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1 Introduction

An important task of the Texas Water Development Board (TWDB) is the development of
numerical groundwater flow models of the major and minor aquifers in Texas. Within these
numerical flow models, groundwater production is often an important transient stress on the
modeled system and on the calibration of other model parameters. In fact, as shown by Kelley
and others (2014), the transient calibration of these numerical groundwater flow models can be
highly sensitive to the input pumping rates. Having the most accurate numerical models of the
major and minor aquifers is vital to help conservation districts during joint planning as the
districts must consider results from the models during development of desired future conditions
(Texas Water Code 36.108). Once districts adopt desired future conditions for their managed
aquifers, the TWDB then typically utilizes the applicable numerical model to quantify the
amount of modeled available groundwater. With the importance of accurate and well-calibrated
numerical models, having reasonably accurate estimates of pumping locations, amounts, and
timing is essential. It is also essential that these estimates are based on a consistent and
defensible process to estimate groundwater pumping. Only with reasonably accurate pumping
data can Texans be assured their groundwater availability models are appropriately determining
future groundwater availability.

This project involved developing estimates of the volume, location, and timing of groundwater
pumpage from the Pecos Valley Aquifer, Edwards-Trinity (Plateau) Aquifer, Trinity (Hill
Country) Aquifer, Lipan Aquifer, and Edwards (Balcones Fault Zone) Aquifer (located south of
the Colorado River). The study area for this project includes portions of 56 counties (Figure 1),
35 conservation districts (Figure 2), eight groundwater management areas (Figure 3), and five
regional water planning areas (Figure 4). One major source of the pumping information is the
TWDB Water Use Survey program. This program, initiated in 1955, strives to develop estimates
of surface water and groundwater use across the state. Methods used to achieve this objective
have evolved over time which can lead to inconsistencies in the resulting datasets. For
groundwater pumping, changes in the methodology for determining annual volume used or from
which aquifer the estimated use occurred have likely resulted in inconsistent pumping estimates
for this project study area and for other areas within Texas. Along with methodology changes,
other factors certainly contributed to inconsistencies and fluctuations in the pumping data. Such
other factors could include variability in weather patterns, precipitation, and economic drivers
(for example crop prices or oil prices). During this project we attempted to understand how such
factors may be incorporated in defined processes for estimating pumpage datasets.

The first goal of this project, which is documented in Section 3 of this report, was to develop an
automated process to evaluate the TWDB Water Use Survey data from at least 1984 through
2018 and identify missing data or inconsistencies. Following evaluation of the data, the next
phase of the project involved development of a plan to address the identified inconsistencies
using automated methods and through gathering of additional data from public sources. This plan
is included in Section 4 of this report. The final project phase involved preparation of a revised
pumpage dataset, and the development of a toolset to seamlessly allow incorporation of the
revised data into numerical groundwater flow models using MODFLOW well package. An
overall objective of the project was that the processes developed and applied for our study area
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could be replicated and applied to other study areas in support of other modeling projects
undertaken within the TWDB Groundwater Availability Modeling Program.

This report provides our complete set of project deliverables, including 1) our evaluation of the
Water Use Survey data from 1984 through 2018 for each county, aquifer, and use, 2) our
methodology for revising the Water Use Survey data, 3) a description of the revised data, and 4)
a description of the toolbox created for converting the revised pumpage data into a groundwater
model MODFLOW well package. All data, computer programs, and program documentation has
been provided to TWDB in electronic format on an external hard drive accompanying this report.
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2 Data Compilation

Reliable groundwater production data is important for modeling as pumping can be a significant
transient stress on an aquifer system. However, it is also frequently one of the greatest unknowns
when developing a groundwater availability model. Developing the estimates of pumping
amounts, locations, and timing for the conceptual model of the aquifer system often requires
significant effort.

One of the first steps in developing a pumping dataset is to compile existing data from various
sources. To compile the available data, we began by searching existing reports for summaries of
historical groundwater pumping. We also conducted stakeholder outreach to obtain information
from entities that may have data not previously known to TWDB and/or not included within
TWDB historical pumping datasets. The following provides a summary of the sources we
reviewed while compiling information related to groundwater production within the study area.

2.1 Groundwater Pumping

2.1.1 Historical Data

Through online searches, we compiled groundwater pumping data from various TWDB, U.S.
Geological Survey, and Groundwater Conservation District reports. The project team also carried
out a comprehensive literature review for every county within the study area to compile
historical groundwater pumping information. Our review of historical pumping data included
more than 140 sources for the 56-county study area to help inform our understanding of Water
Use Survey pumping estimates and for potentially updating the pumping data during subsequent
phases of the project. The TWDB reports (TWDB, 2020g) that we reviewed included:

e Groundwater Bulletins: a series of reports from 1950 to 1965 that often cover a county
and include information on groundwater resources, well records, water-level
measurements, and geology.

e Numbered Reports: a series of reports from 1965 to the present. Older reports often cover
a county and include information on groundwater resources while recent reports often
cover multiple counties and make use of TWDB Water Use Survey pumpage data.

e Historic Groundwater Reports: a series of reports from 1936 to 1961 attributed to the
historic Texas Board of Water Engineers. The reports often cover individual counties and
include information on groundwater resources, records of wells, well locations, driller’s
logs, and water analyses.

e Limited Printed Reports: a series of reports from 1976 to 1995 covering a variety of
topics, including groundwater conditions of aquifers in a specific county.

e Other Reports: a compilation of circulars (1962 to 1968), intensive surveys, limited
distribution reports, memorandum reports, and miscellaneous reports. The most useful
reports for the purpose of this study were the memorandum reports and miscellaneous
reports.

e Contracted Reports: a series of reports from 1984 to present covering various water-
related technical issues.
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e Technical Notes: a series of technical analyses that are each too short to be a formal
report but still warrant publication.

We also accessed the U.S. Geological Survey Publications Warehouse (USGS, 2020a) to
compile data from the following sources:

Water-Resource Investigations
Open-File Reports

Water Supply Papers

U.S. Geological Survey Bulletins
e U.S. Geological Survey Reports

We reviewed these sources and developed an annotated source list which is included within the
electronic deliverables accompanying this project report (See “4014TDB03 — Pumping Data
Research.xIxs™). From our review of these sources, we tabulated the reported pumping
information. In some cases, the reported pumping amounts did not reflect an annual volume but
rather a monthly or seasonal quantity. In those cases where a pumping estimate did not reflect
the annual pumping for a particular year, we used the reported values to estimate annual
groundwater production as the sum of individual months or the average of multiple years. For
reported pumping that only reflected amounts from specific wells or a locality within a county,
we recorded the detailed information for potential use during subsequent phases of this project.
These reports of groundwater pumping from specific locations will be useful for subsequent
verification of TWDB Water Use Survey countywide pumping amounts. In addition, the
historical pumping information will be useful in defining pumping locations and time-series
volumes within future groundwater models covering the study area.

We tabulated all the reported historical pumping values by county, aquifer, and use in a manner
similar to the Water Use Survey data format. For each reported value we also included the source
of the data for quality assurance purposes. In addition, we recorded any comments that may help
inform our understanding of the reported values. A table with the reported historical pumping is
included in the draft project geodatabase (which accompanies this report as the Task #1 project
deliverables).

2.1.2 Stakeholder Outreach

To help obtain additional information beneficial to the project, we conducted an extensive
outreach program to raise awareness of this project in the Texas water industry (specifically in
the groundwater community), and to gather other lesser-known pumping-related data. We
targeted select groups typically involved in groundwater availability modeling discussions,
including groundwater conservation districts and regional water planning groups whose
membership includes representatives from groundwater management areas, the Texas
Commission on Environmental Quality, Texas Parks and Wildlife Department, Texas
Department of Agriculture, water utilities, educational groups, agricultural interests,
environmental interests, private landowners, and industry.

In addition to the entities listed above, we also contacted the Texas Alliance of Groundwater
Districts. Lastly, to inform the statewide water community of this study and to seek all possible
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data sources, we reached out to the Texas Water Conservation Association, the state’s primary
professional water-industry organization working to promote sound water policy for Texas.

For our outreach effort, our team developed an education and outreach email explaining the
purpose of the project and requesting that stakeholders provide all historical pumping data that
they had not previously made public. The requested documents may include pumping records or
estimates, historical well screen/completion records, local water use surveys, or other
information the stakeholder deemed pertinent. On September 23, 2020, we sent the email
describing the project and requesting stakeholder participation to representatives of each of the
35 conservation districts and five regional water planning groups within the study area.

In addition to the conservation districts and regional water planning groups, we also attempted to
directly notify officials from 70 municipalities within the study. We selected the municipalities
based upon them being included as a major water user within the regional water planning areas.
We initially contacted officials from each municipality by telephone to obtain an updated water
system contact name and email address. We then emailed the project details and data request to
the provided contact for each municipality.

To help increase awareness of the project, we contacted the Executive Director of the Texas
Alliance of Groundwater Districts, Ms. Leah Martinsson, to request inclusion of information
regarding the project in newsletters or on their website. The Texas Alliance of Groundwater
Districts consists of 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 Texas
Alliance of Groundwater Districts include organizations and/or consultants that work in areas
related to groundwater (TAGD, 2020).

Information regarding the research project was included in the weekly email to the Texas
Alliance of Groundwater Districts” members beginning October 2, 2020. Ms. Martinsson also
posted a copy of a memorandum discussing the project on the Texas Alliance of Groundwater
Districts” website (https://texasgroundwater.org/request-for-pumping-data/) beginning October 1,
2020. In terms of stakeholder outreach for this project, communicating with Texas Alliance of
Groundwater Districts and its membership was extremely critical to the success of this study.

We also contacted the Director of Communications, Outreach, and Membership for the Texas
Water Conservation Association, Ms. Adeline Fox. The Texas Water Conservation Association
IS an association of water professionals and organizations in the State of Texas whose
membership includes engineers, hydrogeologists, attorneys, government administrators, and
numerous other individuals involved in managing Texas’ water resources (TWCA, 2020).

We provided Ms. Fox a copy of a memorandum discussing the project and requested the
opportunity to inform attendees of the Texas Water Conservation Association Fall Conference
regarding the project. During the Texas Water Conservation Association groundwater committee
meeting on October 14, 2020, we briefly discussed the project to let the members know the work
we were doing in support of the TWDB and to request data that may be pertinent to the project.
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Output derived from each of these various outreach efforts largely consisted of local aquifer
knowledge and assumptions, provided predominantly by groundwater conservation district staff.
This information was incorporated into our data assessment methodologies and workplans.

2.1.3 Groundwater Availability Models

There are several groundwater models covering portions of the study area (see Figure 5). When
the authors created these models, the TWDB Water Use Survey dataset was a primary source for
estimating the amount of groundwater production during recent years. As such, we did not
extract the pumping as represented in the well files for these models, but will include a
comparison with of the pumping data in these files with the pumping dataset we develop in
subsequent project phases. However, we did utilize the geologic structure data incorporated
within these models to help ascertain in which aquifer water wells are likely completed.
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Figure 5. Extents of groundwater flow models completed for the study area aquifers.

