ﬁ Open Access Article

THE Land Subsidence Due to Creep of the Gulf Coast Aquifer
System in the Houston-Galveston Region

GEOLOGICAL
SOCIETY
OF AMERICA®

YILIU*
JIANG LI

Morgan State University, Department of Civil Engineering, 5201 Perring Pkwy,
Baltimore, MD 21251

Key Terms: Subsidence, Coastal Aquifers, Secondary
Consolidation/ Creep,  Groundwater = Management,
United States

ABSTRACT

The compaction measurements of Quaternary and
Tertiary Gulf Coast aquifer system sediments in the
Houston-Galveston region (TX) show spatially variable
compression of 0.08 to 8.49 mm/yr because of geo-
historical overburden pressure when groundwater levels
in the aquifer system were stable after about the year
2000. An aquifer-system creep equation is developed for
evaluating this variable compression, with a thickness-
weighted average creep coefficient based on Taylor’s
(1942) secondary consolidation theory. The temporal
variation of aquifer system creep can be neglected in a
short-term observation period (such as a decade) after a
long-term creep period (such as over 1,000 years) in geo-
history. The creep coefficient of the Gulf Coast aquifer
system is found to be in a range of 8.74 x 107> to 3.94
x 1073 (dimensionless), with an average of 1.38 x 1073,
Moreover, for silty clay or clay-dominant aquitards in
the Gulf Coast aquifer system the creep coefficient value
varies in the range of 2.21 x 1074 to 3.94 x 10~3, which
is consistent with values found by Mesri (1973) for most
soils, which vary in the range of creep coefficient, 1 x
10~* to 5 x 1073. Land subsidence due to secondary
consolidation of the Gulf Coast aquifer system is esti-
mated to be 0.04 to 4.33 m in the 20th century and is
projected to be 0.01 to 0.64 m in the 21st century at
the 13 borehole extensometer locations in the Houston-
Galveston region. The significant creep should be consid-
ered in the relative sea level rise, in addition to tectonic
subsidence and primary consolidation.

INTRODUCTION

The Houston-Galveston region (HGR) in Texas,
comprising Harris, Galveston, Fort Bend, Mont-
gomery, Brazoria, Liberty, San Jacinto, Walker,

*Corresponding author email: yi.liu@morgan.edu

Grimes, Waller, and Chambers Counties (Figure 1),
has been one of the largest areas of land subsidence
(LS) in the United States. It was in the early 1900s that
the Houston area began to see the first true signs of
human-induced LS—initially attributed to the extrac-
tion of oil gas from beneath the surface (Pratt and
Johnson, 1926). The Houston area has been subsid-
ing because of the combined effects of groundwater
withdrawal, hydrocarbon extraction, salt dome move-
ment, and faulting (Qu et al., 2015). By 1979, 3 m of
subsidence had occurred in the HGR, and approxi-
mately 8,288 km? of land had subsided more than 0.3
m (Coplin and Galloway, 1999; Kasmarek et al., 2015).
Over southeastern Harris County, the maximum sub-
sidence reached 4 m during the 1915-1917 and 2001
periods (Kasmarek et al., 2009). LS caused by fluid
withdrawals was first documented in the HGR in the
Goose Creek oil field in southeastern Harris County
(Pratt and Johnson, 1926). Subsidence continued
throughout the 20th century as a result of groundwa-
ter withdrawal that depressurized the major aquifers
in this area, thereby resulting in the compaction of the
aquifer sediment (Kasmarek et al., 2010).

Historically, groundwater has been the primary wa-
ter source for industrial use, municipal supply, and ir-
rigation, and groundwater use in the HGR had sharply
increased for a few decades to meet the needs of
the rapidly growing population (Seifert and Drabek,
2006). In addition, the complex geologic setting, lat-
erally diverse subsurface hydrological units, regional
faults, hydrocarbon extraction, and salt dome move-
ment in the HGR (Coplin and Galloway, 1999) have
made it difficult to characterize the source(s) of the ob-
served LS (Qu et al., 2015).

A network of 13 discrete borehole extensome-
ters was installed within the HGR to monitor
groundwater-level changes and measure accumulated
clay compaction to better understand the extent and
magnitude of the regional subsidence in the 1970s
(Kasmarek et al., 2010). It was identified that most
of the subsidence in the HGR has occurred as a di-
rect result of groundwater withdrawals that depres-
surized and dewatered the Chicot and Evangeline
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Figure 1. Hydrogeologic section A—A’ of the Gulf Coast aquifer system in Grimes, Montgomery, Harris, and Galveston Counties, TX (mod-

ified from Braun et al. [2019] and Baker [1979, 1986]).

aquifers, thereby causing compaction of the aquifer
sediments (Galloway et al., 1999; Kasmarek, 2013;
and Kasmarek et al., 2015). Historically, groundwa-
ter withdrawn from the Chicot, Evangeline, and Jasper
aquifers had been the primary source of water for mu-
nicipal supply, commercial and industrial use, and irri-
gation in the HGR since the early 1970s (Kasmarek,
2013; HGSD, 2017). This is the “primary consoli-
dation” of the unconsolidated Quaternary and semi-
consolidated Tertiary aquifer systems (Liu et al., 2020)
due to groundwater withdrawal. In the study area,
sand layers are more transmissive and less compress-
ible than are fine-grained clay and silt layers, and
these sand layers depressurized more rapidly than did
the clay and silt layers. When groundwater withdraw-
ing rates change, pressure equilibrium is to reestablish
more rapidly in the sand layers than that in the clay
and silt layers.

The amount of compaction of the sand layers is
usually minor when compared to that of the clay and
silt layers (Trahan, 1982; Galloway et al., 1999). Be-
cause most compaction of subsurface sediments is in-
elastic and largely permanent only a small amount of
rebound of the land-surface elevation can occur be-
cause of unloading or increase of pore water pres-
sure. While the compaction of one thin clay and silt
layer typically will not cause a measurable decrease
in the land-surface altitude, a measurable amount of
subsidence can occur when an aquifer system com-
prises numerous stratigraphic sequences of sand layers
and clay and silt layers (e.g., characteristic of the Gulf
Coast aquifer system) that are subjected to depressur-
izing and compaction (Gabrysch and Bonnett, 1975).
Groundwater-level fluctuations are measured by the
U.S. Geological Survey (USGS) in over 700 wells in an
11-county area annually in the HGR to develop a re-
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gional depiction of groundwater levels. The cumulative
compaction in the Chicot and Evangeline aquifers is
measured at the 13 borehole extensometer stations in
this region, with data collection extending from 1973
to 1980. Compaction measurements of the 13 borehole
extensometers recorded through about the year 2000
corroborate primary consolidation analysis with mon-
itored groundwater-level changes (Liu et al., 2019).
However, a nearly constant rate of subsidence with
spatial variation of 0.08 to 8.49 mm/yr emerged while
the groundwater levels in the two aquifers were being
managed to be stable in trend since about 2000 after
groundwater-level elevations had recovered to —42.4 m
in 2010 (from —97.1 m in 1990) in the Chicot aquifer
and to —56.0 m in 2005 (from —125.0 m in 1984) in the
Evangeline aquifer, respectively (Liu et al., 2019). This
gives rise to the following question: Is the nearly con-
stant rate of consolidation of 0.08 to 8.49 mm/yr still
attributed to the primary consolidation due to ground-
water withdrawal?

The time dependency on the volume change of clay
observed in one-dimensional compression has been an
active research area for decades. For practical appli-
cations, the volume changes over time are arbitrarily
divided into “primary consolidation” and “secondary
consolidation,” though the latter is widely known to
occur in the entire compression process. In the case of
primary consolidation, the volume changes are mainly
governed by the changes in effective stress (hydrody-
namic effect). The volume changes occurring after the
primary consolidation or during the secondary consol-
idation are dominated by the viscous behavior of the
clay and silt system. Within a compressible unit dur-
ing the secondary consolidation the effective stress re-
mains relatively constant after the pore water pressure
reaches equilibrium for a given boundary condition.
Most research activities have focused on modeling the
time-dependent or viscous response during secondary
consolidation observed in the laboratory or in the field.
Upon loading, the hydrodynamic and viscous effects
occur simultaneously. It is very challenging to deter-
mine those two separate effects experimentally or ana-
lytically. In addition, study on basic mechanisms con-
tributing to the intrinsic viscous behavior that occurs
in creep compression is still limited. It was suggested
that the recent nearly constant rate of consolidation
of 0.08 to 8.49 mm/yr within the Gulf Coast aquifer
system could be attributed to secondary consolidation
in sedimentation due to geohistorical overburden pres-
sure or self-weight (Liu et al., 2019; Liu, Li, Fasullo,
et al., 2020; and Liu, Li, Fang, et al., 2020). The goal
of this article is to present an equation with an equiva-
lent creep coefficient and to apply it to quantify creep
deformation of the Gulf Coast aquifer system in the
20th and 21st centuries, respectively, based on 13 bore-

hole extensometers’ compaction measurements in the
HGR.

