet in portions
of outcrop and subdomains 8 and 5 (Figure 6-4).

6.2 Moderately saline zones

The moderately saline zone consists of: the entire Rustler Formation in outcrop; the Magenta and
Culebra Dolomites and limestones of the Los Medaios Unit in subdomains 9 and 7 and the
northern portion of subdomain 4; and the Culebra Dolomite and limestones of the Los Medafios
Unit in the southern portion of subdomain 4 (Figure 6-5; subdomains in Figure 5-10). The depth
to the top of the moderately saline zone ranges from zero in outcrop where the zone reaches
ground surface and 2,198 feet below ground surface in the Pecos-Loving Trough (Figure 6-5).
Average depth to the top of the moderately saline zone is 1,180 feet below ground surface. Depth
to the base of the moderately saline zone ranges from 296 feet below ground surface in outcrop
to 2,537 feet below ground surface in the Pecos-Loving Trough (Figure 6-6). Average depth to
the base of the moderately saline zone is 1,498 feet below ground surface. Thickness of the
moderately saline zone averages 150 feet and ranges from 71 feet in areas of subdomains 9, 7
and 4 to 736 feet in the extreme eastern portions of the outcrop (Figure 6-7; subdomains in
Figure 5-10).

6.3 Very saline zones

The very saline zone consists of the Magenta and Culebra Dolomites and limestones of the Los
Medafios Unit in subdomains 9, and 7 (Figure 6-8; subdomains in Figure 5-10). Depth to the top
of the very saline zone ranges from 213 feet to 1,269 feet below ground surface (Figure 6-8).
Average depth to the top of the very saline zone is 815 feet below ground surface. Depth to the
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base of the very saline zone ranges between 713 and 1,518 feet below ground surface

(Figure 6-9). Average depth to the base of the very saline zone is 1,114 feet below ground
surface. Thickness of the very saline zone averages 93 feet and ranges between 64 and 122 feet.
This zone is considered to have the least potential of the three salinity zones discussed.

6.4 Brine

The Rustler Aquifer extent was delineated by the Texas Water Development Board based on
their understanding of the occurrence of a 5,000 milligram per liter total dissolved solids cutoft.
While water quality within the Rustler Aquifer does exceed 5,000 milligrams per liter, it does not
exceed 35,000 milligrams per liter, the cutoff for very saline groundwater.
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Figure 6-1. Map showing the distribution of sampled and calculated water quality values.

Note: TDS=total dissolved solids; mg/L=milligrams per liter; ppm=parts per million.
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Figure 6-2. Depth to the top of the slightly saline zone.
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Figure 6-3. Depth to the bottom of the slightly saline zone.
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Figure 6-4. Thickness of the slightly saline zone.
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Figure 6-5. Depth to the top of the moderately saline zone.

52



Identification of Potential Brackish Groundwater Production Areas — Rustler Aquifer
Texas Water Development Board Contract Report Number 1600011949

NEW MEXICO

EXAS

Culberson

Jeff Davis

Depth to Bottom of
Moderately Saline Zone (feet)

Winkler

53

o [ ]1.401-1600 Pecos

B 200 [ 1.601-1,800

B 201 - 400 [ 1,801 - 2,000 o e

[ 401 - 600 B 2.001-2,200 aﬁ%{i ¥4

[ 601 - 800 I 2201 -2:400 [ Hydrostructural Subdomain| v K

IZ] 801 - 1,000 - 2,401 -2,600 [ Tessey Limestone Outcrop

I:l 1,001 - 1,200 - 2,601 - 2,800 |:| County Boundary 0 8 16 24 32

[ ]1.201-1400 [N > 2800 ] state Boundary Miles
Figure 6-6. Depth to the bottom of the moderately saline zone.
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Figure 6-7. Thickness of the moderately saline zone.
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Figure 6-8. Depth to the top of the very saline zone.
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Figure 6-10. Thickness of the very saline zone.
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7 Previous investigations

INTERA documented a complete review of previous work in the Rustler Aquifer as part of the

development of the Rustler Aquifer Groundwater Availability Model (Ewing and others, 2012).
Much of the following is taken from Ewing and others (2012) and augmented with more recent
studies where applicable.

The lithology of the Rustler Formation has been described by Richardson (1904), who named the
formation from outcrops near Rustler Springs in the Rustler Hills of Culberson County. While
some other early workers (Porch, 1917; Lang, 1935, 1937; Adams, 1944) described some aspects
of the formation, it was Vine (1963) who clearly defined five members in the formation based on
work in the northern Delaware Basin in support of Project Gnome. The structure of the top of
the Rustler Formation in southeast New Mexico and West Texas was first comprehensively
developed and described by Hiss (1976), following earlier work by Maley and Huffington
(1953). Hill (1996) includes a discussion of the Rustler Formation in her work on the geology of
the Delaware Basin, and Guadalupe, Apache, and Glass Mountains in New Mexico and West
Texas. Hill (1996) describes the stratigraphy, hydrology (predominately from Waste Isolation
Pilot Plant investigations), groundwater chemistry, and sulfur and potash resources of the Rustler
Formation.

Investigations into the geologic and hydrogeologic nature of the Rustler Formation in
southeastern New Mexico have provided a wealth of investigations on the stratigraphy (Powers
and Holt, 2010), depositional environments, diagenesis and post-depositional alteration of the
Rustler Formation and the underlying Salado Formation and the impact on hydraulic properties
(e.g., Holt and Powers, 1988; Powers and others, 2003, 2006; Holt and others, 2005). Powers
and Holt (2010) developed a detailed stratigraphic column of the Rustler Formation, dividing it
into its formal Member units and several informal submember units (see Figure 2-2). While
most of this work has been performed in New Mexico, the development of the Rustler Aquifer
groundwater availability model confirmed that most Members and submembers of the Rustler
Formation are regionally extensive and continuous to the north, east, and southeast beyond the
Texas extent of the aquifer. Ewing and others (2012) developed a further understanding of the
structure of the Rustler Aquifer and developed a system of hydrostructural domains that divide
the aquifer into areas expected to be different hydrologically or structurally.

Several reports written by various past and present Texas state agencies responsible for water
resources include a discussion of the Rustler Aquifer. The Rustler Aquifer is not the focus of
any of these reports because it provides small amounts of groundwater compared to the primary
aquifers discussed. A very brief description of the Rustler Aquifer is provided by Ashworth
(1990) in his evaluation of groundwater resources in parts of Loving, Pecos, Reeves, Ward, and
Winkler counties, Texas and in Reese (1987) in his record of wells, water levels, pumping, and
chemical analyses from selected wells in parts of the Trans-Pecos region of Texas. A discussion
of the quality of groundwater in the Rustler Aquifer is provided in Texas Water Commission
(1989). A discussion of the Rustler Formation, including development of water supplies, water
quality, and natural discharge to overlying formations, is provided by Armstrong and McMillion
(1961) in their report on the geology and groundwater resources of Pecos County, Texas. They
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also provide a record of Rustler Formation wells in Pecos County, chemical analyses of several
samples of groundwater in the Rustler Formation, and describe a fault system near the city of
Belding. The Rustler Formation in Reeves County is described in Knowles and Lang (1947) and
Ogilbee and others (1962). In addition to a discussion of the formation, records of wells
completed into the Rustler Formation and analyses of groundwater samples collected from the
formation are provided in these two reports. White (1971) provides a discussion of the Rustler
Formation, including structural top, lithology, hydrology, hydraulic properties, water use, water
quality, and records of wells, for Ward County, Texas. The Rustler Formation in Winkler
County, Texas is briefly discussed in Garza and Wesselman (1959). They also include records
for wells completed into the Rustler Formation and results of chemical analyses on groundwater
from the Rustler Formation. Boghici and Van Broekhoven (2001) provide information on the
regional geologic setting, structure, properties, potentiometric surface, recharge, discharge, water
availability, and groundwater geochemistry of the Rustler Aquifer. Ewing and others (2012)
provides a comprehensive study of the hydrogeology of the Rustler Aquifer.

United States Geological Survey reports by Hood and Kister (1962), Richey and others (1985),
and Small and Ozuna (1993) also provide discussions of the Rustler Formation. In their report
on saline water resources in New Mexico, Hood and Kister (1962) include a brief discussion of
the Rustler Formation and include a listing of several saline water wells completed into the
Rustler Formation. Richey and others (1985), in their report on the geohydrology of the
Delaware Basin and vicinity in Texas and New Mexico, include a discussion of the structure,
thickness, groundwater occurrence, groundwater use, recharge, discharge, aquifer test data, and
water quality of the Rustler Formation. They also include water-level measurements in Rustler
Formation wells and results of analyses of water sampled from selected wells completed into the
Rustler Formation. A brief description of the Rustler Aquifer is provided by Small and Ozuna
(1993) in their report on groundwater conditions in Pecos County, Texas, 1987. Brown (1998)
provides an evaluation of the quality of groundwater in the Rustler Aquifer. He discusses the
total dissolved solids concentration, major anion and cation concentrations, nutrient
concentrations, and radioactivity of groundwater in the Rustler Aquifer based on the analysis of
samples from 18 wells collected from 1990 to 1995. Brown (1998) also compares his results
with those from earlier studies for concentrations of chloride, fluoride, sulfate, and total
dissolved solids and for hardness. Most recently The United States Geological Survey has
recently been studying the aquifers of the Pecos County Region (Baumgarner and others, 2012;
Pearson and others, 2013; and Clark and others, 2014). Baumgarner and others (2012)
developed a conceptual model of the hydrogeologic framework, geochemistry, and groundwater-
flow system of the Edwards-Trinity and related aquifers in the Pecos County region. Pearson
and others (2013) developed a geodatabase of groundwater and surface-water data, water-quality
data, geophysical, and geologic data for the Pecos County Region.

A study of the hydrogeology and geochemistry of the aquifers in the Leon-Belding Area was
completed by Thornhill Group (2008) and Harden and others (2011) to support new production
permits for wells in the area under regulation by the Middle Pecos County Groundwater
Conservation District. The study looked extensively at water quality but was largely focused on
aquifers above the Rustler Aquifer.
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Diamond Y Springs is the largest spring system remaining in Pecos County and provides aquatic
habitat for endangered species. Diamond Y Springs is one of the largest and few remaining
cienegas (desert wetlands) in West Texas. Veni (1991) performed an unpublished study for the
Nature Conservancy of Texas on the delineation and hydrogeology of the Diamond Y Springs
system located in Pecos County, Texas northwest of the city of Fort Stockton. Research of
Boghici (1997) concluded that the groundwater from the Rustler Aquifer probably accounts for
most of the discharge at Diamond Y Springs. Boghici (1997) performed an investigation into the
source of water at the Diamond Y Springs system. His study combined water quality and
isotopic data.

The research of Boghici (1997) referenced above is part of a large body of research that focused
on the hydrogeology of the Trans-Pecos area of Texas performed by geology students studying
under Dr. John Sharp at the University of Texas in Austin over the past 25 years (Nielson and
Sharp, 1985; LaFave, 1987; Schuster, 1996; Boghici, 1997; Uliana, 2000). Like most studies in
the area, the Rustler Aquifer was not the focus of any of these investigations, with the exception
of Boghici (1997). The strength of all these studies is that they have done a good job of
integrating geochemistry, geology, and hydrogeology to understand groundwater flow patterns in
the region. Through this research, the hydrogeology, hydrochemical facies and origins of spring
flow, and conceptualization of regional flow systems in the Trans Pecos area of Texas has been
further developed. Synthesis of these studies are presented in Sharp (2001), Uliana and Sharp
(2001), and Sharp and others (2003). Their conclusions regarding the Rustler Aquifer are
specific to the origin of the Diamond Y Springs, which they conclude is sourced, at least in part,
from groundwater in the Rustler Formation discharging through a deep-seated fault system.
These studies also provide further conclusions that potential far-field regional flow systems
occur within the Cretaceous, and potentially the Permian, carbonates from the Diablo Plateau-
Apache Mountains and Wild Horse Flat area and extend into Reeves and possibly Pecos
counties. Uliana (2000) and Uliana and Sharp (2001) document hydrochemical facies used in
conjunction with geologic fault orientation information and hydraulic heads to conclude that a
regional flow system may occur which parallels the Jeff Davis-Reeves county boundary through
an extensive fault system comprised of the Stocks and Rounsaville Faults. Their work would
suggest that flow could occur from the Apache Mountains through to the Toyah Basin in Reeves
County and potentially as far as Pecos County. The water quality data developed in this project
support that thesis. Sharp and others (2003) also propose a regional flow system in the
Cretaceous limestones extending from the Glass Mountains to the south, north to Comanche
Springs through what they refer to as the Belding-Coyanosa trough, which is similar to the
southern end of Hiss’ (1976) Belding-San Simon trough.

There have been several numerical models developed to simulate groundwater flow in the
Culebra Dolomite member in the near vicinity of the Waste Isolation Pilot Plant site
(D’Appolonia Consulting Engineers, 1981; Barr and others, 1983; Haug and others, 1987;
LaVenue and others, 1990; Davies, 1989; United States Department of Energy, 1996, 2004,
2009). Several models were developed for the Waste Isolation Pilot Plant site that modeled the
entire Rustler Formation (Corbet and Wallace, 1993; Corbet and Knupp, 1996; United States
Department of Energy, 2009 and Corbet, 2000).
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In Texas, Harden and others (2011) developed a groundwater model focused on the Edwards-
Trinity (Plateau) Aquifer but which included the Rustler Aquifer as part of a Permian system
model layer. Ewing and others (2012) developed the groundwater availability model for the
Rustler Aquifer, which this study uses as a primary basis. The United States Geological Survey
has recently developed a groundwater model of the Edwards-Trinity Aquifer but which also
includes the Rustler Aquifer (Clark and others, 2014).

With the boom in fracking that occurred in the Delaware Basin from 2011 through late 2014,
there has been significant interest in developing groundwater resources from the Rustler Aquifer,
as well as other aquifers in the region. While this research and associated data would be
beneficial for this study and future studies, this work is generally proprietary.

62



Identification of Potential Brackish Groundwater Production Areas — Rustler Aquifer
Texas Water Development Board Contract Report Number 1600011949

8 Data collection and analysis

Useful data for evaluating the geology of the Rustler Formation exists from: (1) previous
investigations of the Rustler Formation hydrogeology documented in Section 7 of this report (for
example Ewing and others, 2012; Holt and Powers, 1988, 2010; Powers, 2008); (2) the Brackish
Resources Aquifer Characterization System Database and accompanying reports (e.g., Meyer
and others, 2012) found online at the Texas Water Development Board (TWDB) website; and (3)
the TWDB Groundwater Database and Submitted Driller’s Reports database, also downloaded
from the TWDB website. These sources were all reviewed in support of evaluating the brackish
groundwater in the TWDB designated extent of the Rustler Aquifer. Results from the analysis of
this data are provided in Appendices (19.3 and 19.4) and as shape files and relevant data is
provided as part of the Brackish Resources Aquifer Characterization System database.

To develop a better understanding of the hydrostratigraphy of the Rustler Formation, geophysical
logs were sought to provide additional information. The pre-requisites for such data are: (1)
availability to the public, (2) the specific log suite, and (3) located to supplement existing
geological information. INTERA began the investigation using logs and data from the Brackish
Resources Aquifer Characterization System database, which included logs submitted as part of
the Rustler Groundwater Availability Model (Ewing and others, 2012), and the IHS database. If
the log was in the IHS database, the Subsurface Library and DrillingInfo were contacted to
provide a public copy of the geophysical log. All of the geophysical logs, along with their
metadata, are provided as a deliverable for this project. In addition, the metadata has been
chronicled in a format consistent with entry into the Brackish Resources Aquifer
Characterization System database.

After acquiring the geophysical logs, a subset of them were digitized for one of three reasons:

e Analyzed as part of the key geophysical well dataset;

e Analyzed as part of the additional water quality calculation dataset;

e Digitized specifically for the final cross-sections.
Raw Log ASCII Standard (.LAS) files for the original digitized curves on the geophysical logs
along with derivative logs have been provided in a format consistent with the Brackish
Resources Aquifer Characterization System database requirements.

The details regarding data sources and means of collection and analysis are described in the
relevant sections of this report for all geologic, hydrogeologic and water quality data reviewed.
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9 Aquifer hydraulic properties

Aquifer hydraulic properties refer to the physical characteristics that govern flow of groundwater
through the aquifer. There are many factors that impact aquifer hydraulic properties, such as
aquifer structure, aquifer lithology, depositional environment, and the presence of fractures and
faults. However, the primary hydraulic properties are horizontal and vertical hydraulic
conductivity, transmissivity, and specific storage. These are defined below:

Hydraulic Conductivity — The measure of the ease with which groundwater can flow through an
aquifer. Higher hydraulic conductivity indicates that the aquifer will allow more water
movement under the same hydraulic gradient. Hydraulic conductivity has dimensions of length
per unit time and typically is expressed in units of feet per day or gallons per day per square foot.

Transmissivity — This term is closely related to hydraulic conductivity and refers to the product
of the hydraulic conductivity multiplied by the effective aquifer thickness. Transmissivity
describes the ability of groundwater to flow through the entire thickness of an aquifer. As the
thickness of the aquifer increases, the transmissivity increases for a given hydraulic conductivity.
Transmissivity has dimensions of length squared per unit time and is typically expressed in units
of square feet per day or gallons per day per foot.

Specific Storage — This term describes the volume of water a unit thickness of a confined aquifer
will release when the water level in the aquifer is lowered. Specific storage has dimensions of
inverse length.

Storativity — This term is closely related to specific storage and refers to the product of the
specific storage times the effective aquifer thickness. Also referred to as the coefficient of
storage, this term describes the volume of water a confined aquifer will release when the water
level in an aquifer is lowered. Storativity is a dimensionless parameter.

Fault Hydraulic Conductance — This term is a measure of the ability for groundwater to flow
across a fault and has dimensions of length squared per unit time. This term is the product of the
fault zone hydraulic conductivity times a grid cell area divided by a length over which the fault
zone exists.

MODFLOW calculates the area of a fault zone as the grid cell horizontal dimension normal to
the fault times the aquifer (grid cell) thickness. Therefore, the variable input to MODFLOW is
termed the fault hydraulic characteristic and is calculated by dividing the fault zone hydraulic
conductivity by the length over which the fault zone exists. Fault hydraulic characteristic has
dimensions of one over time (inverse time).

Horizontal hydraulic conductivity is generally determined from the interpretation of aquifer
pump tests or specific capacity tests that provide an estimate of transmissivity. Horizontal
hydraulic conductivity is typically derived from dividing transmissivity by some effective
aquifer thickness thought to be contributing flow during the aquifer test. Storativity of aquifers
is also determined from interpretation of pump tests or specific capacity tests that provide an
estimate of transmissivity. Vertical hydraulic conductivity and fault hydraulic conductance are
not easily measurable at the scale of a typical regional model grid and are typically considered
scaled parameters fit during model calibration.
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Ewing and others (2012) performed a review of the available hydraulic properties for the Rustler
Aquifer and found that, in many areas of the model domain, hydraulic property estimates are
lacking. The calibrated hydraulic properties for the Rustler Aquifer are provided in Table 9-1.
Because horizontal hydraulic conductivity is perhaps the most important hydraulic parameter
governing groundwater flow, INTERA has tabulated horizontal hydraulic conductivity statistics
by potential production areas (defined in Section 14) in Table 9-2.

For horizontal hydraulic conductivity, Table 9-2 reports the minimum, maximum, geometric
mean and median horizontal hydraulic conductivity. This property has a very large range in
potential production areas 1 through 3 because of a depth dependent hydraulic conductivity
model implemented in the calibrated groundwater availability model (see Ewing and others,
2012). For potential production areas 4 and 5, the depth decay model was not applied in the
calibrated model, and horizontal hydraulic conductivity was limited to as high as five feet per
day based upon considerations described in Ewing and others (2012). Figures 9-1 through 9-5
plot frequency histograms of horizontal hydraulic conductivity in potential production areas 1
through 5, respectively.

Vertical hydraulic conductivity in the calibrated Groundwater Availability Model was based
upon a constant horizontal to vertical anisotropy ratio of 1,000. The calibrated model applied a
constant specific storage of 1 x 10 1/ft. Numerous faults with significant vertical displacement
affect the structure of the Rustler Aquifer, dividing the aquifer, in some areas, into relatively
isolated flow domains. The effect of these faults on the hydraulic properties of the Rustler
Aquifer was implemented through the MODFLOW horizontal flow barrier package in the
calibrated Rustler Groundwater Availability Model (Ewing and others, 2012). The horizontal
flow barrier package was used to add horizontal resistance to flow between groups of
neighboring grid cells on either side of a fault through a prescribed fault hydraulic characteristic.
The parameterization of fault hydraulic characteristic was developed based upon a hierarchal
approach. Faults were characterized into three groups based upon vertical displacement across
the faults. Areas where the fault is completely disconnected, areas where the fault does not
completely off lap the Rustler but offset is significant and areas where the off lap is a small
percent of the total aquifer thickness.

Few publicly available studies on aquifer hydraulic properties have been performed since the
review performed by Ewing and others (2012). INTERA requested data from the Middle Pecos
Groundwater Conservation District, but specific aquifer tests for the Rustler Aquifer were not
available. Oil and gas and other land owners and developers have performed several relevant
studies since Ewing and others (2012), but they are not generally publicly available.

The United States Geological Survey performed the most recent and comprehensive study of the
Rustler and younger aquifers in the Pecos County Region. Pearson and others (2012) developed
a geodatabase of groundwater and surface-water quality, geophysical and geologic data. This
data provided some of the basis for a conceptual model of the hydrogeologic framework,
geochemistry, and groundwater-flow system of the Edwards-Trinity and related aquifers in the
Pecos County region (Baumgarner and others, 2012). In 2014, the United States Geological
Survey developed a groundwater flow model which included the Rustler Aquifer (Baumgarner
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and others, 2014). The calibrated parameters for the Rustler Aquifer from Clark and others
(2014) model are summarized in Table 9-3.
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Table 9-1. Rustler Aquifer Groundwater Availability Model Calibrated Hydraulic Parameters by
potential production area (PPA).

Median Horizontal Median Vertical

PPA Hydraulic Hydraulic Specific Storage Féﬁ:‘trl:c);g:?;:il;c
Number Conductivity Conductivity (1/ft)** (1/day)***
(ft/day)* (ft/day)* y
1 0.01 1x1073 1x10-6 100, 1, 1x10°8
2 0.24 2.4x10% 1x 103, 1x 10°° 1.0
3 0.23 2.3x 10 1x10-6 0.01, 1000
4 5.0 5x 107 1x10-6 100, 1, 1x10°®
5 5.0 5x10° Ix10-6 0.01, 1000
* ft/day = feet per day
**]/ft = inverse feet
***]/day = inverse day
Table 9-2. Rustler Groundwater Availability Model calibrated horizontal hydraulic conductivity (in

feet per day) statistics by potential production area.

Statistic PPA-1 PPA-2 PPA-3 PPA-4 PPA-5
Minimum 0.01 0.01 0.01 0.01 3.00
Maximum 0.19 0.72 0.51 5.00 5.00
Geometric
Mean 0.01 0.24 0.23 5.00 5.00
Median 0.02 0.16 0.21 4.94 4.94

Note: PPA stands for potential production area
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Table 9-3. Calibrated parameters for the Rustler Aquifer (from Clark and others, 2014).
Horizontal
Hydraulic
*
PPA* Number Conductivity
(ft/day)**
Horizontal Hydraulic 100
Conductivity (ft/day)**
Vertical Hydraulic 0.49
Conductivity (ft/day)** ’
Specific Storage (1/ft)*** 5x10°
Horizontal Flow Barrier
Hydraulic Conductivity 1x10°

(ft/day)*

* PPA = potential production area
** ft/day = feet per day

***]/ft = inverse feet
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Figure 9-1. Rustler GAM calibrated horizontal hydraulic conductivity (feet per day) for PPA-1.

Note: PPA=potential production area; ft/day=feet per day.
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Figure 9-2. Rustler GAM calibrated horizontal hydraulic conductivity (feet per day) for PPA-2.
Note: PPA=potential production area; ft/day=feet per day.
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Figure 9-3. Rustler GAM calibrated horizontal hydraulic conductivity (feet per day) for PPA-3.

Note: PPA=potential production area; ft/day=feet per day.
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Figure 9-4. Rustler GAM calibrated horizontal hydraulic conductivity (feet per day) for PPA-4.
Note: PPA=potential production area; ft/day=feet per day.
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Figure 9-5. Rustler GAM calibrated horizontal hydraulic conductivity (feet per day) for PPA-S.
Note: PPA=potential production area; ft/day=feet per day.
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10 Water quality data

This section presents a description of the observed water quality data and our process for
analyzing that data to support salinity zone delineation and geophysical log interpretation
(Section 13). Data on the water quality of the Rustler Aquifer were compiled by Ewing and
others (2012) from the following sources: Texas Water Commission (1989); Small and Ozuna
(1993); Boghici (1997); Brown (1998); Boghici and Van Broekhoven (2001); and TWDB
(2012). These data were combined with data extracted from the TWDB Groundwater Database
(Groundwater Database; 1/25/2016), the Brackish Resources Aquifer Characterization System
database (2/10/2016), the United States Geological Survey Produced Waters Database
(3/29/2016), and the United States Geological Survey Report Data Series 678 (Pearson and
others, 2012). Additionally, INTERA evaluated 15 water resistivity samples from a 1982 Society
of Professional Well Log Analysts publication (SPWLA, 1982). The majority of the Society of
Professional Well Log Analysts samples were located outside of the project area and had highly
contrasting calculated water quality values when compared to samples within the main flow
system, which corresponds to the TWDB designated aquifer extent. The values inside the extent
only had a resistivity of water (R,) value, and it was not known if corrections had been made to
the value. Given the limited ability to assure the quality of the Society of Professional Well Log
Analysts data, INTERA decided that the dataset should not be integrated into the analysis.
INTERA made data requests to various oil and gas operators in the Rustler Aquifer footprint, as
well as the Middle Pecos Groundwater Conservation District. All operators contacted declined to
share their data, or relayed that it had already been provided to the Brackish Resource Aquifer
Characterization System Program at the TWDB for integration into their database. The Middle
Pecos Groundwater Conservation District showed interest in sharing their data but were not able
to compile it in time for this study.

