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FLUVIAL-ESTUARINE SEDIMENTATION
TEXAS GULF COAST

Literature Synthesis
INTRODUCTION

beltaic and associated alluvial areas at the mouths of rivers that discharge into
the bay-estuary-lagoon system along the Texas coast are the sites of extensive salt-, -
brackish-, and fresh-water marshes that are essential components of biologically
productive estuarine systems. These bay-head depositional systems are constructed
primarily by fluvial sediments, sediments transported and deposited by the major
rivers that enter estuarine waters. The foss of over 10,000 acres of wetlands in
alluvial and deltaic areas of the Néches and San Jacinto Rivers has emphasized the
need to examine in more detail the processes that establish and maintain, as well as

“degrade these important natural resources along the Texas coast.

Background and Scope of Study

This report, which is a synthesis of bublished and unpublished data that focuses
on fluvial-deltaic and estuarine sedimentation, and associated i.nteractive brocesses, is
part of a study funded by the Texas Parks and Wildlife Department and Texas
Water Development Board with funds allocated by the Texas Legislature for compre-
hensive studies of the effects of freshwater inflows on the bays and estuaries of
Texas. Another phase of this project involves field studies of the Trinity and
Colorado River deltas to investigate, among other procesées, current rates of sedimen-
tation (aggradation) in deltaic marshes (White and Calnan, in preparation).

Most of the fresh water fnflow studies, past and ongoing, of Texas estuaries

have focused on inundation, cycling and exchange of nutrients, salinity patterns, and

production of fisheries (TDWR, 1982). A significant part of the past research effort



has dealt with the need to inundate deltaic wetlands (through fresh water inflows) in
orderb to export nutrients into the estuarine system. Although habitat maintenance
was one of the objectives of the investigations, little emphasis was placed on the
geological processes that play a critical role in the construction of the deltaic and
alluvial systems on which the biologically productive wetlands develop.

Among the objectives of this study is to focus on the sedimentary and
associated interactive processes that develop, méintain. and/or degrade the
environments. Information is provided on the present and historical (including
geologic) role of fluvial sediments--sediménts carried by rivers--in developing and
maintaining estuarine habitats, with emphasis on wetlands, marine grassflats, and
benthic communities. Among the interactive processes that are analyzed are: riverine
discharge and associated sediment loads. aggradation (vertical accretion) rates, erosion
rates. subsidence (both natural and human-induced), sea-level rise, sediment supply
from sources other‘ than rivers, sediment sinks, biodeposition, and effects of human

activities on sediment budgets.
TEXAS BAY-ESTUARY-LAGOON SYSTEMS

LeBlanc and Hodgson (1959) distinguish between estuaries and lagoons along the
Texas coast by differences in origin and by differences in alignment with respect to
the Gulf shoreline. Estuaries. which have formed as a result of valley entrenchment,
are generally aligned perpendicular to the coast, while lagoons, which formed as a
result of shoreline processes, are generally aligned parallel to the coast (fig. 1). Tex-
as coastal water bodies, although perhaps most properly termed coastal lagoons
(Morton and McGowen, 1980), have been variously referred to as bays, estuaries,
and lagoons in the literature. For simplification in this report, the terms "bays” and

“estuaries” are generally used interchangeably.
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To‘pro‘perly understand the current processes that affect modern estuarine
environments, it is helpful to look briefly at past processes and events that have
developed and helped shape the estuaries and associated deltaic areas along the Tex-

as coast.

Origin of Texas Estuaries

Texas estuaries have evolved as deeply eroded valleys were flooded by a rising
sea level (Price.i 1933, 1947). Sea levels have fluctuated dramatically during the past
million years as a result of alternating cooling and warming climatic cycles that have
produced glacial and interglacial periods. During periods of glaciation, large amounts
of water are locked up in continental ice sheets resulting in dramatic drops in werld—
wide sea level (fig. 2). Over the past 2.5 to 3 million years. evidence ehows that
there has been at least 8 major cycles in which sea level has fallen (producing a
lowstand) and risen (highstand) (Beard and others, 1982). The last major’ cycle is
‘pertinent to this discussion because it has had the most profound effect on our -
modern bay-estuary-lagoon system and‘ Gulf shoreline.

During the most recent major period of glaciation and lowstand (ending about
18,000 years ago) sea level along the Texas coaet was approximately 400 ft feet
below today's level (LeBlanc and Hodgson., 1959; Curray, 1960); this placed the
shoreiine between 50 and 140 miles offshore (LeBlanc and Hodgson 1959). During
the lowstand, the base levels of rivers along the Texas coast. as well as throughout
the world, were lowered and extensive down-cutting and erosion formed deep valleys.
The valleys cut by rivers along the Texas coast range from about 50 to 150 ft (15
to 45 m) deep (relative to today's sea level) along the valley axes near the gulfward
margin of the bay shorelines (Shepard and Moore, 1955, Fisk, 1959, Behrens, 1963,
McEwen, 1969, Byrne. 1975. and Wright, 1980). As sea level rose the valleys were
flooded.
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Figure 2. Sea-level changes during the past 18,000 years, as interpreted by various
authors. All curves show a general trend of rising sea level although the authors
interpret minor sea-level fluctuations differently. A generalized curve would show sea
level 4,500 years ago to have been about 15 lower than at present. (From Fisher
and. others, 1973.) ‘



