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Executive Summary

This report documents the development of a conceptual model for the Brazos River Alluvium
Aquifer. The Brazos River Alluvium Aquifer, a minor aquifer in Texas, consists of the alluvial
floodplain and connected terrace deposits of the Brazos River from Whitney Dam to Fort Bend
County. The Brazos River Alluvium Aquifer transverses portions of Bosque, Hill, McLennan,
Falls, Milam, Robertson, Burleson, Brazos, Washington, Grimes, Austin, Waller, and Fort Bend
counties. The physiography and climate, geology, previous studies, hydrostratigraphy,
hydrostratigraphic framework, water levels, recharge, surface water interaction, hydraulic
properties, discharge, and water quality for the Brazos River Alluvium Aquifer are documented

in this report.

Sediment deposition related to the Brazos River includes both floodplain and terrace alluvial
deposits. The deposits consist of typical alluvial sediments, including gravel, fine to coarse sand,
silt, and clay, in lenses that pinch out or grade both laterally and vertically. In general, the
deposits are coarser at the base and fine upward. The sequence of finer upper deposits
transitioning to coarser lower deposits is consistent throughout the aquifer. However, due to
pinching out and interfingering, the grain size and relative position of individual constituents in
the sequence vary from place to place. The transition from one type of material to another, both
laterally and vertically, can be either sharp and distinct or gradual. Groundwater in the Brazos
River Alluvium Aquifer is predominately under unconfined conditions. In areas where clay
lenses overlie lenses of sand or gravel, locally confined conditions may exist. The structural
base of the Brazos River Alluvium Aquifer was based primarily on the work of Shah and others
(2007a). Aquifer thickness ranges between a few feet at its edges to a maximum of 127 feet in

Grimes County. The average thickness of the alluvium is 51 feet.

Historical water levels have fluctuated but remained generally stable in the long term, with the
exception of the last several years where declines have been observed in some counties. Water
levels generally dip toward the Brazos River locally and follow the regional downward trend in
topography from the northwest towards the Gulf of Mexico. Target water levels and
hydrographs have been identified that can be used in the calibration of the numerical model of
the Brazos River Alluvium Aquifer.
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Recharge to both the Brazos River Alluvium Aquifer and the outcrops of the formations
underlying the aquifer in the study area has been estimated based on previous studies and base
flow analyses as part of this study. Within the study area, pre-development recharge is estimated
to be approximately 40,000 acre-feet per year in the Brazos River Alluvium Aquifer and
approximately 710,000 acre-feet per year in the outcrops of the underlying formations. Post-
development recharge is estimated to be approximately 50,000 acre-feet per year in the Brazos
Alluvium Aquifer in 2012.

The interaction between the Brazos River Alluvium Aquifer and surface water bodies, including
the Brazos River, its tributaries, reservoirs, and oxbow lakes have been evaluated. Gain/loss
studies have been evaluated to describe the gains and losses between the Brazos River and its
tributaries and the groundwater system at snap-shots in time. Long-term estimates of the
contribution of the groundwater system to the base flow in the Brazos River and its tributaries

has also been evaluated through hydrograph separation analyses.

Long-duration aquifer pumping tests to estimate hydraulic properties are lacking in the Brazos
River Alluvium Aquifer. A theoretical relationship between transmissivity and specific capacity
was used to estimate hydraulic properties at 575 wells where short-duration specific capacity
measurement were available. Horizontal hydraulic conductivities range from 0.26 to 890 feet
per day, with a geometric mean and median value of 59 and 83 feet per day, respectively.

Groundwater production from the Brazos River Alluvium Aquifer is used primarily for irrigation
purposes, with smaller quantities used for rural domestic, livestock, and municipal purposes.
Pumping estimates were based on the TWDB water use survey data, metered and voluntary

production rates reported by Groundwater Conservation Districts, and historical reports.

Water quality in the Brazos River Alluvium Aquifer was evaluated with respect to total dissolved
solids, sulfate, chloride, fluoride, nitrate, arsenic, irrigation salinity hazard, and sodium hazard.
Groundwater in the aquifer is very hard and mostly fresh with some slightly saline areas. Total
dissolved solids concentration exceeds the secondary maximum contaminant level of

500 milligrams per liter in approximately 92 percent of the groundwater sampled from Brazos
River Alluvium Aquifer wells. Sixteen percent of groundwater samples from Brazos River
Alluvium Aquifer wells exceed this level for sulfate and 18 percent exceed this level for

chloride. Less than 1 percent of the groundwater samples from Brazos River Alluvium Aquifer

ES-2



Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

wells have a chloride concentration greater than the level potentially dangerous for crops. No
maximum contaminant levels for fluoride are exceeded in the aquifer. The primary maximum
contaminant level for nitrate is exceeded in 13 percent of the groundwater samples from Brazos
River Alluvium Aquifer wells. The maximum concentration level for arsenic is exceeded in

7 percent of the groundwater samples from Brazos River Alluvium Aquifer wells. Of the wells
in the Brazos River Alluvium Aquifer with chemical analyses, groundwater samples from

96 percent exhibit a high salinity hazard and 81 percent exhibit a very high salinity hazard. In
the Brazos River Alluvium Aquifer, none of the sampled wells has groundwater that falls into the
high category but 1 percent of the sampled wells has groundwater with a very high sodium

hazard.

The purpose of this report is to provide a conceptual understanding, based on available data, of
the hydrogeologic processes and properties governing groundwater flow in the Brazos River
Alluvium Aquifer. This conceptual model is prerequisite to constructing a numerical
groundwater availability model for the aquifer. This report and associated geodatabase provides
a documented, publicly-available, resource for use by state planners, Regional Water Planning
Groups, Groundwater Conservation Districts, Groundwater Management Areas, and other

interested stakeholders.
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1.0 Introduction

The Texas Water Development Board (TWDB) has identified the major and minor aquifers in
Texas on the basis of regional extent and amount of water produced. The major and minor
aquifers are shown in Figures 1.0.1 and 1.0.2, respectively. General discussion of the major and
minor aquifers is given in George and others (2011). Aquifers that supply large quantities of
water over large areas of the state are defined as major aquifers and those that supply relatively
small quantities of water over large areas of the state or supply large quantities of water over

small areas of the state are defined as minor aquifers.

This report is the first of two reports describing the groundwater availability model for the
Brazos River Alluvium Aquifer, a minor aquifer in Texas. This report documents development
of the conceptual model for the aquifer, which is a compilation of data and data analyses that
provides understanding of the movement of groundwater in the aquifer. The conceptual model
provides the information necessary to develop a numerical model of the aquifer, which will be

documented in a companion model report.

The Brazos River Alluvium Aquifer consists of the floodplain deposits and hydraulically
connected terrace deposits of the Brazos River in southeast Texas. Sediments comprising these
deposits range from clay to large cobbles and occur in lenses that grade both laterally and
vertically. The transition from one type of material to another, both laterally and vertically, can
be either sharp and distinct or gradual. The Brazos River Alluvium Aquifer is unconfined with
potentially locally confined conditions where clay lenses overlie lenses of sand or gravel. From
northwest to southeast, the aquifer overlies the Carrizo-Wilcox, Queen City, Sparta, Yegua-
Jackson, and Gulf Coast aquifers. The shallow portions of these aquifers are assumed to be
hydraulically connected to the Brazos River Alluvium Aquifer since they are conceptualized to

regionally discharge to the Brazos River.

The State Water Plan (TWDB, 2012a) projects that annual groundwater supplies (i.e.,
groundwater available through existing infrastructure) in the Brazos River Alluvium Aquifer will
decrease by 1 percent from 2010 to 2060 (39,198 to 38,783 acre-feet per year). Groundwater
pumped from the aquifer is used predominately for irrigation purposes. Total pumping from the
aquifer is estimated to have increased by approximately 275 percent between 1950 and 2012

(37,097 to 138,890 acre-feet per year). This indicates that recent pumping is significantly higher
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than projected supplies in the 2012 State Water Plan. Groundwater in the Brazos River Alluvium
Aquifer is fresh to slightly saline.

The Texas Water Code codified the requirement for generation of a State Water Plan that allows
for the development, management, and conservation of water resources and the preparation and
response to drought, while maintaining sufficient water available for the citizens of Texas
(TWDB, 2012a). Senate Bill 1 and subsequent legislation directed the TWDB to coordinate
regional water planning with a process based upon public participation. Also, as a result of
Senate Bill 1, the approach to water planning in the state of Texas has shifted from a water-

demand based allocation approach to an availability-based approach.

Groundwater models provide a tool to estimate groundwater availability for various water use
strategies and to determine the cumulative effects of increased water use and drought. A
groundwater model is a numerical representation of the aquifer system capable of simulating
historical conditions and predicting future aquifer conditions. Inherent to the groundwater model
are a set of equations that are developed and applied to describe the primary or dominant
physical processes considered to be controlling groundwater flow in the aquifer system.
Groundwater models are essential for performing complex analyses and making informed

predictions and related decisions (Anderson and Woessner, 1992).

Development of groundwater availability models for the major and minor Texas aquifers is
integral to the state water planning process. The purpose of the TWDB groundwater availability
model program is to provide tools that can be used to develop reliable and timely information on
groundwater availability for the citizens of Texas and to ensure adequate supplies or recognize
inadequate supplies over a 50-year planning period. The groundwater availability models also
serve as an integral part of the process of determining modeled available groundwater based on
desired future conditions, as required by House Bill 1763 (79" Legislative Session). The Brazos
River Alluvium Aquifer groundwater availability model will, thus, serve as a tool for

groundwater planning in the state.

The Brazos River Alluvium Aquifer groundwater availability model will be developed using a
modeling protocol that is standard to the groundwater modeling industry. This protocol includes:
(1) the development of a conceptual model for groundwater flow in the aquifer, including

defining physical limits and properties, (2) model design, (3) model calibration, (4) sensitivity
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analysis, and (5) reporting. The conceptual model, which is documented in this report, is a
description of the physical processes governing groundwater flow in the aquifer system.
Available data and reports for the model area were reviewed in the conceptual model
development stage. Model design, model calibration, and sensitivity analysis are aspects of the

numerical model, which will be documented in a subsequent report.

This report on the conceptual model for the Brazos River Alluvium Aquifer consists of eight
sections. Section 2.0 is a discussion of the study area including physiography, climate, and
geology. Previous investigations are discussed in Section 3.0. The hydrologic setting, including
hydrostratigraphy, hydrostratigraphic framework, water-levels and regional groundwater flow,
recharge, interaction with surface water bodies, hydraulic properties, discharge, and water
quality, is given in Section 4.0. Section 5.0 presents the conceptual model of groundwater flow
in the aquifer. Future improvements, acknowledgments, and references are given in

Sections 6.0, 7.0, and 8.0, respectively.
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Figure 1.0.1  Locations of major aquifers in Texas (TWDB, 2006a).
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2.0 Study Area

The Brazos River Alluvium Aquifer consists predominantly of Quaternary-age alluvium and
connected terrace deposits flanking 350-river miles of the Brazos River in Texas from Whitney
Dam in southern Hill and Bosque counties to Fort Bend County. The aquifer is up to 7 miles

wide and has an area of 1,053 square miles (George and others, 2011).

The location of the active model boundary for the Brazos River Alluvium Aquifer groundwater
availability model is shown relative to the state of Texas in Figure 2.0.1. The active model area
is shown in Figures 2.0.2a and 2.0.2b, for the northern and southern portions of the aquifer,
respectively. Groundwater model boundaries are typically defined on the basis of surface or
groundwater hydrologic boundaries. The current model's lateral boundaries generally
correspond to the boundaries of the Brazos River Basin as given by TWDB (2002). In the south,
where the Brazos River Basin narrows, however, the model boundary was extended westward to
the western boundary of the Brazos-Colorado River Basin, as given by TWDB (2002), and
eastward to the eastern boundaries of the San Jacinto River Basin subwatersheds listed in

Table 2.0.1. These latter subwatersheds are defined in the Watershed Boundary Dataset of the
United States Department of Agriculture (2014a). The northern and southern boundaries of the
model coincide with the northern and southern extent of the Brazos River Alluvium Aquifer and
roughly parallel the direction of shallow groundwater flow towards the Brazos River. All or
parts of 33 counties are included in the active model area, 13 of which intersect the Brazos River

Alluvium Aquifer.

In order to show the entire aquifer in a single figure at a scale large enough to view detailed
information, the majority of the figures in this report do not extend to the active model boundary.
Rather, information is shown in a smaller study area (see Figure 2.0.1). The lateral boundaries
for the active model area extend a large distance from the aquifer in order to capture hydrologic
boundaries. However, the relevant information for this conceptual model report is that
pertaining to the Brazos River Alluvium Aquifer and not information at large distances from the
aquifer. Use of this smaller study area for display purposes does not compromise development

of the conceptual model of the Brazos River Alluvium Aquifer.

Figure 2.0.3 shows the cities, towns, and major roadways in the study area. The only major city

located on the Brazos River Alluvium Aquifer is the city of Waco in McLennan County. In

2.0-1



Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

addition, several towns are located on or partially on the aquifer. The locations of major rivers,
lakes, and reservoirs in the study area are shown in Figure 2.0.4. The portion of the Brazos River
overlying the Brazos River Alluvium Aquifer is a perennial river, as it tends to gain water from
the underlying aquifer. Several reservoirs are located near the Brazos River Alluvium Aquifer,

including Lake Whitney, Lake Waco, Lake Creek Lake, and Smithers Lake.

Figures 2.0.5 and 2.0.6 show the surface outcrop and downdip subcrop of the major and minor
aquifers in the study area, respectively. Major aquifers that underlie the Brazos River Alluvium
Aquifer are the Carrizo-Wilcox, Trinity, and Gulf Coast aquifers. The Trinity Aquifer is at such
depth beneath the Brazos River Alluvium Aquifer that it is not likely to interact with the
alluvium. Although the Edwards Balcones Fault Zone Aquifer lies within the study area, it does
not underlie or interact with the Brazos River Alluvium Aquifer. Minor aquifers that underlie
the Brazos River Alluvium Aquifer include the Queen City, Sparta, and Yegua-Jackson aquifers.
Although the Woodbine Aquifer does outcrop near the northeastern boundary of the Brazos
River Alluvium Aquifer, examination of the surface geology (Bureau of Economic Geology,
1970) indicates that the Brazos River Alluvium Aquifer does not actually contact the surface
expression of the Woodbine Formation. Therefore, the Woodbine Aquifer is not thought to

interact with the Brazos River Alluvium Aquifer.

The Brazos River Alluvium Aquifer is located within two Texas Regional Water Planning Areas
(Figure 2.0.7). The northern portion of the aquifer is in the Brazos G Regional Water Planning
Area (Region G) and the southern portion is in the Region H Regional Water Planning Area.
Portions of the aquifer are located in six groundwater conservation districts and one subsidence
district (Figure 2.0.8). From north to south, these are the Prairielands, Middle Trinity, Southern
Trinity, Brazos Valley, Post Oak Savannah, and Bluebonnet Groundwater Conservation Districts
and the Fort Bend Subsidence District. The Brazos River Alluvium Aquifer intersects portions
of Groundwater Management Areas 8, 12 and 14 (Figure 2.0.9). The majority of the aquifer is
located in the Brazos River Authority (Figure 2.0.10).

Since the Brazos River Alluvium Aquifer follows the Brazos River, the majority of the aquifer
falls within the Brazos River Basin (Figure 2.0.11). At the southern end, a small portion of the

aquifer is located in the San Jacinto-Brazos River Basin.
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Table 2.0.1 Subwatersheds used to define the eastern boundary for the southern portion of the
Brazos River Alluvium Aquifer groundwater availability model (United States
Department of Agriculture, 2014a).

H\;\ijartglrcf giidulr?i tD(IZ%ctje Watershed Name
120401040703 Lower Greens Bayou
120401040606 Middle Greens Bayou
120401040605 Upper Greens Bayou
120401040603 Headwaters Greens Bayou
120401020107 Marshall Lake-Cypress Creek
120401020212 Willow Creek
120401020212 Dry Creek-Spring Creek
120401010308 Landrum Creek-Lake Creek
120401010305 Kidhaw Branch-Lake Creek
120401010303 Flagtail Creek-Lake Creek
120401040705 Vince Bayou-Buffalo Bayou
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Figure 2.0.1  Active model boundary and study area for the Brazos River Alluvium Aquifer
groundwater availability model.
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Figure 2.0.2a Northern portion of the active model area for the Brazos River Alluvium Aquifer
groundwater availability model.
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Figure 2.0.2b  Southern portion of the active model area for the Brazos River Alluvium Aquifer
groundwater availability model.
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Figure 2.0.3  Cities, towns, and major roadways in the study area.
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Figure 2.0.4  Major rivers, lakes, and reservoirs in the study area (TWDB, 2009; 2014a)
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BFZ = Balcones Fault Zone

Figure 2.0.5 Major aquifers in the study area (TWDB, 2006a).
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Figure 2.0.6  Minor aquifers in the study area (TWDB, 2006b).
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Figure 2.0.7  Regional water planning areas in the study area (TWDB, 2014b).
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Figure 2.0.8  Groundwater conservation districts and subsidence districts in the study area
(TWDB, 2014c). Abbreviation key: GCD = groundwater conservation district, CD =
conservation district, UWCD = underground water conservation district
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Figure 2.0.9  Groundwater management areas in the study area (TWDB, 2011).
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Figure 2.0.10 River authorities and special law districts in the study area (TWDB, 2014d).
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Figure 2.0.11 Major river basins and sub-basins in the study area (TWDB, 2002).
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2.1 Physiography and Climate

The Brazos River Alluvium Aquifer largely falls in the West Gulf Coast Plain section of the
Coastal Plain Province of the Atlantic Plain Physiographic Division as mapped by Fenneman and
Johnson (1946) (Figure 2.1.1). Note that on this figure the physiographic divisions are indicated
by color and are shown in the legend, sections are indicated by fill, and section names are posted.
The West Gulf Coast Plain section is characterized as a young coastal plain that grades inland to
become a mature coastal plain (Fenneman, 1938). A small northern portion of the aquifer falls in
the Central Texas section of the Great Plains Province of the Interior Plains Physiographic
Division as mapped by Fenneman and Johnson (1946). This section is a mature plateau in the
late stages of erosion that marks the transition between the lowlands in the east and north and

younger plateaus to the west and south (Fenneman, 1931).

Figure 2.1.2 shows the Level III Ecological Regions in the study area as defined by the United
States Environmental Protection Agency (2011). Ecological regions (also referred to as
ecoregions) refer to areas exhibiting a distinct ecosystem type. The conterminous United States
is divided into Level III Ecoregions based on factors such as vegetation, climate, hydrology,
geology, and physiography. The northernmost portion of the Brazos River Alluvium Aquifer
falls in the Cross Timbers Ecoregion, which consists predominately of native “cross-timbers”
vegetation and is used mostly for pastureland and rangeland due to its general unsuitability for
crops. This ecoregion corresponds roughly to the Central Texas Physiographic section defined
by Fenneman and Johnson (1946) as discussed above. Towards the south, the ecoregion
classification alternates between Texas Blackland Prairies and East Central Texas Plains until
transitioning into the Western Gulf Coastal Plains. The Texas Blackland Prairies Ecoregion is
generally characterized by natural prairie vegetation with sections converted to cropland, pasture,
and forage production. The East Central Texas Plains ecoregion consists mostly of post oak
savanna vegetation with a dense, underlying clay pan that limits conversion to cropland. The
Western Gulf Coastal Plains ecoregion, a flat region more conducive to agriculture, has natural

vegetation that ranges from grassland to forest or savanna-type further inland.

Figure 2.1.3 provides a topographic map of the study area based on the 10-meter (32.8-foot)
digital elevation model (DEM) (United States Geological Survey, 2014a). The aquifer falls in

the low-lying and relatively flat floodplain of the Brazos River. The surface elevation of the
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Brazos River Alluvium Aquifer decreases from a high of about 588 feet above mean sea level in

the northwest to a low of 17 feet above mean sea level in the southeast.

Surface soil was evaluated based on data from the SSURGO database (United States Department
of Agriculture, 2014b) within the boundary of the Brazos River Alluvium Aquifer and from the
lower-resolution STATSGO2 database (United States Department of Agriculture, 2006) for areas
within the active model area outside the aquifer. These databases include data on soils to a depth
up to about 6 to 7 feet below the surface. One of the physical properties of the soils estimated in
the database is saturated hydraulic conductivity. The databases provide a spatial coverage of
delineated areas, called map units, of soils with similar properties. For each of these map units,
there can be up to six soil components, including an estimate of what fraction of the map unit is
comprised of each component. In addition, each component can have up to four soil horizons, or
layers of soil that share common physical characteristics. Each horizon of each component will
generally have an associated estimate of saturated hydraulic conductivity, as well as the

thickness of that particular horizon.

To develop an integrated estimate of infiltration capacity, an effective saturated hydraulic
conductivity value for each component was calculated using the thickness-weighted harmonic

mean of the horizons comprising that component:

2 bj
= 2.1.1
St (2.1.1)

4

Component K.rr =

where:

Keff = the effective saturated hydraulic conductivity of the component,
bi = the thickness of each horizon, and

Ki = the saturated hydraulic conductivity of each horizon.

This method was chosen as it favors the lowest hydraulic conductivity layer, which exerts the
most control on infiltration. Based on these component values, an estimate of saturated hydraulic
conductivity for each map unit was calculated using an area-weighted, geometric average of the

effective saturated hydraulic conductivity value of the components comprising that map unit:
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where:

Keff = the effective saturated hydraulic conductivity of the map unit,
mi = the percentage of map unit area comprised by each component, and

Ki = the effective saturated hydraulic conductivity of each component.

Figure 2.1.4 shows the effective saturated hydraulic conductivity of map units for the surface

soils in the vicinity of the Brazos River Alluvium Aquifer.

The climate in the study area is classified predominantly as Subtropical Humid, as defined by
Larkin and Bomar (1983) (Figure 2.1.5). This is a type of Modified Marine climate caused by
the onshore flow of air from the Gulf of Mexico that loses moisture content as it travels east to
west across the state. The Subtropical Humid climate is characterized by warm summers and has
a high moisture content since it is close to the coast. The northwest portion of the study area
falls in the transition zone between the Subtropical Humid and Subtropical Subhumid climates.
This transition marks a shift to slightly drier conditions as air moves further inland from the
coast. The Subtropical Subhumid climate is characterized by hot summers and dry winters
(Larkin and Bomar, 1983). Figure 2.1.5 also shows the climatic divisions in the study area as
defined by the National Climatic Data Center Climate Divisional Dataset for long-term analyses
of drought, temperature, and precipitation (National Oceanic and Atmospheric Administration,
2014a). The average monthly Palmer Drought Severity Index values for each division for the
time period from 1895 to mid-2014 are depicted in Figure 2.1.5. All climatic divisions fall in the

normal category, which is defined as the range from 0 to 0.5.

The Parameter-elevation Regressions on Independent Slopes Model (PRISM) temperature and
precipitation datasets developed and presented online by the PRISM Climate Group at Oregon
State University provides a distribution of average annual temperature and precipitation based on
the period from 1981 to 2010 (PRISM Climate Group, 2013). Figures 2.1.6 and 2.17 show the
average annual temperature and average annual precipitation in the study area, respectively.
Across the Brazos River Alluvium Aquifer, the average annual temperature ranges from a high
of 70 degrees Fahrenheit in the southeast to a low of 66 degrees Fahrenheit in the northwest, and
the average annual precipitation ranges from a low of about 35 inches in the northwest to a high

of about 50 inches in the southeast.
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Climate monitoring data are available for 281 National Climatic Data Center Cooperative
Observer Network stations in the study area from as early as the late 1800s through the present
(National Oceanic and Atmospheric Administration, 2010) (Figure 2.1.8). Measurements at
most stations did not begin until the 1940s. In general, precipitation measurements are not
continuous on a month-by-month or year-by-year basis at these stations. Examples of historical
variation in annual precipitation at select gages in the study area are shown in Figure 2.1.9
(National Oceanic and Atmospheric Administration, 2014b). Most of these examples are from
the 15 Cooperative Observer Network stations located within the extent of the Brazos River
Alluvium Aquifer. On this figure, the blue lines represent annual precipitation, and the red
dashed lines correspond to the mean annual precipitation for the period of record. A

discontinuity in the blue line indicates a year with fewer than 12 months of data available.

Figure 2.1.10 shows the long-term average monthly variation in precipitation at select sites
(National Oceanic and Atmospheric Administration, 2014b). The period for the long-term
average monthly data is 1931 to 2014 for gage 418491, 1932 to 2014 for gage 415611, 1931 to
2014 for gage 418728, 1931 to 2003 for gage 418160, and 1949 to 2014 for gage 419715. At all
stations, precipitation peaks twice a year: in late spring and again in the fall. This figure shows
slight differences in average monthly precipitation between the southern and northern portions of
the Brazos River Alluvium Aquifer. The first precipitation peak occurs in May for all stations.
However, the second precipitation peak occurs slightly later at the two northern stations
(October) compared to earlier at the two southern stations (September). In addition, the
precipitation peaks are much more pronounced at the northern stations due to low precipitation

throughout the rest of the year.

Average annual lake evaporation in the study area ranges from a high of 59 inches per year in the
north to a low of 46 inches per year in the southeast (TWDB, 2013) (Figure 2.1.11). Annual
evaporation rates generally exceed the average annual rainfall (see Figure 2.1.7) in all portions of
the Brazos River Alluvium Aquifer except in the southeast. Monthly variations in lake surface
evaporation are shown in Figure 2.1.12 for five locations in the study area (TWDB, 2013).

These values represent the average of the monthly lake surface evaporation data from January
1954 through December 2013. Monthly lake evaporation peaks in July for all locations, with the

highest evaporation peaks occurring in the west.
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Evapotranspiration is the combined process of soil water evaporation near land surface and the
uptake in the root zone and subsequent transpiration of water by vegetation. For the purposes of
groundwater modeling, two types of evapotranspiration are distinguished: vadose zone
evapotranspiration and groundwater evapotranspiration. Evapotranspiration in the vadose zone
captures infiltrating water before it reaches the water table. Groundwater evapotranspiration is
plant uptake or surface evaporation of groundwater at the water table. Groundwater
evapotranspiration is the focus here since it is the type implemented in groundwater models.

Vadose zone evapotranspiration is accounted for in recharge estimates.

Groundwater evapotranspiration occurs primarily in riparian buffer zones adjacent to streams
(Scanlon and others, 2005) and typically has limited influence on most regional groundwater
models. However, since the entire extent of the Brazos River Alluvium Aquifer falls very near
the Brazos River and, with the exception of developed areas, has significant vegetative cover
consisting of both cropland and natural vegetation, groundwater evapotranspiration may be a
large portion of the water budget for this aquifer. The United States Fish and Wildlife Service
(2014) provides spatial coverage of riparian zones in Texas. Currently, however, this coverage is
limited to west Texas, so it does not provide any information for the study area. For the
conceptualization of the Brazos River Alluvium Aquifer, areas adjacent to streams are assumed

to be the locations of riparian zones.