The Balcones Fault Zone is abbreviated as, “BFZ”; groundwater availability
model is abbreviated as, “GAM”.
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2.1.4 Water Use Survey Data

We worked with TWDB staff to obtain Water Use Survey data for each of the counties and
aquifers in the study area. In addition to the data provided directly by TWDB staff, we also
downloaded (in comma separated format) the Water Use Survey data from the TWDB online
report system (TWDB, 2020c; TWDB, 2020a) for quality assurance purposes. We used the data
from the TWDB online reports to verify the data provided by TWDB staff. Much of the data
matched, although we did identify some minor differences in the data from the online reports
compared to the data provided by TWDB staff. Upon investigation, the differences in values
were due to the syntax of the database query used to extract the data from the database. Once the
query was updated, the data resulting from the query exactly matched that provided within the
online reports.

To create an automated method that would be functional for users downloading the Water Use
Survey data from the current online report system, we utilized the online reports for our analyses.
The data from the online system provides a reliable report of the groundwater pumping estimates
by county, aquifer, and use in the Water Use Survey data. Annual survey data are available from
1984 onward, though the methods for estimating the pumping for specific uses have changed
over time. Additional information regarding the Water Use Survey program is provided in the
Water Use Survey Evaluation section (Section 3).

2.2 Wells

Our primary source for well data were the publicly available statewide databases, namely:

e The TWDB Groundwater database (TWDB, 2020b)

e The Submitted Drillers Report database (TWDB, 2020f)

e The Texas Commission on Environmental Quality Public Water Supply well database
(TCEQ, 2020)

We compiled the wells from each of the databases into a single project data table. Each well was
assigned a unique well identification number based on their database source for quality assurance
purposes. Table 1 provides the assigned well identification values for each database.

Table 1. Assigned well identification values for each database.
Database Source Database Identification Example Well
Source Database Prefix and Modification Identification
State well number +
TWDB Groundwater T- 100,000,000 T106808515
. . Tracking number +
Submitted Drillers Report S- 100,000,000 5100535483
Texas Commission on Water Source
Environmental Quality G- G0070004B

Public Water Supply well Identification value

We filtered out and removed all wells from the project database completed in aquifers or
formations other than the study area aquifers. We also filtered out from the project database
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locations identified as a “Spring.” For wells found in more than one database, we removed the
duplicate wells based on matching both state well identification values and completion depths.
This removal of duplicate wells will help to avoid overestimating the number of wells completed
or in existence during a particular year. For wells from the Submitted Drillers Report database
that were not in one of the other databases, we used the completion information along with the

aquifer structure from the groundwater availability models to identify in which study area aquifer
the well was completed.

Within our project database, we assigned each well to a TWDB use category, describing the
intended purpose for the produced water. For wells identified within the Texas Commission on
Environmental Quality Public Water Supply well database, we assigned each to municipal water
use. Wells in the Submitted Drillers Report and TWDB Groundwater databases have a primary
or proposed use specified. In many cases these uses are not associated with groundwater
withdrawals. For example, wells identified as an “environmental soil boring” or an “injection
well” were not included in our project database. For other specified uses, we assigned a TWDB
use category based on our interpretation of the specified use. The assigned use categories are not
always consistent with the current TWDB Water Use Survey program classification
methodology. For example, program methods classify “commercial” wells as pumping for
municipal purposes, and golf courses using groundwater are classified as “irrigation” usage.
Table 2 provides the TWDB use category for the various specified uses found in the Submitted
Drillers Report and TWDB Groundwater well databases, as included in this report and revised
pumpage dataset.

Table 2. Assigned TWDB use category for well uses identified in the Submitted
Drillers Report and TWDB Groundwater databases.
Applied TWDB Use
Well Use from Database Use Category Identification
Domestic Domestic RD
Withdrawal of Water Domestic RD
Aguaculture Irrigation IRR
Irrigation Irrigation IRR
Stock Livestock LIV
Commercial Manufacturing MFG
Industrial Manufacturing MFG
Industrial (cooling) Steam-Electric/Power PWR
De-watering Mining MIN
Extraction Mining MIN
Fracking Supply Mining MIN
Mining Mining MIN
Rig Supply Mining MIN
Air Conditioning Municipal MUN
Bottling Municipal MUN
Fire Municipal MUN
Institution Municipal MUN
Medicinal Municipal MUN
Municipal Municipal MUN
Public Supply Municipal MUN
Recreation Municipal MUN
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Each well in the Submitted Drillers Report and TWDB Groundwater databases has a record of
the well’s completion date; however, the Texas Commission on Environmental Quality Public
Water Supply well database only contains each well’s drilled date. We extracted the year value
from these dates to estimate how many wells were completed and potentially pumping from a
specific aquifer each year. For wells without a reported completion date, we assumed the wells
were completed during pre-development years and assigned them a completion year of 1800 to
distinguish them from those wells with reported completion or drilled dates.

We assumed all wells were continuously active from the date they were completed. We did not
account for wells that had been taken out of operation after having been utilized for multiple
years. We did exclude from our analyses any wells what were listed as having been capped or
plugged immediately after drilling completion.

2.3 Precipitation

We obtained gridded precipitation data for the study area from the PRISM Climate Group
(PRISM, 2020). The gridded data provides daily precipitation estimates throughout the study
area. The PRISM Climate Group develops the gridded datasets using a variety of modeling
techniques that incorporate available site-specific measurements. For purposes of this project, we
limited our data collection to precipitation estimates to the study period from January 1, 1984
through present.

The gridded precipitation data from the PRISM Climate Group covers the conterminous United
States with a 2.5 arcminute (approximately 4 kilometers or 2.5 miles) resolution. To improve the
resolution within our study area, we performed geoprocessing in ArcGIS to clip each dataset to
the study area and resample the resulting raster dataset using bilinear interpolation to a 1,000-
foot resolution. During geoprocessing we also converted the raster values for precipitation from
millimeters to inches.

2.4 Land Use/Land Cover and Aerial Imagery

To evaluate apparent changes in land use we obtained land use data from Land Use Land Cover
Modeling projects conducted by the U.S. Geological Survey Earth Resources Observation and
Science Center (USGS, 2020b). The available datasets cover a period beginning in 1938 through
1992 (Sohl and others, 2016) with projections extending from 1992 through 2100 (Sohl and
others, 2014). The datasets are available in a raster format covering the conterminous United
States with a 250-meter (approximately 820 feet) resolution. The gridded datasets identify up to
16 different land uses within the study area. Of particular interest for this project are areas
identified as crop as these areas may be considered “potential irrigation areas” that may be
irrigated using groundwater. Figure 6 illustrates the 2020 land use in and near the study area.

Initially, we anticipated obtaining aerial imagery for the study area to conduct analyses of
potential irrigation areas. However, after investigating potential options for using remote sensing,
we determined that it would be most beneficial to utilize the imagery available through Google
Earth Engine. During subsequent phases of the project, we anticipate testing and potentially
utilizing a technique developed by Deines and others (2019) where they leveraged Google Earth
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Engine to map annual irrigation across the Ogallala Aquifer. Applying this methodology will
allow us to efficiently utilize a much larger aerial imagery dataset, potentially going back more
than forty years (Google, 2020), than would be possible through obtaining the imagery data
ourselves.
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Figure 6. Modeled classification of land use in 2020 (Sohl and others, 2014).
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2.5 Agricultural Data

To help us understand estimates of groundwater pumping associated with irrigation and livestock
use, we obtained data from the United States Department of Agriculture. For 1997 through 2017,
we obtained census data from the National Agricultural Statistics Service’s Quick Stats Database
(USDA, 2020a). For prior years of the study period, we obtained information from the Census of
Agriculture Historical Archive (USDA, 2020b). From these datasets we focused on the following
information for each county in the study area:

The number of irrigated acres

The inventory of cattle including calves
The inventory of sheep including lambs
The inventory of hogs

The inventory of chickens

Utilizing the Quick Stats Database, we were able to query data for each of the parameters in each
county of the study area. However, for data prior to 1997, we had to review digital copies of
tables of the data. Upon review of the tables we copied the relevant values for the parameters of
interest to our project database for potential use in evaluating irrigation and livestock use
estimates of groundwater pumping in subsequent phases. We did not use data from the Quick
Stats Database directly in performing the data analyses and evaluations documented within this
report.
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3 Water Use Survey Evaluation

The TWDB is legislatively directed to provide planning and financial assistance to develop and
manage Texas water resources. The Water Use Survey is administered annually to assist in long-
term water planning by providing accurate information about current water use in the state.
Water use data captured by the Water Use Survey is important in assessing conservation
initiatives, addressing limited water supplies and facilities in some areas, and supply-planning for
continued population growth. Data from the Water Use Survey are important for improving
water planning models. With the importance of accurate and well-calibrated numerical models,
having reasonably accurate estimates of pumping locations, amounts, and timing is essential. It is
also essential that these estimates are based on a consistent and defensible process to estimate
groundwater pumping. Only with reasonably accurate pumping data can Texans be assured their
groundwater availability models are appropriately determining future groundwater availability.

Within this section we detail our compilation and review of groundwater pumping data reported
within the TWDB Water User Survey database. We obtained data for each of the 56 counties
(Figure 1) included in our study area. The survey data obtained for each county identified from
which of the five study area aquifers the pumping occurred and to which of the seven usage
categories the pumping pertained.

For all our analyses, we limited our focus to data within the period from 1984 through 2018,
although we note that the Water Use Survey database does contain earlier data for selected
counties and use types. For many of the study area counties the Water Use Survey database
identifies some historical pumping as coming from an “Other Aquifer” or “Unknown” aquifer.
These aquifer designations reflect pumping that TWDB staff could not definitively assign to a
major or minor aquifer at the time of consideration. However, it is possible that with additional
analysis we may be able to assign some of the pumping associated with these designations to one
of the aquifers included in this study. It is also possible that the “Other Aquifer” designation
could refer to local stratigraphic units not included in defined major or minor Texas aquifers.
These Other Aquifers could include Quaternary alluvium deposits or various Paleozoic
stratigraphic units. For example, as shown on Figure 7, in Irion County there are two study area
aquifers underlying the county: the Edwards-Trinity (Plateau) Aquifer and the Lipan Aquifer.
However, the Water Use Survey database does not designate any pumping to the Lipan Aquifer.
It is possible that pumping within Irion County attributed to an “Other Aquifer” or an “Unknown
Aquifer” was actually produced from the Lipan Aquifer. It is also possible that production
occurred from the Dockum Aquifer subcrop, (not shown on Figure 1 and not included in Figure
7 as it is not part of this study), which also underlies the central and western portion of the Irion
County. It is also possible that the increase in pumpage from 2008 onward that is attributed to
“Other Aquifer” could also be due to a change in methodology used by TWDB for estimating
irrigation usage. Through efforts under subsequent project tasks, we will strive to determine the
true aquifer source for any pumping attributed to an “Other Aquifer” or an “Unknown Aquifer,”
as well as to assess impacts of estimation methodology changes on computed annual usage
totals. During completion of this project task, we did not attempt such attributions. Such efforts
will become part of our work to address identified anomalies and develop a robust pumping
dataset.
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In the following sections, we present our understanding of the Water Use Survey data as well as
our methods for processing and evaluating the data. Within Section 3.1 we detail the various
methods employed by TWDB staff to develop the Water Use Survey data. Section 3.2 contains a
detailed description of our methodology for evaluating the pumping data from the Water Use
Survey database, as well as our methods for identifying anomalies in the data. Within Section 3.3
we provide a detailed discussion of our evaluations for each of the 52 study area counties for
which the Water Use Survey dataset contains pertinent data for this project. Within Section 3.4
we provide a brief discussion of four counties in our study area for which the Water Use Survey
dataset does not contain data pertinent to this project.