Approximately 4.500 years before present (B.P.) the rise in sea level slowed as
it approached today's level. During the rise in sea level, rivers were meandering
within their valleys depositing large point-bar sand bodies and extensive ove;bank
mud sheets (Fisher and others, 1972). The erosion of the valleys and subsequent
deposition was recorded by most streams, including the Trinity River, for example
(fig. 3). Deposition of sediment in the entrenched valleys by rivers like the Trinity
could not keep pace with sea-level risé, and a major portion of their valleys was
drowned producing estuaries like Trinity Bay. Trinity Bay and other Texas bays
have since been enlarged by shoreline erosion, and the deeper parts of the submerged
valleys have been filled slowly by bay sediment. The major sediment depositional
centers in the estuaries are the bayhead deltas. These active depositional features
have filled much of the lower ‘stream valleys and have advanced (prograded) over bay
muds at the heads of the bays. Along the gulfward reach of the estuaries, a series
éf barrier islands and peninsulas has formed, restricting the exchange of marine and
estuarine waters to relatively narrow tidal inlets. |

In contrast to rivers Iikev the Trinity, three Texas rivers--Brazos, Colorado, and
Rio FGrande——ﬁIIed tHeir restuarie(s with sediments and constructed broad deltaic plains
that protrude into the Gulf of Mexico (Price, 1947; LeBlanc and Hodgson, 1959).
The fact that some rivers have filled their valleys and others have not is related to
the nature of their drainage basins and sediment supply (Fisher and éthers, 1972).
The depositional patterns developed by the Brazos and Colorado Rivers indicate that,
in the past, they merged to form a single alluvial system that rapidly filled their
valleys and estuaries (LeBlanc and Hodgson. 1959; McGowen and others, 1976) (fig.
1). The Colorado River has more recently abandoned its ancestral courses (which
included Caney Creek) and now flows in a more narrow alluvial valley that intersects
Matagorda Bay southwest of its previous course near the Brazos (LeBlanc aﬁd

Hodgson, 1959, Wilkinson and Basse, 1978) (fig. 4). The Brazos River discharges
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into the Gulf near Freeport, and has built a small delta at its mouth. The evolution

of the Texas coastal shoreline is depicted in figure 5.

General Setting
The Texas Gulf shoreline is nearly 370 mileé (595 km) long and consists of
seven major estuarine systems (fig. 1). The total open water surface area of the
estuaries at mean high water (MHW) is 1,532,430 acres (620,634 hectares) (Diener,
1975). Many of the Bays are comparatively small. having surface areas of less than
2,000 acres (809 ,hectaresl), but some are very large with surface areas of over
100.000 acres (40,469 héctares) at MWH (table 1). These systems are characterized
by diverse climatic conditions and hydrologic features. Tables 2 through 6 provide a
~ summary of some of the coastal processes, and climatic conditions that affect thése
diverse bay-estuary lagoon systems and their adjacent Gulf shorelines.
Climate |
The bay-estuary-lagoon system along the Texas coastaj zone is affected by a di-
versé clirﬁatic setting that systematically changes down the coast. Climate along the
upper Texas coast in the Beaumont-Port Arthur and Galveston-Houston areas is hu-
mid (Thornthwaite, 1948) (ta‘bles 2 and 3). Average annual precipitation ranges
from approximately 50 inches (127 c-m) in the Beaumont-Port Arthur area to 40
inches (102 cm) in the Galveston-Houston area (fig. 6). Between 1931 and 1960, the
upper Texas coast had from 5 inches (13 cm) to more than 12 inches (30 cm) of
excess moisture from precipitation after evaporation and plant transpiration (Fisher
and others, 1972; Fisher and others, 1973). Temperatures generally range from
averagé winter lows in the mid- 40's (°F) (7° to 9°C) to average summer highs in
the low to rﬁid— 90's (°F) (33° to 35°C). Two principal wind regimes dominate the

Texas Coastal Zone -- persistent, southeasterly winds from March through November



Figure 5. Development of the Texas shoreline through the late Pleistocene falling
sea level stage (A). the early recent sea level stage (B). and recent standing sea
level stage (C). (From LeBlanc and Hodgson. 1959.)
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Table 1. Dimensions

and average tidal range of bays-estuaries-lagoons. Modified from Diener, 1975).

