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1 Executive Summary

This report presents the results of a study the Texas Water Development Board (TWDB)
requested to identify areas of vulnerability to subsidence due to groundwater pumping in
the major and minor aquifers of Texas outside of the Houston-Galveston and Fort Bend
Subsidence Districts. Subsidence is the lowering of the ground surface and typically occurs
in unconsolidated aquifers where compressible layers exist. Subsidence also occurs in
areas where soluble aquifer layers experience accelerated dissolution, erosion, and void
growth.

Subsidence can cause problems with infrastructure that cannot tolerate significant land
surface elevation changes. In subsidence prone areas, damage occurs to buildings, roads,
canals and other infrastructure. Another potential problem, most often in coastal areas
susceptible to subsidence, is increased flood risk due to the lowering of the ground surface.
Subsidence due to groundwater pumping typically happens very slowly and subsidence
measurements need to be highly accurate, occur over long periods of time, and cover large
areas.

The goal of this project is to assist Groundwater Conservation Districts (GCDs) and other
local stakeholders in identifying and managing subsidence risks. For aquifers where
subsidence risks are identified as high, subsidence investigation, monitoring, and
prediction recommendations are provided.

1.1 Materials and Methods (Data Compilation and Stakeholder
Outreach)

Our study started with the collection of various types of subsidence related data from
publicly available sources. The most important data to our subsidence risk analysis were
the Texas Department of Licensing and Regulation’s (TDLR) Submitted Drillers Reports
(“SDRs” containing lithology data), the TWDB’s Groundwater Database (water levels), and
TWDB’s Groundwater Availability Models (“GAMs” containing aquifer structure, properties,
and predicted future water levels).

In addition to contacting federal, state, and local agencies, we also conducted an extensive
outreach program to raise awareness of this project in the Texas water industry and to
gather other lesser-known subsidence related data. Along with other groups, we directly
contacted the Texas Alliance of Groundwater Districts (TAGD), GCDs, Subsidence Districts,
and regional water planning groups. Much of our interaction focused on GCDs and the
TAGD. In total, we contacted all confirmed GCDs as part of this Stakeholder Outreach effort.
Of the 98 contacted GCDs, 42 provided additional data not available from other sources.
These data consisted of geophysical well logs, lithologic data, annual pumping data, and/or
water level data.
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All of the pertinent data collected were compiled into geodatabases consistent with the
TWDB GAM geodatabase structure. This consistency will facilitate future integration of the
subsidence-related data directly into larger TWDB databases.

There are three primary factors that determine the magnitude, location, and timing of
subsidence related to groundwater pumping, namely:

e The distribution, thickness, and compressibility of clay layers;
e The amount and timing of water-level changes; and,
e The lowest historical water level.

To assign a quantitative value to the subsidence risk for each portion of a subject aquifer,
we developed a risk matrix that incorporates each of the above-specified factors into a
Subsidence Risk Value (SRV) for each well. In addition, we added a consideration of the
general aquifer lithology to the matrix to account for subsidence risk associated with
carbonate or evaporite dissolution. Table 1.1 provides the factors and classes within each
factor used to quantify the potential aquifer subsidence risk. The sum of the weighted
subsidence risk factors could range from 21 to 85. To simplify the results, we normalized
the total subsidence risk to be represented by a value between 0 and 10 (inclusive) with
the higher values being at the greatest risk. For display purposes on project graphics, we
labeled risks on a continuous gradation between “Low” (0) and “High” (10).

1.2 Subsidence Risk Evaluation

Areas with observed historical subsidence are likely an indication of future risk. Our
literature review identified four areas of historical subsidence observations located outside
of existing subsidence districts. These areas are: 1) Gulf Coast Aquifer System, 2) Pecos
Valley Aquifer (including the Wink Sinks), 3) El Paso, and 4) an isolated event near Austin.
The evidence of subsidence in these areas ranged from anecdotal information to highly
technical investigations and served as Texas specific examples of subsidence causal factors
and investigation methods.

Our literature review also resulted in a summary of the aquifer characteristics important to
subsidence studies for each major and minor aquifer. For each aquifer, we describe the
hydrostratigraphy, hydraulic properties, hydraulic heads, groundwater pumping, and
subsidence vulnerability. Over 340,000 wells were analyzed for subsidence risk in this
project. There is a large variation among several important aquifer properties that
influence aquifer subsidence including clay and aquifer thicknesses.

Aggregate Total Weighted Risk statistics were calculated for each aquifer. The Total
Weighted Risk third quartile cutoff values were used to classify the aquifers because it
places more emphasis on the upper end of the Total Weighted Risk for each aquifer and
will somewhat correct for issues such as partial penetration. Table 1.2, Table 1.3, and Table
1.4 show the High, Medium, and Low aquifer risk rankings by Total Weighted Risk third
quartile cutoff values, respectively.
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Table 1.1. Aquifer subsidence risk matrix factors, weights, classes, and class
values.

Subsidence Risk Factor Subsidence
(Weight) Subsidence Risk Factor Class Risk Value
Regional Extent - Greater than 300 feet
Regional Extent - 200 to 300 feet
Regional Extent - 100 to 200 feet
Regional Extent - Greater than 0 to 100 feet
Local Extent or No Clay
Plastic Clay
Clay Compressibility (5) Stiff Clay
Hard or No Clay
Unconsolidated Clastic
Consolidated Clastic
Carbonate/Evaporite
Igneous
Current Static Water Level Less than Historic
Low Water Level Plus 25 Feet
Current Static Water Level Greater than
Preconsolidation Historic Low Water Level Plus 25 Feet and
Characterization (3) Less than Historic Low Water Level Plus 50
Feet
Current Static Water Level Greater than
Historic Low Water Level Plus 50 Feet
Greater than 200 feet
Between 100 and 200 feet
Between 50 and 100 feet
Between 0 and 50 feet
Less than 0 feet
Greater than 200 feet
Between 100 and 200 feet
Between 50 and 100 feet
Between 0 and 50 feet
Less than 0 feet

63}

Clay Layer Saturated
Thickness and Extent (6)

Aquifer Lithology (4)

W |RPINWARINWIRIN|W|>

Predicted 50-Year Water Level
Decline based on Trend (2)

Predicted DFC*
Water Level Decline (1)

RIN WS (U= INWS | =

*DFC = Desired Future Condition

Aquifers with a Total Weighted Risk third quartile cutoff value above 4.7 are considered at
high risk for subsidence. Aquifers with a Total Weighted Risk third quartile cutoff value
between 3.8 and 4.5 are considered medium risk for aquifer subsidence. In general, these
medium risk aquifers lack at least one major subsidence risk factor (lithology type that is
not considered for high risk, or no significant predicted decline in water levels). Aquifers
with a Total Weighted Risk third quartile cutoff value at 3.1 or below are not considered to
be at significant subsidence. Any aquifer, however may have localized areas of higher and
lower subsidence risk than that indicated by the reported aquifer-wide Total Weighted
Risk value.
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Table 1.2. High total weighted risk by aquifer (ranked by third quartile cutoff).
Third
Estimated Quartile
Cutoff on
. Average | Average Clay | Water Level
. Predominant | Number . . Total . .
. Aquifer . Aquifer Thickness Trend . Weighted Subsidence
Aquifer Aquifer of Wells . . . Weighted .
Type . Thickness within (negative for . Risk Category
Lithology Analyzed . . Risk for All
(ft) Aquifer (ft) decline) Wells
(ft/year) Analyzed in
Aquifer
Gulf Coast Major | Unconsolidated | ;5 g, 650 66 -0.000167 5.9
Clastic
Yegua-jackson | Minor | Uncomsolidated | 5., 828 110 0.0000372 5.9
Clastic
Pecos Valley Major Uncoazzlt‘igated 1,952 549 36 -0.266 5.5
High: Subsidence Risk is
Hueco-Mesilla Major Unconsoll.dated 2,360 810 23 -0.00276 54 blgh w1t.h hl.gh
Bolson Clastic subsidence risk in large
B Ri U lidated areas of the aquifer
razos BIVEE | Mipor | -heOnSONCAte 985 54 1 -0.000237 5.3
Alluvium Clastic
Ogallala Major | Unconsolidated |5 o)) 223 17 -0.864 5.2
Clastic
Carrizo-Wilcox | Major | Unconsolidated |5 549 401 66 -0.332 4.7
Clastic
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Table 1.3. Medium total weighted risk by aquifer (ranked by third quartile cutoff).
Third
Estimated Quartile
Cutoff on
. Average | Average Clay | Water Level
. Predominant | Number . . Total . .
. Aquifer . Aquifer Thickness Trend . Weighted Subsidence
Aquifer Aquifer of Wells . . . Weighted .
Type . Thickness within (negative for . Risk Category
Lithology Analyzed . . Risk for All
(ft) Aquifer (ft) decline) Wells
(ft/year) Analyzed in
Aquifer
Dockum Minor | Comsolidated |, qqq 923 96 -0.00122 4.5
Clastic
Rita Blanca Minor | Consolidated 239 184 83 -0.00259 4.5
Clastic
Trinity Major | Consolidated | 55,0, 259 82 -0.766 45
Clastic
Woodbine Minor Concslc;lsl;iiited 3,305 256 104 -0.785 4.5 Medium: subsidence
Unconsolidated potential exists, but is not
Lipan Minor Clastic 4,851 107 12 0.00188 4.4 generally significant
Unconsolidated outside of hotspots
Queen City Minor COClZZtlica € 6,130 425 42 0.0125 4.2 within each aquifer
Sparta Minor | Unconsolidated |, 176 28 0.0326 4.2
Clastic
Rustler Minor | Consolidated 229 335 79 -0.000564 41
Clastic
Seymour Major | Unconsolidated |, ;5 44 5 0.000586 3.8
Clastic
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Table 1.4. Low Total weighted risk by aquifer (ranked by third quartile cutoff).
Third
Estimated Quartile
Cutoff on
. Average | Average Clay | Water Level
. Predominant | Number . . Total . .
. Aquifer . Aquifer Thickness Trend . Weighted Subsidence
Aquifer Aquifer of Wells . iy . Weighted .
Type . Thickness within (negative for . Risk Category
Lithology Analyzed . . Risk for All
(ft) Aquifer (ft) decline) Wells
(ft/year) Analyzed in
Aquifer
Edwards-Trinity | ;o) Carbonate 538 111 20 -0.00215 3.1
(High Plains)
Hickory Minor | Comsolidated 1,779 203 17 -0.000566 3.1
Clastic
Nacatoch Minor | Conselidated 1,150 199 16 0.14 3.1
Clastic
West Texas Minor | Unconsolidated |, ¢ 1294 2 0.000206 3.1
Bolsons Clastic
Edwards-Trinity | .0 Carbonate 30,240 388 11 -0.175 3.0
(Plateau)
Ellenburger- Minor Carbonate 1,900 494 26 -0.000722 3.0
San Saba
Low- Aquifer is not
. Consolidated subsidence outside very
Blossom Minor Clastic 101 271 17 -0.0295 2.5 localized risk hotspots
Marble Falls Minor Carbonate 50 139 7 -0.000713 2.0
Bone Spring- Minor Carbonate 189 557 3 -0.0336 1.9
Victorio Peak
Marathon Minor Carbonate 113 215 0 0.0167 1.9
Capitan Reef Minor Carbonate 109 1033 3 0.0267 1.7
Complex
Igneous Minor Igneous 1,027 2210 11 0.000296 1.1
Edwards (BFZ) Major Carbonate 4,099 436 4 (no Data) 0.6
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The only common characteristic shared by the seven aquifers identified as having high
subsidence risk is that they are unconsolidated clastic aquifers. Clay types, storage
coefficients, and water level trends varied among these aquifers indicating that there is no
single subsidence risk factor, other than the broad aquifer lithology types, that is
responsible for an aquifer being at risk.

Figure 1.1 and Figure 1.2 show the calculated subsidence risk mapped at each of the wells
evaluated within the major and minor aquifers, respectively.

Major Aquifer
Subsidence Risk

. High

. BN
Medium [ B NG A o

Figure 1.1. Major aquifer subsidence risk.
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Minor Aquifer
Subsidence Risk

. High

Medium

Note that some wells extend
outside the Queen City and
Sparta aquifer boundaries due
to larger aquifer extents in the
GAM Models for these aquifers.

Figure 1.2. Minor aquifer subsidence risk
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1.3 Subsidence Prediction

We developed a Microsoft Excel-based subsidence tool to provide a screening-level
analysis of subsidence potential. We designed the tool to express subsidence potential as a
table and graph of the numerical estimate of predicted subsidence based on given aquifer
properties. The tool also considers the weighted aquifer subsidence vulnerability value at
the input location.

We considered several subsidence prediction methods and ultimately created a tool that
implements the skeletal storage method used in the MODFLOW SUB-WT package (Leake
and Galloway, 2007) because the results are more precise, make better use of the data
types available, have input variables that can be improved through data collection, and will
be more consistent with GAMs that might be updated with MODFLOW subsidence
packages. To predict the potential subsidence, we applied the relation developed by
Terzaghi (1925) and used in the MODFLOW subsidence packages (Hoffman and others,
2003; Leake and Galloway, 2007) to calculate the change in effective stress within the
aquifer due to the changes in water level.

For the aquifers we identified to have a high subsidence risk, a higher level of subsidence
prediction analysis than the Excel-based tool developed for this project may be warranted.
A next step in the analysis may be to apply an existing analytical model such as the PRESS
model used by the Harris-Galveston and Fort Bend Subsidence Districts. The PRESS model
allows for detailed input of specific storage for various depth intervals that may improve
site-specific predictions of subsidence.

After the PRESS model, the most complex level of analysis would be the incorporation of a
subsidence package (Hoffman and others, 2003; Leake and Galloway, 2007) into a
MODFLOW model of the aquifer. The TWDB has adopted a GAM for each of the aquifers
identified to have high subsidence risk. As these models are updated, the project could
include the incorporation of a subsidence package and subsequent analysis. Any such
subsidence modeling should include a robust uncertainty analysis that clearly
communicates the range and timing of potential subsidence associated with projected
water level changes.

1.4 Subsidence Monitoring and Investigation

Subsidence investigations may be appropriate in areas where we have identified high risk.
Such investigations may also be appropriate for areas identified as medium or high risk
with critical infrastructure that would be sensitive to land surface elevation changes
and/or land surface fissures. The objective of further investigating subsurface
characteristics that lead to subsidence is to provide data that can inform a more accurate
evaluation of subsidence risk or that can contribute to more accurate subsidence
predictions. Subsidence investigation methods we discuss include: lithologic; geotechnical
and/or geophysical borings; geophysical surveys; and, survey benchmark re-leveling.
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Subsidence monitoring may be appropriate for locations of high risk and/or where
subsidence has already been observed. The susceptibility of local infrastructure to land
surface elevation changes and/or land surface fissures will be an important consideration
for local stakeholders considering subsidence monitoring. Subsidence monitoring methods
we discuss include: borehole extensometers; Interferometric Synthetic Aperture Radar
(InSAR); Global Positioning System (GPS) surveying; and, survey benchmark releveling.

For those aquifers that were identified as having high subsidence risk (and areas of
insufficient data), we recommend investigation and monitoring methods that are specific to
the aquifer and subsidence risk conditions.

1.5 Recommendations and Limitations

A common theme in subsidence studies is understanding and communicating the
uncertainty related to subsidence data, methods, predictions, and risk assessments. The
recommendations and limitations of this project are geared towards understanding
subsidence risk where necessary, while increasing our confidence through additional data
collection and analysis. For those areas where we have identified higher subsidence risk
and for other areas where additional subsidence studies are justified, we recommend that
local stakeholders develop strategies specific to their local areas that are informed by
specialized subsidence training or consultation.