STUDY SITE

From northwest to southeast, the HGR investigated
in this article includes Grimes County (with an ele-
vation close to 122 m), Montgomery County, Waller
County, Harris County, and Galveston County (with
an elevation from 0 to 15 m) along the coast of Gulf of
Mexico (Figure 1). The three primary Quaternary and
Tertiary aquifers in the Gulf Coast aquifer system in
the HGR study area are the Chicot, Evangeline, and
Jasper aquifers (Figures 1 and 2), which comprise lat-
erally discontinuous deposits of gravel, sand, silt, and
clay. The youngest and uppermost Quaternary Chicot
aquifer consists of Holocene- and Pleistocene-age sed-
iments; the underlying Tertiary Evangeline aquifer
comprises Pliocene- and Miocene-age sediments; and
the oldest and most deeply buried Tertiary Jasper
aquifer consists of Miocene-age sediments (Figures 1
and 2) (Baker, 1979, 1986). The Burkeville confining
unit between the Evangeline and Jasper aquifers con-
sists of Miocene Fleming Formation Lagarto clay. The
Miocene-age Catahoula confining system, which in-
cludes the Catahoula Sandstone, is the lowermost unit
of the Gulf Coast Tertiary aquifer system. The Cata-
houla confining system consists of sands in the upper
section and clay and tuff interbedded with sand in the
lower section.

Numerous authors have contributed to the body of
knowledge and understanding of the complex strati-
graphic and hydrogeologic relations of the Gulf Coast
aquifer system in the HGR study area (Figure 2).
Using this information, a series of groundwater flow
models were created, the most recent being that of
Kasmarek (2013) on hydrogeology and simulation of
groundwater flow and land-surface subsidence in the
Northern part of the Gulf Coast aquifer system, Texas,
1891-2009 (HAGM, 2013). These models provide an
evaluative tool that can be used by water-resource
managers to help regulate and conserve the important
natural water resource of the aquifer system.

The percentage of clay and other fine-grained clas-
tic material generally increases with depth downdip
(Baker, 1979). Over time, geologic and hydrologic pro-
cesses created accretionary sediment wedges (stacked
sequences of sediments) that are more than 2,318 m
thick at the coast (Figure 1) (Chowdhury and Turco,
2006). The sediments composing the Gulf Coast
aquifer system were deposited by fluvial-deltaic pro-
cesses and subsequently were eroded and redeposited
(re-worked) by worldwide episodic changes in sea level
(eustacy) that occurred because of oscillations between
glacial and interglacial climate conditions (Lambeck
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Figure 2. Geologic and hydrogeologic units of the Gulf Coast aquifer system in the Houston-Galveston region study area, TX (modified by
Kasmarek et al. [2015] from Sellards et al. [1932]; Baker [1979]; Meyer and Carr [1979]).

et al., 2002). The Gulf Coast aquifer system consists of
hydrogeologic units that dip and thicken from north-
west to southeast (Figure 1); the aquifers thus crop
out in bands inland from and approximately parallel to
the coast and become progressively more deeply buried
and confined toward the coast (Kasmarek, 2013). The
Burkeville confining unit restricts groundwater flow
between the Evangeline and Jasper aquifers by be-
ing stratigraphically positioned between the Evange-
line and Jasper aquifers (Figure 1).

There is no significant confining unit between the
Chicot and Evangeline aquifers; therefore, the aquifers
are hydraulically connected, which allows groundwa-
ter flow between the aquifers (Figure 1). Because of
this hydraulic connection, water-level changes occur-
ring in one aquifer can affect water levels in the adjoin-
ing aquifer (Kasmarek and Robinson, 2004). Support-
ing evidence for the interaction of groundwater flow

between the Chicot and Evangeline aquifers is demon-
strated by comparing the two long-term (1977-2015)
water-level-change maps (Kasmarek et al., 2015), indi-
cating that the areas in which water levels have declined
or risen are approximately spatially coincident. Hy-
draulic properties of the Chicot aquifer do not differ
appreciably from those of the hydrogeologically simi-
lar Evangeline aquifer but can be differentiated based
on hydraulic conductivity (Carr et al., 1985). From
aquifer test data, Meyer and Carr (1979) estimated
that the transmissivity of the Chicot aquifer ranges
from 915 to 7,625 m?/d and that the transmissivity of
the Evangeline aquifer ranges from 915 to 4,575 m?/d.
The Chicot aquifer outcrops and extends inland from
the Gulf of Mexico coast and terminates at the most
northern updip limit of the aquifer. Proceeding updip
and inland of the Chicot aquifer, the older hydroge-
ologic units of the Evangeline aquifer, the Burkeville
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Table 1. Estimated porosity, specific compressibility, and specific storage of clay beds as a function of depth of burial (from Kelley and Deeds

[2019]).
Clay-Specific Storage, Sy 1/m
Vertical Hydraulic

Depth of Burial (m) Porosity Clay Compressibility (M?/N) Inelastic S, Elastic S, Conductivity, K’ (m/d)
30.5 0.5 1.20E-07 1.15E-03 1.38E-05 1.31E-05
76.25 0.4 6.20E-08 6.23E-04 7.87E-06 4.36E-06
152.5 0.34 3.80E-08 3.61E-04 5.25E-06 1.85E-06
228.75 0.31 2.90E-08 2.82E-04 4.26E-06 1.06E-06

305 0.29 2.30E-08 2.30E-04 3.61E-06 6.89E-07
457.5 0.26 1.80E-08 1.74E-04 2.85E-06 3.66E-07

610 0.25 1.40E-08 1.41E-04 2.46E-06 2.37E-07
762.5 0.23 1.20E-08 1.21E-04 2.20E-06 1.72E-07

915 0.22 1.10E-08 1.08E-04 2.03E-06 1.34E-07

confining unit, and the Jasper aquifer sequentially
outcrop (Figure 1). The aquifer in the outcrop and up-
dip areas of the Jasper aquifer can be differentiated
from the Evangeline aquifer based on the depths to
water below land-surface datum, which are shallower
(closer to the land surface) in the Jasper aquifer com-
pared to those in the Evangeline aquifer. Addition-
ally, in the downdip parts of the aquifer system, the
Jasper aquifer can be differentiated from the Evange-
line aquifer on the basis of stratigraphic position rel-
ative to the elevation of the Burkeville confining unit
(Figure 1). Table 1 illustrates clay vertical hydraulic
conductivity and inelastic and elastic-specific storage
values with burial depth estimated porosity by Kelley
and Deeds (2019).

Figure 3 shows the 11 borehole extensometer station
locations in the HGR (Kasmarek and Lanning-Rush,
2003). There are two borehole extensometers (shallow
and deep) at the Baytown and Clear Lake stations, re-
spectively. Each of the other nine stations has only one
borehole extensometer. In total, there are 13 borehole
extensometers. Detailed information on the scientific
theory, construction, and operation of borehole exten-
someters is presented in Gabrysch (1984). Five bore-
hole extensometers were installed in Harris (four) and
Galveston (one) counties and began recording com-
paction data in July 1973: East End, Baytown Shallow,
Baytown Deep, and Seabrook in Harris County and
Texas City in Galveston County (see Figure 3). The
borehole extensometer Johnson Space Center was in-
stalled in 1962 in Harris County to record compaction.
Additional borehole extensometers were added to the
network at four locations in Harris County during
the 1974-1976 period: Addicks in 1974, Pasadena in
1975, and Clear Lake Shallow and Clear Lake Deep in
1976 (see Figure 3). In 1980, the final three borehole
extensometers were installed in Harris County: Lake
Houston, Northeast, and Southwest (see Figure 3).
Since activation or installation that has taken place be-

tween 1973 and 1980, compaction data have been con-
stantly recorded and periodically collected about every
28 days at the 13 borehole extensometers, thereby pro-
viding site-specific rates of compaction that are accu-
rate to within 0.3 mm (Kasmarek et al., 2015).

