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Executive Summary  

Groundwater Management Area 14 members manage the groundwater resources in the 

Gulf Coast Aquifer System from the western borders of Austin, Brazoria, Fort Bend, and 

Washington counties to the Texas border with Louisiana. In October 2019, the Harris-

Galveston Subsidence District contracted the U.S. Geological Survey to update and 

refine the Houston-Area Groundwater Model, resulting in the GULF-2023 model, 

released in February 2024 by the Texas Water Development Board. 

Prior to finalizing GULF-2023, stakeholders identified issues with the model affecting its 

utility for joint planning activities within Groundwater Management Area 14. To address 

these concerns, Groundwater Management Area 14 members initiated an update of 

GULF-2023, focusing on the skeletal storage, compaction, and subsidence package, 

hydraulic properties, and historical and predictive pumping data. Additionally, the model 

was converted from International System of Units to U.S. Customary Units and 

underwent recalibration to incorporate new data. 

The purpose of the update was to rectify the identified issues and enhance the model 

for Groundwater Management Area 14ôs joint planning use. This model update was 

officially supported by Groundwater Management Area 14 members through a 

resolution adopted on May 14, 2024. The updated model, referred to as the GMA 14 

Model, incorporates corrections based on new data collected by Lone Star Groundwater 

Conservation District, addressing compaction of fine-grained beds within the Gulf Coast 

Aquifer System, parameterization errors in GULF-2023, and other issues highlighted in 

stakeholder comments. Additionally, the model and report conform to Texas Water 

Development Board groundwater availability model and documentation standards. 

We updated the conceptual model of GULF-2023 in three areas: (1) aquifer 

transmissivity, (2) groundwater pumping, and (3) aquifer compaction. We incorporated 

previously unpublished transmissivity results to enhance the available data. We then 

honored the transmissivity data for initializing the hydraulic properties in the model input 

files. For the pumping, we honored the estimated historical pumping values developed 

for the area by the Texas Water Development Board and others. While GULF-2023 

allowed pumping to be reduced during calibration, we set up the GMA 14 Model to 

maintain the historical pumping estimates. 

We updated the depth-dependent compaction property equations using Lone Star 

Groundwater Conservation Districtôs newly acquired data from their 2024 coring 

program. For porosity, inelastic specific storage, and elastic specific storage, results 

from the new core samples were similar to the results from nearly 50 years ago in 

southern Harris and Galveston counties. (Gabrysch and Bonnet, 1974; 1976a; 1976b). 
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However, vertical hydraulic conductivity of the samples was about 10 times less than 

the earlier results. The lower vertical hydraulic conductivity indicates compaction may 

be about 10 times slower than the earlier data suggests. 

Consistent with GULF-2023, we used MODFLOW 6, specifically MODFLOW 6.6.1 

(Langevin and others, 2025), for the GMA 14 Model. We incorporated the updated 

conceptual model information into the input files for the model and converted other 

GULF-2023 input files as needed from length units of meters to feet. In addition, the 

shortest stress period in the model is one year, which reduced the total stress periods in 

the history matching period from 1896 through 2018 from 268 in GULF-2023 to 59 in the 

GMA 14 Model. 

We calibrated the model using an ensemble approach to develop a base model and 

variations of the base model reflecting uncertainty in the model parameters. Calibration 

results indicated a good match between water level and subsidence simulated and 

measured values. The updated groundwater availability model provides improved utility 

for assessing regional groundwater management and joint planning by Groundwater 

Management Area 14 members. 
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1. Introduction  

The Texas Water Development Board (ñTWDBò) delineates the Gulf Coast Aquifer 

System as a band of relatively young geologic formations that parallel the Gulf of 

Mexico coastline, stretching from the southern Texas border with Mexico to the eastern 

Texas border with Louisiana (George and Mace, 2011). Groundwater Management 

Area 14 members manage the groundwater resources in the Gulf Coast Aquifer System 

from the western borders of Austin, Brazoria, Fort Bend, and Washington counties to 

the Texas border with Louisiana. Figure 1 illustrates the administrative boundary of 

Groundwater Management Area 14. 

In October 2019, the Harris-Galveston Subsidence District contracted with the U.S. 

Geological Survey to update and refine the Houston-Area Groundwater Model. The 

problem presented in the U.S. Geological Survey proposal is that the subsidence 

districts require an updated groundwater flow model incorporating new data that can 

then be used for regional planning. One of the U.S. Geological Surveyôs objectives was 

to coordinate work with the TWDB so that the updated model could be utilized by others 

for regional planning. Ellis and others (2023) documented the model update and in 

February 2024, the TWDB released the model known as GULF-2023 as the 

groundwater availability model for the northern portion of the Gulf Coast Aquifer 

System.  

Prior to the TWDBôs finalization and release of GULF-2023, they published a draft 

model and documentation for stakeholder comments. Comments submitted jointly on 

behalf of Groundwater Management Area 14 members and by Lone Star Groundwater 

Conservation District identified several issues with the model that made it difficult to, 

and potentially incapable for, use in the joint planning activities of Groundwater 

Management Area 14. To address some of the issues with the model, to improve its use 

for joint planning, and to incorporate new data for the aquifer system, Lone Star 

Groundwater Conservation District commissioned an update of GULF-2023 on behalf of 

Groundwater Management Area 14 members. As discussed in the comments on the 

draft GULF-2023 and through subsequent findings while working with the model files, 

our three areas of focus for the GULF-2023 update were: 

¶ The skeletal storage, compaction, and subsidence package used simulate 

aquifer compaction and land subsidence 

¶ The hydraulic properties as included in the node property flow package to more 

reasonably reflect observed data 

¶ The historical pumping and predictive pumping as included in the well package 
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Figure 1. Counties, subsidence districts, and member groundwater conservation districts 

within Groundwater Management Area  14. 
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While we focused on the three areas above, we also reduced the number of stress 

periods in the model and converted the model from the International System of Units to 

U.S. Customary Units. In addition, our work on the model packages necessitated 

recalibration of the model. By correcting the above packages to better reflect the 

conceptual model and to incorporate new data, the existing calibration of GULF-2023 

was not sufficient. Our work included updating the calibration using observed water 

levels, compaction, and subsidence, along with temporal trends in these observations. 

The purpose of the model update was to address identified issues with GULF-2023, as 

presented in stakeholder comments on the model, and to improve the model for joint 

planning use by Groundwater Management Area 14. Groundwater Management Area 

14 members recognized the need to update GULF-2023 for joint planning purposes and 

adopted a resolution during their May 14, 2024 meeting supporting the model update. 

The new data collected by Lone Star Groundwater Conservation District regarding 

compaction of the fine-grained beds within the Gulf Coast Aquifer System, 

parameterization errors in GULF-2023 (Keester, 2024), and issues identified by 

Groundwater Management Area 14 members in their comments on the draft GULF-

2023 justify the groundwater availability model update. As an update to GULF-2023 

specifically for Groundwater Management Area 14 joint planning purposes, throughout 

this report we refer to the updated model as the GMA 14 Model. 
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2. Conceptual Model Updates  

As discussed below, our updates to the conceptual model focused on three areas: 

1. Hydraulic properties, specifically transmissivity, of the aquifer layers 

2. Groundwater pumping 

3. Fine-grained material compaction 

2.1. Hydraulic Properties  

Aquifer transmissivity is the rate at which water is transmitted through a unit width of an 

aquifer over its entire thickness under a unit hydraulic gradient. It is a relative 

measurement of aquifer productivity that is most commonly derived from analysis of 

pumping test data. Transmissivity is equal to the hydraulic conductivity of an aquifer 

multiplied by its thickness. 

Aquifer transmissivity is fundamental to groundwater flow modeling using MODFLOW. 