In addition to the above mentioned water chemistry data, a query of the TWDB Groundwater
Database identified all wells and springs with a minimum of total depth information lying within
10 miles of the Rustler Aquifer. These were evaluated against the TWDB structural surfaces for
the top and base of the Rustler Aquifer (Ewing and others, 2012). Initially, there were 2,036
wells, of which 616 had screen information and 1,709 had total depth information. Of the 2,036
wells, 56 were shallow wells located in the Rustler Hills, where the Rustler Formation outcrops.
Wells located in the Rustler Hills lacking depth information were assumed to be producing from
the Rustler Aquifer due to the fact that a thick sequence of evaporites (Castile and possibly
Salado Formations) underlie the Rustler Formation, negating any potential for deeper useable
water. For the 616 wells with screen information, the structural top and base of the Rustler
Aquifer was compared to the elevation of the top and base of the screened/open intervals of the
water well. If there was no reported screen information, then the elevation of the base of the well
(based on the total depth of the well) was compared to the top- and base-of-Rustler Aquifer
surfaces. Any well with a total depth intersecting the Rustler Formation structural surfaces or
lying within 100 feet of the top-of-Rustler surface were included for further evaluation, even if
the well extended below the base of the Rustler Aquifer due to the possibility of the well having
screen slots within the Rustler Aquifer. This resulted in 142 out of 2,036 Groundwater Database
wells located within 10 miles of the TWDB Rustler Aquifer footprint potentially being screened
to the Rustler Aquifer. Five additional Groundwater Database wells (four of which lie outside
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the TWDB Rustler Aquifer footprint) were added to this preliminary dataset based on their
classification as a Rustler well within the United States Geological Survey National Water
Inventory System database. Seven additional wells included in the water quality data for the
Rustler Groundwater Availability Model (Ewing and others, 2012) lying to the east of the
TWDB Rustler Aquifer footprint outside the initial search area described above were also added
to the set of potential Rustler Aquifer wells, bringing the total number of potential Rustler
Aquifer wells or springs from the Groundwater Database to 154.

Additional data were added for wells identified as being completed in the Rustler Aquifer in
historic reports. A total of 32 potential Rustler Aquifer wells were identified from historic
reports: two wells were indicated as Rustler Aquifer wells in Table 7 of Texas Board of Water
Engineers Bulletin 5916 (Garza and Wesselman, 1959), 11 wells were indicated as Rustler
Aquifer wells in Table 4 of Texas Board of Water Engineers Bulletin 6106 (Armstrong and
McMillion, 1961), four wells were indicated as Rustler Aquifer wells (or having been sampled
from the Rustler Aquifer prior to plugging back) in Table 6 of Texas Water Commission Bulletin
6214 (Ogilbee and others, 1962), and 13 wells and two springs were indicated as being
completed in the Rustler Aquifer in Table 2 of Winslow and Kister (1956). Locations for these
wells were digitized from maps included in the reports.

Well and water quality data were also collected from the United States Geological Survey
National Water Inventory System database. For the United States Geological Survey data, only
wells or springs with available water quality were considered. Based on the United States
Geological Survey’s well aquifer code and/or comparison of screened or open intervals with
structural surfaces from the Rustler groundwater availability model (Ewing and others, 2012), 14
United States Geological Survey wells were identified as potential Rustler Aquifer wells. Four
of these wells are located in New Mexico, and of the remaining 10 wells, only one could not be
confidently tied to a well record already included from the TWDB’s Groundwater Database. As
discussed previously, five wells identified from the Groundwater Database were also identified
in the United States Geological Survey National Water Inventory System search on the basis of
being classified as a Rustler Aquifer well. In some cases, the United States Geological Survey
National Water Inventory System database contained additional sampling events for these wells
that were not included in the Groundwater Database, although the Groundwater Database
generally had more extensive records of water quality data. As a result of the United States
Geological Survey National Water Inventory System search, four additional wells and one spring
were identified. The distribution of the wells with water quality data by type can be seen in
Figure 10-1.

After the project initiation meeting, members of the Brackish Resource Aquifer Characterization
System Program notified INTERA that the Brackish Resources Aquifer Characterization System
database had been updated with water well completion and water chemistry data that could be
relevant to the Rustler Aquifer. These 26 wells were identified from the Brackish Resources
Aquifer Characterization System database and incorporated into the list of potential Rustler
Aquifer wells.

In total, 217 wells or springs from these different data sources were flagged as potentially
completed in the Rustler (Table 19-3). For each of these wells, the ground surface elevation was
taken from the digital elevation model used in the Rustler Groundwater Availability Model
(Ewing and others, 2012). This digital elevation model has been provided as part of the
deliverables of this project. In cases where different coordinates for a well were reported by the
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TWDB and the United States Geological Survey, the coordinates from the TWDB were used.
INTERA evaluated the water well data using Petra® and looked at each well “in section.” That
is, each water well was projected onto a structural cross-section between geophysical logs that
had, at minimum, identified the top and base of the Rustler Formation. For example, Figure 10-2
illustrates a water well completion for well 4652107, which was put in section between
geophysical logs for wells 423893296500 and 423893035300. It is apparent that this well was
drilled down to the lower portion of the Rustler Aquifer. Assuming that the well does not have
any higher completions, water chemistry data for this well, if available, should be reflective of
the Rustler Aquifer. This analysis was performed on 217 water wells with completion
information. Sixteen water wells that did not pass this additional screening step but had the
Rustler Aquifer code designation in the Groundwater Database, or were indicated as Rustler
wells in their source report, were used in the analysis. Additionally, four springs designated as
“Rustler” by the TWDB were retained for further analysis. Any water chemistry data that either
had suspect remarks or had a reliability code (as designated by the TWDB Groundwater
Database) of “1-Not indicative of aquifer quality” or “99-Reliability unknown or not available”
were not incorporated into the initial water quality dataset.

10.1 Dissolved minerals

Table 19-4 summarizes the results of the water chemistry analysis. In the table, equivalent
sodium chloride (NaCl) salinity (labeled TDSnac1) was calculated for each water quality sample
using Schlumberger Chart Gen-4 (Schlumberger, 2009). Once the equivalent sodium chloride
salinity was determined, the resistivity value of the water at 75 degrees Fahrenheit was solved for
using Schlumberger Chart Gen-6 (Schlumberger, 2009). The purpose of this step is to facilitate
the comparison of calculated water resistivity values between the sampled water quality and the
calculated water resistivity from the geophysical logs. In the oil and gas industry, the majority of
the water that is co-produced with oil or gas is dominated by sodium and chloride ions. The
relationship between a sodium chloride-dominated water sample and its resistivity is fairly well
understood through empirical methods. When other molecules, such as bicarbonate and sulfate,
make up significant portions of the water sample, this relationship deviates from that of sodium
chloride and needs to be accounted for (Alger, 1966).

This two-step analysis was performed on 133 water quality samples for 84 water wells that were
determined to be producing from the Rustler Aquifer. An ionic balance calculation (see Collier,
1993b for example calculation) was performed and any water chemistry samples that exceeded
the plus or minus 15 percent criterion were omitted from further analysis. While most references
recommend a plus or minus 5 percent (again, see Collier, 1993a), data availability for the Rustler
Aquifer was so sparse that the criteria were relaxed to bring on additional data. Subsequently, all
of the total dissolved solids data that met the above criteria were plotted on a map of the project
area (Figure 10-3). It is important to note that Figure 10-3 includes total dissolved solids
contours based upon observed water quality (presented in this section) and on geophysical log
analyses not presented in this section. Posted values in Figure 10-3 are all observed water
quality data. Figure 10-3 also includes data from the United States Geological Survey produced
waters database (Blondes and others, 2016). The data from the United States Geological Survey
produced waters database was not specifically incorporated into our water quality dataset for a
number of reasons including: 35% had a charge balance in excess of plus or minus 15%;
inconsistencies in the sample depths; for the 65% that did not have a charge balance in excess of
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plus or minus 15 %, only two were below 10,000 milligrams per liter total dissolved solids; and
the sample depth information was ambiguous or not reported. While the United States
Geological Survey produced data were not specifically integrated into our database, the total
dissolved solids values were plotted on the water quality maps because they provide additional
data resolution in the higher total dissolved solids portions of the project area to the east of the
Monument Draw Trough, outside the Rustler Aquifer boundary.

The majority of the samples within the Rustler Aquifer extent had reported total dissolved solids
values below 10,000 milligrams per liter (Figure 10-3 and Appendix 19-4). Therefore, to keep
the water chemistry analysis specifically relevant to the Rustler Aquifer extent, samples with
values in excess of 10,000 milligrams per liter were omitted from subsequent water quality
analysis. It is suspected that the relative increases in sodium and chloride values associated with
the higher total dissolved solids values would artificially skew data within the Rustler Aquifer
extent. Water quality analyses that met all criteria were distinguished in Appendix 19-4 as “Data
Accepted.” This resulted in 103 water chemistry analyses for 64 wells. For wells that had more

than one water quality measurement, the median value is used unless otherwise specified in
Appendix 19-4.

Figure 10-3 shows a base map of the project area with total dissolved solids (actual value for
single samples and median for multiple samples unless otherwise specified in Appendix 19-4)
displayed on water wells that have water chemistry information. Additionally, structural
subdomains outside the aquifer boundary developed by Ewing and others (2012) are plotted to
represent the boundaries of the major structure in the area. Upon initial investigation, it is
apparent that subdomain 4 represents a water quality boundary that separates higher-total
dissolved solids water to the east from lower-total dissolved solids water to the west, with the
exception of the southern extent in the Fort Stockton area (See Figure 5-10 for hydrostructural
zone numbers). Subdomain 4 represents a graben that overlies the Capitan Reef Complex and is
an area where the Rustler Formation is completely disconnected (Ewing and others, 2012) from
areas to the east of subdomain 4. Toward the south-southeast portion of subdomain 4, the
structural throw is greatly reduced, and the Rustler Aquifer is likely still in hydraulic
communication with updip portions of the unit to the west and northwest. In addition, it is also
surmised that additional recharge is coming from the outcrop of the Tessey Limestone, and the
recharging water is making it north towards the Fort Stockton area. Additional data would be
needed to confirm the Tessey Limestone hypothesis.

Within the TWDB-designated extent of the Rustler Aquifer, the sampled water quality is less
than 6,000 milligrams per liter, with two exceptions. The first exception is TWDB well 4613402
in central Loving County that has two sampled TDS values of 2,712 milligrams per liter and
89,716 milligrams per liter. INTERA suspects that the much higher value is due to contamination
and does not reflect Rustler Formation water. The second exception is in the extreme northern
portion of the project area around Red Bluff Reservoir. Three wells there have sample values of
6870, 8260 and 10300 milligrams per liter (Figure 10-3). Geophysical logs both within the
Rustler Aquifer extent and to the north in Lea and Eddy Counties show a relative decrease in
porosity from south to north. It is likely that structural events (downwarping, burial, and
subsequent exhumation associated with the Pecos-Loving Trough) did not have as severe of an
effect on the Rustler Formation towards the northern portion of the project area. We suspect that
the complex structural history of the Rustler Formation within the Rustler Aquifer extent led to it
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becoming an aquifer. The Rustler Formation outside of the designated aquifer extent generally
produces insignificant quantities of very brackish groundwater.

Evaluation of the sampled water chemistry data determined a speciation of predominantly
calcium-chloride-sulfate (population 1), with minor amounts of calcium-magnesium-chloride-
sulfate (population 2) (see Figure 10-4 for a Piper plot of water chemistry data). Spread in the
two populations is primarily controlled by the relative percent of the anions comprised by the
sulfate molecule in each water quality sample. Population 1 has sulfate values between 80 and 94
percent, and population 2 has sulfate values between 60 and 70 percent. With aquifers that have
interbedded gypsums, sulfate content within the formation water increases down dip from the
recharge area until the water is at saturation with respect to sulfate (Hem, 1985). It was
anticipated that plotting the water quality data and parsing it into the two populations would have
alluded to trends in distance from recharge areas or a better understanding of the flow path
evolution. However, data plotted in the project area showed no real spatial correlation. This is
likely due to the complex nature of the groundwater flow system within the Rustler Aquifer. A
ESRI shape file of the data will be provided as a deliverable for this project in the hope that
future researchers can use the data.

While the geographic distribution of the piper plot results did not allude to trends, the speciation
of the water chemistry plays a critical component in the calculation of water quality from
resistivity signatures. Sampled water chemistry data, including the speciation of the various ions
and anions, were used to guide the calculations of water quality (calculated total dissolved solids
in milligrams per liter) from resistivity logs. These values provide a range of expected total
dissolved solids values and serve to constrain calculated water quality to values within that
range. To go from resistivity derived water quality (salinity) to actual water quality (total
dissolved solids), an understanding of how the two are related must be acquired so that the
values can be converted back and forth. This process will be expanded upon in Section 13.

10.2 Water quality parameters of concern for desalination

Brackish groundwater is typically defined as water that contains between 1,000 milligrams per
liter and 10,000 milligrams per liter of total dissolved solids. Significant areas of the Rustler
Aquifer produce water with total dissolved solids in this range. To be classified as potable water
according to the Texas Commission on Environmental Quality's primary and secondary drinking
water standards, the brackish groundwater will need to be desalinated.

The predominant technology used for desalination of brackish groundwater in Texas is reverse
osmosis. Reverse osmosis is a pressure-driven process that relies on semi-permeable membranes
to separate dissolved salts from water. These membranes are subject to fouling and scaling,
depending on the feed water quality and design and operation of the reverse osmosis system.
Therefore, understanding the fouling and scaling potentials of a water are key considerations
when developing a brackish groundwater supply.

Fouling is the accumulation of contaminants (particles, bacteria, colloidal material, etc.) on the
membrane surface. Turbidity and silt density index values of the membrane feed water are
typically used to characterize the water’s fouling potential. Silt density index is described in
American Society of Testing Materials D4189, and is based on the plugging rate of a standard

77



Identification of Potential Brackish Groundwater Production Areas — Rustler Aquifer
Texas Water Development Board Contract Report Number 1600011949

0.45-micrometer membrane filter. Most reverse osmosis membrane manufacturers limit the
maximum silt density index value of the feed water to between one and five, depending on the
water source. Turbidity can be measured using an in-line continuous or a hand-held
nephelometer. The maximum limit for turbidity of the feed water is typically no greater than
0.1 nephelometric turbidity units. Coagulation, filtration, chloramination, and combinations
thereof may be used as pretreatment for reverse osmosis systems to minimize fouling of the
membranes.

Scaling occurs on the surface of a membrane when the concentration of a salt in the feed water
exceeds its solubility limit. Common limiting salts for reverse osmosis systems include:

Calcium Carbonate
Calcium Sulfate
Barium Sulfate
Strontium Sulfate
Silica (anionic form)
Calcium Fluoride

e Calcium phosphate

Depending on the feed water quality and system recovery, acid, scale inhibitors (sometimes
referred to as antiscalants), softening, or appropriate combinations thereof may be used to control
scale formation and increase the operating recovery of the system.

The physical and chemical water quality parameters of concern for reverse osmosis systems and
their respective Texas Commission on Environmental Quality primary and secondary standards

are presented in Table 10-1. If a cell only has dash lines, there is not a standard set. In addition,
a summary of potential regulatory- and membrane-related issues for each parameter is presented
using the following categories:

e Human health - Water quality parameters that present risks to human health are
regulated by the Texas Commission on Environmental Quality with Primary Drinking
Water Standards. These are enforceable standards with maximum contaminant levels
established to protect public health.

e Aesthetic - Aesthetic water quality parameters have the potential to cause objectionable
taste, odor, and appearance. These parameters are not known to be a risk to human health.
Secondary Drinking Water Standards were established by the United States
Environmental Protection Agency as guidelines to manage the aesthetic quality of
drinking water. In Texas, these standards are enforceable.

e Membrane fouling and scaling - Water quality parameters that have potential to cause
mechanical damage, fouling, and scaling of membrane-based desalination technologies.

e Special concentrate management - In general, management or disposal of reverse
osmosis concentrate that contains a majority of the parameters listed in Table 10-1 will be
approved by the Texas Commission on Environmental Quality on a case-by-case basis. A
major consideration for disposal is whether the reverse osmosis concentrate will
deteriorate the water quality of the receiving water body. The presence of constituents,
like combined radium, in high enough concentrations may require special regulatory
considerations to manage the radioactive materials in the reverse osmosis concentrate.
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The need and requirements for special concentrate management should be evaluated in
early stages of reverse osmosis project development.

A summary of wells primarily from the Rustler Aquifer outcrop and subcrop with concentrations
of water quality parameters that exceed threshold values based on Texas Commission on
Environmental Quality Primary and Secondary Drinking Water Standards is presented in Table
10-2. The water quality and well information was extracted from the TWDB Groundwater
Database. The most widespread regulated dissolved solids found in Rustler Aquifer water quality
were chloride, sulfate, nitrate, and gross alpha. Some other water quality parameters that do not
have maximum regulatory limits, such as alkalinity, calcium, silica, sodium, and strontium (not
shown in Table 10-2), had elevated levels in some Rustler Aquifer wells and need to be
considered for design and operation of a desalination system. Threshold values for these water
quality parameters will depend on the water chemistry and reverse osmosis system design. Based
upon available data, the water quality data within the boundaries of the Rustler Aquifer is not
discriminant with regards to desalination treatment technologies. The radionuclide parameters
gross alpha and combined radium could become an issue in waste concentrate and would have to
be considered in the Rustler Aquifer. Two wells that stand out are State Well Numbers 4613402
and 5301203.
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Summary of physical and chemical water quality parameters of concern for reverse osmosis

TCEQ* TCEQ*
Primary Secondary
. Drinking Drinking
Parameter Potential Issue Water Water
Standard Standard
(mg/L)" (mng/L)"
Alkalinity Aesthetic, membrane fouling and - -
scaling
pH Aesthetic - > 7 standard
units
General and Silt density index Membrane fouling and scaling - -
Physical Temperature® Aesthetic - -
Parameters
Total dissolved Aesthetic --- 1,000
solids
Turbidity Human health (indicator), treatment -
aesthetic, membrane fouling and technique
scaling
Aluminum Aesthetic, membrane fouling and - 0.05t0 0.2
scaling
Ammonia Human health (advisory)® - -
Arsenic Human health 0.01 -
Barium Human health, membrane fouling 2.0 -
and scaling
Calcium Aesthetic, membrane fouling and - -
scaling
Cations Iron Aesthetic, membrane fouling and - 0.03
scaling
Magnesium Aesthetic - -
Manganese Aesthetic, membrane fouling and --- 0.05
scaling
Potassium Aesthetic - -
Sodium Aesthetic --- ---
Strontium Membrane fouling and scaling

80



Identification of Potential Brackish Groundwater Production Areas — Rustler Aquifer
Texas Water Development Board Contract Report Number 1600011949

TCEQ*? TCEQ*?
Primary Secondary
. Drinking Drinking
Parameter Potential Issue Water Water
Standard Standard
(mg/L)" (mg/L)"
Bromidef - -
Chloride Aesthetic --- 300
Fluoride Human health, membrane fouling 4.0 2.0
and scaling
Anions Nitrate Human health 10 -
Phosphate Membrane fouling and scaling - -
Silica Membrane fouling and scaling - -
Sulfate Aesthetic, membrane fouling and - 300
scaling

Gross Alpha Human health, special concentrate 15.0 pCi/L# -

management
Radium, Human health, special concentrate 5.0 pCi/Le -

Combined (Ra- management

) ) 226 and -228)
Radionuclides
Other
Boron Human health (advisory)" - -
Hydrogen sulfide  Aesthetic, membrane fouling and - 0.05
scaling

2 TCEQ stands for Texas Commission on Environmental Quality
> mg/L stands for milligrams per liter

¢ Feed water temperatures greater than approximately 110 degrees Fahrenheit may cause failure of reverse osmosis
membranes. In such cases, lowering feed water temperatures as part of the design of a reverse osmosis system will need to be
addressed.

4 Turbidity may be used as an indicator parameter for the presence of disease-causing organisms. To control turbidity in public
water systems, the Texas Commission on Environmental Quality established a level of treatment process performance that
must be followed, known as a treatment technique.

¢ The United States Environmental Protection Agency has established a non-enforceable lifetime health advisory for ammonia
of 30 milligrams per liter. This is the concentration of ammonia in drinking water that is not expected to cause any adverse
non-carcinogenic effects for a lifetime of exposure.

fThe concentration of bromide should be considered during development of the groundwater supply. At microgram per liter
levels, bromide may react with free chlorine (drinking water disinfectant) and organic carbon to form disinfection by-
products, which are regulated by the Texas Commission on Environmental Quality. As an example, this may occur if a
groundwater containing bromide is blended with a treated surface water.

€ pCi/L stands for picoCuries per liter

" The United States Environmental Protection Agency has established a non-enforceable lifetime health advisory for boron of
six milligrams per liter. This is the concentration of boron in drinking water that is not expected to cause any adverse non-
carcinogenic effects for a lifetime of exposure.
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Table 10-2.

Parameter

Threshold Value®
(milligrams per
liter)

Summary of Wells with Water Parameters that Exceed Primary and Secondary Drinking
Water Standards.

Wells with Concentrations Above the Threshold
Value

(Well ID#)

pH 7 standard units (pH values from these wells are below threshold value)
4660905, 4661103, 4661203, 4731901, 4746101,
5216608, 5216612, 5216613, 5301203
Total 1,000 All but five wells (4654901, 4747403, 4747404,
dissolved 4747701,
Genera.l and solids 4747801) reported in the database had concentrations
Physical above the threshold value.
Cations
Aluminum 0.2 4747901
Manganese 0.05 4542703, 4549203, 4613402
Chloride 300 55950, 55953, 55954, 55959, 4549203, 4559501,
4620405, 4640701, 4640703, 4640801, 4643102,
4661206, 5216608, 5216609, 5216612, 5216613,
5301203, 24S.28E.27.4111
26S.29E.22.330, H-35, P-120, P-64, P-66, P-71, P-95
Fluoride 4.0 4723602
Anions
Nitrate (as N) 10 P-57, 4559501, 4723701, 4723701, 4746101, 4747701,
4747704, 4747801, 4754302, 4755104, 4755203
Selenium 0.05 4549203
Sulfate 300 All but two wells (4640701, 4747801) reported in the
database had concentrations above the threshold value
Gross Alpha 15.0 pCi/Lb 4613402, 4640701, 4652901, 4653903, 4654901,
4654903, 4660905, 4661103, 4661203, 5215502,
5216608, 5216609, 5216612, 5216613, 5301203
Radionuclides Radium,
Combined b
(Ra-226 and - 5.0 pCi/L 4613402, 5216609, 5216612, 5301203
228)

2 Threshold value based on Primary and Secondary Drinking Water Standards.
b pCi/L stands for picoCuries per liter
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Figure 10-1. Distribution of water quality samples by source.

Note: BRACS= Brackish Resource Aquifer Characterization System; GWDB=groundwater database; USGS=United
States Geological Survey
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Figure 10-3. Sampled water quality values from wells determined to be producing from the Rustler
Aquifer.

Note: TDS=total dissolved solids; mg/L=milligrams per liter; ppm=parts per million.
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Figure 10-4. Piper plot of water chemistry analyses from wells producing from the Rustler Aquifer.
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Figure 10-5. Relationship between TDS and specific conductance for the sampled water quality data in
the Rustler Aquifer.
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11 Net sand analysis

The Rustler Aquifer is composed of a complex assemblage of lithologies ranging from dolomite
to limestone to anhydrite to halite to siltstone. As discussed in Section 5 of this report, the
transmissive water-bearing units of the Rustler Aquifer are the Magenta Dolomite, the Culebra
Dolomite and the limestones of the Los Medaiios Unit of the Rustler Formation. Therefore, no
net sand analysis can be performed for this study. However, isopach maps of the dolomite and
limestone units are provided and discussed in Section 5.
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12 Groundwater volume methodology

In this section, estimates of groundwater volumes are generated for different classifications of
groundwater quality for the Rustler Aquifer based on the water salinity zones defined in
Section 6. The salinity zones in the Rustler Aquifer have been developed based upon observed
water quality data and analysis of geophysical logs presented (see Section 13). As has been
discussed previously in this report, the three transmissive water producing members of the
Rustler Aquifer are the Culebra Dolomite member, the Magenta Dolomite member, and the
limestone portion of the Los Medafios Unit. For definition of groundwater salinity zones and
potential production areas, we have defined one average water quality estimate for all three of
the transmissive units within the Rustler Aquifer.

12.1 Mechanics of calculating groundwater volumes

Boghici and others (2014) provide a good overview of the calculation of the volume of
groundwater in storage in an aquifer as part their calculation of Total Estimated Recoverable
Storage for different aquifers in Groundwater Management Area 4. The approach used to
calculate aquifer groundwater volumes is essentially the same as the process used by the TWDB
to estimate Total Estimated Recoverable Storage, except we do not make the judgement as to
what defines recoverable storage. Because there are three transmissive members of the Rustler
Aquifer, we calculate groundwater storage for each of these members. This approach is different
than was done for the Rustler Aquifer Total Estimated Recoverable Storage calculations for
Groundwater Management Areas 3, 7 and 4 (Boghici and others 2014; Jones and others 2013a;
Jones and others 2013b). In their calculations, they used the entire thickness of the Rustler
Aquifer to calculate storage. Here, we limit storage calculations to the three mapped
transmissive members, where we were able to map them and the entire thickness of the Rustler
Formation where collapse is suspected.

The calculation of groundwater in storage will be performed based upon water quality
classifications developed by the United States Geological Survey (Winslow and Kister, 1956)
and presented in Table 12-1.

The method used by the TWDB to calculate groundwater volume is dependent on whether or not
the aquifer is confined or unconfined. Before describing the mathematical equations that will be
used to calculate the groundwater volumes, a general discussion of the confined and unconfined
aquifer is presented to clarify the terminology used to describe the volume calculations.

12.1.1 Confined and unconfined aquifer

Figure 12-1 provides a schematic of a confined and unconfined aquifer from Boghici and others
(2014). In the Rustler Aquifer, most of the aquifer extent as defined by the TWDB is confined,
with an unconfined portion at the far western edge of the aquifer in Culberson County where the
Rustler Aquifer outcrops. Many believe that the Rustler Aquifer also outcrops as a facies
equivalent the Tessey Limestone in the Glass Mountains to the south of Fort Stockton (Ewing
and others, 2012). However, this potential outcrop region is not considered in these calculations
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because it is outside of southeastern extent of the aquifer as defined by the TWDB. Figure 12-2
shows a schematic of a dipping aquifer that is unconfined up dip and is confined down dip.

For an unconfined aquifer, the total storage is equal to the volume of groundwater removed by
pumping that makes the water level fall to the aquifer bottom. For a confined aquifer, the total
storage contains two parts. The first part is groundwater released from the aquifer when the water
level falls from above the top of the aquifer to the top of the aquifer. The reduction of hydraulic
head (which can be couched as pressure) in the aquifer by pumping causes expansion of
groundwater and deformation of aquifer solids. The aquifer is still fully saturated to this point.
This portion of aquifer storage is referred to as the confined aquifer storage.

