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Executive Summary

Groundwater is a vital resource in the Lower Rio Grande Valley (LRGV). Groundwater pumping
in the LRGV is expected to increase in response to increased municipal demands. However,
much of the groundwater in the area is brackish with total dissolved solids (TDS) values greater
than 1,000 milligrams per liter (mg/L). Brackish groundwater is currently treated at seven
desalination plants for municipal use in the LRGV. Additional desalination projects have been
recommended in the 2016 Regional Water Plan for Region M.

A numerical groundwater flow and transport model was developed to simulate changes in
groundwater levels, TDS concentrations, and surface-water/groundwater interactions within the
LRGYV due to anticipated increased pumping in the region. The model included density
dependent flow considerations to evaluate the impact of salt density on solute migration.
Objectives of the model also included evaluating impact of data gaps and faulting within the
domain, and estimating the potential for subsidence. Drawdown calculations from the model
provide the pore-pressure reductions required to estimate ground subsidence, for known or
estimated soil effective stresses.

Challenges to the modeling effort included a large domain (greater than 5,000 square miles);
complex geology (deep, multi-layered system with outcrops and pinch-outs); fine resolution to
effectively handle groundwater- surface water interaction; accurate depiction of drawdowns in
pumping wells; sparse data availability; and a considerable computational effort further burdened
by the density coupling of saltwater flow and transport. These challenges were met by selection
of a robust and flexible software that can best alleviate the computational burdens and still
provide results at the scale of the modeling objectives.

The MODFLOW-USG groundwater flow model (MFUSG) was used for the simulations with the
Groundwater Vistas graphic user interface (GUI). The beta version of the code (MFUSG-Beta)
includes density dependent flow and transport simulation capabilities. The model consisted of 12
numerical layers to represent the 12 geologic units of interest. A base model grid of 2640 feet on
a side was implemented to discretize the domain. Quadpatch refinement was then applied to
reduce the cell size to 330 feet around the LRG and irrigation canals for higher resolution of
surface-water/groundwater interactions. Wells were represented using vertical conduits that
interact with the groundwater using analytical well solutions to provide resolution at the well.
Hydraulic conductivity of the geologic units was parameterized using correlations with available
sand fraction data. Boundary conditions included inflow to the domain from upland regions and
in the LRG from the west, and outflow into the Gulf of Mexico to the east. Simulations were
conducted for steady-state 1984 conditions and transient conditions from 1985 through 2013
using annual stress periods for recharge and pumping.

The model was calibrated using all data available. Quantitative and qualitative metrics were
implemented in evaluating representativeness of the model. Observed water levels in wells as
well as groundwater/surface-water flow estimates were used to constrain the model. The model
was well calibrated for the spatial and temporal scales of investigation. Mass balance errors were
negligible, and water fluxes at the various boundaries into and out of the domain were
reasonable.

Sensitivity analyses were conducted on the calibrated model to evaluate impact of parameter
uncertainties and variations in boundary fluxes. Sensitivity to the storage coefficients of the
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aquifers indicated similar calibration statistics but smoother water level fluctuations with storage
than without. Highest sensitivity to sand conductivity was for model layer 6 (the Upper Lagarto
unit) while the highest sensitivity to clay conductivity was for model layer 7 (the Burkeville
Confining Unit). The modeled water levels were equally sensitive to the different boundary
fluxes that were evaluated.

Correlations between groups of parameters were also evaluated. The largest correlation was
between clay hydraulic conductivity (which generally governs the vertical K-values of the layer),
and recharge. The maximum ET rate and recharge were inversely correlated with the second
highest correlation coefficient.

A sensitivity analysis was also conducted to evaluate the impact of the presence of faults in the
domain which may act as barriers to flow. It was noted that barriers that may exist along sections
of faults can have a dramatic impact on water levels upstream and downstream of the barrier.
These impacts dissipate with distance from the barrier but are also felt across the Burkeville
Confining Unit for barriers located below this unit only.

The groundwater flow model was further used to evaluate the movement of Total Dissolved
Solids (TDS), representative of salinity within the domain. Density dependent flow and transport
simulations were conducted to evaluate the migration of TDS due to historical stresses and
pumping conditions from 1984 through 2013. Most of the migration occurred in the geologic
units representing the Chicot Aquifer with less migration in the deeper units. Simulations were
also conducted to evaluate the impact of pumping versus initial and boundary conditions, and the
impact of density on the flow field and resulting concentration changes. Initial and boundary
conditions had a significant impact on transport and groundwater chloride levels at current
desalination plant locations. Pumping had a lesser impact than initial and boundary conditions,
on the redistribution of TDS in the domain. The density effect was significant at some existing
desalination plant locations but not at others. Simulations that included density effects of flow
were considerably slower than those without density impacts included.
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1.0 Introduction and Purpose of the Model

1.1 Introduction

Groundwater use in the Lower Rio Grande Valley (LRGV) is expected to increase in response to
increased municipal demands. Much of the groundwater in the area is brackish (total dissolved
solids are greater than 1,000 milligrams per liter), and does not meet drinking water quality
standards. There are currently seven desalination plants in operation to provide municipal water
supply to the valley. The total existing capacity is about 22,300 acre-feet/year (AF/yr) with 14
additional desalination projects being recommended in the 2016 Rio Grande Regional Water
Plan (Region M Plan) to meet additional future demands estimated to be about 24,000 AF/yr by
the year 2070.

1.2 Purpose of the Model

The Lower Rio Grande Valley groundwater transport model domain is shown in Figure 1.2.1.
The model was funded by the Texas Water Development Board (TWDB) for research in support
of the Groundwater Availability Modeling Program. The primary objective of the research was
to develop a numerical model to simulate the impacts of increased fresh and brackish
groundwater pumping in the LRGV as outlined in the 2016 Region M plan. The flow model can
be used to evaluate the impact of pumping on groundwater and surface-water flows and levels.
The transport model can be used to estimate movement of salinity due to additional desalination
plants, and salinity of the extracted water. Drawdown computations from the model for planned
future desalination operations further provide estimates of compaction stresses to help evaluate
the potential for land subsidence. The model was also applied towards evaluating the impact of
data gaps and different conceptualizations (e.g., for faulting) within the basin.

Even though large amounts of data are available over a period of several years, and there is a
general conceptual understanding of the hydrogeologic system, large uncertainties still exist
including complexities of the faulted aquifer system and associated water level anomalies
resulting from localized conditions that can never be fully understood and captured in a regional
scale analysis. Therefore, the model should be used to gain understanding of the hydrogeologic
behavior, explore alternative model conceptualizations, and evaluate impacts of potential
hydrologic changes or resource management options, rather than to make absolute predictions at
select points in space and time.

2.0 Numerical Model Development

A conceptual model of the hydrogeologic system of the area of interest in the LRGV was
developed by Schorr and others (2017). The conceptual model was the basis of the numerical
model described in this report. The groundwater system comprises six eastward-dipping aquifers
including (from top to bottom) the Chicot Aquifer, the Evangeline Aquifer, the Burkeville
Confining Unit, the Jasper Aquifer, the Catahoula Confining System, and the Yegua-Jackson
Aquifer. Each aquifer is further subdivided into its respective geologic units. The numerical
model honors this layering including pinch-outs and outcrop of the geologic units. Figure 2.1.1
shows the block diagram of the conceptual geologic framework and the associated numerical
model discretization.
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The groundwater flow model was first constructed and calibrated to available flow and water
level data. The model for density dependent transport of TDS was then developed for the
calibrated groundwater flow field. The transport model behavior was then evaluated for
historical flow conditions.

Density dependent transport of salts is a slow process. In addition, historical data on transport of
salts in the modeled area is sparse. Therefore, the transport model was not calibrated to migration
of solutes. Instead, the solute distribution estimated for current conditions was used to initialize
simulations of historic conditions to note if there were significant changes that may need further
attention. These simulations are also discussed here. Salt transport will then be evaluated in
simulations of future conditions to calculate migration of salts and salinity at the desalination
plant extraction wells. That will be reported in the model application phase of the project.

The numerical groundwater-flow model was constructed to simulate the conceptualized
groundwater-flow system for steady-state, 1984 conditions and transient conditions using annual
stress periods from 1985 through 2014. This time period was selected principally based on
pumping and groundwater level data availability, and because it includes time before and after
the start of brackish groundwater desalination operations in the valley. The three-dimensional
modular groundwater-flow model code MODFLOW-USG (Panday and others, 2013) was used
for the simulations with the Groundwater Vistas Version 6.93 (Environmental Simulations Inc.,
2016) Graphic User Interface (GUI).

Construction of the numerical model required several tasks. The first task was to assess the
conceptual model including the hydrogeologic framework, hydrostratigraphy, and assignment of
boundaries such as rivers, canals, recharge, evapotranspiration, groundwater pumping and
irrigation return flow. This understanding provided the guidelines for discretization of the
domain and for selection of relevant packages within MODFLOW-USG to appropriately
simulate the required process at the necessary spatial and temporal scales. Spatial resolution
requirements were then established and the hydrostratigraphic conceptual model that was
developed in Leapfrog was imported into Groundwater Vistas. Other base-maps were also
imported into Groundwater Vistas to identify county boundaries, rivers, canals, fractures,
coastline and other features that generally orient the model. A grid was subsequently developed
for the groundwater model domain; features such as wells and rivers represented by CLNs were
then implemented; preliminary model parameter estimates were generated; and boundary
conditions (LRG inflow, groundwater pumping rates, diversions, return flows, and prescribed
heads or GHBs along coastal and lateral boundaries) were developed for steady-state 1984
conditions as well as for transient conditions from 1985 through 2014 using an annual stress
period. Calibration targets were then developed for water levels and fluxes and also imported
into Groundwater Vistas. The model was then run in steady-state and transient modes to debug
the datasets, establish convergence, and tune solver parameters for optimal simulation
performance, before moving on to the model calibration phase.

2.1 MODFLOW-USG Overview and Packages

MODFLOW-USG is an enhanced version of the MODFLOW code released in 2013 by the
United States Geological Survey. The code is appropriate for this work as it is capable of
meeting all the simulation requirements and challenges for this project. The beta version of
MODFLOW-USG (MFUSG-Beta available with Groundwater Vistas) was used for the
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simulations as it includes the density dependent flow and transport capabilities. Elements of the
code and packages pertinent to the LRGV model flow simulations are discussed here.

The MODFLOW-USG groundwater model (Panday and others, 2013) solves for three-
dimensional flow of water in the subsurface using the control volume finite difference (CVFD)
approach. The CVFD numerical method “discretizes” the modeled domain into model cells that
may have different sizes and shapes. Each model cell represents a part of the domain that is
encompassed by that model cell and model inputs and outputs are generated for this discretized
system. The CVFD methodology allows for flexible gridding of the subsurface domain
including: ability to refine the computational grid locally using nested grids to provide spatial
resolution where required; and accurately represent pinch-outs or outcrops of geological layers.

As with the other MODFLOW codes, MODFLOW-USG consists of groups of “modules” or
“packages” that perform various functions related to groundwater flow simulations. These
packages compartmentalize the model into its various functional elements and includes packages
to define the model domain and discretization, parameterize the aquifer and flow processes, and
implement various pumping and boundary conditions to the modeled system. MODFLOW-USG
uses the formulations for groundwater flow that are available in MODFLOW-2005 (Harbaugh,
2005) and MODFLOW-NWT (Niswonger and others, 2011). Various boundary packages of
MODFLOW-2005 are also accommodated.

MODFLOW-USG also includes solution to flow through a network of 1-dimensional conduits
which interact with groundwater flow (using the Connected Linear Network or CLN process)
fully coupled to the groundwater flow domain. The CLN process can be used to represent
surface-water features such as rivers and canals. The 1-dimensional conduits may also be used to
represent multi-layer wells coupled to the groundwater domain. Analytical solutions (Thiem
equation) are used for the well-to-groundwater coupling to accurately compute well drawdown
and flow contribution from each aquifer.

MODFLOW-USG also includes several packages to represent boundary conditions or internal
flow barriers, as well as packages to control simulation input/output and numerical solver
parameters. Table 2.1.1 shows the various packages of MODFLOW-USG that were used for the
LRGV model simulations. Model input files were then developed for each of the packages to
represent the conceptual model of the system.

MODFLOW-USG simulation output is contained in several files. The main output listing is
written in a run list file (LST), which also includes the mass balance information. Water level
output is provided in a file with extension HDS. Modeled flows, storages and boundary flux
information is output to a file with extension CBB. Table 2.1.2 shows the various output files
generated by MODFLOW-USG. A description of how the LRGV groundwater flow model was
developed using these packages is provided in the subsections that follow.

2.2 NAME File

The NAME file of MODFLOW-USG contains the abbreviations of all packages used in
developing the model along with a Fortran file “unit number” for each package and a file-name
for the input (or output) files that are used in the model.
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2.3 Basic Package

The Basic Package (abbreviation BAS) of MODFLOW-USG specifies the general problem
dimensions and specifies initial water levels at all groundwater model cells in the domain. Active
and inactive cells of the model domain may also be specified by the BAS package; however, the
LRGV model was constructed to eliminate any inactive areas and thus all cells were active for
this model.

2.4 Discretization Package — Model Domain and Discretization

The DIS Package of MODFLOW-USG contains model discretization information for the 3-
dimensional groundwater cells and data related to stress period setup. Discretization of the 1-D
processes is performed by the CLN Package which is discussed in a later section.

2.4.1 Domain Discretization

The LRGV model domain and stratigraphy were established during conceptual model
development. The domain extends approximately from Rio Grande City at the west, to about 14
miles into the Gulf of Mexico to the east; and from the middle of Kenedy, Brooks, and Jim Hogg
counties at the north, to about 14 miles south of the border at the south as seen on Figure 2.4.1
(Figure 1.0.3 of the conceptual model report). The hydrogeologic units and geologic units
simulated in the model are shown on Figure 2.4.2. There are 12 geologic units in the model
domain which were discretized into 12 numerical layers. The hydrostratigraphic units were
subdivided into the geologic units to provide the finer resolution required to evaluate
concentration gradients. Figures 2.4.3 through 2.4.20 (Figures 4.1.6 through 4.1.23 of the
conceptual model report) show the stratigraphic elevations and thicknesses of the geologic units
simulated by the model.

The geologic layers within the model domain dip eastward, with underlying layers outcropping
at the surface to the west as discussed in the conceptual model report. The numerical layers were
eliminated where a geologic layer pinches out or where the underlying layer outcrops to the
surface. MODFLOW-USG accommodates pinch-outs and Groundwater Vistas eliminates
pinched-out model cells automatically. This feature honors geologic pinch-out conditions and
results in much more efficient and robust simulations.

The domain was discretized using a parent grid-block size of half a mile (2640 feet) on a base
grid containing 220 rows and 292 layers. A quad-patch refinement procedure was implemented
along the LRG and the network of canals, to provide a finer spatial resolution of 330 feet along
these features. Figure 2.4.21 shows the discretization of the groundwater domain. There were
744,324 active groundwater cells in the model. Figure 2.4.22 shows cross-sections of the
numerical model along north-south and east-west sections through column 180 and row 100 of
the parent grid.

2.4.2 Stress Period Setup

The LRGV model was discretized temporally into 30 stress periods. The first stress-period was
simulated as steady-state representing pre-1985 conditions. The remaining stress periods
represented transient conditions with each stress-period representing the following year. This
temporal discretization using annual stress periods was considered sufficient for the objectives of
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the modeling effort — i.e., to evaluate long-term resource availability and impacts of brackish
water extraction. Table 2.4.1 shows the stress period details.

2.5 LPF Package — Aquifer Parameters

The LPF Package was used to specify aquifer parameters (hydraulic properties) for the
groundwater domain. Aquifer parameters required by the model include horizontal and vertical
hydraulic conductivities, specific storage, specific yield, and porosity. The parameter values
were established during calibration using the automated parameter estimation software, PEST;
that is discussed in a later section. The approach towards parameterization is discussed here.

Hydraulic conductivity values for the aquifers in the domain have previously been estimated at
various locations as noted in the conceptual model report; however, it is difficult to partition
these values into the various geologic units that comprise each aquifer. Estimated distributions of
sand fraction within each of the geologic units were therefore used to parameterize the hydraulic
conductivity for each model layer throughout the domain. Figures 2.5.1 through 2.5.10 show the
sand fraction distributions for the Beaumont, Lissie, Willis, Upper Goliad, Lower Goliad, Upper
Lagarto, Middle Lagarto, Lower Lagarto, Oakville, and Yegua units respectively. The average
sand fraction value for a layer was used in locations where this information was not available.

Sand fraction information was not available for model layers 10 and 11 (the Upper Catahoula
and the Catahoula Confining System). A uniform value of 0.5 was used to parameterize these
units. Also, the sand fraction for the Yegua unit was applied to the Yegua-Jackson Aquifer
simulated here.

Hydraulic conductivity parameterization was conducted as follows. A higher hydraulic
conductivity value was associated with a sand fraction of unity, and a lower value was associated
with a sand fraction of zero for each geologic layer (the assumptions being that each geologic
material has its own type of material and that within each unit, less sand implies higher clay
content with an associated lower effective hydraulic conductivity). The horizontal hydraulic
conductivity for any computational cell in the domain was then computed as an average,
weighted by the sand fraction value of the cell; thus providing a linear relationship between the
highest and lowest value for each geologic unit. This can be written as:

K—,_ = ..J{_:K: +|:l_ﬂ:|Kc

Where K, is the horizontal hydraulic conductivity of a cell; f, is the sand fraction of a cell; K,

is the hydraulic conductivity value for sand for a geologic unit, and K is the hydraulic

conductivity value for clay for the geologic unit. For vertical hydraulic conductivity, a weighted
harmonic mean value was applied. Thus,

K = !
1 J{_: K:+|:1_ﬂ) K{

Where K, is the vertical hydraulic conductivity of a cell.