One of the basic equations applying Darcyôs Law for groundwater flow to a 

mathematical expression of flow between model cells includes the calculation of 

transmissivity from hydraulic conductivity and the height of the model cell [see equation 

2-3 in Langevin and others (2017)]. As such, incorporating measured transmissivity into 

the model update to the greatest extent possible was a priority. 

We reviewed data from unpublished pumping tests for the Evangeline, Jasper, and 

Catahoula Aquifers to assist with filling in data gaps in the published pumping test 

datasets in the greater Houston and surrounding areas (that is, Montgomery, Harris, 

Fort Bend, Grimes, Waller, and Walker counties). Figure 2 shows the locations of wells 

with published and unpublished field data in the greater Houston area. The unpublished 

transmissivity values are based on data collected during constant-rate well pumping 

tests. 

The use of the previously unpublished pumping test data allows for a reference of 

transmissivity values in areas with increasing population projections and water demands 

that may be subject to groundwater regulations. As shown on Figure 2, the inclusion of 

previously unpublished transmissivity data increased the spatial distribution of the data. 

We incorporated these additional transmissivity values into our update of the GMA 14 

Model through interpolation of the available transmissivity data at the well locations. 

Figures 3, 4, 5, and 6 illustrate the interpolated transmissivity and pumping test 

locations for the Chicot, Evangeline, Jasper, and Catahoula aquifers, respectively. 
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Figure 2. Map of locations of water wells with field data. 
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Figure 3. Chicot Aquifer interpolated transmissivity based on pumping test data.  
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Figure 4. Evangeline Aquifer interpolated transmissivity based on pumping test data.  
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Figure 5. Jasper Aquifer interpolated transmissivity based on pumping test data.  
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Figure 6. Catahoula Aquifer interpolated transmissivity based on pumping test data.  

  



GMA 14 Groundwater Availability Model 

 12  

Appendix 1 contains a list of large capacity water wells with unpublished transmissivity 

values. Although unpublished, most of the Evangeline and Jasper Aquifer data were 

provided to the U.S. Geological Survey during development of the Houston-Area 

Groundwater Model (Kasmarek, 2013). Data for the Catahoula Aquifer is from the 

development of the Lone Star Groundwater Conservation District Catahoula 

Groundwater model (LBG-Guyton Associates and Intera, 2012) and the Lone Star 

Groundwater Conservation District Strategic Planning Study Task 3 (Seifert, Jr., 2017).  

While we refer the transmissivity data for the Evangeline and Jasper aquifers as 

unpublished, the data are described in the LBG-Guyton Associates May 2011 Technical 

Memorandum: Groundwater Update and Improvements. This Technical Memorandum 

is included as an attachment in the June 2013 Regional Groundwater Update Project 

Report prepared for the Harris-Galveston Subsidence District, Fort Bend Subsidence 

District, and Lone Star Groundwater Conservation District (FNI and others, 2013). The 

effort described in the LBG-Guyton technical memorandum includes assembling and 

reviewing pumping tests from numerous large capacity public supply wells that located 

in the greater Houston area to help improve the transmissivity representation in the 

Houston-Area Groundwater Model (Kasmarek, 2013). 

The pumping test data reviewed were from well construction records that were part of 

the LBG-Guyton files. As these data are from moderate to large capacity public supply 

wells, the pumping tests were performed with an extended continuous period of 

pumping, typically 36-hours, at a constant pumping rate followed by an extended water 

level recovery period of at least eight hours (LBG-Guyton Associates, 2011). The water 

level changes versus elapsed time data were plotted on a semilogarithmic graph and 

transmissivity values of the sands screened in the production well calculated using the 

modified non-equilibrium equation for groundwater flow and well hydraulics (Theis, 

1935; Cooper and Jacob, 1946; Driscoll, 1986). 

2.2. Groundwater Pumping  

As part of our development of the GMA 14 Model, we reviewed the pumping rates 

applied in GULF-2023. The following summarizes our review and updates applied as 

part of our work. 

2.2.1. GULF-2023 Model Pumping Review  

GULF-2023 uses two separate input files for the MODFLOW Well package during the 

calibration period. The ñ.irrò file contains irrigation pumping and the ñ.welò file contains 

non-irrigation pumping. Two versions of each file are included with the model, namely, a 

ñpriorò version with initial pumping inputs and a ñposteriorò version representing 

calibrated values.  
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Ellis and others (2023) used PEST++ (White and others, 2020) to calibrate the model. 

As part of their calibration approach for GULF-2023, they allowed the software to make 

changes to the input pumping over the calibration period of the model. While PEST++ 

modified both the prior irrigation and non-irrigation well input values over the calibration 

period, Ellis and others (2023) considered the irrigation pumping to be less certain and 

allowed greater reductions in the estimated historical pumping. 

Appendix 2 includes a series of graphs showing the GULF-2023 pumping by county. 

The graphs show a comparison of the GULF-2023 prior and posterior versions of the 

irrigation and non-irrigation pumping. The graphs in Appendix 2 show very minor 

differences in the non-irrigation prior and posterior pumping. However, some of the 

figures illustrate relatively large differences in irrigation prior and posterior pumping, 

such as is in Colorado, Jackson, Lavaca, Liberty, Matagorda, Waller, and Wharton 

counties.  

2.2.2. Comparison with  Houston Area Groundwater Model Pumping  

As part of the GMA 14 Model update, we also compared pumping between GULF-2023 

and the Houston-Area Groundwater Model. The GULF-2023 calibration period extended 

through 2018 (Ellis and others, 2023) while the Houston-Area Groundwater Model 

calibration period was through 2009 (Kasmarek, 2013). Therefore, there are no model 

pumping input values available for comparison from 2010 through 2018. Appendix 3 

includes graphs comparing the GULF-2023 and Houston-Area Groundwater Model 

pumping on a county basis. 

Overall, the total pumping per county between the GULF-2023 and Houston-Area 

Groundwater Model models are similar for most counties. There can be differences in 

the totals between the GULF-2023 and Houston-Area Groundwater Model based on 

available pumping data at certain points in time. There are larger differences in the 

GULF-2023 and Houston-Area Groundwater Model total pumping in the counties where 

calibration reductions in irrigation pumping occurred. Austin, Brazoria, Fort Bend, and 

Harris counties also have notable differences in total county pumping between the 

GULF-2023 and Houston-Area Groundwater Model. 

We also observe notable changes in the vertical distribution of pumping between the 

GULF-2023 and Houston-Area Groundwater Model in Fort Bend, Hardin, Harris, Jasper, 

Liberty, and Montgomery counties. Some of the differences in vertical distribution are 

likely due to a redefinition of the base of the Chicot Aquifer for the model. Young and 

Draper (2020) used a chronostratigraphic approach to redefine the base of the Chicot 

Aquifer (model layer 2). Their approach resulted in thickening of the Chicot Aquifer and 

thinning of the Evangeline Aquifer relative to the traditional hydrostratigraphic approach 

applied to the delineation of the contact between the two aquifers. This change in 
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approach to delineating the base of the Chicot Aquifer may be responsible for part of 

the vertical pumping differences between GULF-2023 and the Houston-Area 

Groundwater Model in parts of Fort Bend, Harris, and Liberty counties. We discuss 

differences in Montgomery County in detail in Section 2.2.3.3. 

2.2.3. GMA 14 Model Pumping Update  

Appendix 4 includes a series of graphs that shows the GMA 14 Model pumping inputs 

by county. There are three graphs per county that include the total pumping by layer, 

the irrigation pumping by layer, and the non-irrigation pumping by layer. 

