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Abstract. Significant undeveloped brackish groundwater resources exist within the Coastal Lowlands Aquifer

System (Gulf Coast Aquifer System) near Houston, Texas, USA. As the development of these frontier resources
is imminent, an improved understanding of the impact development may have on the availability of the resource
and land subsidence is needed. In this region, land subsidence is caused by the depressurization of the aquifer
and compaction of the many clay lenses in the subsurface. The Gulf Coast Aquifer System in the study area
includes three primary water bearing units (from shallow to deep): the Chicot (Pleistocene and Pliocene) and
Evangeline (Pliocene and Miocene) aquifers, and the Jasper aquifer (Miocene). Although there has been much
research and data supporting the causal relation between water-level decline and subsidence in the areas of
fresh groundwater development, little data exists to inform on the potential subsidence impacts upon deeper
brackish groundwater development. Data were compiled, and multiple hydrologic parameters were utilized to
improve the understanding of the brackish resources within the study area. Geophysical logs were compiled and
analysed to refine the aquifer stratigraphy, determine the binary classification of sand and clay, and estimate
the groundwater salinity. These data were used to develop a MODFLOW groundwater flow model to estimate
the risk of compaction and land subsidence upon the development of brackish zones within the Jasper aquifer.
Compiled data detailing the total clay thickness, clay bed thickness, and clay bed location were input into the
model along with a hypothetical stress to predict compaction within the Jasper aquifer across the study area
while incorporating the observed heterogeneity in clay properties. Using the results from the model simulations
and two other risk performance measures (depth of burial and surface flood risk), the total subsidence normalized
risk score was estimated. The results of this study confirm the potential for compaction in the Jasper aquifer and
for land subsidence to occur upon development. Areas with the highest risk are located in the up-dip, inland
areas, near where the aquifer becomes fresh and is currently used for municipal supply. The results will inform
water managers and planners in the Houston area on the future availability of brackish groundwater resources.

1

Introduction

The Houston Region, which includes the City of Houston,
TX, USA and the surrounding communities is the 3rd largest
community in the United States. Due to prolonged and extensive groundwater development of the Gulf Coast Aquifer
system, widespread subsidence has resulted in the regulation
of groundwater use, and the conversion to alternative sources
of water that will not contribute to subsidence.

Treated surface water is currently (2019) the primary alternative source water and accounts for the largest overall
source as a percentage of total water demand in the Houston Region. Currently the region sources surface water from
Brazos, San Jacinto, and Trinity River Basins in addition to
groundwater, and wastewater reuse. Other resources and water management methodologies will be needed as population
in the region continues to increase. Brackish groundwater
is a potential alternative water supply that, along with other
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Figure 1. Compressibility as a function of depth for clay samples
collected near Houston, Texas, TX, USA (from Gabrysch and Bonnet, 1974).

improved water development strategies, needs to be investigated to assure water planners and officials that adequate water supplies will be available for the region to support future
projected increases in municipal, and industrial water needs
while managing subsidence.

1.1

Hydrogeologic Investigation

The Coastal Lowlands Aquifer, locally referred to as The
Gulf Coast Aquifer System, in the study area has been the
primary water source for the region’s municipal, industrial,
and agricultural water supply. The Chicot, Evangeline, and
Jasper aquifers are the three primary water bearing units
of the aquifer system, with the Chicot being the shallowest
and the Jasper being the deepest. Brackish and saline resources exist in each of the primary water bearing units of
the Gulf Coast Aquifer System, each composed of a complex
sequence of interbedded sands and clays. Extensive development of these aquifers has resulted in the compaction of the
aquifer and measured land subsidence. Land subsidence can
contribute to infrastructure damage, coastal inundation, and
inland flooding.
The distribution of major sand and clay-rich sequences
within the aquifer system was determined to better understand the relation between aquifer lithology, stratigraphy, and
salinity. Nine stratigraphic cross-sections were created based
on 209 geophysical logs to locally define aquifer stratigraphy. A total of 294 geophysical logs were used to interpret aquifer lithology in a binary classification of sand and
clay. A total of 299 geophysical logs were used to estimate
groundwater salinity and determine locations where brackish resources exist within the District. Brackish resources are
defined
for this study as those areas within the Gulf Coast aquifer
that have total dissolved solid concentrations between about
1000 and 3000 mg L−1 . The nine cross sections developed
during this preliminary investigation include aquifer strucProc. IAHS, 382, 437–441, 2020

