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ABSTRACT N
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Loss of wetlands in the northern Gulf of Mexico has been attributed to numerous processes and is of
continuing concern. This paper synthesizes and examines the distribution and extent of wetland losses
along the upper Texas coast in relation to subsidence and faulting associated with underground fluid
production. Since the 1930’s, these processes have been of primary importance along the upper Texas
coast, contributing to the conversion of thousands of hectares of vegetated coastal wetlands to either open
water or shallow subaqueous flats. Relatively large wetland losses have occurred in salt, brackish, and
fresh marshes and woodlands in the Galveston Bay and Sabine Lake estuarine systems on the upper
Texas coast. Throughout Galveston Bay, approximately 10,700 ha of wetiand habitat has been permanently
inundated, with major losses occurring on the north and west sides of the bay system, including 3,600 ha
in fluvial-deltaic areas along the San Jacinto and Trinity Rivers. More than 5,000 ha of vegetated wetlands
have been submerged along the lower reaches of the Neches River since the 1950’s. Although many
processes or activities can lead to loss of wetlands, there is evidence that the major contributing factor
in this change along the upper Texas coast is human-ind bsid caused by ground-water with-
drawal. In addition, submergence of wetlands in some areas is associated with more localized faulting
and subsidence apparently related to hydrocarbon production. H -induced subsid and faulting
accelerate rates of relative sea-level rise so they greatly exceed rates of wetland vertical accretion. In
fluvial-deltaic areas, where there is the potential for fluvial sediment deposition to offset submergence,
upstream dams and reservoirs trap sediments and prevent their delivery to coastal wetlands. Although
rates of submergence and wetland loss generally increased from the 1930’s to 1980’s, rates have declined
in some areas since the 1970’s, a trend that possibly tracks diminishing rates of h induced subsidence.

ADDITIONAL INDEX WORDS: Faults, Galveston Bay, marsh loss, marsh sedimentation, relative sea-
level rise, Sabine Lake, subsidence rates.

INTRODUCTION

The most extensive losses of coastal wetlands
in the United States over the past two decades
have occurred along the coast of the northern Gulf
of Mexico. Almost 60 percent of the wetland losses
are due to conversion of salt and brackish marshes
to open water (DAHL et al., 1991). Extreme loss
of coastal wetlands have been reported in Loui-
siana (GAGLIANO et al., 1981; BrRiTscH and DUNBAR,
1993) and in Texas (WHITE et al., 1985, 1987,
1993), where approximately 58 percent of the Na-
tion’s salt and brackish marshes are located (FIELD
et al., 1991).

Wetland losses in Louisiana have been severe
(BriTscH and DUNBAR, 1993), with their extent
and causes reasonably well known (TURNER and
CAHOON, 1988; PENLAND et al., 1990; WILLIAMS et
al., 1993). Such is not the case in Texas. Only
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recently through comprehensive studies of wet-
lands along the Texas coast (WHITE and CALNAN,
1991; WHITE et al., 1993) has a more quantitative
understanding of wetland losses been determined
on a regional scale. In Louisiana, a combination
of natural and artificial causes of wetland loss
have been identified, including compactional sub-
sidence, delta abandonment, sea-level rise, severe
storms, geosynclinal downwarping, long-term cli-
mate change, construction of dams and levees for
flood control, dredging of canals, mineral extrac-
tion, and subsurface fluid withdrawal (PENLAND
et al., 1990; WiLLIAMS et al., 1993). Most of these
processes have also affected Texas coastal wet-
lands, but one process is of primary importance—
subsurface fluid withdrawal. In Louisiana, this
process is considered of local importance (TURNER
and CaHOON, 1988), but along the upper Texas
coast, subsurface fluid withdrawal, a process that
has accelerated subsidence, is considered a pri-
mary cause of wetland submergence and loss of
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Figure 1. Study sites in relation to upper Quaternary depositional systems. Modified from FisHer et al. (1972, 1973).

emergent vegetation (WHITE et al., 1993). This
paper examines the relationship between wetland
loss and accelerated relative sea-level rise result-
ing from human-induced subsidence and faulting
along the upper Texas coast.

Geologic Setting

The regional geologic framework of the upper
Texas coast consists of two major estuaries, Sa-
bine Lake and Galveston Bay, and a complex ar-
ray of Holocene and Pleistocene depositional sys-
tems (FISHER et al., 1972, 1973) (Figure 1). The
estuaries formed when valleys entrenched by ma-
jor rivers during Wisconsinan glaciation and sea-
level lowstand were flooded during the post-gla-
cial sea-level rise (LEBLANC and HoDGSoN, 1959).
The shallowness of the estuaries (< 3 m) indicates
that the entrenched valleys, incised to depths lo-
cally exceeding 30 m (KANE, 1959; REHKEMPER,
1969), have been largely filled with Holocene sed-
iment. Inland parts of the various river valleys,
where entrenchment was not as deep and fluvial
sediment supply is abundant, have been com-
pletely filled. In the case of the Trinity River, a

bayhead delta has prograded over estuarine muds
at the head of Trinity Bay.

Prominent depositional features along the upper
Texas coast include a modern strandplain-chenier
system (FISHER et al., 1973) in an interfluvial area
southwest of Sabine Lake, and an extensive bar-
rier island and peninsula complex that separates
the bays and lagoons of Galveston Bay from the
Gulf of Mexico (Figure 1). Major fluvial systems
include the San Jacinto and Trinity Rivers in the
Galveston Bay system and the Neches and Sabine
Rivers that flow into Sabine Lake (Figure 1).