As detailed in Section 3.3, we focused our county-by-county evaluations on detecting anomalies
in the TWDB Water Use Survey data. Detection of an anomaly does not imply that the reported
data are erroneous, only that the data warrants further scrutiny. Many of these identified
anomalies are likely to be explained by obvious external factors, such as a new well field coming
online or the record heat in 2011 causing pumping amounts to abruptly increase. However, for
this evaluation we do not address the likelihood or provide potential explanations for any
anomalies. We will address these in later phases of the project. Rather, the evaluations presented
in Section 3.3 identify the anomalies for which we will develop a plan for investigation during
the next phase of the project.
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Figure 7. Example of groundwater pumping data for Irion County from the TWDB
Water Use Survey database illustrating the total pumping designated to the
Edwards-Trinity (Plateau) Aquifer, Other aquifer, and Unknown aquifer.
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3.1 Water Use Survey

Development of estimates of water use in the state began in 1955 and has changed significantly
since then to aid in development of Regional and State Water Plans. Since 1984, the TWDB has
annually summarized survey data and estimated pumpage (TWDB, 2020c). Prior to 1984,
TWDB conducted annual surveys and summarized estimated pumpage in conjunction with State
Water Plans and reports to legislature. TWDB staff compile the information received from
approximately 7,000 annual surveys from public water systems and industrial facilities and
estimate water use for irrigation, livestock, mining, and rural domestic purposes to generate
historical water use estimates which the TWDB uses for water resources planning (TWDB,
2020c). Table 3 provides a short summary of the different water use categories included in the
Water Use Survey dataset. Table 4 provides a brief history of the Water Use Survey identifying
some important milestones within the program. Various TWDB program areas are responsible
for developing water use estimates in each water use category of the Water Use Survey. The
Conservation department develops the irrigation estimates. The non-surveyed livestock and non-
surveyed mining water use estimates (including fracking) are developed by the Projections and
Socioeconomic Analysis department. Each program area enters information in the Water Use
Survey Database. Table 5 summarizes which program area is responsible for providing estimates
for each water use category.

Currently, TWDB staff base water use estimates for municipal and industrial (power,
manufacturing, and mining) categories on annual surveys of public water suppliers and major
manufacturing, non-oil and gas mining, and power producing entities. Estimates for municipal
and industrial categories may be supplemented with estimates for non-surveyed entities through
special studies (such as for mining) or other approaches. Since September 1, 2001, the Texas
Water Code (Section 16.012(m)) and Texas Administrative Code (31 TAC §358.5) has required
any entity that receives the survey to complete it and return the information to the TWDB. For
other use types, TWDB staff develop non-surveyed estimates.

Mining includes water used in the exploration, development, and extraction of oil, gas, coal,
aggregates, and other materials. According to Ridgeway (2014), mining use includes water used
in secondary processes for oil and gas recovery. Ridgeway (2014) also indicated that historically
TWDB staff have derived livestock water-use estimates from the annual livestock population
estimates produced by the National Agricultural Statistics Service and the estimated water use
per animal by the Texas A&M AgriLife Extension and various research. Similarly, Ridgeway
(2014) stated that TWDB staff used annual crop acreage from the Farm Service Agency as well
as potential evapotranspiration rates to derive irrigation water-use estimates.

For non-surveyed municipal use estimates (previously referred to as “rural domestic”),
Billingsley (2019) indicates that TWDB staff use census population data. TWDB (2021)
indicated that historically they derived the used volume by multiplying the number of
connections reported in the municipal survey by a factor (such as 3.5) representing the average
number of people per connection. They then subtracted this estimated population (served by
surveyed-municipal sources) from the total number of people in the county per the census. They
assigned the remaining persons to county-other non-surveyed municipal. If the number of
persons from the connection analysis was greater than the county-wide census information, then
the number of persons applied to county-other was zero. However, for estimating non-surveyed
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municipal pumping for the modeling program, TWDB (2021) assumed pumping occurred in
every county. Using census block data for areas outside of cities, they assigned the average
gallons per capita use for Texas per year to derive a volume for each census block.

Table 3. Current TWDB Water Use Survey categories and summary description.
Water Use Category Summary Description
Surveyed Municipal Self-reported municipal water use by active community public water systems.
Non-Surveyed Municipal Estimated from non-system population and rural gallons per capita per day.
Mining Self-reported and estimated water use by various entities.
Manufacturing Self-reported water use for entities involved in manufacturing.
Power Self-reported water use by power generation operations.
Irrigation Estimated from crop histories, land use and water used per crop. Adjustments
for rainfall and other considerations were incorporated in estimations since
2001.
Livestock Estimated from annual livestock population and water used per animal.
Unknown Water used that was not included in any of the main water use categories.

Municipal entities include all active public water systems that are a community water system
type as defined by the Texas Commission on Environmental Quality (TWDB, 2020a). It includes
city-owned utilities, districts, water supply corporations, or private utilities supplying residential,
commercial (non-goods-producing businesses), and institutional (schools, governmental
operations) entities (TWDB, 2020a). Rural domestic water use consists of all other municipal
water use not included in the municipal annual surveys. Estimates of rural domestic are the
product of non-system population estimates within each county, not served by a surveyed water
system, and the average rural statewide gallons per capita per day water use for Water Supply
Corporations and Investor-Owned Utilities (Ridgeway, 2020). Data review indicated that the
non-surveyed municipal use, which includes rural domestic use, was not included in the Water
Use Survey data prior to 2000. Table 6 summarizes a timeline of the Water Use Survey
derivation methods for non-surveyed municipal pumpage.

Surveyed industrial entities are water users that annually use more than 10 million gallons of
water or use a significant volume of water for the industrial sector for a particular area of the
state. Within the industrial category, we can find three main categories: manufacturing, power,
and mining. Water used for manufacturing is the sum of water use for large manufacturing firms
reporting to the TWDB. This category includes cogeneration plants that generate power for
manufacturing or mining processes. Water use for power is a combination of reports and
calculations of consumed water based on self-reported consumptive use volume percent data.
Note that it includes all electric power generating plants regardless of volume pumped but only
those power generation plants that sell power on the open market (TWDB, 2020a).

Mining water use refers to water used in the mining of oil, gas, coal, sand, gravel, and other
materials. It is a combination of reported water use by various entities and additional estimates
based on prior years research (TWDB, 2020a). Table 7 summarizes a timeline of the Water Use
Survey estimates for mining (Billingsley, 2019). Estimated oil and gas water use for fracking
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activities have been based on water use volumes collected through the FracFocus database since

2012.
Table 4. Timeline of Water Use Survey milestones. Modified from Kluge (2014) and
Billingsley (2019).

Year Water Use Survey Milestone

1955 Surveying of total annual self-supplied groundwater volumes began (mostly specific study
areas).

1960 Surveying of monthly water pumping volumes began.

1971 Water Use Survey was expanded to include self-supplied and purchased groundwater, surface
water, saline water and treated effluent.

1974 - 1977  County-level summaries were estimated statewide.

1977 Water Use Survey data began being entered electronically.

1981 -1983 Irrigation values were calculated using linear regression, yet summaries were not developed.

1984 TWDB began developing annual summaries.

1985 Water Use Survey team created groundwater pumpage estimates by aquifer with cooperation of
TWDB staff geologists.

1994 Methodology for assigning non-surveyed estimates to aquifer changed where multiple aquifers
exist.

1997 Senate Bill 1 Regional Water Planning was instituted.

1999 Water Use Survey became mandatory; non-respondents cannot receive TWDB funding and are
ineligible to obtain permits, permit amendments or permit renewals from the Texas
Commission on Environmental Quality under Chapter 11 of the Texas Water Code.

2002 For survey of water use for year 2001, began to survey the volume of metered sales for water
use categories rather than percentages of total metered sales and the number of connections
inside and outside the city limits.

2003 TWDB began collecting survey data online in addition to paper surveys for survey year 2002.

2005 For survey year 2004, municipal short form surveys were mailed for mobile home communities
and municipal facilities, in addition to the traditional municipal surveys and separate industrial
surveys sent to large and small facilities. TWDB began to survey for monthly volumes of
metered sales and the number of connections by water use category, direct and indirect reuse
volumes, and volumes of saline water use.

2012 Senate Bill 181 (2011) added the collection of the amount of connections and water use
volumes for industrial, agricultural, commercial, and institutional sectors served by municipal
water utilities.

2019 TWDB developed a statewide public water system service area mapping application called the

Texas Water Service Boundary Viewer through a grant from the U.S. Geological Survey Water
Availability and Use Science Program.
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Table 5. Summary of water use categories and the TWDB program area that is
responsible for providing estimates.
Water Use Surveyed? Estimated by TWDB staff? + responsible program area
Category
Municipal: Yes
PWS
Municipal: non- Yes — by Water Supply & Infrastructure - Water Supply
system Planning division - Water Use and Planning Data department
(domestic) use
Irrigation Yes — by Water Science & Conservation -Conservation &
Innovative Water Technologies division - Conservation
department
Livestock Yes Yes — by Water Supply & Infrastructure - Water Supply
(fish hatcheries only) Planning division - Projections & Socioeconomic Analysis
department
Manufacturing Yes
Mining Yes Yes — by Water Supply & Infrastructure -Water Supply
(aggregate/surface mining Planning division - Projections & Socioeconomic Analysis
facilities) department (oil and gas only)
Steam-Electric Yes
Table 6. Timeline of Water Use Survey derivation methods for non-surveyed

municipal pumpage (Billingsley, 2019).

Year Non-surveyed Municipal Water Use Milestone

Historical - 2010  County-wide number of total connections reported by water systems compared to the county
population growth estimated by the Texas State Data Center. The growth in the number of
connections served by the water systems within a county determine the county’s non-system
population growth.

2010 - present The non-system population estimate began being estimated with the block-level census data
and the Statewide Water System Map delineating the boundaries of community water
systems.
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Table 7. Timeline of Water Use Survey derivation methods for mining pumpage
(Billingsley, 2019).

