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1. Executive summary

The 84th Texas Legislature passed House Bill 30 (HB-30) in 2015 directing the Texas Water
Development Board (TWDB) to conduct studies of the brackish groundwater resources of four
aquifers by December 1, 2016, and the remaining aquifers in the state by December 1, 2022.
The mandated studies are a continuation of the Brackish Resources Aquifer Characterization
System (BRACS) program established in 2009. The goal of the BRACS program is to map and
characterize the brackish portions of aquifers in Texas in sufficient detail to provide useful
information to regional water planning groups and other interested parties.

The Blaine Aquifer is one of the first four aquifers required to be studied prior to December 1,
2016. The Daniel B. Stephens & Associates Inc. (DBS&A) team was selected by the TWDB to
complete the brackish groundwater study of the Blaine Aquifer. As part of this study, significant
effort was devoted to the compilation of basic hydrogeologic data such as geologic structure,
water levels, spring locations, water quality, and aquifer properties, which were necessary to
construct a complete hydrogeologic conceptual model of the aquifer system so that the potential
effects of brackish groundwater development could be reasonably assessed.

The project area includes approximately 10,400 square miles in all or portions of 20 counties in
what is called the Rolling Plains region of north-central Texas. The study area includes the
Blaine Aquifer, as defined by the TWDB, and a significant region to the west of the Blaine
Aquifer where slightly to moderately saline groundwater occurs in the Whitehorse Group, which
is not currently designated as a major or minor aquifer by the TWDB. The Whitehorse Group
and the Blaine Aquifer are hydraulically connected and constitute a single groundwater flow
system in north-central Texas and southwestern Oklahoma. Both aquifers, therefore, were
considered together in what is called in this report the Blaine Aquifer system.

The region is predominantly rural, and the economy is based on ranching, irrigated agriculture,
and energy production (oil, gas, and wind). The study area is covered by Regional Water
Planning Areas A, O, B, G, and F and Groundwater Management Areas (GMAs) 1, 2, 6, and 7,
although the majority of the study area occurs within GMA 7. All or portions of five
groundwater conservation districts (GCDs) are within the study area. The study area includes a
significant region to the west of the Blaine Aquifer as currently delineated by the TWDB.

Available information from water wells and oil and gas wells was used to develop Blaine
Aquifer system stratigraphy and hydraulic characteristics. Data sources include the existing the
TWDB groundwater and BRACS databases, the Texas Bureau of Economic Geology
Geophysical Log Facility historical well drillers’ reports (cable tool) and scout tickets, the Texas
Department of Licensing and Regulation database of submitted drillers’ reports, information
from the U.S. Geological Survey (USGS) Texas Water Science Center, and numerous
publications by the TWDB, the USGS, and others.

The Blaine Aquifer system is a recharge-driven system, where the thickness of fresh to
moderately saline water ranges from less than 100 to several hundred feet. The region has long
been known as a discharge zone of high-salinity water derived from both local, relatively
shallow groundwater flow through the aquifer system and discharge of brines derived through



deeper, regional groundwater flow paths. Brine exists beneath the entire aquifer system, but in
much of the southern two-thirds of the aquifer system the brine interface occurs above the base
of the Blaine Formation. Where this occurs, the brine surface functions as the base of the aquifer
system.

The Blaine Aquifer system is also predominantly a karst aquifer, where the aquifer permeability
is the result of solutioning, collapse, and disruption of soluble rocks such as gypsum. As is
typical of karst aquifer systems, well yields and production zones are highly variable, with low-
yield wells located close to high-yield wells. Water quality is also variable, with numerous
slightly saline wells adjacent to moderately saline wells. Fresh water does occur over limited
portions of the aquifer system in topographically high regions, which are the zones of
groundwater recharge. Based on the limited existing information, water quality appears to be
relatively consistent with depth in the portion of aquifer above the brine interface, with abrupt
degradation of water quality at the brine interface.

HB-30 requires that brackish groundwater production zones be identified and the amount of
brackish groundwater within each zone that can be produced over a 30- and 50-year period be
determined. Brackish groundwater production is not supposed to have a significant impact on
water availability or quality relative to significant sources of water supply already being used for
municipal, domestic, or agricultural purposes. In this report potential production areas (PPAs),
not “production zones” as referred to in HB-30, are identified. Whether or not one or more of
the PPAs will be considered a production zone will be determined at a later date, based in part on
stakeholder input.

The first step in determining the PPAs was to define exclusion zones based on known regions of
significant municipal, domestic, and agricultural groundwater use. Exclusion zones were also
determined for regions where injection wells are relatively shallow and for protected wildlife
areas.

Based on existing information, three PPAs were identified outside the identified exclusion zones
in areas expected to produce useable quantities of water. The effects of future groundwater
pumping in these PPAs were analyzed at assumed well field production rates of 1,000, 2,000,
and 3,000 acre-feet per year. Based on assumed aquifer properties, each PPA should be able to
sustain the maximum amount of pumping for both 30- and 50-year periods. These PPAs or
others considered for groundwater development would need to be investigated in detail through
field studies prior to actual development. There are likely many other areas that might be
developed to produce these general quantities of water.

Because the Blaine Aquifer system is shallow, relatively thin, and dependent on groundwater
recharge within the outcrop area, and because target groundwater zones with slightly to
moderately saline water occur adjacent to brine at depth, any brackish groundwater development
project would need to be carefully planned and executed in order to be sustainable and avoid
adverse impacts to adjacent water users.



2. Introduction

The 84th Texas Legislature passed House Bill 30 (HB-30) in 2015 directing the Texas Water
Development Board (TWDB) to conduct studies of the brackish groundwater resources of four
aquifers by December 1, 2016, and the remaining aquifers in the state by December 1, 2022.
The mandated studies are a continuation of the Brackish Resources Aquifer Characterization
System (BRACS) program established in 2009. The goal of the BRACS program is to map and
characterize the brackish portions of aquifers in Texas in sufficient detail to provide useful
information to regional water planning groups and others interested in using brackish
groundwater.

The Blaine Aquifer is one of the first four aquifers required to be studied prior to December 1,
2016. The Daniel B. Stephens & Associates Inc. (DBS&A) team was selected by the TWDB to
complete the brackish groundwater study of the Blaine Aquifer. DBS&A team members include
John Shomaker & Associates, Inc. (JSAI), Allan R. Standen, LLC (ARS), and Michelle A.
Sutherland, LLC. The project study area is shown in Figure 2-1.

Figure 2-1. Study area.

3. Project deliverables

Unlike some previous BRACS reports completed to date, there has not been a comprehensive
groundwater availability model (GAM) or geologic structure project completed for the Blaine
Aquifer system. As part of this study, therefore, significant effort was devoted to the
compilation of basic hydrogeologic data such as geologic structure, water levels, spring
locations, water quality, and aquifer properties. These data were necessary to construct a
complete hydrogeologic conceptual model so that the potential effects of brackish groundwater
development could be reasonably assessed. The results of this work are documented in this peer-
reviewed report, which is available for download from the TWDB website.

In addition to the project completion report, associated electronic data are available through the
BRACS database or GIS files developed as part of this project and available from the TWDB.
Key geologic and hydrologic surfaces and associated data were also implemented in the three-
dimensional visualization and analysis software Leapfrog; these files can be viewed using a free
viewer also available for download from the Leapfrog website

(http://www .leapfrog3d.com/products/Leapfrog-Viewer/downloads).

4. Project area

The project area includes approximately 10,400 square miles in all or portions of 20 counties in
what is called the Rolling Plains region of north-central Texas (Figure 2-1). The region of
interest extends approximately from near the base of the High Plains caprock escarpment in the
west to the eastern extent of Blaine Formation outcrop. Land surface elevation ranges from
about 1,359 to 3,108 feet above mean sea level. The topography is dissected by numerous



intermittent and in some cases perennial stream reaches that feed either the Red or Brazos
Rivers. Average annual precipitation ranges from about 20 inches per year in the west to 25
inches per year in the east (OSU, 2016).

The region is predominantly rural, and the economy is based on ranching, irrigated agriculture,
and energy production (oil, gas, and wind). The largest town in the northern portion of the study
area is Childress, with a population of about 6,000. The largest town in the southern portion of
the study area is Sweetwater, with a population of about 11,000.

The study area is covered by Regional Water Planning Areas A, O, B, G, and F (Figure 4-1) and
Groundwater Management Areas (GMAs) 1, 2, 6, and 7, although the majority of the study area
occurs within GMA 7 (Figure 4-2). All or portions of five groundwater conservation districts
(GCDs) are within the study area (Figure 4-3). As described in Section 5, the study area includes
a significant region to the west of the Blaine Aquifer as currently delineated by the TWDB.

Figure 4-1. Regional Water Planning Areas
Figure 4-2. Groundwater Management Areas

Figure 4-3. Groundwater Conservation Districts

5. Hydrogeologic setting

The extents of the major and minor aquifers within the study area as defined by the TWDB are
illustrated in Figure 5-1, and geologic formation outcrops and structure are illustrated in

Figure 5-2. Comparison of the two figures shows that the region west of the Blaine Aquifer
subcrop (Figure 5-1) is characterized by outcrop of the Whitehorse Group and, to a lesser extent,
the Quartermaster Formation (Figure 5-2). The Whitehorse Group is a known aquifer unit,
although it is not officially designated as a major or minor aquifer by the TWDB. Furthermore,
as discussed in Section 7, the Whitehorse Group and the Blaine Aquifer are hydraulically
connected and constitute a single groundwater flow system in north-central Texas and
southwestern Oklahoma. Consequently, the current study was completed for what is called the
Blaine Aquifer system, composed of the Whitehorse Group and the Blaine Formation.

