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ABSTRACT 

This study examines the long history of aquifer compaction observed at the 

Addicks Facility using the continuous measurements of one USGS borehole 

extensometer (1975-2012) and two Subsidence District GPS stations (1996-2012).  The 

Addicks Facility is located in west Houston, near an area of recent and rapid subsidence.  

GPS positions are generated within the IGS08 Reference Frame using the GIPSY-OASIS 

(version 6.1.2) software package, which employs the Precise Point Positioning with 

Single Receiver Phase Ambiguity (PPP-SRPA) method.  Ellipsoid height is used to 

assess vertical displacements. 

The GPS and extensometer measurements verify that the vertical displacement is 

caused by aquifer compaction within the shallowest 549 meters of the subsurface.  The 

antenna of the ADKS-CORS GPS station is mounted to the inner pipe of the 

extensometer, and the absence of observed displacement demonstrates that the base of the 

pipe is anchored to stable strata.  The PAM05 GPS station is anchored at the surface, only 

fifty meters from the extensometer site.  PAM05 recorded nearly 30 centimeters of 

vertical displacement from 1996-2010, which corresponds well with the compaction 

observed by the extensometer.  Long-term (1972-2012) groundwater level data from the 

USGS were also investigated in this study.   

A strong correlation is identified between groundwater level fluctuations and 

aquifer compaction.  In particular, the most rapid declines in groundwater level always 

correspond to severe and rapid compaction.  This study carefully examines rapid vertical 

displacement of approximately 7 cm/year observed in 2005.  An additional relationship is 



vi 

 

defined between the potentiometric surface and the rate of groundwater withdrawal.  No 

groundwater was extracted by local pumping wells from January-May, 2005.  Following 

this period, withdrawals rose to an average of approximately 350 million gallons per 

month.  This increase in the rate of withdrawal caused the potentiometric surface to 

decline by more than 90 meters, and the land surface to subside nearly 5 centimeters in 

eight months.  This study indicates that the rate of groundwater withdrawal, more than 

the volume of withdrawal, exerts the strongest control over aquifer compaction.  This 

correlation is important as local regulatory bodies continue to limit only the volume of 

groundwater extracted at the Addicks Facility. 
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 Introduction 1

Land surface subsidence occurs worldwide, and it occurs most severely where 

inhabitants and businesses extract fluids from subsurface reservoirs (Pavelko, 2004; 

Galloway & Burbey, 2011).  In the United States, 45,000 km
2
 (17,000 square miles) 

across forty-five of the fifty U.S. States are affected by subsidence (Figure 1-1; National 

Research Council, 1991).  There are many instances of subsidence resulting from mining, 

sinkholes, natural sediment compaction, aquifer compaction, draining of organic soils, 

and/or surface faulting (Engelkemeir et al., 2010; Abidin et al., 2008).   

Ground surface deformation can cause and exacerbate numerous hazards in urban 

areas.  Harris and Galveston Counties are located in southeastern Texas, and have been 

adversely affected by surface deformation – especially subsidence – for decades.  The 

City of Houston is located in Harris County, and much of the county contains urban 

infrastructure which increases the risks involved with surface deformation.  Historically, 

subsidence in the Houston-Galveston region has occurred in the areas near Galveston Bay 

and the Houston Ship Channel (Danskin et al., 2001).  However, the recent regulation of 

groundwater extraction emplaced by the Houston-Galveston Subsidence District (HGSD) 

has significantly decelerated subsidence in many of these areas.   

The National Geodetic Survey (NGS) and the Harris-Galveston Subsidence 

District (HGSD) have continually cooperated to archive and improve surface elevation 

observations - and the technologies employed to make them - in the Gulf Coast Region of 

Texas.  Satellite-based tools such as the Global Positioning System (GPS) and 
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Interferometric Satellite Aperture Radar (InSAR) have recently been employed to further 

improve and expand these measurements (Stork & Sneed, 2002; (Buckley et al., 2003; 

Engelkemeir et al., 2010; Bawden et al., 2012; Wang & Soler, 2013).  In addition to 

monitoring surface deformation, the HGSD also establishes limitations on volumes of 

groundwater withdrawn across Harris and Galveston Counties.   

The purpose of this case study is to examine the surface deformation recorded at 

the Addicks Facility, and to assess the role groundwater withdrawal plays in aquifer 

compaction. For the purpose of this study, land subsidence represents the lowering of the 

land surface (which may have many causes – as described above), and aquifer 

compaction denotes a change in the thickness of the aquifer.  Constraining the causes of 

aquifer compaction may assist with the limitation of future damages.  The Addicks 

Facility is located approximately 0.5 miles north of the Katy Freeway (I-10) and just over 

one mile west of the Sam Houston Parkway (Figure 1-2). 

There were three main reasons the Addicks site was chosen for this case study.  

The first is the presence and proximity of tools for measuring surface deformation and 

aquifer compaction.  These tools include a borehole extensometer, several groundwater 

monitoring wells, and two GPS stations.  The portable “PAM05” GPS station and the 

permanent “ADKS-CORS” stations are located within fifty meters of one another.  In 

addition to the GPS stations, the facility hosts a borehole extensometer.  The Addicks 

Extensometer is collocated with the ADKS-CORS station.  Extensometers are a time-

tested method for measuring aquifer compaction, and the Addicks Extensometer has been 

operating at the site since 1974 (Kasmarek et al., 2012).    
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Figure 1-1: Location of Study Area 

  Top section depicts the areas in the U.S.A. experiencing subsidence due to excessive 

groundwater withdrawal (Galloway et al., 1999).  Bottom section shows the location of the study 

area in southeast Texas.  Political lines, urban area and major roads compiled from (U.S. Census 

Bureau, 2010). 
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Figure 1-2: The Addicks Facility 

  The Addicks Facility is located northwest of the I-10 intersection with Beltway 8 in west 

Houston.  The center image illustrates the proximity of the monitoring mechanisms, where A is 

the location of the ADKS-CORS station and the Addicks Extensometer, and B is the location of 

the PAM05 station.  The inset at left shows the extensometer and ADKS equipment shelter 

(source: NGS CORS Team website, 2013). The inset at right is a photo of the PAM station.  

Aerial images sourced from Google Maps (Google, 2013). 
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The second reason for choosing to study ground deformation at the Addicks 

Facility is its proximity to one of the most rapidly subsiding areas in the Houston-

Galveston region.  Jersey Village, a Houston suburb, is located just north of the Addicks 

Facility, and has been identified as the area experiencing the most subsidence in recent 

years, especially since the southeastern portions of the region have begun to recover 

(Stork & Sneed, 2002; Buckley et al., 2003; Engelkemeir et al., 2010).   

Figure 1-3 illustrates the subsidence recorded by a GPS station in Jersey Village.  

The GPS antenna at PAM 07 in Jersey Village observed nearly fifty centimeters of 

subsidence over the past thirteen years (1999 to 2012).  The rate of subsidence prior to 

2003 is over 5 cm/year, and it decreases to approximately 2 cm/year from 2008-2011.  

Even at this rate, Jersey Village is experiencing much more rapid subsidence than other 

areas of Houston (Stork & Sneed, 2002; Engelkemeir et al., 2010).   
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Figure 1-3: Subsidence in Jersey Village 

  Nearly 50 centimeters of surface subsidence have been recorded in Jersey Village since 1999 

(Wang & Soler, 2013).  The rate of subsidence changes dramatically within this time period - 

from more than 5 cm/year to approximately 2 cm/year.  The proximity of the Addicks Facility to 

this area was one of the reasons behind the choice of Addicks as an ideal case study location. 
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The deep-monument GPS station (ADKS-CORS) and its collocated extensometer 

are the closest tools to Jersey Village that can provide real-time information on 

subsurface motion, which is essential for separating surface deformation caused by 

aquifer compaction from that which is simply the surficial manifestation of deeper, 

regional motion.  This separation is accomplished by differencing the position time series 

of the deep-monument and surface signals, and is shown schematically in Figure 1-4. 

 

 

 

Figure 1-4: Relative Positions of Deep Monument and Surface Stations During Compaction 

  Because the deep monument (ADKS-CORS) station is secured to an anchor beneath the 

compacting aquifers, it can be treated as a stable position to which surface displacement 

(recorded by PAM05) can be referenced.  
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The third reason for the selection of the Addicks Facility to study ground surface 

deformation is that it lies very close to the border between HGSD-defined regulatory 

areas two and three (Figure 1-5).  There are three “Regulatory Areas” within the HGSD, 

and each operates under different groundwater extraction regulations.  Permit holders in 

Area One may not supply more than ten percent of their water demand with groundwater, 

but permit holders in Area Two may supply up to twenty percent of their demand with 

groundwater.  In Area Three, groundwater regulations only began in 2010, at which point 

permit holders with approved “groundwater reduction plans” were still able to satisfy 

70% of their total demand with groundwater.  The Addicks Facility is the only site in 

Area Three with either an extensometer or a deep monument GPS station, and as 

limitations are increased in the third area, these tools will provide an excellent record of 

any resulting changes. The proximity of the facility to Area Two may also allow its 

record of deformation to contribute to the comprehension of the lateral extent of 

groundwater withdrawal regulation (i.e., whether changes in the regulations in Area Two 

are visible in the Addicks records).   

In this study, ground surface deformation is analyzed through the application of 

modern GPS processing techniques to more than ten years of surface and subsurface 

observations.  The study of subsidence necessitates a discussion of vertical displacements 

of the land surface.  As an important distinction, the term “vertical” in this study refers to 

a measurement of distance from the ellipsoid, and not necessarily a position on a plumb 

line.   

 



  9 

   

 

Figure 1-5: Proximity of the Addicks Facility to Crucial Areas 

  The Addicks Facility is located on the border of Areas Two and Three of the HGSD.  It is also 

just south of the area most recently affected by subsidence – Jersey Village (Buckley et al., 2003).  

This creates a unique environment with important implications for future regulations. Regulatory 

areas are defined by (HGSD, 1999); Equipment locations were collected from Interactive Maps 

(HGSD, 2013); Political lines are sourced from (U.S. Census Bureau, 2010). 

 

The unique history of vertical displacement recorded by the PAM05 station can 

be summarized as follows.  The first measurements were made by this station in 

September of 1996, and immediately began recording steady subsidence of 

approximately 3.5 cm/ year through 2003 – although there is a period of failed collection 

from October 1998 through August 1999.  In 2004, subsidence halted, and until March of 

2005 the land surface rose at an average rate of just over 1 cm/year.  In the spring of 

2005, severe and rapid subsidence began.  Within eight months, the land surface subsided 
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nearly 5 cm.  Extrapolation of this rate for comparison provides the extreme value of 

approximately 7 cm/year, or twice the historic (1974-2000) average.  Since early 2006, 

the land surface has once again been rising, albeit at a more modest rate of less than 0.5 

cm/year.  The PAM05 record of vertical position matches closely with the Addicks 

Extensometer record, and the implications of this relationship will be examined closely in 

this study.  This relationship, and the rapid subsidence it illustrates, is highlighted in 

Figure 1-6. 

 

Figure 1-6:  Addicks Deformation Observed by the Extensometer and GPS Stations:   

  This figure demonstrates the close correlation between the vertical displacement time series 

(ellipsoid height) of the PAM05 surface station with the compaction measured by the Addicks 

Extensometer, as well as the difference between these trends and that of the ADKS-CORS 

station.  The period of interest, 2005 (highlighted) illustrates the severity of subsidence during 

this time.  Extensometer measurements compiled from (Kasmarek et al., 2010). Raw GPS data 

provided courtesy of the HGSD. 
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Subsidence of the land surface causes and/or exacerbates numerous hazards in the 

low-lying coastal region of Harris and Galveston Counties.  The Houston-Galveston area 

is more susceptible to the hazards of rising sea level than many other coastal areas 

because of the high rates of subsidence (Anderson & Rodriguez, 2001).  Flooding 

becomes more likely as a result of the regional lowering of the land surface. Furthermore, 

differential subsidence across the coastal plain can disrupt natural drainage pathways and 

force runoff to be stalled (Galloway & Burbey, 2011).  The elevation of Harris County 

ranges from sea level in the southeast to approximately 300 feet above sea level in the 

northwest (Harris County Flood Control District, 2010).  The City of Houston is located 

only fifty miles (80 km) from the Gulf of Mexico and Galveston Island is a barrier island 

located just above sea level in the Gulf.   

The Houston-Galveston region experiences two main types of flooding.  The first 

is the slow, steady relative rising of sea level as the land surface subsides.  Holzer (1989) 

defined this type of flooding as “inundation”, and it can be contrasted with the much 

more rapid flooding due to storm surge or disrupted drainage pathways.  An example of 

inundation may be observed at the historic San Jacinto Battleground State Park.  The San 

Jacinto Battlegrounds are located approximately twenty miles (32 km) east of downtown 

Houston, along Crystal Bay (a sub-bay in northwest Galveston Bay).  Subsidence allowed 

100 acres (0.4 km
2
) of the park to be inundated, which has caused some roads to be 

closed (Coplin & Galloway, 1999). 

Beyond the threat of slowly submerging Texas’ history, researchers must also 

acknowledge the fact that both Harris and Galveston counties are occasionally subjected 
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to low pressure weather systems such as tropical storms and hurricanes (TSARP, 2002).  

The floods caused by severe rainfall, storms, or tidal surge are much less predictable and 

can be more destructive than inundation flooding.  In 1900, Galveston Island was struck 

by a hurricane that claimed the lives of nearly 9,000 people (The Texas Almanac, 1999).  

The storm surge associated with the hurricane was recorded to have reached nearly 

sixteen feet, which allowed it to completely submerge the island.  In 2001, flooding due 

to precipitation from Tropical Storm Allison was devastating to the greater Houston area. 

This storm, and the flooding which occurred as a direct result, claimed twenty-two lives 

in Harris County and caused $5 billion in damages (TSARP, 2002). 

The main cause of subsidence in the Houston-Galveston region has been 

identified as the excessive withdrawal of subsurface fluid (Pratt & Johnson, 1926; 

Gabrysch, 1969; Coplin & Galloway, 1999).  Groundwater withdrawal-induced 

subsidence results from the loss of pore space in fine-grained (clay-rich) deposits when 

the grain matrix is rearranged in response to changes in the actual or effective stress state 

of the subsurface aquifer system (Prokopovich, 1976; Holzer & Johnson, 1985; Zilkoski 

et al., 2001). 