Year Mining Water Use Milestone
1984 - 2005 Survey of facilities, inclusion of water-use estimates from a mid-1990 Railroad
Commission report on water-flood activities, and other historical estimates.
2006 - 2008 Only volumes from surveyed facilities are included (sand and gravel/ aggregate facilities
and coal facilities)
2009 From the 2011 University of Texas Bureau of Economic Geology report (Nicot and others,

2011), used the average between the 2008 water use estimates and the projected 2010 water
use volumes. This included all categories of mining (fracking, coal, sand and gravel, water

flood, etc.).

2010 Projected water uses volumes from the University of Texas Bureau of Economic Geology
report (Nicot and others, 2011).

2011 A composite of surveyed water use volumes and non-surveyed water use estimates from a

2011 University of Texas Bureau of Economic Geology report (Nicot and others, 2011)
and a 2012 update report focusing on hydraulic fracturing use (Nicot and others, 2012).

2012 - present A combination of reported water use by various entities and hydraulic fracturing use
estimates from FracFocus database.

Texas ranks first in the nation for total number of farms, accounting for 127 million acres of
agricultural land which represents 74 percent of the state’s land and a $25 billion contribution to
the economy (USDA, 2019). However, the TWDB does not have the authority to require
agricultural producers to report actual irrigation water use volumes, and must thus aggregate
information from various sources to develop irrigation water use estimates (TWDB, 2020d).
Since 1985, the TWDB has annually estimated water use for irrigation. Every five years, the
National Resource Conservation Service helped develop county-level irrigation surveys. Until
2000, TWDB staff adjusted those county-level estimates based on data from the National
Agricultural Statistics Service (Turner, 2015). In 2003, the TWDB began collaborating with the
U.S. Department of Agriculture-Farm Service Agency for irrigated crop acreage data and the
Texas Commission on Environmental Quality for surface water irrigation diversions data to
determine a more accurate water use distribution between surface water and groundwater.
Additionally, TWDB staff began accounting for surface water delivery system losses not
previously considered. According to the TWDB, “the historical on-farm irrigation estimates
developed between 1985 and 2002 may not be comparable with estimates developed in and after
2003 in counties with surface-water irrigation” (Turner, 2015).

The historical irrigation water use estimates have practically been “developed from four different
sources of information and methodologies” creating a significant variation in annual irrigation
use for some counties. In particular, the derivation method for water used to irrigate crops
changed often between 1994 and 2007 (Turner, 2020). Table 8 presents a summarized timeline
of the irrigation water use derivation methods used in the Water Use Survey from 1958 to today.

TWDB staff derive livestock water use estimates from annual livestock population estimates
produced by the National Agricultural Statistics Service. Estimated water use per animal unit is
based on research conducted by the Texas A&M AgriLife Extension and other researchers
(Ridgeway, 2020).
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Table 8.

Year

TWDB Contract Number 2048302456

Timeline of Water Use Survey derivation methods for irrigation pumpage
(TWDB, 2020e; Turner, 2020).

Irrigation Water Use Milestone

1958 - 2000

TWDB staff developed annual estimates of agricultural irrigation water use for every county in
the state with assistance from the Natural Resources Conservation Service who developed
county-level irrigation surveys every five years. TWDB staff adjusted annual estimates using
data from the Texas National Agricultural Statistics Service (TASS) and compiled these
estimates from 1985 through 2000. Where there were gaps in the TASS county data, TWDB
staff referred to the most recent 5-year NRCS on-farm irrigation survey.

1994

Detailed irrigation surveys for 1994 were provided exclusively by the United States Department
of Agriculture - Natural Resources Conservation Service. Each local county office of Natural
Resources Conservation Service compiled information on the irrigated acreage of crops and the
average representative value of irrigation water applied to that crop during that specific year.

1995 -1999

The National Agricultural Statistics Service estimated irrigated acreages for major crop types
and Natural Resources Conservation Service provided estimates of irrigation water use by crop
type in each county. For crops not included in these data, TWDB relied on data from the most
recent Natural Resources Conservation Service detailed survey. The distribution of resulting
irrigation water use was divided into groundwater and surface water based on estimates from
the most recent detailed survey.

2000

Detailed irrigation surveys for 2000 were provided exclusively by the United States Department
of Agriculture - Natural Resources Conservation Service using a similar method to the one used
for development of the 1994 surveys.

2001 - 2002

The Natural Resources Conservation Service no longer provided irrigation data. TWDB
continued using the National Agricultural Statistics Service major crop acreage data along with
data from the 2000 Natural Resources Conservation Service on-farm irrigation survey.
Estimated irrigation water use was based on the historic data and adjusted, if necessary, for
rainfall conditions in 2001 and 2002.

2003 - 2009

The United States Department of Agriculture’s Farm Service Agency (FSA) provided data of
irrigated crop acreages for each county. The Texas Commission on Environmental Quality
provided annual reported surface water irrigation water use to distribute water use between
groundwater and surface water. TWDB staff began accounting for conveyance loss, wastewater
reuse, and included more non-traditional crop types. In some regions, TWDB staff estimated
irrigation application rates based on evapotranspiration data from weather stations maintained
by the Texas A&M AgriLife Extension Service. TWDB staff requested that Texas groundwater
conservation districts review and comment on annual draft irrigation estimates. To the extent
possible, TWDB uses the comments and proposed revisions in the final version of the annual
irrigation water use estimates.

2010 - Present

Expanding on the 2003-2009 methodology, staff began utilizing geographic information
systems to refine irrigation rates based on quantitative adjustment factors derived from gridded
climatological data. Remote sensing is also used to improve geographic allocation of reported
surface water diversions and irrigated acres. Annual irrigation estimates are compared to an
increasing number external sources of data as they become readily available including the
United States Department of Agriculture’s National Agricultural Statistics Service, Agricultural
Census, Farm and Ranch Irrigation Surveys, and the United States Geological Survey irrigation
water use reports. Comments and revisions of the irrigation estimates by qualified local
irrigation water experts and groundwater conservation districts are encouraged by TWDB staff.

According to Billingsley (2019), even though the survey response rate between 2011 and 2017
have oscillated from 78 to 84 percent, “the total volume of water use represented by returned
surveys is greater than 90%.” Understanding how the Water Use Survey data was derived for
each water use category is an essential step in assessing the identified data anomalies in
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subsequent project phases. While evaluating the identified inconsistencies in the dataset for
groundwater pumping for irrigation, reviewers may place higher confidence in pumping for
irrigation estimated in 1994 and 2000 when United States Department of Agriculture — Natural
Resources Conservation Service staff carried out detailed irrigation surveys to estimate
groundwater production.

3.2 Data Evaluation and Anomaly Detection Methodology

We began our evaluation of the Water Use Survey data by reviewing the reported volume of
groundwater produced from each of the study area aquifers for each defined use and county. We
organized and plotted the pumping data by county, aquifer, and use to show the annual pumping
for the 1984-2018 period. Figure 8 is an example of the plotted pumping data for Medina County
from the Trinity (Hill Country) Aquifer for livestock use.
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Figure 8. Example of groundwater pumping data from the TWDB Water Use Survey
database showing acre-feet of groundwater pumped from the Trinity Hill
County Aquifer for livestock use in Medina County.

Using the plots of annual pumping, we identified years in which the reported pumping volumes
appear anomalous and which may warrant further review. In addition, we conducted initial
evaluations, which will be expanded during subsequent project tasks, of the correlation of the
data with other datasets and trends in the pumping data (such as annual precipitation). Our
primary objective for this evaluation was to identify potential data anomalies for further review
and possible revision in subsequent project tasks.

We evaluated multiple methods for identifying anomalies in the Water Use Survey groundwater
pumping data. Upon review of the results from each method, we selected three methods which
were most useful for application to all of data across the study area. We applied each of the three
methods to improve our ability to identify all anomalous years of pumping data within the Water
Use Survey database. It is important to recognize that our analysis method does not imply that
identified anomalies are incorrect, rather only that the reported data is sufficiently different than
“expected” to warrant further investigation. The three methods we selected for detection of
anomalies are:
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e Manual review and professional judgement
e Year-to-year change analysis
e Statistical analysis using a standard deviation criterion

In general, each method identifies anomalies as abrupt changes in pumping amount, recognizing
that gradual changes are less likely to be indicative of potentially erroneous data. Note that any
non-reported pumpage values or pumpage reported as zero are automatically flagged as
anomalies in the statistical analysis and year-to-year change methods. Anomalies identified using
each of the methods are tabulated for each county, aquifer, and use.

Importantly, the methods utilized are only meant to identify anomalies in the data. They are not
meant to indicate any pumping values are incorrect. Through the application of these evaluation
methods, we strove to identify years for which additional investigation may be warranted.

3.2.1 Manual Review and Professional Judgement

As a first step in our data review, we manually scrutinized and visually identified years with
anomalous pumping amounts. During manual review, each reviewer visually observed data
trends to assess anomalies. During this review, we did not consider factors that could influence
the water usage in any given year. Individual reviewers applied professional judgement to
identify anomalies with multiple professionals from the project team reviewing each county
dataset for quality assurance.

As an example of the manual review process and results, in Figure 8 we observe abrupt changes
in 2005, 2010, and 2012. These three years of pumping data appear to be anomalous pumping
amounts based on the preceding year’s amount. In general, our project team flagged an annual
pumping volume for review if it represented an apparently significant deviation from visually
observable trends within the data time-series. For example, we flagged the year 2005 because it
suggested significantly larger pumping than the amounts from 1984 to 2004. However, we did
not flag 2006 because pumping in that year was similar to that from 2005 and 2007. Similarly,
we flagged 2010 because its pumping value was significantly larger than the previous five years,
but we flagged 2012 because it was significantly lower than the amounts in 2010 or 2011.

Due to the size of the datasets for each county, it was not difficult to perform manual review of
the groundwater pumping estimates from the Water Use Survey data. The manual review was
also beneficial for familiarizing our project team members with the data and information
available for each county in the study area. However, our manual review and professional
judgement was not necessarily consistent amongst the project team members. That is, reviewers
did not necessarily identify the same years of pumping as anomalous. As a quantitative quality
check on our manual review, we applied two analytical methods which evaluated the data based
on the annual changes and short-term data trends. However, these analytical methods were not
able to identify the first reported year as anomalous. For the first year of data only our manual
review was applicable.
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3.2.2 Year-to-Year Change Analysis

For reviewing the year-to-year change in pumping, we used a comparison of the range of annual
pumping values (from 1984 through 2018) to year-to-year differences in pumping for each
county, aquifer, and use dataset. By comparing the year-to-year differences against a specified
percentage of the data range, we were able to identify if an annual pumping amount was
anomalous. Our application of the method included the following process, which Figure 9
illustrates:

1. Compute the average Water Use Survey annual groundwater production per county,
aquifer, and use.

2. Compute the range of Water Use Survey annual groundwater production per county,
aquifer, and use (that is, the maximum minus the minimum for the period from 1984-
2018) (Figure 9-a).