Figure 5-1. Major and minor aquifers as designated by the TWDB within the study area.

Figure 5-2. Surface geology and structure for the study area

The Whitehorse Group is assumed to include the Whitehorse Sandstone and the Cloud Chief
Gypsum where it is present. Both the Blaine Formation and the Whitehorse Group are late



Permian-age rocks that formed along the eastern shelf of the Permian Basin. A general
stratigraphic chart for the Blaine Aquifer system is presented as Figure 5-3.

Figure 5-3. Generalized stratigraphic chart for the Blaine Aquifer system.

The Blaine Formation is composed primarily of gypsum and anhydrite beds with interbedded
dolomite and shale. Based on review of drillers’ logs across the study area, the dolomite beds
are more prominent in the northern part of the study area, and the net thickness of shale beds in
the Blaine Formation increases to the south. The Blaine Formation contains very few sand beds.
The Whitehorse Group contains gypsum, dolomite, and shale beds, but has numerous red sand
beds.

In the southern two-thirds of the aquifer system, rocks of the Whitehorse Group and Blaine
Formation crop out to the east and dip westward at an average rate of about 25 feet per mile
(Cronin, 1972). The bottom elevation of the Blaine Formation is illustrated in Figure 5-4.

Figure 5-4. Bottom elevation of the Blaine Formation.

6. Groundwater salinity zones

The groundwater salinity classification developed by Winslow and Kister (1956) for TWDB
brackish aquifer studies were used for the Blaine Aquifer system analysis. Table 6-1 is a
summary of groundwater salinity classifications and representative ranges in total dissolved
solids (TDS) content.

Table 6-1. Groundwater salinity classification summary

Groundwater salinity Salinity zone Range in TDS content
classification code (mg/L)
Fresh FR 0 to 1,000
Slightly saline SS 1,000 to 3,000
Moderately saline MS 3,000 to 10,000
Very saline VS 10,000 to 35,000
Brine BR greater than 35,000

TDS = total dissolved solids
mg/L = milligrams per liter

The TWDB aquifer codes and the available water quality data obtained from the TWDB
database are summarized in Table 6-2, and the distribution of water quality data is shown in
Figure 6-1.



Table 6-2. Summary of Blaine Aquifer system aquifer water quality data

Number of Average Maximum
TWDB water-quality well depth well depth
aquifer code Name analyses (feet) (feet)
313ARTS Artesia Group 40 143 327
313WTRS Whitehorse Group 106 105 420
313WDCB Whitehorse, Dog Creek, and Blaine 14 139 233
313DCKB Dog Creek Shale and Blaine Gypsum 10 94 296
313DCBF Dog Creek Shale, Blaine Gypsum, and 1 105 105
Flowerpot Shale

313BLIN Blaine Gypsum 254 129 360

Figure 6-1. Blaine Aquifer system TDS from water wells.

6.1. Fresh to moderately saline zones

As shown on Figure 6-1, the northern half of the study area has better water well data coverage
than the southern half of the study area, but overall the entire area has a fair distribution of water
quality data points. Initial analysis of the water quality data indicates that the primary water
quality data gap from the water well data set is the vertical distribution of water quality within
the aquifer system. The average depth of water wells with water quality data is 129 feet

(Table 6-2); only a handful of data points are available for the depth range of 129 to 420 feet.
Most of the eastern half of the aquifer system is less than 500 feet in depth (Figure 5-3) and is
probably reasonably represented by water quality data from water wells. The western half of the
aquifer has significant data gaps with respect to water quality versus depth.

Water-quality data from water wells do not show a significant trend of TDS versus depth
(Figure 6-2), indicating that groundwater above the brine surface does not have a significant
vertical gradient in salinity (i.e., the groundwater TDS from the top of the aquifer to the brine
interface is relatively homogeneous). Most of the water well data plot in the slightly to
moderately saline classification, although a fair number of fresh water values are evident
(Figure 6-2).

Figure 6-2. Well depth versus TDS for wells completed in the Blaine Aquifer system.

6.2. Brine zones

It appears that one of the primary reasons for the lack of water quality data from deeper water
wells within the study area is the presence of a brine interface at relatively shallow depths. The
brine interface is characterized by a sharp transition from slightly or moderately saline water to
brine (TDS 35,000 mg/L or higher). Brine emission areas were identified by Duffin and Beynon
(1992) in the Blaine Formation (Figure 6-3) and have been mapped in detail by the U.S.
Geological Survey (USGS) (Stevens and Hardt, 1965; Keys and MacCary, 1973; Garza, 1982)



around the intersection of Dickens, King, Kent, and Stonewall Counties (Figure 6-3). The brine
surface in this area is relatively shallow (less than 200 feet below land surface), and the transition
from fresh or brackish groundwater to brine is abrupt (Figure 6-3).

Figure 6-3. Map of Blaine aquifer salinity distribution and brine emission areas from Duffin and Beynon
(1992), and location of Table 6-3 data points.

Several researchers (e.g., Duffin and Beynon, 1992) have described the fresh and brackish
groundwater zones:

e The fresh to very saline groundwater is a shallow upper aquifer that receives recharge
within the High Plains and the Rolling Plains, flows eastward, and dissolves up-dip
sections of evaporate layers.

e The underlying brine is a lower deep-basin aquifer that receives recharge in central New
Mexico, traverses the High Plains below or through the Permian salt section, and flows
generally to the east and northeast.

The brine interface is found at variable depth throughout the study area and does not coincide
with specific geologic formations or surfaces. For example, in much of the south-central portion
of the study area, the brine interface occurs above (shallower than) the base of the Blaine
Formation, while in the northern part of the study area the brine surface occurs below the base of
the Blaine Formation (Section 13.3).

Available water quality data were reviewed to determine if the brine surface could be identified
in other areas of the Blaine Aquifer system. The data are limited (Table 6-3), but it appears that
the brine surface exists throughout the study area and the transition from moderately or very
saline water to brine is abrupt in all cases. The locations of data points listed in Table 6-3 are
illustrated in Figure 6-3.

Table 6-3. Summary of vertical profile water-quality data for the Blaine Aquifer system.

Sample depth TDS
Well ID (ft bgl) Formation (mg/L) Source

Harmon County, Oklahoma (5 miles east of Childress County, Texas)
2N-26W-2cbal 102 Blaine Gypsum 3,220 Steele and Barclay (1965)
2N-26W-2cba2 189 Blaine Gypsum 3,050 Steele and Barclay (1965)
2N-26W-3cbal 450 Blaine Gypsum 144,000 Steele and Barclay (1965)
King County, Texas
OBS-16 63 Blaine Gypsum 4,850 Garza (1982)

80 Blaine Gypsum 16,300

94 Blaine Gypsum 69,500
OBS-41 35 Blaine Gypsum 2,100 Garza (1982)

85 Blaine Gypsum 163,000
Stonewall County, Texas
OBS-25 42 Blaine Gypsum 13,600 Garza (1982)

52 Blaine Gypsum 41,300
Fisher County, Texas
63A | 100 | Blaine Gypsum | 3,740 | Core Laboratories, Inc.,




(1971)
229A 494 Permian 34,000 Core Laboratories, Inc.,
(1971)

ft bgl = feet below ground level
TDS = total dissolved solids
mg/L = milligrams per liter

7. Previous investigations

Previous hydrogeological studies have been conducted for regional assessment of saline
groundwater resources for the north-central Texas region, and for local and county-wide water
resource assessments. The saline groundwater resources of the Blaine Aquifer system were first
assessed by Winslow and Kister (1956), who identified the Blaine Formation as a significant
source of brackish groundwater. Core Laboratories (1972) performed a more detailed
assessment of the saline groundwater resources of Texas using available water quality data from
wells and interpretation of geophysical logs, although this assessment only considered the upper
undifferentiated Permian rocks for the north-central Texas region. Richter and Kreitler (1986)
analyzed the geochemistry and isotopic composition of groundwater in north-central Texas to
distinguish the origin of brines. Duffin and Beynon (1992) compiled a summary of brackish and
saline groundwater of the Permian rocks in north-central Texas. LBG-Guyton (2003) prepared a
summary of brackish groundwater resources for Texas and provided descriptions of the
Whitehorse-Artesia and Blaine as separate aquifers. More recently the Blaine Aquifer was
assessed by Hopkins and Muller (2011) to describe water quality.

The areas covered by some of the more pertinent hydrogeologic studies are illustrated in

Figure 7-1. Selected hydrogeologic cross sections from these studies are presented in

Figures 7-2 through 7-4. These cross sections illustrate the conceptual hydrogeologic model of
the Blaine Aquifer system, where groundwater flow in the aquifer system occurs either above the
Flowerpot Shale (base of aquifer in the north, Figure 7-2) or the brine interface in the central and
southern regions (Figures 7-3 and 7-4). Groundwater that originates in the Whitehorse Group is
interconnected with groundwater in the Blaine Formation (Figures 7-2 and 7-3), and
groundwater flow is generally from west to east on a regional scale.