The limitations of this study that need to be considered are:

e This is a regional study and should not be used for local subsidence risk analysis.
The results of this study may provide a qualitative indication of local risk, but
greater data uncertainty at the local level increases the uncertainty of the results.
While the results may inform stakeholders of the risk for potential subsidence, site-
specific investigations of aquifer properties affecting subsidence would be needed
for local scale analysis.

e This study focused on subsidence due to groundwater pumping and other types of
subsidence causes (for example, mining) were not factored into our risk analyses.

e Subsidence is most common in areas with compressible layers. We did consider
soluble type subsidence, but our characterization was limited by the local and
unpredictable nature of its causes.

e Subsidence has inherent data uncertainty that results in limitations as to how risk
analyses and predictions can be used. Subsidence related data are sometimes
sparse, or of low quality (for example, accuracy of lithology descriptions in drillers
logs), and affect the accuracy of risk analyses and subsidence predictions.

e Some of our information was obtained from planning documents (for example,
modeled available groundwater reports or adopted desired future conditions) that
are based on recent groundwater management decisions. Changes in groundwater
management and usage will affect subsidence risk.

e Horizontal land movements due to subsidence are important considerations at the
local scale, but were outside of the scope of this study.
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2 Introduction

This report presents the results of a study the Texas Water Development Board
commissioned to identify areas of vulnerability to subsidence due to groundwater pumping
in the major and minor aquifers of Texas.

Subsidence is the lowering of the ground surface due to subsurface compaction. Subsidence
due to pumping occurs in aquifers where pumping causes water level declines in areas
with compressible subsurface layers. Groundwater level declines cause a depressurization
of the compressible layers, causing them to reduce in thickness. Groundwater pumping can
also cause soluble aquifer layers to experience accelerated dissolution, erosion, and void
growth. Solution type subsidence can happen if these subsurface voids collapse.

Subsidence is a problem in many areas of the world and in the United States. Subsidence
due to groundwater pumping has been studied extensively in California, Arizona, and
within Texas, specifically within the state’s two existing subsidence districts (the Houston-
Galveston and Fort Bend Subsidence Districts). The goal of this project is to study
subsidence vulnerability throughout Texas, yet excluding re-studying subsidence concerns
within existing subsidence districts. To achieve this goal, we have tailored existing
subsidence investigation, monitoring, and prediction methods developed in other
subsidence prone areas of the United States so as to be better applicable to the unique
geologic characteristics of Texas.

Subsidence can cause problems with infrastructure that cannot tolerate significant land
surface elevation changes. In other subsidence prone areas around the world, damage
occurs to buildings, roads, canals and other critical infrastructure. Another potential
problem in coastal areas susceptible to subsidence is increased flood risk due to the
lowering of the ground surface. An extreme example of the potential flooding impacts to
communities in areas experiencing subsidence is the former Brownwood subdivision of
Baytown, Texas. The once upscale Galveston Bay waterfront community subsided eight feet
over 30 years and had to be abandoned after frequent flooding turned the Brownwood
subdivision into swamp-land (Galloway and others, 1999).

Less common is solution type subsidence, which can also lead to infrastructure damage but
is likely to happen very suddenly. One such solution cavity collapse occurred in the
Edwards Aquifer south of Austin when a sinkhole formed in a storm water detention basin
(Hunt and others, 2013).

Subsidence is a process that is difficult to measure because it usually happens very slowly
and can take decades to accumulate tens of feet of land surface decline. Because of the slow
rate of subsidence, measurements need to be highly accurate and occur over long periods
of time. Subsidence measurement methods are somewhat unique and require specialized
equipment and skills to collect accurate monitoring data. Another challenge with
subsidence investigation and monitoring is that it typically takes place over large areas.
Making repeated accurate measurements of land surface changes over large areas can be
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expensive. Luckily, opportunities occasionally exist to repurpose and reanalyze data
originally collected for other purposes and utilize the data to estimate subsidence.

Investigating the causes of subsidence is challenging and potentially expensive. Ideally,
detailed geotechnical information is available about the compressibility of clay layers.
Realistically, however, such data is rarely available, especially over large spatial scales.
Traditional groundwater investigations rely heavily on subsurface data collected during
the drilling and testing of water wells. Although well data rarely focus on detailed
characterization of clay layers, we relied on it as the best available information to estimate
subsidence risk across Texas.

As it typically takes a long time to manifest, prediction of future subsidence due to
groundwater pumping based on information available today is an important part of
subsidence risk evaluation. We synthesized water level decline predictions and aquifer
characteristics using subsidence prediction tools and summarized these data for each of
the major and minor aquifers. Another reason future prediction is important is that
subsidence is most often mitigated by reducing pumping. Such management options take
time to implement.

As stated in Texas Water Code §36.0015(b), Groundwater Conservation Districts are
created:

“In order to provide for the conservation, preservation, protection, recharging, and
prevention of waste of the groundwater, and of groundwater reservoirs or their
subdivisions, and to control subsidence caused by withdrawal of water from those
groundwater reservoirs or their subdivisions, consistent with the objectives of
Section 59, Article XVI, Texas Constitution, groundwater conservation districts may
be created as provided by this chapter.” (emphasis added)

As part of their groundwater management responsibilities, Groundwater Conservation
Districts engage in joint planning within management areas to develop Aquifer Desired
Future Conditions according to Texas Water Code §36.108. One of the requirements when
adopting Desired Future Conditions is to develop an explanatory report that addresses
nine factors including the impact of the adopted Desired Future Condition on subsidence
(Texas Water Code §36.108(d)(5))

The ultimate objective of this project is to assist Groundwater Conservation Districts in
meeting their subsidence control and joint planning requirements. In the pages that follow,
the results of an evaluation of subsidence risk is presented for each of the major and minor
aquifers in Texas outside of the Houston-Galveston and Fort Bend Subsidence Districts. For
aquifers where subsidence risks are identified as high, subsidence investigation,
monitoring, and prediction recommendations are provided.
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3 Materials and Methods

The purpose of this study was to identify and assess the vulnerability of the major and
minor aquifers of Texas to subsidence due to groundwater pumping (the project). To
perform this assessment, we collected, managed, and analyzed various data types from
publicly-available sources. This section presents a discussion of our efforts to: 1) collect
and assemble several types of available data, 2) conduct stakeholder outreach to increase
project awareness and identify other possible data sources and types, 3) develop the
geodatabases used to analyze the data, and 4) to develop the methodology for the aquifer
subsidence risk assessment.

3.1 Data Types and Availability

To initiate the data collection and analysis phase of the project, we identified various
groundwater and subsidence-related data types to be collected from various publicly-
available sources. The initial data types identified included:

e Geologic depositional history;

e Aquifer material;

Geotechnical properties (material type, clay content, compressibility, depth,
preconsolidation history);

Downhole/surface/airborne geophysics;

Remote sensing;

Lithology and mapping data;

Well logs;

Geodetic survey data;

Water-level data;

Annual pumping data; and,

Subsidence observations (land surface elevation changes).

We then identified the sources for each of these data types and initiated efforts to contact
the various federal, state, and local agencies to obtain the various data sets identified. We
collected these data from the Texas Water Development Board (TWDB), the U.S. Geological
Survey (USGS), local groundwater conservation districts (GCDs) and other sources. Some of
the statewide groundwater data resources compiled and used included the TWDB’s
Groundwater Database (GWDB), Texas Department of Licensing and Regulation’s
Submitted Driller’s Report Database (SDR), and the TWDB's Brackish Resources Aquifer
Characterization System (BRACS) Database. We also obtained the TWDB Groundwater
Availability Model (GAM) data sets.

We considered all of the above data types for our evaluation, but only used geotechnical
material properties and well log data quantitatively. Our stakeholder outreach included a
request for all of these types of data, but did not result in receiving any geotechnical,
geophysical, or remote sensing data. Since we did not obtain site-specific geotechnical data,

3-1



Final Report: Identification of the Vulnerability of the Major and Minor Aquifers of Texas to Subsidence
with Regard to Groundwater Pumping - TWDB Contract Number 1648302062

we applied general geotechnical properties to subsurface materials described in lithologic
logs. We did not use geophysical and remote sensing data directly in our risk analyses, but
we reference them as potential data sources for more detailed historical subsidence
evaluation, site investigation, or future monitoring.

For more information regarding the data sets we compiled and analyzed to determine
aquifer subsidence evaluation risk, please refer to the summaries contained in Appendix 1,
Appendix 2, and Appendix 3 of this report.

Data available in the following formats was used in the study:

ESRI Geodatabase

ESRI Shapefiles

Database formats (MS Access, SQL, SQL Express)
EXCEL Spreadsheets

Plain Text

Some of the GCDs and others provided data in PDF format. We reviewed such data, but it
was not actively used in analyses unless significant variances from other nearby data
sources were noted. All data provided in PDF format was archived in one digital file and
submitted to the TWDB separately. Please note, the majority of this data was not entered
into electronic databases created for this project.

3.2 Stakeholder Outreach

In addition to contacting federal, state, and local agencies, we also conducted an extensive
outreach program to raise awareness of this project in the Texas water industry
(specifically in the groundwater community) to gather other lesser-known subsidence-
related data. We targeted select groups typically involved in the GAM discussions, including
GCDs and subsidence districts and regional water planning groups (RWPGs) whose
membership includes representatives from groundwater management areas (GMAs), the
Texas Commission on Environmental Quality (TCEQ), Texas Parks & Wildlife Department
(TPWD), Texas Department of Agriculture (TDA), water utilities, educational groups,
agricultural interests, environmental interests, private landowners, and industry on these
planning group boards, and the RWPG consultant teams.

In addition to the entities listed above, we also contacted the Texas Alliance of
Groundwater Districts (TAGD), whose statewide membership includes about 82 GCDs, and
36 associate members that consist of attorneys, groundwater consulting firms, and other-
related businesses (TAGD, 2017). Lastly, to inform the statewide water community of this
study and to ensure all possible data sources were sought, we enlisted the assistance of the
Texas Water Conservation Association (TWCA), the state’s primary and comprehensive
professional water-industry organization.

Discussion of each of these outreach efforts is provided below.
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3.2.1 Groundwater Conservation Districts

Contacting the GCDs for this study was important for a variety of reasons. First, some of the
GCDs may have gathered water level or pumping data that had not been submitted to the
TWDB, and therefore, not included in the databases we obtained from the TWDB. Secondly,
the GCDs could be conducting independent studies and generating data that would be
useful to this study. We also contacted the GCDs to determine if there was any local
knowledge of known subsidence issues in their areas. Lastly, by contacting the GCDs, we
attempted to increase awareness of the study at the local level and possibly gain access to
subsidence-related data that would not be available through any of the other sources
discussed above. Contacting the GCDs also ensured that each GCD was made aware of the
study and the results that the study will provide upon completion.

To conduct this GCD outreach, we obtained a list of all 82 TAGD GCD members (TAGD,
2017), and subsequently supplemented this list with the 16 GCDs that were not members
of TAGD. Figure 3.1 depicts all 98 confirmed GCDs in the State of Texas in existence as of
initiation of this project (TCEQ, 2015).1

On April 17, 2017, we sent the first email data request to the 82 TAGD GCD members. The
email introduced the study, summarized the available data to be gathered, explained our
data request, listed the data formats needed, provided options for submitting the data,
provided a deadline for GCDs to submit their data, and identified contact information for
key members of the study team. We also attached a two-page summary of the study to the
email that provided more information on the purpose and need for the study. The initial
deadline for GCDs to submit their data was May 31, 20172. A copy of the April 17, 2017
email and project summary sheet are included in Appendix 4.

On May 1, 2017, we sent a second reminder email to the 82 TAGD member GCDs. The
second email reiterated the team’s data request and provided clarification on questions
raised by some of the GCD contacts resulting from the April 17, 2017 email. Two key points
clarified in this email in response to GCD questions or comments were: 1) the need to
submit GCD data even if subsidence was not perceived to be a problem for that aquifer; and
2) non-duplication of efforts if the GCD’s most current data had already been submitted to
the TWDB or USGS. The second email again explained our data request, listed the data
formats needed, provided options for submitting the data, provided a deadline for GCDs to
submit their data, and identified contact information for key members of the study team. A
copy of the May 1, 2017 email is included in Appendix 4.

On May 24, 2017, we also sent out an email to the 16 GCDs that were not TAGD members.
The email to these 16 GCDs combined the messages contained in the April 17,2017 and

1 Figure 3.1 and Figure 3.2 do not reflect the Aransas County GCD, which was not confirmed as of the
initiation of this project, and the Harris-Galveston Subsidence District and the Fort Bend Subsidence District
because they were not included in the scope of this study.

2The May 31, 2017 GCD deadline was subsequently extended to June 15, 2017 later in the Stakeholder
Outreach project phase to encourage and allow as much GCD participation as possible.
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May 1, 2017 TAGD GCD-member communications. A copy of the May 24, 2017 email is
included in Appendix 4.
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Figure 3.1. Confirmed Groundwater Conservation Districts in Texas per TCEQ

To focus our GCD data gathering on key aquifers or areas of the state and based upon initial
responses received from the GCDs, on May 15, 2017, we began contacting individual GCDs
by telephone to directly solicit their data. To prepare for this effort, we reviewed the list of
GCDs that had not responded to either the April 17 or the May 1 emails and prioritized a list
of GCDs to be contacted. These individual phone calls were made between May 25, 2017
and June 15, 2017.
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In total, we contacted all 98 confirmed GCDs as part of this Stakeholder Outreach effort. Of
the 98 GCDs, 42 of them provided additional data. These data consisted of geophysical well
logs, lithologic data, annual pumping data, and/or water level data. Figure 3.2 is a graphic
of all 98 GCDs (TCEQ, 2015) that we contacted and the 42 GCDs that provided additional
data. For the complete listing of confirmed GCDs contacted, including when they were
contacted and any additional data they provided, please refer to Appendix 1.
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Figure 3.2. All confirmed Groundwater Conservation Districts contacted and

those providing additional data.
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Lastly, while the Harris-Galveston Subsidence District and the Fort Bend Subsidence
District were not included within the scope of this study, they did offer assistance and data
related to subsidence for those GCDs that bordered either one of those two districts.

3.2.2 Regional Water Planning Groups

To coordinate the state’s five-year water planning process, the State of Texas created 16
RWPGs representing each of the 16 regional water planning areas across the state (TWDB,
2017c). Figure 3.3 is a map of all 16 regional water planning areas (TWDB, 2015).

Regional Water Planning Groups
Panhandle

Region B
Region C
North East Texas A
Far West Texas

Region F = E:@:

Brazos ﬁ
W\

Region H

East Texas

Plateau ( |
Lower Colorado 0 B Ll

South Central Texas ~K| if
Rio Grande ’ -
Coastal Bend
Llano Estacado

TOoOZErXc—IOTMMODODP

Lavaca

Figure 3.3. Sixteen Regional Water Planning Areas in Texas.
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These RWPGs are made up of members that represent a variety of interests, including
agriculture, industry, environment, public, municipalities, business, water districts, river
authorities, water utilities, counties, groundwater management areas, and power
generation (TWDB, 2017c). In addition, several state agencies, such as the TWDB, TDA,
TPWD, and TCEQ participate in the regional planning process by providing technical
expertise to the RWPGs. Lastly, each of the RWPGs engages the services of a consulting
group to assist in developing their regional water plans. These consulting groups are often
engaged in other water activities or projects and are involved in the Texas water industry.