3. Assign a threshold percentage per county, aquifer, and use

a. For arange greater than one-half the average, use a 15 percent range threshold
b. For arange less than or equal to one-half the average, use a 35 percent range
threshold

4. Compute the year-to-year difference in Water Use Survey annual groundwater production

per county, aquifer, and use (Figure 9-b).

Divide the year-to-year difference by the range per county, aquifer, and use (Figure 9-c).

6. If the resulting quotient exceeds the applicable range threshold, the data for the given
year and the one previous are flagged as anomalous (Figure 9-d)

o

This method allows for gradual change over time within the pumping dataset yet identifies
periods of rapid change as anomalous. By using the assigned threshold values, we were able to
apply a consistent evaluation method to all the data. However, we based the thresholds
themselves on our professional judgement upon data review. While we found our selected
thresholds were reasonably applicable across the study area, they may not be equally applicable
within other portions of Texas. Adjustment of the thresholds may be justified for specific areas
with relatively low pumping amounts to address potential sensitivity to relatively small changes
in pumping. In applying thresholds to any given area, some manual review and professional
judgement will be required in order to ensure that all anomalous data is identified. Thresholds of
15 percent and 35 percent should be used as an “initial” pass within the data analysis, followed
by a rapid manual review to identify if any obvious data anomalies were missed. If anomalies
were missed, the thresholds should be adjusted and the year-to-year change analysis re-applied.
For this project, we did not need to refine our thresholds from the 15 percent and 35 percent
values.
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Figure 9. Example application of the year-to-year change analysis: (a) raw survey data

with average pumping, range and applicable threshold indicated, (b) year-to-

year change in pumping, (c) year to year change as a fraction of the range,
and (d) raw data with anomalous years flagged.
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3.2.3 Statistical Analysis using a Standard Deviation criterion

As an additional quantitative analysis, we applied a simple standard deviation criterion to each
county, aquifer, and use dataset. The method we applied is a generalization of the Chauvenet
(1863) method which essentially states that a data value outside of a certain number of standard
deviations from the mean is anomalous. While Barnett and Lewis (1994) provide valid criticisms
for the simplicity of the method, it serves well for the purpose of our evaluation to identify
anomalies in the Water Use Survey data. Our application of the method included the following
process, which Figure 10 illustrates:

1. Compute the average of groundwater pumping for the three years prior to each annual
data point (Figure 10-a). For the first three years of data, we set the three-year average
equal to the average of the first three years.

2. Compute the difference (that is, residual) between the three-year average and the annual
groundwater pumping value for a given year (Figure 10-b).

3. Compute the average and standard deviation of the set of residuals computed during the
previous step.

4. Flag as anomalous any year where the residual from the previous three-year average
(calculated during Step #2) exceeds 1.5 standard deviations from the average of the set of
residuals (calculated during Step #3) (Figure 10-c)

Some benefits of the standard deviation method are that: 1) we could automate the method which
resulted in rapid detection of anomalies, and 2) the method is not subjective and will not result in
differing data interpretations when applied by individual reviewers. However, our application of
the method does require the selection of the standard deviation coefficient value used to identify
anomalies. After testing standard deviation coefficient values ranging from 1.0 to 2.0, we
selected the value of 1.5 for our evaluations as it appeared to provide a more consistent match
with anomalies identified during our manual review.

Another potential limitation of the method is the use of the average from the previous three-year
period for each year considered. As shown in Figure 10-c, applying the standard deviation
criterion identified pumping amounts in 2006 and 2013 as anomalies despite the pumping value
in 2006 being similar to that from 2005 and the value in 2013 being similar to 2012. These flags
occur because the three-year average includes significantly different values than the year under
consideration which affects the three-year average used for comparison. Nonetheless, this
potential limitation is also a strength of the method due to its incorporation of the apparent trend
in pumping leading up to the year under consideration.
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Figure 10.  Example application of the standard deviation criterion: (a) raw pumping
data with a computed 3 prior-year average, (b) yearly residual results
compared against 1.5 standard deviations of the residual dataset, (c) raw
pumping data with anomalous years flagged.

28



Final Report: Estimation of Groundwater Pumping Volumes, Locations, and Aquifers for West Texas —
TWDB Contract Number 2048302456

3.2.4 Other Data Evaluations

In addition to the three primary evaluations discussed above, we also explored several other
methods of assessing the Water Use Survey data. The evaluations included:

e Comparison and correlation of groundwater pumpage with precipitation and land use

e Comparison of the apparent number of wells completed in an aquifer for a particular use
and the amount of pumping for that use

e Separation of non-surveyed municipal and surveyed municipal water use

While some of these evaluations are informative, they did not prove universally beneficial for
our analyses. Specifically, our comparisons did not yield consistent or highly-correlated
relationships between the subject datasets. Some comparisons were so poorly correlated that we
did not discuss the results or provide a graphic of the correlations within our county-by-county
anomaly analysis (See Section 3.3) Our final pumpage dataset, as detailed in Section 5, was
created without reliance on these other data evaluation methods, although it did include separate
investigations of surveyed and non-surveyed municipal usage. In Section 3.3, we identified some
counties for which the above listed evaluation methods provided beneficial insight. In our
description of the data for each county we include a brief discussion of any insight gained
through application of these other data evaluation methods. The following provides a summary
of these other data evaluation methods.

Precipitation and Land Use Data

We compared two parameters derived from modeling and remote sensing techniques to the
Water Use Survey groundwater production volumes for irrigation, namely, precipitation
occurring over the aquifer and potentially irrigated land area. We prepared these comparisons
because one would typically expect irrigation to decrease during relatively wet years and
increase during relatively dry years. We note that when comparing groundwater irrigation to land
use, we are not factoring in irrigation associated with surface water. As such, this approach may
be more applicable in West Texas where groundwater is more prominently used for irrigation
than Central to East Texas.

For the comparison, we calculated precipitation volumes over the aquifer using data collected as
described in Section 2.3. We then plotted the time-series precipitation volumes with the Water
Use Survey pumping data, and prepared a cross-plot and a linear regression model of the
precipitation volume versus irrigation pumping for each county and aquifer combination in the
study area.

Figure 11 is an example of the time-series precipitation volumes plotted with the Water Use
Survey data. As expected, we observe relatively higher groundwater pumping for irrigation
during dry years such as 2006, 2008, and 2011 (Figure 11). Figure 12 is an example of the time-
series precipitation and pumping data as a cross-plot with a linear regression model and 95
percent confidence interval for that regression.

The linear regression model on the cross-plot of irrigation pumping and precipitation (Figure 12)
shows a linear correlation coefficient (“r” value) of -0.41. Evans (1996) indicates that this “r”
value suggests a moderate negative correlation with precipitation falling on the aquifer in the
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county (see Table 9 for the strength of the correlation associated with a particular ““r’> value).
Since the ““r”” value is negative, the correlation is what we would expect with higher precipitation
being associated with lower irrigation pumping. When we observe a positive “r’” value in the
dataset, it may indicate that the irrigation pumping dataset warrants further review.
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Figure 11.  Travis County Edwards (Balcones Fault Zone) Aquifer groundwater
pumping for irrigation, in acre-feet per year, as reported in the TWDB
Water Use Survey data and total precipitation, in acre-feet per year, that

occurred on potentially irrigated land (according to land use data) within the
county over the aquifer.
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Figure 12.

Travis County Edwards (Balcones Fault Zone) Aquifer groundwater
pumping for irrigation, in acre-feet per year, as reported in the TWDB
Water Use Survey data versus total precipitation that occurred on potentially
irrigated land (according to land use data) within the county over the study
area aquifers in acre-feet per year. Blue shaded area represents the 95
percent confidence interval based on the linear regression.
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Table 9. Range in the absolute correlation value (r) and corresponding strength of the
correlation (Evans, 1996).

Magnitude of correlation value, r Strength of correlation
0.01-0.19 Very weak
0.20-0.39 Weak
0.40-0.59 Moderate
0.60-0.79 Strong
0.80-1.00 Very Strong

We performed a similar analysis by comparing the Water Use Survey irrigation pumping data
with the potentially irrigated land area derived from the U.S. Geological Survey Land Use Land
Cover Modeling Program (Sohl and others, 2014; Sohl and others, 2016). We prepared these
comparisons because one would typically expect irrigation to increase with an increase in
potentially irrigated land. For the comparison, we plotted the time-series Water Use Survey
irrigation pumping data with the acres of crop, hay, and pasture land (that is, potentially irrigated
land) derived from the land use datasets. We then prepared a cross-plot and a linear regression
model of the potentially irrigated land versus irrigation pumping for each county and aquifer
combination in the study area. Figure 13 is an example of the cross-plot and linear correlation
model of the Water Use Survey irrigation pumping data and the potentially irrigated land area. A
correlation value of 0.73 suggests a strong positive correlation of pumping for irrigation and
potentially irrigated land area in Bandera County. Since the “‘r’” value is positive, the correlation
is what we would expect with greater areas of potentially irrigated lands associated with higher
irrigation pumping. When we observe a negative “r’” value in the dataset, it may indicate that the
irrigation pumping dataset warrants further review.

For the purpose of this project phase, we analyzed any correlations classified as moderate to very
strong for both precipitation and potentially irrigated land area (see Table 9). The correlations
determined using this method do not establish causation of pumping for irrigation but rather
provide hints as to what to consider for determining causation during future phases of the project.
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Figure 13.  Bandera County Trinity (Hill Country) Aquifer groundwater pumping for
irrigation, in acre-feet per year, correlated with potentially irrigated land
area (according to land use data), in acres per year, overlying the aquifer.
Green shaded area represents the 95 percent confidence interval based on
the linear regression.
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Well Completions

In general, we expect an increase in the number of wells would correlate to an increase in
groundwater pumping. To review the trend in well completions and the Water Use Survey
groundwater pumpage data, we plotted the cumulative total number of wells completed each year
with the Water Use Survey pumping data for each county, aquifer, and use combination in the
study area. If the apparent trend in the number of wells in an aquifer for a particular use was
significantly dissimilar from the trend in pumping, then we noted the Water Use Survey data as
anomalous. We note that when comparing groundwater irrigation to well completions, we are not
factoring in irrigation associated with surface water. As such, this approach may be more
applicable in West Texas where groundwater is more prominently used for irrigation than
Central to East Texas.

Figure 14 is an example illustrating the number of well completions and the Water Use Survey
data for the Lipan Aquifer in Tom Green County. Upon review of the information shown on
Figure 14, we observe the addition of several irrigation and municipal wells since 2015 but
groundwater pumping for those uses did not appear to increase correspondingly. The addition of
wells without a corresponding increase in pumping suggests the Water Use Survey data is
anomalous and may warrant further review.