11

Average
Surface area Depth at mean low water** tidal
Location Mean low water Mean high water* Maximum Average range
--: Acres Feet

Sabine Lake
Sabine Lake 43,960 44,830 24 5.1 0.2
Sabine Pass 1,360 1.360 40 '

Galveston Bay
East Bay 33,370 33,690 12 3.3 1.2
Trinity Bay _ 83,310 86,240 17 5.2 1.0
Galveston Bay (upper) 69,890 70,080 42 5.7 1.0
Galveston Bay (lower) 89,380 90,390 44 6.5 1.4
Lake Anahuac (Turtle Bay) 4,660 4,850 5 21 -
Scott-San Jacinto Bay 3,230 4,310 40 1.8 1.0
Clear Lake 1.260 1,280 14 2.7 0.9
Dickinson Bay 1,520 1,540 6 21 0.7
Moses Lake (Dollar Bay) 2,130 2,140 36 5.2 0.5
Offats Bayou 1,180 1,200 28 14.5 1.0
Jones Lake 1,040 1,050 2 16 1.0
West Bay 44,390 45,420 25 3.9 0.9
Chocolate Bay 4,890 4,920 12 2.6 0.6
Bastrop-Oyster Bay 9,690 10,410 20 3.2 0.7

Matagorda Bay
East Matagorda Bay "~ 37.810 39,080 5 34 04
Matagorda Bay 167,570 170.130 36 8.0 0.7
Oyster Lake 2.450 2,570 12 2.7 0.5
Tres Palacios Bay 9,440 9,860 12 41 0.6
Turtle Bay 1,280 1,760 5 25 0.6
Carancahua Bay 12,160 12,300 7 3.8 0.5
Salt.  Redfish Lakes 920 950 4 1.2 0.5
Keller Bay 4,770 4,850 8 3.2 0.6
Lavaca Bay - 39,970 40,080 36 4.2 0.7
Swan Lake 860 880 3 14 01
Lavaca River Estuary 740 760 13 8.0 0.2
Chocolate Bay 1,440 1,760 12 2.7 0.5
Powderhorn Lake 2,890 2,970 4 2.2 0.7
Cedar Lakes Complex 3,760 3,840 12 2.1 0.5



Table 1 (cont.)

Average
Surface area Depth at mean- low water** tidal
Location Mean low water Mean high water* Maximum Average range
------------ Acres : -- ----Feet---
San Antonio Bay :
Espiritu Santo Bay 38,940 40,630 14 59 0.3
San Antonio Bay 76,530 77,700 12 4.6 0.3
Guadalupe Bay 2,070 2,090 9 2.7 0.2
Mission Lake 1.820 , 2,400 - -- -
Hynes Bay 6,580 6,610 3 24 ‘ 0.2
Ayers Bay 2,220 2,550 12 3.2 0.3
Mesquite Bay 8.080 ; 9,220 12 34 0.2
Copano Bay
St. Charles Bay 8.410 8,730 6 3.6 ‘ 0.2
Mission Bay 3.760 3.760 2 1.9 0.1
Copano Bay 41,740 42,930 9 3.7 0.3
Port Bay 1,650 2,000 9 2.2 0.2
Mission Lake 100 100 -- -- --
Aransas Bay 56,220 59,220 25 7.8 0.4
Corpus Christi
Redfish Bay ‘ 9,630 13,420 17 20 04
Corpus Christi Bay 73.820 75,560 40 10.5 0.7
Nueces Bay 18.470 . 18550 ‘ 3 22 0.4
Oso Bay 5,070 5,070 15 1.6 09
Laguna Madre
Upper Laguna Madre 47.240 . 68,360 12 2.8 0.7
Lower Laguna Madre 175,160 329,740 26 4.7 1.0
South. Bay-La Badilla
Grande Complex - 4,380 7.300 36 ‘ 15 15
Baffin Bay 31,870 32,610 12 1.7 05
Alazan Bay 13,860 14,750 4 2.9 0.5
Cayo. del Infernillo 700 1,630 2 0.7 0.5
Laguna Salada 3.230 3,530 6 2.8 0.5
Cayo del Grullo 4,470 8.470 6 2.8 0.5

*Does not include peripheral marsh areas.
**Exclusive of navigation channels.
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Table 2. Generalized characteristics of activé coastal processes and conditions in the Beaumont-Port Arthur
area. From White and others (1987).

Climatic zone: - v : : Humid (Thornthwaite, 1948)

Average annual precipitation: ’ ' - 51.5 to 55.7 inches/yr (130.8 to 141.5 cm/yr) (Fisher and
) ) ' - others, 1973)

Dominant wind directions: ' Southeasterly, northerly (Fisher and others, 1973)

Astronomical tidal range:
Gulf shoreline (Sabine Pass jetty) :
Diurnal range: 2.5 ft (0.8 m) (U.S. Department of Commerce; 1978)

Bay shoreline (average, Sabine Lake): 0.2 t (6 cm) (Diener, 1975)
Tidal current velocities:
Sabine Pass B
Average maximum flood: 2.7 ft/s (0.8 m/s) (U.S. Department of Commerce, 1983)
Average maximum ebb: 2.9 ft/s (0.9 m/s) (U.S. Department of Commerce, 1983)

