HOUSTON-GALVESTON, TEXAS
Managing coastal subsidence
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he greater Houston area, possibly more than any other
metropolitan area in the United States, has been adversely
affected by land subsidence. Extensive subsidence, caused
mainly by ground-water pumping but also by oil and gas extraction,
has increased the frequency of flooding, caused extensive damage to
industrial and transportation infrastructure, motivated major investments in levees, reservoirs, and surface-water distribution facilities, and caused substantial loss of wetland habitat.
Although regional land subsidence is often subtle and difficult to
detect, there are localities in and near Houston where the effects are
quite evident. In this low-lying coastal environment, as much as 10
feet of subsidence has shifted the position of the coastline and
changed the distribution of wetlands and aquatic vegetation. In fact,
the San Jacinto Battleground State Historical Park, site of the battle
that won Texas independence, is now partly submerged. This park,
about 20 miles east of downtown Houston on the shores of
Galveston Bay, commemorates the April 21, 1836, victory of Texans
led by Sam Houston over Mexican forces led by Santa Ana. About
100 acres of the park are now under water due to subsidence, and

A road (below right) that provided access to the
San Jacinto Monument was closed due to flooding caused by subsidence.

Laura S. Coplin
U.S. Geological Survey, Houston, Texas
Devin Galloway
U.S. Geological Survey, Menlo Park, California
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part of the remaining area must now be protected from the Bay by
dikes that trap local rain water, which must then be removed by
pumps. At many localities in the Houston area, ground-water
pumpage and subsidence have also induced fault movement, leading to visible fracturing, surface offsets, and associated property
damage.
Growing awareness of subsidence-related problems on the part of
community and business leaders prompted the 1975 Texas legislature to create the Harris-Galveston Coastal Subsidence District, “…
for the purpose of ending subsidence which contributes to, or precipitates, flooding, inundation, and overflow of any area within the
District ….” This unique District was authorized to issue (or refuse)
well permits, promote water conservation and education, and promote conversion from ground-water to surface-water supplies. It
has largely succeeded in its primary objective of arresting subsidence in the coastal plain east of Houston. However, subsidence has
accelerated in fast-growing inland areas north and west of Houston,
which still rely on ground water and, partly as a result, the Fort
Bend Subsidence District was created by the legislature in 1989.
THE FLAT, HUMID GULF COAST IS PRONE TO FLOODING

The Houston-Galveston Bay area includes a large bay-estuary-lagoon system consisting of the Trinity, Galveston, East, and West
Bays, which are separated from the Gulf of Mexico by Pelican Island, Galveston Island, and the Bolivar Peninsula. Tidal exchange
occurs between the Gulf and bay system through the barrier-island
and peninsula complex.

Tr inity

The Houston climate is subtropical; temperatures range from 45° to
93° Fahrenheit and on average about 47 inches of rain falls each
year. The humid coastal plain slopes gently towards the Gulf at a
rate of about 1 foot per mile. Two major
rivers, the Trinity and San Jacinto, and
many smaller ones traverse the plain before
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an extensive system of bayous and manmade canals are managed as
part of an extensive flood-control system.
Land subsidence contributes to flooding

Galveston Bay near
Goose Creek

Land subsidence in the Houston-Galveston area has increased the
frequency and severity of flooding. Near the coast, the net result of
land subsidence is an apparent increase in sea level, or a relative sealevel rise: the net effect of global sea-level rise and regional land subsidence in the coastal zone. The sea level is in fact rising due to
regional and global processes, both natural and human-induced.
The combined effects of the actual sea-level rise and natural consolidation of the sediments along the Texas Gulf coast yield a relative
sea-level rise from natural causes that locally may exceed 0.08 inches
per year (Paine, 1993). Global warming is contributing to the
present-day sea level rise and is expected to result in a sea-level increase of nearly 4 inches by the year 2050 (Titus and Narayanan,
1995). However, during the 20th century human-induced subsidence has been by far the dominant cause of relative sea-level rise
along the Texas Gulf Coast, exceeding 1 inch per year throughout
much of the affected area. This subsidence has resulted principally
from extraction of ground water, and to a lesser extent oil and gas,
from subsurface reservoirs. Subsidence caused by oil and gas production is largely restricted to the field of production, as contrasted to the
regional-scale subsidence typically caused by ground-water pumpage.
HOUSTON’S GROWTH WAS BASED ON OIL
AND GAS INDUSTRIES