To understand flow behavior for this parameterization, it is generally noted that the sand
hydraulic conductivity would govern horizontal flow in the model since the arithmetic average
tends towards the mid-point value for equal fractions of sand and clay. The clay hydraulic
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conductivity would generally govern vertical flow in the model since the harmonic average tends
to be biased towards the lower (clay) conductivity value for equal fractions of sand and clay.

The sand fraction information is stored in the “Leakance” property within Groundwater Vistas.
When the MODFLOW comment-line includes the phrase “Sand Fractions stored as Leakance”,

K K

Groundwater Vistas performs the computations for " " and

above to create the LPF datasets.

v for each cell using the formulas

The specific storage and specific yield were maintained as uniform for each geologic unit. There
is less data available for these parameters and therefore adding complexity was deemed
unwarranted. Instead, the impact of these parameters was tested with a sensitivity analysis to
gain a better understanding of system response related to these parameters.

Faults or flow barriers were not implemented in the calibrated model. However, upon evaluation
of the data and earlier calibration simulations portions of the Sam Fordyce Fault and the fault
cutting through Jim Hogg County, as shown on Figure 2.5.11 (Figure 2.3.1 of the Conceptual
Model Report) were implemented as barriers to evaluate alternative possible conceptualizations
of the model while conducting sensitivity analyses.

2.6 CLN Package

The CLN Package was used in the LRGV model to represent the LRG and to implement
pumping wells in the model. The CLN package contains information on discretization of the 1-
dimensional model elements as well as on parameterization of these 1-dimensional segments.

2.6.1 LRG Discretization

The LRG was discretized using the CLN package of MODFLOW-USG. River segment lengths
were created independently of the groundwater domain discretization and typically varied
between 1000 and 5000 feet. The use of longer CLN segments compared to finer groundwater
cell sizes was appropriate considering the generally smaller gradients along the river. There were
a total of 202 CLN segments representing the LRG. These segments had a horizontal orientation.

The irrigation canals were not simulated using CLNs since flow in canals is not unhindered;
pump-stations, farm ponds and lift-points ultimately govern irrigation flows in the canals.
Therefore, the major canals were treated as river boundary conditions to simulate the
groundwater interaction component (detailed later in the RIV Package). Diversion amounts were
then directly extracted from the LRG; a fraction of which was reapplied to the respective
agricultural areas to account for irrigation excess return flow to groundwater (detailed later in the
QRT Package).

2.6.2 CLN Parameters for the LRG

The CLN process was used in the model to simulate flow in the LRG. Figure 2.6.1 shows the
LRG that was represented in the model by the CLN process. A circular channel geometry was
selected with top-widths varying as per data provided for the river (see Figure 2.6.1) and an
assumed average depth of 2 feet. Figure 2.6.2 shows the schematic for determining the CLN
geometric parameters from this average depth and width consideration.

The Manning’s equation was used to simulate flow in the LRG. A Manning’s coefficient of
roughness value of 0.03 sec/m(1/3) typical for large rivers was used for the entire length of the
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River. This parameter is not particularly significant to the current study as the main function of
the CLN representing the LRG was to route the flow through the river-channel and to provide a
mechanism for groundwater interactions while maintaining mass balance; considering that the
evaluation is for annual stress periods and not for flood events.

The interaction of groundwater with the LRG is not a boundary condition, but an internal
exchange between the groundwater cells and the CLN segments in the model. The river-bed
conductance for CLNs that represent the LRG was uniformly provided a value of 0.01 ft/day
with a sediment thickness of 1 foot in the calibrated model. Streamflow gains and losses between
gages in the LRG within the domain that were estimated in the conceptual model section, as
shown on Figures 2.6.3 and 2.6.4 (Figure 4.4.1 and 4.4.2 of the conceptual model report), were
used to develop groundwater interaction calibration targets. Estimated interactions with
groundwater help constrain the model through the river-bed conductance.

2.6.3 Discretization and Parameterization of Pumping Wells

The CLN process was also used in the model to simulate groundwater wells. Figure 2.6.5 (Figure
4.7.3 of the conceptual model report) indicates the location of groundwater production wells in
the study area. Figure 2.6.6 (Figure 1.0.4 of the conceptual model report) shows the location of
current desalination plants. There are a total of 3,342 CLN cells representing pumping wells in
the model. These segments have a vertical orientation.

The top and bottom screen elevations for the wells were established as per data provided during
conceptual model development. Accordingly, the wells may penetrate multiple aquifer or model
layers. The CLN cell acts as a conduit that transmits water from all model layers that are
penetrated by the well screen, to the pumping location at the bottom of the well. The Thiem
analytical solution was used to simulate the interaction of the well with groundwater to provide
accurate well drawdowns insensitive to the groundwater grid-block size. Lacking further
information, all wells were parameterized with a radius of 1 foot and a well efficiency of 80%.

2.7 Model Boundary Conditions

Flows in and out of the model domain were discussed in the conceptual model sections related to
pumping, recharge, the surface-water network, and evapotranspiration. These flows have been
translated into the model boundary conditions using the boundary condition packages of
MODFLOW-USG. Boundary condition packages essentially allow water to flow into or out of
the model domain (i.e., interaction of the model with the “outside world”). The processes that
govern this flow determine which package may be used to numerically implement the
conceptualized interactions.

Figure 2.7.1 shows the modeled lateral boundary conditions. The CHD condition in offshore
regions of the domain in model layer 1 allow flow in and out of the model in the Gulf of Mexico
and the inter-coastal waterways. The GHB condition in model layer 12 along the western model
boundary allows flow into the domain in the Yegua-Jackson aquifer unit, as this lateral boundary
IS not a natural aquifer boundary. Similarly, the GHB condition in model layers 8-12 along the
northern model boundary allow flow of water into the model domain in the respective aquifers,
since this northern boundary is also not a natural aquifer boundary. These and other modeled
boundary conditions are discussed in the subsequent sections.
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2.8 WEL Package

The WEL package of MODFLOW-USG simulates injection or extraction from any model cell
including the groundwater or CLN domain. For the LRGV model, the WEL package was used to
provide inflow to the LRG at the easternmost CLN model cell as well as to provide extraction
from the bottom of vertically-oriented CLN cells that represent groundwater pumping wells.

2.8.1 Inflow to the LRG

The LRG enters the model domain from the west, near Rio Grande City. Flow of the LRG below
Falcon Dam was used (with adjustments for estimated losses between the dam and the western
model boundary due to diversions and estimated Mexico contributions from the Rio San Juan
Irrigation District) to provide flow into the domain at the eastern boundary. The conceptual
model report details the flows from Falcon Dam and estimated gains/losses between the dam and
the model western boundary. Figure 2.6.3 (Figure 4.4.1 of the conceptual model report) shows
the flow in the LRG below Falcon Dam; Figure 2.8.1 (Figure 4.4.4 of the conceptual model
report) shows the diversion along Reach 1 between Falcon Dam and Rio Grande City; and
Figure 2.8.2 (Figure 4.4.5 of the conceptual model report) shows the annual contributions to the
River from Rio San Juan Irrigation District in Mexico. These net losses and gains between
Falcon Dam and the western model boundary in the LRG were noted to be negligible in
comparison to the flows below Falcon Dam.

The WEL package of MODFLOW-USG was used to apply a source at the easternmost CLN cell
representing this LRG inflow for 1984 conditions and for 1985 through 2013 on an annual stress
period. The net inflow was computed as the annual flow at Falcon Dam (Figure 2.6.3) minus
estimated losses in reach 1 (Figure 2.6.3) plus estimated contributions from the Rio San Juan
Irrigation District between Falcon Dam and Rio Grande City (Figure 2.8.2, also Figure 4.4.5 of
the conceptual model report). The estimated contribution to the river from the Rio San Juan
Irrigation District in Mexico between Rio Grande City and Anzalduas Dam noted on the lower
panel of Figure 2.8.2 was not implemented as a boundary inflow because the Mexico side of the
River is included in the model domain and flow to the river from both sides is internal to the
model. Also, the amount is orders of magnitude smaller than the River flows and can be
neglected.

2.8.2 Groundwater Pumping

Groundwater is pumped in the LRGV for municipal, irrigation, industrial, domestic, and stock
uses. Figure 2.6.5 (Figure 4.7.3 of the conceptual model report) indicates locations of
groundwater production wells in the study area. There are also desalination plants in the area
with planned future expansion of desalination facilities in the region; which is a motivating
factor for this study. Figures 2.6.6 and 2.8.3 (Figures 1.0.4 and 1.0.5 of the conceptual model
report) show the location of current and planned desalination plants respectively. All pumping
locations in the model are shown on Figure 2.8.4 along with the deepest screened/open aquifer
unit.

Pumping amounts within the domain are shown in Figure 2.8.5 for 1984 conditions. The highest
pumping is noted to occur along the LRG and in the irrigated areas in Starr and Hidalgo
Counties. Pumping was generally lower in Jim Hogg, Brooks and Kenedy Counties. The WEL
package of MODFLOW-USG was used to apply a sink at the bottommost CLN cell representing
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the pumping well. The sink was applied on an annual stress period for 30 stress periods
representing 1984-2013 conditions. The planned desalination plant pumping is not in the current
calibrated model but will be implemented into scenario simulations using the calibrated model.
The CLN cells that represent the wells distribute pumping to the various model layers as part of
the model solution and the distribution of extraction among layers is not required a priori.

The WEL Package includes an “AUTOFLOWREDUCE” option that ensures that pumping
demand does not draw water levels in the well below the well bottom elevation. This option is
turned on for the simulations and any simulated reduction in pumping is reported in a “well flow-
reduction” file.

2.9 CHD Package

Flow of the LRG into the Gulf of Mexico was simulated in the model as a constant hydraulic
head value of zero, representing outflow at average sea-level conditions for the steady-state
(1984) and transient (1985-2013) simulation stress periods. The CHD package of MODFLOW-
USG was used at the easternmost CLN cell to provide the constant head condition.

The CHD package was also used to provide a constant hydraulic head value of zero in layer 1, in
offshore portions of the domain. The geologic units of the Chicot and Evangeline aquifers
(model layers 2-6) also were provided a constant hydraulic head value of zero along the
easternmost lateral model boundary.

2.10 GHB Package

Flow into the model domain from upstream lateral model boundaries was simulated using the
general head boundary (GHB) package. Along the western model boundary, the Yegua-Jackson
aquifer does not have any natural boundary and therefore water enters the domain in the aquifer
from further to the west. The head along the western lateral model boundary in layer 12 was set
according to interpolated head contours in the region, and ranged from a high of about 550 feet
in the upland regions in the north to 150 feet in the LRGV.

Similarly, there is inflow into the model domain in model layers 8-12 (the Lower Lagarto,
Oakville, and Upper Catahoula units of the Jasper Aquifer System, the Catahoula Confining
System, and the Yegua-Jackson Aquifer) from the northern lateral model boundary. These lateral
boundaries were also simulated using the GHB package. The boundary heads ranged from 600
feet in western parts of this boundary, to 300 feet going eastwards into Brooks County.

The GHB condition was only applied partially along the northern boundary and was not applied
to the shallower units of model layers 1-7 (where these units exist). This is because flow
gradients were generally perpendicular to the northern boundary in eastern portions of the
domain with no flow across it thus allowing it to be represented in the model as a no-flow
condition. Also, these boundaries are sufficiently far from the current and proposed desalination
plants to cause an impact. The locations of the general head boundaries are detailed in Section
2.7 and shown in Figure 2.7.1. Table 2.10.1 shows the GHB head and conductance values and
associated model cell number and hydraulic features. Note that the GHB concentration values in
the table are only used for inflow cells during transport simulations.
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2.11 RIV Package

Major irrigation canals and diversions from the LRG were represented as a river boundary
condition in the model using the RIV package of MODFLOW-USG. The RIV package simulates
flow in or out of the aquifer to surface-water features such as canals, rivers and streams. Thus,
flow within the canals was not simulated, but the groundwater interaction is taken into account.
Figure 2.11.1 shows the canals that have been represented by the RIV package in the model.
Width, bed thickness and bed conductance (also shown on the figure) were estimated in the
conceptual model section and directly imported into the numerical model in Groundwater Vistas.
Section 4.3.3 of the conceptual model report discusses the groundwater interaction understanding
for these canals. There are 16 major diversions from the LRG represented by the 16 canals
shown on Figure 2.11.1. The widths larger than 500 feet represent farm ponds that interact with
the canal system. The bed conductance of the RIV Package was adjusted further during
calibration by uniformly scaling the values for each canal up or down as needed.

2.12 QRT Package

The QRT Package of MODFLOW-USG simulates extraction from any cell (groundwater or
CLN) in a model and applies a portion of that water uniformly over the area that covers the
irrigated model cells. This package is used to simulate diversions from the LRG into irrigation
canals, with estimated irrigation return flow for each diversion applied appropriately to each
irrigation district. Figure 2.12.1 shows the diversion canal section I1Ds and associated irrigation
districts of the model. Diversion amounts were estimated during the conceptual model evaluation
and further partitioned into canal losses, M&I usage, and agricultural use as seen on Figure
2.12.2 (Figure 4.4.6 of the conceptual model report). Figure 2.12.3 shows the diversion amounts
for each of the canals as input to the model. The largest diversion flows were to canals 7, 8, 4,
and 6 with the smallest being to canals 16 and 13 followed by 11 and 10. Diversion amounts
peaked and valleyed in tandem with distinctly high diversion amounts to the canals being in
1989, 2006 and 2009, and lower values in 2007 and 2010. For preliminary simulations, a return
fraction of 0.2 of the agricultural usage was applied to the associated irrigation districts
representing excess return flow to groundwater for each of the diversions, as conceptualized in
the Conceptual Model Section. This value was further adjusted during calibration.

2.13 RCH Package

Estimation of recharge as a result of percolation of precipitation was discussed during conceptual
model development. Annual average recharge rates were between 0.25% and 2.2% of annual
average precipitation as estimated using a chloride mass balance approach (Scanlon and others,
2012). Figure 2.13.1 (Figure 2.1.8 of the conceptual model report) shows the annual average
precipitation in the LRGV and Figure 2.13.2 (Figure 4.3.1 of the conceptual model report)
provides the annual average distribution of recharge within the domain. This distribution of
recharge and annual average precipitation was used to synthesize recharge rates in the model for
1984 through 2013 conditions and that data was directly imported into the Groundwater Vistas.
The distributions were noted to be generally similar between years, with locations of higher
recharge having higher recharge throughout the simulated years. Therefore, the 1984 recharge
distribution was used in the model, with scaling of that recharge by the precipitation ratio
between years, obtained from Figure 2.13.1. The scaling factors are provided on Table 2.13.1.
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Groundwater Vistas allows import of “multiplication factors” which scale the recharge values for
the other years, from that of 1984 conditions.

The recharge data ranged from 0.08 inches/year to 0.7 inches/year. It was noted that these
estimates based on chloride data should be considered as a lower bound. Therefore, the recharge
distribution was adjusted during calibration by increasing the recharge value where required. The
scaling factors for the various years were not changed.

The recharge values were implemented in MODFLOW-USG via the RCH package, with
recharge applied to the topmost active cell. The other surface-water bodies within the domain are
intermittent and dry especially during drought; therefore, their impact to groundwater was not
explicitly modeled but rather is implicit in the recharge distribution provided to the model.

2.14 EVT Package

The EVT package of MODFLOW-USG was used to apply evapotranspiration (ET) to the model.
The EVT Package applies an ET flux (in units of length per time) to each associated model cell
in the domain. The ET flux depends on a user-defined maximum ET flux rate that occurs when
the water table is at or above the “ET surface” for each cell (taken equal to the land surface
elevation), and that linearly declines to zero as the water table depth drops down to an
“extinction depth”.

Potential Evapotranspiration (PET) was estimated by previous studies (Chowdhury and Mace
(2007) to be as high as 12.5 inches/year in the upland Mesquite areas, with an extinction depth of
30 feet. This value is about 2 orders of magnitude higher than the estimated recharge rates. This
amount of ET tended to dominate the water budget of the model and created an unphysical

inland depression of water levels in preliminary model simulations. A further investigation of
maximum ET rates for Mesquite from literature (Scanlon et al, 2005; Meader, 2015) indicated
that maximum ET rates from groundwater were about 30 to 60% of the PET. Also, Mesquite
rooting depths were as high as 30 feet, though most of the roots were shallow with rooting depths
that ranged from 6 to 20 feet with complex root processes that may move water to deeper roots
(rather than extract from them) during certain time periods (Scanlon et al, 2005).

Thus, for the model, the maximum ET rate was taken as 50% of the PET (6.25 inches/year) with
an extinction depth of 10 feet. The distribution of maximum ET rates in the model is shown on
Figure 2.14.1. For the EVT package of MODFLOW-USG, ET was applied to the topmost active
cell.

2.15 OC Package

The Output Control Package of MODFLOW-USG controls how water levels, fluxes and water
budget information is saved during a simulation. The Output Control file was set up to save these
results at the end of each stress period. Thus, output was provided for the steady-state 1984
stress-period, and at the end of each year of the 1985-2013 transient simulation period.

