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Abstract 

Active faults in Houston area are an ongoing problem, and this continues to cause 

damage to the local roads and infrastructures. Within the last 3 years, residents in the 

Woodlands area have reported increasing property damage from faulting caused by the 

Hockley Fault System. Rapid slip rates and the potential damages portray the need of 

further study. The objective of this study is to gain greater insights into the Hockley Fault 

and to increase the available information of active faults. The objectives were achieved in 

part through acquisition of new 2-D shallow seismic and gravity data in the vicinity of 

the main fault scarp. This second part of the study focused on the use of three generations 

of LiDAR data for mapping the terminal segment of the Hockley Fault and for 

calculating the rate of fault displacement as well as utilizing GPS data to further test the 

fault activity.   
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Chapter 1: Introduction 
 The Houston-Galveston region is generally an earthquake-free area; however, 

Houston and its surrounding areas contain over 300 active faults near the northern edge 

of the Gulf of Mexico basin (Engelkemeir & Khan, 2008). Those growth faults were 

originally formed with the development of the Gulf of Mexico; they cover a few cities in 

Harris County and extend to several surrounding counties. A causative link between fault 

land subsidence and fluid withdrawal has been reported in the published literature 

(Verbeek and Clanton, 1978). 

 Figure 1.1 shows the active faults distribution in the Harris region. Generally, 

growth faults in this region are trending from northeast to southwest, moving parallel 

along the coastline of the Gulf of Mexico. The potential geohazards of the growth faults 

can be high because they are moving fast across the highways, neighborhoods, and 

recreational areas, causing serious potential risks. 

 It has been suggested that the fault activities in the Houston-Galveston area are 

related to the development of the Gulf of Mexico, sedimentation history, and the 

movement of salt domes as well as anthropogenic reasons such as withdrawal of 

groundwater and petroleum (Verbeek and Clanton, 1978). However, the mechanisms 

driving these faults and how much the fluid extraction is affecting the movement of the 

active faults in this area remain unclear. 
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Figure 1.1. Active faults distribution map around Harris County; faults are shown as 

black lines and Harris County is highlighted in purple. 

In general, surface faults in the areas affected by salt diapirism tend to be less than 5 km 

in length and show a radial pattern. However, surface faults that are not associated with 

salt domes are usually mappable for more than 10 km, making simple grabens, sinuous in 
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the map view, and tend to have a rough parallel trend to the regional growth faults 

(Verbeek and Clanton, 1978). 

 These active growth faults have been grouped into several fault systems such as 

the Long Point-Eureka Heights Fault System, Addicks Fault System, and Hockley-

Conroe Fault System. A segment of hundreds of faults cut Pleistocene and Holocene 

sediments on the coastal plain between the Victoria and Beaumont areas in Texas 

(Verbeek and Clanton, 1978). The active faults have been mapped by many researchers 

(Clanton & Amsbury, 1975; Engelkemeir & Khan, 2008; O’Neill & Van Siclen, 1984; 

Shah & Lanning-Rush, 2005; Verbeek and Clanton, 1979; Khan et al., 2013). These 

faults show both temporal and spatial variability in the Houston metropolitan area in 

terms of fault movement (Mastroianni, 1991). 

  Previous work suggests that over 80% of the faults in the Houston-Galveston 

area are associated with salt domes (Norman, 2005). Figure 1.2 shows an association 

between active faults and rising salt domes in the Houston area. Most of these active 

faults are short radial faults (Verbeek & Clanton, 1978), making simple grabens. The 

relationship between the salt diapirism and faults is well understood and can be found in 

the literature (Schultz-Ela, Jackson, & Vendeville, 1994). The average movements of 

those active faults are a few centimeters per decade (Saribudak, 2010).  The problem may 

not have been discovered initially, but over time, the fault system has caused or may 

cause damages to the buildings, roads, petroleum, and water wells as well as power lines. 

In some cases, the location of the fault segment remained unknown until it caused 

extensive damages to the local neighborhoods. Accurate mapping of these active faults 
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can help developers avoid building along them as well as help in avoiding local 

geohazard events in the future.  

 

Figure 1.2. Sketch showing a suggested association between active faults and rising salt 

domes in the Houston area (Engelkemeir, 2010).  

 

 

The Hockley Fault System 

 The Hockley-Conroe Fault System location was first recognized as a surface fault 

in the 1930s; it is approximately 53 km long and runs northeast from the town of Hockley 

to the city of Conroe (Figure 1.3). 
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Figure 1.3. Locations of the two in study areas are labeled on the map. The faults are 

highlighted in black line trending from northwest to southeast; the locations of the salt 

domes are also shown.  

 

Study Location One 

Study Location Two 

The Hockley Fault 
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Generally, the Hockley Fault System is one of the major active faults in northwest 

Harris County, and it has been known for many years. It was identified by Verbeek and 

Clanton (1979) as a continuously active growth fault with a dip angle of 60–70 degrees 

toward the Gulf Coast (Saribudak, 2010). The main fault scarp is over 12 km long and 

trending from northeast to southwest. The whole fault system contains different small 

segments that branch out from the main fault segment.  

 The interest in studying the Hockley Fault System arises from the fact that it is 

still active and can cause potential geohazards to its surrounding environment. 

Furthermore, the potential risks of the active fault are high, which could lead to the loss 

of millions of dollars. A more detailed study of the fault mechanism around this area is 

necessary to determine what is behind the increased fault activities in order to reduce the 

potential hazard of the active faults.  

 A previous geophysical study of the Hockley Fault System was conducted by 

Saribudak in 2010. In that study, he combined Ground-Penetrating Radar (GPR) and 

resistivity imaging methods over the Hockley Fault and successfully imaged the 

significant anomalies across the well-known fault location (Saribudak, 2010). Later, a 

similar geophysical study of the Hockley Fault System was completed by Maisam Otoum 

in 2011, in which he highlighted the importance of combining GPR, 2-D shallow seismic, 

and gravity techniques in the fault study for this area (Otoum, 2011). However, integrated 

study in the Hockley Fault zone is necessary, due to the limitations of the previous 

studies by not probing the fault below the surface. 
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 Figure 1.3 shows the location of the Hockley Fault in northwestern Harris County, 

Texas. It also highlights two locations that were used for this study and shows on the map 

locations of the salt domes. In general, the Hockley Fault extends from the Hockley salt 

dome, which suggests a potential relationship between the rising salt domes and the fault 

activities. It intersects with Highway 290 where the main fault scarp was visible on the 

feeder road. Several cracks on the uneven road were observed during our field work, 

indicating the potential activity of the Hockley Fault. The fault area is about 50 m above 

sea level; the low sloping terrains make the fault scarp noticeable and easily detected on 

Digital Elevation Model maps (DEMs), which were generated from Light Detection and 

Ranging (LiDAR) data.  