Since 1897, when the population was about 25,000, the Houston area
has experienced rapid growth, spurred on by the discovery of oil
and establishment of the Port of Houston. In 1907 the first successful oil well was drilled, marking the beginning of the petrochemical
industry that provided the economic base on which the Houston
area was built and still stands. In 1925 Houston became a deep-water port when the U.S. Army Corps of Engineers completed dredging
the Houston Ship Channel across Galveston Bay, up the lower
reaches of the San Jacinto River, and along Buffalo Bayou to Hous-

Homes at Greens Bayou were
flooded during a storm in
June 1989.

(Harris-Galveston Coastal Subsidence District)
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Houston (downtown can be
seen top center) owes much of
its development to the Houston
ship channel, which is flanked
by petrochemical industries and
shipping facilities.

(Harris-Galveston Coastal Subsidence District)

ton. Easy access to the Gulf via the ship channel, and the discovery
of additional oilfields, triggered major industrial development
along the ship channel in Baytown-La Porte, Pasadena, Texas City,
and Houston. The region and industry have continued to grow, and
the Houston-Galveston area currently has a population of about 3
million people that is projected to grow to 4.5 million by the year
2010. Nearly half of all U.S. petrochemical production occurs in the
greater Houston area. The Port of Houston is the second largest port
(by tonnage shipment) in the nation, eighth largest in the world,
and handles more commodities for Mexico than all Mexican ports
combined. Subsidence to the east of Houston has recently been
arrested by substituting imported surface water supplies for much
of the ground-water pumpage, but fast growing areas to the west
and north, which still depend largely on ground water, are actively
subsiding.
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Following the opening of the
Houston Ship Channel in 1915,
large water-consuming oil refineries were constructed.

1940

Industries were established
in the early 1940s to support the war effort, and
after World War II industry
and population continued
to grow.

1960
Surface water from Lake
Houston became available
in 1954, and ground-water
pumpage was temporarily
reduced.

1980
Water from Lake Livingston was first delivered to the Ethyl Corporation in late
1976 and most of the industrial conversion to surface water occurred in 1977.

(Compiled from Jorgenson, 1961; Gabrysch, 1987; and
Houston-Galveston Coastal Subsidence District, 1996)

39

Houston-Galveston, Texas

Goose Creek oil field
Prolific oil production produced the region’s first major subsidence
subsidence attributed to subsurface-fluid withdrawal to be
described in the scientific literature. A dispute over the legal
status of the land submerged by subsidence caused Texas
courts to formally recognize the process.

“In 1917 a prolific oil field was developed near the mouth
of Goose Creek, and during 1918 and subsequent years,
millions of barrels of oil were removed from beneath its
surface. Beginning in 1918 it became apparent that the
Gaillard Peninsula, near the center of the field, and other
nearby low land was becoming submerged. Elevated plank
roadways or walks were built from the mainland to the
derricks. Derrick floors had to be raised. Vegetation was
flooded and killed, and finally all of the peninsula disappeared beneath the water… The maximum measured
subsidence is now more than 3 feet and the area affected is
2 1⁄2 miles long by 1 1⁄2
Goose Cr.
Pelley
miles wide… Outside
this area no change in
Fault
elevation can be
Oil wells
detected….”
2
—Pratt and Johnson, 1926