2.2.3.1. GMA 14 Model Irrigation Pumping  

Our approach for the GMA 14 Model calibration was to not allow changes to the 

pumping input during the calibration process. The TWDB has developed estimates of 

water use in the state since 1955. While the process has changed over time, TWDB 

staff make significant efforts to obtain the best estimates possible for water use 

including irrigation pumping. Their estimates for irrigation use include crop histories, 

land use, and water use per crop which, since 2001, are then adjusted for precipitation 

and various other considerations (Furnans and others, 2022). Our approach for the 

GMA 14 Model is that the TWDB and others used reliable methods to develop irrigation 

estimates for counties in the greater Houston and surrounding areas. Irrigation survey 

maps combined with knowledge of crop irrigation requirements support the irrigation 

pumping included in the prior irrigation pumping file. 

The only change we made to the GULF-2023 prior irrigation pumping file during the 

development of the GMA 14 Model pumping files was for Montgomery County. We 

found the prior irrigation file to contain minimal pumping for Montgomery County in the 

later stress periods of the model, so we set these values to zero. Within Lone Star 

Groundwater Conservation District, this irrigation pumping is permitted and reported by 

golf courses, nurseries, and others. We included this reported pumping within the non-

irrigation pumping amounts discussed in the following section. 

No additional changes were made to any of the prior irrigation well files for the other 

counties included in the model area. The pumping in the GMA 14 Model irrigation file is 

consistent with what is shown as prior amounts on the graphs in Appendix 2 with the 

exception of Montgomery County. 

2.2.3.2. GMA 14 Model Non -irrigation Pumping  

Four of the five groundwater conservation districts within Groundwater Management 

Area 14 reported varying degrees of historical non-exempt permitted groundwater 

production data for review. We compared reported non-exempt groundwater production 

from Bluebonnet Groundwater Conservation District, Brazoria County Groundwater 



GMA 14 Groundwater Availability Model 

 15  

Conservation District, Lower Trinity Groundwater Conservation District, and Lone Star 

Groundwater Conservation District with the prior GULF-2023 non-irrigation pumping. 

Appendix 5 includes graphs comparing the available non-exempt permitted production 

data and the GULF-2023 prior non-irrigation pumping data. Each groundwater 

conservation district has years where the GULF-2023 prior non-irrigation pumping and 

the total reported non-exempt pumping have some differences, but overall the pumping 

between the two data sources is similar. 

We reviewed the spatial distribution of the historical permitted production data when 

possible. We found that many of the wells with permitted production data provided by 

Bluebonnet Groundwater Conservation District, Brazoria County Groundwater 

Conservation District, and Lower Trinity Groundwater Conservation District did not 

include an assigned aquifer. Lone Star Groundwater Conservation District tracks 

pumping by aquifer and has estimated non-exempt pumping for the permitted and 

registered non-exempt wells. 

2.2.3.3. Montgomery County Pumping Update  

The only changes we made to the GULF-2023 prior non-irrigation pumping input as part 

of the GMA 14 Model development are in Montgomery County. Figure 7 shows a 

comparison of the GMA 14 Model pumping to the GULF-2023 pumping. 
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Figure 7. Comparison of the GMA 14 Model  and GULF-2023 pumping in Montgomery 
County.  

We used the total Houston-Area Groundwater Model pumping for Montgomery County 

from the beginning of the GMA 14 Model through 2002. We selected the use of the 

earlier Houston-Area Groundwater Model pumping inputs as Lone Star Groundwater 

Conservation District permits production by aquifer and the pumping from the Houston-

Area Groundwater Model has a pumping distribution that is more representative of the 

current permitted pumping distribution. The Lone Star Groundwater Conservation 

District assigns aquifers to permitted and registered non-exempt wells based on a 

hydrostratigraphic understanding of the Gulf Coast Aquifer System and site-specific 

data.  

The Montgomery County pumping in GULF-2023 is less than the Houston-Area 

Groundwater Model through about 1970 when the total GULF-2023 pumping starts to 

increase sharply. The Houston-Area Groundwater Model pumping is a better fit for the 

incorporation of the additional City of Conroe pumping beginning in 1955. For the GMA 

14 Model, we did not change the total Montgomery County pumping with the addition of 
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the 1955 and beyond City of Conroe data or the 1975 and beyond San Jacinto River 

Authority ï The Woodlands well production data. Rather, we reduced groundwater 

pumping evenly in other parts of Montgomery County to offset the increases in the 

Conroe and The Woodlands pumping. Our goal was to improve implementation of the 

historical pumping by Lone Star Groundwater Conservation Districtôs two largest 

groundwater production permit holders.  

Appendix 6 provides a comparison of the reported groundwater production for the City 

of Conroe and The Woodlands to the GULF-2023 and GMA 14 Model pumping. There 

are several utility districts located within the City of Conroe along Lake Conroe that have 

groundwater production wells completed in the Jasper which is why the GMA 14 Model 

pumping is slightly higher than the reported City of Conroe Jasper Aquifer pumping. The 

GMA 14 Model pumping in The Woodlands includes additional Evangeline Aquifer 

pumping related to irrigation for golf courses and nurseries which is not included in the 

pumping reported by the San Jacinto River Authority.   

We used the Lone Star Groundwater Conservation District reported non-exempt 

permitted pumping as the basis for the 2003 to 2018 production to improve the spatial 

and vertical distribution of the GMA 14 Model pumping within Montgomery County. The 

Lone Star Groundwater Conservation District GULF-2023 comments (Drabek and 

Keester, 2023) submitted to the TWDB in April 2023 document the differences in the 

vertical distribution of pumping within Montgomery County. In Montgomery County, 

GULF-2023 overestimates pumping in the Chicot Aquifer and underestimates pumping 

in the Evangeline and Jasper aquifers. 

These pumping discrepancies do not appear to be related to the change in aquifer 

structure based on the chronostratigraphic approach as the areas impacted by this 

structural change to the model layers occur in the southeast part of Montgomery County 

as documented in the Lone Star Phase 2 Subsidence Study (Keester and others, 2022). 

Review of Lone Star Groundwater Conservation District permitted pumping in the 

Evangeline Aquifer in the southeast part of Montgomery County indicates that the 

GULF-2023 Evangeline Aquifer pumping in that part of the county is similar to the 

reported non-exempt pumping. 

Development of the Catahoula Aquifer in Montgomery County began in about 2011 and 

groundwater production had increased to about 4,900 acre-feet in 2018. The 

Montgomery County update of the non-irrigation well file includes the development of 

the pumping in the Catahoula Aquifer in Montgomery County. 
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2.3. Compaction  

Ellis and others (2023) discuss how subsidence is largely dependent on the compaction 

properties of fine-grained sediments interbedded in the aquifer system. These 

compaction properties include: 

¶ Porosity (—) or Void Ratio (Ὡ) 

¶ Compression Index (ὅ) 

¶ Recompression Index (ὅ) 

¶ Vertical Hydraulic Conductivity (ὑ) 

For these properties, Ellis and others (2023) reportedly used the depth-dependent 

relationships developed by Kelley and others (2018). For the compaction 

parameterization, Kelley and others (2018) evaluated the change in void ratio with 

applied stress data reported by Gabrysch and Bonnet (1974; 1976a; 1976b). Keester 

and others (2022) also evaluated the results from Gabrysch and Bonnet (1974; 1976a; 

1976b) and found results similar to those of Kelley and others (2018) for the compaction 

parameterization. 

A limitation of each of these studies is that they are geographically constrained to the 

sites where core samples were collected about 50 years ago. In addition, the core 

samples collected were from only the Chicot and Evangeline aquifers of the Gulf Coast 

Aquifer System. In 2024, to increase our conceptual understanding of the compaction 

parameters of the fine-grained sediments of the Chicot and Evangeline, and to get the 

first of its kind data for the Burkeville and Jasper, Lone Star Groundwater Conservation 

District conducted a drilling program to collect core samples in Montgomery County. 

Figure 8 illustrates locations where core samples for compaction parameter analysis 

have been collected. 