Because of the wide-variety in the membership of these RWPGs and those individuals and
entities that participate in this process, and the fact that the RWPGs consider groundwater
availability to meet the water supply needs in their respective regions, we decided to reach
out to these groups as an effective and efficient way to increase awareness of the study, and
to possibly gain access to other data that could be useful. On May 23, 2017, we sent an
email to each of the RWPG chairmen introducing the study, summarizing the available data
to be gathered, explaining our data request, providing a deadline for data to be submitted,
listing contact information for key members of the study team, and providing options for
submitting the data. We also attached a two-page summary of the study to the email that
provided more information on the purpose and need for the study. A copy of the May 23,
2017 email and project summary sheet are included in Appendix 4.

In response to this email, we received suggestions or questions from the RWPGs for
Regions B, E, |, and M. Table 3.1 below lists the four RWPG responses we received along
with our response. While no new data sources were identified through this effort, we are
confident that the outreach effort helped to increase awareness of the study among the
water community in Texas.

3.2.3 Texas Alliance of Groundwater Districts

The TAGD consists of GCDs and underground water conservation districts in Texas with the
powers and duties to manage groundwater defined in Chapter 36 of the Texas Water Code.
Other associate members of TAGD include organizations and/or consultants that work in
areas related to groundwater (TAGD, 2017). TAGD’s membership includes most of the
GCDs in the State of Texas (about 80) and includes individuals and organizations that
regularly participate in discussions regarding technical, legal, policy, and program matters
relating to groundwater. In terms of Stakeholder Outreach for this project, communicating
with TAGD and its membership was extremely critical to the success of this study.

At the TAGD regular business meeting on January 26, 2017, we made a presentation to
introduce the study and study team to the TAGD membership. While the study had not yet
commenced, the study team wanted to inform TAGD members about the study and the
team’s data request in advance, and to offer the TAGD members an opportunity to ask
questions. A copy of the January 26, 2017 presentation is included in Appendix 5.
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Table 3.1.

Regional Water Planning Group Comment or Question and LRE

Water Team Response.

Regional Water
Planning Group

Regional Water Planning Group or
Member, and Comment or
Question

LRE Water Team Response

Region B Submitted for Mayor, City of Crowell - In an email response, we let the Mayor know
Will the wells that have been dug at that in most cases, any well completed since
individual homes for watering yards, = about 2003 was reported to the TWDB and
to be included in this study. If so, is compiled in a database. For wells completed
there a way that this information can  prior to 2003, we will incorporate data from
be gathered? The individuals usually ~ other work, but will not be able to catalog all
go to private well digging company's.  of the existing wells. Many of the records for
Does this company identify the wells  these earlier wells are available from the
that they did? Also, there are some TCEQ.
wells at individual sites that are not
used because of the salt content is too  For the wells not used due to high salt
high. Will these well be included? content, we will primarily be looking at the

rock type that makes up the aquifer. Data
from these wells may help us with those
determinations. However, we will consider
the salt content in some of our calculations. If
data on the water quality are available, we
will include those in our study.

Regarding pumping, we will use estimates of
past and future pumping relative to changes
in water levels in the aquifers. These will not
necessarily be on a per well basis, but will be
more general for the aquifer as a whole.

Far West Texas Submitted on behalf of behalf of the In an email response, we expressed

(Region E) Chairman of the Far West Texas appreciation for Region E’s assistance in
Water Planning Group (Region E) - A helping the team with the project.
letter from the Chairman mentioning
four groundwater research reports
that Region E completed with TWDB
funds (2001 - 2010), and a 1985
USGS report that addressed minor
subsidence that occurred in the
floodplain region of El Paso where
the Rio Grande Alluvium overlies the
Hueco Bolson.

East Texas General Manager of the Angelina- No response necessary.

(Region ) Neches River Authority - email
indicating our email would be passed
along to the members of Region I.

Rio Grande Regional Water Planning Consultant The data from the Lower Rio Grande Valley

(Region M) for Region M - in response to the Transport Model has been incorporated into

RWPG Chairman’s forward of the May
23rd email to Region M, noted that the
only groundwater work not
mentioned in the LRE email was the
Lower Rio Grande Valley Transport
Model.

dataset for this study.
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To help in our efforts to communicate with the TAGD members, TAGD staff provided an
index of the GCDs that contained their contact names and information (TAGD, 2017). This
index became the primary source of data used to contact and document communications
with the GCDs.

Lastly, to help increase further awareness of the study, we requested that information
regarding the study be included in the TAGD monthly newsletter and on the TAGD website.
Information regarding the study being conducted was included in the April 2017
newsletter and the TAGD weekly updates sent to the membership every Friday beginning
on April 21, 2017 through May 31, 2017. In addition, information about the study was
made available on the TAGD website from April 21, 2017 through June 15, 2017 (TAGD,
2017).

3.2.4 Texas Water Conservation Association

The Texas Water Conservation Association (TWCA) is an association of water professionals
and organizations in the State of Texas. The TWCA membership represents river
authorities, municipalities, navigation and flood control districts, drainage and irrigation
districts, utility districts, municipalities, GCDs, and all types of water users. TWCA'’s
membership includes engineers, hydrogeologists, attorneys, government administrators,
and numerous other individuals involved in managing Texas” water resources (TWCA,
2017).

In an effort to increase awareness of the study, we requested that information regarding
the study be included on the TWCA website. Information regarding the study being
conducted was made available on the TWCA website from May 26, 2017 through June 15,
2017 (TWCA, 2017).

3.2.5 Other Entities Contacted

In addition to the stakeholder outreach efforts discussed previously, we determined that
data related to road repairs due to subsidence issues or related land survey data could
assist in the study. The best source for this type of data is the Texas Department of
Transportation (TXDOT). We contacted the director of maintenance for each of the 25
TXDOT districts in the state. No additional data, however, was obtained.

The LRE Water Team also contacted the USGS for additional miscellaneous sources of data

identified by other stakeholder contacts that could have been useful to the project.
However, no additional data were obtained.
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3.3 GeoDatabase Data Organization, Assembly, and Development

We organized the various data types discussed above into an Environmental Systems
Research Institute, Inc. (ESRI®) Arc GIS file geodatabase to facilitate three-dimensional
aquifer conceptualization. We structured the geodatabase according to the data model for
the GAM Geodatabase to aid in our integration with other TWDB groundwater data and
GAM-related projects in the future. We reviewed GAM data sets to determine what was
applicable to this study and focused on relevant data. The team used the most recent GAM
model grids.

3.3.1 Existing Groundwater Availability Model Data

For ease in modeling and integration with a standard TWDB GAM File Geodatabase
(GeoDB), we created individual GeoDBs with TWDB standard structure and properties for
each aquifer. Existing GAM spatial and tabular data, where available, were incorporated for
the 30 major and minor aquifers (Appendix 2). The items shaded in gray in Appendix 2
were not available in the GAM data.

The more recently developed GAM data were already in the standard TWDB GAM GeoDB
format and were easily transferred into each individual aquifer GeoDB. Older GAM data,
usually ESRI shapefiles, typically required more processing before conversion to a GeoDB.
These spatial data were often missing spatial reference information or in projections other
than the standard GAM Coordinate System and required projection definition or re-
projection prior to conversion to a GeoDB. In addition, for many of the older GAMs, there
was a wide variation in naming conventions and data sets.

Five minor aquifers lacked GAM spatial data, particularly aquifer structure data, and other
spatial data were either insufficient or incomplete. For example, the Blossom and Marathon
aquifers did not have an existing GAM when this study was initiated, and the Hueco-Mesilla
Bolsons Aquifer lacked spatial data, containing only numeric MODFLOW data. Also, the
Bone Spring-Victorio Peak GAM data was insufficient for inclusion into the subsidence risk
model.

3.3.2 Additional Model Data

In addition to the GAM data, we compiled the Submitted Driller’s Report (SDR) well
lithology data, the TWDB well water level data, the TWDB’s GWDB TDS (Total Dissolved
Solids) well data, and aquifer temperature gradient grid data, and included these data as
important inputs to the subsidence risk model.

For the aquifers lacking complete GAM spatial data, these additional data sets served as the
primary spatial inputs to the subsidence risk evaluation model. Each of these three
statewide well datasets were then “clipped” to the aquifer boundary and stored within each
aquifer’s SubsurfaceHydro feature dataset.
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3.3.3 Other Mapping Data

Existing GAM data not essential to the subsidence risk evaluation model were not
integrated into the individual aquifer GeoDBs. These datasets include surface hydrography,
surface geology, land use/land cover, soils, climate, geopolitical boundaries, and
transportation items. However, a statewide GeoDB was created to store statewide well data
and mapping reference datasets, including a statewide surface elevation grid, Texas aquifer
temperature gradient grid, and other statewide data used for mapping purposes only (such
as geopolitical boundaries and surface transportation). These datasets are listed in
Appendix 3.

3.3.4 Metadata

Metadata for shapefiles in older GAM data sets received from the TWDB were typically
provided as text files instead of the standard FGDC format stored within ArcGIS. These
metadata were not converted as part of this project. Additionally, if existing GAM GeoDB
data did not have metadata, no new metadata was created. For all resultant subsidence risk
data sets and tables, metadata was created in standard FGDC format.

3.4 Aquifer Subsidence Risk Assessment Methodology

There are three primary variables that determine the magnitude, location, and timing of
subsidence related to groundwater pumping, namely:

e The distribution, thickness, and compressibility of clay layers;
e The amount and timing of water-level changes; and,
e The lowest historical water level.

Subsidence may also occur in areas where carbonate or evaporite dissolution creates or
increases void spaces that ultimately collapse under geostatic stress. Our methodology for
assessing the risk of subsidence due to pumping utilized the Texas Water Development
Board'’s available datasets for wells and groundwater availability models. We used the
available datasets to efficiently derive estimates of the primary variables that control the
potential for subsidence.

3.4.1 Clay Thickness and Distribution

Except within the Gulf Coast Aquifer, few evaluations of the clay layers within the major
and minor aquifers have been conducted. Therefore, we developed a method for evaluating
the thickness and distribution of the clays within the aquifers through calculations
conducted using the reported lithology stored in the “WellLithology” table of the Submitted
Drillers Reports (SDR) Database (TWDB, 2017d). Using the descriptions contained in the
data table, we calculated estimates of the clay thickness at each of the 439,774 well
locations in the database as of May 18, 2017.

The SDR well lithology data table contains five fields for storing data, namely:
WellReportTrackingNumber, MigratedSortNumber, TopDepth, BottomDepth,
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LithologyDescription. A previous version of the SDR database stored all the lithology
descriptions along with the depth information in a single text field. The second field
(MigratedSortNumber) allows the data (depth and lithology) from the previous database to
be stored within the current database in the LithologyDescription field and presented in the
correct order. Figure 3.4 is an example of the data formats within the SDR well lithology
data table.

WellReportTrackingNumber|MigratedSortNumber|TopDepth|BottomDepth|LithologyDescription
449431|0]|0]40|Yellow Shale and Rock
449431|0]40|60|Blue Shale

449431|0]|60|140|Red Shale and Sand
449431|0|140|180|Sand

449431|0|180]|220|Blue Shale
449431|0|220|340|Sand and Blue Shale
392028|1]||0-20 Blackland

392028|2][|20-40 Red Clay

392028|3][|40-60 Red & Light gray w/ sand streaks
392028|4](|60-100 Fine clay & Sand
392028|5]||100-250 Light gray clay w/sand streaks
3920286]||250-300 Sand

Figure 3.4. Example data from the SDR well lithology data table.

To calculate the estimated clay thickness from the SDR well lithology data table, we
developed a script written in the Julia programming language (Bezanson and others, 2017).
The script allowed us to efficiently parse the depth data from LithologyDescription field
when necessary (that is, when the MigratedSortNumber did not equal zero). Once we
determined the TopDepth and BottomDepth data for each entry, we were then able to
search for keywords that would indicate if the interval included clay. Upon review of the
SDR well lithology data table, we searched for the following keywords within the
LithologyDescription to determine if the interval contained clay: CLAY, CL, SHALE, GUMBO,
SHELL, CAY, STICKY, and BLACKLAND.

Frequently, a modifier word would accompany the keyword for clay in the description. For
example, an entry may indicate “sand & clay” indicating that the entire reported thickness
is not clay. To account for the variability in the thickness that the multiple lithologies in a
single description may reflect, we applied a scale factor to the total thickness (see Table
3.2). In the previous example, the reference to “sand” would result in multiplying the total
thickness of the interval by one-half.

Following completion, the script then writes the final thickness, top, and bottom
calculations for each clay interval to a file. Review of the results indicated that 1,432 of the
439,774 entries had a negative total thickness. In addition, 3,796 of the 1,656,042
computed intervals had negative interval thickness values. The negative interval thickness
values are due to an inability to effectively parse the depth data from the
LithologyDescription field (such as the well with tracking number 389472 with an entry of
“3450363 Gray clay”). Since entries with such errors were a small percentage (less than
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0.3%) of the data points and were unlikely to skew the results, we deleted them from the
final dataset used for analysis.

Table 3.2. Keywords and scale factors for adjusting clay thickness.

Keyword Multiple on Clay Thickness
SAND 0.5
SANDY 0.5
SHALE 0.75
SHELL 0.75
ROCK 0.25
CLAYEY 0.25
SND 0.5
SD 0.5
SILTY 0.75
SILT 0.75
SLT 0.75
GRAVEL 0.5
STONE 0.25
CALICHE 0.5

To evaluate the distribution of the clay, we mapped the calculated total clay thicknesses at
each point within the aquifer. The mapping allows us to quickly identify zones within each
aquifer where clays are thicker and more consistent regionally.

3.4.2 Clay Compressibility

We were unable to find regional scale clay compressibility data for the major and minor
aquifers in Texas. To apply estimates of compressibility we used reported information
about the lithology and deposition along with the knowledge and experience of
professional geologists working on this assessment. We converted the reported lithologic
information into compressibility estimates by applying standard ranges of values (see
Table 3.3).

Table 3.3. Estimates of compressibility for various lithologies. Modified from
Domenico and Mifflin (1965).

Lithologic Material Compressibility (), psi-!
Plastic Clay 1.8x103to 1.4 x 102
Stiff Clay 9.0 x 10*to 1.8 x 103
Medium Hard Clay 4.8x10%t09.0 x 104
Loose Sand 3.6 x 10*to0 6.9x 104
Dense Sand 9.0x105t0 1.4 x 10
Dense Sandy Gravel 3.6 x105t0 6.9 x 105
Rock, Fissured/Jointed 2.3 x106t0 4.8 x 10-5

Rock, Sound Less than 2.3 x 106
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3.4.3 Water Levels

Due to the regional nature of the project, we relied primarily on simulated water levels
from the current GAMs for the major and minor aquifers. For the deepest water levels, we
evaluated the transient (that is, calibration) modeled water level results to determine when
the regionally lowest water level occurred. We used the GAM results instead of measured
water levels in many cases for the following reasons:

e Asthe adopted models for the aquifers, they have been vetted and shown to
reasonably reflect the regional aquifer conditions and water levels;

e The results provide consistent data throughout the aquifer with an understood level
of uncertainty for evaluating the amount and timing of changes in water levels; and,

e They are the predictive tool used to evaluate the adopted aquifer desired future
conditions (DFCs).

The lowest water level elevation is an important consideration for future subsidence
because it indicates the elevation above which any substantial new subsidence is unlikely
to occur (that is, the preconsolidation depth). For the confined aquifers, the lowest water
level tended to coincide with, or shortly follow, when the largest amount of pumping was
occurring. For water table aquifers, the lowest water levels were typically relatively recent
due to long-term aquifer declines. Water level results from the calibration period and the
adopted DFC model runs were extracted to well locations for assessment of past and future
changes in aquifer water levels.

