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Abstract: The Long Point Fault is one of the most active urban faults in Houston, Texas, which belong
to a complex system of normal growth faults along the Texas Gulf Coast. To assess the activity of
the Long Point Fault, a GPS array with 12 permanent stations was installed along the two sides of
the 16-km-long fault scarp in 2013. GPS datasets were processed with the Precise Point Positioning
(PPP) and Double-Difference (DD) methods. The daily PPP solutions with respect to the International
Global Navigation Satellite System (GNSS) Reference Frame 2014 (IGS14) were converted to the Stable
Houston Reference Frame (Houston16). The six-year continuous GPS observations indicate that the
Long Point Fault is currently inactive, with the rates of down-dip-slip and along-strike-slip being
below 1 mm/year. The Long Point Fault area is experiencing moderate subsidence varying from 5 to
11 mm/year and a coherent horizontal movement towards the northwest at a rate of approximately 2
to 4 mm/year. The horizontal movement is induced by the subsidence bowl that has been developing
since the 1980s in the Jersey Village area. Current surficial damages in the Long Point Fault area
are more likely caused by ongoing uneven subsidence and its induced horizontal strains, as well
as the significant seasonal ground deformation, rather than deep-seated or tectonic-controlled fault
movements. The results from this study suggest a cause-and-effect relationship between groundwater
withdrawals and local faulting, which is pertinent to plans for future urban development, use of
groundwater resources, and minimization of urban geological hazards.

Keywords: GPS; groundwater; growth fault; subsidence; Houston; Long Point Fault

1. Introduction

The Houston metropolitan area, more broadly the Gulf Coast region, has numerous gravitationally
induced “down-to-the-coast” faults that represent slow sliding of the land mass towards the Gulf
of Mexico. Some of these faults have resulted in costly damages to private and public surface
infrastructure including buildings, roadways, parking lots, drainage structures, utility systems,
and building foundations. The damages require constant repairs that burden private citizens,
businesses, and government agencies. Active faults in Houston were first recognized as early as
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1926 [1]. By 1973, about 52 historically active faults had been recognized in the Houston area with
an aggregate length of 220 km [2-5]. By 1979, the number of identified historically active faults had
increased to over 150 and the total length was over 500 km [6-8]. Recently, more urban faults have
been identified based on high-resolution digital elevation models (DEMs) derived from airborne Light
Detection and Ranging (LiDAR) and Interferometric Synthetic Aperture Radar (InSAR) datasets in the
Houston metropolitan area [9-11]. Figure 1 illustrates the principal faults in the Houston metropolitan
area mapped by the US Geological Survey (USGS) using high-resolution airborne LiDAR data collected
in October 2001 [12]. These faults have been documented at depths from 1000 to 4000 m based on
extensive investigations using geophysical well logs and deep seismic surveys. The growth fault
systems that cut the Pre-Miocene-age sediments (Holocene-, Pleistocene-, and Pliocene-age sediments)
were formed millions of years ago during the formation of the Gulf of Mexico [8].

Previous studies reported that many of the Houston faults moved on average at downward rates
of 0.5 to 3 cm/year during the periods that they studied [5,8,13,14]. These investigations also realized
the variations of the movements of Houston faults in space and time. Verbeek et al. [8] pointed out that
the movements of many Houston faults were episodic. Sections of some faults that had been dormant
for years could suddenly become active, as illustrated dramatically by the fault at Goose Creek oil
field [1]. Conversely, other faults with a long history of damage to manmade structures may become
inactive [3]. No significant earthquakes have occurred on these faults in historic times, but recurring
infrastructure damages have been frequently observed in the vicinity of the fault areas since the 1960s.
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Figure 1. Permanent GPS stations in the western part of the Houston metropolitan area and their
horizontal site velocities derived from continuous GPS observations during the period from 2013 to
2018. The uncertainties (20, 95% confidence level) of the horizontal velocities are below +0.5 mm/year.
The blue rectangle indicates the Long Point Fault area. The red lines represent active faults in the
Houston Metropolitan area mapped by USGS [12]. The orange filled polygons represent salt domes
mapped by USGS [15].
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The Long Point Fault is one of the growth faults that have offset the present land surface, which can
be clearly recognized from the high-resolution DEM map derived from airborne LiDAR data as shown
in Figure 2. The LiDAR data was collected in October 2001 by the Harris County Flood Control District
(HCECD, http://www.hcfcd.org). The length of the fault scarp that can be traced on the DEM map
is approximately 16 km. However, it is difficult to determine the fault scarp in the field because the
original fault scarp has been modified by erosion or human activities (Figure 3a). Luckily, the fault
scarp between HCC1 and HCC2 has been preserved and can be identified in the field (Figure 3b,c).
Figure 3d shows the randomly tilted utility poles and the recurring cracks on the parking lot near
the fault scarp. The parking lot of the Houston Community College at Spring Branch needs to be
repaved approximately every five years because of the damages from cracking. Parking lots and some
neighborhood roads adjacent to the Long Point Fault are often made of asphalt rather than concrete in
an attempt to accommodate fault creeping. Pavement cracks in roads and parking lots and offset street
curbs are primary aids in identifying fault traces in the field.
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Figure 2. GPS-derived horizontal (red) and vertical (blue) site velocity vectors at permanent GPS sites
along the two sides of the surface scarp of the Long Point Fault. The velocities are derived from the
GPS-derived displacement time series (2013-2018) with respect to Houston16. The uncertainties (20,
95% confidence level) of the velocities are +0.2 to +£0.3 mm/year in the horizontal direction, and +0.4
to £0.6 mm/year in the vertical direction. The hill-shaded digital elevation model (DEM) is derived
from airborne LiDAR data collected in October 2001. The yellow lines show the exact locations of
three topographic profiles exhibited in Figure 4. The dark line shows the approximate location of the
geological cross-section illustrated in Figure 5.
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Figure 3. (a) The fault trace of the Long Point Fault near the intersection of Interstate Highway 10 (I-10)
and Texas State Highway 8 (H-8) (Google Image); (b) the fault scarp of the Long Point Fault between
GPS stations HCC1 (hangingwall side) and HCC2 (footwall side); (c) the height of the fault scarp is
approximately 1.5 m at this site; (d) randomly tilted utility poles and recurring cracks on the pavement
in the parking lot near the fault scarp. These photos were taken in October 2017.

