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ABSTRACT 

The Houston metropolitan area, and more broadly the Gulf Coast in general, has 

numerous normal faults that have caused damage to anthropogenic structures on or near 

the Earth's surface. These faults offset soft sediments, and as a result very little seismic 

energy is accumulated to produce destructive earthquakes. However, creeping along these 

faults causes moderate to severe damage to hundreds of residential, commercial, and 

industrial structures that are part of the infrastructure in the Houston area. The damages 

require constant repairs that burden private citizens, businesses, and government 

agencies. Precise surface traces of these faults are notoriously difficult to map due to the 

easily eroded lithology and constant reworking of the surface by human activities.  

In this case study, LiDAR data collected from the 2001 Tropical Storm Allison 

Recovery Project was used to distinguish the precise trace of the Long Point Fault, which 

is a well-known active fault that spans much of the northwest and west part of the 

Houston metropolitan area. To determine the kinematics of the Long Point Fault, 11 

Continuous GPS (CGPS) stations were installed along most of the fault. All of these 

CGPS stations were mounted on concrete or masonry buildings. The CGPS stations are 

within close proximity to each other. The average distance between them is 4.8 km. The 

sites are on both the footwall (6) and the hanging wall (5). All sites are within 1 km of the 

fault surface trace. The average distance from the fault is 0.33 km. GPS data were 

processed using both Precise Point Positioning (PPP) and Double Difference (DD) 

methods; the PPP solutions were converted to the Stable Houston Reference Frame 

(SHRF) from the original IGS08 reference frame. The double difference solutions show a 
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slight relative movement between the UTEX site and HCC2 site in the north-south 

direction. The PPP results imply a slight common displacement trend in the east-west 

direction in the study area since 2013, which may be a segment of a periodical seasonal 

(annual or semi-annual) movement or a movement associated with fault creeping. A 

longer history of continuous observations (e.g. >3 years) will help to precisely delineate 

the kinematics of the Long Point Fault. 
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1 Introduction 

 

Faulting poses a tremendous geologic hazard for people around the world. Faults 

such as the San Andreas Fault in California, the Dead Sea Fault in Israel, and the 

numerous faults in the Gulf Coast are particularly dangerous due to the heavily populated 

areas they affect. While the most catastrophic damages caused by faults are related to 

earthquakes, creep along faults also poses a significant threat to property and 

infrastructure. Creep is a slow, more or less continuous movement occurring on faults 

due to ongoing deformation. Faults that creep do not tend to have large earthquakes 

(USGS Earthquake Glossary, 2013). 

 The threats associated with faulting impose the need for a more complete 

understanding of their behavior and characteristics. In the past twenty years, networks of 

GPS stations have been put in place around the world to accomplish this. Networks such 

as Japans GPS Earth Observation Network (GEONET), North Americas Plate Boundary 

Observatory (PBO), the Caribbean’s Continuously Operating Caribbean Observation 

Network (COCONet), and most recently in Houston, the Texas Houston-Net offer 

invaluable data in understanding these faults. 

 In addition to GPS, other technologies have been implemented in the study of 

faults. For instance, satellite-based Inter-ferometric Satellite Aperture Radar (InSAR) was 

used by Buckley et al. (2003) to determine the trace of faults in the Houston area. This 

technology offers increased spatial resolution when used in concert with GPS monitoring 

(Bawden et al., 2012). Another technology used in the study of faults is Airborne Laser 
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Swath Mapping or ALSM. In the 2005 Study by Shah and Lanning-Rush, data from 

ALSM of Harris County were used to delineate faults in the region.  

This case study is intended to help further the understanding of one of the most 

well-known faults in the Houston area, the Long Point Fault, (Figure 1-1) using ALSM 

and GPS data. Detailed mapping of the precise trace of the fault was generated using the 

ALSM data from the 2001 Tropical Storm Allison Recovery Project (TSARP) and GPS 

field mapping. To better understand the kinematics associated with this fault, a dense 

network of GPS stations was installed. There are 6 GPS stations on the footwall of the 

fault and 5 located on the hanging wall of the fault. All of the stations are continuously 

monitoring at a sampling rate of once every 15 seconds. This manuscript includes a 

detailed description of the installation process for these sites. 

There were three main reasons for choosing the Long Point Fault for this case 

study. The first is that damages associated with the fault indicate that it has been recently 

active. Damage to structures such as residential buildings as seen in Figure 1-2 and 

utilities as seen in Figure 1-3 are evidence of this. The second reason for the choice of the 

Long Point fault is its length, the fault trace is approximately 14 km long. This length 

provides ample options of where GPS stations can be installed. The third reason is the 

heavily populated area that it cuts through. According to the U.S. Census Bureau between 

July 2011 and July 2012 the population of Houston increased by 80 000 bringing the 

population to 2.16 million (Pulsinelli, 2013). The Long Point Fault causes moderate to 

severe damage to hundreds of residential, commercial, and industrial structures as well as 
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the infrastructure in the Houston area. The damages require constant repairs that burden 

private citizens, businesses, and government agencies. 

 

 
Figure 1-1. Long Point Fault and GPS 

Map showing the trace of the Long Point Fault and GPS stations in the area. The GPS 

stations represented in yellow are continuously monitoring GPS stations that were 

installed in this case study. GPS stations that are represented in green are pre-existing 

GPS stations. The pre-existing GPS stations denoted as “PAM” are Harris Galveston 

Subsidence District Port-A-Measure campaign style GPS stations. “ADKS CORS” and 

“South West” are Continuously Operating Reference Stations. The DEM is a product of 

the 2001 Tropical Storm Allison Recovery Project Air Borne Laser Scan. The DEM has 

been enhanced with hill shading, false coloring, exaggerated height, and gamma 

stretching. 
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Figure 1-2. Home Damage 

This is a photo showing a residual house sitting on the Long Pont Fault. This is a classic 

example of damage to a structure residing on a fault. Here the home has been split in two 

by the Long Point Fault in West Houston. The front door of the house is on the hanging 

wall, the patio area is over the fault scarp, and the other side of the house is on the foot 

wall. Rather than make constant foundation repairs, the damaged section has been 

converted into a patio area to accommodate the growing fault scarp. The amount of 

vertical offset between the footwall and the hanging wall can be seen in the offset of the 

eaves on either side of the patio area and the small half meter fault scarp running through 

the patio. Note the scarp height directly reflects the offset in the eaves. Photo is courtesy 

of Ricardo Rosado. 

 



5 
 

 
Figure 1-3. Utility Damage 

Disturbed electric utility poles can be a sign of damage created by the Long Point Fault. 

This picture was taken facing approximately an east by north east direction in the parking 

lot of the Houston Community College. The gray pick-up truck is on the hanging wall 

and the blue fire hydrant is on the foot wall. Cracks in this part of the parking lot are not 

immediately visible due to a maintenance treatment of the surface. 
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2 Geology and Tectonics 

 

2.1 Regional Geology 

 

The Houston area is located in the Northern Gulf of Mexico coastal plain as seen 

in Figure 2-1.

 

Figure 2-1. Location of Houston 

Map showing the location of Houston in relation to the Gulf of Mexico. 

 The Gulf of Mexico coastal plain is currently comprised of more than 60,000 feet 

(~18,000 m) of similar sedimentary deposits (Hardin Jr. 1961; Baker Jr., 1978; Kasmarek 

and Strom, 2002). Aside from a large salt deposit that formed during the middle Jurassic, 
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the sedimentary strata that make up the Gulf of Mexico coastal plain are mostly 

repetitious sequences of gravel, sands, silts, and clays (e.g., Meyer, 1939; Reid, Allison et 

al., 1946; Waters et al., 1955; Van Siclen, 1961; Hardin Jr., 1961b; McFarlan and Menes, 

1991; Sohl et al., 1991). Although the region has a rich tectonic history, it has been 

tectonically stable since the emplacement of the Yucatan block at the end of the Jurassic 

(Salvador, 1991b). Subsequently, surface deformation and basin structure is chiefly 

derived from the interactions of strata deposited throughout the geologic history of the 

Gulf of Mexico basin (Salvador, 1991b).  

The opening of the super-continent Pangaea was driven by a magma plume, 

which created accommodation space for future sediments.  During the Late Triassic, this 

event is described as the birth of the Gulf of Mexico basin. Until the Middle Jurassic, 

clastic non-marine sediments filled the basin. This is when the most tectonically 

influential stratum of the Gulf of Mexico was deposited, the Louann salt (Salvador, 

1991a). The Gulf of Mexico basin had restrictive water flow during the middle Jurassic, 

as seen in Figure 2-2. During this time the basin was a silled basin (Salvador, 1991b). 

The climate was extremely hot and arid in the Gulf of Mexico when it was silled. This 

climate was conducive in producing a layer of salt that by some estimates was as much as 

5,000 to 7,000 ft thick (1,500 to 2,100 m) (Andrews, 1960; Jackson and Seni, 1984; 

Nelson, 1991).  
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Figure 2-2. Ancestral Gulf of Mexico 

The paleogeography of the Gulf of Mexico basin during the Middle Jurassic. This shows 

the silled basin that, along with other factors, contributed to the emplacement of the 

Louann Salt (figure modified from Salvador, 1991b). 

 

Other than salt-related features, tectonic stability was achieved during the Late 

Jurassic when new ocean floor ceased to be added and the Yucatan block reached its 

present-day location (Salvador, 1991b).The massive sediment influx from the 

surrounding highlands of the Appalachian and Ouachita Mountains to the north, the 

Llano and Marathon uplifts to the northwest, and the Chiapas Massif and Maya 

Mountains to the south initiated rapid subsidence in the region (McFarlan and Menes, 

1991; Salvador, 1991a). Also at this time structures associated with the mobilization of 

salt such as growth faults, diapirs, pillows, and sheets began to form (Nelson, 1991). 
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Though plate-driven tectonics in the Gulf had ceased during the Late Jurassic, the 

plate tectonic event known as the Laramide orogeny has continued to be vastly influential 

on the structure of the Gulf (Galloway et al., 1991; Coleman et al., 1991). This mountain 

building event provided terrigenous clastic sediments that were deposited in the Gulf via 

many different fluvial systems. Different deposition centers recorded regions of rapid 

subsidence with the greatest amount of deformation at the locus of deposition; these 

regions are referred to as sags or embayments. Large-scale isostatic subsidence of the 

crust occurred in response to sediment loading. This produced an ongoing coastward 

tilting of successively younger depositional sequences. The immense amount of sediment 

deposited on the unstable prograding continental margin also exacerbated the motion of 

salt structures in the underlying strata; this in turn varied the thickness of depositional 

patterns (Galloway et al., 1991). 