Figure 7-1. Regions covered by selected historical reports.
Figure 7-2. Hydrogeologic cross section through Gray and Wheeler Counties from Maderak (1973)
Figure 7-3. Hydrogeologic cross section through Briscoe and Hall Counties from Popkin (1973)

Figure 7-4. Hydrogeologic cross section through Kent and Stonewall Counties from Stevens and Hardt
(1965)



The northern half of the aquifer, where irrigation wells were established, has been studied from a
perspective of general water resource assessment (Shafer, 1957; Smith, 1970; Cronin, 1972;
Maderak, 1972, 1973; Popkin, 1973a, 1973b; Smith, 1973). These studies provide basic
geologic descriptions, reported well yields, water table contour maps, and water quality data, but
little to no analysis of the water quality distribution and hydraulic properties of the aquifer.

Portions of the southern part of the Blaine Aquifer system have been evaluated by the USGS
(Stevens and Hardt, 1965; Zohdy and Jackson, 1973; Garza, 1982) and the Texas Water
Commission (Burnitt, 1963) to identify sources of saline groundwater discharge to streams and
agricultural lands. Other studies have been completed to investigate salinity control projects for
the Brazos watershed, where brine emission areas are largely responsible for contributing salinity
to streams. Steven and Hardt (1965) and Cronin (1972) described and mapped out the fresh
groundwater-brine interface identified in the central portion of the Blaine Aquifer system.

The Seymour Aquifer groundwater availability model (GAM) (Ewing and others, 2004) included
the Permian rocks as a model layer underlying the Quaternary alluvium of the Seymour Aquifer,
although little effort was devoted to defining the structure, hydraulic properties, and water
quality distribution in the Permian rocks, as the modeling effort was focused on the Seymour
Aquifer.

The occurrence of salt-karst in the Blaine Aquifer system has been recognized by Gustavson and
others (1981) and Johnson (2013), but studies characterizing the Blaine Aquifer karst system in
Texas are limited. Johnson (2013) refers to salt dissolution by groundwater as salt karst, where
partial or total dissolution of the shallowest salt in some areas has resulted in subsidence and
collapse of overlying strata. Areas with karst features include salt-dissolution cavities in the
formation, collapse features, and sink holes reported in overlying strata.

8. Data collection and analysis

This section provides an overview of the data collection and analysis completed for geologic,
hydrologic, and water quality interpretations.

8.1. Geologic data for stratigraphic analysis

Available information from water wells and oil and gas wells was used to develop Blaine
Aquifer system stratigraphy and hydraulic characteristics. Data sources include:

e The Texas Bureau of Economic Geology (BEG) Geophysical Log Facility (GLF)
historical well driller’s reports (cable tool) and scout tickets

e The TWDB’s groundwater database, accessed in November 2015

e The Texas Department of Licensing and Regulation (TDLR) database of submitted
drillers’ reports, accessed in November 2015

e USGS Texas Water Science Center, visited in July 2016
e The TWDB Q-log database, accessed in July 2016



Water well data obtained from the TDLR and TWDB water well databases provided shallow
geology and aquifer hydraulic property data. Oil and gas well data obtained from the BEG was
essential in the development of the study area stratigraphy, in particular development of the
Blaine Formation top and base elevations. The USGS water well data archive at the Texas
Water Science Center was reviewed for information in Motley, Cottle, and Childress Counties,
but useful additional data were not found. The TWDB provided Q-logs from Motley County to
supplement the project’s existing geophysical log coverage.

There are five active GCDs within or partially within the study area (Figure 4-3). The manager
of each GCD was contacted in April 2016 to provide them with a general overview and purpose
of the project and ask them to provide water quality and/or water level data not reported in the
TWDB database. Water level data were provided by the Panhandle, Mesquite, and Rolling
Plains GCDs. None of the GCDs had additional Blaine Aquifer system water quality data.

8.1.1. Data screening criteria

Information from the data sources outlined above was screened to identify the most useful and
accurate data for utilization during the project. The data screening was conducted in two phases:
(1) review of well location information, well depth interval, water properties, and geologic
descriptions and (2) review of data point distribution throughout the study area and removal of
redundant data points. The data screening process is described below.

BEG drillers’ reports and scout tickets were first reviewed to determine if the well location was
in the study area and if the record contained pertinent geological information. The BEG’s paper
oil, gas, and water cable tool drillers’ reports and scout tickets were located using The
Subsurface Library (Austin location), that provided American Petroleum Institute (API) and
location information for each well of interest. Location data were obtained in North American
Datum (NAD) 83 geographic coordinates. The location coordinates were compared with Texas
land survey data on each well record to confirm that each well location was accurate. The
geologic information provided on the well record was also reviewed to identify wells suitable for
this study. Drillers’ reports that did not provide geologic data starting at or near land surface, or
that contained ambiguous or coarse lithology interval descriptions, were not considered further.
Scout ticket data were reviewed to identify records that contained formation picks pertaining to
the Blaine, the Flowerpot Shale, the Dog Creek Shale, the San Andres Formation (equivalent to
the Blaine Formation in the west), and the Clearfork Group or the Merkel Dolomite, which is the
upper member of the Clearfork Group. Several thousand BEG drillers’ reports and scout tickets
were reviewed.

The TWDB and TDLR databases provide location coordinates for each well record. It was
assumed that these coordinates were accurate. If a well’s latitude and longitude location were
inconsistent with its listed state well grid or county, the well report was reviewed further to
determine the validity of the location. If the well location could not be reasonably confirmed
from the existing information it was not used. Figure 5-1 illustrates the TDLR and TWDB wells
used during this study.

The TDLR drillers’ reports were reviewed to identify wells with descriptive lithology logs and/or
water quality information that would be of value to the study. TDLR wells less than 40 feet deep
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were not considered because they were unlikely to provide meaningful information and wells of
this depth interval in the study area are predominantly classified as environmental wells. TWDB
wells were used to evaluate assigned aquifer codes and to obtain well yield and water quality
information.

Once the set of wells that had accurate locations and useful geologic information was identified,
each well location was reviewed to determine its proximity to nearby wells with similar data.
This process was completed to remove redundancy and unnecessary clustering of well data.
When removing wells in close proximity, preference was given to TWDB well data over TDLR
well data. There were many instances where multiple TDLR wells occupied the same location or
were in very close proximity to one another; where this occurred, all but one of the
representative wells were removed from the data set.

8.1.2.  Stratigraphic analysis

Stratigraphic analysis was conducted to estimate the top and bottom of the Blaine Formation and
the top of the Clearfork Group throughout the study area. The top of Clearfork Group surface
provided a reference for deeper structural features that extend into the shallower Permian
formations, which was particularly useful in developing a relationship between the Wichita
Uplift and base of the Blaine Formation. These formation surfaces were developed using BEG
and TDLR drillers’ reports lithologic descriptions and BEG scout tickets (Figures 8-1 and 5-4).
Where the Seymour or Ogallala Formations overlies the Blaine Formation or the Whitehorse
Group, the top of the Blaine Formation was taken from raster files obtained from the Seymour
and Ogallala GAMs.

Figure 8-1. BEG and TDLR wells used for stratigraphic analysis.

The top of the Blaine Formation (base of the Whitehorse Group) was identified west of its
outcrop area by the presence of more than 10 feet of gypsum or anhydrite, followed by additional
gypsum or anhydrite layers. In some cases the gypsum was interbedded with layers of shale,
sandstone, or limestone. The gypsum or anhydrite at the top of the Blaine Formation could
usually be distinguished from gypsum and anhydrite within the Whitehorse Group, which is
typically only a couple feet thick and occurs at shallow depths. In the western portion of the
study area (west of the Blaine Formation outcrop), many TDLR wells are completed only in the
Whitehorse Group. Where gypsum was not present on a driller’s report or where Blaine
Formation gypsum could not be discerned from gypsum in the overlying Whitehorse Group, a
Blaine Formation pick was not made. Scout ticket references to the San Andres Formation, a
lateral equivalent to the Blaine Formation that occurs in the western portion of the study area,
were also used to construct the top of Blaine Formation surface. Because the Dog Creek Shale
was not mapable in the study area, the top of Blaine Formation surface may include portions of
the Dog Creek Shale.

BEG and TDLR drillers’ reports and BEG scout tickets were also used to identify the base of the
Blaine Formation, although very few TDLR wells were drilled deep enough to provide this
information. The base of the Blaine Formation was identified by a facies change to the
Flowerpot Shale, a predominantly blue to varicolored shale. Within the study area, the
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Flowerpot Shale was primarily blue with thin gypsum layers interbedded in the upper section at
some locations. Along the western margin of the study area, identification of the Flowerpot
Shale was less obvious. Scout tickets that identified the base of the Blaine Formation and the top
of Flowerpot Shale were also used to define this surface.