Scanlon and others (2005) summarize the conceptual approach to implementing groundwater
evapotranspiration in groundwater models. In general, if water tables are very near the surface,
evapotranspiration will be close to the potential evapotranspiration, assuming there is some type
of vegetative cover. However, outside of riparian zones, the water table generally is not at land
surface but rather lies some distance below the land surface. If the rooting depth of vegetation is
known, then the areas where the water table is high enough to be available for evapotranspiration
can be identified. When the water table is below land surface but still within the main vegetation
root zone, evapotranspiration will occur at the unhindered vegetative evapotranspiration rate,

estimated as (Scanlon and others, 2005):
ETV,0x = PET ¢ K, (2.1.3)
where:

ETVmax = the unhindered vegetative evapotranspiration rate,
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PET = potential evapotranspiration, and

K¢ = vegetation coefficient.

Equation 2.1.3 requires estimates of potential evapotranspiration and vegetation coefficients for
the Brazos River Alluvium Aquifer. In addition, vegetative rooting depth is needed to determine
whether the water table lies within the root zone and evapotranspiration occurs at the unhindered
vegetative evapotranspiration rate. The following explains how potential evapotranspiration,

vegetation coefficients, and rooting depth were estimated for the Brazos River Alluvium Aquifer.

Borelli and others (1998) provide an estimate of long-term potential evapotranspiration in Texas,
based on the Penman-Monteith method. In the vicinity of the Brazos River Alluvium Aquifer,
long-term average potential evapotranspiration ranges from about 56 to 62 inches per year
(Figure 2.1.13). Although evapotranspiration varies considerably with seasons, it does not vary

significantly on an average annual basis.

Land cover and crop distribution were used to determine appropriate vegetative coefficient
values. Figure 2.1.14 shows the land cover distribution on the Brazos River Alluvium Aquifer as
given in the 2013 Cropland Data Layer (United States Department of Agriculture, 2014c¢). In
this figure, all crops are grouped into the general category "cropland." The distribution of
individual crops is shown in Figure 2.1.15. A large percentage (33 percent) of the land on the
Brazos River Alluvium Aquifer is cropland. Therefore, the distribution not only of cropland as a
whole but of different crop types was investigated. Figure 2.1.16 illustrates the overall

distribution of land use types as well as the break-down of cropland by individual crop types.

Table 2.1.1 gives the typical crop coefficient and rooting depth for the crop types on the Brazos
River Alluvium Aquifer. The crop coefficients from Borelli and others (1998) represent Texas-
specific peak season values under moderate wind conditions for a grass reference crop in a
humid environment. Moderate wind is defined as a mean wind run (total distance wind traveled
over a specified time) of less than or equal to 250 miles per day. "Humid" means minimum
relative humidity greater than or equal to 70 percent (Borelli and others, 1998). The rooting
depths in Table 2.1.1 are sourced from Allen and others (1998) and are global estimates, not

Texas specific.

Table 2.1.2 provides typical values for vegetative coefficients and rooting depths for Texas land

cover types (other than cropland) from Scanlon and others (2005). They report vegetative
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coefficients calculated using the historical average monthly temperatures of Del Rio, Austin, El
Paso, and Amarillo, Texas. Of these cities, the study area is most climatically similar to Austin,
Texas. Therefore, the vegetative coefficients for land use on the Brazos River Alluvium Aquifer
were assumed to be the same as the values reported for that city. Scanlon and others (2005) cite
several different sources for rooting depth. The ones assumed here are the values for Texas-
specific species from Canadell and others (1996) for mesquite and loblolly pine and Texas

measurements from Schenk and Jackson (2002) for grasslands.
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Table 2.1.1 Crop coefficients (Borelli and others, 1998) and rooting depths (Allen and others,
1998) for common crops in the study area.

Crop Crop Coefficient Rooting Depth (feet)
Corn 1.05 33t05.6
Cotton 1.05 33t05.6
Non-Alfalfa Hay" 1.05 33t04.9
Winter Wheat 1.05 491059
Sorghum 1.00 331t06.6
Oats 1.05 33t04.9

(M Assumed to be barley/oats

Table2.1.2  Typical vegetative coefficients and rooting depths for land cover types (Scanlon and
others, 2005).

Vegetation Type Ajzgrgz?e;:pyd Vegetative Coefficient | Rooting Depth (feet)
Wetlands Wetlands 0.77 M
Ranchland: warm grasses Grassland/pasture 0.7 2.0t0 3.0
Mesquite Deciduous Forest 0.54 6.9 to 48.9
Pine Evergreen Forest 0.53 6.9t03.1

(M no value reported
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Figure 2.1.1  Physiographic provinces in the study area (Fenneman and Johnson, 1946).
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Figure 2.1.2  Level 11 ecological regions in the study area (United States Environmental
Protection Agency, 2011).
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Figure 2.1.3  Elevation (in feet above NAD 88 datum) for the study area (United States Geological
Survey, 2014a).
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Figure 2.1.4  Average saturated hydraulic conductivity of surface soil in the vicinity of the Brazos
River Alluvium Aquifer (United States Department of Agriculture, 2006; United
States Department of Agriculture, 2014b).
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NOAA = National Oceanic and Atmosphere Administration

Figure 2.1.5 Climate divisions in the study area (Larkin and Bomar, 1983; National Oceanic and
Atmospheric Administration, 2014a).
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Figure 2.1.6  Average annual air temperature (in degrees Fahrenheit) in the study area for the
time period 1981 to 2010 (PRISM Climate Group, 2013).
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Figure 2.1.7  Average annual precipitation (in inches per year) in the study area for the time
period 1981 to 2010 (PRISM Climate Group, 2013).
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Figure 2.1.8 Location of precipitation gages in the study area (National Oceanic and
Atmospheric Administration, 2010). Abbreviation key: NCDC = National
Climatic Data Center; COOP = Cooperative Observer Network.
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Figure 2.1.9  Select time series of annual precipitation (in inches per year) in the study area
(National Oceanic and Atmospheric Administration, 2014b).
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Figure 2.1.10 Select time series of mean monthly precipitation (in inches per month) in the study
area (National Oceanic and Atmospheric Administration, 2014b).
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Figure 2.1.11 Average annual lake evaporation rate (in inches per year) in the study area (TWDB,
2013).
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Figure 2.1.12 Average monthly lake evaporation rates (in inches) at select locations in the study
area (TWDB, 2013).
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Figure 2.1.13 Average annual potential evapotranspiration in the study area (Borelli and others,
1998).
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Figure 2.1.14 Land cover distribution on the Brazos River Alluvium Aquifer (United States
Department of Agriculture, 2014c¢).
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Figure 2.1.15 Crop distribution on the Brazos River Alluvium Aquifer (United States Department
of Agriculture, 2014c).
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Figure 2.1.16 Division of land use type and crop type by total land area on the Brazos River
Alluvium Aquifer.
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2.2 Geology

The structural setting for the study area is shown in Figure 2.2.1. The fault traces were modified
from Ewing (1990), and the other structural features were modified from Guevara and Garcia
(1972), Galloway (1982), and Galloway and others (2000). Sediment deposition in the study
area was focused in the Houston Embayment. There are several regional fault zones in the study
area including the Wilcox Fault Zone, the Karnes/Milano/Mexia Fault Zone, and the Balcones
Fault Zones (Ewing, 1990). The Wilcox Fault Zone is a series of growth faults caused by
sediment progradation onto marine clays and resulting basinward slippage and subsidence. The
Karnes/Milano/Mexia Fault Zone is a series of normal faults active throughout the Eocene. The

Balcones Fault Zone is a series of normal faults formed at the perimeter of the Gulf Coast Basin.

The Brazos River Alluvium Aquifer consists of Quaternary-age water-bearing sediments in the
floodplain and terrace deposits of the Brazos River in southeast Texas. The bedrock strata
underlying the Brazos River Alluvium Aquifer are composed of consolidated and unconsolidated
sedimentary rocks deposited under both marine and continental conditions (Cronin and Wilson,
1967). Some of these formations comprise major and minor aquifers as defined by the TWDB,
including the Carrizo-Wilcox, Queen City, Sparta, Yegua-Jackson, and Gulf Coast aquifers.
Formations lying between the aquifers are generally considered to be non-productive or to
provide only very low water production. Brief descriptions of all underlying units are provided
in Table 2.2.1. A simplified surface geology map based on Bureau of Economic Geology (2007)
is shown in Figure 2.2.2. Cronin and Wilson (1967) provide three longitudinal cross-sections
that illustrate the relationship between the Brazos River Alluvium Aquifer and the underlying
formations. The locations of these cross-sections are shown in Figure 2.2.3, cross-sections A-A'
and B-B' are shown in Figure 2.2.4a, and cross-section C-C' is shown in Figure 2.2.4b. As
shown in the cross-sections, all underlying formations generally dip southeast towards the Gulf

of Mexico.

Since the lithology and structural features of the individual underlying formations are not
particularly relevant for developing a conceptual model of groundwater flow in the Brazos River
Alluvium Aquifer, the individual characteristics of these formations are not provided here.
Details regarding the underlying aquifers can be found in their respective groundwater

availability model reports, which are Dutton and others (2003) for the central Carrizo-Wilcox
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Aquifer; Kelley and others (2004) for the Queen City, Sparta, and Carrizo-Wilcox aquifers;
Deeds and others (2010) for the Yegua-Jackson Aquifer; and Kasmarek (2013) for the Gulf
Coast Aquifer System.

The floodplain and terrace deposit sediments of the Brazos River can be divided into two distinct
units. The following descriptions of these units are summarized from Cronin and Wilson (1967)

unless another source is noted.

2.2.1 Terrace alluvium

"Terrace alluvium" refers to the Brazos River alluvial deposits that occur above the current
floodplain of the Brazos River. These deposits consist of clay, silt, sand, and gravel and can be
somewhat cemented in places. Older (higher) terrace deposits are often geologically and
hydrologically separated from both the younger (lower) terrace deposits and the floodplain
alluvium. They are often found as isolated bodies on hilltops or river-cut benches above the
current floodplain. Therefore, even though some of the thicker terrace deposits can locally
provide small amounts of water, the older terrace alluvium is not generally considered part of the
Brazos River Alluvium Aquifer. Younger (lower) terrace deposits that are in hydraulic
connection with the floodplain alluvium are part of the Brazos River Alluvium Aquifer since

they are in direct hydraulic connection with the floodplain deposits.

Cronin and Wilson (1967) provide cross-valley profiles illustrating the deposition patterns of the
Brazos River alluvial sediments. The locations of the profiles are shown in Figure 2.2.5 and the
profiles are shown from north to south in Figures 2.2.6a, 2.2.6b, 2.2.6c, 2.2.6d, and 2.2.6e.
These cross-valley profiles show widely varying deposition patterns for the terrace deposits. For
instance, cross-valley profiles 2 and 5 (see Figures 2.2.6a and 2.2.6b, respectively) provide
examples of completely isolated terrace deposits, cross-valley profiles 9 and 10 (see

Figures 2.2.6¢ and 2.2.6d, respectively) show terrace deposits directly connected with floodplain
deposits, and the terrace deposits shown in cross-valley profiles 3 and 4 (see Figures 2.2.6a and
2.2.6b, respectively) have an unclear, but probably non-zero, degree of connection with the

floodplain alluvium.

2.2.2 Floodplain alluvium
"Floodplain alluvium" refers to the alluvial deposits underlying the Brazos River and its current

floodplain. These sediments include sand, gravel, silt, and clay that occur in lenses that pinch
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out or grade both laterally and vertically. Deposition of these materials occurred either in stream
channels or as a result of overbank flow in the floodplain. Gravel lenses are associated with
stream channel deposition, whereas finer sediments are likely contributed by overbank flow. As
a unit, the floodplain alluvium generally fines upward, with gravels or gravels mixed with sand
at the bottom of the deposit and fine-grained material at the top. Clay is common in the fine-
grained upper portion of the unit and can create local confining conditions (Shah and others,
2007a, 2009). The mineralogical composition of gravels shifts slightly from north to south, with
gravels near Waco being predominately limestone and gravels downstream from Navasota

predominately siliceous.

The floodplain alluvium generally appears to increase in thickness from north to south (see
Figures 2.2.6a-¢). Although the base of the alluvium is easy to distinguish from the underlying
hard, compact bedrock in the north, it is difficult to distinguish in the south where it overlies
other Quaternary-age alluvial sediments. Therefore, it is unclear whether the alluvium is actually
thicker in the south or if the base is just less well defined. Cronin and Wilson (1967) note that
cross-valley profile 15 (see Figure 2.2.6¢) illustrates that it is not always possible to determine
the contact between underlying formations and the floodplain alluvium in test holes in the
southern portion of the Brazos River Alluvium Aquifer. Shah and others (2007a, 2009) also
express concern about the accuracy of the aquifer base in the south, where alluvium overlies the
lithologically similar Gulf Coast Aquifer System. This points out the uncertainty in the observed

thickening of the Brazos River Alluvium Aquifer from north to south.
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Table 2.2.1 Generalized stratigraphic description of geologic formations in the model area.
System Series Geologic Unit Geologic Description
Holocene Alluvium Floodplain and trlbgtgry alluvium, clay, sand, silt and gravel. Yields
small to large quantities of water.
Fluvial terrace Clay, silt, sand, and gravel, somewhat cemented in places. Locally
Quaternary deposits yields small quantities of water.
Pleistocene Beaumont Clay, silt, sandy clay, and sand. Yields small to moderate quantities
Formation of water.
Lissie Formation Sand, clay, and gravel. Yields small to large quantities of water.
Pliocene Willis Sand Sand,.g.ravel, clay, silt, and sandy clay. Yields small to large
quantities of water.
Goliad Sand Sand, clay, and sandy clay. Yields small to moderate quantities of
water.
Miocene Fleming Formation | Clay and sandstone.
Oakville Sandstone | Sand, sandstone, and clay. Yields small to large quantities of water.
. Catahoula Sand, sandstone, clay, and tuff. Yields small to moderate quantities
Oligocene
Sandstone of water.
Clay, sand, sandstone, and shale. Yields small to moderate
Jackson Group s
quantities of water.
. Sand, shale, sandstone, and lignite. Yields small to moderate
Yegua Formation .
quantities of water.
Tertiary - - -
Cook Mountain Shale, clay, sandy shale, sand, and glauconite. Yields small
Formation quantities of water.
Sparta Sand Sand, clay, and shale. Yields small to moderate quantities of water.
Eocene Weches Formation | Glauconitic, clay, and silt. Yields small quantities of water.
Queen City Sand Sand and clay. Yields small to moderate quantities of water.
Reklaw Formation ShaleZ §andy shale, sand, and some glauconite. Yields small
quantities of water.
Carrizo Sand Sand, clay, and silt. Yields small quantities of water.
Wilcox Group Sand, clay, silt, and lignite. Yields small to large quantities of
water.
Paleocene Midway Group Glauconitic clay, silt, sandy clay, and sand. Yields small quantities
of water.
Navarro Group Sandy marl, clay, and some sand. Yields small quantities of water.
Taylor Marl Marl, clay, chalk, and sand. Locally yields small quantities of
water.
Gulfian Austin Chalk Chalky and marly limestone. Yields small quantities of water.
Cretaceous Facle Ford Grou Shale, sandy shale, and thin beds of sandstone and limestone. Not
& P | known to yield water to wells in study area.
Grayson Marl Mostly marl with some thin interbeds of limestone near top.?
Washita Group Marl, clay, and limestone. Yields small quantities of water.
Comanchean i
Fredgrl(():ll;s)burg Limestone, marl, and clay. Yields small quantities of water.

@ from Cronin and Wilson (1967) unless noted otherwise; small quantities of water refers to less than 100 gallons per minute,
moderate quantities of water refers to 100 to 1,000 gallons per minute, and large quantities of water refers to greater than
1,000 gallons per minute.

@ from Stoeser and others (2007)
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Figure 2.2.1  Major faults and structural features in the study area (modified from Ewing, 1990;
Guevara and Garcia, 1972; Galloway, 1982; Galloway and others, 2000.
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Grp. = Group Form. = Formation

Figure 2.2.2  Generalized surface geologic map in the study area (modified from Bureau of
Economic Geology, 2007).
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Figure 2.2.3  Location of longitudinal cross-sections of the Brazos River Alluvium Aquifer (after
Cronin and Wilson, 1967).
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Figure 2.2.4b Cross-section C-C' from Cronin and Wilson (1967) (location given in Figure 2.2.3).
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Figure 2.2.5 Location of cross-valley profiles (after Cronin and Wilson (1967).
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Figure 2.2.6a Cross-valley profiles 1 through 3 from Cronin and Wilson (1967) (locations given in
Figure 2.2.5).
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Figure 2.2.6b Cross-valley profiles 4 through 6 from Cronin and Wilson (1967) (locations given in
Figure 2.2.5).
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Figure 2.2.6c Cross-valley profiles 7 through 9 from Cronin and Wilson (1967) (locations given in
Figure 2.2.5).
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Figure 2.2.6d Cross-valley profiles 10 through 12 from Cronin and Wilson (1967) (locations given
in Figure 2.2.5).
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Figure 2.2.6e Cross-valley profiles 13 through 15 from Cronin and Wilson (1967) (locations given
in Figure 2.2.5).
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3.0 Previous Investigations

Several studies have been conducted on the Brazos River Alluvium Aquifer, but little
information about the aquifer dates back prior to its development as a source for irrigation water
in the 1950s. One modeling study has been conducted for a small portion of the Brazos River
Alluvium Aquifer. In addition, several modeling studies of aquifers underlying the Brazos River
Alluvium Aquifer have been conducted. The following discussion of previous investigations is

divided into those related to hydrogeology and those related to numerical modeling.

3.1 Previous Hydrogeologic Investigations

The earliest published documentation of shallow wells in the vicinity of the Brazos River is
found in Taylor (1907), which provides overviews of groundwater resources on a county-by-
county basis for the Texas Coastal Plain. His report, however, is lacking specific information for
the Brazos River Alluvium Aquifer. Early wells completed in the Brazos River Alluvium
Aquifer were documented in several county-scale reports generally produced as part of Works
Progress Administration projects between 1937 and 1943, consisting primarily of tabulated well
records, drillers’ logs, and water quality data (Texas Board of Water Engineers, 1937a, 1937b,
1937¢, 1938, 1942, 1943a, 1943b; Livingston and Turner, 1939; Turner, 1939; Turner and
Livingston, 1939). Post-development county-based investigations generally provide a narrative
overview of the groundwater resources of their respective counties, including the Brazos River
Alluvium Aquifer (Fluellen and Goines, 1952; Wilson, 1967; Sandeen, 1972; Wesselman, 1972;
Baker and others, 1974; Follett, 1974; Thorkildsen, 1990). Later well inventories in Fort Bend
and Waller counties are provided in Naftel and others (1976), Ratzlaff and others (1983), and
Williams and others (1987). Well records and water resources reports for counties intersecting

the Brazos River Alluvium Aquifer are summarized in Table 3.1.1.

Greater interest in the Brazos River Alluvium Aquifer as a source for water was instigated by the
drought of the 1950s, when many irrigation wells were completed in the aquifer. This early
development was documented by Hughes and Magee (1962). The Brazos River Alluvium
Aquifer was discussed in some detail within the subsection “Quaternary Alluvium in the West
Gulf Coastal Plain” of a broader report on the groundwater resources of the entire Brazos River

Basin (Cronin and others, 1973). That subsection discusses groundwater recharge, movement,
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and discharge; water quality; groundwater development, utilization, and availability; and
variations in water levels for the Brazos River Alluvium Aquifer from Whitney Dam northwest
of Waco to near the Gulf of Mexico. Cronin and Wilson (1967) treated the Brazos River
Alluvium Aquifer with greater detail in in their study of groundwater in the aquifer from
Whitney Dam to the vicinity of Richmond, Texas, which remains the most comprehensive report
on the aquifer to date. Cronin and Wilson (1967) discuss the geology, areal extent and depth
variations, water quality, water-level variations and flow directions, interactions with surface
water, interactions with underlying bedrock aquifers, recharge and discharge, irrigation within
the floodplain, and general availability of groundwater in the Brazos River Alluvium Aquifer.
They also present hydraulic property data for the Brazos River Alluvium Aquifer, including
laboratory measurements of hydraulic conductivity and specific yield of samples of different
sediment types collected during test drilling, transmissivity estimates from short-duration aquifer
pumping tests, and 351 estimates of specific capacity of irrigation wells made in 1963 and 1964
(many of which were made on the same wells in both years). Using an empirical relationship,

Cronin and Wilson (1967) estimated transmissivity from the specific capacity data.

Apart from the county-based investigations mentioned above, no published studies were
conducted on the Brazos River Alluvium Aquifer in the 1970s and 1980s. Harlan (1990)
conducted a study of the northwestern portion of the aquifer from Waco to Marlin. Several
reports were generated discussing results of activities conducted at the Texas A&M Brazos River
Hydrogeologic Field Site, which is located near the south bank of the Brazos River in Burleson
County, near College Station. This site is situated atop an approximately 25-foot thick surficial
clay layer and includes a large-diameter pumping well and several nests of wells completed at
different vertical intervals within the aquifer. An overview of the Brazos River Hydrogeologic
Field Site is given in Munster and others (1996), and site-scale aquifer characterization activities
are reported in Wrobelski (1996). Field tests conducted using in-situ permeable flow sensors to
compare variations in groundwater flow direction at two different depths with variations in the
stage of the Brazos River are documented in Alden and Munster (1997a). Pumping tests and
slug tests conducted at the Brazos River Hydrogeologic Field Site are discussed in Alden and
Munster (1997b). The nested piezometers at the site were used to monitor agricultural chemical
transport through the subsurface following surface application in Chakka and Munster (1997a)

and atrazine transport through the unsaturated zone at the site was modeled by Chakka and
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Munster (1997b). Shah and others (2007b) conducted a pilot study to define the extent of the
surficial clay layer at the Brazos River Hydrogeologic Field Site using time-domain
electromagnetic sounding and 2-dimensional direct current resistivity imaging to estimate

hydraulic conductivity and moisture content of the aquifer material.

Studies on groundwater/surface water interactions that include the Brazos River Alluvium
Aquifer were conducted by Chowdhury (2004) and Chowdhury and others (2010). Chowdhury
(2004) collected water samples from three oxbow lakes in Burleson, Washington, and Waller
counties and also from the Brazos River and wells completed in the Brazos River Alluvium
Aquifer at locations near the lakes. Observed Brazos River Alluvium Aquifer gradients, known
river-lake connectivity history, and chemical and isotopic analyses of these waters were used to
infer the relationship between the aquifer and the Brazos River and the aquifer and the oxbow
lakes. The study by Chowdhury (2004) was expanded upon in Chowdhury and others (2010),
with somewhat more of a focus on groundwater, including water chemistry and isotopic
sampling from wells completed in the underlying Queen City and Evangeline aquifers.
Conclusions from both Chowdhury (2004) and Chowdhury and others (2010) are presented and

discussed with respect to previous water quality investigations in Section 4.7.1.

Turco and others (2007) conducted base flow separation analyses on stream gage data for the
years 1966 through 2005 from three stations located on the Brazos River and from gaging
stations on seven tributaries. They also determined gaining/losing reaches along the Brazos
River and several tributaries in March and August 2006. Increases in base flow to the Brazos
River were observed in areas where it cuts across the outcrop areas of the Carrizo-Wilcox, Queen
City, Sparta, and Yegua-Jackson aquifers, but no similar increase was observed in areas where
the river crosses the Gulf Coast Aquifer outcrop area. Additional information regarding the

Turco and others (2007) study is provided in Sections 4.4.1.1 and 4.4.1.2.

Geologic and hydrogeologic data for the Brazos River Alluvium Aquifer were compiled as a
geodatabase in Shah and Houston (2007). Information on the compilation of this data set was
reported in Shah and others (2007a, 2009). A detailed discussion of their development of the
structure for the aquifer is provided in Section 4.1.2.1 and Section 4.5.1 and discusses the

hydraulic property data they compiled.
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Wong (2012) completed a study focusing on the northwestern portion of the Brazos River
Alluvium Aquifer in portions of Bosque, Hill, McLennan, and Falls counties. Aquifer thickness
was characterized on a relatively local scale using data from boreholes located on the Baylor
University campus in Waco and compared to more regional-scale isopachs, indicating that much
of the short-scale variation is not captured in regional surfaces. Well depth was considered to be
a reasonable proxy for aquifer thickness when the alluvium is thin and underlain by a confining
unit, as is the case in and near Waco. She noted, however, that well depth becomes less suitable
for approximating aquifer thickness as the Brazos River Alluvium Aquifer thickens and the
probability of any given well being fully penetrating declines. In contrast to the Trinity Aquifer
in the area, Wong (2012) noted that water levels in the Brazos River Alluvium Aquifer have

historically fluctuated rather than shown a steady decline.
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Table 3.1.1 Summary of well records and water resources reports by county.
Records of Groundwater o
Cty Wells Report Resources Report Cliztion
) MO008 TBWE (1938)
Austin
R68 Wilson (1967
Brazos R185 Follett (1974)
MO026 TBWE (1937a)
Burleson
R185 Follett (1974)
MO85 TBWE (1937b)
MO086 Livingston and Turner (1939)
R155 Wessleman (1972)
Fort Bend R201 Naftel and others (1976)
R277 Ratzlaff and others (1983)
R303 Williams and others (1987)
R321 Thorkildsen (1990)
M100 Turner (1939)
Grimes M101 TBWE (1943a)
R186 Baker and others (1974)
Milam M188 TBWE (1937c¢)
Robertson M232 TBWE (1942)
M289 Turner and Livingston (1939)
B5208 Fluellen and Goines (1952)
R68 Wilson (1967)
Waller
R201 Naftel and others (1976)
R277 Ratzlaff and others (1983)
R303 Williams and others (1987)
] M290 TBWE (1943b)
Washington
R162 Sandeen (1972)

R = TWDB Numbered Report

TBWE = Texas Board of Water Engineers

B = TWDB Bulletin

M = TWDB Historical Groundwater Report
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3.2  Previous Numerical Models

Several numerical models have been constructed within the study area including one model of a
small portion of the Brazos River Alluvium and three models of aquifers underlying the
alluvium. The locations of the models are shown in Figure 3.2.1. A groundwater model for a
central portion of the Brazos River Alluvium Aquifer in Milam, Robertson, Burleson, and Brazos
counties was reported in O’Rourke (2006). The purpose of this model was to evaluate a
proposed project where the Brazos River Alluvium Aquifer would be used to store excess water
during high flows of the Brazos and Little Brazos rivers for later use during relatively low-flow
periods. Cyclical storage/recovery on an annual basis was simulated for a 6-year period to
evaluate long-term effects on water levels. The model used a single layer with a 500-foot grid
size. Possible upward vertical leakage from underlying aquifers was acknowledged, but the base
of the aquifer was modeled as a no-flow boundary due to the lack of reliable data to account for

this.