Between 1918 and 1926
subsidence was measured
around Goose Creek oilfield. Lines of equal subsidence (feet) for an 8-year
period are shown in grey
lines—for a 1-year period,
in black lines.
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20 Kilometers

“There can be no doubt, …that the contours
show correctly the essential fact that a local
‘dishing’ of the earth’s surface has occurred in
the Goose Creek region, the central area of
greatest subsidence corresponding approximately with the center of the oil field.”
—Pratt and Johnson, 1926

a decision was rendered in favor of the defendants, that is, the
claim of the state of Texas was denied, and the present owners
continue in possession. The basis for the decision was the
court’s acceptance that the subsidence at Goose Creek (which
the defendants admitted) was caused by an act of man,
namely, the removal of large volumes of oil, gas, water, and
sand from beneath the surface.”
— Pratt and Johnson, 1926

Pratt and Johnson (1926) also noted that the subsided volume,
calculated based on the difference between current and initial
topography, amounted to about 20 per cent of the produced
volume of oil, gas, water, and sand.

“…cracks appeared in the ground running beneath houses,
across streets, and through lawns and gardens…. recurrent
movement along them resulted in dropping the surface of
the ground on the side toward the oil field… The movements were accompanied by slight earthquakes which
shook the houses, displaced dishes, spilled water, and disturbed the inhabitants generally.”
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“Submerged land in Texas belongs to the state and only the
state can grant oil and gas leases on submerged lands.
Consequently, when Gaillard Peninsula became submerged,
the state claimed title to it and sought not only to dispossess
the fee owner and the oil and gas lessee, but also to recover
from them the value of the oil and gas removed from the
premises subsequent to the time when the land became
submerged. The question was taken into court and finally

Houston

G

Most subsidence in the Houston area has been caused by
ground-water withdrawal, but the earliest subsidence was
caused by oil production. In fact, the subsidence of the Goose
Creek oil field on Galveston (San Jacinto) Bay was the first

This photograph taken
about 1926 shows a
‘fault fissure’ in Pelley,
one-half mile north of
the oil fields. To the
left of the fault, the
ground had dropped
about 16 inches.
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Subsidence trends are related to patterns
of ground-water and oil-and-gas extraction

Land subsidence first occurred in the early 1900s in areas where
ground water, oil, and gas were extracted and has continued
throughout the 20th century due primarily to ground-water pumpage. The patterns of subsidence in the Houston area closely follow
the temporal and spatial patterns of subsurface fluid extraction.

Subsidence trends reflect
patterns of resource development that shifted inland
from coastal oil and gas extraction to ground-water
extraction for municipal and
industrial supplies.
1906–1943
Line of equal land
subsidence
0.2