The primary information source used to construct the top of the Clearfork Group was the BEG
scout tickets. In several instances the upper member of the Clearfork Group, the Merkel
Dolomite, was used as a top of Clearfork Group pick. Formation picks on the scout tickets were
not used if they were inconsistent with adjacent formation data or regional geologic structure
interpretations.

Once the initial surfaces were constructed, a surface anomaly analysis was conducted using the
Kriging and Topo to Raster tools in GIS. These tools generated formation surfaces that were
used to identify high/low and low/high data points, regional trends, and structural features.
Where a well location had a formation elevation significantly above or below that of surrounding
wells, the well location and formation picks were reviewed and data entry was confirmed for
accuracy. Ifthe apparently anomalous value appeared to be correct but no other wells or
structural features in the vicinity supported the observed anomaly, the well was considered to be
an outlier and was deleted from the study dataset. If other wells or structural features in the
vicinity provided some corroboration, such as similar or trending values, then the well was
maintained as a data point.

In addition to the above analysis, the formation surfaces (e.g., Figures 7-2 through 7-4) were also
compared to cross sections in published reports, including Smith (1970), Cronin (1972),
Maderak (1972, 1973), and Popkin (1973a, 1973b). In general, the generated geologic surfaces
compared very favorably with published cross sections. A discrepancy was observed in a limited
segment of a cross section in northwestern Wheeler County, along the study area boundary, from
Maderak (1973). Based on the well control obtained for this study and the structural features in
the area, the formation elevations presented herein are believed to be accurate.

8.1.3.  Confidence rankings

Each well used for stratigraphic analysis was assigned a location and formation pick confidence
value to assist with the reliability of interpretations. A confidence ranking of 1 (highest
confidence) or 2 (less confidence) was assigned to well locations. TDLR and TWDB wells were
assigned a location confidence value of 1, while BEG drillers’ reports and scout tickets were
assigned a confidence value of 2 due to the age of some of the reports. Stratigraphic picks were
assigned a confidence value of 1 to 4 as described below. The interpretation reliability attribute
for a well location should be considered when reviewing or using the data.

e Confidence Level 1: Excellent description, easy stratigraphic picks. Good local well
control that confirmed observations. These wells normally have highly detailed lithology
descriptions. Marker beds are easily identifiable.

e Confidence Level 2: Good descriptions, relatively easy stratigraphic picks. Additional
wells in proximity that correlate well. Wells in this category normally have highly

12



detailed lithologic descriptions. Marker beds may not be easily identifiable, and/or
formation contacts may not be obvious.

e Confidence Level 3: Generally acceptable descriptions, but stratigraphic picks are less
apparent. Few nearby wells to confirm observations. Lithologic descriptions for wells in
this category normally have less detail and/or may lump multiple lithologies. Marker
beds are not easily identifiable. All scout ticket data points were assigned a confidence
rating of 3 since they provide only formation picks, not lithology.

e Confidence Level 4: Generally acceptable descriptions, but stratigraphic picks were
challenging. Few nearby wells to confirm observations. Wells in this category usually
have lithology descriptions that lump multiple lithologies or do not adequately describe
marker beds. Wells in this category were only considered because they occur in areas
with limited data.

8.2. Groundwater Levels

A groundwater level elevation surface was required to define the top of the Blaine Aquifer
system. The construction of this surface was done in three steps:

1.

The published water level elevation contour maps were compiled and georeferenced from
Stevens and Hardt (1965), Garza (1982), Smith (1970), Cronin (1972), Maderak (1972,
1973), and Popkin (1973, 1973a).

Water level data from the TWDB Groundwater Database were obtained on October 18, 2015.
Water level data and corresponding information for wells with a “313” aquifer code were
culled. The available time-series water level data were reviewed for trends, and it was
determined that there were no significant long-term water level declines or recovery evident
in the dataset (Figure 8-2). Because long-term water level trends are not evident for the
Blaine Aquifer system, it is reasonable to use water level elevations for all locations where
they are available, regardless of the date of measurement.

The water level data and the published water level elevation contours were plotted on a
topographic base (ESRI - National Geographic TOPO!) scaled to 1:24,000. For wells with
multiple measurements the most recently measured water level was used. Water level
elevation contours were constructed and digitized using a 50-foot contour interval. Contours
were adjusted to best match available water level data, known perennial streams, springs, and
other water bodies. Water level elevation contours were checked against the land surface
elevation contours to correct for values above land surface outside of groundwater discharge
zones.

The compiled Blaine Aquifer system water level elevations are presented in Figure 8-3.
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Figure 8-2. Example Blaine Aquifer system hydrographs.

Figure 8-3. Blaine Aquifer system potentiometric surface.

8.3. Springs and streams

Data regarding springs was obtained from Texas Parks and Wildlife GIS laboratory
(tpwd.texas.gov/gis/data) and the TWDB Groundwater Database. Duplicate data points were
identified and removed from the data set. The streams coverage was obtained from the Center
for Geospatial Technology, Texas Tech University, USGS National Hydrography Dataset
(http://www.gis.ttu.edu/center/TexasGISData.html, file name: Rivers-high resolution). The
springs and perennial reaches are discussed further in Section 10.

8.4. Geophysical logs for water quality analysis

Geophysical logs were used to evaluate the stratigraphic character of the Blaine Aquifer system
and to evaluate water quality characteristics where water quality data from water wells were
limited or absent. An initial listing of all geophysical logs in the study area from the TWDB
BRACS Database was obtained in Excel database format; this list included 1,634 logs. An
additional 24 geophysical logs were obtained from the Railroad Commission of Texas (RRC)
online database (www.rrc.state.tx.us) using the public GIS viewer. The distribution of available
geophysical logs in the study area was plotted to determine if significant data gaps existed in the
study area (Figure 8-4).

Figure 8-4. Distribution of geophysical logs initially considered for data analysis.

Geophysical log image data files (*.tif) were organized by county and by BRACS ID.
Additional Headers (fields) were added to the database for logs evaluated in detail, which
included inputs for the following:

e Logtype (e.g., electric, gamma-neutron, dual induction)

e Mud type (e.g., fresh gel, salt gel, natural formation fluids, diesel, air)

e Top log interval (depth to top of geophysical logging survey)

e Depth of surface casing reported by logger (feet)

e Top of electric log (spontaneous potential [SP], resistivity) reported by logger (feet)
e Suitable for determining water quality? (yes or no)

e Suitable for determining brine interface? (yes or no)

¢ Brine interface reason (log used for interpretation)

e Top of Flowerpot Shale (depth, in feet, interpreted from log)
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¢ Ground level elevation (from log header)
e Depth to brine interface (feet)
e Elevation of brine interface (feet above mean sea level)

e Additional notes

Individual geophysical log image files were viewed and analyzed using Haliburton LogView Pro
version 9.7.5. Geophysical logs were omitted from detailed analysis for any combination of the
following conditions:

e Header information was incomplete.

e Log interval did not include the Blaine Aquifer system.

e Quality of the log was poor.

e Log type was not applicable to analysis (e.g., cement bond log).

After the initial geophysical log screening process, over 300 of the 1,634 geophysical logs
remained for more detailed review and analysis. The methods used to analyze these geophysical
logs are described in Section 13.

9. Aquifer hydraulic properties

The yields of the wells completed in karst formations, such as the Blaine Aquifer system, may
vary widely because they are dependent upon the size, number, and interconnectedness of
solution openings and fractures encountered by the well. Hydraulic properties of the Blaine
Aquifer system are largely absent from published reports. Existing data and estimates for aquifer
permeability and storage coefficient are summarized in Sections 9.1 and 9.2.

9.1. Agquifer permeability and well yield

In his study of groundwater resources of Wheeler and eastern Gray Counties in Texas, Maderak
(1973) reported an average specific capacity of 8 wells in the Blaine to be 15.7 gallons per
minute per foot of drawdown (gpm/ft). Assuming semiconfined conditions, this corresponds to
an average aquifer transmissivity of 3,675 square feet per day (ft*/d).

Shafer (1957) states that the dolomite and gypsum beds of the Blaine Aquifer had proven to be
the most prolific aquifers in Childress County and that probably all the water used for irrigation
in the county was obtained from the Blaine Aquifer. He reported well yields ranging from

178 up to 1,500 gallons per minute (gpm), although most well yields were between 600 and
900 gpm.

In Hardeman County, Maderak (1972) reported that the highest well yield was 1,000 gpm, but
that the average yield of 108 wells completed in the Blaine Aquifer was 275 gpm. Maderak
(1972) also reported the average specific capacity of 29 wells in Blaine Aquifer to be 4.6 gpm/ft.
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Steele and Barclay (1965) studied the Dog Creek Shale and the Blaine Formation in Harmon and
parts of Greer and Jackson Counties in Oklahoma; their study area borders Collingsworth,
Childress, and Hardeman Counties. Steele and Barclay reported that some well yields exceed
1,000 gpm, but many well yields were between 500 and 1,000 gpm and many others yielded less
than 10 gpm. They estimated an average transmissivity of the aquifer in an area where solution
channels are best developed to be 34,750 ft*/d, and an average aquifer thickness of 80 feet. This
transmissivity and aquifer thickness is equivalent to a hydraulic conductivity greater than

400 feet per day (ft/d). Steele and Barclay (1965) caution that this permeability would be much
higher than that expected to apply to the aquifer as a whole. Similarly, the transmissivity of the
Blaine Aquifer in southwestern Oklahoma is reported by Johnson (1990) to range from 5,450 to
43,353 ft*/d) based on pumping test data. The corresponding hydraulic conductivity would be
about 368 ft/d.