Figure 4 depicts three 5-km-long topographic profiles along HCC2 and HCC1, SPBH and CSTE,
and RDCT, and HSMN. The locations of these three topographic profiles are shown in Figure 2.
The elevation difference between the footwall (upthrown) and hangingwall (downthrown) sides can
be clearly identified. The height of the surface scarp is approximately one to two meters. Although it is
difficult to trace the fault scarp in the field continuously, the coherent elevation difference between the
hangingwall and footwall sides exhibited in Figure 2 remains to suggest the approximate location of
the fault scarp. The surface fault scarp had been evaluated and confirmed as the surface offset of the
Long Point Fault by previous studies [5,12]. Reid (1973) [5] traced the Long Point Fault to a depth of
approximately 3000 m by use of electric logs. The present-day surface scarp reflects only the most
recent vertical displacements of the fault. The fault was active long before the present land surface
of the area was formed. Figure 5 illustrates a sketch of the geologic cross-section of the Long Point
Fault near the Addicks extensometer site. The location of the cross-section is shown in Figure 2. As a
growth fault, the principal mechanism causing structural damages is the sinking of the hangingwall
(downthrown side) relative to the footwall (upthrown side), although fault damages may take a variety
of forms depending on specific structures and the distance and direction to the fault trace.

As a destructive fault striking through the densely populated urban area, the Long Point Fault is
of particular interest to the Harris-Galveston Subsidence District (HGSD) (https://hgsubsidence.org/),
urban planners, civil engineers, and the research community. It is crucial for residents, property,
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and business owners, local and state government agencies to understand the kinematics and causes
of the Long Point Fault and wisely estimate the risk of future property damages. This study aims to
quantify the current activity of the Long Point Fault and analyze the correlations among groundwater
withdrawals, subsidence, and faulting.
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Figure 4. Topographic profiles extracted from the LiDAR-derived DEM: (a) along HCC2 and HCC1,
(b) along SPBH and CSTE, and (c) along RDCT and HSMN. The red lines indicate the location of the
fault trace of the Long Point Fault. The length of each profile is 5 km (see Figure 2). The LiDAR data
was collected in October 2001.
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Figure 5. A schematic sketch illustrating the geologic cross-section of the Long Point Fault near the
Addicks extensometer site (Modified from the USGS Report No.1136 [8]). The approximate location of
the cross-section is marked in Figure 2.

2. Data and Methods

2.1. Long Point Fault GPS Array

Houston is one of the urban areas that use a dense GPS network to monitor land subsidence
and faulting. The earliest continuous permanent GPS stations were installed in the early 1990s and
have a history of approximately three decades [16]. As of 2018, there are about 200 GPS stations
with a minimum history of three years in the Houston metropolitan area with observational datasets
available to the public [17]. Most GPS stations are operated by the Harris—Galveston Subsidence District
(HGSD) and the University of Houston. To study the activity of the Long Point Fault, the University
of Houston installed a permanent GPS array along the two sides of the fault scarp in 2013 (Figure 2),
which comprises 12 continuous GPS stations. MDWD, WCHT, UTEX, HCC2, SPBH, and RDCT are in
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the north side (footwall) of the fault scarp, HCC1, WDVW, CSTE, TSFT, HSMN, and LCI1 are located
in the south side (hangingwall). Topography in the Long Point Fault area is mainly flat. The altitude of
the land surface in this area is about 20 to 25 m above the sea level (Figure 4). All these 12 GPS stations
are located within 1 km from the fault scarp. Table 1 lists the detailed information about the Long
Point Fault GPS Array.