Distribution of Wetlands

Brackish and salt marshes are extensive along
the upper Texas coast (WHITE et al., 1985, 1987).
Brackish marshes, which commonly include
Spartina patens, Distichlis spicata, Spartina
spartinae, Alternanthera philoxeroides, Phrag-
mites australis, Scirpus maritimus, and Scirpus,
cover broad areas between Sabine Lake Ameri-
canus and Galveston Bay landward of the barrier-
strand-plain-chenier system. Other occurrences
are along the lower alluvial valleys and deltas of
the Trinity and Neches Rivers, and on landward
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margins of East and West Bays (Figure 1). Salt
marshes, which are composed of Spartina alter-
niflora, Batis maritima, Salicornia spp., Distich-
lis spicata, Monanthochloe lLittoralis, Scirpus
maritimus, Juncus roemerianus, and at higher
elevations Spartina patens, fringe the Galveston
Bay system principally along the mainland and
back-island shores of West Bay and the shores of
Bolivar Peninsula in East Bay (WHITE and PAINE,
1992). Fresh marshes, fluvial woodlands and
swamps occur along more inland reaches of the
Sabine, Neches, Trinity, and San Jacinto Rivers
(Figure 1).

Wetlands have developed on various Holocene
and Pleistocene land forms. Thicknesses of Ho-
locene sediments underlying wetlands range from
more than 40 m at the southwest end of Bolivar
Peninsula, which lies above the entrenched Pleis-
tocene valley, to less than 1 m where marshes have
developed on flooded Pleistocene surfaces along
the inland margins of the marsh system. Thick-
ness of Holocene sediments in the major fluvial-
deltaic areas is generally less than 15 to 20 m, and
in the interfluvial area between Sabine Lake and
Galveston Bay, it is generally less than 10 m (based
on unpublished soils borings).

Methods of Documenting Wetland Losses and
Relationships to Subsidence

In studies of wetland losses from which this
synthesis is derived, aerial photographs taken in
the 1930’s, 1950’s, 1970’s, and 1980’s, supported
by field surveys, were used to determine changes
in wetland distribution. Two major map units were
used in the analysis (1) vegetated areas and (2)
open water and unvegetated flats. Units delin-
eated on photographs were transferred to base
maps from which spatial and temporal changes
were determined primarily through digitization
and entry of data into a geographic information
system (WHITE et al., 1993) and secondarily with
a grid system used to measure mapped areas
(WHITE et al., 1985, 1987). Losses throughout the
entire Galveston Bay system have been docu-
mented (Figure 2), but only major losses have
been quantified in the Sabine Lake estuarine sys-
tem and in the interfluvial area between Sabine
Lake and Galveston Bay (Figure 1). Wetland ar-
eas undergoing submergence were examined with
respect to subsidence patterns (GABRYsCH, 1984;
GaBryscH and BonNET, 1975; GABRYsCH and
CoPLIN, 1990) to define spatial and temporal re-
lationships between submergence and subsidence

and to identify significant differences between
documented subsidence rates and possible wet-
land vertical accretion rates.

WETLAND LOSSES, AREAL EXTENT
AND DISTRIBUTION

Extensive areas of salt, brackish, and locally
fresh marshes have been converted to areas of
open water and flats as interior wetlands were
submerged and shorelines retreated from erosion.
These kinds of losses are most pronounced in salt
and brackish marshes in the Galveston Bay sys-
tem (Figure 2) and in brackish to fresh marshes
along the Neches River valley inland from Sabine
Lake. Losses have also occurred in brackish
marshes in the interfluvial area southwest of Sa-
bine Lake. A total of eight sites, including two in
the Neches River valley, are examined in this pa-
per (Figure 1).

Galveston Bay System

The Galveston Bay System ranks as the seventh
largest estuary in the United States (McKINNEY
et al., 1989), encompassing almost 163,000 ha of
estuarine open water and an additional 52,800 ha
of marsh (WHITE et al., 1993). Brackish and salt
marshes compose about 83 percent of the marsh
system, with fresh marshes making up the re-
maining 17 percent. From the 1950’s to 1989, ap-
proximately 10,700 ha of marsh was converted to
open water and flats (WHITE et al., 1993). Major
areas impacted include wetlands in the San Ja-
cinto and Trinity River valleys, Virginia Point (an
area south of Texas City), Bolivar Peninsula, and
nearshore areas along west Galveston Bay (Figure
2 and Table 1).

San Jacinto River

In the lower San Jacinto River valley at the
head of Galveston Bay, more than 570 ha of fluvial
woodlands, swamps, and fresh to brackish marsh-
es were replaced by open water between 1956 and
1979 (WHITE et al., 1985; Figure 3). Aerial pho-
tographs taken in the 1930’s, 1950’s, and 1980’s
show that water progressed up the San Jacinto
River valley, displacing wetlands and uplands
(Wuite and CaLNAN, 1991). During the 26-year
period between 1930 and 1956, emergent areas
decreased by 590 ha, and between 1956 and 1986,
by 1,259 ha (Table 1). The rate of vegetated-area
loss (fluvial woodlands, swamps, and marshes) in-
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Figure 2. Study sites in the Galveston Bay system in relation to marsh areas (in black) that were converted to open water and
flats between the 1950’s and 1989. Modified from WHITE et al. (1993).

creased from about 23 ha yr—! to more than 40 ha
yr~! during these two periods.