Popkin (1973b) provides specific capacity information for 8 wells in the Artesia Group
(Whitehorse Group equivalent, Figure 5-2) in Hall and eastern Briscoe Counties. The estimated
aquifer hydraulic conductivity based on these tests is approximately 35 to 45 ft/d. Popkin
(1973a) studied the groundwater resources in Donley County and reported that the Blaine
Aquifer was not used within the county. Smith (1973) reported small to moderate quantities of
water, usually less than 100 gpm, obtained from wells tapping the Artesia Group in Motley and
northeastern Floyd Counties. Cronin (1972) acknowledged that very little information is
available concerning the hydrologic properties of the Permian rocks in Dickens and Kent
Counties, but noted that the known yields from these units are usually small, suggesting low
hydraulic conductivity.

For the southern portion of the study area, Garza (1982) reported that the Whitehorse Group has
an average hydraulic conductivity of 0.5 ft/d, the shale beds in the Blaine Formation have a
hydraulic conductivity less than 0.000001 ft/d, and other parts of the Blaine Formation have a
hydraulic conductivity averaging 1 to 2 ft/d. Garza (1982) did not provide hydraulic properties
for the portions of the aquifer with karst features.

In the absence of pumping test data, transmissivity can be estimated from specific capacity data
using a rewritten form of the Cooper-Jacob solution for drawdown in a pumping well (Walton,
1970; Mace, 2001). For a given specific capacity, transmissivity can be solved for iteratively.
Estimated hydraulic conductivity can then be calculated by dividing estimated transmissivity by
the aquifer thickness tapped by the well (i.e., the total well depth less the non-pumping water
level). The non-pumping water level was estimated from nearby wells if it was missing from
TWDB database.

Specific capacity data from wells completed in the Blaine Aquifer system were compiled and
used to estimate transmissivity and average hydraulic conductivity values. Approximately

60 specific capacity values for wells completed in the Blaine Formation and Whitehorse Group
or equivalent strata were obtained from the TWDB database (Appendix A).

The following assumptions were made in order to calculate aquifer transmissivity from specific
capacity data using the referenced method:

e The storage coefficient was assumed to equal 0.05.
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e The well efficiency was assumed to be 80 percent.

e Pumping duration from the TWDB database was used; if no pumping duration was
recorded, a duration of 60 minutes was assumed.

The well casing diameter was obtained from TWDB database.

The estimated hydraulic conductivity obtained using this approach ranges from 0.02 ft/d to more
than 1,000 ft/d. A histogram showing distribution of estimated hydraulic conductivity values is
presented as Figure 9-1. The calculated distribution is skewed to the right (higher values), as
would be expected for a karst aquifer system due to the very large local aquifer permeabilities
that may occur. The mean hydraulic conductivity of the dataset is 101 ft/d, and the median of the
dataset is 14 ft/d. Estimated hydraulic conductivity values for wells completed in the Whitehorse
Group range from 0.02 to 32.4 ft/d, and estimated hydraulic conductivity values for wells
completed in the Blaine Formation range from 0.03 to 1,290 ft/d. The higher hydraulic
conductivity values (those greater than about 10 ft/d) are likely representative of portions of the
aquifer with karst features. Hydraulic conductivity values less than about 1 ft/d are likely
representative of areas with little to no karst development or secondary permeability.

Figure 9-1. Histogram of Blaine Aquifer system hydraulic conductivity determined from specific capacity
data.

9.2. Aquifer storage coefficient

Specific yield values for the Blaine Aquifer system are reported by Garza (1982) to range from
0.15 to 0.20 (unconfined aquifer conditions). Johnson (1990) estimated that storage coefficients
for the Blaine Aquifer range from about 0.0004 to 0.03 and averaged about 0.016. Steele and
Barclay (1965) estimated a storage coefficient of 0.01. The shallow Blaine Aquifer system is
likely unconfined where no clay or shale layers are present at the water table surface and
confined where clay or shale layers exist at the water table surface.

10. Water quality data

A total of 563 TWDB database water wells with a Permian aquifer code (310QRMW —
318PRVR) had TDS and the associated cation (silicon, calcium, magnesium, sodium, potassium)
and anion (chloride, bicarbonate, sulfate, and nitrate) chemical analyses. Wells completed in the
overlying Ogallala or Seymour Formations were removed from the working data set based on
driller’s report geologic descriptions, the base of the Ogallala or Seymour Formations obtained
from the GAMs, or the mapped geologic outcrop. For wells with multiple sample results the
most recent water quality sample was used.

Of the 563 TWDB water wells, 82 had a driller’s report with identified screen intervals that
could be used to determine the specific water quality sampling interval. It was assumed that the
remaining 461 TWDB wells with water quality analyses were completed to depths near the
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well’s total depth. The TDS in these wells ranged from 239 to 33,969 mg/L, chloride ranged
from 5 to 17,000 mg/L, and sulfate ranged from 12 to 4,330 mg/L.

The TWDB data were plotted to identify data gap areas. Initial data gap areas included parts of
Cottle, King, Stonewall, and Fisher Counties. Water quality data from USGS studies (Stevens
and Hardt, 1965; Garza, 1982) were added to the project database to fill in data gaps for King
and Stonewall Counties, and water quality data from Burnitt (1963) were used to fill in data gaps
for Fisher County.

10.1. Dissolved minerals

The correlation between specific conductance and TDS is established graphically in Figure 10-1
and is affected by the composition of dissolved minerals. Two trends are apparent in the figure.
One trend relates to specific conductance values derived from laboratory analysis (diluted
electrical conductivities), and the other trend is derived from temperature-corrected field
measurements. The correlation between field-measured specific conductance and TDS should be
used for calculating TDS from specific conductance values.

Figure 10-1. Graph of specific conductance versus TDS for wells completed in the Blaine Aquifer System.

Most of the fresh to moderately saline groundwater in the Blaine Aquifer system is a calcium-
sulfate water, and the brine groundwater samples in the study area are predominantly sodium
chloride. However, groundwater with TDS values less than 4,000 mg/L is predominantly
calcium-sulfate type water (Figure 10-2), and groundwater with TDS values greater than

4,000 mg/L TDS contains calcium-sulfate with an increasing sodium chloride component with
increasing TDS (Figure 10-3). This change in type of dissolved minerals with respect to salinity
is controlled by the presence and solubility of halite and gypsum salts.

Figure 10-2. Graph of sulfate versus TDS for water wells completed in the Blaine Aquifer system.

Figure 10-3. Graph of chloride versus TDS for wells completed in the Blaine Aquifer system.

Local variations in the TDS of fresh to moderately saline groundwater likely reflect local or sub-
regional groundwater flow paths. Fresh to slightly saline groundwater represents areas of
groundwater recharge and parts of the aquifer with a high degree of karst permeability.
Moderately saline groundwater and brine are more commonly found in areas of groundwater
discharge, which occur at or near the terminus of local groundwater flow paths. The concept of
the local flow paths is evident in the configuration of the water level elevation contours, which
mimic the land surface and illustrates that groundwater recharge occurs on the ridges and regions
of higher elevation, and groundwater discharge occurs in the valleys at springs and streams.
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10.2. Radionuclides

Results for radionuclide analyses were available for 14 TWDB water wells in the study area. In
all but one well, state well number 12-51-202, results were below the Texas Commission on
Environmental Quality (TCEQ) drinking water maximum concentration level (MCL) of

15 picocuries for alpha and 5 picocuries for radium 226 and 228 (Ra-226 and Ra-228). The
groundwater from well 1251202 in Motley County is used for stock watering and had a chemical
analysis dated April 20, 1991 with an alpha particle analysis of 27 picocuries but had no analyses
results for Ra-226 and Ra-228.

10.3. Spring Water Quality

Spring locations and observed water quality are summarized in Figure 10-4. A number of brine
emission springs are evident from their very high TDS values, such as those on the Stonewall-
King County line. Most other springs have water quality in the slightly to moderately saline
range, and some fresh water springs do exist.

Figure 10-4. Spring water quality and streams potentially receiving saline water from the Blaine Aquifer
system.

11. Production interval analysis

Known production intervals and regions of karst development that may be indicative of regions
of favorable groundwater production were identified as described in Sections 11.1 and 11.2.

11.1. Cavity analysis

A total of 2,402 TDLR lithologic descriptions were reviewed for indications of subsurface
cavities or karst development. Descriptions assumed to indicate the occurrence of a cavity or
karst feature included cavity or cavedy, lost circulation or drilling blind zone, drilling break,
cavity stream, broken rock or gypsum, and/or honeycomb rock or gypsum. The reports for
131 wells included such descriptions, and for each of these wells the identified cavity top and
bottom depths were recorded and included in the project database.

Wells with multiple (up to five) cavity intervals occur in Collingsworth, Childress, and
Hardeman Counties. TWDB and TDLR wells with reported higher well yields (i.e., greater than
100 gpm) appeared to correspond with wells containing multiple cavity intervals (Figure 11-1).
The cavity data were used as an indicator of possible higher production zones for determining
potential production areas (PPAs).
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Figure 11-1. Wells with identified cavities.