3.4.4 Aquifer Subsidence Risk Matrix

To assign a quantitative value to the subsidence risk for each aquifer, we developed a risk
matrix that incorporates each of the factors to provide a Subsidence Risk Value (SRV). In
addition, we added a consideration of the general aquifer lithology to the matrix to account
for subsidence risk associated with carbonate or evaporite dissolution. Table 3.4 provides
the factors and classes within each factor used to quantify the potential aquifer subsidence
risk.

Using the information compiled for each well, we assigned the class value for each
subsidence risk factor. We then multiplied the class value by a weighting value for each risk
factor. We assigned the weighting values by subjectively ranking the factors in order of
importance (based on our professional judgement) and assigning the highest weight to the
most important factor.

As shown in Table 3.4, we ranked clay layer saturated thickness and extent as the most
important subsidence risk factor followed by clay compressibility. We ranked those two
factors as shown because it is possible for a clay to be highly compressible, but also thin
which would make the risk of subsidence much less; however, a thick clay that is less
compressible could result in significant subsidence. Our ordering of the predicted water
level declines ranked the prediction based on historical trends higher than the predicted
change based on the DFC because the DFC runs may reflect greater production than would
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actually occur and the trend is based on the past changes in water levels due to the best
estimates of actual production.

The sum of the weighted subsidence risk factors could range from 21 to 85. To simplify the
results, we normalized the total subsidence risk to be represented by a value between 0
and 10 (inclusive) with the higher values being at the greatest risk. For display purposes on
project graphics, we labeled risks on a continuous gradation between “Low” (0) and “High”
(10).

Table 3.4. Aquifer subsidence risk matrix factors, weights, classes, and class
values.

Subsidence Risk Factor Subsidence
(Weight) Subsidence Risk Factor Class Risk Value
Regional Extent — Greater than 300 feet
Regional Extent - 200 to 300 feet
Regional Extent - 100 to 200 feet
Regional Extent - Greater than 0 to 100 feet
Local Extent or No Clay
Plastic Clay
Clay Compressibility (5) Stiff Clay
Hard or No Clay
Unconsolidated Clastic
Consolidated Clastic
Carbonate/Evaporite
Igneous
Current Static Water Level Less than Historic
Low Water Level Plus 25 Feet
Current Static Water Level Greater than
Preconsolidation Historic Low Water Level Plus 25 Feet and
Characterization (3) Less than Historic Low Water Level Plus 50
Feet
Current Static Water Level Greater than
Historic Low Water Level Plus 50 Feet
Greater than 200 feet
Between 100 and 200 feet
Between 50 and 100 feet
Between 0 and 50 feet
Less than 0 feet
Greater than 200 feet
Between 100 and 200 feet
Between 50 and 100 feet
Between 0 and 50 feet
Less than 0 feet

ol

Clay Layer Saturated
Thickness and Extent (6)

Aquifer Lithology (4)

W |RPINWBAFPRIN WP |IN|W|>

Predicted 50-Year Water Level
Decline based on Trend (2)

Predicted DFC
Water Level Decline (1)

RINws vk |ws o] -
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4 Subsidence Risk Evaluation Results

4.1 Historical Subsidence Evaluation

Historical subsidence evidence can provide an indication of future subsidence risk while
also providing insight into the local nature and extent of conditions that lead to subsidence.
Across much of Texas, local data is available for the evaluation of evidence of historical
subsidence. We recommend that any localized area warranting additional subsidence risk
evaluation include historical subsidence research using one or more of the following
methods. Many of the historical subsidence lines of evidence are based on subsidence
evaluation and investigation methods that are discussed further in Section 7 Subsidence
Monitoring and Investigation. The sections below provide descriptions of historical
subsidence observation data types that are commonly available and several examples of
subsidence observations in Texas.

While the Fort Bend Subsidence District and Harris-Galveston Subsidence District are
specifically excluded from this study, they are areas of the state where subsidence risk has
been previously identified and thoroughly studied. Their historical subsidence
investigations and subsidence monitoring programs can serve as a model for other areas
where additional subsidence investigation and/or monitoring is warranted.

Historical evidence of subsidence in other areas of the state are relatively uncommon, but
serve as good examples of the types of subsidence risk evaluated in this study. Below are
descriptions of some of the historical subsidence observations within Texas.

4.1.1 Gulf Coast Aquifer

Within the subsidence districts excluded from this study, land surface subsidence resulting
from groundwater withdrawal is well known and documented. In addition to several
published reports, the USGS developed an interactive viewer for exploring historical
subsidence in the Houston area (USGS, 2017). However, as documented by Ratzlaff (1982),
subsidence has occurred in many areas along the Texas Gulf Coast.

Ratzlaff (1982) discussed both local and regional subsidence throughout the Texas Gulf
Coast. Localized subsidence tended to be associated with oil and gas and/or mining
activities; for example, Ratzlaff (1982) noted up to 15 feet of subsidence had occurred
south of Beaumont, Texas due to the combination of oil and gas activities and sulfur mining.
He also documented regional subsidence outside of the Houston-Galveston area of more
than one foot in Jackson and Matagorda counties due to groundwater withdrawals for rice
irrigation (Ratzlaff, 1982).

The investigations conducted by Ratzlaff (1980; 1982) look at subsidence along the Texas
Gulf Coast through 1977 at the latest. It is likely that subsidence in many of the areas
outside of the subsidence districts that Ratzlaff discussed has continued. Historical
subsidence along the Texas Gulf Coast is likely greater in many areas than is currently
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documented and planned increases in groundwater production, such as brackish
groundwater development in the Rio Grande Valley (RGRWPG, 2015), may increase
subsidence rates in some areas.

4.1.2 Pecos Valley Aquifer and the Wink Sinks

The “Wink Sinks” are dissolution features that were discovered in the 1980s near Wink,
Texas. These sinkholes formed in an area of the Pecos Valley Aquifer where there is oil and
gas development. It is believed that the unintended results of oil and gas water
management activities caused water to dissolve salt deposits which created subsurface
voids that eventually collapsed. There was no significant risk to human health or
infrastructure, but there would have been if these sinkholes happened in a more densely
populated area. The Wink Sinks are representative of the difficulty in detecting or
predicting the occurrence of solution type subsidence features. There have been many
investigations into the Wink Sinks and a recent Texas Bureau of Economic Geology report
provides a good demonstration of how Interferometric Synthetic Aperture Radar (InSAR),
surface geophysical surveys, and other investigation techniques can be used in areas where
solution cavity subsidence is believed to be a risk (Paine, 2016).

Another report of subsidence observations in the Pecos Valley Aquifer area is near
Imperial, Texas. This subsidence is also attributed to salt dissolution cavities and illustrates
the infrastructure risks and costs due to subsidence in a rural area. This subsidence area
has been less studied than the Wink Sinks and is a good example of how local knowledge
(sometimes even anecdotal evidence) can be important in discovering and investigating
areas of historical subsidence (Malewitz, 2017).

Evidence of subsidence near Pecos, Texas was derived from survey re-leveling. Unlike the
other observations of subsidence in the Pecos Valley Aquifer, a report by researchers at
Cornell University indicated that the cause of this subsidence area was declining water
levels in areas of compressible clay layers (Rosepiler and Reilinger, 1977). This report
provides a good example of how re-leveling of survey data can provide valuable
information about historical subsidence.

4.1.3 EI Paso Area Subsidence Data

Observed subsidence in the El Paso area is attributed to clay layer compression due to
declining water levels. The USGS has several reports characterizing the causes of the
subsidence. Their 1985 report provides a description of clay layer investigations and
survey re-leveling data that are used to identify localized areas that are (and other areas
that are not) at risk of subsidence (Land and Armstrong, 1985). In addition to being a good
example of how re-leveling data are obtained and processed, this report used a clay layer
characterization methodology similar to ours and can serve as an example of how our data
and approach can be scaled down to more localized areas of interest. Other USGS reports
provide details on extensometers that have been installed in the El Paso area and the
results of their monitoring (Heywood, 1995a; Heywood, 2003).
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4.1.4 Edwards Aquifer Solution Cavity Collapse

In 2012, a sinkhole appeared in a stormwater retention pond in the Edwards Aquifer
recharge zone southwest of Austin. The Barton Springs/Edwards Aquifer Conservation
District performed a study after the event to better understand the causes of the sinkhole
(Hunt and others, 2013). The District and their consultants determined that a localized
depression focused recharge during a precipitation event and caused leakage out of the
bottom of the stormwater retention pond into the underlying karst aquifer. The increased
recharge under the pond likely caused existing fractures and voids to have accelerated
erosion and dissolution, ultimately leading to void growth and collapse. Subsidence
features of this type are difficult to predict, but this occurrence underscores the importance
of understanding the effects of water management activities. Although our report is
focused on subsidence caused by groundwater pumping, this example serves as a good
illustration of the contributing factors to subsidence in karst areas.
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4.2 Major Aquifers

The Texas Water Development Board currently delineates nine major aquifers in Texas.
These major aquifers are defined as aquifers that produce large amounts of water over

large areas (George and others, 2011). Figure 4.1 illustrates the nine major aquifers we

assessed for vulnerability to subsidence with regard to groundwater pumping.
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Figure 4.1. Major aquifers in Texas.
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4.2.1 Carrizo-Wilcox

As described by George and others (2011), the Carrizo-Wilcox Aquifer is a major aquifer
extending from the Louisiana border to the border of Mexico in a wide band adjacent to
and northwest of the Gulf Coast Aquifer System (see Figure 4.2). The aquifer consists of the
Carrizo Sand and the underlying Wilcox Group which is divided into the Calvert Bluff,
Simsboro, and Hooper formations in Central Texas (Thorkildsen and Price, 1991). The
aquifer is primarily sand with interbeds of gravel, silt, clay, and lignite. Portions of the
aquifer are more than 3,000 feet thick, but the saturated thickness with fresh groundwater
reportedly averages about 670 feet (George and others, 2011).

T T T T ~ 7 g
Overvi ONTAGUE e ARKANSAS
verview CLAY codke BRAYSON| rannin| b RIVER
@ DELTA
HUNT WHOPKIN,
= Carrizo - Wilcox JACK | WISE |DEMTON | coLLIN w ]
(outcrop Plano |/
| . TARRAN S
< Carrizo - Wilcox PARKER| A S L ANA
m (SUbCI’Op) Fi?[/;\\h% ,F_or}}Worth=Da”35
Arlington AUFMA
M%J HOOD |JOHN )
NOLAN | TAYLOR EASTLAND,
Lo ERATH XOMERY
HILL NAVARR
COKE OMANC
RUNNELS] gosau
COLEMAN BROWN AMILTO
MCLENJNAN NMES
MILLS
GTR%AgN CORYELL >BIN
CONCHO FALLS
MECULLOCH SAN Y AMPASA
SABA RINITY
BEEL NEWT
SCHLEICHER | penaRD URNET, POLK \TYLER
M WARKER JASPER
MASON | LLANO 0 SA
WILLJAMSON
\ KIMBLE RIME ACINT!
ir’ HARDIN
i \ GILLESPIE TRAVS ONTCPME
LANC @Austin ASHING @ LIBER
KERR HAYS WALYER\HARRIS FFERSO,
EDWARDS AUSTI
NDAL TTE, B
REAL SANDERS COMAL MBERS
7 COLORAD Houston k
BE BEND ..,
UVALDE MEDINA @ Sanj LAVACA
KINNEY Antonio WHARTON BRAZORI
DEWITT CKSO
ATAGORDA Gulf
VERI \ NES ICTORIA o
R GOLIAD Mexico
“%’”‘ %\ H
BEE )REFUGIQ
1%
"7} PATRI
WELKS
NS Corpus
Llaredo buvaL %Chnsu
MEXICO 0 30
KLEBERG :
Miles
Figure 4.2. Carrizo-Wilcox Aquifer extent.
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Carrizo-Wilcox groundwater is generally fresh and typically contains less than 500
milligrams per liter of total dissolved solids in the outcrop. Salinity increases in the
downdip portions of the aquifer and high iron and manganese content in excess of
secondary drinking water standards is characteristic of the deeper subsurface portions of
the aquifer (George and others, 2011).

Hydrostratigraphy

More than one depositional system, including an extensive fluvial-deltaic depositional
complex, deposited the sediments composing the Wilcox Group. Over time, this
depositional complex enlarged toward the southeast and transported large quantities of
sediment into the ancestral Gulf Coast basin. The large influx of material caused subsidence
of the basin and thus allowed for the accumulation of a very thick sequence of Wilcox
Group sedimentary rocks. The overlying Carrizo Formation was then deposited in a
combination fluvial and nearshore marine process (Thorkildsen and Price, 1991).

The Carrizo-Wilcox units form a band 10 to 26 miles wide that trends northeast to
southwest. The beds dip southeast at a rate from 100 to 200 feet per mile. The total
thickness of the Carrizo-Wilcox system can attain exceed 3,800 feet. Figure 4.3 provides
cross sections illustrating the dip and sequence of the geologic units. Table 4.1 summarizes
the hydrostratigraphy of the Carrizo-Wilcox Aquifer.

Hydraulic Properties

Recharge to the Carrizo-Wilcox is from infiltration of rainfall on the outcrop and seepage
from lakes and streams. However, only a small portion of the infiltration reaches the water
table. Much of the precipitation on the outcrop is lost to surface evaporation or becomes
runoff to local streams and lakes. Much of precipitation that does infiltrate below the soil is
lost by transpiration through plants. A small part of the original precipitation moves slowly
downward by gravity and becomes part of the saturated zone of the aquifer. An additional
source, based on model analysis of the area from the Trinity to Brazos Rivers and the work
of others (Thompson, 1966; Fogg and Kreitler, 1982; Fogg and others, 1983), is from
interformational leakage from overlying younger beds. Discharge in the aquifer system is
by loss to streams and springs, interformational flow, and discharge to wells.

In the Carrizo-Wilcox Aquifer, water-table conditions exist in the outcrop areas where the
top of the zone of saturation is under direct atmospheric pressure. Wells in the outcrop
area are filled with water to the level of the water table and water levels fluctuate in
response to the volume of water in storage. Downdip from the outcrop, where less
permeable beds overlie the Carrizo-Wilcox, ground water is under artesian pressure. Under
these artesian conditions, pressure will cause the water level in the wells to rise above the
top of the aquifer (Thorkildsen and Price, 1991).