2.16 SMS Package

The Sparse Matrix Solver (SMS) package of MODFLOW-USG sets up the solution
methodologies and linear solver selection for a simulation. The Newton-Raphson linearization
scheme was used for this simulation effort because it affords the most robust of solution schemes
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available in MODFLOW-USG and provides convergence to hard problems that arise with drying
and rewetting of portions of the simulation domain. The formulation in MODFLOW-USG is the
same as that of MODFLOW-NWT (Niswonger and others, 2009). The XMD linear matrix solver
was selected from the two linear matrix solvers available.

Nonlinear iterations using the Newton-Raphson linearization scheme were controlled using
residual reduction and under-relaxation. The under-relaxation parameters that are a default for
MODFLOW-USG (the default parameters in Groundwater Vistas interface reflect these
parameter values) are not very sensitive and were not changed for the simulations. The residual
reduction parameters are generally tightened when nonlinear convergence difficulties are
encountered but are relaxed when convergence eases. Specifically, the residual change tolerance
term (BTOL) was varied between 10,000 and 1.2 at various stages of simulation. The final
optimal value selected was 110.

The ORTHOMIN scheme of the XMD solver was selected to solve the asymmetric system of
linear equations Linear solver parameters that were significant to the simulation included the
matrix ordering scheme (NORDER), the level of fill (ILEVEL), and number of orthogonal
directions (NORTH). These parameters were varied depending on convergence behavior and
ranged from the various ordering schemes available; ILEVEL =1 to 29; and NORTH =7 to 21.
Final calibrated simulation values were: ILEVEL = 9; the RCM Ordering scheme

(NORDER = 1), and NORTH = 21. The “drop tolerance” scheme was used with a drop-tolerance
factor (DROPTOL) equal to 1.0x10-5.

Solver parameter tuning was done throughout model development and calibration. This was done
to make sure that the simulations progressed as quickly as possible at every stage of the project.

3.0 Calibration Metrics

Groundwater level elevations and groundwater/surface-water interaction flux estimates were
used to constrain the model to observed conditions during the simulation period. This section
discusses the various qualitative as well as quantitative measures that were used to evaluate
model calibration.

3.1 Water Levels

Water level records at 218 well locations within the model domain were available as detailed in
the conceptual model report. However, 115 of these wells only have one available annual
measurement during the simulation time period. Only 32 of these wells have annual averaged
records for over 20 of the 29 simulation years (1984 through 2013), and 26 wells have annual
averaged records for between 10 and 20 of the 29 simulation years. Figure 3.1.1 shows the well
locations and number of observations at each well. Figures 3.1.2A through 3.1.2D show the
water level hydrographs for the 32 wells with greater than 20 available annually averaged
records. Data from all 218 wells was used to evaluate calibration and therefore all the data was
evaluated for consistency.

Water level information was used qualitatively as well as quantitatively in model calibration. A
steady-state stress period for 1984 conditions and transient stress periods beginning 1985 through
2013 were used to evaluate the goodness-of-fit of the model. Statistical evaluations included a
comparison between observed and simulated conditions (regression plots and correlation
coefficients); error statistics (mean error, absolute error, standard deviation, and the respective

14



Texas Water Development Board Contract Number #1548301854

normalized metrics); and spatial bias (residual error map) of simulated results. Transient
simulation results were further averaged over all available observation times during the
simulation period to evaluate the spatial bias. Transient results were further evaluated
qualitatively by visual comparison of observed and simulated hydrographs for wells where
sufficient data was available over the calibration period. The simulated water level elevation at
the end of a year was used for comparison to observed conditions during PEST simulations and
for model evaluation.

Water level elevation data ranged from 66 feet below mean sea level in coastal areas of the
model to 553 feet above mean sea level in the upland regions in Jim Hogg County. This range of
data was used to scale the modeled statistics to provide normalized calibration metrics. It is
generally agreed in the groundwater modeling industry that these scaled statistics should be less
than 10% for a good calibration and that the lower the scaled number the better the fit.

Observed water level data was used in a weighted fashion during quantitative evaluation of
calibration. This was done to give lower significance to observations that may not be accurate, or
that may not fit the conceptual model representation of the system. Annual water level
fluctuations at wells were generally noted to be within 10-20 feet over wet and dry years. Thus,
annual water level observations that deviated significantly from other observations at the same
well were considered suspect and given a lower weighting in evaluation of calibration. Also,
some water level measurements were significantly negative (-20 to -66 feet below mean sea
level) indicating large drawdowns due to pumping in the area. With a zero hydraulic head in
offshore areas, this would further indicate landward pointing gradients of water levels from
offshore areas. The conceptual model of the system considers flow being generally from west to
east towards the Gulf of Mexico and therefore measurements that had high negative values were
also provided a lower weighting during calibration and model evaluation. Finally, some
observations were significantly different from observations at nearby wells indicating possible
errors or localized anomalies which were not conceptualized to occur (possibly intercepting a
faulted system, a locally perched condition or higher recharge causing water levels significantly
higher than at surrounding wells). Appendix A lists the water level observations and the
weighting that was used for model calibration and evaluation.

3.2 Groundwater/Surface-water Interaction Fluxes

The groundwater / surface-water interaction fluxes were also used during calibration of the
model. The estimated canal losses for the major diversion canals to the LRG are shown on
Figure 2.11.1. These were evaluated as per the discussions of Sections 4.3.3 and 4.3.4 of the
conceptual model report. As noted therein, these are generalized estimates and therefore these
flows were considered during calibration but were not given significant weighting.

Figure 3.2.1 shows the measured LRG flow at the three gaging stations in the model area and at
the western model boundary. Diversion flows in the model area up to the gage at Brownsville are
also shown on the figure. Inflow at the western boundary is almost the same as flow below
Falcon Dam - the diversions up to the model western boundary are negligible in comparison.
The LRG generally loses about 0 to 50% of its flow between Falcon Dam and Anzalduas Dam —
losses before 1995 were closer to 50% of the inflow, and losses after 1995 are noted to be
smaller. Flow at Brownsville was only about 10% of flow below Anzalduas Dam at low flow
periods and about 60% at high flow periods (losses of 40 to 90% in this reach). Flow losses in
the river occur due to diversions and groundwater interaction. Also, flow in 2010 was noted to be
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over double of historical flows with very little loss up to Anzalduas Dam and losses of over 60%
below Anzalduas Dam up to the gage at Brownsville. Flow patterns at all gages were similar
except during 1986, 1987, 1989 and 2004. During these periods, the boundary inflow (which is
similar to the flow at Falcon Dam) may be in conflict with the flow signatures at the Anzalduas
and Brownsville gages since the reach losses are pretty stable compared to these flow amounts.

Interaction of the LRG with groundwater in the domain was used to evaluate flow calibration of
the model. Flow data of Figure 3.2.1 was used to estimate the interaction with groundwater for
the river reach from the western model domain near Rio Grande City to Anzalduas Dam, and
from the Dam to Brownsville. The groundwater interaction was evaluated as inflow to the reach
minus all other outflows that include the reach outflow and all irrigation diversions. Figures 3.2.2
and 3.2.3 show the river reach mass balance between the western model domain and Anzalduas
Dam, and between Anzalduas Dam and the river gage near Brownsville, respectively.

As noted on Figure 3.2.2, flow at Anzalduas Dam does not reflect model inflow behavior except
for the spikes in 1992 and in 2010. The diversion flows (only canals 1-4 are within this reach of
the River) are generally steady and a small percent of the net river inflow. The computed
groundwater interaction flow is noted to mimic the general behavior of LRG inflows except for
the spikes in 1992 and 2010. Also, the proportion of inflow that is lost to groundwater decreases
through time (it is about 50% of the inflow before 1995 and about 10% or less after 2000). These
characteristics may be related to data inaccuracies or other processes such as sedimentation or
scouring that may have caused the long-term changes in the interaction fluxes and may not be
captured by the numerical model. In addition, the conceptualized groundwater level gradients are
towards the LRG indicating flow to the River, while the data indicates losses from the River.
Therefore, the net groundwater interaction between the Western model boundary and Anzalduas
Dam was used only as guidance during model calibration.

As noted on Figures 3.2.3, flow past Anzalduas Dam and the gage near Brownsville have similar
patterns through the years. Diversions in this reach of the River consume a large portion of the
inflow except during high flow. The resulting groundwater interaction is generally small except
for during peak flows in 2010. It is unlikely that flow to groundwater can be that high for only
one year and the spike likely results from gaging errors during high flows.

4.0 Model Calibration

The model was constructed as discussed above in Section 3. As discussed earlier, the horizontal
and vertical hydraulic conductivities were parameterized in the model using sand fraction data
for each of the simulated geologic layers, and estimates of the hydraulic conductivity value for
sand, and for the remaining material (assumed clay) for each of the layers. Thus, initial estimates
were provided for the hydraulic conductivity value for sand and clay for each geologic unit, and
preliminary simulations were conducted to ensure that the model was appropriately assembled
and that the simulations perform successfully. Initial estimates were also provided for the
specific storage and specific yield values of the units, as required for the transient stress periods.
During model calibration, the hydraulic conductivity values for sand and clay were adjusted
within reasonable parameter value bounds to provide appropriate flow behavior in the model
domain. The specific storage and specific yield values of the units were adjusted within
reasonable parameter value bounds to provide appropriate fluctuations of water levels. Solver
parameters were initially adjusted for robustness and efficiency and were tuned throughout the
calibration process.
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The model was calibrated using an interactive expert approach (manual calibration evaluations)
in conjunction with automatic model calibration using the parameter estimation code PEST.
Preliminary model results were first evaluated to note model behavior and sensitivity.
Consistency of the conceptual model was also evaluated, and various adjustments were made to
model aquifer parameters or conceptual elements till the model was considered calibrated.

4.1 Calibration of Recharge

Generally, for reasonable parameter values, it was noted that simulated water levels were higher
than observed in the irrigated areas and near the LRG, especially upstream of Anzalduas Dam.
This caused the canals and LRG to drain more groundwater than was lost from the canals and the
LRG, which was generally inconsistent with the observations. Also, the simulated water levels
were significantly lower in some wells to the northwest portions of the domain especially in the
outcrop regions of the Jasper Aquifer Units and the Catahoula Confining Unit.

Upon further evaluation of the data, it was noted that recharge was applied to the irrigated areas
as return flow via diversions using the QRT package as well as via areal recharge of precipitation
using the RCH package. An evaluation of the conceptual model indicated that this was likely
double-counted in the model and therefore recharge via the RCH package was turned off in the
irrigated areas of Figure 2.12.1 to allow the irrigation return flow to control the groundwater
interaction. Also the return flow fraction was changed from the conceptualized 20% to 10%
during calibration.

The recharge data of the conceptual model was further evaluated in northwest portions of the
domain in comparison to other estimates for the region. This is because water levels in this
region were severely under-predicted during preliminary model simulations with reasonable
parameter values for the aquifers. The GAM model of Chowdhury and Mace (2007) used about
0.11 inches/year in this region. The current conceptual model indicated a value less than half that
possibly being underestimated as a result of the chloride method of evaluation (Scanlon et al,
2005). Thus, the current distribution of recharge was changed to a minimum of 0.11 inches/year
in Jim Hogg County where the value estimated by the conceptual model was below 0.11
inches/year. The final calibrated recharge distribution in the domain for 1984 conditions is
shown on Figure 4.1.1. Table 2.13.1 shows the multiplying factor applied to this recharge
distribution, for simulating recharge for years 1985 — 2013.

4.2 Calibration of Aquifer Parameters

The hydraulic conductivity values for sand and clay for all geologic layers were adjusted during
calibration, to provide a best fit between observed and simulated groundwater levels. Manual
adjustments and automatic calibration using PEST were performed to calibrate the model. Water
level results were evaluated layer-by-layer, as well as across layers and PEST was run with
different sets of water-level targets to provide focused calibration in different regions and among
different layers of the model. The PEST simulations included only steady-state 1984 conditions
with limited transient forward model simulations during focused calibration evaluations. The
storage terms were noted to be insensitive overall, and mainly affected the nature and magnitude
of fluctuations in simulated water levels.

Table 4.2.1 shows the hydraulic conductivity values for sand and clay within the various
geologic units in the calibrated model. These estimates along with sand fraction distributions
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provide the horizontal and vertical hydraulic conductivity distributions for the various geologic
units as shown in Figures 4.2.1 through 4.2.20. For model layers 10 and 11, the sand fraction was
assumed to be uniform (equal to 0.5) providing horizontal hydraulic conductivity values of

26 ft/day and 0.105 ft/day respectively, and vertical hydraulic conductivity values of 3.85 ft/day
and 0.019 ft/day respectively.

The calibrated hydraulic conductivity values for the Beaumont and Lissie Formations averaged
300-400 ft/day and that of the Willis Formation averaged 10-50 feet/day. The combined effective
hydraulic conductivity of these three Formations that comprise the Chicot Aquifer was noted to
be relatively high in comparison to field test data. Also, unlike the field test data, the simulated
effective hydraulic conductivity of the Chicot Aquifer appears to be high in the north. This is the
result of using sand fraction distributions to parameterize the geologic units. Additional work
may be needed to further correlate appropriate hydraulic conductivity zones with sand fraction
distributions as noted in the Section 7.1 that outlines further suggested research to improve
understanding of flow and salt migration in the LRGV.

Once the water levels were reasonably calibrated, the canal and LRG leakance terms were scaled
to provide appropriate surface and groundwater interaction fluxes as conceptualized. Table 4.2.2
shows the scaling factors that were applied to each of the canals from the initial leakance values

as noted in the conceptual model report. The scaling factors were fairly close to unity indicating

that not much tuning was required from the conceptualized model.

4.3 Calibration Results

The various qualitative and quantitative metrics that were used for evaluating model calibration
are discussed here.

4.3.1 Simulated versus Observed Heads

Table 4.3.1 shows the summary for head calibration statistics for the steady-state 1984 condition.
The residual mean of 0.3 feet is close to zero indicating that there was no overall bias in the
calibration. The absolute residual mean was 8.9 feet and the RMS error was 11.8 feet. Table
4.3.2 shows the summary for head calibration statistics for the entire simulation including
transient 1985-2013 conditions. The residual mean of -1.38 feet is close to zero indicating that
errors in observed and simulated water levels largely cancelled out. The absolute residual mean
was 13.4 feet and the RMS error was 20.4 feet. The steady-state and transient error statistics are
less than 4% of the range of observations which is generally considered a good calibration. All
residuals are computed as observed minus simulated metrics thus positive residuals indicate that
simulated water levels are lower than observed, while negative residuals indicate that simulated
water levels are higher than observed.

Figure 4.3.1 shows the observed versus simulated water levels for the steady-state 1984
condition, and Figure 4.3.2 shows the observed versus simulated water levels for the entire
1984-2013 simulation period. The results are noted to tightly surround the best-fit line with no
noticeable bias throughout the range of observations. The regression coefficient (R2) for both
plots was about 0.97 indicating a good match between observed and simulated water levels.
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4.3.2 Spatial Distribution of Residuals

The spatial distribution of head residuals for the steady-state 1984 condition and for the
1985-2015 transient time period are shown in Figures 4.3.3 and 4.3.4 respectively. Residuals for
the steady-state 1984 condition were generally small and evenly distributed throughout the
domain as noted on Figures 4.3.3. The largest errors (positive and negative) were noted to be in
the northwestern portions of the model domain, in Jim Hogg County.

Residuals of the transient simulation time period of Figures 4.3.4 indicate larger residuals
occurring in Starr County near the Sam Fordyce Fault. Simulated water levels were generally
higher on the upstream side of the Fault, and lower on the downstream side of the Fault (note
that the fault was not simulated as a hydraulic flow barrier in the calibrated model). It is possible
that the Fault acts as a partial barrier at various locations along its length. Also, some of these
water levels measurements may be intersecting the complex system of faults that may govern the
measured water levels. Simulations that included partial barriers along the Fault indicated that
barriers could create such water level conditions; however, it was difficult to pinpoint barrier
locations and flow resistance properties that would mimic the observed water level breaks. Short
barrier lengths with very low hydraulic conductivity of a barrier in model layers 8-12 created as
much as 100 feet of head drop across the barrier. Longer barrier lengths further changed the
conceptual model for flow in the system causing flow to be southwards towards the LRG instead
of eastward toward the Gulf of Mexico.

4.3.3 Water Level Hydrographs

Figures 4.3.5-A through 4.3.5-D show the observed and simulated hydrographs for wells with
more than 10 annual observations. Observed and modeled fluctuations are noted to be similar
though some wells indicated larger than observed fluctuations, while others had less simulated
fluctuations than observed. Wells in the southwest (Figure 4.3.5A) and southeast (Figure 4.3.5B)
seemed to have a better fit to observed conditions than wells in the northwest (Figure 4.3.5C) and
northeast (Figure 4.3.5D). An analysis of water levels at pumping wells did not indicate any
specific trends in water levels compared to pumping indicating a possible complicated system
response rather than at an individual well. Also, it was noted that the water levels used in the
calibration effort represent winter conditions and may not reflect conditions of annually averaged
pumping rates and recharge/ET stresses — thus, the comparison may not be ideal. Appendix B
provides water level hydrographs for all observation wells. It is noted from these hydrographs
that the starting heads produced by the 19894 steady-state simulation were reasonable and there
were no sudden dips or jJumps from starting conditions in the transient simulation.