METHODOLOGY
Subsidence and its Components

In this article, subsidence denotes an observed field
cumulative land subsidence, S(¢), of a compressible
aquifer system with a total thickness of H from one
borehole extensometer. S(z) consists of two compo-
nents: primary and secondary/creep consolidations,
S,(#) and S(t), respectively as the below Eq. I:

S(t) = S,(1) + Se(2) ()

Subsidence rate can be written in Eq. 2 from Eq. 1:
S(t) =8,(1) +8.(1) 2

where S(1) = dS/dt, S,(t) = dS,/dt, and S.(1) =
dS,/dt. The secondary consolidation rate S. can be
identified from a subsidence curve with time when
the primary consolidation rateS,(f) becomes zero [i.e.,

S(t) = S.(0). If §,_, and S,,_, denote subsidence rates
of primary consolidation due to changes in inelastic
(virgin) storativity of aquitards and elastic storativ-
ity of sand layers and aquitards, respectively, in the
aquifer system, Eq. 2 can be further written as the fol-
lowing Eq. 3:

S(I) :Sp—u (Z) +Sp—e(t) +Sc(t) (3)

Each term in Eq. 3 will be applied to the qualitative
analysis or interpretation using the subsidence data
measured from fields.
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Figure 3. Location of borehole extensometer sites, Houston Galveston region, TX (modified from Kasmarek and Lanning-Rush [2003]).
(Note: The location of wells LJ-65-21-229 and LJ-65-21-227 is at the same location of borehole extensometer Southwest).

Time for Completion of Primary Consolidation

Terzaghi (1925) developed an analytical solution to
simulate the equilibration of pore water pressure in an
individual saturated clay layer (or aquitard), with a
uniform initial pore water pressure where only vertical
flow is permitted, in response to a specified instanta-
neous step change (note: practically gradual or step-
by-step change) in the hydraulic head at the bottom
and top of its surrounding upper and lower aquifers,
respectively. This process elucidates the theory of pore
water dissipation process (consolidation), which was
extended to the analysis of aquitard/confining unit
drainage (Riley, 1969) in an aquifer system and sub-
sequently to the simulation of aquitard/confining unit
drainage. This concept, which was referred to as “the
aquitard drainage model” by Helm (1984), has formed
the theoretical basis of many successful subsidence in-
vestigations (Holzer, 1998). For the doubly-draining

clay layer, the same aquifer hydraulic head changes
are assumed to occur at the upper and lower surfaces.
A time constant (not infinity) for all aquitards in the
aquifers system is T (=5 (b/Oequiv/2)2/K7, where
S'sk> 'oequiv» and K’ denote vertical skeletal-specific
storage (dimensionless), equivalent thickness (L), and
vertical hydraulic conductivity (L/T) of the aquitards,
respectively) (Riley, 1969). The primary consolidation
degree in the aquifer system reaches 93.1 percent,
99.4 percent, and 100 percent when time factor T,
(=At/7y) (where At is real time or Terzaghi time
(T), since pore pressure is immediately reduced to be
lower than pre-consolidation pressure for activation
of inelastic consolidation) equals 1, 2, and oo, respec-
tively. The term “no-delay interbeds” in Hoffmann
et al. (2003) is used to denote the interbeds for which
Ty is short compared to the time steps used in the
MODFLOW simulation, while the primary consolida-
tion degree is 93.1 percent. The primary consolidation
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is considered fully completed when the time factor 7,
reaches 2 with consolidation of 99.4 percent (Liu and
Li, 2016). S(r) ~ S.(r) when time is larger than At
and Sp(t) ~ (0 based on Eq. 2. In practice, the in-

elastic consolidation rate S,_, in Eq. 3 is dominant,
with delay when pore pressure in aquitard(s) within
the aquifer system and in confining bed(s) is kept
lower than its/their preconsolidation pressure, since
the magnitude of inelastic-specific skeletal storage is
about 2 or 3 magnitude orders larger than that of
elastic-specific storage. The deformation of the aquifer
system performs elastically because the aquifer sys-
tem’s sand storativity is usually much larger than the
aquitard/confining layer’s storativity after the inelas-
tic deformation ends. Therefore, the trend elastic defor-
mation disappears when groundwater level approaches
stability for a long-term period in trend after inelastic
consolidation ends, while the secondary consolidation
(creep) of the aquifer system appears. The time be-
tween the historical lowest groundwater level and the
end of inelastic compaction of the Gulf Coast aquifer
system is denoted by the inelastic delay time At, in
this article. A¢; can be determined by analyzing the
relationship between measured compaction and water
level of the Gulf Cost aquifer system. The inelastic de-
lay time factor T, can be estimated from Az, using
the following Eq. 4:

Aty A[dK/
TV—U = = (4)

2
To—op ' /
Sskn (bOequiv /2)

The consolidation degree is larger than 99.4 per-
cent when T)_, is equal to 2 if there are lowering
and/or recovery periods of groundwater level before
and after the lowest groundwater level. The equiva-
lent aquitard thickness of the Gulf Coast aquifer sys-
tem in the HGR is estimated to be 3.4 m to 3.7 m
in Figure 4 based on the fact that the Az, values are
27 years and 32 years, respectively. For instance, Fig-
ure 4B indicates that if (a) Az; = 32 years, (b) an
aquitard equivalent thickness = 3.7 m, and (c) the
values of K" and Sy, in Table 1 are applied to the
burial depth of 0-900 m, 7)_, will be larger than
2, which means that the consolidation degree of the
aquitard will be larger than 99.4 percent. Further-
more, based on Figure 4B, if the equivalent thick-
ness increases to 6 m, only those aquitards located
within 0-300-m burial depth can reach more than 99.4
percent consolidation degree (77—, > 2) in 32 years.
Thus, Eq. 4 can be a tool for the first-hand estimate
to evaluate if the process of primary consolidation is
completed.

Secondary Consolidation Equation of Gulf Coast
Aquifer System

As a result of the weight of the overburden and
the inelastic compaction characteristics of the clay lay-
ers, about 90 percent of the compaction is permanent
(Gabrysch and Bonnett, 1975) during loading. Three
main sedimentation stages are defined with respect to
the concentration degree in self-weight consolidation
(Tong et al., 2011): the clarification regime (suspen-
sion), zone-settling regime (settling without consolida-
tion), and compression regime (consolidation) (Fitch,
1983). The above Quaternary and Tertiary aquifer sys-
tems are still in the third compression stage. This com-
pression was referred to as “secondary consolidation”
by Taylor and Merchant (1940) or as “self-weight con-
solidation” by Been and Sills (1981). Let H; and C,;
denote the thickness (L) and the secondary consolida-
tion coefficient (dimensionless) of soil layer i, which in-
cludes any individual sand, silt, and clay layers within
a compressible Gulf Coast aquifer system with a to-
tal soil layer number N. The compaction S.;(¢) of each
individual aquitard layer, i, is assumed to be in a sec-
ondary consolidation due to geohistorical overburden
pressure and follows Taylor’s (1942) creep equation
S.i(t) = Cy;H; log t/ty (Taylor, 1942), where ¢ and ¢
represent creep time and ¢ > fy. If a bulk creep defor-
mation S.(¢) in Eq. 1 is measured from a borehole ex-
tensometer for a compressible aquifer system, S. can
be written as follows:

N N
S.(t) = Z S, = Z CuiHilogt/ty = CoH logt/t

i=1 i=1

= 0.4343C, H Int /1, (5)

where  C, = (L, Cul) /H and H =Y\, H,
which is the aquifer system thickness. So, C, denotes
a secondary consolidation coefficient of an aquifer
system. The C, value of the aquifer system can be
dominated by that of aquitards or confining layers
when compared to the negligible C, of sand layers.

Pseudo-Constant Rate of Secondary Consolidation

Creep rate S.(f) = (CyH/In10) 1/t follows Eq. 5 by
taking the derivative with respect to time 7. The de-

crease percentage (Ds) of S.(f) from ¢ to ¢t + At was
derived with [S.(¢) — S.(t + A1)]/S.(f), as follows:

t
D =(1- 100 6
5® ( r+ At) % ©

Dg approaches zero when ¢ > At, which implies that
S.(t) = a constant when ¢ > At. Put differently, the
changing value of S.(f) over the At period (such as
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Figure 4. Time factors (7Ty—,) for inelastic compaction of aquitards in the Gulf Coast aquifer system estimated by Eq. 4 with K and ',
values in Table 1 and assumed equivalent aquitard thickness 5'¢ cquiv- (A) &g cquiv of the Gulf Coast aquifer system is probably equal to 3.4 m
for Aty = 27 years, and (B) b'¢ cquiv is probably equal to 3.7 m for Aty = 32 years.