Trinity River

The Trinity River delta, at the head of Trinity
Bay, is the only natural bay-head delta in Texas
that has undergone significant progradation in re-
cent historic times. Historical analysis of the
Trinity River delta using aerial photographs taken
in 1930, 1956, 1974, and 1988 (WHITE and CALNAN,
1991) shows that delta progradation continued

from 1930 to 1956, when approximately 600 ha of
marsh was added to the delta. This trend in marsh
gain was reversed between 1956 and 1974, when
1,445 ha of mostly marshland was converted to
open water and unvegetated flat. Vegetated wet-
lands continued to shrink by an additional 90 ha
between 1974 and 1988. Although some wetland
losses around the Trinity River delta have re-
sulted from bay shoreline erosion (PAINE and
MorToN, 1986), the most extensive losses have
occurred in interior marshes. From 1953 to 1989,
wetland losses exceeded 1,742 ha in the delta and
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Table 1. Submergence of vegetated wetlands along the upper
Texas coast. See Figure 1 for site locations. All but interfluvial
area compiled from WHITE et al. (1985, 1987, and 1993), and
WhiTe and CaLnaN (1991).

Gain or
Loss
Location Period (hectares)
Galveston Bay System
San Jacinto River 1930-1956 -590
1956-1986 —1,259
Trinity River 1930-1956 +596
1956-1974 —1,445!
1974-1988 -89
Trinity River 1953-1989 —1,742?
Virginia Point 1952-1989 —1,470
Clear Lake 1952-1989 —355
Bolivar Peninsula 1952-1989 —600
Sabine Lake Estuarine System
Neches River
Site 6 (see Figure 1) 1956-1978 -3,811
Site 7 (see Figure 1) 1938-1956 —340
1956-1987 —1,306
Interfluvial area (Clam Lake) 1930-1956 0
1956-1987 —277
Total losses (Triniiy River
data includes only 1953-1989) —11,750

' Includes approximately 600 ha of marsh submerged by a power
plant cooling reservoir

2 This area (from WHITE et al., 1993) includes more alluvial
valley than the preceding site along the Trinity River. It also
includes the power plant cooling reservoir, which accounts for
600 ha of marsh loss

lower reaches of the Trinity River alluvial valley
(WHITE et al., 1993, Figure 2).

Virginia Point

Wetland losses near Virginia Point, located on
the inland margin of West Bay south of Texas
City (Figure 2), are among the most extensive in
the Galveston Bay system. Approximately 1,470
ha of primarily regularly flooded salt marsh was
replaced by open water and mud flats between
the early 1950’s and 1989 (WHITE et al., 1993).
Wetland losses in the Virginia Point area have

previously been reported by JoHNsTON and ADER
(1983), and WHITE et al., (1985).

Western Margins of Galveston Bay (Clear
Lake)

The Clear Lake study site, which encompasses
the lake and tributaries on the western margin of
Galveston Bay (Figure 2), is an example of wet-
land submergence along bayous and creeks con-

necting to Galveston Bay. In the Clear Lake area,
approximately 355 ha of vegetated wetland hab-
itat was converted to open water and flats between
the 1950’s and 1980’s (WHITE et al., 1993). Ninety-
one percent of the emergent wetlands located along
Armand Bayou, which discharges into Clear Lake,
disappeared between the early 1950’s and 1979
(McFARLANE, 1991).

Bolivar Peninsula

A relatively large salt marsh occurs on the relict
tidal inlet/washover fan complex on the bayward
side of Bolivar Peninsula in East Bay (Figure 2).
Aerial photographs taken in 1930 indicate that
the marsh system was well vegetated and interior
marshes had not yet begun to deteriorate. By 1956
open water had begun to replace vegetated areas,
and between 1956 and 1979, approximately 600
ha of emergent vegetation was replaced primarily
by shallow subaqueous flats and open water (Fig-
ure 4).

Sabine Lake Estuarine System and Interfluvial
Area

Sabine Lake is about one-eighth of the size of
Galveston Bay in terms of area of estuarine open
water (DIENER, 1975), but an extensive marsh
complex occurs in the strandplain-chenier system
southwest of the lake extending westward in the
interfluvial area that separates the two bay sys-
tems. Additional wetlands are located inland from
the lake along the modern rivers (Figure 1).

Neches River

The Neches River, which discharges at the head
of Sabine Lake, is the site of a large marsh-swamp
complex that has developed on fluvial and fluvial-
deltaic deposits within the entrenched valley
(FI1sHER et al., 1973). The most extensive loss of
contiguous wetlands on the Texas coast has oc-
curred within the Neches River valley (WHITE et
al., 1987; WHITE and CALNAN, 1991). Two areas
along a 25-km reach of the Neches lower valley
have been investigated (Figure 1). Vegetated wet-
lands in both areas underwent substantial losses
after the 1950’s. Between the mid-1950’s and 1978,
3,810 ha of marsh was displaced primarily by open
water along an approximately 16-km stretch of
the lower Neches River valley (Figure 5). The rate
of loss was almost 160 ha yr—'. Additional losses
in fresh-water marshes, woodlands, and swamps
have occurred upstream from this site (WHITE
and CALNAN, 1991). At the upstream site, emer-
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Figure 3. Changes in the distribution of wetlands between 1956 and 1979 within a subsiding segment of the San Jacinto River
near Houston, Texas. The difference in net changes in water and vegetated wetlands is due principally to devegetation of wetlands
from other processes such as pipeline construction and mining of sand resources. From WHITE et al. (1985).

gent vegetation decreased by about 340 ha be-
tween 1938 and 1956, and by approximately 1,300
ha between 1956 and 1987. These losses translate
into averages rates of 19 ha yr—* for the earlier
period and 42 ha yr—! for the latter period.