11.2. Sinkholes

Karst features that can be identified at land surface are also indicative of potential areas where
the Blaine Aquifer system may have secondary permeability and the potential for high well
yield. A good example of sinkholes formed at the land surface from dissolution and collapse of
salt beds in the underlying Blaine Aquifer system can be referenced from the Google Earth aerial
photograph presented in Figure 11-2. The area shown in the figure is near the center of Hall
County along the north side of the Prairie Dog Town Fork of the Red River. The image shows
several sinkholes; some are well developed and contain water, and others are in the initial stages
of collapse with fracture rings.

Karst features related to sinkholes and breccia pipes were identified using land surface elevation
contours (depressions) and were confirmed using aerial photography available through Google
Earth (e.g., Figure 11-2). Digital land surface elevation contours, scaled to 1:24,000, obtained
from National Geographic TOPO!, were used to complete this task. Manmade features such as
stock tanks and diversion dams that resembled depressions in some of the topographic contours
were excluded from the analysis. The remaining depressions were catalogued and digitized as a
potential karst feature. Many of the karst features are obvious and readily identifiable as
sinkhole or collapse features with fracture rings, while other depressions would need to be field-
checked to verify that they are indeed a karst feature. In addition, karst features identified by
Gustavson and others (1981), presented in Figures 74 and 75 of their report, were georeferenced,
digitized, and added to the dataset.

Figure 11-2. Aerial photograph with typical sinkholes identified.

All identified potential karst features in the study area are shown on Figure 11-3. The largest
concentration of karst features is found in the northern part of the study area within Wheeler,
Collingsworth, Childress, and Hall Counties, where wells completed in the Blaine Aquifer
system are known to have high yield. Localized areas with identified karst features occur in
Motley, Cottle, Dickens, Kent, and Stonewall Counties. These localized areas may also have
high well yield, but well log and well yield data are limited in these areas.

Figure 11-3. Identified sinkholes within the study area.

12. Groundwater volume methodology

Three surfaces were used to estimate groundwater volumes. Two intersecting surfaces define the
base of the Blaine Aquifer system: (1) the base of the Blaine Formation and (2) the brine
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interface, where it occurs, above the base of the Blaine Formation. The water level surface
(Figure 8-3) defines the top of the aquifer system. The Blaine aquifer system thickness is
presented in Figure 12-1. As indicated in the figure, at most locations the aquifer is only several
hundred feet thick, and at many places 200 feet or less in thickness. Because the brine interface
may exist above the base of the Blaine Formation in Fisher and Nolan Counties but could not be
delineated using existing data (Section 13.3), the aquifer thickness presented in Figure 12-1 and
the corresponding groundwater volume calculation may be overestimated for the far southern
portion of the study area.

Figure 12-1. Blaine Aquifer system thickness.

Water quality data zones were delineated in Leapfrog Geo software using the reported water
quality from wells. Based on the hydrogeologic conceptual model of water quality, the
assumption was made that the observed water quality at a given well location is applicable to the
full aquifer saturated thickness.

Aquifer volumes were calculated by using the interpolant tool in Leapfrog Geo software with the
interpolation constrained to the saturated Blaine Aquifer system thickness. Linear interpolation
was used with ellipsoid ratios set to 1:1:1, resulting in salinity zones defined by vertical
boundaries. Interpolant values were set to correspond with the salinity zones defined in

Table 12-1. All other interpolation parameters were not changed from the default values.

Figure 12-2 illustrates the spatial distribution of water quality.

Table 12-1. Groundwater volume by salinity classification in the Blaine Aquifer system

Salinity zone Gross volume Water volume '
(TDS in mg/L) Salinity classification (ft}) (ac-ft)
<1000 Fresh 5,067,000,000,000 1,163,223
1000 — 10,000 Slightly to moderately saline 75,174,000,000,000 17,257,575
> 10,000 Very saline 675,990,000,000 155,186

! Assumes specific yield of 0.01 (1 percent)
ft' = cubic feet

ac-ft = acre-feet

TDS = total dissolved solids

The water quality volumes listed in Table 12-1 should be considered with caution. Only a small
portion of the listed volume could be extracted from the Blaine Aquifer system without
detrimental effects to groundwater in terms of depleted aquifer saturated thickness or significant
degradation of groundwater quality.
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Figure 12-2. Blaine Aquifer system salinity zones illustrated on a three-dimensional visualization of the water
table at 50x vertical exaggeration.

13. Geophysical well log analysis and methodology

Geophysical logs were obtained and evaluated to address two data gap issues:

e Identification and mapping of the brine surface for the study area.

¢ Identification and mapping of groundwater quality above the brine surface and within the
aquifer system.

As explained in Section 13.3, geophysical logs were used successfully to identify the brine
surface, but due to the nature of the Blaine Aquifer system, identification and mapping of water
quality distribution (i.e., fresh, slightly saline, moderately saline, and very saline) using
geophysical logs was not feasible.

13.1. Identification of geophysical logs

The first step in developing the geophysical log database for the Blaine Aquifer system was to
identify geophysical logs that include the target aquifer interval. Geophysical logs were obtained
from the TWDB BRACS database and the RRC database. The starting geophysical log coverage
for the study area is shown in Figure 8-4. Because the rocks that comprise Blaine Aquifer
system crop out in the study area but gradually dip to the west, the bottom of the Blaine
Formation (Figure 5-4) was used to identify geophysical logs that do not include the depth
interval of interest.

The second step was to determine the depth of the top of the resistivity log interval. Typically
the resistivity log interval for oil and gas wells is below the surface casing and sometimes only
includes the target oil and gas production interval. A summary of the number of resistivity logs
by depth to the top of the log interval is presented in Table 13-1. Most logs listed in Table 13-1
that include the shallow portion (less than 200-foot depth) are from the 1940s and 1950s, and
many have limited information and data for analysis. Although limited, historical logs that
include the shallow portion of the study area were nevertheless considered in the analysis.
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Table 13-1. Summary of the depth to top of resistivity log interval

Depth to top of resistivity log

(feet) Number of logs

<200 225
201-400 132
401-600 8
601-800 2
801-1000 6

> 1000 8

13.2. Geophysical logs for water quality analysis

An attempt was made to use spontaneous potential (SP) and resistivity logs to calculate
formation water quality. The selection of applicable geophysical logs to conduct the required
analysis required consideration of the drilling methods, drilling fluid quality and additives,
quality of the log (e.g., scale), and other factors. The quality control and quality assurance of log
selection included checking for the following:

Adequate detail in the log header

Omission of logs performed in holes with drilling fluid additives (e.g., caustic soda) that
inhibit the calculation or analysis

Identification of stray electrical currents or interferences with the SP log
High fluid loss or indication of excessive invasion of drilling fluid in formation

Availability of a representative lithologic log to guide analysis of geophysical log

The intent was to perform water-quality calculations from electric logs for the log interval above
the identified brine surface. However, several significant difficulties were encountered during
the analysis, including:

The analysis method requires a sandstone layer at least 10 feet in thickness with electric
log response (Keys and MacCary, 1973; Schlumberger, 1987; Welenco, 1996). Finding a
clean sandstone interval with an electric log response above the brine interface was
nearly impossible due to the complex stratification of the Blaine Aquifer system and lack
of lithologic descriptions near the geophysical logs evaluated. Based on this constraint
alone, use of electric logs for water quality calculations may not be applicable to most of
the Blaine Formation due to the lack of interbedded sandstone and shale beds.

The SP method and resistivity water apparent (RWA) minimum method for determining
formation salinity requires that the aquifer be composed of clastic sediments (Keys and
MacCary, 1983). Adjustments to the method can be made to the formation factor to
account for other lithologies and rock characteristics, but water quality data and other
information required to calibrate the results were non-existent. Furthermore, it was found
that the potential effects of gypsum, fractures, and voids on the log responses also
complicated the analysis.
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e The depth of surface casing also significantly limited the use of geophysical logs to
estimate water quality. Out of the 1,634 geophysical logs reviewed, only 225 had surface
casing depths less than 200 feet, whereas the primary depth interval above the brine
surface averages about 200 feet.

¢ Drilling fluids need to have a higher resistivity than the formation. A large number of the
electric logs were run in holes filled with salt gel, brine, oils, or other additives that
prohibited the use of the log for water quality analysis or identification of the brine
interface.

e Many of the logs reviewed did not have adequate header information to conduct the
required analysis.

e Out of the 1,634 geophysical logs in the study area, only 2 were identified as suitable for
water quality analysis and only 23 were identified as potentially suitable for water quality
analysis. For these 25 logs, there were no nearby lithologic and water quality data for the
corresponding interval that could be used to calibrate the results of the analysis method.

Use of geophysical logs for water quality analysis, therefore, was not feasible due to the
complexity of the Blaine Aquifer system and the lack of required supporting data.