10- or 20-year observation period) is difficult to be
identified and can be ignored. This negligibly vari-
able rate is referred to as the “pseudo-constant rate of
secondary consolidation” (Liu et al., 2019). Figure 5
shows that creep subsidence rate decrease percentage
(Dg) changes with the secondary consolidation time ()
for each given time period (A7) of 5, 10, 20, 30, 40, and
50 years. Table 2 displays how many years are needed
for specified subsidence rate percentage changes of
1.0 percent, 0.5 percent, and 0.1 percent in one given
period. For example, if an observation period (Af) is
10 years, 990; 1,990; and 9,990 years are needed for
specified subsidence rate decrease percentages of 1.0
percent, 0.5 percent, and 0.1 percent, respectively. The
secondary consolidation rate S.(#) during an obser-
vation period (A?) is considered a pseudo-constant if
t > At. For example, over a 14-year observation dur-

ing the 2003-2017 period (At = 14 year) and 1,000-
year creep (t+ = 1,000), based on Eq. 6, Dg = 1.38
percent, which means a value of S.(r) = 3.87 mm/yr

Table 2. Time of the secondary consolidation needed for a specified
subsidence rate decrease in given periods (modified from Liu et al.
[2019]).

Given Time Period, Az in Eq. 6 (yr)

Ds' (%) 5 10 20 30 40 50

1.0 4952 990 1,980 2,970 3,960 4,950
0.5 995 1,990 3,980 5,970 7,960 9,950
0.1 4,995 9,990 19,980 29,970 39,960 49,950

D = the decreased percentage of S, in Eq. 6.
>The subsidence rate change is 1.0% for a 5-year period when the
secondary consolidation elapses 495 years.
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Figure 5. Percentage change of secondary consolidation subsidence
rate with time from Eq. 6 for Ar = 10, 20, 30, 40, and 50 years,
respectively.

will drop by 1.38 percent and reduce to 3.82 mm/yr
over a 1,000-year creep (see Figure5). If this drop is ig-
nored, S.(¢) is approximately considered as a constant.
This approximation is also applied to other S (¢) val-

ues, with a range changing from 0.08 to 8.49 mm/yr in
the HGR (Liu et al., 2019).

Estimate of Secondary Consolidation Subsidence

From Eq. 5, the secondary consolidation subsidence
AS, from time #; to time #, can be estimated by the
following Eq. 7:

t
AS. = S.(t2) — S.(t1) = CoH logt—z
1

t
= 0.4343C,H In 72 (7)

1
With the data from fields, the coefficient C, can be cal-

ibrated using Eq. 7.

RESULTS
Roughly Steady Groundwater Withdrawal Since 2001

Artificial primary consolidation first occurred in
the early 1900s in areas where relatively large vol-
umes of groundwater, oil, and gas were extracted. Pri-
mary consolidation continued throughout the 20th
century, due primarily to groundwater pumpage (Gal-
loway et al., 1999; Kasmarek, 2013). Groundwater
withdrawal in the HGR experienced the following four
periods (see Figure 6C): (1) a slight withdrawal rate
of about 0.19 million m*/d from 1891 to 1930 for 40
years; (2) increasing withdrawal rates for 46 years from

0.57 million m3/d in 1931 to 4.28 million m?/d in
1976, with an average growth of 0.05 million m3/d per
year; Near Texas City, the withdrawal of groundwa-
ter for public supply and industry caused more than
0.5 m of subsidence between 1906 and 1943 (Gal-
loway et al., 1999); (3) decreasing withdrawal rates for
25 years from 4.28 million m?/d in 1976 to 3.03 mil-
lion m®/d in 2001; and (4) roughly steady withdrawal
rates of around 3 million m®/d from 2001 to date for
more than 17 years.

Groundwater-Level Change with Groundwater
Withdrawal

The lowering of groundwater level in the HGR due
to groundwater withdrawal from 1891 to 1976 (Fig-
ure 6C) was observed and simulated by the USGS us-
ing steel tape measurements and MODFLOW soft-
ware. Based on their simulation results in Figure
6A and B, from 1891 to 1900, the groundwater lev-
els were about 21.35 m and 9.15 m in Chicot and
Evangeline aquifers, respectively. This would be close
to the status observed during the pre-development
of groundwater before 1891. From 1901 to 1930,
groundwater levels were lowered to 8.2 m and 5.2
m in Chicot and Evangeline aquifers, respectively.
Based on measured results in Figure 6A and B,
in 1976, the lowest groundwater levels correspond-
ing to the highest regional groundwater pumpage of
4.28 million m3/d were —82 m and —86 m in Chicot
and Evangeline aquifers, respectively; then, groundwa-
ter levels were raised about 41.5 m to —40 m in 2008
for Chicot aquifer and about 43 m to —43 m in 2008
for Evangeline aquifer. After 2008, groundwater levels
have been roughly stable.

The lowest groundwater-level depression cones for
Chicot and Evangeline aquifers in 1976 likely are very
close to the observed lowest depression cones in Figure
7A and B, respectively, which were found by the USGS
Subsidence Reviewer. Through checking groundwater-
level data monitored and published by USGS, the low-
est groundwater levels were —97.1 m on 12 January
1990 (compared to 16 January 1984) at Well LJ-65-21-
150 for the Chicot aquifer and —125.0 m on 9 January
1984 (compared to 9 January 1978) at Well LJ-65-13-
904 for the Evangeline Aquifer, respectively. The maxi-
mum drawdown caused by groundwater withdrawal in
1976 was estimated to be about 112 m for the Chicot
aquifer and 134 m for the Evangeline aquifer, respec-
tively, in the HGR. Based on the two wells, ground-
water levels were raised by about 54.6 m to —42.4 m
in 2010 for the Chicot aquifer and about 64.4 m to
—56.0 m in 2005 for the Evangeline aquifer. At the two
wells, these aquifers’ groundwater levels were roughly
stable in trend after 2010 and 2005, respectively.
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Figure 6. Groundwater withdrawal and groundwater-level fluctuations in the Houston-Galveston region: (A) Measured and simulated ground-
water level in the Chicot aquifer (modified from Kasmarek [2013]); (B) Measured and simulated groundwater level in Evangeline aquifer
(modified from Kasmarek [2013]); and (C) Groundwater withdrawal (data from Kasmarek [2013] after Liu et al. [2019]).

Identification of Secondary Consolidation of the Gulf
Coast Aquifer System

Theoretically, secondary consolidation fully ap-
pears in trend when groundwater levels are stable
in trend, while inelastic primary consolidation disap-
pears in all compressible aquifer systems. Appendix
A (https://www.aegweb.org/e-eg-supplements) shows
how an appearance period of the pseudo-constant sec-
ondary compaction S, was identified in the Chicot and
Evangeline aquifers from 1980 to 2017 from the total
compaction measured in the two Gulf Coast aquifer

systems at borehole extensometer Southwest (see
Figure 3 for location) in the HGR through empir-
ical analysis of Sp,v and Sl,,e variations and dis-
appearances in six different periods of groundwater-
level change (Figure 8). Thereafter, the period of the
pseudo-constant secondary compaction S, in the Gulf
Coast aquifer system for each of other 12 borehole ex-
tensometers was identified by application of this same
methodology (shown in Figure 9) (Liu et al., 2019).
Only the Chicot aquifer and Evangeline aquifers are
involved with those 11 borehole extensometers, except
Texas City and Baytown Shallow in Figure 3. A total
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Figure 7. Measured groundwater-level depression cones (A) in Chicot aquifer (lowest: —97.14 m on 12 January 1990 compared to 16 Jan-
uary 1984) and (B) in Evangeline aquifer (lowest: —125.04 m on 9 January 1984 compared to 9 January 1978) (from USGS shape files on

https://pubs.usgs.gov/ds/793/).

of 19 groundwater-level wells (Table 3) in the two
aquifers at or near the 11 locations of the 13 borehole
extensometers were employed in the analysis of inelas-
tic and elastic compaction variations S,_, and S,_,
corresponding to trends of groundwater-level fluctu-
ations for identifying the pseudo-constant periods of

the secondary consolidation based on the methodol-
ogy in section METHODOLOGY.