0.6

Baytown

Houston

1

3.2
0.4

Texas City

1.6

Galveston
Interval 0.2 feet

1943–1973

Baytown
Houston

7
6
5

4

4

3

2

Texas City

1

4
Galveston

Interval 0.5 feet

1973–1995
1
3

2

4
Baytown

Houston

3

Texas City
Interval 0.5 feet
0
0

30 Miles

Galveston

30 Kilometers
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Prior to the early 1940s there was localized subsidence caused
chiefly by the removal of oil and gas along with the attendant brine,
ground water and sand in oilfields such as Goose Creek. Near Texas
City the withdrawal of ground water for public supply and industry
caused more than 1.6 feet of subsidence between 1906 and 1943.
This period also marked the beginning of a slow but steady development of ground-water resources that constituted the sole water supply for industries and communities around the Ship Channel,
including Houston. By 1937 ground-water levels were falling in a
growing set of gradually coalescing cones of depression centered on
the areas of heavy use. Until 1942, essentially all water demand in
Houston was supplied by local ground water. By 1943 subsidence
had begun to affect a large part of the Houston area although the
amounts were generally less than 1 foot.
A period of rapid growth in the development of ground-water resources was driven by the expansion of the petrochemical industry
and other allied industries in the early 1940s through the late 1970s.
By the mid-1970s, 6 or more feet of subsidence had occurred
throughout an area along the Ship Channel between Bayport and
Houston, as a result of declining ground-water levels associated with
the rapid industrial expansion. During this time, subsidence problems took on crisis proportions, prompting the creation of the Harris-Galveston Coastal Subsidence District. By 1979 up to 10 feet of
subsidence had occurred, and almost 3,200 square miles had subsided more than 1 foot.
In the 1940s upstream reservoirs and canals allowed the first deliveries of surface water to Galveston, Pasadena, and Texas City, but
ground water remained the primary source until the 1970s. The city
of Galveston began converting to surface water supplied from Lake
Houston in 1973, and in the late 1970s the cities of Pasadena and
Texas City converted to surface water from Lake Livingston, a reservoir on the Trinity River.
Since the late 1970s subsidence has largely been arrested along the
Ship Channel and in the Baytown-LaPorte and Pasadena areas due
to a reduction in ground-water pumpage made possible by the conversion from ground-water to surface-water supplies. By 1995, total
annual ground-water pumpage in the Houston area had declined to
only 60 percent of peak amounts pumped during the late 1960s;
within the jurisdiction of the Harris-Galveston Coastal Subsidence
District, ground-water pumpage constituted only 25 percent of peak
amounts. However, as subsidence in the coastal area was stabilizing,
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Change in ground-water levels in wells in the
Evangeline aquifer, 1977–1997
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subsidence inland—north and west of Houston—was accelerating.
In this region ground-water levels have declined more than 100
feet in the Evangeline aquifer between 1977 and 1997, and more
than 2.5 feet of subsidence was measured near Addicks between
1973 and 1996.

Texas Gulf Coast Aquifer System
The Evangeline aquifer is the principal source of freshwater
Most of the ground water pumped in the Houston-Galveston area comes from the Chicot and Evangeline aquifers—
part of a vast coastal aquifer system that extends throughout
the margin of the coastal plain of Texas and Louisiana into
Florida. Most of the supply wells are completed in the upper
1,000 to 2,000 feet of the aquifers, where freshwater is available. Saltwater, originally in the aquifers and subsequently
flushed by freshwater following sea-level recession, now

encroaches on deeper portions of the aquifers. An interface
between the saltwater and the overlying freshwater slopes
landward from the Galveston coast. Historically, saltwater
encroachment in both aquifers has been exacerbated by
lowered ground-water levels, especially near the coast.
Ground-water quality, levels, and aquifer-system compaction are being closely monitored to minimize any detrimental effects related to overdrafting the ground-water supply.
A weak hydraulic connection between shallow
ground water, the Chicot aquifer, and the Evangeline
aquifer allows the vertical movement of water into
and between the aquifers.

The Evangeline is recharged directly by
precipitation and surface runoff where it
crops out north of Houston.
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Subsidence increases the frequency and intensity of flooding
In 1983 Brownwood was
flooded after hurricane Alicia
produced a storm surge up to
11 feet.

(Harris-Galveston Coastal Subsidence District)

Water from Galveston Bay inundated subsiding land and flooded
homes in Baytown (1960).