Table 1. Major parameters of the Long Point Fault GPS Array

Longitude Latitude  Antenna Elevation Distance Site Velocities (2013-2018) (mm/year)
To To (PPP Solutions*, (DD Solutions**,
NAVDS8 Fault UTEX Houston16) UTEX-Fixed)
GPS (deg.) (deg.) (m) (km) (km) NS EW UD NS EW UuD
MDWD  -95.595 29.771 329 0.36 3.12 25 -0.8 —6.8 -0.7 1.0 2.0
WCHT  -95.581 29.783 38.3 0.67 1.35 2.4 -0.5 -11.0 -0.5 1.4 -1.3
UTEX —95.568 29.786 37.1 0.13 0.00 2.6 -2.0 -8.2 0.0 0.0 0.0
HCC2  -95.562 29.788 37.1 0.07 0.62 2.0 -1.8 -9.3 -0.5 0.2 -0.6
SPBH -95.515 29.802 36.4 0.63 5.42 1.5 -1.3 -6.9 -1.1 0.9 1.8
RDCT —95.495 29.810 36.7 0.92 7.60 1.3 -1.0 —-6.4 -1.0 1.2 1.8
TSFT —95.480 29.806 29.1 0.11 8.88 1.0 -0.5 -7.3 -14 22 24
HCC1 -95.561 29.788 34.5 0.02 0.67 27 -15 -8.6 0.2 0.5 -0.8
WDVW  -95.533 29.790 31.5 0.17 3.41 2.3 -1.3 -7.3 -0.3 0.9 1.7
CSTE —95.511 29.796 28.5 0.25 5.62 2.0 -1.3 -5.1 —0.4 0.5 0.6
HSMN  -95.470 29.800 34.4 0.73 9.68 1.2 -0.9 -6.2 -1.4 1.7 24
LCI1 —95.443 29.807 489 0.56 12.45 1.0 -1.2 —4.5 -15 2.0 32
Average 0.39 1.9 -1.3 =73

* The uncertainties (20, 95% confidence level) of the velocities with respect to Houston16 are +0.2 to +0.3 mm/year
for the horizontal components, and +0.4 to 0.6 mm/year for the vertical component. ** The uncertainties (20,
95% confidence level) of the velocities with respect to UTEX are +0.1 to +0.3 mm/year for the horizontal components,
and +0.2 to +0.6 mm/year for the vertical component.

Each Long Point Fault GPS station is equipped with a Trimble NetR9 receiver and a Zephyr
Geodetic II antenna except for LCI1, which is equipped with the Leica Grx1200-GG-Pro receiver and
the Leica Ax1202GG antenna. LCI1 is jointly operated by the University of Houston and the SmartNet
North America (https://www.smartnetna.com). The GPS antennas are mounted on the sidewalls of
one- or two-story school buildings as shown in Figure 6. According to Yang et al.’s [18] investigation
on several pairs of closely spaced Continuously Operating Reference Stations (CORS), there is no
considerable difference between building-based and ground-based GPS observations with regard to
the precision or repeatability of daily positions and reliability of long-term site velocities as long as the
buildings are stable [18]. Accordingly, the displacement measurements from these building-based GPS
antennas can be interpreted as the deformation of the ground surface. Figure 7 illustrates the vertical
displacement time series of these 12 GPS stations with respect to a stable local reference frame and a
single ground GPS station. The displacement time series depict the data history and continuity of the
Long Point Fault GPS Array. The raw GPS datasets are archived at UNAVCO and are available to the
public [19].

Figure 6. Photos showing typical field installations of the Long Point Fault GPS antennas.
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Figure 7. Plots depicting the data history and continuity of the Long Point GPS Array. The vertical
displacement time series are derived from the 24-hour precise point positioning (PPP) solutions with
respect to Houston16 and 24-hour carrier-phase double-difference (DD) solutions with respect to UTEX.
The linear trends of the time series are listed in Table 1.

2.2. Data Processing

In general, the accuracy and precision of GPS-derived positions have been improved dramatically
over the past two decades due to the advances in GPS hardware, software, and reference systems.
The accuracy of GPS-derived displacements does not solely rely on GPS equipment (antenna and
receiver) but largely depends on how the data are collected in the field and how the data are
processed [20-22]. For estimating site velocities, the accuracy is primarily dominated by the stability
(accuracy) of the reference frame and the length of the observational history rather than the accuracy
of the individual positional measurements [23].

Typically, there are two approaches to achieve high-precision GPS positioning solutions: absolute
positioning and relative positioning. The absolute positioning method uses a single ground GPS station
to achieve high-precision positioning, and in turn, gets high-accuracy displacements and site velocities.
Precise point positioning (PPP) is a typical absolute positioning method that has been widely applied
in the geodesy community for natural hazards and structural health monitoring due to its operational
simplicity and consistent accuracy over time and space [24-26]. In contrast, the relative positioning
method employs two ground GPS units simultaneously tracking the same satellites (minimum four) to
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decide relative positions (distances in three dimensions) between these two stations. A commonly
used relative positioning geodetic technique is the carrier-phase double-difference (DD) method,
which inherits high accuracy from the fact that closely spaced GPS units share significant common errors
and biases. Because the number of common errors decreases with the increase of the antenna-to-antenna
distance, the performance of the differential method highly depends on the length of the baseline [27,28].
Both the DD and PPP methods are used to derive site velocities in this study. The GAMIT/GLOBK
software package (Version 10.7) is employed for the DD processing [29], and the GIPSY-OASIS (V6.4)
software package is employed for the PPP processing [30]. The GIPSY-OASIS software package
employs the single-receiver phase ambiguity-fixed PPP method for its static positioning [31].