We included rural domestic wells on the plot with the total number of wells and total pumping
(Figure 14-f). For this report, we did not include them as part of the municipal wells despite rural
domestic pumping being included in the non-surveyed municipal use amounts. Rather, we only
included public supply wells with the municipal pumping as these wells typically produce at a
much higher rate than a domestic well and the trend of public supply wells is generally a better
indicator of an anomaly in the Water Use Survey Data for municipal use. In subsequent project
phases, we will evaluate the rural domestic amount of water use, utilizing information regarding
the wells completed for domestic use, separately from the surveyed municipal use.

During our analysis, we are cognizant of potential limitations with the comparison. For example,
since the comparison is strictly between well completions and pumping, it does not consider
transitions to alternative water supplies. In addition, we assume that all the wells completed in
the aquifer continued production in perpetuity following completion and that any well without a
completion date record, was completed and pumping prior to 1984. Despite these limitations, the
evaluation provided an additional means for identifying anomalous data.

Surveyed and Non-Surveyed Municipal Water Use

As discussed in Section 3.1, the TWDB Water Use Survey Program includes rural domestic
pumping estimates as part of the non-surveyed municipal data (Billingsley, 2019). While the
non-surveyed municipal use may contain some amounts for users that did not respond to the
Water Use Survey, it some cases it appears to primarily represent just the rural domestic use. To
illustrate the relative amounts of non-surveyed municipal use and surveyed municipal use, we
plotted the values separately beginning in survey year 2000.

Figure 15 illustrates a case where the non-surveyed municipal use represents all the municipal
use after 2000. As stated in Section 0, prior to 2000 non-surveyed municipal use was not
included in the Water Use Survey data; however, Figure 15 presents an example where we
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should focus future analysis of anomalies on the rural domestic use. Figure 16 is an example of
the opposite case where the non-surveyed municipal use is insignificant and would likely not
warrant significant investigation of any anomalies. As these examples illustrate, while the
difference between the non-surveyed and surveyed municipal use amounts can be significant, we
limited our evaluation of the difference to manual review and maintained the combined surveyed
and non-surveyed municipal use for the year-to-year change and standard deviation analyses.
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Figure 14.  Tom Green County Lipan Aquifer groundwater pumping in acre-feet per
year as reported in the TWDB Water Use Survey data and the total number
of wells completed in the aquifer as recorded in publicly available databases.
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Figure 15.  Glasscock County Edwards-Trinity (Plateau) Aquifer groundwater pumping
in acre-feet per year as reported in the TWDB Water Use Survey data.
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Figure 16.  Ward County Pecos Valley Aquifer groundwater pumping in acre-feet per
year as reported in the TWDB Water Use Survey data.
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3.3 County Evaluations

The following sections provide a brief discussion of the results of our evaluations of the TWDB
Water Use Survey data. We summarize the information for counties with no pumping in the
study area in Section 3.4.

3.3.1 Andrews County

A portion of the Edwards-Trinity (Plateau) Aquifer is present in the southern portion of Andrews
County (underlying about 11 percent of the county by area). The Pecos Valley Aquifer underlies
the western portion of the county, spanning approximately 18 percent of the county area. In total,
our project study area encompasses approximately 29 percent of Andrews County. Figure 17
illustrates the extent of the study area aquifers in Andrews County.

Groundwater pumping estimates from the Water Use Survey indicate that total pumping from the
Edwards-Trinity (Plateau) Aquifer reaches up to approximately 400 acre-feet per year (Figure
18). The only reported groundwater uses from this aquifer are for livestock, mining, and
municipal needs, with water usage for mining in 1985 through 1988 being approximately 20
times larger than for livestock and municipal purposes. There is not any surveyed municipal use
after 2000 for the Edwards-Trinity (Plateau) Aquifer in Andrews County and only a relatively
small amount of non-surveyed use. It is also notable that mining usage has not been reported
since 1988, and municipal usage has not been reported since 2005.

The year-to-year change analysis (Figure 19) and standard deviation analysis (Figure 20) flagged
many anomalies in the data for the Edward-Trinity (Plateau) Aquifer. However, due to the low
amounts of production, significant additional review may not be warranted. The primary
anomaly of interest for the Water Use Survey data for the Edwards-Trinity (Plateau) Aquifer
pumping data is the unreported values for mining and municipal use.

Groundwater pumping estimates from the Water Use Survey indicate that total pumping from the
Pecos Valley Aquifer is greater than that from the Edwards-Trinity (Plateau) Aquifer being up to
2,000 acre-feet per year (Figure 21). Like the Edwards-Trinity (Plateau) Aquifer, livestock,
mining, and municipal are the three reported uses of groundwater from the Pecos Valley Aquifer.
Data review indicates pumping for livestock use declined from approximately 50 acre-feet per
year in 2000 to about five acre-feet per year in 2001. There is also an abrupt increase in
municipal pumping from 1999 to 2000, of similar magnitude as the change in livestock use. In
2000, the first reported value for non-surveyed municipal use is more than 50 acre-feet and it
continues through 2018 as the largest component of the total municipal use from the Pecos
Valley Aquifer in Andrews County. A final observation is that the Pecos Valley Aquifer
pumping for mining use showed an abrupt decline in pumping from nearly 2,000 acre-feet in
1984 to an average of less than 100 acre-feet per year in subsequent years.

The year-to-year change analysis (Figure 22) and standard deviation analysis (Figure 23) flagged
many anomalies in the data for the Pecos Valley Aquifer. Table 10 details the years identified as
having anomalous pumping amounts for Andrews County for both the Edwards-Trinity (Plateau)
Aquifer and Pecos Valley Aquifer.
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Figure 18.

Andrews County Edwards-Trinity (Plateau) Aquifer groundwater pumping

in acre-feet per year as reported in the TWDB Water Use Survey data.

41




Final Report: Estimation of Groundwater Pumping Volumes, Locations, and Aquifers for West Texas —

TWDB Contract Number 2048302456

12
B Livestock 8 _“
Wizs sz lUUETNRR YT |
@) o LT LN Ty gny
Mining 4004 nYv
200 A
(b) 0 1% ivARvRvAvAvAvAvAvAvAvAIv v vAvA I v v A IR v VIR Ik vA
rrrrrrrrrrrrrrrrrrrrrrrrrorrorrororororor
. | - ¥
=t i
8_
(c) 0 -
= Total 400 A
200 A
(d) O_ ?I L L L L L L L L L L L L L L L L L L L L L L L
All pumpage is reported in T 2239 3ggxg883I8g8s2TeL
units of acre-feet per year o2 2 92 2 9 2 23 3 388 888 8 8 8
Year

Figure 19.  Andrews County Edwards-Trinity (Plateau) Aquifer apparent anomalies
based on the year-to-year change in groundwater pumping in acre-feet per
year as reported in the TWDB Water Use Survey data. Triangles mark years

where the data appears anomalous.
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Figure 20.  Andrews County Edwards-Trinity (Plateau) Aquifer apparent anomalies
based on the criterion of 1.5 standard deviations from the 3-year average of
groundwater pumping in acre-feet per year as reported in the TWDB Water
Use Survey data. Triangles mark years where the data appears anomalous.
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Figure 21.

Andrews County Pecos Valley Aquifer groundwater pumping in acre-feet

per year as reported in the TWDB Water Use Survey data.
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Figure 22.  Andrews County Pecos Valley Aquifer apparent anomalies based on the
year-to-year change in groundwater pumping in acre-feet per year as
reported in the TWDB Water Use Survey data. Triangles mark years where
the data appears anomalous.
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Figure 23.  Andrews County Pecos Valley Aquifer apparent anomalies based on the
criterion of 1.5 standard deviations from the 3-year average of groundwater
pumping in acre-feet per year as reported in the TWDB Water Use Survey
data. Triangles mark years where the data appears anomalous.

Table 10. Years identified in the TWDB Water Use Survey data as containing
anomalous groundwater pumping amounts for Andrews County.

Aquifer Use Manual Review Year-to-Year Change Standard Deviation
Livestock None 1984-1986, 1988, 1989, 1984, 1987, 1988, 1992,
Edwards. 1992,2002, 2003, 2005 2004
Trinity Mining 1984, 1989-2018 1984, 198;3611587’ 1989- 1984, 1989-2018
(Plateau) Municios]  1985-1989, 2000, 2006~ 1984-1990, 2000, 2006~ 1985-1990, 2000, 2006-
P 2018 2018 2018
1984-1986, 1988, 1989,
Livestock 2008, 2009 1092, 2001, 2008, 2010,  -988, 2001, 2002, 2008,
2009, 2018
Pecos 2018
Valley Mining 1985, 2000-2018 1984, 1985, 2001-2018 1984-1987, 2001-2018
Municipal 1990-1992, 2000 1990-1992, 2000, 2011 +290-1992, 2000, 2001,

2011
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3.3.2 Atascosa County

Only a small portion of the subcrop area of the Trinity (Hill Country) and overlying Edwards
(Balcones Fault Zone) aquifers are present in the northwestern corner of Atascosa County (see
Figure 24). The Carrizo Sand is the principal aquifer in the county with three other aquifers not
included in this study (the Wilcox Group, Queen City Sand, and Sparta Sand) supplying smaller
amounts of groundwater (Alexander, Jr. and White, 1966). Groundwater pumping estimates from
the TWDB Water Use Survey database indicate that there is not any production from the Trinity
(Hill Country) Aquifer. However, as shown on Figure 25, total pumping from the Edwards
(Balcones Fault Zone) Aquifer is estimated to be up to approximately 2,000 acre-feet per year.

As shown in Figure 25, irrigation and municipal are the only two uses of Edwards (Balcones
Fault Zone) Aquifer groundwater identified in the Water Use Survey data. Irrigation use was first
reported in 1994 and then ranged from approximately 1,000 to 1,500 acre-feet between 1994
through 2002. In 2003 the estimated irrigation pumping declined by nearly 1,000 acre-feet and
subsequently rarely exceeded 500 acre-feet per year through 2018.

Pumping from the Edwards (Balcones Fault Zone) Aquifer for municipal use appears relatively
consistent from 1984 through 2010. During this period, reported municipal use ranged from
approximately 400 to 600 acre-feet per year. However, for two years during this period (2006
and 2007) and for 2011 through 2018, there was not any reported pumping. Municipal water use
in the county is almost entirely surveyed, there is only a relatively small amount of non-surveyed
municipal use from 2000 to 2005.

The year-to-year change analysis (Figure 26) and standard deviation analysis (Figure 27)
identified many of the same potential data anomalies as identified in our manual review. The
year-to-year change analysis identifies some years for review that our manual review and
standard deviation analysis did not flag (for example, 2012 irrigation pumping). Table 11
provides the years identified as having anomalous pumping amounts for Atascosa County.
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Figure 24.