The second part of groundwater storage is sourced from actual dewatering of the aquifer as the
water level in the aquifer falls below the top of the aquifer and ultimately to the bottom of the
aquifer. This portion of aquifer storage is referred to as the unconfined aquifer storage. Given
the same aquifer area and water level decline, the amount of water released from unconfined
storage is much greater (orders of magnitude) than that released from confined storage. The
difference is because of the physical nature of storage reduction occurring under confined versus
unconfined conditions. In confined storage reduction, water is being supplied through
groundwater expansion and aquifer volume reduction. In unconfined storage reduction, water is
being supplied through dewatering of pore space. The parameters that quantify these physical
differences are storativity of a confined aquifer and specific yield of an unconfined aquifer.
Aquifer storativity typically ranges from 10~ to 10~ for most confined aquifers, while specific
yield values typically range from 0.01 to 0.3 for most unconfined aquifers. The TWDB makes a
distinction between the total volume of groundwater in unconfined aquifer storage versus that
portion that is considered drainable. The equations for calculating the total groundwater volume
are presented below:

For unconfined aquifers:
Total Volume = Vdnined = Area * Sy * (Water Level — Bottom) (Equation 12-1a)
For confined aquifers:
Total Volume = Vconfined + Vdrained (Equation 12-1b)

e Volume for confined part

Veonfined = Area * [S *(Water level-Top)] (Equation 12-2)

Veonfined = Area * [Ss *(Thickness)*(Water level-Top)] (Equation 12-3)

e Volume for unconfined part

Vdrained = Area * [Sy *(Thickness)] (Equation 12-4)
Where
Varained = storage volume due to water draining from the formation (acre-feet)
Veonfined = storage volume due to elastic properties of the aquifer and water (acre-feet)
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Area = area of aquifer (acre)

Water Level = groundwater elevation (feet above mean sea level)

Top = elevation of aquifer top (feet above mean sea level)
Bottom = elevation of aquifer bottom (feet above mean sea level)
Thickness = thickness of aquifer (feet)

S = specific yield (no units)

Sy = specific storage (1/feet)

S = storativity or storage coefficient (no units)

12.1.2 Hydraulic and physical properties for the Rustler Aquifer

The equations for calculating groundwater volumes described above require specification of
aquifer properties such as aquifer structure, thickness, water level and specific yield. These will
be described below.

Structure and Thickness — For calculations for the Culebra Dolomite, the Magenta Dolomite and
the Limestone Units of the Los Medanos Member, member unit thickness and elevation of their
tops are based upon the work performed in this study and described in Section 5. For the outcrop
regions, the base of the aquifer is taken from the Groundwater Availability Model (Ewing and
others, 2012).

Rustler Aquifer Water Level — The water levels used to calculate the aquifer volumes are based
upon the last year of calibration (end of 2008) from the Rustler Aquifer Groundwater
Availability Model (Ewing and others, 2012). In areas of the aquifer which are not coincident
with the Rustler Aquifer Groundwater Availability Model, the volume calculations are limited to
unconfined drainable groundwater storage, thus not requiring a water level (after Boghici and
others, 2014).

Specific Yield — The Groundwater Availability Model used a specific yield of 0.15 in the outcrop
(Ewing and others, 2012). However, Boghici and others (2014) used a specific yield of 0.03.
After consultation with TWDB, INTERA adopted the 0.03 value for calculations.

12.1.3 Process for calculating groundwater volumes based on water quality

The groundwater volume calculations for groundwater storage are implemented on a quarter-
mile grid scale coincident with the Groundwater Availability Model Grid (Ewing and others,
2012) and consistent with TWDB Total Estimated Recoverable Storage calculations in process.
Modifications are described below.

There are portions of the Rustler Aquifer in Brewster, Jeff Davis and Pecos counties that are not
included in the Groundwater Availability Model area in Groundwater Management Area 4 and 7
(see Boghici and others, 2014; Jones and others, 2013; and Figure 14-8 of this report). We
adopted the approach used in Boghici and others (2014) for estimating groundwater volumes in
those areas. In those areas we only calculate an unconfined or drainable groundwater storage
volume (Equation 12-1a above). Unlike Boghici and others (2014), we did not use a constant
aquifer thickness but rather used the thickness for each transmissive member of the Rustler
Aquifer as defined in this study and discussed in Section 5. We checked our calculations against
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the Total Estimated Recoverable Storage by defining the aquifer thickness as the top elevation
minus the bottom elevation of the Rustler Aquifer. In our comparison we only had differences in
Groundwater Management Area 4 and 7, which is where the differences in approach would make
our estimates somewhat higher because of our assumption of using aquifer thickness in areas
outside the model domain. In Groundwater Management Area 3, we were within rounding error.

Where present, both confined storage and unconfined drained storage are calculated for the three
transmissive members of the Rustler Aquifer, the Culebra Dolomite, the Magenta Dolomite and
the limestone units of the Los Medafios Member. Therefore, for the unconfined drained
groundwater storage, we use equation 12-1a for each member present at that location. Likewise,
we use Equation 12-3 for the confined groundwater storage. However, variable “Thickness” is
calculated specifically for each transmissive member. Also, the variable “Top” is the top
elevation of the uppermost transmissive member (i.e., the Culebra Dolomite or the Magenta
Dolomite).

In the outcrop areas or areas designated as collapse areas the variable “Bottom” in Equation
12-1a is equal to the bottom of the Rustler Aquifer for estimation of the unconfined drainable
aquifer storage. In confined designated collapse areas, the variable “Thickness” is the entire
Rustler Aquifer thickness (from the Groundwater Availability Model) and the variable “Top” is
the elevation of the top of the Rustler Aquifer (from the Groundwater Availability Model) for
Equation 12-3.

The calculations were developed using a Python code. The complete detailed algorithm and
equations implemented are described in detail in Appendix 19.6.

12.2 Calculated groundwater volumes

Table 12-2 provides the total calculated volume of groundwater in the Rustler Aquifer. The
calculations are rounded to the nearest 1,000-acre foot per year. Table 12-2 provides the volume
in the Collapse portion of the Rustler Aquifer (which includes the outcrop), the Magenta
Dolomite, the Culebra Dolomite and the limestones of the Los Medafios. The total volume of
groundwater calculated is 18,538,000 acre-feet of groundwater. Total groundwater in the
Collapse (Zone 1) portion of the Rustler Aquifer, the Magenta Dolomite, the Culebra Dolomite
and the limestones of the Los Medanos, is 5,832,000, 1,327,000, 6,019,000 and 5,361,000 acre-
feet, respectively. The Magenta Dolomite has the smallest volume of the hydrologic units which
is expected given that it is the thinnest of the mapped transmissive members (see Section 5).
Percent of total groundwater in the Collapse (Zone 1) portion of the Rustler Aquifer, which
includes the outcrop, is 31.5%. Percent of total groundwater in the Magenta Dolomite is 7.2%.
Percent of total groundwater in the Culebra Dolomite is 32.5%. Percent of total groundwater in
the Los Medanos Limestones is 28.9%. Table 12-2 also summarizes the volumes of groundwater
by Rustler Aquifer Member and by salinity classification. The majority (54.9%) of the
groundwater is moderately saline. Approximately 42.6% of the groundwater is slightly saline
and 2 % is very saline. This leaves approximately 0.5 % as fresh groundwater.

Table 12.3 provides the volume of groundwater by aquifer unit and by salinity class for all the
counties which intersect the boundaries of the Rustler Aquifer. Table 12-4 provides the volume
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of groundwater by aquifer unit and by salinity class for all the Groundwater Conservation or
Underground Water Districts that intersect the boundaries of the Rustler Aquifer. Table 12-4
also summarizes groundwater not within the boundaries of a groundwater conservation district
which equals approximately 21% of the total aquifer groundwater. Table 12-5 provides the
volume of groundwater by aquifer unit and by salinity class for all the Groundwater Management

Areas that intersect the Rustler Aquifer.
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Table 12-1. Groundwater classification based on the Criteria Establish by Winslow and Kister (1956).
TDS R
Water Classification Description - S Range .
(milligrams per liter)
Fresh Less than 1,000
Slightly Saline 1,000 to 3,000
Moderately Saline 3,000 to 10,000
Very Saline 10,000 to 35,000
Table 12-2. The volumes of fresh, moderately saline, slightly saline, very saline, and total groundwater

volumes in the Rustler Aquifer.

Total Volume (Acre-feet)

Aquifer Unit Fresh Slightly  Moderately Very
saline saline saline
Collapse 88,000 5,531,000 213,000 0 5,832,000
Magenta 0 410,000 835,000 82,000 1,327,000
Culebra 0 2,387,000 3,493,000 140,000 6,019,000
Los Medafios 0 1,844,000 3,365,000 151,000 5,361,000

Rustler Aquifer 58,000 10,172,000 7,905,000 373,000 18,538,000
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Table 12-3. The volumes of fresh, moderately saline, slightly saline, very saline, and total groundwater
volumes in the Rustler Aquifer by County.
Total Volume (Acre-feet)
Aquifer Unit Fresh Slightly saline Mode.rately Ve.ry Total
saline saline
Brewster County
Collapse 0 106,000 0 0 106,000
Magenta 0 0 0 0 0
Culebra 0 0 0 0 0
Los Medafios 0 0 0 0 0
Rustler Aquifer 0 106,000 0 0 106,000
Culberson County
Collapse 88,000 2,026,000 79,000 0 2,194,000
Magenta 0 20,000 27,000 0 47,000
Culebra 0 80,000 71,000 0 151,000
Los Medafios 0 61,000 66,000 0 126,000
Rustler Aquifer 88,000 2,187,000 244,000 0 2,518,000
Jeff Davis County
Collapse 0 661,000 0 0 661,000
Magenta 0 12,000 0 0 12,000
Culebra 0 61,000 0 0 61,000
Los Medafios 0 36,000 0 0 36,000
Rustler Aquifer 0 770,000 0 0 770,000
Loving County
Collapse 0 0 0 0 0
Magenta 0 0 97,000 82,000 179,000
Culebra 0 0 244,000 140,000 384,000
Los Medafios 0 0 307,000 151,000 458,000
Rustler Aquifer 0 0 648,000 373,000 1,021,000
Pecos County
Collapse 0 1,665,000 0 0 1,665,000
Magenta 0 128,000 69,000 0 198,000
Culebra 0 1,131,000 552,000 0 1,683,000
Los Medafios 0 776,000 458,000 0 1,234,000
0 3,701,000 1,079,000 0 4,780,000

Rustler Aquifer
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Total Volume (Acre-feet)
Aquifer Unit Moderately Very

Fresh Slightly saline saline saline Total
Reeves County
Collapse 0 1,072,000 134,000 0 1,206,000
Magenta 0 250,000 604,000 0 854,000
Culebra 0 1,115,000 2,451,000 0 3,566,000
Los Medafios 0 971,000 2,354,000 0 3,324,000
Rustler Aquifer 0 3,408,000 5,543,000 0  8951,000
Ward County
Collapse 0 0 0 0 0
Magenta 0 0 37,000 0 37,000
Culebra 0 0 173,000 0 173,000
Los Medafios 0 0 182,000 0 182,000
0 0 392,000 0 392,000

Rustler Aquifer
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Table 12-4. The volumes of fresh, moderately saline, slightly saline, very saline, and total groundwater
volumes in the Rustler Aquifer by Groundwater Conservation District.

Total Volume (Acre-feet)
Aquifer Unit Moderately Very

Fresh Slightly saline saline saline Total
Area with no Groundwater Conservation District
Collapse 88,000 2,026,000 79,000 0 2,194,000
Magenta 0 20,000 161,000 82,000 263,000
Culebra 0 80,000 489,000 140,000 709,000
Los Medafios 0 61,000 554,000 151,000 766,000
Rustler Aquifer 88,000 2,187,000 1,283,000 373,000 3,931,000
Brewster County Groundwater Conservation District
Collapse 0 106,000 0 0 106,000
Magenta 0 0 0 0 0
Culebra 0 0 0 0 0
Los Medafios 0 0 0 0 0
Rustler Aquifer 0 106,000 0 0 106,000
Jeff Davis County Underground Water Conservation District
Collapse 0 661,000 0 0 661,000
Magenta 0 12,000 0 0 12,000
Culebra 0 61,000 0 0 61,000
Los Medafios 0 36,000 0 0 36,000
Rustler Aquifer 0 770,000 0 0 770,000
Middle Pecos Groundwater Conservation District
Collapse 0 1,665,000 0 0 1,665,000
Magenta 0 128,000 69,000 0 198,000
Culebra 0 1,131,000 552,000 0 1,683,000
Los Medafios 0 776,000 458,000 0 1,234,000
Rustler Aquifer 0 3,701,000 1,079,000 0 4,780,000
Reeves County Groundwater Conservation District
Collapse 0 1,072,000 134,000 0 1,206,000
Magenta 0 250,000 604,000 0 854,000
Culebra 0 1,115,000 2,451,000 0 3,566,000
Los Medafios 0 971,000 2,354,000 0 3,324,000
0 3,408,000 5,543,000 0 8951,000

Rustler Aquifer
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Table 12-5. The volumes of fresh, moderately saline, slightly saline, very saline, and total groundwater
volumes in the Rustler Aquifer by Groundwater Management Area.

Total Volume (Acre-feet)

Aquifer Unit Fresh Slightly ~ Moderately  Very Total
saline saline saline
Groundwater Management Area 3
Collapse 0 1,072,000 134,000 0 1,206,000
Magenta 0 276,000 807,000 82,000 1,165,000
Culebra 0 1,372,000 3,312,000 140,000 4,824,000
Los Medafios 0 1,135,000 3,207,000 151,000 4,493,000
Rustler Aquifer 0 3,855,000 7,459,000 373,000 11,688,000
Groundwater Management Area 4
Collapse 88,000 2,794,000 79,000 0 2,961,000
Magenta 0 32,000 27,000 0 59,000
Culebra 0 140,000 71,000 0 212,000
Los Medaifios 0 97,000 66,000 0 163,000
Rustler Aquifer 88,000 3,063,000 244,000 0 3,395,000
Groundwater Management Area 7
Collapse 0 1,665,000 0 0 1,665,000
Magenta 0 103,000 0 0 103,000
Culebra 0 874,000 109,000 0 984,000
Los Medaifios 0 612,000 93,000 0 705,000
Rustler Aquifer 0 3,254,000 202,000 0 3,456,000
Grand Total
Collapse ' 5,531,000 213,000 0 5,832,000
Magenta 0 410,000 835,000 82,000 1,327,000
Culebra 0 2,387,000 3,493,000 140,000 6,019,000
Los Medaifios 0 1,844,000 3,365,000 151,000 5,361,000
Rustler Aquifer 88,000 10,172,000 7,905,000 373,000 18,538,000
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Figure 12-1. Schematic graph showing the difference between unconfined and confined aquifers (from
Boghici and others, 2014).

Unsaturated

N TR e
&

Saturated Surface

y ME'N'“m* : Earth's
: = Surface
Impermeaakle
Impermeable { Medium
Medium Permeable
Mexdium
Unconfined
Aguifer Impermeable
I'. Medium
e e ——
Unconfined Confined
Agquifer Aquifer
Figure 12-2. Schematic of aquifer transitioning from an unconfined outcrop region, where recharge from
precipitation occurs, to confined conditions in the down dip regions of the aquifer (from
Hermance, 2016).
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13 Geophysical well log analysis and methodology

The calculation of water quality (calculated total dissolved solids) from resistivity is a standard
technique to supplement areas where sampled water quality (sampled total dissolved solids)
measurements are sparse. Examples of these techniques include Alger (1966), Ayers and Lewis
(1985), Fogg (1980), Fogg and Kreitler (1982), Fogg and Blanchard (1986), Hamlin (1988),
Estepp (1998), and Meyer (2012). The majority of these applications were performed in the
unconsolidated sediments of the Gulf of Mexico Basin, where data availability and geographic
distribution of electric logs is far greater than it is for the Rustler Aquifer footprint. One possible
exception is Collier’s (1993a,b) evaluation of various consolidated formations (e.g., Cretaceous
Edwards Formation, Trinity Group, Paleozoic limestones, etc.). For the Rustler Aquifer, in
addition to the sparse distribution of resistivity logs, no detailed publications have been found
that adequately discuss the calculation of water quality from resistivity or spontaneous potential
measurements. Geologists in the Groundwater Advisory Unit at the Railroad Commission of
Texas have developed some techniques (personal communication, March 2016); however, they
have not been shared in a citable or widely distributed format that could have been applied to this
study. In addition, given the lithologic complexity of the units that make up the Rustler, standard
techniques for water quality calculations can vary over many orders of magnitude if specific
properties such as layer thickness, log type, porosity, shaliness, cementation exponent,
geothermal gradient, and permeability are not constrained. These specific properties can be
constrained if the effect on geophysical signature is quantified through a sensitivity analysis.

Our approach to the calculation of water quality within the Rustler Aquifer is separated into the
following tasks:

1. Systematically characterize the structure and stratigraphy of the Rustler Formation to
better understand the distribution of hydrogeologic units that comprise the Rustler
Aquifer. During this process, acquire good resistivity/induction and porosity logs that can
be used to calculate water quality and porosity.

2. Evaluate all sampled water quality data that appear to be producing from the Rustler
Aquifer.

3. Perform an initial sensitivity analysis to better understand the sensitivities of the various
logs to variables such as borehole geometry, mud salinity and degree of shaliness.

4. Narrow down the good resistivity and porosity logs to 26 “Key Wells” that can be used
along with sampled water quality data to constrain the ranges of calculated water quality.

5. Use advanced petrophysical software to evaluate these wells for water quality and
porosity in an efficient and time sensitive manner. The advantage of the software is the
ease at which it can process large amounts of data. The calculations and techniques used
can be performed in any numerical software (Microsoft Office Excel, for example).

6. Use the key wells and sampled water quality data to constrain more simplified water
quality calculations made on resistivity logs to supplement areas in-between sampled or
calculated water quality.

Tasks 1 and 2 have already been explained in Sections 5 and 10 of this report. For tasks 3
through 6, it is necessary first to expand more on traditional techniques for the calculation of
water quality from resistivity logs in order to better show how our technique is both similar and
different from traditional approaches.
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13.1 Traditional calculation of water quality from resistivity logs

Resistivity can be defined as the degree to which a substance resists the flow of an electrical
current. For most applications, resistivity is inversely related to conductivity (microSiemens per
meter) and inversely related to total dissolved solids. That is, the higher the resistivity, the
fresher the water, and the lower the resistivity, the more brackish the water. Said another way,
the higher the resistivity, the less ions available to conduct electricity, and the lower the
resistivity, the more ions available to conduct electricity. Resistivity is measured in a borehole by
lowering a logging tool down the borehole and using a multiple-electrode array to apply a
constant current into the formation and measure the voltage drop. The resulting true resistivity
(R¢) 1s recorded on a geophysical log and represents the varying resistivity values within and
amongst the formations adjacent to the borehole. Assuming that the rock matrix of the geological
units intersected by the borehole had no electronic, as opposed to electrolytic, conductivity, then
the rocks themselves are electrical insulators and would exhibit an infinite resistivity. However,
because rocks have at least some small amount of interconnected porosity, and that porosity is
filled with a conducting fluid (e.g., oil, gas or water), the rock will have a measurable resistivity.
Where the formation is 100 percent saturated with water (denoted by Archie’s [1942] Saturation
[Sw] variable: S,, = 100%), as opposed to some combination of water, oil or gas (S, < 100%),
then the true resistivity (R;) is equal to the resistivity of the rock filled with formation water
(R,). The resistivity of the water equivalent (R,,.) is related to the rock filled with formation
water (R,) through the Archie Equation (Archie, 1942):

Rye =®™ XR, (Equation 13-1)
Where:
Rwe = resistivity of formation water
@ = porosity
m the porosity exponent
R, = the resistivity of a 100 percent water-saturated formation

After solving the Archie Equation for the equivalent water resistivity, the next step is to account
for ionic makeup of the formation water. Sodium and chloride ions predominate most oil field
brines, and ample equations exist to relate the resistivity of sodium chloride type water to its
corresponding total dissolved solids (usually referred to as salinity or sodium chloride in parts
per million) (see Western Atlas International [1992] or Schlumberger [2009] Chart Gen-4 for
example equations and graphs). In fresher formations, other ions and molecules such as calcium,
magnesium, bicarbonate and sulfate can make up a significant portion of the total ionic mass
within the sample. Each of these ions and molecules has its own relationship between ionic
weight and resistivity. To account for this, the sampled water quality values (see Section 10)
need to be converted into an equivalent sodium chloride total dissolved solids (salinity) using
Schlumberger (2009) Chart Gen-4 (Figure 13-1). Once the equivalent salinity is determined, the
resistivity of the water equivalent is corrected to resistivity of water using the following Rustler
specific equation:
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TDS )
Cfrustler = TDSwcs (Equation 13-2a)
And
R, = —2we (Equation 13-2b)
¢fRustler
Where:
cfrusier = correction factor specifically derived for the Rustler Aquifer from existing
water quality samples (Table 19-4) and Schlumberger (2009) Chart Gen-4
(Figure 13-1)
DS = total dissolved solids in milligrams per liter from water chemistry samples
(Table 19-4)
TDSnaci = sodium chloride equivalent total dissolved solids in milligrams per liter
R, = calculated resistivity of the water
Rye = resistivity of water equivalent

Once the resistivity of the formation water (R,,) has been corrected, water quality as total
dissolved solids in milligrams per liter is calculated by first adjusting the R,, at formation
temperature to R, at 75 degrees Fahrenheit and then converting from formation water resistivity
at 75 degrees Fahrenheit (R,, 75) to specific conductance in micromhos per centimeter at 75
degrees Fahrenheit:

10,000

Cprs = R (Equation 13-3)

Where:

Cy75 = specific conductance in micromhos per centimeter at 75 degrees Fahrenheit
R,,75 = water resistivity at 75 degrees Fahrenheit

Of importance is the calculation of a geothermal gradient, which is subsequently used to correct
the resistivity of the formation water (R,,) at formation temperature to resistivity of the formation
water (R,,) at 75 degrees Fahrenheit. The geothermal gradient strongly controls the mud thermal
gradient which is the parameter that we are most interested in. Most well log analysts use the
data on the log header to obtain a temperature at surface (Ty), Bottom Hole Temperature and
Total Depth. This data is recorded on the log header so that temperature corrections can be made
to the various petrophysical curves. This data is used to calculate the formation temperature at
depth (T (z)) using the following equation:

T(z) =T(z,) + w (z—21) (Equation 13-4)
2741
Where:
T(z) = Temperature (degrees Fahrenheit) at depth of interest (z)
T(z;) = Temperature (degrees Fahrenheit) at depth one, which usually corresponds
to the temperature of the mud filtrate recorded by the logging engineer on
the log header
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T(z,) = Temperature (degrees Fahrenheit) at depth two, which usually corresponds
to the bottom hole temperature recorded by the logging engineer on the log
header

z = Depth at which T(z) is being calculated

Z; = Depth at which T'(z;) was taken, which usually corresponds to ground
surface

Z, = Depth at which T'(z,) was taken, which usually corresponds to the total
depth of the log run

While there are significant opportunities to introduce errors to the calculation when using log
header parameters, due to convention in the well logging industry, this approach to calculating
the geothermal gradient is considered best practice. Other approaches to calculating the
geothermal gradient involve using a climatic atlas (for example: Climatic Atlas of Texas [Larkin
and Bomar, 1983]) in an attempt to limit the amount of surface temperature variability brought
into the calculation. This technique has its merits, especially with consistency of geothermal
gradient calculations, but it does not factor in the specific temperature profile of the mud at any
one well and can introduce a similar amount of error. This subject deserves additional research in
an attempt to standardize the procedure for water resource analysis.

Once the specific conductance in micromhos per centimeter at 75 degrees Fahrenheit (C,,75) has
been derived, the next step is to convert specific conductance to total dissolved solids. Of
importance to this conversion is the relationship between the sampled total dissolved solids in
milligrams per liter and the specific conductance (C,) in micromhos per centimeter. This
relationship is commonly referred to as the ct factor (Estepp, 1998) and is represented as a single
multiply variable such as 0.65. For the Rustler Aquifer, there were 84 “Data Accepted” water
chemistry samples for 54 wells that had both a total dissolved solids and specific conductance
measurement (Table 19-4). Data were plotted on a scatter plot and matched with a power curve
(Figure 10-5, regression plot of total dissolved solids vs specific conductance). The correlation
produced an R? (coefficient of determination) of 0.9 and the equation below to convert specific
conductance to total dissolved solids:

TDS = 0.1277 x C,pps =231 (Equation 13-5)
Where:

TDS = total dissolved solids in milligrams per liter
C.75 = specific conductance of the fluid at 75 degrees Fahrenheit in micromhos per
centimeter

13.2 Initial formation parameter sensitivity analysis

Where resistivity logs exist, it is paramount that the sensitivities to potential variables such as
borehole geometry, mud salinity and degree of shaliness be quantified before calculations of
water quality are made. To that end, the INTERA team acquired logs for 26 key wells that would
be used to evaluate the sensitivity of the geophysical signatures to various petrophysical and
geometrical conditions (denoted by a 3 in the “Petrophysical wells” field in Appendix 19-5).

106



Identification of Potential Brackish Groundwater Production Areas — Rustler Aquifer
Texas Water Development Board Contract Report Number 1600011949

Depending on the specific conditions, some of the petrophysical effects can be greater than the
impact of water quality. Well logs acquired in water-bearing rocks can be substantially affected
not only by water quality (for example: ion concentration, ion types, etc.), but also by rock
properties, logging conditions and logging tools. These variables to be considered include
porosity, permeability, irreducible water saturation, mud filtrate invasion, borehole size, borehole
resistivity, and aquifer bedding thickness. Additionally, the properties of the specific geophysical
logging tool used to acquire the logs must be factored into the analysis, especially considering
the age of most of the logs available for the Rustler Aquifer. Most of the latter effects included in
well logs are not typically accounted for by logging companies when providing well logs, such
as gamma ray, spontaneous potential, resistivity, density porosity, and neutron porosity. These
effects are usually accounted for as part of a petrophysical quality assurance/quality control
workflow in most oil and gas companies. Given expected sensitivities to geometrical and
petrophysical effects, modern methods used in the interpretation of well logs invoke some degree
of numerical simulation to quantify the relative impact of borehole and layer environmental
effects in the interpretation of layer petrophysical properties and saturating fluids.

