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ABSTRACT

Subsidence has been affecting many cities around the world, such as Nagoya (Japan),
Venice (Italy), San Joaquin Valley and Long Beach (California), and Houston (Texas).
This phenomenon can be caused by natural processes and/or human activities, including
but not limited to carbonate dissolution, extraction of material from mines, soil
compaction, and fluid withdrawal. Recent studies on Harris County, Texas suggested that
surface deformation is driven by four major mechanisms: faulting, soil compaction, salt
tectonics, and fluid withdrawal (groundwater withdrawal and hydrocarbon extraction).
The objective of this study was to assess the land deformation rate in the northwest Harris
and detect the effect of fluid withdrawal on subsidence. To achieve this goal, data from
three complimentary remote sensing techniques Global Positioning System (GPS), Light
Detection and Ranging (LiDAR), and Interferometric Synthetic Aperture Radar (INSAR)
were used. The data of twenty (20) GPS stations acquired from Harris-Galveston
Subsidence District (HGCSD) were processed using Online Positioning User Service
(OPUS) of National Geodetic Survey (NGS). Two (2) of these GPS stations are
Continuously Operating Reference Stations (CORS), and eighteen (18) are Port-A-
Measure (PAM) sites. The zonal statistic method was applied on 2001 and 2008 Digital
Elevation Models (DEMs) generated using LIiDAR data. The Persistent Scatterer
Interferometry (PSI) was performed using twenty five (25) ERS1/2 data. The rates of
change in groundwater level and hydrocarbon production were calculated using data from
261 water wells and 658 hydrocarbon wells. Furthermore, the rates of change in

groundwater level and hydrocarbon production were compared to the results of remote

\Y



sensing techniques. The results of this study revealed the rates of subsidence ranging
from 0.3 to 4.5 cm/y for GPS, LIiDAR, and InSAR. The level of groundwater drops with
a rate of 4 m/y close to the area where subsidence is the highest. Also, the hydrocarbon
withdrawals are highest (~70 million m®y) in areas sinking more rapidly. This study
found strong correlation between fluid withdrawals and subsidence. Therefore, both
groundwater and hydrocarbon withdrawal in northwest Harris are considered to be the

major drivers of the subsidence deformation.
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CHAPTER 1: INTRODUCTION



1.1 Introduction

Subsidence, the in situ downward motion of the Earth’s surface, has long been a hazard.
It has been caused by both geological phenomena and man-induced events; such as
mining activities, compaction of sediments, earthquakes, dissolution of limestone,
oxidation of organic deposits, and fluid withdrawal (Johnson, 1991). For example,
subsidence in Mexico City is caused by groundwater withdrawal and aquifer system
compaction; in India caused by coal mining; in Spain caused by dissolution of limestone;
and in Japan caused by extraction of natural gas (Johnson, 1991). Likewise, in the United
States, subsidence hazards have been reported caused by different factors such as
drainage of organic soil in California, collapse cavities in Florida and New York, and
mining in Ohio. However, the most common cause of subsidence in the U.S. is fluid
withdrawal from the subsurface (National Research Council, 1991). Because of the
human-induced subsidence, in addition to downward motion of the surface, the activation
of some surface faults can be expected near these sinking regions (Morton et al., 2002).
One of the U.S. cities in which these two related phenomena are encountered is Houston
and surrounding vicinity (Figure 1.1). Houston and Galveston regions have coped with
this subsidence problem for about 100 years. Engelkemeir et al. (2010) discussed four
major mechanisms that cause subsidence for that region: faulting, soil compaction, salt
tectonics, and fluid (groundwater and hydrocarbon) withdrawal. Groundwater withdrawal
has been reported as the main cause of the surface deformation over the greater Houston
area (Holzer & Bluntzer, 1984; Coplin & Galloway, 1999; Zilkoski et al., 2003;

Engelkemeir et al., 2010). In addition to groundwater withdrawal, oil and gas extraction

2



has also been reported as another factor that causes subsidence in the greater Houston
area (e.g. Goose Creek Oil Field) (Holzer & Bluntzer, 1984). The northwest portion of
the Harris County is one of the well-known areas coping with subsiding. It is assumed
that the cause of subsidence is groundwater pumping in the Northwest Harris area.
However, the effects of hydrocarbon extraction on subsidence in northwest Harris were
not well-documented. In this thesis, the role of the fluid withdrawal, both groundwater
and oil, on subsidence is examined using Global Positioning System (GPS), Light
Detection and Ranging (LIiDAR), and Interferometric Synthetic Aperture Radar (InNSAR)

techniques.

1.2 Study Area

The Northwest Harris area is one of the census city divisions (CCDs) located in the
northwest of the city of Houston, in Harris County (Figure 1.1) (U.S. Census, 2000). It
covers approximately 1150 km? (~440 square miles) area. The Northwest Harris area is
bounded by three counties: Fort Bend, Montgomery, and Waller. The elevation of the
region is changing from 15 meters (50 feet) to 94 meters (310 feet) from southeast to
northwest (Martin et al., 2012). The climate in the study area is humid subtropical - hot
and humid in spring, summer, and autumn, and rainy in winter. The annual temperature
changes from 45°F (7.2° C) to 93° F (33.8° C). Average annual precipitation in the area is
about 1.2 meters (47 inches) (Coplin & Galloway, 1991). The historical tornado activity
in Northwest Harris is above the average of Texas (Onboardinformatics, 2012). The well-

known localities on the study area are Cypress, Tomball, Jersey Village, and Hockley.



The population of the Northwest Harris CCD is estimated 651,000 (U.S. Census, 2010).
In the study area, there are three airports, one of which is the George Bush International
Airport. Other transportation systems, such as railway, also have importance for the area

for trading.

The study area is lying over the Gulf Coast aquifer system. There are three fault systems
(Hockley, Addicks, and Long Point), and two salt domes (Hockley, and Tomball) within
the study area (Figure 1.1). Moreover, eight (8) oil fields, some of which are still

operational, are located in the study area.
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1.3 Geological Setting

Harris County, located in southeast of Texas, lies on the Gulf of Mexico coastal plain.
The formation of the region started in the Late Triassic (Salvador, 1991). The area was
located in the middle part of the Pangaea (Figure 1.2). In the late Triassic, the breakup of
the Pangaea took place. After the breakup, the North American plate drifted apart from
the African and the South American plate in clockwise motion. With the spreading, the
formation of the Gulf basin and ocean initiated (Figure 1.2) (Salvador, 1991; Bird et. al.,
2005; Stern & Dickinson, 2010). Concurrently, the Louann Salt and evaporites
underlying Gulf Coast were deposited into the basin. Due to the continuity of the
spreading, marine waters eventually permanently flooded the region, and the deposition
of the salt was stopped (Salvador, 1991; Stern & Dickinson, 2010). The northwest Gulf
of Mexico proceeded to be filled by different river systems during Mesozoic (Galloway,

2008).

The prograding shelf on the northwest of the Gulf of Mexico was filled by fluvial
deposits formed by erosion of the Rocky Mountains (Galloway et al., 2000). The river
deposits were carried by Brazos, Colorado, and Trinity River, and created the Houston
“Delta” on the coastline of the Gulf of Mexico (Bernard et al., 1962). The deposits of the
deltaic sediments consist of sands, clays, and some organic materials with the fining-

upwards sedimentation (Galloway et al., 2000).



Figure 1.2: Geologic evolution of Texas. A; Paleogeographic map of North America and the
location of Texas in the Late Pennsylvanian. This map also illustrates the beginning of the
continental drift. B; Paleogeographic map of North America and the location of Texas in the
Miocene (modified from Blakey, 2006).



There are more than 160 subsurface and surface fault systems in Harris County (Figure
1.1). Some of the fault systems are active due to natural and man-induced events. The
natural factors of the fault activities are salt diapir activities, imperceptible downslope
movement of sediments masses towards gulf, and distinctive compaction rates of the
sediments (Verbeek & Clanton, 1981). The faults in Houston and surrounding vicinity
were stated as growth faults trending southwest-northeast. Most of these faults were
observed over the salt diapirs predominantly located in the southeast part of Harris

County (Figure 1.3) (Kreitler, 1977; Norman, 2005; Engelkemeir & Khan, 2008).

In the Northwest Harris area, there are three fault systems: Long Point Fault System (FS),
Addicks Fault System, and Hockley-Conroe Fault System (Figure 1.1). The Long Point
FS, located in the southeast portion of the study area, is one of the highly active faults in
Harris County (Engelkeimer & Khan, 2008). The Addicks FS is located close to Long
Point FS and trends southwest-northeast. The Hockley-Conroe FS is situated in the
northwest portion of study area and extends from Hockley Salt Dome to Woodlands with

southwest-northeast trend (Engelkeimer & Khan, 2008; Kreitler, 1977; Saribudak, 2010).



5 km

Figure 1.3: Sketch for the relation between salt domes and surface faults (Engelkemeir et al.,
2010).

1.4 History and Monitoring of the Subsidence

The first noticeable subsidence that has been reported in greater Houston area occurred
over Goose Creek oil field, in 1920s due to hydrocarbon production (Neighbors, 2003).
Later on, along with the progress of industry, the population began to rise in Houston.
Increasing demand of water induced groundwater withdrawal in higher rates.
Subsequently, subsidence rate in Houston increased due to extensive groundwater
withdrawal. (Coplin & Galloway, 1999). Before 1942, subsidence occurred locally where

the groundwater was heavily withdrawn. However, a larger portion of Harris County had



started to be affected by subsidence after 1943 (Kreitler, 1977; Coplin & Galloway,

1999).

The Texas Legislature decided to assign the Harris-Galveston Coastal Subsidence District
(HGCSD) in 1975 in order to respond to the increasing effects of subsidence and manage
groundwater resources (Zilkoski et al., 2003). As the first action, HGCSD decided to
monitor the Harris-Galveston Counties within three regulatory areas. The first area, from
Galveston to Pasadena, began to use surface water as the main water supply in the late
1970s (Coplin & Galloway, 1999; Neighbors, 2003). The second area covering south
portion of Harris and a small area in the northwestern Galveston started to supply water
from alternative sources after 1990s. The third regulatory area involving the study area
initiated a search of new sources for water supply in 1999 (Michel, 2006). Two different
measurement methods were used to monitor subsidence between 1970s and 1990s:
conventional differential leveling and extensometer (Zilkoski et al., 2003; Michel, 2006).
However, GPS methods have replaced these methods as being more affordable and more
convenient. GPS methods used for subsidence monitoring will be explained in detail in

Chapter 2.

1.5 Scope and Purpose

Several researchers reported that the northwest portion of Harris County has been
subsiding due to groundwater withdrawal (Coplin & Galloway, 1999; HGCSD, 2012).
However, the effects of the oil and gas extraction have not been well described. The aim
of this study is to assess the effects of the fluid withdrawal on subsidence in the study
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area. To achieve this goal the following steps were taken: (1) GPS, LiDAR, and INSAR
remote sensing techniques were used to quantify subsidence, (2) depth to the
groundwater level data were acquired from USGS, (3) hydrocarbon production data were
acquired from Railroad Commission of Texas, (4) two surface models were created from
the rate of change in groundwater level and hydrocarbon extraction, and finally (5) the
results from remote sensing techniques and surface models were compared and discussed

to identify the relation between land subsidence and fluid withdrawal in northwest Harris.

1.6 Summary of Chapters

This thesis is divided into five chapters:

CHAPTER 1 gives a brief introduction about the subsidence phenomenon in the
Northwest Harris area. General information about the study area and geological setting of
the greater Houston area | presented in this chapter. The history of land subsidence and
subsidence monitoring in the area are elucidated in this chapter. The scope and purpose

of the study is also expressed in this chapter.

CHAPTER 2 provides detailed information about datasets and methods used in this
study. This chapter includes five (5) sections: (1) Global Positioning System (GPS), (2)
Light Detection and Ranging (LIDAR), (3) Interferometric Synthetic Aperture Radar

(InNSAR), (4) Groundwater, and (5) Hydrocarbon.

CHAPTER 3 presents the results of the datasets and methods mentioned in the previous

chapter. Likewise, results of each datasets are presented in corresponding sections. The

11



GPS, LIDAR, and InSAR sections contain displacement maps while groundwater and
hydrocarbon sections include surface models for the rate of change in groundwater level

and the rate of hydrocarbon extraction.

CHAPTER 4 comprises the overall comparison and discussion of the results of different
datasets. In addition the major causes of the subsidence in the study area along with their

relative contributions on subsidence are addressed in this chapter.

CHAPTER 5 summarizes and concludes the entire study.
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CHAPTER 2: DATA PROCESSING and

METHODS
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Data from three different techniques; GPS, LIDAR, and InSAR, were used for detecting
surface deformation. The groundwater level observation and oil/gas extraction data were

also processed to see their influence on the subsidence over the Northwest Harris area.

2.1 GPS

2.1.1 Introduction

Global Positioning System (GPS) is a U.S. Department of Defense satellite-based
navigation system designed to provide continuous worldwide positioning and navigation
capability (Sneed & Brandt, 2007). This system is used for not only getting information
about positioning and navigation, but also measuring the vertical and horizontal
deformation on the land surface. The principle of this system is to utilize at least three
satellites to locate a point on the surface of the Earth. However, in order to increase the

precision and time accuracy, a fourth satellite is needed (Figure 2.1) (Carter, 1997).

SAT1 SAT2 SAT1 SAT2

[

SAT4 4

N

SAT3 SAT3

Figure 2.1: Sketch of GPS principle. The sketch on the left demonstrates the intersection of three
GPS signals. Right image expresses the intersection of the GPS signals when the fourth GPS
attends. The orange line on the left image and orange point on the right image show the location
found by GPS signals.
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2.1.2 Background of Deformation Monitoring by GPS

Monitoring the land surface deformation was controversy in the past. The scientists tried
many ways to measure the rate of the land surface deformations such as fault movement,
surface uplift, and subsidence. The Houston-Galveston region was one of these
controversial areas to monitor the subsidence. The National Geodetic Survey (NGS),
National Oceanic and Atmospheric Administration (NOAA), and Harris-Galveston
Coastal Subsidence District (HGCSD) used two different methods to assess the

subsidence in the past (Zilkoski et al., 2003).

The first method was re-leveling which provides a very good spatial subsidence data. For
this method, they used more than 2,500 benchmarks. The principle of this method is to
calculate differential leveling by subtracting level lines of subsidence between two re-
leveling times. The only restriction of this method was the cost of the procedure (Zilkoski

et al., 2003).

The second method is measuring subsidence using the deep borehole extensometers
(Figure 2.2). This system was designed and installed by U.S. Geological Society. A
borehole was placed into a drilled hole through the stable strata. The sidewalls of the hole
have slip joints allowing the extensometer to move. The inner pipe was fitted to the
concrete plug on the bottom of borehole. The movement of subsidence was measured by
the inner pipe part. Although this method gives excellent data for subsidence, the cost of

extensometer restricts its use for Houston-Galveston area (Zilkoski et al., 2003).

15



Ff Recording device

Slip-joints

Compacting strata

" ¥ Concrete plug

Figure 2.2: Cartoon of borehole extensometer. The slip-joints isolating the inner pipe from the
compaction of the surrounding strata allow sliding of the wall of extensometer. The inner pipe is
cemented on to a concrete plug places in stable sedimentary layer. Recording device is measuring
the vertical displacement from the difference between the inner pipe and the slip-joints (Zilkoski,
et al., 2003).

Because of the high costs of these two methods, HGSD and NGS installed the first GPS
station in 1993 (Zilkoski et al., 2003). The first three GPS stations were installed on the
extensometers. These stations were named as Continuous Operating Reference Stations
(CORS). These stations are: Addicks (ADKS), Lake Houston (LKHU), and Northeastern
(NETP). The installed GPS stations have dual-frequency GPS which are collecting 30-

second interval continuous data for 24 hour.