Located along a low-lying coast that is subject to tropical storms,
the Houston area is naturally vulnerable to flooding. In coastal
areas, subsidence has increased the amount of land subject to the
threat of tidal inundation. Flooding by tidal surges and heavy rains
accompanying hurricanes may block evacuation routes many
hours before the storms move inland, endangering inhabitants of
islands and other coastal communities. The increased incidence of
flooding in coastal areas eventually led to the growing public
awareness of subsidence and its costs.
The fate of the Brownwood subdivision of Baytown affords a particularly dramatic example of the dangers of coastal subsidence.
Brownwood was constructed, beginning in 1938, as an upper-income subdivision on wooded lots along Galveston Bay (Holzschuh,
1991). At that time the area was generally 10 feet or less above sea
level. By 1978 more than 8 feet of subsidence had occurred.
“The subdivision is on a small peninsula bordered by three bays. [It] is
a community of about 500 single-unit family houses. Because of
subsidence, a perimeter road was elevated in 1974 to allow ingress and
egress during periods of normal high tide [about 16 inches], and to
provide some protection during unusual high tide. Pumps were installed
to remove excess rainfall from inside the leveed area. Because of
subsidence after the roadway was elevated, tides of about [4 feet] will
cause flow over the road. The United States Army Corps of Engineers
studied methods to protect the subdivision from flooding. The cost of a
levee system was estimated to be about $70 million. In 1974, the Army
Corps estimated that it would cost about $16 million to purchase 442
homes, relocate 1,550 people, and convert [750 acres] of the peninsula
into a park. This proposed solution was approved by the Congress of
the United States and provided necessary funding. However, the project
required that a local sponsor (the City of Baytown) should approve the
project, provide 20 per cent of the funds ($3 million) and agree to
maintain the park. By the time the first election to fund the project was
held on 23 July 1979, the cost estimate had increased to $37.6 million,
of which the local share was $7.6 million. The proposal was defeated,
and two days later 12 inches of rain fell on Brownwood causing the
flooding of 187 homes. Another bond election was held on 9 January
1980 and again the proposal was defeated. Accepting the residents’
decision, Baytown officials began planning the sale of $3.5 million
worth of bonds to finance the first stage of a fifteen-year, $6.5-million
programme to upgrade utilities in the subdivision. Meanwhile, those
who own the houses generally also owe mortgages and cannot afford to
purchase other homes. Although they continue to live in the subdivision
many have to evacuate their homes about three times each year.”
—Gabrysch, 1983

The year that article was published, Hurricane Alicia struck a final
blow to Brownwood. All homes in the subdivision were abandoned. Today, most of the subdivision is a swampy area well-suited
for waterfowl; egrets and scarlet ibis are often seen.
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An abandoned house in the
Brownwood subdivision

Subsidence also exposes inland areas to
increased risks of flooding and erosion by
altering natural and engineered drainageways (open channels and pipelines) that
depend on gravity-driven flow of stormrunoff and sewerage. Differential subsidence, depending on where it occurs with
respect to the location of drainageways, may
either reduce or enhance preexisting gradients. Gradient reductions decrease the rate
of drainage and thereby increase the chance
of flooding by storm-water runoff. Gradient reversals may result in
ponding or backflow of sewage and stormwater runoff. In some
areas, the drainage gradients may be enhanced and the rate of
drainage may be increased. In terms of flooding risk, this may have
a beneficial effect locally but an adverse effect downstream. For
open channels, the changing gradients alter streamflow characteristics leading to potentially damaging consequences of channel erosion and sediment deposition.
Wetlands are being lost to subsidence

Galveston Bay is one of the most significant bay ecosystems in the
Nation. The estuary is Texas’ leading bay fishery and supports vibrant recreation and tourism industries. Sixty-one percent of the
Bay’s 232 miles of shoreline is composed of highly productive fringing wetlands but, mainly because of subsidence, more than 26,000
acres of emergent wetlands have been converted to open water and
barren flats (White and others, 1993). Subsidence has also contributed to a significant loss of submerged aquatic vegetation (mostly
seagrass) since the 1950s. Some bay shorelines have become more
susceptible to erosion by wave action due to loss of fringing wetlands. At the same time, the reduction in sediment inflows to the
bay system resulting from construction of reservoirs along tributary rivers slows the natural rebuilding of shorelines. Because of the
combined and interrelated effects of relative sea-level rise, loss of
wetlands, and reduced sediment supply, the shoreline is eroding at
an average rate of 2.4 feet per year (Paine and Morton, 1986). As the
water level rises, marsh along the shoreline is drowned. When residential, commercial, or industrial development is located near the
shoreline, the potential for the landward migration of marshes is
eliminated. The result is a reduction in wetland habitats, which provide the foundation for commercial and recreational fisheries.
The most extensive changes in wetlands have occurred along the
lower reaches of the San Jacinto River near its confluence with Buffalo Bayou. This area had subsided by 3 feet or more by 1978, resulting in submergence and changes in wetland environments that
progressed inland along the axis of the stream valley. Open water
displaced riverine woodlands and swamps. Trends along the lower
reaches of other rivers, bayous, and creeks have been similar, resulting in an increase in the extent of open water, loss of inland marshes
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Wetlands were lost to
inundation resulting
from subsidence in
the lower reaches of
the San Jacinto River.
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(White and others, 1993)