 

Study Location and Methods 

 The Hockley Fault System is located at the northwest side of the Houston area. It 

starts at the Hockley salt dome, expands northeast toward the Woodlands, and passes 

through the city of Cypress. Two sites were chosen for this study: The first site is located 

near the Houston Premium Outlets Mall where the main fault scarps of the Hockley Fault 

intersect with Highway 290; several similar studies have been conducted there. The 

second site is at the very end of the Hockley Fault, where fault activities have recently 

been reported by local residents (Figure 1.3).  
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 The first location of study was selected with the goal of understanding the driving 

mechanism of the Hockley Fault and for further mapping of it with the help of the 

geophysical data. Two different techniques (2-D shallow seismic and gravity) were 

applied in this area. A 2-D shallow seismic reflection profile was acquired over the 

Hockley Fault to a greater depth compared with previous studies of Saribaduck (2010) 

and Otoum (2011). Gravity data in this study are also helpful for a regional view.  

 The second site was chosen in Woodlands, Texas. This location was brought to 

our attention by local residents who reported damages to their properties due to faulting 

that has become more evident during the past 3 years. Three generations of LiDAR data 

were applied and data from five GPS station were used 

 

Geological Setting 

 Houston and its surrounding areas are underlain by sediment deposition along the 

coastline of the Gulf of Mexico during the Cretaceous and Cenozoic periods. During the 

Cenozoic period, there was a significant increase in sedimentation; therefore, thick 

deltaic sedimentary wedges were formed below and next to the shelf break (Heuer, 

1979). Throughout the period of the Pleistocene and Holocene, a large amount of 

unconsolidated sands and clays were deposited (Saribudak, 2010), which has created an 

ideal environment for faulting, especially with the help of continuous deposition or the 

presence of the salt domes (Verbeek and Clanton, 1979). During the interglacial stage of 

the late Pleistocene time, the ancestral Brazos River surrounding the Houston area, 

contributing to the formation of the fluvial and deltaic plains (Heuer, 1979). 
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 Baker (1979) classified the Tertiary rocks in Northern Gulf Coast into 11 

formations, ranging from the youngest to the oldest; they are Alluvium, Beaumont Clay, 

Montgomery Formation, Bentley Formation, the Willis Sand, the Goliad Sand, the 

Fleming Formation and the Oakville Sandstone, the Catahoula Tuff or Sandstone, the 

Anahuac Formation, and the Frio Formation. Figure 1.4 shows the stratigraphic column 

that displays these formations. Figure 1.5 shows a northwest to southeast cross-section 

that displays the main aquifers beneath the Harris-Galveston Subsidence District covering 

Grimes, Montgomery,Waller, Harris, and Galveston counties in Texas.  
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Figure 1.4. Stratigraphy chart showing sediment successions formed during the 

Oligocene to the Pleistocene periods (Baker, 1979). 
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Figure 1.5. Cross-section showing the main aquifers beneath the Harris-Galveston 

Subsidence District (modified from Kasmarek et al., 2009). 

 Sediments exposed in northern Harris County are primarily from the pleistocene 

Lissie Formation, which is mainly composed of sands and sandy clays (Beckelyhmer, 

1949). It is fluvial in origin but hardly any relict of fluvial geomorphology is left 

(Aronow, 1992). Both the Lissie Formation and the Beaumont Formation are part of the 

Houston Group (Meyer, 1939). The Lissie Formation actually rests unconformably on the 

Willis Formation, although it is shown overlying the Fleming Formation and underlying 

the Beaumont Formation (Beckelyhmer, 1949). The Lissie Formation thickens toward the 
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Gulf Coast from its outcrop at the rate of 2.88 meters per km (15 feet per mile) (Doering, 

1936).  

 The Willis Formation was named after exposures near the Willis community in 

Montgomery County (Doering, 1935). On the Texas Gulf Coast, the Hockley scarp is 

known as a slope break and was named because of its scarp exposure near Highway 290, 

in the vicinity of the Hockley community (Barnes, 1982). The Hockley scarp can be 

traced in the southwest direction to the Guadalupe River and in the northeast direction to 

the Sabine River (Aronow, 1992). Like the Lissie Formation, the Willis Formation is also 

fluvial in origin, well exposed in road cuts and pits, and mainly contains sand and gravel 

(Aronow, 1992). The age assignment of the Willis Formation is complicated because it 

involves the potential relationship with sea level changes that correspond to glacio-

eustatic changes (Aronow, 1992). Some scholars assigned a Plio-Pleistocene age to 

Willis (Doering, 1956; Isphording & Lamb, 1971; Morton, Jirik, & Galloway, 1988; 

Rosen, 1969; Self, 1986; Smith & Meylan, 1983); others prefer a Pliocene age 

assignment to this formation (Barnes, 1992; Darton, Stephenson, & Gardner, 1937). 

Some give a Pleistocene age to the Willis Formation (Baker, 1979; Turco & Chowdhury, 

2009). The lower part of the Willis Formation is considered equivalent to the upper part 

of the Goliad Formation, although most of it is younger than the Goliad Formation 

(Meyer, 1939). 

 The Goliad Formation falls entirely within the Evangeline aquifer (Baker, 1979); 

it is Pliocene in age and placed into the Citronelle Group (Meyer, 1939). It overlies the 

Fleming Formation/Lagarto Clay with a lot of coarse sediments like cobbles, wood 
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fragments, clay balls, and so forth, deposited at the base of the Goliad Formation 

(Hosman, 1996). The upper Goliad Formation is mainly composed of fine-grained sand 

that cemented with caliche (Hosman, 1996). The original environment of the sand is a 

high-energy river depositional system with short-period semi-aridity in the Pliocene time. 

The Lagarto Clay of the Fleming Formation primarily consists of terrigenous clastic 

sediments that composed of interbedded clays and sand (Baker, 1979). The Fleming 

Formation is contains clay in South Texas with an increasing sandy trend toward the 

Sabine River eastward (Turco & Chowdhury, 2006). Although it only shows about 60 

meters (approximately 200 feet) in the outcrop, it occurred thousands of feet in depth 

toward the Gulf Coast (Hosman, 1996) and extends throughout the Gulf Coast aquifer 

system in eastern Louisiana and Texas (Turco & Chowdhury, 2006). Although some 

scholars assigned the Lagarto Formation and the Oakville Formation together in the 

Fleming Group with Pliocene-Miocene in age (Beckelyhmer, 1946 etc; Meyer, 1939), 

Baker (1979) suggested that the Fleming Formation shows similar lithology with the 

underlying Oakville Formation, but it can be differentiated from the Oakville Sandstone 

by its higher percentage in clay at some locations. He also assigned the Fleming 

Formation with Miocene in age (Baker, 1979). The post-Fleming Formations are difficult 

to tell apart in most sections; therefore, the majority of the studies are based on the 

surface data. Special core tests were only completed in rare places with the objective of 

correlations; however, the data are not available for publication (Meyer, 1939).  