To monitor larger area of the Houston-Galveston region, it was decided to install new

GPS stations called as Port-A-Measure (PAM). The antenna of the PAM stations is
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portable. The monuments of the PAM stations were planned to reduce the compaction
and expansion potential of clay-rich soils. The thickness of these clay-rich layers is about
4 to 6 meters (15 to 20 ft.). While designing these monuments, occurrence of vertical
movement (at most 9 cm) due to seasonal change was considered (Zilkoski, et al., 2003).
The monument of a PAM site is composed of three parts two of which are placed into a
6-meter deep drilled hole (Figure 2.3). The lower part, made of sacrete-mix of concrete,
provides the stability of the monument. Above the sacrete part, the 2-1/2 inch PVC
(polyvinyl chloride) sleeve is set. This PVC part is stabilized using one bag of sacrete
around the sleeve. The third part of the monument, on the land surface, is cemented on
the PVC sleeve. This part is a heavy wall galvanized pipe 2.5 meter (8 feet) high. The

GPS antenna of the PAM stations are set on the top of the this pipe (Zilkoski et al., 2003)
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GPS antenna
/
T ~—

8 ft Heavy wall galvanized pipe
2 in. inner diameter,
l 2-3/8 in. outer diameter

I \One bag Sacrete to

10 ft stabilize PVC

~——— PVC sleeve
2-1/2 in. inner diameter,
2-3/4 in. outer diameter

Sacrete set in place

10 ft ||‘“_“

Figure 2.3: Diagram of PAM station. Sacrete is a mixture of concrete material minimizing the
shrink-swell effects of clays in the upper few feet of the strata. As the borehole extensometer the
inner pipe of PAM monument is isolated from its surroundings (Zilkoski, et al., 2003).

2.1.3 GPS Data Acquisition and Processing

The GPS data were acquired directly from the ftp site (ftp.subsidence.org) and
representative of HGCSD. The data from 2007 through 2011 downloaded from ftp site
are in Trimble format (*T00 and *T01). The data before 2007 obtained from HGCSD
representative are in Receiver Independent Exchange (RINEX) format. The obtained data
contain both Port-A-Measure (PAM) and Continuous Operational Reference Stations
(CORYS). For this research, data from 2002 through 2011 were processed for 5 CORS and

18 PAM sites. Three of these CORS, Addicks (ADKS), Lake Houston (LKHU), and
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Northeastern Treatment Plant (NETP), were used as reference stations to find the

displacement in each station.

Initially, the stability of the reference stations (ADKS, LKHU, and NETP) was tested
using the Automatic Precise Positioning Service (APPS) (http://apps.gdgps.net) by
National Aeronautics and Space Administration’s (NASA) Jet Propulsion Laboratory
(JPL) and online GPS data processing service provided by Geoscience Australia
(AUSPOS) (http://www.ga.gov.au/earth-monitoring/geodesy/auspos-online-gps-processi
ng-service.html). These web based services provide processing for uploaded GPS
observation files in through their web sites and the reports of the results are send back to
the user via e-mail. APPS uses GIPSY-OASIS software working with precise positioning
technique (PPP) (Gao et al., 2006). The AUSPOS use Bernese Software System for
processing GPS data. Unlike APPS, AUSPOS is processing data using double difference
method (Ehigiator—Irughe et al., 2012). The data of the three CORS were uploaded in
these two online services from 2002 through 2011. The results of all three stations show
that the surface deformation at each GPS stations is very small (<0.1 cm) (Figure 2.4).
Therefore, it was decided that ADKS, LKHU, and NETP GPS sites are stable in vertical

component and can be used as reference stations for further GPS processing.
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Figure 2.4: Results of APPS (blue points) and AUSPOS (red points) for ADKS, LKHU, and
NETP. The results of APPS and AUSPOS are almost similar. Both results represents that ADKS,
LKHU, and NETP are stable CORS, and they can be used as reference stations.
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For GPS, processing GPS data in Trimble format (*T00, *T01) were converted to GPS
observation file format (*Xo- ‘X’ stands for the year that data was recorded) and
navigation file format (*Xn) using the “Convert to RINEX” tool of Trimble Navigation
Limited (Figure 2.5). The observation file contains the information about the record data,
antenna type, and 30-second periodic data records. These observation files were grouped
according to their antenna type, the year of data, and station number. A script written in
Python by Huang (2012) was modified to group the large number of GPS files. The
folder of these grouped files were zipped using 7zip program in order to upload each

folder to Online Positioning User Service (OPUS).

181
Fe Tods Hep
= B 0 File Settings -
- X\Work Ste\Houston Group \GPS \PAMS\PAM_Statons\PAM_2
0101 YYO. YYN. YYM
0101 2901520190
2901520210101 x 27
verson RINEX Version 211
RINEX MET/AUX file generation nide Create if present in input
© 1 Rinex Header Settings - Required
Trimble
Ceserver name GNSS Observer
Program run by convert TORINEX OPR
B 2 Rinex Header Settings
Marker appecsamate X. maters 485318.817
Marker apgroamate Y. meters 5529945, 1545
Marker spproamate Z. meters 3130262 4056
Marker name 270
Markee rumbar 2701
Marker type (v3.00 cely) GEODETIC =
) B 3 Adtenna Settings
TRM41249.00
Measure to ARP
0
00000000
Zephyr Geodetic

5700
0220320152

K1 ] 2]

<01...

3 £01.. 3
Scanning 2901520210.v01... Complete!

Figure 2.5: Convert to RINEX tool. This tool allow users to convert raw GPS data (T00 and TO1
Trimble format) to GPS observation (*Xo-X represents the year that data collected) and
navigation (*Xn) files used for GPS processing.
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Zipped folders of each GPS stations were uploaded to Online Positioning User Service
(OPUS) (Figure 2.6). This service is operated by National Oceanic and Atmospheric
Administration (NOAA). This free online processing service provides an access to
National Spatial Reference System (NSRS) coordinates with high accuracy (Wang &
Soler, 2012). There are two processing options for GPS data: i) Rapid-Static for the data
recorded less than 2 hours and more than 15 min. and ii) Static for the data recorded
between 2 and 48 hours. For Rapid-Static processor the system is uses RSGPS (Rapid-
Static GPS) rapid-static software. The OPUS processes the GPS data in Program for the
Adjustment of GPS Ephemerides (PAGES) by NGS for the Static option. In this research,

the Static processor was used for the daily recorded GPS data.

Uploading data to OPUS system includes 5 steps (Figure 2.6). For the first step, the
created zipped folder was uploaded to the system. Then, the antenna type of the GPS was
defined to OPUS in order not to allow the system to process data with a null model. The
third step is the selection of three reference stations. These reference stations could be
selected automatically by OPUS; however, one of the stations selected by OPUS has
experienced subsidence according to Wang (in press, 2013). Therefore, ADKS, LKHU,
and NETP were selected as reference stations manually in order to process the GPS data.
After that, the email address is defined to system to get the reports of the solutions back.
Finally, the processor is selected in terms of the duration of the data record. The antenna
height box was ignored for this study assuming that the GPS were located on the land

surface.
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Figure 2.6: The Snap shot of Online Positioning User Service (OPUS). This figure represents the
steps of uploading GPS data for processing. First GPS data loaded to online processing system.
The antenna type of the GPS station is selected in the second step. Then, antenna height of the
GPS is entered. The email address used for processed report is typed to system. The reference
stations for processing are selected at the fifth step. Finally, the GPS data is uploaded to the
system.

The solution report of the GPS data includes the information about the location of the
GPS in x, y, and z axes in different coordinates and reference frames. To avoid the

unnecessary information, a macro was written using Microsoft Office Excel. The solution
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reports sent by OPUS were combined into a text file by a tool of Outlook software.
Important information for each GPS stations was extracted from the created text file

using Excel macro.

In order to calculate the surface deformation from GPS solution, the datum of the first
recorded date was assumed as the base datum, in other words, starting point of the
deformation. The data recorded in subsequent days were subtracted from this first datum
to realize the deformation between each day. The differences of the ellipsoid height of the
days were plotted into a height difference versus time graph. The rate of the deformation
was calculated from the trend of the plots. Same steps were followed for northing and

easting of GPS stations.

To increase the precision of GPS results, the data were selected according to the
following information suggested by NGS (National Geodetic Survey, 2012b): i) >90%
observations used, ii) > 50% ambiguities fixed, iii) overall RMS < 3 cm, and iv) peak to

peak errors <5 cm.

2.1.4 Surface Models of GPS

The surface deformation rates of all GPS stations were plotted and evaluated using
ArcGIS 10 software by Environmental Sciences Research Institute (ESRI). The surface
model of the GPS results was generated using different interpolation techniques under
Spatial Analysis Tool of ArcGIS software. Three interpolation methods utilized in this

study are: i) Kriging, ii) Inverse Distance Weighted (IDW), and iii) Natural Neighbor.
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Kriging Natural Neighbor

i

Figure 2.7: Evaluation of three interpolation techniques Kriging, Natural Neighbor, and IDW. All
three interpolations demonstrate realistic values for the study area. However, the Natural
Neighbor does not extend the area that IDW and Kriging do. IDW surface has bull eyes features
which does not show continuity and seems unnatural. Kriging interpolated surface both represents
continuity and covers wide extend of the study area.

2.2 LIDAR

2.2.1 Introduction

LiDAR (Light Detection and Ranging) is an active remote sensing technique which uses
light pulses to collect information about the Earth’s surface (NOAA, 2008). The main
purpose of this airborne remote sensing system is to find out the distance between the
target and instrument by measuring the travel time (Fowler, 2001). The LiDAR data are
result of: i) the time difference between the emitted and returned laser pulses, ii) the angle
of the source, and iii) the location of the sensor (NOAA, 2008). These three components
are provided from the laser sensor (LS), the Internal Measuring Unit (IMU) or Inertial

Navigation Systems (INS), and Global Positioning Systems (GPS) (Figure 2.8).
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Figure 2.8: Components of Airborne LiDAR System (FEMA’s Cooperating, 2003)

LiDAR data are capable of reserving multiple returns (up to 5 returns) for each pulse due
to the penetrating ability of the laser beam through forest canopy and vegetation
(NOAA, 2008) (Figure 2.9). This property of LIiDAR is both an advantage and a
disadvantage for creating a bare-earth surface with respect to the vegetation density. The
bare-earth surface is a model that is created by the returns reflected from the ground
directly. To differentiate this return from others reflected from buildings or vegetation,
some filtering methods are applied (Sithole & Vosselman, 2004). The way of classifying
returns is to use the GIS location of the buildings and aerial photos (Engelkemeir &

Khan, 2008).
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Figure 2.9: Shema of multiple returns from a single LIiDAR pulse (NOAA, 2008).

Digital Elevation Models (DEMs) are generated from the bare-earth data of LIDAR. The
DEM is created by using Triangulated Irregular Network (TIN) which has neither
overlaps nor space while generating the grids of DEM (Engelkemeir, 2010). The LIiDAR

DEMs are able to use for subsidence studies (Froese & Mei, 2008).

2.2.2 LiIDAR Data of Northwest Harris

In this study, two LIiDAR datasets from 2001 and 2008 were used for the northwest
Harris area. LIDAR 2001 data were collected by Terrapoint LLC and 2008 data were

collected by Merrick & Company (Meyer, 2002; LaBarbera, 2012). The purpose of both
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sets of data was to recognize the areas of high flood risk in Harris County (Kasmarek et.
al., 2009). Their horizontal datum is D_North_American_1983 HARN (NAD83 HARN)
with horizontal accuracy £75 cm for 2001 data and £70 cm for 2008 data. The vertical
datum is North American Vertical Datum 1988 (NAVD88) with the accuracy £15 cm and

+9.25cm for 2001 and 2008 data, respectively.

Two DEMs were created using 2001 and 2008 LiDAR datasets. Although the LiDAR
data were filtered the created DEM has some artifacts over the elevation. The resolution
of 2001 and 2008 DEMs are 3x3 meters and 1.5x1.5 meters, respectively (Meyer, 2002;

Engelkemeir & Khan, 2008).

2.2.3 Digital Elevation Model (DEM) Generation

Digital Elevation Model (DEM) is a raster which contains digital geographic dataset of
elevation in Xxyz coordinates. To create DEM, the raw LIiDAR data (Long ASCII
Standard -LAS) were used. At the first step, the point spacing of raw data was examined
using Point File Information tool in ArcMap 10 (Figure 2.10). It was seen that the
average point spacing for each tile was around 4 feet. The LAS data were converted to
multipoint holding information in xyz coordinates using LAS to Multipoint tool (Figure
2.11). The average point spacing for each tile was set to 6 feet to prevent information
deficiency. Also, the return value of the classified LIDAR points for creating bare-earth

model, or DEM, was defined in the tool.
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Figure 2.10: Point File Information tool. The red box on the tool is to show file format that is
used to create point cloud.
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Figure 2.11: LAS to Multipoint tool. Rectangle in red shows the average point spacing where the
distance between two LiDAR points is entered.

After point cloud was created, Triangulated Irregular Network (TIN) surfaces were
generated from these point clouds using create TIN tool inArcMap 10 (Figure 2.12). The
Height Field needed to set as z points to get a surface elevation model. In the following

step, the conversion tool- TIN to Raster- was utilized to generate the DEM raster for each
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tile. After completion of DEM generation for each tile, tiles were stitched into a single

large raster demonstrating the regional DEM for northwest Houston using Mosaic Tool in

ArcGIS 10.1.
RI=TEY
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I g Add references to one or
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Input Features (| Height Field |JsF T | Tag Field _ﬂ that indicate how it's used
€.7q29095h31 Shape.Z lass_Points <None> to define the surface
x|
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ﬂ feature class whose
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] I—'-I specifies the source of
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oK | Cancel | Environments... | << Hide Help I Tool Help |

Figure 2.12: Create TIN tool. The red box points the height field part in the tool where the
elevation data is mounted to create DEM.

2.2.4 Zonal Statistics Method

This technique was first applied by Engelkemeir (2008) to calculate scarp height. In this
study, the change in DEM height was computed to assess the subsidence rate between
2001 and 2008. This technique was accompanied by assuming an average elevation
within a defined polygon to get an acceptable elevation (Engelkemeir & Khan, 2008).
Forty one (41) polygons were created for the study area. It was decided to divide the
northwest Harris area into three parts: center, north, and south. Twenty of the polygons
cover the center of study area where the subsidence assumed to be the highest. While

creating the polygons, LIDAR DEM artifacts were avoided.
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Several steps were applied for this method including some of Engelkemeir’s (2008)
methods for polygon computation except the custom tools for creating polygons. In this

case, another method was used for creating polygons in ArcMAP 10.

Initially, in order to create polygons with equal space, the Create Fishnet tool in Data
Management was used. After creating fishnet, a shape file (Hockleyzone) was generated
(Figure 2.13). Because of the large extent of the study area, it was decided to create each
polygon covering ~550 m? area. By using Editor Tool, each polygon was digitized with
the guidance of fishnet. It was important to avoid artifacts, such as buildings and streets,
and streams while creating polygons to get better results. Therefore, they are not uniform
(Figure 2.14). At the same time, the number of each polygon was assigned manually in
Editor Tool. The approximate values for mean, median, mode, and standard deviation
(STD) were calculated using Zonal Statistics as Table tool in ArcMAP 10. The zonal
statistics table was created for both 2001 and 2008 LiDAR DEMs using the same shape
file. Each zonal statistics tables were plotted into an Excel sheet. By using the mean
values of each polygon, difference between 2001 and 2008 was calculated. The
approximate difference in this time span was computed averaging the difference of all

Zones.
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Figure 2.13: Created fishnet-Hockleyzone.This is an evenly spaced 550 by 550 m? grid for
Northwest Harris County. Behind the Hockleyzone grids, the DEM of the Northwest Harris is
displayed.
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Figure 2.14: Polygons for Zonal Height Computation method. Polygons in orange are for the
north part, polygons in green are for the central part, and polygons in yellow are for the south part
of the study area. These polygons were divided into three parts to correlate with GPS results. The
DEM of the Northwest Harris is also displayed.
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2.3 InSAR

2.3.1 Introduction

Synthetic Aperture Radar (SAR) is an active remote sensing technique which uses
microwave signals. This technique; therefore, can provide an image either day or night as
an active system. The microwave beams can also penetrate clouds, fogs, soil, snow, and
vegetation (partially) (Bamler & Hartl, 1998; Curlander & McDonough, 1991). The
principle of the SAR systems is to transmit a radar pulse to target, receiving the reflected
signal (Figure 2.15) (Chan & Koo, 2008). In other words, it records the amplitude and

phase of the backscattered signal (Bamler & Hartl, 1998).