Atascosa County showing the extent of the Edwards (Balcones Fault Zone)
Aquifer and Trinity (Hill Country) Aquifer.
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Figure 25.  Atascosa County Edwards (Balcones Fault Zone) Aquifer groundwater

pumping in acre-feet per year as reported in the TWDB Water Use Survey

data.
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Figure 26.  Atascosa County Edwards (Balcones Fault Zone) Aquifer apparent
anomalies based on the year-to-year change in groundwater pumping in
acre-feet per year as reported in the TWDB Water Use Survey data.
Triangles mark years where the data appears anomalous.
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Figure 27.  Atascosa County Edwards (Balcones Fault Zone) Aquifer apparent
anomalies based on the criterion of 1.5 standard deviations from the 3-year
average of groundwater pumping in acre-feet per year as reported in the
TWDB Water Use Survey data. Triangles mark years where the data
appears anomalous.

Table 11. Years identified in the TWDB Water Use Survey data as containing
anomalous groundwater pumping amounts for Atascosa County.

Aquifer Use Manual Review Year-to-Year Change Standard Deviation
o 1984-1994, 1997-1999,
(Ei\ll\cl:?)r:ess Irrigation 1984-1993, 2003 2002-2004. 2012 1984-1994, 2003, 2004
1984, 1985, 1988, 1990,
;gr‘:!et) Municipal 2006, 2007, 2011-2018 1997, 2005, 2006, 2008, 2006, 200265309, 2011-

2011-2018
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3.3.3 Bandera County

The Edwards-Trinity (Plateau) Aquifer is present in the northwestern portion of Bandera County
and spans approximately 26 percent of the county area. The remaining 74 percent of the county
area consists of outcrop of the Trinity (Hill Country) Aquifer. Figure 28 illustrates the extent of
the study area aquifers in the county.

Groundwater pumping estimates from the Water Use Survey database indicate that maximum
total pumping from the Edwards-Trinity (Plateau) Aquifer was approximately 200 acre-feet per
year during the study period (Figure 29). As shown on Figure 29, municipal and livestock uses
are the only reported uses of groundwater from the Edwards-Trinity (Plateau) Aquifer within
Bandera County. Since 2000, when inclusion of the non-surveyed municipal use in the TWDB
Water Use Survey database began, surveyed municipal use for the Edwards-Trinity (Plateau)
Aquifer decreased and non-surveyed use constituted most of the municipal water use.

The year-to-year change analysis (Figure 30) and standard deviation analysis (Figure 31) flagged
anomalies in the pumpage data for the Edwards-Trinity (Plateau) Aquifer in Bandera County.
Specifically, the analyses flagged pumping data for livestock use in 2004 through 2006 as data
indicated a large increase with respect to prior year pumping. Municipal pumping also increased
notably after 2000, peaking in 2005 and then decreasing annually through 2018, with multiple
years flagged as anomalies over this period.

Groundwater pumping estimates from the Water Use Survey database indicate that the maximum
total pumping within Bandera County from the Trinity (Hill Country) Aquifer was
approximately 4,000 acre-feet per year in 2011 (Figure 32). As shown on Figure 32, irrigation,
livestock, manufacturing, mining, and municipal use are the primary uses of groundwater from
the Trinity (Hill Country) Aquifer within Bandera County, with the majority of water pumped
for municipal use. Since 2000, surveyed municipal use for the Trinity (Hill Country) Aquifer
decreased and non-surveyed use constituted most of the municipal water use.

The year-to-year change analysis (Figure 33) and standard deviation analysis (Figure 34) flagged
many anomalies in the Bandera County pumping data for the Trinity (Hill Country) Aquifer.
These analyses identified anomalies in irrigation use data in 2009, 2011, 2012, and 2018. The
automated analyses also flagged anomalies in both livestock and municipal use data, yet our
manual review did not identify many of these same potential data anomalies.

Potentially irrigated land in Bandera County over the Trinity (Hill Country) Aquifer correlates
linearly to groundwater pumpage from the Trinity (Hill Country) Aquifer for irrigation use.
Figure 35 indicates that as the area of potentially irrigated land over the Trinity (Hill Country)
Aquifer increased in the county, reported pumpage for irrigation also increased. Figure 36
indicates a linear correlation value (“r’”) of 0.73 between potentially irrigated land area over the
Trinity (Hill Country) Aquifer and groundwater pumpage for irrigation use. This strong positive
correlation reinforces the observation that pumpage from the Trinity (Hill Country) Aquifer for
irrigation in Bandera County has tended to increase as potentially irrigated land located over
Trinity (Hill Country) Aquifer has increased.

Table 12 provides the years identified as having anomalous pumping amounts for Bandera
County, from both the Edwards-Trinity (Plateau) Aquifer and the Trinity (Hill Country) Aquifer.
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Figure 28.  Bandera County showing the extent of the Edwards-Trinity (Plateau)

Aquifer and Trinity (Hill Country) Aquifer.
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Figure 29.  Bandera County Edwards-Trinity (Plateau) Aquifer groundwater pumping
in acre-feet per year as reported in the TWDB Water Use Survey data.
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Figure 30.  Bandera County Edwards-Trinity (Plateau) Aquifer apparent anomalies
based on the year-to-year change in groundwater pumping in acre-feet per
year as reported in the TWDB Water Use Survey data. Triangles mark years
where the data appears anomalous.
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Figure 31.  Bandera County Edwards-Trinity (Plateau) Aquifer apparent anomalies
based on the criterion of 1.5 standard deviations from the 3-year average of
groundwater pumping in acre-feet per year as reported in the TWDB Water
Use Survey data. Triangles mark years where the data appears anomalous.
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Figure 32.  Bandera County Trinity (Hill Country) Aquifer groundwater pumping in
acre-feet per year as reported in the TWDB Water Use Survey data.
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Figure 33.  Bandera County Trinity (Hill Country) Aquifer apparent anomalies based
on the year-to-year change in groundwater pumping in acre-feet per year as
reported in the TWDB Water Use Survey data. Triangles mark years where
the data appears anomalous.
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Figure 34.

Bandera County Trinity (Hill Country) Aquifer apparent anomalies based
on the criterion of 1.5 standard deviations from the 3-year average of
groundwater pumping in acre-feet per year as reported in the TWDB Water
Use Survey data. Triangles mark years where the data appears anomalous.

57




Final Report: Estimation of Groundwater Pumping Volumes, Locations, and Aquifers for West Texas —
TWDB Contract Number 2048302456

o = »
Irrigation g ' g_
y—_ i
I . - 22,000 ®
® 1,200 4 / —
o ’ ©
L c
o - 20,000 S
o) . .~'
o 600 ] '8
O —
= | - 18,000 ©
S AT ks)
| —-—
D— 0 rrrrrrrrrrrrrrrrrrrrrirrrrrrerrrrerrrrd :
(=] w0 W o o
3888338888285 z5¢5¢5
22222222 AR KIIKIQKIRR
Year

Figure 35.  Bandera County Trinity (Hill Country) Aquifer groundwater pumping for
irrigation, in acre-feet per year, as reported in the TWDB Water Use Survey
data and potentially irrigated land area (according to land use data), in acres
per year, overlying the aquifer.
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Figure 36.  Bandera County Trinity (Hill Country) Aquifer groundwater pumping for
irrigation, in acre-feet per year, correlated with potentially irrigated land
area (according to land use data), in acres per year, overlying the aquifer.
Green shaded area represents the 95 percent confidence interval based on
the linear regression.
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Table 12. Years identified in the TWDB Water Use Survey data as containing
anomalous groundwater pumping amounts for Bandera County.
Aquifer Use Manual Review Year-to-Year Change Standard Deviation
Edwards- Livestock 2004 2004, 2005, 2012 2004-2006, 2012, 2013
Trinity Municipal None 1994, 2000, 2001, 2006,  2000-2002, 2006, 2007-
(Plateau) P 2010 2009
Irrigation 2011, 2018 2000, 2003612311’ 2012, 2009, 2011, 2018
1988, 1994, 1996, 1999,
Trinity Livestock 2001 2001, 2004, 2005, 2010, 1999, 2001-2003
(Hill 2012
Country) 1984-1991, 1993, 1995,

Manufacturing

1992, 1995, 2001-2018

1984-1996, 2001-2018

2001-2018

Mining

2000-2018

1986, 1987, 2000-2018

1986, 2000-2018

Municipal

None

2000, 2006, 2007, 2013

2000, 2006, 2013-2015
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3.3.4 Bexar County

The Edwards (Balcones Fault Zone) Aquifer is present in the northwestern portion of Bexar
County and spans approximately 48 percent of the county area. The Trinity (Hill Country)
Aquifer is also in the northwestern portion of Bexar County and comprises about 61 percent of
the area, including some areas where the Edwards (Balcones Fault Zone) Aquifer and Trinity
(Hill Country) Aquifer overlap. Figure 37 illustrates the extent of the study area aquifers in
Bexar County.

Groundwater pumping estimates from the Water Use Survey database indicate that maximum
total pumping from the Edwards (Balcones Fault Zone) was just under 300,000 acre-feet per year
(Figure 38). As shown on Figure 38, Edwards (Balcones Fault Zone) Aquifer water uses within
Bexar County have included irrigation, livestock, manufacturing, mining, municipal, power, and
“unknown” with the majority of usage for municipal purposes. The TWDB Water Use Survey
database includes non-surveyed municipal water use from the Edwards (Balcones Fault Zone)
Aquifer in Bexar since 2000 but the amount is small in comparison to the surveyed municipal
water use.

The year-to-year change analysis (Figure 39) and standard deviation analysis (Figure 40) flagged
numerous anomalies in the Bexar County data for the Edwards (Balcones Fault Zone) Aquifer.
We identified data anomalies for all water use categories which were often associated with rapid
fluctuations in pumpage. Examination of individual entity pumping records during subsequent
project phases may reveal explanations for many of the industry-related anomalies (for
manufacturing, mining, and power use).

Groundwater pumping estimates from the Water Use Survey dataset indicate that maximum total
pumping within Bexar County from the Trinity (Hill Country) Aquifer was approximately
40,000 acre-feet per year (Figure 41), which occurred in 2016. As shown on Figure 41, the Water
Use Survey dataset records irrigation, municipal, livestock, mining, and manufacturing uses from
the Trinity (Hill Country) Aquifer. The TWDB Water Use Survey database includes non-
surveyed municipal water use from the Trinity (Hill Country) Aquifer in Bexar County since
2006 but the amount is small in comparison to the surveyed municipal water use.

The year-to-year change analysis (Figure 42) and standard deviation analysis (Figure 43) flagged
many anomalies in the Bexar County Water Use Survey data for the Trinity (Hill Country)
Aquifer. These anomalies included a large increase in municipal usage after 2014, as well as an
increase and decline in water usage for mining from 2009 onward.