4.3.4 Simulated Water Levels

Figures 4.3.6 through 4.3.17 show the simulated water levels in the 12 modeled layers
respectively, at the end of the simulation in 2013. Water levels are generally similar in model
layers 1-6 and then in model layers 8-12 where the units exist. The Burkeville Confining Unit
(model layer 7) was noted to have the most impact on the vertical offset of water levels.

Water is noted to generally flow from west to east in the units comprising the Chicot and
Evangeline Aquifers (model layers 1-6). Water levels in the Willis Unit at the bottom of the
Chicot Aquifer (model layer 3 shown on Figures 4.3.8) compare well with the conceptualized
water levels depicted for the Chicot Aquifer in Figure 4.3.18 (Figure 4.2.5 of the conceptual
model report). Also, water levels in the Upper Lagarto Unit at the bottom of the Evangeline
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Aquifer (model layer 6 shown on Figures 4.3.11) compare well with the respective
conceptualized water levels depicted in Figure 4.3.19 (Figure 4.2.6 of the conceptual model
report).

In the Burkeville Confining Unit (model layer 7), it was noted that simulated water levels were
about 100 feet higher where the overlying units were absent and the unit was unconfined and
being direct recharged. This was also noted in the available observed data. The extent of
confinement of layer 7, as conceptualized for the model, was therefore sensitive to the water
levels in this area. Localized depressions in water levels were also noted around pumping wells
in this geologic unit and water levels were highly variable in this layer because of its tight
hydraulic conductivity.

In the Jasper and Yegua-Jackson Aquifers (model layers 8-12) below the Burkeville Confining
Unit, the simulated water levels were higher than in the shallower units causing an upward
direction of flow. In the outcrop areas of model layers 8-12, water flows to the east as well as in
the southward direction towards the LRG. Water levels in the Upper Catahoula Unit at the
bottom of the Jasper Aquifer (model layer 10) are shown on Figures 4.3.15 and compare well
with the conceptualized water levels depicted for the Jasper Aquifer reproduced in Figure 4.3.20
(Figure 4.2.7 of the conceptual model report).

The steep topographic gradients in Starr and western Hidalgo Counties towards the LRG cause
simulated water levels to be higher than the land surface elevation in some of the model cells, as
the computed hydraulic conductivity (which depended on the sand fraction) could not create the
steep water-level gradients that were required here. A separate zone was not implemented in the
model near the LRG to provide the additional degree of freedom required to capture these sharp
gradients because the number of “flooded” cells was very small. Furthermore, there may be
seepage occurring at these steep locations which were not conceptualized in the model. Also, the
grid-size may require further refinement in this region for a more accurate depiction of these
steep gradient conditions. Finally, the flooded condition occurs in the Jasper and Yegua-Jackson
aquifer along the steep topography — a location that is not of significance to this study as the
current and planned desalination plants lie closer to the River and not in this area of flooded cells
(see Figures 2.6.6 and 2.8.3). Therefore, further refinement of the model (conceptually and
numerically) was not done to alleviate this condition.

Figure 4.3.18 shows the simulated and estimated water levels for 1984, 1995, and 2013 in the
Chicot Aquifer (water levels in the Lissie Unit in the middle of the Chicot Aquifer are used for
the comparison). Simulated water levels compare well with the conceptualized water levels (also
shown in Figure 4.2.5 of the conceptual model report). Figure 4.3.19 shows the simulated and
estimated water levels for 1984, 1995, and 2013 in the Evangeline Aquifer (water levels in the
Lower Goliad Unit in the middle of the Evangeline Aquifer are used for the comparison).
Simulated water levels compare well with the respective conceptualized water levels (also shown
in Figure 4.2.6 of the conceptual model report), specially near the River where data was most
available. Figure 4.3.20 shows the simulated and estimated water levels for 1984, 1995, and
2013 in the Jasper Aquifer (water levels in the Oakville Unit in the middle of the Jasper Aquifer
are used for the comparison). The simulated 100 foot contour is more landward than the
simulated but otherwise they are a pretty good match.
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4.35 Simulated Surface-water/Groundwater Interaction Fluxes

Figures 4.3.21-A through 4.3.21-E show the simulated and estimated groundwater interaction
fluxes for the various canals and for two reaches of the LRG; between the western model
boundary and Anzalduas Dam, and between Anzalduas Dam and the gage near Brownsville. The
canal fluxes are noted to be in good agreement with conceptual model estimates with a
maximum error of about 10%. Additional refinement was not done on these fluxes as the model
is being compared to conceptual estimates and not real data. LRG fluxes between Anzalduas
Dam and Brownsville are lower on average by about a factor of 6 than conceptual estimates. The
LRG between the western model boundary and Anzalduas Dam is a complex reach with gaining
and losing portions as the River flows from the valley towards the coast. This reach also was not
calibrated well and additional data would be required to better understand and estimate the
interaction with groundwater.

4.3.6 Simulated Water Budgets

The water budget for steady-state 1984 simulation is show in Table 4.3.3. The largest flow in the
model occurs within the LRG accounting for 89.3% of all inflow. LRG flow to the Bay accounts
for 41.8% of all outflows and diversions from the River comprise almost 41% of the outflow.
The largest inflow to the groundwater domain was via return flow followed by areal recharge
and canal leakage to groundwater. The largest outflow of groundwater is to the coast followed by
evapotranspiration and then groundwater pumping.

The water budget for the transient simulation from 1984 through 2013 is shown in Figure 4.3.22.
The largest fluxes were inflow to the LRG at the western model boundary and outflow of the
LRG into the Bay. Figure 4.3.23 shows the groundwater budget components of the model. Of the
largest inflow components, return flow and areal recharge, it was noted that they generally
trended opposite of each other — i.e., when recharge increased, the return flow decreased. The
next largest inputs, canal leakage and GHB inflow, were generally stable with little fluctuations.
Groundwater flow to the coast, the largest outflow term, also had the largest fluctuations.
Fluctuations in evaporation were small. Groundwater pumping was generally stable throughout
the calibration period though fluctuations from one year to the next could be as high as

34,000 af/yr.

The “AUTOFLOWREDUCE” option used with pumping wells reduces the pumping rate when
water levels drop to the bottom of the well. Only 8 of the 3,342 pumping wells had flow
reduction occur by the end of the simulation. Figure 4.3.24 shows these eight wells. The flow
reduction at these wells occurred possibly due to incomplete information on pumping or
incorrect localized hydraulic conductivity values.

5.0 Sensitivity Analyses

A sensitivity analysis was conducted on the calibrated model to determine the impact of
conceptual or parameter changes to the calibration results. Predictive sensitivity simulations will
also be conducted for specific predictions of interest to evaluate uncertainty of the model to the
predictions of interest. The current section discusses the sensitivity analyses to calibration.

In general, four sets of sensitivity analyses were performed. A transient sensitivity analysis was
first performed on the storage properties of the aquifer to note their overall impact. A steady-
state sensitivity analysis was then performed on the hydraulic conductivity parameters of the
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aquifers to evaluate those that have a high impact on calibration. Parameters were categorized
into high, medium and low sensitivity groups. Parameters that have low sensitivity to calibration
but have high impact on model predictions may require further evaluations as the predictive
uncertainty of those parameters is high. Steady-state sensitivity analyses were also performed on
the model stresses (evapotranspiration, pumping, diversions and return flow). Finally, a
conceptual model sensitivity analysis was conducted to note the impact of faults within the
domain.

5.1 Sensitivity to Aquifer Storage Properties

The first sensitivity analysis was conducted to note the impact of aquifer storage properties on
water level fluctuations in the domain. To evaluate the extreme fluctuation that can be simulated
by the model, the specific yield and specific storage values of all modeled aquifer units were set
to a negligible value of 1.0 x 10-9. A sensitivity simulation was also conducted using higher
specific yield values to evaluate the resulting dampening of simulated fluctuations. The higher
storage simulation used a specific yield equal to the porosity that was used for the transport
simulations, and generally ranged from 0.05 to 0.25 and averaged about 0.1 in large parts of the
domain for all of the simulated geologic units. Note that section 6.3 details the effective porosity
evaluations used for transport computations of the model. Figures 5.1.1-A through Figure
5.1.1-D show the hydrographs at select wells for this sensitivity study. Appendix C shows the
results for all monitoring wells in the domain. Water level fluctuations are generally higher and
sharper for the sensitivity simulation with negligible storage, as compared to the calibrated
simulation, while fluctuations are generally more dampened for the simulation with a high
storage term. However, the general trends in the hydrographs for all simulations are similar and
the storage parameters are not significant to the calibrated simulation. Also, considering the
annual time-scale of evaluation for model stress periods, water level fluctuations are generally
more dampened due to dampening of peak stresses into average values and therefore a storage
term takes on a surrogate role in evaluating fluctuations of a model with annually averaged stress
periods.

5.2 Sensitivity to Aquifer Hydraulic Conductivity Parameters

Sensitivity of the model to hydraulic conductivity values of the various geologic units was
evaluated through simulations of 1984 steady-state conditions. The transient time periods were
not considered as they do not add to the evaluation. This is because it was noted that transient
conditions generally follow seasonal behavior and water levels had not indicated long term
changes or trends. As noted in Figures 3.1.2, the water levels are generally stable though they
may show decline or increase in some of the wells.

The parameter sensitivity study was conducted by running PEST for one iteration with the
calibrated model. The linear parameter sensitivity of sand and clay hydraulic conductivity values
for each of the units was evaluated. Table 5.2.1 shows the sensitivity of the various parameters.
All parameters were generally sensitive with no extreme values noted. Of the sand hydraulic
conductivities (which generally controls the horizontal hydraulic conductivity value), layer 6
(Upper Lagarto unit in the Evangeline Aquifer) had the highest sensitivity followed by layer 10
(Upper Catahoula unit in the Jasper Aquifer). Of the clay hydraulic conductivities (which
generally controls the vertical hydraulic conductivity value), layer 7 (the Burkeville Confining
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Unit) had the most sensitivity with layer 3 (Willis unit of the Chicot Aquifer) having the least
sensitivity.

Sensitivity of the model to hydraulic conductivity of the geologic materials was also evaluated
by changing the individual value of hydraulic conductivity for sand or clay for each of the
geologic units. Thus, 12 sand and 12 clay hydraulic conductivity values were evaluated. For each
sensitivity analysis, the property value was increased by a factor and decreased by a factor as
deemed appropriate, and the mean head residual and the RMS head error were evaluated to
establish model behavior. The mean head residual indicates sensitivity of the residuals to the
parameter value showing whether the heads have overall increased or decreased as a result of the
parameter change. The RMS head error sensitivity indicates how the spread in observed versus
modeled water levels has changed.

Figures 5.2.1 through 5.2.4 show the sensitivity of the model results to the hydraulic conductivity
values for sand and clay for the various geological units. The mean head error depicted in
Figures 5.2.1 and 5.2.3 shows the change from calibrated conditions while the RMS errors of
Figures 5.2.2 and 5.2.4 indicate the variability between simulated and observed conditions. The
hydraulic conductivity value for sand for layers 10 and 12, clay for layers 4 and 7, had the
highest sensitivity to the mean head error of the results. The lowest sensitivity to mean head error
of results was for the hydraulic conductivity value of sand for zones 4, 5, 8 and 9, and of clay for
zones 3, 5, 8, and 10. The hydraulic conductivity value for sand for layers 6 and 10, clay for
layer 6 had the highest sensitivity to the RMS head error of the results.

Table 5.2.2 categorizes the sensitivity simulations into low, medium and high sensitivity values.
The possible “sensitivity types” as defined by ASTM (1994, 2002) are also listed to help with
uncertainty evaluations for the predictive analyses. The sensitivity types evaluate the change in
calibration versus the change in predictions and are as follows:

Type | sensitivity is defined for parameters that cause insignificant changes to the calibration
residuals as well as to model conclusions/predictions of interest. Type | sensitivity is of no
concern because regardless of the value of the input, the prediction is also insensitive.

Type Il sensitivity is defined for parameters that cause significant changes to the calibration
residuals but are not sensitive to model conclusions/predictions of interest. Type Il sensitivity is
of no concern because the prediction is not sensitive to the calibration.

Type 111 sensitivity is defined for parameters that cause significant changes to the calibration
residuals as well as to the model conclusions/predictions. Type I11 sensitivity is of no concern
because even though the model’s predictions change as a result of variation of the input, the
calibration residuals are also sensitive and the model becomes uncalibrated as a result. Thus,
model calibration ensures that the predictions considered are appropriate for the modeled system.

Type IV sensitivity is defined for parameters that cause insignificant changes to model
calibration residuals but significant changes to the model predictions. Type IV sensitivity is of
concern because over the range of that parameter in which the model can be considered
calibrated, the conclusions/predictions of the model change. Additional data collection for such
parameters can help narrow the band of uncertainty in the prediction.

Parameters with low mean and RMS error sensitivities were categorized as possible Sensitivity
Type I or IV. These included the sand hydraulic conductivities of layers 4, 5, 8, and 9, and the
clay hydraulic conductivities of layers 3, 5, 8, and 10. If predictive sensitivity simulations for
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these parameters indicate large prediction changes, they will be classified as Type IV indicating
that predictions would be more accurate for better estimates of that parameter even though it may
not affect the calibration.

5.3 Sensitivity to Modeled Stresses

The sensitivity of modeled water levels to recharge, evapotranspiration, groundwater pumping
and irrigation return flow was evaluated next to note the impact of variations in their values.
These sensitivity analyses were also conducted only for 1984 steady-state conditions.

For each sensitivity analysis, the stress values were multiplied by factors of 0.3, 0.7, 1.3 and 1.7
to note the impact on calibration errors. The factors of 0.3 and 1.7 represent a 70% reduction and
increase in the respective flux values, while the factors of 0.7 and 1.3 represent a 30% reduction
and increase in the respective flux values.

The mean head residual and the RMS head error were evaluated to establish model behavior. The
mean head residual indicates sensitivity of the residuals to the parameter value showing whether
the heads have overall increased or decreased as a result of the parameter change. The RMS head
error sensitivity indicates how the spread in observed versus modeled water levels has changed.

Figure 5.3.1 shows the sensitivity to the mean head residual to recharge, maximum ET rate,
groundwater pumping and return flow fraction. Recharge and return flow have the largest impact
on the mean head value computed at the target groundwater cells, while the maximum ET rate
had the smallest impact.

Figure 5.3.2 shows the sensitivity of recharge, maximum ET rate, groundwater pumping and
return flow fraction to the RMS head error. The largest sensitivity again was to recharge
followed by return flow. Maximum ET rate did not impact the RMS head error by any
appreciable amount.

A sensitivity analysis to model stresses and aquifer hydraulic parameters was also conducted by
running PEST for one iteration with the calibrated model. For this analysis, the sand hydraulic
conductivity values for all layers were tied with that of model layer 1, and the clay hydraulic
conductivity values for all layers were tied with that of model layer 1. Thus, the sensitivity was
evaluated for sand and clay hydraulic conductivities of all modeled layers combined. This
analysis also evaluated sensitivity to the recharge multiplier, and the maximum ET rate
multiplier. Thus, the linear sensitivity of sand and clay hydraulic conductivity values and of
scaling the recharge and maximum ET rates was evaluated. Table 5.3.1 shows the sensitivity
results for this simulation. All parameters and stresses were sensitive to the results with highest
sensitivity to the maximum ET rate multiplier, and lowest to the recharge multiplier. Table 5.3.2
shows the correlation coefficient matrix for these parameters. The largest correlation was
between the clay hydraulic conductivity (which generally governs the vertical K-values of the
unit), and recharge. The maximum ET rate and recharge were inversely correlated with the
second highest correlation coefficient. Sand hydraulic conductivities were directly correlated to
the recharge multiplier with the third highest correlation coefficient. Sand and clay conductivity
values were correlated the least.
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5.4 Conceptual Sensitivity to Presence of Faults

During model calibration, it was noticed that there were some steep gradients in observed water
levels that could not be simulated with reasonable aquifer parameter values. Also, as noted on
the residual plot of Figure 4.3.4, there were large positive residuals upstream of large negative
residuals in the outcrop locations for the Jasper Aquifer units (model layers 8, 9 and 10) in Starr
County. These large residuals in the calibrated model generally coincided with the estimated
location of the Sam Fordyce Fault suggesting that the fault may impede flow of water along
some sections within the domain. A conceptual sensitivity analysis was conducted in this regard,
to evaluate the impact of barriers to flow in this region.

For this simulation, the Hydraulic Flow Barrier (HFB) package of MODFLOW-USG was used
to create barriers to flow as noted on Figure 5.4.1. The HFBs extended from model layers 8
through 12 creating a barrier to flow in all the units below the Burkeville Confining Unit. The
HFB in southern Jim Hogg County was placed to evaluate if the large residuals upstream of the
barrier could be reduced without significantly impacting other flow behavior. The HFB in Starr
County was placed to evaluate if the large residuals upstream and downstream of it could be
reduced as a result. The barrier thickness was taken as 1 foot with a barrier hydraulic
conductivity value of 1.0x10-9 feet/day.

Figure 5.4.2 shows the impact of the barriers in model layer 12. The impact in model layers 8-11
is similar (where these units exist). The barrier in Jim Hogg County reduced the residuals in
wells upstream of it from over 30 feet to less than 10 feet. The barrier in Starr County also
reduced residuals on both sides of it from over 75 feet to less than 35 feet. However, one well
(id. 43978) just downstream of the HFB that had good calibrated heads now had a residual of 55
feet. These wells near to faults may have complex interactions from both sides of the fault and
therefore such behavior may be difficult to conceptualize and capture in the numerical model.