Figure 2.15: Synthetic Aperture Radar (modified from Tarikhi, 2010). It explains the principle of
SAR systems. Red line demonstrates the radar pulse from instrument to target, and green line is
for the signal target to recorder.
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2311 ERS

European Remote Sensing (ERS) satellites were first two satellites of European Space
Agency (ESA). ERS-1 was launched in 1991. It is a Sun-synchronous satellite at 782-785
km altitude. It carried five different instruments with diverse purposes; radar altimeter
(RA), along-track scanning radiometer (ATSR-1), synthetic aperture radar (SAR), i.e.,
active microwave instrument (AMI), wind scatterometer, and microwave radiometer
(MWR). It had three different repeat cycles for mission phases; 3-day, 35-day, and 168-
day. On March 2000, there was a failure of the ERS-1’s computer and gyro control (ESA,

2011).

ERS-2 was launched on April, 1995 from French Guiana. It shared the same orbital plane
with ERS-1. ERS-2 had two more instruments in addition to ERS-1. These two
instruments are global ozone monitoring experiment (GOME), along-track scanning
radiometer (ATSR). ATSR is the only passive instrument on the satellite. The repeat
cycle of ERS-2 was 35 days. In February 2001, the gyroscope of the satellite was broken,

and it continued to operate till September 2011 (ESA, 2012).

These two satellites have C-Band SAR system with 56.6 mm (5.3 GHz.) wavelength, and

vertical-vertical (VV) polarization.

2.3.2 SAR Interferometry

SAR interferometry (INSAR) is one of the remote-sensing tools to measure the
displacement and deformation on the earth surface. In the InSAR principle, two SAR

images are acquired over the slightly different location, at first. The phase difference
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between these SAR images is calculated. This phase difference is named as
‘interferogram’. An interferogram is calculated using the equation below (Reigber et al.,

2007; Raucoules et al., 2007; Osmanoglu et al., 2011).

Ap = @topo t Pfiat T Pdiff. TPerr T Patm. T¥noise

where Ptopo stands for phase of the topography, ¢ flat is for the flat-earth phase
created by the imaging geometry, ¢ dif f refers to the surface deformation, ¢ ey Means
the error caused by inaccurate orbit and topographic information, ¢, is for the

atmospheric effects, and ¢,, ,; ¢, denotes the noise of the phase.

By wrapping and unwrapping the interferogram respectively, the information about the
topography can be recognized from absolute phase. The deformation over the large areas
can be identified analyzing the absolute phase. This method is named as Differential SAR
interferometry (DINSAR). In recent time, millimeter-scale deformation can be detected
using DINSAR technique (Goldstein et al., 1993; Massonnet & Feigl, 1998; Bamler &
Hartl 1998; Mouratidis et al., 2010). There are different analysis techniques for DINSAR:
normal DINSAR (2-pass), dual-pair differential interferometry (3-pass or 4-pass), and

persistent scatterer interferometry (n-pass).

2.3.3 Data Acquisition and Processing

Eight (8) ERS1 and seventeen (17) ERS2 sets of data from 1992 through 2002 were
obtained for this study. All acquired SAR data were Level 0 type data in Committee on

Earth Observing Systems (CEOS) format with its leader and data file. A CEOS format
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contains the mix of binary and American Standard Code for Information Interchange

(ASCII) code information.

The Level 0 CEOS data is a formatted version of raw satellite data. The raw Level O data
were preprocessed converting to geocoded Level 1 type data in SARScape module of
ENvironment for Visualizing Images (ENVI) software (Figure 2.16). To import and
prepare Level 1 data, the Preliminary orbit product (PRL) was downloaded for each ERS
data from the Earthnet Online server of the ESA. The PRL data contains information
about Single-Lens Reflex (SLR), radar altimeter height, ERS PRARE range and doppler
data for the satellite. The PRL file for each ERS SAR data was defined to ERS/JERS

importing and focusing tool under SARScape module to get the Level 1 type data.

The 25 ERS Level 1 data were processed using persistent scatterer method in ENVI

SARScape module.

JRT=TEY
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ALOS PALSAR Inportand Focusing
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S SN
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Interferometry »  ENVISAT Import Mosaic and Focusing
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Default Values Input file list
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Figure 2.16: ERS import mosaic and focusing tool, and SARscape module in ENVI. This tool
allows converting Level 0 ERS data to Level 1 ERS data.
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2.3.3.1 Persistent Scatterer

INSAR is one of the cost-efficient techniques to detect the centimeter-scale surface
deformations. It has some contradictions of generating an interferogram, however, due to
anomalies caused by geometry of image, vegetation, and atmospheric effects. Persistent
Scatterer, or Permanent Scatterer, INSAR (PSI) is one of the recent SAR interferometry
techniques reducing these atmospheric and topographic errors (Kuehn et al., 2009). The
principle of PSI is processing persistently backscattering objects which have high
reflectance with iterative estimation of phase differences (Ferretti et al., 2001; Hooper et
al., 2004). Therefore, it provides high ground motion results from these objects which
generate pixel base products. To approach the PSI results, large numbers of images is
needed to correlate them with one master image (Lauknes et al., 2005). This technique

gives the best results in urban areas.

In this research, PSI method was applied on 25 ERS images from 1992 through 2002 due
to reduce the anomalies of C-Band caused on Houston area. For PSI processing, these
steps were followed in Persistent Scatterer (PS) tool under SARScape module of ENVI

4.8;

1. PSI data Input: Preprocessed 25 SAR ERS data were inputted into the Input file
list part of Persistent Scatterer tool. All 25 ERS Level 1 data were in Single Look
Complex (SLC). Before assigning the reference (Master) image, the directory of
the output data was specified to the tool and a sub-directory was created named
as “Rootname_ps_work_dir” into the directory folder. This sub-folder is for the

iteration of the processing data. The Reference (Master) file can be selected
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automatically in this tool. However, the master image was chosen manually in

this research.

Generating Digital Elevation Model (DEM): The DEM for processing PSI is a
must for INSAR processing. It is used not only to correct topographic anomalies,
but to specify the geographic location of the ERS data. The DEM of the research
area was generated using the “Digital Elevation Model Extraction” tool of the
SARScape module. The SRTM-3 version 4 was selected to extract. All of the
ERS data were inputted, and the cartographic system was defined before
extracting the DEM. The extracted DEM file was defined to the “Persistent

Scatterer” tool.

Creating Area of Interest (AOI) Vector: The Area of Interest (AOI) vector is
mandatory to process a specific area into the ERS image. This AOI vector was
created using “Create New Vector” tool of ENVI program. The AOI vector was
prepared as an area covering at most 4 million pixels. Since, the PS tool can
process less than 4 million backscattered points. The created AOI vector was

plotted to the PS tool.

Parameters of PS Tool and Process: The coherence coefficient is an important
parameter for Differential INSAR processing to define the normalized complex

cross correlation between the images. The higher the coherence coefficient, the
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more precision of the results. The coherence threshold of the PS tool was defined
as 0.75 to process more points. The tool was run after setting the all of above

steps.

Importing and focusing 25 Raw
(Level 0) ERS data

¢

Inputting 24 Slave ERS images into
Persistent Scatterer tool

&

Output directory and work
directory

=

[ DEM Extraction ]

&

[ Specifying the Area of Interest ]

b

[ Persistent Scatterer Results }

Figure 2.17: Flowchart of Persistent Scatterer INSAR processing
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2.4 Groundwater

2.4.1 Introduction

The excessive usage of water from the systems is believed to cause the sinking of the
land surface in the Greater Houston area, Texas (specifically in Harris County). One of
the major aquifer systems of Texas that is supplying water for Harris County is Gulf
Coast Aquifer (Figure 2.18) (Ashford & Hopkins, 1995). This aquifer system is
composed of interbedded clays, silts, sands, and gravels (Chowdhurry, 2006). The Gulf
Coast Aquifer system has four major aquifers, which are the Chicot, Evangeline, Jasper,
and Catahoula Aquifers (Figure 2.19) (Ashworth & Hopkins, 1995). The Chicot is the
topmost aquifer which consists of interbedded low permeable clays with sands. The
Evangeline Aquifer lying below the Chicot Aquifer is formed by two important sand
formations (Lefebvre, 2010). The Jasper and Evangeline Aquifers are separated by
Burkeville confining layer. The deepest aquifer Jasper comprise of sandstone which

brings the permeable characteristics (Ashford & Hopkins, 1995).
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Figure 2.18: Gulf Coast Aquifer. The blue colored area represents extend of Gulf Coast Aquifer
system in Texas. The red colored area demonstrates location of the Harris County.
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The water demand for Harris County has been fulfilled from these three aquifers for
many years: Chicot, Evangeline, and Jasper. The demand for water is not only for
municipal purposes, but also for industrial activities and irrigations of fields. The water
level of the aquifer declines as the groundwater recharge rate becomes lower than the
amount of water extraction from the aquifer. When groundwater level drops below the
preconsolidation stress threshold, the deposits with fine-grained sediments, e.g. silt and
clay, cause permanent subsidence due to inelastic compaction (Galloway et al., 1999)
(Figure 2.20). The water level drop leads compaction of the sediments. In other words,
subsidence takes place by means of the compaction of the sediment layer of these

aquifers.

Original land surface

Y —— e

Landsubsidence due to water
withdrawal

v

Sand and gravel ———

> Compaction of the aquifer system caused by

release of fluid between day and silt grains
Clayand silt
1

Clay and Silt grain Granular day and silt
structure with fluid  structure withoutfluid
in pore spaces among its grains

Figure 2.20: Cartoon for the mechanism of subsidence in an aquifer which includes sands and
gravels with interbedded silts and clays (modified from Galloway et al., 1999). Small sketches at
the bottom left corner demonstrate granular structure of the aquifer before and after the water
releasing.
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2.4.2 Gulf Coast Aquifer System

The Gulf Coast aquifer lies along the coastal part of the Gulf of Mexico (Ashford &
Hopkins, 1995). It extends from Mexico border to Louisiana border in Texas (Figure
2.18). In Texas, more than 1.3 billion cubic meters of groundwater are withdrawn from
this aquifer (Chowdhury & Turco, 2006). According to Ashford & Hopkins (1995), 90

percent of the pumped water is used for drinking water and agricultural activities.

The Gulf Coast aquifer is formed by mixed interbedded clays, silts, sands, and gravels
(Sellards et al., 1932; Ashford & Hopkins, 1995). The sediments of this aquifer were
deposited in the fluvial-deltaic and shallow-marine environment between Miocene and
Pleistocene (Chowdhury & Turco, 2006). This aquifer system consists of five
hydrological units: (i) the Chicot aquifer (at the top), (ii) the Evangeline aquifer, (iii)
Burkeville confining layer, (iv) the Jasper aquifer, and (v) the Catahoula aquifer (at the
bottom). These hydrological units were classified by Baker (1979) in terms of hydraulic

and facies properties.

2.4.3 Aquifers of Study Area

The Northwest Houston area lies over the two important aquifers of the Gulf Coast

aquifer system: the Chicot aquifer, and the Evangeline aquifer.

2.4.3.1  The Chicot aquifer

The Chicot is the uppermost aquifer of the Gulf Coast aquifer system. The thickness of

the Chicot aquifer is 1200 feet (~366 meter) near the coastal part of the Gulf of Mexico
44



and it is thinning towards inland (Chowdhury & Mace, 2003). This aquifer contains the
Beaumont, Lissie, Montgomery, Bentley, and Willis Formations, and Holocene alluvium
deposits of The Brazos, Trinity, Nueces, and Rio Grande rivers (Ashford & Hopkins,
1995) . These formations and deposits include clay, silt, sand, and gravel with fining
upward sequence (LDEQ, 2003). The Chicot aquifer is an unconfined aquifer, i.e., it is
not confined by an impermeable substance (Figure 2.21). The property that separates the
Chicot aquifer from underlying aquifer is the hydraulic conductivity difference between
two aquifers. The lower part of the Chicot aquifer has high hydraulic conductivity due to
massive sand component know as Alta Loma Sand (Jorgensen, 1975; Chowdhury &

Turco, 2006).

2.4.3.2  The Evangeline aquifer

The Evangeline aquifer is the one of the most important fresh groundwater source for
Houston area. It is overlain by the Chicot aquifer and underlain by the Burkeville
confining unit (Figure 2.19). The Evangeline aquifer is dipping and thickening (50 to
1900 ft, ~15.2 to ~580 m) towards the Gulf of Mexico. This aquifer is formed by the
Miocene and Pliocene aged The Fleming, and Goliad Formations (Baker, 1979). These
formations consist of sand interbedded with clay, marl, and caliche (Figure 2.21)

(Hosman, 1996; Chowdhury & Turco, 2006).

The clay layer which is at the upper most part of the Goliad Formations separates the
Chicot and the Evangeline Aquifers. This clay-rich layer provides confined aquifer

characteristic to the Evangeline aquifer (Turcan et al., 1966). However, the groundwater
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flows between the Chicot Aquifer and the Evangeline Aquifer, because this clay-rich
layer is not thick enough to work as confining unit (Kasmarek et al., 2010). According to
Kasmarek et al. (2010), the hydraulic head change in the Evangeline aquifer can

influence the water level in the Chicot aquifer due to hydraulic contact.
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&
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Oakville Sandstone JasperAquifer 7

Figure 2.21: Hydrostratigraphic units and its stratigraphy (modified from Baker, 1979).

2.4.4 Data Processing

The historical groundwater observation data were acquired from U.S. Geological Survey

(USGS). The following steps were taken to:

1) identify locations of the observation wells in the study area, the information about the
well locations was gathered from USGS website

(http://groundwaterwatch.usgs.gov/countymaps/TX _201.html), ii) the groundwater level
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data of these observation wells based on the National Geodetic Vertical Datum of 1929
(NGVD 29) datum were searched in USGS, iii) the groundwater data were classified in
terms of the aquifer systems, and iv) the rate of change in groundwater level was
calculated from the trend equation of the graphs of observation well data for long and

short term time period.

observation wells

) 4

[ Acquiring groundwater level data ]

[ Identifying locality of the J

for observation wells from USGS

4

[ Classifying well data according to ]

aquifers

) 4

Calculating rate of change of
groundwater level of each wells
for long and short terms

Figure 2.22: Flowchart of data processing of groundwater observation wells.

2.4.5 Groundwater Surface Modeling

The rates of groundwater level change for each well were listed in terms of the well
number, latitude and longitude of the well, and its aquifer. The data sheet was imported
into ArcGIS 10 software, and the observation wells were plotted using its coordinates.
The datum of the observation wells was selected as North American Datum of 1927

(NAD27). After plotting observation wells of each groundwater aquifer, three different
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interpolation techniques (Kriging, IDW, and Natural Neighbor) were applied to create a

surface model for groundwater level change using the rate of change parameters.

2.5 Hydrocarbon

2.5.1 Introduction

Texas is the one of the prominent oil producing states in the U.S. The hydrocarbon
reserves of the Texas region cover 22 percent of oil and 23 percent of natural gas reserves
in the U.S. (Kim & Ruppel, 2005). The state is also first in U.S. oil and gas production,
which has been important for its economy since 1900s (Worldmark Encyclopedia of the
States, 2004). The first oil field, Humble, was discovered in 1905, while the salt domes
on the same region was being explored (Olien, 2012). In 1908, the Goose Creek oil field
was found out in the same way as the Humble oil field discovery. In 1930s, oil productive
fields located in the northwest of Harris, Tomball and Hockley, were discovered. While
the exploration of new oil fields was being continued, Pratt & Johnson (1926) recognized
a subsidence over Goose Creek area caused by oil extraction. The local subsidence over
the Goose Creek revealed that this phenomenon could be seen over the other productive

oilfields.

The Northwest Harris area has eight (8) productive oil fields, some of which began to
produce in early 1900°s. The oil and gas generated beds range between Upper Cretaceous
and Miocene-aged rocks in Gulf Coast of Texas; the Wilcox, the Yegua, and the Frio

Formations (Hackley & Ewing, 2010).
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2.5.2 Geology and Stratigraphy of Study Area

The Northwest Houston area lies on Gulf Coast Plain (GCP). The formation of the GCP
started with the breakup of the Pangaea in the Late Triassic (Salvador, 1991; Hackley,
2012). During the continental drift, the marine deposits were taking place in the Texas
basin. In the Jurassic and Cretaceous, the limestone shelves that were formed during the

Paleozoic were buried under the deltaic, fluvial, and shallow-marine environment

deposits (Ward, 2006).

The Southeast coast of the Texas began to form with the deposition of the Wilcox

Formation during the Paleocene (Dutton & Loucks, 2010). The stratigraphy of the Gulf

Coast Plain is expressed in Figure 2.23.