A comprehensive understanding of the relationship between groundwater 

extraction and land surface subsidence is necessary to create effective regulation, 

anticipate and mitigate potential damage, and construct hazard-conscious infrastructure 

(Abidin et al., 2008).   This study intends to augment those efforts through the integration 

of Global Positioning System, extensometer, and groundwater withdrawal observations.  

To this end, version 6.1.2 of the GIPSY-OASIS II software was used in its Precise Point 
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Positioning mode, which generates positions with single-receiver phase ambiguity 

resolution (PPP-SRPA). 

In summary, the goal of this study is to constrain the precise extent of land surface 

subsidence at the Addicks Facility – particularly the rapid subsidence observed in 2005, 

and to identify the underlying mechanism that causes it.  The temporal resolution and 

precision of GPS data allow the short-lived event to be studied in detail.  In addition, the 

correlation of the GPS observations with the history of groundwater withdrawal identifies 

a relationship between extraction rate and aquifer compaction which may assist future 

groundwater users in limiting surface deformation.  
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 Geology and Hydrology 2

Aquifer dynamics are largely controlled by their geologic history and character 

(Kreitler et al., 1977).  Therefore, understanding the Gulf Coast aquifer system beneath 

Houston, Texas and its relation to land surface subsidence requires an understanding of 

the complex and extensive geologic history of this region.  Gabrysch & Bonnet (1975) 

summarized the relationship between groundwater withdrawal and sediment compaction 

in the following manner:  an immediate decrease in hydrostatic (pore) pressure will 

accompany the removal of groundwater from an artesian aquifer system; This reduction 

in pore pressure will manifest itself as an increased load, equal to the lost pressure and 

will be applied to the affected deposits; Due to the pressure differential between the fast-

draining sands and less-permeable clays, water will migrate from the clays into the sands 

- facilitating clay compaction.   

This is generally referred to as irreversible compaction, and its eventual 

prevention will require an understanding of sediment composition and distribution, 

recharge and discharge of water in the aquifer system, and the science that relates these 

factors.  Even with the theoretical re-establishment of artesian pressure, the compressed 

clays are only expected to regain ten percent of the height lost to compaction (Gabrysch 

& Bonnet, 1975). 
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2.1 Regional Geology 

Presently, the Houston-Galveston region is positioned in the Gulf Coast province 

(Figure 2-1), a zone which has accommodated several kilometers of Cenozoic 

sedimentary deposits (Baker Jr, 1978).  The entirety of the present-day Texas Coast is 

composed of similar coastal plain deposits, and the coastal plain itself stretches from 

Mexico in the south to Florida in the east (Kasmarek & Strom, 2002).  The current 

coastal plain in Texas ranges from seventy to ninety miles in width, and was deposited 

during relative highstands of sea level by successive iterations of fluvial to shallow 

marine depositional systems (Sutter & Berryhill, 1985; Bernard et al., 2007).  The 

present-day coastal plain is only the most recent expression of a margin that has been 

repeatedly exposed to sedimentation and reworking.  In addition, the current coastline lies 

at approximately the same position as previous highstand shorelines (Knox et al., 2006). 

The complexity of the regional geology arises in part from spatial and temporal 

variability of the sediments which form the Texas Coast, the motion of Jurassic salt 

deposits which underlie them, and the presence of active growth faults throughout the 

region.  The accommodation for the earliest sediments in the Gulf of Mexico was created 

as the most recent supercontinent, Pangaea, rifted during the late Triassic (Chowdhury & 

Turco, 2006).  Sediment deposits in the Gulf Coast region are composed of clay, silt, 

sand, and gravel; and the grain size is highly dependent upon the depositional facies 

(Kreitler et al., 1977; Kasmarek et al., 2009).  The depositional environment, in turn, is a 

function of sea level.
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Figure 2-1: Gulf Coast Geology 

  This figure illustrates the present day surface geology of the Texas Gulf Coast.  The 

alternating fluvial- and marine-dominated deposits in the Houston region reflect the 

variability in depositional system (Kreitler et al., 1977).  This figure delineates geology 

by age, because of the lateral complexity.    The geologic map was compiled from the 

U.S. Geological Survey State-specific data (U.S. Geological Survey, 2012); Ocean 

bathymetry was sourced from (ESRI, 2011); and US Cities sourced from (ESRI; Tele 

Atlas North America, Inc, 2010).  
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The most recent glaciation dominated the planet’s climate from approximately 

22,000 -16,000 years ago (Anderson & Rodriguez, 2001).  During this time, a huge 

volume of seawater was trapped on the continents as ice, and sea level was approximately 

120 meters below its current position, which allowed sediments to be carried 

approximately 120 km to the south (Burkett et al., 2002; Anderson & Rodriguez, 2001).  

As these ice sheets melted, the rising sea-level caused the coastline to transgress (move 

landward) at a rate of approximately five meters per year (Anderson & Rodriguez, 2001).   

The corresponding rise in sea level took place at a rate of nearly five centimeters per 

year, whereas more recently – within the past 4,000 years – the rate has been less than 

three millimeters per year (Anderson & Rodriguez, 2001; Burkett et al., 2002).   It is 

during this period of relatively slow sea-level rise that the modern coastline has 

developed.  Sediment has primarily been brought to the coast by rivers, and the present-

day rivers in the Houston and Galveston area are of appropriate size to form elongate 

barrier islands, such as Galveston Island (Chowdhury & Turco, 2006). 

The sediments deposited along the coast are interpreted as representing varying 

degrees of fluvial to shallow marine environments (Chowdhury & Turco, 2006).  The 

nature of the depositional systems varied with changes in climate, sea level, and the 

location of channels.  In summary: shoreface deposits (and the rivers that fed them) 

progressed across the continental shelf during times of sea-level fall; the rivers then 

reworked the recent deposits as the shoreface stepped back to its highstand position 

during times of sea-level rise.  These alternating sequences explain the presence of both 
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coarse-grained continental (aquifer) and fine-grained marine (confining) sediments in a 

single location (Kasmarek & Strom, 2002). 

2.2 Faulting and Other Tectonics 

Paralleling the hazardous nature of subsidence, damage in the Houston-Galveston 

region has also been associated with the motion of surface faults (Holzer & Gabrysch, 

1987).  The first documentation of faulting in the region investigated localized surface 

deformation at the Goose Creek Oil Field (Pratt & Johnson, 1926).  And prior to the 

systematic mapping of faults in the region, many were only identified by damage to 

structures (Verbeek & Clanton, 1978).  Since then, over 150 faults (with an aggregate 

length of over 500 km) have been identified in the area (Verbeek, et al., 1979).  It is 

believed that this number represents only a small portion of the true quantity (Verbeek, et 

al., 1979; Shah & Lanning-Rush, 2005).  Two of the largest faults in the area are located 

near the Addicks Facility: The Long Point Fault and the Addicks Fault (Van Siclen, 

1968).  The faults in the Houston region are deep-seated and ancient, and their surficial 

expressions can be observed as cut-and-fill scarps as well as through damage to buildings 

and infrastructure (Engelkemeir & Khan, 2008).  They are aseismic, so their motion does 

not result in earthquakes.  The maximum rate of motion is between one and three 

centimeters per year (Holzer & Gabrysch, 1987; Buckley et al., 2003; Shah & Lanning-

Rush, 2005). 
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Figure 2-2: Geology of the Study Area - Formations and Faults 

  A detailed description is given in the text for both the geologic formations and the faults in the 

study area.  Both the formations and the faults can be observed striking SW-NE, in a roughly 

coast-parallel orientation.  Since the units dip to the southeast, the oldest formations are observed 

in the north and west.  Fault traces were digitized following the work of (Shah & Lanning-Rush, 

2005) and (Verbeek et al., 1979); the county borders and major roads were sourced from (U.S. 

Census Bureau, 2010); and the formations were derived from (U.S. Geological Survey, 2012).  
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The majority of the faults in the Houston area are growth faults, meaning that they 

were active throughout the complete period of deposition.  The older sediments have 

experienced more fault motion, so the displacement along the fault surface increases with 

increasing depth (Shah & Lanning-Rush, 2005).  Growth faults can act as barriers, or 

partial barriers, to groundwater motion (Kreitler et al., 1977).  This may serve to limit the 

lateral effects of over-withdrawal of groundwater.  None of the growth faults in the 

Houston-Galveston region exhibit displacements large enough to completely isolate the 

hydrologic units, especially with the high sand content of the aquifers in the study area 

(Jorgensen, 1975; Kasmarek & Strom, 2002).  Verbeek defined numerous faults ranging 

from 1,000 to 4,000 meters (approximately 3,000 to 12,000 feet) in depth, and suggested 

that the surficial fault traces are expressions of this deeper subsurface motion (Shah & 

Lanning-Rush, 2005).  In general, the Houston area faults parallel the coast, and this 

trend is most pronounced in the north and west regions of Harris County.  Alternatively, 

the localized faulting observed near the Goose Creek Oil Field (Pratt & Johnson, 1926) 

and proximal to salt domes (Van Siclen, 1968) may be more radial in nature.   

Salt tectonics in the region can also affect the flow of groundwater.  The salt is 

Jurassic in age, and was deposited when the Gulf of Mexico was not yet completely open 

to the young Atlantic (Kasmarek & Strom, 2002).  The salt penetrates upward through 

younger, denser sediments, and in some cases nearly reaches the surface (Jorgensen, 

1975). 
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2.3 Hydrostratigraphy 

Hydrostratigraphic units are composed of multiple geologic formations.  Since 

1903, the Gulf Coast Aquifer has been organized into numerous classification schemes 

(Kreitler et al., 1977).  The present study follows the widely accepted work of E.T. Baker 

Jr. (1978), which identifies five main hydrostratigraphic units, or aquifer components, 

within the Gulf Coast Aquifer System, which are shown in Figure 2-3 (Chowdhury & 

Turco, 2006; Baker Jr, 1978).  The Gulf Coast Aquifer System underlies the Harris-

Galveston area, and each component can be observed in a roughly coast-parallel outcrop 

north of Harris County. 

In order of increasing depth (and age), these hydrostratigraphic units are named: 

(1) the Chicot Aquifer, (2) the Evangeline Aquifer, (3) the Burkeville Confining Unit, (4) 

the Jasper Aquifer, and (5) the Catahoula (Baker Jr, 1978).  All five units dip and thicken 

from northwest to southeast, as illustrated in Figure 2-3. 
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Figure 2-3: Cross-Section of Hydrologic Units 

  The location for this cross section may be seen on the inset map.  All units within the aquifer 

system outcrop in the northwest, and dip and thicken toward the southeast.  The shallowest units, 

the Chicot and Evangeline, are the primary aquifers from which groundwater is extracted in the 

region.  They are separated from the deeper Jasper aquifer by the Burkeville confining unit.  This 

cross section is modified from (Baker Jr, 1978) and (Kasmarek et al., 2012). 

 

The two shallow aquifers, the Chicot and Evangeline, are hydraulically 

connected.  Therefore, changes in the hydraulic properties of one will affect the 

properties of the other (Baker Jr, 1978).  Both aquifers are confined in the study area by 

the overlying Beaumont Formation (Kasmarek & Strom, 2002).   

The Chicot is composed of clay, sand, and gravel deposited in the Holocene and 

Pleistocene.  The shallowest sediments beneath the Addicks Facility have been 

interpreted to contain between fifty and sixty percent sand, based on electric well logs 

(Kreitler et al., 1977).  The remaining forty to fifty percent of the section is composed of 
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laterally discontinuous clay-rich units, which are referred to as interbeds.  As defined by 

(Leake & Prudic, 1991), an interbed is a unit that (1) has sufficient porosity and 

permeability to permit fluid flow, (2) is far less hydraulically conductive than the 

surrounding aquifer, (3) is laterally discontinuous – i.e., not a regionally confining unit, 

and (4) has a much larger horizontal component relative to its vertical thickness. The 

abundance of interbeds is important in explaining the irreversible component of aquifer 

compaction.   
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TABLE 2-1: Hydrologic Units and Corresponding Stratigraphic Units 

 

Period Epoch 
Age Picks 

(Ma) 

Hydrologic 

Units 

Stratigraphic 

Units 

Quaternary 

Holocene 
0.01 - 

Present 
Chicot 

Aquifer 

Beaumont 

Montgomery 

Bentley 

Lissie 

Willis 
Pleistocene 2.6 - 0.01 

Neogene 

Pliocene 5.8 – 2.6 
Evangeline 

Aquifer 

Goliad 

Miocene 23.0 – 5.8 

Fleming Burkeville 

Confining 

Unit 

Jasper 

Aquifer 
Oakville 

Catahoula 

Upper 

Catahoula 

Anahuac 

Upper Frio 

Paleogene 

Oligocene 33.9 – 23.0 

Non-

Hydrologic 

Frio Clay 

Jackson 

Group 

Eocene 56.0 – 33.9 
Claiborne 

Group 

Willcox 

Group 
Paleocene 66.0 – 56.0 

 

Table 2-1: Hydrologic and Corresponding Stratigraphic Units 

  This table lists the relative position of different stratigraphic units with regard to the aquifer 

system.  Cell heights are not drawn to scale. Stratigraphy modified from (Baker Jr, 1978) and 

(Jorgensen, 1975); age picks are taken from (Walker et al., 2012). 
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In general, the deposits within the Chicot Aquifer are approximately equal parts 

sand and clay (Kreitler et al., 1977; Jorgensen, 1975).  The Chicot is composed of general 

Quaternary alluvium, underlain by the Beaumont, Montgomery, Bentley, Lissie, and 

Willis Formations (Ashworth & Hopkins, 1995; Jorgensen, 1975).   

The Beaumont is the shallowest regionally pervasive unit in the region, and varies 

from being sand-rich in the north to clay-rich in the south (Kasmarek & Strom, 2002).  

The base unit of the Chicot is both thick and hydraulically conductive, which has made it 

a target for extensive groundwater withdrawals in the past (Jorgensen, 1975).  

The Evangeline aquifer is composed primarily of the Goliad Formation, but has 

also included the uppermost Fleming Formation (Knox et al., 2006).  Like the Chicot, it 

is composed primarily of coarse grained sediment with interbedded clays.  The clays in 

the study area are typically montmorillinite, illite, and kaolinite (Gabrysch, 1969).  The 

Evangeline is laterally conformable unless pierced by salt domes (Jorgensen, 1975), and 

it overlies the Burkeville Confining Shale. 