Potentially irrigated land in Bexar County over the Edwards (Balcones Fault Zone) Aquifer
correlates linearly to groundwater pumpage from the Edwards (Balcones Fault Zone) Aquifer for
irrigation use. Figure 44 indicates that as the area of potentially irrigated land over the Edwards
(Balcones Fault Zone) Aquifer decreased in the county, so has the reported Edwards (Balcones
Fault Zone) Aquifer pumpage for irrigation. Figure 45 indicates a linear correlation value (*“r’)
of 0.60 between the potentially irrigated land area and groundwater pumpage for irrigation. This
strong positive correlation suggests that pumpage for irrigation in Bexar County from the
Edwards (Balcones Fault Zone) Aquifer matches the trend in potentially irrigated land overlying
the aquifer.
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Table 13 provides the years identified as having anomalous pumping amounts for Bexar County
from the Edwards (Balcones Fault Zone) Aquifer and the Trinity (Hill Country) Aquifer.

Atascosa

Study Area Aquifers A
Edwards (Balcones Fault Trinity (Hill Country) .
- Zone) Aquifer outcrop - Aquifer outcrop Miles
@ Edwards (Balcones Fault E Trinity (Hill Country) r — = Texas County
Zone) Aquifer subcrop Aquifer subcrop - — 4 Boundaries 0 7

Figure 37.  Bexar County showing the extent of the Edwards (Balcones Fault Zone)
Aquifer and Trinity (Hill Country) Aquifer.
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Figure 38.

Bexar County Edwards (Balcones Fault Zone) Aquifer groundwater

pumping in acre-feet per year as reported in the TWDB Water Use Survey

data.

63




Final Report: Estimation of Groundwater Pumping Volumes, Locations, and Aquifers for West Texas —
TWDB Contract Number 2048302456

e Irrigation 30,000 - s [v ¥ ;‘» e1E ‘v L
15,000 48 5 5 Yy Bl & v
(a) 0 ‘I ‘I I‘ I I ‘I ‘I ‘I I‘ I‘ I‘ I ‘I ‘I ‘I I‘ j -Il ‘I F |-I- |-I.| T?j ‘I F |I. ||| -I.| .I -I- I- |'I- |-I-
B Livestock 400 - ¥ X
200 - ﬁ Il ﬁ v¥ | |
(b) 0 MLHJH%%M“““L"—M—MULH
Manufacturing 8,000 A vy 1 X v n z
4,000, Yy v ¥ Iy o
(C) 0 1 1 1 I I I 1 1 1 1 I I I 1 1 1 1 I I I 1 1 1 I I I I 1 1 1 I I I 1 1
Mining 8,000 - X
v_ .Y ¥
40004 vy Folullunl s Y
(d) 0 ? 1 l. l. l. .l ? 1 1 1 I I I 1 .l 1 1 I I I 1 1 1 I I I .l .l .l. 1 I I I 1 1
B Municipal 300,000 T v VNNV U U ¥ v
150000 HHHHU RN AUUBRUUUOUBAUUUURAUHUHARAHTE
(e) 0 -
mm Power 1,600 -
800 -
(f) 0 -
mw Unknown 160 - ﬁ
80 - gr‘rlI"I['IH”ﬂ“”HHﬁHﬁ
(@ 0 pppeasppneeese L1 LILIIILLLLILET
. Total 300,000 ¥ ¢ = ¢ ¥ v ¥ ' Y ny Ny
150000 HHHHU RN AUUBRUUUNUBAUUUURRUUUUARAHTE
(h) 0 -
o N & © W O N = W o
upeseeoesn £ 8 8888888888888 85 %
Year

Figure 39.  Bexar County Edwards (Balcones Fault Zone) Aquifer apparent anomalies
based on the year-to-year change in groundwater pumping in acre-feet per
year as reported in the TWDB Water Use Survey data. Triangles mark years
where the data appears anomalous.
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Figure 40.  Bexar County Edwards (Balcones Fault Zone) Aquifer apparent anomalies
based on the criterion of 1.5 standard deviations from the 3-year average of
groundwater pumping in acre-feet per year as reported in the TWDB Water

Use Survey data. Triangles mark years where the data appears anomalous.
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Figure 41.  Bexar County Trinity (Hill Country) Aquifer groundwater pumping in acre-
feet per year as reported in the TWDB Water Use Survey data.
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Figure 42.

Bexar County Trinity (Hill Country) Aquifer apparent anomalies based on
the year-to-year change in groundwater pumping in acre-feet per year as
reported in the TWDB Water Use Survey data. Triangles mark years where
the data appears anomalous.

67




Final Report: Estimation of Groundwater Pumping Volumes, Locations, and Aquifers for West Texas —
TWDB Contract Number 2048302456

Irrigation 1.000 41 | 'l
500 - 'E
(@) g iiiiilii AL iALANEEETENEEENNUENTEE B
m Livestock 60 - || nn
T | ST TS (T
®) o S e A
Manufacturing 5,000 - ¥
2,500 - v
(©) (A L B A4 A B A A A A A AR A
Mining 6,[}00-
v
3,000 - v
(d) (ErAAAAA LA AL LA LA A
I Municipal 30.000 - g
15,000 - MIF
(e) 0 -
mmm Total 30,000 - i’i
15,000 l””””
(f) 0 -
<+ O 00 O N = O 00 © N =S O 0O O N = O o
All pumpage is reported in 0 W W D O DO OO OO = T T T
unit%ofgc?e-feetgeryear 22222222 g g g g g g g g g g
Year

Figure 43.  Bexar County Trinity (Hill Country) Aquifer apparent anomalies based on
the criterion of 1.5 standard deviations from the 3-year average of
groundwater pumping in acre-feet per year as reported in the TWDB Water
Use Survey data. Triangles mark years where the data appears anomalous.
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Figure 44.  Bexar County Edwards (Balcones Fault Zone) Aquifer groundwater
pumping for irrigation, in acre-feet per year, as reported in the TWDB
Water Use Survey data and potentially irrigated land area (according to land
use data), in acres per year, overlying the aquifer.
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Figure 45.  Bexar County Edwards (Balcones Fault Zone) Aquifer groundwater

pumping for irrigation, in acre-feet per year, correlated with potentially
irrigated land area (according to land use data), in acres per year, overlying
the aquifer. Green shaded area represents the 95 percent confidence interval
based on the linear regression.
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Table 13. Years identified in the TWDB Water Use Survey data as containing
anomalous groundwater pumping amounts for Bexar County.
Aquifer Use Manual Review Year-to-Year Change Standard Deviation
1989, 1991, 1993, 1995,
Irrigation 2000 1998-2000, 2003, 2007, -89 12%%01 12%%% 2000,
2009, 2010 ’
. 1984, 1985, 2005, 2008,
Livestock 2005, 2010-2011 2010, 2012 2005, 2006, 2010-2013
. 1987, 1992, 1993, 1995- 1993, 1996-1999, 20086,
Edwards _anufacturing 1993, 2006 1097, 1999, 2000, 2006 2007
(Balcones 1984, 1985, 1991, 1993, ]
Fault Mining 1984, 2008, 2016 1997-1999, 2008, 2009, 204 1993,1998, 2008
2011, 2016
Zone) 2016
. 1984, 1985, 1988, 1990,
Municipal None 2005, 2008, 2009 1991, 2002, 2005, 2006
1984, 1985, 1988, 1994,
Power 1998, 2000 1097-2001, 2010 1998, 2001
1984-1999, 2001, 2002,
Unknown 1984-1999, 2015 2015-2017 1984-1999, 2017, 2018
. 1984-2000, 2002, 2003,
Irrigation 1985-1999 2007-2014, 2017 1985-2000, 2009
1984, 1985, 1987, 1994,
Livestock 1984, 2004, 2010-2011 1996, 1998, 2004, 2005, 1984 20036%205' 2010-
Trinity 2008, 2010, 2012
(Hill 1984, 1985, 1988, 1990, 1984, 1990, 1998, 2000,
Country)  Manufacturing 1984, 2000-2018 1991, 1998-2000, 2005- 2001, 2005-2008, 2010-

2008, 2010-2018

2018

Mining

1984-1999

1984-2000, 2009, 2010,
2013-2016

1984-2000, 2014-2016

Municipal

2016

2015-2018

2015, 2016, 2018
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3.3.5 Blanco County

A small amount of the Edwards-Trinity (Plateau) Aquifer is present in the western portion of
Blanco County (about 3 percent of the county area). Approximately 80 percent of Blanco County
overlies the Trinity (Hill Country) Aquifer. Figure 46 illustrates the extent of the study area
aquifers in the county.

Groundwater pumping estimates from the Water Use Survey database indicate that maximum
total pumping from the Edwards-Trinity (Plateau) Aquifer within Blanco County was just over
three acre-feet per year (Figure 47). As shown on Figure 47, all Water Use Survey reported water
pumpage was for livestock use.

The year-to-year change analysis (Figure 48) and standard deviation analysis (Figure 49) flagged
many anomalies in the data for the Edwards-Trinity (Plateau) Aquifer. However, due to the low
amounts of production, additional review of these anomalies may not be warranted.

Groundwater pumping estimates from the Water Use Survey database indicate that maximum
total pumping from the Trinity (Hill Country) within Blanco County was approximately 2,000
acre-feet, which occurred in 2014 (Figure 50). As shown on Figure 50, the Water Use Survey
reports pumping for mining, livestock, municipal, and irrigation use. Non-surveyed municipal
water use constitutes most of the municipal water use from 2000 through 2003 and 2006 through
2008 but becomes small relative to the surveyed municipal water use after 2008.

The year-to-year change analysis (Figure 51) and standard deviation analysis (Figure 52) flagged
many anomalies in the Blanco County data for the Trinity (Hill Country) Aquifer. The abrupt
increase in irrigation pumping after 2011 indicates an anomaly in the dataset, as well as the
increase and decrease in municipal pumping after 2007. Fluctuations in pumpage for livestock
also yielded some data anomalies. Table 14 provides the years identified as having anomalous
pumping amounts for Blanco County for the Edwards-Trinity (Plateau) Aquifer and the Trinity
(Hill Country) Aquifer.
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Figure 46.  Blanco County showing the extent of the Edwards-Trinity (Plateau) Aquifer
and Trinity (Hill Country) Aquifer.
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Figure 47.  Blanco County Edwards-Trinity (Plateau) Aquifer groundwater pumping in
acre-feet per year as reported in the TWDB Water Use Survey data.
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Figure 48.  Blanco County Edwards-Trinity (Plateau) Aquifer apparent anomalies based
on the year-to-year change in groundwater pumping in acre-feet per year as
reported in the TWDB Water Use Survey data. Triangles mark years where
the data appears anomalous.
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Figure 49.  Blanco County Edwards-Trinity (Plateau) Aquifer apparent anomalies based
on the criterion of 1.5 standard deviations from the 3-year average of
groundwater pumping in acre-feet per year as reported in the TWDB Water
Use Survey data. Triangles mark years where the data appears anomalous.
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Figure 50.

Blanco County Trinity (Hill Country) Aquifer groundwater pumping in
acre-feet per year as reported in the TWDB Water Use Survey data.
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