2.3.1. Previous Investigations  

It is beyond the scope of this report to detail the previous work on compaction 

parameterization. We discuss the data collected by Gabrysch and Bonnet (1974; 1976a; 

1976b) within the context of the results from the Lone Star Groundwater Conservation 

District drilling program. We refer the reader to the work by Kelley and others (2018) 

and Keester and others (2022) for detailed analysis of the compaction data reported by 

Gabrysch and Bonnet (1974; 1976a; 1976b). 

  



GMA 14 Groundwater Availability Model 

 19  

 

Figure 8. Locations where  core  sample s of the Gulf Coast Aquifer System have been collected 

for analysis of compaction properties.  
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2.3.2. Lone Star Groundwater Conservation District Porter Site  

At the Porter Site, Lone Star Groundwater Conservation District collected core samples 

from 18 distinct subsurface intervals. Table 1 provides the sample depths for collected 

core. Multiple tests were conducted on the samples; however, for the model update 

report we will focus on the tests and results related to the compaction parameter factors 

listed above. Additional details regarding core collection, preservation, and analyses are 

included in a project report in preparation as of the writing of this model report. 

Table 1. Subsurface core samples collected at the Porter Site.  

Core ID  Top  Bottom  Length  Aquifer  Description  

1 78 84.95 6.95 Chicot Lean Clay 

2 198 206 8 Chicot 
Lean Clay 
with Sand 

3 308 319.6 11.6 Chicot Fat Clay 

4 457 463.15 6.15 Evangeline 
Poorly 

Graded Sand 
with Silt 

5 640 651.5 11.5 Evangeline Fat Clay 

6 833 848.35 15.35 Evangeline Fat Clay 

7 968 978.8 10.8 Evangeline Clayey Sand 

8 1,088 1,095.9 7.9 Evangeline Fat Clay 

9 1,198 1,203.4 5.4 Burkeville Lean Clay 

9B 1,208 1,217.85 9.85 Burkeville Lean Clay 

10 1,293 1,306.3 13.3 Burkeville Fat Clay 

11 1,463 1,475 12 Upper Jasper Lean Clay 

12 1,538 1,546.15 8.15 Upper Jasper Silty Sand 

13 1,633 1,644.35 11.35 Upper Jasper Silty Sand 

14 1,726 1,738 12 Upper Jasper Lean Clay 

15 1,888 1,896.1 8.1 Lower Jasper Fat Clay 

16 1,953 1,964.1 11.1 Lower Jasper Fat Clay 

17 2,058 2,065.45 7.45 Lower Jasper Lean Clay 

18 2,261 2,266.95 5.95 Lower Jasper Fat Clay 
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2.3.2.1. Geostatic, Hydrostatic, and Effective  Vertical  Stress  

Geostatic stress („) is a combination of the weight of sediments and fluids above a 

specified depth in the subsurface. The hydrostatic stress (ό) is the pressure within the 

pore space of the sediments above a specified depth in the subsurface. Effective 

vertical stress („) is the difference between geostatic stress and hydrostatic stress. 

Terzaghi (1925) identified this relation which allows effective stress within an aquifer to 

be expressed as (Leake and Galloway, 2007): 

 „ „ ό  

Commonly, the geostatic stress gradient (Ὃ ) is assumed to be 1.0 pounds per square 

inch per foot of burial. However, Tiab and Donaldson (2016) indicate the geostatic 

gradient in the Gulf Coast region increases with depth being about 0.85 pounds per 

square inch per foot near the surface and increasing to 1.0 pounds per square inch per 

foot at about 20,000 feet in depth. They indicate the reason for the trend is due to 

ñsediments being younger and more compressible near the surface but being less 

compressible and more plastic with depth.ò For the Porter Site we obtained a bulk 

density log from which we calculated the geostatic stress gradient at the site and found 

it increased with depth as Tiab and Donaldson (2016) described for the Gulf Coast 

region. Figure 9 illustrates the geostatic stress at the Porter Site. 

For the hydrostatic stress, we calculated the pore pressure using the method of Eaton 

(1972). This method requires the normal shale (that is, clay or fine-grained sediment) 

resistivity (Ὑ ) and shale resistivity when the depth equals zero (Ὑ). To obtain these 

values, we must first determine the shale intervals within the formations. To quantify the 

shale intervals, we used the gamma log data to calculate the volume of shale ὠ  

using an equation for Tertiary age unconsolidated sediments (Asquith and Gibson, 

1982): 

 ὠ  πȢπψσς
Ȣ

 ρ  

 Where: 

  ὋὙ ὰέὫ ὶὩίὴέὲίὩ 

  ὋὙ άὭὲὭάόά ὰέὫ ὶὩίὴέὲίὩςφȢφωυ ὃὖὍ 

  ὋὙ άὥὼὭάόά ὰέὫ ὶὩίὴέὲίὩωτȢψωυ ὃὖὍ 

Eq. 1 

Eq. 2 
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Figure 9. Porter Site geostatic stress.  
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We used a calculated shale volume of 30 percent as a cutoff for assigning an interval as 

shale. Using the volume of shale calculations, we then determined the normal shale 

resistivity as a best fit trend through the identified shale points at depths less than 1,000 

feet below ground level with the trend line taking the form of (Zhang and Yin, 2017): 

 Ὑ  ὙὩὼὴ  

Where: 

  Ὑ ὲέὶάὥὰ ίὬὥὰὩ ὶὩίὭίὸὭὺὭὸώ ὥὸ ὨὩὴὸὬ ὤ έὬάϽά  

  Ὑ ὶὩίὭὸὭὺὭὸώ ύὬὩὲ ὤ π έὬάϽά τȢπ έὬάϽά 

  ὦ ὧέάὴὥὧὸὭέὲ ὴὥὶὥάὩὸὩὶρπȢ  

  ὤ ὨὩὴὸὬ ὦὩὰέύ ὫὶέόὲὨ ὰὩὺὩὰ Ὢὸ 

Figure 10 illustrates the shale resistivity and calculated trend for the normal shale 

resistivity at the Porter Site. Using the geostatic stress gradient, normal shale resistivity, 

and observed shale resistivity, we then calculated the pore pressure gradient (Ὃ) as 

(Eaton, 1995; Imhanzuaria and Bello, 2019): 

 Ὃ  Ὃ Ὃ πȢτσσ
Ȣ

  

Where: 

  Ὑ ὈὩὩὴ ὶὩίὭίὸὭὺὭὸώ ὺὥὰόὩ ὥὸ ὨὩὴὸὬ ὤ έὬάϽά  

  πȢτσσὲέὶάὥὰ ὴέὶὩ ὴὶὩίίόὶὩ ὫὶὥὨὭὩὲὸ  

  ρȢς ὧέὲίὸὥὲὸ 

Using the geophysical log data, we calculated the pore pressure gradient at 0.1-foot 

intervals for the shale intervals. As the shale intervals transition to sand layers, the 

calculated pore pressure decreases as the deep resistivity value increases. To account 

for the fluctuations, we calculated a moving median for each shale depth interval using 

the calculated pore pressure gradient values within 10 feet of the depth along with a 

running average of all calculated pore pressure values shallower than the depth of 

interest (Figure 11). 

Using the calculated geostatic stress gradient and pore pressure (that is, hydrostatic 

stress) gradient, we could then calculate the in-situ effective stress for each Porter Site 

core sample. For most of the samples, we used the moving median pore pressure; 

however, three samples had a relatively high sand content, and we used the running 

average pore pressure value as more representative of the interval. Table 2 provides 

the calculated geostatic, hydrostatic, and effective stress for analyzed core samples. 

Eq. 3 

Eq. 4 
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The applied effective vertical stress during testing of the core samples is generally 

reported in units of kilopascal (ñkPaò) or 1,000 pounds-force per square foot (ñksfò). 