Figure 5.4.3 shows the impact of the barrier in model layer 6 which is similar to the impact in the
shallower layers where they exist. The impact can be as high as 50 feet right next to the outcrop
of layer 7 along the Starr and Hidalgo County Line. The impact however drops off rapidly to the
east and is less than a foot in most of the domain. Thus, location of the barrier within the deeper
units (below layer 7) can have a large impact on the shallower aquifers (layers 6 and above) as
well, but the impact diminishes rapidly with distance.

6.0 Transport Simulations

The calibrated model was used further to evaluate transport of salts within the model domain.
Transport model was developed primarily to evaluate potential migration of chlorides due to
groundwater pumping of future desalination operations; however, test simulations were also
conducted over the calibration time period to note behavior of the model. Typically, density
dependent transport of salts is a slow process and the model was qualitatively evaluated
accordingly.

6.1 Transport Simulation Setup

The calibrated flow model was used to evaluate transport of TDS within the domain for the
calibration period from 1984 through 2013. The TDS concentrations of current conditions for all
model layers were developed in the Conceptual Model Report using the BRACS database and
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observed information. These TDS concentrations are reproduced here in Figure 6.1.1 for the
geologic units comprising the Chicot Aquifer; Figure 6.1.2 for the geologic units comprising the
Evangeline Aquifer; Figure 6.1.3 for the Burkeville Confining Unit; Figure 6.1.4 for the geologic
units comprising the Jasper Aquifer; Figure 6.1.5 for the Catahoula Confining System; and
Figure 6.1.6 for the Yegua-Jackson Aquifer model unit. These TDS concentrations were
implemented as initial conditions for the simulations discussed here. The base case transport
simulation was performed using density dependent flow conditions where fluid density and
resulting flow field are affected by the solute concentrations. Since the initial concentrations
were categorized into zones, in accordance with the BRACS database it is expected that the
sharp zonal boundaries will dissipate through time.

There are impacts of historical pumping within the domain causing migration of the solutes in
the base case transport simulation. The initial and boundary conditions also affect solute
transport in the model. To isolate the impact of pumping versus other boundary and initial
conditions, a second transport simulation was conducted without any groundwater pumping in
the domain.

The impact of density on the simulation results was also evaluated by conducting a third
transport simulation using historic boundary and pumping conditions but without including
density impacts and comparing the results with the base case simulation. This comparison is
significant because the density dependent flow and transport simulations took more
computational time than simulating transport without density terms; and understanding the
approximations can help guide future simulations considering modeling objectives.

Once the transport datasets were developed, simulations were performed to debug the datasets,
establish time-stepping considerations, evaluate impact of different transport options, and tune
solver parameters for optimal performance of density driven flow and transport simulations.

6.2 Transport Parameters and Packages

The beta version of MODFLOW-USG (MFUSG-Beta available with Groundwater Vistas)
includes routines for simulating transport of solutes and density driven flow effects. The
Groundwater Vistas GUI accommodates all these features of MFUSG-Beta. These features and
capabilities have been tested using analytical example problems and against more complicated
numerical solutions.

Transport simulations were conducted by using a CVFD approach and the upstream weighting
and Total Variation Diminishing (TVD) schemes. The TVD scheme is a method of solution for
the transport equation that minimizes numerical dispersion which would occur with upstream
weighting schemes. Early tests indicated that the upstream formulation gave comparable
solutions to the TVD scheme and therefore upstream weighting was used for the final transport
models due to its lesser computational burden.

The solution sequence between flow and transport is as follows. A flow field was first generated
by the flow simulation of MODFLOW-USG. Solute transport was then simulated for that time
step followed by updating of the density term with the updated concentrations, before proceeding
to solution of flow for the next time step. Thus, the density effect was time-lagged. The transport
models indicated very slow change of TDS concentrations during the 30 year simulation period
therefore the time-lagged density term was appropriate. For the first stress period which is
steady-state, the flow simulation is followed by transport simulations for multiple time-steps of
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each 365 day stress period. The buoyancy term was not updated in the flow equation for the first
steady-state stress period.

The transport models required additional packages to be used in the simulation. These include
the Block Centered Transport (BCT) Package for simulation of solute transport and the Density
Dependent Flow (DDF) Package to include the density effects of saltwater in the groundwater
flow solution. The transport model also requires that boundary conditions be provided for
solutes.

6.3 BCT Package

MFUSG-Beta includes the BCT package to solve for transport of solute species via advection
and dispersion in the groundwater flow field. Thus, the BCT package must also be included in
the NAME file when transport is simulated. The NAME file further includes filenames for
output of resulting concentrations and mass fluxes of solutes.

Transport simulation parameters include an effective transport porosity; longitudinal and
transverse dispersivity; diffusion coefficient; decay coefficient; and adsorption coefficient.
Parameter values were selected as follows:

A longitudinal dispersivity of 100 feet and transverse dispersivity of 10 feet was selected for the
simulations. The impact of dispersivity was not significant as noted in preliminary simulations.

A diffusion coefficient value of zero was used for the transport simulations. Diffusion is
generally a small transport mechanism in advection dominated systems and is usually neglected.

Adsorption coefficient and decay coefficient values were zero for the transport simulations.
Chlorides which constitute most of the TDS may be considered to have no adsorption and zero
decay. Geochemical interactions of calcium and sodium with chlorides is therefore neglected.

The effective porosity was computed using sand fraction information with the conceptualization
that transport occurs within the sand portions and that the remaining (clay) portions of the
domain do not contribute to flow and transport. The effective porosity for each CVFD cell was
computed as:

9= 14 +(1-1)4,

Where ¢ is the effective porosity of a cell; 2 is the sand fraction of a cell; 2 is the

effective porosity value for sand for a geologic unit, and 4 is the effective porosity value
for clay for the geologic unit. A sand effective porosity value of 0.3 was selected for all
geologic units. A clay effective porosity value of 0 was used to exclude clay from the
transport pore spaces. These values have been entered into Groundwater Vistas which
uses the sand fractions to compute the effective porosity for each model cell. Figures
6.3.1 through 6.3.10 show the resulting porosity distribution for the Beaumont, Lissie,
Willis, Upper Goliad, Lower Goliad, Upper Lagarto, Middle Lagarto, Lower Lagarto,
Oakville, and Yegua units respectively. The effective porosity value for model layers 10
and 11 (the Upper Catahoula and the Catahoula Confining System) was 0.15. Abrupt
changes in the porosity values across county boundaries reflect the abrupt changes in
sand fraction data that was provided for the numerical model.
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When the MODFLOW comment-line includes the phrase “Sand Fractions stored as Leakance”,
Groundwater Vistas performs the computations for effective porosity of each cell using the
formula above to create the BCT datasets.

Initial conditions for all transport simulations in this report are the current conditions depicted in
Figures 6.1.1 through 6.1.6 as noted earlier. Generally, the higher TDS water underlies water
with lower TDS; however, it was noticed that fresher water sits under higher salinity water in the
Chicot Aquifer in eastern Brooks/western Kenedy Counties.

When transport of solutes is simulated, the main output listing file (LST) also includes
information and mass balance results for the transport simulation. Concentration output is
provided in a binary file with extension CON. Flux of solutes is output to a binary file with
extension CBT.

6.4 DDF Package

MFUSG-Beta also includes the DDF package to provide a coupling of solute transport (with
associated density changes) to the flow solution. This is required when solute concentrations are
high enough to where the salt concentrations significantly affect the density of water which in
turn impacts the driving forces for flow.

When the DDF package is included in the NAME-file, it indicates that the simulation should
include density effects. Input for the density driven flow simulation includes a freshwater density
(1000 kg/m3), a saltwater density (1025 kg/m3), and a reference saltwater concentration

(40,000 mg/L of TDS). The saltwater density and concentrations reflect seawater conditions.

The DDF package has been formulated using the hydraulic head formulation. Thus, there is no
need to convert any of the boundary conditions or initial water level conditions to other variables
as is required by the equivalent freshwater head formulation. Furthermore, all Newton Raphson
schemes related to unconfined water level conditions are naturally accommodated.

6.5 Transport Boundary Conditions

Each boundary condition that has inflow to the model for flow simulations also requires that a
concentration be provided for the inflowing water. This is done in the respective boundary
condition packages (WEL, CHD, GHB, RIV, RCH) by including an AUXILLIARY variable
named “CO1” indicating that there will be additional input for concentration of solute component
1. MODFLOW-USG then applies a mass flux boundary condition whereby the mass flux of
solutes is the concentration of inflow times the flow rate. For outflow conditions, the
concentration of outflow times the flow rate provides the mass flux rate at the boundary — thus,
the concentration provided at an outflow boundary is ignored assuming mass flux due to
advection out of the domain. The mass exchange for QRT and CLN packages is internal to the
simulation and therefore no additional input is provided for transport simulations for these
packages. Finally, ET is a process which removes water from the domain but leaves behind salts.

Concentration at the boundary for the various packages was applied as follows:

The coastal boundary is typically an outflow boundary and does not require that a concentration
be prescribed. However, since it is a CHD condition, there could be inflow occurring locally
depending on water level gradients and therefore, a seawater TDS concentration of 40,000 mg/L
was provided along the coastal CHD boundary.
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Inflow to the LRG was provided a TDS concentration of 1,000 mg/L. The conceptual model
report indicated that average concentrations at the LRG below Falcon Dam were around 500
mg/L, and at the LRG at Rio Grande City were around 1,500 mg/L. The western model boundary
is about half-way between these two gages and thus the average TDS concentration of these two
locations was selected for the model.

Concentrations of inflow at all RIV boundary conditions representing irrigation canals was set at
1,500 mg/L to represent concentrations in the LRG that were diverted into the canals. This value
is the average concentration of TDS in the LRG within the model domain as noted in the
conceptual model report.

Concentrations at lateral GHB boundaries to the west and to the north were taken from the initial
concentration distribution at that location (shown on Figures 6.1.1 through 6.1.6). Thus, inflow
occurs at the same concentration as is currently noted at the boundary.

Concentration in groundwater recharge water was taken as 300 mg/L. This generally reflects the
lower of TDS values that have been noted in the domain and represents salts present in
precipitation water as well as that which would be leached from above the water table.

The EVT package removes water without removing solutes.

6.6 Transport Simulation Results

The base-case transport simulation evaluates the density dependent flow and transport of TDS
within the domain over the model calibration period that included a 1-year steady-state flow-
field for 1984 conditions followed by 29 stress periods (1985-2013) of transient flow and
pumping conditions on an annual stress-period basis. The density coupling caused difficulties in
convergence, specifically in time-step 3 of stress period 7, time-steps 2-5 of stress period 21 and
time-step 1 of stress period 22 of the simulation. An evaluation of the mass balance and
convergence behavior during these times indicated that the results were still meaningful.

The concentration distribution after 30 years of simulation with historic pumping and boundary
stresses is shown on Figure 6.6.1 for the geologic units comprising the Chicot Aquifer; Figure
6.6.2 for the geologic units comprising the Evangeline Aquifer; Figure 6.6.3 for the Burkeville
Confining Unit; Figure 6.6.4 for the geologic units comprising the Jasper Aquifer; Figure 6.6.5
for the Catahoula Confining System; and Figure 6.6.6 for the Yegua-Jackson Aquifer model unit.
The concentration distributions generally look similar to those of the initial conditions depicted
on Figures 6.1.1 through 6.1.6 for the respective geologic units. The most significant changes are
noted in eastern Brooks/western Kenedy Counties in the Chicot Aquifer, where the lower
concentration water of the lower geological layers is noted to increase, while the higher
concentrations of TDS in the upper geological layers are noted to decrease.

The change in concentration from initial conditions over the 30 year simulation is shown on
Figure 6.6.7 for the geologic units comprising the Chicot Aquifer; Figure 6.6.8 for the geologic
units comprising the Evangeline Aquifer; Figure 6.6.9 for the Burkeville Confining Unit; Figure
6.6.10 for the geologic units comprising the Jasper Aquifer; Figure 6.6.11 for the Catahoula
Confining System; and Figure 6.6.12 for the Yegua-Jackson Aquifer model unit. The largest
changes are noted to occur in the Chicot Aquifer with diminishing changes in the deeper
aquifers. Changes of greater than 10,000 mg/L were noted in the Chicot Aquifer in coastal
regions. Along the LRG within the Chicot Aquifer, there were increases and decreases in
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concentration. Decreases of 100 to 1000 mg/L were noted in coastal regions along the LRG and
increases of 100 to 1000 mg/L were noted in more western portions along the LRG. Large
changes are also noted along eastern Brooks/western Kenedy Counties where higher
concentration water overlies lower TDS water in the Chicot Aquifer. Large changes were also
noted in the Upper Catahoula unit of the Jasper Aquifer (model layer 10) which has a higher
conductivity than the adjacent units.

A density dependent flow and transport situation can impact the hydraulic head and therefore,
the calibrated head of the groundwater flow model may be different from the actual head that
would include density effects. To note the impact on hydraulic head, Figures 6.6.13 through
6.6.24 which depict the hydraulic head from the density dependent case at the end of the
simulation in 2013, can be compared with the calibrated groundwater flow model results for the
respective layers (Figures 4.3.6 through 4.3.17). It is noted that the hydraulic heads are generally
similar to those of the groundwater flow model, though there is also a marked impact from the
concentration distributions in the model. The sharp concentration zones of Figures 6.1.1 through
6.1.6 produced sharp horizontal gradients or breaks in the hydraulic head most notable in the
deeper layers. For instance, sharp hydraulic head differences of up to 30 feet are noted across
zones of TDS concentrations in layers 8 through 12. Also, in the deeper layers, the hydraulic
head was significantly lower near the coast, than for the non-density dependent flow simulation.

Tables 6.6.1 and 6.6.2 show the calibration statistics for the simulation with density effects, for
1984 steady-state conditions, and for the entire simulation period from 1984 through 2013
respectively. Comparing these statistics to their counterparts in the flow model (Tables 4.3.1 and
4.3.2), it is noted that the calibration statistics are similar. For steady-state 1984 conditions, the
average simulated heads were about four feet higher for the density dependent simulation as
compared to the groundwater flow model. For the entire simulation period, the average simulated
heads were about five feet higher for the density dependent simulation as compared to the
groundwater flow model. The scaled statistics for both transient and steady-state conditions were
well below 5% indicting that the model is generally well calibrated even when evaluated against
density dependent flow conditions. It is noted here that due to lack of historical total dissolved
solid (TDS) data, calibration was not performed for the transport part of the model in
consultation with GAM and BRACS staff at the TWDB.

6.7 Additional Transport Evaluations

Two additional transport simulations were conducted with the model aside from the density
dependent simulation discussed above. The first of these was identical to the density dependent
simulation of Section 6.6 but without any pumping wells in the domain. The second of these was
also identical to the density dependent simulation of Section 6.6 but without including the
density impact in the simulation. These additional simulations are discussed here.

Another transport simulation was conducted following the base-case simulation but without any
of the pumping wells, to note the impact of initial and boundary conditions, on migration of TDS
over the simulation period, in isolation from the impact of pumping and the presence of wells.
The difference in 2013 concentrations between the base-case transport simulation, and the
current simulation without wells gives the impact of pumping for 30 years. This difference is
shown on Figure 6.7.1 for the geologic units comprising the Chicot Aquifer; Figure 6.7.2 for the
geologic units comprising the Evangeline Aquifer; Figure 6.7.3 for the Burkeville Confining
Unit; Figure 6.7.4 for the geologic units comprising the Jasper Aquifer; Figure 6.7.5 for the

30



Texas Water Development Board Contract Number #1548301854

Catahoula Confining System; and Figure 6.7.6 for the Yegua-Jackson Aquifer model unit. These
plots indicate smaller differences than the changes that occurred over 30 years noted in

Figures 6.6.1 through 6.6.6 for the case with pumping. Therefore, initial and boundary conditions
had a considerable impact and that of pumping was smaller. The largest differences between the
pumping and non-pumping simulations (the impact of pumping) are noted on Figure 6.7.1 for the
Chicot Aquifer. Pumping impacts on TDS were noted to be small near the LRG and most of the
changes noted in the base-case simulation were a result of the initial and boundary conditions
applied to the system.

The next transport simulation was conducted following the base-case simulation but without the
density effect on flow. The difference in concentrations between the base-case transport
simulation, and the current simulation without density effects is shown on Figure 6.7.7 for the
geologic units comprising the Chicot Aquifer; Figure 6.7.8 for the geologic units comprising the
Evangeline Aquifer; Figure 6.7.9 for the Burkeville Confining Unit; Figure 6.7.10 for the
geologic units comprising the Jasper Aquifer; Figure 6.7.11 for the Catahoula Confining System;
and Figure 6.7.12 for the Yegua-Jackson Aquifer model unit. There is a comparatively small
impact noted due to density effects with the largest impacts noted in the geologic units
comprising the Chicot Aquifer. Therefore, the non-density version of the model may be used
without incurring much error for faster evaluations of the impact of pumping, in deeper aquifers
where the differences are small. However, in parts of Cameron County where current
desalination plants are located, the differences can be as large as 5,000 mg/L in the Chicot
Aquifer and therefore analyses of chloride migration using a non-density version of the model
may have larger errors in that area.