and woodlands and, in some areas, the development of new
marshes inland from the encroaching waters.
The health and productivity of the bay ecosystem depends on the
presence of key habitats like salt marshes, but also on the mix of
river and bay water. Many species of fish, wildlife, aquatic plants,
and shellfish in Galveston Bay depend on adequate freshwater inflows for survival. The estuary is adapted to highly variable inflows
of freshwater. For instance, oysters prefer somewhat salty water, but
need occasional surges of freshwater. The volume, timing, and
quality of freshwater inflows to the estuary are key factors.

Coastal subsidence allows
shorelines to move landward
causing the demise of some
coastal woodlands.

(Galveston Bay Information Center, TAMUG)

The increasing demand for surface-water supplies, motivated in
recent years by efforts to mitigate land subsidence, has led to construction of reservoirs and diversions that have reduced the sediments and nutrients transported to the bay system (Galveston Bay
National Estuary Program, 1995). Controlled releases from surface
impoundments such as Lake Livingston and Lake Houston have
changed the natural freshwater inputs to the bay system; the high
flows are lower, the low flows are higher, and peak flows are delayed
by about 1 month. As a result, the amount of mineral sediment
being delivered by streams to the wetlands has been reduced, limiting some of the natural accretion of wetlands.
Normally, the process of wetland accretion is self-regulated
through negative feedback between the elevation of the wetland
and relative sea level. When wetland elevations are in balance relative to mean sea level, periodic and frequent tidal inundations mobilize sediment and nutrients in the wetland in a way that favors
vegetative growth and a balance between sediment deposition and
erosion. Subsidence may upset this balance by submerging the
wetland. The drowned wetland cannot support the same floral
community, loses its ability to trap sediment as before, and is virtually unregulated by relative sea-level changes. These changes impact the natural processes in the bay and related ecosystems, which
evolved with the rhythm of the unregulated streams and rivers.
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Subsidence activates faults
Fault creep related to water-level declines
Many faults exist in the Houston-Galveston area, both
regional-scale “down-to-the-coast” faults that represent slow
sliding of the land mass towards the Gulf of Mexico and
local structures associated with oil fields (see sidebar on the
Goose Creek oil field) (Holzshuh, 1991). Since the late
1930s, 86 active faults with an aggregate scarp length of
about 150 miles have offset the land surface and damaged
buildings and highways in the metropolitan area (Holzer
and Gabrysch, 1987). The scarps typically grow by seismic
creep at rates of up to 1 inch per year (Holzer, 1984).
Monitoring of fault creep, water levels, and land subsidence
has demonstrated a clear cause-and-effect relation. The
fault movement is caused by water-level decline and associated subsidence. In the 1970s, a period of water-level
recovery began in the eastern part of the Houston area, due

(Holzer and Gabrysch, circa 1987)

A house in Baytown near
Brownwood was damaged
by fault creep.

to delivery of imported surface water and associated
reduction of ground-water pumpage. Fault creep stopped
or slowed in the area of water-level recovery, but continued
unabated in the area of ongoing water-level decline.