The Burkeville is a regionally extensive, clay-dominated unit with some sand 

packages in the northern areas (Jorgensen, 1975).  The Burkeville is part of the Fleming 

Formation and restricts the vertical transmission of water.  This vertical restriction, 

combined with its regional extent, has allowed the Burkeville to be treated as a regional 

confining unit (Knox et al., 2006).  One advantage of this sealing unit is that the 

Burkeville prevents the deeper, more saline water from reaching the potable waters in the 

Chicot and Evangeline (Kasmarek & Strom, 2002). 
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The Jasper and Catahoula Aquifers are rarely targeted for groundwater in the 

Houston-Galveston area.  The Jasper Aquifer is the deepest viable aquifer in the study 

area, and is separated from the two shallower aquifers by the Burkeville Unit (Baker Jr, 

1978).  The Catahoula only produces water from restricted sand layers near its outcrop, 

because of increasing depth and salinity toward the Gulf (Baker Jr, 1978; Ashworth & 

Hopkins, 1995).  

2.4  Groundwater Recharge and Discharge 

The groundwater extracted in Harris County is meteoric in nature (delivered by 

precipitation), and the aquifers are therefore recharged at the outcrops (Kreitler et al., 

1977).  After entering the aquifer system, the water travels primarily in a southeasterly 

direction toward the Gulf of Mexico, where the presence of more dense saline water 

forces the fresh groundwater to discharge at shallower depths (Kasmarek & Strom, 2002). 

Figure 2-4 shows precipitation data for the period of interest (2000 to 2008) 

recorded at the Intercontinental Airport (IAH) in Houston.  The upper graph illustrates 

monthly precipitation values, and the lower graph shows daily values.  Both graphs 

illustrate the incredible amount of rain that fell when Tropical Storm Allison drenched 

the city in 2001.  Due to this storm, nearly two feet of rain was reported to have fallen in 

June of 2001.  This is nearly five times the average monthly amount of 4.5 inches.  No 

significant anomalies occurred during the period of interest (2005), although rainfall was 

eight inches below the 30 year average (1981-2010) (Weather Underground, Inc, 2013). 
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Figure 2-4: Precipitation in Harris County 2000-2008 

  This figure displays both the monthly (top panel) and daily (bottom panel) amounts of 

precipitation recorded in northern Harris County (at the Intercontinental Airport-IAH) from 2000-

2008 (Weather Underground, Inc, 2013).  No anomaly is present during the period of severe 

subsidence in 2005.  However, in June, 2001, the precipitation from Tropical Storm Allison 

creates a prominent spike in the record. 

 

Groundwater is discharged both naturally and through the pumping at wells.  

Over 80% of subsidence in the United States is caused by groundwater withdrawal 

(Galloway et al., 1999), and identifying the extent to which subsidence is dependent on 

groundwater in this study area will provide important information to the local regulatory 

agencies responsible for mitigating subsidence.  Texas has one of the highest rates of 

groundwater withdrawal in the United States, as can be seen in Figure 2-5.  Wells extract 
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over 8.5 billion gallons of groundwater per day, which is more than five times the 

average of the other U.S. states (Kenny et al., 2009).  Texas uses the second highest 

volume of groundwater of any state in the country (following California), and is 

responsible for one-tenth of the groundwater extracted within the United States.   

 

 

Figure 2-5: Groundwater Extraction by State 

    This map illustrates the amount of groundwater withdrawn by the continental U.S. States.  

Texas withdraws more groundwater than all states but California.  This has significant 

implications, because more than eighty percent of the subsidence observed in the USA has been 

attributed to groundwater withdrawal (Coplin & Galloway, 1999).  Groundwater data compiled 

from (Kenny et al., 2009), and US Basemap from (U.S. Census Bureau, 2010). 



29 

  

When Houston was founded in 1836, water demands were supplied through 

surface water alone (Kasmarek & Strom, 2002).  In 1886, the first groundwater well was 

drilled to 140 feet, and nearly ninety years later the City of Houston began regulating the 

amount of groundwater that could be extracted.  Currently, Harris County (home to the 

City of Houston) extracts nearly ten times as much groundwater as the average county in 

the United States (Figure 2-6; Kenny et al., 2009).  Historically, the Katy Area near the 

Addicks Facility was an agricultural region, and most groundwater withdrawals were 

used for the irrigation of rice crops (Jorgensen, 1975).   

 

Figure 2-6: Groundwater Extraction by County 

  This map illustrates the total amounts of groundwater withdrawn in 2005 by individual Texas 

counties, as published by the U.S. Geological Survey (Kenny et al., 2009).  Harris County 

extracts nearly 250 million gallons of groundwater per day. Texas Basemap sourced from (U.S. 

Census Bureau, 2010). 
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2.5 Aquifer Dynamics 

Any arbitrary depth within the aquifer system must support the weight of the 

overlying sediment, pore fluid, and atmosphere (collectively referred to as overburden).  

This support comes not only from the solid matrix of individual grains, but also from an 

outward pressure exerted by the fluids within the pore spaces (Galloway et al., 1999; 

Bawden et al., 2012).   

The total normal stress at any arbitrary position within the deposit is defined as 

the weight of all the overlying sediment and fluid.  This weight is supported by the 

effective stress (the upward force of the grains themselves) and the pore pressure (the 

pressure exerted by the fluid in the pores surrounding the grains). This relationship is 

defined following (Galloway et al., 1999): 

         

where: 

   is the total weight of the overlying material; 

   is the pore pressure; and  

   is the effective stress contributed by the granular matrix.   

 

The effective stress represents the portion of the stress field which can cause 

compaction (Terzaghi, 1943).  It is important to note that in a confined aquifer, the 

lowering of the potentiometric surface does not change the total stress.  Instead, it results 

in an increase in the effective stress (Leake & Prudic, 1991). 
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Figure 2-7: Stress Analysis within the Aquifer System  

  This figure illustrates the relationship between aquifer compaction and changes in the 

subsurface stress state.  The first panel shows that the total weight of overlying material is 

supported by the upward force from the granular matrix and the pore fluids.  In a 

confined aquifer, decreasing the pore pressure due to decreasing hydraulic head) results 

in an equal increase in effective stress (Leake & Prudic, 1991).  The application of 

increased stress to platy clay minerals can cause them to rearrange their orientation, and 

compact.  This compaction, when applied to numerous interbeds can cause subsidence at 

the surface (Kasmarek & Strom, 2002).  Figure is modified from (Galloway et al., 1999).
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The potentiometric surface is the height to which water will equilibrate within a 

securely cased well, and it is synonymous with the hydraulic head of that system 

(Jorgensen, 1975).  The potentiometric surface is directly controlled by the pressure 

within the aquifer system (Abidin et al., 2008; Gabrysch & Bonnet, 1975).  Prior to the 

onset of active groundwater extraction, enough pressure existed in the aquifers that the 

potentiometric surface was actually above the land surface in the confined portions of the 

aquifer system, indicating artesian pressures (Holzer, 1981; Kasmarek & Strom, 2002).  

Artesian pressure in this region was created through rapid burial of the coastal sediments, 

which forced the pore spaces between sediments to become overpressured (Chowdhury 

& Turco, 2006). 

The potentiometric surface is measured for both the Chicot and Evangeline 

Aquifers at the Addicks Facility.  The first measurement of the Evangeline was made in 

1974, and the first in the Chicot was made in 1977 (U.S. Geological Survey, 2013).  The 

Evangeline monitoring well admits groundwater through a three-meter screen at the very 

base of the aquifer (approximately 500 meters).  Conversely, the Chicot monitor samples 

the aquifer through a two-meter screen at a depth of seventy meters.  The potentiometric 

surface in the Evangeline has fallen by almost exactly 100 feet (30 meters) since its first 

measurement, although there are periods of variability.  The potentiometric surface in the 

Chicot has fallen by approximately 25 feet (7.6 meters) since its first measurement.   

These trends of decline are illustrated in Figure 2-8, and can be contrasted with the 

groundwater levels recorded by local pumping wells (Figure 2-10).    
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Groundwater pumping has a localized and significant effect on groundwater 

levels.  The Katy-Addicks Pumping Station withdraws groundwater from eleven local 

wells for the City of Houston.  The closest pumping well to the Addicks Facility is Katy-

Addicks Well #1, which is located approximately 100 meters to the southwest.  The 

Katy-Addicks wells are also assigned well identification numbers by the U.S. Geological 

Survey.  For example, Katy-Addicks Well #1 is designated as LJ-65-12-717.  In this 

study, this well will occasionally be referred to as the “717 pumping well”.    

The 717 pumping well uses multiple screens, which range from a depth of 200 to 

477 meters below the surface.  Measurements are made approximately bi-annually, and 

provide an excellent indication of the variability in the hydraulic head caused by 

pumping.  At the 717 pumping well, the groundwater level was approximately 200 feet 

below the surface when measurements began in 1968.  By 2005, they had fallen to 600 

feet.  This would have decreased the hydraulic pressure and increased the effective stress, 

or load, on the sediments which constitute the skeletal matrix of the deposit (Gabrysch, 

1969; Jorgensen, 1975; Kasmarek & Strom, 2002).   If the effective stress increases 

beyond the previous maximum stress for a particular unit, the resulting compaction will 

be permanent (Leake & Prudic, 1991).  

According to Galloway and Burbey (2011) the more sand-rich beds within the 

aquifer are capable of elastic compaction, so long as the amount of stress within the 

aquifer remains less than any previous stress level.  Elastic compaction is evident when 

aquifers recharge, generally due to diminished withdrawal.  Alternatively, the clay-rich 

beds lose so much permeability upon compaction that it is treated as permanent 
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compaction (Galloway & Burbey, 2011).  As water is released from the clay-rich 

interbeds, the fine-grained sediments are re-oriented in response to the additional stress, 

and permeability is irreversibly lost (Figure 2-7; Leake & Prudic, 1991).   

Recharge may also be achieved through the injection of water into an aquifer 

system (Pavelko, 2004).  Typical recharge rates have been estimated at 6 in/year within 

the saturated zone in the Houston-Galveston region, some of which is lost before 

reaching the deeper units (Kasmarek & Strom, 2002).  As recharge begins, the hydraulic 

pressure provided by the fluid “buoys up” the surrounding coarse grained material, 

allowing for some reclamation of compacted thickness.   
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Figure 2-8: Groundwater Levels at the Addicks Site 

  This figure illustrates the full record of change in both the Chicot and Evangeline Aquifer, as 

recorded at the Addicks Site.  Both show overall declines in groundwater level although the 

decrease is approximately 100 feet (30 meters) in the Evangeline (left-axis), and less than 25 feet 

(8 meters) in the Chicot (plotted on the right-axis).  Data from (U.S. Geological Survey, 2013) 
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Figure 2-9: Locations of Groundwater Pumping Wells 

  There are numerous pumping wells in the vicinity of the Addicks Facility that monitor the 

potentiometric surface of the aquifer.  Measurements from these wells are illustrated in Figure 2-

10.  Regulatory areas are defined by (HGSD, 1999); Well locations from (U.S. Geological 

Survey, 2013); Political lines are sourced from (U.S. Census Bureau, 2010); and Street Basemap 

from (ESRI, 2010).  
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Figure 2-10: Groundwater Levels in Pumping Wells 

  Numerous pumping wells in the vicinity of the Addicks Site have been monitored for changes in 

height of the hydraulic head, or potentiometric surface.  The locations of these wells can be seen 

in Figure 2-9.  The potentiometric surface is the point to which water will rise in a sealed 

borehole.  Declines in this surface indicate decreases in pore pressure support, and may result in 

compaction (Gabrysch, 1969).  Recent reductions in groundwater withdrawal have allowed the 

potentiometric surface to begin rising. 
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An aquifer’s head will naturally fluctuate due to seasonal changes in internal 

pressure caused by variations in recharge and discharge.  However, a comparison of 

Figure 2-8 and Figure 2-10 illustrates the unnatural effect on the hydraulic head caused by 

groundwater extraction.  In fact, active pumping is the primary means of severely 

lowering the hydraulic head (Galloway & Burbey, 2011).   Excessive groundwater 

withdrawal (withdrawal that exceeds the natural flux between recharge and discharge) 

will locally, and unnaturally, lower the head of the subsurface water reservoir at the scale 

shown in Figure 2-10.   

There is a direct correlation between aquifer compaction and potentiometric 

surface decline (Leake & Prudic, 1991).  For example, the volume of groundwater 

withdrawn along the Houston Ship Channel increased steadily through the 1940’s, and 

resulted in the lowering of the local potentiometric surface by over 91 meters in the 

Chicot and the Evangeline Aquifers from 1943 to 1977 (Danskin et al., 2001).  These 

declines were shown to be responsible for as much as three meters of land surface 

subsidence (Gabrysch & Bonnet, 1975; Danskin et al., 2001).   

The sand and gravel beds which comprise the local aquifers are both more 

permeable and less prone to compaction than are the interbedded clay layers.  The 

combination of these properties results in less significant changes in the pore volumes of 

the coarse-grained sediments (Terzaghi, 1943).  Alternatively, the pore volume of a 

highly compressible clay unit with low permeability – such as those comprising the 

interbeds and confining units in the region – can decrease with changes in the effective 

stress.  These clay-rich beds drain more slowly, due to the lower permeability, and are 
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therefore subjected to an increased stress state for much longer periods of time.  This 

longer duration of stress allows the plate-like clay grains to re-orient themselves 

perpendicularly to the vertical stress (Kasmarek & Strom, 2002).  The result of the 

rearrangement is the expulsion of water from the shrinking pore spaces, the loss of 

porosity, and primarily (ninety percent) irreversible compaction (Kasmarek & Strom, 

2002). It is worth noting that in a water-saturated medium, the only method of increasing 

or decreasing the volume of water is to increase or decrease the pore volume of the 

deposit (Terzaghi, 1943). 

The fine grained, clay-rich layers (or interbeds) have high porosity – meaning 

they have the potential to hold large amounts of fluid.  However, they also have very low 

permeability, which is why they drain slowly.  When the water has been removed from 

neighboring sand-rich zones, the clays will drain vertically due to the resulting pressure 

differential.  Much of the permanent compaction observed across Harris County is due to 

the dewatering of these clay-rich interbeds. 
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 Surface Deformation Monitoring 3

The National Geodetic Survey (NGS) and the Harris-Galveston Subsidence 

District (HGSD) have continually implemented improved techniques for monitoring 

elevation in the Gulf Coast Region. The NGS is a branch of the National Oceanic 

Atmospheric Administration (NOAA), and they made the earliest land surface elevation 

measurements through the use of differential leveling (Schomaker & Berry, 1981).  