Columns 5 and 6 in Table 3 illustrate the start-
ing date and the ending date, respectively, of the full
appearance of secondary consolidation at each bore-
hole extensometer site at each of the 13 borehole
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Figure 8. Primary consolidation due to groundwater withdrawal ended in about 2000, and secondary consolidation became apparent at
borehole extensometer Southwest in Houston when groundwater-level trends were stable. (I) Inelastic subsidence dominated by primary con-
solidation; (II) Subsidence dominated by elastic rebound due to unloading; (I1I) Subsidence due to primary consolidation (delay compaction)
and creep offset by rebound during unloading; (IV) Subsidence caused by both primary consolidation and secondary consolidation, but it is
primarily elastic compaction, because reloading stress is less than the historical one; (V) Subsidence due to secondary consolidation offset by
rebound during unloading; and (VI) Subsidence dominated by secondary consolidation represented with a red trend line. Slope of the trend

line (SC) 18 0.0106 mm/d or 3.87 mm/a in a pseudo-constant rate; 427.76 mm in the logarithmically linear equation shows a value for 0.4343

CtyH in Eq. 5 (modified from Liu et al. [2019]).
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Figure 9. Secondary consolidation (creep) (S.) simulated with linear and logarithmically linear trends from observed cumulative com-
pactions at 13 borehole extensometer locations in the Houston-Galveston region (data source: USGS). The secondary consolidation pe-
riod for each site is given in Table 3. The slope values in the linear and logarithmically linear trend equations are in mm/d. The slope
values in the logarithmically linear trend equations are dimensionless, which are employed to compute secondary consolidation (creep) co-
efficient values (see columns 7 and 8 in Table 4). (A) Extensometers Addicks, Texas City, Seabrook, ClearlakeShallow and Johnson Space
Center; (B) Extensometers Northeast, Lake Houston, EastEnd, ClearLakeDeep and Southwest; and (C) Pasadena, BaytownShallow and

BaytownDeep.

extensometer sites (Southwest; Texas City; Seabrook;
Johnson Space Center; Clear Lake Shallow and Deep;
Baytown Shallow and Deep; Addicks; East End;
Northeast; Pasadena; and Lake Houston) based on
monitored groundwater-level data from wells near
each site. The slope of the groundwater-level trend,

such as from Figure 8, was given in column 7 in m/d
and in column 8 in m/yr during the appearance pe-
riod at each site. All other 10 starting dates (or in-
elastic delay compaction end dates) from 7 January
2004 through 25 January 2008 commenced after the
starting date (18 September 2003) of the appearance
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Table 3. Secondary consolidation appearance periods based on groundwater-level trend at or near borehole extensometer sites in the Houston-
Galveston region (modified from Liu et al. [2019]).

Secondary Consolidation
Appearance Period

Groundwater-Level Trend

Pseudo-Constant

Secondary

Consolidation Rate, S‘c

Borehole Depth Starting

Extensometer (m) Well No. Aquifer Date Ending Date m/d m/yr mm/d mm/yr

Texas City 244  KH-64-33-901 Chicot 24 Jan 2008 14 Jan 2017 —8.73E-05 —0.03 2.222E-04 0.08

Seabrook 421 LJ-65-32-519  Chicot 25Jan 2008 14 Jan 2017 —2.77E-05 —0.01 8.317E-03 3.04
LJ-65-32-630 Evangeline —7.67E-05 —0.03

Space Center 239 LJ-65-32-422  Chicot 25Jan 2007 20 Dec 2017 9.09E-05 0.03 5.062E-03 1.85

Clear Lake 937! LJ-65-32-424 Evangeline 6.79E-05 0.02 3.033E-03 1.11
Baytown 131 LJ-65-16-933  Chicot 26 May 2005 28 May 2009 3.82E-04 0.14 3.630E-03 1.33
Shallow

Baytown Deep 450 LJ-65-16-931 Evangeline 11 Jan 2007 9.21E-05 0.03 5.956E-03 2.17

Addicks 549  LJ-65-12-729 Chicot 1 Oct 2007 15 May 2014 2.73E-04 0.10 2.327E-02 8.49
LJ-65-12-726  Evangeline 0.00E+-00 0.00

East End 304  LJ-65-22-623 Chicot 27 Jul 2007 13 Jan 2015 —2.72E-04 —0.10 4.926E-03 1.80
LJ-65-22-622  Evangeline 5.64E-04 0.21%

Northeast 663  LJ-65-14-745 Chicot 1/4/2008 1 Mar 2011 5.27E-04 0.19 1.150E-02 4.20
LJ-65-14-746  Evangeline 1.07E-03 0.393

Pasadena 864  LJ-65-23-321 Chicot 5Jan 2007 5 Jan 2011 3.76E-06 0.00 6.032E-03 2.20
LJ-65-23-326  Evangeline 6 Feb 2007 30 Mar 2010 8.39E-04 0.314

Lake Houston 591 LJ-65-07-902  Chicot 7 Jan 2004 4 Apr 2007 8.38E-05 0.03 3.760E-03 1.37
LJ-65-07-908 Evangeline 1.24E-04 0.05

Southwest 719  LJ-65-21-229 Chicot 18 Sep 2003 2 Dec 2017 —1.13E-04 —0.04 1.060E-02 3.87
LJ-65-21-227 Evangeline 4.59E-04 0.17

IClear Lake Deep is 937 m deep, and Clear Lake Shallow is 530 m deep.

2The difference of groundwater level between —42.75 m on 7 May 2008 and —42.77 m on 3 November 2014 is 0.02 m.
3The difference of groundwater level between —54.14 m on 4 January 2008 and —54.18 m on 1 March 2011 is 0.04 m.
#The difference of groundwater level between —40.03m on 6 February 2007 and —40.17 m on 30 March 2010 is 0.14 m.

of secondary consolidation at borehole extensome-
ter site Southwest (Table 3). The inelastic compaction
delay time At, relative to 1976 (the lowest groundwa-
ter time due to groundwater withdrawal) can be de-
termined to be 27-32 years. All the periods are af-
ter the inelastic compaction ceased within period (V)
from 20 September 2000 to 18 September 2003 iden-
tified in Figure 8. The groundwater-level trend values
from 0.21 to 0.39 m/yr in column 8 in Table 3 are a
bit larger for borehole extensometer sites East End,
Northeast, and Pasadena, but the groundwater-level
difference between the starting date and the ending
date of the corresponding secondary consolidation ap-
pearance period is very small (0.02 to .014 m). This
small groundwater-level difference signifies that the cu-
mulative elastic deformation approaches zero during
that period.

Previously, the reason for the huge subsidence fluc-
tuations at Baytown Shallow and Deep and Pasadena
from 2010 to 2014 (see Figure 9C) was not well under-
stood. Water usage in the area has not increased. The
only other physical factor is reaction along faults in the
area, which was detected by mapping ground defor-
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mation with multi-temporal InSAR (Qu et al., 2015).
However, if this was indeed true, all borehole exten-
someter locations would be affected similarly (email
communication with USGS hydrologist, Jason Ram-
age, 2018). Secondary compaction at all other 10 bore-
hole extensometer sites seems to have dominated land
subsidence without primary inelastic consolidation,
occurring since around 2003. The secondary consoli-
dation will continue for a very long period into the fu-
ture, since inelastic compaction was fully completed in
2003, if the current groundwater management is kept
with the stability of groundwater level.

Secondary Consolidation Coefficient of the Gulf
Coast Aquifer System

Logarithmically linear simulations of secondary
consolidation at the 13 borehole extensometers in the
HGR since 1973 are depicted in Figure 9 with black
solid trend lines. The equations for each logarith-
mically linear trend line simulated using Microsoft
Excel show the slope values of the logarithmically lin-
ear trend line in millimeters. The slope values of 9.256

249



Liu and Li

Table 4. Identification of secondary consolidation (creep) coefficient values for the Gulf Coast aquifer system in the Houston-Galveston region.