Using the effective stress gradient calculated for each core sample, we converted the 

reported effective vertical stress during testing to an equivalent depth. We used the 

equivalent depths and applied the approach of Kelley and others (2018) to expand the 

depth-dependent relationships for compaction parameterization of the Gulf Coast 

Aquifer System fine-grained sediments. 

 

Figure 10. Shale resistivity and  calculated  normal shale resistivity trend . 
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Figure 11. Calculated fine -grained sediment pore pressure gradient . 
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Table 2. Porter Site  calculated geostatic stress, pore pressure  (hydrostatic stress), and 

effective stress . 

Core SampleÀ Formation  
Depth, feet 

BGL 
Geostatic 
Stress, psi  

Pore 
Pressure, psi  

Effective 
Stress, psi  

C1T2 Chicot 82 68 24 44 

C2T4 Chicot 204 179 52 127 

C3T3 Chicot 315 277 122 155 

C4T2* Evangeline 459 410 157 253 

C5T5 Evangeline 648 586 293 293 

C6T5 Evangeline 840 765 445 320 

C6T6-TAMU Evangeline 843 768 439 330 

C6T6-SO Evangeline 843 768 439 330 

C7T3 Evangeline 974 890 478 413 

C8T1 Evangeline 1,090 997 658 340 

C9T1 Burkeville 1,199 1,100 755 345 

C9BT1 Burkeville 1,210 1,110 779 331 

C9BT4 - TAMU Burkeville 1,199 1,100 755 345 

C10T3 Burkeville 1,297 1,190 862 328 

C11T3 Burkeville 1,467 1,347 973 373 

C12T1* Upper Jasper 1,540 1,415 709 706 

C13T2* Upper Jasper 1,635 1,504 751 754 

C14T1 Upper Jasper 1,728 1,592 1,178 414 

C15T5 - TAMU Lower Jasper 1,897 1,752 1,236 516 

C15T5 - SO Lower Jasper 1,897 1,752 1,236 516 

C15T6 Lower Jasper 1,900 1,754 1,227 527 

C16T1 Lower Jasper 1,955 1,806 1,260 547 

C17T1 Lower Jasper 2,059 1,909 1,332 577 

C18T1 Lower Jasper 2,263 2,113 1,568 545 

*Pore pressure value from running average values 

À ñT#ò represents the tube number of the core sample. 
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2.3.2.2. Porosity  

The porosity (—) of a material is the amount open space within a solid volume. For 

example, if one cubic foot of fine-grained sediment has a porosity of 15 percent that 

means that 0.15 cubic feet of the sediment is open space where water or other liquid or 

gas can be stored. The porosity is related to the void ratio (Ὡ)  as follows: 

 —   

During testing, a portion of the core sample is held within a chamber and vertical stress 

is applied to the sample. As effective vertical stress changes, the void ratio for the 

applied effective vertical stress is recorded. Figure 12 is an example of the test results 

for the effective vertical stress versus void ratio. 

Analysis of the porosity data from the Porter Site cores showed results similar to the 

results from Gabrysch and Bonnet (1974; 1976a; 1976b). Figure 13 shows the 

measured porosity versus effective depth at the Porter Site and Gabrysch sites. While 

the results are similar, the porosity trend with effective depth is slightly higher. Equation 

6 is the calculated best-fit trend line through all of the available porosity data from core 

analyses. 

 — πȢσφςυὩ Ȣ   

Keester and others (2022)found a logarithmic trend best fit the Gabrysch data so a 

logarithmic trend was applied to the Porter Site data for comparison. However, when the 

data are combined, an exponential trend provides the best trend through the data. This 

exponential trend was applied within the model update as the initial estimate of fine-

grained bed porosity prior to model calibration. 

 

Eq. 5 

Eq. 6 
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Figure 12. Effective vertical stress versus void ratio for core sample C8T1 . 
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Figure 13. Porosity results from the compaction testing . Gabrysch  & Bonnet  trend from 

Keester and others (2022). 
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2.3.2.3. Compre ss ion and Recompression  

The compression index is the change in void ratio over the logarithm of the effective 

stress during inelastic conditions. Similarly, the recompression index represents the 

same change during elastic conditions (Jorgensen, 1980). Lone Star Groundwater 

Conservation District worked with W.D. Von Gotten Engineering LLC and Innovative 

Geotechnology LLC to conduct consolidation testing on samples from each core to 

determine these indices for the core intervals. In addition, the Lone Star Groundwater 

Conservation District worked with Texas A&M University Zachry Department of Civil and 

Environmental Engineering to conduct consolidation testing of three samples at higher 

pressures than the commercial labs were capable of applying to verify results and 

extend analyses to greater effective depths. Using the void ratio and pressure data, the 

compression and recompression indices are calculated as follows (Jorgensen, 1980): 

 ὅ  ὒέὥὨὭὲὫ ὖὬὥίὩ  

 ὅ  ὟὲὰέὥὨὭὲὫ ὖὬὥίὩ  

 Where: 

  ὅ ὅέάὴὶὩίίὭέὲ ὭὲὨὩὼ ὨὭάὩὲίὭέὲὰὩίί 

  ὅ ὙὩὧέάὴὶὩίίὭέὲ ὭὲὨὩὼ ὨὭάὩὲίὭέὲὰὩίί 

The compression index is determined as a slope of a fitted line of the curve defined by 

the plot of void ratio versus the logarithm of effective stress during the loading phase of 

testing which represents the inelastic range. For the recompression index, a line is fitted 

to the measurements during the unloading phase which represents the elastic range of 

the sediments. Figure 14 illustrates the calculation from the measurements using the 

test data for core C2T4. 

Table 3 summarizes the common ranges of the indices for low to high plasticity clays. 

Most of the compression index results for the Porter Site data are within the low to 

medium plasticity range (Table 4). However, the recompression index results are 

generally within the typical high plasticity range. Table 5 summarizes the compression 

and recompression indices by aquifer. 

A general range for the ὅȾὅ is 0.02 to 0.2 with lower values representing highly 

structured and bounded soft clay and silt deposits (Terzaghi and others, 1996). The 

average ὅȾὅ value of the Porter Site cores is 0.24 which is higher than the expected 

range for a clay. However, deviations from the literature values are expected due to 

potential variations in silt and sand content within the samples. 

Eq. 7 

Eq. 8 
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Figure 14.  Example of  compression and recompression index  determination .  

 

Table 3. Typical compression  and recompression index value ranges for clays (Terzaghi and 

others, 1996; Das, 2010) . 

Clay Type  Compression Index  
Recompression 

Index  

Low -medium plasticity  0.1 to 0.3 0.005 to 0.015 

High plasticity  0.3 to 0.6 0.01 to 0.05 
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Table 4. Compression and recompression index for each core sample.  

Core Sample  Formation  
Compression 

Index  
Recompression 

Index  ╒►Ⱦ╒╬ 
C1T2 Chicot 0.33 0.05 0.15 

C2T4 Chicot 0.19 0.05 0.26 

C3T3 Chicot 0.25 0.02 0.08 

C4T2* Evangeline 0.04 0.01 0.25 

C5T5 Evangeline 0.26 0.04 0.15 

C6T5 Evangeline 0.17 0.04 0.24 

C6T6-TAMU Evangeline 0.30 0.12 0.40 

C6T6-SO Evangeline 0.28 0.11 0.39 

C7T3 Evangeline 0.11 0.02 0.18 

C8T1 Evangeline 0.21 0.05 0.24 

C9T1 Burkeville 0.15 0.02 0.13 

C9BT1 Burkeville 0.16 0.03 0.19 

C9BT4 - TAMU Burkeville 0.29À 0.17À 0.59 

C10T3 Burkeville 0.17 0.04 0.24 

C11T3 Upper Jasper 0.17 0.02 0.12 

C12T1* Upper Jasper 0.05 0.002 0.04 

C13T2* Upper Jasper 0.06 0.02 0.33 

C14T1 Upper Jasper 0.12 0.01 0.08 

C15T5 - TAMU Lower Jasper 0.23 0.09 0.39 

C15T5 - SO Lower Jasper 0.22 0.08 0.36 

C15T6 Lower Jasper 0.2 0.1 0.50 

C16T1 Lower Jasper 0.17 0.07 0.41 

C17T1 Lower Jasper 0.12 0.02 0.17 

C18T1 Lower Jasper 0.31 0.02 0.06 
*samples with relatively high sand content that are not representative of the clay interbeds. Values not 

included in statistical summaries. 
ÀPreliminary values as of this report. Values not included in statistical summaries. 
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Table 5.  Average c ompression and recompression indices by aquifer . 