Leveling is an expensive endeavor – the cost of each survey has been estimated at over 

$1,500,000 U.S. (2013 dollars) (Zilkoski et al., 2001; Bureau of Labor Statistics, 2013).  

In general, the topography of the Houston Metropolitan Area is very flat-lying and 

predominantly close to sea level (Shah & Lanning-Rush, 2005).    

3.1 History of Houston Land Surface Deformation 

Several counties in the Gulf Coast region have been monitoring land surface 

elevations and ground water levels for decades.  Harris County and Galveston County 

have collaborated to oversee the volume of groundwater withdrawn from both counties 

by establishing the Harris and Galveston Subsidence District (HGSD).   The HGSD is 

one of four major groundwater/subsidence districts in the region.  The others are the Fort 

Bend Subsidence District (FBSD), the Brazoria County Groundwater Conservation 

District (BCGCD), and the Lone Star Groundwater Conservation District (LSGCD).  The 

BCGCD regulates Brazoria County, and the LSGCD oversees Montgomery County, 

which lies directly north of Harris County.   
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Figure 3-1: Monitoring Network - Houston-Galveston Region 

  This figure depicts the four subsidence and groundwater districts operating in and around 

Houston.  Also displayed are the locations of the tools used to study surface deformation.  These 

tools include borehole extensometers and deep monument and surficial GPS stations.   Both the 

districts and the tools will be discussed in detail in this chapter.  The red circle shows the location 

of the Addicks Facility.  Regulatory areas are defined by (HGSD, 1999); Equipment locations 

were collected from Interactive Maps (HGSD, 2013); Political lines are sourced from (U.S. 

Census Bureau, 2010). 
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Both the HGSD and the FBSD are broken into smaller sub-regions within their 

respective borders.  Each sub-region operates under unique regulations, which must 

individually address the historic and future potential of subsidence, the present and 

predicted populations of each area, and the availability of surface water to assist in 

meeting total local demand. 

The HGSD was founded in 1975, with the responsibility of decreasing 

groundwater usage to the point that it supplies no more than twenty percent of the 

counties’ demand by 2030 (HGSD, 1999).  Since its inception, the HGSD has focused on 

“areas of concentrated emphasis” or areas most at risk of subsidence.  In 1975, the 

emphasis was on the Pasadena area, because it had recorded the most severe subsidence 

(Gabrysch & Bonnet, 1975).  The areas of subsidence have closely paralleled areas of 

groundwater usage (Stork & Sneed, 2002).  The most recent revisions were ratified in 

January of 2013, and emphasize Area Three (Area containing the Addicks Facility):  

 “A permittee operating under a certified GRP [Groundwater Reduction Plan] 

must maintain their groundwater withdrawals to comprise no more than 70% of 

the permittee’s total water demand. 

 Beginning with permits issued in 2025, a permittee operating under a certified 

GRP shall be required to reduce and maintain their groundwater withdrawals to 

comprise no more than 40% of the permittee’s total water demand. 

 Beginning with permits issued in 2035, and continuing thereafter… 20% of the 

permittee’s total water demand.” (HGSD, 2013). 

 

3.2 Deformation Monitoring 

Although decreased cost and increased availability have made cutting-edge 

technologies more accessible to researchers and policy-makers, there is no substitute for 
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the extensive records that have been compiled by some of these older methods of 

measurement.  Since the 1970s, NGS and HGSD have monitored subsidence through the 

use of extensometers, or “subsidence-meters” as labeled by (Munekane et al., 2009).  

Extensometers are boreholes which contain a “standpipe” that can move vertically within 

a slip-jointed casing (Gabrysch, 1984).  This standpipe reaches a site-specific depth, to 

which it is anchored.  The rigid standpipe travels freely within the casing, and is thus 

unhindered by movements of the surrounding materials.  This independence allows the 

extensometer to measure any changes in the thickness of sediment between its anchor 

point and the surface.  There are currently eleven extensometer sites across the HGSD.   

 

Figure 3-2: Complete Compaction Record - Addicks Extensometer 

  This figure illustrates the compaction observed by the Addicks Extensometer from 1975 through 

2010.  Over one meter of compaction has taken place in these 35 years!  In 2005, the 

extensometer recorded five centimeters of compaction, which can be seen in the inset graph, and 

the causes of this compaction are the focus of this study. The extensometer data were collected 

from (Kasmarek et al., 2010). 
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Recently, the HGSD has incorporated numerous GPS stations into its study of 

regional subsidence (Neighbors & Mitchell, 2010).  GPS data allows researchers to 

establish positions and displacements within a specific reference frame, which has the 

benefit of relating local 

measurements to a regional or 

global scale – whichever is more 

relevant (Abidin et al., 2008).  

With the increased accuracy and 

decreased cost of GPS systems, 

monitoring agencies are moving 

away from expensive tools such as 

extensometers. (Extensometer 

installation costs were estimated at 

over $650,000 U.S., (Zilkoski et 

al., 2001; Bureau of Labor 

Statistics, 2013).  Therefore, 

exploring the data these 

extensometers have collected (and 

continue to collect) throughout 

their operation is essential to 

establishing a complete and 

effective literature. 

Figure 3-3: PAM Station Configuration 

The PAM stations are secured to a depth of twenty 

feet, in order to avoid bias from surface swelling 

clays. Modified from Zilkoski et al. (2001). 
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There are two main types of GPS stations utilized by the HGSD.  The first is the 

campaign-style Port-a-Measure (PAM) station, and the second is the Continuously 

Operating Reference Station (CORS).  Both were used by previous researchers (e.g., 

Zilkoski et al., 2001; Engelkemeir et al., 2010) in order to constrain regional subsidence 

variation in Houston, and both will be used in this study at the Addicks Facility 

specifically. 

PAM sites have foundations secured more than six meters below the surface.  

Small-scale deformation in this region may be caused by the shrinking and swelling of 

surface clays in response to precipitation (or lack thereof).  The results of this type of 

deformation were evident in Houston during a recent (2011) drought.  During the 

drought, the shallow soils were dewatered, and many structures were damaged as a result 

(Stanton, 2011).   

NGS and HGSD have also updated three extensometers by augmenting their 

standpipes with a GPS antenna (Zilkoski et al., 2001).  These “Deep-Monument” GPS 

stations are actually providing geospatial information for a point far below the land 

surface.  Since the length of the standpipe is known, any displacement of the antenna 

actually reports a change in the position of the subsurface reference point.  In this study 

area, where subsidence is ubiquitous, these deep-monument stations provide a reference 

that is unaffected by aquifer compaction (Burkett et al., 2002).   

By incorporating this modern technology with older techniques (e.g., 

extensometers & leveling), the Addicks Site can be treated as a microcosm for the 
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monitoring network as a whole.  This integration creates the highest temporal and spatial 

resolution and is therefore of the highest value to policymakers (Baldi et al., 2009).    

 

Figure 3-4: Borehole Extensometer Configuration 

  This figure is a schematic showing the mode of operation for a borehole extensometer in the 

Houston-Galveston Region.   The rigid standpipe travels freely within the slip-jointed casing, and 

is unhindered by movements of the surrounding materials.  This independence allows the 

extensometer to measure any changes in the distance between its anchor point and the surface.  

Modified from Zilkoski et al., 2001 and Kasmarek et al., 2012. 
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Figure 3-5: Deep Monument GPS Station Configuration 

  The operation of the deep-monument parallels that of the extensometer.  However, the standpipe 

is extended through the roof of the enclosure, and collects GPS information every thirty seconds 

in order to generate precise reference positions unaffected by aquifer compaction.  Modified from 

Zilkoski et al., 2001 and Kasmarek et al., 2012. 
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3.3 Monitoring Groundwater Withdrawal 

Groundwater was first withdrawn from the Chicot and Evangeline Aquifers 

beneath the Houston-Galveston area in the late nineteenth century (Danskin et al., 2001).  

When the City of Houston purchased a water supply company in 1887, municipal 

groundwater demand was between 1 and 2 million gallons per day (MGD) (Gabrysch & 

Bonnet, 1975).  In 1886, the first groundwater well was drilled to 140 feet (43 meters) 

below the land surface (Kasmarek & Strom, 2002).  These early withdrawals were 

primarily for agricultural and municipal uses, although industrial uses began to dominate 

the extraction of groundwater following the completion of the Houston Ship Channel in 

1914.   

Danskin et al., (2001) compared amounts of groundwater withdrawal with 

observed compaction in southeastern Harris County, in an effort to establish an upper 

limit of withdrawal for the prevention of surface deformation.  The results of their study, 

and others like it, have been crucial to the Houston-Galveston Subsidence District’s 

determinations of maximum withdrawal volumes. 

Surface water began to be diverted from the San Jacinto River and Lake Sheldon 

in 1942, and the Brazos River in 1948.  However, it was not until Lake Houston began 

augmenting the supply in 1954 that a large and reliable supplement to groundwater 

supply was realized (Gabrysch & Bonnet, 1975).   Lake Livingston began to provide 

surface water to the coastal regions of Texas in 1976 (Danskin et al., 2001).   
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3.4 Previous Work and Analogue Studies 

In order to develop a complete understanding of the mechanisms causing ground 

surface deformation in the Houston-Galveston region, similar studies from around the 

world must be appreciated.  Ground subsidence is a global issue, and there is an extensive 

literature on the subject.  This section will briefly discuss some alternative case studies, 

as well as their results.   

The city of Jakarta has recorded between 20 and 200 cm of subsidence from 

1982-1997 (Abidin et al., 2008).  Just as in Houston, the subsidence has been monitored 

through the use of leveling, extensometers, and GPS observations.  The GPS surveys 

were campaign-style, in which stations were occupied for an average of ten hours.  The 

data were processed using the Bernese software package, and achieved vertical 

repeatability within one centimeter (Abidin et al., 2008).   

One of the most recognized cities for flood damage in the Unites States is New 

Orleans, Louisiana.   New Orleans is located east of Houston along the Gulf Coast.  The 

overall geologic history of New Orleans is similar to that of Houston, and so New 

Orleans experiences the same mechanisms for subsidence observed in Houston (e.g., 

growth faults, aquifer compaction, and near-surface soil dewatering).  As in Houston, 

leveling was originally used to quantify land surface elevation in New Orleans, but the 

city has begun to use GPS surveys due to the affordability and accuracy of modern GPS.  

Following the success of the HGSD monitoring network, the Louisiana Spatial Reference 
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Center created its own network to study surface deformation in New Orleans (Burkett et 

al., 2002). 

There is perhaps no better example of inundation than the City of Venice, which 

is located just north of the Po Delta in Italy.  The Po Valley in northern Italy lies within a 

more tectonically active regime than Houston, but is also subjected to human-induced 

subsidence (Baldi et al., 2009).  The Po Valley benefits from an abundance of GPS 

Stations.  A 2009 study by Baldi et al. incorporated data from nearly 150 stations in order 

to define spatial variability in subsidence, mirroring the efforts of the annual reports 

generated by the U.S. Geological Survey for the Houston area.  The maximum 

subsidence rates were approximately 2.5 cm/year from 1951 to 1957, and 1.5 cm/year 

from 1958 to 1962. 

Historic ground surface deformation in southern Arizona, specifically within the 

Tucson Active Management Area (TAMA) provides an excellent corollary for this study 

of surface deformation in Houston.  Similar to Houston, TAMA has a long history of 

surface and subsurface observations, and has recently begun to utilize GPS to improve 

these observations.  The TAMA study utilizes static, differential GPS in order to monitor 

positions in a campaign-style program.  The first survey was completed in 1987, and 

annual surveys began in 1998 (Carruth et al., 2007).  The surveys often utilize fixed-

height tripods, in order to limit errors from inaccurate antenna positions.  This style of 

observation requires two dual-frequency receivers at separate stations simultaneously 

tracking common satellites.  The longer a station is occupied by a receiver, the more 

accurate the final positions   iru abad     ing, 2012 .  The TAMA surveys lasted a 



51 

  

minimum of thirty minutes at each site and routinely occupied sites for several hours.  

This differs from the HGSD PAM sites - which are occupied for several days each 

month, and the CORS sites – which are continuously observing.  The TAMA data was 

processed using the double differencing method, and referenced to nearby stable stations.  

The positions in this study were accurate to approximately 2 cm and 1 cm in the vertical 

and horizontal directions, respectively (Carruth et al., 2007). 

The tools utilized in these analogue studies are very similar to those employed in 

the Houston region.  However, there are several other methods of studying subsidence.  

Two of the newest methods are Interferometric Satellite Aperture Radar (InSAR) and 

Light Detection and Ranging (LiDAR). 

 

3.5 Additional Methods of Ground Surface Observation 

Satellite Aperture Radar (SAR) surveys, or scenes, are extremely useful in areas 

with complex histories of surface deformation, such as the Harris-Galveston region.  This 

is due to the lateral resolution – i.e., the ability to monitor a large area, rather than a 

specific point (Bawden et al., 2012).  SAR surveys have been used to monitor land 

surface subsidence and other hazards in several areas, such as Northern Italy (Baldi et al., 

2009), Mexico City (Osmanoglu et al., 2011), and Houston (Buckley et al., 2003; 

Bawden et al., 2012)), and has been extremely effective in arid regions, which exhibit 

diminished atmospheric detractions (Buckley et al., 2003).   



52 

  

Furthermore, remote sensing techniques have been used to monitor patterns of 

urbanization and its effects on runoff (Khan, 2005).  Along with subsidence, these 

changes in runoff can also contribute to flooding.  Many remote-sensing satellites operate 

for approximately five years (Stork & Sneed, 2002).  The Houston-Galveston region is a 

good location for the study of satellite images, because it is a low-lying urban area with a 

widely dispersed population and very little change in topography (Khan, 2005). 

 Interferometric Satellite Aperture Radar (InSAR) involves differencing, or 

interfering sequential SAR scenes.    InSAR is very useful in portraying and quantifying 

all the points in a region (most of which do not contain a GPS station).  Indeed, one of 

the limitations of the GPS tool is that the land surface positions and displacements must 

be extrapolated between stations (Abidin et al., 2008).  InSAR is a great tool for filling in 

these gaps in GPS data, and successive scans are often tied to reference GPS stations, at 

which point the two methods become inseparable. 