Wave height (Gulf):
(Caplan, Texas)
Onshore wave height: ) Between 2.5 and 3.5 ft (0.8 and 1.1 m) about 65% of the time
(U.S. Army Corps of Engineers, 1956)

Direction of net longshore sediment transport: Southwesterly (Fisher and others, 1973)

Maximum recorded hurricane surge height on open coast:

At Sabine Pass: 6.7 ft (2.0 m) above MSL (U.S. Department
) of Commerce unpublished data)
Near High Island: 4.2 ft (1.3 m) MSL (Bodine, 1969)
Hurricane probability: : 12% in any one year (Simpson and LaWrence. 1971)
Gulf shoreline change, Sabine Pass to Bolivar Roads Net rates are minor or moderate except for extreme net
from 1882 to 1974: accretion of 26 and 28 ft/yr (7.9 to 8.5 m/yr) at points adjacent

to the jetties at Sabine Pass and Galveston Harbor. Net
erosion occurred at most other coastal points and ranged
from 1 to 17.4 ft/yr (0.3 to 5.3 m/yr) and averaged 6.4 ft/yr
(2.0 m/yr) (Morton, 1975).

Subsidence:
Sabine Pass: : )
Estimated rate based on tide-gauge records: 0.5 inch/yr (1.25 cm/yr) during 1960-1969 (Swanson and
Thurlow, 1973)
-Magnitude related to withdrawal of oil, gas, associated Generally less than 0.5 ft (0.15 m) but locally exceeding 1 ft
ground water, and solution mining of sulfur: ) (0.3 m) during 1918-1977 (Ratzlaff, 1980)
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Table 3. Generalized characteristics of active coastal processes and conditions in the Galveston-Houston
area. From White and others (1985).

‘Climatic zone:

Humid (Thornthwaite, 1948)

Average. annual precipitation:

41.8 to 51.5 inches/yr (106.2 to 130.8 cm/yr) (Fisher
and others, 1972)

Dominant wind directions;

Southeasterly, northerly (Fisher and others, 1972)

Average wind speed (in 1978 at Texas City):

Astronomical tidal range: ,
Gulf shoreline (Galveston Pleasure Pier)
Mean diurnal:
Bay shoreline (mean):

6.8 knots (12.6 km/hr) (Shew and others, 1981)

2.1 1t (0.6 ‘m) (U.S. Department of Commerce, 1978)
0.5 to 1.4 ft (0.2 to 0.4 m) (Diener, 1975)

Tidal current velocities:
Bolivar Roads
Average maximum flood:
Average maximum ebb:

3.3 knots (1.7 m/sec) (Bernard-and others, 1959)
4.3 knots (2.2 m/sec) (Bernard and others, 1959)

Wave height (Gulf):-
(Caplan, Texas)
Onshore wave height:

Between 2.5 and 3.5 ft (0.8 and 1.1 m) about 65%
of the time, (U.S. Army Corps of Engineers, 1956)

Direction of net longshore sediment transport: '

Maximum hurricane surge height on open coast:

Southwesterly (Fisher and others, 1972)

12.7 #t (3.9 m) above MSL (Bodine, 1969)

Hurricane frequency:

12% in any one year (Simpson and Lawrence, 1971)

Gulf shoreline change, Bolivar Roads to San Luis Pass
from 1850-52 to 1973-74:

Total gain from accretion of 1,074 acres-and loss from
erosion of 1,183 acres; net loss of 109 acres
(Morton, 1977)

Subsidence:
Pasadena - Houston Ship Channel area:

8.5t0 9 ft (2.6 to 2.7 m) during 1906-1973
(Ratzlaff, 1980)

Faulting:
Houston metropolitan area:

Offset by at least 160 faults (Verbeek and
Clanton, 1987) :
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Table 4. Generalized characteristics of active coastal processes and conditions in the Bay City-Freeport
area. From White and others (in press a).

Climatic zone: B Subhumid (Thornthwaite, 1948)

Mean annual precipitation: 40.6 to 49.2 inches (103.1 to 124.9 cm) (McGowen and others, 1976)
Dominant wind directions: Southeasterly, northerly (McGowen and others, 1976)

Astronomical tidal range:
Gulf shoreline (Freeport Harbor)

~ Diurnal range: 1.8 ft (0.5 m) (U.S. Department of Commerce, 1978)
Mean: .09 ft (0.3 m) (U.S. Department of Commerce, 1978)
Bay shoreline (Matagorda Bay): - 0.5t00.7 ft (0.2 m) (McGowen and Brewton, 1975)
Direction of net longshore sediment transport: Southwesterly (McGowen and others, 1976)

Estimated maximum hurricane surge height at Freeport: 9.5 ft (2.9 m) above MSL (Bodine, 1969)

Hurricane frequency: ‘ Probability of occurrence along 50-mi (80.5-km) segment of coast
in Bay City-Freeport area: 14% in any one year (Simpson and
Lawrence, 1971)