 The Oakville Sandstone unconformably overlies the Frio and Catahoula 

Formations and is overlain by the Fleming Formation (Turco & Chowdhury, 2006). It 
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shows similar lithologic character to the Lagarto Formation but with greater sand 

percentage in some places. The thickness of it increases toward the Gulf Coast and south 

direction that shows more than 150 m (approximately 500 feet) in some locations 

(Sellards and others, 1954). Marine index fossils are found in the Oakville sediments that 

distinguish it from the overlying Fleming Formation (Turco and Chowdhury, 2006). 

Generally, it extends from outcrop in the Brazos River Basin toward the Rio Grande 

(except South Duvall County; Turco & Chowdhury, 2006). 

 The Catahoula unconformably overlies the Frio Formation and is underlain by the 

Oakville Sandstone (Baker, 1979). There are different opinions about the age assignment 

of the Catahoula Formation: Aronow (1992) believed the Catahoula Formation is 

Miocene in age, while Turco and Chowdhury (2009) assigned Catahoula Tuff or 

Sandstone with an Oligocene age. The Catahoula outcrop was suggested to be lifted to 

the current position by the upwelling of a salt dome that was surrounded by the Willis 

Formation (Aronow, 1992) and the top depth of the salt plug is 308 m (1,010 feet) below 

the surface (Halbouty, 1979). Nonmarine sands, clays, and volcano-clastic sediments 

mixed with fluvial deposits are found in this formation (Turco & Chowdhury, 2009). The 

average thickness of this formation differs in various locations of Texas: 45 to 60 m 

(approximately 150 to 200 feet) in Central Texas, 60 to 182 meters (approximately 200 to 

600 feet) in East Texas, 244 to 304 meters (approximately 800 to 1,000 feet) in South 

Texas, and it shows its maximum depth toward the Coast at about 610 m (approximately 

2,000 feet; Turco & Chowdhury, 2009). 
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 The Frio Formation is the oldest formation in the Tertiary rocks on the Texas Gulf 

Coast (Baker, 1979) and it is Oligocene in age. The Frio Formation is overlain by the 

Catahoula Formation in central and southeastern parts of Texas, with some of its 

coverage in southwestern Texas (Meyer, 1939). The term Frio is not universally accepted 

and has been hotly debated. The depth of it varies from 900 m (approximately 2,950 feet) 

to 1,280 m (approximately 4,200 feet; Beckelyhmer, 1946).  
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Chapter 2: Methods and Data Sets 

Introduction 

 Geophysical methods like GPR, gravity, shallow seismic, and so forth, have been 

applied in the previous studies of the Hockley Fault. These tools have advantages in the 

study of various characteristics in the subsurface such as geological structures, lithology, 

ground water, pollution, and so forth. Furthermore, they can be used to study the 

subsurface in the heavily populated areas such as towns and neighborhoods. 

 The objective of this work was to carry out an integrated understanding of the 

Hockley Fault System by combining different methods in the study area. The first step 

started with the combination of 2-D shallow seismic and gravity techniques at the first 

study location in the vicinity of the main fault scarp and where previous GPR studies 

were also conducted (Otoum, 2011). Study locations 1 and 2 as well as the Hockley Fault 

System were shown in Figure 1.3. Different geophysical studies have been previously 

conducted here in the Hockley Fault System but only probing relatively shallow depths. 

Consequently, the 2-D shallow seismic survey was designed at the same site of the 

investigation where previous studies were carried out (Otoum, 2011) to provide us with 

more detailed information of the main structural characteristics of the Hockley Fault to a 

greater depth: These data have not only provided a deeper image of the fault compared to 

the data produced when using the GPR technique, but have also identified several new 

fault strands in the subsurface. On the other hand, the gravity technique is used to identify 

potential anomalies across the fault line in a regional view to assist in interpreting the 

seismic data.  
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 The second part of the research focuses on the other segment of the Hockley Fault 

at the study location 2 in Woodlands, Texas, because this fault was reported to be moving 

relatively faster by local residents. No fault activities were reported in this area 

previously. LiDAR was used to map the Hockley Fault in this region and calculate the 

rate of displacement for this fault segment. Attempts were made to acquire seismic 

surveys in northwestern Harris County (Woodlands area), but none of them were 

successful due to access issues, mainly because of the heavy vegetation that restricted 

surveys. 

 

Shallow Seismic 

 Data acquisition. 

 A 2-D seismic survey was conducted perpendicular to the main fault scarp of the 

Hockley Fault. This seismic survey was perpendicular to the main fault scarp of the 

Hockley Fault and was acquired in the study area in March, 2012. This site corresponds 

with the previous work, prominent scarps, clear indications of deformation in the field, 

and potential fault lines generated from LiDAR mapping. Figure 2.1 shows the seismic 

survey location that falls in study location 1. The survey location is on the feeder road 

(Mason Road) of Highway 290 at the point where it intersects with the fault line as 

indicated in Figure 2.1.  
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Figure 2.1. (a) Location of the seismic survey in the field; (b) location of the Hockley 

Fault and the seismic survey shown on imagery from Google Earth. The yellow line 

indicates that the location of the Hockley Fault is dipping from northwest to southeast. 

The red line shows the location of the seismic line; the length of it is about 1,075 m. The 

blue line labels the location of construction work that blocked the road for the seismic 

survey operation. 

 The high-resolution seismic reflection data were collected using a Vibroseismic 

source that was generated by the MiniVib truck from the AGL laboratory, University of 
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Houston. The MiniVib truck Model T-500 is a good seismic source production system 

with 10 to 550 Hz output. Figure 2.2 shows the MiniVib Model T-500. The source 

interval was 5 m and geophone spacing of 5 m was used. Recording was conducted on a 

laptop with the sample rate of 1 ms and recording length of 4 seconds.  

Figure 2.2. MiniVib Model T-500 from the AGL laboratory at the University of Houston, 

which was used as the seismic source in the study. 

 Although the length of the seismic survey was limited due to highway 

construction, we had experienced almost little or no traffic movement during the 

experiment. The construction work had blocked part of the local road (approximately 200 

m ahead of our seismic line, shown as a blue line in Figure 2.1), so none of the vehicles 
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were able to drive through the seismic line, which means not only less safety concerns 

but also less noise on the data, which resulted in a relative better quality of seismic data 

that is sufficient for interpretation. 

 Several previous studies (Saribudak, 2010; Otoum, 2011; Khan et al., 2013) have 

shown that shallow Seismic surveys can provide some insights of active faults about both 

their geometries and cumulative displacements. It can be really helpful when trying to 

describe the location of the fault and their geometries, the stratigraphy of the hanging 

wall and footwall. Also, the faulted features show up as discontinuities in the seismic 

reflectors on the 2-D seismic survey, which helps in interpretation. Figure 2.3 shows the 

main field equipments used in the survey. 
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Figure 2.3. Equipments used in the shallow seismic survey in the field at study location 

1. 