Hydraulic properties controlling how water moves through the aquifer vary greatly. The
variations in properties are due to the large extent of the aquifer and conditions under
which the aquifer sediments were deposited. Table 4.2 summarizes the hydraulic
properties for the aquifer.
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Table 4.1. Geologic units of the Carrizo-Wilcox Aquifer and their water-bearing
properties. Modified from Thorkildsen and Price (1991).
Approximate
Maximum
Thickness Water Bearing
Group Geologic Units (feet) Rock Type Properties
= Fine to coarse sand, Light to dark Yields smalll .to
g . large quantities
2 Carrizo 880 gray, Massive, commqnly cross- of fresh to
= bedded with some thin beds of lichtlv-sali
O sandstone and clay stughtly-saline
water
Fine to coarse lenticular sand Yields
and sand stone, Light gray to = small to
pale brown, cross-bedded, and 5 mode-ra-te
Calvert Bluff 2,130 argillaceous in some areas i quantities
interbedded with various £ | offreshto
amounts of mud stone, ironstone s Sligf_‘tly'
concretions, and discontinuous % saline
beds of lignite. 5 water
2 @ Yields
I Fine to coarse light gray sand S small to
":;J composed dominantly of quartz. fzg large
< = . Sand is massive and cross- & quantities
§ % Simsboro E 880 bedded, containing relatively S | offresh to
§ E o small amounts of clay, mudstone, § slightly-
e and mudstone conglomerate. = saline
8 < water
S Dominantly mudstone with o
various amounts of light gray to g Yields
medium brown sandstone, L; small to
lignite, and ironstone = moderate
concretions. Sandstone is fine to o uantities
Hooper 1,138 medium grained, cross bedded, % gf fresh to
and argillaceous in the lower S slightly-
part of the formation. Lignite ;:') saline
forms thin, discontinuous beds in water
the upper part of the formation
Table 4.2. Hydraulic properties for the Carrizo-Wilcox Aquifer
Aquifer Properties Range References
Hydraulic conductivity (ft/d) 1.00 - 204 1
Transmissivity (ft?/d) 1.21x102-1.80x 105 1
Storativity 1.61x105-3.4x103 1

References. (1) Thorkildsen and Price (1991)
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Hydraulic Heads

Regional groundwater flowpaths for the Carrizo-Wilcox are generally in a down-dip
direction. The conceptual model of groundwater flow in the Carrizo-Wilcox Aquifer
assumes that groundwater flows primarily from outcrop recharge areas, especially where
sandy soils are present, to discharge areas in low-lying areas such as river bottomlands, to
wells, and to deeper regional flow paths including cross-formational flow. Some flow paths
are relatively short and remain in the unconfined part of the aquifer. These short flow
paths beneath the outcrop are from upland areas toward discharge zones in low-lying
areas. Other flow paths pass deeper into the confined part of the aquifer (Dutton and
others, 2002). Figure 4.4 illustrates the general flow in the downdip direction.
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Figure 4.4. Conceptual model of flow in the Carrizo-Wilcox Aquifer system.

Modified from (Dutton and others, 2002).
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Groundwater Pumping

Data from the Texas Water Development Board indicates pumping rates have generally

declined between 2000 and 2015 (TWDB, 2017b). Typically, irrigation pumping accounts
for slightly more than half the water pumped and pumping for municipal supply accounts
for another 40 percent. However, in more recent years the amount of municipal pumping

has increased while irrigation pumping has decreased. Figure 4.5 illustrates the historical
pumping from the aquifer.

600,000
500,000
400,000
=
S
=}
e
S 300,000
=
©
()
<
- I"]IIIIIIIIIIIIIIII“IIII
100,000
0
B R A e RS RS RS R RS S RS RS e R R S S e )
(- RN - RN RN RN R g9 o0, 0 0 0,9
2% %% 2%%22%5%%5%5%%%2%%%%%2%%%22%%%%
Yeal
B Municipal ®Manufacturing = Mining Steam/Electric ™ Irrigation ™ Livestock
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Subsidence Vulnerability

Clay thickness in the Carrizo-Wilcox is greatest in the northern part with values in much of
the area exceeding 200 feet. While the maximum reported total clay thickness in the
aquifer is nearly 800 feet, the average SRV based on clay thickness and extent is 2.2 with a
third quartile of 3. Figure 4.6 illustrates the clay thickness at SDR well locations and the
regional distribution of the thicknesses. The lithology of the Carrizo-Wilcox is primarily
unconsolidated to semi-consolidated clastic material (SRV = 4.4). The aquifer consists of
detrital material ranging in size from clay to gravel (George and others, 2011).
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Figure 4.6. Calculated Carrizo-Wilcox Aquifer clay thickness at well locations.
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Water levels have declined in the Winter Garden area because of irrigation pumping and in
the northeastern part of the aquifer because of municipal pumping. (George and others,
2011). Though there are some areas with small recovery, for evaluation purposes we
assumed a preconsolidation equal to the lowest water level from the transient GAM models
(Kelley and others, 2004) and static water level in the aquifer equivalent to the results for
2017 from the Modeled Available Groundwater simulations (Oliver, 2012; Wade, 2017a;
Wade, 2017b) resulting in an average and third quartile SRV of 3 throughout the aquifer.
We determined the water level trend using the simulated water levels from the transient
calibration period for the GAM (Kelley and others, 2004) and the predicted DFC water
levels from final MAG simulations (Oliver, 2012; Wade, 2017a; Wade, 2017b). Predicted
water level changes due to the DFC are highly variable, but averages 19 feet of decline.
Table 4.3 summarizes the data sources and values for each subsidence risk factor.

Table 4.3. Carrizo-Wilcox subsidence risk factor data sources and summary.
Subsidence Risk Factor 3rd Quartile
Variable Data Source Value SRV
Clay Layer Thickness and SDR lithology table 0 to 784 feet 3
Extent
Clay Compressibility Estimated based on lithology Hard Clay 1
Aquifer Lithology George and others (2011) Unconsollldated 4
Clastic
Preconsolidation Lowest wgter leyel from transient -134 to 823 feet
Characterization model simulations (Kelley and mean sea level 3
others, 2004)
Predicted Water Level Trend in s.1mulated W?ter lev.els Average 17 feet
Decline based on Trend from transient model simulations decline 2
(Kelley and others, 2004)
Difference in head from final
Predicted DFC Modeled Available Groundwater Average 19 feet 2
Water Level Decline simulations (Oliver, 2012; Wade, decline

2017a; Wade, 2017b)

Results of the assessment suggest that the northern and central parts of the Carrizo-Wilcox
Aquifer have the greatest risk for future subsidence due to pumping. As Figure 4.7
illustrates, data from wells in the northern and central Carrizo-Wilcox tend to show a
higher risk factor than the southern portions of the aquifer.
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4.2.2 Edwards (Balcones Fault Zone)

The Edwards Balcones Fault Zone (BFZ) Aquifer is a thick and regionally extensive aquifer
system composed of Lower Cretaceous carbonates that were deposited from Kinney
County in the west to Bell County in the north. Figure 4.8 provides a map showing the
extent of the aquifer’s outcrop and subcrop. The aquifer is comprised of three segments
separated by groundwater divides, namely, the San Antonio segment, the Barton Springs
segment, and the Northern segment. Each segment of the Edwards BFZ is a major water
resource supplying the area with domestic, public supply, municipal, irrigation, and

recreational water.
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Figure 4.8. Edwards (BFZ) Aquifer extent.
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Hydrostratigraphy

The nomenclature of the Edwards (BFZ) Aquifer geology varies within different
depositional provinces of the aquifer (Lindgren and others, 2004). These provinces include
the Maverick Basin, the Devils River Trend, the San Marcos Platform, and North Central
Texas. Table 4.4 shows the stratigraphic and hydrogeologic units encountered throughout
the aquifer and Figure 4.9 provides a generalized cross-section of the Edwards (BFZ)
Aquifer from west to east.

Table 4.4. Stratigraphic column of geologic and hydrogeologic units within the
Edwards (BFZ) Aquifer. Modified from Maclay (1995), Lindgren and
others (2004), and Jones (2003).
Devils
Maverick River North Central Hydrogeologic
System Basin Trend’ San Marcos Platform Texas Units
2 Anacacho Limestone Austin Chalk
52 Austin Chalk U
2, O pper
58 Eagle Ford Group Confining Units
5 Buda Limestone
Del Rio Clay
Georgetown Formation Georgetown
Formation
Erosional hiatus
Ol
Peak o
. 9 members
Formation F=
g Leached
5 member
F
g Collapsed
g member Edward
2| A : wards Edwards
% Devil § Regional dense Limestone Aquifer
b eviis S member
o ) River %
S McKnight | [imestone 'r% Grainstone
& Formation 3 member
S o =
s =18 Kirschberg
S g evaporite
= member
.
5 Dolomitic
£ member
e
West Basal nodular Comanche Peak
Nueces member
Formation
Walm.lt Confining Unit
Formation
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Figure 4.9. Generalized cross-section of the Edwards (BFZ) Aquifer (George and
others, 2011).

The Fredericksburg and lower Washita units of the Maverick basin consist of three units,
from oldest to youngest, the West Nueces Formation, the McKnight Formation, and the
Salmon Peak Formation (Maclay and Small, 1986). The West Nueces Formation can be up
to approximately 140 feet thick and consists of shaly limestone. The McKnight Formation
can reach a thickness of 150 to 300 feet consisting of thinly bedded limestone and mud.
The upper unit, the Salmon Peak Limestone, can be 400 to 500 feet thick and may be
divided into a lower unit consisting of a dense mud limestone and an upper unit consisting
of mostly grainstones with some mudstone.

The Devils River Formation is a composite of dolomite, limestone, and reef debris and is
relatively homogeneous from top to bottom. Along the San Marcos Platform, the Edwards
(BFZ) Aquifer is divided into the Edwards Group and the Georgetown Formation. The
Edwards Group, from oldest to youngest, is divided into the Kainer and Person formations.
These formations formed during the Cretaceous period when the San Marcos Platform
depositional environment varied from open marine to supratidal flats where significant
exposure and inundation of the sediments took place (Rose, 1972).

At the base of the Edwards Group lies the Kainer Formation which is comprised of the basal
nodular bed, dolomitic, and grainstone members. The basal nodular member (Walnut Clay
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equivalent) is a marine deposit consisting of massive, nodular wackestones with low
permeability. The dolomitic member consists mostly of intertidal and tidal, burrowed and
dolomitized wackestones with significant permeability. The upper part of the dolomitic
member contains leached evaporitic deposits of the Kirschberg evaporite. The uppermost
member of the Kainer Formation is the grainstone member which is a shallow marine
deposit that marks the beginning of another cycle of sedimentation started by a
transgressing sea. This member consists of well-cemented, miliolid grainstones with lesser
quantities of mudstone (Maclay and Small, 1986).

The upper stratigraphic unit of the Edwards Group is the Person Formation, which consists
of the regional dense, collapsed, leached, and marine members (Rose, 1972). The basal
member is a laterally extensive marine deposit consisting of dense, shaley mudstone
known as the regional dense member. The overlying members, the collapsed member and
leached member, consist of intertidal to supratidal deposits containing permeable units
formed by collapse breccias and by dolomitized and burrowed wackestones. The
uppermost member is the marine member consisting of rudist-bearing wackestones and
packstones and shell-fragment grainstone (Maclay and Small, 1986).

The Edwards (BFZ) Aquifer in northern portion consist of three formations, from oldest to
youngest, the Comanche Peak, the Edwards Limestone, and the Georgetown. The aquifer
overlies older Cretaceous rock of the Walnut and Glen Rose formations and is overlain by
younger units that consist of the Del Rio Clay, Buda Limestone, Austin Chalk, Taylor Marl,
and Navarro Group. The confining units for North Central Texas are the overlying Del Rio
Clay and the underlying Walnut Formation (Brune and Duffin, 1983; Baker, Jr. and others,
1986). In some areas, the Walnut Formation can be included in the Edwards (BFZ) Aquifer
due to permeable shell beds.

The Comanche Peak Limestone is composed of nodular and fossiliferous marly limestone.
This unit is characterized by considerable jointing and pinches out to the south (Garner and
Young, 1976; Brune and Duffin, 1983). The Edwards Limestone is composed of 200 to 350
feet of highly fractured and thickly bedded to massive limestone or dolomite, with minor
shale, clay, and siliceous limestone. The Edwards Limestone consists of the Kainer, Person,
Kiamichi, and Duck Creek formations. The Person and Kainer formations are composed of
brittle, massive limestone that is sometimes dolomitic (Flores, 1990).

The Edwards Limestone is vuggy in places because of the occurrence of solution-collapse
zones and other diagenetic processes (Brune and Duffin, 1983). These vuggy zones occur
parallel to bedding planes and are the result of dissolution of gypsum beds that formerly
occurred in this stratigraphic unit. These vuggy zones can be cavernous, iron stained, and
contain brecciated limestone, chert, crystalline calcite, and residual clay. They occur mainly
60 to 80 feet above the base of the Edwards Limestone, within the Person and Kainer
formations, and are often referred to as the Kirschberg solution zone (Brune and Duffin,
1983; Flores, 1990).

The Kiamichi and Duck Creek formations constitute the Regional Dense Member near the
top of the Edwards Limestone, especially in the northern part of the study area. The
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Regional Dense Member separates the Edwards Aquifer into upper and lower units that
may be circumvented by fault displacement (Flores, 1990). The Georgetown Formation is a
massive nodular limestone that is often hydrologically connected to the underlying
Edwards Limestone (Brune and Duffin, 1983).

The regional dip of the aquifer is generally about 70 feet per mile to the southeast. To the
west, the Balcones Fault Zone significantly alters the hydrogeologic structure of the aquifer.
The BFZ is a series of normal en-echelon faults that trend in a general northeast-to-
southwest direction extending from Williamson County in the northeast to Kinney County
in the west. Faulting in the area has caused some rock units to be upthrown against others
creating both barriers to flow and conduits for water to pass through. The San Marcos arch
or platform as described by Sellards and others (1932) is a broad anticlinal extension of the
Llano uplift extending toward the city of San Marcos in Hays County and has had significant
impacts on the deposition of overlying sediments (Ashworth, 1983). Southeast of the
Balcones Fault Zone, the dip of the units becomes progressively greater toward the Gulf,
approaching 100 feet per mile in southeastern Travis County (DeCook, 1963).

Hydraulic Properties

Within the Edwards (BFZ) Aquifer, extensive studies have documented the hydraulic
properties including: hydraulic conductivity, transmissivity, and storativity. Across the
extent of the Edwards (BFZ) Aquifer, the hydraulic properties can vary by as much as eight
orders of magnitude. This is due to the complex geology and karst nature of the aquifer.
Table 4.5 provides a summary of the hydraulic properties calculated for each segment of
the Edwards (BFZ) Aquifer. Hydraulic conductivity and transmissivity values are typically
higher within the confined portions of the aquifer near fault zones with an average value up
to 120 times greater value than values in the recharge zone (Hovorka and others, 1998).

Table 4.5. Hydraulic properties for the Edwards (BFZ) Aquifer.
Northern Barton Springs San Antonio
Aquifer Properties Segment Segment Segment References
Hydraulic conductivity 5 51 _ 30 909 0.4-753 0.01-1.0x105 1,2,3
(ft/d)
Transmissivity (ft2/d) 0.5-4.0x10° 53.6-3.72x10° 1.0-1.0x107 1,2,3
Storativity * 1.0x106-29x102 1.0x105-8.0x10+4 1,2,3

* No storativity values calculated, GAM utilizes Barton Springs Segment values
References. (1) Jones (2003); (2) Scanlon and others (2001); (3) Lindgren and others (2004)

Hydraulic Heads

The three segments of the Edwards (BFZ) Aquifer are separated by hydraulic boundaries.
The San Antonio segment is bounded to the west by a groundwater divide located near
Brackettville and is separated from the Barton Springs segment via a groundwater divide
generally located near the city of Kyle. The Barton Springs segment is separated from the
Northern segment by the Colorado River. The general flow direction of water is from the
recharge zone towards the confined zone of the aquifer. Low hydraulic gradients present in
the confined zone assist the movement of water through fractures and conduits towards
major springs located within the aquifer (Comal, San Marcos, and Barton Springs).
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Within the San Antonio segment, three regional hydraulic trends are identified: 1) broad
low-gradient flow in the confined zone of the aquifer in Medina and Bexar counties; 2)
steeper hydraulic gradients within the confined zone to the west and east of Medina and
Bexar counties; 3) generally steep gradients across the transition zone from unconfined to
confined sections of the aquifer (Lindgren and others, 2004).