Interfluvial Area (Clam Lake)

Losses in vegetated wetlands are not restricted
to estuaries and fluvial-deltaic systems. In the in-
terfluvial area southwest of Sabine Lake, conver-
sion of emergent vegetation to open water oc-
curred in the broad brackish-marsh complex. This
marsh complex has developed on a relatively thin
wedge of Holocene sediments (generally < 10 m
thick; unpublished Bureau of Economic Geology
soil borings) landward of the modern barrier/
strandplain system (Figure 1). The area of marsh

loss investigated is near Clam Lake, which is about
19 km southwest of Sabine Lake and approxi-
mately 4 km inland from the Gulf shoreline. Ad-
ditional marsh loss has occurred within this in-
terfluvial area nearer to Sabine Lake, but these
losses have not been quantified.

Almost 280 ha of brackish marsh was converted
to open water between the mid 1950’s and 1987
in the area immediately northeast of Clam Lake.
In fact, most of the conversion had occurred by
1978. Coalescing ponds formed landward of a
northeast-southwest-oriented lineament (WHITE
et al., 1987).

MA]JOR CAUSES OF WETLAND LOSS

Conversion of vegetated wetlands to water and
barren flats may result from several interactive

Journal of Coastal Research, Vol. 11, No. 3, 1995
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Figure 4. Changes in distribution of wetlands between 1956 and 1979 near Marsh Point on the bayward side of Bolivar Peninsula.
Increases in the areal extent of open water and decreases in the areal extent of marsh are apparently related to localized subsidence
and active faults (D = downthrown side of fault, U = upthrown side). From WHrTE et al. (1985).

processes, including natural and artificial changes
in hydrology, intrusion of salt water into fresh
areas, reductions or alterations in sediment sup-
ply and dispersal, dredging of canals, climatic
changes, subsidence, and high rates of relative
sea-level rise (TurNER and CaHOON, 1988;
PENLAND et al., 1990; WILLIAMS et al., 1993). Sub-
mergence of wetlands in many areas indicates that
wetland vertical accretion rates are not sufficient
to offset rates of relative sea-level rise (BAUMANN
and DELAUNE, 1982). Although marsh vertical ac-
cretion rates tend to track rates of relative sea-
level rise (N1xoN, 1980; STEVENSON et al., 1985),
the upper limit, based on organic matter produc-
tion, is estimated to be 14 to 16 mm yr—! (BRICK-
ER-URso et al., 1989). In Louisiana, marsh vertical

accretion rates, which are among the highest on
the Gulf Coast, range from about 13 mm yr—! in
levee areas to less than 8 mm yr—! in backmarshes
(HATTON et al., 1983). Rates of relative sea-level
rise exceed vertical accretion rates in many areas,
and marshes are being replaced by open water
(DELAUNE et al., 1983; HATTON et al., 1983; BAuU-
MANN et al., 1984). Although the imbalance be-
tween rates of vertical accretion and relative sea-
level rise can be expressed as an accretion deficit
and corresponding loss in elevation, REED and
CAHOON (1993) suggest that direct determinations
of elevation provides a better measure of the el-
evation change and the relationship between sub-
sidence and accretion. Low elevations, which lead
to increased frequency and duration of flooding,
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can result in deterioration and eventual loss of
vegetation (REED and CAHOON, 1992). Vegetation
loss may be a result of plant dieback or soil erosion
below the living root zone (NYMAN et al., 1993).

Along the upper Texas coast numerous inter-
active processes of natural and artificial origin are
undoubtedly involved in the submergence and de-
terioration of wetlands. Regional human-induced
subsidence and faulting, which have greatly ac-
celerated rates of relative sea-level rise, appear to
be the primary processes affecting wetlands in
areas where losses are most pronounced.

Human-Induced Subsidence

Holocene sediment sequences underlying wet-
lands in Texas are not as thick as in Louisiana,
and therefore coastwide natural compactional
subsidence is not as high (RamMsey and PENLAND,
1989). However, regional human-induced subsi-
dence caused by subsurface fluid production has
been extensive and has affected a relatively large
area in the Galveston Bay system (Figure 6). Rates
of “natural” compactional subsidence and eustat-
ic sea-level rise, which together may range up to
13 mm yr~' along the upper Texas coast (SWANSON
and THURLOW, 1973; LYLES et al., 1988), are great-
ly exceeded by human-induced subsidence with
rates of up to almost 120 mm yr-' from 1964 to
1973 (GaBRYSCH and BonNNET, 1975). The major
cause of human-induced subsidence is the with-
drawal of underground fluids, principally ground
water, oil, and gas (PRATT and JoHNsON, 1926;
WinsLow and DoveL, 1954; GABRYSCH, 1969;
YerkEs and CASTLE, 1969; KREITLER, 1977; PAINE,
1993).

In the Houston-Galveston area, there has been
up to 3 m of land-surface subsidence from large-
scale ground-water withdrawal since 1906
(GaBryscH and CopLin, 1990). The subsidence
“bowl” encompasses an area of approximately
943,500 ha where a minimum of 30 ¢cm of subsi-
dence has occurred (Figure 6). The large Houston
subsidence bowl merges with a secondary de-
pression bowl centered on Texas City (Figure 6).
From the early 1940’s to late 1970’s, rates of sub-
sidence were exceptionally high, more than 75 mm
yr~!' in the area of maximum subsidence
(GaBsryscH and CopLIN, 1990). Since the late 1970’s
rates in some areas, notably the eastern part of
the subsidence bowl and Texas City, have de-
clined substantially due to the curtailment of
ground-water pumpage (GABRYSCH and COPLIN,
1990).