Dutton and others (2003) constructed a model of the central Carrizo-Wilcox Aquifer. This
model included an alluvium layer in the Colorado, Brazos, and Trinity River valleys, which
included the Brazos River Alluvium Aquifer. The model of Dutton and others (2003) has been
superseded by a model of the Queen City and Sparta aquifers by Kelley and others (2004), which
includes the Carrizo-Wilcox Aquifer. Deeds and others (2010) constructed a model for the
Yegua-Jackson Aquifer. Kasmarek and Robinson (2004) constructed a model for the northern
Gulf Coast Aquifer System and Kasmarek (2013) provides an updated model. Apart from
Dutton and others (2003), none of these models included a model layer for the Brazos River
Alluvium Aquifer nor simulated the alluvium explicitly. Where these models outcrop, however,
they do provide initial estimates of hydraulic properties, as discussed in Section 4.5.3, and
recharge, as discussed in Section 4.3, for the formations underlying the Brazos River Alluvium
Aquifer. The models may also provide information about the impacts of pumping within the

underlying aquifers on the cross-formational flow to the Brazos River Alluvium Aquifer.

The United States Army Corps of Engineers constructed a river system model of the Brazos
River Basin that extends from Possum Kingdom Reservoir to Richmond, Texas (Avance, 2015)

(Figure 3.2.2). This model contains 12 reservoirs, nine of which are operated by the United
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States Army Corps of Engineers and three that are controlled by the Brazos River Authority
(Table 3.2.1).

The model was built in RiverWare (Zagona and others, 2001) and is a daily time step model that
runs for 71 years, from 1939 to 2009. River objects in the model are used to route flows
throughout the system. They are also used to add additional streamflow into the model in
headwater basins and along major rivers where there is local inflow from smaller tributaries.
River objects can also be used to simulate withdrawals, however, no river withdrawals are
simulated in this model. The United States Army Corps of Engineers is chiefly concerned with

flood control operations, and river withdrawals have little impact on the analysis of flood events.

Reservoirs in the model are simulated using both physical and operational constraints. Physical
constraints include spillway and outlet ratings that limit the amount of water that can actually be
released. Operational constraints include rules that establish desired pool elevations, flood
control and water quality releases, hydropower requirements, and water supply obligations.
Water withdrawals that occur directly from reservoirs are simulated in the model with no return

flows.

During the model run, it is assumed that the reservoirs are in place for the entire simulation. In
reality, several of the reservoirs were not constructed until well after the start of the simulation.
This assumption was made in order to test the response of current reservoirs to past flood events.
However, this means results in the model output may not match measured streamflow gage data
during periods when reservoirs were not operational. This difference can be demonstrated by
comparing the simulated results for the river object located on the Brazos River near Bryan,
Texas in the model to the actual streamflow measurements from its real counterpart, gaging
station 08109000 on the Brazos River near Bryan, as given in the United States Geological
Survey National Water Information System database (United States Geological Survey, 2014b).
Figure 3.2.3 shows the location of the gage and nearby reservoirs, labeled with the year they
were created. The oldest reservoirs in the gage vicinity are Lake Whitney and Lake Belton,
which were created in 1951 and 1954, respectively. Plots comparing the simulated flow at the
river object from the RiverWare model and the measured flow at gage 08109000 are presented in
Figure 3.2.4. The uppermost plot shows the entire period of overlapping data. Note that the plot
does not extend to the end of the model run in 2009 because gage 08109000 actually stopped
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recording on September 30, 1993. This plot shows a large difference in measured versus
modeled peak flows prior to approximately 1969, due to the model including reservoirs that had
not actually been built yet. The middle and lower plots only show the earliest overlapping
records, providing more detail for the pre-1950s time period before any reservoir had been built.
In the middle plot, measured streamflow peaks are clearly much larger than the simulated peaks,
because the reservoirs in the model provide a damping effect that did not yet exist in reality. The
lower plot only shows flows less than 2,000 cubic-feet per second in order to emphasize the
differences during low flow events. In this case, the simulated streamflow is higher than the
measured streamflow. This difference is largely because the model simulates a 200 cubic feet per
second minimum water quality release from Lake Whitney, which again, did not yet exist in

reality.

Despite these differences, the RiverWare model is quite effective at simulating surface water
conditions in the Brazos River Basin. Although the model does not include any surface water -
groundwater interaction, the model is still helpful for conceptualizing the river flow system in

the current Brazos River Alluvium Aquifer model.
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Table 3.2.1 Reservoirs simulated in the United States Army Corps of Engineers Brazos River
Basin RiverWare model.
Year Latitude' | Longitude! | Conservation
Lake Name Controlling Authority 1 | (decimal (decimal Capacity?
Created
degrees) degrees) (acre-feet)
Granbury Brazos River Authority 1969 32.3733 -97.6883 125,756
Limestone Brazos River Authority 1978 31.3250 -96.3200 208,014
Possum ngdom Brazos River Authority 1941 32.8700 -98.4250 523,873
Aquilla United States Army 1983 | 319133 | -97.2083 43,243
Corps of Engineers
Belton United States Army 1954 | 31.0833 | -97.4833 435,225
Corps of Engineers
Georgetown United States Army 1980 | 306750 | -97.7250 36,823
Corps of Engineers
Granger United States Army 1980 | 30.7033 | -97.3000 50,779
Corps of Engineers
Proctor United States Army 1963 | 319717 | -98.4767 55,457
Corps of Engineers
Somerville United States Army 1967 | 303167 | -96.5167 147,104
Corps of Engineers
Stillhouse Hollow United States Army 1968 | 31.0167 | -97.5167 227,771
Corps of Engineers
Waco United States Army 1964 | 316013 | -97.1936 189,418
Corps of Engineers
Whitney United States Army 1951 | 31.8124 | -97.2978 553,344
Corps of Engineers

! From United States Geological Survey (2014c)

2 From TWDB (2014a)

3.2-4




Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

-

-

0 5 10

20
[ — |
Miles

[ Brazos River Alluvium Aquifer
|| County Boundary

T RS _

Bt R I B KKK R
2enee a0 XaX o 3o 0‘3,’0“‘@’0 0003:30 @94},.{_;‘ ‘0‘0‘0’

3 ORourke (2006) ISR SZL RIS
] Queen City and Sparta Aquifers GAM Q""’G’Q‘k‘&"& b‘?‘r)»é&’?t"ﬁé’dv”’

Kolloy and others. 2008) BSOS SIS TIEL I XIS
[<-=] Yegua-Jackson A luiﬂer GAM 0000&“00000 ?‘%”’é"‘ ”~A”0"”‘
(Dosce ard othite, 2010) LR SRELELESRRLIL
K1 Northern Gulf Coast Aquifer GAM 00*“0’*”0’0‘0”%"‘"’0”‘0";’%‘.
(Kezmar, 2019 pesesetteleteleistetetetetete e

GAM = groundwater availability model

Figure 3.2.1

3.2-5

Previous model boundaries in the study area.



Final Conceptual Model Report for the Brazos River Alluvium Aquifer

Groundwater Availability Model
- —‘
a
ok

. Georgetown

By

Brazos River Authority Reservoir

A
A US Army Corps of Engineers Reservoir
@® River Object
Model Extent
[ Brazos River Basin
~ns~ Brazos River
~~~~— Tributary River or Stream
5% Lake
[ Brazos River Alluvium Aquifer
[ ] County Boundary

Figure 3.2.2  Location of simulated objects in the United States Army Corps of Engineers Brazos
River Basin RiverWare model.

3.2-6



Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

] 3 N\
. %/Aquilla,w&
K TN
Y~ Whitney, 1951 >

e ¢

4

R

\'4 Waco, 1964
, ‘. ::- ‘{,(

™

F Limestone, 1978

A e

\
\

Brazos River Authority Reservoir
US Army Corps of Engineers Reservoir
River Object
Model Extent
[_] Brazos River Basin
~n~~ Brazos River

Ll

~~~ Tributary River or Stream

55 Lake

D Brazos River Alluvium Aquifer
[ | County Boundary

Figure 3.2.3  Location of gage 08109000 and nearby reservoirs.

3.2-7



Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

USGS 08109000 Brazos Rv nr Bryan, TX

180,000

[ [ ][]

160,000 ] ] ——Measured
—RiverWare

140,000

120,000

100,000

80,000

Flow (cfs)

60,000

40,000

20,000

o
1939 1949 1959 1969 1979 1989

USGS 08109000 Brazos Rv nr Bryan, TX

160,000 Peak Flows much higher |

120,000 ‘

——Measured

—RiverWare
140,000 /
120,000
100,000
80,000
60,000
40,000
20,000
0 i,

1939 1944 1949 1954

Flow (cfs)

USGS 08109000 Brazos Rv nr Bryan, TX

!

Lower flows with no releases 1”
0 : : : : :

2,000

1,800

1,600

1,400

1,200

1,000

Flow (cfs)

800

600

1939 1944 1949 1954

Figure 3.2.4  Actual streamflow at gage 08109000 compared to simulated streamflow.

3.2-8



Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

4.0 Hydrogeologic Setting

The following sections discuss the data compilation and analyses performed to support
development of the conceptual model for the Brazos River Alluvium Aquifer. This information,
in total, is referred to as the hydrogeologic setting and includes a discussion of the
hydrostratigraphy, hydrostratigraphic framework, water levels and regional groundwater flow,
recharge, surface water interaction, hydraulic properties, discharge, and water quality of the

aquifer.

4.1 Hydrostratigraphy and Hydrostratigraphic Framework

Discussion of the hydrostratigraphy and development of the hydrostratigraphic surfaces for the
Brazos River Alluvium Aquifer are provided in this section. The hydrostratigraphy discusses the
stratigraphy of the Brazos River Alluvium Aquifer as it relates to groundwater flow. The
hydrostratigraphic framework discussion describes the development and presentation of the

structural top and base of the aquifer and the aquifer thickness.

4.1.1 Hydrostratigraphy

Sediment deposition related to the Brazos River includes both floodplain and terrace alluvial
deposits. The following discussion of the deposits making up the Brazos River Alluvium
Aquifer was taken from Cronin and Wilson (1967). The deposits consist of typical alluvial
sediments, including gravel, fine to coarse sand, silt, and clay, in lenses that pinch out or grade
both laterally and vertically. In general, the deposits are coarser at the base and fine upward.
The sequence of finer upper deposits transitioning to coarser lower deposits is consistent
throughout the aquifer. However, due to pinching out and interfingering, the grain size and
relative position of individual constituents in the sequence vary from place to place. The
transition from one type of material to another, both laterally and vertically, can be either sharp

and distinct or gradual.

A wide variety of gravel, in both size and composition, is found in the sediments of the Brazos
River Alluvium Aquifer. In size, 3-foot diameter boulders as well as pea-sized gravel are
observed. The materials comprising the gravel include limestone, sandstone, conglomerate, clay
balls, siliceous, and concretions. The degree of mixing of gravel with sand and silt varies from

place to place in the aquifer. In general, the aquifer consists of beds or lenses of variably mixed
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gravel, sand, silt, and clay. Clay lenses ranging in thickness from about 5 to 30 feet commonly
occur in the upper portion of the floodplain alluvium. These clays vary in both texture and
composition, generally due to the amount of mixing with sand or silt. The clay lenses typically
overlie fine-grained sand or silty sand; however, clay lenses overlie coarser alluvial sediments in

sSome arcas.

Groundwater in the Brazos River Alluvium Aquifer is predominately under unconfined
conditions. In areas where clay lenses overlie lenses of sand or gravel, locally confined
conditions may exist. The Brazos River Alluvium Aquifer lies in the valley of the Brazos River.
The depositional pattern and aquifer thickness within this valley are the result of a combination
of influences, including past meandering of the river as well as the depositional surfaces
provided by underlying formations. In general, the upper portion of the Brazos River Alluvium
Aquifer has relatively higher clay content than the lower portion, which has relatively higher
sand and gravel content. Two model layers will be used to represent the Brazos River Alluvium

Aquifer.

The Brazos River Alluvium Aquifer overlies, in turn from northwest to southeast, outcrops of the
Carrizo-Wilcox, Queen City, Sparta, Yegua-Jackson, and Gulf Coast aquifers (Figure 4.1.1).
Since the Brazos River is a regional discharge boundary for the underlying aquifers, these
aquifers are assumed to be hydraulically connected to the Brazos River Alluvium Aquifer in the
portions of their outcrop areas that underlie the Brazos River Alluvium Aquifer. A single model
layer will be used to represent the shallow portions of the geologic units underlying and

surrounding the Brazos River Alluvium Aquifer.

4.1.2 Hydrostratigraphic Framework

Shah and others (2007a) studied the hydrogeologic character of the Brazos River Alluvium
Aquifer to support the TWDB Groundwater Availability Model Program. Part of that
characterization included the delineation of the elevations of the top and base of the aquifer and
development of the aquifer thickness. The data supporting that work are contained in a
geodatabase found in Shah and Houston (2007). This work was the basis for the
hydrostratigraphic framework developed for the conceptual model of the Brazos River Alluvium
Aquifer. The following subsections provide an overview of the structure delineation by Shah

and others (2007a), development of the top surface of the Brazos River Alluvium Aquifer for the
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conceptual model, evaluation of the base of aquifer surface developed by Shah and others
(2007a), and development of the aquifer thickness and basal elevation for the Brazos River

Alluvium Aquifer based on the Shah and Houston (2007) data.

4.1.2.1 Overview of Structure Delineation in Shah and others (2007a)

The top elevation of the Brazos River Alluvium Aquifer was defined by Shah and others (2007a)
using the 30-meter (98.4-foot) digital elevation model (DEM) resampled at 0.125 miles. They
used picks from driller’s logs, geophysical logs, and published geologic cross-sections as well as
total well depths to generate a surface for the base of the aquifer. Well depth data were used
only where other data were not available and were evaluated for consistency with data from logs.
Control points for their final map of the base of the aquifer included data from 386 drillers’ logs,
13 geophysical logs, 10 geologic cross-sections, and 955 total well depths. Shah and others
(2007a) indicate that the base of the aquifer in Fort Bend County is uncertain due to the difficulty
in distinguishing the alluvial sediments of the Brazos River Alluvium Aquifer from the alluvial
sediments of the underlying Gulf Coast Aquifer System because the lithology of both is very
similar. Raster surfaces of the top and base of the aquifer were created by Shah and others
(2007a). The difference between those two surfaces provided their aquifer thickness. Note that
the study presented in Shah and others (2007a) is also presented in Shah and others (2009).

4.1.2.2 Structural Top for the Brazos River Alluvium Aquifer

For the conceptual model of the Brazos River Alluvium Aquifer, the top of the aquifer was
developed based on the 10-meter (32.8-foot) digital elevation model (DEM) (United States
Geological Survey, 2014a) rather than the 30-meter (98.3-foot) digital elevation model used by
Shah and others (2007a). The higher resolution digital elevation model was used to enable
capture of small-scale changes in elevation across the top of the aquifer. The elevation of the top
of the Brazos River Alluvium Aquifer for the conceptual model is shown in Figure 4.1.2. At any
location perpendicular to the aquifer boundaries, the lowest elevation is found at the location of
the Brazos River and the highest elevations are typically found along the aquifer boundary.
Along the length of the Brazos River Alluvium Aquifer adjacent to the Brazos River, the
elevation of the top of the aquifer varies from a high of about 588 feet at the very northwestern

tip of the aquifer to a low of about 17 feet near the southeastern boundary of the aquifer.
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4.1.2.3 Review of the Shah and others (2007a) Aquifer Base Elevation

The raster developed by Shah and others (2007a) for the base of the Brazos River Alluvium
Aquifer was evaluated to determine whether it was adequate for the purposes of the conceptual
model developed here or whether it needed to be updated. The review focused on reproducing
the surface using the data provided in Shah and Houston (2007) and their use of well depths as
control points to define the base of the aquifer. In addition, a search was conducted for
additional data for use in refining the surface and generation of a higher-resolution surface was

explored.

The information provided in Shah and Houston (2007) was found to be insufficient to reproduce
the surface of the base of the aquifer. Shah and others (2007a) report that the process they used
to create their final surface involved several steps. First, they created a preliminary raster and
generated contour intervals from that raster using ArcGIS. They then used an iterative process to
remove anomalous data. This process involved assessing the contours and underlying data,
identifying discrepancies in the data, removing anomalous data, and then re-contouring. After
this, they manually modified the resultant contours where necessary to match the data. Their
final surface was created from both data points and hand-modified contours using the Topo to
Raster interpolation tool in ArcGIS. Because only the point data but not the modified contours
used to create the final surface are available in Shah and Houston (2007), reproduction of their

surface was not possible.

Seventy percent of the control points used by Shah and others (2007a) to define the base of the
Brazos River Alluvium Aquifer were total wells depths for wells known to be completed in the
aquifer. Although a study by Wong (2012) that encompassed a small portion of the aquifer in
central Texas supports this assumption, an analysis was conducted to evaluate the
appropriateness of the assumption for the entire aquifer. A statistical analysis using a T-test was
performed on the data used by Shah and others (2007a) to evaluate the appropriateness of using
total well depth to define the base of the aquifer. That analysis indicated that the difference in
the mean between control points based on total depth and control points based on geophysical
logs, drillers’ logs, and cross section picks is less than the standard deviation for the two control
point populations. Therefore, the use of well depths to define the base of the aquifer does not
significantly skew the developed surface as compared to the use of data only from geophysical

logs, drillers’ logs, and picks on published cross-sections.
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In addition, an attempt was made to create a surface of the aquifer base using the data from
drillers’ logs, geophysical logs, and picks on published cross-sections from Shah and Houston
(2007) and added control points enforcing a thickness of zero along the aquifer boundary. The
resultant surface had a much lower resolution and more anomalies than the raster created by
Shah and others (2007a). This indicated that updating the surface by eliminating the use of well
depths as control points did not provide an improvement over the surface in Shah and others

(2007a).

A search for additional structural information to use in refining the surface by Shah and others
(2007a) was performed. Data on the base of the Brazos River Alluvium Aquifer were requested
from the groundwater conservation and subsidence districts in which the aquifer is located.
These requests resulted in no additional structural information for the aquifer. In addition, a
driller who works in Fort Bend County was contacted (Weisinger Incorporated, 2014). Although
he had anecdotal information related to the location of the base of the aquifer, no additional data

were obtained from him.

The Brackish Resources Aquifer Characterization System database maintained by the TWDB
was queried for well logs (TWDB, 2014e). The vast majority of logs found by the query were
used by Shah and others (2007a), and many of the remaining logs did not include the shallow
portion of the well where the Brazos River Alluvium Aquifer is located. Of the logs left, some
were discarded due to poor quality and others were discarded if the log started at a depth greater
than 20 feet below the base of the aquifer as defined by Shah and others (2007a). After this
elimination process, eight logs where identified as potential sources of additional data. Of those,
the base of the aquifer picked from the log matched the base from Shah and others (2007a)
within 10 feet for all but one log. Therefore, it was concluded that little benefit would be gained

by incorporating these eight logs as additional control points.

Well records maintained by the Texas Commission on Environmental Quality (2014a) were
reviewed for additional data on the location of the base of the Brazos River Alluvium Aquifer.
That review found few wells with potentially useful data. For these well records, the location of
wells is given based on a 2.5-mile grid, which is significantly larger than the preliminary grid
size of one eighth of a mile for the Brazos River Alluvium Aquifer groundwater availability

model. Therefore, the addition of data from this source might introduce significant error in the
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surface due to uncertainty in well locations. As with the data from the Brackish Resources
Aquifer Characterization System database, it was concluded that little benefit would be gained

by incorporating these data as additional control points for the base of aquifer surface.

In summary, a search for additional data for the base of the Brazos River Alluvium Aquifer was
conducted. That search included requesting data from groundwater conservation and subsidence
districts and searching the Brackish Resources Aquifer Characterization System database and
well records maintained by the Texas Commission on Environmental Quality. No additional

data for use in refining the basal aquifer elevation were not found.

Several attempts were made to develop a basal surface for the Brazos River Alluvium Aquifer at
a higher resolution than that provided by Shah and others (2007a). In the shapefile of point data
for the base of aquifer in Shah and Houston (2007), each data point was labeled based on the
type of data it represents. Their four data types are geophysical log, drillers’ log, cross section,
and control point, with the latter type representing the total well depth data. In the following
discussion, all four of these types are referred to as control points. The attempts to create a new

basal elevation included:

e Using the control points from Shah and others (2007a) and artificial control points along
the aquifer boundary. The artificial points were assigned a basal elevation equal to the
digital elevation model value to enforce zero thickness along the boundary. This resulted
in a lower resolution surface, with many locations where the interpolated base was higher

than the aquifer top elevation due to too little control.

e To increase control, additional artificial control points were added along a longitudinal
centerline in the aquifer. The value for the base of the aquifer at those points was
assumed to be the basal elevation, as extracted from the Shah and others (2007a) base of
aquifer raster. Using these additional points with the control points from Shah and others
(2007a) and the artificial control points along the aquifer boundary also resulted in a
lower resolution surface due to sparse control. Again, there were many locations where

the interpolated base was higher than the aquifer top elevation.

e The Shah and others (2007a) control points consisting of geophysical logs, drillers’ logs,
and cross section picks included both aquifer top and bottom elevations. To reduce

inversions, the basal elevation for these control points was modified by subtracting the
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reported thickness from the 10-meter (32.8-foot) digital elevation model value rather than
the reported top elevation. Using this method also resulted in inversions between the
interpolated base elevation and the top elevation and, in many areas, thickness values

were significantly different from the thicknesses of nearby control points.

The above attempts indicated that interpolating the Shah and others (2007a) control points and
artificial control points along the aquifer boundary and centerline would not produce a higher
resolution raster than that provided by Shah and others (2007a). Therefore, another approach
was investigated. The preliminary grid for the Brazos River Alluvium Aquifer groundwater
availability model consists of one-eighth of a mile grid cells within the boundary of the aquifer.
Basal elevations at the centroids of these grid cells were extracted from the Shah and Houston
(2007) basal elevation raster (where that raster has a non-zero value) using the Extract Values to
Points tool in ArcGIS 10.1. These points were then interpolated to generate a new basal
elevation raster. This surface also resulted in inversions when compared to the aquifer top
developed based on the 10-meter (32.8-foot) digital elevation model and had a lower resolution

than the surface developed by Shah and others (2007a).

These attempts to develop a raster for the base of the Brazos River Alluvium Aquifer with a
resolution higher than that of the Shah and others (2007a) raster were unsuccessful. Based on
the description of how Shah and others (2007a) developed the base of aquifer surface, the
evaluation of well depths as control points, the search for additional data, and the attempts to
refine the existing Shah and others (2007a) surface, no compelling reason was found to re-
interpolate the existing Shah and others (2007a) surface for the base of the Brazos River
Alluvium Aquifer.
4.1.2.4 Base Elevation and Thickness for the Brazos Valley Alluvium Aquifer Conceptual
Model
Although refinement to the base of the aquifer developed by Shah and others (2007a) was
determined to be unnecessary, their existing surface and aquifer thickness could not be used
directly for the Brazos River Alluvium conceptual model for two reasons. First, the grid size and
orientation of the preliminary grid for the Brazos River Alluvium Aquifer groundwater
availability model is not the same as that used by Shah and others (2007a), resulting in data gaps
at the edges of the aquifer boundary. Second, Shah and others (2007a) report that aquifer
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thicknesses greater than 100 feet at some locations around the aquifer boundary are likely

anomalous, caused by sparse data coverage in their basal surface of the aquifer.

Shah and others (2007a) defined the top elevation of the aquifer using the 30-meter (98.4-foot)
digital elevation model (see Section 4.1.2.1) and this study defines the top elevation using the
10-meter (32.8-foot) digital elevation model (see Section 4.1.2.2). Therefore, in order to
eliminate inconsistencies and inversions between the top and bottom surfaces for the conceptual
model and maintain consistency with the work done by Shah and others (2007a), the thickness

raster from Shah and others (2007a) was modified rather than their base of aquifer surface.

The method used to modify the aquifer thickness involved maintaining the inner portion of the
Shah and Houston (2007) raster with no changes and re-interpolating the thickness near the
boundary by enforcing pinch-out (zero thickness) of the aquifer along its edge. The modified

thickness raster was developed using the following steps:

1. Converted the thickness raster from Shah and others (2007a) to points using the Convert
Raster to Points tool in ArcGIS 10.1.

2. Removed the points created in step 1 located within half of a grid cell (one-sixteenth of a
mile) from the aquifer boundary and points located near the boundary with a thickness

greater than 100 feet.

3. Added points with zero thickness along the current aquifer boundary at one-eighth of a

mile intervals.

4. Used the points created by steps 1 through 3 to create a new thickness raster using the

Topo to Raster interpolation tool in ArcGIS 10.1.

This method preserved the vast majority of the high-resolution thickness raster developed by
Shah and others (2007a) and limited changes to near the aquifer boundary. The modified aquifer
thickness for the Brazos River Alluvium Aquifer is shown in Figure 4.1.3. Also shown on this
figure are the control points used by Shah and others (2007a) to develop their original surface for
the base of the aquifer. Several of the control points are located outside of the aquifer boundary
because Shah and others (2007a) included a 1.5-mile buffer adjacent to the aquifer in their study.
Table 4.1.2 gives the minimum, maximum, and mean thickness of the Brazos River Alluvium

Aquifer in each county based on the modified raster, along with the standard deviation. Counties
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in this table are listed from north to south. Because the modified thickness raster was generated
forcing zero thickness on the aquifer boundaries, the minimum thickness is near zero in all
counties, the only exception being Waller County. The aquifer is overall thinnest in the
northwest in Hill, Bosque, McLennan, and Falls counties and overall thickest in the southeast in

Fort Bend County. The maximum thickness of 127 feet is located in Grimes County.

The base of the Brazos River Alluvium Aquifer for the current conceptual model was created by
subtracting the modified aquifer thickness from the top surface represented by the 10-meter
(32.8-foot) digital elevation model using the Raster Calculator tool in ArcGIS 10.1. This surface
is shown in Figure 4.1.4 along with the control points used by Shah and others (2007a) in the
development of their original base of aquifer surface. The elevation for the base of the aquifer
ranges from a high of 571 feet in Hill and Bosque counties to a low of -39 feet in Fort Bend

County.
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Model layers.