The numerical simulation of well logs is performed by first defining all pertinent variables and
available, geometrical properties such as borehole size, mud type (i.e., types of ions in solution
and their concentrations), temperature, layer thicknesses, etc. Next, layer properties such as
porosity, volume of shale, permeability, total water saturation, irreducible water saturation, and
water chemistry are used to calculate effective layer properties such as electrical resistivity,
natural radioactivity, compressional and shear wave velocities, and nuclear properties. Lastly, the
calculated layer physical properties, together with layer thicknesses and specific tool properties
are then used to numerically simulate all well logs (e.g., gamma, spontaneous potential,
resistivity, etc.). Comparison of numerically simulated well logs against measured well logs
provides quantitative verification of the relative impact of relevant formation properties on the
well logs, including water quality. For example, what is the expected range in resistivity for a 30-
foot-thick bedded dolomite, filled with a 5,000 milligrams per liter total dissolved solids water
and sandwiched between an anhydrite and mudstone?

Based on observed average compositional and petrophysical properties in the Rustler Aquifer,
we performed a sensitivity analysis of relevant formation and petrophysical variables to quantify
their effect on measured well logs. The sensitivity analysis was carried out by numerically
simulating the gamma-ray, spontaneous potential, resistivity (shallow-, medium-, and deep-
sensing), density, and neutron logs, using software developed by the University of Texas at
Austin (UTAPWeLS). Starting with borehole properties, such as borehole diameter (caliper),
mud resistivity, and mud filtrate resistivity, the software simulates the physical process of mud
filtrate invasion into the Rustler Aquifer by replicating the physical process of advection and
diffusion of ions present in water as mud filtrate displaces formation water due to overbalance
pressure between the mud column and the Rustler Aquifer. The latter process is governed by
overbalance pressure, duration of invasion, permeability, porosity and ion-concentration
differences between mud filtrate in formation water. Numerical simulation of the process of mud
filtrate invasion gives rise to radial variations of salt concentration from the borehole wall into
the formation, which are subsequently converted to radial variations of electrical resistivity using
transformations such as Archie’s or shaly-resistivity equations. The resulting calculated radial
variations of electrical resistivity are used to numerically simulate laterolog or induction
resistivity logs with multiple depths of investigation for specific commercial tools (e.g.,
Schlumberger or Baker-Hughes dual laterolog). Following a similar process, compositional and
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radial variations of ionic concentration resulting from mud filtrate invasion are transformed into
radial variations of rock density and neutron migration length to numerically simulate density
and neutron logs.

The objective of numerically simulating resistivity and nuclear logs resulting from the process of
invasion of mud filtrate into the Rustler Aquifer is to quantify the influence of formation water
salinity on available resistivity and nuclear logs. However, in addition to salt concentration of
formation water, resistivity and nuclear logs are influenced by: mud filtrate salinity, porosity,
degree of shaliness (volumetric concentration of shale), matrix composition, permeability, and
temperature. We began the sensitivity evaluation by performing specific sensitivity analysis of
all of the above factors on numerically simulated resistivity and nuclear logs. The range of
variability of these parameters is based on observed properties in the Rustler Aquifer along the
key wells selected for the study. Preliminary results from the sensitivity study indicated that mud
filtrate salinity, formation salinity, porosity, and degree of shaliness are the most important
factors controlling the numerically simulated resistivity logs. These factors will be incorporated
and accounted for when evaluating water quality from the resistivity logs.

Figure 13-2 shows an example of numerical sensitivity analysis of gamma-ray, spontaneous
potential, resistivity (dual laterolog), neutron, density, and PEF logs to variation of formation
water salinity. The synthetic model was constructed to resemble some of the properties of the
Rustler Aquifer. There are five permeable, equal-thickness dolomites with porosity equal to 10%
shouldered by shales penetrated by a vertical well. Mud filtrate salinity equals 200,000 parts per
million sodium chloride, which is consistent with typical mud filtrate salinities in the area. From
top to bottom, the dolomite units are saturated with formation water of salinity equal to 15,000,
10,000, 5,000, 2,000, and 500 parts per million sodium chloride. Gamma-ray, spontaneous
potential, resistivity, and nuclear logs were simulated after performing the numerical simulation
of the process of mud filtrate invasion in to the water-saturated dolomites. Below is an
explanation of the major sensitivities and how they were accounted for when calculating water
quality from resistivity logs.

Mud Filtrate Salinity: Mud filtrate salinity can have extreme effects on the calculation of water
quality from resistivity logs. Specifically, where the resistivity tool does not look far enough into
the formation to see the uninvaded zone, the calculated water quality will be reflective of either
the mud filtrate salinity (in the flushed zone) or some combination of the mud and formation
salinity in the zone of mixing. To mitigate the incorporation of mud filtrate salinity into the
calculations, the following techniques will be applied:

1. A calculation of the resistivity of the mud filtrate (Rmf) at formation temp will be made
and subsequently compared to resistivity of water (Ry) values to evaluate the potential for
mixing.

2. Specific resistivity/inductions tools that have deep investigation length will be used to
guide the range of expected resistivity of water values. In addition, calculations made on
tools known to have a shallow investigation length will be treated with caution.

3. Sampled water quality data, along with deep sensing resistivity logs, will be used as a
guide to determine if a calculated resistivity of water (Rw) value is spurious, given the
surrounding data.

Formation Water Salinity: Resistivity logs in particular were simulated by assuming a
commercial dual laterolog tool. Simulation results indicate that both spontaneous potential and
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deep resistivity logs have a measurable and discernable influence from formation water salinity
(notice that resistivity logs are plotted with a logarithmic scale). The ratio of deep- to shallow-
sensing resistivity logs is equal to the ratio of formation water resistivity to mud filtrate
resistivity, which enables the direct calculation of formation water resistivity.

1. When making calculations of water quality in key wells, care must be taken to ensure that
the calculation made is reflective of the formation water quality and not the mud filtrate.
This can be accomplished through comparison of the resistivity of mud filtrate at depth.

Porosity: Porosity can have a profound effect on the calculation of water quality. In fact, it likely
exhibits the largest influence on the calculation of water quality. Therefore, porosity values used
in the calculations should come from either direct calculation at the well or from calculation at a
nearby well. In addition, it was clear from the sensitivity analysis that shale volume had a
significant effect on the calculation of porosity and need to be incorporated.

1. For key wells, make a calculation of porosity at the well where the water quality
calculation is being made. Use either neutron porosity log, sonic log, 32-inch limestone
resistivity log or a spherically focused shallow log to calculate porosity specifically for
the matrix composition in question (dolomite matrix for Magenta and Culebra Dolomites
and limestone matrix for the limestones of the Los Medafios Unit).

2. If at all possible, use more than one porosity calculation method and compare those
calculations to neighboring calculations in other wells.

3. Initial attempts to calculate porosity should be in zones with low volumetric shale
concentrations.

4. 1If porosity calculation results in a much lower total dissolved solids value than should be
expected and, gypsum is suspected, use a calculation technique that factors mixed solid
rock compositions (like gypsum/dolomite for example).

Volume of Shale: Volume of shale calculations should be made in order to concentrate water
quality and porosity calculations in areas with as low a volume shale as possible. However, areas
of the Rustler Formation are suspected of having high potassium values which could serve to
artificially (at least with respect to shale content) increase the volume shale calculation.

1. First attempts at water quality from resistivity and porosity calculations should be in
zones that have low calculated shale volumes.

2. If high gamma values persist, evaluate the character of the other curves to see if there is a
proportional change accompanying the gamma ray signature. If the gamma increases
without a corresponding change in the resistivity or porosity value, postassium-rich zones
could be suspected.

13.3 Advanced techniques used to calculate porosity, resistivity of formation
water, and subsequently water quality

While the title of this section implies that the techniques used in this analysis are advanced, these
workflows, or ones similar, have been used for decades in the oil and gas industry to standardize
log interpretation. However, to perform these types of analyses on large numbers of geophysical
logs would go beyond a typical water resource characterization project budget. Therefore, we
decided that the “key well” approach would represent a good compromise, and we could draw
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inferences from the combination of key well results and sampled water quality values that could
be used to constrain additional calculations of water quality using more simplified techniques.

Additionally, the specific conversion between equivalent water resistivity (R, ), resistivity of
water (R,,), specific conductance (C,,) and ultimately total dissolved solids (TDS) have been
simplified and or nullified. It is also very important that well logs be devoid of borehole and tool
effects before using them for calculations. For instance, depending on borehole size and mud
weight, the gamma-ray log needs to be corrected before comparing gamma-ray values among
multiple wells and using it for evaluation of volume of shale. Such corrections need to be
implemented formation by formation so that the calculation method will be the same regardless
of well location. This “well-log balancing” procedure is extremely important in the analysis of
neutron logs for calculation of porosity given that the latter are overly sensitive to borehole
conditions. Likewise, whenever rocks exhibit mixed solid compositions (i.e., departing from
simplified limestone, dolomite, or quartz compositions), apparent neutron porosity values need to
be corrected for matrix (solid composition) effects to yield values of total porosity (which in turn
can affect the corresponding calculations of formation water resistivity).

13.3.1 Step 1: Evaluate all header information for consistency

The first step in this process is to acquire all of the header parameters for the geophysical logs
and verify that values make sense. For example, the temperature at which the resistivity of the
mud is measured (either R or Rmf) needs to check out with the time of year that the sample was
taken. That is, the temperature of the mud at surface should be consistent with the time of year
that the measurement was taken. Another example is the Bottom Hole Temperature. A check was
made on the key wells to make sure that these values are consistent and that there is small
variation in the geothermal gradient. It is critical to look at the header parameters from a
statistical analysis approach to highlight any outliers in the datasets (e.g., mud weight, caliper,
etc.) In addition, it is critical to understand the impact that the outliers can have on the
calculation of porosity or water quality.

13.3.2 Step 2: Send .tif images of the geophysical logs to get digitized and converted to Log
ASCII Standard (.LAS)

After evaluating the header parameters, the logs that showed consistency were sent off to
WellGreen LLC in Calgary, Canada to have the .tif images converted into Log ASCII Standard
(.LAS) files. This process is called digitizing geophysical curves and usually starts with a
systematic “straightening” of the geophysical log. Geophysical logs can be skewed when a paper
log is being scanned in to make a .tif image. Most digitizing companies have fairly sophisticated
image processing software that will straighten .tif images until the operator is satisfied with the
results. WellGreen is no exception and implements industry standard straightening algorithms
before digitizing the curves. After the image has been straightened, the digitizer will then put a
right and left scale onto the geophysical curve and then proceed to trace it. Results are a .LAS
file for each of the log curves on a half-foot basis.
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13.3.3 Step 3: Correct depth shifting

Upon receiving all of the digitized logs from WellGreen LLC, the next step was to evaluate each
of the log pairs to make sure that correct depth shifting had occurred. Depth shifts usually occur
when the original log is being acquired by the well logging company and involve inadequate
quality assurance/quality control on the part of the well logging company because of log splicing
and/or abrupt cable tension and speed variations. An example of this is the shallow and deep
resistivity in Figure 13-3. As can be observed, the deep resistivity is offset from the shallow
resistivity, which is consistent with the gamma ray log. Depth shifting can be done outside of
petrophysical calculation software using standard interpretation software and .LAS viewing
software to evaluate the results. Care must be exercised not to over-depth-shift the various well
logs.

13.3.4 Step 4: Choose reference wells

The majority of the logs run in the Rustler Aquifer are fairly old in age (1940s, 1950s and
1960s). Thus, logs that were eventually standardized, are not and depending on the specific
service company, will have different units. For example, we have gamma ray logs in radiation-
equivalents per ton, American Petroleum Institute units or, for the very old logs, no scale at all.
While these logs are on different scales, the Rustler Formation signature is still readily
identifiable. This is okay for qualitative tasks like making picks for structural and stratigraphic
contacts but, when systematically making calculations across multiple wells, data for logs need
to be standardized and then normalized.

For the gamma ray tool, all of the logs were converted to American Petroleum Institute units,
which is the standard unit for all gamma ray logs post 1960s. One technique used to convert non-
American Petroleum Institute scales to American Petroleum Institute is the process of
normalization. By looking at all of the wells, the one with the most reliable and least borehole-
influenced logs is picked and subsequently called a reference well. This process is performed for
both the gamma ray logs and the neutron porosity logs, as both of them have similar age-related
issues. Once a reference well is selected, all of the other logs will be transformed to bring them
onto the same value range as the reference log.

For this analysis, well 423893012300 will be used as the reference well for the gamma ray logs.
Well 423890108900 will be the well that is being normalized to the reference log. Gamma ray
values over the entire interval of the Rustler Formation were extracted for both the reference log
(42389301230000) and the log that is going to be normalized (423890108900). As can be
observed from Figure 13-4, the reference log is in American Petroleum Institute units on a scale
of 0-100 and the log to be normalized is in Radiation-equivalents per ton on a scale of 0-7.5.
After converting the Radiation-equivalents per ton values to an American Petroleum Institute
scale, the values were still anomalously low and needed to be normalized to the reference well
(see histogram in Figure 13-4). Standard petrophysical software provides a variety of
normalization techniques, but the approach used here involves starting with a 0 and 100 percent
normalization range and adjusting the percentages until you get the best fit with the reference
gamma ray log (Figure 13-5). This process was performed on all gamma ray and neutron
porosity logs in the key wells to ensure consistency across all of the gamma ray and neutron
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porosity logs. Furthermore, the normalization process was performed independently for the
Magenta Dolomite, Culebra Dolomite, and limestones of the Los Medafios.
13.3.5 Step 5: Calculate temperature

For the 26 key wells, the temperature of formation was calculated on a foot by foot basis using
the following equation assuming a linear geothermal gradient:

T(z) =T(z,) + % (z—21) (Equation 13-6)
Where:

T(z) = Temperature (degrees Fahrenheit) at depth of interest (z)

T(z;) = Temperature (degrees Fahrenheit) at depth one, which usually corresponds
to ground surface

T(z,) = Temperature (degrees Fahrenheit) at depth two, which usually corresponds
to the bottom hole temperature

z = Depth at which T(z) is being calculated

Z; = Depth at which T'(z;) was taken, which usually corresponds to ground
surface

Z, = Depth at which T'(z,) was taken, which usually corresponds to the total
depth of the log run

13.3.6 Step 6: Calculate mud-filtrate resistivity at depth R,;(z)

We converted resistivity of mud filtrate (R,;,5) to resistivity of mud filtrate at depth using the
following equation:

T,+6.77 )
Rmf(2) = Ryppy * T(;+6.77 (Equation 13-7)
Where:
Ry r(z) = corresponding electrical resistivity (ohm-meter) of mud filtrate at
Temperature T (z) (degrees Fahrenheit)
Rpns1 = Electrical resistivity (ohm-meter) of mud filtrate measured at Temperature
T, (degrees Fahrenheit)
T, = Temperature (degrees Fahrenheit) at Ry, ¢4
T, = Temperature at depth (degrees Fahrenheit)

13.3.7 Step 7: Calculate porosity (®) from geophysical logs

Seminal to the calculation of water quality in the Rustler Aquifer is the derivation of the most
accurate porosity value possible. Using variations of the Archie’s (1942) water saturation
equation to calculate resistivity of water can cause resistivity to range over two orders of
magnitude if using a porosity range between five and 35 percent. This will result in a range of
approximately an order of magnitude in the resulting calculated total dissolved solids value.
Therefore, given the somewhat inconsistent nature of porosity logs in the Permian Basin, the
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INTERA team went to great lengths not only to calculate porosity but also to cross check the
calculated porosity using log normalization (formation-by-formation balancing) techniques.

Since the late 1970s, logging companies have provided neutron curves in apparent (limestone,
sandstone or dolomite) porosity units. In the Permian Basin, these have been standardized to
limestone porosity units. For wells logged in apparent porosity units, processing and corrections
for borehole effects are made automatically by the geophysical logging company and are
reflected on the .tif image of the log. However, as most logs run through the Rustler are old (pre-
1970s), there are multiple types of porosity tools that have a range of units including: Standard
Counts Per Second, American Petroleum Institute units, Porosity Units, or even with no scale at
all. To calculate the porosity from these curves, a conversion between old and new porosity units
must be made.

In the Rustler Aquifer, water-bearing zones are in both dolomite (Magenta and Culebra) and
limestone (Los Medaios). Therefore, we will need to make the calculations in apparent
limestone porosity and apparent dolomite porosity. In addition, we will also need to know how to
convert between the two lithologies. The calculation of porosity from the various logs is as
follows:

Neutron Log in Limestone Porosity units:

This is the simplest case. If water saturation is equal to 1 (Sw =1), and if the rock is clean (local
minima of the gamma ray log), and if the neutron log is expressed in the right lithology
(sandstone, limestone or dolomite), then neutron porosity equals the total porosity recorded on
the log. For the limestones within the Los Medafios Unit, the value can be read directly from the
local gamma ray minima over the limestone unit. If we are trying to evaluate the Magenta or
Culebra, then the log must be converted from apparent limestone porosity to apparent dolomite
porosity.

Converting an apparent limestone porosity to an apparent dolomite porosity is done using
Schlumberger (2009) Por-11 Chart. To convert from limestone porosity to dolomite porosity,
enter the graph at the corresponding apparent limestone porosity value and follow the line up
until it intersects at the dolomite porosity curve and that is the dolomite porosity. For wells that
had apparent limestone porosity, the apparent porosity values were calculated for all of the units.

Convert Neutron Log from Standard Counts Per Second to Limestone Porosity units using
calculations:

Neutron porosity logs run in Standard Counts Per Second can be converted to percent limestone
porosity for a 6-, 8-, and 10-inch borehole using:

For 6-inch borehole: @) = 10(2247-0.00335+CPS) 1100 (Equation 13-8a)
For 8-inch borehole: @, = 10(24-0:00438<CPS) 1100 (Equation 13-8b)
For 10-inch borehole: @, = 10(2:547=0.0052=CPS) 1100 (Equation 13-8¢)
Where:

®,,= Apparent limestone porosity (in porosity units)
CPS = Counts Per Second
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When one has a borehole diameter different from those listed above use, one can use a linear

approximation. For instance, for a 8.75-inch borehole: where

——— = (.625, one has

®,s = (0.625 * 10(2:4-0.00438+CPS) (1 —0.625) * 10(2-547—0-0052*CP5))/1()0

One can also solve this problem point by point using a graphical method (Figure 13-6). If
abnormal porosity values are acquired, it could be due to borehole effects such as:

e Standard Counts Per Second<150 or Standard Counts Per Second>750
e The pad tool was not completely against the side wall

e The borehole is filled with high salinity mud

Convert Neutron Log from American Petroleum Institute units to Limestone Porosity units

using calculations:

American Petroleum Institute units can be converted into limestone porosity units using the

following equations:

Hole size

4-inch
6-inch
8-inch
10-inch

12-inch

Or:

Hole size

4-inch
6-inch
8-inch
10-inch

12-inch
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100
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(pls ~

100

Equation for API € [1500-5000]

101.8283—0.000476AP1
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s 100
102.0584—0.000653AP1
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s 100
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D, ~
s 100
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~
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Where:
€ = Neutron response in American Petroleum Institute units
@, = Neutron porosity in percent
API = American Petroleum Institute units for neutron porosity

This conversion can also be performed using the graph provided in Figure 13-7. If abnormal
neutron porosity values occur using this method, it is likely due to borehole effects, and the
normalization method would provide more reliable estimates of apparent porosity.

Convert Neutron Log Standard Counts Per Second or American Petroleum Institute units
to limestone porosity using the normalization method:

In wells where borehole effects produced biased neutron porosity values, the normalization
method was used. The porosity log normalization method is similar to the gamma ray log
normalization method in that reference wells are needed. These wells required a neutron porosity
log that, when converted to limestone porosity units, the data were not anomalous. The following
key wells were used as reference wells for the porosity log: 421093138300, 423713514900,
423890014200, 423890090500 and 4237102194. Again, the normalization method for the
porosity logs is similar to the gamma ray log method, with the exception that there are minor
differences in applying the method depending on what nearby reference well is being considered.
For example, when there was a reference well that had a neutron log expressed in Standard
Counts Per Second or American Petroleum Institute units, then the log curve to normalize will
also need to be in Standard Counts Per Second. If the two wells had different borehole diameters,
the reference well was converted to limestone porosity units using the diameter of the reference
borehole. The well was then normalized and corrected back to its reference borehole diameter.

The normalization method was also used to quality control some of the porosity calculations to
make sure that there was consistency between the two apparent porosity values.

Sonic porosity from acoustic logs:
Sonic porosity can be approximated using the Wyllie equation:

__ Atp—Aty . _
= 3¢;—dtm (Equation 13-10)
Where:
® = porosity
At, = the bulk sonic slowness (microSiemens per foot)
Aty =  the sonic slowness of the fluid occupying the rock’s pore space (microSiemens
per foot)
At,, = the sonic slowness of the matrix (solid component) contained in the rock

(microSiemens per foot)

In the Rustler Aquifer, water-bearing zones are in dolomite and limestone. Thus, sonic porosity
can be calculated as:

At—43.5 At—48 .
Daotomite = 190—43.5 and  Pjimestone = 190—48 (Equation 13-11)
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Where:

At = the bulk sonic slowness (microSiemens per foot) read directly from the log
Dio10mite — dolomite sonic porosity
Djimestone — limestone sonic porosity

Porosity from 32-inch limestone resistivity log:

The 32-inch limestone (Res32”’) device was developed in 1945 and sometime in the early 1950s
went out of use (Hilchie, 1984). The tool was used to determine porosity along the same lines as
the short normal resistivity tool. The life and use of the limestone device was short and
geographically restricted to West Texas and, to a much lesser degree, Alberta, Canada (Hilchie,
1984). The tool was usually run in combination with a 10-inch normal and 19-foot lateral
devices.

In theory, porosity can be acquired from the 32-inch limestone device using the following
technique proposed by Hilchie (1984):

m ) = LA uation 13-
(Res32 ) 4xAM+AN (Eq 13 12)

Rmf /= (d2-ds?)
Where:

ax (R;:jf ) = the maximum value over the entire log of the ratio of Res32” to Ri
Res32" = Value, in ohm-meters, from the 32-inch limestone resistivity curve
Rmf = resistivity, in ohm-meters, of the mud filtrate at depth
d = borehole diameter
ds = the sonde diameter
AM = 30-inch for a 32-inch limestone device
AN = 34-inch for a 32-inch limestone device

For a typical 3 5/8-inch diameter sonde used by Schlumberger (2009), the following values are

i R
representative of what should be expected for the max ( ;Siz

) values given different borehole

diameters:
Hole diameter [max(R}e:BZ")]
(inches) mf
47 866
6 7 252
8 160
9 120
10 94
12 62

The table is provided in the instance that a zone of infinite resistivity does not occur in the well.
For all key wells that had 32-inch limestone device runs, the maximum value for the ratio
between the 32-inch limestone resistivity and mud filtrate resistivity at depth were calculated.
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The maximum value should be measured in a zone of essentially infinite resistivity. If the
maximum value of the calculated ratio is out of the range, it is possible that the sonde used has a
different diameter from the 3 5/8-inch. The sonde diameter is usually reported in the header of

the file.

After calculating the max ( 3
Rmf

Re

2"

deflection using the following equation:

where:

(Res32"
Rmf
Res32"

Rpns

)

%Deflection = 100 * (

Ry

Res32"

)/ [max( -

Res32"

)]
f

) value, the next step is to calculate the relative percent

(Equation 13-13)

the maximum value over the entire log of the ratio of Res32” to R

Value, in ohm-meters, from the 32-inch limestone resistivity curve
resistivity, in ohm-meters, of the mud filtrate at depth

Once the %Deflection has been calculated, depending on the borehole size, the equations
below can be used to convert %Deflection to apparent porosity:

Hole size

4-inch

5-inch

6-inch

7-inch

&-inch

9-inch

10-inch

11-inch

12-inch

13-inch

14-inch

15-inch

16-inch

=~

=~

=~

Equation for Porosity

® —5.577 In(%Deflection) + 27.889

100

100

® —8.0181In(%Deflection) + 38.957

® —9.6681In(%Deflection) + 46.984

100

® —11.38In(%Deflection) + 54.988

100

100

® —12.78In(%Deflection) + 61.585

® —14.181n(%Deflection) + 68.118

100

® —15.54In(%Deflection) + 74.299

100

® —16.77 In(%Deflection) + 79.852

100

100

® —17.74In(%Deflection) + 84.374

® —18.71In(%Deflection) + 88.885

100

® —19.76 In(%Deflection) + 93.736

100

100

® —20.91In(%Deflection) + 98.999

® —21.93In(%Deflection) + 103.77

100
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The porosity can also be solved for using Figure 13-8 taken from Hilchie (1984).

Porosity from spherically focused resistivity log (SFL):

While only one of the key wells had a spherically focused resistivity log, calculation of porosity
from a combination of the mud filtrate resistivity (R,,f) and the spherically focused resistivity
(Ryo) curve is relatively straightforward. The main assumption is that the spherically focused log
is measuring the flushed zone and if so, porosity can be approximated using Archie’s 1942
equation:

R, = ﬁiﬁ _ (Equation 13-15)
Where:

R; = True resistivity as measured from the spherically focused resistivity curve
(Rxo)

a = the lithology constant which is 1 in this case

R, = resistivity, in ohm-meters, of formation water which is assumed to be equal to
the resistivity of mud filtrate at depth (R;,,r2)

b = porosity in decimal units (fraction)

m = porosity exponent, which is assumed to be 2.0 (dolomite-limestone average)

S, = Archie (1942) water saturation variable, which is assumed to be 1 in the

flushed zone

Which can be simplified to:

Ry, ~ R"ZZ(Z) (Equation 13-16a)
And finally:
¢~ [FO (Equation 13-16b)
Where:
® = porosity in decimal units (fraction)
Ry s(z) = resistivity, in ohm-meters, of mud filtrate at depth
R0 = resistivity, in ohm-meters, of the flushed zone which is equal to true

resistivity from the spherically focused log

Porosity in gypsiferous portions of the Magenta Dolomite

When making calculations of porosity in the Magenta Dolomite in wells 423890055500 and
423890089000 in Reeves County, it was immediately apparent that the Magenta Dolomite in this
area was lithologically different from other portions of the Rustler Formation. Specifically, when
using the porosity values to make the calculations for water quality, values within the Magenta
were around 100 milligrams per liter while the calculations for the Culebra and Limestones of
the Los Medafios were in the >3,000 milligrams per liter total dissolved solids range. Boghici
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and Broekhoven (2001), in their table 15-1, state that the Magenta Member is an interbedded
gray dolomite and gray gypsiferous dolomite in Reeves County. If the unit is suspected to
contain gypsum, this would reduce the porosity value. When making water quality calculations
using the resistivity log, reducing the porosity value serves to attribute more of the true resistance
(R;) to the tortuosity of the interconnected flow paths as opposed to the conductivity of the water
in the formation (R,,).