Figure 6.7.13 shows the TDS Concentrations in groundwater at Existing Desalination Plant
Wells for the 1984-2013 Simulation Period (see Figure 2.6.6 for Desalination Plant locations) for
the Base Case, No Pumping, and No Density transport simulations. The wells show increasing as
well as decreasing trends depending on initial salt concentrations. Also, the impact of no
pumping or no density effects varied depending on local conditions. For instance, concentrations
in groundwater at Plant 2 were increasing, while those at Plant 4 which is just to the south
showed decreasing concentration trends; similar to Plant 1 slightly east-southeast from Plant 4.
All three simulations showed similar concentration behavior at these locations. Plants 6 and 7
which are nearer to the coast showed stable to slightly increasing concentrations. The no-density
case deviated significantly from the base-case and no-pumping cases for these locations
indicating that the density term had a considerable impact on the flow-field an associated
concentration changes. Plants 3 and 5 show similar results for the no-pumping and no-density
case which are different than the base case results. This behavior may be attributed to complex
migration behavior depending on initial salt concentrations and flow patterns. Just east of Plant
3, for instance, it is noted that there is an inversion in concentrations between layers 3 and 4
(layer 3 is absent as the Evangeline Aquifer outcrops just above Plant 3. The initial lowering of
concentrations can be attributed to the flow-field in layer 4 causing freshening activities for all
three simulations. The density dependent simulation however, causes additional migration of the
salts down from layer 3 which are attracted towards the Plant 3 pumping well in the base-case
scenario causing the related increase in concentrations. Thus, it is noted that migration of salts is
a complex process and wells may behave differently depending on the nature of the simulation
and the initial concentrations of TDS in the model.
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Table 6.7.1 shows the execution times for the various transport simulations and the calibrated
flow model simulation. The groundwater flow model takes almost 4 hours to complete the
30-year simulation. Running the simulation for transport of TDS without density effects adds
about 45 minutes. Including density coupling in the simulations increased the computational
burden significantly, taking almost 14 hours to complete the 30-year simulation. Thus,
simulations may be faster if concentration differences are small at study locations. Also, if only
flow impacts are significant to a simulation, predictive simulations may be performed using only
the groundwater flow version of the model. Furthermore, since the concentration changes in
most of the domain were small, the density effect would generally cancel out in these locations
for drawdown computations.

The simulation of density dependent flow and transport without any wells took 5 hours and 15
minutes to complete the 30-year simulation run. Thus, it seems that the difficulties encountered
in the density dependent simulations were largely in the CLN domain representing the pumping
wells. Alternate representations of wells or adjustments on the well conductance term may yet
help speed up the density dependent flow and transport simulations.

7.0 Modeling Assumptions and Limitations

Several simplifications, assumptions and approximations have been made in developing the
LRGYV flow and transport model. Representation of the domain by discrete finite-volumes;
approximation of groundwater flow by the continuity equation and Darcy’s Law; and of the
various boundary conditions and stresses by steady-state or annual average conditions, create an
idealized representation of the flow system enabling regional evaluations at long time-scales (of
years to decades). Errors are also associated with mesh design, aquifer or boundary geometry or
areal extent, and the configuration of hydrologic components (conceptualization errors). These
errors were minimized during model development and further evaluated and reduced during
model calibration.

Data that is incorporated into a model may be incomplete, may contain errors, or may be
incompatible with the modeled spatial and temporal scale. Measurement errors were estimated
and their impacts were considered by using a lower calibration weighting when these errors were
obvious. Pumping information, diversion amounts, return-flow estimates, and data on
groundwater interactions of the LRG and irrigation canals were not complete or were only rough
estimates. This also affects the model calibration and therefore sensitivity analyses to these
stresses were conducted to evaluate their significance.

A groundwater flow model requires that the entire domain be appropriately parameterized.
Although information exists on general aquifer characteristics, and more detailed sand fraction
distributions were available for the geologic units, detailed hydrologic characterization is not
possible except by extrapolating information from areas where data is available. This lack of
information can introduce uncertainty and errors in model results, especially in complex faulted
systems such as the LRG Basin. Sensitivity analyses helped to quantify the impact of these errors
for the various parameters and conceptual model elements.

The LRGV model has been developed to evaluate the long-term impacts of planned future
desalination plant operations on water levels, groundwater/surface-water interactions, and TDS
concentrations within the domain. Therefore, appropriate assumptions have been made to
develop a model that is consistent with these objectives. General modeling assumptions have
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been noted in the model development and calibration process. Some significant assumptions
include:

The spatial resolution of the model was set to provide a regional evaluation of groundwater flow
with refined discretization around surface-water features to capture the groundwater/surface-
water interaction in a detailed manner.

The temporal resolution of the model was set to annual stress periods for recharge, pumping and
boundary flows for long-term planning purposes.

It was assumed that the kriged sand fractions of the geologic units correlated with the horizontal
and vertical hydraulic conductivity values at any given location. Also, the horizontal hydraulic
conductivity was assumed to be the weighted arithmetic mean of sand and clay conductivities,
while the vertical hydraulic conductivity was assumed to be the weighted harmonic mean of the
sand and clay conductivities.

Annually average stresses were used for the simulations which were calibrated to water levels
averaged annually for winter conditions. It is therefore assumed that the calibration is
representative considering the averaging of data.

The effective transport porosity was assumed to be correlated to sand fractions. The conceptual
transport model considered the effective transport domain to be in the sand and that the clay did
not participate in the active flow and transport domain. Net transport of salts was noted to be
relatively small in the 30-year simulation period especially in the deeper layers.

The model limitations further include uncertainty in predictions. Predictive sensitivity analyses
should also be conducted with predictions of significance, to evaluate the impact of parameter
variations on the prediction. Categorizing the predictive sensitivities along with calibration
sensitivities as per ASTM (1994, 2000) provides further information on the significance of data
to the predictions.

7.1 Further Research

A groundwater flow and transport model of the LRGV was developed in this project using the
MODFLOW-USG software. The hydrogeologic units were subdivided into multiple numerical
layers coincident with the geologic units to provide finer vertical resolution within each
hydrogeologic unit for the TDS transport computations. Use of nested grids facilitated providing
finer resolution to the numerical discretization near surface-water features to accurately capture
the interactions. Pinch-outs and outcrops were handled in a geologically consistent manner. The
Groundwater Vistas GUI was used to develop the model. Multiple calibration metrics were used
to constrain the model. The groundwater flow model generally depicts conditions within the
domain during the 1984-2013 simulation period for annually averaged stress conditions.

A groundwater transport model was also developed for the LRGV domain. Transport with and
without density effects was evaluated. Also, the impact of initial and boundary conditions was
evaluated. The model will be used for evaluating the impact of additional desalination plant
pumping from the domain.

There were several challenges overcome by this study. A regional domain was simulated with
sufficient resolution of the solution near surface-water features by use of quadpatch grid
refinement. Wells were depicted appropriately as multi-aquifer conduits with analytical solutions
providing accurate drawdown computations at the well. Density dependent flow conditions were
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also evaluated; however, these simulations were slower and exhibited convergence difficulties.
Transport of salts was also evaluated for non-pumping conditions and where density impacts on
flow are neglected to better understand the driving forces and how initial concentration estimates
play into them. Further research suggested by this work includes:

A further evaluation of sand fraction distributions along with hydraulic conductivity data for the
Chicot Aquifer will help constrain hydraulic conductivity values for the Beaumont, Lissie and
Willis Formations that comprise the modeled Chicot Aquifer. Currently modeled hydraulic
conductivity distributions do not match field distributions or conceptual understanding of the
geologic setting. Chicot Aquifer hydraulic conductivity values are generally higher in the River
Valley than in the counties further north; however, that was not depicted by the model because
the sand fraction distributions that were used to parameterize the hydraulic conductivity of the
model did not follow that trend. The raw sand fraction data should be reviewed along with
estimated hydraulic conductivity variations to improve the sand fraction distribution
representation. The data may also show differences in material types between regions which can
be used to further categorize the hydraulic conductivity correlations — i.e., have different sand
types for the geologic units comprising the Chicot Aquifer in the different areal locations, with
each sand type having its own hydraulic conductivity correlation. Also, field measurements of
hydraulic conductivity are at a different scale than model grid sizes and there may be other
considerations in field estimates of hydraulic conductivity that may cause differences.

Adding a more refined grid in the west of the domain where the topography steeply dips towards
the LRG. A more refined grid with additional calibration zones or adjustments to sand fractions
within this region would help to depict water levels here more accurately. Currently there is no
specific objective affected by this area but this adjustment would help improve water level
gradients in the area and avoid flooded cells in the model altogether.

Improvement of convergence and efficiency on density dependent transport simulations. The
density dependent transport simulations took significantly longer to run than the flow model or
the flow and transport model without density impacts. Also, the density dependent simulation did
not converge during six of the time-steps in the simulation. An investigation of why this is the
case at the model’s matrix level should help understand the situation and improve simulation
performance. Difficulties that were encountered with density dependent flow in the CLN
package may also benefit from further investigations at the matrix level or use of alternate
representations of flow to CLN wells. The SAMG multi-grid parallel solver may further help to
speed up computations — SAMG is a proprietary solver that is hooked up to MFUSG-Beta
through the Groundwater Vistas Interface.

The density dependent simulations also depict hydraulic head distributions throughout the model
domain, which are different from groundwater flow hydraulic heads without the density impacts
of salts. The initial distributions of TDS implemented into the model were noted to significantly
impact the density-driven hydraulic heads. The BRACS database should be revisited in an
iterative manner along with the density dependent model, to better understand the distribution of
salts within and among the geologic units by evaluating the hydraulic head distributions and
smoothening out sharp concentration gradients in areas of sparse data.

The density dependent model indicated that there was inversion of salts during the 30 year
simulation period in the Chicot Aquifer in eastern Brooks and western Kenedy Counties. This
occurred mostly because initial TDS concentrations were higher in shallower layers than in
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deeper layers of the Chicot Aquifer. Unless these higher TDS concentrations were trapped in or
above lower conductivity units, the model indicates that they will move downward due to density
effects in 30 years. The BRACS database should be further evaluated for correlations with sand
fractions to note if there may be geologic controls to salinity distributions. There may be higher
concentrations of older water trapped in finer materials; alternatively, there may be brackish
conditions that are transported rapidly through the higher conductivity sands; or it may be
neither. Understanding these controls will help with establishing improved TDS concentration
distributions within and among the various geologic units.
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Table 2.1.1 Summary of model input packages.

Package type Abbreviation Description
Namefile NAM Controls all other model files and names
Basic BAS Sets up basic model and stress periods
Discretization DIS Discretizes groundwater domain
Layer Property Flow LPF Provides aquifer properties
Connected Linear Network CLN Discretize 1-D domain
WEL Implement sources/sinks
Prescribed Head CHD Implement constant head boundary
General Head Boundary GHB Implement head-dependent flux boundary
RIV Implement river boundary
Sink with return flow QRT Implement sink with return flow
Recharge RCH Implement recharge
Evaportanspiration EVT Implement evaportanspiration
Output Control oC Control simulation output
Solver SMS Implement solver parameters
Hydraulic Flow Barrier HFB? Implement barriers to flow within domain
Block Centered Transport BCT? Solves for transport of solute
Density Dependent Flow DDF? Couples density term to transport
Notes:

1. Package was used in sensitivity simulations to occurrence of faults
2. Packages used for density dependent flow and transport simulations



Table 2.1.2 Summary of model output packages.

Output Type Abbreviation Description

Listfile LST Lists model input, simulation summary, and mass balance
GWF Head output HDS Contains head output for all GWF cells at all stress periods
CLN Head output _cIn.HDS Contains head output for all CLN cells at all stress periods
Cell-by-cell flows CBB Contains CBB output for all cells at all stress periods
GWEF Concentration output CON Contains TDS output for all GWF cells at all stress periods

Cell-by-cell TDS transport CCB Contains CCB output for all cells at all stress periods



Table 2.4.1 Stress period setup.

Stress period Length (days) Representative year Type

1 365 1984 Steady state
2 365 1985 Transient
3 365 1986 Transient
4 365 1987 Transient
5 365 1988 Transient
6 365 1989 Transient
7 365 1990 Transient
8 365 1991 Transient
9 365 1992 Transient
10 365 1993 Transient
11 365 1994 Transient
12 365 1995 Transient
13 365 1996 Transient
14 365 1997 Transient
15 365 1998 Transient
16 365 1999 Transient
17 365 2000 Transient
18 365 2001 Transient
19 365 2002 Transient
20 365 2003 Transient
21 365 2004 Transient
22 365 2005 Transient
23 365 2006 Transient
24 365 2007 Transient
25 365 2008 Transient
26 365 2009 Transient
27 365 2010 Transient
28 365 2011 Transient
29 365 2012 Transient
30 365 2013 Transient



Table 2.10.1 General head boundary conditions.

GHB GHB
GHB Head : :
Cell Number (Feet) Conductance  Concentration Hydraulic Feature
(feet’/day) (mg/L)
681170 397.612312 10000 6500 Lateral boundary
681405 393.31727 10000 6500 Lateral boundary
681640 389.022228 10000 6500 Lateral boundary
681875 384.727186 10000 6500 Lateral boundary
682110 380.432144 10000 6500 Lateral boundary
682345 376.137102 10000 6500 Lateral boundary
682580 371.84206 10000 6500 Lateral boundary
682815 367.547018 10000 6500 Lateral boundary
683050 363.251976 10000 6500 Lateral boundary
683286 358.956934 10000 6500 Lateral boundary
683522 354.661892 10000 6500 Lateral boundary
683758 350.36685 10000 6500 Lateral boundary
683995 346.071808 10000 6500 Lateral boundary
684232 341.776766 10000 6500 Lateral boundary
684470 337.481723 10000 6500 Lateral boundary
684708 333.186681 10000 6500 Lateral boundary
684946 328.891639 10000 6500 Lateral boundary
685185 324.596597 10000 6500 Lateral boundary
685424 320.301555 10000 6500 Lateral boundary
685664 316.006513 10000 6500 Lateral boundary
685904 311.711471 10000 6500 Lateral boundary
686144 307.416429 10000 6500 Lateral boundary
686385 303.121387 10000 6500 Lateral boundary
686626 298.826345 10000 6500 Lateral boundary
686868 294.531303 10000 6500 Lateral boundary
687110 290.236261 10000 6500 Lateral boundary
687352 285.941219 10000 6500 Lateral boundary
687595 281.646176 10000 6500 Lateral boundary
687838 277.351134 10000 6500 Lateral boundary
688082 273.056092 10000 6500 Lateral boundary
688326 268.76105 10000 6500 Lateral boundary
688570 264.466008 10000 6500 Lateral boundary
688814 260.170966 10000 6500 Lateral boundary
689059 255.875924 10000 6500 Lateral boundary
689304 251.580882 10000 6500 Lateral boundary
689549 247.28584 10000 6500 Lateral boundary
689794 242.990798 10000 6500 Lateral boundary
690040 238.695756 10000 6500 Lateral boundary
690286 234.400714 10000 6500 Lateral boundary
690532 230.105672 10000 6500 Lateral boundary



GHB GHB
GHB Head . :
Cell Number (Feet) Conductance  Concentration Hydraulic Feature
(feet’/day) (mg/L)
690779 225.81063 10000 6500 Lateral boundary
691026 221.515587 10000 6500 Lateral boundary
691282 217.220545 10000 6500 Lateral boundary
691550 212.925503 10000 6500 Lateral boundary
691819 208.630461 10000 6500 Lateral boundary
692097 204.335419 10000 6500 Lateral boundary
692390 200.040377 10000 6500 Lateral boundary
692704 195.745335 10000 6500 Lateral boundary
693076 191.450293 10000 6500 Lateral boundary
693544 187.155251 10000 6500 Lateral boundary
693898 182.860209 10000 6500 Lateral boundary
694223 178.565167 10000 6500 Lateral boundary
694584 174.270125 10000 6500 Lateral boundary
694924 169.975083 10000 6500 Lateral boundary
695267 165.68004 10000 6500 Lateral boundary
695623 161.384998 10000 6500 Lateral boundary
695973 157.089956 10000 6500 Lateral boundary
696311 152.794914 10000 6500 Lateral boundary
696659 150.323872 10000 6500 Lateral boundary
697058 150 10000 6500 Lateral boundary
697062 150 10000 6500 Lateral boundary
697066 150 10000 6500 Lateral boundary
697070 150 10000 6500 Lateral boundary
697616 150 10000 6500 Lateral boundary
697618 150 10000 6500 Lateral boundary
698285 150 10000 6500 Lateral boundary
698287 150 10000 6500 Lateral boundary
698835 150 10000 6500 Lateral boundary
699502 150 10000 6500 Lateral boundary
700226 150 10000 6500 Lateral boundary
700980 150 10000 6500 Lateral boundary
701612 150 10000 6500 Lateral boundary
702181 150 10000 6500 Lateral boundary
702756 150 10000 6500 Lateral boundary
703392 150 10000 6500 Lateral boundary
703959 150 10000 6500 Lateral boundary
704538 150 10000 6500 Lateral boundary
705171 150 10000 6500 Lateral boundary
705871 150 10000 6500 Lateral boundary
706619 150 10000 6500 Lateral boundary
707310 150 10000 6500 Lateral boundary
708013 150 10000 6500 Lateral boundary