We first calculated the 24-hour average positions (daily solutions) of these GPS antennas,
specifically, the phase center of the antenna, with the PPP method. The major parameters used
for the PPP processing are the same as those listed in our previous publications [32]. The PPP solutions
are defined in an Earth-Centered-Earth-Fixed (ECEF) Cartesian coordinate system that is based on
three mutually perpendicular coordinate axes: the x-axis, the y-axis, and the z-axis. The ECEF-XYZ
coordinates are referred to the International GNSS reference Frame of 2014 (IGS514) [33]. The changes of
site positions over time with respect to the global reference frame are dominated by the long-term drift
and rotation of the North American plate [34,35]. Localized minor ground deformation associated with
faulting and subsidence can be obscured by the long-term plate drift. A stable local scale reference frame
is needed to precisely trace the movements of permanent GPS stations over time and space [36-38].

For this study, we used the Stable Houston Reference Frame 2016 (Houston16) as a stable local
reference frame to delineate the movements of GPS antennas. Houston16 was realized by over 7 years
of continuous observations from 15 permanent GPS stations outside the Houston metropolitan area.
Those reference stations were not affected by subsidence and faulting problems. Houston16 was
aligned in origin and scale with IGS14. The frame stability of Houston16 is below 1 mm/year in both
the horizontal and vertical directions. A detailed introduction of Houston16 is referred to Kearns
et al. [17]. The ECEF-XYZ coordinates with respect to IGS14 were transformed to the Houston16
reference frame and then projected to a two-dimensional (2D) horizontal plane to track displacements in
the north-south (NS) and east-west (EW) directions. The ellipsoid heights derived from the ECEF-XYZ
coordinates (Houston16) referred to the GRS80 ellipsoid were used to track the site displacements
(uplift or subsidence) in the vertical direction. For subsidence and uplift monitoring purposes,
the vertical displacement derived from the ellipsoid heights retains the same value as those derived
from orthometric heights [39].

In general, the DD method can achieve higher precision (repeatability) for measuring relative
positions (distances) than the PPP method if the baseline is within a few kilometers [25,40]. Thus,
the site velocities derived from the DD solutions may achieve higher precision in delineating the spatial
variations of three-component ground deformation in the study area. A comparison of the displacement
time series obtained with the DD and PPP methods is demonstrated in Figure 7. Overall, the scatter of
the DD solutions is smaller than the scatter of the PPP solutions at all stations, which verified that
the DD method achieved a higher accuracy (repeatability) than the PPP method for the case study.
For this reason, the DD method is employed to delineate the relative displacements within the Long
Point Fault GPS Array. The detailed process for calculating 24-hour average displacements using the
DD method is addressed in Wang [22].

3. Results

The horizontal and vertical site velocity vectors for GPS stations with respect to Houston16 along
the two sides of the fault scarp are plotted in Figure 2. The velocity vectors indicate that all GPS
stations are moving to the northwest direction with a steady rate of 2 to 4 mm/year. The directions of
the horizontal velocity vectors along the two sides of the fault scarp are fairly consistent. The vertical
velocity vectors vary from 5 mm/year to 11 mm/year. The ratio of the horizontal to vertical ground
displacements is approximately one third. The spatial variation of subsidence rates may be associated
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with the differences among sites in the ratios of sand, silt, and clay and the amount of nearby
groundwater withdrawal [41].

Figure 8 illustrates a comparison of the three-component PPP and DD solutions of HCC1 and
HCC2. HCC1 is situated on the hangingwall (downthrown) side of the Long Point Fault. HCC2 is
situated on the footwall (upthrown) side, just opposite of HCC1 (Figure 3a). The distance between
HCC1 and HCC2 is 96 m. Figure 8a depicts the three-component displacement time series (24-h
PPP solutions) of HCC1 and HCC2 with respect to the local reference frame Houston16. The PPP
solutions attained the root-mean-square (RMS) accuracy of 2 to 4 mm in the horizontal directions
and 8 to 9 mm in the vertical direction. The linear trends derived from the displacement time series
are approximately 3 mm/year towards the northwest direction and 8 mm/year vertically downward.
It is difficult to distinguish the minor difference between the displacements at the two GPS sites.
Figure 8b depicts the relative displacement time series (DD solutions) of HCC1 (footwall) with respect
to HCC2 (hangingwall). The DD solutions achieved below 2 mm RMS-accuracy in all three components.
The RMS-accuracy of the EW component is even at a sub-millimeter level (0.6 mm). The site velocities
of HCC1 with respect to HCC2 are below 1 mmy/year in both the vertical and horizontal directions.

(a) Displacemens (Houston16): HCC1 vs. HCC2 (b) Displacements of HCC1 with Respect to HCC2
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Figure 8. (a) The displacement time series of HCC1 and HCC2 (24-hour PPP solutions) with respect to
the stable local reference frame Houston16; (b) the three-component displacement time series of HCC1
(24-hour DD solutions) with respect to HCC2. The root-mean-square (RMS) accuracy is calculated from
detrended displacement time series.