 

Data processing. 

 The seismic data processing was performed using VISTA software by Chang Li 

in the AGL laboratory, University of Houston. Major steps included loading data, adding 

geometry, creating projects, editing data, and performing the basic processing steps as 

described in Table 2.1. 
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Table 2.1. Seismic Processing Steps Performed on the Seismic Data of the Hockley Fault 

 

 

 



INTEGRATED REMOTE SENSING AND GEOPHYSICAL STUDY 

 

23 

 

Gravity 

 Introduction. 

 The Gravity technique is one of the oldest methods used to study the Earth’s 

lithosphere. Generally, the emphasis of gravity is on the upper crust of the Earth (surface 

to about 20 km) where its data can best be used for mapping and interpreting the natural 

hazards (e.g., faults). The gravity method is not as common as it used to be because of the 

widespread usage of seismic techniques in recent times. 

 In general, gravity surveys are carried out by using a gravimeter, and there are a 

number of different ways to measure the small changes in the Earth’s gravity field. There 

are two types of gravity acquired in the field: absolute gravity and relative gravity. 

Absolute gravity represents the gravity that is measured as a value relatively close from 

the reference acceleration of the Earth (9.81 m/s²),while relative gravity stands for 

relative value from one location to another, usually measured in units of milligals (mGal). 

Absolute instruments are currently less common than those that measure relative gravity. 

The instruments that measure absolute gravity use a free fall system while those 

instruments that measure relative gravity use springs or vibrating string mechanisms. 

Raw gravity data acquired from the field need a series of correlations before any further 

interpretation. 

 Two types of errors usually occur when collecting gravity data: spatial and 

temporal. Spatial errors are  generated by the location of the gravity measurement and 

temporal errors are related with the time the data is acquired. Each error requires a series 

of corrections. 
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Bouguer anomaly.  

 Gravity data in this study were acquired from the U.S. Geological Survey (USGS) 

and it covers the Bouguer gravity anomaly data grid for the conterminous United States 

(Kucks, 1999). There data describe the conditions in the period from 1998 through 1999 

and is a raster data set which contains dimensions 776 × 1321, a type of grid cell (USGS). 

The resolution of the values is 0.1 milligal (MGal; USGS). USGS created this data set 

with the goal of mapping the density variations within the rocks of the Earth’s crust and 

upper mantle because gravity anomalies are produced by the density variations in 

different locations. The gravity anomaly grid was extracted from DDS-9 and reprojected 

using USGS in-house-developed software by USGS. The in-house software was also 

used to convert from a USGS grid format to an Arc-Info grid format by USGS (Kucks, 

1999). 

 Gravity data need to be corrected in various ways before they can be converted 

into an anomaly map. Free-air -correction and Bouguer correction have been completed 

in this survey by USGS. The gravity data were downloaded from the USGS website and 

then converted for importation into ArcMap 10.0 to observe the Bouguer anomaly 

changes along the Hockley Fault in study location 1. A raster surface was generated using 

Bouguer anomaly values first, and then it was classified into 32 classes showing gravity 

differences that vary from -328 MGal to 92 MGal. Fourteen points were then picked 

along the fault line such that seven points lay equally on each side of the fault; the total 

length of the fourteen points is about 12 km and the spacing between every two points is 

1 km. The Bouguer anomaly of each point has been indentified and then plotted in 
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Microsoft Excel to observe the changes along the fault. Figures 2.4 and 2.5 show the 

Bouguer anomaly map of the United States using the data set from USGS and the study 

area. 

Figure 2.4. (a) Bouguer anomaly of the United States, with values ranging from  

-338.2496948 to 92.0477829 MGal. Faults in Harris County were highlighted using a red 

line; (b) zoomed view of the study area is shown in on the upper right part of the map and 

the Hockley Fault is labeled.  

 



INTEGRATED REMOTE SENSING AND GEOPHYSICAL STUDY 

 

26 

 

 

Figure 2.5. A raster surface was generated with 32 classes of gravity differences. 

Fourteen points (green dots) were then picked along the fault line and seven points lay 

equally on each side of the fault shown in the map; the total length of the line is about 12 

km and the spacing between every dot is about 1 km. The Hockley Fault in the study area 

is highlighted using a red line. 
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LiDAR 

 Introduction. 

 LiDAR is an active remote sensing technique that is analogous to radar, but it 

uses light as a source. A laser beam is pulsed and time between the pulse and returned 

reflection is then measured; later the distance between the instrument and earth surface 

will be determined. LiDAR is typically “flown” or collected from an aircraft that 

produces a rapid collection over a large acquisition area. It has several advantages like 

high resolution, centimeter accuracies, and penetration in the forested terrain.  

 DEMs derived from LiDAR have been used for surface fault detection in previous 

studies (Haugerud, 2003; Wieczorek Harrison, Morgan, Weems, & Obemeier, 2004; 

Egnew, 2005), Figure 2.6 shows study location 2 in Woodlands, Texas, which is located 

near the very end segment of the Hockley Fault System, where fault activities have been 

reported by local residents.  This fault segment was unknow until local residents notified 

authorities of fault activities in the Carlton Woods subdivision in Woodlands, Texas.  
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Figure 2.6. The shape of a house shows the location of the Carlton Woods subdivision in 

Woodlands, Texas, where fault activity has been reported. The red line represents the 

Hockley Fault System dipping from northeast to southwest (GeoRS lab, University of 

The Hockley Fault 

Fault Reporter’s Place 



INTEGRATED REMOTE SENSING AND GEOPHYSICAL STUDY 

 

29 

 

Houston, November, 2012). The base map is made from Digital Orthophoto Quarter 

Quards (DOQQs) images from 2008. 

 

Field observations. 

Many visits were made to the Carlton Woods subdivision in Woodlands, Texas, where an 

active fault has been reported and fault scarps have been identified by LiDAR. Signs of 

fault damage included several cracks running through the foundation and fractures 

occurring in interior walls and separating wood floors of the home of a local resident. 

Furthermore, a swimming pool (not connected to the foundation) located along the fault 

has been tilted in the same direction by about 1–1.5’’ and has cracked in two places as 

well. The most alarming effect is a severe crack extending past the driveway and street to 

the street behind the house. Figures 2.7, 2.8, and 2.9 are pictures taken from the field that 

show different signs of active faults. Also, the house across the street shares the same 

cracking and is literally falling apart (Figure 2.10). 
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Figure 2.7. Cracks caused by faulting show up on the wall of a house in the Carlton 

Woods subdivision in Woodlands, Texas.
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Figure 2.8. Cracks running across the front porch of a house in the Carlton Woods 

subdivision in Woodlands, Texas. 