When matrix composition is not limestone, dolomite, or quartz, the apparent neutron porosity
needs to be converted to the specific matrix composition of the rock so that the resulting porosity
can be a reliable expression of the fluid-occupied relative rock volume (typically referred to as
matrix correction of apparent neutron porosity). The correction can be readily implemented with
the method developed by Ortega and Torres-Verdin (2015), wherein the inverse of the migration
lengths of both dolomite and gypsum are weighted average with their relative solid
compositions. Migration length is the fundamental property of materials that quantifies the sum
of scattering and diffusion lengths traveled by a neutron before it is absorbed by the material.
Migration lengths for specific minerals can be calculated using Monte Carlo methods of multi-
particle analysis. Ortega and Torres-Verdin (2015) (Table 1 of their paper) provided tabulated
values of migration length and inverse of migration length for some of the most common
minerals typically encountered in rock compositions. Using Table 1 of Ortega and Torres-Verdin
(2015), we calculated the inverse of migration length for a wide range of dual dolomite-gypsum
solid concentrations. Assuming 100% water saturation, we subsequently calculated the
corresponding value of neutron porosity, which gave us the correction factor needed to convert
the original limestone (or dolomite) apparent neutron porosity to the equivalent porosity for a
mixture of gypsum-dolomite solid composition in the Magenta Dolomite. This procedure yielded
a reliable porosity value from which to calculate formation water resistivity.

It must be noted that the porosity exponent has a profound effect on the calculated apparent
porosity and data to empirically derive the porosity exponent either did not exist or was not
available to this project. Therefore, for consistency, the INTERA team decided to use a value of
2.0, which is the high end for a dolomitic limestone, for all calculations. Variations of this
parameter can be found in Appendix B of Estepp, 2010.

Porosity values were calculated for all 26 of the key wells using one or more of the above
mentioned porosity calculation techniques on one or more of the principal water-bearing units.
These values are tabulated in Table 13-1 and geographically distributed on Figure 13-9. As can
been observed on Table 13-1, the standard deviation of the apparent porosity value between the
units averages about five percent and has a minimum and maximum deviation of 0 and 14
percent, respectively. Averages for all of the values did not differ significantly. Maximum values
for all three of the units are in the high range of apparent porosity values and likely represent a
very transmissive/karstified portion of the carbonate units.

The geographic distribution of the porosity values is shown on Figure 13-9. It is immediately
apparent that the three wells (423013023600, 424951085300 and 424750289700) in the northern
portion of the project area are representative of the suspected tightening of porosity due to halite
cementation. While we made picks for the Los Medafios Limestones in the area, it is possible
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that the limestone units were either transitioning into their halitic counterpart or were cemented
with halite cements. In the northwestern portion of the project area, wells show a consistently
high porosity, likely due to solution enhancement. Toward the middle of hydrostructural zone 9,
just to the west of Pecos, wells 423890024500 and 423890035500 show lower porosities likely
attributed to burial related compaction of the Rustler Formation in the Pecos-Loving Trough.
However, attributing to the complex nature of the Rustler, well 423890075400 in the same areas
shows higher porosity values. This also appears to be happening with well 423710418600 as it
transitions into the Monument Draw Trough. Porosities in and around the Fort Stockton area
appear to be consistently in the 0.20 to 0.26 range for the Culebra Dolomite the limestones of the
Los Medafios. High porosities in well 423713514900 are likely due to solution enhancement, and
picks here were extremely difficult and were geared toward trying to find signatures reflective of
dolomite and limestone, as opposed to stratigraphically following the member units into the area.

13.3.8 Step 8: Calculate the resistivity of the formation water (Rw)

Once the calculation of porosity was made for the wells, assuming the correct type of log was
available, calculation of water quality from the deep resistivity signature was relatively
straightforward. Formation water resistivity can be approximated using Archie’s (1942) water
saturation equation:

axR .
R, = @m*S‘::n (Equation 13-17)
Where:
R; = True resistivity as measured from the spherically focused resistivity curve (Rxo)
a = Winsauer’s constant, which is 1 in this case
R,, = resistivity, in ohm-meters, of the water which is assumed to be equal to the
resistivity of the mud filtrate at depth (Rmfz)
® = porosity in decimal units (fraction)
m = porosity exponent, which is assumed to be 2.0 (dolomite-limestone average)
S, = Archie (1942) water saturation variable which is assumed to be 1 in the flushed

zone
Which can be simplified to:

R, = R, * ®* (Equation 13-18)
Where:

R,, = resistivity, in ohm-meters, of the formation water
R; = True resistivity as measured from the deepest sensing geophysical tool
@? = porosity in decimal units with a cementation exponent of 2.0

13.3.9 Step 9: Calculate equivalent NaCl concentration from Rw

The resistivity of formation water is then converted to equivalent sodium chloride concentration
in parts per million, further referred to as salinity (TDSy,¢;) using the following equation derived
from Western Atlas International (1992):

120



Identification of Potential Brackish Groundwater Production Areas — Rustler Aquifer
Texas Water Development Board Contract Report Number 1600011949

3.562—10g10[(W)*RW—O.Olzﬂ

TDSygc = 10 0.955 (Equation 13-19)

Where:

TDSyaci = Equivalent sodium chloride in parts per million
T(2) Temperature at depth calculated using geothermal gradient
R, resistivity, in ohm-meters, of formation water

13.3.10 Step 10: Discrimination of values to low gamma ray intervals

While all of the aforementioned calculations were made over the entire depth of the geophysical
logs, the INTERA team was only interested in depth intervals that exhibit low gamma ray signals
within the main water-bearing zones. This selection minimizes the effect of shale (clay minerals)
on the measured electrical resistivity (surface conduction effects which could reduce the
accuracy and reliability of Archie’s equation). For this portion of the work, petrophysical
software was used to provide a histogram of the normalized gamma ray log. Based on each
histogram for each water-bearing unit, a gamma ray value was chosen to represent the volume
shale cutoff. For each of the water-bearing units, if the volume shale cutoff was not exceeded
then the corresponding calculated sodium chloride value at that same depth increment was taken
and all of the values were tabulated and subsequently averaged.

13.3.11 Step 11: Using sampled water quality data to convert equivalent sodium chloride
concentration to total dissolved solids (milligrams per liter)

As discussed in Section 10, sampled water quality data, along with Schlumberger Chart Gen-4
(Schlumberger, 2009) (Figure 13-1) was used to calculate sodium chloride equivalent total
dissolved solids for each of the samples. For samples that had an ionic balance less than 15%,
and had a total dissolved solids value less than 10,000 milligrams per liter, a regression plot of
total dissolved solids vs sodium chloride equivalent total dissolved solids was created (Figure
13-10). The values less than 10,000 milligrams per liter were used because that range is most
reflective of the ionic makeup of the Rustler Aquifer. The regression was fit with a simple
polynomial equation and produced a coefficient of determination (R?) of 0.98. The equation,
which was used to convert sodium chloride in parts per million to total dissolved solids in
milligrams per liter is as follows:

TDS = 1.1784(TDSyqc1) + 94.788 (Equation 13-20)
Where:
TDS = total dissolved solids in milligrams per liter
TDSyqaci = Equivalent sodium chloride total dissolved solids in parts per million

All of these steps have been summarized on a petrophysical workflow table (Figure 13-11). The
workflow table is meant to serve as a guide when attempting to calculate porosity and or water
quality within the Rustler Formation. In addition, examples of the application of these techniques
have been provided in appendix 19.7.
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Results of water quality calculations are summarized on Table 13-2. Calculations were made on
all but 11 of the key wells due to availability of quality resistivity/induction log signature in
those wells. It is important to point out that the calculation for water quality in the key
geophysical wells was performed without considering the geographic location of the well that
was being analyzed. This is important because it provided for a more reliable and unbiased
product when the interpretations were geographically distributed and the resulting distribution of
calculated water quality values was in general agreement with the sampled water quality
distribution (Figure 6-1). Wells that were not in general agreement with the sampled water
quality include the two Magenta Dolomite calculations (423890055500 and 423890089000) that
necessitated the inclusion of gypsum into the porosity calculation, well 423890101100 with a
calculated total dissolved solids value of 18,416 for the Culebra Dolomite and well
423013023600 with a calculated total dissolved solids value in the Los Medaiios of 143,400
milligrams per liter. Varying the volumetric ratio between gypsum and dolomite in the
calculation of porosity for wells 423890055500 and 423890089000 increased the calculated
water quality into an acceptable range. The water quality value calculated at well 423890101100
is inconsistent with the general understanding of the water quality distribution within the Rustler
Aquifer and is likely a localized feature. For well 423013023600, it would appear that we either
mis-classified the unit as a limestone or, the porosity has been clogged with halite cements. This
value was reported but, it was not averaged into the total dissolved solids values posted on any of
the figures or statistically analyzed in Table 13-2.

Calculated water quality values for the Magenta Dolomite range between 827 and 22,641 with an
average of 6,022 milligrams per liter. Calculated water quality values for the Culebra Dolomite
ranged between 1,641 and 22,756, with an average of 6,453 milligrams per liter. Calculated
water quality values for the limestones of the Los Medafios Unit between 1,052 and 37,147, with
an average of 3,453 milligrams per liter. Average calculated water quality values for the Rustler
Aquifer ranged from 1,044 to 22,699 and averaged 6,456 milligrams per liter. Standard deviation
between the calculated water quality in each unit had a range between 6 and 1,955 with an
average of 1,754 milligrams per liter. With the average standard deviation being 1,754 between
the units, and the fact that all of the sampled water quality was had to be assigned to the entire
extent of the Rustler Aquifer, it was determined that when contouring water quality zones, the up
to three values calculated over the Rustler Aquifer should be averaged to represent a water
quality value at the well.

13.4 Additional calculations of water quality on non-key wells

Additional calculations of water quality were performed using an adaptation to the technique
proposed above for the key wells. In general, sampled water quality and calculations of water
quality at key wells are consistent (Figure 6-1). Therefore, the combination of the key wells and
the sampled water quality will serve as a guide when evaluating the results of water quality
calculations made on non-key wells. If a calculated water quality is inconsistent with those
results, then it is generally assumed that the calculated water quality value is not reflective of the
formation water quality and is likely more reflective of the invaded zone of the well.
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An adaption to the technique(s) used for the key wells allows for the calculation of water quality
without using petrophysical algorithms. The first major difference between the two techniques is
the normalization of the gamma ray curve. Because the water quality calculation will be made on
one well, the low gamma ray values will be relative to the gamma ray signature for that
particular well and the normalization is not strictly necessary. The second major difference is
that this technique was performed using porosity values in nearby key wells. The exception to
this is when a porosity value could be calculated using the 32-inch limestone resistivity log. If
that value resulted in a spurious water quality value, then the nearest porosity calculation from
one of the key wells was used.

Eighty-six calculations of water quality in 19 wells were made using a technique adapted from
the technique proposed in the previous section. These wells are designated with a “4” in
Appendix 19-5. Multiple resistivity values were selected to evaluate on the geophysical log
within the carbonate units (Figure 13-12). Specifically, an attempt was made to apply these
calculations at the lower gamma intervals of the units where possible. Where not possible, it was
assumed that potassium was responsible for the increased gamma ray values. Using the digitized
resistivity curves (shallow and deep) along with all of the tabulated mud parameters, a
calculation for porosity was made for all of the selected units using the 32-inch limestone
porosity calculation technique explained in section 13.1.3 (Equation 13-12). If the values in these
samples were consistent with expected porosity values (as compared to the closest key well) then
the value was used, if they were not, porosity calculation in nearby key wells would be used on a
unit by unit basis.

Using the calculated porosity, deep resistivity from the LAS file, and a porosity exponent of 2.0,
the formation water resistivity (R, ) was calculated and subsequently converted into TDSy ,¢; in
parts per million. This value was then converted into total dissolved solids in milligrams per liter
using the linear regression equation derived in Figure 13-10. The calculated values were then
averaged by formation, and the average value was geographically distributed to check for
consistency with sampled and key well total dissolved solids distributions. Variables used in the
calculations were input into the BRACS database and an example of the calculations was put in
Appendix 19.7, along with key well calculation examples.

Table 13-3 is a tabulation of the results from the additional calculations. As can be seen, the
majority of the calculations were made in the Culebra Dolomite and limestones of the Los
Medaiios Unit. For the Culebra Dolomite, the average calculated total dissolved solids for the
seven wells was 3,424 milligrams per liter, with a minimum value of 1,126 and a maximum
value of 5,672 milligrams per liter. For the limestones of the Los Medafios Unit, the average
calculated total dissolved solids value was 4,547 milligrams per liter, the minimum was 2,851
milligrams per liter, and the maximum was 7,937 milligrams per liter. Attempts at additional
calculations were made in the suspected collapse zone in the southern portion of the Rustler
Aquifer (Subdomain 5) with somewhat conflicting results. Well 423710281200 showed a
calculated total dissolved solids of 7,378 milligrams per liter in what appeared to be a carbonate
unit. This value is inconsistent with the current hypothesis that recharge is entering the system
from the south (Tessey Limestone outcrop) and serving to freshen this area. However, it is also
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possible that localized portion of the system are cutoff from the main flow paths that are
freshening the majority of subdomain 5. Additional data in this area would be beneficial.

Finally, a calculation was made on what appeared to be a water-bearing portion of A2, directly
atop the Culebra Dolomite in well 423710594800. While stratigraphically this unit is considered
A2 for consistency’s sake, the resistivity signature is not reflective of an anhydrite over its entire
extent. Anhydrite signatures on the resistivity log in the well are clear in the Tamarisk Unit and
at the top of the A2. It is anticipated that this calculation was made on a limestone/dolomite atop
the Culebra Dolomite that is either lithologically distinct or, based on calculated total dissolved
solids values, hydraulically separated.

An attempt was made to supplement geographic areas where there was no key well or sampled
total dissolved solids values (Figure 6-1). However, after evaluating a number of ideally placed
resistivity logs (identified in Appendix 19-5), it appeared that mud filtrate consistently invaded
the zone that the resistivity log was evaluating. This was confirmed by making a calculation of
mud filtrate resistivity at depth and comparing it with the resistivity of the formation water. If the
calculated water resistivity value was similar to the mud filtrate or somewhere in the spectrum
between the calculated mud filtrate resistivity and expected formation water resistivity value,
then it was assumed that the log was reading the mixed zone and that the calculation was not
reflective of the formation water resistivity.
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Table 13-1. Calculated porosity values from the Rustler Aquifer using Key Wells.
Los Standard
American .Petroleum Magen.ta Culebl:a Medaiios Deviation
Institute Dolomite Dolomite Limestone AmOflgst
Units
421090003900 - 33% 27% 4%
421093138300 34% 19% - 11%
423013023600 13% 15% 8% 4%
423710058300 - 11% - 0%
423710060900 - 17% 19% 1%
423710219300 - 19% 15% 3%
423710219400 - 20% 20% 0%
423710268700 - 19% 30% 8%
423710418600 - 14% 13% 1%
423710543000 - 25% 29% 2%
423713254800 - 23% 36% 9%
423713514900 40% 30% - 7%
423713631000 - 20% 30% 7%
423890014200 29% 38% 35% 5%
423890024500 12% 11% 19% 4%
423890035500 17% 17% 20% 2%
423890041800 21% 23% 26% 3%
423890048900 18% 24% 27% 5%
423890055500 3% 24% 30% 14%
423890089000 9% 21% 24% 8%
423890090500 22% 30% 35% 7%
423890101100 - 33% - 0%
423890108900 33% 20% - 9%
423893012300 34% 26% 33% 4%
424750289700 - 14% - 0%
424951085300 7% 18% 30% 12%
Minimum 3% 11% 8% 0%
Maximum 40% 38% 36% 14%
Average 21% 22% 25% 5%
Standard Deviation 12% 7% 8% 4%
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Table 13-2. Calculated total dissolved solids values from the Rustler Aquifer using Key Wells.
Standard
American Petroleum Magenta Culebra Los Medafios  Deviation Average over
Institute Dolomite Dolomite Limestone Amongst Rustler
Units
421093138300 826 1,261 - 308 1,044
423013023600 22,641 22,756 143,400 81 22,699
423710058300 - 1,081 - - 1,081
423710219400 - 4,583 2,398 1,545 3,491
423710268700 - 3,737 2,588 812 3,163
423713254800 - 1,061 1,052 6 1,057
423713631000 - 641 2,713 1,465 1,677
423890014200 1,428 1,180 1,822 324 1,477
423890041800 4,796 3,594 7,417 1,955 5,269
423890055500 6,965 5,103 5,286 1,026 5,785
423890089000 3,384 5,296 5,894 1,311 4,858
423890090500 5,646 5,489 2,946 1,516 4,694
423890101100 - 20,372 - - 20,372
423890108900 2,199 2,410 - 149 2,305
424750289700 - 18,154 - - 18,154
Minimum 826 641 1,052 6 1,044
Maximum 22,641 22,756 143,400 1,955 22,699
Average 6,002 6,453 17,448 754 6,456
Standard Deviation 6,988 7,475 44,297 683 7,436

126



Identification of Potential Brackish Groundwater Production Areas — Rustler Aquifer

Texas Water Development Board Contract Report Number 1600011949

Table 13-3. Additional calculations of water quality from geophysical logs.

American Standard

Magenta Culebra Los Medaifios Deviation = Average over
Petroleum . A2 . . Collapse
. Dolomite Dolomite Limestone Amongst Rustler
Institute .
Units

422430000200 - - - - 1,265 - 1,265
423710281200 - - - - 7,378 - 7,378
423710594800 - 4,574 1,805 3,063 - 1,387 3,147
423711013900 - - - 4,330 - - 4,330
423711036200 - - 1,126 3,009 - 1,331 2,068
423711054200 - - 5,672 2,977 - 1,905 4,324
423890015900 - - 5,492 7,667 - 1,538 6,579
423890039900 - - 3,571 7,935 - 3,086 5,753
423890040900 - - 2,690 - - - 2,690
423890075400 2,844 - 3,610 2,851 - 440 3,102

Minimum 2,844 4,574 1,126 2,851 - 1,408 2,849

Maximum 2,844 4,574 5,672 7,935 - 2,131 5,256

Average 2,844 4,574 3,424 4,547 - 857 3,847
Standard - . 1,724 2,279 .
Deviation 393 2,001
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Figure 13-1. Schlumberger chart GEN-4 (Schlumberger, 2009) used to calculate equivalent sodium
chloride total dissolved solids from a known water chemistry sample.

Note: ppm=stands for parts per million; mg/kg=milligrams per kilogram.
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Figure 13-2. Example sensitivity analysis simulation showing a dolomitic unit straddled above and below
by low resistivity shales.

Note: Borehole salinity is 200,000 parts per million sodium chloride and formation water salinity for each of the five
units is 500, 1,000, 5,000, 10,000 and 15,000 parts per million sodium chloride.
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Figure 13-3. Example of depth shifting logs to better match between the resistivity signatures.
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Figure 13-4. Example logs (423890108000 and 423893012000) for the gamma ray normalization process.
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Figure 13-5. Example results from the gamma ray log normalization process.

Note: The thicker green line is the reference well and the thinner line is the well being normalized to the reference
well. This process was iterated on with all gamma ray logs until there was consistency with the reference wells.
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Figure 13-6 Calibration curve for a conventional neutron log to convert from Standard Counts Per
Second (STD CPS) to Neutron Porosity Units (Hilchie, 1984)
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Figure 13-7. Graph from Scott, 1984 showing calibration information used to transform neutron API
(American Petroleum Institute) units to porosity index, for holes of various diameters in
inches.
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Figure 13-9. Apparent porosity values calculated from key well geophysical logs.
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Figure 13-10.  Total dissolved solids (TDS) milligrams per liter (mg/L) from sampled water quality values
less than 10,000 milligrams per liter plotted against sodium chloride equivalent total
dissolved solids.

Note: Conversions between total dissolved solids and sodium chloride equivalent total dissolved solids (TDSnacr) in
parts per million (ppm) were performed using Schlumberger Chart Gen-4 (Schlumberger, 2009) (Figure 13-1).
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Figure 13-12. Example geophysical log used in additional calculations of total dissolved solids. Yellow
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14 Potential brackish groundwater production area analysis and
modeling methodology

This section discusses the selection and definition of the potential production areas and the
modeling methodology and analysis of potential impacts of these potential production areas
based upon simulated changes in groundwater levels caused by pumping. potential production
areas are developed consistent with the criteria defined in House Bill 30 passed by the 84™ Texas
Legislative Session. The modeling simulates pumping from candidate well fields for 50 years at
a range of withdrawal rates. Drawdown in the Rustler Aquifer is tabulated at the potential
production area boundaries and at the nearest protected well after 30 and 50 years of pumping
consistent with the requirements of House Bill 30. In order to support the evaluation of the
potential for significant drawdown impact in areas of concern, a sensitivity analysis was
performed to document the sensitivity of simulated drawdown and the capacity of the aquifer to
supply water to changes in aquifer properties in the groundwater model.

14.1 Selection of potential production areas

House Bill 30 provides direction to TWDB to identify and designate local or regional brackish
groundwater production zones in areas of the state with moderate to high availability and
productivity of brackish groundwater that can be used to reduce the use of fresh groundwater.
Table 14-1 defines the criteria set forth in House Bill 30 to be used for designation of brackish
groundwater production zones. It is important to note that TWDB designates brackish
groundwater production zones. This report uses the information presented here and the criteria
defined below to define potential production areas that will be considered for designation as
brackish groundwater production zones by TWDB.

As we described in Sections 10 and 13, nearly the entire Rustler Aquifer contains groundwater
that is between 1,000 milligrams per liter and 5,000 milligrams per liter total dissolved solids.

As discussed in Section 5 of this report, this study has refined the regional structural analysis
performed as part of the development of the Rustler Groundwater Availability Model (Ewing
and others, 2012). The structure of the Rustler Aquifer is very complex (see Figure 5-11 showing
the disrupted structure contour of the aquifer). Ewing and others (2012) developed a
conceptualization for the Rustler Aquifer, termed a hydrostructural model, that was used to help
define flow systems within the aquifer and has been adopted and built upon in this study. The
Rustler Aquifer has extensive faulting, some of which completely disconnects the Rustler
Aquifer as a geologic formation with hundreds of feet of off lap (fault throw) in some cases. The
subdomains described earlier in this report and modified from Ewing and others (2012) were
used to help define potential production area boundaries along with other factors that will be
discussed below.

Figure 14-1 shows the potential production areas defined in this study for the Rustler Aquifer.
The boundaries are defined based upon the criteria provided in Table 14-1. Through definition of
potential production areas, excluded zones of the aquifer are naturally defined and have been
termed EZ-1 through EZ-6 (Figure 14-1). The factors defining the exclusion zones will be used
to define the boundaries of the potential production areas. A total of six potential production
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areas were originally defined and termed PPA-1 through PPA-6. PPA-6, not shown in Figure 14-
1, was located in the far north portion of EZ-2. Based upon stakeholder input, PPA-6 was taken
out of consideration because we believe hydraulic isolation cannot be demonstrated and because
of the proximity of Diamond-Y Springs located just north of Fort Stockton.

In some cases, a potential production area boundary is defined based upon the concept that
distance from a potential brackish well field can act as a hydraulic barrier between the brackish
zone and the excluded area. This type of isolation will be termed a distance isolation boundary,
and they are somewhat arbitrary in nature because the definition of “significant impact” to fresh
water availability or quality is not determined in this study. The TWDB will use this study,
additional data they may have, and stakeholder input to define brackish groundwater production
zones. Each of the potential production areas in Figure 14-1 will be described below, as they are
defined by their boundaries to adjacent exclusion zones. Table 14-2 lists the House Bill 30
criteria which were used to designate each of the exclusion zones.

EZ-1 is in the farthest western portion of the Rustler Aquifer, including the TWDB-identified
outcrop for the aquifer (see Figure 14-2). EZ-1 was partially defined based upon groundwater
samples measuring total dissolved solids less than 1,000 milligrams per liter in the far
southwestern portion of the aquifer. This is the only portion of the aquifer where we have data
supporting total dissolved solids measurements less than 1,000 milligrams per liter. The
remainder of Exclusion Zone 1 is based upon the presence of several stock and domestic wells,
which are a protected class in House Bill 30 (see Figure 14-2). The western boundary of EZ-1 is
defined by the western edge of the Rustler Aquifer outcrop. The eastern boundary is generally
coincident with the hydrostructural subdomain 9 boundary of Ewing and others (2012; Figure
4.6.6) south to the Pecos River, where the boundary is defined by the presence of protected class
wells. The northern boundary is the Texas-New Mexico State Line. EZ-1 is adjacent to PPA-1
and PPA-2, which will be described below.

EZ-2 (see Figure 14-3) is within hydrostructural subdomain 4 and is defined on the west by the
boundary between hydrostructural subdomain 4 and 7 and in the south by the boundary between
hydrostructural subdomain 4 and 5. The eastern boundary of EZ-2 is defined by the boundaries
of the Rustler Aquifer as defined by the TWDB. From Table 14-2, one can see that EZ-2 is based
upon significant use by protected classes of use (wells) which are shown in Figure 14-3. EZ-2
shares a boundary with PPA-3 and PPA-4.

EZ-3 (see Figure 14-4) is within hydrostructural subdomain 7 and PPA-3. Its boundaries are
defined on the west by the boundary between hydrostructural subdomain 7 and 9, and all other
boundaries are set as hydraulic distance boundaries meant to prevent significant impact from
occurring in EZ-3. EZ-3 is based upon significant use by protected classes of use (wells), which
are shown in Figure 14-4. EZ-3 is within PPA-3 and shares a structurally defined boundary with
PPA-1 to the west.

EZ-4 (see Figure 14-5) is within hydrostructural subdomain 5. Its boundaries are structurally
defined to the east by a fault, to the west by the approximate boundary between a collapsed
Rustler-Aquifer section to the west and a complete Rustler- Aquifer member section to the east.
The northern boundary is the boundary between hydrostructural subdomains 5, 7 and 4. The
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remaining boundary is defined by the extent of the Rustler Aquifer as defined by the TWDB.
EZ-4 is based upon the presence of a Texas Water Code, Title 2, Subtitle D, Chapter 27
wastewater injection well associated with the Oates oil and gas field. EZ-4 shares structurally-
controlled boundaries with PPA-3, PPA-4 and PPA-5.

EZ-5 (see Figure 14-6) has boundaries that are defined as hydraulic distance boundaries meant to
prevent significant impact from occurring in EZ-5 from pumping in adjacent PPA-2 and PPA-1.
EZ-5 is based upon significant use by protected classes of use (wells) which are shown in Figure
14-6 and are dominantly irrigation wells.

EZ-6 (see Figure 14-7) has boundaries that are defined as hydraulic distance boundaries meant to
prevent significant impact from occurring in EZ-6 from pumping in surrounding PPA-1. EZ-6 is
also based upon significant use by protected classes of use (wells), which are shown in Figure
14-7 and include two known irrigation wells.