Vertical displacements at eight selected fault-monitoring sites in the Houston
area show a pattern related to water-level declines and land subsidence.
Displacement on faults is greater
in areas where water levels were
declining and subsidence was active.
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(Holzer and Gabrysch, 1987)

SUBSIDENCE IS ACTIVELY MANAGED

Public awareness of subsidence and its causes increased along with
the frequency of coastal flooding. In the late 1960s groups of citizens began to work for a reduction in ground-water use. State legislators became educated about the problem, and in May 1975 the
Texas Legislature passed a law creating the Harris-Galveston
Coastal Subsidence District, the first district of its kind in the
United States. The unprecedented Subsidence District was authorized as a regulatory agency, with the power to restrict ground-water
withdrawal by annually issuing or denying permits for large-diameter wells, but was forbidden to own property such as water-supply
and conveyance facilities.
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Increasing ground-water
pumpage landward, west and
north of Houston, has caused
additional, ongoing subsidence.

The initial (1976) Subsidence District plan recognized the critical
situation in the coastal areas and was designed to have an immediate impact there. Surface water from the recently completed Lake
Livingston reservoir on the Trinity River was used to convert industry along the Houston Ship Channel from ground water to surface
water. Subsidence in the Baytown-Pasadena area soon slowed dramatically. Earlier imports of surface water from Lake Houston on
the San Jacinto River, to the east side of Houston, had locally and temporarily halted water-level declines, but were insufficient to keep pace
with the growing demand. The additional water supplied from Lake
Livingston was sufficient to significantly reduce ground-water use
and ultimately did lead to a recovery of water levels over a large area.

In areas to the east and south
of Houston, regulatory action
by the Harris-Galveston
Coastal Subsidence District has
reduced ground-water pumpage, thus dramatically slowing
subsidence.
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(Harris-Galveston Coastal Subsidence District)

In the eastern part of the greater Houston region, near the bay system, subsidence has been controlled by conversion from groundwater to imported surface-water. However, subsidence is
accelerating to the west, where ground-water use has increased.
Thus, the area of active subsidence has shifted from the low-lying,
tide-affected areas towards higher elevations inland.
A devastating flood in 1984 on Brays Bayou, a major watershed in
southwest Houston, renewed concern about the effects of subsidence in inland areas. It was recognized that flood control and subsidence control should be coordinated to minimize flood damages.
During the 1989 legislative session, the Fort Bend Subsidence District was created to manage and control subsidence in Fort Bend
County.
In 1992, the Harris-Galveston Coastal Subsidence District adopted
a regulatory action plan to reduce ground-water pumpage by 80
percent no later than the year 2020. Due to the high cost of constructing distribution lines westward across the metropolitan area,
the plan was to be implemented in phases, allowing time to design,
finance, and construct surface-water importation facilities. The two
subsidence districts will cooperate to ensure coordinated planning
of the conversion from ground water to surface water.
The direct and indirect costs of subsidence

The low elevation, proximity to bays and the Gulf of Mexico, dense
population, and large capital investment make it likely that the
Houston-Galveston area has been more significantly impacted by
subsidence than any other metropolitan area in the United States.
The actual economic cost of subsidence is hard to quantify, and
most published estimates are necessarily vague. For example,
Gabrysch (1983) stated that “many millions of dollars” have been
spent reclaiming land submerged by tidal water, elevating structures
such as buildings, wharves and roadways, and constructing levees to
protect against tidal inundation; further, “millions of dollars” are
spent on repairing damage due to fault movement. One conservative estimate for the period 1969 to 1974 placed the average annual
cost to property owners at more than $31,000,000 in 1975 dollars
(Jones, 1976) or about $90,000,000 in 1998 dollars.
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Houston-Galveston, Texas

After the completion of Lake
Houston in 1954, water distribution lines were constructed
to convey surface water from
Lake Houston to the Pasadena industrial area in order
to supplement local groundwater supplies.