Flow through the aquifer is primarily via fractures and conduits (Hovorka and others,
1998) controlled by structural influences. Within eastern Uvalde County near Knippa lies
the Knippa Gap which is characterized by steep hydraulic gradients and interpreted by
Maclay and Land (1988) as a narrow opening within a complex barrier-fault system.
Groundwater flow in this area is channeled through this narrow opening causing a
bottlenecking of groundwater west of the gap. Flow in the aquifer is controlled laterally by
barrier faults that locally compartmentalize the aquifer (Maclay, 1995; Groschen, 1996)
with flow in the recharge zone entering the aquifer within segments and diverted via relay
ramps in the western part of the aquifer before flow moves eastward (Maclay and Land,
1988; Lindgren and others, 2004).

Groundwater Pumping

Groundwater pumpage from the aquifer primarily supplies domestic, municipal, irrigation,
and industrial uses and has generally increased with the growth in population within the
counties supplied by the aquifer since the early 1900s. Figure 4.10 provides a graph of the
historic pumping volumes from the Edwards (BFZ) Aquifer in the municipal,
manufacturing, mining, and steam/electricity production, irrigation, and livestock sectors
from 1980 to 2015 (TWDB, 2017b). Within the San Antonio segment of the aquifer,
historical pumpage ranges from a low of 101,900 acre-feet in 1934 to nearly 600,000 acre-
feet in 1989. Between 1939 and 2000, well pumpage has increased by approximately 4,500
acre-feet per year (Lindgren and others, 2004), but as Figure 4.10 shows, the pumping has
generally decreased since its peak in 1989. More than 95 percent of the pumpage is used
for municipal, irrigation and industrial uses; within Comal County mining also accounts for
a significant portion of the withdrawals (Lindgren and others, 2004). Irrigation usage
occurs predominantly within Uvalde and Medina counties with Bexar and Uvalde counties
being the largest producers of groundwater (Lindgren and others, 2004).

In the Barton Springs segment, annual groundwater production has ranged from
approximately 2,800 acre-feet up to 4,300 acre-feet (Lindgren and others, 2004). Within
the Northern segment of the aquifer the total pumping ranged from approximately 16,000
acre-feet in 1980 to 30,000 acre-feet in 1999 (Jones, 2003). Within the freshwater portion
of the confined zone in the aquifer, well yields are generally more than 1,000 gallons per
minute. In the San Antonio segment of the aquifer, well yields greater than 5,000 gallons
per minute are common. Although well yields in the Northern segment are generally lower
than those in the Barton Springs and San Antonio segments, well yields are typically
greater than 300 gallons per minute (Brune and Duffin, 1983; Flores, 1990).
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Subsidence Vulnerability

Clay thickness within the Edwards BFZ is low being typically less than 10 feet and uniform
throughout the aquifer (SRV = 1). Because of the massive limestone and dolomite makeup
of the aquifer, the Edwards BFZ has a uniformly low distribution of subsidence risk. Figure
4.11 provides the clay thickness at well locations and the regional distribution of the
thicknesses.

e—r——

Clay Thickness (feet)
e <100

© 100 to 200 _
200 to 300 //\
e >300
N Edward_s BFZ
(Insufficient Data) A~

™

Temple

Killeen

Y

LY

Round Rock///\\/

s

Austin

Figure 4.11. Calculated Edwards BFZ Aquifer clay thickness at well locations.

The lithology of the Edwards BFZ is predominantly composed of massive limestone and
dolomitic beds with some marly interbeds classified as a hard clay. On driller’s logs, these
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marly sections are sometimes described as clays leading to some well reports erroneously
reporting unusually large clay thickness. The composition of these marly sections is
calcareous with low plasticity.

Water levels within the Edwards BFZ do not show any long-term reduction as a result of
pumping (Lindgren and others, 2004). Water levels generally decline during periods of
drought and recover rapidly with precipitation events. Table 4.6 summarizes the data
sources and values for each subsidence risk factor.

Table 4.6. Edwards BFZ subsidence risk factor data sources and summary.
Subsidence Risk Factor 3rd Quartile
Variable Data Source Value SRV
Clay Layer Thickness and SDR lithology table 0to 191 feet 1
Extent
Clay Compressibility Estimated based on lithology Hard Clay 1
Aquifer Lithology Lindgren et al,, 2004 Carbonate 2
Preconsolidation .
Characterization o Not Applicable 1
Predicted Water Level .
Decline based on Trend B Not Applicable 1
Predicted DFC

Water Level Decline o Not Applicable 1

Results of the assessment suggest that the Edwards BFZ has a very low risk for future

subsidence due to pumping. However, there is a minor risk of local subsidence due to

dissolution of the aquifer material and subsequent collapse. Figure 4.12 illustrates the
subsidence risk factor throughout the aquifer.
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Figure 4.12. Edwards BFZ Aquifer subsidence risk vulnerability at well locations.
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4.2.3 Edwards-Trinity (Plateau)

with Regard to Groundwater Pumping - TWDB Contract Number 1648302062

The Edwards-Trinity (Plateau) Aquifer is located in central-west Texas and is the primary
source of water for development in the Edwards Plateau region. Figure 4.13 provides a
map of the aquifer extent. The aquifer is composed of three early Cretaceous sedimentary
rock units, from oldest to youngest, the Trinity, Fredericksburg, and Lower Washita. The
Fredericksburg and Lower Washita are typically lumped together as the Edwards Aquifer.
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Figure 4.13. Edwards-Trinity (Plateau) Aquifer extent.
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Hydrostratigraphy

The Edwards-Trinity (Plateau) Aquifer is large in spatial extent and the hydrostratigraphy
varies across the extent of the aquifer. In this section, we describe the aquifer based on the
six geographic regions shown on Figure 4.14. The Edwards-Trinity (Plateau) Aquifer is
subdivided into the Trinity Group and Edwards Group. In general, the Trinity
hydrostratigraphic unit of the aquifer is composed of sandstone, siltstone, claystone, and
shale. The Edwards hydrostratigraphic unit is composed of limestone and dolomite. Figure
4.15 provides a cross-section of the aquifer from south to north and from northwest to
southeast.

The southeastern and northeastern Edwards Plateau is underlain by a relatively
impermeable base of Paleozoic rock. In these regions, the Trinity Group is subdivided into
three units, from oldest to youngest, up to approximately 880 feet of Hosston Sand
underlying up to approximately 240 feet of Sligo formation. The Lower Trinity is
hydraulically separated from the Middle Trinity by the Hammett Shale. The Middle Trinity
is composed of up to 88 feet of Cow Creek Limestone underlying 210 feet of Hensell Sand
and underlying the lower member of the Glen Rose Limestone. The Upper Trinity is
composed of the upper member of the Glen Rose Limestone. The Upper and Lower Glen
Rose limestone combined is up to 1,530 feet thick. The Edwards Group, from oldest to
youngest, is composed of up to approximately 300 feet of Fort Terrett Formation
underlying up to approximately 380 feet of the Segovia Formation. In the higher elevation
points of the southeastern Plateau, the Edwards Group Aquifer overlays the Trinity Aquifer
and is exposed at the surface (Barker and Ardis, 1996). At the lower elevations, the
Edwards Group Aquifer is not present and the Trinity Aquifer is exposed at the surface.

The central Edwards Plateau of the aquifer is underlain in areas by a relatively
impermeable base of Paleozoic rock and in other areas by the Triassic age Dockum Group.
The Dockum Group is generally impermeable except for areas of Santa Rosa sandstone
which is hydraulically connected to the Trinity Group. The Trinity Group is composed of,
from oldest to youngest, up to approximately 395 feet of basal cretaceous sand, up to
approximately 1,530 feet of Glen Rose Limestone and Antlers Sand. The Basal Cretaceous
sand is interbedded by and grouped with the Maxon Sand. The Edwards Formation is up to
approximately 1,045 feet thick and composed of, from oldest to youngest, the West Nueces
Formation, Fort Terrett Formation, McKnight Formation, Fort Lancaster Formations, Devils
River Formation, and Salmon Peak Formation. The aquifer is generally confined by up to or
greater than approximately 620 feet of Upper Cretaceous sediments (Barker and Ardis,
1996).

The northwestern Edwards-Trinity (Plateau) is underlain by Late Triassic sediments of the
Dockum Group. In general, the hydraulic connection between the Edwards-Trinity
(Plateau) Aquifer and Dockum group is limited, except in areas where the aquifer contacts
the Santa Rosa Sandstone. The Trinity Aquifer is composed of, from oldest to youngest, up
to approximately 385 feet of Basal Cretaceous Sand and Antlers Sand. The Edwards Aquifer
is composed of, from oldest to youngest, up to approximately 165 feet of Finlay Formation
and up to approximately 410 feet of Boracho Formation. Portions of the northwest aquifer
is overlain by and hydraulically connected to the Ogallala Aquifer (Barker and Ardis, 1996).
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The Southwestern Edwards-Trinity (Plateau) section is underline by a relatively
impermeable base of Paleozoic rock. The Trinity Group is composed of, from oldest to
youngest, up to approximately 385 feet of Basal Cretaceous Sand and up to approximately
200 feet of Maxon Sand. The Edwards Aquifer is composed of the Telephone Canyon, Del
Carmen, Sue Peaks, and Santa Elena Formations. The aquifer is confined by the Upper
Cretaceous sediments of the Del Rio Clay, Buda Limestone, and Boquillas Formation
(Barker and Ardis, 1996).

The western Edwards Plateau section of the aquifer is underlain by the Dockum Group,
Capitan Reef Complex, and Rustler aquifers. The Capitan Reef Complex and Rustler Aquifer
are hydraulically connected to the Edwards-Trinity (Plateau) Aquifer and the Dockum is
hydraulically connected where there is Santa Rosa Sandstone. The Trinity Aquifer is
composed of, from youngest to oldest, up to approximately 395 feet of Basal Cretaceous
Sand and up to approximately 220 Feet of Maxon sand. In the farthest northwestern region,
the Trinity Aquifer is composed of, from oldest to youngest, up to approximately 180 feet of
Yearwood Formation and up to approximately 170 feet of Cox Sandstone (Barker and
Ardis, 1996; George and others, 2011). The Edwards Aquifer is composed of, from oldest to
youngest, up to approximately 300 feet of Fort Terrett Formation and up to approximately
405 feet of Fort Lancaster Formation or up to approximately 165 feet of Finlay Formation
and up to approximately 410 feet of Boracho Formation. The aquifer is confined in portions
by Upper Cretaceous sediments of the Del Rio Clay, Buda Limestone, and Boquillas
Formation. In other areas the aquifer is hydraulically connected to the Pecos Valley
Alluvium Aquifer (Barker and Ardis, 1996).
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Figure 4.14. Stratigraphic column and geologic and hydrogeologic units within
the Edwards-Trinity (Plateau) Aquifer (Anaya and Jones, 2009).
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Hydraulic Properties

Within the Edwards-Trinity (Plateau) Aquifer, there have been many studies that
documented the hydraulic properties including: hydraulic conductivity, transmissivity, and
storativity. Across the extent of the Edwards hydrostratigraphic unit, the aquifer hydraulic
properties can vary greatly due to the influence of very high hydraulic conductivity in Karst
terrain. The hydraulic properties of the Edwards-Trinity (Plateau) Aquifer documented by

Anaya and Jones (2009) are used as the primary source for aquifer hydraulic properties
presented in this section.

The geometric mean of the hydraulic conductivity for the Edwards Aquifer outside of
karstic areas is 6.7 feet per day. The geometric mean of the hydraulic conductivity of the
Trinity Group of the aquifer varies between 4.5 feet per day in the north and 2.5 feet per
day in the south. For the Edwards and Trinity aquifers, estimated maximum transmissivity

values are 8,000 square feet per day and 7,000 square feet per day, respectively (Anaya and
Jones, 2009).

The saturated thickness of the aquifer varies between approximately 0 to more than 2,000
feet. The saturated thickness is generally greater in the southern and southeastern portions
of the aquifer and thins to the north and northwest. Correspondingly, the transmissivity of
the aquifer is also greater in the southeastern portion of the aquifer and smaller towards
the northwest (Anaya and Jones, 2009).
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Hydraulic Heads

The Trinity hydrostratigraphic unit acts as confined or semi-confined across most of the
aquifer due to the overlying low permeability lower member of the Edwards
hydrostratigraphic unit. Gradients are generally directed from the north to the south and
southeast. In many areas, the water levels in the aquifer have declined across time
primarily due to withdrawals for agricultural use. In the southern portions of the aquifer
water levels have declined due to withdrawals for increased municipal use due to
population growth (Anaya and Jones, 2009).

The Edwards hydrostratigraphic unit acts as unconfined across much of the aquifer.
Gradients are generally directed from the north to the south and southwest towards the
Balcones Fault Zone. The water levels in the aquifer have remained fairly consistent across
time with minor variations primarily in response to climatic changes (Anaya and Jones,
2009).

Groundwater Pumping

More than two-thirds of the groundwater extraction from the aquifer is used for irrigation
with the remaining being used primarily for municipal and livestock supply (TWDB,
2017b). Based on Texas Water Development Board data, recent annual pumping from the
Edwards-Trinity (Plateau) Aquifer has ranged from less than 150,000 acre-feet to more
than 250,000 acre-feet (see Figure 4.16). Overall, the extraction of groundwater has had a
minimal impact on water levels as recharge rate is estimated to be greater than the
extraction rate. The average recharge rate estimated through groundwater model
calibration is about 1.2 million acre-feet per year (Anaya and Jones, 2009).

Subsidence Vulnerability

Clay thickness in the Edwards-Trinity (Plateau) Aquifer is greatest in the eastern part of
the aquifer. Like the Edwards BFZ, many of the marly sections in the eastern portion of the
aquifer are described as clay by local drillers which result in large clay thicknesses. While
the maximum reported total clay thickness in the aquifer is over 600 feet, the average SRV
based on clay thickness and extent is 1.4 with a third quartile of 2. Figure 4.17 illustrates
the clay thickness at SDR well locations and regional distribution of the thicknesses. The
lithology of the Edwards-Trinity (Plateau) Aquifer is primarily carbonates in the Edwards
and detrital sands in the Trinity (George and others, 2011) resulting in an average SRV of 2.

For evaluation purposes we assumed a preconsolidation equal to the water level following
peak pumping in 1965 (Hutchison and others, 2011). We set the static water level in the
aquifer equivalent to the results for the end of the model calibration period. These values
resulted in an average and third quartile preconsolidation SRV of 3.
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Figure 4.16. Historic pumping volumes from the Edwards-Trinity (Plateau)
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1980 to 2015 (TWDB, 2017b).
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Figure 4.17. Calculated Edwards-Trinity (Plateau) Aquifer clay thickness at well
locations.

We determined the water level trend using the simulated water levels from 1980 through
2005 of the transient calibration period for the model (Hutchison and others, 2011) and
the predicted DFC water levels from final MAG simulation (Hassan, 2011; Shi, 2012).
Predicted water level changes due to the water level trend are highly variable, but average
9 feet of decline. Table 4.7 summarizes the data sources and values for each subsidence risk
factor.

4-30



Final Report: Identification of the Vulnerability of the Major and Minor Aquifers of Texas to Subsidence

with Regard to Groundwater Pumping - TWDB Contract Number 1648302062

Table 4.7. Edwards-Trinity (Plateau) Aquifer subsidence risk factor data

sources and summary.