Figure 2.23: Generalized stratigraphic section of the northern Gulf of Mexico Coastal Plain
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showing potential hydrocarbon source rock intervals (modified from Hackley and Ewing, 2010).
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2.5.3 Oil fields in Northwest Harris

The oil fields located in the Northwest Harris area are Cypress, Hockley, Tomball,
Rotherwood, Fairbanks, Satsuma, Bammel, and Milton (Hamman, 1987; Canada, 1962;

Cockerham, 1957; Harvey & Burkhead, 1939; Brace, 1962; Martyn & Beery, 1961).

Table 2.1: Oil Fields in Northwest Houston and the reservoir rocks producing oil and gas
(Hamman, 1987; Canada, 1962; Cockerham, 1957; Harvey & Burkhead, 1939; Brace, 1962;
Martyn & Beery, 1962).

Reservoir Rock

Formation Gas

\/

Yegua and
Cockfield deposits

Yegua and
Cockfield deposits

Cockfield, Yegua
and Wilcox,

Upper Yegua Sand

Yegua Sand

Yegua Sand

Bammel sand,
Yanko sand, D-Y
sand, Fairbanks
sand, and Lower
Yegua sand
D-Y sand,
Fairbanks sand,
and Yegua sand

In this study, oil and gas production data for eight (8) oil fields that are located within the
study area were acquired. The production data include the monthly extraction in terms of

volume for four (4) different fluids: oil, casing head gas, gas well (GW-gas), and

50



condensate. All data are presented in tables (Table 2.2) for each oil field. The units of oil
and gas were given as barrel (BBL) for oil and condensates, and mil (thousand) cubic feet

(MCF) for gw gas and casing head. At first, these values were converted to cubic meters

(m?).

1 BBL =0.1589873 m®

1 MCF = 1000 ft® = 28.3168 m®

The total hydrocarbon production was calculated in m® and the annual production rate
was computed in volume for the oil fields. A data sheet was generated in terms of oil
fields and annual production rates (m*/y). The annual production rate for each oil field
was imported to ArcGIS 10 software to create surface modeling of hydrocarbon

extraction volume change in the study area.

Table 2.2: Hydrocarbon production data (m®) for oil fields in Northwest Harris County

Field Name 0il (m3) Casinghead (m3) GW Gas (m3) Condensate (m3)
CYPRESS (COCKFIELD A) 0 0 298068 0
CYPRESS (COCKFIELD B) 0 0 10812830.88 217.671
CYPRESS (Y-1) 0 0 39102301.92 1925.172
CYPRESS (Y-11) 1124.766 311.52 5114110.56 602.451
CYPRESS (Y-2) 629.322 731703.8 41087279.04 2435.721
CYPRESS (Y-3) 3573.366 1478559 8702226.24 409.584
CYPRESS (Y-4) 2477.061 1796139 2198283.36 252.81
CYPRESS (Y-6) 26279.202 8968604 11050294.08 1262.937
CYPRESS (Y-7) 590.367 0 13751795.52 427.551
CYPRESS (Y-9) 67388.652 6623765 0 0
CYPRESS (YEGUA 6340) 0 0 6854799.36 435.66
CYPRESS (YEGUA 6900) 0 0 3257621.28 308.301
CYPRESS (YEGUA BASAL) 0 0 2613737.76 84.906
CYPRESS, DEEP (12,500 WX. SD.) 0 0 5499489.12 607.062
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http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528COCKFIELD%2BA%2529&number=22442100
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528COCKFIELD%2BB%2529&number=22442110
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528Y-1%2529&number=22442520
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528Y-11%2529&number=22442600
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528Y-2%2529&number=22442525
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528Y-3%2529&number=22442535
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528Y-4%2529&number=22442550
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528Y-6%2529&number=22442555
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528Y-7%2529&number=22442560
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528Y-9%2529&number=22442575
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528YEGUA%2B6340%2529&number=22442200
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528YEGUA%2B6900%2529&number=22442500
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%2B%2528YEGUA%2BBASAL%2529&number=22442125
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%252C%2BDEEP%2B%252812%252C500%2BWX.%2BSD.%2529&number=22444750

Table 2.2; Continued

Field Name 0il (m3) Casinghead (m3) GW Gas (m3) Condensate (m3)
CYPRESS, DEEP (LOWER WILCOX) 0 0 17612406.24 235.797
CYPRESS, DEEP (UPPER WILCOX) 0 0 39627383.04 3418.182
CYPRESS, DEEP (WILCOX) 0 0 1274088905 60852.64
DECKERS PARIRIE, S. (SEG A 1300) 0 0 0 0
DECKERS PRAIRIE (BAYER 5400) 0 0 323244.48 8.904
DECKERS PRAIRIE (PITTS) 0 0 1507218.72 142.782
DECKERS PRAIRIE, S. (2150) 0 0 3463989.12 0.159
DECKERS PRAIRIE, S. (SEG A 1400) 0 0 0 0
DECKERS PRAIRIE, S. (SEG A 1700) 0 0 0 0
DECKERS PRAIRIE, S. (SEG A 1800) 0 0 1005558.24 0
DECKERS PRAIRIE, S. (SEG A) 0 0 0 0
DECKERS PRAIRIE, S. (SEG.A 1600) 0 0 0 0
DELHI, NORTH 41116.764 298492.8 0 0
DELHI, NORTH (6300) 0 0 31261541.76 1961.265
DELHI, NORTH (6700 KATY) 0 0 3716065.44 291.924
DURKEE (FAIRBANKS SAND) 161135.37 47622204 0 0
DURKEE (GOODYKOONTZ 7400) 0 0 0 0
FAIRBANKS (COCKFIELD 6500) 0 0 5304137.76 144.531
FAIRBANKS, N. (GOODYKOONTZ 1ST) 12264.147 6286389 0 0
HOOKS (SHALLOW) 0 0 11089517.28 0
HOUSTON, N. (GOODYKOONTZ - 2ND) 17626.581 2431215 0 0
HOUSTON, N. (GOODYKOONTZ 7200) 18064.308 1767706 0 0
HOUSTON, NORTH (FAIRBANKS 6800) 0 0 12953228.16 0.795
HUFFSMITH (5700) 0 0 81476.64 0
HUFFSMITH (PETRICH SAND) 0 0 0 0
HUFFSMITH (SID MOORE) 0 0 266292.96 111.141
HUFFSMITH, SW. (KOBS) 0 0 0 0
HUMBLE 318571.446 18013729 737877.6 0
HUMBLE LIGHT (RIVERSIDE) 998.52 124608 0 0
HUMBLE, SE. (EY-3) 0 0 0 0
KATY (COMBINED) 0 0 0 0
KATY (FIRST WILCOX) 0 0 18309559.68 473.661
KATY (II-A L) 0 0 0 0
KATY (WILCOX CONS.) 0 0 3694938.72 131.334
MILTON (YEGUA 6550) 0 0 0 0
MILTON (YEGUA COCKFIELD) 0 28.32 0 0
MILTON, E. (WILCOX 9800) 0 0 66216068.16 13082.84
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http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%252C%2BDEEP%2B%2528LOWER%2BWILCOX%2529&number=22444400
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%252C%2BDEEP%2B%2528UPPER%2BWILCOX%2529&number=22444460
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=CYPRESS%252C%2BDEEP%2B%2528WILCOX%2529&number=22444500
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DECKERS%2BPARIRIE%252C%2BS.%2B%2528SEG%2BA%2B1300%2529&number=23865238
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DECKERS%2BPRAIRIE%2B%2528BAYER%2B5400%2529&number=23861250
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DECKERS%2BPRAIRIE%2B%2528PITTS%2529&number=23861625
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DECKERS%2BPRAIRIE%252C%2BS.%2B%25282150%2529&number=23865800
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DECKERS%2BPRAIRIE%252C%2BS.%2B%2528SEG%2BA%2B1400%2529&number=23865250
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DECKERS%2BPRAIRIE%252C%2BS.%2B%2528SEG%2BA%2B1700%2529&number=23865375
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DECKERS%2BPRAIRIE%252C%2BS.%2B%2528SEG%2BA%2B1800%2529&number=23865500
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DECKERS%2BPRAIRIE%252C%2BS.%2B%2528SEG%2BA%2529&number=23865125
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DECKERS%2BPRAIRIE%252C%2BS.%2B%2528SEG.A%2B1600%2529&number=23865325
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DELHI%252C%2BNORTH&number=24096001
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DELHI%252C%2BNORTH%2B%25286300%2529&number=24096525
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DELHI%252C%2BNORTH%2B%25286700%2BKATY%2529&number=24096700
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DURKEE%2B%2528FAIRBANKS%2BSAND%2529&number=26754052
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=DURKEE%2B%2528GOODYKOONTZ%2B7400%2529&number=26754208
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=FAIRBANKS%2B%2528COCKFIELD%2B6500%2529&number=29986100
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=FAIRBANKS%252C%2BN.%2B%2528GOODYKOONTZ%2B1ST%2529&number=29988400
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=HOOKS%2B%2528SHALLOW%2529&number=42495500
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=HOUSTON%252C%2BN.%2B%2528GOODYKOONTZ%2B-%2B2ND%2529&number=42905444
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=HOUSTON%252C%2BN.%2B%2528GOODYKOONTZ%2B7200%2529&number=42905555
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=HOUSTON%252C%2BNORTH%2B%2528FAIRBANKS%2B6800%2529&number=42905222
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=HUFFSMITH%2B%25285700%2529&number=43284852
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=HUFFSMITH%2B%2528PETRICH%2BSAND%2529&number=43284426
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=HUFFSMITH%2B%2528SID%2BMOORE%2529&number=43284710
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=HUFFSMITH%252C%2BSW.%2B%2528KOBS%2529&number=43290500
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=HUMBLE&number=43464001
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=HUMBLE%2BLIGHT%2B%2528RIVERSIDE%2529&number=43487333
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=HUMBLE%252C%2BSE.%2B%2528EY-3%2529&number=43471500
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=KATY%2B%2528COMBINED%2529&number=48278100
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=KATY%2B%2528FIRST%2BWILCOX%2529&number=48278848
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=KATY%2B%2528II-A%2BL%2529&number=48278608
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=KATY%2B%2528WILCOX%2BCONS.%2529&number=48278850
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=MILTON%2B%2528YEGUA%2B6550%2529&number=61757800
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=MILTON%2B%2528YEGUA%2BCOCKFIELD%2529&number=61757400
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=MILTON%252C%2BE.%2B%2528WILCOX%2B9800%2529&number=61758250

Table 2.2; Continued

Field Name 0il (m3) Casinghead (m3) GW Gas (m3) Condensate (m3)
MILTON, N. (13000) 2069.067 2740781 1769521250 143572.2
MILTON, N. (9800 WILCOX) 0 0 1052243052 29497.52
MILTON, W. (10500) 0 0 10233403.68 577.17
SATSUMA 0 0 0 0
SATSUMA (6800) 3478.761 66665.28 0 0
SATSUMA (6850) 282.861 934.56 0 0
SATSUMA (6900 LOOK) 0 0 16142.4 0
SATSUMA (7100 SAND) 10929.183 490049.3 0 0
SATSUMA (7200) 3935.886 211323.8 0 0
SATSUMA (7500 MOORE, UPPER) 1202.199 504577.4 0 0
SATSUMA, N. E. (7100) 68.847 481.44 0 0
TOMBALL 19522.179 4994997 1429876.8 0
TOMBALL (950) 0 0 0 0
TOMBALL (COCKFIELD 5400) 0 0 12487449.12 0
TOMBALL (COCKFIELD MILO) 0 0 753340.32 0
TOMBALL (COCKFIELD UPPER 1-5300) 0 0 37652119.68 219.738
TOMBALL (COCKFIELD UPPER 5500) 0 0 31834002.24 142.782
TOMBALL (COCKFIELD UPPER
5500SW) 0 0 3159435.84 0
TOMBALL (COCKFIELD) 0 0 21983626.56 707.709
TOMBALL (COCKFIELD,UP 1-5300,SE) 0 0 20524863.36 365.064
TOMBALL (HIRSCH, NW.) 484.95 162443.5 0 0
TOMBALL (JACKSON 4400) 0 0 1087686.24 4.452
TOMBALL (JACKSON 4400,SE) 0 0 0 0
TOMBALL (KOBS) 18754.845 3335105 12733776.48 0
TOMBALL (LEWIS 5930) 67038.852 18763869 0 0
TOMBALL (LEWIS 5930, EAST) 0 0 2841458.88 10.812
TOMBALL (MARTENS, NW.) 13492.422 6465768 3016080 115.593
TOMBALL (MICHEL) 1431.636 343804.8 32132155.2 8219.028
TOMBALL (MIOCENE 1450) 0 0 3435810.72 2.226
TOMBALL (MIOCENE 1650) 0 0 0 0
TOMBALL (MIOCENE 1750) 0 0 7571748.48 0
TOMBALL (MIOCENE 1850) 0 0 5544517.92 0
TOMBALL (MIOCENE 2040) 0 0 2602154.88 0
TOMBALL (MIOCENE 2400) 0 0 14623909.92 51.198
TOMBALL (MIOCENE 2700 FB-A) 0 0 1215267.84 0
TOMBALL (MIOCENE 2700) 0 0 11299.68 0
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http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=MILTON%252C%2BN.%2B%252813000%2529&number=61759800
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=MILTON%252C%2BN.%2B%25289800%2BWILCOX%2529&number=61759500
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=MILTON%252C%2BW.%2B%252810500%2529&number=61764250
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=SATSUMA&number=81178001
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=SATSUMA%2B%25286800%2529&number=81178400
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=SATSUMA%2B%25286850%2529&number=81178450
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=SATSUMA%2B%25286900%2BLOOK%2529&number=81178500
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=SATSUMA%2B%25287100%2BSAND%2529&number=81178625
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=SATSUMA%2B%25287200%2529&number=81178750
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=SATSUMA%2B%25287500%2BMOORE%252C%2BUPPER%2529&number=81178850
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=SATSUMA%252C%2BN.%2BE.%2B%25287100%2529&number=81181500
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL&number=90620001
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528950%2529&number=90620970
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528COCKFIELD%2B5400%2529&number=90620138
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528COCKFIELD%2BMILO%2529&number=90620046
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528COCKFIELD%2BUPPER%2B1-5300%2529&number=90620069
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528COCKFIELD%2BUPPER%2B5500%2529&number=90620092
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528COCKFIELD%2BUPPER%2B5500SW%2529&number=90620110
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528COCKFIELD%2BUPPER%2B5500SW%2529&number=90620110
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528COCKFIELD%2529&number=90620023
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528COCKFIELD%252CUP%2B1-5300%252CSE%2529&number=90620075
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528HIRSCH%252C%2BNW.%2529&number=90620184
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528JACKSON%2B4400%2529&number=90620230
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528JACKSON%2B4400%252CSE%2529&number=90620240
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528KOBS%2529&number=90620276
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528LEWIS%2B5930%2529&number=90620299
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528LEWIS%2B5930%252C%2BEAST%2529&number=90620322
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MARTENS%252C%2BNW.%2529&number=90620368
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MICHEL%2529&number=90620391
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B1450%2529&number=90620470
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B1650%2529&number=90620483
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B1750%2529&number=90620490
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B1850%2529&number=90620506
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B2040%2529&number=90620516
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B2400%2529&number=90620529
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B2700%2BFB-A%2529&number=90620553
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B2700%2529&number=90620552

Table 2.2; Continued

Field Name 0il (m3) Casinghead (m3) GW Gas (m3) Condensate (m3)
TOMBALL (MIOCENE 30) 0 0 4248 0
TOMBALL (MIOCENE 3150) 0 0 8941898.4 0
TOMBALL (MIOCENE 3320) 0 0 4841813.76 0
TOMBALL (MIOCENE 3400) 0 0 2374773.6 0
TOMBALL (MIOCENE 3500) 0 0 681067.68 0
TOMBALL (MIOCENE 7A,C) 0 0 508117.44 0
TOMBALL (MIOCENE 9) 0 0 874946.4 22.419
TOMBALL (PETRICH) 5335.404 2343565 0 0
TOMBALL (PETRICH, NW.) 0.318 56.64 0 0
TOMBALL (SCHULTZ CENTRAL) 18183.399 6285766 0 0
TOMBALL (SCHULTZ LO. N.E.) 28977.432 2440023 0 0
TOMBALL (SCHULTZ N.W.) 0 0 0 0
TOMBALL (SCHULTZ SE.) 273067.077 81133656 2089109.76 31.005
TOMBALL (SID MOORE) 0 0 92578.08 0
TOMBALL (STRAY 5300) 0 0 5804382.24 0
TOMBALL (STRAY 6700) 0 0 4594353.6 0
TOMBALL (THEIS, NE.) 0 0 0 0
TOMBALL (VICKSBURG 3940) 0 0 484272 0
TOMBALL (VICKSBURG 4050) 0 0 20142883.2 0
TOMBALL (WILCOX 8400) 0 0 72148994.88 1914.042
TOMBALL (WILCOX 8860, 2ND) 0 0 11056071.36 0.159
TOMBALL, SE. (10650) 0 0 15406023.36 1832.634
TOMBALL, SE. (11700) 0 0 165638582.4 15063.98
TOMBALL, SE. (12,250) 0 0 39417446.88 3705.018
TOMBALL, W. (ADAMS) 29533.455 4388127 0 0
TOMBALL, W. (TRESELER -A- SD) 6317.547 1123964 0
TOMBALL, W. (TRESELER) 19385.598 6338837 0 0
TOMBALL, WEST (HOCKLEY) 0 0 2333426.4 0