13.3. Geophysical log analysis for determination of the brine interface

The transition from brackish groundwater to brine was identifiable where the log interval
included the brine surface and where the upper portion of the formation adjacent to the borehole
has not been affected by upward flow of high-salinity fluids. Keys and MacCary (1973)
evaluated characteristic log responses in approximately 150 oil company electric logs and used
the results to identify the brine surface in places where the more porous rocks were saturated
with brine. Geophysical log signatures and responses described by Keys and MacCary (1973)
were used to identify the brine interface. Typical log responses included:

e Baseline shifts, such as shift to the left in the point-resistance log
e Decreases in average resistivity

e Sudden loss of lithologic detail with depth in the SP log when compared to gamma-ray
and neutron logs, indicating brine influences on SP log response

Based on these criteria, identification of the brine surface was based on multiple interpretations
from a suite of logs.

The salinity differences between the borehole fluids and the formation fluids also played a role in
the analysis. SP logs in general had little character (limited variations in readings) below the
brine interface where the borehole and interstitial fluids have similar conductivities, and above
the interface the SP curve is the reverse of the gamma log response. Boreholes with circulated
fresh mud provided a better SP response to the saline surface.

Water table responses in logs were determined from the water level surface elevation contours
developed during this project (Figure 8-3). The depth to water and lithologic logs helped guide
the analysis to identify responses in logs to the brine surface. An example is presented as
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Figure 13-1 for a well approximately 5 miles southeast of Paducah in Cottle County. At this well
location, the brine surface is indicated at about 350 feet below land surface on the SP log in the
bottom portion of the Blaine Formation.

Figure 13-1. Portion of electric log from BEG No. 16556 located approximately 5 miles southeast of Paducah,
Cottle County, Texas. Neighboring water wells have depth to water of 100 ft, TDS of 3,900
mg/L, and the lithology consists of alluvium from 0 to 60 ft, Blaine Formation from 60 to 500 ft
(karstified from 120 to 240 ft), and Flowerpot Shale > 500 ft (base of aquifer noted on log by
brown line at 500 ft). Shift in SP at 350 ft is indicative of the brackish-brine interface.

More than 300 geophysical logs were analyzed in detail, leading to the identification of the brine
interface in 64 logs. The brine interface analysis involved the following steps:

1. Determine if the geophysical log contains the information required for analysis (electric
log with SP, fresh water based drilling fluids, required header information, and
appropriate log scale).

2. Identify the top of the Flowerpot Shale (bottom of Blaine Aquifer system).

3. Determine if SP or resistivity response is due to lithology or drastic change in salinity for
the interval between the surface casing and the top of the Flowerpot Shale.

4. List identified SP or resistivity response as “yes” or “maybe” under database column
titled “Suitable for determining Brine Interface.” Entries for “yes” indicate a high level
of certainty for the identification of the brine interface, and entries for “maybe” indicate a
low to moderate level of certainty.

5. Record the depth to the brine interface selected from the log and add additional
comments, which typically included an explanation of the level of certainty and whether
the brine interface is above, at, or below the Flowerpot Shale.

6. Use elevation and depth inputs in the geophysical log database to calculate the brine
surface elevation.

The brine surface elevation points were plotted on a base map of the Blaine Aquifer system
along with the georeferenced brine surface elevation contours from the USGS (Stevens and
Hardt, 1965, fig. 3) for the Dickens, King, Kent, and Stonewall County area. It was determined
that the brine surface is at or below the Flowerpot Shale (base of the Blaine Aquifer system) for
most of the northern and eastern portions of the project area. The brine surface is prominently
above the Flowerpot Shale in the western part of the southern half of the aquifer system

(Figure 13-2). The brine surface data points matched well with the USGS brine surface,
although the USGS brine surface was based on a more detailed data set and therefore had higher
resolution.

Figure 13-2. Estimated elevation of brine interface and approximate extent where the brine interface is above
the base of the Blaine Formation delineated by the elevation contours.

The brine surface could not be identified for Fisher and Nolan Counties due to surface casing
depths greater than the depth to the brine surface, drilling methods and borehole fluids, and the
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large-scale effects of historical brine contamination described by Burnitt (1963). Limited data
from Fisher and Nolan Counties indicate that the brine surface is relatively shallow and the
Blaine aquifer is not highly productive.

14. Potential brackish groundwater production area analysis and
modeling methodology

HB 30 requires that brackish groundwater production zones be identified and the amount of
brackish groundwater within each zone that can be produced over a 30- and 50-year period be
determined. The brackish groundwater production is not supposed to have a significant impact
on water availability or quality relative to significant sources of water supply already being used
for municipal, domestic, or agricultural purposes. In this report potential production areas
(PPAs), not “production zones” as referred to in HB-30, are identified. Computations of
expected hydrologic effects of pumping from the PPAs are presented. Whether or not one or
more of the PPAs will be considered a production zone will be determined at a later date, based
in part on stakeholder input. Identification of the PPAs and the computation of potential
hydrologic effects are presented in Sections 14.1 and 14.2.

14.1. Identification of exclusion areas

The first step in determining the PPAs was to define exclusion zones based on known regions of
significant municipal, domestic, and agricultural groundwater use. Exclusion zones were also
determined for regions where injection wells are relatively shallow and for protected wildlife
areas. The process of identifying exclusion zones is outlined in Sections 14.1.1 through 14.1.6.

14.1.1. Public water supply wells (municipal)

A shapefile of the TCEQ public water supply wells was created for the study area, which
includes a total of 91 public water supply wells. The Red River Water Authority of Texas
(RRWA) supplies public water to a number of very small cities and towns in the northern third
of the study area. The RRWA was contacted by phone to obtain the locations of their public
water supply wells, and it was determined that 9 of the RRWA wells are located in the study
area. A 2-mile exclusion area was created around each public water supply well location
(Figure 14-1).

Figure 14-1. Exclusion areas identified for public water supply wells, cities and populated places.

14.1.2. Cities (domestic)
The Texas Department of Transportation (TxDOT) city limit data set was used to locate cities in

the study area. This effort yielded a shapefile that included 23 city limit boundaries. A 3-mile
exclusion area surrounding each city limit boundary extent was created (Figure 14-1). The
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purpose of this exclusion area was to include potential domestic well development outside (but
near) the city limits.

14.1.3. Populated places (domestic)

In addition to the city limit data set, a point shapefile was created to account for populated areas
not covered in the city shapefile. The source used to locate these areas was the USGS
Geographic Names Information System (GNIS) “populated places” data set. This shapetile
included 85 populated places within the study area. A 2-mile exclusion area was created around
each populated place point location to account for domestic supply wells likely to occur in these
areas (Figure 14-1).

14.1.4. Irrigation (agricultural)

Irrigation areas were delineated by identifying irrigation wells available from the TWDB and
TDLR databases and coupling the identified irrigation well locations with the U.S. Department
of Agriculture (USDA) National Agriculture Imagery Program (NAIP) 2014 color infrared
imagery. The irrigation area extents are hand-drawn polygons that include all of the identified
irrigation wells and bright to dull red irrigated tracts of land. A total of 14 irrigation areas were
delineated (Figure 14-2). Wheeler, Collingsworth, Hall, Childress, Hardeman, Motley, Cottle,
and (to a lesser degree) Fisher Counties have large regions of active irrigation.

Figure 14-2. Exclusion areas identified for irrigated regions.

14.1.5. Injection wells

In May 2016 a request was submitted to the RRC for all active injection wells (W-14, disposal
into nonproductive zone) and water-flood (H-1, disposal into productive zone / secondary
recovery) within the study area. After quality assurance/quality control, a well data set of 950
active injection wells with 141 active injection wells, 122 water-flood wells, and 687 secondary
recovery wells was developed based on the RRC response to this request.

Active wells were identified as having one of the following H-10 statuses (1) active, authorized
by RRC to inject but not yet drilled, (2) authorized for storage but not yet drilled, (3) drilled but
not yet completed, (4) drilled but not yet in storage service, and (5) other (temporarily
abandoned, temporarily abandoned/shut-in, or active storage service). Wells with the status of
no H-10 report were also included in this feature class. Active wells without an injection interval
or coordinates in the Underground Injection Control (UIC) database were excluded from the data
set. Well location coordinates are recorded in NAD 83 coordinates. Saltwater was the dominant
fluid used in injection and water-flood wells. Secondary recovery well fluids included saltwater,
gas, and/or carbon dioxide.

All but 8 of the 950 wells are injecting at depths greater than 1,500 feet. Of those 8 wells, 7 in
Wheeler County are injecting fluids at less than 500 feet below land surface. This area of
shallow injection wells in Wheeler County was hand contoured and defined as an exclusion area
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(Figure 14-3). The remaining injection well (well W-14) is injecting below the Blaine Aquifer in
Fisher County; that well location is illustrated in Figure 14-3.

Figure 14-3. Exclusion areas identified for injection wells and protected wildlife area.

14.1.6. Texas wildlife management areas and protection of endangered species

The DBS&A team added an exclusion criterion for the preservation of protected wildlife areas
and springs that contain endangered species. The Texas Parks and Wildlife Department (TPWD)
maintains a data set with active wildlife management areas (WMAs), which was used to
determine that the only WMA within the study area is the Matador WMA in Cottle County
(Figure 14-3). The Matador WMA includes 28,183 acres purchased by the TPWD in 1959.