 

Figure 2.9. A crack extending from the street to the driveway crosses the house and 

reappears on the street on the back side of the house in the Carlton Woods subdivision in 

Woodlands, Texas. 

 A fault investigation was conducted and a report has been written on behalf of the 

homeowners (Norman C. Rosen, personal communication, May, 2011). The report states 

that this active fault was first recognized as the Big Barn Fault by an employee of 

McClelland Engineers in 1971. It is the northeastern-most member of the Hockley-

Conroe Fault System. The Hockley-Conroe Fault System was first recognized as a 

surface fault in the 1930s, is approximately 33 miles long, and runs northeast from the 
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town of Hockley to the city of Conroe. The faults between Hockley and Conroe have not 

been completely mapped out. Lack of funding slows down the study of the fault system.  

 However, the potential risks of the active fault are high, and this could cause the 

loss of millions of dollars in this particular case. A more detailed LiDAR study of this 

fault segment is necessary not only to support the overall study of the Hockley Fault 

System but also to find the causes of increased fault activities in order to reduce the 

potential hazard of the active faults. 

 

LiDAR Data. 

 Three different LiDAR data sets (1996, 2001, and 2008) are available for the 

Houston area. The 1996 and 2001 data were collected by Terrapoint LLC with a 

horizontal ±0.75 m and a vertical ±15 cm in accuracy. North American Vertical Datum 

(NAVD) 1988 was used for the vertical datum and D North American 1983 HARN 

(NAD83 HARN) was used as the horizontal datum (Huang, 2012). The 2008 data set was 

collected with horizontal accuracy of ±0.7 m and vertical ±9.25 cm in accuracy by 

Merrick and Company. The 2001 data set is funded by the Harris County Control District 

(HCFCD) and the Federal Emergency Management Agency (FEMA) as part of the 

Tropical Storm Allison Recovery Project (ASARP; Meyer, 2002). The 2008 surveys 

were completed as part of a flood hazard mapping program by the Houston-Galveston 

Area Council and the Geographic Data Committee (Huang, 2012). Each data set has then 

been processed in ArcGIS software to create DEMs and hillshade images. The 

resolutions of the DEMS are 3 × 3 meters for the 1996 and 2001 data sets and 1.5 × 1.5 
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meters for the 2008 data set. Later, they are used to identify the fault lines and measure 

the fault displacement. 

 Two techniques were applied in this study to achieve the goal. The first method is 

the profile technique that was employed by generating an elevation profile across the 

fault to calculate the throw of the fault. Figure 2.10 shows the elevation line profile 

across the fault from both the 2001 and 2008 LiDAR data sets. Forty profiles were 

created across the fault line at the same location for both the 2001 and 2008 DEMs, with 

a spacing of 60 m between each two profiles. The length of each profile line is different 

and the selection of it is essential to avoid rivers, streets, and DEM artifacts, as well as 

footprints of large buildings. Later, the rate of the movement for the fault over the years 

(from 2001 to 2008) was calculated by comparison two DEMS at the same location.  
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Figure 2.10. Computing throw along the faults by generating line profiles along the faults; 

the left DEM was created from a 2008 LiDAR data set and the right DEM was created 

from a 2001 LiDAR data set.  

 Another method applied to the fault segment is the polygon technique. The 

polygon technique used by Engelkemeir (2008) was employed by creating a pair of 

polygons to examine the changes between the upper throw and down throw of the 

Hockley Fault. The average elevation within each polygon is assumed to give a 

reasonable measurement of elevation changes across the fault (Engelkemeir, 2008). 

Forty-three pairs of polygons were created on each side of the fault zone to compare their 

elevation differences. The selection of the polygons is important because DEM artifacts, 

manmade structures, streams, and so forth, need to be carefully avoided. After each 
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selection was made, a series of fault polygons were conducted in pairs across the fault 

line; two shapefiles were then exported for each series of polygons (upper throw zone and 

down throw zone) for each year’s data set. Spatial analyst was used to zonal statistics for 

the polygon pairs across the fault line;  a Zonal statistics tool was used to calculate the 

area, minimum, maximum, range, mean, standard deviation, and sum values for each 

polygon; then the data was exported in Microsoft Excel for further calculation. In 

summary, average elevations on both sides of the fault can be acquired by drawing a pair 

of fault polygons on each DEM and to calculate the rate of fault movement. These steps 

were repeated for each of the LIDAR dataset. Figures 2.11 and 2.12 show that this steps 

for 2001 and 2008 LiDAR data sets, respectively. 

 

 

 



INTEGRATED REMOTE SENSING AND GEOPHYSICAL STUDY 

 

36 

 

Figure 2.11. Polygon elevation differences on the second location of study at the end of 

the Hockley Fault segment; the blue polygon rests on the up thrown of the fault and the 

purple polygon is located on the down thrown side of the fault; the DEM is generated 

from the 2001 LiDAR data set. 
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Figure 2.12. Polygon elevation differences on the second location of study at the end 

of the Hockley Fault; the blue polygon rests on the upper thrown of the fault and the 

purple polygon is located on the down thrown side of the fault; the DEM is generated 

from the 2008 LiDAR data set. 
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GPS 

 GPS is satellite navigation system that provides information on time and location 

anywhere on the surface of the earth. Since 1993, GPS technology became commonplace 

in measuring land subsidence in the Houston metropolitan area. GPS measurement data 

in this study were acquired from Harris Galveston Subsidence Districts (HGSD), which is 

an organization that was created with the purpose of monitoring land subsidence 

throughout Harris and Galveston counties since 1975.  

 The HGSD and National Geodetic Survey (NGS) created a network of GPS 

stations with Continuously Operating Reference Station (CORS) in combination with 

Port-A-Measures (PAM) for the purpose of land subsidence monitoring (Zilkoski et al., 

2003). The GPS data were processed using the Online Positioning User Service (OPUS). 

The high-accuracy National Spatial Reference System (NSRS) coordinates can be 

accessed by uploading GPS files and then acquiring an NSRS position through e-mail. 

The detailed process is described in Figure 2.13 and Table 2.2.  

 Figure 2.14 shows the locations of the available GPS stations near the Hockley Fault. 

PAM 11 (located near the upthrown side of the Hockley Fault) and PAM 18 (located on the 

downthrown side of the Hockley Fault), which operated from 2002 to 2011, were processed 

using OPUS to measure the rate of displacement along the Hockley Fault near study location 

1 (Figure 1.3). Data from another three PAM stations (PAM 17, 46, and 48), located on the 

downthrown side of the Hockley Fault in the northeastern direction, were also processed and 

provide us with more detailed information of the activities of the Hockley Fault. PAM 17, 46, 

and 48 were set up in 2002 and data from 2002 to 2011 were available for this study. Data 
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from PAM 66 and 68 were not used for this study because these stations were just set up in 

2011 and therefore do not have enough time coverage for this study. 