QA 3384
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Figure5. Changesin the distribution of wetlands between 1956
and 1978 in the lower Neches River Valley at the head of Sabine
Lake. Site 6 on the Neches River shown in Figure 1. The fault
crossing this area has apparently contributed to the changes (D
= downthrown side, U = upthrown side). From WHITE et al.
(1987).

Faulting

Subsidence in some areas has occurred along
active faults that intersect wetlands. The major
zone of surface faulting along the Texas coast is
in the Houston-Galveston area where 150 linear
km of faulting has been reported (BrRowN et al.,
1974). Surface faults correlate with, and appear
to be extensions of, subsurface faults in many
areas (WeavErR and SHEETS, 1962; VAN SICLEN,
1967; KREITLER, 1977). Most of the surface fault-
ing in the Houston metropolitan area has appar-
ently taken place during the last few decades,
largely due to fluid withdrawal (water, oil, and
gas), which has reinitiated and accelerated fault
activity (REIp, 1973; KREITLER, 1977; VERBEEK
and CLANTON, 1981).

Journal of Coastal Research, Vol. 11, No. 3, 1995
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Figure 6. Land-surface subsidence in the Galveston Bay area, 1906 to 1987. Subsidence contours in meters are from GABRYSCH

and CorLiN (1990).

The range in measurable vertical displacement
of surface traces of faults is from 0 to 3.9 m (REm,
1973). Rates of fault movement commonly range
between 5 mm yr—* and 20 mm yr-!' (VERBEEK
and CLANTON, 1981) but may exceed 40 mm yr—!
(VaN SicLEN, 1967; REID, 1973). Movement along
surface faults apparently occurs episodically (REID,
1973). Highways, railroads, industrial complexes,

airports, homes, and other structures placed on
active faults in the Houston area have undergone
millions of dollars worth of damage annually
(VErBEEK and CLANTON, 1981).

As vertical displacement occurs along a fault
that intersects a marsh, more frequent and even-
tually permanent inundation of the surface on the
downthrown side of the fault can lead to replace-
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Ficure 7. Block diagram of changes in wetlands that may
occur along an active surface fault. There is generally an increase
in low marshes, shallow subaqueous flats, and open water on
the downthrown side of the fault relative to the upthrown side.
From WHITE et al. (1993).

ment of marsh vegetation by open water (Figure
7). The loss of vegetation on the downthrown side
of the fault but not the upthrown side indicates
that the rate of relative sea-level rise exceeds the
rate of marsh sedimentation on the downthrown
side. More than 25 active faults that cross wet-
lands along the upper Texas coast (Freeport area
to Sabine Pass) have been identified on aerial
photographs. Most of the identified faults are in
the Galveston Bay area (WHITE et al., 1985). Not
all the active faults are associated directly with
oil and gas production.

Relationship Between Wetland Submergence and
Subsidence and Faulting

Galveston Bay System

San Jacinto River. Although some wetland losses
can be attributed to mining of sand in the San
Jacinto River alluvial valley, most of the loss in
marshes and fluvial woodlands is due to subsi-
dence caused by ground-water withdrawal
(GaBRYSCH, 1984). Submergence along the San
Jacinto River valley is pronounced because of its
proximity to the center of maximum subsidence
(Figure 6). Between 1964 and 1973, approximately
0.6 m of subsidence occurred in this area, which
translates into rates as high as 67 mm yr—* (Table
2). As subsidence occurs, submergence of wet-
lands and uplands progresses inland along the
axis of the entrenched valley (Figure 3).

Lake Houston, with a sediment trapping effi-
ciency of 87 percent (U.S. DEPARTMENT OF AGRI-
CULTURE, 1959) and located only 16 km upstream
from the mouth of the San Jacinto River, has
undoubtedly reduced the amount of fluvial sedi-

Table 2. Estimated rates of subsidence in wetlands under-
going submergence in the Galveston Bay system. Based on
land-surface subsidence maps published by GaBryscH, 1984,
GaBryscH and BoNNET, 1975, and GaBryscH and CopLIN, 1990.

Subsidence for Selected
Periods (mm/yr)

1906- 1964— 1973-  1978-

Site 1943 1973 1978 1987
San Jacinto River 5 67 46 8
Trinity River ? 10-14 8 ?
Clear Lake 3 60 61 17
Virginia Point 2-5 14-34 12-30 8

ments reaching coastal wetlands. Nevertheless, the
magnitude of land-surface subsidence in the river
valley has been so great that it is unlikely aggra-
dation rates could keep pace with past subsidence
rates even if Lake Houston and other lakes had
not been constructed. More recent subsidence rates
are dramatically lower (GaBryscH and CoPLIN,
1990), however, and reductions in fluvial sediment
supply may become a more significant factor in
wetland loss in the future.