Subsidence Risk Factor

3rd Quartile

Variable Data Source Value SRV
Clay Layer Thickness and SDR lithology table 0 to 620 feet 2
Extent
Clay Compressibility Estimated based on lithology Hard Clay 1
Carbonate and
Aquifer Lithology George and others (2011) Consolidated 2
Clastic
Preconsolidation End O.f 1965 Watelj level from 903 to 3,856 feet
Characterization transient model simulations mean sea level 3
(Hutchison and others, 2011)
Predicted Water Level Trend in s.1mulated W?ter lev.els Average 9 feet
Decline based on Trend from trar¥51ent model simulations decline 2
(Hutchison and others, 2011)
Difference in head from final
Predicted DFC Modeled Available Groundwater Average 7 feet 2
Water Level Decline simulations (Hassan, 2011; Shi, decline
2012)

Results of the assessment suggest that the eastern part of the Edwards-Trinity (Plateau)
Aquifer has the greatest risk for future subsidence due to pumping. However, the risk is
likely skewed due to the drillers logs descriptions of clay. Figure 4.18 illustrates the

calculated subsidence risk for the Edwards-Trinity (Plateau) Aquifer.
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Figure 4.18. Edwards-Trinity (Plateau) Aquifer subsidence risk vulnerability at
well locations.
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4.2.4 Gulf Coast

The Gulf Coast Aquifer System parallels the Gulf of Mexico coastline from the Louisiana
border to the border of Mexico. Figure 4.19 provides a map showing the extent of the
aquifer. The aquifer is a primary source for municipal, industrial, and irrigation purposes.
For our study, the Harris-Galveston Subsidence District and Fort Bend Subsidence District
were excluded though each district did assist with invaluable information that contributed
to our effort.
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Figure 4.19. Gulf Coast Aquifer System extent. Harris-Galveston Subsidence

District and Fort Bend Subsidence District excluded from this study.
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Hydrostratigraphy

From oldest to youngest, the: Catahoula confining unit; Jasper Aquifer; Burkeville confining
unit; Evangeline Aquifer; and the Chicot Aquifer make up the Gulf Coast Aquifer System.
The depositional environments shifted back and forth from marine to non-marine and
fluvial-deltaic. The resulting sediment composition is made up of heterogeneous sequences
of sands, silts, clays, and gravels (Kasmarek and Robinson, 2004). Subsidence of the
underlying basement rock and rising land surfaces caused the units to thicken gulfward
and dip at a rate of 70 feet to 100 feet per mile (Baker, Jr., 1979). The massive deposition of
sediments also caused growth faults to form parallel to the coastline. Table 4.8 shows a
stratigraphic column of geologic and hydrogeologic units within the Gulf Coast Aquifer
System. Figure 4.20 provides regional cross-sections of the Gulf Coast Aquifer System from
west to east.

The lower confining unit of the Gulf Coast Aquifer System is composed of the Catahoula
Sandstone. The Catahoula is composed of many alternations of sandstones, sands, and clays
that act as a confining unit allowing very little water to pass through. At greater depths, the
Catahoula confining unit includes the Anahuac Formation and Frio Formation (Baker, Jr.,
1979).

The Jasper Aquifer is comprised of, from oldest to youngest, the Catahoula Sandstone, the
Oakville Sandstone, and the Fleming Formation. In some areas where the Catahoula
Sandstone contains more sand, it is grouped into the Jasper Aquifer. Above the Catahoula is
the Oakville Sandstone and the Fleming Formation both of which are composed of land-
derived sands and clays. The upper part of the Fleming Formation is comprised of clays and
silts which form the Burkeville Confining System. The Burkeville Confining System acts as
the basal confining unit for the two primary aquifers of the Gulf Coast Aquifer System,
namely the Evangeline and Chicot aquifers (Baker, Jr., 1979).

The Evangeline Aquifer is a mixture of alternating sand and clay layers of tens of feet in
thickness. The Fleming Formation and the Goliad Sand make up the Evangeline Aquifer.
The Chicot Aquifer is composed of, from oldest to youngest, the Willis Sand, Bentley
Formation, Montgomery Formation, Beaumont Clay, and younger alluvium. These
formations consist of sand, clay, and gravel layers with similar alternating patterns of sand
and clay layers. The units that make up the Chicot and Evangeline aquifers are similar in
lithology and are difficult to differentiate. The sediments from the Chicot Aquifer are less
compacted and cemented resulting in a higher permeability than the Evangeline Aquifer. A
reduction in permeability separates the Chicot Aquifer from the Evangeline Aquifer. Both
the Chicot and the Evangeline aquifers have poorly sorted sediments (Baker, Jr., 1979).

4-34



Final Report: Identification of the Vulnerability of the Major and Minor Aquifers of Texas to Subsidence
with Regard to Groundwater Pumping - TWDB Contract Number 1648302062

Table 4.8. Stratigraphic column of geologic and hydrogeologic units within the
Gulf Coast Aquifer System. Modified from Baker, Jr. (1979), Baker, Jr.
and others (1986), and Kasmarek and Robinson (2004).

System Series Geologic Unit Hydrogeologic Unit

Holocene Alluvium

Beaumont Clay

Quaternary Montgomery Formation Chicot Aquifer
Pleistocene

Bentley Formation

Willis Sand

Pliocene Goliad Sand

Evangeline Aquifer

Fleming Formation

Burkeville Confining Unit

. Oakville
Tertiary Sandstone .
Miocene Jasper Aquifer
Catahoula Sandstone
Anahuac
Formation Catahoula Confining Unit
Frio
Formation
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Figure 4.20. Cross-sections of the Gulf Coast Aquifer System (George and others,
2011). Modified from Baker, Jr. (1979), Baker, Jr. and others (1986),
Chowdhury and Mace (2003), and Kasmarek and Robinson (2004).
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Hydraulic Properties

Within the Gulf Coast Aquifer System, hydraulic properties of transmissivity, storativity,
and hydraulic conductivity have been examined for the Chicot, Evangeline, and Jasper
aquifers. Across the extent of the Gulf Coast Aquifer System, the hydraulic properties are
relatively similar within the three sub aquifers. Table 4.9 provides a summary of the
hydraulic properties calculated for each aquifer unit within the Gulf Coast Aquifer System.

Table 4.9. Hydraulic properties for the Gulf Coast Aquifer System.

Aquifer Properties Chicot Evangeline Jasper References
HydrauliE:ff/o(;)ductivity 20 - 170 60 80 1
Transmissivity (ft2/d) 3.0 X;fg; 6.8 21x103-1.5x104 1.1x103-3.5x107 2,3,4,5

Storativity 0.4 )(().110-4 N 5.0x104-0.1 3.8x10%4-0.2 2,3,4,5

References. (1) Ryder (1988); (2) Carr and others (1983); (3) Wesselman (1967); (4) Baker Jr. and others
(1986); (5) Strom and others (2003)

Hydraulic Heads

The Gulf Coast Aquifer System groundwater system is separated into three zones: shallow,
intermediate, and deep. Shallow zones are located in the northern parts of the aquifer and
are associated with outcrop areas. The intermediate and deep zones are associated with
the subcrop region and transition from semiconfined to confined conditions whereas
shallow zones are usually defined as water-table conditions (Kasmarek and Robinson,
2004).

Within the Gulf Coast Aquifer System there are hydraulic trends separated into local,
regional, and intermediate flow systems (Johnston, 1999). Local flow consists of short
paths going from topographically high areas where recharge occurs to low areas of
discharge. Regional groundwater flow patterns begin in areas of recharge going through
deep zones to the downgradient discharge areas. Intermediate flow begins in the recharge
zone moving through transitional zones to discharge areas in the downgradient limits of
the aquifer.

Groundwater Pumping

Groundwater development within the Gulf Coast Aquifer System began initially with the
construction of shallow wells in the early 1900s and increased almost exponentially due to
industrial development and population growth. Peak groundwater production exceeded
1.1 billion gallons per day in the late 1970s and early 1980s (Kasmarek and Robinson,
2004). The large pumping volumes resulted in significant head declines and subsequent
land subsidence in the Houston area. The Texas Legislature created the Harris-Galveston
Subsidence District in 1975 and water management strategies were put in place to combat
water level decline and land subsidence.

Figure 4.21 provides a graph of the historic pumping volumes from the Gulf Coast Aquifer
System in the municipal, manufacturing, mining, and steam/electricity production,
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irrigation, and livestock sectors from 1980 to 2015. Overall, groundwater pumping
volumes have decreased by approximately 42% in the Gulf Coast Aquifer System since
1998; with the largest reduction from the municipal sector. Much of the reduction is due to
the implementation of groundwater reduction requirements enforced by the subsidence

districts.
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Figure 4.21. Historic pumping volumes from the Gulf Coast Aquifer System in the

municipal, manufacturing, mining, and steam/electricity
production, irrigation, and livestock sectors from 1980 to 2015
(TWDB, 2017b).
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Subsidence Vulnerability

Clay thickness within the Gulf Coast Aquifer System is generally larger than most aquifers
within the State of Texas. There are three zones within the Gulf Coast Aquifer System
where clay thicknesses typically exceed 300 feet (SRV = 5) marked by the downdip
confined zones of the Jasper, Evangeline and Chicot aquifers (northwest to southeast).
Figure 4.22 provides the clay thickness at well locations and the regional distribution of the
thicknesses.
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Figure 4.22. Calculated Gulf Coast Aquifer System clay thickness at well locations.
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From the northwest moving southeast there are three distinct bands of clay thickness going
from low clay thickness (less than 100 feet) to high clay thickness (more than 300 feet)
which are associated with the Jasper (furthest northwest), Evangeline (middle of aquifer)
and Chicot (furthest southeast) aquifers. Within each aquifer, clay thickness gradationally
increases from the unconfined to the confined zone. The lithology of the Gulf Coast Aquifer
System is predominantly composed of unconsolidated marine to non-marine and fluvial
deltaic clastics composed of heterogeneous sequences of sands, silts, clays, and gravels
(Kasmarek and Robinson, 2004). The clay layers within each of the three aquifers is
characterized as an easily deformed plastic clay (SRV = 3).

Water levels within the Gulf Coast Aquifer System are generally declining although
unconfined portions of the aquifer are stable. The largest changes in the potentiometric
surface have occurred in the central portion of the aquifer within the Houston area.
Substantial and concentrated withdrawals of groundwater from the Evangeline and Chicot
aquifers within the Houston area resulted in as much as 350 feet and 250 feet of water
level decline, respectively in the Evangeline and Chicot aquifers (Gabrysch, 1979). The
declines in potentiometric surface have caused a depressurization of the aquifer releasing
water slowly over time from the clay layers. The dewatering of these clay layers occurs
slowly over time causing the reorientation of the clay grains perpendicular to the vertical
load causing compaction and subsidence (Kasmarek, 2013).

The Gulf Coast Aquifer System is modeled using three GAM models (northern, central, and
southern). Since the aquifer is covered by three GAMs, we decided to create a single dataset
for extracting necessary values to wells. We extracted the required MODFLOW head arrays
from the simulation results and converted the arrays to grid files using the program
REAL2SRF (Watermark Numerical Computing, 2015). We then used the Mosaic to New
Raster tool within ArcGIS to combine the three grids into a single dataset using the
minimum of the results in the areas where the models overlap. The disparities in water
levels along the boundaries in the single dataset are inconsequential to the evaluation
results as these disparities would also exist in the three separate datasets.

For evaluation purposes we assumed a preconsolidation in the aquifer from stress period
27, time step 5 of the northern GAM (Kasmarek, 2013), stress period 2, time step 20 of the
central GAM (Chowdhury and others, 2004), and stress period 2, time step 1 of the
southern GAM (Chowdhury and Mace, 2003) which correlate to the end of 1980. We
assigned static water levels as stress period 85, time step 4 of the northern GAM MAG run
(Wade, 2016), stress period 18, time step 6 of the central GAM MAG run (Goswami, 2017b),
and stress period 17, time step 1 of the southern GAM MAG run (Goswami, 2017c) which
correlate to the end of 2016. Water level trends were evaluated using the simulated water
levels from the three GAM MAG runs. Table 4.10 summarizes the data sources and values
for each subsidence risk factor.
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Table 4.10. Gulf Coast subsidence risk factor data sources and summary.
Subsidence Risk Factor 3rd Quartile
Variable Data Source Value SRV
Clay Layer Thickness and SDR lithology table 1.4 to 3,645 feet 2
Extent
Clay Compressibility Estimated based on lithology Plastic Clay 3
Aquifer Lithology Kasmarek and Robinson (2004) Unco&zc;ltligated 4

Preconsolidation and static water
Preconsolidation level from transient model -353 to 798 feet
Characterization calibration and final MAG mean sea level
simulations

Trend in simulated water levels -
Northern GAM: 1981 - 2021 (Wade, Less than 1-foot
2016); Central GAM: 2000 - 2020 decline 2
(Goswami, 2017b); Southern GAM:
2000 - 2020 (Goswami, 2017c)

Predicted Water Level
Decline based on Trend

Predicted DFC Difference in head as described Average 28 feet
Water Level Decline in final MAG simulations decline

Results of the assessment suggest that the confined zones of the Jasper, Evangeline, and
Chicot aquifers exhibit the highest risk for future subsidence due to pumping. The
unconfined zones of these aquifers have a lower risk of subsidence due primarily to the
lower clay thicknesses. Figure 4.23 illustrates the risk factor for the Gulf Coast Aquifer
System.
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locations.

4-42



Final Report: Identification of the Vulnerability of the Major and Minor Aquifers of Texas to Subsidence
with Regard to Groundwater Pumping - TWDB Contract Number 1648302062

4.2.5 Hueco-Mesilla Bolsons

The Hueco-Mesilla Bolsons Aquifer is located in far west Texas. It is a basin fill aquifer that
is the primary source of municipal water for the El Paso area and surrounding counties.
The aquifer is composed of basin fill clay, silt, sand, and gravel in two separate basins, the
Hueco Bolson Basin and Mesilla Bolson Basin as shown in Figure 4.24 (George and others,
2011). The aquifer shown in Figure 4.24 is how it is defined in Texas. The geologic units for
the aquifer extend to New Mexico and Mexico, however, potential subsidence impacts from
aquifer pumping outside Texas (if any) were not addressed in this project.

Overview

-Hueco-MesiIIa —
Bolson

Hueco Bolson Basin

Mesilla Bolson Basin
HUDSPETH

MEXICO

Figure 4.24. Hueco-Mesilla Bolsons Aquifer extent.
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Hydrostratigraphy

The Rio Grande Rift and corresponding series of normal block faulting resulting in down
dropped basins caused the deposition of the thick basin fill deposits forming the aquifer.
The basin is bounded to the east by Precambrian and Tertiary rocks and to the southwest
by Cretaceous age sediments (Ashworth, 1990). These boundaries are the source of the
sediments which form the basin fill deposits of the aquifer. The basin is underlain by semi-
permeable Paleogene volcanics (Sheng and others, 2001). Figure 4.25 shows a cross-
section of the aquifer and associated geologic units.

The Hueco Bolson is composed of up to 9,000 feet of relatively young basin fill deposits
(George and others, 2011). The upper deposits are higher energy fluvial stream deposits
composed of silt, sand, and gravel. The lower deposits are lower energy lacustrine deposits
composed of silts and clays (Ashworth, 1990). Recent alluvial deposits overlay the Hueco
Bolson deposits.

The Mesilla Bolson is composed of up to 2,000 feet of relatively young basin fill deposits
(George and others, 2011). The higher deposits tend to be higher energy and composed of
coarser grained materials. Lower energy deposits are found lower in the basin fill and the
gradation of the materials tend to get finer with depth with increased amounts of silt and
clay (Hawley and others, 2001). Recent alluvial deposits, including the Rio Grande Alluvial
Aquifer, overlay the Mesilla Bolson deposits.

Hydraulic Properties

For the Hueco Bolson, Heywood and Yager (2003) estimated the hydraulic conductivity of
the aquifer from analysis of 85 pumping tests. The evaluated aquifer tests were
concentrated in productive areas of the aquifer and are likely not representative of the
lowest end of the aquifer hydraulic conductivity. The hydraulic conductivity estimated
varied between approximately 0.3 and 15 feet per day. Vertical hydraulic conductivity was
assumed to be controlled by clay beds and estimated to be between approximately 2x10-3
and 6x10-3 feet per day. Heywood and Yager (2003) estimated the specific yield of the
aquifer through model calibration to be between 0.1 and 0.2.