The U.S. Geological Survey cooperated with the HGSD to complete a Light 

Detection and Ranging, or LiDAR, survey of the Houston region in 2004 (Shah & 

Lanning-Rush, 2005).  The goal of the USGS/HGSD LiDAR survey was to enhance the 

maps of surficial locations of previously identified faults within the Houston 

Metropolitan area.  This follows a LiDAR-derived Digital Elevation Model of Harris 

County generated by the Harris County Flood Control District in 2002 (Shah & Lanning-

Rush, 2005).     
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Figure 3-6: Monitoring Network within Study Area 

    This figure depicts the locations of the monitoring tools in operation around the Addicks 

Facility.  Regulatory areas are defined by (HGSD, 1999); Equipment locations were collected 

from Interactive Maps (HGSD, 2013); Political lines are sourced from (U.S. Census Bureau, 

2010). 
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 GPS Observations4

The Harris Galveston Subsidence District, in cooperation with the National 

Geodetic Service, has been collecting GPS data from the region since 1993 (Zilkoski et 

al., 2001).  The initial goal of this collaboration was to achieve an accurate and affordable 

method for measuring land surface deformation.  In order to assist with this goal, The 

National Science Foundation recently granted the University of Houston a research 

project in which the numerous geologic and atmospheric hazards affecting the Houston-

Galveston region will be monitored by a real-time network of forty continuously 

operating GPS stations.  Networks of GPS stations assist in the understanding of surface, 

and (in this study) subsurface deformation by expanding the spatial resolution of the 

position solutions, while simultaneously improving the accuracy of these solutions 

(Zumberge et al., 1997).  The addition of multiple stations improves the repeatability of 

positions through the identification of signal noise and the correction of common errors 

  iru abad     ing, 2012 .  The construction of the University of Houston network, 

referred to as HoustonNet, began in 2012. 

In this GPS study, the RMS repeatability for all three parameters (North-South, 

East-West, and Vertical) is less than ten millimeters.  The following chapter discusses the 

Global Positioning System and how the system was implemented to provide high-

precision observations of aquifer compaction in this study.  
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4.1 GPS Introduction and Background 

 The U.S. Department of Defense (DoD) created the Global Positioning System 

 GPS  in the early 1970’s (El-Rabbany, 2006).    The National Coordination Office 

(NCO) for Space Based Positioning, Navigation, and Timing (PNT) is responsible for 

providing the public with information about the Global Positioning System, as well as 

maintaining the U.S. government’s goals for Space-Based PNT (NCO, 2013).   

All aspects of the GPS system communicate via microwave radio signals, and an 

understanding of these signals is required for explaining the interrelationships of the 

system as a whole. The currently operational GPS satellites broadcast two signals, 

referred to as carrier signals.   Each is generated at a unique frequency.  The use of two 

frequencies allows researchers to calculate and remove common errors due to differences 

in the signal behavior resulting from corresponding differences in signal geometry.  The 

first carrier signal is the L1 signal, which has a frequency of 1575.42 MHz and a 

corresponding wavelength of 19 cm.  The second carrier signal is the L2 signal, which 

has a frequency of 1227.60 MHz and a wavelength of 24.4 cm (El-Rabbany, 2006).  The 

L1 and L2 radio signals are generated as sine waves.  In this study, the data collected by 

the PAM05 and ADKS-CORS stations are processed separately, as individual and 

independent units.  Both stations are capable of receiving both the L1 and L2 signals. 

During transmission, the sinusoidal L1 and L2 signals are modulated through the 

addition of satellite-specific ranging and navigation codes.  The L1 signal is modulated 

by two codes: the Coarse/Acquisition (C/A) code and the Precision (P or Y) code 
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(Toppings, 2008; El-Rabbany, 2006).  The L2 signal is modulated by the P(Y) code only.  

These modulation codes are a series of binary values, and contain information about the 

transmitting satellite – such as its predicted position and the time on its internal clock.  

Errors in either of these values immediately introduce errors into the calculated GPS 

positions, and must be minimized. In this investigation of aquifer compaction, globally-

derived estimates of satellite position (ephemeris) and clocks are used for this purpose. 

GPS satellites are grouped into six different orbital planes.  Currently, every 

orbital plane hosts at least five satellites, since the U.S. Air Force recently expanded the 

satellite system from twenty-four to twenty-seven, and presently oversees an operational 

constellation of thirty-two satellites (Department of Homeland Security, 2013).  The 

satellites orbit the earth twice daily, approximately 20,200 km above the surface (NCO, 

2013).   Sixteen Monitoring Stations form the backbone of the control segment, and are 

located around the world.  These stations observe atmospheric conditions while 

simultaneously collecting range, phase, and navigational data from the visible satellites 

(NCO, 2013).   

The technique of using a globally distributed network of monitoring stations is 

also employed by the International GNSS Service.  The IGS utilizes such a network of 

more than 350 continuously operating, dual-frequency GPS receivers to calculate the 

“highest quality data and products” for researchers worldwide (IGS Central Bureau, 

2013).  There is a trade-off between the precision of the IGS products and the time it 

takes them to become available (referred to as latency).  This relationship is detailed in 
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Table 4-1.  The final IGS products were employed in this study to account for orbit and 

clock errors. 

 

Figure 4-1: GPS Satellite Orbits 

  Global Positioning Satellites orbit the earth 20,200 km above the surface.  There are currently 32 

satellites in operation, and each of the orbits depicted above contains at least five satellites. 

(Department of Homeland Security, 2013).  Figure modified from (NCO, 2013). 

 

As shown in Table 4-1, the current transmitted orbit and clock estimates are 

significantly less reliable than the final IGS products (calculated from the globally-

distributed International GNSS Service).  Examining the orbit estimates as an example, 

the transmitted estimates are provided in real-time, but are only accurate to 

approximately 100 centimeters (IGS Central Bureau, 2013).  In contrast, the observed 

ultra-rapid estimates of satellite orbits are available within three to nine hours of data 

collection, and are accurate to approximately three centimeters: a thirty-fold 

improvement.  These longer latency, higher precision estimates are often used by 

researchers (Gao & Chen, 2004). 
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Table 4 -1: IGS Products, Accuracy, and Latency 
   

  

GPS Ephemerides and Satellite & Station Clocks 

Monitoring System & Product Accuracy Latency 

Broadcast 

Orbits  100 cm 

Real-Time 
Satellite Clocks 

 5 ns RMS 

 2.5 ns StDEV 

Ultra-Rapid 

(Predicted) 

Orbits  5 cm 

Real-Time 
Satellite Clocks 

 3 ns RMS 

 1.5 ns StDEV 

Ultra-Rapid 

(Observed) 

Orbits  3 cm 

3-9 hours 
Satellite Clocks 

 150 ps RMS 

 50 ps StDEV 

Rapid 

Orbits  2.5 cm 

17-41 hours 
Sat & Station Clocks 

 75 ps RMS 

 25 ps StDEV 

Final 

Orbits  2.5 cm 

12-18 days 
Sat & Station Clocks 

 75 ps RMS 

 20 ps StDEV 
   

IGS Tracking Station Coordinates (From more than 250 stations) 

Monitoring System & Product Accuracy Latency 

Final Positions 
Horizontal 3 mm 

11-17 days 
Vertical 6 mm 

Final Velocities 
Horizontal 2 mm/year 

11-17 days 
Vertical 3 mm/year 

  

Atmospheric Parameters 

Monitoring System & Product Accuracy Latency 

Final 
Tropospheric Zenith 

Path Delay 
4 mm < 4 weeks 

Final 
Ionospheric TEC 

Grid 
2-8 TEC  11 Days 

 

Table 4-1: IGS Products, Accuracy vs. Latency 

  This table is designed to illustrate the benefits of utilizing the IGS-compiled values for precise 

satellite and station clocks as well as satellite orbits.  The information was gathered from the 

International GNSS Service (IGS Central Bureau, 2013). 
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4.2 GPS Data Processing Methods 

In order to obtain the most precise positions, the data received at the station must 

be systematically and purposefully processed.  There are two general methods for 

converting this raw data into practical positions.  These methods are relative positioning 

(also known as the method of double differencing) and absolute positioning (also known 

as the method of Precise Point Positioning or PPP).  The PPP technique was used in this 

study, and the methods invoked will be described below. 

Historically, the most precise GPS measurements utilized a processing method 

known as double differencing.  This technique requires a minimum of two receivers: one 

“rover” station with an unknown position and at least one reference station whose 

position is known (Soler et al., 2001; Gao & Chen, 2004).  These stations must observe 

identical satellites simultaneously, in order to compensate for common errors.  Through 

the comparison of multiple series of measurements made separately by unique receiver-

satellite pairs, any mutual errors due to hardware bias can be differenced, and 

significantly reduced.  This reduction in errors increases as the distance between the 

reference and rover stations, referred to as the baseline, decreases.  Errors are further 

diminished with an increase in the number of reference stations   iru abad     ing, 

2012). 

Several publicly-available software packages and internet-based services will 

assist users with relative position processing.   As an example, OPUS provides relative 

positions – along with the option to select reference stations.   
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Absolute positioning is often referred to as precise point positioning in geodetic 

literature, and allows users to employ the undifferenced data from a single receiver to 

generate positions (Gao & Chen, 2004).  Zumberge et al. (1997) explains that many 

aspects of the GPS system (e.g., satellite orbits and clocks) can be estimated from a 

global network of stations, and that these estimates can be applied to individual stations 

which need not have contributed to the estimations.  Such a system is currently the best 

(and in some cases – better) alternative to the double-differencing method.    The 

individual receivers must acquire dual-frequency carrier phase and pseudo-range signals.  

The validity of the absolute positioning method can be summarized in the following 

argument, modified from (Zumberge et al., 1997):  

 Information collected from a globally distributed network of GPS receivers are 

analyzed in order to generate estimates of satellite orbits, clock timing, and 

atmospheric parameters.   

 The network must be comprehensive enough that the addition of one receiver will 

not significantly alter the existing estimates (i.e., the network estimates must be 

thorough). 

 It then becomes efficient to process the information collected by the non-network 

receiver using the network-generated estimates for transmitter and signal 

properties.  

 

This argument not only explains the basis for PPP, but also the rationale behind 

the use of precision products from the IGS. 

Just as there are software tools for processing relative GPS positions, there are 

also several systems which allow users to generate precise point positions.  The software 
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used in this study is a product of the JPL, and is named the GNSS-Inferred Positioning 

System and Orbit Analysis Simulation Software II.  It is abbreviated GIPSY-OASIS II, 

and more commonly: GIPSY (Desai, 1999).  In this study, version 6.1.2 of the GIPSY 

software was used in its Precise Point Positioning mode, which generates positions with 

single-receiver phase ambiguity resolution (PPP-SRPA).  

NASA’s JPL records the wide-lane and dual-frequency phase bias estimates, 

along with identification information for the transmitter and the individual receiver 

(Bertiger et al., 2010).  This compilation of information allows users of GIPSY software 

(Version 5.1 or greater), with data from a single receiver, to generate an ambiguity-

resolved precise position (Bertiger et al., 2010).  Operations within the GIPSY software 

allow users to input and specify numerous parameters in order to achieve the most 

relevant and highest precision positions (the parameters chosen in this study are discussed 

below). 

Essentially, this PPP processing can be thought of as a modified differencing 

technique.  However, rather than examining two transmitter-receiver pairs, GIPSY-

OASIS combines the user’s single receiver data with the globally-generated list of 

observations.  The ambiguity-resolved solutions have demonstrated improved precision – 

especially in the East-West (EW) component (e.g. Bertiger et al., 2010; Wang & Soler, 

2012).   Using the GIPSY software, Bertiger et al. (2010) demonstrated repeatable daily 

solutions (twenty-four hour sessions) of approximately 2 millimeters in the north and east 

directions and 6 millimeters in the vertical. 
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4.3 Outliers and Accuracy 

 Some of the most significant errors affecting the GPS system are phase ambiguity 

bias, clock (timing) inaccuracies, incorrect ephemeris (position of satellite), and signal 

delay due to travel through the atmosphere.  Currently, many of these errors can be 

corrected or estimated, and ultimately minimized through detailed processing techniques, 

as illustrated in this case study. 

 Processing GPS carrier phase data requires an estimation of the number of 

wavelengths between the transmitter and the receiver (Remondi, 1985).  Distances are 

calculated using the carrier signals transmitted from GPS satellites, after the modulations 

are stripped away and the waveform is isolated (Remondi, 1985).  In the theoretical, ideal 

situation, the number of cycles (wavelengths) transmitted and received would increase 

linearly with time.  In other words, there would be no variation in the rate of signal 

propagation.  However, the GPS tool is a system in motion, and the signals do not behave 

in a perfectly linear manner.  Blewitt (1989) referred to the process of accurately 

estimating the number of phase cycles as bias-optimization, and advocated large 

networks of GPS stations with varying lengths of baselines in order to improve the 

reliability of the data. 

Ephemeris errors occur when the predicted or modeled positions of satellites do 

not accurately align with true positions.  Although the difference between the predicted 

and actual position is fixed, the effects of this discrepancy will manifest themselves 

differently based on the viewing angle of any particular receiver.  This is one instance in 
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which short baseline observations are extremely useful (El-Rabbany, 2006).  As the 

distance between monitoring stations decreases, the accuracy of their ephemeris estimates 

improves.   Generating accurate positions requires the most precise ephemeris data 

available.  In this study, ephemeris data is acquired from the International GNSS Service 

(IGS).   

With regard to atmospheric conditions, signals are “delayed” as they pass through 

the atmosphere.  This delay is typically corrected for both the troposphere and the 

ionosphere.  The overall tropospheric delays are a result of both hydrostatic and wet 

parameters (Davis et al., 1985).  The presence of dry gases and non-dipole water vapor 

causes the hydrostatic delay, which is responsible for nearly ninety percent of the total 

observed delay, and is highly dependent on surface pressure (Bar-Sever et al., 1998).  

Alternatively, the wet delay is caused by the dipole component of the atmospheric water 

vapor, and is far more variable (Bar-Sever et al., 1998; Davis et al., 1985).   

Tropospheric delay not only varies along the zenith path, but also in the azimuthal 

(horizontal) directions around a receiver (Bar-Sever et al., 1998).  The magnitude of 

horizontal variations decreases as the elevation approaches the zenith.  Through elaborate 

experimentation, Bar-Sever et al. (1998) determined that the repeatability of coordinates 

improved when gradients were modeled using a random walk process and a relatively 

low elevation cutoff of seven degrees, and this method was used in the current study. 

In this study, the VMF1 mapping model was used to model the delay caused by 

the troposphere.  Vertical repeatability of ground station coordinates demonstrably 
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improved through the use of this model (Bertiger et al., 2010).  In general, mapping 

functions are designed to define the relationship between elevation angle and signal delay 

(Davis et al., 1985).  The Vienna Mapping Function (VMF), designed by Boehm and 

Schuh (2004) was introduced to simplify the modeling of tropospheric delay specifically.  