AS3(m)in ASA(m)in  Inferred
Borehole Hc/Ce  Hg/Cg Hg ) 0.4343C£ H! the 20th the 21st Dominant
Extensometer (m/%) (m/%) (m) H(@m) S.(mm/yr) (mm) cg 2 Century Century Aquitard (s)
Clear Lake 189/53  341/49 530 0.44 50.76 2.21E-04 0.23 0.03 Silty clay
Shallow
Clear Lake 189/53  748/49 937 1.11 125.1 3.07E-04 0.58 0.09 Silty clay
Deep
Baytown 131/50 131 1.33 144.8 2.55E-03 0.67 0.10 Clay
Shallow
Baytown Deep 175/50  275/59 450 2.17 233.8 1.20E-03 1.08 0.16 Clay
Johnson Space  189/45 46/47 235 1.85 212.0 2.08E-03 0.98 0.15 Clay
Center
Texas City 244/21 244 0.08 9.256 8.74E-05 0.04 0.01 Clayey silt
East End 194/54 110/50 304 1.80 200.9 1.52E-03 0.93 0.14 Clay
Lake 165/55  426/59 591 1.37 141.5 5.51E-04 0.65 0.10 Silty clay
Houston
Northeast 194/55  462/25 7 663 4.20 460.5 1.60E-03 2.13 0.32 Clay
Seabrook 187/44  234/48 421 3.04 344.2 1.88E-03 1.59 0.24 Clay
Southwest 229/61 472/26 18 719 3.87 427.76 1.37E-03 1.97 0.29 Clay
Addicks 207/55  342/29 549 8.49 939.8 3.94E-03 4.33 0.64 Clay
Pasadena 195/50  669/65 864 2.20 239.3 6.38E-04 1.10 0.16 Silty clay
Average 1.38E-03

Hc = Chicot aquifer thickness; Hg = Evangeline aquifer thickness; Hg = Burkeville confining layer (clay); Cc = clay thickness percentage out

of Chicot aquifer thickness; Cg = clay thickness percentage out of Evangeline aquifer thickness. H = Hc + Hg + Hg. SC = pseudo-constant
creep or secondary consolidation rate observed from borehole extensometer.
!The value for 0.4343C”H (see Eq. 5) is from the simulated logarithmically linear trend in Figure 9.

2Ch = (0.4343Ct H)/(0.4343 H) (dimensionless).

3Calculated with Eq. 7 using #; = 366 days (31 December 1900) and #, = 36,981 days (31 December 2000) since time in days is used in

Figure 9.

4Calculated with Eq. 7 using ¢; = 36,981 days (31 December 2000) and , = 73,415 days (31 December 2100).

to 939.8 mm approximately represent 0.4343 C,H in
Eq. 5 and are shown in column 7 in Table 4. Col-
umn 6 in Table 4 shows all pseudo-constant secondary
consolidation values from Table 3. The Chicot aquifer
thickness H¢, Evangeline aquifer thickness Hg, and
Burkeville confining unit (clay) thickness Hp involved
by borehole extensometer are given in columns 2, 3,
and 4, respectively, in Table 4. The total thickness H
of a Gulf Coast Aquifer system involved in one bore-
hole extensometer is shown in column 5. Meanwhile,
the values of the secondary consolidation coefficient
C, are displayed in column 8, as derived from values
in column 7, with total thickness H values in column
5. The creep coefficient C, value of the Gulf Coast
aquifer system is in a range of 8.74 x 107> to 3.94 x
10~3 (dimensionless), with an average of 1.38 x 1073,
at the 13 borehole extensometer locations. The Chicot
aquifer Cyvalue is in the range of 8.74 x 107> to 2.55
x 1073 at borehole extensometers Texas City and Bay-
town Shallow. The C, value of the Chicot and Evan-
geline aquifers in addition to the Burkeville confining
unit is in the range of 1.38 x 1073 to 1.60 x 1073, with
an average of 1.48 x 1073 at borehole extensometers

Southwest and Northeast. At the other nine borehole
extensometer locations, the C, value of the Chicot and

Evangeline aquifers is in the range of 2.21 x 107> to
3.94 x 1073,

Secondary Consolidation Subsidence in the 20th and
21st Centuries, Respectively

The secondary consolidation subsidence of the in-
volved Gulf Coast aquifer system in the 20th century
is estimated to be 0.04 to 4.33 m (see column 9 in
Table 4) at the 13 borehole extensometers. The high-
est creep of 4.33 m in the 20th century is at Addicts be-
cause the dominant aquitards are clay, with the highest
secondary consolidation coefficient of 0.00394, which
likely led to the low-lying areas near Addicts with sim-
ilar geology. The secondary consolidation subsidence
of the involved Gulf Coast aquifer system in the 21st
century (2001-2100) is estimated to be 0.01 to 0.64 m
(see column 10 in Table 4) at the 13 borehole exten-
someters. The creep will continue with a much smaller
rate after 2100.
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DISCUSSION
The Period of Primary Inelastic Consolidation

From Figure 6A and B, it can be said that the inelas-
tic consolidation started in about 1942 during pump-
ing period 2 (1931-1976), when the groundwater level
was lowered below the pre-consolidation pressure level
of —21.5 m almost at the same time in both Chicot
(Well LJ-65-14-912) and Evangeline (Well LJ-65-22-
618) aquifers (Kasmarek, 2013). This inelastic com-
paction was completed before a time from 18 Septem-
ber 2003 to 25 January 2008 (Table 3). Based on
groundwater level in the two wells in 2000, the updated
lowest pre-consolidation pressure level would be —50.3
m in the Chicot aquifer and —51.2 m in the Evangeline
aquifer, respectively. Therefore, the primary consolida-
tion is elastic or recoverable, since inelastic compaction
was completed if the groundwater level in the Chicot
aquifer and in the Evangeline aquifer here is higher
than —50.3 m and —51.2 m, respectively. The period
of primary inelastic consolidation period existed for
about 61-66 years, approximately from 1942,

Dominant Aquitard(s) Inferred from Secondary
Consolidation Coefficient Values

The values of secondary consolidation coefficient
(Cy) found in Table 4 may be understood to rep-
resent characteristics of dominant aquitard(s) rather
than sands in the Gulf Coast aquifer system. Magni-
tude orders of —3, —4, and —5 would apparently rep-
resent aquitard(s) dominated by clay, silty clay, and
clayey silt, respectively, in the Gulf Coast aquifer sys-
tem. The inferred dominant aquitard(s) in the Gulf
Coast aquifer system at the 13 borehole extensometer
locations is/are given in column 11 in Table 4. Most
aquitards are clay or silty clay. The C, value for silty
clay or clay-dominant aquitards from column 8 in Ta-
ble 4 is in the range of 2.21 x 107*t0 3.94 x 1073 at 12
out of 13 borehole extensometer sites, which matches
a secondary consolidation coefficient C, range of 1 x
10~* to 5 x 1073 found by Mesri (1973) for most soils
from laboratory tests. Only one C, value for clayey
silt dominant aquitards is 8.72 x 107> at borehole ex-
tensometer site Texas City (Table 4), with aquitard(s)
thickness percentage of 20.8 percent in the Chicot
aquifer (Kasmarek and Robinson, 2004).

Significance of Secondary Consolidation in Gauged
Sea Level Rise

The secondary consolidation existing in the Gulf
Coast aquifer system in the HGR is found from the
13 borehole extensometer compaction measurements.

The pseudo-constant creep rate during a very short
period (such as a decade) after a long-term geologi-
cal history of sedimentation (such as 1,000 years or
longer) played an important role in this finding (Liu
et al., 2019). The secondary consolidation coefficient
values found in Table 4 help describe slowly variable

creep rate with equation S.(¢) = (Cy H/In10) 1/t. How-
ever, the secondary consolidation can be concealed by
a significant primary inelastic consolidation for about
61 years from 1942 to 2003 due to huge groundwa-
ter withdrawals from the aquifer systems in the HGR.
The secondary consolidation can fully appear while
the inelastic consolidation is completed for the histor-
ical maximum pre-consolidation pressure in the Gulf
Coast aquifer system, and elastic deformation approx-
imately approaches zero in trend. Therefore, because
of groundwater withdrawal, the secondary consolida-
tion of the Gulf aquifer system is one land subsi-
dence component, in addition to tectonic subsidence
and primary consolidation subsidence. Tide gauge
Galveston Pier 21 (see location in Figure 3) has the
longest tide records (for 112 years since 1909) among
the 25 gauges along the Gulf Coast of Mexico. Sea
level in Galveston Bay along the Gulf Coast of Mex-
ico has risen about 71 cm, with a mean rate of 6.51
mm/yr at tide gauge Galveston Pier 21 since 1909,
based on National Oceanic and Atmospheric Admin-
istration (NOAA) estimation. This mean sea level rise
(SLR) rate is 3.8 times larger than the global mean
SLR rate of 1.7 mm/yr (Parris et al., 2012; Walsh et al.,
2014). Tebaldi et al. (2012) and Zervas et al. (2013)
estimated land subsidence rate values at some NOAA
tide gauge stations by using the difference between rel-
ative sea level rise rate to global mean sea level rise of
1.70 mm/yr. For example, the land subsidence rate
at the tide gauge Galveston Pier 21 (Figure 3) in
the HGR was estimated to be 4.72 mm/yr (Zervas
et al., 2013), which should include secondary consol-
idation subsidence of the Gulf Coast aquifer system at
Galveston Pier 21 in addition to regional basement
rock subsidence due to tectonics and primary con-
solidation subsidence due to groundwater withdrawal
(Liu, Li, Fasullo, et al., 2020).