Groundwater Availability Model

System

Series

Geologic Unit

Aquifer

Model Layer

Quaternary

Holocene

Alluvium, higher clay
content

Alluvium, higher
sand/gravel content

Brazos River
Alluvium

1

Pleistocene

Fluvial terrace deposits

Beaumont Formation

Lissie Formation

Tertiary

Pliocene

Willis Sand

Miocene

Goliad Sand

Fleming Formation

Oakville Sandstone

Oligocene

Catahoula Sandstone

Gulf Coast

Eocene

Jackson Group

Yegua Formation

Yegua-Jackson

Cook Mountain Formation

Sparta Sand

Sparta

Weches Formation

Queen City Sand

Queen City

Reklaw Formation

Carrizo Sand

Wilcox Group

Carrizo-Wilcox

Paleocene

Midway Group

Cretaceous

Gulfian

Navarro Group

Taylor Marl

Austin Chalk

Eagle Ford Group

Grayson Marl

Comanchean

Washita Group

Fredericksburg Group
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Table 4.1.2 Statistics of the Brazos River Alluvium Aquifer thickness for the conceptual model

by county.
Minimum Maximum Mean Thickness Thickness

County Thickness Thickness (feet) Standard Deviation
(feet) (feet) (feet)
Hill 0.00 77.58 32.62 17.89
Bosque 0.00 75.16 38.60 18.78
McLennan 0.00 94.84 26.52 13.88
Falls 0.00 90.59 32.77 14.70
Robertson 0.03 95.54 53.75 13.14
Milam 0.00 101.39 45.42 20.60
Brazos 0.77 100.43 56.92 13.93
Burleson 0.00 101.24 53.98 13.49
Grimes 0.00 126.70 51.45 16.41
Washington 0.00 101.16 52.28 18.43
Waller 4.27 101.98 56.91 13.11
Austin 0.41 87.57 48.94 14.21
Fort Bend 0.16 100.28 67.00 11.40
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CARRIZO-WILCOX
AQUIEER

YEGUA-JACKSON
AQUIFER

GULF/COAST,
AQUIFER SYSTEM

[ | Queen City Aquifer outcrop
[ ] Sparta Aquifer outcrop

[ | Yegua-Jackson Aquifer outcrop
[ carrizo-Wilcox Aquifer outcrop

[ ] Gulf Coast Aquifer System outcrop
D Brazos River Alluvium Aquifer

[ | County Boundary

Figure 4.1.1  Outcrop area of aquifers underlying the Brazos River Alluvium Aquifer (TWDB,
2006a,b).

4.1-12



Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

0 5 10

20
e
Miles

[ Brazos River Alluvium Aquifer

| County Boundary

™

“

( e

Elevation . o~ .

(feet above mean sea level) '

[J17-30 B 300-330

[ 130-60 B 330-360 _

[ 160-90 B 360 - 390 LY

[]90-120 M 390-420

[ 120-150 M 420 - 450

B 150-180 M 450 - 480

B 180-210 [ 480-510

I 210-240 [ 510-540

[ 240-270  [] 540-570 _

B 270-300 [ | 570-588 h 3
Figure 4.1.2  Elevation of the top of the Brazos River Alluvium Aquifer for the conceptual model.
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Elevation of the base of the Brazos River Alluvium Aquifer for the conceptual
model.
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4.2 Water Levels and Groundwater Flow

This section discusses water levels and groundwater flow in the Brazos River Alluvium Aquifer.
The following subsections provide the sources used to collect water-level data, discuss and
present an estimate of the pre-development water level in the Brazos River Alluvium Aquifer,
discuss available transient water-level data and present an analysis of select transient data,
present estimated historical water-level surfaces for the Brazos River Alluvium Aquifer, discuss
water-level calibration targets, and evaluate the difference in water-level elevation within the
Brazos River Alluvium Aquifer and between the Brazos River Alluvium Aquifer and underlying

aquifers

4.2.1 Data Sources

Water-level data were obtained from the TWDB groundwater database (TWDB, 2014f), the
TWDB submitted drillers reports database (TWDB 2014g), the Brazos Valley Groundwater
Conservation District (2014a), and the Post Oak Savannah Groundwater Conservation District
(2014a). The TWDB groundwater database (TWDB, 2014f) was queried to obtain the available
water-level data identified as representing the Brazos River Alluvium Aquifer based on the
aquifer code 111ABZR. A review of the number of Brazos River Alluvium Aquifer wells with
water-level data from the TWDB groundwater database against the number of Brazos River
Alluvium Aquifer wells given in Cronin and Wilson (1967) showed a discrepancy. The number
of wells in Cronin and Wilson (1967) is greater than the number of wells in the TWDB
groundwater database. In an effort to identify additional Brazos River Alluvium Aquifer wells,
the total well depth given in the TWDB groundwater database or the base of the lowermost
screen given in Cronin and Wilson (1967) for wells located within the Brazos River Alluvium
Aquifer boundary were compared to the base of the Brazos River Alluvium Aquifer as given by
Shah and others (2007a). This comparison identified a total of 67 wells with either total depth or
base of lowermost screen located above the base of the Brazos River Alluvium Aquifer,
indicating that these wells are completed in the Brazos River Alluvium Aquifer. A list of those
wells and the number of water-level measurements for each is given in Table 4.2.1. Only water-
level data identified as publishable and not affected by pumping in the TWDB groundwater
database were used. In addition, only water-level data with a measurement date after the drill

date were used.
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The TWDB submitted drillers report database (TWDB, 2014g) typically includes a single water-
level measurement for the wells in the database. That database was queried for wells located in
the counties in which the Brazos River Alluvium Aquifer is located. The subset of those located
within the Brazos River Alluvium Aquifer boundary was determined. For that subset, either the
total well depth or the base of the gravel pack, if available, was compared to the base of the
Brazos River Alluvium Aquifer as given by Shah and others (2007a) to identify wells completed
in the Brazos River Alluvium Aquifer. For those wells, the date of the water-level measurement

was compared to the drill date. Only measurements taken after the drill date were used.

The Brazos River Alluvium Aquifer is located within six groundwater conservation districts and
one subsidence district (see Figure 2.0.8). Water-level data for the Brazos River Alluvium
Aquifer was requested from each of those districts. Only the Brazos Valley and Post Oak
Savannah Groundwater Conservation Districts collect water-level data for Brazos River
Alluvium Aquifer wells. Water-level data with a remark suggesting the measurement was
effected by pumping were eliminated. Care was taken to eliminate duplicate measurements in
the data from the groundwater conservation districts and the TWDB groundwater database. If
both sources had a water-level measurement in the same well, on the same date but the

measurements were different, the measurement from the TWDB groundwater database was used.

The number of Brazos River Alluvium Aquifer wells with water-level data and the number of
water-level measurements for those wells by source and by county are summarized in

Tables 4.2.2 and 4.2.3, respectively. The spatial distribution of Brazos River Alluvium Aquifer
wells with water-level data is shown in Figure 4.2.1. The majority of wells and water-level
measurements are found in Burleson, Robertson, and Brazos counties. The number of wells and
water-level measurements in the southern five counties (Grimes, Washington, Waller, Austin,
and Fort Bend counties) is significantly less than in Burleson, Robertson, and Brazos counties.
The counties with the fewest wells and water-level measurements are Bosque, Hill, and Milam

counties, which also have a small Brazos River Alluvium Aquifer footprint.

The temporal distribution of water-level measurements in the Brazos River Alluvium Aquifer is
shown in Figure 4.2.2 and tabulated in Table 4.2.4. Note on Figure 4.2.2 that there is a break in
the y-axis between 700 and 1,000. The majority of the water levels were measured in 1963 and

1964. This is the time period of the Cronin and Wilson (1967) study. Additional early years
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with large numbers of measurements are 1960 and 1969. The last four years (2011 through
2014) also show a significant number of measurements. A total of 12 water-level measurements
are available prior to 1957 and the number of measurements per year from 1975 to 2012 is less

than 100, with the number less than 50 for many of those years.

4.2.2 Pre-development Water-Level Surface

Pre-development conditions are defined as those existing in the aquifer before the natural flow of
groundwater was disturbed by artificial discharge via pumping. Typically, pre-development
conditions represent steady-state conditions in the aquifer, where aquifer recharge is balanced by

natural aquifer discharge.

In general, groundwater in the Brazos River Alluvium Aquifer is unconfined. However, in some
areas where permeable sands are overlain by less permeable silts and clays, confined conditions
occur. Groundwater withdrawn from the Brazos River Alluvium Aquifer is primarily used for
irrigation purposes (George and others, 2011). Citing Hughes and Magee (1962), Cronin and
Wilson (1967) state some pumping of the Brazos River Alluvium Aquifer for irrigation purposes
began in the late 1940s but really expanded from 1950 to 1957. Therefore, the pre-development

period for the Brazos River Alluvium Aquifer was assumed to be prior to 1950.

Water levels measured prior to 1950 and representative of pre-development conditions in the
Brazos River Alluvium Aquifer are available at only 11 wells, which is insufficient to construct a
pre-development surface for the aquifer. Therefore, other data, in addition to the pre-1950
water-level measurements, were used to develop an estimated pre-development surface for the
aquifer. Because data other than strictly pre-development water-level measurements were used,
the pre-development surface is an estimated surface and is referred to as the estimated pre-
development water-level surface. The rationale behind the data used to create the surface is
sound and, therefore, the estimated surface is considered to be a good representation of pre-

development conditions.

The data types used to create the estimated pre-development surface for the Brazos River

Alluvium Aquifer are:
1. The 10-meter (32.8-foot) digital elevation model of the Brazos River.

2. Water levels measured prior to 1950.
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3. The average water level at select wells with long-term transient data from around 1960 to

the present (about 2013) that show little to no long-term change in water level.

4. An estimated pre-development water-level elevation at well locations with an elevation

of land surface datum calculated using a fit to the type 2 and 3 data.

5. An estimated pre-development water-level elevation at defined intervals along the
boundary of the Brazos River Alluvium Aquifer calculated from the digital elevation

model value using a fit to the type 2 and 3 data.
Each of these types of data are briefly discussed below.

Type 1 - Because the Brazos River Alluvium Aquifer is connected to the Brazos River, the
elevation of the Brazos River Alluvium Aquifer at the location of the river was assumed to be
equivalent to the digital elevation model elevation of the river. The value from the 10-meter
(32.8-foot) digital elevation model at 500 equally spaced locations along the Brazos River were
used as control points in development of the estimated pre-development water-level surface for

the Brazos River Alluvium Aquifer.

Type 2 — Individual water levels measured prior to 1950 were used as control points for
developing the estimated pre-development water-level surface for the Brazos River Alluvium
Aquifer. If multiple measurements prior to 1950 are available for a well, the average of those

measurements was used. This resulted in 11 values.

Type 3 —Unlike in a confined aquifer with little recharge and pumped water supplied
predominately from storage, the overall long-term change in water levels in the Brazos River
Alluvium Aquifer, which is an unconfined aquifer in proximity to a major river, has been
minimal from the early 1960s to about 2013 although pumping of the aquifer has increased over
than time period (see Section 4.6). The only exception to this is for water levels in southern
Brazos County, which do show an overall decline. This can be seen in the long-term water-level
trends at select wells that show periods of water-level decline and periods of water-level rise, but
do not show an overall decline in water levels in the aquifer since the early 1960s (see

Section 4.2.3). Therefore, the average water level calculated from long-term water-level
measurements available in select wells in the aquifer were assumed to reflect estimated pre-

development water levels. Long-term data for wells in southern Brazos County were considered

424



Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

to be effected by pumping and were not used. The average water level was used rather than the
maximum observed water level because, in pre-development, the aquifer would have
experienced fluctuations in water levels about a mean as a result of changing climatic conditions
rather than remaining at a constant high level. Obtaining average water level over the time
period from about the early 1960s to 2013 consisted of first calculating the yearly average and
then calculating the average of all the years. This resulted in 21 long-term average values that

were assumed to be representative of pre-development conditions.

Type 4 — Type 4 data were necessary because using the 500 digital elevation model values along
the Brazos River, the 11 pre-1950 values, and the 21 average values did not provide enough
spatial coverage to interpolate a meaningful estimate of the estimated pre-development water-
level surface. A plot of water-level elevation versus the elevation of the land surface datum as
provided in the TWDB groundwater database for pre-development water levels (pre-1950
measurements) and assumed pre-development water levels (long-term average values), as well as
a linear fit to these data, is shown in Figure 4.2.3. The linear fit to the data is good with a

coefficient of determination (R?) of 0.98 and is defined by the equation:
Y =1.0X —-19.3 (4.2.1)
where:

Y = the water-level elevation (feet)

X = the elevation of the land surface datum (feet).

A review of Figure 4.2.3 shows that the average water levels from the select long-term
hydrographs are very similar to the pre-1950 water-level measurements. The similarity between
the data is also indicated by the high coefficient of determination for the linear fit. This indicates
that the average water levels from the selected long-term hydrographs are an appropriate

estimate of pre-development conditions in the aquifer.

Equation 4.2.1 was used to calculate an estimated pre-development water-level elevation at the
location of 527 wells with an elevation of land surface datum from the TWDB groundwater
database. Only wells for which a land surface datum at the location of the wells was available
were used because of the variability in elevation within the 10-meter (32.8-foot) digital elevation

model and the use of the elevation of land surface datum to obtain the fit.
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Type 5 — Even with the addition of the 527 Type 4 control points, the kriged pre-development
surface was problematic, especially along the boundary of the Brazos River Alluvium Aquifer.
To obtain control along the aquifer boundary, Equation 4.2.1 was used with the digital elevation

model value at 2,090 locations along the Brazos River Alluvium Aquifer boundary.

The locations of the five types of data used to create the estimated pre-development water-level
elevation surface for the Brazos River Alluvium Aquifer are shown in Figure 4.2.4. The Type 2
and 3 control points will be used as calibration targets for the steady-state model (Table 4.2.5).
The Type 4 control points will be used to guide calibration of the steady-state model. Because
these are not actual water-level measurements and there are a large number of them, the Type 4

control points are not tabulated in a table.

Kriging of the control points assumed to be representative of pre-development conditions was
used to create the estimated pre-development water-level elevation surface for the Brazos River
Alluvium Aquifer. The long, narrow geometry of the Brazos River Alluvium Aquifer made it
challenging to krig a meaningful surface. To help accomplish this, the kriging was conducted
using an angle of 40 degrees west of due north, a longitudinal to lateral distance ratio of 0.5, and
an anisotropy of 0.5. An angle of 40 degrees was used because the axis of the aquifer is oriented
at approximately this angle. A longitudinal to lateral distance ratio less than one was used
because the aquifer is long a narrow. An anisotropy ratio less than one was used because the
change in water level along the axis of the aquifer is greater than the change in water level
perpendicular to the axis. A value of 0.5 was selected for the longitudinal to lateral distance ratio
and anisotropy ratio after evaluating the kriged surface created using several different values.
Using a value of 0.5 for these parameters resulted in a surface that was most consistent with the

understanding of groundwater flow in the aquifer.

The estimated pre-development water-level elevation surface for the Brazos River Alluvium
Aquifer is shown in Figure 4.2.5. The estimated pre-development water-level elevations range
from a high of about 450 feet above mean sea level at the northern end of the aquifer in Hill
County to a low of between 25 and 50 feet above mean sea level at the southern end of the
aquifer in Fort Bend County. The maximum elevation of 550 feet above mean sea level is
estimated at a high along the Brazos River Alluvium Aquifer boundary in Bosque County. In

general, the contour lines show groundwater flow towards the Brazos River.
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4.2.3 Transient Water-Level Data

An evaluation of the transient behavior of water levels in the Brazos River Alluvium Aquifer
was conducted using transient water-level data in wells. Transient data were considered to
consist of five or more water-level measurements in a given well over a period of five or more
years. The locations of Brazos River Alluvium Aquifer wells with transient water-level data are
shown in Figure 4.2.6. Hydrographs for these wells, showing the transient water-level
elevations, land surface elevation, and the elevation of the base of the well, are provided in
Appendix A. The following subsections discuss the evaluations of water-level trends in

individual wells, water-level trends by county, and seasonal water-level trends.

4.2.3.1 Water-Level Trends in Individual Wells

All hydrographs could not be presented and discussed in the main body of the report. The
hydrographs discussed here were selected based on several criteria. First, a review of all
hydrographs was conducted in order to select those with a long-term record. Second,
hydrographs were selected based on spatial location in an effort to show transient conditions
across as much of the aquifer as possible. Third, an effort was made to select hydrographs with
sufficient data to define a water-level trend and with data that appear to be free of measurements

potentially impacted by drilling and/or pumping activities.

In addition to the water-level data (blue line and symbol), each hydrograph shown in

Figures 4.2.7 through 4.2.11 includes the elevation of the land surface (green line) and the
elevation of the base of the well (brown line). The land surface elevation is based on the land
surface datum reported in the TWDB groundwater database. Note that, on some hydrographs,
the line representing the ground surface lies on the upper y-axis. Including the ground surface
and base of well elevations allows evaluation of the depth to groundwater and the height of
groundwater in the well. For all hydrographs, the time scale of the x-axis is 1950 to 2020. The
scale of the water-level elevation on the y-axis varies from hydrograph to hydrograph depending

on the range of the observed data; however, the division of the y-axis is consistent at 10 feet.

Select hydrographs for wells located in McLennan County are shown in Figure 4.2.7. In general,
these data show fluctuations in water levels of less than 10 feet over the period of record. At two
of the wells (wells 4023801 and 4032802), an overall slightly declining trend of 4 and 5 feet,
respectively, is observed. At the other two wells (wells 4023901 and 4040501), an overall
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slightly rising trend of 1 and 6 feet, respectively, is observed. These data show no long-term
decline in water levels indicating that pumping has not had a long-term negative effect on water

levels in the Brazos River Alluvium Aquifer in McLennan County.

Select hydrographs for wells located in Falls County are shown in Figure 4.2.8. For all three
wells, the transient record shows an overall increase in water levels from the late 1950s/early
1960s to the early 2010s, with the largest increase observed in well 3950813. All three
hydrographs also show the lowest water level in the wells during the 1960s. The hydrograph for
well 3950408 shows fairly constant water levels in the well since about 1970. Although the
hydrograph for well 3949301 shows an overall rising trend over the period of record, water
levels since the late 1990s have been declining. These data indicate that pumping has not had a

long-term negative effect on water levels in the Brazos River Alluvium Aquifer in Falls County.

Select hydrographs for wells located in Robertson County are shown in Figure 4.2.9. All
hydrographs show cycles of rising and declining water levels over the period of record. An
overall declining trend of about 9 feet is observed in well 5903101. Wells 5912807 and 5903801
show a sustained period of low water levels in the mid-1960s to mid-1970s. For the wells with
recent data, historically low, or near historically low, water levels have been observed since
about 2011. For the four wells with a period of record from the mid-1950s/mid-1960s to the
early 2010s, the overall change in water level from the first to last measurement ranges from an
increase of 5 feet to a decrease of 3 feet. These data indicate that pumping has not had a long-

term negative effect on water levels in the Brazos River Alluvium Aquifer in Robertson County.

Select hydrographs for wells located in Brazos and Burleson counties are shown in

Figure 4.2.10. For wells in both counties, the hydrographs show cycles of rising and declining
water levels over the period of record. The time period for these cycles is about 2 to 5 years in
most wells, but is much longer (about 5 to 25 years) in wells 5920603 and 5938904 in Brazos
County. Historically low water levels are observed in the mid-1960s to mid-1970s in well
5920603 in Brazos County and well 5938701 in Burleson County. Historical lows in the 2010s
are observed for wells 5920907 and 5938904 in Brazos County. For all of these wells, the period
of record is over 50 years. Over this time period, the three wells in Burleson County show
water-level changes of +0.2 to -4.2 feet and the three wells in Brazos County show changes of

+1.8 to -18.2 feet. The decline of 18.2 feet is observed in well 5938904, which shows
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historically low water levels since 2011. Several other wells in Brazos County also show an
overall decline in water levels of about 20 feet (see Appendix A). The wells with the largest
declines are located in the southern portion of Brazos County. The transient data for wells in
Burleson and Brazos counties indicate that pumping has not had a long-term negative effect on
water levels in the Brazos River Alluvium Aquifer in Burleson and northern Brazos counties, but
has resulted in overall water-level declines on the order of about 20 feet in southern Brazos

County.

Select hydrographs for wells located in Grimes, Washington, and Austin counties are shown in
Figure 4.2.11. The period of record for all transient data in these counties is short and recent
data are available for only two wells, both of which are located in Grimes County (see
Appendix A). Overall declines in water levels of 3.4 to 6.8 feet are observed in wells 5948707,
5955701, and 6607301 in Grimes, Washington, and Austin counties, respectively. Very little
change in water levels is observed in well 5948204 in Grimes County over the period of record.
Due to a lack of long-term records that include recent data, the long-term effect of pumping in
water levels in these counties cannot be evaluated.
4.2.3.2 Correlation of Water-Levels in Individual Wells with Precipitation and River
Stage
Individual comparisons were conducted to investigate whether a relationship could be developed
between water-level elevations and river stage, precipitation, or pumping. The purpose of the
comparisons was to see which, if any, of these is the driving force for the variations observed in
historical water levels. The individual comparisons did not show any consistent relationship,
suggesting that none of these components individually is the sole driving force for the observed
water-level fluctuations. This suggests that the observed fluctuations in water level are a
complex combination of all three components. Resent declines in water level have been
observed in many wells completed in the aquifer. The declines are a function of the recent
drought caused by decreased precipitation, which has resulted in decreased river stage and
increased pumping. This indicates that when all three components are driving in the same
direction (i.e., decreased precipitation and river stage and increased pumping), the aquifer shows
a clear correlation with each. An additional component influencing water levels in the Brazos
River Alluvium Aquifer is cross-formation flow from underlying aquifers. No direct measure of

this component is available, therefore, a comparison could not be conducted. In conclusion, the
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historical variations in water level in the Brazos River Alluvium Aquifer are a complex

combination of precipitation, river stage, pumping, and cross-formational flow.

4.2.3.3 Water-Level Trends by County
The water-level data in the Brazos River Alluvium Aquifer were evaluated on a county-wide
basis and then compared to precipitation and river stage for the Brazos River. Each of these are

discussed in the following subsections.

4.2.3.3.1 County-Wide Water-Level Trends

An investigation was conducted to estimate county-wide water-level trends using the transient
water-level data. Because of the variability in water-level elevations across a county, normalized
water levels were used. The normalized water level was calculated using the following steps for

each well in a county.
1. Calculated the overall average water-level elevation in the well from the transient data.

2. Calculated the normalized water level as the measured water-level elevation divided by

the overall average water-level elevation calculated in step 1.

The normalized water levels for all wells in a county were plotted and fit with a polynomial
equation. In all cases, the data were fit with a tenth order polynomial. The normalized water-
level data and polynomial fits are shown in Figure 4.2.12. Transient data for Washington and

Austin counties were insufficient to obtain a meaningful fit.

In all counties, the transient data indicate low water levels at some point in the 1960s, extending
into the 1970s in Robertson and Brazos counties. Two subsequent cycles of rising and declining
water levels are observed in Robertson, Burleson, and Grimes counties. In these cycles,
relatively high water levels are observed around the late 1970s/early 1980s and around the
early/mid 2000s and relatively low water levels are observed around the early/mid-1990s and
early 2010s. After the initial low water levels in the mid-1960s and subsequent recovery, the
water levels in McLennan and Falls counties remained fairly stable for three decades in
McLennan County and about one and a half decades in Falls County. Near the end of the record,
the water-level trend slightly increased temporarily and then declined in both these counties.

The trend in the water-level data for Brazos County is anomalous compared to the other counties

with respect to the relatively high water levels in the 2000s.
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4.2.3.3.2 Comparison of County-Wide Water-Level Trends to Precipitation

The county-wide, long-term water-level trends were compared to precipitation in terms of the
Standard Precipitation Index, which is a measure of drought. The Standardized Precipitation
Index is a probability index that considers only precipitation and is calculated based on a
specified time period. A program for calculating the Standardized Precipitation Index was
downloaded from the National Drought Mitigation Center at the University of Nebraska-Lincoln

(2015). For the comparisons conducted here, time periods of 9, 12, and 18 months were used.

Precipitation data over a time period sufficient for calculating the Standardized Precipitation
Index are available at only two precipitation gages in the vicinity of the Brazos River Alluvium
Aquifer. These are gage 415611 in Falls County and gage 419491 in Washington County (see
Figure 2.1.9). The Standardized Precipitation Indices calculated based on precipitation data for
the gage in Falls County were compared to the county-wide, long-term water-level trend in Falls
County (Figure 4.2.13a). The Standardized Precipitation Indices calculated based on
precipitation data for the gage in Washington County were compared to the county-wide, long-
term water-level trend in Grimes County (Figure 4.2.13b) because a county-wide, long-term
water-level trend could not be determined for Washington County. These comparisons show
times when precipitation and water levels appear to be correlated, such as low precipitation and
low water levels in the early to mid-1960s and 2010s in both counties. The comparisons also
show times when precipitation and water levels are not correlated, such as the high precipitation
and low water levels in the late 1960s in both counties, high precipitation and no corresponding
increase in water levels around 1980 and the late 2000s in Falls County, and relatively constant
overall precipitation from about 1975 to 1988 but fluctuating water levels in Grimes County.
Overall, little correlation between precipitation and county-wide, long-term water-level trends is

observed.

4.2.3.3.3 Comparison of County-Wide Water-Level Trends to Brazos River Stage

Because the Brazos River Alluvium Aquifer is in communication with the Brazos River, a
comparison between the county-wide, long-term water-level trends and the river stage was
conducted. Stream stage data on the Brazos River are available for McLennan, Falls, Brazos,
and Burleson counties at gages 8096500, 8098290, 8109000, and 8108700, respectively (see

Figure 4.4.1). To eliminate the noise, the stream stage data were smoothed using a running
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average with a 9-year window. Figure 4.2.14 shows the comparison for McLennan and Falls

counties and Figure 4.2.15 shows the comparison for Brazos and Burleson counties.

For McLennan County, the lower water levels in the mid-1960s appear to coincide with a long-
term decline in river stage. However, lower relative water levels do not appear to be associated
with other shorter-term declines in river stage. In addition, the water-level rise in the late 1960s
is not associated with a significant increase, or any increase, in river stage. The only correlation
in river stage and water levels is found in the early 2010s. For Falls County, there seems to be
no correlation between the river stage and the long-term water-level trend (see Figure 4.2.14b).
During water-level recovery in the early 1970s, the river stage was relatively low. Relatively
high river stage is observed in the mid-1980s to early 1972, a time when relative water levels are
low. In addition, in the 2000s when the relative water levels are high, there does not appear to be
any correlated increase in river stage. A correlation between river stage and water level also
appears to be absent for Brazos County and the river-stage data are insufficient to evaluate the

correlation for Burleson County (see Figure 4.2.15).

4.2.3.4 Seasonal Water-Level Trends

Seasonal water-level data for the time period from early 1970 to mid-1974 are shown in

Figure 4.2.16. The time period on the x-axis for all the plots in this figure is the same (January
1970 to July 1974), so they can be directly compared. The water-level elevation on the y-axis
varies depending on the range of the data. For the three wells located in Robertson, Brazos, and
Burleson counties, significant water-level declines are observed in the late spring to early fall
time frame for some years. This is likely the result of seasonal irrigation pumping. For the well
in Falls County, the lowest relative water levels occur in the winter, indicating no correlation

with irrigation pumping.