Net rate of Gulf shoreline erosion over period of
about 120 yr: : )
Matagorda Peninsula: About 2 to 3 ft/yr (0.6 to 0.9 m/yr), on average, although exceeding
' 10 ft/yr (3 m/yr) just south of Brown Cedar Cut (Morton and
others, 1976)

New Brazos River delta to Brown Cedar Cut: 12.7 ft/yr (3.9 m/yr), on average (Morton and Pieper, 1975)
Subsidence:
Freeport: '
Estimated rate based on tide-gauge records: 0.44 inch/yr (1.12 cm/yr) during 1959-1971 (Swanson and
Thurlow, 1973)
Magnitude related to withdrawal of ground water: Generally less than 0.5 ft (0.15 m) but locally exceeding 2 ft (0.6 m)

during 1906-1973 (Ratz/aff, 1980)
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Table 5. Generalized characteristics of active coastal processes and conditions, Port Lavaca area.
From White and others (in press b).

- Climatic zone: Subhumid ( Thornthwaite, 1948)
Mean annual precipitation: - 32 to 39 inches (81.3 to 99.1 cm) (McGowen and others, 1976)
Dominant wind direction: l ‘ Southeast, ndr;h (McGowen and others, 1976)

Astronomical tidal range:
Gulf shoreline (Pass Cavallo)

Diurnal range: 1.4 ft (0.4 m) (U.S. Department of Commerce, 1978)
Mean: 0.7 ft (0.2 m) (U.S. Department of Commerce, 1978)
Bay shoreline (Port Lavaca)
Diurnal range: 0.7 1t.(0.2 m) (U.S. Department of Commerce, 1978)
Mean: ' 0.3 ft (0.1 m) (U.S. Department of Commerce, 1978)
Direction of net longshore sediment transport : '
(Gulif shoreline): Southwesterly (McGowen and others, 1976)
Estimated peak hurricane surge height on open coast
near Port O'Connor: 12.3 ft (3.7 m) m.s.l. (Bodine, 1969)
Hurricane frequency: Probability of occurrence along 50-mi (80.5-km) segment of coast

in Port Lavaca area is 9 percent in any one year (Simpson and
‘Lawrence, 1971)

Net rate of Gulif shoreline accretion or erosion over
period of 117 yr: :
Matagorda Island: - Less than 1 ft (0.3 m) of average annual accretion in southern half of
island; accretion rates in the northern half range from 1.1 to 9.1 ft
(0.3 to 2.8 m) per year. Erosion rates near Pass Cavallo range
from 5.1 t0 17.3 ft (1.6 to 5.3 m) per year B
) (Morton and Pieper, 1976) }
San José Island: Less than 1.5 ft (0.5 m) of average annual erosion and accretion
: (Morton and Pieper, 1976)
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Table 6. Generalized characteristics of active coastal processes and conditions in the vicinity of Mustang

Island, Corpus Christi area (modified from White and Galloway, 1977).

Climatic zone:

Dry subhumid (Thornthwaite, 1948)

Mean annual precipitation:

30 to 32 inches/yr (76 to 81 cm/yr) (Carr, 1967)

Dominant wind directions:

Southeasterly; north-northeasterly (Lohse, 1955)

Average wind speed (in 1980):

12.8 mi/hr (20.6 km/hr) (U. S. Dept. of Commerce, 1980a)

Direction of net sand transport by winds:

Northwesterly (Hunter and others, 1972)

Astronomical tidal range:
Gulf shoreline (Port Aransas)
Mean diurnal
Maximum diurnal
Bay shoreline, mean

1.5 ft (0.48 m) (Hayes, 1965)

2.5 ft (0.76 m) (Collier and Hedgpeth, 1950)

Approx. 0.5 ft (0.15.m) (1 ft [0.3 m] lower than Gulf)
(Watson and Behrens, 1976)

Tidal current velocities:
Aransas Pass
Average maximum flood
Average maximum ebb
Fish Pass
Average maximum
Usual vaiue

2.0 ft per second (fps) (0.6 m/s)
1.5 fps (0.5 m/s) (U. S. Dept. of Commerce, 1980b)

3 fps (0.9 m/s)
Below 2 fps (0.6 m/s) (Defehr and Sorensen, 1973;
Watson and Behrens, 1976)

Wave height (Gulf):
Usual height
Mean height

Below 4 ft (1.2 m) (Davis and Fox, 1972)
2.6 ft (0.8 m) (Watson and Behrens, 1976)

Longshore current velocmes (Gulf):
Range
Average

0to 3.9 fpé (0 to 1.2 m/s) (Davis and Fox, 1972)
0.38 fps (0.1 m/s) (fall) and 0.7 fps (0.2 m/s) (winter)
(Davis and Fox, 1972)

Direction of net longshore sediment transport: Southwesterly (Lohse, 1955; Behrens and Watson, 1974)

Average rate of Gulf shoreline erosion over period

of about 100 years (Mustang. Island): 2.0 ft/yr (0.6 m/yr) (Morton and Pieper, 1977)

Maximum hurricane surge height recorded at

Aransas Pass (1919 to 1977): 11.5 ft (3.5 m) (1919) (Price, 1956)

Hurricane frequency:
Probability of occurrence along 50-mile (80.5-km)
segment of coast in Corpus Christi area

7% in any one year (Simpson and Lawrence, 1971)
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and short-lived but strong northerly winds from December through February (Fisher
and others, 1972; Fisher and others, 1973).