Key benefits of VMF1 (the most recent VMF model) include improved constraints on the 

hydrostatic portion of the delay while simultaneously employing a mapping function 

which is dependent on latitude and day of year (Boehm & Schuh, 2004). 

Another atmospheric effect on signal transmission is the ionospheric delay, which 

can be separated into two groups: large first-order delays, and much smaller second-order 

delays.  The severity of the first-order delay is dependent upon a number of factors, e.g. 

solar activity, local time of day, local season, and satellite elevation (Kedar et al., 2003).  

The second-order ionospheric delay results in errors on the millimeter-centimeter scale, 

but as GPS solutions continually improve in repeatability; these classically small errors 

become relatively large (Kedar et al., 2003).  Correcting for the second-order ionospheric 

delays reduces a substantial amount of motion typically attributed to seasonal variations, 

and improves station coordinate repeatability (Kedar et al., 2003). 

 Displacements caused by the solar and lunar tides not only affect the earth’s 

oceans, but also the solid earth and the positions of the orbiting satellites.  Fortunately, 

these effects can be modeled using an internet-based software system.  The Ocean Tidal 

Loading interface is operated by Chalmers University’s Onsala Space Observatory (OSO) 

in Sweden (Bos & Scherneck, 2011).  The OSO interface allows users to select their 

preferred tidal model from over twenty choices, both recent and well-documented.  This 
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study utilizes the FES2004 atlas, which is the most current FES (Finite Element 

Solutions) atlas (Lyard et al., 2006).  FES2004 calculates the major diurnal and semi-

diurnal tides with its internal and well-established algorithms.  The atlas then correlates 

the calculated values with the altitude data gathered by altimetry-satellites (Lyard et al., 

2006). 

 Once the GPS data has been processed, it must be cleared of outliers, and this 

must also be done in a systematic manner.  This study used GIPSY to calculate a sigma 

value for each coordinate (X, Y, and Z) every day the station was operational.  The sigma 

value for each daily position indicates the average level of noise in the data.  As such, the 

sigma value for each daily positions will summarize the reliability of the approximately 

3000 positions collected that day (2 readings per minute * 1440 minutes per day).   These 

sigma values are the most logical way to approach the task of outlier removal.  However, 

they cannot simply be applied on a daily basis.  Any daily solution that lies beyond the 

bounds of reasonable data will likely correspond to a much larger sigma than that of its 

neighbors. This is because daily positions that might have been corrupted by multipath, 

inaccurate estimation of delays, on-site maintenance, or cycle slip will record greater 

variability in the high-frequency measurements.   Therefore, one must consider the sigma 

values of the entire time series in order to identify outliers. 

  Outlier identification and removal in this study is adapted from an approach 

implemented in previous studies   iru abad     ing, 2012  Wang, 2013).  Working in 

Central Italy,  iru abad  and King (2012) studied the relationship between position 

precision, observation duration, and reference station position.   A local reference frame 
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of nearby stations was employed, and any positions beyond their directionally respective 

“2x average sigma” range are treated as outliers.  Similarly, in this study, the average 

daily sigma values were collected for each position component.  A range of twice the 

average daily sigma was established around each daily solution, and any solution beyond 

the range of both its neighbors was removed as an outlier, as shown in Figure 4-2. 

 

Figure 4-2: Removing Outliers 

  This plot illustrates the changes that result from the removal of “2 x average daily sigma” 

values.  The blue stars represent the complete/raw positions generated from the GIPSY 

Processing.  The red triangles illustrate the trend once the outliers have been removed. Raw GPS 

Data from HGSD. 
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4.4 Reference Frames 

 All positions, by definition, must be presented relative to an established reference 

point or frame.  Reference frames may be celestial, global, regional, national, or local 

(Matsuzaka, 2012).  Historically, surface GPS station positions and velocity vectors in 

the Houston-Galveston region have been referenced to the isolated, but stable, positions 

and velocities of deep monument CORS stations.  An alternative to this baseline-pair 

approach is to use the observed motion of stable sites to generate the orientation, origin, 

scale, and time-dependency of these parameters for a local reference frame (Wang, 

2013b).  All observations referenced to this frame will readily illustrate the internal, or 

local, deformation.  

In order to relate GPS positions and displacements to earth processes – a stable 

reference frame must be employed (Bawden et al., 2012). Processing GPS data with 

GIPSY-OASIS II generates solutions referenced to the Earth-Centered, Earth Fixed 

International GNSS Service Reference Frame, the most current version being IGS08.  

The IGS08 reference frame is appropriate when considered in light of the global 

availability of IGS products, processing software such as GIPSY, BERNESE, GAMIT, 

etc., and GPS data in general. 

The increase in localized, specific uses for GPS studies has resulted in a similar 

increase in local or regional reference frames: e.g., the North American Datum of 1983 

(NAD 83), the South American Geocentric Reference System (SIRGAS), the European 

Terrestrial Reference System of 1989 (ETRS89), and the Geodetic Datum of Australia of 
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1994 (GDA94) (Soler & Snay, 2004; Soler & Marshall, 2003).  This is due, in part, to the 

researchers in these areas working to define intra-regional processes rather than global-

scale processes.  The implementation of a regional reference frame greatly improves the 

utility and comprehension of GPS-derived positions. 

In this study, a local reference frame, named the Stable Houston Reference Frame 

(SHRF) (Wang, 2013b) was implemented for the analysis of GPS coordinate time series.  

This local frame allows researchers in the Houston-Galveston area to analyze the intra-

regional deformation due to subsidence, fault motion, salt tectonics, etc. in a site-specific 

manner.  Once the IGS08-referenced positions are generated, they can be converted to the 

local reference frame through the use of a 14-parameter Helmert transformation.  This 

transformation is described in this section, and follows the methodology and definitions 

of previous studies (e.g., Soler & Snay, 2004; Dawson & Woods, 2010; Pearson et al., 

2010; Wang, 2013b; and references therein). 

The solutions achievable with modern GPS analyses are highly accurate and 

reliable, largely due to the precise products provided by the International GNSS Service 

(Soler & Snay, 2004).  The IGS began formatting its precision products within the 

International Terrestrial Reference Frame (ITRF) in 1994 (Kouba, 2002).  As the 

coordinates within the ITRF have improved over time, sequential realizations have been 

established (e.g., ITRF1992, … , ITR 05, ITR 08).  The IGS products had to be updated 

in lock-step, so that the precise orbits and clocks remained relevant to the most recent 

realizations of the ITRF.  Since 2000, the sequential iterations of the ITRF have not 
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significantly impacted the IGS (Ray et al., 2011).  The most recent iteration (ITRF05 to 

ITRF08) indicated internal ITRF translational stability (Ray et al., 2011). 

The IGS has defined its own unique and global reference frame, based on the 

most current International Terrestrial Reference Frames, since 2000 (Ray et al., 2011). In 

2011, the IGS adopted the IGS08 reference frame, which replaces the previous IGS05, 

and is based on the current ITRF08 Frame.  Currently, all IGS products are referred to 

this IGS08 reference frame. 

The study of subsidence is primarily an examination of vertical land surface 

displacement through time.  Although some studies have identified horizontal 

displacements related to land surface subsidence, the one-dimensional investigation of 

the Addicks Site is focused on vertical motion.  This vertical motion must be referenced 

to some base height, or datum.  In this study, the ellipsoid was used as the datum to 

define vertical positions and their variations.  In order to constrain the vertical motion 

observed at the site, the horizontal coherence between ADKS and PAM05 must be 

examined.  The investigation of either site in an X, Y, Z coordinate system, referenced to 

IGS08, records displacement along all three axes (Figure 4-3; Figure 4-4).  Transforming 

the coordinates to the Stable Houston Reference Frame and a North, East, vertical 

coordinate system in the next section demonstrates the horizontal coherence and vertical 

disparity between the two stations.  
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4.5 The Transformation to SHRF 

 The parameters in the following equations are defined as functions of time.  This 

time-dependency allows the transformation process to accommodate any change in 

position coordinates through time.  

SHRF Transformation Equations: 

               [      ]                                            

                               [      ]                            

                                               [      ]            

 

In these equations, X(t)IGS08, Y(t)IGS08, and Z(t)IGS08 represent the X, Y, and Z 

position coordinates of the ground station at time t, calculated using GIPSY-OASIS II 

(and therefore referenced to the IGS08 frame).  Similarly,  X(t)SHRF, Y(t)SHRF, and Z(t)SHRF 

represent the X, Y, and Z position coordinates of the same station, at time t, within the 

Earth-Centered, Earth-Fixed coordinate system of the Stable Houston Reference Frame. 

The equations demonstrate that the X, Y, and Z coordinates in the IGS08 frame are 

transformed into the SHRF through: (1) Translation along the respective axis (in meters), 

represented by the Tx(t), TY(t), and TZ(t) terms; (2) Differential Scaling of the respective 

axis, denoted by the unit-less s(t) term; and (3) Counterclockwise Rotations (in radians) 

around the remaining two axes, shown as the Rx(t), RY(t), and RZ(t) terms (Wang, 2013b).  

Table 4-2 provides the values of these fourteen parameters for both the transformation of 
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IGS08 into SHRF as well as the transformation of IGS08 into NAD83, a regional 

reference frame.   With the long history of data avialable in the Houston-Galveston 

region, the SHRF transformation was able to account for all seven parameters and their 

time derivatives.  The results of these transformations are visible for both the ADKS-

CORS and PAM05 stations in the following figures (Figure 4-3 & Figure 4-4, 

respectively). 

 

Table 4 2: Fourteen Parameters for Helmert Transformation from IGS08 to NAD83 and SHRF 
 

Transformation 

Parameter 
Units 

IGS08 to SHRF 

t0 = 2012 

IGS08 to NAD83(2011) 

t0 = 1997 

Tx(t0) cm 0.00000 99.34300 

Ty(t0) cm 0.00000 -190.33100 

Tz(t0) cm 0.00000 -52.65500 

Rx(t0)** mas*** 0.00000 25.91467 

Ry(t0) mas 0.00000 9.42645 

Rz(t0) mas 0.00000 11.59935 

s(t0) ppb**** 0.00000 1.71504 

dTx cm/year -1.07250 0.07900 

dTy cm/year -1.05876 -0.06000 

dTz cm/year -3.54574 -0.13400 

dRx mas/year 1.15720 0.06667 

dRy mas/year -0.93885 -0.75744 

dRz mas/year -0.33224 -0.05133 

ds ppb/year 1.37220 -0.10201 

    

Source: Wang, 2013b, Table 2; Pearson and Snay (2013), Table 7 

**Counterclockwise rotations of axes are positive. 

***mas = milliarc second.  

radians to mas coefficient:  206264806.24709636;   

mas to radians coefficient: 4.848137E-09.  

**** ppb=parts per billion 

 

Table 4-2: Fourteen Parameters for Helmert Transformation  

  This table provides the values for the fourteen parameters used to transform the global IGS08 

reference frame into the regional NAD83 and local SHRF (Wang 2013b; Pearson & Snay, 2013).  
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Figure 4-3: ADKS Displacement in Three Reference Frames 

  This plot shows the X, Y, and Z positions of the ADKS-CORS station in all three reference 

frames discussed in this chapter: IGS08 (Global), NAD83 (Regional), and SHRF (Local). Raw 

GPS data provided courtesy of the HGSD. 
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Figure 4-4: PAM05 Displacement in Three Reference Frames 

    This plot shows the X, Y, and Z positions of the PAM05 station in all three reference frames 

discussed in this chapter: IGS08 (Global), NAD83 (Regional), and SHRF (Local).  Raw GPS data 

provided courtesy of the HGSD. 
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The values for all seven transformation parameters can be defined after (Pearson 

et al., 2010) as: 

               
         

               
         

               
         

               
         

               
         

               
         

                     

The time-dependency of the above parameters is explained through a linear 

relationship with a fixed “initial” value, defined at a specific epoch, and noted as t0.  For 

the SHRF transformation, 2012 was selected as t0, and thus its transformation values are 

zeros in Table 4-2.  It is important to note that t0 is a constant.  Therefore, Tx(t0), TY(t0), 

TZ(t0), Rx(t0), RY(t0), RZ(t0), and s(t0) will also be constants.  The values for the time 

derivatives of these seven parameters can be defined after (Pearson et al., 2010) as 

“primed” values    x,   Y,   Z, R x, R Y, R Z, and s’).  These values provide the velocities for 

translation, rotation, and scaling with respect to time (Soler & Marshall, 2003).   

Figure 4-5 shows the locations of the ten stations used for the establishment of the 

SHRF.  The frame sites were required to (1) have begun operation before 2006, (2) have 
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collected over seven years of data, (3) have IGS08-referenced velocities with sigma 

values less than 0.1 mm/year, and (4) display little or no subsidence upon visual 

inspection of the vertical time series.  In addition, the frame sites were chosen with good 

lateral distribution (Wang, 2013b). 

 

 

Figure 4-5: Locations of SHRF Frame Sites 

  This figure illustrates the positions of the GPS stations chosen to establish the SHRF.  

The resulting velocities of the transformation are also depicted, where the blue arrows 

represent motion referenced to IGS08, and the red arrows represent motion of stations 

referenced to NAD83 (Wang, 2013b). 
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 Ground Deformation and Groundwater Withdrawal 5

The Addicks Facility in western Harris County contains almost every tool designed 

to study subsidence in the Houston region.  The facility is therefore a microcosm of the 

monitoring network as a whole.  The reliable history of data collection paired with the 

recently initiated restrictions on groundwater withdrawal provides a more comprehensive 

demonstration of the relationship between groundwater usage and potential urban hazards 

than is possible in areas where monitoring only began after the regulations were 

emplaced. 

In the 1970’s the USGS, NGS, and the HGSD installed 13 borehole 

extensometers across Harris and Galveston Counties in order to differentiate intra-aquifer 

compaction from more regional subsidence.  In the 1990’s the Global Positioning System 

moved to the forefront of the geodetic community, and the subsidence districts began 

installing receiver stations across the counties.   These stations included campaign-style 

stations (PAMs) as well as numerous Continuously Operating Reference Stations 

(CORS), and three deep-monument CORS stations.  Figure 5-1 illustrates a comparison of 

the compaction recorded by the Addicks Extensometer with the vertical displacement 

recorded by the PAM05 Station.  Although the various tools are horizontally very close 

(approximately fifty meters from PAM05 to ADKS/Addicks Extensometer), they are 

essentially located 549 meters apart from one another in the vertical direction, since the 

deep-monument GPS station records subsurface motion at the depth of the Burkeville 

Confining Shale.   
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Figure 5-1: Correlation of PAM05 and Addicks Extensometer, 2002-2008 

  The GPS and extensometer records are plotted on separate axes, in order to individualize them 

visually.  They may be seen plotted on the same axis in Figure 1-6.  Although the trends of the 

two records parallel one another closely, there is more definition in the PAM05 record – 

especially in identifying rebound.  The annotations of velocities are for the PAM05 record.  The 

extensometer data was sourced from (Kasmarek et al., 2010).  Raw GPS data provided courtesy 

of the HGSD. 