2.5.4 Hydrocarbon Extraction Modeling

The annual rate of total oil and gas extraction were plotted in ArcGIS 10. To realize the
extraction volumes of each oil field, the surface models were generated using three

different interpolation techniques. These three algorithm techniques under Spatial
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http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B30%2529&number=90620460
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B3150%2529&number=90620555
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B3320%2529&number=90620557
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B3400%2529&number=90620560
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B3500%2529&number=90620565
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B7A%252CC%2529&number=90620405
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528MIOCENE%2B9%2529&number=90620414
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528PETRICH%2529&number=90620575
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528PETRICH%252C%2BNW.%2529&number=90620621
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528SCHULTZ%2BCENTRAL%2529&number=90620667
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528SCHULTZ%2BLO.%2BN.E.%2529&number=90620736
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528SCHULTZ%2BN.W.%2529&number=90620759
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528SCHULTZ%2BSE.%2529&number=90620782
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528SID%2BMOORE%2529&number=90620828
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528STRAY%2B5300%2529&number=90620874
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528STRAY%2B6700%2529&number=90620885
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528THEIS%252C%2BNE.%2529&number=90620920
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528VICKSBURG%2B3940%2529&number=90620925
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528VICKSBURG%2B4050%2529&number=90620927
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528WILCOX%2B8400%2529&number=90620943
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%2B%2528WILCOX%2B8860%252C%2B2ND%2529&number=90620952
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%252C%2BSE.%2B%252810650%2529&number=90626550
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%252C%2BSE.%2B%252811700%2529&number=90626600
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%252C%2BSE.%2B%252812%252C250%2529&number=90626700
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%252C%2BW.%2B%2528ADAMS%2529&number=90628142
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%252C%2BW.%2B%2528TRESELER%2B-A-%2BSD%2529&number=90628568
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%252C%2BW.%2B%2528TRESELER%2529&number=90628426
http://webapps.rrc.state.tx.us/PDQ/drillDownAction.do?name=TOMBALL%252C%2BWEST%2B%2528HOCKLEY%2529&number=90628284

Analysis tools are: i) Kriging, ii) Inverse Distance Weighted (IDW), and iii) Natural

Neighbor.
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CHAPTER 3: RESULTS
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The results of GPS, LIiDAR, InSAR, changes in groundwater levels, and the rate

hydrocarbon extraction are given below.

3.1 GPS

GPS data from eighteen (18) PAM and two (2) CORS sites in the Northwest Harris
County were processed and evaluated to elucidate the rate of vertical and horizontal
movement of the land surface with reference to LKHU, ADKS, and NETP GPS stations
(Table 3.1). The surface models generated from the rate of vertical displacement for two
different time period, 2002-2011 and 2008-2011, are displayed in Figure 3.1 and Figure
3.2, respectively. The purpose of selecting two different periods is to assess the vertical
displacement change with time. The first period is selected between year 2002 and 2011
to not to lose control points over the study area. Since, some of the GPS stations (after
PAM 28) were installed after 2007. Both Figure 3.1 and Figure 3.2 illustrate that the
subsidence rate of the Northwest Harris is the highest (39 mml/y) in the center of study
area. Figure 3.3 demonstrates the horizontal motion of the GPS stations between 2002
and 2011. The arrows on the map present the magnitude of the velocity and the direction
of relative movement of GPS stations with respect to reference stations. Most of the
arrows point to the center part of the study area where subsidence rate is higher. Figure

3.4 shows the error values of GPS stations in Northwest Harris area.
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Table 3.1: GPS Stations in the study area with the displacement rates in North, East, and vertical
directions.

. Velocity - I
GPS Station \‘II:::‘:‘II Period vertical Vell\lo:rl:z in VeI:;:IStty n Error
Station Type (mm/y) (2008-2011) (mm/y) (mm/y) (mm/y)
(mm/y)
PAMO1 | PAM 24.8 22%(121 -18.40 2.19 05 13
PAMO2 | PAM -31.87 22%0121 -21.90 1.7 -0.57 18
PAMO3 | PAM -35.58 2002- -13.10 1.9 11 15
2011
2002- 17
PAMO5 | PAM -24.12 o -9.80 1.1 0
PAMO6 | PAM -28.72 2002- -17.50 1.3 1.2 17
2011
PAMO7 | PAM -39.23 22%0121 -22.90 25 0.98 19
PAMOS | PAM -29.14 2002- -18.60 32 1.6 21
2011
2002- 10
PAM11 | PAM -6.48 o -10.10 1 2
PAM13 | PAM -17.56 22%0121 -19.50 0.21 0.87 22
PAM17 | PAM -21.68 22%0121 -17.40 0.15 -0.58 15
PAM18 | PAM -24.96 22%(121 -18.60 1.3 0.07 3
PAM19 | PAM -13.76 2002- -9.60 -0.2 0.8 13
2011
PAM29 | PAM -20.98 22%0171 -20.90 1.8 2.6 13
PAM44 | PAM 21.14 2007- -14.80 7 13 12
2011
PAM45 | PAM -3.49 2007- -4.80 23 -0.95 10
2011
PAM46 | PAM -25.12 2007- -22.60 26 -0.7 10
2011
PAM47 | PAM -28.87 2007- -26.80 25 0.3 9
2011
PAM 48 | PAM -15.39 2007- -13.10 1.8 1.56 1
2011
PAMS6 | PAM -6.68 2007- -4.80 25 1.06 9
2011
2002- 11
coh7 CORS -8.06 o -1.90 2.4 -0.04
2007- 8
rod1 CORs | -21.16 s -19.20 48 038
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Figure 3.1: Kriging Interpolated surface of GPS results displaying surface deformation rates in
Northwest Harris County between years 2002 and 2011.The red points on the surface map are
GPS (CORS and PAM) stations over study area. As it is seen, the central region of the Northwest
Harris is rapidly subsiding relative to northwest and southeast parts.
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Figure 3.2: Kriging Interpolated surface of GPS results displaying surface deformation rates in
Northwest Harris County between years 2008 and 2011. As in Figure 3.1, the central part of the
study area is subsiding more. However, it is seen that the subsidence migrating towards northeast
of the study area.
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Figure 3.3: GPS displacement map in horizontal direction (north and east). The blue arrows are
velocity vectors to show the direction and magnitude of the movement of each GPS Stations

These displacements are relative displacements to ADKS, LKHU, and NETP. Most of the vectors
point the northern directions where the subsidence is high.

61



95“5:0'W 95°41-0'W 95°310'W 95°1:0'W

[ ]
PAM 13

30°10'N

30°5'N

30°0'N

Legend

@ GPS Stations
"1 Harris County|
GPS Error
4’:mmly

I 7.44 - 10.82
[ 1083-142 |
[114.21-17.58
[117.59-20.96
[ 20.97 -24.34
B 24.35-27.72

29°55'N

29°50'N

® o
PAM 06 PAM 03

(]
PAM 05

Figure 3.4: Error map of the GPS results. This map shows error values of the GPS stations in
Northwest Harris area. Blue colors show low error values, and red colors indicate high error
values. The red points on the map represent the location of the GPS stations in the study area.
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Figure 3.5: Graphs of the PAM 01 results in north, east, and vertical direction. Blue points are
daily data for PAM 01, and the black line over these points presents the trend of changing in
results. Error of the result for this station is £13 mm/y.
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Figure 3.6: Graphs of the PAM 02 results in north, east, and vertical direction. Blue points are
daily data for PAM 02, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +18 mm/y.
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Figure 3.7: Graphs of the PAM 03 results in north, east, and vertical direction. Blue points are
daily data for PAM 03, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +15 mm/y.
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Figure 3.8: Graphs of the PAM 05 results in north, east, and vertical direction. Blue points are
daily data for PAM 05, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +17 mm/y.
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Figure 3.9: Graphs of the PAM 06 results in north, east, and vertical direction. Blue points are
daily data for PAM 06, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +17 mm/y.
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Figure 3.10: Graphs of the PAM 07 results in north, east, and vertical direction. Blue points are
daily data for PAM 07, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +19 mm/y.

68



mm/y D_Vertical PAM 08

y=-29.14mm/y

2/17/2005  4/28/2007 7/6/2009 9/14/2011  11/22/2013

4+ PAM 08

Time

mm/y D_ North PAM 08

y=3.2mm/y

10 -

1 4 PAM 08
7/6/2009 9/14/2011  11/22/2013

61 2/%7/2005 ®a/28/4807

30 -

50 -
Time

J0 -

mm/y D_East PAM 08

70

y=-l.6mm/y

50
30
10 +

3 4 PAM 08
Ofi#2011  11/22/2013

1172000
30 - .

_50 4
Time

70 -

Figure 3.11: Graphs of the PAM 08 results in north, east, and vertical direction. Blue points are
daily data for PAM 08, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +21 mm/y.
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Figure 3.12: Graphs of the PAM 11 results in north, east, and vertical direction. Blue points are
daily data for PAM 11, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +10 mm/y.
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Figure 3.13: Graphs of the PAM 13 results in north, east, and vertical direction. Blue points are
daily data for PAM 13, and the black line over these points presents the trend of changing in
results. Error of the result for this station is £22 mm/y.
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Figure 3.14: Graphs of the PAM 17 results in north, east, and vertical direction. Blue points are
daily data for PAM 17, and the black line over these points presents the trend of changing in
results. Error of the result for this station is £15 mm/y.
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Figure 3.15: Graphs of the PAM 18 results in north, east, and vertical direction. Blue points are
daily data for PAM 18, and the black line over these points presents the trend of changing in
results. Error of the result for this station is £9 mm/y.
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Figure 3.16: Graphs of the PAM 19 results in north, east, and vertical direction. Blue points are
daily data for PAM 19, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +13 mm/y.
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Figure 3.17: Graphs of the PAM 29 results in north, east, and vertical direction. Blue points are
daily data for PAM 29, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +13 mm/y.
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Figure 3.18: Graphs of the PAM 44 results in north, east, and vertical direction. Blue points are
daily data for PAM 44, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +12 mm/y.
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Figure 3.19: Graphs of the PAM 45 results in north, east, and vertical direction. Blue points are
daily data for PAM 45, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +10 mm/y.
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Figure 3.20: Graphs of the PAM 46 results in north, east, and vertical direction. Blue points are
daily data for PAM 46, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +10 mm/y.
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Figure 3.21: Graphs of the PAM 47 results in north, east, and vertical direction. Blue points are
daily data for PAM 47, and the black line over these points presents the trend of changing in
results. Error of the result for this station is £9 mm/y.
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Figure 3.22: Graphs of the PAM 48 results in north, east, and vertical direction. Blue points are
daily data for PAM 48, and the black line over these points presents the trend of changing in
results. Error of the result for this station is +11 mm/y.

80



mm/y D_Vertical PAM 56

150 -
100 y =-6.68 mm/y
50

0 | |
2{47/2005 4/28/2007 7/6/2009 9/14/2011 11/22/2013

-100 - 4 PAM 56

-150
-200 -
-250
-300 -
-350 -

mm/y D_North PAM 56

80 -

Time

60 - y=2.5mm/y

40

20
0 * 4 PAM 56
_22/6.71 2005 4/28/2 / 9 9/14/2011 11/22/2013

40 -

-60 -
-80 -

mm/y D_East PAM 56

80 1 y=1.06 mm/y
60 -

Time

40 -
20 +
0

2/37/2005

-40 -

: #PAM 56
11/22/2013

60 4

Time

-80 -

Figure 3.23: Graphs of the PAM 56 results in north, east, and vertical direction. Blue points are
daily data for PAM 56, and the black line over these points presents the trend of changing in
results. Error of the result for this station is £9 mm/y.
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Figure 3.24: Graphs of the COH7 (CORS) results in north, east, and vertical direction. Blue
points are daily data for COH7, and the black line over these points presents the trend of changing
in results. Error of the result for this station is £11 mm/y.

82



D_Vertical ROD1

y=-2L16mm/y

9/14/2011 11/22/2013
4+ ROD1

Time

mm/y D_Nort ROD1

y=4.8mm/y

: | 4 ROD1
9/14/2011 11/22/2013

Time

—, D_East ROD1

80.0 -
60.0 - y=0.38 mm/y
400 -
20.0 -
0.0 -

2/17(2005
-20.0

4+ ROD1

011 11/22/2013

-40.0 +

-60.0

800 Time

Figure 3.25: Graphs of the ROD1 (CORS) results in north, east, and vertical direction. Blue
points are daily data for ROD1, and the black line over these points presents the trend of changing
in results. Error of the result for this station is £8 mm/y.
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3.2 LiDAR

3.2.1 Zonal Statistics

Zonal statistics or ‘polygonal based height computation’ was used to calculate the height
difference for three different parts of the Northwest Harris area: north, center, and south
(Figure 3.26), and the Hockley Fault. Two different DEMs generated from 2001 and

2008 LiDAR data were used.

Figure 3.26 and Figure 3.28 present the statistics calculated for the Northwest Harris area
and throw of the Hockley Fault. The colored polygons in Figure 3.26 represent the

different section of the investigated area.

Table 3.2 and 3.3 show the results of zonal statistics of the Hockley Fault and Northwest
Harris area for 2001 and 2008 LIiDAR DEMs. The mean values of each table were plotted

as bar graphs.