Trinity River. Approximately 40 percent of the
submergence of wetlands in the Trinity River del-
ta and alluvial valley (Figure 2) resulted from
construction of a power plant cooling reservoir
(more than 1,010 ha in size) in the southwestern
part of the delta. Most of the remaining 60 percent
of marsh loss, however, was due to submergence
apparently associated with subsidence and de-
clining river sediment loads (Figure 8). Bench-
mark releveling surveys across the Trinity River
alluvial valley (BaLazs, 1980) indicate that sub-
sidence rates from 1973 to 1978 approached 8 mm
yr—'. A similar rate was estimated for the period
1943-1973 (Table 2), and adding the Gulf of Mex-
ico regional sea-level rise of 2.4 mm yr ! (GORNITZ
and LeBEDEFF, 1987) yields a relative sea-level
rise of more than 10 mm yr—! at this Trinity River
site. Estimated rates of marsh sedimentation over
the past 50 years, based on 2°Pb analysis in three
cores from marshes in the Trinity River delta,
average 5.4 mm yr-! and range as low as 4.2 mm
yr~! (WHITE and CALNAN, 1990). The rate of rel-
ative sea-level rise is almost two times the average
rate of sedimentation, or vertical accretion.

Even though the dramatic reduction in fluvial
sediments (Figure 8) has likely contributed to
marsh loss, subsidence appears to be the con-
trolling factor. Excluding losses resulting from the
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Figure 8. Suspended-sediment load (percent by weight) of the Trinity River at Romayor, and cumulative authorized water storage
in reservoirs of the Trinity River basin. Note the dramatic decline in sediments after 1968 when Lake Livingston was completed on
the Trinity River above the Romayor gaging station. From PaiNe and MorToN (1986).

power plant cooling reservoir mentioned previ-
ously, the rate of marsh loss during the period
1974-1988 was approximately 70 percent lower
than the rate in 1956-1974 (WHITE and CALNAN,
1990). This diminishing marsh-loss rate may be
due to the sharp declines in subsidence rates on
the east side of the Houston-Galveston subsi-
dence bowl (Figure 6) after 1978. Subsidence rates
declined in some areas by as much as 90 percent
as a result of reductions in ground-water pumpage
(GaBryscH and CopLiN, 1990).

Virginia Point. Although some of the wetland
loss near Virginia Point (Figure 2) can be attrib-
uted to dredging of channels and construction of
industrial ponds near Texas City, the major cause
is human-induced subsidence (Figure 9). The
largest area of change is northwest of Jones Bay

where salt marsh vegetation was replaced by open
water in an area unaffected by dredged channels
and reservoirs. The Virginia Point area is partly
encompassed by a subsidence “bowl” centered on
Texas City (Figure 6). Land-surface subsidence
from 1906 to 1987 ranged from slightly less than
0.6 to 1.8 m (Figure 9). In the area northwest of
Jones Bay, estimated rates of subsidence exceed-
ed 14 mm yr-' for the period of 1943 to 1987
(GaBryscH and CopLIN, 1990). With the inclusion
of the Gulf of Mexico regional sea-level rise of 2.4
mm yr ' (GorNITZ and LEBEDEFF, 1987), the rate
of relative sea-level rise is more than 16 mm yr-!,
which apparently was higher than marsh vertical
accretion rates. Emergent vegetation did not con-
tinue its decline from 1979 to 1989 (WHITE et al.,
1993), perhaps reflecting a diminishing rate of
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Figure 9. Changes in the distribution of wetlands between 1956 and 1979 in relation to subsidence in the Virginia Point quadrangle
south of Texas City. Note the increase in open water in 1979. Contours show the amount of subsidence (in meters) that occurred
between 1906 and 1987 based on maps from GaBryscH and CoprLIN (1990). Modified from WHrTE et al. (1985).

subsidence (Table 2) as a result of reductions in
ground-water pumpage in Texas City (GABRYSCH
and CopLIN, 1990).

Western Margins of Galveston Bay (Clear Lake).
Conversion of wetlands to water and flats in the
Clear Lake area (League City 7.5-minute quad-
rangle) represents the trend occurring along the
bayous and creeks located on the north and west
sides of Galveston Bay, an area affected most by
subsidence (Figure 6). The Clear Lake area had
subsided between 1.5 and 2 m by 1987 (Figure
10). Rates of subsidence near the mouth of Clear
Lake increased from less than 3 mm yr—! in 1906—
1943 to about 35 mm yr—! in 1943-1973 to almost
60 mm yr—! in 1964-1973 (PuLicH and WHITE,
1991). The trend in this area has been one of
expansion of open water and shallow flats at the

expense of marshes and woodlands as subsidence
promoted the encroachment of estuarine water
up the valleys.

Bolivar Peninsula. The Bolivar Peninsula site
is outside of the Houston subsidence bowl (Fig-
ures 2 and 6). Submergence of marshes on this
relict tidal inlet/washover fan complex on the
margins of East Bay are related to faulting and
more localized subsidence (WHITE et al., 1985).
The location and orientation of two faults in this
area (Figure 4) correlate with normal faults that
have been mapped in the subsurface (Figure 11)
(EwING, 1985; MorTON and PAINE, 1990). Anal-
ysis of aerial photographs indicates that the faults
are active. Fault traces do not appear on aerial
photographs taken in the 1930’s, they are faintly
visible on photographs taken in 1956, and they
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Figure 10. Relationship between subsidence and marsh submergence in the Clear Lake area. Marsh areas that were converted to
open water and flats are shown in black. Modified from WHITE et al. (1993).
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are strongly visible on photographs taken in 1979.
A benchmark releveling profile along State High-
way 87, which extends down Bolivar Peninsula,
also indicates the faults are active; a marked in-
crease in subsidence of from 6 mm yr—! to 10 mm
yr~! occurred from the upthrown side to down-
thrown side of one of the faults crossed by the
releveling survey (WHITE et al., 1993). The sub-
sidence rate at the highway was 10 mm yr—* for
the period of the survey 1936-1954. This rate could
possibly be matched by marsh sedimentation, de-
pending on sediment supply. However, displace-
ment along the fault may be more pronounced
toward East Bay where marshes on the down-
thrown side have been converted to open water.
In addition, the rate of fault movement may have
increased since 1954 when the benchmarks were
releveled. Fault activation and subsidence at this
site appear to be associated with hydrocarbon
production and regional depressurization of sub-
surface formations by large-scale fluid withdrawal
from the Caplen oil and gas field (Ewing, 1985;
KREITLER, et al., 1988). Total fluid withdrawal
(oil, gas, and formation water) from the Caplen
field since its discovery in 1939 is approximately
30-40 million barrels to 1985, with most produc-
tion from lower Miocene reservoirs at depths of
2,100 to 2,200 m (EwiNg, 1985). EwinGg (1985)
noted that the association of oil and gas produc-
tion and fault movement since the 1930’s suggests
a causal relationship.