CONCLUSION

In this article, the land subsidence caused by com-
paction of the Gulf Coast aquifer system and mea-
sured by borehole extensometers in the HGR is as-
sumed to be the sum of primary consolidation due
to groundwater withdrawal and secondary consolida-
tion due to geo-historical overburden pressure. The
primary consolidation comprises inelastic and elas-
tic components caused by groundwater-level or pore
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water pressure-lowering due to groundwater with-
drawal from the compressible aquifer systems. The
inelastic or non-recoverable consolidation is induced
by the lowed pore water pressure head in aquitard(s)
or confining units when it is lower than its pre-
consolidation pressure. Inelastic consolidation dom-
inates land subsidence when it happens because
inelastic-specific skeletal storage value is about 2-3
magnitude orders larger than elastic-specific skeletal
storage value. The secondary consolidation may exist,
at least, for more than 1,000 years in the Gulf Coast
aquifer system. In this article, the secondary consol-
idation coefficient of the Gulf Coast aquifer system is
defined with a thickness-weighted average of each indi-
vidual creep coefficient of aquitards in the aquifer sys-
tem, based on Taylor’s (1942) secondary consolidation
theory. The rate of secondary consolidation behaves
as a pseudo-constant characteristic, especially if it has
elapsed over 1,000 years since the youngest and upper-
most sediments of the Holocene Chicot aquifer were
formed in the Greenlandian Age (4,200-8,200 years
ago) and the Northgrippian Age (8,200-11,700 years
ago), respectively.

Significant inelastic primary consolidation likely
started around 1942, when the groundwater levels in
the Chicot and Evangeline aquifers were below the
pre-consolidation pressure of —21.35 m. According
to Terzaghi’s theory, any primary consolidation can
be more than 99 percent completed when its consol-
idation time factor reaches 2 if there is no updated
pre-consolidation pressure within aquitards or confin-
ing units. The inelastic primary consolidation of the
Gulf Coast aquifer system in the HGR was completed
from 2003 to 2008. Then, the inelastic primary con-
solidation disappeared or tended to disappear when
the aquifer groundwater level exhibited stability, while
the pseudo-constant secondary consolidation fully ap-
peared. The equivalent thickness of aquitards in the
Gulf Coast aquifer system is estimated to be 3.4 to
3.7 m in this article.

Thirteen borehole extensometers in the HGR were
built to monitor the compaction of the Quaternary
and Tertiary Gulf Coast aquifer since 1973. The
pseudo-constant secondary consolidation rate was
identified to be 0.08 to 8.49 mm/yr from the borehole
extensometer compaction data. The secondary con-
solidation coefficient of the Gulf Coast aquifer sys-
tem is found to be in a range of 8.74 x 107> to 3.94
x 1073, with an average of 1.38 x 1073. It is in-
ferred that magnitude orders of —3, —4, and —5 in
the secondary consolidation coefficient values would
represent aquitard(s) dominated by clay, silty clay,
and clayey silt, respectively, in the Gulf Coast aquifer
system. The secondary consolidation coefficient value
range of 2.21 x 107* to 3.94 x 1073 for silt clay or

clay-dominant aquitards in the Gulf Coast aquifer sys-
tem matches well the individual secondary consolida-
tion coefficient value range of 1 x 107* to 5 x 1073
found by Mesri (1973) for most soils from laboratory
tests. The secondary consolidation subsidence of the
involved Gulf Coast aquifer system is estimated to be
0.04 to 4.33 m in the 20th century and is projected to
be 0.01 to 0.64 m in the 21st century at the 13 borehole
extensometers in the HGR. In addition to regional tec-
tonic subsidence and land subsidence due to ground-
water withdrawal, the significant creep subsidence of
the Gulf Coast aquifer system in the 20th and 21st cen-
turies suggests a need to consider the secondary con-
solidation subsidence due to geohistorical overburden
pressure as a new factor of relative sea-level rise along
the Gulf Coast of Mexico.

DATA AVAILABILITY

The compaction data and groundwater data were
provided by USGS (https://txpub.usgs.gov/houston_
subsidence/home/). Direct requests for these materi-
als may be made to the provider, as indicated in the
“Acknowledgments” section.

ACKNOWLEDGMENTS

This research is supported by the National Science
Foundation (NSF) grant 1832065 entitled “Identifi-
cation of urban flood impacts caused by land sub-
sidence and sea-level rise in the Houston-Galveston
region” and Maryland Port Administration (MPA)
grant 51831 “Use of dredged material to protect low-
lying areas in the Chesapeake Bay.” The authors ex-
press their gratitude to Jason Ramage (USGS) and
John Ellis (USGS) for accessing and explaining data
and reviewing an early version of the manuscript and
to William Mike Chrismer for his help in data collec-
tion, as well as assistance from Tranell Griffin with
GIS mapping and Ermei Liu with mapping support.
The authors appreciate two journal peer reviewers, J.
M. Sharp and an anonymous reviewer, for their in-
sightful and constructive comments that led to an im-
proved manuscript.

REFERENCES

BakERr, E. T., 1979, Stratagraphic and Hydrogeologic Framework of
Part of the Texas Coastal Plain: Texas Department of Water
Resources, 18 p.

BAKER, E. T., 1986, Hydrology of the Jasper Aquifer in the Southeast
Texas Coastal Plain: Texas Water Development Board, Report
295, 64 p.

BEEN, K. AND SiLLs, G. C., 1981, Self-weight consolidation of soft
soils: An experimental and theoretical study: Geotechnique,
Vol. 31, No. 4, pp. 519-535.

252 Environmental & Engineering Geoscience, Vol. XXVIII, No. 3, August 2022, pp. 237-254



Land Subsidence Due to Creep

Braun, C. L.; RamaGg, J. K.; AND SHAH, S. D., 2019, Status
of Groundwater-Level Altitudes and Long-Term Groundwater-
Level Changes in the Chicot, Evangeline, and Jasper Aquifers,
Houston-Galveston Region, Texas, 2019: Scientific Investiga-
tions Report 2019-5089, 18 p.

CARR, I. E.; MEYER, W. R.; SANDEEN, W. M.; AND MCLANE, 1. R.,
1985, Digital Models for Simulation of Ground-Water Hydrol-
ogy of the Chicot and Evangeline Aquifers along the Gulf Coast
of Texas: Texas Department of Water Resources, Report 289,
27 p.

CHOWDHURY, A. H. AND TURrco, M. J., 2006, Geology of the Gulf
Coast Aquifer, Texas. In Mace, R. E.; Davidson, S. C.; Angle,
E. S.; and Mullican, W. F. (Editors), Aquifers of the Gulf Coast
of Texas: Texas Water Development Board, 23-50 p.

CoprLIN, L. S. AND GALLOWAY, D. L., 1999, Houston-Galveston,
Texas: Managing coastal subsidence. In Land Subsidence in the
United States: U.S. Geological Survey Circular, 1182, 35-46 p.

FrrchH, B., 1983, Kynch theory and compression zones: AIChE
( American Institute of Chemical Engineers) Journal, Vol. 29,
pp. 940-942.

GaBryscH, R. K., 1984, Ground-Water Withdrawal and Land-
Surfae Subsidence in the Houston-Galveston Region, Texas:
Texas Department of Water Resources Report 1906-80, 62 p.

GaBRYSCH, R. K. aND BonnerT, C. W., 1975, Land-Surface Sub-
sidence in the Houston-Galveston Region, Texas: U.S. Geologi-
cal Survey in cooperation with the Texas Water Development
Board Report 188, 15 p.

GALLOWAY, D. L.; JonEs, D. R.; AND INGEBRITSEN, S. E., 1999, Land
Subsidence in the United States: U.S. Geological Survey, Circu-
lar 1182, 177 p.

HARRIS-GALVESTON SUBSIDENCE DisTrICT (HGSD), 2017, 2017 An-
nual Groundwater Report: Harris-Galveston Subsidence Dis-
trict, 61 p.

HerwMm, D. C., 1984, Field-based computational techniques for pre-
dicting subsidence due to fluid withdrawal: Geological Society
America Reviews Engineering Geology, Vol. 6, pp. 1-22.

HorrmaNN, J.; LEAKE, S. A.; GaLLowAy, D. L.; WILsON, A.;
AND WILSON, A. M., 2003, MODFLOW-2000 Ground-Water
Model—User Guide to the Subsidence and Aquifer-System
Compaction (SUB) Package: U.S. Geological Survey Open-
File Report 03-233, 46 p.