Figure 2. Simulated compaction as a function of depth after

10 years of production for the three sensitivity cases (see Table 1).

ture boundaries, aquifer lithology and water salinity classification (Young et al., 2018).
Compaction and resulting subsidence in the Gulf Coast
aquifer in the study area is caused by the reduction of the
pore pressure in the clay beds because of groundwater pumping. When water-levels decline because of groundwater withdrawal, the pressure within the aquifers decline decreasing
the pore pressure within the numerous clay lenses resulting in
compaction. There has been extensive research in the Houston region on the potential for compaction of the Chicot and
Evangeline aquifers (Gabrysch and Bonnet, 1974, 1976a;
Kasmarek, 2012). As such, this effort focuses on frontier sections of the Jasper, that have never been developed, to determine the subsidence risk associated with potential future development of these brackish resources. The vertical hydraulic
conductivity of the clay lenses and the inelastic clay specific
storage of the Jasper were interpreted from geophysical logs
and historical research. Both properties are strongly correlated with depth of burial, with the potential for compaction
decreasing with greater burial depths (Fig. 2).
2

Modeling

A numerical groundwater flow model was developed to estimate compaction in the Jasper Aquifer in the study area from
a hypothetical brackish groundwater development project.
The numerical model was developed using the United States
Geological Survey code MODFLOW (Harbaugh et al.,
2000). This model simulated subsidence with the MODFLOW SUB package (Hoffman et al., 2003) which is the
proc-iahs.net/382/437/2020/
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Table 1. Summary of direction of parameter variation for Jasper
Compaction Model sensitivity analysis.
Scenario

Vertical Hydraulic
Conductivity

Inelastic
Storativity

Drawdown at
Preconsolidation
Stress

Low Impact
Base
High Impact

Low
Average
High

Low
Average
High

High
Average
Low

same package utilized in the most recent regional MODFLOW model published in the region (Kasmarek, 2012). The
model developed for this study is called the Jasper Compaction Model (JCM).
The JCM accounts for the variability in clay properties and
parameters controlling compaction which are correlated to
aquifer depth of burial across the study area. Clay bed location and properties were determined by the nearest analysed
geophysical log. Because the analysis desires to estimate risk
within the brackish Jasper Aquifer, the model must simulate compaction over a large study area. The model is composed of one-mile square cells. To make the analysis practicable, brackish projects were simulated at the central cell of
regions approximately 23 km2 in area. This resulted in 117
modelled brackish projects which provided adequate coverage both spatially and with depth. Each hypothetical project
was represented in the model as a head-controlled boundary assumed to have an equal drawdown of approximately
150 m. The use of a constant drawdown versus a constant
rate boundary normalized the compaction results.
Due to the uncertainty in the model parameters used in the
JCM, a sensitivity analysis was performed to better understand the influence of model parameters on the results Three
assemblages of model parameters were used grouped in a low
impact, base (average), and high impact scenarios (Table 1).
Figure 2 plots compaction versus depth for the three sensitivity cases. The analysis shows that generally, for all scenarios, as depth exceeds about 1200 m, there is little change
in model results as depth increases. Above about 600 m of
depth, compaction rates for the base scenario are similar to
typical observed rates of subsidence in the Houston region.
While not the focus of this study, it is clear from a review
of Fig. 2, that areas where the developed resources is within
about 600 m of land surface in the Jasper aquifer (typically
fresh water in the Houston Area), the risk of compaction in
the aquifer materials is relatively high.
3