Seasonal water-level data for the time period from early 2011 to early 2014 are shown in

Figure 4.2.17. The time period on the x-axis for all the plots is the same (January 2011 to
January 2014), so they can be directly compared. The water-level elevation range on the y-axis
varies depending on the range of the data. Most of the data on this figure show low water levels
in the summer indicating the impact of seasonal irrigation and high water levels in the winter

indicating aquifer recovery between irrigation seasons.
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4.2.4 Historical Water-Level Surfaces

Historical water-level surfaces for the Brazos River Alluvium Aquifer were estimated for the
years 1965, 1980, 2000, and 2012. Water-level data are not available at regular time intervals in
every well. Therefore, the coverage of water-level data for a particular month or even a year is
sparse. Since the amount of available water-level data for a particular year of interest is typically
not sufficient to interpolate a surface, the historical water-level surfaces were developed based on
data from a few years before and after the year of interest. The range of years used was 1963
through 1967 for the 1965 water-level surface, 1975 through 1985 for the 1980 water-level
surface, 1995 through 2005 for the 2000 water-level surface, and 2010 through 2014 for the 2012
water-level surface. The number of years in the range was variable depending upon the
availability of data around the year of interest. If a well had multiple water-level measurements

during the range of years, the average of those measurements was used.

The long, narrow geometry of the Brazos River Alluvium Aquifer made it challenging to krig
meaningful surfaces. To help accomplish this, the kriging was conducted in the same way as
was done for the pre-development surface using an anisotropy of 0.5, an angle of 40 degrees
west of due north, and a longitudinal to lateral distance ratio of 0.5. In the kriging, the extent of
the data were used to define the extent of the kriged surface. For some years, data are missing in
the northern and southern portions of the Brazos River Alluvium Aquifer and, therefore,

contours are also absent in those areas.

Water-level elevations estimated for the Brazos River Alluvium Aquifer in 1965 range from a
high of 450 feet above mean sea level in Hill County to a low of 31 feet above means sea level in
Fort Bend County (Figure 4.2.18). Data are available for this time period across the entire extent
of the aquifer. Water-level elevations estimated for the Brazos River Alluvium Aquifer in 1980
range from a high of 412 feet above mean sea level in McLennan County to a low of 109 feet in
Austin County (Figure 4.2.19). For this time period, data are not available for a portion of the
aquifer in the north and a significant portion of the aquifer in the south. Water-level elevations
estimated for the Brazos River Alluvium Aquifer in 2000 range from a high of 408 feet above
mean sea level in McLennan County to a low of 105 feet above mean sea level in Austin and
Waller counties (Figure 4.2.20). Again, data are not available for this time period in a portion of
the aquifer in the north and a significant portion of the aquifer in the south. Water-level

elevations estimated for the Brazos River Alluvium Aquifer in 2012 range from a high of
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414 feet above mean sea level in McLennan County to a low of 184 feet above mean sea level in
Brazos County (Figure 4.2.21). For this time period, there are no data in approximately the
southern half of the aquifer from which a surface can be estimated and data are missing for a

portion of the aquifer in the north.

In general, there is little variability between the different historical water-level elevation surfaces
and little variation between these surfaces and the pre-development water-level elevation surface.
This is due to the character of water levels in the Brazos River Alluvium Aquifer, which

generally show temporary changes and no sustained long-term declines or rises.

4.2.5 Transient Water-Level Calibration Targets

Water-level calibration targets for the transient model will include all water-level measurements
for the Brazos River Alluvium Aquifer. The model will be calibrated to both the ensemble of
individual measurements using statistics and cross plots and to long-term hydrographs. The
number of calibration targets for the transient model by county and decade is shown in

Table 4.2.6. The greatest number of calibration targets across all counties are available for the
decade of the 1960s. The decades of the 1970s and 2010s also have a large number of water-
level measurements available for calibration targets. Few measurements are available in the
other decades. The greatest number of calibration targets for all decades are available for
Robertson, Burleson, and Brazos counties. Several of the counties have a very small number of

water-level measurements for all decades combined (e.g., Bosque and Hill counties).

4.2.6 Cross Formational Flow
The potential for flow between the upper and lower portions of the Brazos River Alluvium
Aquifer was investigated as well as cross-formational flow between the Brazos River Alluvium

Aquifer and underlying aquifers. Each of these is discussed in the following subsections.

4.2.6.1 Vertical Flow within the Brazos River Alluvium Aquifer

An investigation was conducted to evaluate the potential for vertical flow within the Brazos
River Alluvium Aquifer. Water-level elevations were compared for closely spaced wells with
different total depths. Twenty-one well pairs were identified with differences in well depths
ranging from 14 to 47 feet. The scanned images on the TWDB Water Information Integration
and Dissemination website (TWDB, 2014h) were reviewed to obtain completion information for

the wells. Unfortunately, data indicating that the two wells were completed in different portions
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of the aquifer were available for wells at only two locations. In the absence of completion
information, comparisons of water levels for the wells at the other locations does not provide
meaningful information since it is not possible to determine whether the water levels in the wells

reflect hydraulic heads in the same or different vertical intervals in the aquifer.

Figure 4.2.22 shows water-level elevations in two wells each in Robertson and Grimes counties.
In Robertson County, the water-level elevation in the shallower well (5911309 completed above
its total depth of 58 feet) is lower than that in the deeper well (5911347 completed from 61 to

72 feet in depth). These water levels indicate that the gradient within the Brazos River Alluvium
Aquifer at this location is vertically upward. In Grimes County, the shallower well (5948803) is
completed above its total depth of 66 feet and the deeper well (5948807) is completed from the
depths of 35 to 74 feet and 90 to 100 feet. Therefore, the deeper well is open to the aquifer at
both the same depth as the shallower well and also at a deeper depth. The plot in Figure 4.2.22

shows that the water-level elevation in the deeper well is lower than that in the shallower well.

A comparison of water-level elevations at different vertical intervals within the Brazos River
Alluvium Aquifer was possible at two locations. The results, however, are uncertain because
only one measurement is available for at least one well in each well pair. Therefore, due to the
limited spatial coverage in the aquifer and the limited number of available water-level
measurements, significant conclusions regarding the vertical gradient within the Brazos River
Alluvium Aquifer could not be reached.
4.2.6.2 Cross-Formational Flow between the Brazos River Alluvium Aquifer and
Underlying Aquifers
Little information is available regarding cross-formational flow between the Brazos River
Alluvium Aquifer and underlying aquifers. Cronin and Wilson (1967) observed a depression in
the water-level elevations in the Brazos River Alluvium Aquifer in northern Brazos County.
That depression is also observed in the historical 1965 water-level elevation surface discussed
above. Figure 4.2.23 shows this surface with a 10-foot contour interval for a small area in
Brazos and Burleson counties. Cronin and Wilson (1967) attribute the depression to the vertical
movement of groundwater from the Brazos River Alluvium Aquifer to the underlying Sparta

Aquifer in response to a cone of depression in the Sparta Aquifer caused by pumping.
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Chowdhury and others (2010) concluded that upward discharge from underlying aquifers into the
Brazos River Alluvium Aquifer is not significant based on isotopic composition data. However,
their conclusion is based on data at only three locations, all of which are in the subcrop of the
underlying aquifers. Therefore, the results from their analysis cannot be used to describe the
interaction between the Brazos River Alluvium Aquifer and immediately underlying aquifers.

See Section 4.7.1 for additional discussion on the Chowdhury and others (2010) study.

Additional information on the potential for cross-formational flow between the Brazos River
Alluvium Aquifer and underlying aquifers was obtained by comparing observed water-level data
in nearby wells completed into different aquifers. The comparisons are depicted through a series
of plots. Note on the plots that both the year scale on the x-axis and the water-level elevation
scale on the y-axis varies from plot to plot. The comparisons are for wells in the underlying
aquifers located near the outcrop area. The plots are placed on a base map that shows the Brazos
River Alluvium Aquifer and the outcrop and downdip portions of the underlying aquifers of

interest.

Comparisons of water-level elevations in the Brazos River Alluvium Aquifer and the underlying
Carrizo-Wilcox Aquifer are shown in Figure 4.2.24. The comparison is somewhat ambiguous.
At Site 1, the water-level elevations in the Carrizo-Wilcox well are similar to those in one of the
Brazos River Alluvium Aquifer wells but higher than those in the other Brazos River Alluvium
Aquifer well. At Site 2, the water-level elevations in the two Brazos River Alluvium Aquifer
wells are similar to those in Carrizo-Wilcox Aquifer well 5911311 and higher than those in

Carrizo-Wilcox Aquifer well 3911314.

A comparison of a single water-level measurement in the Brazos River Alluvium and Queen City
aquifers (Site 5) for vastly different years is shown in Figure 4.2.25. This comparison suggests
that water-level elevations in the Brazos River Alluvium Aquifer are slightly higher than those in
the Queen City Aquifer indicating a small downward vertical gradient. However, this conclusion
is uncertain as it is based on a single measurement in each aquifer separated by over 30 years.
The comparison between water-level elevations in the Brazos River Alluvium Aquifer and the
underlying Sparta Aquifer at Site 6 shows higher water-level elevations in the Sparta Aquifer
than in the Brazos River Alluvium Aquifer by about 40 feet (see Figure 4.2.25). This indicates

an upward vertical gradient at this location. Note that Site 6 is located in the area of depression
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identified by Cronin and Wilson (1967) (see Figure 4.2.23). They hypothesized that the cause
for the depression was downward flow in response to lower water levels in the Sparta Aquifer
than in the Brazos River Alluvium Aquifer. The comparison plot for Site 6 shows that, in about
1970, the opposite is true, with the water level in the Sparta Aquifer about 40 feet higher than
that in the Brazos River Alluvium Aquifer. Therefore, the depression in the Brazos River
Alluvium Aquifer water-level elevations observed in the mid-1960s in northern Brazos County is

likely unrelated to pumping in the underlying Sparta Aquifer.

In general, the comparison of water-level elevations in the Brazos River Alluvium and Yegua
aquifers at three locations show similar values in the two aquifers (Figure 4.2.26). At Site 10,
the water level in the Yegua Aquifer is about 7 feet lower than that in the Brazos River Alluvium
Aquifer. At Sites 11 and 12, the water-level elevation in the Brazos River Alluvium Aquifer is
about 5 to 15 feet higher than that in the Yegua Aquifer. These results are somewhat uncertain
because at each location there is only one water-level measurement for the well completed in the
Yegua Aquifer. At both sites with water-level data in the Brazos River Alluvium Aquifer and
the Jasper Aquifer of the Gulf Coast Aquifer System, the water-level elevation in the Jasper
Aquifer is higher than that in the Brazos River Alluvium Aquifer (see Figure 4.2.26). This
indicates an upward vertical gradient from the Jasper Aquifer to the Brazos River Alluvium

Aquifer.

Comparisons of water-level elevations in the Brazos River Alluvium Aquifer and the Evangeline
Aquifer of the Gulf Coast Aquifer System at three locations consistently show lower water levels
in the Brazos River Alluvium Aquifer than in the Evangeline Aquifer (Figure 4.2.27). At Sites
15 and 16, the difference is about 15 to 25 feet, but at Site 17, the difference is less than 5 feet.
This indicates an upward vertical gradient from the Evangeline Aquifer to the Brazos River
Alluvium Aquifer. The comparison of water-level elevations in the Brazos River Alluvium
Aquifer and the Chicot Aquifer of the Gulf Coast Aquifer System is shown for one location in
Figure 4.2.27. That comparison shows higher water levels in the Brazos River Alluvium Aquifer
than in the Chicot Aquifer, indicating a downward vertical gradient between the two aquifers at

this location.
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Table 4.2.1 Wells identified as completed in the Brazos River Alluvium Aquifer based on total
depth or base of lowermost screen.

State At Number of
Well County Owner 1 Water-Level

Number St Measurements
3958906 Milam Sneed Farm 100ALVM 4
3958907 Milam Sneed Farm 100ALVM 4
3958908 Milam Sneed Farm 100ALVM 3
3958909 Milam Sneed Farm 100ALVM 2
3958911 Milam Sneed Farm 100ALVM 2
3958912 Milam Sneed Farm 100ALVM 1
4014103 Bosque Ed Bynum 100ALVM 1
4014502 Bosque B. G. Hill 100ALVM 1
4014505 Bosque C. Smith 100ALVM 1
4014510 Bosque L Smith 100ALVM 1
4014609 Bosque Hiram Smith 100ALVM 1
5920401 Burleson Oscar Weeber 124WCHS 1
5920404 Burleson Barney Catron 110TRRC 3
5921103 Robertson Bailey 124SPRT 1
5921801 Brazos Frank Nemec 110TRRC 2
5929207 Brazos Guy W. Foster 110AVFP 1
5929536 Brazos Clifford Hill & Co. 110AVFP 1
5937107 Burleson Raymond Sebesta, Sr. 100ALVM 1
5937110 Burleson John Gunek 124YEGUU 1
5937304 Burleson J. Varisco 110TRRC 3
5937305 Burleson J. Varisco 110TRRC 2
5937306 Burleson J. Varisco 110TRRC 2
5937308 Burleson J. Varisco 110TRRC 2
5937309 Burleson J. Varisco 110TRRC 1
5937310 Burleson Longmire 110TRRC 2
5937311 Burleson 110TRRC 3
5937312 Burleson 110TRRC 2
5937313 Burleson 110TRRC 2
5937502 Burleson Henry Kovar 124JCKSL 1
5938706 Burleson 124JCKSU 1
5948101 Grimes C.V. Alexander 100ALVM 1
5948102 Grimes C.V. Alexander 100ALVM 1
5948103 Grimes C.V. Alexander 100ALVM 11
5948204 Grimes Johnny Sache 122JSPR 22
5948401 Grimes Worth Ware 110AVFP 6
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Table 4.2.1, continued

State At Number of
Well County Owner 1 Water-Level
Number St Measurements
5948704 Washington J.F. Renn 121EVGL 1
5955507 Washington R. Schaer 121EVGL 1
5955605 Waller Duane Sheridan 100ALVM 1
5956105 Washington T.J. Moore 110AVEV 2
5956106 Washington T.J. Moore 110AVEV 1
6517403 Fort Bend Unknown 112CHCT 1
6517601 Fort Bend Hughes 112CHCT 1
6517704 Fort Bend Joe Hede 112CHCT 1
6518801 Fort Bend John Rosenbush 112CHCTU 1
6518901 Fort Bend Unknown 112CHCT 2
6518903 Fort Bend J.J. Adams Est. 112CHCTU 1
6526203 Fort Bend Unknown 112CHCTU 1
6526304 Fort Bend L.D. Tarrant 112CHCTU 2
6526504 Fort Bend Unknown 112CHCTU 1
6527203 Fort Bend Smith Ranches 112CHCTU 3
6527205 Fort Bend State Prison 112CHCTU 3
6527206 Fort Bend State Prison 112CHCTU 2
6527207 Fort Bend State Prison 112CHCTU 2
6527305 Fort Bend State Prison 112CHCTU 4
6527404 Fort Bend Unknown 112CHCTL 2
6527604 Fort Bend State Prison 112CHCTU 2
6528503 Fort Bend Roy H. Schmidt 112CHCTU 1
6608501 Waller E.F. Fillip 121EVGL 1
6624505 Austin Ignac Pustka 121EVGL 1
6624604 Fort Bend Tallman 112CHCT 2
6624901 Austin Spring 100ALVM 1

M Aquifer code as given in the TWDB groundwater database (TWDB, 2014f)
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Table 4.2.2 Number of Brazos River Alluvium Aquifer wells with water-level data and number
of water-level measurements by source.

Number of Wells Number of
Source with Water-Level
Water-Level Data Measurements
TWDB Groundwater 1,175 6.520
Database
TWDB Submitted Driller's 9 9
Report Database
Brazos Valley
Groundwater Conservation 19 704
District
Post Oak Savannah
Groundwater Conservation 4 11
District
TOTAL 1,207 7,244

Table 4.2.3 Number of Brazos River Alluvium Aquifer wells with water-level data and number
of water-level measurements by county.

County Number of Wells with \S:tl: xiregil
Water-Level Data Measurements

Austin 14 47
Bosque 5 5
Brazos 236 1,319
Burleson 310 1,703
Falls 134 940
Fort Bend 21 35
Grimes 13 77
Hill 2 2
McLennan 100 544
Milam 8 18
Robertson 316 2,458
Waller 31 40
Washington 17 56

TOTAL 1,207 7,244
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Table 4.2.4 Tabulation of water-level measurements by year.
Number of Number of Number of
Year Water-Level Year Water-Level Year Water-Level
Measurements Measurements Measurements
1936 5 1963 1,141 1989 72
1937 0 1964 661 1990 37
1938 0 1965 127 1991 32
1939 0 1966 109 1992 36
1940 2 1967 103 1993 14
1941 2 1968 109 1994 64
1942 2 1969 449 1995 31
1943 0 1970 146 1996 25
1944 0 1971 203 1997 33
1945 0 1972 163 1998 23
1946 0 1973 196 1999 20
1947 0 1974 113 2000 12
1948 0 1975 80 2001 28
1949 0 1976 41 2002 21
1950 0 1977 49 2003 24
1951 0 1978 55 2004 11
1952 0 1979 48 2005 34
1953 0 1980 53 2006 24
1954 0 1981 4 2007 22
1955 0 1982 53 2008 13
1956 1 1983 28 2009 24
1957 130 1984 60 2010 46
1958 108 1985 34 2011 280
1959 58 1986 62 2012 359
1960 576 1987 37 2013 346
1961 271 1988 13 2014 195
1962 126

4.2-21




Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

Table 4.2.5 Pre-development calibration targets.
State Aquifer Pr;’I;teevilEE::fnt Control Source of
Well County ((310 de Elevation Point Control Point Description Water-Level
Number Type ® Data
(feet amsl)

5920603 |  Brazos 111ABZR 210.70 3 average of long-term water- TWDB gw db
level data

5920907 |  Brazos 111ABZR 21021 3 average of long-term water- TWDB gw db
level data

5920401 | Burleson | 124WCHS 251.70 2 pre-1950 water-level TWDB gw db
measurement

5928601 | Burleson | 111ABZR 225.88 3 average of long-term water- TWDB gw db
level data

5929410 | Burleson | 111ABZR 213.02 3 average of long-term water- TWDB gw db
level data

5929433 | Burleson | 111ABZR 216.98 3 average of long-term water- TWDB gw db
level data

5937110 | Burleson | 124YEGUU 224.20 2 pre-1950 water-level TWDB gw db
measurement

5937329 | Burleson | 111ABZR 201.37 3 average of long-term water- TWDB gw db
level data

5938413 | Burleson | 111ABZR 193.90 2 pre-1950 water-level TWDB gw db
measurement

5938414 | Burleson | 111ABZR 203.80 2 pre-1950 water-level TWDB gw db
measurement

5938701 | Burleson | 111ABZR 193.24 3 average of long-term water- TWDB gw db
level data

3949301 Falls 111ABZR 320,81 3 average of long-term water- TWDB gw db
level data

3950408 Falls 111ABZR 298.21 3 average of long-term water- TWDB gw db
level data

3950813 Falls 111ABZR 299.11 3 average of long-term water- TWDB gw db
level data

6517704 | FortBend | 112CHCT 64.00 2 pre-1950 water-level TWDB gw db
measurement

4023801 | McLennan | 111ABZR 385.62 3 average of long-term water- TWDB gw db
level data

4023901 | McLennan | 111ABZR 407.97 3 average of long-term water- TWDB gw db
level data

3958207 | Robertson | 111ABZR 291.80 2 pre-1950 water-level TWDB gw db
measurement

5903106 | Robertson | 111ABZR 268.52 2 pre-1950 water-level TWDB gw db
measurement

5903402 | Robertson | 111ABZR 269.20 3 average of long-term water- TWDB gw db
level data

5903801 Robertson 111ABZR 253.22 3 average of long-term water- TWDB gw db
level data

5903908 Robertson 111ABZR 252.36 3 average of long-term water- TWDB gw db

level data
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Table 4.2.5, continued

State Aquifer Pr;’I;teevilEE::fnt Control Source of
Well County ((jl d El R Point Control Point Description Water-Level
Number ode evation Type ® Data
(feet amsl)

5911202 | Robertson | 111ABZR 244.64 3 average of long-term water- TWDB gw db
level data

5911211 | Robertson | 111ABZR 257.80 2 pre-1950 water-level TWDB gw db
measurement

5911301 | Robertson | 111ABZR 249.22 3 average of long-term water- TWDB gw db
level data

5911308 | Robertson | 111ABZR 238.87 3 average of long-term water- TWDB gw db
level data

5912420 | Robertson | 111ABZR 242.70 3 average of long-term water- TWDB gw db
level data

5912726 | Robertson | 111ABZR 252.80 2 pre-1950 water-level TWDB gw db
measurement

5912807 | Robertson | 111ABZR 225.68 3 average of long-term water- TWDB gw db
level data

5920540 | Robertson | 111ABZR 214.41 3 average of long-term water- TWDB gw db
level data

5948701 | Washington | 111ABZR 163.30 2 pre-1950 water-level TWDB gw db
measurement

5955507 | Washington | 121EVGL 157.30 2 pre-1950 water-level TWDB gw db
measurement

(M see text in Section 4.2.2
amsl = above mean sea level
gw db = groundwater database

Table 4.2.6 Number of water-level targets for the transient model by county and decade.
County 1950s | 1960s | 1970s 1980s 1990s | 2000s | 2010s Tcogﬁ'ntt’;’

Austin 25 6 6 9 1 47
Bosque 4 1 5
Brazos 54 613 132 49 46 23 402 1,319
Burleson 105 1,030 263 119 95 55 32 1,699
Falls 574 210 85 33 27 11 940
Fort Bend 1 28 3 34
Grimes 2 8 22 10 19 7 77
Hill 2 2
McLennan 362 100 32 21 19 10 544
Milam 16 1 1 18
Robertson 127 934 351 113 101 64 764 2,454
Waller 1 37 2 40
Washington 7 39 8 54
Total by Decade 297 3,672 1,094 416 315 213 1,226 7,233
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Figure 4.2.1  Spatial distribution of Brazos River Alluvium Aquifer wells with water-level data
(Brazos Valley Groundwater Conservation District, 2014a; Post Oak Savannah
Groundwater Conservation District, 2014a; TWDB, 2014f,g).
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DEM - digital elevation model

Figure 4.2.4  Location of control points by type used to estimate the pre-development water-level
elevation surface for the Brazos River Alluvium Aquifer.
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Figure 4.2.5 Estimated pre-development water-level elevation surface in feet above mean sea
level for the Brazos River Alluvium Aquifer.
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Figure 4.2.6  Location of Brazos River Alluvium Aquifer wells with transient water-level data
(TWDB, 2014f).
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Figure 4.2.7  Select hydrographs for Brazos River Alluvium Aquifer wells located in McLennan
County (TWDB, 2014f).
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Figure 4.2.8  Select hydrographs for Brazos River Alluvium Aquifer wells located in Falls County
(TWDB, 2014f).
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Figure 4.2.9  Select hydrographs for Brazos River Alluvium Aquifer wells located in Robertson
County (TWDB, 2014f).
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Figure 4.2.10 Select hydrographs for Brazos River Alluvium Aquifer wells located in Brazos and
Burleson counties (TWDB, 2014f).
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Figure 4.2.11 Select hydrographs for Brazos River Alluvium Aquifer wells located in Grimes,
Washington, and Austin counties (TWDB, 2014f).
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Figure 4.2.12 Polynomial fit to normalized water-level data by county.
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Figure 4.2.16 Seasonal water-level data from early 1970 to mid-1974 (TWDB, 2014f).
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Figure 4.2.17 Seasonal water-level data from early 2011 to early 2014 (TWDB, 2014f).
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Figure 4.2.18 Estimated water-level elevation contours in feet above mean sea level in the Brazos
River Alluvium Aquifer in 1965.
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Figure 4.2.19 Estimated water-level elevation contours in feet above mean sea level in the Brazos
River Alluvium Aquifer in 1980.

4.2-42



Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

Figure 4.2.20 Estimated water-level elevation contours in feet above mean sea level in the Brazos
River Alluvium Aquifer in 2000.
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Figure 4.2.21 Estimated water-level elevation contours in feet above mean sea level in the Brazos
River Alluvium Aquifer in 2012.
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Figure 4.2.22 Comparison of water-level elevations in feet above mean sea level in the upper and
lower portions of the Brazos River Alluvium Aquifer.
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Figure 4.2.23 Estimated water-level elevation contours in feet above mean sea level in 1965
showing a depression in northern Brazos County.
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Figure 4.2.24 Comparison of water-level elevations in feet above mean sea level in the Brazos
River Alluvium Aquifer and the underlying Carrizo-Wilcox Aquifer.
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Figure 4.2.25 Comparison of water-level elevations in feet above mean sea level in the Brazos
River Alluvium Aquifer and the underlying Queen City and Sparta aquifers.
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Figure 4.2.26 Comparison of water-level elevations in feet above mean sea level in the Brazos
River Alluvium Aquifer and the underlying Yegua Aquifer and the Jasper Aquifer
of the Gulf Coast Aquifer System.
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Figure 4.2.27 Comparison of water-level elevations in feet above mean sea level in the Brazos
River Alluvium Aquifer and the underlying Evangeline and Chicot aquifers of the
Gulf Coast Aquifer System.
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4.3 Recharge

Recharge can be defined as water that enters the saturated zone at the water table (Freeze, 1969).
Recharge is a complex function of the rate and volume of precipitation, soil type, water level,
soil moisture, topography, and evapotranspiration (Freeze, 1969). In the Brazos River Alluvium
Aquifer, potential sources of recharge include precipitation, subsurface return flow from
irrigation, and leakage from streams, reservoirs, and lakes. Precipitation and irrigation return
flow are generally considered to be diffuse sources of recharge, while stream or reservoir leakage

are considered to be focused sources of recharge.

During a rainfall or irrigation event, water falling on the ground surface may run off to streams
and surface water features or infiltrate into the soil. Much of the infiltrating water evaporates

while still near the ground surface or is taken up by vegetation in the vadose zone (vadose zone
evapotranspiration). If enough water infiltrates to satisfy the moisture deficit of the soil and the
vegetation in the vadose zone, then the remaining water will continue to percolate downward to

the water table. Water that reaches the water table is considered recharge.

A groundwater system can often act as a classic topographically-driven recharge/discharge
system, where recharge primarily occurs in the areas of higher elevation, and discharge occurs in
the areas of lower elevation through streams, seeps, and groundwater evapotranspiration.
Recharge enters the outcrop portion of an aquifer, and the vast majority discharges relatively
quickly through base flow and other surficial discharge components (such as groundwater
evapotranspiration, springs, and seeps). A small fraction of the recharge entering the outcrop can
enter the deep regional flow system and exit the aquifer regionally through cross-formational
flow. Since the Brazos River Alluvium Aquifer is an unconfined aquifer, there is no deep flow
system, and all recharge is expected to discharge from the shallow flow system. This shallow
discharge component is sometimes termed “rejected recharge” and has the potential to be
captured by pumping, if the water table is lowered enough to reverse the gradients driving flow

towards the natural discharge points.