Figure 9 illustrates the three-component displacement time series (24-hour DD solutions) of two
hangingwall stations CSTE and HSMN with respect to their corresponding footwall stations SPBH
and RDCT (see Figure 2). The baseline between CSTE and SPBH is 810 m; the baseline between
HSMN and RECT is 2670 m. The same comparison for HCC2 with respect to HCC1 is illustrated in
Figure 8b. The horizontal RMS-accuracy of the displacements is below 2 mm for all three stations.
The vertical RMS-accuracy is approximately 2 to 4 mm. All three hangingwall sites retain velocities
below 0.5 + 0.2 mm/year in all three directions except the vertical component of HCC1, which retains
a vertical velocity of 0.7 + 0.2 mm/year. No considerable (> 1 mm/year) sinking was recorded at the
hangingwall stations with respect to the footwall stations in the past six years. Figure 10 depicts the site
velocity vectors at these 11 GPS stations with respect to the hangingwall station UTEX. The velocities
are derived from 24-hour DD solutions. UTEX was the first station of the Long Point Fault GPS Array.
There are considerable velocity variations of up to 2 mm/year in the horizontal directions and up to
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3 mmy/year in the vertical direction depending on the distance to the base station (UTEX). However,
there is no coherent difference between the footwall and hangingwall sides in site velocities. The Long
Point Fault belongs to the down-to-the-coast normal fault systems. Downward slip at the hangingwall
side is expected if the fault is active.
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Figure9. (a) The three-component displacement time series of the hangingwall station CSTE with respect
to the footwall station SPBH; (b) the three-component displacement time series of the hangingwall
station HSMN with respect to the footwall station RDCT.

29°50"

. -95°36' —95°34' & i -95°26'
Figure 10. Site velocity vectors (blue: vertical; red: horizontal) of 11 GPS antennas with respect to the
antenna of UTEX. The uncertainties (20, 95% confidence level) of the velocities are +0.1 to +0.3 mm/year
in the horizontal direction, and +0.2 to +0.6 mm/year in the vertical direction.

4. Discussion

The site velocity vectors depicted in Figures 2 and 10 indicate that currently, there is no considerable
(>1 mm/year) relative displacements between the two sides of the fault scarp in both the down-dip
and along-strike directions, which suggests that the Long Point Fault is currently inactive. A question
is raised here: What are the reasons causing the damages of surface structures in the Long Point
Fault area?
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4.1. Horizontal Displacements Associated With Subsidence

The term land subsidence is principally downward movements of the Earth’s surface. However,
subsidence is mostly uneven, thus causing horizontal strains, which have significant damaging effects
on surface and near-surface structures [42]. From a natural hazard perspective, land subsidence
driven by groundwater withdrawal is of particular interest when the subsidence is long term and
leads to accumulated horizontal strains on infrastructures. The Houston area has been suffering from
property and infrastructure damages associated with land subsidence since the 1930s [43]. Up to 4 m
of subsidence had occurred in southeastern Harris County during the time span from 1915-1917 to
2001 [40]. Land subsidence in the Houston area has been continuously monitored and studied since
the 1970s [44]. The land subsidence started at the southeast Houston area along the Houston Ship
Channel, and slowly propagated to the northern and western parts with the extent of the greater
Houston area [45]. Rapid subsidence began occurring in Jersey Village, located in western Houston,
during the 1980s [46].

Figure 11a depicts the subsidence contours derived from 35 GPS stations in the northwest Houston
region from 1995 to 2005. A subsidence bowl is apparent in the subsidence contours. The fault scarp
overlies on the southern edge of the subsidence bowl. The subsidence rate in the Long Point Fault area
varies from 3.5 to 4.5 cm/year during this period. The most rapid subsidence occurred at the bottom
of the subsidence bowl with a rate of approximately 5 cm/year in Jersey Village. Similar subsidence
patterns were observed from InSAR datasets during this period [47—49]. There is no repeated leveling
data in this area. Figure 11b depicts the subsidence contours derived from 145 GPS stations during
the recent six years from 2013 to 2018. Overall, the current subsidence rate has slowed significantly
compared to the subsidence rate during the period from 1995 to 2005. There is a trend that the
subsidence is propagating to the north and southwest. The red vectors exhibit the horizontal velocity
vectors (2 to 4 mm/year) of the Long Point GPS Array with respect to Houston16, same as the vectors
illustrated in Figure 2. It is clear that the coherent horizontal movement is towards the center of the
ongoing subsidence bowl.
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Figure 11. Contour maps showing GPS-derived subsidence in the Jersey Village area during two
different periods: (a) 1995-2005 and (b) 2013-2018. Dark dots represent the locations of GPS stations
that were used to develop the subsidence contours. Green dots represent the Long Point GPS Array.
The color zones represent the different groundwater regulation zones [50]. The red vectors depict the
horizontal ground motions that are same as the vectors exhibited in Figure 2.