(Harris-Galveston Coastal Subsidence District)

The costs of such subsidence-related phenomena as the loss of wetlands are even more difficult to assess than property losses. Although some estimates could be made based on the changing value
of commercial and recreational fisheries, it would be difficult to
distinguish the influence of subsidence from that of other factors.
Similarly, some fraction of the ongoing cost of flood prevention and
flood-damage repair could fairly be attributed to subsidence.
The most definitive published subsidence-damage estimates have to
do with the costs of relocating dock facilities, constructing hurricane levees, and rectifying drainage problems at refineries along the
Houston Ship Channel. For two refineries alone, the estimated total
cost was $120,000,000 in 1976 dollars (Holzschuh, 1991), or about
$340,000,000 in 1998 dollars. If these estimates are correct, it seems
reasonable to suggest that subsidence-related damage to industrial
infrastructure alone may run into the billions of dollars.
Ongoing monitoring will help managers plan for the future

Ongoing patterns of subsidence in the Houston area are carefully
monitored. Compaction of subsurface material is measured continuously using 13 borehole extensometers (wells equipped with
compaction monitors) at 11 sites throughout the region. Piezometers completed to different depths are used to simultaneously
monitor water levels. The decreasing subsidence rates observed at
sites in the eastern part of the region are a direct result of reducing
local ground-water withdrawals through conversion to imported
surface-water supplies. In contrast, measurements from the western
part of the region reveal continuing subsidence.

USGS hydrologist measures water levels at an extensometer
site, which also serves as a Continuous Operating Reference
Station equipped with a GPS antenna and receiver to continuously monitor land subsidence.

A network of 82 bench marks distributed throughout the two subsidence districts was installed in 1987 for determination of elevation
changes using the Global Positioning System (GPS). The bench
marks were resurveyed using GPS in 1995. The results of the measurements are the basis for the subsidence measured during the
1987 to 1995 period. Continuous Operating Reference Stations
(CORS), used to continuously monitor the elevation of three extensometers with GPS, are being maintained by the Harris-Galveston
Coastal Subsidence District under the direction of the National
Geodetic Survey (NGS). One of the CORS sites is in the NGS Na-
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Some controversy attends efforts to gradually achieve conversion to
surface water on the north and west sides of Houston, mainly because the imported surface water is expected to cost about twice as
much as the ground water that is currently used. Various local municipalities are contesting the timing and apportioning of costs
(Houston Chronicle, 27 August 1997, “That sinking feeling hits
northwest Houston”).
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tional Network. In addition to the fixed locations, portable GPS
receivers mounted in trailers are used wherever subsidence measurements are needed. Each portable receiver can operate at up to
four different sites each month. GPS is expected to be more costeffective for monitoring subsidence in the Houston area than constructing additional extensometers or surveying benchmarks using
more traditional leveling techniques.

1.016 million
acre-feet

As a percentage of the total,
ground-water use has dropped
significantly, but total water
use is rising.

Given the continuing rapid growth of Houston, there is also some
long-term concern about securing sufficient surface-water supplies.
State and local governments are already at work seeking to ensure
that there will be enough water for the expected future population.
The primary strategies aim to promote water conservation and acquire supplies from East Texas reservoirs. In addition to the concerns of East Texas communities about water being exported to
Houston, such water transfers have ecological effects on the coast
and on the waterways through which the water is moved.
The price of water is expected to gradually increase as population
and economic growth increase demand. Many farmers will find it
difficult to pay higher prices. This may lead to land-use changes in
rural communities as farmers find new crops, turn to ranching, or
give way to suburban development. Small businesses that support
farms will be particularly vulnerable to these changes.
Houston’s continuing rapid growth means that subsidence must
continue to be vigilantly monitored and managed. However, the
region is better-positioned to deal with future problems than many
other subsidence-affected areas, for several reasons: a raised public
consciousness, the existence of well-established subsidence districts
with appropriate regulatory authority, and the knowledge base provided by abundant historical data and ongoing monitoring.

Galveston at sunset

(Harris-Galveston Coastal Subsidence District)