It is estimated that the Laramide orogeny ended between 35 and 55 Mya, though 

the draining of sediments to the coast continues until the present day (Coleman et al., 

1991). The sequential accumulation of these sediments prograded to the continental 

margin, which was 300 km basinward of the reef-delimited carbonate shelf edge, see 

Figure 2-3 (Galloway et al., 1991).  
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Figure 2-3. Prograding Sediments 
 Map showing prograding sediments on the Gulf of Mexico coast, the shelf-edge 

positions throughout time, and the loci of deposition or embayment’s. The oldest 

sediments are near the lower Cretaceous shelf edge and the youngest are furthest away 

from this (modified from Galloway, 1991). 

 

Modern depositional sequences lie only a few feet above sea level and are 

composed of deltaic plains and inter deltaic plains, the latter consisting principally of 

barrier islands, beach ridges, coastal mud flats, and marshes. The formations that are 

exposed at the surface are the late Pleistocene Beaumont Formation and an un-named 

sand, the middle Pleistocene Lissie Formation, and the early Pleistocene Willis 

Formation (USGS Mineral Resources, 2012). These formations all consist of similar 

alluvial flood plain sediments, such as fine sands, silts, and clays (Reid, 1973). 
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2.2 Research Area Surface Geology 

 

The Long Point fault intersects two formations at the surface, the Lissie and the 

Beaumont as seen in Figure 2-4. 

 

Figure 2-4. Surface Geology 

Surface geology in the study area. The Long Point Fault intersects two formations, the 

sand rich Lissie is represented in brown and the clay rich Beaumont is represented by the 

speckled brown color. Geologic GIS data are from USGS, 2012 

http://mrdata.usgs.gov/geology/state/state.php?state=TX 

 

 Nuances in lithologic character and depositional environment distinguish these two 

formations from each other. Both formations are laterally discontinuous and vary slightly 
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in composition due to the fluvial mechanisms that were responsible for their deposition 

(Meyer, 1939). 

 The lithological character of the Lissie Formation is described as being made up 

of 60% sand, 20% sandy clay, 10% gravel and 10% clay (Meyer, 1939). The sands are 

quartzose, cross-bedded, and cemented with clay. Gravels occur in lenses and mostly 

consist of chert and quartz. However, in some locations the gravels consists of fragments 

of igneous and metamorphic rocks. Lissie clays are similar to Beaumont clays and are 

described as mottled red, orange, green, blue, and gray. The depositional environment of 

the Lissie is believed to be alluvial. Coarse sedimentary deposits also indicate streams of 

the coastal plain were extremely vigorous (Meyer, 1939; Allison et al., 1946; Waters et 

al., 1955; Van Siclen, 1961). 

 The Beaumont Formation is similar to the Lissie Formation; it is distinguished by 

its much higher clay content and the absence of gravels. The Beaumont is composed of 

calcareous mottled clays, sand, and silt. As much as 80% of the formation is made up of 

clays that are colored pink, red, blue, tan, and gray (Meyer, 1939). Although not entirely 

deltaic, the Beaumont Formation was predominantly formed by the coalescence of deltas 

of the Brazos, Trinity, Neches, and Sabine Rivers (Meyer, 1939; Allison et al., 1946; 

Waters et al., 1955; Van Siclen, 1961; Pope et al., 1990). 

 

 

 



13 
 

3 Tectonic Setting 

 

3.1 Tectonic History 

 

The tectonic history of the Gulf of Mexico dates back to Late Precambrian and 

Early Paleozoic (Ordovician Period or Silurian Period), when North America (Laurentia) 

separated from Gondwana to form the Proto-Atlantic (Iapetus) Ocean. Upper Paleozoic 

(upper Mississippian – lower Permian) sections of the Gulf of Mexico basin are defined 

by an abrupt change in depositional character. Previously deposited sequences displayed 

characteristics of a slow and stable depositional environment such as, being generally 

thin in the northern and northwestern rims of the basin and being metamorphosed over 

most western and southern parts. In contrast, upper Paleozoic rocks are much thicker and 

un-metamorphosed. Turbidite sequences of thinly inter-bedded sandstones and shale, 

several thousand meters thick, are typical of the upper Paleozoic section. These turbidite 

sequences range in age from Late Mississippian to Mid-Pennsylvanian. These sequences 

have been identified in the Marathon uplift and dated to the Early Permian. This abrupt 

change of lithological characteristics and rate of deposition is indicative of a major 

tectonic event, which has been interpreted to be the closing of the Proto-Atlantic (Iapetus) 

Ocean (Salvador, 1991b). 

Subsequently, it has been proposed that the rise of a mantle column or plume 

during the late Triassic was conducive in breaking up of the super-continent Pangaea, 

which  formed after the closing of the Proto-Atlantic (Iapetus) Ocean (Salvador, 1991a; 

Salvador, 1991b). The rifting of North American-Gondwana continued until seafloor 
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spreading in the central Atlantic began. This seafloor spreading began in the middle 

Jurassic. It was also during this time, that the magmatic plume that had initiated the 

breakup of Pangaea erupted to the surface producing large flood basalts and leaving 

behind magmatic intrusions in the subsurface (Bird et al., 2011). This and the Yucatan 

block drifting southward away from the North American plate are considered to be the 

two events that mark the beginning of the formation of the ancestral Gulf of Mexico 

basin (Salvador, 1991b).   

The end of emplacement of oceanic crust in the central part of the Gulf of Mexico 

basin, along with the Yucatan block reaching its present position of southeast Mexico 

marked the beginning of a period of stable tectonics in the region. Throughout the late 

Jurassic and until the early Cretaceous, thermal subsidence occurred in the newly 

emplaced oceanic crust and the transitional crust.  Naturally, thermal subsidence rates for 

each type of crust varied according to composition. Oceanic crust cooled, contracted, and 

subsided more quickly than either the thin and thick transitional crust. The thin 

transitional crust subsided faster than the adjacent thicker transitional crust. Intermittent 

periods of subsidence continued in the Gulf region from the late Jurassic to the present 

day. Subsidence that took place from the early late Jurassic until the middle Cretaceous 

was predominantly associated with the physical response of the crust cooling and 

contracting. Subsidence that took place after the middle Cretaceous has been attributed to 

sediment loading (Salvador, 1991b).    

Tectonic stability prevailed in the Gulf of Mexico until the late Cretaceous when a 

major tectonic event occurred. This is evidenced by a stratigraphic unconformity. This 
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event was responsible for a massive influx of clastic sediment to the Gulf of Mexico. This 

event marks the beginning of the initial episodes of the Laramide orogeny. The massive 

influx of sediments produced by the Laramide orogeny lead to rapid subsidence in the 

region, although it is poorly understood, it is believed that this rapid subsidence was 

responsible for the reactivation of a graben in the Mississippi embayment. This 

reactivation led to short lived volcanism in the region. Tectonic activity in the Gulf from 

the late Cretaceous to present is attributed primarily to salt deformation (Salvador, 

1991b). 

3.2 Salt Tectonics 

 

Deformation of the surface and structuring of the basins that rim the Gulf of 

Mexico from the early Cretaceous to present are attributed to salt flow structures and 

listric normal growth faulting. Salt flow in a non-orogenic environment such as the Gulf 

Coast region is due to differential pressure gradients of sediments that overlie the salt. A 

wide variety of structures are created from salt flow, such as diapirs, pillows, and salt 

sheets. Listric-normal faulting in the Gulf of Mexico is a result of coherent, differential 

basin ward movement of sediments the lies above a decollement surface that maybe 

either salt or abnormally pressured shale. Similar to the movement of glaciers, gravity 

acting on a sloping surface is the principal driving force for this particular type of faulting 

activity (Nelson, 1991). 

In this study, salt is a term used to denote a group of minerals deposited during 

the evaporation of sea water and includes halite, potassium chloride, and other impurities. 
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The ability for these minerals to flow in the subsurface under relatively low deviatoric 

stress is due to 3 main factors: (1) Differential loading of sediment above a layer of salt 

will cause the pressure to vary laterally within the salt; (2) The uncompressed crystal 

structure of salt compels movement from areas of high pressure to areas of lower 

pressure; and (3) Salt viscosity declines and behaves as a non-Newtonian fluid when 

under high pressure and temperature. Movement of the salt will continue until 

equilibrium is reached, this occurs when the pressure difference becomes too small to 

overcome the frictional stresses resisting salt flow (Nelson, 1991). 

Given the scale of salt structures in the Gulf of Mexico, the autochthonous 

depositional thickness of salt is thought to have been extremely thick, by some estimates 

as much as 5,000 to 7,000 ft (1,500 to 2,100 m) (Jackson and Seni, 1984). Large 

structures such as these also require an appreciable amount of movement and thus must 

be relatively free of impurities detrimental to flow such as sediments, anhydrite, and 

polyhalite. The depositional environment necessary to produce thick and pure salt is 

ascribed to basins with restrictive water flow that exist in an arid climate which is 

conducive to rapid evaporation. Indeed, such an environment was present in the Gulf of 

Mexico when the Louann salt was deposited during the late Jurassic, see Figure 2-2 

(Nelson, 1991). 