4.3.1 Previous Recharge Studies
Cronin and Wilson (1967) estimated recharge in the Brazos River Alluvium Aquifer using the
method described by Keech and Dreeszen (1959) in which the difference in estimated flow at

upstream and downstream sections of the alluvium was attributed to recharge. They found that
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rates of recharge were related to soil permeability with significantly lower recharge in areas with
clay present near land surface and above the water table than in areas where the soil was sandy.
Over the extent of the Brazos River Alluvium Aquifer, recharge rates estimated by Cronin and
Wilson (1967) varied from about 2 to 5 inches per year, with an average value of 3.5 inches per
year. Most subsequent studies that include the Brazos River Alluvium aquifer do not provide
new recharge data, but rather re-use the original Cronin and Wilson (1967) values. An exception
is Chowdhury and others (2010), who estimated recharge using digital hydrograph separation
and chloride mass balance methods. They performed a hydrograph separation analysis using an
automated recursive digital filter (Arnold and others, 1995) on data from streamflow gage
08108700 near Bryan, Texas and streamflow gage 08111500 near Hempstead, Texas. Their
analysis yielded an average recharge of 0.74 inches per year for the data from the Bryan gage
and 0.95 inches per year for the data from the Hempstead gage. They also calculated a recharge
value for the entire aquifer using the chloride mass balance method, which incorporates
precipitation amount, chloride in precipitation, and chloride in groundwater. The groundwater
chloride value used was based on the average chloride concentrations for wells in the Brazos
River Alluvium Aquifer, most of which were clustered in the central portion of the aquifer,
particularly in Milam, Robertson and Falls counties. This method yielded a recharge estimate of
0.33 inches per year for the Brazos River Alluvium Aquifer. This is significantly lower than the
two recharge values they estimated from the hydrograph separation analysis, but the chloride
mass balance method can underestimate recharge if chloride is derived from sources other than
precipitation. They note some lag time between precipitation and when recharge reaches the
aquifer, potentially indicating the influence of clay in the upper parts of the aquifer. Table 4.3.1

summarizes the recharge estimates from these previous studies.

Scanlon and others (2002) compiled literature values of recharge for most Texas aquifers. While
they do not provide values for the Brazos River Alluvium Aquifer, they do provide values for the
Carrizo-Wilcox and Gulf Coast aquifers. The average recharge rate of the 19 estimates provided
for the Carrizo-Wilcox aquifer is about 1.8 inches per year and the average recharge rate of the

11 estimates provided for the Gulf Coast Aquifer is about 1.2 inches per year.

The groundwater availability model for the central portion of the Carrizo-Wilcox Aquifer
(Dutton and others, 2003) includes the Brazos River Alluvium Aquifer in an alluvium layer

comprising the valley alluvium of the Brazos, Trinity and Colorado rivers. A steady-state
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recharge rate was calculated by multiplying a scaled recharge rate by a scaled soil hydraulic
conductivity value. However, the scaled recharge rate is based on the calibrated recharge rate for
the layer underlying the alluvium in any particular cell. There is no calibrated recharge rate
calculated for the alluvium itself. Therefore, the recharge rates for the alluvium layer are not
considered necessarily representative of the Brazos River Alluvium Aquifer. This groundwater
model was eventually superseded by the combined groundwater availability model of the Queen
City, Sparta, and Carrizo-Wilcox aquifers (Kelley and others, 2004). However, the recharge
distribution from that model is also not applicable for the current study because the model uses

recharge to simulate the deep downdip flow, rather than flow in the shallow surficial system.

A study of the Gulf Coast Aquifer calculated shallow recharge based on a combination of
chloride mass balance and analyses of base flow (Scanlon and others, 2012). Their resulting
recharge distribution covers much of the southern portion of the active model area for the Brazos
River Alluvium Aquifer as shown in Figure 4.3.1. The Yegua-Jackson Aquifer groundwater
availability model (Deeds and others, 2010) calculated shallow recharge as a function of
precipitation, using a relationship developed from base flow analyses. They then refined their
estimates of recharge through model calibration. Their resulting recharge distribution covers a
small central portion of the active model area for the Brazos River Alluvium Aquifer, also shown
in Figure 4.3.1. Note that neither the Scanlon and others (2012) study nor the Deeds and others
(2010) model explicitly included the Brazos River Alluvium Aquifer. Figure 4.3.1 also shows
the portion of the active model area where estimates of recharge are not available from previous

studies.

4.3.2 Factors Affecting Recharge
Several factors can influence recharge, including precipitation, irrigation return flow, surface
soils, topography, and surface water. The following subsections describe how the effects of

these factors on recharge in the Brazos River Alluvium Aquifer were conceptualized.

4.3.2.1 Precipitation

All natural (that is, not irrigation return flow) recharge originates as precipitation. Even when
other factors, such as soil texture, are used to estimate recharge distribution, the amount of
recharge is, in general, expected to scale with precipitation. As shown in Figure 2.1.7, mean

annual precipitation in the study area increases from northwest to southeast, with the highest
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precipitation rates nearest the coast. Within the boundary of the Brazos River Alluvium Aquifer,
precipitation ranges from a low of about 35 inches in the northwest to a high of about 50 inches
in the southeast. Section 4.3.3 describes how a relationship was developed to distribute recharge

as a function of precipitation for the Brazos River Alluvium Aquifer.

4.3.2.2 Irrigation Return Flow

Except for the southernmost counties of Fort Bend, Waller, and Austin, all counties in which the
Brazos River Alluvium Aquifer is located saw an almost 100 percent increase in irrigated land
from 1949 to 1954 (United States Department of Agriculture, 1954a). This agrees with the
conceptualization of a substantial increase in irrigation post-1950 due to the effects of the 1950s
drought. Irrigation return flow can be a significant source of recharge, depending on the
concentration of irrigation activities and the type of crops being grown. For example, a crop that
is flood irrigated, such as rice, will provide more return flow to the water table than a crop that is
irrigated more intermittently, such as corn. In general, current good agricultural management
practices for most crops include balancing irrigation application with plant evapotranspiration
requirements (Allen and others, 1998), so that the amount of water that moves beyond the root
zone to the water table is minimized. However, while irrigation efficiency has increased in
counties containing the Brazos River Alluvium Aquifer, much of the irrigated land, as of 2000, is
not irrigated with efficient sprinkler or drip systems (Table 4.3.2). Washington County is the
only county where all irrigation is conducted using sprinkler or drip systems (TWDB, 2001).
Only a few counties (Bosque, Hill, and Milam) were completely or nearly completely sprinkler
irrigated in 2000. Less than 50 percent of irrigated land in Burleson, Falls, and McLennan
counties, less than 30 percent in Austin, Robertson and Waller counties, and less than 10 percent

in Brazos, Grimes and Fort Bend counties were under sprinkler or drip irrigation (see

Table 4.3.2).

Figure 4.3.2 shows a visible increase in pivot sprinkler irrigation between 1999 and 2011 in a
portion of Brazos County, illustrating how recent the transition to more efficient irrigation has
been in much of the study area. Assuming that land not irrigated by sprinkler or drip systems is
under surface-applied or flood irrigation, irrigation return flow is expected to be significant under
much of the irrigated land within the extent of the Brazos River Alluvium Aquifer. There is
likely some irrigation return flow even under efficient sprinkler or drip systems, though it is

expected to be less than that under surface-applied irrigation.
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A study in the High Plains region of Texas estimated that irrigation return flow under surface
irrigation is approximately 35 percent of applied irrigation (Blandford and others, 2003). This is
slightly higher than a study in Colorado’s Lower Arkansas River Valley that estimated

24 percent return flow under surface irrigation (Gates and others, 2012). The High Plains study
estimated that irrigation return flow under sprinkler irrigation was approximately 15 percent of
applied irrigation in the 1970s and 1980s, but closer to 10 percent in the 1990s and onwards due
to more efficient technology (Blandford and others, 2003). Similarly, the Colorado study
estimated irrigation return flow is 13 percent of applied irrigation under sprinkler irrigation

(Gates and others, 2012).

The changing prevalence of different irrigation methods through time makes it possible to
estimate irrigation return flows representative of different time periods. Values for time periods
between 1940 and 2000 are presented in Table 4.3.3 for areas in the High Plains region of Texas
and New Mexico (Blandford and others, 2003). While estimated return flow percentages in both
states have declined drastically since 1960, the High Plains area of Texas has a lower estimated
irrigation return flow percentage, as of 2000, than the High Plains area of New Mexico. This
difference accounts for the slower implementation of more efficient irrigation techniques in New
Mexico compared to west Texas (Blandford and others, 2003). In the Brazos River Alluvium
Aquifer study area, the temporal trend in irrigation return flow percentage is expected to
resemble that of New Mexico in counties with less widespread adoption of efficient sprinkler
irrigation and to resemble that of west Texas in counties where efficient sprinkler and drip
irrigation systems have been aggressively implemented (Table 4.3.3). While the climate differs
considerably in the study area compared with west Texas and New Mexico, the irrigation

techniques and efficiencies can be assumed to be comparable.

The absolute magnitude of irrigation return flow ultimately depends on the amount of applied
irrigation. For the period from 1985 to 2012, the average irrigation requirement for non-rice
crops for counties in the study area was approximately 14 inches per year and the average rice
irrigation requirement was slightly over 40 inches per year (TWDB, 2015). The irrigation return
flow would thus be much higher under rice crops than under other crops. For example, assuming
the most efficient scenario (90 percent efficiency), irrigation return flow would be 4 inches per

year under rice crops compared to 1.4 inches per year under other crops.
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Estimating the spatial distribution of irrigation return flow is problematic because there is no
existing spatial coverage that differentiates rain-fed from irrigated cropland. In order to establish
a reasonable distribution pattern of irrigation return flow, a basic irrigation coverage was created
using satellite imagery. Unlike areas where all irrigation is supplied by groundwater and tell-tale
pivot irrigation circles located near irrigation wells can be used to identify irrigated land, there is
not a straightforward way to identify irrigated land in the Brazos River Valley. Many farms in
the Brazos River Valley have access to surface water for irrigation, which creates less visually-
obvious cropping patterns. However, since irrigation return flow can occur whether the water is
sourced from groundwater or surface water, it is important to account for all irrigated land when

selecting areas where irrigation return flow is expected to occur.

To identify areas of potential irrigation return flow, the National Land Cover Database, which
provides a basic coverage for total cropland for the years 1992, 2001, 2006, and 2011 (Multi-
Resolution Land Characteristics Consortium, 2014), was used. From the 1992 National Land
Cover Database map, areas classified as orchards/vineyards/other (61), pasture/hay (81), row
crops (82), small grains (83), or fallow cropland (84) were considered to be cropland. From
subsequent National Land Cover Database maps, which have a different classification system,
areas classified as pasture/hay (81) and cultivated crops (82) were considered to be cropland.
Unlike rain-fed cropland, irrigated cropland is expected to thrive even during times of water
stress. The years 1988, 1999, and 2011 were chosen as representative “water-stressed” years,

since annual precipitation in the study area was well below average at those times.

To establish the relative health of crops, the Normalized Difference Vegetation Index was used.
This parameter is calculated using the visible and infrared wavelengths absorbed and reflected by
vegetation and gives an idea of the health and extent of vegetation. The Normalized Difference
Vegetation Index values were calculated from monthly LandSat 5 satellite imagery available
from the United States Geological Survey Global Visualization Viewer (United States
Geological Survey, 2015a). Each pixel in areas identified as cropland was assigned the highest
Normalized Difference Vegetation Index value calculated that year, based on all available
monthly images. This was done because different crops will cause the Normalized Difference
Vegetation Index to peak at different times of the year, depending on the growth cycle of the
crop. Using the peak Normalized Difference Vegetation Index value for the entire year rather

than for a certain month should more accurately identify all irrigated crops rather than biasing
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the estimate towards crops that peak at a certain time of the year. This was necessary since a

spatial distribution of crops by type is not available for all of the years considered.

Using the Zonal Statistics tool in ArcGIS 10.1, the dominant land use type as well as the average
Normalized Difference Vegetation Index value for each grid cell in the preliminary Brazos River
Alluvium Aquifer groundwater availability model grid was calculated. Although Normalized
Difference Vegetation Index data are available for all years, land use data are only available for
the years 1992, 2001, 2006, and 2011. Therefore, the 1988 Normalized Difference Vegetation
Index distribution was paired with the 1992 land use map and the 1999 Normalized Difference
Vegetation Index distribution was paired with the 2001 land use map. Both Normalized
Difference Vegetation Index and land use maps are available for 2011. If the majority of a grid
cell was comprised of cropland or pasture/hay and the highest Normalized Difference Vegetation
Index value during a water-stressed year was over a threshold value, that grid cell was assumed
to be irrigated. The threshold value was determined based on visual inspection of probable
irrigated areas (tell-tale pivot irrigation circles, for instance) for each year. The assumed
threshold values were 0.72 for 1988, 0.73 for 1999, and 0.65 for 2011. The 2011 distribution of
irrigated and rain-fed cropland and pasture/hay developed using this method is shown in

Figure 4.3.3.

Without ground-truthing, this method is not fool-proof because the Normalized Difference
Vegetation Index calculation for a year can be affected by outside factors. For instance, cloud
cover during the growing season could obscure what would otherwise be the highest Normalized
Difference Vegetation Index value for the year, skewing the highest value for an irrigated pixel
too low to reach the threshold, meaning it would not be classified as irrigated. Another potential
concern is how different levels of water stress throughout the year overlap the growing season of
particular plants. If, for instance, the summer season is severely water-stressed but the winter
has relatively good precipitation, then there may not be enough of a difference between rain-fed
and irrigated winter crops and some rain-fed pixels would erroneously be classified as irrigated.
However, in general, this method appears to reliably account for areas that are likely irrigated
and the amount of cropland classified as irrigated by this method is reasonable. This method
classifies approximately 10 percent of total cropland as irrigated in 1988, about 9 percent in
1999, and about 10 percent in 2011. These estimates reasonably agree with the county-wide

irrigation trends in the study area. Since 1978, the average percentage of irrigated land for the
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counties intersecting the Brazos River Alluvium Aquifer has been approximately 9 percent of
total cropland (United States Department of Agriculture, 1978, 1997, 2007). Fort Bend County,
where about 18 percent of the total cropland area is irrigated, contains the highest percentage of
irrigated cropland in the aquifer, followed by Falls County (about 17 percent), and Robertson
County (about 12 percent).

Additional recharge was applied to grid cells classified as irrigated to account for irrigation
return flow. Applied irrigation within the extent of the Brazos River Alluvium Aquifer was
assumed to be approximately 14 inches per year, which is the average irrigation requirement for
non-rice crops in the counties in the study area (TWDB, 2015). The percentage of applied

irrigation that becomes return flow will change through time according to Table 4.3.3.

4.3.2.3 Surface Soils

Soil properties can have a significant influence on recharge because of their impact on runoff,
infiltration, and evapotranspiration. In general, sandy soils typically accept more infiltration for
a given precipitation event than clayey soils. Clay soils tend to retain water, allowing more time
for evapotranspiration by vegetation. Particularly in a shallow unconfined aquifer like the
Brazos River Alluvium Aquifer, soil can have a major impact on the amount of water that
reaches the water table. The primary property of surface soils effecting infiltration is saturated
hydraulic conductivity, with infiltration to the water table correlated with the magnitude of the
saturated hydraulic conductivity. Figure 2.1.4 shows the saturated hydraulic conductivity for
surface soils in the active model boundary within the study area for the Brazos River Alluvium

Aquifer.

4.3.2.4 Topography

Topography affects the distribution of recharge, concentrating recharge in highlands and
discharge in lowlands (Meyboom, 1966; Toth, 1963). Areas with steeper slopes tend to have
enhanced runoff and are, therefore, less likely to be areas where significant recharge occurs. In
these regions, recharge is generally restricted to areas where runoff is focused, such as in stream
beds, or areas with very coarse textured soils, such as sand dunes. Elevation changes within the
extent of the Brazos River Alluvium Aquifer are minor. The Brazos River is conceptualized as

the main discharge point with most of the rest of the aquifer serving as recharge areas. Beyond

4.3-8



Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

the extent of the Brazos River Alluvium Aquifer, areas with slopes higher than 5 percent

(Figure 4.3.4) will likely have little to no recharge.

4.3.2.5 Focused Recharge from Surface Water Features

The Brazos River Alluvium Aquifer hosts a great deal of sand and gravel mining. If the
excavation is deep enough to reach the water table, the mining sites can fill with water and have
enhanced groundwater evaporation. In general, a gravel pit or other excavation that intersects
the water table should be considered a discharge point for the aquifer (Ashworth and Hopkins,
1995). However, if the excavation does not reach the water table, the mining site can be a
location of enhanced groundwater recharge. Since the process of mining removes the top layers
of sediment, water has to percolate a shorter vertical distance to reach the water table. It is
difficult to apply this concept to the study area though, as there is little to no information
available on the degree to which excavations in the Brazos River Alluvium Aquifer intersect the
water table, if at all. A study in the Pacific Northwest found that gravel mining excavations
enhanced the recharge rate during the wet season and decreased the recharge rate during the dry
season (Pacific Groundwater Group, 2000). However, because the current Brazos River
Alluvium Aquifer groundwater model uses annual stress periods, it cannot account for these
potential seasonal variations in recharge. Therefore, for the purposes of the current groundwater
model, mining excavations are conceptualized as focused points of net recharge. This seems a
reasonable assumption since the rainfall differences between the wet and dry season in the study
area are not as pronounced as those in the Pacific Northwest, implying that the seasonal variation
described in Pacific Groundwater Group (2000) is less likely to occur. Even if this assumption
imperfectly captures the actual recharge behavior of these excavations, the impact to model
recharge from these excavations, both in terms of areal footprint and total quantity of recharge, is
miniscule compared to the overall areally-distributed recharge in the model. Figure 4.3.5
provides the locations of mining excavations mapped using point data for gravel pits, mines, and
quarries from the SSURGO database (United States Department of Agriculture, 2014b).
Locations of gravel pits georeferenced from Cronin and Wilson (1967) are also included on this

figure.

4.3.3 Relationship between Base Flow and Precipitation
In the northern portion of the study area, where no previous studies to describe recharge exist,

recharge had to be estimated as part of this study. Recharge as a function of precipitation was
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estimated based on base flow calculated from hydrograph separation analyses and a relationship

between base flow and precipitation was developed.

4.3.3.1 Base Flow Calculations

Stream base flow can be used as a surrogate measure of shallow recharge, assuming that most of
the shallow recharge discharges through base flow. In reality, some portion of shallow recharge
will discharge through seeps and groundwater evapotranspiration. It is difficult to estimate how
much shallow recharge exceeds the base flow estimates due to other sources of discharge, such
as groundwater evapotranspiration. Groundwater availability models in Texas aquifers along the
Gulf Coast have simulated groundwater evapotranspiration to be as low as 3 percent and as high
as 48 percent of the total discharge water budget (Scanlon and others, 2005). However, there are
no known estimates of groundwater evapotranspiration based on field measurements in the
northern region of the study area. In general, since other discharge sources are so uncertain, base
flow estimates should only be considered minimum estimates of shallow recharge. The
minimum recharge flux rate is determined by dividing the base flow rate by the subwatershed
area, which is the catchment area above the gage. For the current study, hydrograph separation

analyses were completed on gages with subwatersheds that intersect the study area.

Hydrograph separation is a methodology in which streamflow hydrograph data are analyzed and
surface runoff is partitioned from the stream base flow component. The basic premise is that, in
the streamflow hydrograph, sharp peaks will represent surface runoff events, whereas the
smooth, constant portion of the streamflow hydrograph represents base flow. There are several
automated methods available to perform the separation. The hydrograph separation code Base
Flow Index (Wahl and Wahl, 1995) was used for the analyses in the current study. Figure 4.3.6
shows an example of this technique for streamflow gage 08105000 on the San Gabriel River near
Georgetown, Texas in 1970. This figure illustrates how the base flow component remains

relatively steady while overall flow varies over several orders of magnitude.

Although hydrograph separation is relatively easy to perform, finding appropriate streamflow
gage data can be difficult. Gages and their corresponding data must meet certain criteria before

they can be considered for analysis. The primary criteria considered in the current study are:

1. The gage should be on a stream considered to be primarily gaining.
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2. The catchment area for the gage must be primarily within the extent of the active model

arca.

3. If the catchment area for the gage extends well upstream of the extent of the active model
area, there must be an upstream gage near the edge of the model area that can be used to
subtract the effects of the upstream area (i.e., the contribution from the catchment area

that is not within the area of interest).

4. The majority of the catchment area for the gage must be unregulated. If the gage is
paired with an upstream gage, the unregulated periods must have a significant

overlapping record.

To address criteria number one, gages on perennial streams are considered. Theoretically, an
intermittent stream could be appropriate for those periods of time when the stream is flowing
consistently. However, a comparison between recharge values estimated with the hydrograph
separation method versus the chloride mass balance method revealed that, in the Gulf Coast
Aquifer area, only recharge values estimated from gages on perennial streams agreed with
estimates from the chloride mass balance method, while values estimated from gages on non-
perennial streams did not (Scanlon and others, 2012). Therefore, for the purpose of this analysis,
only gages on perennial streams, defined as having non-zero discharge 99 percent of the time,

were used. Flow duration curves for the gages used in the analysis are provided in Appendix B.

To address criteria numbers two and three, gages that did not fall on the main stem of the Brazos
River were included only if greater than 50 percent of the subwatershed fell within the active
model area. The exception is gage 08095200 which is included, even though its subwatershed
falls largely outside the study area, because it overlaps the subwatersheds of some main stem
Brazos River gages. For gages located on the main stem of the Brazos River, all of the
subwatersheds extended far beyond the active model area. Therefore, gages were paired with an
upstream gage along the Brazos River and the upstream subwatershed area was removed from
the downstream subwatershed so that the remaining subwatershed area fell mostly within the
active model area. For these gages, only the incremental base flow (downstream base flow
minus upstream base flow) was considered. The inclusion of one or two upstream gages
increases the potential error in the base flow calculation, so this must be considered when

analyzing the hydrograph separation results.
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Criteria number four is difficult to overcome, since many of the major rivers in Texas are highly
regulated. In some cases, analysts attempt to use local knowledge of river management to
account for regulation of the river. This is a difficult and time-consuming approach that is not
tractable for the current study. For the purposes of this analysis, regulation status was
determined from Slade and others (2002). For gages not included in that study or listed as
“unregulated,” regulation status was determined using the National Water Information System
(United States Geological Survey, 2015b). Gages listed as “urban” by Slade and others (2002)
were also excluded. Like the regulated gages, streamflow at these gages does not represent the
natural baseflow and higher runoff from impervious surfaces and urban effluent can skew
recharge estimates. As expected, these gages did yield anomalously high recharge values
compared to surrounding gages, justifying their exclusion. Gage 08074020 on Whiteoak Bayou
at Alabonson Road in Houston, Texas, was also excluded from the analysis. It is not classified as
“urban” or regulated in any of the sources but was assumed to be urban due to its proximity to

other “urban” gages as well as its exceedingly high calculated recharge value.

Due to Whitney Dam, all gages on the Brazos River are categorized as regulated. For the period
after the construction of Whitney Dam (1952 to 2013), the current study compared streamflow at
gage 8093100 located a short distance downstream from the dam (Figure 4.3.7) to the daily
release records for Lake Whitney. This comparison indicated that almost all the streamflow at
gage 8093100 originates as a release from Lake Whitney rather than as base flow. Evaluating
the influence of dam releases on gages further downstream was, however, difficult. For instance,
some of the calculated base flow at gage 8096500 located in Waco (see Figure 4.3.7) may
actually be releases from Lake Whitney rather than contribution from groundwater. To evaluate
this, Lake Whitney releases were subtracted from the calculated base flow values for gage
8096500 at Waco. This adjustment resulted in little to no actual base flow at the gage after
accounting for losses and travel time. Although this may be the case, it did not seem completely
reasonable since the data prior to the construction of Lake Whitney show base flow originating
in the reach between the gages 8093100 and 8096500, and it seems likely that this would
continue after the construction of the reservoir. Therefore, the current study did not adjust the
calculated base flow for the Waco gage based on releases from Whitney Dam and assumed no

impacts from Lake Whitney on gages further downstream.
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Figure 4.3.7 shows the gages used in the hydrograph separation analysis and the resulting
recharge estimates. Table 4.3.4 provides information on the location of these gages and
summarizes the recharge estimates obtained through the hydrograph separation analyses. As
noted previously, the constraints imposed by the hydrograph separation technique result in a
small set of potentially valid gages. These gages are on rivers and streams that vary widely in
their basic characteristics of subwatershed area and overall flow. The temporal trends in base

flow for the gages used in the current analyses are given in Appendix B.

4.3.3.2 Relationship between Base flow and Precipitation
The base flow estimates described above can provide a basis for deriving a relationship between
shallow recharge and precipitation. Based on this relationship, the temporal variation in recharge

under particular climatic conditions can be estimated.

Monthly precipitation for each subwatershed was estimated by intersecting the boundary of the
subwatershed with monthly precipitation grids from the Parameter-elevation Regression on
Independent Slopes Model (PRISM) precipitation dataset (PRISM Climate Group, 2014).
Subwatershed boundaries were downloaded from the United States Geological Survey (2012).
Subwatersheds not included in that dataset were delineated using the “batch subwatershed
delineation” tool in ArcHydro Tools (Maidment, 2002) based on the 30-meter Digital Elevation
Model (United States Geological Survey, 2015c). The daily base flow values for each month
were summed so that monthly total base flow estimates were obtained and could be compared to

the corresponding monthly precipitation estimates for each subwatershed.

Even in shallow systems, subregional groundwater flow is typically not a process that happens
on short time scales. Because the measurement of base flow integrates recharge from flow paths
of widely varying lengths, the base flow response will not occur at a single time, and so a
correlation between precipitation and base flow is not expected, even on a monthly timescale.
Therefore, the analysis of the relationship between precipitation and base flow was performed on
an average timescale that captures the response time of the majority of the flow paths. The
objective was to predict annual average base flow, based on a 12-month precipitation average
that leads the base flow by some number of months. This annual average should allow all of the
smaller temporal effects on base flow, such as bank storage, to be integrated within the time

window. Note that this annual averaging aggregates any effects of in-year seasonal variations,
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which may be problematic for scenarios in which shorter (for instance, monthly) time periods are
of interest. There is a significant seasonal component to base flow and the lowest base flow was
found to occur during the growing season (April to September), likely due to the combination of

low precipitation and high pumping withdrawals.