GHB GHB
GHB Head . :
Cell Number (Feet) Conductance  Concentration Hydraulic Feature
(feet’/day) (mg/L)
708765 150 10000 6500 Lateral boundary
670238 600 26410000 35000 Lateral boundary
670239 600 26400000 35000 Lateral boundary
670240 600 26400000 35000 Lateral boundary
670241 600 26400000 35000 Lateral boundary
670242 600 26400000 35000 Lateral boundary
670243 600 26400000 35000 Lateral boundary
670244 600 26400000 35000 Lateral boundary
670245 600 26400000 35000 Lateral boundary
670246 600 26400000 35000 Lateral boundary
670247 600 26400000 35000 Lateral boundary
670248 600 26400000 35000 Lateral boundary
670249 600 26400000 35000 Lateral boundary
670250 600 26400000 35000 Lateral boundary
670251 600 26400000 35000 Lateral boundary
670252 600 15590000 35000 Lateral boundary
670253 596.824078 22880000 35000 Lateral boundary
670254 594.991977 26400000 35000 Lateral boundary
670255 591.327777 26400000 35000 Lateral boundary
670256 587.663577 26400000 35000 Lateral boundary
670257 583.999376 26400000 35000 Lateral boundary
670258 580.335176 26400000 35000 Lateral boundary
670259 576.670975 26400000 35000 Lateral boundary
670260 573.006775 26400000 35000 Lateral boundary
670261 569.342575 26400000 35000 Lateral boundary
670262 565.678374 26400000 35000 Lateral boundary
670263 562.014174 26400000 35000 Lateral boundary
670264 558.349974 26400000 35000 Lateral boundary
670265 554.685773 26400000 35000 Lateral boundary
670266 551.021573 26400000 35000 Lateral boundary
670267 547.357372 26400000 35000 Lateral boundary
670268 543.693172 26410000 35000 Lateral boundary
670269 540.028972 26400000 35000 Lateral boundary
670270 536.364771 26400000 35000 Lateral boundary
670271 532.700571 26400000 35000 Lateral boundary
670272 529.03637 26400000 40000 Lateral boundary
670273 525.37217 26400000 40000 Lateral boundary
670274 521.770035 25500000 40000 Lateral boundary
670275 515.917273 23710000 40000 Lateral boundary
670276 513.64472 26400000 40000 Lateral boundary
670277 509.099614 26400000 40000 Lateral boundary
670278 504.554507 26400000 40000 Lateral boundary



GHB GHB
GHB Head . i
Cell Number (Feet) Conductance  Concentration Hydraulic Feature
(feet’/day) (mg/L)
670279 500.009401 26400000 40000 Lateral boundary
670280 495.464294 26400000 40000 Lateral boundary
670281 490.919188 26400000 40000 Lateral boundary
670282 486.374082 26400000 40000 Lateral boundary
670283 481.828975 26400000 40000 Lateral boundary
670284 477.283869 26400000 40000 Lateral boundary
670285 472.738762 26400000 40000 Lateral boundary
670286 468.193656 26400000 40000 Lateral boundary
670287 463.648549 26400000 40000 Lateral boundary
670288 459.103443 26400000 40000 Lateral boundary
670289 454.558337 26400000 40000 Lateral boundary
670290 450.01323 26400000 40000 Lateral boundary
670291 445.468124 26400000 40000 Lateral boundary
670292 440.923017 26400000 40000 Lateral boundary
670293 436.377911 26400000 40000 Lateral boundary
670294 431.832804 26400000 40000 Lateral boundary
670295 427.287698 26400000 40000 Lateral boundary
670296 423.507572 17520000 40000 Lateral boundary
670297 417.072472 20960000 40000 Lateral boundary
670298 413.970221 26400000 40000 Lateral boundary
670299 407.765719 26400000 40000 Lateral boundary
670300 401.561217 26400000 40000 Lateral boundary
670301 395.356715 26400000 40000 Lateral boundary
670302 389.152213 26400000 40000 Lateral boundary
670303 382.947711 26400000 40000 Lateral boundary
670304 376.743209 26400000 40000 Lateral boundary
670305 370.538707 26400000 40000 Lateral boundary
670306 364.334205 26400000 40000 Lateral boundary
670307 358.129703 26400000 40000 Lateral boundary
670308 351.925201 26400000 40000 Lateral boundary
670309 345.720699 26400000 40000 Lateral boundary
670310 339.516197 26400000 40000 Lateral boundary
670311 333.311694 26400000 40000 Lateral boundary
670312 327.107192 26400000 40000 Lateral boundary
670313 320.90269 26400000 40000 Lateral boundary
670314 314.698188 26400000 40000 Lateral boundary
670315 308.493686 26400000 40000 Lateral boundary
670316 302.695718 22950000 40000 Lateral boundary
393576 551.021573 26400000 6500 Lateral boundary
393577 547.357372 26400000 6500 Lateral boundary
393578 543.693172 26410000 6500 Lateral boundary
393579 540.028972 26400000 6500 Lateral boundary



GHB GHB
GHB Head . i
Cell Number (Feet) Conductance  Concentration Hydraulic Feature
(feet’/day) (mg/L)
393580 536.364771 26400000 6500 Lateral boundary
393581 532.700571 26400000 6500 Lateral boundary
393582 529.03637 26400000 6500 Lateral boundary
393583 525.37217 26400000 500 Lateral boundary
393584 521.770035 25500000 500 Lateral boundary
393585 515.917273 23710000 500 Lateral boundary
393586 513.64472 26400000 500 Lateral boundary
393587 509.099614 26400000 500 Lateral boundary
393588 504.554507 26400000 500 Lateral boundary
393589 500.009401 26400000 500 Lateral boundary
393590 495.464294 26400000 500 Lateral boundary
393591 490.919188 26400000 500 Lateral boundary
393592 486.374082 26400000 500 Lateral boundary
393593 481.828975 26400000 500 Lateral boundary
393594 477.283869 26400000 500 Lateral boundary
393595 472.738762 26400000 500 Lateral boundary
393596 468.193656 26400000 6500 Lateral boundary
393597 463.648549 26400000 6500 Lateral boundary
393598 459.103443 26400000 6500 Lateral boundary
393599 454.558337 26400000 6500 Lateral boundary
393600 450.01323 26400000 6500 Lateral boundary
393601 445.468124 26400000 6500 Lateral boundary
393602 440.923017 26400000 6500 Lateral boundary
393603 436.377911 26400000 6500 Lateral boundary
393604 431.832804 26400000 6500 Lateral boundary
393605 427.287698 26400000 6500 Lateral boundary
393606 423.507572 17520000 6500 Lateral boundary
393607 417.072472 20960000 22500 Lateral boundary
393608 413.970221 26400000 22500 Lateral boundary
393609 407.765719 26400000 22500 Lateral boundary
393610 401.561217 26400000 22500 Lateral boundary
393611 395.356715 26400000 22500 Lateral boundary
393612 389.152213 26400000 22500 Lateral boundary
393613 382.947711 26400000 22500 Lateral boundary
393614 376.743209 26400000 22500 Lateral boundary
393615 370.538707 26400000 22500 Lateral boundary
393616 364.334205 26400000 22500 Lateral boundary
393617 358.129703 26400000 22500 Lateral boundary
393618 351.925201 26400000 22500 Lateral boundary
393619 345.720699 26400000 22500 Lateral boundary
393620 339.516197 26400000 22500 Lateral boundary
393621 333.311694 26400000 22500 Lateral boundary



GHB GHB
GHB Head . i
Cell Number (Feet) Conductance  Concentration Hydraulic Feature
(feet’/day) (mg/L)
393622 327.107192 26400000 22500 Lateral boundary
393623 320.90269 26400000 22500 Lateral boundary
393624 314.698188 26400000 22500 Lateral boundary
393625 308.493686 26400000 22500 Lateral boundary
393626 302.695718 22950000 22500 Lateral boundary
459944 600 26400000 1500 Lateral boundary
459945 600 15590000 1500 Lateral boundary
459946 596.824078 22880000 1500 Lateral boundary
459947 594.991977 26400000 1500 Lateral boundary
459948 591.327777 26400000 1500 Lateral boundary
459949 587.663577 26400000 1500 Lateral boundary
459950 583.999376 26400000 1500 Lateral boundary
459951 580.335176 26400000 1500 Lateral boundary
459952 576.670975 26400000 1500 Lateral boundary
459953 573.006775 26400000 1500 Lateral boundary
459954 569.342575 26400000 1500 Lateral boundary
459955 565.678374 26400000 1500 Lateral boundary
459956 562.014174 26400000 1500 Lateral boundary
459957 558.349974 26400000 1500 Lateral boundary
459958 554.685773 26400000 1500 Lateral boundary
459959 551.021573 26400000 1500 Lateral boundary
459960 547.357372 26400000 1500 Lateral boundary
459961 543.693172 26410000 1500 Lateral boundary
459962 540.028972 26400000 1500 Lateral boundary
459963 536.364771 26400000 1500 Lateral boundary
459964 532.700571 26400000 1500 Lateral boundary
459965 529.03637 26400000 1500 Lateral boundary
459966 525.37217 26400000 6500 Lateral boundary
459967 521.770035 25500000 6500 Lateral boundary
459968 515.917273 23710000 6500 Lateral boundary
459969 513.64472 26400000 6500 Lateral boundary
459970 509.099614 26400000 6500 Lateral boundary
459971 504.554507 26400000 6500 Lateral boundary
459972 500.009401 26400000 6500 Lateral boundary
459973 495.464294 26400000 6500 Lateral boundary
459974 490.919188 26400000 6500 Lateral boundary
459975 486.374082 26400000 6500 Lateral boundary
459976 481.828975 26400000 6500 Lateral boundary
459977 477.283869 26400000 6500 Lateral boundary
459978 472.738762 26400000 6500 Lateral boundary
459979 468.193656 26400000 6500 Lateral boundary
459980 463.648549 26400000 6500 Lateral boundary



GHB GHB
GHB Head . :
Cell Number (Feet) Conductance  Concentration Hydraulic Feature
(feet’/day) (mg/L)
459981 459.103443 26400000 6500 Lateral boundary
459982 454.558337 26400000 6500 Lateral boundary
459983 450.01323 26400000 6500 Lateral boundary
459984 445.468124 26400000 6500 Lateral boundary
459985 440.923017 26400000 6500 Lateral boundary
459986 436.377911 26400000 6500 Lateral boundary
459987 431.832804 26400000 6500 Lateral boundary
459988 427.287698 26400000 6500 Lateral boundary
459989 423.507572 17520000 6500 Lateral boundary
459990 417.072472 20960000 22500 Lateral boundary
459991 413.970221 26400000 22500 Lateral boundary
459992 407.765719 26400000 22500 Lateral boundary
459993 401.561217 26400000 22500 Lateral boundary
459994 395.356715 26400000 22500 Lateral boundary
459995 389.152213 26400000 22500 Lateral boundary
459996 382.947711 26400000 22500 Lateral boundary
459997 376.743209 26400000 22500 Lateral boundary
459998 370.538707 26400000 22500 Lateral boundary
459999 364.334205 26400000 22500 Lateral boundary
460000 358.129703 26400000 22500 Lateral boundary
460001 351.925201 26400000 22500 Lateral boundary
460002 345.720699 26400000 22500 Lateral boundary
460003 339.516197 26400000 22500 Lateral boundary
460004 333.311694 26400000 22500 Lateral boundary
460005 327.107192 26400000 22500 Lateral boundary
460006 320.90269 26400000 22500 Lateral boundary
460007 314.698188 26400000 22500 Lateral boundary
460008 308.493686 26400000 22500 Lateral boundary
460009 302.695718 22950000 22500 Lateral boundary
528218 600 26400000 3888.8 Lateral boundary
528219 600 26400000 3888.8 Lateral boundary
528220 600 26400000 3888.8 Lateral boundary
528221 600 26400000 3888.8 Lateral boundary
528222 600 26400000 3888.8 Lateral boundary
528223 600 26400000 3888.8 Lateral boundary
528224 600 26400000 3888.8 Lateral boundary
528225 600 26400000 3888.8 Lateral boundary
528226 600 26400000 3888.8 Lateral boundary
528227 600 26400000 3888.8 Lateral boundary
528228 600 26400000 3888.8 Lateral boundary
528229 600 26400000 3888.8 Lateral boundary
528230 600 15590000 3888.8 Lateral boundary



GHB GHB
GHB Head . i
Cell Number (Feet) Conductance  Concentration Hydraulic Feature
(feet’/day) (mg/L)
528231 596.824078 22880000 3888.8 Lateral boundary
528232 594.991977 26400000 3888.8 Lateral boundary
528233 591.327777 26400000 3888.8 Lateral boundary
528234 587.663577 26400000 3888.8 Lateral boundary
528235 583.999376 26400000 3888.8 Lateral boundary
528236 580.335176 26400000 3888.8 Lateral boundary
528237 576.670975 26400000 3888.8 Lateral boundary
528238 573.006775 26400000 3888.8 Lateral boundary
528239 569.342575 26400000 6500 Lateral boundary
528240 565.678374 26400000 6500 Lateral boundary
528241 562.014174 26400000 6500 Lateral boundary
528242 558.349974 26400000 6500 Lateral boundary
528243 554.685773 26400000 6500 Lateral boundary
528244 551.021573 26400000 6500 Lateral boundary
528245 547.357372 26400000 6500 Lateral boundary
528246 543.693172 26410000 6500 Lateral boundary
528247 540.028972 26400000 6500 Lateral boundary
528248 536.364771 26400000 6500 Lateral boundary
528249 532.700571 26400000 6500 Lateral boundary
528250 529.03637 26400000 6500 Lateral boundary
528251 525.37217 26400000 6500 Lateral boundary
528252 521.770035 25500000 6500 Lateral boundary
528253 515.917273 23710000 6500 Lateral boundary
528254 513.64472 26400000 6500 Lateral boundary
528255 509.099614 26400000 6500 Lateral boundary
528256 504.554507 26400000 6500 Lateral boundary
528257 500.009401 26400000 6500 Lateral boundary
528258 495.464294 26400000 6500 Lateral boundary
528259 490.919188 26400000 6500 Lateral boundary
528260 486.374082 26400000 6500 Lateral boundary
528261 481.828975 26400000 6500 Lateral boundary
528262 477.283869 26400000 6500 Lateral boundary
528263 472.738762 26400000 6500 Lateral boundary
528264 468.193656 26400000 6500 Lateral boundary
528265 463.648549 26400000 6500 Lateral boundary
528266 459.103443 26400000 6500 Lateral boundary
528267 454.558337 26400000 6500 Lateral boundary
528268 450.01323 26400000 6500 Lateral boundary
528269 445.468124 26400000 6500 Lateral boundary
528270 440.923017 26400000 6500 Lateral boundary
528271 436.377911 26400000 6500 Lateral boundary
528272 431.832804 26400000 6500 Lateral boundary



GHB GHB
GHB Head . :
Cell Number (Feet) Conductance  Concentration Hydraulic Feature
(feet’/day) (mg/L)
528273 427.287698 26400000 6500 Lateral boundary
528274 423.507572 17520000 22500 Lateral boundary
528275 417.072472 20960000 22500 Lateral boundary
528276 413.970221 26400000 22500 Lateral boundary
528277 407.765719 26400000 22500 Lateral boundary
528278 401.561217 26400000 22500 Lateral boundary
528279 395.356715 26400000 22500 Lateral boundary
528280 389.152213 26400000 22500 Lateral boundary
528281 382.947711 26400000 22500 Lateral boundary
528282 376.743209 26400000 22500 Lateral boundary
528283 370.538707 26400000 22500 Lateral boundary
528284 364.334205 26400000 22500 Lateral boundary
528285 358.129703 26400000 22500 Lateral boundary
528286 351.925201 26400000 22500 Lateral boundary
528287 345.720699 26400000 22500 Lateral boundary
528288 339.516197 26400000 22500 Lateral boundary
528289 333.311694 26400000 22500 Lateral boundary
528290 327.107192 26400000 22500 Lateral boundary
528291 320.90269 26400000 22500 Lateral boundary
528292 314.698188 26400000 22500 Lateral boundary
528293 308.493686 26400000 22500 Lateral boundary
528294 302.695718 22950000 22500 Lateral boundary
598611 600 26400000 6500 Lateral boundary
598612 600 26400000 6500 Lateral boundary
598613 600 26400000 6500 Lateral boundary
598614 600 26400000 6500 Lateral boundary
598615 600 26400000 6500 Lateral boundary
598616 600 26400000 6500 Lateral boundary
598617 600 26400000 6500 Lateral boundary
598618 600 26400000 6500 Lateral boundary
598619 600 26400000 6500 Lateral boundary
598620 600 26400000 6500 Lateral boundary
598621 600 26400000 6500 Lateral boundary
598622 600 26400000 6500 Lateral boundary
598623 600 26400000 6500 Lateral boundary
598624 600 15590000 6500 Lateral boundary
598625 596.824078 22880000 6500 Lateral boundary
598626 594.991977 26400000 6500 Lateral boundary
598627 591.327777 26400000 6500 Lateral boundary
598628 587.663577 26400000 6500 Lateral boundary
598629 583.999376 26400000 6500 Lateral boundary
598630 580.335176 26400000 22500 Lateral boundary