It is not hard to imagine that the land surface at the margins of the subsidence bowl will be
tilted. Thus, certain horizontal strains will be accumulated when a subsidence bowl is developing.
Consequently, surface points on the margins of the subsidence bowl may move downward and inward
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towards the center of the subsidence bowl. This phenomenon had been recorded by continuous GPS
stations in other rapid subsidence urban areas, such as Los Angeles in the US [51], Mexico City in
Mexico [52] and Tianjin in China [32]. In general, the ground deformation would maintain a minimum
horizontal site velocity at the center and a maximum site velocity at approximately half the radius.
The Long Point Fault crosses the edge of the subsidence bowl where substantial extension strains could
be developed.

Figure 12 depicts the horizontal displacements induced by rapid subsidence at two long-term
GPS stations (PA01 and PA03) in the Jersey Village area. Locations of PAO1 and PA03 are marked in
Figure 1. Both stations are the Port-A-Measure (PAM) campaign-style GPS stations operated by HGSD
since 1994 [16]. The distance between PAO1 and PAO03 is approximately 9.3 km. Both PA01 and PA03
are in the margin area of the 1995-2005 subsidence bowl (Figure 11a). PAO1 is close to the center of the
ongoing subsidence bowl (2013-2018) (Figure 11b). The NS components of both PAQ1 and PA03 exhibit
considerable horizontal displacements that are coincident with the rapid land subsidence during the
1990s and 2000s. The horizontal movement at PAO1 was up to 5 mm/year towards south during the
1990s. The subsidence during the same period was 4.8 cm/year. The horizontal movements decreased
to approximately 1.5 mm/year towards north during the 2000s in respect to the slowed subsidence
(1.5 cm/year) during this period. It appears that the rate of horizontal movement was about one-tenth
of the subsidence rate at these two GPS sites during the 1990s and 2000s.
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Figure 12. Comparisons of three-component displacement time series recorded by two PAM GPS
stations (PA01 and PA03, 9.3-km apart) in the Jersey Village area (see Figure 1). The displacements are
derived from the daily PPP solutions with respect to Houston16.

Although the underlying mechanisms leading to land subsidence are well known, the horizontal
strain associated with subsidence and its role in structure damages has not been thoroughly investigated.
Several methods had been proposed for quantifying the amount of vertical and horizontal movements
in subsidence areas caused by mining [53]. However, so far, very few quantitative studies have
been conducted on the relationship between the subsidence induced by groundwater withdrawals
and its related horizontal ground deformation. The main reason is that the subsidence induced by
groundwater withdrawals usually is much slower compared to the subsidence induced by mining.
The horizontal movement is mostly at a level of a few millimeters to sub-millimeter per year, which is
difficult to be precisely measured prior to having GPS.

It is beyond the scope of this paper to speculate on how does ground motions associated with
subsidence cause structural damages. The results of this study do indicate, however, that long-term
subsidence could accumulate substantial horizontal strains over time, which will cause damages on
structures on and near the ground surface. The current surficial damages observed in the Long Point
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Fault area are more likely caused by uneven subsidence and its related horizontal ground deformation
rather than deep-seated or tectonic-controlled fault movements. It is important to obtain a better
understanding of the relationship between horizontal ground deformation and structural damages,
which is vital to assess the risk from the Long Point Fault.

4.2. Groundwater Withdrawal vs. Subsidence and Faulting

The major hydrogeological units composing the aquifer system in the Houston area, from the
surface downward, are the Chicot aquifer, the Evangeline aquifer, the Burkeville confining unit, and the
Jasper aquifer [54]. The aquifers that underlie the Houston area consist of interbedded clays, silts,
sands, and gravels. The Chicot aquifer is Quaternary, and the Evangeline aquifer is Pliocene and
Miocene in age. The Chicot and Evangeline aquifers are hydraulically connected. Directly below the
Evangeline stratigraphically is the Burkeville confining unit which restricts the flow of fluids [55].
The Evangeline aquifer is currently being the primary source of municipal and industrial use in the
Long Point Fault area [44]. Massive groundwater pumping depressures and dewaters the aquifers,
and in turn, results in compaction of unconsolidated sediments. Most of the land—surface subsidence
in the Houston metropolitan region has occurred as a direct result of groundwater withdrawals for
municipal supply, commercial and industrial use, and irrigation [56].

HGSD and USGS installed 13 deep-borehole groundwater and subsidence monitoring stations
in Houston during the 1970s to study the correlation between groundwater levels and land—surface
subsidence [56]. Figure 13 shows a site view at the Addicks groundwater pumping station operated by
the City of Houston. The location of the Addicks site is marked in Figure 10. A borehole extensometer
was installed at this site in 1973, which was designed to measure the change in the thickness of
sediments [57]. The out casing of the borehole was screened at its bottom with the purpose of allowing
groundwater to flow into the center pipe. Thus, the deep well works as a piezometer measuring the
hydraulic head altitude in the Evangeline aquifer. The extensometer has been continuously operating
by USGS since 1974. A GPS antenna (ADKS) has been installed on the inner pole of the extensometer
since 1993 to track the stability of the sediments at the bottom of the inner pole. The inner pole
is firmly anchored on the bottom of the Evangeline aquifer located 549 m below the land surface
(see Figure 5). PAQ5 is one of the PAM GPS stations that was mounted on the land surface in 1996.
There is a shallower groundwater well at the Addicks site, and it was terminated at 72 m below the
ground surface. The shallow well is used to measure the hydraulic level altitude in the Chicot aquifer.
The Addicks groundwater wells are only 1.7 km away from the Long Point Fault.