 

Figure 2.13. Snap shot from OPUS. 

 

 

 

 

 

 

Choose File 
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Procedure Parameters Notes 

E-mail Enter your e-mail address  

Data file  Provide OPUS a GPS 

observable data file  

 

Antenna type  Select the antenna type you 

used (the antenna type 

changes in different years) 

Allows OPUS to determine 

the right antenna calibration 

model for processing 

Antenna height 0.0 antenna height (we 

were looking at the 

surface deformation, 

which is why antenna 

height does not affect the 

result) 

OPUS returns the position 

of the Antenna Reference 

Point (ARP). 

Processor Upload to Static (because 

the observation file contains 

contain 24 hours of data) 

Data file must contain more 

than 2 hours and less than 

48 hours of data 

Base stations ADKS, LKHU, NETP 

 

Use the three stable CORS 

as reference stations 

NGS OPUS solution 

report 

  

Export to Excel  Text to script 

Remove errors and 

improve accuracy 

Exclude RMS > 0.03, 

USED < 90%, AMB > 50% 

 

 

Table 2.2. Email sample to acquiring an NSRS position. 
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Figure 2.14. GPS station locations, faults, and salt domes. The PAMs data used in this 

study were labeled in black rectangle. 
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Chapter 3: Results and Interpretation 

Shallow Seismic Survey Results and Interpretation 
 Faults and structure. 

 Figure 3.1 shows the processed seismic data shown in travel time, and Figure 3.2 

shows the time slice after the time migration was completed. Figure 3.3 presents the 

seismic image converted from travel time without time migration (Chang Li, personal 

communication, November, 2012). The survey line runs from northwest to southeast at 

study location 1 (Figure 2.1). The total distance of the seismic profile is about 1,075 m 

(approximately 3,526 feet) and the depth of about 1,000 m (approximately 3,280 feet). 

 

 

Figure 3.1. Brute stack with elevation statics (Source+Receiver). The seismic profile 

shows travel time acquired in study location 1 and runs from northwest to southeast.  

NW SE 
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Figure 3.2. Time migration with elevation statics (Source+Receiver). The seismic profile 

shows travel time acquired in study location 1 and runs from northwest to southeast. 

 

 

NW SE 
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Figure 3.3. The seismic profile acquired in study location 1 is shown in depth (m) and 

runs from northwest to southeast. The length of this line is 1,075 m with a depth of 1,000 

m. 

 Several discontinuities can be identified in this seismic profile and these are 

labeled with numbers in Figure 3.4. Discontinuities of this kind generally correspond 

with fault structures. The displacement of horizons and a corresponding increase in the 

thickness of strata on the downthrown side generally suggests the presence of the fault. 

Also, the presence of a deformed or disturbed zone indicates faulting (Engelkemeir, 

2008). Faults appear as discontinuous curves that can be easily detected by the 

interpreters in an ideal 2-D seismic image without the effect of random noises. The term 

fault zone sometimes can be used because faults are not always consisting of single 

fractures (Kadlec et al., 2008). However, a strand of Hockley Fault can be identified as a 

single curve in the seismic profile, labeled as 4 (Figure 3.4). 

NW SE 
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 The seismic interpretation of the Hockley Fault is shown in Figure 3.4 as fault 

number 4 and it interacts with fault number 3 that is dipping in the opposite direction; the 

interaction between the two faults generally leads to a stronger fault activity that can be 

expressed as disturbance at the surface. Seven different fault segments have been 

identified in the region. They are normal, dip-slip listric faults dipping in the southeast 

direction. 

 The seismic profile can be divided into two sections: upper and lower stratum at a 

strong reflector around 500 m at depth. As Figure 3.4 shows, two groups show 

differences in structures and geometry: The stratum above 500 m shows a relatively flat 

reflector with the growth of several normal faults, while the fold was observed below a 

500-m reflector, which may indicate that salt domes existed in the deep formation and the 

fold was formed by an uplifting of the salt. However, no well drilling has been conducted 

here to confirm the interpretation. 
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Figure 3.4. Interpreted seismic profile that runs northwest to southeast; the red lines show 

the normal faults. Fault 4 is interpreted as the Hockley Fault that corresponds to the 

location of the main fault scarp observed in the field. The salt dome may have existed in 

the deep formation and fold was formed by uplifting the salt dome. The dashed black line 

represents the potential location of the salt dome under the fault zone. 

 At least 10 faults in the Houston area are known to have been active before the 

beginning of the 20th century (Verbeek & Clanton, 1981), and the Hockley Fault is one 

of them. Fault number 4 is interpreted as the Hockley Fault that is dipping from northeast 

to southwest in the region, which matches with the LIDAR imaging and previous studies. 

It is a normal fault with a dip angle of 60 degrees and the displacement of about 20 m. 

 A previous study has shown that the fault was displaced by more than 10 meter by 

1916 (Verbeek & Clanton, 1981). The window of the Hockley Fault depths falls in the 

vertical region from 10 to 100 m and is extended from about 340 m to 520 m in a 

Salt Dome 

NW SE 
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horizontal direction. Through fault interpretation, there are multiple faults being 

discovered in the complex Hockley Fault zone with the same northeast-southwest trend.  

 One hypothesis that can explain this complex fault system could be that the rising 

of the salt domes may have led to the formation of these faults. Salt domes are anticlinal 

structures with the continuous upwelling characteristics that have the potential to cause 

faults or fractures in the subsurface (Dillon et al., 1982; Ewing, 1983; Lehner, 1969; 

Verbeek & Clanton, 1981). They have low density and high velocity compared to their 

surrounding formations. Two major salt domes are well known around this area: the 

Tomball to the northeast and the Hockley to the southwest. Both salt domes and the 

location of the Hockley Fault are displayed in Figure 3.5. These salt domes seem lay 

perfectly on the very end of the Hockley Fault with no salt domes between them that is 

known so far. However, the relationship between fault activities and the salt domes needs 

further study, like correlation using well-log data. But with current available data, no 

clear conclusion can be drawn about the relationship between the Hockley Fault and salt 

domes. 



INTEGRATED REMOTE SENSING AND GEOPHYSICAL STUDY 

 

48 

 

 

Figure 3.5. Major salt domes surrounding the Hockley Fault area. 