Inevitably, the ensuing deposition of beds located stratigraphicaly above the 

Louann salt was affected by movement of the underlying salt. In some cases this 

produced a low angle decollement surface that decreased in angle with respect to depth 

from the surface of deposition until it became a parallel bedding plane.  This type of 
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surface is conducive to generating what is referred to as a listric normal fault. The term 

listric is used in reference to the shovel like shape of the structure. Due to the faulting 

being syndepositional, the term listric normal growth fault is used to more accurately 

describe this type of fault. Listric normal growth faults in the non-orogenic Gulf Coast 

region can be associated with salt or shale decollements down to the deposition level of 

the Louann salt. In some cases, they are attributed to salt sheets, abnormal pressure 

differentiation, or clay mineral transitions (Nelson, 1991). Factors that contribute to the 

continued movement of listric normal growth faults are differential compaction, 

differential pressure, differential water loss or a combination of the three (Bruce, 1973).  

4 Gulf Coast Geologic Hazards 

 

4.1 Subsidence 

 

Subsidence is a worldwide geologic phenomenon that occurs naturally but can 

also be activated or intensified by human actions. Geologic events representative of 

naturally occurring subsidence are episodes such as sediment compaction, loading of the 

crust, cooling of the crust, faulting, and sink holes. Human actions that can induce or 

increase subsidence include: mining, extraction of fluids and/or gases from reservoirs or 

aquifers, and the draining of organic soils. There are severe ramifications associated with 

subsidence that have been observed in the Houston area. For instance, the complete loss 

of property can occur due to inundation; this is where the land surface has completely 

subsided beneath coastal waters, see Figure 4-1.  Subsidence also increases the risk for 

damages to structures or even the loss of life due to flooding by the following factors: 
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changing or impeding the direction or flow of runoff drainage, increasing the depth of 

pre-existing low lying areas, and/or creating new low lying areas, see Figure 4-2. 

 
Figure 4-1. Brownwood Inundation 
Photo showing the inundation of the Brownwood subdivision located Southeast of 

Houston completely inundated by bay waters after hurricane Alicia (Morton, 2003, 

http://pubs.usgs.gov/of/2003/of03-337/figures/fig8.html).  

 

 

Figure 4-2. Tropical Storm Allison Flooding 

Photo showing the flooding in down town Houston created by tropical storm Allison in 

2001. (Texas Hurricane, 2011, http://texashurricane.wordpress.com/2011/06/09/tropical-

storm-allison-10-years-later/). 

 

Natural subsidence that occurs as a result of sediment compaction/consolidation, 

salt evacuation, faulting, crustal cooling, and load induced crustal downwarping have 
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taken place in the Gulf of Mexico basin throughout its history (Dokka, 2004). Modern 

subsidence is the integrated effect of numerous natural and anthropogenic processes that 

operate at several different spatial and temporal scales (Dokka, 2004). Given the Houston 

areas proximity to the coast, modern subsidence has been a concern and hence monitored 

since the early 1900’s (Buckley et al., 2003). In 1975 the Texas state legislature created 

the Harris-Galveston subsidence district (HGSD, 2013). The HGSD was tasked with 

accurately monitoring subsidence and “end(ing) subsidence” due to ground water 

extraction. Due to the efforts of HGSD to switch to surface water a dramatic reduction of 

subsidence has been observed (Berman, 2005). 

The Houston area groundwater system consists of the Chicot and Evangeline 

aquifers, the Burkeville confining unit, and the Jasper aquifer. The Chicot and Evangeline 

are nearest to the surface and consist of intermittent layers of sand and clay. The Chicot is 

distinguished from the Evangeline by its shallower depth, more permeable sand layers, 

and more compressible clay layers. The Burkeville primarily consists of clay, which acts 

as a barrier to the vertical flow of water. Underlying the Burkeville confining unit is the 

undeveloped Jasper. It is generally assumed that this aquifer has not suffered head 

pressure declines or compaction due to the minimal extraction of water from this layer 

(Knox et al., 2006). See Figure 4-3. 
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Figure 4-3. Aquifer Cross Section 

Cross section of aquifers of the Houston area, the cross section runs from Grimes County 

to the north to Galveston County in the south. Modified from Baker (1978) and 

Kasmerek et al. (2012). 

  

4.2 Faulting 

 

For nearly a century, faulting in the Houston area has been the subject of geologic 

investigation and has been a nuisance to anthropogenic structures. The 1926 motion of 

faults were first studied in 1926 by Pratt and Johnson. This study was conducted in 

response to the production of oil in the Goose Creek oil field, which is located 20 miles 

(12 km) southeast of Houston, see Figure 4-4. In the years following this case study, 

faults in the Houston area have been the subject of intense scrutiny by many other 

investigators. Such investigators include: Price (1933); Sheet (1947 and 1971); Van 

Siclen (1967 and 1979); Gabrysh (1970 and 1972); Reid (1973 and 1979); Clanton and 

Verbeek (1978 and 1981); Verbeek (1979); Everett and Reid (1981); Holzer (1989); 
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Buckley et al. (2003); Shah and Lanning-Rush (2005); Engelkemeir and Kahn (2008);and 

Engelkemeir et al. (2010). 

 

Figure 4-4. Goose Creek Faulting 

Photo showing the Goose Creek Fault a 16-inch fault scarp freshly cuts across the ground 

(Pratt and Johnson, 1926, http://www.rice.edu/~lda/wet/bwood/drop/drop7.htm). 

 

 Though these faults are of great interest to the geologic community, public 

notoriety has fallen short in comparison to other faults with similar rates of motion such 

as the San Andreas Fault in California (Everett and Reid, 1981). Possible reasons for this 

are a lack of seismicity, difficulty with mapping, and intermittent movement of the faults. 

Even though fault motion in the Houston area is considered to be aseismic, it still poses a 

threat as a substantial and costly geologic hazard. Civil engineering structures located on 

the surface expression of these faults are subjected to considerable damage, see Figure 1-

2. In many cases faults remain unknown until a structure that resides on its surface 

expression is disrupted. Given the explosive growth of population of the Houston area 
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many more faults will inevitably be found as development expands into undeveloped land 

on the outskirts of the area (Everett and Reid, 1981; Engelkemeir et al., 2010). 

The lack of seismicity is due to the fact that the faults cut through non-lithified 

sediments. Propagation through non-lithified sediments does not allow for strain to be 

stored and released in the amount needed to produce detectable seismic motion. Instead 

of seismic motion being produced, motion along the surface expression of the faults 

slowly moves or creeps. The mechanisms that drive fault motion in the Houston area are 

poorly understood. While temporal correlations have been observed between water 

withdrawal and fault slip, essentially compartmentalizing subsidence, other regions in the 

Houston area have displayed large water withdrawal-related subsidence depressions, 

which are up to several square kilometers, with no associated faulting. Further 

complicating the understanding of fault mechanisms is active salt tectonics such as 

diapirism, which occurs in the area. In some cases the local fault patterns are attributed to 

the interactions of salt-related faults and regional faults (Engelkemeir et al., 2010). 

4.3 Monitoring Methods 

 

Monitoring of geologic hazards in the Houston area dates back to 1906, at that 

time repeated levelings of benchmarks were performed by the National Geodetic Survey 

(NGS) to gauge subsidence (Buckley et al., 2003). In 1975 the Harris-Galveston 

Subsidence District (HGSD) was formed by the Texas state legislature and tasked with 

accurately monitoring and “end(ing) subsidence” in the Houston area. Due to the high 

cost of re-leveling, the HGSD worked in conjunction with the United States Geological 

Survey (USGS) to establish a network of 13 mechanical subsidence measuring devices. 
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These devices are borehole extensometers, designed to measure subsidence without re-

leveling. Although the extensometers are less expensive than re-leveling, the cost of the 

installation and maintenance has limited their spatial coverage (Berman, 2005). 

Since 1993, in an effort to remedy the limited distribution of the extensometers 

the HGSD along with the NGS installed a network of GPS stations (Zilkoski et al., 2001). 

This network consists of both a campaign style GPS monitoring configuration (Port-A-

Measures or PAM) and Continuously Operating Reference Stations (CORS). PAMs are 

trailer-mounted GPS   campaign devices that rotate among various sites for one week 

intervals. CORS on the other hand are permanently fixed in one location (Berman, 2005). 

In 2012, to help further improve this system the National Science Foundation awarded 

the University of Houston a grant to install 40 more continuously monitoring GPS 

stations throughout the Houston area. This network is referred to as Houston-Net will 

vastly improve the spatial resolution of current GPS data. 

Another technology that has been used to monitor subsidence is Interferometric 

Satellite Aperture Radar (InSAR). This technology offers increased spatial resolution 

when used in concert with GPS monitoring (Bawden et al., 2012). InSAR monitoring of 

subsidence is done by differencing or interfering sequential SAR scenes obtained from 

satellite radar. InSAR offers the benefit of not having to interpolate points in between 

GPS stations. 

Some of the tools that have been used to monitor subsidence can also be used to 

monitor fault movement in the Houston area. The network of PAMs, CORS and 
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extensometers was used by Engelkemeir et al. (2010) to investigate the motion of faults 

and other surface deformation in proximity to the GPS stations.  Unfortunately, the 

existing network confines the monitoring of faults to those that are in proximity to the 

spatially limited distribution of the GPS stations. Reid (1973) took a novel approach of 

installing mechanisms, such as tilt beams and horizontal extensometers, which are 

designed to monitor fault motion, on several faults in the Houston area. This was able to 

constrain the motion of faults very precisely. In fact, at site “A” in that study a vertical 

rate of motion of 0.028 mm/day was found. Although precise, Reid’s study was only 

done in limited locations. 

Large-scale attempts to better understand the locations of faults have been made 

as well. Investigations by Clanton and Verbeek (1981) and Everett and Reid (1981) used 

aerial photography and landsat imagery, respectively, to determine locations and features 

of faults in the Houston area. The Harris County Flood Control District (HCFCD) with 

support from the Tropical Storm Allison Recovery Project (TSARP) completed an 

airborne Light Detection and Ranging (LiDAR) scan of the region in 2001. The main 

purpose of this scan was to create a detailed Digital Elevation Model (DEM) for the 

purpose of understanding the watersheds in the area and to prevent catastrophic flooding 

(TSARP, 2002).In 2004, the USGS, in cooperation with the HGSD, used the LiDAR 

survey of the region to better map the surface expressions of faults in the area (Shah and 

Lanning-Rush, 2005). In 2008, Engelkemeir and Kahn further enhanced the 2001 TSARP 

LiDAR survey data by using a grid refinement algorithm and hill shading to reveal the 

Long Point Fault in more detail. 