Sabine Lake Estuary System and Interfluvial
Area

Neches River. Reasons for submergence of
marshes in the Neches River valley (Figure 5) are
more complex than those for marsh submergence
in the Galveston Bay area where the magnitude
of subsidence has been so great. Although human-
induced subsidence associated with ground-water
and oil and gas production has been documented
in the Sabine Lake area (RATzLAFF, 1980), it is
more localized than around Galveston Bay. Un-
fortunately, benchmark releveling surveys do not
cross the Neches River valley where the most ex-
tensive marsh loss has occurred. Additionally, nu-
merous human alterations of the marsh system
complicate the analysis. The river, which is lo-
cated on the south side of the valley, was dredged
for navigation purposes in the early 1900’s. Since
then, the channel has been straightened, deep-
ened, and maintained as a deep-draft shipping
route. Dredged material has been dumped on nat-

ural levees along the channel. Two oil and gas
fields with access channels and levees have been
developed in the valley, and canals have been
dredged across the valley for pipeline installation.
In addition, intake and discharge canals for a pow-
er plant located on the north side of the valley
cross the marsh system.

Displacement of marshes by open water and
shallow subaqueous flats appears to be related to
a combination of factors in addition to subsidence
and faulting (WHITE et al., 1987). Other factors
include dredged canals, which can cause direct
and indirect losses (ScAIFE et al., 1983; TURNER
and CAHOON, 1988), changes in hydrologic regime
due to artificial channels and spoil disposal
(SwENsON and T'URNER, 1987), a decline in fluvial
sediments supplied to this alluvial area as a result
of reservoir development in the Neches River ba-
sin, and artificial levees (dredged spoil) that in-
hibit overbank flooding along the dredged portion
of the river. GOSSELINK et al. (1979) attributed
some of the habitat loss in the Sabine basin to a
number of causes, including hydrologic and salin-
ity modifications resulting from canals and up-
stream reservoirs.

Although factors contributing to marsh loss in
the Neches River valley are complex and difficult
to quantify adequately with existing data, the
conversion of marsh to open water suggests that
marsh aggradation rates are not keeping pace with
the rate of relative sea-level rise. A similar con-
clusion was reached by DELAUNE et al. (1983) in
a study of a brackish marsh in the Chenier Plain
near Calcasieu Lake, Louisiana, about 50 km east
of Sabine Lake. DELAUNE et al. (1983) reported
that marsh area was being replaced by water at
an increasing rate because marsh vertical accre-
tion rates averaging 0.8 cm yr~! were surpassed
by submergence rates averaging 1.2 cm yr—'.
Among the human activities that possibly con-
tributed to the transformation to open water were
(1) ship channel construction (promoting salt in-
trusion and possibly sediment diversion) and (2)
oil, gas, and groundwater withdrawals (acceler-
ating subsidence) (DELAUNE et al., 1983).

Subsidence rates in the Neches River valley are
not known, but tide gage records at Sabine Pass,
about 35 km gulfward of the Neches River valley,
indicate a relative sea-level rise of 13.2 + 3.2 mm
yr~! for the period 1960 to 1978 (LYLEs et al.,
1988). Benchmark releveling surveys near the
northernmost site indicate that at least 20 cm of
subsidence has occurred in association with with-
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Figure 11. Relationship between subsurface and surface traces of faults at the Caplen Field on Bolivar Peninsula. Compare with
Figure 4, which illustrates the marsh loss along faults in this area. Modified from EwinG (1985).

drawal of underground fluids (RATzLAFF, 1980).
Interpretation of marsh losses on aerial photo-
graphs shows that the most extensive submer-
gence has occurred above oil and gas fields located
in the Neches River valley. Oil production from
the Port Neches field (Figure 5), most of which
are from depths of about 1,800 m, has exceeded
30 million barrels since the field’s discovery in
1928 (TExAs RaiLROAD ComMissION, 1993). The
field is associated with a moderate to deep-seated
piercement salt dome with no surface expression
(FisHER et al., 1973). A fault, downthrown toward
the field, bounds the southern margin of the most
impacted area (Figure 5). Submergence of marsh-
land has occurred more extensively on the down-
thrown side of the fault than on the upthrown

side, suggesting that submergence rates exceed
vertical accretion rates on the downthrown side.