       Figure 3.6 shows the main Hockley Fault scarp observed in the field. Based on the 

previous studies, most active faults in the Houston area are parallel to the Gulf Coast, 

dipping from northwest to southeast. Likewise, fault number 4 is dipping in the southeast 

direction, with an estimated dip angle of about 60 degrees. Fault number 3 is also a 

relatively large-size fault compared to fault numbers 1, 2, 5, 6, and 7. In general, fault 

numbers 1, 3, and 6 are trending in the northwest direction, with an estimated dip angle 

of 40–60 degrees, while fault numbers 2, 4, 5, and 7 are trending in the southeast 



INTEGRATED REMOTE SENSING AND GEOPHYSICAL STUDY 

 

49 

 

direction, with a likely dip angle of 40–60 degrees. The possible driving mechanism 

behind the formation of these can be the upwelling of the salt dome.  

 

Figure 3.6. The Hockley Fault Scarps observed on the feeder road of Highway 290. 

 Many structures in Houston and its surrounding areas, including salt domes, 

numerous faults, Houston embayment, and so forth, are considered to have been formed 

before the Tertiary Period (Turco & Chowdhury, 2009). Different structures in the Gulf 

of Mexico basin are suggested to have been formed by the action of gravity on thick 

depositional sections that deposited on the abnormally high-pressured shale layer or salt 

layers that pierced the rocks above to produce growth faults and salt domes (Nelson, 

1991). Fault numbers 1–7 are such normal listric faults, while fault number 4 is the 

Hockley Fault that created the Hockley scarp near Highway 290.  
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Stratigraphy. 

 The presence of the faults usually complicates the mapping work of depositional 

systems. However, several previous geological studies in the vicinity of Harris County, 

Texas, shed some light on the interpretation of the relationship between different 

formations and the Hockley Fault in the study area (Beckelyhmer, 1946; Meyer, 1939; 

Turco & Chowdhury, 2009). Additionally, stratigraphy charts showing sediment 

successions formed during the Oligocene to the Pleistocene Periods (Baker, 1979), and a 

cross-section showing the main aquifers beneath the Harris-Galveston Subsidence 

District covering the Grimes, Montgomery, Waller, Harris, and Galveston counties, 

Texas (Kasmarek et al., 2009), shown in Chapter 1 (Figures 1.4 and 1.5), further assisted 

the seismic interpretation work. Figure 3.7 presents the seismic interpretation result 

showing different formations in the subsurface. Ranging from the youngest to the oldest, 

they are Lissie Formation, Willis Formation, Goliad Formation, Fleming Formation, 

Oakville Formation, and Frio and Catahoula Formations. In the study area, the Lissie 

Formation shows on the southeast side of the Hockley Fault, with an estimated depth of 

10 m (approximately 32 feet), and the Willis Formation rests on the downthrow of the 

fault. However, because almost all of the formations are composed of argillaceous and 

arenaceous sediments with variable ratios, which makes the identification of these 

formations in the seismic line much more difficult (Meyer, 1939). Figure 3.8 is a 

simplified cartoon of Figure 3.7, which shows the interpretation of seismic data acquired 

in this study. 
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Figure 3.7. Interpreted seismic profile acquired extending from northwest to southeast. 

The yellow dotted lines illustrate contacts for different formations in the study area. The 

red lines show the normal faults. Fault 4 is interpreted as the Hockley Fault and 

corresponds to the location of the main fault scarp observed in the field. The dashed black 

line represents the potential location of a salt dome just below the Hockley Fault zone. 

The salt dome has not been confirmed by the well drilling. The salt dome may have 

existed in the deep formation and fold was formed by uplifting of the salt dome.  

 

Salt Dome 

NW SE 
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Figure 3.8. Sketch showing an interpretation of the seismic data showing contacts for 

different formations and faults. The salt dome has not been confirmed by the well drilling.  

 Salt diapirism and related faults are well known in the Gulf Coast (Meyer, 1939). 

Different opinions have been exchanged to the age assignment of the source of those salt 

plugs: Most modern views favor the correlation between the Permian Period and the salt 

source (Spooner, 1935), while the alternative opinion gives the salt source to a post-

Permian-pre-Navarro age (Schuchert, 1935). 

 In summary, a series of formations were deposited as relatively flat and 

continuous in the vicinity of the Hockley Fault. Ranging from the oldest to the newest, 

they are Frio Formation, Catahoula Formation, Oakville Formation, Fleming Formation, 

Goliad Formation, Willis Formation, and Lissie Formation. Normal faults mainly cut the 

Oakville Formation and the upper strata, with fault scarps exposed on the surface.  

Salt Dome 
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 The shallow seismic data identify seven faults in the study area. Fault numbers 1, 

2, 3, 4, 5, 6, and 7 are normal listric type faults, likely controlled by the rising of the salt 

dome in the subsurface. A lot of fractures have been observed in the field on the feeder 

road off Highway 290 that are likely caused by the faulting. Secondly, a series of flat and 

continuous strata were able to identify in the seismic data; a possible salt dome can be 

identified below 500 m.  Thirdly, the Hockley Fault is dipping about 60 degrees in the 

southeast direction.  It intersects with fault number 3, which is dipping in the opposite 

direction.  The interaction between them possibly leads to a stronger fault movement that 

may have caused the scarp along the Hockley Fault on the surface. Last but not least, 

careful observation of faults 1, 2, 5, 6, and 7 are needed to prevent the potential damage 

to the highways, neighborhoods, and so forth. 
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Gravity Results 

 Gravity data over faults usually show up as S-shaped curves with a relatively 

higher gravity gradient right above the fault (Ponce & Langenheim, 1995; Sverdrup, 

Kean, Herb, Brukardt, & Friedel, 1997). Gravity data collected over the Hockley Fault, at 

the same location where the seismic data were acquired but with a much longer length 

(12 km) is presented in Figure 3.9. Significant regional changes in gravity readings have 

been observed on both sides of the fault. Higher gravity readings were observed on the 

southwest (downthrown) side of the fault; however, gravity readings are lower toward the 

northeast (upthrown).  

 Figure 3.9 shows the result of the Bouguer anomaly. The location of the Hockley 

Fault is indicated by the red arrow in Figure 3.9. The difference between the upthrown 

and downthrown sides of the fault is 3.25 mGal in gravity. A higher gravity anomaly is 

generally observed on the upthrown side of the fault, while lower gravity is observed on 

the downthrown side (Otoum, 2011). But in this case, the gravity data shows the opposite 

results. In consideration of the soil types and geological background in the study area, 

one possible explanation may be the fact that the Hockley Fault lies on the boundary of 

the Willis and Lissie Formations; as mentioned earlier, the Lissie Formation has a higher 

sand percentage, which leads to a greater density as compared to the Willis Formation. 

Consequently, high gravity was observed on the downthrown side of the fault because 

higher density gives rise to a gravity anomaly response. Gravity anomalies have been 

observed near station 3 and station 13 on each side of the Hockley Fault, and this is 
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possibly caused by the Hockley Fault and lithologic changes of formations. However, the 

main causes behind the gravity anomalies were unclear and further work is needed. 

 

Figure 3.9. Gravity anomaly results show higher readings on the southeast (downthrown) 

side of the fault and lower gravity readings on the northwest (upthrown) side of the fault. 