25 
 

5 GPS and LiDAR 

 

5.1 GPS Introduction 

 

In the early 1960s, several government agencies including the military, the 

National Aeronautics and Space Administration (NASA), and the department of 

transportation that were interested in developing satellite systems for position 

determination. The criteria for such a system needed to be: able to provide for global 

coverage, continuously able to operate in all weather conditions, have the ability to serve 

high dynamic platforms, and provide high accuracy. The Office of the Secretary of 

Defense (OSD) established the Defense Navigation Satellite System (DNSS) program to 

consolidate the independent development efforts of each branch of military service to 

form a single joint-use system. From this effort, the system concept for NAVSTAR GPS 

was formed. The NAVSTAR GPS program, or simply GPS as it is referred to today, was 

developed by the GPS Joint Program Office (JPO). The GPS JPO was established to 

oversee the development and production of new satellites, ground control equipment, and 

military user receivers (Kaplan, 1996). 

Presently, GPS satisfies the requirements established in the 1960s for an optimum 

positioning system (Kaplan et al., 1996). The GPS JPO is now referred to as the Global 

Positioning Systems Wing (GPSW). It is still responsible for developing and producing 

GPS satellites, ground systems and military user equipment (GPSW, 2013). There are 

three segments of GPS:  the space segment, the operation control segment (OCS), and the 

user equipment segment. The GPSW manages the OCS, which tracks and maintains the 
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satellites in space by monitoring the health and signal integrity of the satellite signal, 

maintaining the orbital configuration, updating the ephemerides, clock corrections, and 

numerous other parameters essential for determining user position, velocity, and time 

(Kaplan, 1996). 

The satellites transmit microwaves at frequencies L1 (1575.42) MHz and L2 

(1227.6 MHz) modulated with two types of codes and the navigation message. The codes 

are the civilian Coarse/Acquisition (C/A)-code and the encrypted military Precision 

(P(Y))-codes. The L1 carrier is modulated with both types of codes, whereas L1 is 

modulated with a P-code only. In this case study all stations are capable of receiving both 

the L1 and L2 signals (Leick, 2004; Ward, 1994). There are two types of observables of 

interest to users. One of these is the pseudorange, which is the distance between the 

receiver to the satellite plus small errors due to the impact of the ionosphere and 

troposphere on signal propagation, clock errors, and multipath. Pseudoranges are a 

measure of the travel times of the C/A or P(Y) codes. The second observable of interest is 

the carrier phase; this is the difference between the received phase and the phase of the 

receiver oscillator at the epoch of measurement. Receivers are programmed to make 

phase observations at the same equally spaced epochs.  
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Figure 5-1. GPS Constellation Model  

Idealized orbits of the GPS constellation. Figure modified from (NCO, 2013). 

The satellite constellation (Space Segment) (Figure 5-1) consists of thirty-two 

satellites that are positioned in six Earth-centered orbital planes. There is a minimum of 5 

satellites in each orbit (Wiederholt and Kaplan, 1994; Department of Homeland Security, 

2013). The orbital period of a GPS satellite is half a sidereal day or 11 hours and 58 

minutes. The orbits for the constellation are equally spaced about the equator at a  0  

separation with an inclination of     relative to the equator. The orbital radius, or the 

distance from the center of mass of the Earth to the satellites, is approximately 26,600 

km. The OCS maintains 16 ground monitoring stations around the world. These stations 

are used to observe atmospheric conditions while at the same time collecting range, 

phase, and navigational data (NCO, 2013; Wiederholt and Kaplan, 1994). The data are 

uploaded to the Master Control Station (MCS) located at Schriever (formerly Falcon) Air 

Force Base in Boulder, Colorado. 
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The International Global Navigation Satellite System (GNSS) Service (IGS) also 

employs a globally distributed network of monitoring stations. This network is comprised 

of over 350 continuously operating, dual frequency GPS receivers (Leick, 2004; IGS 

Central Bureau, 2013). The IGS is a response by international users for an organizational 

structure that helps maximize the potential of GPS (Leick, 2004). Table 5.1 displays the 

products IGS offers, the turnaround rate, or latency as referred to by IGS, at which IGS 

offers them, and the accuracies of each. As evident in Table 5.1 accuracy of the product 

is dependent on the latency. The final product of IGS was utilized for this particular case 

study because high accuracy is desired. 
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Table 5-1. IGS Products 

 

Modified table from the IGS website (http://acc.igs.org/) displaying the products and 

their respective accuracies and latencies as of the time of this case study was conducted. 

5.2 LiDAR Introduction 

 

 The acronym LiDAR stands for Light Detection And Ranging. It operates 

fundamentally similar to the better known RaDAR (Radio Detection And Ranging) 

(Engelkemeir and Khan, 2008; Beraldin et al., 2010). Both 3D measuring systems rely on 

the principle of time-of-flight (TOF) where light or radio waves are rapidly emitted in 

pulses that are reflected back from any object they strike. The travel time between the 

instrument and the object is used in combination with the location and orientation of the 
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instrument to determine the absolute position of every object that reflects the wave 

(Meigs, 2013; Beraldin et al., 2010). Both these systems use electromagnetic energy for 

range finding and the only differences are in their use and performance (Beraldin et al., 

2010). 

One of the methods for optically measuring a 3D surface is the estimation of light 

transit time or TOF. Essentially, this is the measurement of the time delay created by 

light traveling from a source to a reflective target surface and then back to a light 

detector. This is a convenient form of measurement due to the known propagation 

velocity of light. Light waves in any given medium travel at a finite and constant 

velocity. Since the speed of light is known the position of an object can be determined by 

the round trip time of light reflected from it, with a correction factor for the medium 

which the light traveled through. The process can be described in the equation that 

follows, where   is range, c is the speed of light (299,792,458 m/s), n is the refractive 

index, and   is the round trip (Beraldin et al., 2010). 

  
 

 

 

 
 

 Two types of light sources have been used in 3D imaging. These types of light are 

incoherent sources of light (incandescent, luminescent or sunlight) and lasers (light 

amplification by the stimulated emission of radiation, types of lasers includes gas, solid-

state or semiconductor). The latter is generally preferred because the properties of the 

light produced are more monochromatic, directional, bright and spatially coherent. 

Spatial coherence is particularly desired to counter act diffraction, even in the best laser 
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emitting conditions, laser beams will not maintain collimation with distance. Laser beams 

that intersect with a surface produce a spot diameter with a finite dimension or laser foot 

print. The laser footprint varies according to the local slope of the surface and the 

material characteristics. Diffraction limits the lateral spatial resolution and ultimately the 

resolution in general (Beraldin et al., 2010). 

 LiDAR technology is extremely useful in earth science because of its ability to 

collect data over large tracts of land with non-contact instruments and produce a 

quantitative 3D digital representation (Meigs, 2013; Beraldin et al., 2010). This is 

especially true in Airborne Laser Swath Mapping (ALSM), where LiDAR data is 

collected by affixing a laser to an aircraft, controlling for the aircraft location using 

differential kinematic GPS with on-board and ground-based base stations, and flying a 

series of overlapping swaths over the area being surveyed (Meigs, 2013). 

 Before the advent of ALSM analytical photogrammetry was the main 

measurement technique used in gathering large topographic data sets. This yielded height 

accuracies on the order of magnitude from a decimeter to meter (Briese, 2010). LiDAR 

scanning is advantageous for the following reasons: high measurement density and high 

data accuracy, fast data acquisition, canopy penetration, and a minimum amount of 

ground truth data. Airborne LiDAR data densities can reach up to 30 measurements /m² 

with standard accuracies of 0.05-0.02 m for height and 0.2-1.0 m for position. Data 

acquisition speeds of 50 km²/ h with a point density of 2 points/m² have been observed. A 

high amount of tree canopy penetration is also possible if the density of the vegetation is 

not as high as that produced by conifers or multistory rain forests. Terrestrial work for an 
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ALSM is limited even for large flight blocks because only a few ground reference 

stations are needed (Beraldin et al., 2010). 

 While advantageous, ALSM as with any measurement system is not without 

limitation or errors. As an active system operating with light, the scanner needs to have a 

clear view of the desired target. Vegetation or atmospheric conditions such as clouds or 

fog cannot be penetrated. Similar to the reason why atmospheric conditions disrupt laser 

penetration, a wet surface can prevent reflection of the laser beam. If the beam is not 

blocked or absorbed it still has to contend with the main sources of error that contribute 

to the final accuracy. The sources described by Beraldin et al. (2010), are listed as: 

 Errors due to erroneous calibration of the GPS, Inertial Measurement Unit (IMU) 

and scanner assembly; 

 Errors due to limited accuracy of the flight path restitution; 

 Errors due to the complexity of the target; 

 Errors due to multipath reflections; 

 Errors due to coordinate transformation and geoid correction. 

 

 

Figure 5-2. ALSM Description 

This figure illustrates the principle of ALSM, inside of the airplane is a diagram of the 

components that make up the ALSM system. Figure modified from Beraldin et al., 

(2010). 
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 Once the ALSM mission is completed, a point cloud is derived from the laser 

scanner observation. This point cloud is a visual representation of the large data set 

captured by the scanner. Point clouds are delivered primarily as long lists of X, Y, and Z 

coordinates. Other attributes such as amplitude or echo count maybe included 

(Vosselman and Klein, 2010).  The point cloud can be further processed into a Digital 

Terrain Model (DTM) or also referred to as a Digital Elevation Model (DEM).  The DTM 

is a mathematical representation or model of the bare earth surface. This model reveals 

the boundary between the solid ground and the atmosphere. This can also reveal objects 

attached to the ground such as buildings or vegetation. A widely used format for the 

storage of DTMs is a raster representation. In this data structure each raster value 

represents the height of the whole area covered by the raster element (Briese, 2010). 