Figure 3.25 and Figure 3.27 show the difference of the mean values of the zones between
2001 and 2008 LiDAR DEMs at Hockley Fault and Northwest Harris area. The average
value of these polygons gives the mean of rate of change on each region. The rate of
change in the north, center and up section of study area, and the Hockley Fault are -4.5
cmly, -2.1 cmly, -3.5 cmly, and -2.1 cmly, respectively. The minus sign expresses the

subsidence on the investigated area.
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Table 3.2 Zonal Statistics of 2001 and 2008 LiDAR DEM of the Northwest Harris County

2001 2008

STH1 78.01 81.00 2.99 79.43 0.72 69.03 91.56 22.53 79.51 1.42
STH2 77.01 82.51 5.49 79.11 1.23 72.20 89.40 17.20 78.47 1.39
STH3 85.49 89.00 3.51 86.73 0.91 76.73 89.53 12.80 85.87 1.48
STH4 69.51 72.49 2.99 70.98 0.70 63.82 74.40 10.58 70.52 0.86
STH5 83.02 89.49 6.47 87.36 1.38 77.76 92.23 14.46 87.14 1.28
STH6 96.00 99.50 3.50 98.21 0.75 92.64 104.92 12.27 97.59 0.93
STH7 100.00 107.00 7.00 104.37 1.89 96.89 109.46 12.57 103.36 2.05
STH8 95.00 102.00 7.00 98.48 1.68 83.15 103.73 20.58 97.98 1.72
STH9 65.51 69.00 3.49 67.64 0.72 61.54 70.89 9.34 67.34 0.70
STH10 77.00 92.00 15.00 88.40 2.89 79.98 93.16 13.19 87.88 241

Each color represents polygons in different area
CNT: Center

STH: South

NTH: North

STD: Standard Deviation
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Figure 3.26: Graphs of difference of mean elevation values between 2001 and 2008 LiDAR
DEMs for zones of different parts of the Northwest Harris.
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Figure 3.27: Polygons for Zonal Height Computation method. Polygons in orange are for the
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of the study area. The DEM of the Northwest Harris is also displayed.
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Table 3.3 Zonal Statistics of 2001 and 2008 LiDAR DEM for Hockley Fault

2001 2008
1D MIN(m) MAX(m) Range(m) MEAN(m) STD(m) 1D MIN(m) MAX(m) Range(m) MEAN(m) | STD(m)

HUT1 165 168 3 166.40 0.69 HUT1 163.82 167.13 3.31 165.37 0.64
HUT2 165 169 4 167.08 0.93 HUT2 164.23 168.81 4.58 166.51 1.00
HUT3 166 173 7 168.89 1.41 HUT3 165.18 172.42 7.24 168.51 1.35
HUT4 168 175 7 171.76 1.68 HUT4 167.91 175.14 7.23 171.61 1.53
HUTS 171 177 6 174.76 1.39 HUTS 171.18 177.09 5.91 174.96 1.33
HUT6 172 174 2 172.85 0.77 HUT6 171.04 174.65 3.61 172.54 0.80
HUT7 169 176 7 173.32 1.59 HUT7 168.71 176.25 7.55 173.10 1.41
HUT8 174 183 9 178.50 2.01 HUT8 173.35 182.82 9.47 178.02 1.96
HUT9 176 184 8 180.06 2.13 HUT9 175.57 183.97 8.40 179.82 2.10
HUT10 176 182 6 179.22 1.51 HUT10 175.58 182.05 6.46 178.69 1.48
HUT11 177 186 9 181.79 2.28 HUT11 176.73 186.09 9.36 181.49 2.16
HUT12 172 185 13 177.56 2.83 HUT12 171.86 185.33 13.47 177.53 2.76
HUT13 171 176 5 173.11 1.01 HUT13 170.68 175.34 4.66 172.68 0.93
HUT14 172 177 5 174.37 1.43 HUT14 171.55 177.81 6.26 174.12 1.40
HUT15 172 178 6 175.15 1.60 HUT15 171.52 177.74 6.23 174.62 1.48
HUT16 172 179 7 175.01 1.85 HUT16 171.44 178.66 7.22 174.80 1.74
HUT17 171 175 4 172.93 0.90 HUT17 170.19 175.54 5.35 172.70 1.06
HUT18 172 175 3 173.96 0.76 HUT18 171.90 175.73 3.84 173.69 0.80
HUT19 175 180 5 177.33 131 HUT19 174.23 180.32 6.09 177.08 1.25
HUT20 174 179 5 176.83 1.44 HUT20 173.14 179.78 6.64 176.50 141
HUT21 175 182 7 178.39 1.75 HUT21 175.73 186.11 10.39 179.79 2557/
HUT22 176 182 6 178.62 1.52 HUT22 177.36 186.74 9.38 182.47 2.63
HUT23 176 183 7 180.11 1.63 HUT23 176.36 183.88 7.52 179.92 1.50
HUT24 175 180 5 177.38 1.27 HUT24 174.74 181.29 6.56 177.65 136
HUT25 176 182 6 179.55 1.77 HUT25 176.15 183.39 7.24 179.86 1.87
HUT26 177 185 8 181.32 1.78 HUT26 177.02 185.80 8.78 181.46 1.70
HUT27 179 184 5 181.90 1.30 HUT27 179.10 185.08 5.97 181.94 1.33
HUT28 179 185 6 181.86 1.47 HUT28 177.75 186.19 8.44 182.71 1.45
HUT29 179 186 7 181.64 1.44 HUT29 177.98 186.76 8.78 181.70 1.55
HUT30 180 188 8 183.50 1.82 HUT30 179.89 190.54 10.66 183.70 2.01
HUT31 183 192 9 188.07 2.74 HUT31 182.06 192.27 10.21 187.57 2.66
HUT32 182 192 10 185.77 3.14 HUT32 180.81 192.18 11.37 185.62 3.30
HUT33 182 187 5 185.48 0.88 HUT33 181.70 187.66 5.96 185.13 0.76
HUT34 181 188 7 185.55 1.67 HUT34 180.27 188.57 8.30 185.22 1.64
HUT35 181 188 7 185.27 1.63 HUT35 179.94 188.97 9.02 185.11 1.50
HUT36 182 187 5 185.41 1.07 HUT36 181.94 188.12 6.18 185.31 1.05
HUT37 184 188 4 186.15 0.99 HUT37 183.34 189.18 5.84 185.88 1.07
HUT38 183 188 5 186.27 1.25 HUT38 182.97 189.63 6.65 186.01 131
HUT39 182 189 7 185.89 1.53 HUT39 181.59 189.07 7.49 185.47 1.54
HUT40 181 188 7 185.64 2.10 HUT40 180.58 188.53 7.95 185.33 2.04
HUT41 184 189 5 186.75 1.00 HUT41 182.16 188.26 6.10 186.22 0.99
HUT42 185 189 4 187.24 0.98 HUT42 184.57 188.71 4.13 186.71 0.96
HUT43 185 188 3 186.98 0.81 HUT43 183.78 188.06 4.28 186.37 0.86
HUT44 184 188 4 186.36 1.14 HUT44 183.36 188.17 4.81 186.01 1.01
HUTA45 178 187 9 182.71 2.07 HUT45 177.78 187.14 9.36 182.53 1.99
HDT1 156 159 3 157.6 0.7 HDT1 163.8 167.1 3.3084 165.4 0.6
HDT2 157 159 2 158 0.7 HDT2 164.2 168.8 4.5824 166.5 1

HDT3 157 160 3 158.6 0.7 HDT3 165.2 172.4 7.2397 168.5 1.3
HDT4 157 159 2 157.7 0.6 HDT4 167.9 175.1 7.2294 171.6 1.5
HDT5 158 161 3 159.5 0.8 HDT5 171.2 177.1 5.9092 175 1.3
HDT6 159 163 4 161.2 0.8 HDT6 171 174.7 3.6095 172.5 0.8
HDT7 160 163 3 161.6 0.8 HDT7 168.7 176.3 7.5462 173.1 1.4
HDT8 160 163 ] 161.5 0.7 HDT8 173.4 182.8 9.4719 178 2

HDT9 160 165 5 162.5 1 HDT9 175.6 184 8.395 179.8 2.1
HDT10 162 165 3 163.6 0.9 HDT10 175.6 182 6.4648 178.7 1.5
HDT11 162 165 3 163.9 0.8 HDT11 176.7 186.1 9.3602 181.5 2.2
HDT12 164 166 2 164.8 0.5 HDT12 171.9 185.3 13.472 177.5 2.8
HDT13 163 165 2 164.3 0.6 HDT13 170.7 175.3 4.6554 172.7 0.9
HDT14 162 165 3 163.3 0.6 HDT14 171.6 177.8 6.2569 174.1 1.4
HDT15 162 165 3 163.3 0.6 HDT15 171.5 177.7 6.2274 174.6 1.5
HDT16 163 165 2 163.7 0.5 HDT16 171.4 178.7 7.2205 174.8 1.7
HDT17 162 166 4 164.3 0.8 HDT17 170.2 175.5 5.3454 172.7 1.1
HDT18 162 165 3 163.4 0.7 HDT18 171.9 175.7 3.8377 173.7 0.8
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Table 3.3 : Continued

2001 2008
1D MIN(m) MAX(m) Range(m) MEAN(m) | STD(m) 1D MIN(m) MAX(m) Range(m) MEAN(m) | STD(m)

HDT19 162 165 3 163.3 0.9 HDT19 174.2 180.3 6.0923 177.1 13
HDT20 160 165 5 163.4 1.2 HDT20 173.1 179.8 6.6376 176.5 14
HDT21 162 165 3 163.2 0.9 HDT21 175.7 186.1 10.387 179.8 2.4
HDT22 162 165 3 163.5 1 HDT22 177.4 186.7 9.3844 182.5 2.6
HDT23 163 167 4 165.2 0.9 HDT23 176.4 183.9 7.5169 179.9 15
HDT24 160 167 7 164.5 2.1 HDT24 174.7 181.3 6.5551 177.6 1.4
HDT25 160 167 7 163.3 1.6 HDT25 176.1 183.4 7.2449 179.9 1.9
HDT26 160 167 7 164.2 1.4 HDT26 177 185.8 8.7815 181.5 1.7
HDT27 163 167 4 165.1 0.9 HDT27 179.1 185.1 5.9725 181.9 13
HDT28 164 169 5 166.4 1.3 HDT28 177.8 186.2 8.4396 182.7 1.4
HDT29 164 170 6 166.6 1.3 HDT29 178 186.8 8.7792 181.7 1.6
HDT30 166 172 6 168.7 1.3 HDT30 179.9 190.5 10.657 183.7 2

HDT31 169 174 5 171.6 1.1 HDT31 182.1 192.3 10.208 187.6 2.7
HDT32 168 177 9 172.6 2.1 HDT32 180.8 192.2 11.366 185.6 33
HDT33 170 176 6 173.5 1.2 HDT33 181.7 187.7 5.9608 185.1 0.8
HDT34 171 176 5 173.4 1.3 HDT34 180.3 188.6 8.3035 185.2 1.6
HDT35 167 176 9 172.8 23 HDT35 179.9 189 9.0246 185.1 15
HDT36 172 177 5 174.6 1.1 HDT36 181.9 188.1 6.1817 185.3 1.1
HDT37 172 177 5 175.3 1.2 HDT37 183.3 189.2 5.8414 185.9 1.1
HDT38 172 177 5 175.2 1.2 HDT38 183 189.6 6.6539 186 1.3
HDT39 172 177 5 175.1 1 HDT39 181.6 189.1 7.486 185.5 15
HDT40 172 177 5 174.9 1.1 HDT40 180.6 188.5 7.9487 185.3 2

HDT41 173 177 4 175 1 HDT41 182.2 188.3 6.0986 186.2 1

HDT42 173 178 5 174.9 1.3 HDT42 184.6 188.7 4.1349 186.7 1

HDT43 172 176 4 173.8 1 HDT43 183.8 188.1 4.2814 186.4 0.9
HDT44 172 175 3 172.9 0.9 HDT44 183.4 188.2 4.8126 186 1

HDT45 171 173 2 171.5 0.7 HDT45 177.8 187.1 9.3563 182.5 2

HUT: Hockley Up Thrown
HDT: Hockley Down Thrown
SDT: Standard Deviation
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Figure 3.28: Graph of difference of the mean elevation values of northwest and southeast of the
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Figure 3.29: Height computation zones of Hockley Fault. Black line on the 2008 LiDAR DEM
shows the location of theHockley Fault. Pink zones and blue zones represent the upthrown and
downthrown of Hockley Fault, respectively.
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3.3 InSAR

3.3.1 Persistent Scatterer

Eight (8) ERS1 and seventeen (17) ERS2 data from 1992 to 2002 were processed and
analyzed using Persistent Scatterer (PS) Method to clarify the subsidence rate of the
Northwest Harris area precisely. Figure 3.29 presents the Persistent Scatterer results of 25
ERS image. The points with hot colors (yellow to red) express that the area is moving
away from the satellite, i.e., the area are subsiding. The cold colors (green to blue) show
the motion of the land surface towards the satellite, in other words, uplift. The unit of the
surface deformation in Figure 3.29 is in mm/y. The PS method reduces the atmospheric
and topographic anomalies. Therefore, small scale (mm/y) surface deformations are not
affected by noises. However, some hot colored points are recognized over the cold
colored points, and vice versa. It was decided that these points may be caused by the trees
that scatter radar signals persistently. Figure 3.29 demonstrates that the area is subsiding
at different rates. It is seen that the subsidence pattern is changing from the northwest to
central portion of the Northwest Harris area. The northwest portion of study area is
subsiding with the rate -17 mm/y at most. Besides, the central portion is sinking with

rates between -27 and -47 mm/y.
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Figure 3.30: Persistent Scatterer (PS) INSAR results map. The colored points from blue to red
presents the PS INSAR values over the Northwest Harris County. The cold colors (blue to yellow)
represent high rate subsidence, and the hot colored (yellow to red) points show low rate

subsidence in the study area.
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3.4 Groundwater

The groundwater observation data acquired from USGS were processed and evaluated to
reveal the rate of change in the Chicot and Evangeline aquifer systems. The groundwater
level change was analyzed for two different time span (1990-2011and 2008-2011). These
periods were selected in order to compare the remote sensing results with rate of change

in groundwater level.

The combination of the result of both the Chicot Aquifer and the Evangeline Aquifer was
modeled and given in Figure 3.37. The cold colors (blue to yellow) represent the decline
in groundwater level. The hot colors on the map show increasing groundwater level. The
highest decrease in groundwater level is located in the central portion of the Northwest
Harris area. However, the groundwater level is increasing on the northwest and southeast

portion of the study area.

To see the trend of change in groundwater level, the data of 261 groundwater observation
wells were averaged per year for the period 1990-2012 and it plotted to graph shown in
Figure 3.38. The blue line represents groundwater level, and orange area shows the depth
to groundwater in meter scale. It is realized that the groundwater level is the lowest in

2000.

93



3.4.1 Chicot Aquifer

The rate of change in groundwater in the Chicot Aquifer is elucidated. Table 3.4
expresses the results of groundwater level change for ninety six (96) groundwater

observation wells for the period 1990-2011 and 2008-2011.

Figure 3.30 and 3.32 demonstrate the surface model of the rate of change in groundwater
for different time intervals. The colors from blue to green present decline in groundwater
level and the colors from yellow to red show rise in groundwater level. The blue points in
Figure 3.30 and Figure 3.32 display the locations of groundwater observation wells. It is
seen that the water level is decreasing in the center of study area for long and short terms.
However, the groundwater level change in recent time is declining faster than in past. The
northwest portion of study area shows increasing trend of groundwater level in Figure
3.30 and Figure 3.32. Figure 3.31 demonstrates the general trend of groundwater level
change in the Chicot Aquifer. It is seen that the groundwater level was declining before

2000. However, it began to rise after 2000.

94



Table 3.4: Groundwater level change of the Chicot Aquifer for 1990-2011, and 2008-2011. The
difference between ‘Chicot’ and ‘Chicot Evangeline’ is that some of the wells are penetrating
both aquifers.

Rate for
Long Rate of change
Well No Latitude Longitude Field Name change (short term)

(1990- (2008-2011)

2011) (m/y)

(m/y)
294031095554201 29.675278 -95.928333 Chicot -0.18 -0.89
294108095324702 29.692083 -95.564139 Chicot 0.60 -5.71
294142095515301 29.695153 -95.864981 Chicot 0.48 0.48
294144095351002 29.6955 -95.586556 Chicot Evangeline 1.18 -1.08
294147095344303 29.696222 -95.578944 Chicot Evangeline 1.02 -0.46
294201095355601 29.700278 -95.598889 Chicot Evangeline 1.17 -1.28
294211095370901 29.703056 -95.619167 Chicot Evangeline 0.68 3.76
294219095583601 29.705278 -95.976667 Chicot -0.08 -0.48
294252095362101 29.714444 -95.605833 Chicot Evangeline 0.77 -0.39
294407095403701 29.717611 -95.688389 Chicot -0.17 0.73
294319095305901 29.721944 -95.516389 Chicot Evangeline 1.00 -4.19
294328095290402 29.724722 -95.479444 Chicot 1.66 -1.60
294329095284602 29.724722 -95.479444 Chicot Evangeline 1.37 -1.60
294333095275602 29.725833 -95.465556 Chicot Evangeline 1.69 4.94
294338095270406 29.727222 -95.451111 Chicot 1.21 -0.31
294338095270405 29.727222 -95.451111 Chicot 0.34 -0.31
294338095270404 29.727222 -95.451111 Chicot Evangeline 0.62 -0.31
294340095311103 29.727778 -95.519722 Chicot Evangeline 1.32 -4.92
294348095303702 29.727778 -95.510556 Chicot Evangeline 1.02 -5.05
294405095412301 29.734667 -95.689806 Chicot -0.06 -0.38
294302095411801 29.7355 -95.677167 Chicot -0.42 0.28
294503095373201 29.750944 -95.625583 Chicot -0.01 -0.01
294529095371801 29.758056 -95.621667 Chicot Evangeline 0.45 0.75
294538095344601 29.760861 -95.57925 Chicot 0.02 0.62
294548095372801 29.763333 -95.624444 Chicot Evangeline 0.98 0.39
294519095383201 29.766111 -95.633806 Chicot Evangeline -0.14 -6.17
294606095383901 29.7686 -95.644319 Chicot -0.04 -0.04
294620095440501 29.772222 -95.734722 Chicot -0.04 -0.07
294708095363201 29.785556 -95.609056 Chicot Evangeline 2.99 -0.81
294717095401001 29.788056 -95.669444 Chicot Evangeline -0.81 -2.33
294721095361001 29.789222 -95.602722 Chicot Evangeline 1.56 4.39
294726095351102 29.790556 -95.586389 Chicot -0.08 -2.36
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Table 3.4; Continued