The location of the Hockley Fault is indicated by the red arrow. 

 

 

 

 

 

 

 

NW SE 

(mGal) 

(Km) 



INTEGRATED REMOTE SENSING AND GEOPHYSICAL STUDY 

 

56 

 

 

LiDAR Results 

 LiDAR hillshade has proved to be the most effective method for surface fault 

mapping. Figure 3.10 shows the LiDAR hillshade imagery and the fault scarp is clearly 

visible in this area. The hillshade image is illuminated from northwest with a 315-degree 

angle and a sun elevation of 45 degrees; it was generated from a 2008 LiDAR data set. 

Figure 3.11 shows the extension of the fault to the NE. 

 

Figure 3.10. This hillshade image is illuminated from the northwest, with a 315-degree 

angle and sun elevation of 45 degrees. The fault line (to the NE) is indicated by the 
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changes in elevation from northwest to southeast; the green dot shows the location of the 

house with recent damages. 

 

Figure 3.11. This hillshade image is illuminated from the northwest, with a 315-degree 

angle and sun elevation of 45 degrees. The fault line (to the NE) is labeled in a red line; 

the green dot shows the location of the house with recent damages. 

 Line profiles of some segments of the Hockley Fault have been generated from 

each data set to calculate the rate of movement of the Hockley Fault from 2001 to 2008 

(Figure 2.10). The initial result shows that the average surface offset of this fault segment 

is about 0.9 m; also, a 1.45 cm accumulated total movement of the Hockley Fault is 

shown in this area from 2001 to 2008. 
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 Also, a series of fault polygon pairs were generated on the opposite side of the 

fault, and then zonal statistics was computed. The zonal statistics results were then 

exported in Microsoft Excel for further calculation. Results are shown in Figure 3.12 and 

3.13. Figure 3.12 shows the average rate of movement along the fault from 2001 to 2008, 

which is 2.14 cm per year. Figure 3.13 suggests that the average rate of the fault from 

1996 to 2001 is about 2.58 cm per year. In summary, the Hockley Fault is an active fault 

showing decreases in movement from 1996 to 2008. 

 

Figure 3.12. Zonal statistics results show about 2.14 centimeters of fault movement per 

year from 2001 to 2008 (Location shows in Figure 2.11). 
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Figure 3.13. Zonal statistics results show about 2.58 cm of fault movement per year from 

1996 to 2001. 
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GPS Results 

 Figure 3.14 shows the results of PAM 11 and the horizontal scale describes the 

time period from 2001 to 2013. The results show that the vertical displacement is about  

-5.7mm/yr, which suggests that a 5.7 cm subsidence has occurred on the upthrown side of 

the Hockley Fault from 2002 to 2011. 

 

 
Figure 3.14. Results of PAM 11. 

 Figure 3.15 shows the results of PAM 18 and the horizontal scale describes the 

time period from 2001 to 2013. The results show that the vertical displacement is about  

-22.2 mm/yr, which suggests that a 22.2 cm subsidence has occurred on the downthrown 

side of the Hockley Fault from 2002 to 2011. 
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Figure 3.15. Results of PAM 18. 

 Figure 3.16 shows the results of PAM 48 and the horizontal scale describes the 

time period from 2001 to 2013. The results show that the vertical displacement is about  

-13.8 mm/yr, which suggests that a 13.8 cm subsidence has occurred on the upthrown 

side of the Hockley Fault from 2002 to 2011. 

 
 Figure 3.16. Results of PAM 48. 
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 Figure 3.17 shows the results of PAM 46 and the horizontal scale describes the 

time period from 2001 to 2013. The results show that the vertical displacement is about  

-23.3 mm/yr, which suggests that a 23.3 cm subsidence has occurred on the upthrown 

side of the Hockley Fault from 2002 to 2011. 

 
Figure 3.17. Results of PAM 46. 

 Figure 3.18 shows the results of PAM 17 and the horizontal scale describes the 

time period from 2001 to 2013. The results show that the vertical displacement is about  

-19.1 mm/yr, which suggests that a 19.1 cm subsidence has occurred on the upthrown 

side of the Hockley Fault from 2002 to 2011. 
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Figure 3.18. Results of PAM 17 

 

The following Figure 3.19 shows the summary of GPS results in this study. 

 

 

Figure 3.19. Summary of GPS Results. 
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Chapter 4: Conclusions 

1. The 2-D shallow seismic technique is a powerful tool in the detection of the fault 

structures in the subsurface; seven faults were detected in the study area. Fault 

numbers 1, 2, 3, 4, 5, 6, and 7 are possibly related to salt diapirism. Contacts for 

several formations in the subsurface were identified. These formations generally 

show a flat trend in the upper 500 m and are deformed below 500 m by salt activity. 

Fault number 4 is interpreted as the Hockley Fault, which intersects with another fault 

that is dipping in the opposite direction. The Hockley Fault is dipping toward the Gulf 

Coast with an estimated angle of 60 degrees. A lot of cracks on the feeder road of 

Highway 290 have been observed in the field that were likely caused by those normal 

listric faults in the subsurface. Further careful observation of potential activity of fault 

numbers 1, 2, 5, 6, and 7 are needed to prevent any potential damages. 

2. Gravity data shows a fault signature as an S-shape curve in the study area. Two areas 

with gravity anomalies are observed on each side of the Hockley Fault; this may 

reflect the lithologic changes and fault structures in the subsurface.  

3. LiDAR hillshade technique proved to be the most effective way of mapping surface 

faults and it shows great advantage in fault scarp detection. The result of the hillshade 

technique suggested that the main Hockley Fault segment is about 12 km long, 

extending from northwest to southeast and spreading out into many small faults near 

the Tomball salt dome.  

4. GPS data suggests that a relatively rapid subsidence has occurred on both the 

upthrown and down thrown sides of some segments of the Hockley Fault. 
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5. Further mapping at the very end of the Hockley Fault System in Woodlands, Texas, 

was carried out by detection of the fault scarp that was confirmed by hillshade. Three 

generations of LiDAR data were used to estimate the slip rate along this segment of 

the Hockley Fault. Generally speaking, the rate of the fault movement shows a 

decrease, and the fault movement rate falls from 2.58cm/year (2001–1996) to 2.14 

cm/year (2008–2001).  

6. This study combined different data sets: 2-D shallow seismic, gravity, and LiDAR 

and GPS data over a segment of the Hockley Fault, and six new faults were identified 

in the vicinity of the Hockley Fault zone. The boundaries of different formations and 

fault structures and potential salt dome locations were also identified.  

7. A longer period of observation of the Hockley Fault is recommended to monitor the 

movement of the fault and other normal listric faults to prevent the potential damages 

to the buildings, neighborhoods, and so forth. 
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