Regressions of annual average base flow versus a 12-month average precipitation were
performed with a time lag (base flow lagging precipitation) varying from zero to 10 months.
Note that in the regressions, the response variable was the logarithm of base flow and the
predictor was untransformed precipitation, because annual average base flow is approximately
lognormally distributed, while annual precipitation is approximately normally distributed. After
performing the regressions for each of the lag times, the regression model with the best fit based
on the coefficient of determination was selected. A summary of the results for the analyzed
gages is shown in Table 4.3.5. Example plots of base flow versus precipitation and the
corresponding linear trendlines are shown in Figure 4.3.8 and plots for all gages used in the
analyses can be found in Appendix B. Of the regressions on the gage data, sixteen resulted in a
coefficient of determination greater than 0.3. The median of the slopes for these lines was 0.021

and the median of the intercepts was -0.827.

The objective of the analysis was to produce a single equation describing the relationship
between base flow and precipitation for the Brazos River Alluvium Aquifer and vicinity. Since
creating multiple equations would be needlessly complex given the overall uncertainty in the

base data, the following single relationship was developed using the median coefficients:
Recharge =10 (0.021 * precipitation—0.827) (43 1)

Figure 4.3.9 shows the recharge distribution estimated using Equation 4.3.1. The precipitation
values were taken from the average annual precipitation distribution for 1981 to 2010 from
PRISM Climate Group (2014). The recharge increases from northwest to southeast, tracking the

precipitation pattern.

4.3.4 Recharge Estimates

Recharge estimates from the previous studies of the Gulf Coast Aquifer System (Scanlon and
others, 2012) and the Yegua-Jackson Aquifer (Deeds and others, 2010) were used as the basis to
describe the pre-development recharge in the southern portion of the active model area. Previous

studies of recharge are lacking in the northern portion of the active model area. Therefore, the

4.3-14



Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

relationship between precipitation and recharge given by Equation 4.3.1 was used as the basis to
estimate recharge in the northern portion of the active model area. Estimates of recharge were
developed for both the pre- and post-development periods for the Brazos River Alluvium

Aquifer as discussed below.

4.3.4.1 Pre-development Recharge (pre-1950)

Prior to the introduction of widespread agricultural irrigation and groundwater pumping in the
1950s, the Brazos River Alluvium Aquifer was assumed to have been under steady-state
conditions. Therefore, recharge to the aquifer during pre-development should be equivalent to
natural aquifer discharge in the form of springs, base flow to streams, and groundwater
evapotranspiration. Within the entire extent of the Brazos River Alluvium Aquifer, recharge
patterns are affected by soil type, which is not accounted for in the recharge estimates from
previous studies and developed using Equation 4.3.1. The conceptualization of the aquifer
assumed that areas with low permeability soils, like the Ships Clay, represent areas with
decreased recharge potential compared to the rest of the alluvium. The mean saturated hydraulic
conductivity of the Ships Clay soil units in the study area is 0.054 feet per day. Therefore, areas
within the boundary of the Brazos River Alluvium Aquifer with a saturated soil hydraulic
conductivity value lower than 0.054 feet per day were assumed to only transmit 20 percent of the
recharge expected based on the previous studies in the south and Equation 4.3.1 in the north.
Figure 4.3.10 depicts the pre-development recharge distribution developed using the combination
of approaches for describing recharge in the southern and northern portions of the study area

along with the modification for soil type in the Brazos River Alluvium Aquifer.

4.3.4.2 Post-Development Recharge (1950 to present)

With the introduction of widespread groundwater pumping in the 1950s, as well as the increase
in other anthropogenic influences, recharge patterns in the Brazos River Alluvium Aquifer
changed from pre-development steady-state conditions. The conceptualization of the post-
development recharge distribution takes into account increased recharge due to irrigation return
flow and focused recharge from gravel pits. Irrigation return flow was distributed according to
the spatial and temporal distribution developed in Section 4.3.2.2. The gravel pits and mine
locations described in Section 4.3.2.5 were considered focused recharge points with recharge
rates 1.5 times that during pre-development. Any changes to recharge in areas outside the extent

of the Brazos River Alluvium Aquifer between pre- and post-development were not considered.
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Figure 4.3.11 shows the estimated post-development distribution of recharge in the study area.
This distribution is the same as the estimated pre-development recharge distribution, but with
modifications accounting for irrigation return flow and enhanced recharge in gravel pits in the
Brazos River Alluvium Aquifer. Because changes in precipitation over time may influence
recharge, an evaluation of the importance of varying recharge as a function of precipitation will

be made during the numerical modeling phase of this project.
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Table 4.3.1 Summary of recharge estimates from the literature (adapted from Chowdhury and
others, 2010).
Recharge
Year (inches per year) Method Source
Minimum | Maximum | Average
Flow between flow lines . .

1957-1961 1.8 53 3.5 (Keech and Dreeszen, 1959) Cronin and Wilson (1967)
1994-20040 | 0.06 5.57 0.74 | Digital base flow separation (Cz}aj‘g;ih“"y and others
1934-19982 | 0.02 9.7 0.95 | Digital base flow separation E%jvg;ih“ry and others
1934-1998® | 0.1 3.39 0.33 Chloride Mass Balance é%"lvgfh“ry and others

(M Base flow estimates for streamgage 8108700 near Bryan, Texas
@ Base flow estimates for streamgage 8111500 near Hempstead, Texas

Table 4.3.2 Irrigation methods by county (TWDB, 2001).
Total Irrigated szmd Irr?gated Lan(_i Irrig_alted Perceptage of
County Year Land (acres) with Sprinkler with Drip TOt_ﬁ“ Irrigated Lfflnd
Systems (acres) Systems (acres) Sprinkler Drip

Austin 2000 2,980 831 37 28 1.2
Bosque 2000 1,982 1,902 50 96 2.5
Brazos 2000 8,325 0 25 0 0.3
Burleson 2000 18,959 6,903 0 36 0.0
Falls 2000 2,331 1,044 27 45 1.2
Grimes 2000 716 60 50 8 7.0
Fort Bend 2000 14,456 1,166 8 8 0.1
Hill 2000 26 26 0 100 0.0
McLennan 2000 3,972 1,820 112 46 2.8
Milam 2000 3,838 3,833 5 100 0.1
Robertson 2000 17,888 2,307 254 13 1.4
Waller 2000 7,453 1,330 308 18 4.1
Washington 2000 563 231 332 41 59.0
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Table 4.3.3 Return flow as a percentage of applied irrigation from 1940 to present (Blandford
and others, 2003.)

Estimated Return Flow (percent)

Time Period (simila-rntat))(a;ol.:(;%z PI—I|?;InsMilam (similar _t’:%'svlti?l),(llg?'aHz:)%r] gtlﬁllzgon, Falls,
Washington c,:ount’ies) ! Grimes, Fort Bend, McLeqnan,
Robertson, Waller counties)
1940-1960 55 55
1961-1965 50 50
1966-1970 45 50
1971-1975 40 50
1976-1980 35 40
1981-1985 25 40
1986-1990 20 35
1991-1995 15 25
1996-2000 10 20

Table 4.3.4 Gage information and recharge estimates from the base flow analysis.

Estimated Recharge

Gage Number Gage Name (inches/year)
08095200 North Bosque River at Valley Mills, TX 0.77
08069500 West Fork San Jacinto River near Humble, TX 1.49
08110500 Navasota River near Easterly, TX 0.40
08103800 Lampasas River near Kempner, TX 0.85
08105700 San Gabriel River at Laneport, TX 243
08117500 San Bernard River near Boling, TX 1.51
08105000 San Gabriel River at Georgetown, TX 1.82
08068500 Spring Creek near Spring, TX 1.41
08074000 Buffalo Bayou at Houston, TX 1.31
08068800 Cypress Creek at Grant Rd near Cypress, TX 0.90
08068740 Cypress Creek at House-Hahl Road near Cypress, TX 0.47
08072300 Buffalo Bayou near Katy, TX 1.04
08068325 Willow Creek near Tomball, TX 1.29
08076997 Clear Creek at Mykawa St near Pearland, TX 3.30
08109000 Brazos River near Bryan, TX 1.29
08108700 Brazos River at SH 21 near Bryan, TX 1.84
08096500 Brazos River at Waco, TX 0.78
08111500 Brazos River near Hempstead, TX 0.91
08114000 Brazos River at Richmond, TX 3.90
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Table 4.3.5 Data used to develop a relationship between precipitation and base flow.

Gage Number Lag (months) Coziigi czfl’llz))etermmatmn y - Intercept Slope
8096500 3 0.18M -0.872 0.020
8108700 6 0.42 -0.133 0.010
8109000 6 0.110 -0.141 0.007
8111500 3 0.26() -0.455 0.010
8114000 3 0.31 -0.047 0.014
8068325 0 0.37 -0.338 0.009
8068500 3 0.56 -0.707 0.018
8068740 1 0.51 -1.847 0.031
8068800 1 0.41 -1.139 0.020
8069500 4 0.59 -0.579 0.017
8072300 0 0.46 -0.631 0.013
8074000 0 0.66 -1.184 0.026
8076997 2 0.59 0.139 0.008
8095200 1 0.49 -2.335 0.065
8103800 3 0.30 -1.060 0.030
8105000 4 0.51 -1.758 0.057
8105700 5 0.54 -0.841 0.034
8110500 2 0.52 -1.754 0.034
8117500 1 0.54 -0.814 0.022

(M R2 coefficient is less than 0.3, so the y- intercept and slope were not included in the calculation of the average
relationship between precipitation and base flow in the study area.
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Figure 4.3.1  Recharge distributions in inches per year from previous work (after Deeds and
others, 2010; Scanlon and others, 2012).
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Figure 4.3.2 Example area illustrating the transition to sprinkler irrigation between 1999 and 2011.
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Figure 4.3.3  Estimated spatial distribution of irrigated and rain-fed cropland in 2011.
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Figure 4.3.4  Areas with steep slopes (greater than 5 percent) in the study area.
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Figure 4.3.5 Location of gravel pits and mining excavations in the study area.
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Figure 4.3.6  Example hydrograph separation for gage 08105000 on the San Gabriel River near
Georgetown, Texas.
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Figure 4.3.7  Recharge estimates in inches per year for the gages used in the hydrograph
separation analysis.
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Figure 4.3.8  Example plots of baseflow versus precipitation and the corresponding linear
trendlines.
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Figure 4.3.9 Recharge distribution in inches per year estimated using the developed relationship
between precipitation and recharge.
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Figure 4.3.10 Estimated pre-development recharge distribution in inches per year.
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Figure 4.3.11 Estimated post-development recharge distribution in inches per year.
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4.4 Rivers, Streams, Springs, and Reservoirs

In areas where an aquifer is unconfined, interaction between groundwater and surface water can
occur at the locations of rivers, streams, springs, and lakes/reservoirs. Rivers and streams can
either lose water to the underlying aquifer, resulting in aquifer recharge, or gain water from the
underlying aquifer, resulting in aquifer discharge. Lakes/reservoirs, including oxbow lakes, are
similar to rivers and streams in that they may provide a potential site of focused aquifer recharge
when the water table is below the elevation of the lake, or may gain water from an aquifer when
the water table is above the elevation of the lake. Springs and seeps, where the water table

intersects the ground surface, are points of aquifer discharge.

4.4.1 Rivers and Streams

The Brazos River is the only major river that intersects the Brazos River Alluvium Aquifer. For
the purposes of this conceptual model, groundwater divides were assumed to be equivalent to
surface water divides. Therefore, surface water-groundwater interaction was predominantly
considered only for the Brazos River and its tributaries within the surface water divides, as
defined by the active model boundary (see Section 2.0), in the study area (Figure 4.4.1). Within
this area, there are 86 current or former United States Geological Survey streamflow gages on
the Brazos River and its tributaries. The locations of these gages are also shown on Figure 4.4.1.
On this figure, the gage number for gages located on the Brazos River are shown. Figure 4.4.2
provides representative streamflow hydrographs for the Brazos River and its major tributaries in

the study area.

Stream gage data can be used to characterize streamflow rates and determine aquifer-stream
interaction through stream gain/loss studies and hydrograph separation studies. Gain/loss studies
represent a snapshot of a river at a given time, while hydrograph separation studies provide a
measure of long-term average river conditions. Stream gain/loss can change both temporally (for
example, be both gaining and losing within the same year) and spatially (for example, have a
gaining reach followed by a losing reach). Inconsistencies can arise between results from
gain/loss studies and hydrograph separation studies for the same river reach because
measurements during a gain/loss study are typically recorded over a relatively short time period
and base flow, determined through hydrograph separation for long periods of record, reflects

average, long-term interaction between the stream and aquifer. Generally, groundwater flow
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models attempt to reproduce average stream-aquifer interaction integrated over a season or even
a year. Therefore, caution should be used in interpreting results from gain/loss studies as

indications of long-term base flow.

The following subsections discuss gain/loss studies and hydrograph separation studies from the
literature and those conducted as part of the development of the conceptual model for the Brazos
River Alluvium Aquifer. The study by Baldys and Schalla (2011) includes both gain/loss and
hydrograph separation analyses. However, the portion of the Brazos River included in their
hydrograph separation analysis lies outside of the active model boundary for the Brazos River
Alluvium Aquifer and so, those results are not discussed in this report. This section also includes
a discussion of aquifer-stream interaction at local points along the Brazos River as determined by

a hydraulic gradient estimation using stream stage and nearby groundwater levels.

4.4.1.1 Gain/Loss Studies

Gain/loss studies are used to estimate gaining or losing conditions in a stream by performing a
flow balance between two stream control points. The net gain or loss of flow between the two
control points is attributed to stream gain or loss. Gain/loss studies are typically performed
during low-flow conditions because this method assumes surface runoff is negligible. To ensure
an accurate analysis, streamflow measurements should be adjusted for the timing, quantity, and
downstream propagation of diversions and return flows occurring over the period of the study.
Three reports provide results of stream gain/loss studies relevant to the Brazos River Alluvium
Aquifer. Slade and others (2002) contains a compilation of the results of all available gain/loss
studies conducted by United State Geological Survey in Texas up to the time of their
investigation. Aquifer-stream interaction along the Brazos River was studied by Baldys and
Schalla (2011) for the portion of the river from the New Mexico-Texas state line to Waco, Texas
and by Turco and others (2007) for the portion of the river from McLennan to Fort Bend
counties, Texas. In addition to these three studies, the gain/loss study by Turco and others
(2007) was re-analyzed, as discussed below, during development of the conceptual model for the

Brazos River Alluvium Aquifer. Each of these four studies is discussed below.
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United States Geological Survey Streamflow Gain-Loss Studies in Texas (Slade and others,

2002)

A comprehensive compilation of gain/loss studies in Texas was completed by Slade and others

(2002). This compilation contains the results of 366 gain/loss studies conducted since 1918,

which include 249 individual stream reaches throughout Texas. Although none of the studies

intersect the Brazos River Alluvium Aquifer, they document 28 gain/loss studies within the

active model boundary (Figure 4.4.3). The results of these studies, which were conducted on

western tributaries of the Brazos River, are summarized in Table 4.4.1. Study results found:

Consistently gaining conditions only for Salado Creek (Studies 19, 20, 21, 22) and
Sulphur Creek (Studies 30, 31). The study on Salado Creek showed a few losing reaches
but gained, on average, 1.3 cubic feet per second per river mile. The studies on Sulphur
Creek had no losing reaches and gained 3.66 cubic feet per second per river mile on

average.

All portions of the San Gabriel River were found to have several losing reaches but
overall, appeared to be weakly gaining. On the North Fork San Gabriel River, Studies 14
through 17 found gaining conditions of 0.69 cubic feet per second per river mile on
average for one reach of the river and Study 18 found gaining conditions of 0.14 cubic
feet per second per river mile on another stretch of the river. The study on the San
Gabriel River (Study 24) found gaining conditions of 0.22 cubic feet per second per river
mile and the studies on two reaches of the South Fork San Gabriel River (Study 25 and
Studies 26 through 29) found gaining conditions of 0.11 and 0.39 cubic feet per second

per river mile on average, respectively.

Results of the studies on Brushy Creek (Studies 5 through 8) showed gaining conditions

of 0.73 cubic feet per second per river mile on average.

The only study on the Leon River (Study 12) found some strongly losing reaches but

slightly gaining conditions, on average, of 0.28 cubic feet per second per river mile.

The Berry Creek studies (Studies 1 through 4) found both gaining conditions and barely
losing conditions, with an overall average gain of 0.46 cubic feet per second per river

mile.
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e The results from two studies on the Lampasas River disagree. One study found the river
to be strongly gaining (1.01 cubic feet per second per river mile on average) below the
Stillhouse Hollow Dam (Study 11) and another study found the river to be slightly losing
(0.07 cubic feet per second per river mile on average) below the Stillhouse Hollow Dam

and for much of the river reach above the dam as well (Study 10).

United States Geological Survey Gain/Loss Studies for the Brazos River Upstream of
Waco, Texas (Baldys and Schalla, 2011)

The United States Geological Survey conducted streamflow measurements for gain/loss analysis
in 2010 along the upstream portion of the Brazos River and its tributaries from the New Mexico-
Texas state line to Waco, Texas (Baldys and Schalla, 2011). The gages they used that fall within

the active model boundary are shown in Figure 4.4.4a and summarized in Table 4.4.2.

Baldys and Schalla (2011) collected seasonal measurements of streamflow and specific
conductance in June and October 2010 along the Brazos River and its tributaries in order to
characterize the gaining or losing nature of the stream. The streamflow measurements for the
gages located in the active model boundary are provided in Table 4.4.2. They concluded that the
portion of North Bosque River from NB-7 to NB-10 and Aquilla Creek from BMST-12 to
BMST-14 (see Figure 4.4.4a) were gaining. Cobb Creek upstream of BMST-13 (see

Figure 4.4.4a) was dry during both sample periods and they assumed that this is a losing reach
when it does flow. Baldys and Schalla (2011) mention that the portion of the Brazos River
directly below Whitney Dam is likely gaining, but could not confirm this since they collected

measurements at only one location below the dam (BMS-8).

United States Geological Survey Gain/Loss Studies for the Brazos River from McLennan to
Fort Bend Counties (Turco and others, 2007)

The United States Geological Survey conducted streamflow measurements for gain/loss analysis
in 2006 along the portion of the Brazos River and its tributaries from McLennan to Fort Bend
counties (Turco and others, 2007). The gages they used for their gain/loss studies are shown in

Figures 4.4.4a and 4.4.4b and summarized in Table 4.4.3.

Turco and others (2007) made seasonal measurements of streamflow and specific conductance in

March and August 2006 in order to characterize the gaining or losing nature of the stream. The
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streamflow measurements for the gages located in the active model boundary are provided in

Table 4.4.3. Turco and others (2007) computed gain/loss for a given reach as:
G=0Qp—Qy—I1+D—-R+E (4.4.1)
where:

G = streamflow gain or loss,

Qb = measured streamflow at the downstream boundary,
Qu = measured streamflow at the upstream boundary,

| = measured inflow from tributaries,

D = measured outflows (diversions),

R = return flow, and

E = evaporation.

Gains or losses from diversions, return flow, and evaporation were considered minor and
excluded from their calculation. They rated the potential error associated with a streamflow
measurement as either excellent (within 2 percent of actual flow), good (within 5 percent of
actual flow), fair (within 8 percent of actual flow), or poor (differed from actual flow by greater
than 8 percent) using the method for determining error in individual discharge measurements
given in Sauer and Meyer (1992). They calculated the potential error for a river reach as the sum
of the errors from the measurements at the upstream and downstream gages. Turco and others
(2007) considered only data where the calculated gain or loss exceeded the measurement error as

valid.

The results from Turco and other (2007) in the study area are shown on Figures 4.4.5a and 4.4.6a
for the March 2006 and August 2006 measurements, respectively. On these figures, reaches with
a gain are shown in green, reaches with a loss are shown in red, and reaches where they did not
determine gain or loss because the measurement error exceeded the calculated gain/loss are not
shown. For all reaches where they determined gain/loss, the reach was gaining in March 2006
(i.e., Bl to B2, B8 to B9, B10 to B-11, B11 to B12, and B15 to B16) (see Figure 4.4.5a). In
August 2006, they were able to determine gain/loss for six reaches with gaining conditions
observed for four reaches (B3 to B6, B6 to B9, B13 to B14, B15 to B16) and losing conditions
observed for two reaches (B1 to B3, B20 to B21) (see Figure 4.4.6a). For one of these reaches
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(B15 to B16), the Turco and others (2007) study found gaining conditions in both March and
August 2006.

Updated Analysis of Turco and others (2007) for the Current Study

As part of developing the conceptual model for the Brazos River Alluvium Aquifer, the findings
of Turco and others (2007) discussed above were updated for two reasons. The first was to
include the contribution of diversions and return flows, which Turco and others (2007) ignored.
The second was to re-compute the potential composite errors, as the method used by Turco and

others (2007) is overly conservative, resulting in the unnecessary exclusion of some data.

Turco and others (2007) did not consider diversions, return flows, and evaporation in their
analysis on the assumption that the magnitude of the error associated with excluding these
variables was minor. They did not, however, provide supporting data for this assumption.
Therefore, their findings were updated for the current study using actual and/or estimated values
for diversions and return flows to assess the impact of excluding these variables on their results.
For the updated analysis, diversion data were obtained from the Texas Commission on
Environmental Quality historical use data for the time period of the Turco and others (2007)
measurements (Texas Commission on Environmental Quality, 2014b). These diversion values
are provided in Table 4.4.4 by river reach. There are some limitations in the use of these
diversion data as diversions are self-reporting with no enforcement for failure to report and,
therefore, gaps in the data are likely. Return flow data used in the development of the Brazos
River Basin Water Availability Model (Texas Commission on Environmental Quality, 2014c)
were also compiled for the current analysis. These values are given in Table 4.4.5 by river reach.
Both diversions and return flows are reported on a monthly basis with flow rates averaged over
the entire month. Because diversions may or may not have been made during the same time
period that the flow measurements were taken, and return flows fluctuate on a daily basis, the use
of the monthly average values for these two variables is also a limitation in including them in the

current analysis.

Turco and others (2007) considered a stream reach verifiably gaining or losing only if the
magnitude of the calculated gain/loss was greater than the potential flow measurement error.
Their study calculated the potential flow measurement error by adding the errors associated with

the downstream and upstream measurements:
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Ecombinea = E1 +E; (4.4.2)
where:
Ecombined = combined measurement error for the upstream and downstream gages,
E1 = measurement error for the upstream gage
E2 = measurement error for the downstream gage.

Their method of combining errors represents the upper bound of the composite error and,
therefore, likely overestimates the actual error. In addition, it implicitly assumes that the errors
in measurements at the different locations are dependent (i.e., there is no possibility that the
errors could offset each other). In actuality, flow measurements at different locations are
independent quantities, so the error in the measurements at two different locations are just as
likely to cancel each other out as be additive. Therefore, the errors should be added in

quadrature as:

Ecombinea = vV E12 + EZ2 (4.4.3)

For the current analysis, the errors for the Turco and others (2007) measurements were
recalculated using Equation 4.4.3 rather than Equation 4.4.2. These updated values for the
combined error in measurements are given in Tables 4.4.6 and 4.4.7 for the March and August

2006 measurements, respectively.

Using the addition of diversion and return flow data, the gain/loss for each river reach in the
Turco and others (2007) study was recalculated. Tables 4.4.6 and Table 4.4.7 provide the
updated results from the current analysis for the measurements in March and August 2006,
respectively. In these tables, information in red, italicized text was taken directly from Turco
and others (2007) and information in black text is from the current analysis. The updated
gain/loss values were compared to the updated errors to determine whether the reach was gaining
or losing. If the updated gain/loss value was less than the updated error, the conditions of the

reach (either gaining or losing) was indeterminate by the current analysis.

Tables 4.4.8 and 4.4.9 compare the updated values from the current analysis to the values in
Turco and others (2007). A comparison of the gaining or losing status of each river reach from

the current analysis and the Turco and others (2007) analysis is shown in Figure 4.4.5 for the
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March 2006 measurements and in Figure 4.4.6 for the August 2006 measurements. Note that
both the current analysis and the Turco and others (2007) analysis indicate gaining conditions for
the reaches intersecting the outcrops of the Carrizo-Wilcox and Yegua-Jackson aquifers for both

March and August 2006.

Given the limitations of the available diversion and return flow data discussed above, it is
unclear whether the inclusion of these data in the current analysis provided a marked
improvement over the Turco and others (2007) analysis. The most significant improvement with
the current analysis relates to the recalculation of the error, which allowed for the inclusion of
more data and provided greater spatial coverage of the Brazos River. The current analysis
resulted in 12 “valid” March measurements and nine “valid” August measurements compared to
five “valid” March measurements and six “valid” August measurements in Turco and others
(2007). In short, a total of 21 “valid” measurements resulted from the current study compared to

11 in Turco and others (2007).

Even with the improvements in the updated analysis, there is still uncertainty in the results due to
the timing of stream measurements. For the March 2006 measurements on 35 reaches, the
downstream measurement was made after the upstream measurement for 19 reaches; the
downstream measurement was made before the upstream measurement for nine reaches; and the
upstream and downstream measurements were made on the same day, but the time of day is
unknown for at least one of the measurements, for seven reaches (see Table 4.4.6). The time
difference between measurements (downstream time minus upstream time) ranged from -75 to
94 hours. For the August 2006 measurements on 27 reaches, the downstream measurement was
made after the upstream measurement for 24 reaches; the downstream measurement was made
before the upstream measurement for two reaches; and the upstream and downstream
measurements for one reach were made on the same day, but the time is unknown for the
upstream measurement (see Table 4.4.7). The time difference between measurements
(downstream time minus upstream time) ranged from -26 to 74 hours. These differences in
timing between downstream and upstream measurements suggest that travel time was likely not
considered by Turco and others (2007) in their measurements. How the variation in streamflow
between the times of the upstream and downstream measurements might have affected the
analysis results is unclear. Additional analyses incorporating corrections for travel time based on

available data at United State Geological Survey streamflow gages could be considered.
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However, the time differences between measurements are small, a couple of hours to a couple
days, relative to the time resolution available for the information needed to calculate a correction
factor (for example, diversions and return flow data are only available on a monthly basis).
Consequently, it is doubtful that travel time corrections could actually be determined with any

accuracy.

4.4.1.2 Hydrograph Separation Studies

Hydrograph separation is a methodology whereby streamflow hydrograph data are analyzed and
surface runoff is partitioned from the stream base flow component. The basic premise of this
method is that the sharp peaks in streamflow hydrographs represent surface runoff events, and
the smooth, constant portion of streamflow hydrographs represents base flow. Base flow for a
stream is assumed to be supplied primarily by groundwater. Since manual methods for
hydrograph separation are subjective and can produce inconsistencies, several automated

methods have been developed to perform hydrograph separation.