Interfluvial Area (Clam Lake). Submergence of
marsh vegetation near Clam Lake has occurred
on the northwest side of a lineament interpreted
as a fault (Figure 12). Coalescing ponds have
formed since 1956 on the fault’s downthrown side.
The fault could not be located on aerial photo-
graphs taken in the 1930’s or in 1956. However,
it is distinct on 1978 and 1989 photographs (Fig-
ure 12). The appearance (configuration, align-
ment, and contrasting tones on each side) of this
lineament is similar to that of surface faults re-
ported by VERBEEK and CLANTON (1981) and
WHITE et al. (1985). The fact that the fault does
not appear on photographs taken in the 1930’s
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Figure 12. Aerial photograph of fault near Clam Lake. Topographically low marshes and open water increase in area on the
downthrown side (D) of the fault relative to the upthrown side (U). Photograph taken by NASA in 1989. Location in Figure 1.

and 1950’s but is distinct on later photographs
indicates that the fault has been activated. The
fault is downthrown to the northwest toward an
oil and gas field north of Clam Lake. It is probable
that the fault is the surface extension of a deep-
seated fault that has been activated by hydrocar-
bon production similar to the Bolivar Peninsula
site (Figure 11). Oil production from the Clam
Lake field has exceeded 21 million barrels since
its discovery in 1937 (Texas RaiLroap CoMmMis-

SION, 1993). Production is from a depth of ap-
proximately 700 m, and similar to the Port Neches
field; it is associated with a moderate to deep-
seated piercement salt dome (FISHER et al., 1973).
Some of the wetland loss near Clam Lake can be
attributed to levees constructed across the marsh,
but canals, except for those formed in borrow ar-
eas that parallel the levees, have not been dredged
through the marsh and have not contributed to
the marsh loss.
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SUMMARY AND CONCLUSIONS

Synthesis of data on wetland losses document-
ed from aerial photographic analysis of selected
sites on the upper Texas coast indicates that
thousands of hectares of vegetated coastal wet-
lands have been converted to open water and shal-
low subaqueous flats. Major areas affected include
brackish to fresh marshes and woodlands in flu-
vial-deltaic areas along the San Jacinto, Trinity,
and Neches Rivers, brackish and salt marshes in
the Galveston Bay estuarine system, and brackish
marshes in the interfluvial area between Sabine
Lake and Galveston Bay.

More than 10,000 ha of wetlands throughout
the Galveston Bay estuarine system have been
affected by submergence. Losses are pronounced
on the north and west side of the bay, including
the San Jacinto and Trinity River fluvial-deltaic
areas where together almost 3,600 ha of vegetated
area has been replaced by open water and flats
since the 1930’s. Locally on the west side of Gal-
veston Bay at Virginia Point, approximately 1,470
ha of salt marsh was converted to open water and
flat between 1952 and 1989. In the Neches River
fluvial-deltaic area near the head of Sabine Lake,
more than 5,000 ha of emergent vegetation has
been lost since the 1950’s. Submergence of salt
and brackish marshes also occurred on the bay-
ward side of Bolivar Peninsula and in the inter-
fluvial area between Sabine Lake and Galveston
Bay.

As exemplified in Louisiana where causes for
wetland loss are relatively well known, many pro-
cesses may lead to the conversion of vegetated
wetlands to open water and shallow flats: com-
pactional subsidence and sea-level rise, delta
abandonment, erosion from severe storms, dredg-
ing of canals, construction of levees and dams that
alter hydrology and sediment supply, saltwater
intrusion, and underground fluid withdrawal,
among others. Whereas these processes also affect
Texas coastal wetlands, there is evidence that the
major contributing factors in wetland submer-
gence on the upper Texas coast are subsidence
and faulting associated with underground fluid
production. Rates of “natural” subsidence and
eustatic sea-level rise are greatly exceeded by rates
of human-induced subsidence in the Galveston-
Houston area where a subsidence “bowl” formed
primarily from ground-water withdrawal encom-
passes more than 1 x 10° ha. In wetland areas
undergoing submergence, rates of relative sea-lev-

el rise due primarily to human-induced subsi-
dence range from 10 to more than 60 mm yr-'.
For comparison, maximum rates of marsh vertical
accretion documented along the Gulf Coast in
Louisiana, where the highest rates have been re-
ported, are near 13 mm yr ! in streamside marsh-
es and less than 8 mm yr~! in backmarshes. Rates
of vertical accretion in backmarshes in the Trinity
River fluvial-deltaic system in Texas average less
than 6 mm yr—.

Wetland loss associated with faulting and sub-
sidence has occurred in several locations, includ-
ing Bolivar Peninsula in East Galveston Bay, the
Neches River Valley at the head of Sabine Lake,
and the interfluvial area between Sabine Lake and
Galveston Bay. Emergent vegetation is converted
to open water and shallow subaqueous flats on the
downthrown side of faults where the rate of down-
ward vertical movement and sea-level rise appar-
ently exceeds marsh vertical accretion rates. There
is evidence that fault movement in the areas in-
vestigated is related to hydrocarbon production.

Near the mouths of coastal rivers where there
is the potential for sediment deposition to offset
submergence, upstream dams and reservoirs trap
a large percentage of sediment and prevent its
delivery to coastal wetlands. Artificial channels
and levees further inhibit available sediment from
reaching wetlands.

Although rates of wetland loss doubled locally
from the 1930’s-1950’s compared to the 1950’s—
1970/80’s, rates declined in some areas after the
1970’s. These reductions in wetland loss in the
Galveston Bay system may be related to dramatic
reductions in rates of human-induced subsidence
as a result of curtailment of ground-water pum-
page after the 1970’s.
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