Rate for
Long Rate of change
Well No Latitude Longitude Field Name change (short term)

(1990- (2008-2011)

2011) (m/y)

(m/y)
294726095351102 29.790556 -95.586389 Chicot 0.00 -2.36
294726095351102 29.790556 -95.586389 Chicot 0.04 -2.36
294800095344101 29.800083 -95.699528 Chicot -0.02 -3.06
294807095484901 29.802056 -95.757556 Chicot -0.02 -0.23
294807095452701 29.802639 -95.819028 Chicot -0.14 -0.23
294900095312101 29.816667 -95.5225 Chicot Evangeline 2.20 -0.67
294919095320501 29.821917 -95.534778 Chicot -0.06 0.23
294921095312907 29.8225 -95.524722 Chicot Evangeline 1.50 -0.30
294950095313701 29.830556 -95.526944 Chicot Evangeline 3.67 1.01
294952095342601 29.831111 -95.573889 Chicot Evangeline 1.80 -5.28
294957095310801 29.832611 -95.518778 Chicot -0.07 -0.26
294959095405501 29.833528 -95.682889 Chicot Evangeline -0.52 1.77
295046095492901 29.846167 -95.824833 Chicot -0.08 -0.08
295049095253101 29.847 -95.425306 Chicot -0.11 -0.31
295133095273201 29.859056 -95.45875 Chicot -0.04 -0.07
295150095302401 29.864028 -95.506722 Chicot -0.16 -0.28
295207095262102 29.868611 -95.436472 Chicot 1.42 2.38
295228095262901 29.874444 -95.441389 Chicot Evangeline 2.27 -2.56
295232095294101 29.875472 -95.49475 Chicot -0.12 -0.17
295246095351301 29.879444 -95.586944 Chicot Evangeline 1.48 -7.04
295247095344701 29.879722 -95.579722 Chicot Evangeline 1.20 -6.76
295249095370701 29.879917 -95.618056 Chicot Evangeline 1.86 -0.03
295249095411301 29.880389 -95.686917 Chicot -0.08 -0.03
295258095354201 29.882778 -95.595 Chicot Evangeline 2.10 0.06
295358095374101 29.899361 -95.627944 Chicot 0.03 -0.07
295505095462201 29.918417 -95.773278 Chicot Evangeline 0.01 0.10
295522095291902 29.924611 -95.487389 Chicot 0.31 0.69
295557095360901 29.932583 -95.602444 Chicot -0.19 -0.17
295558095442301 29.932778 -95.739722 Chicot Evangeline -1.20 -2.87
295633095335201 29.942444 -95.564444 Chicot -0.10 1.76
295633095324401 29.9425 -95.545556 Chicot Evangeline -0.20 1.76
295646095324601 29.946111 -95.546111 Chicot Evangeline -0.43 2.00
295650095322301 29.947222 -95.54 Chicot Evangeline 0.28 0.28
295704095320301 29.952611 -95.535111 Chicot Evangeline 1.11 0.53
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Table 3.4; Continued

Rate for
Long Rate of change
Well No Latitude Longitude Field Name change (short term)

(1990- (2008-2011)

2011) (m/y)

(m/y)
295705095320201 29.953111 -95.535111 Chicot Evangeline 1.21 -2.28
295711095330201 29.953139 -95.373 Chicot 0.03 -3.85
295711095222301 29.953167 -95.551 Chicot Evangeline 0.81 -3.85
295714095361701 29.953806 -95.604667 Chicot 0.06 -0.07
295720095290001 29.955417 -95.483361 Chicot -0.07 0.00
295723095340201 29.962722 -95.556556 Chicot Evangeline 0.92 -5.22
295754095324901 29.9705 -95.546583 Chicot Evangeline 0.78 -0.39
295840095525901 29.978694 -95.882556 Chicot Evangeline 0.02 -0.26
295842095430201 29.979028 -95.717861 Chicot -0.23 -0.57
295924095450601 29.989778 -95.753639 Chicot Evangeline -0.91 3.06
300007095354701 30.002 -95.595806 Chicot -0.28 -0.09
300026095225401 30.007389 -95.398472 Chicot -0.11 -0.20
300036095400101 30.009917 -95.666917 Chicot -0.13 -0.57
300044095293201 30.01225 -95.522139 Chicot -0.01 -12.35
300101095211301 30.016944 -95.353611 Chicot 0.43 0.33
300239095431101 30.044083 -95.719722 Chicot 0.02 -0.19
300333095291701 30.059278 -95.488028 Chicot -0.21 -0.18
300351095232601 30.064194 -95.390472 Chicot -0.19 -0.45
300447095444101 30.07985 -95.74485 Chicot -0.33 -1.89
300457095245801 30.0825 -95.416111 Chicot -0.06 -0.40
300503095260001 30.084083 -95.433444 Chicot -0.26 -0.13
300521095365101 30.089167 -95.614167 Chicot -0.41 2.17
300643095214301 30.111611 -95.363167 Chicot -0.73 -0.73
300714095493401 30.120556 -95.826111 Chicot 11.47 11.47
300717095463601 30.121278 -95.77675 Chicot -0.29 -0.78
300754095451101 30.131556 -95.753139 Chicot 0.37 0.48
300906095392001 30.151556 -95.6555 Chicot -0.31 -0.51
300915095343701 30.154167 -95.576861 Chicot 0.43 -0.07
300954095421101 30.164889 -95.703139 Chicot -0.20 -0.77
301139095393801 30.194167 -95.660556 Chicot -0.07 -0.26
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Figure 3.31: Rate of the groundwater level change map for 1990-2011. Hot colors from red to
yellow represents increasing water level. Colors from yellow to blue show the area where
groundwater level is declining. The map represent positive trend, or enlarging, most of the part of
the Northwest Harris County. The blue points represent the well locations which are penetrating
‘Chicot’ and ‘Chicot Evangeline’ aquifers.
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Figure 3.32: Rate of the groundwater level change map for 2008-2011. Colors represent the same
trend shown in Figure 3.30. The map presents both positive (at the edges) and negative (at the
centre) trends.
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Figure 3.33: Graph of general change in groundwater in Chicot Aquifer. This graph shows annual
average of water level change in Chicot Aquifer gathered by 110 wells. Blue line represents the
water surface, and orange area is to show the depth to groundwater level.
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3.4.2 Evangeline Aquifer

The rate of change in groundwater level in the Evangeline Aquifer for the period 1990-
2011 and 2008-2011 is given in Table 3.5. Figure 3.33 and Figure 3.35 present the map
of the water level alteration in these time periods. The green points on each map
demonstrate the groundwater observation well locations of the Evangeline Aquifer. The
cold colors (blue-green) indicate the decrease in groundwater level. The hot colors
(yellow-red) on both figures signify groundwater level increase in the Evangeline
Aquifer. It is recognized that the water level is dropping down on the central part of the
Northwest Harris area. Yet, the map for the period 2008-2011 represents more reduction
of groundwater with respect to annual groundwater level change between 1990 and 2011.
Figure 3.34 demonstrates the general trend of groundwater level change in the
Evangeline Aquifer. Similar to the general trend of groundwater level change in Chicot
aquifer, the groundwater level of the Evangeline Aquifer is decreasing before 2000 and

increasing after 2000.
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Table 3.5: Groundwater level change of Evangeline Aquifer for 1990-2011, and 2008-2011

Rate for
Long Rate of change
WelilNo Latitude Longitude Field Name change (short term)
(1990-2011) | (2008-2011) (m/y)
(m/y)
294112095462501 29.686861 -95.773792 Evangeline -1.61 -4.06
294134095470301 29.692672 -95.784067 Evangeline -2.60 -2.60
294144095351002 29.6955 -95.586556 Chicot Evangeline 1.18 -1.08
294147095344303 29.696222 -95.578944 Chicot Evangeline 1.02 -0.46
294201095355601 29.700278 -95.598889 Chicot Evangeline 1.17 -1.28
294209095494701 29.702222 -95.829722 Evangeline -4.09 -4.09
294211095370901 29.703056 | -95.619167 Chicot Evangeline 0.68 3.76
294213095322001 29.703611 -95.538889 Evangeline 1.37 -2.96
294215095301502 29.704167 -95.504167 Evangeline 1.13 -2.59
294216095301601 29.704444 -95.504444 Evangeline 1.17 -3.62
294219095470501 29.707944 -95.787 Evangeline -1.57 -6.30
294243095371201 29.711944 -95.62 Evangeline 0.91 3.72
294252095362101 29.714444 -95.605833 Chicot Evangeline 0.77 -0.39
294301095341801 29.716944 -95.571667 Evangeline 1.01 7.78
294306095371801 29.718333 -95.621667 Evangeline 0.45 -0.42
294313095365101 29.720278 | -95.614167 Evangeline 0.41 -0.07
294317095313001 29.721389 -95.523611 Evangeline 1.17 -5.46
294319095305901 29.721944 | -95.516389 Chicot Evangeline 1.00 -4.19
294323095300102 29.723056 | -95.500278 Evangeline 1.17 -1.38
294326095293002 29.723889 -95.491667 Evangeline 1.23 -3.13
294328095290402 29.724444 -95.484444 Evangeline 1.41 2.67
294329095284602 29.724722 -95.479444 Chicot Evangeline 1.37 -1.60
294333095275602 29.725833 | -95.465556 Chicot Evangeline 1.69 4.94
294338095270406 29.727222 -95.451111 Evangeline 1.69 -0.31
294338095270405 29.727222 -95.451111 Chicot Evangeline 0.62 -0.31
294338095270404 29.727222 -95.451111 Evangeline 1.55 -0.31
294338095270401 29.727222 -95.451111 Evangeline 1.13 -0.31
294340095311103 29.727778 | -95.519722 Chicot Evangeline 1.32 -4.92
294348095303702 29.727778 -95.510556 Chicot Evangeline 1.02 -5.05
294348095303702 29.727778 | -95.510556 Evangeline 1.36 -5.05
294352095385501 29.731111 | -95.648611 Evangeline -0.19 9.33
294356095391501 29.732222 -95.654167 Evangeline 0.07 2.28
294403095460101 29.734167 | -95.766944 Evangeline -2.66 -2.66
294414095364202 29.737222 -95.611667 Evangeline 0.03 -6.20
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Table 3.5; Continued

Rate for
Long Rate of change
WelilNo Latitude Longitude Field Name change (short term)
(1990-2011) | (2008-2011) (m/y)
(m/y)
294442095450801 29.745317 -95.752458 Evangeline -1.51 -4.76
294452095354501 29.747778 -95.595833 Evangeline 0.90 -6.43
294529095371801 29.758056 -95.621667 Chicot Evangeline 0.45 0.75
294548095372801 29.763333 -95.624444 Chicot Evangeline 0.98 0.39
294548095372801 29.763333 -95.624444 Evangeline -0.97 0.39
294519095383201 29.766111 -95.633806 Chicot Evangeline -0.14 -6.17
294607095492201 29.769178 | -95.822308 Evangeline -1.07 -2.30
294627095375801 29.774167 -95.632778 Evangeline -0.45 -6.99
294656095382501 29.782222 | -95.640278 Evangeline -0.13 -7.47
294708095363201 29.785556 -95.609056 Chicot Evangeline 2.99 -0.81
294712095401301 29.786667 -95.670278 Evangeline 0.62 -1.09
294731095414201 29.787444 -95.694417 Evangeline -0.49 -1.70
294717095401001 29.788056 -95.669444 Chicot Evangeline -0.81 -2.33
294721095361001 29.789222 -95.602722 Chicot Evangeline 1.56 4.39
294723095382601 29.789722 -95.640556 Evangeline 1.88 -4.71
294723095382601 29.789722 | -95.640556 Evangeline 1.13 -4.71
294724095351401 29.790167 -95.587361 Evangeline 0.71 3.49
294726095351102 29.790694 | -95.586139 Evangeline 0.91 -2.36
294735095344001 29.793056 | -95.577778 Evangeline 3.86 -9.31
294747095444701 29.796917 -95.747278 Evangeline -1.66 -2.98
294753095454001 29.797306 | -95.761833 Evangeline -1.54 -0.49
294800095344101 29.8 -95.578056 Evangeline 1.75 -3.06
294820095342002 29.805556 | -95.572222 Evangeline 1.56 -2.18
294844095342401 29.812222 -95.573333 Evangeline 3.53 -4.53
294900095312101 29.816667 -95.5225 Chicot Evangeline 2.20 -0.67
294916095314601 29.821389 | -95.529722 Evangeline 2.81 -0.41
294921095312907 29.8225 -95.524722 Chicot Evangeline 1.50 -0.30
294925095341201 29.824667 | -95.570306 Evangeline 1.81 -8.59
294931095240801 29.825278 -95.402222 Evangeline 2.21 -0.23
294950095313701 29.830556 | -95.526944 Chicot Evangeline 3.67 1.01
294950095313701 29.830556 | -95.526944 Evangeline 5.71 1.01
294952095342601 29.831111 -95.573889 Chicot Evangeline 1.80 -5.28
294959095405501 29.833528 | -95.682889 Chicot Evangeline -0.52 1.77
295001095240302 29.833611 -95.400833 Evangeline 2.86 -0.19

102




Table 3.5; Continued

Rate for
Long Rate of change
WelilNo Latitude Longitude Field Name change (short term)
(1990-2011) | (2008-2011) (m/y)
(m/y)
295019095240801 29.838611 -95.402222 Evangeline 2.70 -1.49
295027095312301 29.841194 -95.523417 Evangeline 5.68 -2.70
295044095565201 29.845556 -95.947778 Evangeline -0.03 -13.80
295048095240801 29.846667 -95.402222 Evangeline 2.86 -1.26
295155095282401 29.865278 -95.473333 Evangeline 2.57 1.19
295203095261401 29.867389 -95.437778 Evangeline 2.94 -4.71
295204095261301 29.867528 | -95.437611 Evangeline 2.35 -0.97
295218095572701 29.871667 -95.9575 Evangeline -0.19 -3.13
295228095262901 29.874444 -95.441389 Chicot Evangeline 2.27 -2.56
295228095262901 29.874444 -95.441389 Evangeline 2.30 -2.56
295235095414301 29.876472 | -95.691639 Evangeline -1.71 3.32
295240095375601 29.876833 -95.632583 Evangeline 0.72 -4.90
295243095383101 29.878861 -95.640444 Evangeline 0.30 -3.13
295246095351301 29.879444 | -95.586944 Chicot Evangeline 1.48 -7.04
295247095344701 29.879722 -95.579722 Chicot Evangeline 1.20 -6.76
295249095411301 29.880389 | -95.686917 Chicot Evangeline 1.86 -0.03
295249095411301 29.880389 -95.686917 Evangeline 2.02 -0.03
295251095264502 29.881 -95.445778 Evangeline 1.91 2.68
295252095300401 29.881111 | -95.501111 Evangeline 2.43 -2.81
295254095361901 29.882389 -95.605639 Evangeline 1.85 2.68
295258095354201 29.882778 -95.595 Chicot Evangeline 2.10 0.06
295301095393901 29.884361 -95.660972 Evangeline -0.10 1.41
295306095270502 29.884917 | -95.451306 Evangeline 1.50 -2.19
295316095562801 29.887778 -95.941111 Evangeline 0.17 -0.41
295339095383201 29.894194 -95.641917 Evangeline 0.13 2.71
295505095462201 29.918417 | -95.773278 Chicot Evangeline 0.01 0.10
295544095462401 29.928917 -95.774083 Evangeline -0.02 -0.28
295558095442301 29.932778 | -95.739722 Chicot Evangeline -1.20 -2.87
295633095324401 29.9425 -95.545556 Chicot Evangeline -0.20 1.76
295644095261001 29.9458 -95.436633 Evangeline 2.08 -3.87
295646095324601 29.946111 | -95.546111 Chicot Evangeline -0.43 2.00
295650095322301 29.947222 -95.54 Chicot Evangeline 0.28 0.28
295709096013101 29.9525 -96.025278 Evangeline -0.01 -1.16
295704095320301 29.952611 -95.535111 Chicot Evangeline 1.11 0.53
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Table 3.5; Continued