 Such accurate representations of the Earth are used by geologists to study subtle 

changes in surface topography. This has proven very useful in the mapping of faults in 

the Houston area. Mapping of the surface expressions of faults in the region is difficult 

due to the urban environment and the lithology cut by the faults, which can obscure 

subtle scarps.  In the 2005 study by Shah and Lanning-Rush a Digital Elevation Model 

(DEM) of Harris County created by the HCFCD was used to identify the location of large 

faults in the area. Subtle changes in topography over a few kilometers easily delineated 

the faults in the region. 
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6 Field Instrumentation and Data Processing 

 

 The Long Point Fault is located in far west Houston as seen in the Figure 6-1. It 

generally strikes from the southwest to the northeast and is approximately 14 km long. 

 
Figure 6-1. Long Point Fault Trace 

Map showing the location of the Long Point Fault in west Houston with false color, hill 

shading, gamma stretching, vertical exaggeration, and a green trace line added to 

delineate the precise location of the fault.  

  

The fault is found in a heavily populated area of Houston known as Spring Branch. This 

area is typical of most of the Houston area with a mix of businesses, homes, public 

buildings, municipal infrastructure, roads, and highways. The Long Point Fault interacts 

with many of the anthropogenic structures in this area in a destructive manner as seen in 
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Figure 1-1. It is crucial to the residents, property owners, business owners, and 

municipalities in the area to have an understanding of the trace and kinematics of the 

Long Point Fault. 

6.1 Determining the Trace of the Long Point Fault 

  

Typical field mapping of the Long Point Fault and faults in the Houston area in 

general has proven to be problematic. The lithology cut by the Long Point Fault lends 

itself to rapid erosion at the surface because of the vast amount of rain Houston receives. 

The fault is also obscured by a constant reworking of the surface in the due to repaving or 

construction. 

ALSM provides a very effective tool for clarifying the locations of faults in the 

area, as was proven in the 2005 study by Shah and Lanning-Rush. The DEM used in this 

study was obtained from the HCFCD and further processed using a technique referred to 

as hill shading. Hill shading is variation in tone from light to dark used for the purpose of 

delineating the form of the land surface. Hill shading is described as a process that creates 

a rectangular grid as a function of the angle of the illumination source with the surface, 

which results in the appearance of shadowing. Ridges and valleys are revealed by the hill 

shaded DEM. Distinct linear or nearly linear ridges in the generally flat Houston 

metropolitan area are indicative of the surface expression of faults (Shah and Lanning-

Rush, 2005). Engelkemeir and Kahn (2008) took this process a step further by developing 

an algorithm to refine the existing 5 m cells of the DEM to a finer 1.5 m which revealed 

the Long Point Fault in more detail. 
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To make it possible to conduct our case study of the Long Point Fault the 2001 

TSARP LiDAR was obtained on DVD courtesy of HCFCD. The DEM data on the DVD 

is stored in interchange file format (.e00) and separated into tiles that partition the Harris 

county area. A PDF map of the locations of the tiles’ coverage is also included on the 

DVD. For this case study ArcMap 10.1 was used to perform spatial analysis of the 

DEMs. The PDF map was digitized into ArcMap to determine the specific tiles in the 

Long Point area (Figure 6-2).  

 

Figure 6-2. PDF Tiles 

Digitized PDF map of TSARP DEM tiles, county line data form ESRI. 

The map of the faults in the Houston area created by Shah and Lanning-Rush was 

produced at too small a scale to be useful in determining the precise trace of the Long 

Point Fault as desired in this case study. Although, once digitized and combined with the 

map of the raster files, the Shah and Lanning-Rush map proved useful in determining 

which tiles to use. 



37 
 

 The Long Point Fault specific e00 files were then selected, imported, and 

converted to raster in ArcMap 10.1. Once in ArcMap visual manipulation tools included 

in the software such as hill shading, vertical exaggeration, false color, and gamma stretch 

were used to further delineate the fault. The delineation was then traced and ultimately 

digitized as a shapefile. A shapefile is defined as a simple, non-topological format for 

storing the geometric location and attribute information of geographic features. 

Geographic features in a shapefile can be represented by points, lines, or polygons (areas) 

(ESRI, 2013). Most of the Long Point Fault was very easily delineated using the 

visualization tools in ArcMap, but an area near the center of the fault remained difficult 

to trace Figure 6-3 below.  

 

Figure 6-3. Long Point Fault Ambiguity 

The area of ambiguity of the Long Point Fault trace in the DEM, the green lines represent 

the certain fault trace of the Long Point Fault mapped by the author and the red line is the 

digitized line from Shah and Lanning-Rush, 2005 (Road data from ESRI, DEM modified 

from HCFCD, 2001).  
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Confirmation of the trace in the field was necessary to clarify this ambiguity. This was 

accomplished by using the GPS-enabled Trimble Juno handheld mapping device. This 

device is equipped with a mobile version of ArcMap named ArcPad, see Figure 6-4. 

 

Figure 6-4. Trimble Juno SB 

The Trimble Juno SB GPS handheld mapping device with ArcPad software. Figure from 

(Seiler Instruments, 2011). 

 

The advantage of using this device is the shapefile of the trace of the fault generated in 

the desktop version can be viewed and confirmed via GPS in the field. The ambiguous 

part of the trace was easily confirmed on the ground by observing damages done to 

manmade features such as cracks in asphalt and disturbed utility poles, see Figure 6-5. 

 

 

Figure 6-5. Parking Lot Fault Damage 

Large cracks in the pavement and disturbed utility poles are signs of damage created by 

the Long Point Fault. This picture was taken facing approximately an east by north east 

direction in the parking lot of the Houston Community College. 



39 
 

  

The fault trace, once identified by the damage, was then traversed and simultaneously 

digitized by GPS marked waypoints on the handheld mapping device. The files were then 

uploaded into ArcMap and used to complete the full fault trace as seen in Figure 6-1. 

6.2 Determining the Kinematics of the Long Point Fault 

 
 Supported by the precise location of the fault, the examination of the kinematics 

for this case study was now possible. In 1978, Reid used a mechanical approach to 

quantify movement and deformation of the fault using devices known as tilt beams and 

horizontal extensometers. 

 
Figure 6-6. Previous Studies 

Map of previous studies measurement sites, sites A and B are the location of tilt beams 

used in Reid (1973). 
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 This approach was limited due to the distribution of these devices as seen in Figure 6-6. 

Another attempt to quantify and observe fault motion was made by Engelkemeir et al. 

(2010) by using GPS data from nearby PAM and CORS, this study too was limited by the 

distribution of the measurement sites. In Figure 6-6, the limited distribution of the GPS 

stations used in the Engelkemeir et al. (2010) in the area of the Long Point Fault can be 

seen.  

In this case study, to more accurately constrain the fault kinematics, it was 

decided to use continuously monitoring GPS stations distributed in various locations on 

both sides of the fault. There are numerous case studies of utilizing networks of GPS 

stations to monitor and understand fault motion in locations across the Earth. An example 

of one analogous study is Titus et al. (2005). In the Titus et al. (2005) study, movement 

along the creeping segment of the San Andreas Fault was monitored via 4 new 

continuous GPS sites over a period of 1.5 years. The location and installation type of the 

GPS stations can be seen in Figure 6-7. 
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Figure 6-7. Analogous Study 

GPS sites used in the Titus et al. (2005) study. Map from Titus et al. (2005). Images from 

the UNAVCO site metadata 2013. 

 

The sites in the Titus study are typical of most GPS sites used for studying faults. 

For the use of GPS in the study of faults basic necessities such as power, a clear 

unobstructed view of the sky, and a stable anchor site are needed. As seen in Figure 6-7, 

this was easily accomplished in the environment that the Titus (2005) study took place in.  

The Long Point Fault presents some unique challenges in accomplishing a GPS 

study of fault kinematics. Along with the basic necessities of GPS functionality, special 

urban considerations had to be taken into account. These considerations include 

permitting, the radio frequency environment, and security. To be able to accomplish this 

it was decided that a building mount GPS station would be best suited for this case study. 

Building mounted GPS stations have been utilized in other case studies involving 

creeping portions of faults in an urban environment such as Pe’eri et al., (2002). In Pe’eri 

et al., (2002) 3 continuously monitoring GPS stations mounted to buildings were used to 
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understand the kinematics of the Dead Sea Fault in the heavily populated city of Tel 

Aviv, Israel. Building mounts have many advantages in an urban environment such as 

minimizing the threats of vandalism and theft, a high amount of stability, a wide 

distribution of sites, possible internet communication, power, and unobstructed views of 

the sky. 

Although building sites were advantageous, there were data quality concerns that 

needed to be addressed. Concerns such as how to directly monitor ground movement, 

how to guarantee station longevity, and the mitigation of errors caused by the reflection 

of the GPS signal off of surfaces or multipath. In order to maximize the quality of the 

data and address these concerns the National Geodetic Survey (NGS) Continuously 

Operating Reference Station (CORS) guidelines were followed. The CORS guidelines 

were created by the NGS in an effort to provide a set of best practices when installing 

CORS GPS sites (NGS website, 2013, http://www.ngs.noaa.gov/CORS/). The guidelines 

are useful in ensuring the data are of the highest quality and making certain the station 

reflects only the motion of the ground under the building foundation to which the GPS 

station is attached. The full set of regularly updated guidelines is available free to the 

public on the NGS website in PDF format at 

http://www.ngs.noaa.gov/CORS/Establish_Operate_CORS.shtml.  

Guidelines that specifically address the suitability of the anchor site of the station 

include considerations for stability, location, obstructions, radio frequency environment, 

building characteristics, mount characteristics, antenna, antenna cable, and antenna 

orientation. An explanation of why the recommendations are specified in the CORS 
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guidelines is also included. The guidelines aim to avoid designs that are known to cause 

or likely cause data quality issues. These guidelines are based on designs that have been 

used in the CORS and International Global Navigation Satellite System Service (IGS) for 

the past 12 years.  