Table 14-3 provides a summary of the characteristics of the five potential production areas
defined in the Rustler Aquifer. The potential production areas have largely been described in the
discussion of the Exclusion Zones above. However, we will define the nature of the hydraulic
isolation that has been used to justify the potential production area boundaries. For most of the
potential production areas, the Rustler Aquifer is hydraulically isolated from above by the very
low permeability Dewey Lake Red Beds and below by the even lower permeability Salado
Formation. In PPA-4 and PPA-5, the Rustler could be transitioning into a facies equivalent (the
Tessey Limestone) and may directly overlie the Capitan Limestone.

In PPA-1, the horizontal isolation is a combination of structural boundaries and distance
boundaries from exclusion zones (EZ-6 and EZ-5). In PPA-2, horizontal isolation is a
combination of distance boundaries from exclusion zones (EZ-5 and EZ-1) and the limits of the
aquifer as defined by the TWDB and structural boundaries. PPA-3 boundaries are almost all
based upon structural displacement of the Rustler Aquifer across faults or fault systems. The
other type of boundary for PPA-3 is a hydraulic distance boundary for EZ-3. PPA-4 horizontal
isolation comes from structural displacement boundaries and the limits of the aquifer as defined
by the TWDB. Similarly, PPA-5 horizontal isolation comes from structural displacement
boundaries and the limits of the aquifer as defined by the TWDB.

14.2 Modeling methodology and results

The primary modeling objective is to provide the TWDB with sufficient modeling results to
adequately address House Bill 30 requirements to determine the amount of brackish groundwater
that a potential production area is capable of producing over a 30-year period and a 50-year
period without causing a significant impact to water availability.

14.2.1 Modeling and sensitivity methodology

The approach is based upon six primary features: the modeling tool used; the well field
assumptions which includes completion, location, number of wells and production rates; the
metrics used to assess potential impacts; and the sensitivity methodology. Table 14-4 provides
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an overview of these key features defining the modeling approach used to predict potential
impacts. Each of these will be described below.

Based on the complexity of the Rustler Aquifer and the limited time frame and budget available
for model development activities, the Rustler Groundwater Availability Model (Ewing and
others (2012) is the tool used to make calculations regarding potential impacts. Because of the
scoping nature of this project and through consultation with TWDB on modeling approach, it was
not considered necessary to refine the model grid below the current 1/4-mile grid scale. The
version of the Rustler GAM used was the original version delivered to the TWDB. An
alternative model was provided in the sensitivity analysis reported by Ewing and others (2012)
which added additional pumping to three wells located in hydrostructural subdomains 7.
Because only pumping differ between these models and the superposition approach used to
estimate impacts described below, the difference between these versions of the Groundwater
Availability Model do not impact results.

The Rustler Groundwater Availability Model limitations (Ewing and others, 2012) state that
there are large areas of the aquifer domain that are lacking fundamental data for calibration.
This is not surprising because, in most of the region where the Rustler Aquifer exists, it would
generally be the deepest aquifer of interest because more prolific and shallower aquifers exist.
The bottom line is that there is a great deal of uncertainty in the predictive accuracy of the
Groundwater Availability Model or any other tools for predicting regional availability of
groundwater regionally in the Rustler Aquifer. To address this uncertainty, a sensitivity
analysis is used.

Figure 14-8 plots the well field locations used to assess potential production and potential
impacts for the five potential production areas. Table 14-5 provides a summary of the number of
well fields per potential production area with a total number of 11. There is no unique way to
locate the well fields, and the number of well fields modeled is somewhat constrained by number
of model runs practical, which will be discussed in more detail below. Because this study is
meant to provide insight into the potential for production, we adopted an approach that is based
upon having at least one well field in each potential production area and not having a well field
density below one per 400 square miles. The modeled hydraulic conductivity in the Rustler
Aquifer Groundwater Availability Model is very heterogeneous. Therefore, for larger potential
production areas, we include a larger number of well fields to attempt to sample the potential
range in properties and productivity in a given potential production area. By performing a
sensitivity analysis, the potential range of results is expanded. For most of its extent, the Rustler
is a low to moderately yielding aquifer. The highest known producing regions are in Exclusion
Zones. Therefore, it is assumed that each well field is composed of nine wells in a linear array
approximately 1,250 feet apart. We also ran the results for a three-well linear array to see how
total production was impacted, as the economics on a per well basis may be more attractive.
Wells are assumed to be completed across the entire Rustler Aquifer, which would effectively be
connecting the more transmissive portions of the aquifer, which are the Magenta and Culebra
Dolomites and limestones of the Los Medafios Unit.
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Developing appropriate flow rates for each well field in each potential production area is very
difficult a priori because transmissivity is quite variable based upon on limited field data and a
lack of data in entire potential production areas (Ewing and others, 2012). Instead of taking the
usual approach and specifying a rate at each well, we used the MODFLOW Drain package to
determine how much water could be removed under the constraint of a 50 percent reduction in
available drawdown (measured from the top of the Rustler Aquifer) at the well field. The
resulting volume of water removed by the Drain package was then averaged over the predictive
period and applied to each simulated well in a second predictive simulation. We then verified
that this pumping rate achieved the specified 50 percent reduction in available drawdown.

The metrics used to quantify the potential impacts of potential production area well field
development are based upon drawdown from a baseline condition. The sensitivity approach used
to assess potential impacts and underlying uncertainty in model parameterization is a standard
one-off methodology where each parameter considered uncertain is changed sequentially and
model results are relative to the calibrated base case model. Hydraulic parameters considered in
the sensitivity analysis include:

Horizontal hydraulic conductivity,
Vertical hydraulic conductivity,
Specific Storage, and

Fault hydraulic characteristic.

The parameter ranges used were determined on a potential production area basis based upon the
qualitative degree of uncertainty considered for that parameter in that potential production area
constrained by practical maximum flow rates under the 50 percent of available drawdown well-
head constraint. Table 14-6 lists the factors by which each sensitivity parameter is changed for
the 12 sensitivity scenarios considered. Scenario 1 is the base case simulation using calibrated
Groundwater Availability Model hydraulic parameter values model wide. Scenarios 2 through 4
vary horizontal hydraulic conductivity. Scenarios 5 and 6 vary vertical hydraulic conductivity.
Scenarios 7 and 8 vary specific storage and Scenarios 9 through 12 vary fault hydraulic
characteristic of the MODFLOW Horizontal Flow Barrier package. Table 14-7 lists the
parameter values for each sensitivity parameter for the 11 sensitivity scenarios considered.

For Scenario 1, all parameters were held at calibrated base-case values, and each well field was
sequentially simulated. Scenario 1 is represented by 11 predictive simulations; one for each well
field. For scenarios 2 through 12, one parameter was modified from base case, and model
sensitivity simulations were performed for each potential production area and well field. Because
we performed the calculations in a superposition framework, each scenario required many
individual model runs. First, a model run was made in which the properties were varied, but no
production occurred at any of the well fields. The water level at the end of this run became the
baseline against which water levels at the end of subsequent runs were compared to calculate
drawdown. Two model runs were then performed for each well field, one using the MODFLOW
Drain package and one using the MODFLOW Well package as described above. By taking the
difference between the two simulations, the impact of the parameter change on aquifer
conditions can be assessed. Running predictive simulations for Scenarios 2 through 12 requires
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242 simulations. In total, the sensitivity analysis for one-well field layout design at all locations
for all parameters requires 253 predictive simulations.

The pumping rate for each simulation is based upon a head constraint defined as 50 percent of
the available drawdown (defined as the simulated Rustler Aquifer groundwater elevation at the
end of 2008 minus the top elevation of the Rustler Aquifer). The Rustler Aquifer Groundwater
Availability Model is calibrated through 2008. For any simulation, only one well field is
pumping at a time.

14.3 PPA pumping analysis and results for 30 and 50 years

The series of predictive scenarios described above were developed to evaluate the potential of
the Rustler Aquifer to serve as a water source within the potential production areas. This process
acknowledges and seeks to account for uncertainty in the aquifer properties that most influence
the potential for production, including horizontal hydraulic conductivity, vertical hydraulic
conductivity, specific storage, and the hydraulic characteristics of the faults within the Rustler
Aquifer.

Table 14-9 shows the pumping rate in each well field for each of the 12 sensitivity scenarios.
Scenario 1 is the base case in which all hydraulic properties are unchanged from the calibrated
groundwater availability model. The pumping rate that achieves a depletion of 50 percent of the
available drawdown in Scenario 1 ranges from 4.8 gallons per minute (total across 9 wells) for
well field 1-1 in PPA-1 to 490 gallons per minute for well field 5-1 in PPA-5. The wide range is
due to differences in hydraulic properties, which are shown in Table 14-7. The sensitivity of the
results to changes in these properties over a reasonable range are shown in subsequent scenarios.

In Scenario 2 in Table 14-9, no pumping rate is provided for PPAs 1 through 3, as the horizontal
hydraulic conductivity in these areas is not likely to be much lower than the calibrated value in
the Groundwater Availability Model. In PPAs 4 and 5, the 80 percent decrease in horizontal
hydraulic conductivity (i.e., a factor of 0.2) decreased the amount of pumping that could occur to
achieve 50 percent of available drawdown to 127 and 166 gallons per minute, respectively.

The volume of pumping that the aquifer can support is strongly influenced by the horizontal
hydraulic conductivity. This is true for decreases in this parameter (Scenario 2) and increases
(Scenarios 3 and 4). For Scenario 3 in Table 14-9, PPA-1 and PPA-2 had substantial gains in
productivity relative to the baseline Scenario 1, though a productivity of less than 100 gallons per
minute for a nine well field is still unlikely to be economical. PPAs 3 through 5 could support
pumping of approximately 350 to 690 gallons per minute for a nine well field for this scenario.

For Scenario 4, the horizontal hydraulic conductivity was increased between 10 and 100 times
higher than the baseline value in PPAs 1 through 3. If these substantial increases over the
baseline/calibrated values in the Groundwater Availability Model reflect actual aquifer
conditions, the aquifer could support approximately 200 to 300 gallons per minute at each well
field in PPAs 1 and 2 and over 500 gallons per minute in PPA 3. PPAs 4 and 5 were not
evaluated in Scenario 4, as it was not considered reasonable to increase the horizontal hydraulic
conductivity above the values in Scenario 3 for these areas.
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Scenarios 4 through 12 in Table 14-9 reflect the sensitivity of the pumping the aquifer can
support to changes in vertical hydraulic conductivity, specific storage, and fault hydraulic
characteristics. These parameters have much less influence on the pumping results than
horizontal hydraulic conductivity.

Table 14-10 shows the maximum drawdown at an existing excluded well for each scenario due
to pumping at each well field after 30 and 50 years. In general, impacts at existing wells are quite
low outside of PPA-5 (high pumping and small area) and Scenario 4 (high pumping). This is
largely due to two factors. First, many of the well fields can support modest levels of pumping,
so regional drawdowns are limited. Second, by design, the PPAs are delineated to be a
substantial distance or have some other hydrologic barrier insulating them from impacting most
protected class existing wells within exclusion zones.

Table 14-11 shows the location of the well identified in Table 14-10. Note that, in two cases the
protected well with maximum drawdown was not located within a PPA. The first case is if the
well is in New Mexico where it is denoted “NM” in the table. The second case is isolated to
PPA-3. During report write-up it was determined that a stock well has been included in PPA-3.
This well is located in the far southeastern corner of PPA-3 next to EZ-2 and EZ-4 (see Figure
14-1). This presence of this well in PPA-3 is an error while impacts to it are de minimis.
Therefore, if the TWDB decides to keep PPA-3 as a Brackish Production Zone, we would
recommend that the southeastern boundary of PPA-3 be pulled away to not include the stock
well. As a result of this mistake in including a stock well within PPA-3, one will note that
maximum drawdown at a protected well can occur within PPA-3 from pumping at PPA-3 well
field 2.

In some cases, no drawdown was observed at a protected well. In some cases, a very small
drawdown is observed in a well at 30 years (less than 0.01 feet) and then no drawdown is
observed in any protected well at 50 years. This is because we did not set a drawdown threshold
for reporting, and some of the drawdowns observed are below the numerical precision of the
MODFLOW solver.

Tables 14-12 and 14-13 are similar to the tables described above, except they show the
maximum drawdown and its location at an exclusion zone boundary. As with the protected well
impacts tables, drawdowns are minimal outside of PPAs 4 and 5 and Scenario 4 due to relatively
limited pumping.

Tables 14-14 through 14-17 show the drawdown results and accompanying locations at existing
protected wells and exclusion zone boundaries for a separate set of model simulations from those
presented previously. In these simulations, the hydraulic properties for each scenario were
adjusted as before, but the pumping rate was held constant at the rates in Scenario 1. This
comparison was done to isolate the degree to which hydraulic properties alone influence
drawdown impacts as opposed to the interrelationship between hydraulic property changes and
pumping rate changes reflected in Tables 14-10 through 14-13. In general, the drawdown
impacts with constant pumping did not vary greatly across the range of sensitivity scenarios,
though there was some sensitivity to changes in specific storage. These results indicate that the
variation in drawdown impacts in Tables 14-10 through 14-13 are most strongly influenced by
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the impact that the property change has on the ability of the aquifer to supply water rather than
the manner in which the aquifer propagates drawdown impacts to existing wells and exclusion
zones.

Tables 14-18 and 14-19 show the pumping results for a third set of simulations. The approach
implemented for these scenarios was identical to the first approach described except the well
field consists of three wells instead of nine wells. In each scenario as before, the well field
pumping achieves a drawdown of 50 percent of the initial available drawdown. We ran this set of
runs because the per-well pumping rates in many of the runs described above is often not very
large and could lead the reader to question the economics of a potential well field on that basis
alone. While the total well field production capacity increases as the number of wells in the field
increases, the per-well capacity decreases with each additional well due to the effects of
overlapping drawdowns. The pumping rate for each well field and each scenario is shown in
Table 14-18. Table 14-19 shows the fraction of the nine-well field pumping rate that is achieved
using the three-well field arrangement. The three-well field generally achieves at least half the
production of the nine-well field. In the areas with higher hydraulic conductivity (PPAs 4 and 5)
the three-well field can produce as much as 70 to 80 percent of the capacity of the nine-well
field. This highlights the nature of diminishing returns inherent with adding additional wells to a
field.

Figures 14-9 through 14-19 show plots of drawdown for Scenario 3 for each well field. We
selected this scenario over the baseline Scenario 1 for displaying drawdowns because it
supported higher pumping rates than the baseline in each PPA. This selection does not, however,
indicate that it is a more probable scenario. Note that the drawdowns shown are on a log scale.
That is, the area with some level of drawdown extends over a large area in many cases, but the
magnitude of drawdown is relatively small other than near the well field. Note also the influence
of the faults within the Rustler Aquifer. This can be seen in many of the figures (for example,
Figure 14-17 for well field 3-2 in PPA 3). Performing pump tests on either side of these barriers
with monitoring wells would better quantify this effect.

In order to illustrate the effect of changes in the most sensitive parameter (horizontal hydraulic
conductivity), we have also plotted drawdowns for a single well field — well field 3-2 in PPA 3 —
for the baseline Scenario 1 and the highest horizontal hydraulic conductivity Scenario 4. These
are shown in Figures 14-20 and 14-21.
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Table 14-1. House Bill 30 Criteria for designation of potential production areas.
Criteria Type Criteria for Designation of a Brackish Groundwater Production Zone
Water Quality Has an average total dissolved solids level of more than 1,000 milligrams per liter.

Separated by hydrogeologic barriers sufficient to prevent significant impacts to water
availability or water quality in the area of the same or other aquifers, subdivisions of
aquifers, or geologic strata that have an average total dissolved solids level of 1,000
milligrams per liter or less at the time of designation of the zone.

Hydraulic Isolation

Is not serving as a significant source of water supply for municipal, domestic, or

Aquifer Use agricultural purposes at the time of designation of the zone.
Aquifer Use Is not in an area or geologic stratum that is designated or used for wastewater injection
d through the use of injection wells or disposal wells permitted under Chapter 27.
Is not located in: an area of the Edwards Aquifer subject to the jurisdiction of the
Regulatory Edwards Aquifer Authority; the boundaries of the: (a) Barton Springs-Edwards Aquifer
Jurisdiction Conservation District; (b) Harris-Galveston Subsidence District; or (¢) Fort Bend
Subsidence District.
Table 14-2. House Bill 30 criteria used for designation of Exclusion Zones.
Exclusion AligzgtelnaTr?t()al} ]IE) lss;:‘:)dlsoo(::]ds Significant Protected Use and Chapter 27
Zone Number s q ) Limited Alternatives Injection Wells
milligrams per liter
1 Yes Yes NA
2 NA Yes NA
3 NA Yes NA
4 NA NA Yes
5 NA Yes NA
6 NA Yes NA
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Table 14-3. Characteristics of the Rustler potential production areas.
Potential Aquifer Brackish
Production Counties q Groundwater Hydrogeologic Barriers
Members
Area Number Type
Reeves Magenta slightly and Structural and hydraulic distance boundaries
1 Ward Culebra moderately Dewey Lake Formation above and Salado
Los Medafios saline Formation below
. Magenta Structural and hydraulic distance boundaries
Loving moderately to .
2 Culebra . Dewey Lake Formation above and Salado
Ward very saline )
Los Medafios Formation below
Reeves Magenta mostly Structural and hydraulic distance boundaries
3 Pecos Culebra moderately Dewey Lake Formation above and Salado
Los Medafios saline Formation below
Reeves
Pecos Collapsed ) Structural boundaries
mostly slightly :
4 Brewster Rustler saline Dewey Lake Formation above and Salado
Jeff Aquifer Formation below
Davis
Magenta v slightl Structural boundari
ructural boundaries
5 Pecos Culebra mostly 518 i
saline Dewey Lake above and Salado below

Los Medanos
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Table 14-4. Overview of the main features of modeling approach.

Major Feature of the Rationale for the Modeling Approach

Modeling Approach
The Rustler Aquifer is immensely complex. Because of the extreme structural features
Use the Rustler and the lack of identifiable boundaries, we chose to not use analytical methods but rather
Groundwater use the Rustler Groundwater Availability Model. Because the Rustler Groundwater

Availability Model ~ Availability Model was calibrated using effective properties for the more transmissive
for Impacts Model member units mapped in this study, we used it as it was calibrated under the assumption
that inherent uncertainties in properties would be addressed in the sensitivity analysis.

Assume Wells Are Most wells in the Rustler Aquifer are completed across the entire formation, which
Fully Completed in  effectively mixes pumped water and water quality from the three potential transmissive
the Rustler Aquifer  units.

For most of its extent, the Rustler Aquifer is a low to moderately yielding aquifer. The
Well Field Design  highest known producing regions are in Exclusion Zones. We have assumed that each

and Approach to well field is composed of nine wells in a linear array approximately 1,250 feet apart.
Production Rates Because transmissivity is quite variable in the Groundwater Availability Model, we use
Analyzed a drawdown constraint of 50 percent of available drawdown to predict well field yield

and average well pumping rate.

There was no unique way to come up with a way to locate the well fields. Because this
Location of Well study is meant to provide insight into the potential for production, we adopted an
Fields approach that is based upon having at least one well field in each potential production
area and not having a well field density below one per 400 square miles.

Because we are using the Groundwater Availability Model as the modeling tool, any
Metric Used for change to model parameters to look at predictive sensitivity results in bringing the
Impacts is Relative model out of calibration and potentially inconsistent with model boundary conditions.
Change in Head from  As a result, for simulations other than the base case defined by calibrated parameters,
Baseline results are reported as relative drawdown, not absolute head. This technique allows us to
use the Groundwater Availability Model as a superposition model.

Because of the uncertainties associated with defining the aquifer properties based on
Sensitivity Analysis  limited field data, a sensitivity analysis was performed. Each sensitivity model
simulation involved adjusting one hydraulic property of the Rustler Aquifer at a time.

Table 14-5. Number of well fields per Potential Production Area.

Potentl.al Number of Well
Production Fields
Area Number
1 5
2 2
3 2
4 1
5 1

Total number of

well fields 1

149



Identification of Potential Brackish Groundwater Production Areas — Rustler Aquifer
Texas Water Development Board Contract Report Number 1600011949

Table 14-6. Scalar multiplier for parameter sensitivity analyses by sensitivity scenario by potential production area.

PPA-1 PPA-2 PPA-3 PPA-4 PPA-5

Scenario Variable Multiplier Variable Multiplier Variable Multiplier Variable Multiplier Variable Multiplier

1 All 1.0 All 1.0 All 1.0 All 1.0 All 1.0
2 NA NA NA NA NA NA Kh 0.2 Kh 0.2
3 Kh 10 Kh 5 Kh 10 Kh 2.0 Kh 2.0
4 Kh 100 Kh 10 Kh 20 NA NA NA NA
5 Kz 0.5 Kz 0.5 Kz 0.5 Kz 0.5 Kz 0.5
6 Kz 5 Kz 5 Kz 5 Kz 5 Kz 5

7 Ss 0.1 Ss 0.1 Ss 0.1 Ss 0.1 Ss 0.1
8 Ss 10 Ss 10 Ss 10 Ss 10 Ss 10
9 FHC 0.01 FHC 0.01 FHC 0.01 FHC 0.01 FHC 0.01
10 FHC 0.1 FHC 0.1 FHC 0.1 FHC 0.1 FHC 0.1
11 FHC 10 FHC 10 FHC 10 FHC 10 FHC 10
12 FHC 100 FHC 100 FHC 100 FHC 100 FHC 100

Note: Kh=horizontal hydraulic conductivity; Kz=vertical hydraulic conductivity; Ss = Specific Storage; FHC = fault hydraulic characteristic, NA = not
applicable
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Table 14-7. Parameter values for parameter sensitivity analyses by sensitivity scenario by potential production area.
PPA-1 PPA-2 PPA-3 PPA-4 PPA-5
Scenario Variable Value Variable Value Variable Value Variable Value Variable Value
1 All Base All Base All Base All Base All Base
2 NA NA NA NA NA NA Kh® 1.0 Kh® 1.0
3 Kh® 0.2 Kh® 0.8 Kh® 2.1 Kh® 9.9 Kh® 9.9
4 Kh® 2 Kh® 1.6 Kh® 4.2 NA NA NA NA
5 Kz® 1x10°% Kz® 8x107° Kz® 1.05x10* Kz® 2.47x107 Kz® 2.47x107
6 Kz® 1x10* Kz® 8x10™ Kz® 1.05x107 Kz® 2.47x107? Kz® 2.47x107
1X107;
7 Ss 1x107 Ss 1x108 Ss 1x107 Ss 1x107 Ss 1x107
1X10%;
8 Ss 1x107 Ss 1x107 Ss 1x10° Ss 1x10° Ss 1x10°
1;0.10; 0.00001; 1;0.10; 0.00001;
9 FHC 1x10 FHC 0.001 FHC 0.01 FHC 1x101! FHC 0.01
10; 1.0; 0.0001; 10; 1.0; 0.0001;
10 FHC 1x10°10 FHC 0.01 FHC 0.1 FHC 1x101° FHC 0.1
1000; 100; 1000; 100;
11 FHC 1x10°® FHC 1.0 FHC 0.01; 10 FHC 1x108 FHC 0.01; 10
10000; 10000;
1000; 1000;
12 FHC 1x107 FHC 10 FHC 0.1; 100 FHC 1x107 FHC 0.1; 100

2 All hydraulic conductivity values are reported median values by PPA

Note: Kh=median horizontal hydraulic conductivity (feet per day); Kz=median vertical hydraulic conductivity (feet per day); Ss = Specific Storage (1/foot);
FHC = fault hydraulic characteristic (1/day)
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Table 14-8. Summary of steps taken to perform a single sensitivity simulation within a scenario.
Modeling Step Rationale for the Modeling Approach
Modify the sensitivity parameter to the appropriate sensitivity value and assign drain
Calculate Well Field elevations based upon the criterion of 50% available drawdown from the base case
Flow Rate simulation and run simulation for 30 and 50 years into the future (from end of 2008).

Post process drain flow rates to calculate pumping at each well.

Perform Sensitivity
Predictive Simulation

Modify the sensitivity parameter to the appropriate sensitivity value and assign well
field flow rates to each well based on drain outflow in above step. Run the predictive
simulation from the end of 2008 for 30 and 50 years.

Verify Results

Compare water level declines from the end of the base case simulation (in which only
properties changed) to water level declines in the pumping simulation to verify that
drawdown matches 50% of the available drawdown at the end of 2008.

Post-Process Pumping
and Drawdown

Evaluate performance metrics of pumping rate, drawdown at the nearest well and
drawdown at the nearest exclusion zone boundary at 30 and 50 years.
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Table 14-9. Pumping rate by well field (in gallons per minute) and sensitivity scenario. The rate shown represents the total for the nine wells in
each well field.

Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario

1 2 3 4 5 6 7 8 9 10 11 12
PPA ;Y;g Base Kh-low Kh-highl Kh-high2 Kv-low Kv-high Ss-low  Ss-high igvcz Flgv(i E:fl ngz

PPA1 1 -4.8 NA 26.9 -195.0 43 5.6 -4.9 -6.1 4.8 -4.8 4.8 4.8
2 -10.5 NA -51.1 -297.4 -8.7 -18.6 9.9 -14.8 -10.5 -10.5 -10.5 -10.5

3 -8.2 NA -48.6 -306.6 7.3 -10.4 7.7 -11.5 8.2 -8.2 8.2 8.2

4 -6.5 NA -36.5 236.2 6.0 8.4 -5.3 -12.3 -6.5 -6.5 -6.5 -6.5

5 -6.5 NA -36.8 217.0 -6.0 -8.6 -5.5 -11.6 -6.5 -6.5 -6.5 -6.5

PPA2 1 9.9 NA -35.0 -63.6 -8.9 -12.2 9.5 -12.8 9.9 9.9 9.9 9.9
2 -46.2 NA -134.1 -204.7 -44.9 -47.5 -45.5 -55.7 -46.2 -46.2 -46.2 -46.2

PPA3 1 -73.3 NA -357.7 -537.9 -72.4 -74.1 -59.9 -123.8 -73.3 733 -73.3 -73.3
2 -66.2 NA 3544 -542.0 -65.0 -67.5 -52.4 -117.6 -66.2 -66.2 -66.1 -66.2
PPA4 1 -376.8 -127.1 -551.9 NA -375.4 -378.0  -370.8 -428.9 -376.1 -376.6  -377.0 -377.7
PPAS5 1 -490.5 -166.1 -690.6 NA -489.5 4914  -4653 -589.6 -484.4  -488.0  -492.0 -492.3

Note: PPA=potential production area; Kh=median horizontal hydraulic conductivity (feet per day); Kv=vertical hydraulic conductivity (feet per day); Ss =
Specific Storage (1/foot); FHC = fault hydraulic characteristic (1/day)
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Table 14-10. Maximum drawdown at an existing protected well by well field (consisting of 9 wells) and sensitivity scenario in feet.

Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scepario Scenario Scenario

1 2 3 4 5 6 7 8 9 10 11 12
Time  PPA ;’:’;ﬂ Base  Kh-low Kh-highl Kh-high2 Kv-low Kv-high  Ss-dlow  Ss-high FHC-low2 FHC-lowl ngl Elfglfz

PPA1 1 0.0 NA 0.1 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2 0.0 NA 0.1 2.6 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

3 0.0 NA 0.8 114 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

4 0.0 NA 3.1 18.8 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0

g 5 0.0 NA 0.8 13.9 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
; PPA2 1 0.0 NA 0.3 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
g 2 1.9 NA 6.2 8.1 22 1.6 1.9 1.0 1.9 1.9 1.9 1.9
PPA3 1 0.6 NA 5.8 9.1 0.6 0.6 3.0 0.0 0.6 0.6 0.6 0.6

2 0.0 NA 8.3 14.5 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0

PPA4 1 2.2 0.2 4.6 NA 2.2 2.2 25 0.4 1.9 2.1 2.2 2.2
PPAS 1 219 6.6 30.2 NA 219 21.8 23.1 12.1 225 22.1 217 21.7

PPA1 1 0.0 NA 0.2 1.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2 0.0 NA 0.1 2.9 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

3 0.0 NA 1.1 12.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

4 0.0 NA 4.4 20.8 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0

g 5 0.0 NA 1.5 15.9 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
; PPA2 1 0.0 NA 0.3 0.5 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
g 2 1.9 NA 6.3 8.1 23 1.6 1.9 1.6 1.9 1.9 1.9 1.9
PPA3 1 0.9 NA 6.8 10.4 0.9 0.9 32 0.0 0.9 0.9 0.9 0.9

2 0.2 NA 12.2 19.9 0.2 0.2 1.2 0.0 0.3 0.3 0.1 0.1

PPA4 1 25 0.2 5.1 NA 2.5 2.4 2.6 0.9 2.2 2.4 2.4 2.4

PPAS 1 23.6 72 323 NA 236 235 232 15.6 244 23.8 234 233

Note: PPA=potential production area; Kh=median horizontal hydraulic conductivity (feet per day); Kv=vertical hydraulic conductivity (feet per day); Ss =
Specific Storage (1/foot); FHC = fault hydraulic characteristic (1/day)
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Table 14-11. Location of maximum drawdown at an existing protected well by well field (consisting of 9 wells) and sensitivity scenario.

Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario

1 2 3 4 5 6 7 8 9 10 11 12

Time PPA  Well Base Kh-low Kh-highl Kh-high2 Kv-low Kv-high  Ss-low  Ss-high Fl ;:VCZ f gvcl ﬁgfl ﬁgfz
PPA1 | EZ-1 NA EZ-1 EZ-1 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

2 EZ-3 NA EZ-5 EZ-5 EZ-3 EZ-3 EZ-5 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3

3 EZ-1 NA EZ-6 EZ-6 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

4 EZ-6 NA EZ-6 EZ-6 EZ-6 EZ-3 EZ-6 EZ-3 EZ-6 EZ-6 EZ-6 EZ-6

% 5 EZ-3 NA EZ-6 EZ-6 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3
; PPA2 | EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-3 EZ-5 EZ-5 EZ-5 EZ-5
g 2 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5
PPA3 | EZ-3 NA EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3
2 PPA-3 NA PPA-3 PPA-3 PPA-3 PPA-3 EZ-3 EZ-3 PPA-3 PPA-3 PPA-3 PPA-3

PPA4 | EZ-2 EZ-2 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2

PPA5 | EZ-2 EZ-2 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2

PPA1 1 EZ-1 NA EZ-1 EZ-1 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

2 EZ-5 NA EZ-5 EZ-6 EZ-5 NA* EZ-5 EZ-3 EZ-5 EZ-5 EZ-5 EZ-5

3 EZ-1 NA EZ-6 EZ-6 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

4 EZ-3 NA EZ-6 EZ-6 EZ-6 EZ-3 EZ-6 EZ-3 EZ-6 EZ-6 EZ-6 EZ-6

% 5 EZ-3 NA EZ-6 EZ-6 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3
; PPA2 | EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 NA* EZ-3 EZ-5 EZ-5 EZ-5 EZ-5
g 2 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5
PPA3 | EZ-3 NA EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3
2 PPA-3 NA PPA-3 PPA-3 PPA-3 PPA-3 EZ-3 EZ-3 PPA-3 PPA-3 PPA-3 PPA-3

PPA4 | EZ-2 EZ-2 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2

PPA5 | EZ-2 EZ-2 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2

Note: PPA=potential production area; EZ=Exclusion Zone; Kh=median horizontal hydraulic conductivity (feet per day); Kv=vertical hydraulic conductivity (feet
per day); Ss = Specific Storage (1/foot); FHC = fault hydraulic characteristic (1/day); NA=Not Applicable
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Table 14-12. Maximum drawdown at an exclusion zone boundary by well field (consisting of 9 wells) and sensitivity scenario in feet.

Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario  Scenario Scenario Scenario
2 3 4 5 6 7 8 9 10 11 12

FHC-

Kh-low Kh-highl Kh-high2 Kv-low  Kv-high Ss-low Ss-high FHC-lowl FHC-highl FHC-high2

Time PPA Well low2

PPA 1 1 NA 0.9 6.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2 NA 1.3 9.3 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

3 NA 42 19.5 0.3 0.1 0.2 0.0 0.2 0.2 0.2 0.2

4 NA 17.2 44.0 0.3 0.2 4.5 0.1 0.3 0.3 0.3 0.2

E 5 NA 14.0 43.6 0.1 0.1 29 0.1 0.1 0.1 0.1 0.1
= PPA 2 1 NA 1.7 3.0 0.3 0.1 0.2 0.0 0.2 0.2 0.2 0.2
%’ 2 NA 9.8 12.1 3.9 3.0 34 23 3.5 3.5 3.5 3.5
PPA3 1 NA 22.0 26.2 5.0 49 10.5 0.1 5.0 5.0 4.9 4.8

2 NA 12.6 18.2 0.7 0.6 33 0.0 0.7 0.7 0.7 0.6

PPA 4 1 2.6 224 NA 14.0 13.7 13.7 12.7 13.9 13.9 13.8 13.8

PPA5 1 10.6 383 NA 28.9 28.8 29.4 21.5 29.4 29.0 28.7 28.7

PPA 1 1 NA 0.9 6.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2 NA 1.3 9.3 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

3 NA 42 19.6 0.4 0.1 0.2 0.0 0.2 0.2 0.2 0.2

4 NA 17.5 44.1 0.3 0.2 4.5 0.1 0.3 0.3 0.3 0.2

E 5 NA 15.8 454 0.3 0.1 29 0.1 0.2 0.2 0.2 0.1
% PPA 2 1 NA 1.7 3.0 0.3 0.1 0.2 0.0 0.2 0.2 0.2 0.2
%’ 2 NA 9.8 12.2 3.9 3.0 34 2.4 3.5 3.5 3.5 3.5
PPA3 1 NA 222 26.6 5.0 49 10.6 0.1 5.1 5.1 5.0 49

2 NA 12.7 19.8 0.7 0.9 34 0.0 0.7 0.9 0.9 0.9

PPA 4 1 2.6 224 NA 14.1 13.7 13.8 12.8 13.9 13.9 13.8 13.8

PPA S 1 10.9 38.7 NA 293 29.2 29.5 21.6 29.8 29.4 29.1 29.1

Note: PPA=potential production area; Kh=median horizontal hydraulic conductivity (feet per day); Kv=vertical hydraulic conductivity (feet per day); Ss =
Specific Storage (1/foot); FHC = fault hydraulic characteristic (1/day)

156



Identification of Potential Brackish Groundwater Production Areas — Rustler Aquifer
Texas Water Development Board Contract Report Number 1600011949

Table 14-13. Location of maximum drawdown at an exclusion zone boundary by well field (consisting of 9 wells) and sensitivity scenario.

Scenario  Scenario  Scenario  Scenario  Scenario Scenario  Scenario  Scenario  Scenario  Scepario Scenario  Scenario
1 2 3 4 5 6 7 8 9 10 11 12

Base Kh-low  Kh-highl Kh-high2  Kv-low Kv-high Ss-low Ss-high FHC-low2 FHC-lowl FHC- FHC-

Time PPA Well high1 high2
PPA1 1 EZ-1 NA EZ-1 EZ-1 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

2 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-3 EZ-5 EZ-5 EZ-5 EZ-5

3 EZ-1 NA EZ-1 EZ-1 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

4 EZ-3 NA EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3

% 5 EZ-3 NA EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3
; PPA2 1 EZ-5 NA M NM NM EZ-5 EZ-5 EZ-1 EZ-5 EZ-5 EZ-5 EZ-5
g 2 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5
PPA3 1 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-3 EZ-2 EZ-2 EZ-2 EZ-2

2 EZ-4 NA EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-3 EZ-4 EZ-4 EZ-4 EZ-4

PPA4 1 EZ-4 EZ-4 EZ-4 NA EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-4
PPAS 1 EZ-2 EZ-2 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2
PPA1 1 EZ-1 NA EZ-1 EZ-1 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

2 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-3 EZ-5 EZ-5 EZ-5 EZ-5

3 EZ-1 NA EZ-1 EZ-1 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

4 EZ-3 NA EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3

% 5 EZ-3 NA EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3
; PPA2 1 EZ-5 NA M NM NM EZ-5 NM EZ-1 EZ-5 EZ-5 EZ-5 EZ-5
g 2 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5
PPA3 1 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-3 EZ-2 EZ-2 EZ-2 EZ-2

2 EZ-4 NA EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-3 EZ-4 EZ-4 EZ-4 EZ-4

PPA4 1 EZ-4 EZ-4 EZ-4 NA EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-4
PPAS 1 EZ-2 EZ-2 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-4 EZ-4 EZ-2 EZ-2 EZ-2

Note: PPA=potential production area; EZ=Exclusion Zone; NM=New Mexico; Kh=median horizontal hydraulic conductivity (feet per day); Kv= vertical
hydraulic conductivity (feet per day); Ss = Specific Storage (1/foot); FHC = fault hydraulic characteristic (1/day)
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Table 14-14. Maximum drawdown at an existing protected well by well field (consisting of 9 wells) and sensitivity scenario in feet. Pumping rate for
each scenario was kept constant at the rate shown for Scenario 1 — Base in Table 14-9.

Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario
1 2 3 4 5 6 7 8 9 10 11 12

Well Base  Khlow Khhighl Kh-high? Kv-low Kv-high Sslow  Sshigh L hc-  FHC- o FHC-— FHC-

Time PPA Field low2 lowl high1l high2
PPA 1 1 0.0 NA 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 NA 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
3 0.0 NA 0.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 NA 0.6 0.5 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.0
% 5 0.0 NA 0.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
; PPA 2 1 0.0 NA 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
g 2 1.9 NA 2.1 1.8 2.3 1.5 1.9 0.8 1.9 1.9 1.9 1.9
PPA3 1 0.6 NA 1.2 1.2 0.6 0.6 3.7 0.0 0.6 0.6 0.6 0.6
2 0.0 NA 1.6 1.8 0.0 0.0 1.4 0.0 0.0 0.0 0.0 0.0
PPA 4 1 2.2 0.5 3.1 NA 2.2 2.2 2.6 0.3 1.9 2.1 2.2 2.2

PPA S 1 21.9 19.5 21.4 NA 22.0 21.8 24.4 10.0 22.8 222 21.7 21.6

PPA 1 1 0.0 NA 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2 0.0 NA 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0

3 0.0 NA 0.2 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

4 0.0 NA 0.8 0.6 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.0

% 5 0.0 NA 0.3 0.5 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
; PPA 2 1 0.0 NA 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
g 2 1.9 NA 22 1.8 2.3 1.5 1.9 1.3 1.9 1.9 1.9 1.9
PPA3 1 0.9 NA 1.4 1.4 0.9 0.9 4.0 0.0 0.9 0.9 0.9 0.9
2 0.2 NA 2.3 24 0.2 0.2 1.6 0.0 0.3 0.3 0.1 0.1

PPA 4 1 2.5 0.6 3.5 NA 2.5 2.4 2.6 0.8 2.2 24 2.4 24

PPA S 1 23.6 213 22.9 NA 23.7 23.5 24.5 13.0 24.7 24.0 233 23.2

Note: PPA=potential production area; Kh=median horizontal hydraulic conductivity (feet per day); Kv= vertical hydraulic conductivity (feet per day); Ss =
Specific Storage (1/foot); FHC = fault hydraulic characteristic (1/day)
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Table 14-15. Location of maximum drawdown at an existing protected well by well field (consisting of 9 wells) and sensitivity scenario. Pumping
rate for each scenario was kept constant at the rate shown for Scenario 1 — Base in Table 14-9

Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario  Scenario Scenario
1 2 3 4 5 6 7 8 9 10 11 12

Time PPA Waell Base Kh-low Kh-highl Kh-high2 Kv-low Kv-high Ss-low Ss-high FHC-low2 FHC-lowl FHC-highl FHC-high2

PPA 1 1 EZ-1 NA EZ-1 EZ-1 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

2 EZ-3 NA EZ-5 EZ-5 EZ-1 EZ-3 EZ-5 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3

3 EZ-1 NA EZ-6 EZ-6 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

4 EZ-6 NA EZ-6 EZ-6 EZ-6 EZ-3 EZ-6 EZ-3 EZ-6 EZ-6 EZ-6 EZ-6

% 5 EZ-3 NA EZ-6 EZ-6 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3
; PPA 2 1 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-3 EZ-5 EZ-5 EZ-5 EZ-5
g 2 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5
PPA 3 1 EZ-3 NA EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3
2 PPA-3 NA PPA-3 PPA-3 PPA-3 PPA-3 EZ-3 EZ-3 PPA-3 PPA-3 PPA-3 PPA-3

PPA 4 1 EZ-2 EZ-2 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2
PPA'S 1 EZ-2 EZ-2 EzZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2

PPA 1 1 EZ-1 NA EZ-1 EZ-1 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

2 EZ-5 NA EZ-5 EZ-6 EZ-5 EZ-3 EZ-5 EZ-3 EZ-5 EZ-5 EZ-5 EZ-5

3 EZ-1 NA EZ-6 EZ-6 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

4 EZ-3 NA EZ-6 EZ-6 EZ-6 EZ-3 EZ-6 EZ-3 EZ-6 EZ-6 EZ-6 EZ-6

% 5 EZ-3 NA EZ-6 EZ-6 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3
; PPA 2 1 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-3 EZ-3 EZ-5 EZ-5 EZ-5 EZ-5
g 2 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5
PPA 3 1 EZ-3 NA EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3
2 PPA-3 NA PPA-3 PPA-3 PPA-3 PPA-3 EZ-3 NA PPA-3 PPA-3 PPA-3 PPA-3

PPA 4 1 EZ-2 EZ-2 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2
PPA'S 1 EZ-2 EZ-2 EzZ-2 NA EZ-2 EzZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2

Note: PPA=potential production area; EZ=Exclusion Zone; Kh=median horizontal hydraulic conductivity (feet per day); Kv= vertical hydraulic conductivity
(feet per day); Ss = Specific Storage (1/foot); FHC = fault hydraulic characteristic (1/day)
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Table 14-16. Maximum drawdown at an exclusion zone boundary by well field (consisting of 9 wells) and sensitivity scenario in feet. Pumping rate
for each scenario was kept constant at the rate shown for Scenario 1 — Base in Table 14-9

Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario

1 2 3 4 5 6 7 8 9 10 11 12

Time PPA geell; Base Kh-low Kh-highl Kh-high2 Kv-low Kv-high  Ss-low  Ss-high f gvcz f (ﬂvcl Elfglfl ngz
PPA | 1 0.0 NA 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 NA 0.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.2 NA 0.7 0.5 0.4 0.0 0.2 0.0 0.2 0.2 0.2 0.2
4 0.3 NA 3.1 1.2 0.3 0.1 55 0.0 0.3 0.3 0.3 0.2
% 5 0.1 NA 25 1.3 0.1 0.1 34 0.0 0.1 0.1 0.1 0.1
; PPA 2 1 0.2 NA 0.5 0.5 0.3 0.1 0.2 0.0 0.2 0.2 0.2 0.2
g 2 3.5 NA 3.4 2.7 4.0 2.9 3.5 1.9 3.5 3.5 3.5 3.5
PPA 3 1 5.0 NA 4.5 3.6 5.1 48 12.8 0.1 5.0 5.0 49 4.8
2 0.7 NA 2.4 22 0.7 0.6 42 0.0 0.7 0.7 0.7 0.6

PPA 4 1 13.8 7.6 15.3 NA 14.0 13.7 14.0 11.2 14.0 13.9 13.8 13.7

PPA 5 1 28.8 31.2 27.2 NA 28.9 28.7 31.0 17.9 29.8 29.2 28.6 28.6
PPA | 1 0.0 NA 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 NA 0.3 0.3 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0
3 0.2 NA 0.7 0.5 0.4 0.0 0.2 0.0 0.2 0.2 0.2 0.2
4 0.3 NA 3.1 1.2 0.3 0.2 5.5 0.0 0.3 0.3 0.3 0.2
% 5 0.2 NA 2.8 1.4 0.3 0.1 3.5 0.0 0.2 0.2 0.2 0.1
; PPA 2 1 0.2 NA 0.5 0.5 0.3 0.1 0.2 0.0 0.2 0.2 0.2 0.2
g 2 35 NA 3.4 2.8 4.0 2.9 3.5 2.0 35 3.5 35 3.5
PPA 3 1 5.0 NA 4.5 3.6 5.1 4.8 12.9 0.1 5.1 5.1 5.0 49
2 0.9 NA 2.4 2.4 0.7 0.8 43 0.0 0.9 0.7 0.9 0.9

PPA 4 1 13.8 7.7 15.3 NA 14.1 13.7 14.0 11.2 13.9 14.0 13.8 13.7

PPA 5 1 29.2 32.1 27.5 NA 293 29.1 31.1 18.0 29.6 30.2 29.0 29.0

Note: PPA=potential production area; Kh=median horizontal hydraulic conductivity (feet per day); Kv= vertical hydraulic conductivity (feet per day); Ss =
Specific Storage (1/foot); FHC = fault hydraulic characteristic (1/day)
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Table 14-17. Location of maximum drawdown at an exclusion zone boundary by well field (consisting of 9 wells) and sensitivity scenario. Pumping
rate for each scenario was kept constant at the rate shown for Scenario 1 — Base in Table 14-9.

Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario
1 2 3 4 5 6 7 8 9 10 11 12

FHC- FHC- FHC- FHC-

Base Kh-low Kh-highl Kh-high2 Kv-low Kv-high Ss-low Ss-high

Time PPA  Well low2 lowl highl high2
PPA 1 1 EZ-1 NA EZ-1 EZ-1 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 Ei-l Ei-l

2 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-3 EZ-5 EZ-5 EZ-5 EZ-5

3 EZ-1 NA EZ-1 EZ-1 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

4 EZ-3 NA EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3

% 5 EZ-3 NA EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3
; PPA 2 1 EZ-5 NA NM NM NM EZ-5 EZ-5 EZ-1 EZ-5 EZ-5 EZ-5 EZ-5
d&:: 2 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5
= PPA3 1 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-3 EZ-2 EZ-2 EZ-2 EZ-2
2 EZ-4 NA EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-3 EZ-4 EZ-4 EZ-4 EZ-4

PPA 4 1 EZ-4 EZ-4 EZ-4 NA EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-4
PPA5 1 EZ-2 EZ-2 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-2

PPA 1 1 EZ-1 NA EZ-1 EZ-1 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

2 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-3 EZ-5 EZ-5 EZ-5 EZ-5

3 EZ-1 NA EZ-1 EZ-1 EZ-1 EZ-1 EZ-1 EZ-3 EZ-1 EZ-1 EZ-1 EZ-1

4 EZ-3 NA EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3

% 5 EZ-3 NA EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3 EZ-3
; PPA 2 1 EZ-5 NA NM NM NM EZ-5 NM EZ-1 EZ-5 EZ-5 EZ-5 EZ-5
g 2 EZ-5 NA EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5 EZ-5
PPA3 1 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-2 EZ-2 EZ-3 EZ-2 EZ-2 EZ-2 EZ-2

2 EZ-4 NA EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-3 EZ-4 EZ-4 EZ-4 EZ-4

PPA 4 1 EZ-4 EZ-4 EZ-4 NA EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-4 EZ-4
PPA5 1 EZ-2 EZ-2 EZ-2 NA EZ-2 EZ-2 EZ-2 EZ-4 EZ-4 EZ-2 EZ-2 EZ-2

Note: PPA=potential production area; EZ=Exclusion Zone; NM=New Mexico; Kh=median horizontal hydraulic conductivity (feet per day); Kv= vertical
hydraulic conductivity (feet per day); Ss = Specific Storage (1/foot); FHC = fault hydraulic characteristic (1/day)
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Table 14-18. Pumping rate by well field (in gallons per minute) and sensitivity scenario. The rate shown represents the total for the three wells in
each well field.

Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario

1 2 3 4 5 6 7 8 9 10 11 12
PPA Xe"lg Base Kh-low Kh-highl Kh-high2 Kv-low Kv-high  Ss-low  Ss-high iﬂg ?;VCI ﬁfg{fl ngz

PPA1 1 -4.8 NA -26.9 -195.0 -4.3 -5.6 -4.9 -6.1 4.8 4.8 4.8 4.8
2 -10.5 NA -51.1 -297.4 -8.7 -18.6 9.9 -14.8 -10.5 -10.5 -10.5 -10.5

3 -8.2 NA -48.6 -306.6 -7.3 -10.4 -7.7 -11.5 -8.2 -8.2 -8.2 -8.2

4 -6.5 NA -36.5 -236.2 -6.0 -8.4 -5.3 -12.3 -6.5 -6.5 -6.5 -6.5

5 -6.5 NA -36.8 217.0 -6.0 -8.6 -5.5 -11.6 -6.5 -6.5 -6.5 -6.5

PPA2 1 9.9 NA -35.0 -63.6 -8.9 -12.2 9.5 -12.8 9.9 9.9 9.9 9.9
2 -46.2 NA -134.1 -204.7 -44.9 475 -45.5 -55.7 -46.2 -46.2 -46.2 -46.2
PPA3 1 733 NA 3577 -537.9 724 -74.1 -59.9 -123.8 -73.3 -73.3 -73.3 -73.3
2 -66.2 NA 3544 5420 -65.0 -67.5 -52.4 -117.6 -66.2 -66.2 -66.1 -66.2
PPA4 1 3768 -127.1 -551.9 NA 3754 3780  -370.8 4289  -376.1 376.6 3770 -371.7
PPAS5S 1 -490.5  -166.1 -690.6 NA -489.5 4914  -4653 -589.6  -484.4  -488.0  -492.0  -4923

Note: PPA=potential production area; Kh=median horizontal hydraulic conductivity (feet per day); Kv=vertical hydraulic conductivity (feet per day); Ss =
Specific Storage (1/foot); FHC = fault hydraulic characteristic (1/day)
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Table 14-19. Fraction of nine-well field pumping rate achieved with three-well field.

Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario Scenario

1 2 3 4 5 6 7 8 9 10 11 12

PPA P\j;/efil(; Base  Kh-low hlifgl;;l hIi(glll;Z Kv-low Kv-high Ss-low  Ss-high l;‘(ﬂsz- l:(l;ivcl- ﬁgl?{ lljll-gllfz-
PPA 1 1 0.48 NA 0.58 0.64 0.50 0.47 0.48 0.47 0.48 0.48 0.48 0.48
2 0.38 NA 0.58 0.72 0.44 0.26 0.39 0.38 0.38 0.38 0.38 0.38

3 0.54 NA 0.63 0.73 0.55 0.50 0.54 0.49 0.54 0.54 0.54 0.54

4 0.58 NA 0.69 0.77 0.60 0.53 0.62 0.48 0.58 0.58 0.58 0.58

5 0.54 NA 0.66 0.77 0.56 0.50 0.57 0.45 0.54 0.54 0.54 0.54

PPA 2 1 0.57 NA 0.63 0.65 0.59 0.54 0.58 0.53 0.57 0.57 0.57 0.57
2 0.70 NA 0.80 0.83 0.71 0.69 0.70 0.66 0.70 0.70 0.70 0.70

PPA 3 1 0.64 NA 0.78 0.82 0.64 0.64 0.68 0.53 0.64 0.64 0.64 0.64
2 0.65 NA 0.77 0.82 0.65 0.64 0.69 0.53 0.65 0.65 0.65 0.65

PPA 4 1 0.79 0.69 0.84 NA 0.79 0.79 0.79 0.77 0.79 0.79 0.79 0.79
PPA 5 1 0.72 0.61 0.78 NA 0.72 0.72 0.73 0.68 0.72 0.72 0.72 0.72

Note: PPA=potential production area; Kh=median horizontal hydraulic conductivity (feet per day); Kv= vertical hydraulic conductivity (feet per day); Ss =
Specific Storage (1/foot); FHC = fault hydraulic characteristic (1/day)
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Figure 14-1. Map showing the distribution of Exclusion Zones and potential production areas with water

quality data and protected class well locations and usage.

Note: mg/L=milligrams per liter; ppm=parts per million.
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Figure 14-2. Exclusion Zone 1 with water quality data and protected class well locations and usage.

Note: mg/L=milligrams per liter; ppm=parts per million.

165



Identification of Potential Brackish Groundwater Production Areas — Rustler Aquifer
Texas Water Development Board Contract Report Number 1600011949

U]
v
A
EZ 2 A
PPA'3
* 4
A
/ /
I- 10
| Exclusion Zones (EZ)
r Potential Production
L2 pren (PPA)
Total Dissolved Solids
(mg/L or ppm)
= m® 1,000 mg/L contour
3,000 mg/L contour EZ/4 # Injection Well
10,000 mg/L contour Y
PPA 5 Reported Water Use
@ 0-1,000 (Fresh
( ) [ Rustler Aquifer Outcrop 4 Domestic 8
YO 1,000- 3,000 (Slightly Saline) )
l:l Rustler Aquifer Subcrop % Irrigation 26
3,000 - 10,000 (Moderately Sali
WA 3 /000 (Moderately Saline) Tessey Limestone Outcrop
*+ 10,000 - 35,000 (Very Saline) E Hydrostructural Subdomain ‘ Stock 28
‘ >35,000 (Brine) E County Boundary 0 05 5 75 0
% Calculated WQ Location l.—--; State Boundary e \Viles
Figure 14-3. Exclusion Zone 2 with water quality data and protected class well locations and usage.