Climate along the middle Texas cc;ast from the Ba‘y City-Freeport area to the
Corpus Christi area is subhumid to dry subhumid (Thornthwaite, 1948) (tables 4, 5,
and 6) Average annual precipitatioﬁ ranges from near 50 inches (127 cm) in the
Bay City-Freeport area to 32 inches (81 cm) in the Corpus Christi area (fig. 6).
Between 1931 and 1960, the middlg Texas coast ‘had from 4 inches (10 cm) of
excess moisture from precipitation after evaporation in the eastern part of the Bay
City-Freeport area to a precipitation ‘deﬁcit of about 12 to 16 inches (30 to 41 cm)
in the Corpus Christi area (McGowen and others, 1976a, 1976b; Brown and others,
1976). Temperatures generally range from winter minimum lows of 46 to 48°F (8°
to 9°C) to avérage maximum summer highs in the low to mid- 90's (33° to 35°C).

Along the lower Texas coast in the Kingsville and Brownsﬁlle-HarIingen. climate
is semiarid (Thornthwaite, 1948). The annual rainfall ranges from 26 inches (66 cm)
along the southern coastline in the Brownsville-Harlingen area to 34.5 inches (87.6
cm) along the northern coastline of the Kingsville area (Brown and others, 1977,
1980). Between 1931 and 1960 the average annual mean free—éir temperature in the
area was about 73 to 73.5°F (Brown and others, 1977, 1980).

Salinity

Water salinities vary considerably both between bay-estuary-lagoon systems and
within each system, in part because of the regional variations both in fresh-water
inflows from rivers and streams and in salt water interchange from tidal passes.
Compounding the complexity in each system are seésonal and cyclic climatic
variations that produce substantially higher than normal salinities during dry periods
and lower than normal salinities during wet periods. Salinities fluctuate over a wider
range in shallow béy margins than in mid-bay areas, but average salinities are gener-
-ally lower in the bay margins. High surface salinities in the bays are recorded dur-

ing periods of low rainfall and stream discharge.
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Average salinities in Texas estuaries range from a low of about 2 parts per
fhousand (ppt) in the Sabine-Neches estuary (Armstrong. 1982) to over 54 ppt in
the upper part of Cayo del Grullo in the Baffin Bay system (Brown and others,
1977). On the upper coast, salinities ‘in Sabine Lake generally range from less than
10 ppt in the upper part of the Iake to betweén 10 and 20 ppt iﬁ the tidally
influenced lower part (Fisher and others, 1972). ‘ Salinity décreases with‘ increasing
distance from Sabine Pass, such that salinity is slightly lower in the central part of
Sabine Lake than in the lower open-bay area.

Of the bays in the Galveston Bay system, salinities are generally highest in
West Bay, followed, in order of decreasing average salinity, by Galveston, East, and
Trinity Bays. Avérage salinities in West Bay are generally more than 15 ppt and
range into the 30's, which is in marked contrast to Trinity Bay. where ave‘rage
salinities range from less than 5 to about 10 ppt (White and others, 1985).
Salinities in Trinity Bay can drop to 0 ppt or exceed 25 ppt.

Salinity data for the Matagorda Bay system, including Matagoda, East
Matagorda, Tres Palacios, Carancahua, and Lavaca Bays. can be found in Ward and
others (1980) and Jones and others (1986). Data for San Antonio Bay are reported
in Nhatthews and others‘ (1974). Salinities in Lavaca and Matagorda Bays generally
increase toward Pass Cavallo. Average salinities in Matagorda Bay are generally
above 20 ppt and range into the 30’s. In East Matagorda Bay salinities range from
15 ppt near the Colorado River delta to 17.4 in the northeastern part of the bay.
Matthews and others (1974) found that salinities in upper San Antonio Bay ranged
from approximately 0.5 to 9.0 ppt and in the most gulfward region from approxi-
mately 6.0 to 26.0 ppt.

In the Corpus Christi area, salinities are generally highest in upper Laguna
Madre, followed. in order of decreasing average salinity, by Corpus Christi, Redfish,

Aransas, Nueces, and Copano Bays (Holland and. others, 1975: Brown and others,
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| 1976; and Hildebra‘nd and King, 1978). Average salinities in upper Laguna Madre
are generally above 30 ppt and range into the 40’s and occasionally higher, which is
in marked contrast to Copano Bay. where average salinities range from about 10 to
15 ppt increasing toward the mouth of the bay. Average monthly median salinities
in the upper part of Copano Bay fluctuate around 14.4 ppt, and in the upper part of
Nueces Bay fluctuate around 21.7 ppt (Texa$ Department of Water Resources,
1981a). Monthly mean salinities in mid-Corpus ‘Christi Bay vary., as demonstrated by
measurements‘ in 1973 that show a high of 35 ppt in February and a low of 15.6
ppt in October (Holland and others, 1975).