The first issue addressed is that of stability, ensuring that the antenna accurately 

embodies the position and velocity associated with a given site is representative of the 

crustal position and velocity of the site and not just the antenna. The anchor site should 

be designed to maintain its position in three dimensions, minimize the measurement of 

near surface effects, and mitigate the effects of thermal expansion. Thermal expansion 

mitigation is accomplished by avoiding wood or metal frame buildings and instead 

utilizing only masonry, solid brick, or reinforced concrete buildings. To avoid signal 

noise from the motion of the building the height should not be more than 2 stories. In the 

area of the Long Point Fault, shrinking and swelling of the soil is common. To mitigate 

this effect large older buildings with no visible cracks on the inside or outside were 

chosen, this was done to increase the likelihood that all primary settling had already 

occurred. 

A fair amount of consideration also must be given to the design and installation of 

the mount itself. While convenient and flexible, U bolts and channel lock systems are by 

their design adjustable and therefore susceptible to gradual loosening or active unlocking 

of the system. This makes them unsuitable for long term stability. The material of the 

mount can also contribute to thermal expansion and for this reason metals with a high 

coefficient of expansion such as aluminum were avoided. Instead thick mild steel was 
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chosen as seen in Figure 6-8. The thickness of the mild steel not only provides stability 

but also adds to the longevity of the mount.  

The location of the mount on the building is also very important to the longevity 

and to diminishing the amount of movement not related to the crustal position and 

velocity of the station. For example, the mount is required to be laterally attached to a 

load bearing wall and it is recommended but not required that the mount be at the corner 

of the building. The attachment of the mount should be done by the use of epoxy, bolts, 

and/or anchors. The location of the mount should also not interfere with the buildings 

replaceable roof. This minimizes the chance of the mount being disturbed when the roof 

is replaced. As an effort to prevent multipath errors the mount should extend 0.5 m above 

the roof line. To avoid movement of the antenna the ratio of the freestanding part to the 

bolted part should approximately be 1:3.   
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Figure 6-8. Bracket Blue Print 

This is a blue print of the mount used in this case study. All pieces of the mount were 

welded together via gas metal arc welding. 

 

 The CORS guidelines also cover the antenna, which is a crucial GPS station 

component, in great detail. The attachment is important to both acquiring a long history 

data set and the accuracy of the measurement. The guidelines require that a device must 

exist between the mount and the antenna so that the antenna can be leveled properly and 

in the event that the antenna needs to be changed it can be returned to the exact same 

position in 3D space. In this case study as per recommendation of the HGSD the device 

in Figure 6-9 was chosen because of its proven history in the PAM network. It was 

machined from a solid billet of stainless steel by Leetech, L.L.C. using the design 

specified by the HGSD.  
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Figure 6-9. Mounting Device 

The device used to ensure the antenna is properly leveled and in the event that the 

antenna needs to be changed it can be returned to the same position in 3D space. 

 

This device ensures that the leveling accuracy of 0.15 degrees or 2.5 mm required 

by the guidelines can be achieved by spirit leveling of the mount. All antenna phase 

center patterns assume a true north-oriented antenna, so the antenna must be oriented as 

such. If not taken into consideration, accuracy can be affected, because the variation of 

the GPS antenna phase center instability can differ by up to a centimeter. The antenna 

cable must not be under tension and must be secured as not to cause damage to it. To 

ensure the cable is not under tension it is recommended that the cable be looped around 

the mount. Typical GPS antenna cables have a signal loss of 9 db/100ft/30m. Since loss 

for a CORS is limited to 9 db the total length of the cable must not exceed 100ft or 30m. 

Cable length is a concern for power supply and data as well because of loss of energy 

over distance. The maximum cable lengths are described in Figure 6-10. 
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Figure 6-10. Maximum Cable Lengths 

A diagram explaining the maximum cable lengths. 

 

 When deciding on the location of the GPS station yet another consideration is the 

radio frequency environment. Radio frequency sources such as TV, microwave, FM radio 

stations, cellular telephones, VHF and UHF repeaters, RADAR, and high voltage power 

lines can interfere with or completely block GPS satellite signals. For this reason the 

CORS guidelines recommend that every effort be made to avoid proximity to such 

equipment. This can be particularly challenging in an urban environment such as that of 

Long Point Fault. However it was successfully accomplished at each site. 

 Building selection took place with all the CORS criteria in mind and a need to 

have the building as close to the fault as possible. The first building selected was the 
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UTEX Industries Inc. building; it met the entire CORS criteria and was located close to 

the fault as seen in Figure 6-1, but it could not provide data communication. Permitting 

for this building was done by contacting the UTEX Inc. building manager Rebecca 

Hendrix. The systems administrator manager, Jeff Hiner, oversaw the installation and is 

the contact person for the necessary manual data pulls due to the lack of data 

communication. The next building chosen was the 1080 Sam Houston office building. 

Permission was granted by building owner Jerry Ray, but again data communication 

could not be provided. Nonetheless, all other criteria were met. Installation at this site 

was overseen by Leo Barnes who is also the contact for roof access to the station antenna. 

 Buildings that were privately owned could not provide a cost effective means of 

data communication and for this reason educational institution buildings were selected. 

The first of these was the Houston Community College branch campus located at 1010 

Sam Houston Toll way. Permitting for this site was done by contacting the campus 

manager Rose Sarzoza-Peña who granted permission and is the contact for access to 

perform data pulls. Eventually this site will have data communication and can serve as 

the access point for a small wireless internet service provider or a WISP network to 

establish communication with the other sites that do not have communication. 

 The Long Point Fault is encompassed by the Spring Branch Independent School 

District (SBISD) which has many campuses on either side of the fault that meet the 

desired criteria. To begin the permitting process for these sites the SBISD research 

department needed to review the project and grant permission, the contact at SBISD is 

program and research director is Jennifer Cobb. Once approved by the district Jennifer 
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served as the liaison between us and the principals of each campus who would decide if 

they would allow us to install. The campuses that decided to participate were Cornerstone 

Academy, Housman Elementary, Meadow Wood Elementary, Ridgecrest Elementary, 

Treasure Forest Elementary, Wilchester Elementary, and Woodview Elementary. The 

most advantageous effect of utilizing school district buildings is that data communication 

was agreed to be provided free of cost through the internet. Internet communication was 

established by systems administrator Paul Clarbull, for network security concerns the 

receivers are only accessible by UNAVCO and Houston Net computers through a 

firewall established by SBISD. UNAVCO is a non-profit university-governed consortium 

that facilitates geosciences research and education using geodesy. UNAVCO operates 

and supports geodetic networks, geophysical and meteorological instruments, a free and 

open data archive, software tools for data access and processing, cyber-infrastructure 

management, technological developments, technical support, and geophysical training. 

(UNAVCO, 2013). UNAVCO is in charge of the archiving of continuous data from the 

stations with data communication. 

6.3 Field Instrumentation 

 

Installation is described first generally then in detail in Figures A-1 to A-5 in the 

appendix which is followed by an ethernet wiring diagram in Figure A-6 and a parts list 

in Table A-1. Following the work flows, each site has a page dedicated to it for pictures 

and general examples of installations as seen in Figures A-7 to A-17. A full list of the 

contact personnel for each campus and site is also included in Table A-2. Due to safety 

concerns by the University of Houston a third party was hired to perform installations 
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that required the use of machinery to reach the desired installation heights. The company 

chosen for this was Excel Sign Co. The sign company was well suited to work with the 

equipment and had the experience needed to attach devices to buildings. Other sites that 

did not require machinery to reach the desired height were completed by the author, who 

was assisted by undergraduate students using ladders or roof access.   

6.4 GPS Data Processing 
 

 GPS processing to yield precise measurements on the order of millimeters is 

usually done by a relative positioning process known as Double Differencing (DD). This 

process is performed using the known location of at least one station and referencing the 

other stations whose positions are unknown to the known station(s) (Cosentino and 

Diggle, 1996; Soler et al., 2001). Through the simultaneous observation of satellites by 

these stations common errors are reduced significantly (Firuzabadi and King, 2012). In 

this case study, the commercial software Topcon Tools (Version 8.2.3) developed by 

Topcon Inc. (http://www.topconpositioning.com) was applied to process the static GPS 

data. The distance between the reference station(s) and the station(s) that are being 

measured is referred to as the baseline length. It is widely recognized that the baseline 

length and the observation time play major roles in the accuracy of GPS surveying. 

According to the Topcon tools reference manual, surveying with short baselines makes it 

possible to attain sub-centimeter accuracies. In this case study, baseline lengths average 

4.8 km between the measured stations and the reference station, UTEX. 

 Processing of the data using Topcon tools requires a conversion from the raw 

format of the GPS data to a Receiver INdependent EXchange (RINEX) format. This is a 
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standardized GPS data format that was developed by the Astronomical Institute of the 

University of Berne for the easy exchange of the GPS data (Gurtner, 2007). Results of the 

processing can then be exported and reviewed in a spread sheet analysis program, 

Microsoft Excel and/or CoPlot were used in this case study.  

 Another method of processing GPS data is absolute positioning, which is 

otherwise referred to as Precise Point Positioning (PPP). The PPP method of positioning 

allows for the use of un-differenced data from a signal receiver to render a position. In 

this processing method, information from a globally distributed network of GPS receivers 

is analyzed to provide the estimates of satellite orbits, clock, and atmospheric parameters. 

Receivers, as in this case study, must acquire dual frequency carrier phase and pseudo-

range signals. This method can prove extremely useful in instances when baseline length 

renders inadequate measurements by the DD method or when studies of regional features 

are desired (Zumberge et al., 1997).  

 PPP Processing of the data from the Long Point Fault CGPS stations was 

carried out using the software package from the Jet Propulsion Laboratory (JPL) known 

as the GNSS-Inferred Positioning System and Orbit Analysis Simulation Software (v.6.2) 

(GIPSY-OASIS). GIPSY-OASIS or GIPSY as commonly referred to in the geodetic 

community, was operated in the Precise Positioning mode. This mode allows for the 

rendering of positions using single receiver phase ambiguity resolution (PPP-SRPA). 