Note: mg/L=milligrams per liter; ppm=parts per million.
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Figure 14-4. Exclusion Zone 3 with water quality data and protected class well locations and usage.

Note: mg/L=milligrams per liter; ppm=parts per million.
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Figure 14-5. Exclusion Zone 4 with water quality data and protected class well locations and usage.

Note: Emg/L=milligrams per liter; ppm=parts per million.
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Figure 14-6. Exclusion Zone 5 with water quality data and protected class well locations and usage.

Note: mg/L=milligrams per liter; ppm=parts per million.
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Figure 14-7. Exclusion Zone 6 with water quality data and protected class well locations and usage.

Note: mg/L=milligrams per liter; ppm=parts per million.
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Figure 14-8. Location of well fields evaluated in predictive scenarios.

Note: GAM=Groundwater Availability Model.
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Figure 14-9.

Scenario 3 drawdown for well field 1 in PPA 1, 50 years pumping.

Note: AM=Groundwater Availability Model.
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Figure 14-10.  Scenario 3 drawdown for well field 2 in PPA 1, 50 years pumping.
Note: GAM=Groundwater Availability Model.
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Figure 14-11.  Scenario 3 drawdown for well field 3 in PPA 1, 50 years pumping.

Note: GAM=Groundwater Availability Model.
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Figure 14-12.  Scenario 3 drawdown for well field 4 in PPA 1, 50 years pumping.
Note: GAM=Groundwater Availability Model.
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Figure 14-13.  Scenario 3 drawdown for well field 5 in PPA 1, 50 years pumping.
Note: GAM=Groundwater Availability Model.
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Figure 14-14.  Scenario 3 drawdown for well field 1 in PPA 2, 50 years pumping.
Note: GAM=Groundwater Availability Model.
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Figure 14-15.  Scenario 3 drawdown for well field 2 in PPA 2, 50 years pumping.
Note: GAM=Groundwater Availability Model.
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Figure 14-16.  Scenario 3 drawdown for well field 1 in PPA 3, 50 years pumping.
Note: GAM=Groundwater Availability Model.
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Figure 14-17.  Scenario 3 drawdown for well field 2 in PPA 3, 50 years pumping.
Note: GAM=Groundwater Availability Model.
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Figure 14-18.  Scenario 3 drawdown for well field 1 in PPA 4, 50 years pumping.
Note: GAM=Groundwater Availability Model.
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Figure 14-19.  Scenario 3 drawdown for well field 1 in PPA 5, 50 years pumping.
Note: GAM=Groundwater Availability Model.
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Figure 14-20.  Scenario 1 drawdown for well field 2 in PPA 3, 50 years pumping.
Note: GAM=Groundwater Availability Model.
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Figure 14-21.  Scenario 4 drawdown for well field 2 in PPA 3, 50 years pumping.
Note: GAM=Groundwater Availability Model.
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15 Future improvements

This project has been funded by and completed for the TWDB’s Innovative Water Technologies
Section to support the Brackish Resources Aquifer Characterization System Program. Key to
their mission is the collection and organization of basic aquifer data to support the understanding
and delineation of brackish resources in Texas. This specific study was work authorized under
House Bill 30 passed by the 84" Texas Legislative Session and is specific to the Rustler Aquifer
in Texas. Our list of potential future improvements focuses both on the larger mission of the
Brackish Resources Aquifer Characterization System Program and further study in the Rustler
Aquifer.

The following are future improvements that we propose for consideration by the TWDB:

e There is a general lack of data in the brackish aquifers in Texas, but there is an extreme
lack of good hydrogeologic data that can be used to describe aquifer hydraulic properties
in the Rustler Aquifer. Many of the characterization projects that have been performed in
the Rustler Aquifer over the last ten years have been performed for private land owners
or the energy sector, who have tended not to make their data public. Our understanding
of the Rustler Aquifer can only be improved by the collection of additional publicly
available aquifer data, with an emphasis on modern geophysical logs and aquifer test
data. Areas such as potential production area one, evaluated as part of this study, show
potential as a production zone, but there are effectively no aquifer test data publicly
available from which to ground our conclusions. The TWDB should continue their
efforts to collect data from those who are investigating the aquifer.

e This study has been very successful in defining the five members and 8 submember units
of the Rustler Formation across the project area. The geologic cross-sections developed
in this study provide evidence of the lithologic and structural complexity of this aquifer.
Future investigators would be aware that we have in no way mapped all of the faults in
this system, nor can interpolated surfaces be locally accurate in this complex of a
structural setting over such a large project area. Future investigators of the brackish
resources of the Rustler Aquifer will have to perform their own drilling and mapping to
better understand the local aspects of the aquifer and how that may impact brackish
resources. Local investigators are urged to provide local characterization data to the
TWDB to support the improvement in understanding of the aquifer.

e The Rustler Aquifer is an extremely complex aquifer system, both from lithologic
perspective and a structural perspective. We have modeled the aquifer using a
superposition approach using the Rustler Aquifer Groundwater Availability Model
(Ewing and others, 2012). While we believe the approach we took was the best approach
given the project objectives and timeline, the analysis is inherently uncertain because of
poor model constraints (described in Ewing and others, 2012) and regional nature of the
model. Future investigators of the brackish resources of the Rustler Aquifer will have to
perform their own due diligence when it comes to local availability within this aquifer.
Local investigators are urged to provide local resource analyses to the TWDB to support
the improvement in understanding of the aquifer.
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e We recommend that the Brackish Resources Aquifer Characterization System Program
expand their data management system and software to work more closely with modern
petrophysics work flows and modern log suites. Large quantities of data are going to
continue to be generated as part of these types of brackish resource studies. This data is
primarily going to be in the form of geophysical logs (.tif files), digital logs (Log ASCII
Standard [.LAS] files) and their derivative data. Current programs available to the
Brackish Resource Aquifer Characterization System Program are limiting and will only
serve to increase the amount of effort necessary to process and understand the results of
these types of studies. It is recommended that the Brackish Resource Aquifer
Characterization System Program further investigate the option of having a petrophysical
analysis and log databasing software specifically built and made publicly available. We
would propose that the Brackish Resources Aquifer Characterization System build off of
this analysis to develop an improved analysis suite consistent with modern techniques.
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16 Conclusions

The Rustler Aquifer is a TWDB designated minor aquifer in the state of Texas and underlies
parts of Brewster, Culberson, Jeff Davis, Loving, Pecos, Reeves and Ward counties (Figure 2-1).
The aquifer is designated as minor because it provides small quantities of water to a relatively
small number of users. However, where it is the only source of water, the Rustler is a critical
water resource to local users. The Rustler Aquifer is almost completely a brackish groundwater
resource. Because of general water scarcity in the region and desire on the part of the energy
sector to utilize groundwater sources that are not in conflict with fresh or currently used water
sources, the Rustler Aquifer has gained attention in the last ten years.

This study was performed under contract to the TWDB to support work authorized under House
Bill 30, passed by the 84" Texas Legislative Session. This bill requires the TWDB to identify
and designate brackish groundwater production zones in the aquifers of the state. The Rustler
Aquifer is one of four aquifers that required initial study. The objective of this study is to
characterize the quantity and quality of groundwater within the Rustler Aquifer, identify
potential production areas, and model 30- and 50-year pumping in those areas. This information
can be used by TWDB staff to make recommendations to the Executive Administrator and the
Board on designation of brackish groundwater production zones. The designated brackish
groundwater production zones will be reported to the Texas Legislature by December 1, 2016.

The following conclusions can be drawn from this study:

e The Rustler Aquifer is composed of a complex assemblage of lithologies ranging from
dolomite to limestone to anhydrite to halite to siltstone. In addition to a complex range of
lithologies, post-depositional processes such as cementation, collapse, faulting, etc., have
further complicated the ability to systematically define the Rustler Formation and
differentiate its five member units and its eight informal submember units.

e Adding 346 additional geophysical logs to those available from Ewing and others (2012)
and Meyer (2012), we analyzed 589 geophysical logs and were successful in defining the
five Members and eight sub-units of the Rustler Formation across the project area. The
hydrostructural subdomains defined by Ewing and others (2012) were modified to
include three stratigraphy zones in the project area.

- Zone 1 —regions where all individual member units are not consistently
distinguishable, and collapse due to karstification is suspected.

- Zone 2 —regions where the individual member units are consistently distinguishable,
and the hydraulic potential of the zone is the combination of the Magenta Dolomite,
Culebra Dolomite and limestones of the Los Medafios Unit.

— Zone 3 — regions where member units above the Tamarisk are consistently eroded,
and the hydraulic potential of the zone is the combination of the Culebra Dolomite
and limestones of the Los Medaios Unit.

e This study has documented that water quality analysis from geophysical logs in the
Rustler Aquifer is very complex and requires advanced petrophysical techniques to
derive accurate water quality (total dissolved solids) estimates. This study provides a
framework for these techniques.
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Volumes of groundwater in place were calculated by salinity class (Winslow and Kister,
1956) for four Rustler Aquifer units: collapse areas, the Magenta Dolomite, the Culebra
Dolomite, and the limestones of the Los Medanos. The Rustler Aquifer contains
approximately 18,538,000 acre-feet of groundwater. Of the approximate 18 million acre-
feet of groundwater in place within the Rustler Aquifer, 88,000 acre-feet is fresh
groundwater, 10,172,000 acre-feet is slightly saline groundwater, 7,905,000 acre-feet is
moderately saline groundwater, and 373,000 acre-feet is very saline groundwater. It is
important to note that a large percentage of this groundwater would not be economical to
produce due to the productivity of the Rustler Aquifer.

Based upon the criteria in House Bill 30, five potential production areas were defined in
this study. Nearly the entire Rustler Aquifer is brackish groundwater, with total dissolved
solids concentrations in excess of 1,000 milligrams per liter. Therefore, the primary
House Bill 30 exclusion metric was existing use based on known domestic, irrigation,
and stock wells completed in the Rustler Aquifer. There are no known municipality wells
completed in the Rustler Aquifer that are currently in use. Six exclusion zones were
delineated within the project area using this information.

Groundwater modeling was performed in each of the potential brackish production zones
to determine potential production rates (a proxy to groundwater availability) and to assess
impacts within excluded zones and at protected wells. The Rustler Groundwater
Availability Model was used as the modeling tool because it includes the complex fault
hydraulic boundaries and the hydrostratigraphy was too complex to create a new model
or models in the available timeline.

- Eleven well fields comprised of nine wells in a linear array were distributed across
the potential production areas, and pumping was restricted to 50 percent of available
drawdown at each well in the well field.

— Because of the general lack of hydraulic property data for the Rustler Aquifer,
sensitivity analyses were performed to understand the potential productivity and
impacts of production. Twelve predictive scenarios described above were developed
to evaluate the potential of the Rustler Aquifer to serve as a water source within the
potential production areas. This process acknowledges and seeks to account for
uncertainty in the aquifer properties that most influence the potential for production,
including horizontal hydraulic conductivity, vertical hydraulic conductivity, specific
storage, and the hydraulic characteristics of the faults within the Rustler Aquifer.

— The highest well field production capacity at 50 years in a nine-well field array for
the baseline scenario was estimated for potential production area 5 of 491 gallons per
minute. Potential production area 5 also had the highest 50-year, nine-well field total
production capacity in the sensitivity analyses estimated to be 691 gallons per minute.

— Nearly all 50-year impacts to protected wells were minimal and below 10 feet. The
maximum 50-year drawdown at a protected well was 32 feet in Exclusion Zone 2.

- Modeling presented provides a good basis for the TWDB to designate brackish
production zones. However, the approach used to assess potential impacts is
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inherently non-unique because it used hypothetical well fields, arrays, locations, and
pumping rates.

e The ranking of potential production areas from high to low potential productivity is:
potential production area 5, potential production area 4, potential production area 3,
potential production area 1, and potential production area 2.

This study provides a good basis for the TWDB staff to make recommendations to the Board
regarding brackish resources and brackish groundwater production zones in the Rustler Aquifer.
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19 Appendices

19.1 Raster interpolation documentation

We began the process of creating surfaces for the Rustler Formation by analyzing a dataset of
digitized publicly available geophysical logs (See Appendix 19-5). Data for this analysis were
generated by making a series of structural picks for the Rustler Formation on geophysical logs.
Logs for this study came from previous BRACS projects (Ewing and others 2012 and Meyer,
2012) as well as new logs from publicly available databases integrated as part of this study. For
consistency purposes, we discarded all logs that were located outside the geographic extent of
the Rustler Aquifer. The Rustler Formation in this area is highly faulted, and it was anticipated
that incorporating log picks outside of a hydrostructural subdomain would result in error. In
addition, we identified several wells in the remaining dataset that had stratigraphic picks that
were significantly higher or lower than picks in neighboring wells. If we could not correct this
anomaly by re-examination of the log (for example, if the kelly bushing elevation was
erroneously reported) or justify the anomaly using a reasonable geologic explanation (localized
faulting not accounted for by the hydrostructural subdomains), we discarded the problem well
log. This filtering process left a total of 397 well logs in the Rustler Formation subcrop and 16
well logs in the Rustler Formation outcrop that could be used to interpolate structural surfaces.

From youngest to oldest (top to bottom), stratigraphic picks were made for: the top of Rustler
Formation or Rustler A-5, Rustler M/H-4, Rustler A-4 (also could be top of Rustler Formation in
eroded areas), Magenta dolomite, Tamarisk gypsum/anhydrite (also could be top of Rustler
Formation in eroded areas), Rustler M/H-3, Rustler A-2, Culebra dolomite, Upper Los Medafios,
Rustler A-1, Middle Los Medaios, Los Medafios Limestone, and Lower Los Medanos (Figure
2-2). If we were able to distinguish all, or the great majority of, these layers in the well log, we
classified it as a “Normal” stratigraphic column (Zone 2). If the top four layers were missing,
but the older layers (that is, the Tamarisk gypsum/anhydrite and older) were distinguishable, we
classified that as an “Eroded” stratigraphic column (Zone 3). If we could not distinguish any
intermediate layers between the top and bottom of the Rustler Formation, we classified that as a
“Collapsed” stratigraphic column (Zone 1). The differences between our interpretations of
“Normal”, “Eroded”, and “Collapsed” stratigraphic zones are shown graphically in Figure 19-1,
and the geographic distribution is shown in Figure 4-10.

Well logs with similar stratigraphic columns tended to be grouped by hydrostructural subdomain.
However, we cannot use this distinction alone to choose the points and extents for interpolating
geologic surfaces. The Rustler Formation is split by a number of faults, so even nearby wells
with the same stratigraphic column classification could be significantly vertically offset from one
another. In that scenario, interpolating points together that are actually on two sides of a fault
would cause the surface to be incorrectly represented. To better capture both the fault-related
vertical offsets and the different stratigraphic columns present in the Rustler Formation, we split
the well points into distinct hydrostructural subdomains and interpolated separate geologic
surfaces for each of these regions individually. Again, the distribution of these regions can be
seen in Figure 5-10.
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Our delineation of hydrostructural subdomains draws heavily on the “structural subdomains”
used in the original Rustler Groundwater Availability Model (Ewing and others, 2012) to split
the Rustler Formation into sections based on faults and other structural interpretations. We
subdivided some of these “structural domains” based on patterns observed in our interpreted
stratigraphic columns. We also refined the boundaries of these “structural subdomains” to better
match the fault locations provided in the original Rustler Groundwater Availability Model
geodatabase, which has also been provided as a deliverable for this project. Figure 19-2
illustrates the differences between the “structural subdomains” defined in the original Rustler
Groundwater Availability Model (Ewing and others, 2012) and the hydrostructural subdomains
we used in the current study to create our geologic surfaces. The hydrostructural subdomain
labels shown in this figure follow a naming convention we developed for the interpolation of the
structural surfaces and are not specifically referenced in the body of the report. The first number
(before the underscore) represents the corresponding “structural subdomain” number defined in
the original Rustler Groundwater Availability Model (Ewing and others, 2012). The second
number (after the underscore) represents our stratigraphic column classification, with “1”
meaning “Collapsed”, “2” meaning “Normal” and “3” meaning “Eroded”. Therefore, our
hydrostructural region “4 3" is the portion of the original Groundwater Availability Model’s
“Structural Subdomain #4” where the majority of wells display a “Eroded” stratigraphic column.
If an original “structural subdomain” containing wells with all the same stratigraphic column
classification was split by a fault, we assigned an “a” or “b” to either side of the fault. For
instance, our hydrostructural regions “5a 2 and “Sb_2” both fall within the original
Groundwater Availability Model’s “Structural Subdomain #5” and have wells with “Normal”
stratigraphic columns, but are offset from one another by a fault. This naming convention was
necessary for coding the interpolation of the raster surfaces.

In the current study, we were able to incorporate additional well control points that were not
available during the development of the original structural surfaces for the Rustler Groundwater
Availability Model. Additionally, the original Rustler Groundwater Availability surface for the
top of the Rustler Formation was created through hand contouring thousands of picks for the top
of the Rustler Formation and subsequently interpolating those hand contours. For this study, we
wanted to find a compromise between adding in the additional data and honoring the large
amount of work that went into creating the original Rustler Formation structural surface.
Therefore, rather than using the original Groundwater Availability Model surface or creating a
wholly new one, we instead modified the original Groundwater Availability Model top of Rustler
Formation surface using corrections based on the new well control points.

To begin the process, we sampled the original Groundwater Availability Model raster at each
well control point and calculated the difference between our new well-log-based Rustler
Formation top stratigraphic pick and the original surface. For each hydrostructural subdomain,
we selected only the well logs falling inside and then interpolated the differences at each point
for all of the wells in that region. This interpolated “residual” surface was added to the original
surface which resulted in a new top of Rustler Formation surface for each hydrostructural
subdomain. We did not calculate a correction raster for the outcrop since the top is based on
ground surface rather than a structural interpretation. We also did not calculate a correction
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factor for the New Mexico portion of region 8 2. There were no new well control points added
to this region during the current study and so we had no justification for altering the original
Groundwater Availability Model surface. Dummy points were added to the southern section of
5 1 due to a lack of data in the area. After making corrected surfaces for each individual
hydrostructural subdomain, the surfaces were then mosaicked together into one aquifer-wide
surface for the new top of Rustler Formation.

To test whether the resulting modified top of Rustler Formation surface was reasonable, we
sampled the well control points to the new surface and calculated the difference between our
stratigraphic pick for the top of the Rustler Formation at our control point and the new surface
value. All residuals (Rustler Formation top elevation at the well minus new surface) were very
low, with stratigraphic picks and the new surface values within plus or minus 13 feet of each
other at all well control points. Low residual values at the new structure picks mean that there is
good agreement between the new surface and picks for the top of the Rustler Formation.

To create surfaces for the component Rustler Formation layers, we selected only the well logs
falling inside each individual hydrostructural subdomain and used these stratigraphic picks to
create a region-scale geologic surface raster via the TopoToRaster tool in ESRI ArcMap 10.2.
The geologic surface was then clipped to the extent of that particular hydrostructural subdomain.
In the smaller hydrostructural regions (4 2, 5a 2, 5b_2), some geologic layers did not have
enough stratigraphic picks to run the TopoToRaster tool because that tool requires at least 5
points to interpolate. For these layers, we calculated an average thickness value from the existing
stratigraphic points. Using the Map Algebra tool in ESRI ArcMap 10.2, we added this constant
value to the underlying layer surface to create a top surface for the missing layer. Future
improvements to the understanding of the Rustler Formation structure should involve integration
of additional data in this area.

The interpolation process can introduce errors to the surfaces, including layer inversions or areas
where the layer becomes unrealistically thick or thin. To address this, we developed an iterative
process using the Map Algebra tool in ESRI ArcMap 10.2. Given our objective of calculating
brackish water volumes, we focused primarily on the three water-bearing units of interest: the
Magenta and Culebra Dolomites and the limestone of the Los Medafios Unit. The Magenta
Dolomite is only present in the areas with a “Normal” stratigraphic column, whereas the Culebra
Dolomite and the limestones of the Los Medafios Unit are present in areas with both “Normal”
and “Eroded” stratigraphic columns. We used different approaches for adjusting the top surface
of a water-bearing unit compared to the bottom of the unit. While adjusting the top of the unit,
we aimed to eliminate layer inversions while still honoring our stratigraphic elevation picks as
much as possible. While adjusting the bottom of the unit, we aimed to preserve the water-bearing
thickness calculated from our stratigraphic picks as much as possible.

Where it existed, the Magenta Dolomite is the shallowest water-bearing unit. We sampled our
well control points to the new top of Rustler Formation surface and then calculated the difference
between that value and the stratigraphic elevation pick for top of Magenta at each well control
point. Based on that difference value, we interpolated an “ideal” thickness raster using the Topo
to Raster tool in ESRI ArcMap 10.2. The interpolation was constrained to the maximum and
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minimum thickness values at the points. Using the Map Algebra tool in in ESRI ArcMap 10.2,
we then subtracted this “ideal” thickness from the top of Rustler Formation surface, resulting in
an “ideal” top of Magenta Dolomite elevation surface. Again making use of the Map Algebra
tool in ESRI ArcMap 10.2, we created a new Magenta Dolomite top surface as follows: if a
portion of the original Magenta Dolomite surface (the one we interpolated directly from the
stratigraphic picks) was higher than this “ideal” top of Magenta Dolomite surface, we adjusted
the Magenta Dolomite surface by substituting the “ideal” value in that area. In this way, we
created a new top of the Magenta Dolomite that eliminated inversions between the top of the
Magenta Dolomite and the new Rustler Formation top surface but still largely honors our
Magenta Dolomite stratigraphic elevation picks.

The bottom of the Magenta Dolomite water-bearing unit is the top Tamarisk Unit (Figure 19-1).
At all our well control points, we calculated a thickness of the Magenta Dolomite by subtracting
the top of the Magenta Dolomite stratigraphic pick from the top of the Tamarisk Unit
stratigraphic pick. Based on that difference, we interpolated an “ideal” thickness raster using the
Topo to Raster tool in ESRI ArcMap 10.2. Again, the interpolation was constrained to the
maximum and minimum thickness values at the points. Using the Map Algebra tool in ESRI
ArcMap 10.2, we created a new top of Tamarisk Unit surface as follows: If the difference
between the new Magenta Dolomite surface and the original top of Tamarisk Unit surface (the
one we interpolated directly from the stratigraphic picks) was smaller than that “ideal” thickness
raster, we adjusted the Tamarisk surface down until the difference matched the “ideal” thickness.
If the difference was larger than the maximum value of the “ideal” thickness raster, we adjusted
the Tamarisk surface upwards until the difference matched the “ideal” thickness. In this way, we
created a new top of Tamarisk that preserved the Magenta thickness calculated from our
stratigraphic picks.

The next water-bearing unit below Magenta Dolomite is the Culebra Dolomite. However, in the
“Eroded” region 4 3, where the Magenta Dolomite does not exist, the Culebra Dolomite is
actually the first water-bearing unit. In this region, we adjusted the Culebra Dolomite surface
using the method described above for adjusting the Magenta Dolomite surface relative to the new
Rustler top. In the rest of the “Normal” regions, however, we adjusted the Culebra Dolomite
surface relative to the new Tamarisk Unit surface created above. At our well control points, we
sampled the new Tamarisk Unit surface and calculated a difference between this value and our
stratigraphic pick. We then interpolated an “ideal” thickness raster from those values and
subtracted this from the new Tamarisk surface, resulting in an “ideal” elevation raster. If the
Culebra Dolomite surface was higher than this “ideal” elevation, we enforced the “ideal” value
in order to eliminate inversions.

The bottom of the Culebra Dolomite water-bearing unit is the Upper Los Medafios unit. We
adjusted this surface based on an “ideal” thickness raster interpolated from the calculated
differences between Culebra Dolomite and Upper Los Medafios Unit stratigraphic picks at the
well control points. As with the Tamarisk Unit surface, the Upper Los Medanos Unit surface was
adjusted downwards if the thickness was too thin and upwards if the thickness was too thick.
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The next water-bearing unit below Culebra Dolomite is the limestone of the Los Medafios Unit.
The surface for this was adjusted in the same manner as the Magenta and the Culebra Dolomite
surfaces, except relative to the new surface for Upper Los Medafios Unit. The bottom of the
limestones of the Los Medafios Unit is the lower Los Medafios Unit. We adjusted this in the
same manner as the Tamarisk and Los Medanos surfaces, except relative to an “ideal” thickness
raster interpolated from the calculated differences between the limestones of the Los Medaiios
Unit and the lower Los Medafios Unit stratigraphic picks at the well control points.

There are no water-bearing units below the Los Medafios Limestone, so the last step was creating
a surface for the top of the Salado Formation, which represents the bottom of the Rustler
Formation. The surface for the top of the Salado Formation was interpolated using stratigraphic
picks adjusted in a similar way to the Magenta, Culebra and Los Medaios surfaces, except
relative to an “ideal” elevation derived from the new Lower Los Medanos surface. While this
process provides new top of Salado Formation surface for all the “Normal” and “Eroded”
hydrostructural regions, it does not create new Salado surfaces for the “Collapsed” regions or in
the outcrop. Unfortunately, the original surfaces for these regions (the ones we calculated solely
on stratigraphic picks) did not agree with the new adjusted surfaces for the other regions. The
vertical offset at the boundaries of the “Collapsed” regions and the outcrops were so significant
that there appeared to be “faults” at the edge of the regions. However, this is misleading since
there are no known faults in those areas and thus no justifiable reason for such a significant
vertical offset at these edges. We therefore adjusted the top of the Salado Formation surface in
these areas as described below.

To adjust the top of Salado Formation surfaces in Subdomains 8 1 (“Collapsed”) and 10 1
(’Outcrop”), we first contoured the new adjusted Salado surface for Subdomain 9 2 (“Normal”).
In the Topo to Raster tool in ESRI ArcMap 10.2, we interpolated these contours combined with
the point values for the Salado Formation stratigraphic picks at wells in Subdomains 8 1 and
10 1. We the clipped the resulting raster to the extents of Subdomains 8 1 and 10 1 to create the
new top of Salado Formation surfaces for those regions. To adjust the top of Salado Formation
surfaces in Subdomain 5_1 (“Collapsed”), we first contoured the new adjusted top of Salado
Formation surfaces in Subdomain 5a_2 (“Normal”). We interpolated these contours combined
with the point values of Salado stratigraphic picks at wells in Subdomain 5_1. We clipped the
resulting raster to Subdomain 5_1 extent to create the new top of Salado Formation surface for
that region. In this way, we honored the stratigraphic picks in the “Collapsed” and outcrop
regions but blended it with the new Salado surfaces in other regions so as not to produce
misleading “faults.”

Once we had created and corrected the geologic surfaces for each of the hydrostructural
subdomains individually, we then used the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>