Formation  
Compression 

Index  
Recompression 

Index  ╒►Ⱦ╒╬ 

Chicot  0.26 0.04 0.16 

Evangeline  0.22 0.06 0.27 

Burkeville  0.16 0.03 0.19 

Upper Jasper  0.15 0.02 0.10 

Lower Jasper  0.21 0.06 0.32 
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2.3.2.4. Specific Storage  

The specific storage (Ὓ) of aquifer sediments is the volume of water released from or 

added to storage in a unit volume of aquifer per unit decline or rise in water level (Bear, 

1979). The specific storage value may be further defined as the sum of the elastic (Ὓ ) 

and inelastic (Ὓ ) components (Hoffman and others, 2003) with the inelastic 

component generally being approximately 100 times greater than the elastic component 

(Leake and Prudic, 1991; Young and others, 2006). However, other studies have found 

the ratio of the inelastic to elastic specific storage to be higher than 0.1 (Song and 

others, 2022; Jiangtao Li, 2022). 

Previous investigations relied on the typical ratio of Ὓ  to Ὓ  (Kelley and others, 2018; 

Keester and others, 2022). However, for the Porter Site data, we applied the equations 

from Jorgensen (1980) relating ὅ and ὅ to Ὓ  and Ὓ , respectively, as follows: 

 Ὓ
Ȣ

  

 Ὓ
Ȣ

  

 Where: 

  Ὡ ὭὲὭὸὭὥὰ ὺέὭὨ ὶὥὸὭέ 

  ‎ ίὴὩὧὭὪὭὧ ύὩὭὫὬὸ έὪ ύὥὸὩὶ ωȢψρ φςȢτσ  

Figure 15 and Figure 16 illustrate the calculated inelastic and elastic, respectively, 

specific storage values. The inelastic storage values from the Porter Site data fall along 

a similar trend to results from the Gabrysch and Bonnet (1974; 1976a; 1976b) data with 

the trend lines through each data set essentially the same. Results for the elastic 

specific storage are also similar though slightly higher for some samples at greater 

effective depths. Equations 11 and 12 are the calculated best-fit trend lines through all 

of the available inelastic and elastic, respectively, calculated storage coefficient values 

based on data from core analyses. 

 Ὓ φȢωρφρπὩὼὴȢ   

 Ὓ ρȢςττρπὩὼὴȢ   

 

  

Eq. 9 

Eq. 10 

Eq. 11 

Eq. 12 



GMA 14 Groundwater Availability Model 

 35  

 

Figure 15.  Calculated  inelastic specific storage (╢▼▓○) results from the compaction testing.  

Gabrysch & Bonnet trend from Keester and others (2022). 
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Figure 16.  Calculated elastic specific storage (╢▼▓▄) results from the compaction testing.  

Gabrysch & Bonnet trend from Keester and others (2022). 
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2.3.2.5. Vertical Hydraulic Conductivity  

The specific storage values of the clay beds control the amount of compaction that can 

occur under a given amount of stress. However, to determine the rate at which 

compaction occurs we also need to know the vertical hydraulic conductivity and 

thickness of the clay beds along with the specific storage. 

The thickness and vertical hydraulic conductivity of individual clay beds affects the rate 

at which compaction may occur. When pumping from the aquifer occurs, water will 

preferentially move through the coarser-grained sediments (that is, sand) causing a 

pressure (that is, water level) decline. The decrease in pressure within the coarser-

grained sediment layers creates a pressure gradient between the coarser-grained 

sediment layers and the finer-grained (that is, clay) sediment layers. This pressure 

gradient causes water to move from the finer-grained sediment layers into the coarser-

grained sediment layers resulting in a decrease in pressure (and increase in effective 

stress) within the finer-grained sediment layers. 

The decrease in pressure in a finer-grained sediment layer occurs immediately at the 

interface between that layer and the coarser-grained sediment layer. The decrease in 

pressure in the finer-grained sediment layer then propagates toward the center of the 

layer. Assuming consistent hydraulic properties of the layer, as the thickness of the 

finer-grained sediment layer increases, the time it takes for the pressure decrease to 

propagate to the center of the layer also increases. The amount of time it takes for full 

compaction to occur can be expressed as a ñtime constantò in compaction calculations 

(Hoffman and others, 2003). The time constant (†) in Equation 13 represents the 

amount of time at which about 93 percent of the ultimate clay bed compaction will occur.  

 †   

Where: 

ὦ ὭὲὭὸὭὥὰ ὸὬὭὧὯὲὩίί έὪ ὸὬὩ ὧὰὥώ ὦὩὨ  

ὑ ὺὩὶὸὭὧὥὰ ὬώὨὶὥόὰὭὧ ὧέὲὨόὧὸὭὺὭὸώ  

As illustrated in Figure 17, approximately 50 percent of the compaction occurs relatively 

rapidly (within about 20 percent of the time constant) and then gradually slows over 

time. To understand the timing of compaction, understanding the vertical hydraulic 

conductivity of compressible beds is necessary as relatively small variations can greatly 

affect the timing of compaction. For example, with ὑ as the denominator in Equation13, 

with each order of magnitude decrease in value the timing for compaction increases 10 

times. 

Eq. 13 
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Figure 17. Illustration of compaction as a function of the compaction time constant. 

Reproduced from Hoffman and others (2003). 

Kelley and others (2018) developed a model of vertical hydraulic conductivity with depth 

based on their analysis of data from Gabrysch and Bonnet (1974). To provide a lower 

bound on their vertical hydraulic conductivity estimates, Kelley and others (2018) also 

developed a depth dependent model using parameters from PRESS models (Espey, 

Huston, and Associates, Inc., 1982) which simulate one-dimensional compaction at 

sites across the Houston area.  

Results from the Porter Site core analyses indicated the vertical hydraulic conductivity is 

generally lower than the Gabrysch and Bonnet (1974) data. The best fit trend line 

through the Porter Site data is an order of magnitude less than trend through the 

Gabrysch and Bonnet (1974) data. Figure 18 illustrates the data collected from core 

samples along with the trends. 

The PRESS model (Espey, Huston, and Associates, Inc., 1982) input values were lower 

than most data points. Several of the results at greater effective depth were lower than 

the Porter Trend as some sample results are much higher than many of the data points. 

Testing narratives suggest some samples have microfractures which are allowing water 

to flow faster through the sample than the clay would allow, and the results are 

indicative of those microfractures rather than the material permeability. Nonetheless, as 

there are relatively few sites for the region, we used the best fit trend line through all of 

the data to develop a depth-dependent vertical hydraulic conductivity equation: 

 ὑ ψȢχχτρπὩὼὴȢ   

 

Eq. 14 
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Figure 18.  Vertical hydraulic conductivity results from the compaction testing.  Gabrysch & 

Bonnet trend from Keester and others (2022). 
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3. Model  Overview and Packages  

We based the numerical model on GULF-2023 (Ellis and others, 2023) and conceptual 

model updates outlined in Section 2. We used the MODFLOW 6 code (Langevin and 

others, 2017) for the GMA 14 model. MODFLOW 6 is the latest version of the 

MODFLOW code developed by the U.S. Geological Survey and was originally released 

in 2017. The current version is MODFLOW 6.6.1 released on February 10, 2025 

(Langevin and others, 2025). 