GIPSY is able to render an ambiguity-resolved precise point because wide lane and dual 

frequency phase bias estimates are provided along with information for the transmitter 

and the individual receiver by JPL (Bertiger et al., 2010).  The GIPSY software allows 
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for the input of parameters to combat common errors and render the highest precise point 

possible. The ambiguity resolved solutions have demonstrated improved precision which 

is most notable in the east west direction (Bertiger et al., 2010). 

 The most common errors that affect the GPS system are phase ambiguity bias, 

timing errors, atmospheric interference, tidal loading, and incorrect ephemeris data. Phase 

ambiguity bias can be estimated by the use of a large network of GPS stations with 

varying lengths of baselines (Blewitt, 1989). In the Houston area there are a multitude of 

GPS stations with which this can be accomplished. The short baselines between these 

stations help to reduce the inaccuracy of the ephemeris data (El-Rabbany, 2006). 

Atmospheric errors are due to conditions of the atmosphere, such as water vapor and 

Total Electron Content (TEC), which delay the signal from the satellite to the receiver 

(Davis et al., 1995).  Tidal loading errors are displacements caused by solar and lunar 

tides. Models of atmospheric and tidal conditions have been created to estimate and 

therefore reduce the errors. In this study the model used to mitigate the atmospheric error 

is the Vienna Mapping Function v.1 or VMF1 designed by Boehm and Schuh (2004). 

The model utilized to correct the tidal loading errors in this study is the FES2004 atlas. 

This model was created by the Chalmers University Onsala Space Observatory or OSO in 

Sweden. This is the most current finite element solution available (Lyard et al., 2006). 

The models are used as parameters set in the GIPSY software that allows for the 

mitigation or complete removal of the errors associated with atmospheric or tidal 

conditions. 
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6.5 Reference Frames 

 

 GPS uses the World Geodetic System (WGS84) as its reference coordinate 

system. WGS84 was developed by the US Department of Defense (DOD). The 

coordinate origin of WGS84 is meant to be located at the Earth's center of mass. The GPS 

satellites broadcast ephemerides are linked to the position of the satellite antenna phase 

center within the WGS84 reference frame. Thus, the GPS positional coordinates are 

naturally expressed within the same Earth-Center-Earth-Fixed (ECEF) global reference 

frame. In order to obtain high-accuracy positioning, post-calculated ephemerides are used 

in GPS data post-processing. Currently, the International GNSS Service (IGS) provides 

accurate ephemerides defined within a global reference frame, which is called the IGS 

Reference Frame of 2008 (IGS08) (Rebischung et al., 2012). IGS08 is defined by a 

subset of 232 globally-distributed, stable and well-performing GPS stations from the 

International Terrestrial Reference Frame (ITRF08) network. ITRF08 is the latest 

realization of the international terrestrial reference frame (http://itrf.ensg.ign.fr).  

 A global reference frame is realized by minimizing the motions of the overall 

selected reference sites (e.g., DeMets et al., 1990; Larson et al., 1997; Altamimi et al., 

2002, 2007). As a result, all reference sites are moving and there are no strictly stable 

sites within a global reference frame. However, most researchers are interested in 

measuring relative ground deformations in relation to locally “stable” references. A 

regional or local reference frame will, therefore, make it more convenient to interpret 

regional/local ground deformations over time and space. 
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 The use of reference frames is necessary to establish a relative reference to which 

the position is determined. Examples of regional and local reference frames are the North 

American Datum 1983 (NAD83), and the Stable Houston Reference frame (SHRF) 

(Wang et al., 2013). The reason for different reference frames is related to the need to 

study process on various scales. These reference frames represent measurement on 

different scales, IGS08 is global, NAD83 is regional, and SHRF is local. 

 The SHRF which was established by Wang et al. (2013) provides a local frame of 

reference for researchers in the Houston area to study ground deformation due to 

subsidence, salt motion, and fault motion. SHRF was created by using over 8-years of 

continuous data from 10 permanent GPS stations covering Harries County and nearby 

counties in southeastern Texas with the area of about 200,000 km
2
 and applying a 14 - 

parameter Helmert transformation to the IGS08 reference frame (Wang, 2013)(Figure 6-

11). The IGS08 reference frame is the most current reference frame adopted by the IGS 

in 2011 (IGS08, 2013). 

6.6 SHRF Transformation 
 

 The 14-parameter approach includes 3 translations, 3 rotations, 1 scale, and their 

rates. The coordinates of a station within SHRF can be approximated by the following 

equations: 

                [      ]                                            

                               [      ]                            

                                                             [      ]             
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In these equations the variables,     ,      , and       are translations along X-, Y-, and 

Z-axis;      ,      , and       are counterclockwise rotations about these three axes; 

     is a differential scale change between IGS08 and SHRF. The units of these 

parameters are meters for translational components (     ,      ,      ), radians for 

three rotational components (     ,      ,      ), meter/year for the rate of translational 

movements(  
 ,   

 ,   
 ), and radian/year for rotational component (  

 ,   
 ,   

 ).      is a 

unit-less scale. The unit of     is 1/year. The equations given above serve to transform 

IGS08 positional coordinates to SHRF positional coordinates at the same day in this 

study. NGS applies similar equations to transform IGS08 coordinates to NAD83 

coordinates as seen in Table 6-1 on the following page (Wang, 2013).   
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Table 6-1. SHRF and NAD83 Parameters 

Parameters for Similarity Transformations from IGS08 to SHRF 

(Wang et al., 2013) 

Parameter Unit IGS08 to SHRF 

IGS08 to 

NAD83(2011)* 

    t0=2000.0 t0=2005.0 t0=2012.0 t0=1997.0 

Tx(t0) cm 12.87003 7.50752 0.00000    99.34300 

Ty(t0) cm 12.70517 7.41135 0.00000  -190.33100 

Tz(t0) cm 42.54889  24.82019 0.00000  -52.65500 

Rx(t0)** mas*** -13.88693 -8.10071 0.00000   25.91467 

Ry(t0) mas 11.26615 6.57192 0.00000   9.42645 

Rz(t0) mas 3.98693 2.32571 0.00000   11.59935 

s(t0) Ppb**** -16.46596 -9.60514 0.00000   1.71504 

dTx cm/year -1.07250 -1.07250 -1.07250 0.07900 

dTy cm/year -1.05876 -1.05876 -1.05876 -0.06000 

dTz cm/year -3.54574 -3.54574 -3.54574 -0.13400 

dRx mas/year 1.15720 1.15720 1.15720 0.06667 

dRy mas/year -0.93885 -0.93885 -0.93885 -0.75744 

dRz mas/year -0.33224 -0.33224 -0.33224 -0.05133 

Ds ppb/year 1.37220 1.37220 1.37220 -0.10201 

*Sources: Wang et al. (2013), 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 

 

 

The time series of these 7 parameters can be modeled with a linear relationship and 

calculated by the following equations: 
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Figure 6-11. SHRF GPS Stations 

Map showing locations of 10 frame sites used to realize the Stable Houston Reference 

Frame (SHRF), which were selected from about 50 Continuously Operating Reference 

Stations (CORS) whose data are archived at NGS and/or UNAVCO.  The horizontal 

velocity vectors are referred to IGS08 (blue, about 15mm/year) and NAD83 (2011) (red, 

about 2mm/year) (Wang et al., 2013). 

  

7 GPS Positional Time Series 

 

 Local ground deformation is the desired study topic of this case study and as such 

Double Difference (DD) data or PPP converted to SHRF, were the primary choice to 

create the results desired. Figure 7-1 is a comparison of the UTEX data in 3 reference 

frames IGS08, NAD83, and SHRF. The UTEX station has nearly a years’ worth of  
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Figure 7-1 Reference Frame Comparison 

Comparison of the UTEX data in IGS08, NAD83, and SHRF. 
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collection data and can best illustrate the differences between the reference frames. 

Various reference frames can reveal different ground motions because of the particular 

scale of the areas of observation they are designed for.  

 In Figure 7-1 the subtle differences in the reference frames can clearly be seen 

through time. The IGS08 time series is represented by the black markers; NAD83 is 

represented by the blue markers; and SHRF is represented by red markers. The three time 

series represent motion in the East-West (EW), North-South (NS), and Up-Down (UD) 

on a centimeter scale. The NAD83 reference frame when compared to the SHRF only 

varies slightly in all three of these time series’. NAD83 is accurate but there are 

difficulties viewing very minor deformation in the sub-millimeter per year range. In this 

study, observations made in the NAD83 reference frame can detect motions on the order 

of 2 mm/year in the horizontal. This result compares well with the result from Wang et al. 

(2013) where horizontal accuracies from 2 – 3 mm were observed.   

The distinction between the global reference frame IGS08 and the two regional 

frames are very apparent as the time series progresses. This difference is most 

pronounced in the EW as seen in the middle fame of figure 7-1. Clearly seen in all three 

of these frames is the difference between the local frames and the global frame. In this 

case study, motion observed is beneath 1 cm which validates the need for a local 

reference frame.  

 Double differenced solutions are related to the UTEX reference station. In Figures 

7-2, 7-3, and 7-4 a comparison of the sites in reference to UTEX is shown. Sites on the  
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Figure 7-2. North-South Double Difference Data 

Comparison of NS DD data from each site referenced to UTEX. 
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Figure 7-3. East-West Double Difference Data 

Comparison of EW data from each site referenced to UTEX. 
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Figure 7-4. Up-Down Double Difference Data 

Comparison of UD data from each site referenced to UTEX. 
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footwall are represented in black and sites on the hanging wall are represented in red. 

Sub-millimeter accuracies were obtained with some sites whose baseline was less than 2 

km. As stated in Wang (2013), it is widely recognized that baseline length and 

observation time are significant in the accuracy of GPS surveying.  This is confirmed in 

this study by Figure 7-5. This shows that as the baseline increased, the accuracy of the 

position decreases. This is evident by the higher root mean squared (RMS) value with 

respect to distance as seen in the plot. No visible displacement in all 3 components of 

motion is seen in all of the sites with respect to UTEX. This could possibly be due to the 

brevity of the observation period of the case study. 