Figure 14a depicts the history of the groundwater-level altitudes in the Chicot and Evangeline
aquifers from 1974 to 2018 at the Addicks site. The Chicot groundwater level was relatively stable at
approximately 45 to 50 m below the land surface over the past four decades. However, the groundwater
level in Evangeline aquifer experienced significant changes, from the highest level of —80 m in 1974 to
the lowest —140 m in 2000. The groundwater level declined as fast as 3.5 m/year during the 1970s and
reduced to about 1 m/year during the 1980s and 1990s. The decline of the Evangeline groundwater level
ceased in 2000 and started to rise with a speed of approximately 2 m/year during the 2000s in response
to groundwater regulations enforced by HGSD. By the late 2000s, the Evangeline groundwater-level
altitude had recovered to the level of the late 1970s, approximately 100 m below the land surface.
The current water levels have generally remained stable since 2010, but with significant annual
fluctuations, which are mainly dominated by the annual cycle of groundwater withdrawals. Figure 14b
depicts the long history of subsidence measured by the Addicks extensometer during the same period.
The accuracy of the Addicks extensometer was investigated by Wang et al. [57]. It was concluded
that the accuracy of the monthly compaction measurements is at the level of a couple of millimeters.
The long-history extensometer dataset indicates a steady compaction rate of 3.7 cm/year beginning from
when the extensometer was installed through about middle 2003. The rapid subsidence (3.7 cm/year)
before the 1990s was coincident with the rapid decline (3.5 m/year) of the Evangeline groundwater
level. As water levels in the aquifers began to rise and recover since the 2000s, the hydrostatic pressure
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increased, in turn, the rates of compaction progressively decreased. The current subsidence rate at the
Addicks site is approximately 0.8 cm/year, which is much slower than the subsidence rate in the 1970s
and 1980s. For both the long-term and short-term components, the vertical ground displacement time
series is well matched by hydraulic head variations in the Evangeline aquifer.

Figure 13. (a) Site view at the Addicks groundwater pumping station (Google Image); (b) the borehole
extensometer and the permanent GPS antenna ADKS; (c) the permanent GPS antenna monument
of the HGSD PAM station PA05. The distance between these two GPS antennas (ADKS, PA05) is
approximately 50 m.

Addicks: Land Subsidence vs. Groundwater Level Change
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Figure 14. (a) The history of groundwater-level altitudes (1974-2018) in the Chicot and Evangeline
aquifers measured at the Addicks extensometer site (Figure 13); (b) the history of the land subsidence
recorded by the extensometer (1974-2018) and GPS antenna PA05 (1996-2018). The GPS antenna ADKS
is mounted on the top of the inner pole of the extensometer (see Figure 5).
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According to our previous study, the subsidence will continue until the Evangeline groundwater
level approaches the regional preconsolidation head, which is approximately 40 m below the ground
surface in the Houston area [45]. Currently, the Evangeline water level is recovering but still about
60 m below the preconsolidation head. It may take a long period for the groundwater level to rise
to the preconsolidation head and for subsidence to cease in this area. That is to say, the ongoing
subsidence and its induced horizontal ground deformation in the Long Point Fault area will continue
to occur for a long period. It is worth noting that most aquifer compaction that occurs as a result of
groundwater withdrawals is irreversible. Knowledge of the effects of groundwater withdrawal on
ground deformation in both horizontal and vertical directions is pertinent to plans for future urban
development and use of water resources.

4.3. Seasonal Ground Deformation

Seasonal ground oscillations have been widely observed from GPS-derived displacement time
series [58-60]. The seasonal uplift and subsidence are believed to be a combination of real ground
deformation and certain annual signals associated with GPS data processing. The amplitude of
the vertical uplift and subsidence is mostly within a peak-to-trough level of 1.5 cm level at stable
sites [32,38]. However, significant vertical oscillations have been recorded in the Long Point Fault area
as illustrated in Figure 7.

Figure 15 illustrates the comparison of the detrended displacement time series recorded at a
subsiding site (HCC1) in the Long Point Fault area and a stable site (TXLI) in eastern Houston.
The displacement time series are derived from daily PPP solutions. TXLI is in West Liberty County,
a rural area east of the Houston metropolitan region, where no significant groundwater pumping
has been reported, and no considerable land subsidence was observed [27]. The linear trends
superimposed into the original displacement time series of HCC1 have been removed by a detrending
process. To smooth the original daily solutions, a boxcar filter (moving average) with a width of
seven days (the day plus 3 days before and 3 days after) has been applied to the daily displacement
time series. HCC1 is located at the margin of the ongoing subsidence bowl as depicted in Figure 11b.
The displacement time series of TXLI exhibits little seasonal horizontal movement (peak-to-trough:
<5 mm) and moderate seasonal vertical motions (peak-to-trough: <1.5 cm). However, the displacement
time series at HCC1 exhibits unprecedented ground oscillations in both the vertical and horizontal
directions. The peak-to-trough displacement of the vertical component at HCC1 is up to 4 cm, which is
about two to three times larger than the seasonal vertical ground deformation recorded at TXLI
during the same period. The undergoing seasonal horizontal motions towards (northwest) and
away (southeast) from the center of the subsidence bowl are also significant with an amplitude of
peak-to-trough 1.5 cm, which is three times larger than the horizontal seasonal motions at TXLI. Such a
seasonal pattern of ground motion with significant horizontal strains can be explained by the response
of elastic materials (mostly sand in the aquifers) to seasonal groundwater-level variations.