Average salinities for the bay-estuary-lagoon system in the Kingsville area.
incyludineg Baffin, Alazan, Cayo del Grullo, and that part of upper Laguna Madre near
Baffin Bay, are probably the highest on the Tevx}as coast. Calculated average surface
salinities of Baffin Bay and associated water bodies range from a low of just less
than 50 ppt in Laguna de los Olmos to over 54 ppt in Cayo del‘ Grullo (Brown and
others, 1977). Average surface salinities for eight stations in Baffin Bay range from
approximately 40 ppt in May 1966 to 70 ppt in December 1964 (Behrens, 1966).

In the Brownsville area, salinities generally increase from the southern end of
lower Laguna Madre at Port lIsabel to north of Port Mansfield (Brown and others.
1980; Espey. Huston and Associates, Inc., 1981). Salinities in the Port Isabel area‘
range from 23 to 36 ppt and are influenced by the exchange of Gulf water through
Brazos Santiago Pass. Salinity at the northern end of lower Laguna Madre ranges
from 20 to 40 ppt »and averages about 38 ppt.

Bathymetry |

Bathymetric data (table 1) are taken from Diener (1975) and represent averages
of the most recent soundings at mean low water (MLW) exclusive of navigation
channels. Avera'ge depths range from 0.7 ft (0.2 m) in Cayo del Infernillo of the

Baffin Bay system to 14.5 ft (4.4 m) in Offats Bayou of the Galveston Bay system.
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| Average depths of the larger bay-estuary-lagoon systems range from 2.8 ft (0.9 m) in
upper Laguna Madre to 10.5 ft (3.2 m) in Corpﬁs Christi Bay. Many of the bays
are s‘haII‘ow with average depths of less than 4 ft (1.2 m). Maximum depths occur
in the navigation channels and near the tidal passes. |

Tides

Astronomical tidal variations in Texas estuaries are small compared to estuaries
of the Atlantic and Pacific Coasts. In the Gulf of Mexico the principal variations in
the tide are due to changing declination of the moon (U. S. Department of
Commerce. 1979). Tidal range in the northwest Gulf of Mexico during maximum
declination of the moon is about 2.6 ft (0.8 m) and at minimum declination about
0.7 ft (0.2 m)(Ward and others. 1980). Meteorological events are more important
than astronomical tides, as far as the estuaries are concerned, as they alternately ex-
pose and flood the greatest area of tidal flat and marsh (Collier and Hedgpeth,
1950).

The most noticeable fluctuations in bay levels are caused by direction and force
of the wind or wind tides. The amount of open-bay fetch and direction of wind
tides control the effectiveness of wind tidal activity (Brown and others, 1976). For
exafnple. broad fetch, as in Trinity Bay and the western arm of Matagorda Bay, and
persistent southeast winds aligned with the axis of the bay, result in high wind tides
that may build tide heights two to three ft (0.6 to 0.9 m) above normal (Holliday,
1973). Front_al paésage. such as during a norther, can also drastically affect the

wind tides and estuarine water levels.
Relative Sea-Level Rise

The bay-estuary-lagoon system is affected by many interactive processes. One

~of the most important at work along the Texas coast today is relative sea-level rise.
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Stated very simply, for example, if coastal wetland»s do not receive and trap suffi-
cient sediments (organic or inorganic) So t}hat the aggradation rate (vertical acéretion)
‘is equal to or greater than the rate of relative sea-level rise, the wetlands will ulti-
mateiy be lost and replaced by open wat,ér. If bay-estuary-lagoon sedimentation
rates do not keep pace with rates of relative sea-level rise, water depths will increase
through time; if the sedimentation rates exceed relative sea-level rise, water depths
will decrease and the bay or estuary may eventually fill with sediment.

Relative sea-level rise as used here refers to a rise in sea level with respect to
‘the surface of the land, whether it is caused by actual sea level rise or land-surface
subsidence; the current general trend along the Texas coast involves both of these
processes working together.

Sea-level fluctuations occur for a variety of reasons and on broad spatial and
temporal scales. Nummedal (1983) reviewed sea-level fluctuations and how they are
affecting the coast of Louisiana, and Morton and Price (1987) present information on'
Late Quaternary sea-level fluctuations and their relation to the shaIIow-water. deposi-
tional complexes on the Texas coastal plain and shelf. Nummedal (1983) notes that
sea-level changes can be categorized into two fundamental groups that operate on
global and local scales. Among the global factors are (1) the volume of the ocean
basins controlled by sea floor spreading rates, sedimentation, and opening and closing
of marginél seas, and (2) the volume of oceanic water which has changed in re-
sponse to glaciation and, possibly, water temperature. Local factors include subsi-
dence of continental margins, movement of the land surface along faults, compaction
due to dewatering of sediments, and many atmospheric factors.