 Comparison of the SHRF and the DD data is shown in Figures 7-6, 7-7, and 7-8. 

The DD is represented in black and the SHRF is represented in red. In these images the 

difference between the relative local (DD) data and local (SHRF PPP) is clearly seen. It is 

evident that at distances approaching 10 km the accuracy difference between DD and 

PPP SHRF is minimal. The PPP SHRF data displays nearly the same characteristics 

throughout all the time series. There appears to be a pronounced motion that begins to 

take place near the beginning of 2013 in the EW component that is seen in all of the time 

series of stations that were operational at this time. While no significant relative motion 

was observed, motion that encompassed the entire footprint of the GPS network took 

place.  
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Figure 7-5. Distance verses RMS 

Comparison of NS, EW, and UD baseline distance from UTEX to RMS value. 
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Figure 7-6. North-South PPP SHRF verses Double Difference  

 Comparison of PPP SHRF to Topcon Tools DD in the NS component. 
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Figure 7-7. East-West PPP SHRF verses Double Difference 

Comparison of PPP SHRF to Topcon Tools DD in the EW component. 
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Figure 7-8. Up-Down PPP SHRF verses Double Difference 

Comparison of PPP SHRF to Topcon Tools DD in the UD component. 
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8 Conclusions and Discussion 

 

This study investigated the surficial rupture trace and the current activity of the 

Long-Point fault. Airborne LIDAR mapping and GPS techniques are employed in 

delineating fault scarp and ground deformation along the Long Point Fault. GPS 

instrumentation is a major contribution of this study. We have installed 11 permanent 

GPS stations along the Long Point Fault. Currently, GPS data (daily Rinex files) from 

one station (CSTA) have been archived to the UNAVCO data facility 

(http://facility.unavco.org/data), which is open to the public. The lessons and preliminary 

results obtained from this study are summarized in the following.  

8.1 Lessons Learned from the Field Instrumentation 
  

Field instrumentation, data recording, streaming, and archiving at most sites 

worked adequately. Several other graduate students and undergraduates have been 

involved in this project.  Two of the sites (HCC2 and RCST) experienced problems in 

data recording. HCC2 was installed on November 29, 2012. The daily data between 

November 29, 2012 and February 18, 2013 gave a false location of the GPS site which 

might be caused by a bug in the firmware installed in the GPS receiver. This problem was 

fixed by updating the receivers’ firmware on the February 18, 2013. The firmware of all 

the other stations has since been updated. Currently, all the Trimble NetR9 GPS receivers 

have firmware 4.70 installed. 

Another problem that arose was at the Ridgecrest Elementary station (RCST). 

Sometime between the sites initial installation on April 17, 2013 and the first attempt to 
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download the data on June 24, 2013 the internal storage disc failed. No data were 

recorded in the internal hard drive inside the GPS receiver. Because we did not set up 

real-time communication until June 24, 2013, this problem was not identified in time. As 

a result, we lost two months of data. The GPS receiver has been replaced.  A valuable 

lesson that we learned from this station is that frequent site visits are necessary if a site 

does not have real-time communication.  

The data from a couple of stations (HSMN, WCHT) are slightly noisy compared 

with the data from other sites (Figures 7-6, 7-7, and 7-8). At both HSMN and WCHT, 

there is a metal façade on a roof near the antenna that may be responsible for this.  Sites 

like these should be avoided for the selection of future sites. 

8.2 Accuracy of the Double Difference Solutions 
 

 In geodetic literature, the root-mean-square (RMS) of a large number of daily 

positions at a stable site is often used to assess the precision of GPS solutions. RMS is 

also called repeatability.  However, when contrasted with a known "true" position or 

displacement it could be termed RMS accuracy or simply accuracy.  The double 

difference post-processing method employed in this study provides below 2 mm 

horizontal RMS accuracy and below 6 mm vertical RMS accuracy for the baselines 

shorter than 10 km. It is well known that the accuracy of double-difference solutions is 

strongly dependent on the length of baseline and the duration of the session (e.g., Eckl et 

al., 2001; Wang 2013). This study indicates that the effect of baseline length on the 

accuracy of the vertical component is much more significant than those on the horizontal 

components. For example, the overall highest accuracies were achieved at the station 
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WCHT. The overall lowest accuracies were achieved at the station HSMN. The baseline 

lengths of these two stations are 1.3 km and 9.7 km, respectively. The three-component 

accuracy values have increased from 0.7 mm (NS), 0.9 mm (EW), and 1.2 mm (UD) to 

1.5 mm (NS), 2.0 mm (EW), and 6.6 mm (UD). The horizontal accuracy has been 

degraded two times, while the vertical accuracy has been degraded more than five times.  

This result indicates that short baselines are critical for identifying minor relative vertical 

displacements.   

8.3 Accuracy of the PPP Solutions 

 

According to previous investigations, the PPP method with single receiver phase 

ambiguity processing would achieve 2-3 mm horizontal accuracy and 6-7 mm vertical 

accuracy (e.g., Bertiger et al., 2010; Wang 2013; Wang and Soler 2013).  The PPP 

solutions are generated in the International GNSS Service (IGS) reference frame of 2008 

since the IGS final fiducial-free orbit frame relative to IGS08 is used in GIPSY/OASIS 

(V6.2) processing. The frame transformation from IGS08 to the Stable Houston 

Reference Frame does not affect the accuracy of PPP solutions (Wang et al., 2013). We 

calculated the RMS accuracy of the PPP solutions of UTEX. The RMS accuracy values 

for the three components are 3 mm, 2 mm, and 7 mm for NS, EW, and UD direction, 

respectively Figure 7-1. 

Figure 7-5 indicates that the scatters of the PPP solutions are comparable with the 

scatters of the double difference solutions at the site TFST, figures 7-6 and 7-8. The 

baseline length between TFST and the reference station is about 9 km. This study 

suggests that the PPP solutions would achieve similar accuracy with the double 
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difference solutions with baseline length of about 10 km. The accuracy of PPP is 

relatively stable, while the accuracy of the PPP solutions decreases with the increasing of 

baseline length. Accordingly, the PPP solutions will achieve higher accuracy than the 

double difference solutions if baselines are longer than about 10 km. 

The primary disadvantage of the differential method is the requirement to have at 

least two receivers, even for a single user who only requires his or her own location. 

Extra reference stations not only add to the cost of a survey project but also increase the 

possibility of complexity and errors.  Furthermore, poor performance of reference GPS 

receivers and/or antennas or accidental destruction of references can degrade or even 

completely ruin the entire campaign effort in the field. Conversely, the PPP method just 

requires a single receiver at the user’s end, removing the need for the user to establish a 

local reference station or access data from local GPS networks. Accordingly, the PPP 

method is recommended for GPS data post-processing if short baselines (<10 km) are not 

available. 

8.4 Current Activity of the Long Point Fault Derived from GPS Observation 

  

The GPS observation for this case study was initiated on June 26, 2012. The 

earliest station has a history of nearly 12 months at the time preparing of this thesis. Most 

stations only have 2 to 3 months data. In general, it would be very difficult to identify 

faulting and subsidence at level of a couple of millimeters per year within such a short 

time span. However, the GPS results from this study still show some interesting 

observations. The double difference result at HCC2 (baseline: 0.6 km) indicates a slight 
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northward movement of HCC2 relative to the reference station UTEX (Figure 7-2). The 

position time series of other stations indicate that they are stable relative to the reference 

station UTEX. The PPP solutions show a trend of westward movement of all station since 

2013 (Figure 7-7), which may imply a consistent movement encompassing the entire 

footprint of the Long Point Fault’s network of GPS stations. The only way to confirm this 

motion in the EW component is a longer observation period which has been suggested to 

be 3 years or longer. Long-term continuous observations are essential for delineating 

relative and absolute ground deformation along the active fault.   

8.5 Future Work 
 

Supplemental research the author plans for this case study in the future includes 

more GPS measurement sites, new ALSM, and more field mapping. New ALSM in the 

area can reveal an even more precise trace of the fault and its splays due to improvements 

in the accuracy of ALSM. The high density of GPS stations recently installed in the area 

can be used as ground control for ALSM which would yield an even more precise result. 

This detailed DEM can be used by the author as the basis for further field investigation 

and mapping in great detail. The installation of more permanent GPS stations by the 

author along with the implementation of a dense network of campaign GPS benchmarks 

will further the understanding of the kinematics of the Long Point Fault.   
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9 Appendix 

 

 
Figure A-1. General Installation Overview Work Flow 

This is a work flow and general overview of the GPS installation. 
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Figure A-2. Station Orientation Overview Work Flow 

This is a work flow and detailed overview of the GPS station orientation. 
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Figure A-3. Bracket Mounting Overview Work Flow 

This is a work flow and detailed overview of the GPS station bracket mounting. 
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Figure A-4. Antenna and Cable Attachment Overview Work Flow 

This is a work flow and detailed overview of the GPS station antenna and cable 

mounting. 
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Figure A-5. Receiver Mounting Overview Work Flow 

This is a work flow and detailed overview of the GPS station receiver mounting. 
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Figure A-6. Ethernet Wiring Diagram 

Ethernet wiring diagram, modified diagram www.clohwireless.com. 
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Table A-1. Parts and Tools List 
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Figure A-7. CSTA Site Photos 
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Figure A-8. HCC1 Site Photos 
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Figure A-9. HCC2 Site Photos 
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Figure A-10. HSMN Site Photos 
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Figure A-11. MDWD Site Photos 
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Figure A-12. RCST Site Photos 
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Figure A-13. SPBH Site Photos 
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Figure A-14. TSFT Site Photos 
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Figure A-15. UTEX Site Photos 
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Figure A-16. WCHT Site Photos 
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Figure A-17. TSFT Site Photos 
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Table 9-2 Site Details Table 
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