GHB GHB
GHB Head . :
Cell Number (Feet) Conductance  Concentration Hydraulic Feature
(feet’/day) (mg/L)
598631 576.670975 26400000 22500 Lateral boundary
598632 573.006775 26400000 22500 Lateral boundary
598633 569.342575 26400000 22500 Lateral boundary
598634 565.678374 26400000 22500 Lateral boundary
598635 562.014174 26400000 22500 Lateral boundary
598636 558.349974 26400000 22500 Lateral boundary
598637 554.685773 26400000 22500 Lateral boundary
598638 551.021573 26400000 22500 Lateral boundary
598639 547.357372 26400000 22500 Lateral boundary
598640 543.693172 26410000 22500 Lateral boundary
598641 540.028972 26400000 22500 Lateral boundary
598642 536.364771 26400000 22500 Lateral boundary
598643 532.700571 26400000 22500 Lateral boundary
598644 529.03637 26400000 22500 Lateral boundary
598645 525.37217 26400000 22500 Lateral boundary
598646 521.770035 25500000 22500 Lateral boundary
598647 515.917273 23710000 22500 Lateral boundary
598648 513.64472 26400000 22500 Lateral boundary
598649 509.099614 26400000 22500 Lateral boundary
598650 504.554507 26400000 22500 Lateral boundary
598651 500.009401 26400000 22500 Lateral boundary
598652 495.464294 26400000 22500 Lateral boundary
598653 490.919188 26400000 22500 Lateral boundary
598654 486.374082 26400000 22500 Lateral boundary
598655 481.828975 26400000 22500 Lateral boundary
598656 477.283869 26400000 22500 Lateral boundary
598657 472.738762 26400000 22500 Lateral boundary
598658 468.193656 26400000 22500 Lateral boundary
598659 463.648549 26400000 22500 Lateral boundary
598660 459.103443 26400000 22500 Lateral boundary
598661 454.558337 26400000 22500 Lateral boundary
598662 450.01323 26400000 22500 Lateral boundary
598663 445.468124 26400000 22500 Lateral boundary
598664 440.923017 26400000 22500 Lateral boundary
598665 436.377911 26400000 22500 Lateral boundary
598666 431.832804 26400000 40000 Lateral boundary
598667 427.287698 26400000 40000 Lateral boundary
598668 423.507572 17520000 40000 Lateral boundary
598669 417.072472 20960000 40000 Lateral boundary
598670 413.970221 26400000 40000 Lateral boundary
598671 407.765719 26400000 40000 Lateral boundary
598672 401.561217 26400000 40000 Lateral boundary



GHB GHB
GHB Head . i
Cell Number (Feet) Conductance  Concentration Hydraulic Feature
(feet’/day) (mg/L)
598673 395.356715 26400000 40000 Lateral boundary
598674 389.152213 26400000 40000 Lateral boundary
598675 382.947711 26400000 40000 Lateral boundary
598676 376.743209 26400000 40000 Lateral boundary
598677 370.538707 26400000 40000 Lateral boundary
598678 364.334205 26400000 40000 Lateral boundary
598679 358.129703 26400000 40000 Lateral boundary
598680 351.925201 26400000 40000 Lateral boundary
598681 345.720699 26400000 40000 Lateral boundary
598682 339.516197 26400000 40000 Lateral boundary
598683 333.311694 26400000 40000 Lateral boundary
598684 327.107192 26400000 40000 Lateral boundary
598685 320.90269 26400000 40000 Lateral boundary
598686 314.698188 26400000 40000 Lateral boundary
598687 308.493686 26400000 40000 Lateral boundary
598688 302.695718 22950000 40000 Lateral boundary
670232 554.432582 26090000 6500 Lateral boundary
670233 563.351214 26400000 6500 Lateral boundary
670234 572.323312 26410000 6500 Lateral boundary
670235 581.29541 26410000 6500 Lateral boundary
670236 590.267509 26400000 6500 Lateral boundary
670237 594.753558 15440000 35000 Lateral boundary
670464 547.582074 1928000 6500 Lateral boundary
670696 545.927383 2640000 6500 Lateral boundary
670928 542.618003 2640000 6500 Lateral boundary
671160 539.308622 2640000 6500 Lateral boundary
671392 535.999242 2640000 6500 Lateral boundary
671624 532.689861 2640000 6500 Lateral boundary
671856 529.380481 2640000 6500 Lateral boundary
672088 526.0711 2640000 6500 Lateral boundary
672320 522.761719 2640000 6500 Lateral boundary
672552 519.452339 2640000 6500 Lateral boundary
672784 516.142958 2640000 6500 Lateral boundary
673016 512.833578 2640000 6500 Lateral boundary
673248 509.524197 2640000 6500 Lateral boundary
673480 506.214817 2640000 6500 Lateral boundary
673712 502.905436 2641000 6500 Lateral boundary
673944 499.596056 2640000 6500 Lateral boundary
674176 496.286675 2640000 6500 Lateral boundary
674408 492.977294 2640000 6500 Lateral boundary
674640 489.667914 2640000 6500 Lateral boundary
674872 486.358533 2640000 6500 Lateral boundary



GHB GHB
GHB Head . :
Cell Number (Feet) Conductance  Concentration Hydraulic Feature
(feet’/day) (mg/L)

675104 483.049153 2640000 6500 Lateral boundary
675337 479.739772 2640000 6500 Lateral boundary
675570 476.430392 2640000 6500 Lateral boundary
675803 473.121011 2640000 6500 Lateral boundary
676036 469.811631 2640000 6500 Lateral boundary
676269 466.50225 2640000 6500 Lateral boundary
676502 463.192869 2640000 6500 Lateral boundary
676735 459.883489 2640000 6500 Lateral boundary
676968 456.574108 2640000 6500 Lateral boundary
677201 453.264728 2640000 6500 Lateral boundary
677434 449.955347 2640000 6500 Lateral boundary
677667 446.645967 2640000 6500 Lateral boundary
677900 443.336586 2640000 6500 Lateral boundary
678133 440.027205 2640000 6500 Lateral boundary
678366 436.717825 2640000 6500 Lateral boundary
678599 433.408444 2640000 6500 Lateral boundary
678832 430.099064 2640000 6500 Lateral boundary
679065 426.789683 2640000 6500 Lateral boundary
679298 423.480303 2640000 6500 Lateral boundary
679532 420.170922 2640000 6500 Lateral boundary
679766 416.861542 2640000 6500 Lateral boundary
680000 413.552161 2640000 6500 Lateral boundary
680234 410.24278 2640000 6500 Lateral boundary
680468 406.9334 2640000 6500 Lateral boundary
680702 403.624019 2640000 6500 Lateral boundary
680936 400.984665 1571000 6500 Lateral boundary
Notes:

feet3/day - square-feet per day
mg/L = milligrams per liter



Table 2.13.1 Recharge multiplier for 1984 - 2013 conditions.

Stress Period Representative Year Recharge Multiplier

1 1984 1
2 1985 1.19
3 1986 1.02
4 1987 1.23
5 1988 0.85
6 1989 0.65
7 1990 0.74
8 1991 1.28
9 1992 1.35
10 1993 1.25
11 1994 0.95
12 1995 1.12
13 1996 0.65
14 1997 1.29
15 1998 1.15
16 1999 0.97
17 2000 0.71
18 2001 0.86
19 2002 1.34
20 2003 1.58
21 2004 1.28
22 2005 0.82
23 2006 1.17
24 2007 1.39
25 2008 1.38
26 2009 0.92
27 2010 1.48
28 2011 0.55
29 2012 0.76
30 2013 1.13



Table 4.2.1 Calibrated hydraulic conductivity for sand and clay for modeled geologic units.

Hydraulic conductivity

(feet per day)

Model layer Sand Clay

1 700 100
2 700 100
3 100 1.46
4 1.04 0.0042
5 1.00 1.07
6 8.25 5.82
7 0.0093 0.00012
8 0.59 0.01
9 0.507 0.0066
10 50 2.00
11 0.20 0.01
12 10 0.10



Table 4.2.2 Scaling factors for calibrating canal leakance.

Canal Factor

Canal-1 1.274
Canal-2 1.021
Canal-3 0.713
Canal-4 0.819
Canal-5 1.969
Canal-6 0.798
Canal-7 0.614
Canal-8 0.588
Canal-9 0.598
Canal-10 0.566
Canal-11 0.486
Canal-12 0.462
Canal-13 0.066
Canal-14 0.502
Canal-15 0.967

Canal-16 1.248



Table 4.3.1 Calibration statistics for steady-state 1984 simulation conditions.

Number of Targets 83
Range in Observed Values 483.35
Minimum Residual -33.82
Maximum Residual 39.69
Sum of Squared Residuals 1.16E+04
RMS Error 11.82
Residual Mean 0.29
Absolute Residual Mean 8.94
Standard Deviation 11.81
Scaled Residual Mean 0.00060
Scaled Absolute Residual Mean 0.018
Scaled Standard Deviation 0.024

Scaled RMS Error 0.024



Table 4.3.2 Calibration statistics for transient 1984-2013 simulation conditions.

Number of Targets 1483
Range in Observed Values 619.5
Minimum Residual -98.52
Maximum Residual 118.42
Sum of Squared Residuals 6.18E+05
RMS Error 2041
Residual Mean -1.38
Absolute Residual Mean 13.38
Standard Deviation 20.36
Scaled Residual Mean -0.0022
Scaled Absolute Residual Mean 0.022
Scaled Standard Deviation 0.033

Scaled RMS Error 0.033



Table 4.3.3 Water budget for steady-state 1984 conditions.

In: Aflyr Percent total Percent GW
Coastal Constant head 0.80 0.00 0.00
LRG River 2066360.64 89.30

Canal Leakage to GW 54261.15 2.35 21.92
GHB Inflow 38530.25 1.67 15.57
Recharge 68859.84 2.98 27.82
Return Flow 85889.21 3.71 34.70
Total in 2313901.89 100.00 100.00
Out: Aflyr Percent total Percent GW
Coastal Constant head 296992.61 12.83 74.61
LRG River Outflow into Bay 967911.37 41.82

Wells 20106.51 0.87 5.05
Baseflow to Canals 745.81 0.03 0.19
Evapotranspiration 75785.35 3.27 19.04
GHB Outflow 4423.90 0.19 111
Diversions from LRG River 948545.97 40.98

Total out 2314511.52 100.00 100.00
In-out -609.63

Percent discrepancy -0.013



Table 5.2.1 Sensitivity of calibrated model to aquifer hydraulic conductivity.

Parameter Value (ft/d) Sensitivity

Sand Layer 1 700 1.03
Sand Layer 2 700 1.14
Sand Layer 3 100 0.37
Sand Layer 4 1.04 0.21
Sand Layer 5 1.00 0.15
Sand Layer 6 8.25 1.57
Sand Layer 7 0.01 7.62E-02
Sand Layer 8 0.59 7.74E-02
Sand Layer 9 0.51 5.67E-02
Sand Layer 10 50.00 1.35
Sand Layer 11 0.20 9.39E-02
Sand Layer 12 10.00 0.61
Clay Layer 1 100.00 0.20
Clay Layer 2 100.00 0.35
Clay Layer 3 1.46 7.00E-03
Clay Layer 4 4.22E-03 0.33
Clay Layer 5 1.07 0.12
Clay Layer 6 5.82 0.99
Clay Layer 7 1.23E-04 1.37
Clay Layer 8 1.02E-02 4.66E-02
Clay Layer 9 6.55E-03 0.17
Clay Layer 10 2.00 5.39E-02
Clay Layer 11 1.00E-02 0.22

Clay Layer 12 0.10 7.81E-02



Table 5.2.2 Sensitivity categories for sand and clay hydraulic conductivities.

. Mean Head — 2\1s Head Possible ASTM (1994) Sensitivity

Material Model Layer Error o

o Error Sensitivity Type

Sensitivity

Sand 1 High Low I or 1l
Clay 1 Medium Low I or I
Sand 2 High Low I or 1l
Clay 2 Medium Low I or I
Sand 3 Medium Low I or 1l
Clay 3 Low Low lorlVv
Sand 4 Low Low lorlVv
Clay 4 High Low I or I
Sand 5 Low Low lorlV
Clay 5 Low Low lorlVv
Sand 6 High High I or
Clay 6 Medium High I or I
Sand 7 Medium Low I or 1l
Clay 7 High Low I or I
Sand 8 Low Low lorlVv
Clay 8 Low Low lorlVv
Sand 9 Low Low lorlVv
Clay 9 Medium Low I or I
Sand 10 High High Ilorll
Clay 10 Low Low lorlV
Sand 11 Medium Low I or I
Clay 11 Medium Low Il orlll
Sand 12 High Low Il orlll
Clay 12 Medium Low Il orlll



Table 5.3.1 Sensitivity of calibrated model to hydraulic conductivities and stresses.

Parameter Value Sensitivity

Sand hydraulic conductivity 700 2.65
Recharge multiplier 1 1.34
Maximum ET multiplier 1 2.86
Clay hydraulic conductivity 100 1.89

Note: Hydraulic conductivity values are in feet per day.



Table 5.3.2 Correlation matrix between hydraulic conductivities and stresses.

Sand . .
. Recharge Maximum ET Clay Hydraulic

Hydraulic Multiplier Multiplier Conductivit

Conductivity P P y
Sand Hydraulic 1 0.385 -0.1422 3.02E-02
Conductivity
Recharge Multiplier 0.385 1 -0.6547 0.6727
Maximum ET -0.1422 -0.6547 1 -0.2662
Multiplier
Clay Hydraulic 3.02E-02 0.6727 -0.2662 1
Conductivity

Note: Hydraulic conductivity values are in feet per day.



Table 6.6.1 Calibration statistics for steady-state 1984 simulation conditions for density
dependent flow.

Number of Targets 83
Range in Observed Values 483.35
Minimum Residual -37.60
Maximum Residual 34.54
Sum of Squared Residuals 1.38E+04
RMS Error 12.89
Residual Mean -4.27
Absolute Residual Mean 9.57
Standard Deviation 12.16
Scaled Residual Mean -0.0088
Scaled Absolute Residual Mean 0.020
Scaled Standard Deviation 0.025

Scaled RMS Error 0.027



Table 6.6.2 Calibration statistics for transient 1984-2013 simulation conditions for density
dependent flow.

Number of Targets 1483
Range in Observed Values 619.5
Minimum Residual -98.85
Maximum Residual 108.62
Sum of Squared Residuals 6.95E+05
RMS Error 21.66
Residual Mean -6.40
Absolute Residual Mean 14.74
Standard Deviation 20.69
Scaled Residual Mean -0.010
Scaled Absolute Residual Mean 0.024
Scaled Standard Deviation 0.033

Scaled RMS Error 0.035



Table 6.7.1 Simulation times for flow and transport simulations.

Simulation Clock Time'
Calibrated Flow Model 3 Hours, 51 Minutes
Density Dependent Flow and Transport 13 Hours, 58 Minutes
Flow and Transport without Density 4 Hours, 35 Minutes
Density Dependent Flow and Transport without wells 5 Hours, 15 Minutes
Note:

! Simulations were conducted on an Intel 17 laptop.
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2) AMSL = Above Mean Sea Level.
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Presented in the "Conceptual Model Report:
Lower Rio Grande Valley Groundwater
Transport Model" prepared by Montgomery &
Associates, January 2017 as Figure 4.1.15.
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1) Presented in the "Conceptual Model Report:

Lower Rio Grande Valley Groundwater
Transport Model" prepared by Montgomery &
Associates, January 2017 as Figure 4.1.16.
2) AMSL = Above Mean Sea Level.

Scale in Miles Projected
B ) Coodinate System
Datum: NAD 1983
0 10 20

Albers Equal Area

WIGSI

ENVIRONMENTAL

MODELED BASE
ELEVATION CONTOURS
FOR JASPER AQUIFER

Lower Rio Grande Valley

GSl Job No. Drawn By:
4276 GM

Issued: Chk'd By:
23-Jun-2017 KER

Map ID: Appv'd By:
LRGV_Fig 4 1 16 " sp

FIGURE 2.4.13




i !
i '.
Duval | Jim | Kleberg
Wekh | Wells |
—r ]
1 | ! l‘
. . | ‘i _ | i ‘NJ*"V\
\j --‘)’_—r"’""/‘
|
=
t) g/ |
| Brooks
Jim Hogg G\
|
Zapata i |
' |
G ¥ |
= N i |
o |
P / l
> Vi a 1000\ / i
2 2 S :
@ \ // ‘é
(o Starr / /
’ Ir
// ———
7
// Hidalgo
Rlbp /

MEXICO

Sources: Esri, USGS, NOAA

LEGEND

Contour of Aquifer
= Unit Thickness in
Feet

Western Extent of
Jasper Aquifer

—— Rio Grande

[::j Texas County

D Model Boundary

Note:

Presented in the "Conceptual Model Report:
Lower Rio Grande Valley Groundwater
Transport Model" prepared by Montgomery &
Associates, January 2017 as Figure 4.1.17.
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1) Presented in the "Conceptual Model Report:
Lower Rio Grande Valley Groundwater
Transport Model" prepared by Montgomery &
Associates, January 2017 as Figure 4.1.18.
2) AMSL = Above Mean Sea Level.
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Presented in the "Conceptual Model Report:
Lower Rio Grande Valley Groundwater
Transport Model" prepared by Montgomery &
Associates, January 2017 as Figure 4.1.19.
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Presented in the "Conceptual Model Report:
Lower Rio Grande Valley Groundwater
Transport Model" prepared by Montgomery &
Associates, January 2017 as Figure 4.1.21.
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Lower Rio Grande Valley Groundwater
Transport Model" prepared by Montgomery &
Associates, January 2017 as Figure 4.1.22.
2) AMSL = Above Mean Sea Level.
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