Rate for
Long Rate of change
WelilNo Latitude Longitude Field Name change (short term)
(1990-2011) | (2008-2011) (m/y)
(m/y)
295705095320201 29.953111 -95.535111 Chicot Evangeline 1.21 -2.28
295711095330201 29.953167 -95.551 Chicot Evangeline 0.81 -3.85
295722095372001 29.956806 -95.622361 Evangeline 0.38 -0.19
295723095340201 29.962722 -95.556556 Chicot Evangeline 0.92 -5.22
295754095324901 29.9705 -95.546583 Chicot Evangeline 0.78 -0.39
295831095530801 29.9755 -95.885694 Evangeline 0.32 -0.86
295840095525901 29.978694 | -95.882556 Chicot Evangeline 0.02 -0.26
295842095430201 29.979028 -95.717861 Evangeline -1.29 -0.57
295850095201301 29.980317 -95.33745 Evangeline 0.28 -3.14
295855095204301 29.982033 -95.345667 Evangeline 0.08 -2.71
295924095450601 29.989778 | -95.753639 Chicot Evangeline -0.91 3.06
300018095225701 30.005 -95.3825 Evangeline -0.02 -0.23
300050095275301 30.0142 -95.464569 Evangeline -0.01 5.66
300056095335601 30.015556 | -95.565556 Evangeline 0.51 0.41
300104095365101 30.017917 -95.614417 Evangeline -4.17 -3.13
300123095264501 30.023056 | -95.445833 Evangeline 0.46 0.86
300146095510402 30.029444 -95.851111 Evangeline -0.11 -0.86
300157095292501 30.0325 -95.490278 Evangeline -1.23 -9.92
300239095431101 30.044083 | -95.719722 Evangeline -0.67 -0.19
300251095265401 30.04865 -95.447525 Evangeline -1.54 1.54
300301095361301 30.050944 | -95.604139 Evangeline -1.00 0.65
300318095553401 30.055 -95.926111 Evangeline -0.14 -1.00
300332095553601 30.05875 -95.926778 Evangeline -0.24 -1.19
300342095282201 30.061611 -95.47275 Evangeline -1.51 -7.16
300408095485701 30.068889 -95.813056 Evangeline 0.12 -1.86
300414095585601 30.070722 | -95.982278 Evangeline -1.10 -1.62
300507095280201 30.085278 -95.467222 Evangeline -1.23 1.29
300542096045402 30.095 -96.081667 Evangeline -0.75 -0.68
300542096045402 30.095 -96.081667 Evangeline -0.86 -0.68
300544095231501 30.095556 -95.3875 Evangeline -3.01 -2.49
300551095330401 30.0975 -95.551111 Evangeline -0.37 -1.23
300556095304102 30.098889 -95.511389 Evangeline -0.76 -4.53
300621095225201 30.105833 | -95.381111 Evangeline -5.92 -5.92
300637095240801 30.112139 -95.402056 Evangeline 0.68 -0.86
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Table 3.5; Continued

Rate for
Long Rate of change
WellNo Latitude Longitude Field Name change (short term)
(1990-2011) | (2008-2011) (m/y)
(m/y)
300728095292901 30.124389 -95.491369 Evangeline -4.08 -6.53
300732095292101 30.124811 -95.491331 Evangeline -2.31 -4.26
300730095465001 30.124944 -95.780444 Evangeline -0.45 -0.72
300731095270701 30.125278 -95.451944 Evangeline -1.80 -0.46
300740095262701 30.127778 -95.440833 Evangeline -0.58 0.00
300741095262601 30.128056 -95.440556 Evangeline 0.12 -0.34
300742095244301 30.131278 -95.412167 Evangeline -0.29 -1.23
300819095315501 30.137528 -95.53325 Evangeline -0.67 -2.89
300811095291702 30.138219 | -95.492439 Evangeline -2.67 -3.37
300816095274701 30.139914 -95.462897 Evangeline -0.12 -1.87
300824095274701 30.139972 | -95.463139 Evangeline -0.27 -0.33
300826095270801 30.140556 -95.452222 Evangeline 0.91 -0.13
300822095284201 30.14065 -95.479461 Evangeline -2.15 -1.31
301020095442801 30.171944 -95.741111 Evangeline -2.31 -2.31
301318095364501 30.221306 -95.613806 Evangeline -2.51 -2.51
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Figure 3.34: Rate of the groundwater level change map for 1990-2011 in the Evangeline Aquifer.
Hot colors from red to yellow represents increasing water level. Colors from yellow to blue show
the area where groundwater level is declining. The map represent increasing in groundwater most
of the part of the Northwest Harris County. The green points show the location of each
observation wells which penetrates ‘Evangeline’ and ‘Chicot Evangeline’ aquifers.
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Figure 3.35: Graph of general change in the groundwater level of Evangeline Aquifer. This graph
shows annual average of groundwater level change in the Evangeline Aquifer gathered by 151
wells. Blue line represents the water surface, and orange area is to show the depth to groundwater
level.
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Figure 3.36: The groundwater level change map in the Evangeline aquifer for 2008-2011.
Representative colors on the map are same as the colors shown in Figure 3.34. Water level
decline is more than Figure 3.34.
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Figure 3.37. The groundwater level change map in both Evangeline and Chicot Aquifers for
2008-2011. Colors from blue to yellow represent decreasing groundwater level, and the colors
from yellow to red shows increase in the groundwater level. The map shows that water drop
down is the highest in the center of study area.
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Figure 3.38: Graph of change in groundwater in both Chicot and Evangeline Aquifer. This graph
shows annual average of groundwater level change in both aquifers gathered by 261 wells Blue
line shows the water surface, and orange area is to show the depth to groundwater level.
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3.5 Hydrocarbon

The hydrocarbon production of eight (8) oil fields were processed and analyzed to find
out the annual rate of extracted volume of oil and gas in the Northwest Harris area. The

rate of change in volume were plotted to create a surface model shown in Figure 3.38.

Hot colors (dark red- yellow) show the area where the oil and gas has been extracted with
low rates. Cold colors (blue — yellow) represent high hydrocarbon extraction on the oil
fields of study area. The colored points over the study area demonstrate the hydrocarbon
production wells of different oil fields. It was noticed that the production rate is the
highest on the west portion of study area, Cypress oil field. Also, the annual total
hydrocarbon production were calculated and plotted into a graph shown in Figure 3.40.
The highest hydrocarbon production is ~ 4.5 billion in 2000. It is seen that the annual oil

and gas production is drastically decline (< 2 billion) after the year 2000.

109



95°40'W 95°30'W

30°5'N

30°0N

Legend
® Tomball Oil Wells
® Cypress Oil Wells
® Bammel Oil Wells
-} HarrisCounty

Value
e High : 7.02131+007

Coordinate System: NAD 1927 0 25 5 10 Kms — . 45531
Source:Texas Railroad Commission ——— — Howizasald

29°55'N

Figure 3.39: Map of hydrocarbon production rate in the Northwest Harris County. The colored
points show the well locations for different oil fields. From hot colors to cold colors (red to blue)
production rate is increasing. The highest rate of hydrocarbon production is on the Cypress Qil
Field area.
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Figure 3.40: Graph of total annual hydrocarbon production between 1993 and 2012.
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CHAPTER 4: DISCUSSION
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4.1 Subsidence Activity in Northwest Harris

4.1.1 Remote Sensing Analysis

GPS results for the Northwest Harris area demonstrates that the subsidence is
concentrated in the center of study area, Jersey Village, as Engelkemeir (2010) and
HGCSD (2011) expressed in their research. The rate of subsidence between the year 2002
and 2011 in the central portion of study region is about 3.9 cm/y at most. Engelkemeir &
Khan (2008) stated that the subsidence rate for same area is 5.6 cm/y between 1995 and
2005. It is considered that the velocity of subsidence in the Jersey Village area is getting
slower after 2000s. Also, data from the Addicks extensometer, which is near the
depression area, supports the idea of deceleration of subsidence after the year 2000
(Figure 4.2). Besides, GPS result from 2008 to 2011 manifests that land lowering in

northwest region migrates towards northeast of the study area (Figure 4.1).

The zonal statistics method gives almost the same trend of subsidence with GPS results.
The polygons on the central portion of the study area and surrounding vicinity represent
the height difference between 2001 and 2008 DEMs as 4.5 cm/y.  The statistical
calculations for northwest (2.1cm/y) and southeast (3.5 cm/y) sections demonstrate the
subsidence over the area is declining from center to sides of the study area. The
polygonal height calculation method is not a precise, but valuable technique to analyze

mean vertical variation of the land surface (Engelkemier & Khan, 2008).

In this study, the purpose of applying the Persistent Scatterer (PS) INSAR method instead

of 2-pass and 3-pass interferometry is the highest precision of PS INSAR technique due to
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reducing atmospheric and topographic anomalies. The result of the PS InNSAR method
presents the highest subsidence rate (4.6 cm/y) in the Northwest Harris area in the period
1992-2002. A recent study about subsidence in Houston is found the subsidence in Jersey
Village area as 18 cm for the period 1996-2000 using INSAR techniques (Bawden et al.,
2012). Therefore, the results of PS INSAR method support both previous studies and the

results acquired from GPS and LiDAR technigues shown in Figure 4.3 and Figure 4.4.
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Figure 4.3: Comparison of PS INSAR and GPS results. The points over the continuous colored
surface are PS InSAR values. Similar to GPS results, colors of PS INSAR demonstrate different
rates of surface deformation. The color trend of PS INSAR and GPS results are almost matched.
Both has high subsidence rate near or on the center of the Northwest Harris.

Comparison of GPS, LiDAR and InSAR results for Northwest Harris
North N-C Center

mGPS

m LiDAR

W InSAR

Surface Displacement Rate (cm/y)

Figure 4.4: The graph of comparison of remote sensing techniques. Each color bar represents
each remote sensing technique.
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4.2 Fluid Withdrawal in Northwest Harris

4.2.1 Groundwater Level Change and Subsidence

The high rate of groundwater withdrawal is a well-known cause of the subsidence in
Houston area documented by many studies. It was first noticed in 1943, and began to be
monitored by HGCSD since 1975 (Galloway et al.,, 1991; Zilkoski et al., 2003).
Therefore, the primary purpose of this study is to analyze the groundwater level to clarify
its effect on subsidence. The results of the water observations (1990-2011) in the Chicot
and Evangeline Aquifers demonstrate that the water level is dropping down with a rate of
2 m/y for both aquifers near the central part of the study area. However, the water level is
increasing in the northwest and southeast parts of the study area for both aquifers at most
6 m/y rate. Besides, the surface models for the recent time (2008-2011) present more
water-level reduction rather that long-term data for both aquifers. The result of
combination of the Evangeline Aquifer and the Chicot Aquifer observational data
demonstrates the same trend seen in different aquifers. When these surface modeling
results are compared with the general trend of groundwater level change, it was
recognized that the groundwater level began to increase after 2000. Annual report of the
HGSCD prepared in 2012 stated that the water withdrawal rate for Northwest area started
to decrease after 2000 (Figure 4.5). Therefore, the general trend of groundwater level
found for this study is supported by HGSCD report. Water withdrawal is not the only
factor for change in groundwater level. Also, precipitation reported for the same region

demonstrates increasing trend after 2002 (Figure 4.5). When the trend of surface
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deformation results compared with the groundwater elevation change, it can be seen that
both subsidence and water level drop is higher in central part of the Northwest Harris
County. Furthermore, the subsidence map created using GPS results between 2007 and
2011 demonstrate decrease in sinking in the central part of study area. This result also
supports the general trend of groundwater level change which has increasing trend after
2000. Therefore, these results indicate groundwater withdrawal is one of the major cause

of the subsidence in Northwest Harris.
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Bush Intercontinental Airport, Harris County

Figure 4.5: Figures for groundwater withdrawal (above) and precipitation (below). The regulatory
area is one of the groundwater control area defined by HGCSD (HGCSD, 2012)
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Figure 4.6: Graph of change in groundwater in both Chicot and Evangeline Aquifer. This graph
shows annual average of water level change in Chicot and Evangeline Aquifer gathered by 261
wells. Blue line shows the water surface, and orange area is to show the depth surface to
groundwater.

4.2.2 Hydrocarbon Extraction

Beside water withdrawal, oil extraction is one of the well-known effects on local
subsidence in Houston area. First reported oil withdrawal-based subsidence was on the
Goose Creek Oil Field. It was noticed that the subsidence rate exceeded 11 cm after one
year production in this area (Pratt & Johnson, 1926). As it was stated in the Chapter 1 and
2, the Northwest area has eight oil fields some of which has productivity since 1930’s.
The hydrocarbon production data from Railroad Commission of Texas were processed to
recognize the volume change in the reservoirs. The result of the oil and gas production
data presents the high volumetric change on the Cypress Qil Field, in the central area of
Northwest Harris. The production rate in the other oil fields is not as much as the Cypress
Oil Field has. When the subsided area is compared with regional production results, it is

considered that hydrocarbon production may be the reason for subsidence.
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4.2.3 Comparison of Fluid Withdrawals and Remote Sensing Results

Several causes are proposed for subsidence in Houston area. For example, Engelkemeir
& Khan (2008) suggested as the role of salt withdrawal, fault activities, etc.,
differentiated soil compaction, and salt activity (Huang, 2012; Otoum, 2011). The
Tomball and Hockley salt domes are the only two domes that has been mapped over
northwest of Houston. The salt diapirism of the region was mapped by Huang (2012).
According to this study, salt movement in southeast part of Houston area has some role in
subsidence at the Northwest Harris. However, most of other studies concentrated on

groundwater withdrawal in this area.

The results of groundwater present declination of water level near the center of study
area. Besides, the extremely high oil production rate, the factor of compaction in the oil
reservoir, is located almost the same region (Figure 4.6). Although the groundwater level
is rising in the northwest and southeast portion of the study area, the subsidence is still

remaining with lower rates.

The compaction in the aquifer systems was explained by Galloway et al. (1991).
However, the reservoir compaction has not been analyzed due to the limitations of
understanding characteristic behavior of the productive layers. Doornhof et al. (2006)
show the compressibility of the reservoir depending on the rock material and depositional
history. Furthermore, Geertsma (1973) concluded the four main conditions that cause

subsidence over productive reservoirs:

1. A significant decline in reservoir pressure occurs throughout the production period.
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2. Production is effected from a large vertical interval.

3. Oil or gas, or both, are enclosed in loose or weakly cemented rock.

4. The reservoirs with small depth of burial.

As it was explained in Hydrocarbon part in chapter 2, the reservoirs layers are formed by
sands, silt and clays which support the third item above. The oil production layers range
from approximately ~900 m (3000 ft.) to ~3810 m (12500 ft.) (RRC, 2012). Although the
reservoirs are not as shallow as Goose Creek Oil Field, the potential of compaction might

be taking place in the productive layers.

When the GPS, LIDAR, and INSAR results is compared to the fluid withdrawal results, it
is seen that the trend of both subsidence and fluid level change are located almost at the
same part of the Northwest Harris County (Figure 4.6). The surface map of the GPS
results for the time span 2008-2011 also supports that the velocity of subsidence in the
study area was started to get slower with the groundwater rising after 2000. Therefore,
combination of the results of techniques used for study indicates that the fluid withdrawal
(both hydrocarbon and water) has significant effect on the subsidence in Northwest

Harris County.
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CHAPTER 5: CONCLUSION
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The Greater Houston area is the well-known for coping with subsidence problems for
many years. Previous studies suggested that the most probable reason for the subsidence
is groundwater withdrawal. The Northwest Harris was documented area with the highest

rate of land surface lowering.

The GPS, LIDAR, and InSAR remote sensing techniques are the most useful tools to
measure subsidence. Surface model generated from the results of 25 GPS locations
stated highest subsidence rate near the Jersey Village area. Polygonal height computation
from LIiDAR DEMs and the Persistent Scatterer INSAR results supports the GPS

solutions.

The groundwater level and hydrocarbon extraction data were analyzed to understand their
weight on subsidence. Although the excessive water withdrawal seems as a major cause
of the subsidence, reservoir compaction due to oil and gas production may be a secondary
factor on the sinking of the Northwest Harris. The results of this work showed subsidence
ranging from 0.3 to 4.5 cm/y in GPS, LiDAR, and InSAR in the Northwest Harris. The
groundwater level is lowering close to the area where subsidence is the highest. Also, the
hydrocarbon withdrawals are highest in areas that are sinking more rapidly. The strong
correlation between fluid withdrawals and subsidence has been observed. Therefore, both
groundwater and hydrocarbon withdrawal in Northwest Harris County are considered to

be major drivers on the surface deformation.
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