Further analysis indicates that the significant seasonal deformation is coincident with the
fluctuation of the Evangeline groundwater-level changes as illustrated in Figure 16. Compared to
the Evangeline aquifer, the fluctuation of the Chicot groundwater level is minor (less than +0.5 m)
(Figure 16a). Groundwater-level altitudes in the Houston metropolitan region usually rise during
the period from November to April and decline from May to October as depicted in Figure 16b.
The groundwater level is generally higher during November through March compared to the rest of
the year because groundwater withdrawals during these months are generally at an annual minimum.
Less groundwater is used for lawn irrigation purposes during the winter months compared to
the summer months. The annual variation of the Evangeline groundwater level is approximately
10 m (Figure 16b), which is modulated by seasonal cycles of increased and decreased groundwater
withdrawal and, to a much lesser extent, recharge. The GPS antenna (HCC1) fixed on the ground surface
recorded the vertical ground oscillations with peak-to-trough amplitudes of up to 4 cm (Figure 16¢),
which is approximately two times the amplitude recorded by the deep-seated (-549 m) GPS antenna



Remote Sens. 2019, 11, 1213 16 of 20

(ADKS) (Figure 16d). These observations imply that the effects of groundwater-level fluctuations are
limited to the aquifers within the top 549 m. The vertical displacement time series recorded by PA05
and ADKS (Figure 14b) also verified that the permanent compaction is also limited to the top 549 m.
In summary, the significant seasonal ground deformation associated with the elastic compaction and
extension of the shallow aquifers within top 549 m may partially be responsible for the recurring
damages on the pavements of roads and parking lots.
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Figure 15. Comparisons of the seasonal horizontal and vertical ground deformation at two sites:
HCC1 (subsiding) and TXLI (no subsidence). The detrended displacements are derived from daily
PPP solutions.
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Figure 16. Plots depicting the coincidence of the seasonal ground surface up and down with the
fluctuations of the Evangeline groundwater level. (a) The history of groundwater level in the Chicot
aquifer at Addicks site; (b) the history of the groundwater level in the Evangeline aquifer; (c) the vertical
displacements at the land surface recorded by HCC1; (d) the vertical displacements at the bottom of
the borehole (549 m below the land surface) recorded by the deep-mounted GPS antenna ADKS.
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5. Conclusions

We investigated the spatiotemporal ground deformation in the Long Point Fault area using six
years of continuous GPS observations. Results from this study suggest that the Long Point Fault
is currently inactive, with the rates of down-dip-slip and along-strike-slip being below 1 mm/year.
However, the terms “currently” and “inactive” should be interpreted with caution. The activity of a
fault may vary spatially and temporally. According to previous USGS reports [8,43], the Long Point
Fault was very active during the 1960s and 1970s; some sections of the Long Point fault had averaged
more than 2 cm/year of vertical offset over a 20-year span. The rates of fault movement during the
1960s to 1970s far exceeded average prehistoric rates. According to our field investigations in the past
six years, the current surficial damages adjacent to the Long Point Fault are much less frequent and
lighter than the damages reported in the 1960s to 1970s.

The active period during the 1960s and 1970s was coincident with the substantial groundwater
withdrawals in this area during that time, which caused a rapid decline of groundwater-level altitudes,
in turn, resulted in a rapid land subsidence. The current dormancy of the Long Point Fault is
coincident with the recovery of groundwater-level altitudes since the 2000s (Figure 14a). The same
phenomena were observed at faults in the eastern part of the greater Houston region during the 1970
and 1980s [43,61]. The Chicot and Evangeline groundwater-level recovery began in the east part of the
greater Houston region after 1975 due to the delivery of surface water and enforcement of groundwater
regulations. Fault creeping stopped or slowed in the areas where the water level was recovering,
but continued unabated in the areas where groundwater levels were still declining. The spatiotemporal
coincidence of the changes of groundwater levels and activity of faults suggest a cause-and-effect
relation between groundwater withdrawals and surface faulting. Massive groundwater withdrawals
may accelerate or reinitiate ground movements on historically active faults in the greater Houston
region; rising groundwater levels may slow and ultimately cease the surface faulting. However,
there are not sufficient datasets to validate this relation. Additionally, it is possible that the Long
Point Fault is currently experiencing a slow pace (<1 mmy/year) of its natural episodic slipping.
Previous investigations based on seismic well-log data, core transects, stratigraphic and radiocarbon
chronology datasets show episodic movements of many growth faults in Texas during a historical time
frame [8,62]. It is critical to continuously monitor the ground movements and groundwater levels in the
Long Point Fault area to clarify the cause-and-effect relationship and or the episodic fault movements.
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