 

This chapter will present the results from the combined analyses of data from the 

Addicks Extensometer, the PAM05 and ADKS-CORS Stations, the GPS Processing 

scheme developed by the members of the HoustonNet team at the University of Houston, 

and groundwater levels in the study area.  
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5.1 The Addicks Extensometer 

The USGS began recording data from the Addicks Extensometer in July of 1974.  

Data are collected approximately once per month, in order to suppress the higher 

frequency changes resulting from shrinking/swelling of near surface montmorillonitic 

clays (Kasmarek, 2012, Personal Communication).   Since its first measurement, over 

one meter of compaction has been recorded at the Addicks Site.  Some perspective for 

this observation can be gained through a comparison with compaction data from an 

extensometer located on the opposite (east) side of Harris County, the Pasadena 

Extensometer.  The first measurement made at Pasadena was in 1975.  And from that first 

measurement until 2009, only seven centimeters of compaction is observed.  This shows 

an order of magnitude difference in the amount of compaction between the two sites over 

the same period of time.   The total compaction observed by all extensometers is listed in 

Table 5-1, and the history of compaction is plotted in Figure 5-2.  It is beneficial to begin 

comparing compaction since 1980, because each of the eleven sites had an operational 

extensometer by 1980. 

Removing all compaction recorded before 1980 from each extensometer’s history 

shows that no extensometer in eastern Harris County has recorded more than fifteen 

centimeters of compaction, whereas the Addicks Extensometer has experienced more 

than eighty-five centimeters of compaction.  It is important to remember that the 

regulations are the strictest in southeastern Harris County because that area is the heart of 

historic subsidence, and if the extensometers had been installed in 1900, they would 

certainly illustrate a different trend.  The groundwater restrictions enforced in 
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southeastern Harris County (Area 1, Figure 3-1) have certainly helped to slow, and - in 

some cases - begin to reverse the observed compaction. 

 

Table 5-1: Extensometer Records 

Extensometer 

Name 

Compaction (+) or Rebound (-) 

Recorded since 1980 

Texas City -3 

Pasadena -5 

Baytown C-1 5 

Seabrook 9 

NASA 13 

Clear Lake 13 

East End 14 

Lake Houston 16 

Northeast 24 

Southwest 45 

Addicks 85 

 

Table 5-1: Compaction/Rebound for all Borehole Extensometers 

  The severity of compaction in West Houston is displayed by examining the variability across the 

region.  The Addicks Extensometer recorded nearly one meter of compaction since 1980.  

Increased amount of compaction has been given a positive value in previous studies 

(Kasmarek et al., 2012).  Conversely, the reversal of compaction due to aquifer rebound 

is given a negative value.  The data for this table were sourced from (Kasmarek et al., 2010), 

and the time series are displayed in Figure 5-2. 
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Figure 5-2: Compaction/Rebound for all Borehole Extensometers 

  This graph depicts the values summarized in Table 5-1.  The time series plot allows for the 

identification of anomalous periods of compaction or rebound – such as the event recorded by the 

Addicks Extensometer in 2005.  Extensometer data compiled from US Geological Survey 

(Kasmarek et al., 2010). 
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5.2 Deep-Monument ADKS Station 

  The deep-monument GPS station at the Addicks  acility is denoted as “ADKS” 

(Figure 1-2).  It is collocated with the Addicks Extensometer, and they utilize the same 

standpipe to monitor and reference motion 549 meters below the land surface.  The 

ADKS station began operation in January of 1994, and it was recognized as a CORS 

station by the National Geodetic Service in 1998.  Figure 3-4 is a schematic illustration of 

the deep-monument CORS system, and its operational mechanics are described in detail 

in Chapter 3. 

Unlike the Addicks Extensometer, the ADKS-CORS does not measure 

compaction. Instead, it records the position of the standpipe’s subsurface anchor, in order 

to insure that the position of this anchor has remained stable in an area severely affected 

by surface deformation.  Another difference between the data collected by these tools is 

that the Addicks Extensometer provides approximately one measure of compaction per 

month of operation, whereas the ADKS-CORS, is continuously recording the position of 

the anchor point.  This uninterrupted retrieval of data is essential for isolating the short 

lived, but severe, events such as the five centimeters of subsidence observed in late 2005 

by PAM05 and the Addicks Extensometer. 

As with all GIPSY-derived positions presented in this study, the ADKS solutions 

were first generated relative to the IGS08 reference frame, and then transformed into both 

the regional North American Datum of 1983 (NAD83) and the local Stable Houston 

Reference Frame (SHRF).  Figure 5-3 illustrates the displacement observed by the 
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ADKS-CORS station in all three reference frames in a geodetic coordinate system 

(North, East, and Vertical).  This coordinate system provides a more intuitive display of 

the ground surface deformation at the Addicks Facility than can be accomplished with the 

Cartesian (XYZ) coordinates presented during the reference frame discussion.   

The greatest displacement was recorded in the westerly direction when the station 

position was referenced to IGS08.  This is largely due to the motion of the North 

American Plate relative to the global IGS08 reference frame.  As would be expected, the 

transformation of the time-series to NAD83 and SHRF nearly eliminates this motion.  

The vertical displacements in all three reference frames parallel one another closely.  The 

stability of the ADKS-CORS station is essential for isolating the amount of surface 

deformation caused by aquifer compaction.  To this end, the ADKS-CORS positions 

(Figure 5-3) should be contrasted with the positions of the PAM05 station (Figure 5-4), in 

order to discern the North, East, and Vertical motion recorded by PAM05 alone, relative 

to the stable ADKS (Figure 5-5).  
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Figure 5-3: ADKS North, East, and Vertical Displacement 

  Displacement observed at the ADKS-CORS station within the global IGS08 reference frame, 

the regional North American Datum of 1983, and the local Stable Houston Reference Frame.  

These plots show the relative stability of the ADKS site in all three coordinates within the local 

reference frame.  Raw GPS data provided courtesy of the HGSD. 
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5.3 PAM05 Surface Station 

PAM05 is located fifty meters from the ADKS-CORS station, and records the 

position of the surface.  Differences in vertical positions between the two stations 

represent compaction or expansion occurring between the surface and the base of the 

aquifers (approximately 550 meters in the study area).  Before comparing the 

displacements observed between the two stations, the PAM05 time series was generated 

using GIPSY-OASIS II in the PPP-SRPA mode.  The resulting displacement (in all three 

reference frames) is illustrated in Figure 5-4.  As with the ADKS-CORS displacement 

referenced to IGS08, the westerly velocities recorded by PAM05 in IGS08 shows the 

motion of the North American Plate.  This motion is no longer visible after the 

transformation to both regional (NAD83) and local (SHRF) reference frames.   

In order to determine how much vertical displacement results from aquifer 

compaction, the components of motion from the ADKS-CORS and the PAM05 site are 

differenced.  Given its long history of proven stability, the ADKS–CORS positions are 

held fixed, and Figure 5-5 shows this isolated PAM05 motion graphically.  PAM05 and 

the ADKS-CORS have recorded very similar positions in both the North-South and East-

West directions (never more than one inch difference).  However, more than ten 

centimeters of compaction is visible between the ground surface (PAM05) and the base 

of the aquifer (ADKS-CORS) from 2001-2005 (Figure 5-5).  Therefore, the mechanism 

for the subsidence of the land surface near the Addicks Facility appears to be the result of 

processes operating in the shallowest 549 meters of sediment.   
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Figure 5-4: PAM05 North, East, and Vertical Displacement 

   Displacement observed at the PAM05 station within the global IGS08 reference frame, the 

regional North American Datum of 1983, and the local Stable Houston Reference Frame.  Raw 

GPS data provided courtesy of the HGSD. 
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Figure 5-5: PAM05 North, East, and Vertical Displacement, Normalized 

  In this figure, all motion observed by the ADKS-CORS site is treated as regional motion, and 

removed from the PAM05 time series.  This isolates the ground surface deformation, and 

provides a measure of compaction in the bottom plot (vertical). Raw GPS data provided courtesy 

of the HGSD. 
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5.4 Groundwater Level and Withdrawal 

There are several wells in the area that monitor the variations in hydraulic head.  

The LJ-65-12-717 well is closest to the Addicks Extensometer and ADKS standpipe, and 

will therefore provide an excellent indication of site-specific subsurface stress changes. 

As discussed previously, the hydraulic head is also referred to as the potentiometric 

surface, and is the position to which water will rise in a tightly cased well.  The 717 

pumping well records the depth to the potentiometric surface in the Evangeline Aquifer, 

and it began observation in 1968.  The record is summarized in Table 5-2, and displayed 

in Figure 5-6 and Figure 5-7. 

In general, this record describes declining groundwater levels, and therefore 

increasing effective stress on the skeletal matrix of the sediment in the Evangeline 

Aquifer.  The potentiometric surface was lowered by approximately one foot per month 

for the first twenty years of operation.  In addition, there were very large-scale declines in 

groundwater levels in both 1998 and 2005.  These large-scale declines are not observed 

in a monitoring well screened within the shallow Chicot Aquifer or the deep Evangeline.   

In both the 1998 and 2005 declines, groundwater levels fall over 300 feet (91 

meters), at rates of approximately 17 and 40 feet per month (5 and 12 meters per month), 

respectively.  This magnitude of declines is nearly unparalleled within the history of the 

HGSD.  Declines observed in southeast Harris County from 1943 to 1977 were also 

approximately 90 meters (average rates of approximately 25 cm per month).  This long-

term decline was reported to have caused nearly three meters of land surface subsidence 

(Danskin et al., 2001).  Although similar values of potentiometric surface decline are 
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observed at the Addicks facility in 1998 and 2005, only a few centimeters of deformation 

results.  One of the reasons for this disparity in deformation is the rapidity of the 

potentiometric surface decline at Addicks.  The slow-draining clays which cause land 

surface subsidence do not react immediately to decreases in the hydraulic head.  Large-

magnitude compaction occurs due to a prolonged increase in the subsurface stress.  

 

Table 5-3: Changes in depth to potentiometric surface within well LJ-65-12-717 
  

Periods of Interest 
Potentiometric Surface 

Change (meters) 

Number 

of Months 

Monthly Rate 

(meters/month) 

1968-1988 -73.8 240 -0.31 

January 1997-September 1998 -108.7 21 -5.18 

September 2003-Feb 2005 103.9 18 5.77 

February 2005-Sept 2005 -100.5 8 -12.56 

Sept 2005-Jan 2013 104.9 88 1.19 

 
Table 5-2: Changes in Potentiometric Surface 

  The potentiometric surface falls by approximately 100 meters from February through September 

of 2005.  This produces an average declining rate of over 12 meters per month, and is 

unparalleled in the well’s record. Ranges are controlled by dates of actual measurements.  Data 

compiled from USGS Groundwater Watch (U.S. Geological Survey, 2013). 
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Figure 5-6: Forty Years of Compaction and Groundwater Levels 

  This figure compares the history of Evangeline groundwater levels at the 717 pumping well 

(bottom plot) with the surface deformation recorded by PAM05 and the compaction observed by 

the Addicks Extensometer (top plot).  The two periods of extreme decline are highlighted in both 

plots, and correlate with rapid subsidence/compaction. Water level data was collected from USGS 

(U.S. Geological Survey, 2013). Extensometer data sourced from (Kasmarek et al., 2012). Raw 

GPS data was provided courtesy of the HGSD. 
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Figure 5-7: Ten Years of Compaction and Groundwater Levels 

  This figure focuses on the two periods of rapid decline in groundwater level.  The magnitude of 

decline was greater in 1998, but the rate of decline was greater in 2005.  Both declines result in 

rapid compaction.  In addition, both declines correlate with much smaller declines in the Chicot 

monitoring well.  Water level data was collected from USGS (U.S. Geological Survey, 2013). 

Extensometer data sourced from (Kasmarek et al., 2012). Raw GPS data was provided courtesy 

of the HGSD 
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The rapid groundwater level declines in 1998 and 2005 correlate with periods of 

rapid compaction (Figure 5-7).  The following section will examine groundwater 

withdrawals from the eleven wells at the Katy-Addicks Pumping Station, in order to 

better constrain the causes for these rapid water level declines.  As mentioned previously, 

this study focuses on the rapid subsidence observed in 2005.  Therefore, the groundwater 

withdrawal data focuses on this period of time.  

The quantities of water withdrawn from the eleven wells at the Katy-Addicks 

Station are plotted in Figure 5-8.  The volumes decrease dramatically from 2003 to 2004, 

and continue to decline through 2008.  The seven year span (2002 -2008) provides a 

sufficient range to explore the rapid subsidence observed in 2005. 

 

Figure 5-8: Annual Groundwater Withdrawal from Katy-Addicks Station 

  This figure shows the volume of water withdrawn with the eleven wells operated by the City of 

Houston at the Katy-Addicks Pumping Station.  Annual withdrawals decline by more than fifty 

percent from 2003 to 2004, but are very similar between 2004 and 2005.  The totals were 

compiled from data provided by Terri Turner of the City of Houston. 
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The yearly volumes of groundwater withdrawal (Figure 5-8) from eleven nearby 

wells were compared with both the total annual change in the hydraulic head and the 

annual surface displacement recorded by PAM05.  The comparison of the values from 

2002 to 2008 is detailed in Table 5-3.  There is relatively little change in groundwater 

extraction from 2002 to 2003, and yet there is variability in the potentiometric surface 

and vertical position of the land surface.  In fact, although there is slightly more 

groundwater withdrawn in 2003 than 2002; the hydraulic head rises in 2003.  A similarly 

counter-intuitive result is also observed between 2004 and 2005. 

Alternatively, when the groundwater withdrawn in a given year is significantly 

greater- or less-than the withdrawals of the preceding year, a pattern emerges.  For 

example, from 2003 to 2004, groundwater withdrawal decreases by more than fifty 

percent, the hydraulic head rises, and compaction is reversed.  Likewise, there is another 

large decrease in groundwater withdrawal from 2005 to 2006.  This is also represented by 

an increase in hydraulic head and a significant reduction in subsidence. 