A model developed using the MODFLOW 6 code consists of a combination of files that 

each provide information to a MODFLOW package. Each package represents a 

component of the groundwater flow system or output from the model. Table 6 lists the 

packages corresponding to file names utilized for the GMA 14 Model.  

There are two Name (NAM) files for the GMA 14 Model. One NAM file is associated 

with simulation files that include information on the solver and time discretization. The 

other NAM file is for the model input and output files. Upon execution, MODFLOW 6 

reads the mfsim.nam file to obtain the type of model, the timing of the model, and how 

the model is solved. In Table 6, these files are listed under the Simulation Files section. 

The mfsim.nam file points to the gma14.nam file which lists the other Model Input Files 

that define the GMA 14 Model. The GMA 14 Model provides model results as the 

following Model Output Files: 

¶ Cell-by-Cell flows (ñCBBò), which contains water budget information for each 

model cell per stress period 

¶ Heads (ñHDSò), which contains water levels for each model cell per stress period 

¶ Listing (ñLSTò), which contains model run characteristics and water budget 

summaries 

Along with the matrix head output file, we also used the Observation (ñOBS6ò) utility to 

output head results at specific model cells for use in our calibration processes. The 

following sections describe the files used in the GMA 14 Model. 
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Table 6. Summary of MODFLOW input files.  

Package Name  File Type Input File name 

Simulation Files  

Name NAM mfsim.nam 

Time Discretization TDIS gma14.tdis 

Iterative Model Solution IMS gma14.ims 

Model Input Files  

Name NAM gma14.nam 

Initial Conditions IC gma14.ic 

Discretization DIS gma14.dis 

Node Property Flow NPF gma14.npf 

Storage STO gma14.sto 

Skeletal Storage, 
Compaction, and 

Subsidence 
CSUB gma14.csub 

Well WEL gma14.wel 

Well WEL gma14.irr 

Drain DRN gma14.drn 

General Head Boundary GHB gma14.ghb 

Recharge RCH gma14_rch_oc.rcha 

Recharge RCH gma14_rch_sc.rcha 

River RIV gma14.riv 

Output Control OC gma14.oc 

Observations OBS gma14.obs 

Model Output Files  

Cell-by-Cell Flows CBB gma14.cbb 

Heads HDS gma14.hds 

List LST gma14.lst 
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3.1. Discretization Packages  

Discretization refers to how the model domain is divided spatially and how time is 

represented in the model 

3.1.1. Time Discretization  

The Temporal Discretization (ñTDISò) Package contains information on how time is 

represented in the model. The package defines the modelôs time units, how the total 

time is divided into discrete stress periods, the length of stress periods, and how each 

stress period is divided into time steps. Like GULF-2023, the GMA 14 Model has time 

units of days, starts on December 31, 1896, and continues to December 31, 2018. 

However, GULF-2023 used several monthly stress periods whereas the GMA 14 Model 

does not have any stress periods of less than one year. By eliminating the monthly 

stress periods, we reduced the total stress periods from 268 in GULF-2023 to a total of 

59 stress periods for the history matching period. 

Table 7 summarizes the details of each stress period. The first stress period is steady 

state to represent predevelopment conditions. The remaining stress periods are 

transient representing multiple years up until 1970. Starting in 1970, each stress period 

has a length of one year.  

Table 7. Time Discretization Summary.  

Stress 
Period  Length, days  

Stress Period  
Start Date  

Stress Period  
End Date  Type  

1 1 12/31/1896 12/31/1896 Steady State 

2 5,477 1/1/1897 12/31/1911 Transient 

3 5,114 1/1/1912 12/31/1925 Transient 

4 5,113 1/1/1926 12/31/1939 Transient 

5 1,827 1/1/1940 12/31/1944 Transient 

6 1,826 1/1/1945 12/31/1949 Transient 

7 1,826 1/1/1950 12/31/1954 Transient 

8 1,826 1/1/1955 12/31/1959 Transient 

9 1,827 1/1/1960 12/31/1964 Transient 

10 1,826 1/1/1965 12/31/1969 Transient 

11 365 1/1/1970 12/31/1970 Transient 

12 365 1/1/1971 12/31/1971 Transient 

13 366 1/1/1972 12/31/1972 Transient 

14 365 1/1/1973 12/31/1973 Transient 

15 365 1/1/1974 12/31/1974 Transient 

16 365 1/1/1975 12/31/1975 Transient 

17 366 1/1/1976 12/31/1976 Transient 

18 365 1/1/1977 12/31/1977 Transient 

19 365 1/1/1978 12/31/1978 Transient 
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Stress 
Period  Length, days  

Stress Period  
Start Date  

Stress Period  
End Date  Type  

20 365 1/1/1979 12/31/1979 Transient 

21 366 1/1/1980 12/31/1980 Transient 

22 365 1/1/1981 12/31/1981 Transient 

23 365 1/1/1982 12/31/1982 Transient 

24 365 1/1/1983 12/31/1983 Transient 

25 366 1/1/1984 12/31/1984 Transient 

26 365 1/1/1985 12/31/1985 Transient 

27 365 1/1/1986 12/31/1986 Transient 

28 365 1/1/1987 12/31/1987 Transient 

29 366 1/1/1988 12/31/1988 Transient 

30 365 1/1/1989 12/31/1989 Transient 

31 365 1/1/1990 12/31/1990 Transient 

32 365 1/1/1991 12/31/1991 Transient 

33 366 1/1/1992 12/31/1992 Transient 

34 365 1/1/1993 12/31/1993 Transient 

35 365 1/1/1994 12/31/1994 Transient 

36 365 1/1/1995 12/31/1995 Transient 

37 366 1/1/1996 12/31/1996 Transient 

38 365 1/1/1997 12/31/1997 Transient 

39 365 1/1/1998 12/31/1998 Transient 

40 365 1/1/1999 12/31/1999 Transient 

41 366 1/1/2000 12/31/2000 Transient 

42 365 1/1/2001 12/31/2001 Transient 

43 365 1/1/2002 12/31/2002 Transient 

44 365 1/1/2003 12/31/2003 Transient 

45 366 1/1/2004 12/31/2004 Transient 

46 365 1/1/2005 12/31/2005 Transient 

47 365 1/1/2006 12/31/2006 Transient 

48 365 1/1/2007 12/31/2007 Transient 

49 366 1/1/2008 12/31/2008 Transient 

50 365 1/1/2009 12/31/2009 Transient 

51 365 1/1/2010 12/31/2010 Transient 

52 365 1/1/2011 12/31/2011 Transient 

53 366 1/1/2012 12/31/2012 Transient 

54 365 1/1/2013 12/31/2013 Transient 

55 365 1/1/2014 12/31/2014 Transient 

56 365 1/1/2015 12/31/2015 Transient 

57 366 1/1/2016 12/31/2016 Transient 

58 365 1/1/2017 12/31/2017 Transient 

59 365 1/1/2018 12/31/2018 Transient 
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3.1.2. Grid Discretization  

The Grid Discretization (ñDISò) package defines the spatial structure of the model grid. 

The GMA 14 Model is a structured grid that contains 6 layers, 350 rows, and 380 

columns. The lower left corner of the model grid is located at TWDB GAM coordinate 

system 5,770,658 easting and 18,581,706 northing. Table 8 summarizes the 

representative hydrogeological unit for each model layer. Figures 19 through 24 show 

the active cells for each model layer. 

Table 8. Model layers a nd corresponding hydrogeologic unit.  