Base flow estimates from hydrograph separation analysis conducted in the study area for the
Brazos River Alluvium Aquifer conceptual model are available from the literature for two
studies. Wolock (2003a,b) conducted a historical base flow analysis for the United States,
including over 90 gages in the study area, using the Base Flow Index code (Wahl and Wahl,
1995). Turco and others (2007) performed a hydrograph separation analysis on 10 gages in the
study area using the Hydrograph Separation and Analysis code (Sloto and Crouse, 1996). In
addition to these two studies, an independent hydrograph separation analysis on seven gages
using the Wahl and Wahl (1995) Base Flow Index code was performed as part of the current
study conducted to develop the conceptual model for the Brazos River Alluvium Aquifer. These

three hydrograph separation analyses are discussed below.

United States Geological Survey Conterminous United States Base Flow Study (Wolock,
2003a.b)

In 2003, the United States Geological Survey published a study for the entire conterminous

United States that estimated the base flow component of streamflow, referred to as the base flow
index, at more than 19,000 United States Geological Survey stream gages (Wolock, 2003a). The
base flow index is calculated as the base flow divided by the total streamflow, expressed as a

percentage. The United States Geological Survey used the point estimate values of base flow
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index from Wolock (2003a) to interpolate a raster dataset of base flow index values on a

1-kilometer (0.62-mile) grid that could be used to estimate base flow index values for streams

with no gaged data (Wolock, 2003b).

The estimates of stream base flow were calculated by Wolock (2003a) using the Base Flow
Index code (Wahl and Wahl, 1995). The location of gages in the Brazos River Alluvium Aquifer
boundary with a calculated base flow index value in Wolock (2003a) are shown in Figure 4.4.7.
Included on this figure, adjacent to each gage, is the base flow index value from Wolock

(2003a), which ranges from 13 to 59 percent and averages 38 percent.

In addition to the point data provided in Wolock (2003a), raster data across the entire study area
are available from Wolock (2003b). The raster data are not shown here, however, because they
are inconsistent with the point data. The point data indicate that the base flow index values vary
from 13 to 59 percent for the gages in the Brazos River Alluvium Aquifer. The raster data, on
the other hand, indicate that the base flow index in the aquifer ranges from 6 to 30 percent.
Since the point data were determined from streamflow measurements using hydrograph
separation and the raster data are an interpolated surface, the point data were considered to be

more reliable than the raster data.

United States Geological Survey Hydrograph Separation for the Brazos River from
McLennan to Fort Bend Counties (Turco and others, 2007)

The United States Geological Survey performed hydrograph separation analyses for three
streamflow gages on the main stem and seven gages on tributaries of the Brazos River from
McLennan to Fort Bend counties, Texas (Turco and others, 2007). The locations of these gages
are shown in Figure 4.4.8. The data from the tributaries were used by Turco and others (2007)
only as supplemental information, as their primary emphasis was on the behavior of the main
stem of the Brazos River. The Turco and others (2007) hydrograph separation analyses
calculated yearly base flow indexes for the time period from 1966 through 2005. The results of
their analysis yielded yearly base flow index values ranging from a low of 30 percent at the
northernmost gage (B6) to a high of 76 percent at the southernmost gage (B36). In general, their
results indicate that the percentage of base flow increases from north to south, with a significant
increase between the northernmost gage (B6) and the central gage (B26). This reach crosses the

outcrops of the Carrizo-Wilcox, Queen City, Sparta, and Yegua-Jackson aquifers, indicating that
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the observed gain is supplied by groundwater from these aquifers. In contrast, Turco and others
(2007) found that the average percentage of base flow remains the same between the central gage
(B26) and the southernmost gage (B36), indicating little to no contribution of groundwater from

the underlying Gulf Coast Aquifer System.

Hvdrograph Separation for the Current Study

In order to better characterize long-term groundwater-surface water interaction along the Brazos
River, an independent hydrograph separation study was conducted as part of the current study for
developing the conceptual model for the Brazos River Alluvium Aquifer. The current study
included more gages along the Brazos River in the northern portion of the Brazos River
Alluvium Aquifer over a longer time period than was used by Turco and others (2007). For the
current study, base flow analyses were performed over the time period from 1940 through 2013
for select gages on the Brazos River between Lake Whitney and Richmond, Texas and a single
gage on the Little River. These gages are shown in Figure 4.4.8 and listed in Table 4.4.10. The
gages for the current study were selected based on having a sufficiently long period of record and
a geographic location relevant to the Brazos River Alluvium Aquifer. Flow duration curves and
temporal trends in base flow for the gages used in the current hydrograph separation study are

given in Appendix B.

All gages using in the current study, except the Cameron gage (8106500), are located on the
main stem of the Brazos River. The Cameron gage measures flow in the Little River, one of the
largest tributaries of the Brazos River. Gages on other major tributaries located near the
confluence with the main stem of the Brazos River, such as the Navasota River and Yegua
Creek, were not included in the current study because they do not have long periods of record.
The Bosque River, another significant tributary of the Brazos River, has been controlled by Lake
Waco (or its smaller predecessor) for the entire analysis period (1940 through 2013), so gages on

it were not included in the current study.

The most upstream gage on the Brazos River, which is near Aquilla, Texas (8093100), is located
just downstream of Lake Whitney. For the period prior to the construction of the reservoir (1940
to 1947), base flow was taken directly from the hydrograph separation results. Data during the
construction period of the reservoir (1948 to 1951) were eliminated from the analysis. The

calculated base flow values from the post-impoundment period (1952 to 2013) were compared to

4.4-11



Final Conceptual Model Report for the Brazos River Alluvium Aquifer
Groundwater Availability Model

daily release records for Lake Whitney available from the United States Army Corps of

Engineers. That comparison is discussed in Section 4.3.3.

In September 1993, the gage on the Brazos River near Bryan, Texas (8109000) was replaced by
a gage on the Brazos River at State Highway 21 near Bryan, Texas (8§108700). Since these two
gages are located very close to each other, the data from both gages were combined for the
purposes of the current study. The combined data for these two gages contains a gap in 1993
during the time period when gage 8109000 was replaced by gage 8108700. Since a full year of

data is required for hydrograph separation, the 1993 data were eliminated for the current study.

The current study used the Base Flow Index code (Wahl and Wahl, 1995) to conduct the
hydrograph separations. Like all automated flow separation procedures, erroneous results can be
produced due to rare events like flooding or man-made alterations of natural flow patterns. The
following discussions explain how the current study adjusted the base flow estimates obtained
from the Base Flow Index code to account for the effects of flooding, dam releases, and

diversions from the stream.

The basic premise of the Base Flow Index code is identification of places that are “turning
points” between ascending and descending limbs of a streamflow hydrograph. These points are
used to separate runoff from base flow by essentially smoothing sharp peaks in the hydrograph.
Under normal streamflow conditions, this assumption is reasonably accurate for differentiating
between normal flow and high flow. However, events like dam releases and floods can produce
sustained high streamflow rather than a short peak in streamflow. The Base Flow Index code
does not always identify these events as a peak and so does not necessarily differentiate these
events from normal base flow. Since the code calculates base flow as a function of total
streamflow, the resulting base flow calculated during these events is correspondingly high and,
thus, inaccurate. To counteract this bias, a maximum base flow was estimated for each gage
based on inspection of the gage records (Table 4.4.11). If the calculated base flow exceeded this
maximum value, the current study used the maximum value rather than the value calculated by

the code.

Diversions can also influence the base flow calculation and typically have the opposite effect of
floods and dam releases. Diversions decrease total streamflow and, if unaccounted for, the

calculated base flow, which scales accordingly, is biased low. The effect is especially
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pronounced during periods of low flow, when total streamflow consists primarily of base flow.
Diversions have a particularly pronounced effect during low-flow periods on the reach between
the Hempstead and Richmond gages (8111500 and 8114000, respectively), where almost all of
the large diversions on the Brazos River occur. To account for diversions, the current study
adjusted the calculated base flow at the Richmond gage by adding the amount of the upstream
diversions determined based on historical monthly average diversions data. This adjustment
assumed that the diversions come solely from base flow, a reasonable assumption during periods
of low flow. Table 4.4.12 gives the historical monthly average diversions used for the
adjustment. The diversions from 1940 through 1997 were obtained from the Texas Commission
on Environmental Quality Brazos River Water Availability Model (Texas Commission on
Environmental Quality, 2014¢) and the diversions from 1998 through 2012 were obtained from
the Texas Commission on Environmental Quality database of reported diversions by water rights
holders (Texas Commission on Environmental Quality, 2014b). Data are not available for 2006,
so the average value from 2004 through 2008 was used. Data from 2013 are also unavailable, so

the average value from 2009 through 2012 was used.

Figure 4.4.9 shows the final calculated base flow, including the adjustments discussed above, for
all gages used in the current study. Note that the 1950s drought period (1952 to 1956) shows a
sustained decrease in base flow for all gages for the duration of the drought. There are also
several isolated years with significantly lower-than-average base flow. Base flows during the
most recent 2010s drought (2011 to 2013) are nearly as low as those in the 1950s drought.
Figure 4.4.10 illustrates the average annual base flow values for periods of normal streamflow
compared to the average base flow during the 1950s and 2010s droughts. Base flow dropped
significantly during both droughts, but more severely during the 1950s drought than the 2010s
drought. The exception is the Waco gage, where baseflow was very similar for both the 1950s

and 2010s drought.

In addition to assessing base flow at each gage individually, the incremental base flow along the
Brazos River, or the portion of the base flow that originates between gages, was also calculated
for the current study. This analysis is similar in concept to gain/loss studies in that it provides a
measure of how much the river is gaining or losing. However, unlike gain/loss studies, the
analysis is not limited to periods of low flow, but rather can be performed for the entire period of

record. For the purpose of this analysis, the Brazos River was divided into four segments from
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north to south (Figure 4.4.11). These four segments, and the aquifers underlying the Brazos

River Alluvium Aquifer in those reaches, are:

Reach 1 — Aquilla to Waco (no aquifers)

Reach 2 — Waco to Bryan (Carrizo-Wilcox, Queen City, and Sparta aquifers)
Reach 3 — Bryan to Hempstead (Yegua-Jackson and Gulf Coast aquifers)
Reach 4 — Hempstead to Richmond (Gulf Coast Aquifer)

Base flow data for the Highbank gage are available from 1966 to 2013, so Segment 2 was further

divided into two sections during that time period:

Reach 2a — Waco to Highbank (no aquifers)
Reach 2b — Highbank to Bryan (Carrizo-Wilcox, Queen City, and Sparta aquifers)

Incremental base flow for each reach was determined on a monthly basis for the 1940 to 2013
analysis period by subtracting base flow at the upstream gage from base flow at the downstream
gage. The monthly time step was chosen to minimize errors associated with the timing of flows
(for example, large flows recorded at the upstream gage one day may not reach the downstream
gage until hours or days later). During high flow periods, when both the upstream and
downstream gages are at the maxima, the incremental base flow was not calculated. Loss factors
were applied to the base flow at the upstream gage to account for water lost during travel to the
downstream gage. Loss factors, which were calculated based on loss data in the Brazos River
Authority Water Management Plan (Brazos River Authority, 2014), are listed in Table 4.4.13.
Base flows from the Cameron gage on the Little River were subtracted from the incremental base
flows on Segments 2 and 2b to account for the contribution to that reach from the tributary.
Long-term gage data are not available near the confluence of the other major tributaries, so no

other adjustments were made for tributary flows.

Figures 4.4.11a through 4.4.11d show the average monthly and average annual incremental base
flow for Reaches 1 through 4, respectively, calculated by the current study. Negative
incremental base flow values (red bars in the figures) generally indicate losing conditions along
the reach, although could also be attributed to timing issues or undocumented diversions and
inflows. While occasional losing conditions on a monthly time scale were observed for Reaches
2 through 4, losing conditions over the annual time scale were observed only for Reach 4 during

the 2010s drought.
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The average annual incremental base flows shown in Figures 4.4.11a through 4.4.11d were
averaged in order to compare incremental base flows between the reaches (Table 4.4.14). The
average of the average annual incremental base flows is significantly higher in Reaches 2
through 4 than in Reach 1. The Brazos River Alluvium Aquifer is not underlain by any other
aquifers in Reach 1 but is underlain by other aquifers in Reaches 2 through 4. This indicates that
base flow to the Brazos River is higher for reaches where the Brazos River Alluvium Aquifer
overlies another aquifer. Table 4.4.14 also shows that base flow in Reaches 2 and 3 is similar

and lower than that in Reach 4.

Figure 4.4.13 and Table 4.4.14 show the average annual incremental base flow values for all
years compared to those during the 1950s and 2010s droughts. The table also shows the
percentage of incremental base flow during periods of drought relative to the average
incremental base flow for all years. Groundwater contribution to Reaches 1 and 4 significantly
declined, to below 50 percent of average base flow, during the 1950s and 2010s droughts. In
contrast, base flow during the droughts in Reaches 2 and 3 retained over 50 percent of average
base flow, with Reach 2 showing the most resiliency. This suggests some buffering effect
associated with reaches where the Brazos River Alluvium Aquifer overlies another aquifer. The
difference in behavior between Reaches 2a and 2b supports this conclusion (Figure 4.4.14). The
groundwater contribution to Reach 2a, which crosses an area where the Brazos River Alluvium
Aquifer does not overlie another aquifer, reduced to 56 percent of average base flow during the
2010s drought. On the other hand, Reach 2b, which crosses an area where the Brazos River
Alluvium Aquifer overlies the Carrizo-Wilcox, Queen City, and Sparta aquifers, retained

80 percent of average base flow during the 2010s drought. If there is a buffering effect due to
aquifers underlying the Brazos River Alluvium Aquifer, however, it seems to apply only to the
Carrizo-Wilcox, Queen City, Sparta, and Yegua-Jackson aquifers. Reach 4, which crosses an
area where the Brazos River Alluvium Aquifer overlies the Gulf Coast Aquifer, shows the most
dramatic decrease in groundwater contribution during the droughts, dropping to a mere

28 percent of average base flow during the 2010s drought (see Figure 4.4.13). Another factor
possibly contributing to the decrease in base flow during periods of drought in Reach 4 may be

reduced water levels in the Gulf Coast Aquifer due to increased irrigation pumping.
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4.4.1.3 Groundwater Level — Stream Stage Relationships

The losing or gaining nature of a river reach can be inferred by comparing stream stage to nearby
groundwater levels. A gaining stream has a stage that is at a lower elevation than the local water
table. Under gaining-stream conditions, the stream is a discharge boundary for groundwater. A
losing stream has a stage that is at a higher elevation than the local water table and, as a result,
surface water is a source of recharge to the groundwater. Historical stream stage (gage height)
measurements along the Brazos River were compared to historical groundwater levels in
relatively shallow (depth less than 100 feet) wells within two miles of the stream gage. Stream
stage measurements at selected gages and the corresponding nearby groundwater levels are
shown in Figures 4.4.15a through 4.4.15¢. Gage height measurements for stream gages along the
Brazos River were sourced from the “daily data” section of the National Water Information
System (United States Geological Survey, 2014b). Stream stage elevation was calculated by
adding the gage height to the datum of the gage given in the database (United States Geological
Survey, 2014b). The blue solid line in Figures 4.4.15a through 4.4.15c¢ represent stream stage
elevations calculated from daily gage height data. Gages are labelled by the gage site number, as
assigned in the database. Additional older discrete gage height measurements from the “field
measurements” and/or “peak streamflow” section of the National Water Information System
(United States Geological Survey, 2014b) were used, as available, to increase the historical time
period available for comparison. Older measurements were only used if the gage datum was
located at the same site as the more recent daily data. Stream stage elevations calculated from
these discrete field measurements of gage height are represented by the dashed blue line in
Figures 4.4.15a through 4.4.15c. Water level elevations for nearby wells were sourced from the
Texas Water Development Board’s groundwater database (TWDB, 2014f). Well water levels are
represented as points if there is only one water level measurement available and as points
connected by lines if there are two or more measurements available. Wells are labelled by the

state well number, as assigned in the groundwater database.

Ideally, the stream stage-groundwater level relationship would be developed using long-term
comparisons of daily stage and water level measurements. Using long time periods of
overlapping data would help account for the short-term variability in the hydraulic gradient,
including the seasonal effects of precipitation and pumping. Unfortunately, the limited data

availability makes this type of analysis nearly impossible. The availability of groundwater level
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measurements is by far the most limiting factor. The majority of available groundwater level
records are only single point measurements rather than time series. For instance, gages 8093100,
8114000, and 8111850 have no nearby wells with more than one groundwater level measurement
available. Even wells that do have time series of water level data available may not overlap with
the stream stage data long enough to make any meaningful comparison. For instance, none of the
groundwater level measurements for wells near gages 8093100, 8096500, 8111500, and 811850
were recorded during the same time period as the daily stage measurements. As mentioned
before, older discrete stage measurements were added, when available, to increase the time
period available for comparison. The comparison using the older discrete stage measurements is
not ideal since they are only point measurements and also tend to be biased toward times of high
flow. However, for gages 8093100, 8111500, and 811850, there are not even usable older stage

measurements that overlap with the groundwater level records.
In order of most reliable comparison to least, these are the interpretations for each gage:

- Gage 8098290: The one well (3950813) with a water level time series that overlaps the
available daily stream stage record shows a water level that is generally above stream stage.
Wells (3950803, 3950804, and 3950812) with water level time series that overlap the older
discrete stream stage records also show water levels generally above stream stage. None of the
point measurements overlap with any of the stream stage measurements but the water levels for
two wells (3950708 and 3950822) do plot much higher than the typical stream stage over time.
The other two wells (3950815 and 3950821) appear to plot at or slightly higher than the typical
stream stage over time. In general, it appears that the Brazos River is gaining in the vicinity of

gage 8098290.

- Gage 8108700: The three wells (5920907, 5928304, and 5920804) with time series that overlap
the available daily stream stage record show water levels generally above stream stage. Other
wells (5920806, 5920808, 5920823, 5920908, 5920909, and 5920914) with water level time
series do not overlap with any of the stream stage measurements but the water levels do plot
higher than the typical stream stage over time. The exception is well 5928315. None of the point
measurements overlap with any of the stream stage measurements but the water levels for two
wells (5920828 and 5928334) do plot higher than the typical stream stage over time. The other

well (5928301) plots at almost the same level as the typical stream stage over time. In general, it
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appears that the Brazos River has historically been gaining in the vicinity of gage 8098290.
However, in recent years, the record for well 5920823 shows water levels at or below the stream
stage, indicating that there might have been some change to the hydraulic gradient in which the

Brazos River is now gaining less and potentially even losing in the vicinity of gage 8108700.

- Gage 8109000: The one well (5928310) with a water level time series that overlaps the
available daily stream stage record shows a water level that is generally above stream stage.
Other wells with water level time series (5928309, 5928311, 5928312, 5929101, 5929103,
5929104, 5929106, 5929107, 5929111, and 5929113) with water level time series that overlap
the older discrete stream stage records also show water levels generally above stream stage. All
of the wells (5928337, 5929102, 5929108, 5929115, and 5929114) with point measurements
overlap with the older discrete stream stage measurements and all except well 5929114 plot
above the typical stream stage. In general, it appears that the Brazos River is gaining in the

vicinity of gage 8109000.

- Gage 8096500: None of the wells have water level time series that overlap with the daily
stream stage record. One well (4032703) with a water level time series that overlaps the older
discrete stream stage records shows water levels generally above stream stage. The other two
wells (4032409 and 4032802) have water levels at or below stream stage. None of the point
measurements overlap with any of the stream stage measurements but the water levels for all but
two wells (4032503 and 4032807) do plot higher than the typical stream stage over time. It is
unclear whether the Brazos River was historically gaining or losing in the vicinity of gage
8096500. Based on the record for well 4032802, the status might have transitioned from gaining
to losing in the 1980s, but there is no recent water level data to confirm whether or not this trend

continued.

- Gage 8093100: There are no water level time series available near this gage. None of the wells
with point measurements (4014502, 4014505, 4014609, and 4014510) overlap with any of the
stream stage measurements but the water levels do plot higher than the typical stream stage over
time. This implies that the Brazos River may have been historically gaining in the vicinity of

gage 8093100, but the data are too limited to draw any definite conclusion.

- Gage 8111500: The one well (5963202) with a water level time series does not overlap with

any of the stream stage measurements but the water levels do plot higher than the typical stream
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stage over time. One well (5955911) plots at or above the typical stream stage over time while
the other (5955803) plots lower. The data are too limited to determine the gaining or losing
status of the Brazos River in the vicinity of gage 8111500.

- Gage 8111850: There are no water level time series available near this gage. None of the wells
with point measurements (6616404, 6616502, 6616503, and 6616504) overlap with any of the
stream stage measurements. The stream stage time series for Gage 8111850 is not even long
enough to estimate what the typical stream stage would be over time, so it is unclear whether
these water levels plot above or below a typical value. The data are too limited to determine the

gaining or losing status of the Brazos River in the vicinity of gage 8111850.

- Gage 8114000: There are no water level time series available near this gage. The one nearby
well (181243) overlaps the daily stream stage record and the point measurement plots at about
the same level as stream stage. The data are too limited to determine the gaining or losing status

of the Brazos River in the vicinity of gage 8114000.

In general, the stream stage-groundwater level relationships for the gages in the central portion
of the aquifer (8098290, 8108700, and 8109000) do show some evidence that the Brazos River is
gaining in these locations. This is consistent with the updated analysis of Turco and others
(2007) discussed in Section 4.4.1.1, which also showed that this portion of the Brazos River is
gaining (see Figure 4.4.5). The data for the other gages are too limited to determine whether the
Brazos River is gaining or losing at those locations and the analysis is too uncertain to provide

definite information on aquifer-stream interaction in the Brazos River Alluvium Aquifer.

4.4.2 Springs

A spring is a point where groundwater flows out of the ground because the elevation of the
aquifer piezometric surface exceeds the land-surface elevation and a pathway exists for the water
to flow to the surface. Springs typically occur in topographically low areas, such as river
valleys, or in areas of the outcrop where hydrogeologic conditions preferentially reject recharge.
Spring data for the Brazos River Alluvium Aquifer are available from: the TWDB groundwater
database (TWDB, 2014f), a database of Texas springs compiled by the United States Geological
Survey (Heitmuller and Reece, 2003), and a report on the springs of Texas (Brune, 2002).

Figure 4.4.16 shows the locations of springs that flow or formerly flowed in the vicinity of the

Brazos River Alluvium Aquifer. The locations of most springs from Brune (2002) were
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approximated using a georeferenced map. Table 4.4.15 lists all springs located in the Brazos
River Alluvium Aquifer boundary and springs located within two miles of the aquifer that do not
flow from older, non-Quaternary formations. A full list of springs located in the active model

area is provided in Appendix C.

The literature review identified 298 springs or groups of spring in the active model area. Of the
thirteen springs located in the extent of the Brazos River Alluvium Aquifer, 11 of them have
flow data available, but none have more than one flow measurement. For the rest of the active
model area, at least one measurement is available for 184 springs and 44 springs have more than

one measurement.

Throughout much of the state, including the study area, spring flows have shown a general
decline over time. Brune (2002) notes that declining water levels due to pumping has resulted in
reduced flow in many of the springs, particularly in Fort Bend County, at the southern end of the
Brazos River Alluvium Aquifer. In this area, the Brazos River historically was spring-fed and
gaining, but is now a losing stream due to over pumping, and nearby springs and flowing wells

have dried up (Brune, 2002).

4.4.3 Reservoirs

Areas where a surface water body intersects an aquifer outcrop often serve as discharge points
for the aquifer when the water table is above the elevation of the lake or reservoir. A lake or
reservoir can also act as a source of recharge to an aquifer when the elevation of the lake is
above the water table. There are 18 reservoirs in the vicinity of the Brazos River Alluvium
Aquifer, none of which actually intersect the aquifer (Figure 4.4.17). Names and information for
these reservoirs are given in Table 4.4.16. Average annual lake levels for Lake Waco and Lake
Whitney are shown in Figure 4.4.18. The red dashed lines on the graphs in this figure represent
the average lake level over the period of record since the lake filled. Bathymetry information for
Lake Waco and Lake Whitney is shown in Figure 4.4.19. Bathymetry information can be used
in conjunction with the reservoir stage data to estimate the historical area of the lakes at different

times.

4.4.4 Oxbow Lakes and other Surface Water Features
When meandering streams like the Brazos River change channel location, disconnected sections

of the former channel can form long, narrow lakes called oxbow lakes. Although these oxbow
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lakes are small, many occur in the Brazos River valley and, therefore, can potentially act as
significant recharge or discharge points for the Brazos River Alluvium Aquifer. Chemical and
isotopic studies of Brazos River oxbow lakes indicate that the more isolated oxbow lakes (ones
that rarely reconnect with the river during flood events) have much higher proportions of
groundwater input than the more frequently re-connected oxbow lakes (Chowdhury, 2004;

Chowdhury and others, 2010).

In addition to oxbow lakes, several other water bodies, including swamps and ponds, also occur
in the extent of the Brazos River Alluvium Aquifer. Oxbow lakes and other significant surface
water features are shown in Figures 4.4.20a and 4.4.20b. Features were taken from the National
Hydrography Dataset high-resolution water body coverage (United States Geological Survey,
2014c). Only named features or features with an area greater than 0.0156 square miles (the size
of a model grid cell) are included in the figures. Features designated for water storage, sewage
treatment, or evaporation were excluded based on the assumption that they are lined and so do

not readily interact with groundwater.
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Table 4.4.1 Gain/loss estimates from Slade and others (2002).
5 5 Gain/ 5 Average
Study Date Latitude | Longitude x[] i?i(f);r ::[] Lni(f):s‘r Loss %::l%tsl)l G(ilflsl//:"n?)s s Gain/Ltg')ss
(cfs) (cfs/mi)
Berry Creek - Briggs to mouth (northeast of Georgetown)
30.87972 -97.9197 - - 0 49 0
30.84278 -97.8589 - - 0 3.2 0
30.81028 -97.8256 - - 0.05 3 0.02
30.77889 -97.7958 - - -0.05 2.5 -0.02
30.76361 -97.7536 Edwards - -0.12 2.5 -0.05
1 4/21-24/1978 30.7475 -97.7319 Edwards - -0.02 1.6 -0.01
30.72722 -97.7406 Edwards - 0 1.3 0
30.71806 -97.7286 Edwards - -0.83 6.6 -0.13
30.70306 -97.6661 Edwards - 0.18 1.3 0.14
30.69083 -97.655 - - 3.04 3.2 0.95
TOTAL | 2.25 30.1 0.07
30.87972 -97.9197 - - 0 4.9 0
30.84278 -97.8589 - - 0 3.2 0
30.81028 -97.8256 - - 0 3 0
30.77889 -97.7958 - - 0 2.5 0
30.76361 -97.7536 Edwards - 0 25 0
2 8/15/1978 30.7475 -97.7319 Edwards - 0 1.6 0
30.72722 -97.7406 Edwards - 0 1.3 0
30.71806 -97.7286 Edwards - -0.21 6.6 -0.03
30.70306 -97.6661 Edwards - 0 1.3 0
30.