Hawley and others (2001) used pumping test results to estimate the transmissivity of the
Mesilla Bolson Aquifer. Results indicated the transmissivity is between 10,900 and 40,000
square feet per day. The results also indicated the average horizontal hydraulic
conductivity is approximately 67 feet per day.

Hydraulic Heads

The Hueco-Mesilla Bolson Aquifer generally acts as an unconfined or leaky confined
aquifer. The Hueco Bolson and Mesilla Bolson are hydraulically separated. Groundwater
does not flow between the two basins despite them being grouped as a single aquifer. The
depth to groundwater in the Hueco Bolson is typically under 100 feet in areas of little to no
pumping and up to 350 feet in areas of pumping. Gradients in the aquifer are controlled
primarily by drawdown from pumping and are directed towards areas of withdrawal
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(Ashworth, 1990). According to the groundwater model developed by Heywood and Yager

(2003), there is a gentle regional gradient directed to the south.

The depth to water in the Mesilla Bolson is typically under 15 feet, but is lower in areas of

pumping. Gradients in the aquifer are generally controlled by the Rio Grande River and

other surface water bodies. Modeling results indicate that gradients in the aquifer fluctuate

with the irrigation seasons and steep gradients form around production centers during
periods of high demand (CH2ZMHILL, 2002).

A ) Franklin
Mesilla Bolson Mountains Hueco Bolson

=l , Rio Grande

Elevation (feet)

Quaternary and Tertiary

B basin-fill deposits - Pennsylvanian strata

- Tertiary intrusive rocks - Mississippian and Devonian strata
- Cretaceous strata - Silurian and Ordovician strata
[:_] Permian strata - Precambrian strata

Figure 4.25. Geologic cross-section of the Hueco-Mesilla Bolsons Aquifer and

associated geologic units. Modified from George and others (2011).

Groundwater Pumping

The primary use of water from Hueco-Mesilla Bolson Aquifer is public use with over 90
percent going to municipal supply (George and others, 2011). Pumping from the aquifer
within Texas amounted to about 69,000 acre-feet in 1999 (Sheng and others, 2001). The
pumping from the aquifer caused water level declines are in excess of 100 feet in areas of
high withdrawals (Ashworth, 1990). However, since the 1980s the water levels have
stabilized (George and others, 2011).
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Figure 4.26 provides a graph of the historic pumping volumes from the Hueco-Mesilla
Bolson Aquifer in the municipal, manufacturing, mining, and steam/electricity production,
irrigation, and livestock sectors from 1980 to 2015. Pumping rates generally declined from
1989 until 2007. Since 2007 the pumping from the aquifer has increased from about
60,000 acre-feet to over 100,000 acre-feet in 2015.
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Figure 4.26. Historic pumping volumes from the Hueco-Mesilla Bolson Aquifer in

the municipal, manufacturing, mining, and steam/electricity
production, irrigation, and livestock sectors from 1980 to 2015
(TWDB, 2017Db).
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Subsidence Vulnerability

Clay thickness within the Hueco-Mesilla Bolsons Aquifer is generally less than 25 feet with
thicker clays observed in wells on the east side of El Paso. In the area to the east of El Paso
the maximum calculated clay thickness is more than 1,100 feet. However, due to most of
the wells having a relatively thin clay thickness the average SRV is 1.4 with a third quartile
of 2. Figure 4.27 provides the clay thickness at well locations and the regional distribution
of the thicknesses.
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Figure 4.27. Calculated Hueco-Mesilla Bolsons Aquifer clay thickness at well

locations.
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The lithology of the Hueco-Mesilla Bolsons is described as unconsolidated clastic material.
Based on the work of Heywood (1995a), we categorized the clay in the Hueco-Mesilla
Bolsons Aquifer as plastic clay.

For our evaluation we used measured water level data from the Texas Water Development
Board Groundwater Database (2017a) instead of the local flow model. For wells without
any measurements, the nearest measurement was used with water level trends based upon
available measurements. Preconsolidation and static water levels were based upon the
minimum water level and the most recent water level, respectively resulting in a SRV of 3.
Table 4.11 summarizes the data sources and values for each subsidence risk factor.

Table 4.11. Hueco-Mesilla Bolsons subsidence risk factor data sources and
summary.
Subsidence Risk Factor 3rd Quartile
Variable Data Source Value SRV
Clay Layer Thickness and SDR lithology table 0 to 290 feet 2
Extent
Clay Compressibility Heywood (1995a) Plastic Clay 3
. . Unconsolidated
Aquifer Lithology Clastic 4
Preconsolidation Water level from measured data 3,439 to 3,982 feet 3
Characterization (TWDB, 2017a) mean sea level
Predicted Water Level Trend from measured water levels Less than 1-foot 2
Decline based on Trend (TWDB, 2017a) decline
Predicted DFC

Water Level Decline Not Applicable 1

Results of the assessment suggest that the Hueco-Mesilla Bolsons has a medium risk for
future subsidence due to pumping in most of the area. However, near El Paso the risk is
higher which correlates with the measured subsidence in the area (Heywood, 1995b;
Heywood, 1995a; Heywood, 2003). Figure 4.28 illustrates the subsidence risk factors
throughout the aquifer.
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Figure 4.28. Hueco-Mesilla Bolsons Aquifer subsidence risk vulnerability at well
locations.
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4.2.6 Ogallala

The Ogallala is the largest aquifer in the United States extending from the Texas Panhandle
up into southern South Dakota. In Texas, the aquifer is used primarily for irrigation and
water level declines over the last 50 to 60 years associated with the irrigation pumping are
more than 300 feet in many areas (George and others, 2011). Figure 4.29 illustrates the
extent of the aquifer in Texas.
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Figure 4.29. Ogallala Aquifer extent.
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Hydrostratigraphy

The Laramide Orogeny caused the formation of the Rocky Mountains and eastward tilting
of the geologic formations in the area. Streams flowing over the formations incised valleys
into the existing formations. The Ogallala Formation was then deposited unconformably
upon these weathered formations (Deeds and others, 2015).

Deeds and others (2015) discuss that sand and gravel typically compose the base of the
Ogallala while sand and clay are more common in the upper portions. The coarse-grained
deposits near the base are commonly unconsolidated. There is less gravel and more sand
and clay in the middle portions of the Ogallala. The upper Ogallala is characterized as a
heterogeneous mixture of sand, silt, and clay.

In the northwest part of the Texas Panhandle, the Ogallala overlies the Rita Blanca Aquifer.
Elsewhere, the Ogallala overlies the Dockum Aquifer and in portions of western Texas, the
Edwards-Trinity (High Plains). Figure 4.30 is a cross-section from Deeds and others (2015)
illustrating the relationship of the Ogallala and other underlying aquifers.
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Figure 4.30. Cross-section illustrating the configuration of aquifers associated
with the Ogallala (Deeds and others, 2015).

Hydraulic Properties

Deeds and others (2015) compiled information from previous modeling efforts and
included newly available hydraulic property data from wells completed and tested
subsequent to the previous studies. Generally, the results of the evaluation did not alter the
overall range of hydraulic conductivity values for the aquifer. For the southern portion of
the aquifer, the reported geometric mean of hydraulic conductivity is 6.8 feet per day and it
is 14.8 feet per day for the northern portion of the aquifer (Deeds and others, 2015).

Hydraulic Heads

Pre-development water levels in the aquifer generally followed land surface topography
with flow from the northwest to the southeast. While most portions of the aquifer have
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exhibited declines associated with irrigation pumping, there are some areas, primarily in
the southern portion of the aquifer, where a water level rise has been observed. Despite the
declines in water level, the general direction of flow has remained from northwest to the
southeast (Deeds and others, 2015).

Groundwater Pumping

Most of the water wells pumping from the Ogallala Aquifer are for irrigation purposes.
Figure 4.31 provides a graph of the historic pumping volumes from the Ogallala Aquifer in
the municipal, manufacturing, mining, and steam/electricity production, irrigation, and
livestock sectors from 1980 to 2015. Overall, the pumping demand was relatively constant
from 1993 through 2012. However, by 2015 irrigation pumping had declined by more than
2,000,000 acre-feet from 2012 levels.
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Figure 4.31. Historic pumping volumes from the Ogallala Aquifer in the

municipal, manufacturing, mining, and steam/electricity
production, irrigation, and livestock sectors from 1980 to 2015
(TWDB, 2017b).
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Subsidence Vulnerability

Saturated clay thickness in the Ogallala is greatest in the northern panhandle with values in
much of the area exceeding 100 feet (SRV = 3). In the central and southern portions of the
aquifer the clay thickness is typically less than 100 feet (SRV = 2). Figure 4.32 illustrates
the saturated clay thickness at SDR well locations and regional distribution of the
thicknesses.
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Figure 4.32. Calculated Ogallala Aquifer clay thickness at well locations.

The lithology of the Ogallala is primarily unconsolidated to semiconsolidated clastic
material (SRV = 4). The aquifer consists of detrital material ranging in size from clay to
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gravel (George and others, 2011). Results from analyses of playa-lake water contain clay
minerals that are dominantly montmorillonite (Brown and Keys, 1985) suggesting the
clays within the upper Ogallala are plastic and easily deformed (SRV = 3); however, clays in
the upper portions of the aquifer are typically unsaturated. Based on the lithology and
hydrostratigraphy of the aquifer, we set the overall clay type for the aquifer as stiff.

Water levels throughout the aquifer are generally declining (George and others, 2011).
Though there are some areas with small recovery, for evaluation purposes we assumed a
preconsolidation and static water level in the aquifer equivalent to the results for 2017
from the MAG simulations (Goswami, 2017a; Shi, 2017a) resulting in a SRV of 3 throughout
the aquifer. We determined the water level trend using the simulated water levels from
1980 through 2012 from calibrated High Plains Aquifer System GAM (Deeds and Jigmond,
2015) and the predicted DFC water level decline as the difference in head for 2062 from
initial head from final MAG simulations (Goswami, 2017a; Shi, 2017a). Predicted water
level changes are variable ranging from a rise of more than 50 feet to declines of more than
200 feet. Table 4.12 summarizes the data sources and values for each subsidence risk
factor.

Table 4.12. Ogallala subsidence risk factor data sources and summary.
Subsidence Risk Factor 3rd Quartile
Variable Data Source Value SRV
Clay Layer Thickness and SDR lithology table 0 to 560 feet 2
Extent
Clay Compressibility Estimated based on lithology Plastic Clay 2
Aquifer Lithology George and others (2011) Unconsoh.dated 4
Clastic
Preconsolidation and static water
Preconsolidation level: Head for 2017 from final 2,116 to 4,474 feet 3
Characterization Modeled Available Groundwater mean sea level
simulation
Trend in simulated water levels
Predicted Water Level from 1980 through 2012 from Average 43 feet 3
Decline based on Trend calibrated High Plains Aquifer decline
System GAM
Predicted DFC D-if.fe-rence in head for 2062 from Average 35 feet
. initial head from final Modeled . 2
Water Level Decline decline

Available Groundwater simulation

Results of the assessment suggest that the northern part of the Ogallala has the greatest
risk for future subsidence due to pumping. As Figure 4.33 illustrates, data from wells in the
northern Ogallala tend to show a medium to high subsidence risk. The central and southern
portions of the aquifer are at a lower risk with a medium subsidence risk.
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Figure 4.33. Ogallala Aquifer subsidence risk vulnerability at well locations.
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4.2.7 Pecos Valley

The Pecos Valley Aquifer is a thick deposit of tertiary and quaternary alluvial sediments
that fill deep solution collapse troughs in northwest Texas. There are two primary troughs,
the Pecos River and Monument Draw troughs, which form the most productive areas of the
aquifer. The troughs trend northwest to southeast and are up to approximately 1,500 to
1,700 feet deep (George and others, 2011; Meyer and others, 2012). Figure 4.34 illustrates
the extent of the Pecos Valley Aquifer.
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Figure 4.34. Pecos Valley Aquifer extent.
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Hydrostratigraphy

The Pecos Valley Aquifer is formed of two solution collapse troughs that were infilled by
tertiary and quaternary alluvial deposits. These alluvial deposits form the water bearing
strata of the Pecos Valley Aquifer. The cross section of the aquifer presented on Figure 4.35
highlights the structure of the aquifer forming troughs. The compositions of the alluvial
deposits are typical of alluvial channels with thin to massive beds of poorly sorted to well
sorted sands and gravels interbedded with thin to massive beds of silt and clay.

The deep bedrock units below the Pecos Valley Aquifer area are the Paleozoic Delaware
and Permian Basin deposits. During the late Paleozoic the Capitan Reef complex was
deposited along the edge of the Delaware basin followed by the evaporites of the Castile
Formation which continued filling the basin. Evaporites of the Salado Formation were
deposited over the top of the Castile Formation and Capitan Reef Complex. Carbonates,
evaporites, and clastic sediments of the Rustler Formation were deposited on top of the
Castile Formation followed by deposition of the Dewey Lake Formation (Meyer and others,
2012).

Deposition of the Trinity Group took place during the Cretaceous from the transgression
and regression of the sea across central North America. Erosion during the Cenozoic area
exposed the older Permian Basin rock units. Volcanic activity then deposited ash-flow tuffs
in the area. Following the period of volcanic activity, solution collapse of the Paleozoic
evaporites and carbonates resulted in the formation of the Pecos and Monument Draw
troughs (Meyer and others, 2012).

Hydraulic Properties

The coarse grained alluvial deposits of the Pecos Valley Aquifer typically have a high
hydraulic conductivity and high storativity. In the GAM of the Pecos Valley Alluvium, Anaya
and Jones (2009) modeled the aquifer using hydraulic conductivity values ranging between
4 feet per day and 27 feet per day with a geometric mean of 8.6 feet per day. The aquifer
transmissivity varied between less than 1 square foot per day and 14,000 square feet per
day based on an aquifer saturated thickness between less than 100 feet and 1,400 feet. The
storativity of the aquifer ranged from 0.1 to 0.25.

Hydraulic Heads

Areas of significant saturated thickness are generally confined to the Pecos Trough and
Monument Draw Trough. The troughs are hydraulically separated by a ridge of high
bedrock. The depth to static water level varies between 0 and 355 feet below ground
surface (Meyer and others, 2012). Gradients in the troughs are very shallow and generally
directed from west to east in the Pecos Trough and north to south in the Monument Draw
Trough (Anaya and Jones, 2009). The Pecos River typically acts as a discharge area for
groundwater and flow paths are generally toward the river. Groundwater in the Pecos
Valley is hydraulically connected to the Santa Rosa Sandstone of the Dockum group and the
Edwards-Trinity (Plateau) Aquifer. Anaya and Jones (2009) model the hydraulic gradient
from the Edwards-Trinity (Plateau) into the Pecos Valley Aquifer.
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Figure 4.35. Cross section of the Pecos Valley Aquifer highlights the two solution

collapse troughs that form the thick deposits of water bearing strata
(George and others, 2011).
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Groundwater Pumping

The majority of groundwater pumped, more than 80 percent since 2009, from the aquifer is
used for irrigation (TWDB, 2017). As reported by George and others (2011), since
groundwater usage declined in the 1970s water levels have remained relatively stable
though extraction rates have increased recently for industrial use and subsequently water
levels have begun to slowly decline. As shown on Figure 4.36, data from the Texas Water
Development Board indicates pumping from the aquifer since 2009 is about 80,000 acre-
feet per year.
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