Model Layer  Hydrogeologic Unit  

1 Shallow Aquifer System 

2 Chicot Aquifer 

3 Evangeline Aquifer 

4 Burkeville Confining System 

5 Jasper Aquifer 

6 Catahoula Aquifer 

 

We developed the GMA 14 Model grid starting with the GULF-2023 grid. We 

reprojected the grid to the TWDB GAM coordinate system (EPSG 10481) from NAD83 

Conus Albers (EPSG 5070). The reprojection of the GULF-2023 grid to the TWDB GAM 

system resulted in an offset and rotation of the grid. To ensure the center of the GMA 14 

Model grid cells were within the GULF-2023 grid cells, we adjusted the cell row lengths 

and rotated the grid. The cell row lengths for the GMA 14 Model now vary from 3,276 

feet to 3,293 feet while keeping a constant column length of 3,277 feet with a rotation of 

2.1 degrees. The adjustments ensured all GMA 14 Model active cell centers stayed 

within the corresponding GULF-2023 model cells.  

Layer elevations are consistent with GULF-2023 as described by Ellis and others 

(2023). Figure 25 illustrates the layering of the Gulf Coast Aquifer System within the 

GMA 14 Model. Figure 26 shows the cross-section locations. 
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Figure 19. Layer 1  (shallow aquifer system)  active model cells.   
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Figure 20. Layer 2  (Chicot Aquifer)  active model cells.  
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Figure 21. Layer 3  (Evangeline Aquifer)  active model cells.  

  



GMA 14 Groundwater Availability Model 

 48  

 

Figure 22. Layer 4  (Burk eville)  active model cells.  
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Figure 23. Layer 5  (Jasper Aquifer)  active model cells.  
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Figure 24. Layer 6  (Catahoula Aquifer)  active model cells.  
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Figure 25. Model grid c ross sections.  Location of cross sections shown on Figure 26. 
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Figure 26. Sections lines for cross sections in Figure 25. 
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3.2. Node Property Flow  Package  

The Node Property Flow (ñNPFò) package handles how groundwater moves through the 

model by calculating the hydraulic conductance between adjacent cells. The NPF 

package also specifies whether a cell is always confined or is convertible between 

confined and unconfined conditions. The NPF package also specifies values for the 

horizontal hydraulic conductivity and vertical hydraulic conductivity each model layer. 

We specified the initial GMA 14 Model horizontal hydraulic conductivity 

parameterization based on pumping test data described in Section 2.1. We interpolated 

the transmissivity values across the model domain then divided the transmissivity by the 

model layer thickness to define the initial horizontal hydraulic conductivity. We selected 

this approach to honor the test data which represents how the aquifers are being used 

and where water level data are being collected. Comparison of measured and calibrated 

properties is in Section 4.1.3. 

Our approach differs from Ellis and others (2023) who noted that the horizontal 

hydraulic conductivity values in GULF-2023 were consistent with reported values for the 

Gulf Coast Aquifer System. By focusing on the horizontal hydraulic conductivity values, 

GULF-2023 underrepresented the reported transmissivity of the aquifers (Drabek and 

Keester, 2023). One effect of underrepresenting the transmissivity is that the model will 

produce higher drawdown at pumping rates than would occur at the measured 

transmissivity. In some areas, the underrepresented transmissivity may have resulted in 

the reduced pumping rates during calibration as discussed in Section 2.2.1. 

The vertical hydraulic conductivity represents the ease of flow between model layers. 

For sand layers in direct contact, the vertical hydraulic conductivity may be within an 

order of magnitude of the horizontal hydraulic conductivity. However, the Gulf Coast 

Aquifer System has several clay interbeds which inhibit vertical flow. Nonetheless, due 

to the lack of measured values we used the vertical hydraulic conductivity from GULF-

2023 for the initial values of the GMA 14 Model. 

3.3. Storage Package  

The Storage (ñSTOò) package governs how groundwater is stored and released in the 

model layer due to a change in water level by considering specific storage for confined 

conditions and specific yield for unconfined conditions. Since specific storage is defined 

in the compaction package, the specific storage within the STO package is not read by 

MODFLOW and therefore only the specific yield is defined. There are insufficient 

specific yield field measurements available to compare to initial model values. We used 

the values developed for GULF-2023 as our initial input for the GMA 14 Model. 
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3.4. Skeletal Storage, Compaction, and Subsidence Package  

The Skeletal Storage, Compaction, and Subsidence (ñCSUBò) package simulates land 

subsidence caused by compaction due to groundwater extraction. It accounts for elastic 

and inelastic storage changes and calculates vertical displacement in response to 

groundwater level decline (Hughes and others, 2022). The CSUB package includes 

parameterization for both coarse grain and fine grained (that is, interbeds) material. 

Each interbed is simulated as delay or no-delay. Simulating compaction using the no-

delay approach results in the interbed head and groundwater flow cell head equilibrating 

instantaneously, which is often valid where the interbeds are close to the surface and 

thin, indicating the time it takes for the heads to equilibrate is less than the stress period 

length. The delay approach uses the vertical hydraulic conductivity of the interbed to 

allow the groundwater flow cell and interbed to equilibrate over a period of time (Hughes 

and others, 2022). We limited the number of interbeds simulated as no-delay to cells of 

the most updip limit where layer thickness and compaction was limited. Figures 27 

through 30 show the cell designations for each layer with simulated interbeds. We were 

not able to use fewer no-delay interbeds due to an increase in numerical instability with 

the model for cells with relatively small saturated thicknesses. 

For delay interbeds, CSUB calculates interbed thickness by multiplying the 

representative interbed thickness (CSUB data parameter: thick_frac) by the equivalent 

number of interbeds in the interbed system (CSUB data parameter: rnb). For no-delay 

interbeds, interbed clay thickness is only the thick_frac and rnb can be any value as it is 

not used in the calculation (USGS, 2025a). The values of thick_frac and rnb are 

equivalent to the bequiv and nequiv values, respectively, discussed by Hughes and others 

(2022).  

GULF-2023 defined thick_frac and rnb values for all interbeds regardless of whether 

designated as delay or no-delay. As a result, no-delay interbeds were about three to 

four times thinner than the clay thickness should be. This mistake in parameterization is 

understandable, but the effect of the error makes prediction of compaction and 

subsidence unrealistic where no-delay beds are present. 

For the GMA 14 Model, since GULF-2023 provided thick_frac and rnb for all interbeds, 

we kept the delay interbed cells consistent with GULF-2023 values. However, for the 

GMA 14 Model no-delay interbeds, we determined thick_frac by multiplying the GULF-

2023 thick_frac and rnb values. We then set the GMA 14 Model rnb value to 1.0. 

Figures 31 through 34 illustrate the interbed (clay) thicknesses for each model layer with 

simulated interbeds. Figures 35 through 38 illustrate the representative number of 

interbeds for each model layer with simulated interbeds. 
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To parameterize the depth dependent interbed compaction parameters (namely, 

inelastic specific storage, elastic specific storage, porosity, and vertical hydraulic 

conductivity), we used the depth to the cell center from the top of the model along with 

the depth-dependent equations described in Section 2.3. 

Preconsolidation stress is essentially the amount of change in effective stress before 

inelastic compaction begins to occur. Ellis and others (2023)conceptualized the 

preconsolidation stress as linearly decreasing with depth. The preconsolidation stress is 

75 feet at the surface and decreases to 0 feet at a depth of 870 feet as measured from 

the top of the model to the middle of the cell. The initial parameterization of the GMA 14 

Model CSUB package uses the same conceptualization as GULF-2023 (Ellis and 

others, 2023). 

The CSUB package also defines the coarse grain specific storage and porosity 

parameters. For the GMA 14 Model initial parameters, we used the values from GULF-

2023. 
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Figure 27. Interbed delay designations for Layer 2  (Chicot Aquifer) .  
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