The variation in yearly withdrawals, hydraulic head, and surface displacement 

suggest that there is no specific amount of groundwater withdrawal that will result in 

compaction or subsidence, but that there is a relationship between the rate of extraction 

and vertical displacements of the land surface. 
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Table 5-3: Annual Withdrawal, Head Change, and Surface Displacement 

Year 
Total Withdrawal 

(MG) 

Total Change in 

Head (meters) 

Annual vertical 

Displacement (cm) 

2002 6325 -1 -2.7945 

2003 6900 22.5 -1.4466 

2004 2932 41.8 1.8166 

2005 2191 -40.5 -3.7476 

2006 370 12.9 -0.1845 

2007 25 29.9 0.9722 

2008 50 0.4 -0.8352 

 

 
Table 5-3: Comparison of Annual Withdrawal, Change in Head, and Vertical Displacement  

  This table demonstrates that significant differences between consecutive years of groundwater 

withdrawal exert more control over hydraulic head and ground surface deformation than the 

volumes themselves.  Horizontal lines identify two examples of this relationship (2003-2004 and 

2005-2006).  Groundwater volumes are compiled from the eleven wells in the Katy Addicks 

Station, and are illustrated graphically in Figure 5-8.   

 

In apparent contradiction to this argument, Table 5-3 shows very little change in 

groundwater withdrawal between 2004 and 2005.  And yet, 2005 recorded a 133 foot (40 

meter) decline in hydraulic head and nearly five centimeters of land surface subsidence.  

For this reason, a more detailed investigation of groundwater withdrawal was undertaken.  

With the assistance of Terri Turner from the City of Houston Department of 

Public Works and Engineering, monthly pumping rates were obtained for the period of 

interest (2004-2006).  When these values are added to the dataset and compared with the 

PAM05 record of compaction, a distinct temporal relationship is visible.  
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Figure 5-9: Monthly Groundwater Withdrawals Katy-Addicks, 2004-2006 

  This figure shows the monthly volumes of groundwater withdrawn during the period of interest.  

Approximately equal volumes of water were extracted in 2004 and 2005.  It may be noted that no 

extraction occurred in early 2005.  This hiatus in withdrawal allowed the hydraulic head in the 

aquifer to rise, and subsidence to reverse (please see the following discussion).  The values for 

groundwater withdrawal were provided by Terri Turner of the City of Houston. 

 

 Analysis of the rate of groundwater withdrawal shows excellent correlation with 

the recorded ground surface deformation.  The data from 2002 to 2008 were divided into 

four periods, each with different rates of withdrawal.  These periods were titled A, B, C, 

and D. The changes in the rate of withdrawal from one period to the next are detailed in 

Table 5-4.  The periods are labeled either High or Low – to indicate whether they are 

periods of excessive or reduced withdrawal rates, respectively.  
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Table 5-4: Volume and Rate of Withdrawals, Compared with Observed Compaction 

Date 
Total 

Withdrawal 
(MG) 

PAM05 
Position 

(cm) 

Monthly 
Displacement 

(cm) 

Period  Totals  
Withdrawal 

(MG) 
Displacement 

(cm) 

Jan-04 561.12 0.00 0.00  

Feb-04 501.08 -0.22 -0.22   

Mar-04 223.91 0.34 0.56 A - High 

Apr-04 145.20 1.49 1.15 

2908.30 1.08 
May-04 134.97 0.74 -0.74 

Jun-04 135.76 1.79 1.04 

Jul-04 228.61 0.89 -0.90 

Aug-04 329.40 1.87 0.99 

  Sep-04 311.29 1.81 -0.06 

Oct-04 336.96 1.08 -0.73 

Nov-04 42.80 1.12 0.04   

Dec-04 1.09 0.70 -0.42 B - Low 

Jan-05 0.00 0.97 0.27   

Feb-05 0.00 1.68 0.71 43.89 1.33 

Mar-05 0.00 2.41 0.73   

Apr-05 0.00 2.74 0.33   

May-05 0.00 2.45 -0.29   

Jun-05 182.64 2.11 -0.34   

Jul-05 343.88 -0.08 -2.19   

Aug-05 285.21 -0.35 -0.26 C - High 

Sep-05 611.97 -1.31 -0.97   

Oct-05 353.56 -1.86 -0.55 2808.84 -4.66 

Nov-05 344.55 -2.30 -0.43   

Dec-05 367.51 -2.72 -0.42   

Jan-06 319.52 -2.55 0.16   

Feb-06 6.92 -1.90 0.65   

Mar-06 8.53 -0.03 1.87   

Apr-06 3.49 -1.28 -1.25   

May-06 9.09 -0.21 1.07 D - Low 

Jun-06 1.60 -1.88 -1.66   

Jul-06 0.35 -2.43 -0.55 50.95 0.74 

Aug-06 6.62 -0.38 2.04   

Sep-06 3.03 -0.27 0.11   

Oct-06 5.94 -0.52 -0.25   

Nov-06 1.98 -1.02 -0.49   

Dec-06 3.40 -1.16 -0.14   

  This table details the variability within each period of steady withdrawal. Transitioning from a 

prolonged high rate to a low rate of withdrawal results in aquifer expansion, whereas transitioning 

from a prolonged low rate to a high rate results in compaction. 
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Figure 5-10: Correlation of Groundwater Extraction and Compaction 

  The combination of GPS and groundwater extraction measurements illustrates the direct 

correlation between groundwater withdrawal rate and aquifer compaction. The values for 

groundwater withdrawal were provided by Terri Turner of the City of Houston. Water level data 

was collected from USGS (U.S. Geological Survey, 2013). Raw GPS data was provided courtesy 

of the HGSD 
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 Periods A and D maintain average rates of withdrawal for much longer amounts 

of time than B or C.  The highest rates of surface displacement – both compaction and 

rebound – are observed during these short-lived segments.  In addition, the highest rate of 

compaction (-0.58 cm/year, Table 5-5) is much greater than the highest rate of rebound 

(0.19 cm/year).   The boundaries between the segments were chosen to mark the 

significant changes in the overall trend of groundwater withdrawal.  Table 5-5 summarizes 

these changes. 

Withdrawal and Displacements by Period 

Period 

Average 

withdrawal Rate 

(MG/month) 

Difference 

from preceding 

month 

Average 

Displacement 

Rate (cm/month) 

Number of 

months in 

period 

A 290.83 N/A 0.11 10 

B 6.27 284.56 0.19 7 

C 351.10 -344.83 -0.58 8 

D 4.63 340.2 0.07 11 

 

Table 5-5:  Summary of Table 5-4 by Observation Period 

  The severe subsidence observed at the Addicks Facility in 2005 is a result of short-lived, large 

magnitude fluctuations of groundwater withdrawals. Period C represents the time of excessive 

groundwater withdrawal, which resulted in an average displacement rate of nearly six millimeters 

per month.     

 

 From Table 5-5, it can be seen that the greatest rate of displacement occurs 

between June of 2005 and January of 2006.  As groundwater withdrawals transition from 

a period with high rates of withdrawal to a period with low rates of withdrawal, the 

potentiometric surface rises in the monitoring wells, and the aquifers rebound.  However, 

the rate and amount of rebound is never as significant as the compaction.  This follows 

the rationale that land surface subsidence is occurring largely due to permanent aquifer 

compaction. 
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 Conclusions 6

This study investigated ground surface deformation and its relation to 

groundwater withdrawal at the Addicks Facility in west Houston.  The analysis of long-

term GPS observations, borehole extensometer measurements, local groundwater 

withdrawals, and records of hydraulic head were used to develop the following 

conclusions. 

1. Deep-Monument GPS vs. Extensometer 

 The ADKS GPS antenna and the Addicks Extensometer both utilize the same 

standpipe to examine the shallowest 549 meters of the aquifer system.  The extensometer 

only measures the thickness of this interval, and cannot distinguish land surface 

displacement from displacement of the anchor.  Alternatively, ADKS records the 

displacement of the standpipe anchor.  The ADKS station demonstrated that no 

appreciable vertical motion of the anchor occurred from 1994-2012, which indicates that 

it is anchored to stable strata beneath the compacting aquifers.  In this region, that unit 

has been identified as the Burkeville confining shale.  As a confining unit, the Burkeville 

is not hydraulically connected to the overlying aquifers.  Therefore, its position is not 

affected by drawdown.  The stability recorded by ADKS supports the conclusion that the 

depth of the Burkeville Confining Unit is 549 meters in the Addicks area. In addition, the 

stability of the subsurface anchor verifies that the decrease in aquifer thickness recorded 

by the Addicks Extensometer is representative of the total land surface subsidence due to 

compaction of the Chicot and Evangeline aquifers. 
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2. Surface GPS Station vs. Extensometer 

 The PAM05 GPS station is located approximately fifty meters from the Addicks 

Extensometer.  Unlike the deep-monument ADKS station, PAM05 measures surface 

displacements.  The vertical motion observed at PAM05 can be compared with the 

compaction recorded by the extensometer, because this study has determined that the 

extensometer is recording total subsidence at this site (i.e., the anchor is stable).  In 

addition, the short distance between the tools allows observations made by one to verify 

those made by the other.  There is a thorough literature on the accuracy of GPS positions, 

including those generated as daily precise point positions with single receiver phase 

ambiguity resolution.  These positions are repeatable to between 2-3 millimeters 

horizontally and between 6-7 millimeters vertically.  The nature of data collection and the 

resulting time series indicate an even higher level of accuracy in the extensometer 

records.  Unlike the daily positions generated for the GPS stations, the extensometer 

maintains an analog record.  The compaction is recorded continuously on paper, and 

approximately one value per month is manually digitized.  Over the past sixteen years 

(1996-2012), the extensometer and PAM05 have both been in operation, and their records 

correlate extremely well.  The close relationship between the measurements of the 

extensometer and the PAM05 station serves to further validate the extensometer’s record 

of compaction.  Since no other extensometer is so closely located to a surface GPS 

station, the verification of the extensometer data by the PAM05 observations will help to 

validate other extensometers as well. 
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3. Groundwater Withdrawal and Change in the Potentiometric Surface 

 The analysis of the extensometer and PAM05 records showed multiple periods of 

rapid subsidence, the most prominent of which occurred in 1998 and 2005.  The 2005 

event was the focus of this study, because of the reliable and contemporaneous GPS, 

groundwater level, and groundwater withdrawal data.  The examination of groundwater 

levels at the Addicks Facility demonstrates that these periods of anomalously rapid 

subsidence correspond to periods of equally anomalous declines in the hydraulic head 

within the Evangeline Aquifer, observable at the pumping wells.  

In this study, periods of consistent groundwater extraction were found to control 

the relationship between groundwater withdrawal and changes in the potentiometric 

surface.  As a period of consistently high groundwater withdrawal transitions to a period 

of low groundwater withdrawal, the potentiometric surface rises.  For example, a period 

of large groundwater withdrawals ends in 2003, and is replaced by a period of very low 

withdrawals.  The potentiometric surface rises by 137 feet (42 meters) in response.  

Unfortunately, a more detailed correlation was not discernible for the dependency of the 

depth of the potentiometric surface on changes in groundwater withdrawal.  In order to 

better constrain their relationship, a higher sampling rate for the potentiometric surface 

would be required. 

4. Groundwater Withdrawal and Aquifer Compaction 

 This study has demonstrated aquifer compaction at the Addicks Facility since 

1980 with the extensometer, and since 1996 with the addition of the GPS stations.  The 
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rate of compaction has varied throughout this time.  Prior to 2000, the rate of compaction 

was (on average) 3.5 centimeters per year; from 2000 to 2008, the rate decreased to an 

average of approximately 1.25 centimeters per year; and from 2008 through 2012, the 

rate of subsidence was less than 0.7 cm/year.  This general decline in the rate of 

compaction is due, in large part, to the Harris-Galveston Subsidence District improving 

public awareness of the hazards associated with excessive groundwater withdrawal.  

Additional restrictions will be emplaced at the Addicks Facility in 2025 and 2035.  As 

these restrictions take effect, both the rate and magnitude of subsidence are expected to 

continue to decrease, as they have in the more highly regulated areas. 

5. Rapid Subsidence in 2005 

 The rapid subsidence in 2005 occurred at a rate of 7 cm/year, which is twice the 

historic average at this site.  As discussed above, it is the rate of groundwater withdrawal 

that exerts the strongest control on aquifer compaction.  For example, the total annual 

volume withdrawn in 2004 and 2005 is approximately equal.  However, in 2005, all the 

pumping occurs in the latter part of the year (over eight months).  The average rate of 

withdrawal during these eight months was 351 million gallons per month, comprising 

approximately 2.8 billion gallons of total groundwater withdrawn.  As a comparison, the 

wells withdrew an average of 6.27 million gallons per month over the preceding seven 

months – during which time the aquifer rebounded slightly.   

 This study concludes that the surface deformation observed at the Addicks 

Facility in 2005 was caused by the compaction of clay-rich interbeds in the shallowest 
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500 meters of the aquifer system.  The anomalous compaction itself resulted from 

significant changes in the rate of groundwater extraction and resulting potentiometric 

surface decline.  According to the most current (January, 2013) Harris-Galveston 

Subsidence District Regulations, groundwater may still supply up to 70% of the total 

water demand in Area Three.  The volume of water withdrawn is overseen through the 

issuance of permits, and:  

 Beginning with permits issued in 2025, a permittee operating under a certified 

GRP [Groundwater Reduction Plan] shall be required to reduce and maintain 

their groundwater withdrawals to comprise no more than 40% of the permittee’s 

total water demand. 

 Beginning with permits issued in 2035, and continuing thereafter… 20% of the 

permittee’s total water demand.” (HGSD, 2013). 

 

Large magnitude fluctuations in the rate of groundwater extracted in 2005 were 

able to produce nearly five centimeters of compaction.  As more pumping stations in 

Area Three begin to limit their withdrawals, the hazards associated with inconsistencies 

in rate of extraction – not only the total annual volume – must be seriously considered. 

Aquifer compaction and subsidence in Houston, Texas have been investigated 

thoroughly over several decades.  The conclusions of this study were made possible, in 

large part, because of this extensive body of previous work.  If the findings presented 

here assist with the mitigation of future aquifer compaction or its hazards, it will serve as 

a credit to the foresight and observations of a century’s worth of researchers.  
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