Horzer, T. L., 1998, History of the aquitard-drainage model in
land subsidence case studies and current research. In Land
Subsidence Case Studies and Current Research: Proceedings of
the Dr. Joseph F. Poland Symposium on Land Subsidence: As-
sociation of Engineering Geologists Special Publication No. 8,
pp. 7-12.

KasMaRek, M. C., 2013, Hydrogeology and Simulation of Ground-
water Flow and Land-Surface Subsidence in the Northern Part
of the Gulf Coast Aquifer System, Texas, 1891-2009: U.S.
Geological Survey, Scientific Investigation Report 2012-5154,
55p.

KASMAREK, M. C.; GABRYSCH, R. K.; AND JOHNSON, M. R., 2009,
Estimated Land-Surface Subsidence in Harris County, Texas,
191517 to 2001: U.S. Geological Survey Scientific Investiga-
tions Map 3097, 2 p.

KASMAREK, M. K.; JoHNSON, M. R.; AND RAMAGE, J. K., 2010,
Water-Level Altitudes 2010 and Water-Level Changes in the
Chicot, Evangeline, and Jasper Aquifers and Compaction 1973—
2009 in the Chicot and Evangeline Aquifers, Houston- Galveston
Region, Texas: U.S. Geological Survey Scientific Investigations
Map 3308, 31 p.

KASMAREK, M. K. AND LANNING-RUSH, J., 2003, Water-level Alti-
tudes 2003 and Water-Level Changes in the Chicot, Evangeline,
and Jasper Aquifers and Compaction 1973-2002 in the Chicot

and Evangeline Aquifers, Houston-Galveston Region, Texas:
U.S. Geological Surgey Open-File Report 03-109, 16 p.

KasMAREK, M. C.; RaMAGE, J. K.; AND Jonnson, M. R., 2015,
Water-Level Altitudes 2016 and Water-Level Changes in the
Chicot, Evangeline, and Jasper Aquifers and Compaction 1973—
2015 in the Chicot and Evangeline Aquifers, Houston—Galveston
Region, Texas: U.S. Geological Survey Scientific Investigations
Map 3365, 17 p.

KasMaREk, M. C. AND RoOBINSON, J. L., 2004, Hydrogeology and
Simulation of Groundwater Flow and Land-Surface Subsidence
in the Northern Part of the Gulf Coast Aquifer System, Texas,
2004-5102: U.S. Geological Survey Scientific Investigations
Report 2004-5102, 111 p.

KELLY, V. AND DEEDS, N., 2019, Assessment of Subsidence and Reg-
ulatory Considerations for Aquifer Storage and Recovery in the
Evangeline and Chicot Aquifers: Harris-Galveston Subsidence
District, 25 p.

LaMmBECK, K.; EsaT, T. M.; AND POTTER, E. K., 2002, Links between
climate and sea levels for the past three million years: Nature,
Vol.. 419, No. 6903, pp. 199-206.

L, Y. anp L, J., 2016, MODFLOW No-delay flow simulation for
low permeable confining units. In roceedings of World Environ-
mental & Water Resources Congress 2016, West Palm Beach,
FL, pp. 387-393.

Liu, Y.; L1, J.; aND FANG, Z. N., 2019, Groundwater level change
management on control of land subsidence supported by bore-
hole extensometer compaction measurements in the Houston-
Galveston Region, Texas: Geosciences, Vol. 9, No. 223, pp. 19.

Liu, Y.; L1, J.; FANG, Z. N.; RaAsHVAND, M.; AND GRIFFIN, T.,
2020, The secondary consolidation (creep) due to geohistorical
overburden pressure in the Houston-Galveston Region, Texas.
In Proceedings of the Tenth International Symposium on Land
Subsidence (TISOLS), pp. 315-320.

Liu, Y.; L1, J.; FasuLro, J.; AND GALLOwAY, D. L., 2020, Land
subsidence contributions to relative sea level rise at tide gauge
Galveston Pier 21, Texas: Scientific Reports, Vol. 10, 17905,
pp. 1-11.

MEsr1, G., 1973, Coefficient of secondary compression: Journal
Soil Mechanics Foundations Division, ASCE, Vol. 99, No. 1,
pp- 123-137.

MEYER, W. R. AND CARR, J. E., 1979, 4 Digital Model for Simulation
of Ground- Water Hydrology in the Houston Area, Texas: Texas
Dapartment of Water Resources, 76 p.

PARRIS, A.; BROMIRSKI, P.; BURKETT, V.; CAYAN, D.; CULVER, M.;
HavrL, J.; HorTON, R.; KnuuT, K.; Moss, R.; OBEYSEKERA,
J.; SALLENGER, A.; AND WEISS, J., 2012, Global Sea Level Rise
Scenarios for the United States National Climate Assessment:
NOAA Technical Report OAR CPO-1, 37 p.

PrATT, W. E. AND JOoHNSON, D. W., 1926, Local subsidence of the
Goose Creek oil field: Journal Geology, Vol. 34, pp. 577-590.

Qu, F.;Lu, Z.; ZHANG, Q.; BAWDEN, G. W.; KiM, J.; ZHAO, C.; AND
Qu, W., 2015, Mapping ground deformation over Houston—
Galveston, Texas using multi-temporal INSAR: Remote Sens-
ing Environment, Vol. 169, pp. 290-306.

RiLey, F. S., 1969, Analysis of borehole extenso meter data from
central California. In International Association of Scientific
Hydrology Publication 89, pp. 423-431.

SEIFERT, J. AND DRrRABEK, C., 2006, History of production and po-
tential future production of the Gulf Coast Aquifer. In Mace,
R. E.; Davidson, S. C.; Angle, E. S.; and Mullican, W. F. 1.
(Editors), Aquifers of the Gulf Coast of Texas: Texas Water De-
velopment Board Report 365, pp. 261-267.

SELLARDS, E. H.; ADKINS, W. S.; AND PLUMMER, F. B., 1932, The
Geology of Texas: Volume 1 Stratigraphy: University of Texas
Bulletin, No. 3232, p. 1007.

Environmental & Engineering Geoscience, Vol. XXVIII, No. 3, August 2022, pp. 237-254 253



Liu and Li

TAYLOR, D. W., 1942, Research on Consolidation of Clays: Depart-
ment of Engineering, Massachusetts Institute of Technology,
Cambridge, MA, Serial 82, 147 p.

TAYLOR, D. W. AND MERCHANT, W. A., 1940, A theory of clay
consolidation accounting for secondary compression: Journal-
Mathematics Physics, Vol. 19, pp. 167-185.

TeBALDI, C.; STRAUSS, B. H.; AND ZERVAS, C. E., 2012, Modelling
sea level rise impacts on storm surges along US coasts: Envi-
ronmental Research Letters, Vol. 7, No. 1, pp. 1-11.

TErRZAGHI, K., 1925, Settlement and consolidation of clay. In Prin-
ciples of Soil Mechanics: McGraw-Hill, New York, Vol. 4, pp.
874-878.

Tong, F.; YN, J. H.; aND ZHu, G. F., 2011, Experimental investi-
gation on settling behaviour of Hong Kong marine deposits in
settling column condition: Geotechnical Engineering, Vol. 42,
No. 4, pp. 53-57.

TraHAN, D. B., 1982, Monitoring local subsidence in areas
of potential of geopressured fluid withdrawal, southwestern
Louisana: Tansactions Gulf Coast Association Geological So-
cieties, Vol. 75, pp. 734-742.

WALSH, J.; WUEBBLES, D.; HAYHOE, K.; KossIN, J.; KUNKEL, K.;
STEPHENS, G.; THORNE, P.; VOSE, R.; WEHNER, M.; WILLIS, J.;
ANDERSON, D.; DoNEY, S.; FEELY, R.; HENNON, P.; KHARIN,
V.; KNUTSON, T.; LANDERER, F.; LENTON, T.; KENNEDY, J.; AND
SOMERVILLE, R., 2014, Ch. 2: Our changing climate. In Climate
Change Impacts in the United States: The Third National Cli-
mate Assessment: U.S. Global Change Research Program, pp.
19-67.

Zervas, C.; GL, S.; anp Sweer, W., 2013, Estimating
Vertical Land Motion from Long-Term Tide Gauge
Records: NOAA Technical Report NOS CO-OPS 065,
65 p.

254 Environmental & Engineering Geoscience, Vol. XXVIII, No. 3, August 2022, pp. 237-254