Springs in areas that include endangered species were also considered for exclusion areas. The
TPWD website (http://tpwd.texas.gov/gis/rtest/) allows users to query for the endangered species
present in each county. The primary 16 counties within the study area were queried, and no
endangered species were identified in areas with spring habitats.

14.2. Identification of potential production areas

Figure 14-4 illustrates the combined extent of all identified exclusion areas. Any PPA has to be
located outside of these areas. The primary consideration in the selection of PPAs was the
expected aquifer yield to a hypothetical brackish aquifer well field. The following five selection
criteria were used to select PPAs outside of the delineated exclusion zones:

o Identified cavities in area. Cavities appear to be associated with higher well yields in
Wheeler, Collingsworth, Hall, Childress, and Hardeman Counties.

o Well yields greater than 50 gpm. Areas of higher well yields are more likely to be
economically developed.

o Identified sinkholes. Sinkholes result from evaporite dissolution and are indicators of
karst development. Sinkholes appear to be associated with higher well yields in Wheeler,
Collingsworth, Hall, Childress, and Hardeman Counties

o Structural features. Areas with structural features have more faulting and may have a
higher likelihood of karst development and therefore higher well yields.

o Aquifer thickness greater than 100 feet. An aquifer thickness of less than 100 feet was
assumed to be too small for significant, long-term groundwater development.

Figure 14-4. Combined extent of all identified exclusion areas and final potential production areas.

Eight PPAs were originally identified based on these selection criteria. At a stakeholder meeting
held in Quanah, Texas on June 29, 2016, the eight identified PPAs were presented to the
stakeholders. Based on stakeholder input during and subsequent to the meeting, and based on
guidance from the TWDB, five areas were removed (Areas 1,2, 3, 5, and 7) because of irrigation
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activities or existing wells identified within the PPA. The areal extents of the remaining three
PPAs (Areas 4, 6, and 8) were reduced in size if needed to exclude known wells. Areas 4, 6, and
8 are illustrated in Figure 14-5 and are summarized in Table 14-1.

Figure 14-5. Final potential production areas and physical indicators of potential well yield.

Table 14-1. Summary of selection criteria for final potential production areas

Production Identified Wells Yields Identified Structural Estimated Aquifer
Area Cavities > 50 gpm Sinkholes Features Thickness (feet)
4 Yes No Yes Yes 332
6 No Yes Yes Yes 426
8 Yes No Yes No 507

gpm = gallons per minute

14.3. Drawdown Computations

For each of the remaining PPAs, it was assumed that a well field will be developed consisting of
nine wells spaced 0.75 mile apart. Each well field was assumed to pump at 1,000, 2,000, and
3,000 acre-feet per year (ac-ft/yr), with pumping divided equally among the nine wells. This
amount of pumping corresponds to an operational pumping rate per well of about 100 to

300 gpm, assuming a 70 percent average run time for each well. Each hypothetical well field is
assumed to operate independently of the others (i.e., only one well field is operational in each
predictive simulation). The range of total pumping was selected because it is sufficient to
provide all or a significant portion of the water demand for the towns and municipalities within
the study area.

Predictive drawdown computations were conducted using the Theis (1935) equation as follows:

_ _Q [ wetdu
~ 4nT fu u Eq. 1
where s = drawdown in water level
Q = pumping rate of the well
T = aquifer transmissivity
s
4Tt
r = distance from the pumping well to a given point
S = aquifer storage coefficient
t = time since pumping began
Equation 1 is generally written in the form of the well function, W(u), as follows:
s = LW(u) Eq. 2
4nT ’
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Equations 1 and 2 are linear, so that the effects of pumping multiple wells can be superimposed
(added) to one another in order to estimate the total drawdown at a given location (r) and time

(t). Aquifer boundary conditions, such as barrier boundaries (e.g., aquifer pinch-out) or streams
can be considered using the Theis method, but these conditions were not identified near the PPAs
based on the existing data.

The pumping assumptions are noted above. The time of analysis was 50 years. A hydraulic
conductivity of 40 ft/d was assumed for all PPAs. This is in agreement with the analysis we
performed of the specific capacity data reported by Popkin (1973b). This value also represents
approximately 9 percent of the value reported by Steele and Barclay (1965) for areas where
solution channels are best developed (i.e. region of highest reported well yields).

For each PPA, the average thickness was calculated, using GIS, as the difference between the
water level surface and the brine interface (Table 14-1). If production wells were completed in
the PPAs, they would not be completed to full aquifer thickness to avoid pumping groundwater
immediately adjacent to the brine interface. It was assumed, therefore, that production wells
would be completed to a depth of 70 percent of the estimated aquifer thickness. This reduced
thickness was multiplied by the assumed hydraulic conductivity of 40 ft/d to obtain aquifer
transmissivity. Using a smaller value of aquifer thickness will lead to a smaller transmissivity
value, which will lead to greater simulated drawdown at the well field than if the full aquifer
thickness were considered.

A storage coefficient of 0.01 was applied. This is consistent with the value reported by Steele
and Barclay (1965) and is a reasonable number to use for semiconfined conditions or unconfined
conditions where secondary porosity is limited relative to the full volume of aquifer material.

The simulated drawdown at 50 years for PPAs 4, 6, and 8 is presented in Figures 14-6 through
14-8, respectively. As indicated in the figures, the extent and magnitude of simulated drawdown
for the low pumping scenario (1,000 ac-ft/yr) is small, with about 10 feet or less of drawdown at
the well field area after 50 years of pumping. In this scenario the 5-foot drawdown contour
extends several miles from the well field center at 50 years. For the highest pumping scenario
(3,000 ac-ft/yr), simulated drawdown at the center of each well field is about 20 feet, and the
extent of the 5-foot drawdown extends about 12 to 18 miles from the well field center, depending
on the PPA.

The simulated 50-year drawdown was subtracted from the current water level surface
(Figure 8-3) to estimate the groundwater flow field after 50 years of assumed pumping. This
analysis did not prove useful, however, due to the fairly coarse (regional) nature of the water
level surface, which was developed at a 50-foot interval.
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Figure 14-6. Potential production area 4 simulated 50-year drawdown.
Figure 14-7. Potential production area 6 simulated 50-year drawdown.

Figure 14-8. Potential production area 8 simulated 50-year drawdown.

15. Future improvements

The Blaine Aquifer as currently defined by the TWDB incorporates approximately 5,700 square
miles of Blaine Formation outcrop and subcrop in north-central Texas. This study considered a
region nearly double that size through consideration of the Whitehorse Group in addition to the
Blaine Formation, with the combined groundwater system referred to as the Blaine Aquifer
system. This study defined the aquifer framework, including stratigraphy, aquifer top and
bottom elevations, water quality distribution, and areas with secondary permeability and
potentially higher well yield.

Improvements to Blaine Aquifer system framework and understanding could be made through
the collection and compilation of additional data and subsequent analysis as follows:

1. Compile available pumping test data from consultant reports and water providers.
2. Collect water quality data from recently drilled water wells in Cottle County.

3. Install nested piezometers, particularly in Motley, Dickens, Cottle, and King Counties, to
better define the brine interface and the variation of water quality with depth.

4. Estimate recharge to the Blaine Aquifer system using methods applicable for karst
conditions. A better understanding of recharge will help determine the sustainability of
developing the brackish groundwater resource in this shallow aquifer system.

5. Consider the full aquifer system in additional studies and efforts conducted by the
TWDB, such as GAM updates.

16. Conclusions

The Blaine Aquifer system covers a region of more than 10,000 square miles in north-central
Texas. The aquifer is a recharge-driven system, where the thickness of fresh to moderately
saline water ranges from less than 100 to several hundred feet. The region has long been known
as a discharge zone of high-salinity water derived from both local, relatively shallow
groundwater flow through the aquifer system and discharge of brines derived through deeper,
regional groundwater flow paths. Brine exists beneath the entire aquifer system, but in much of
the southern two-thirds of the aquifer system the brine interface occurs above the base of the

31



Blaine Formation. Where this occurs, the brine surface functions as the base of the aquifer
system.

As is typical of karst aquifer systems, well yields and production zones can be highly variable,
with low-yield wells located close to high-yield wells. Water quality is also variable, with
numerous slightly saline wells adjacent to moderately saline wells. Fresh water does occur over
limited portions of the aquifer system in topographically high regions, which are the recharge
zones. Based on the limited existing information, water quality appears to be relatively
consistent with depth in the portion of aquifer above the brine interface.

Based on existing information, three PPAs were identified that meet HB 30 and TWDB
guidance. The effects of future groundwater pumping in these PPAs were analyzed at assumed
well field production rates of 1,000, 2,000, and 3,000 ac-ft/yr. Based on the assumed aquifer
properties, each PPA should be able to sustain the maximum amount of pumping for both 30-
and 50-year periods. These PPAs or others considered for groundwater development would need
to be investigated in detail through field studies prior to actual development. There are likely
many other areas that might be developed to produce these general quantities of water.

Because the Blaine Aquifer system is shallow, relatively thin, and dependent on groundwater
recharge within the outcrop area, and because target groundwater zones with slightly to
moderately saline water occur adjacent to brine at depth, any brackish groundwater development
project would need to be carefully planned and executed in order to be sustainable and avoid
adverse impacts to adjacent water users.
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