Jasper Brackish Resources Risk Assessment

The approach used to develop a relative risk map for subsidence from development of the brackish Jasper Aquifer is
based upon Multi-Attribute Utility Theory. Utility theory is
a tool widely used by decision analysts for converting their
preferences, expressed in monetary terms or other relevant
proc-iahs.net/382/437/2020/

Figure 3. Total subsidence normalized risk score in the Jasper

aquifer, Gulf Coast Aquifer system, near Houston, TX, USA.

performance measures, into a normalized scale to facilitate
comparison of options (Clemen, 1986). In this case, an option
is the relative risk of subsidence from pumping the brackish
Jasper Aquifer at a given location in the study area. Performance measures are selected that inform risk of subsidence.
One obvious performance measure is the amount of compaction in the Jasper Aquifer predicted by the JCM (Fig. 3).
Other performance measures include: land subsidence, and
the consequence from subsidence.
The land subsidence risk category intends to account for
differences between the total compaction at depth and the total amount of subsidence observed at land surface. Research
by Geertsma (1973) and Du and Olsen (2001) show that, for
a given radius of compaction, the percentage of total compaction at depth that equals subsidence at land surface decreases as the depth of the compacting radius decreases. This
performance measure assumes there is a correlation between
the risk of subsidence occurring at land surface and the depth
at which groundwater production (compaction) occurs. Consistent with the literature, the deeper the depth of burial, the
lower the risk of subsidence at land surface for a given radius
of compaction at depth.
A third performance measure was considered based upon
the fact that the consequence of subsidence can vary by loProc. IAHS, 382, 437–441, 2020
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cation. For the consequence performance measure, we used
flood risk. The 100-year flood plain as determined by the
U.S. Federal Emergency Management Agency was used to
determine those areas most at risk from subsidence contributing to flooding. In our analysis, this performance measure
was binary based upon being within or outside the flood
plain. The risk grid was coincident with the MODFLOW grid
and all three performance measures were normalized and either upscaled or downscaled to the risk grid.
A combined Total Subsidence Normalized Risk Score
(TSNRS) was calculated based on the performance measures
throughout the model on a one-mile risk grid.
Each normalized performance measure was weighted
based on its overall contribution to risk. The Jasper Compaction Normalized Risk score accounts for 50 % of the
TSNRS with the depth of development Normalized Score accounting for 40 % of the TNRS. The consequence parameter
accounts for 10 % of the TSNRS due to the generally flat topography in the region and the assumption that any amount
of appreciable subsidence over a 50-year period will have a
consequence.
The TSNRS ranges from zero to 1.0 with 1.0 being the
maximum relative risk of subsidence and zero being the minimum relative risk of subsidence. Figure 3 plots the TSNRS
across the entire brackish Jasper Aquifer study area. Results of the assessment generally indicate that development
of groundwater in the shallower areas of the Jasper aquifer is
at a higher risk of causing subsidence. Areas of high risk include southern Waller County, Northern Harris County, and
Southern Montgomery County.
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Conclusions

Alternative water management strategies and the development of frontier resources, such as deep brackish waters, may
be needed in the future as water demands increase and treated
surface water resource become ultimately prescribed. This
study determined that although the Japer aquifer, within the
Gulf Coast Aquifer system, is the deepest of the freshwater aquifers it is compactable and could contribute to land
subsidence similarly to the shallower aquifers. Data were developed to parameterize the simulation of compaction in the
jasper aquifer and corresponding land subsidence. Numerical Model results show that at depths less than about 600 m
below land surface, compaction rates are similar to shallower
systems, and that as depth of development increases, parameter sensitivity decreases. The risk assessment produced in
this study will inform future regulatory policies that may allow for the reasonable exploration of these frontier resources
while more data is collected to better refine our understanding of the potential contribution to subsidence caused by their
development.
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