Various methods have been used to measure changes in mean sea level; a
primary method during historic time is to comp‘are records from tide ga‘uges and ex-
amine the trends over as long a period as the records allow (Marmer, 1954;

Swanson and Thurlow, 1973). = Using this method along the Gulf coast, Swanson
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and Thuflow (1973) concluded that subsidence is an important factor with regard to
mean sea-level rise.

_Thé discussion below will touch briefly on eustatic (global) sea-level rise but will
focus principally on compactional subsidence, natural and human-induced, because
these processes appear to be the most significant with respect to the Texas coast.
Eustatic Sea-Level Rise

It is generally accepted that sea level is rising on a worldwide (eustatic) basis
(Hicks. 1978, Gornitz and others, 1982), apparently in response to a global warming
trend resulting from incrgases in atmospheric CO2 and the resulting "greenhouse”
effect (Hansen and others, 1981). which can add volume to the oceans through gla-
cial melt water (Etkins and Epstein, 1982; Me‘ier, 1984) and perhaps thermal expan-
sion (Gornitz and others, 1982). The worldwide rate of sea-level rise. based on tide-
gauge records over the past century, is about 1.2 mm per year (Gornitz and other,
1982). For the Texas coast, this rate is not nearly as significant as relative sea-
level rise due to compactional subsidence (Swanson and Thurlow, 1973).

Subsidence

There are many causes of subsidence (Nummedal, 1983) including regional
downwarping or tilting of the earth’s crust due to loading, which is significant over a.
geologic time frame along the Texas coast (Winker, 1979), but is not as significant
~when viewed over an historic time frame. Holdahl and Morrison (1974) reported
slight subsidence along the Gulf Coast region ranging between 0.0 and 1.5 mm/yr, in
addition to anomalous subsidence in Houston and Corpus Christi areas (discussed in
succeeding sections). The mést significant subsidence along the Texas coast abpears
to be due to compactional subsidence, especial‘ly as affected by subsurface fluid with-
drawal (water, oil, gas, and, locally, sulfur).

Using tide-gauge records along the Texas and Louisiana coasts, and comparing

them with records from the more stable (tectonically or geologically) Florida coast,
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Swanson and Thurlow (1973) concluded that subsidence is occurring along the Texas
Coast at rates of from 0.5 to 1.2 cm/yr. Furthermore, they found that rates for the
period from 1959 to 1971 are higher than rates before 1959 (1948-1959) (fig. 7).
Highest rates along the Texas Coast are at Sabine Pass, Freeport, and Port Aransas
(1.12 to 1.28 cm/yr) and the lowest rate is at Port Isabel (0.49 cm/yr). Subsi-
dence in the Freeport area was believed to be due to the delta environment of the
Brazos River, and subsidence in the area of Pier 21 at the mouth of West Bay near
Galveston to faulting and withdrawal of oibl and gas (Swanson and Thurlow, 1973).
Swanson and Thurlow (1973) noted that their data, which show an overall tendency
toward subsidence along the ventire coast, supported Shepard and Moore. (1960), ‘who
suggested that much of the Texas coast could be subsiding due to increasing sedi-
- ment overburden and cofn‘paction of underlying fine sediment.

Compéctiqnal subsidence occurs as sediments are consolidated, g>enerally as a
result of compressive forces from overlying material (sediments and water) and the
dewatering of the compacting sediments either naturally or as influenced by with-
drawal of fluids.

The highest rates of subsidence along the Texas coast have been caused by
with‘drav.val of underground flluids. principally water (Winslow and Doyel, 1954;
“Gabrysch, 1969; Brown and others, 1974; Gabrysch and Bonnet, 1975: Kreitler, 1977;
Ratzlaff, 1980; Gabrysch, 1984). Production of oil and gas can also cause subsi-
dence (Pratt and Johnson, 1926; Kreitler, ’1977: Gustavson and Kreitler, 1976, and
Verbeek and Clanton, 1981). Extreme local subsidence has occurred in relation to
sulfur mining‘around salt domes along the Texas Coast (Ratzlaff, 1980, and
Mullican, 1988).

Brown andi others (1974) reported that along the Texas Coastal Zone, the rates
of subsidence. both in terms of area impacted and‘ drops in surface elevation, have

progressively increased since 1940 (fig. 8).
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Subsidence Estimated From Tide Gages

1950 1960 1970

, . GALVESTON(P2I)
FREEPORT

Swanson & Thurlow (1973)
ESTIMATED RATE OF SUBSIDENCE

LOCATION TIME PERIOD  RATE,mm/yr

Sabine Pass 1960 -1969 125
Galveston (PP) 1959-1970 8.6
Freeport 1959 -1971 i.2
Port Aransas 1959 -1969 12.8
Port Isabel 1959-1971 49
%QA?S&

Figure 7. Subsidence at selected sites along the Texas coast based on tide gauge
records. (From Swanson and Thurlow, 1973.)
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Figure 8 =~ Cumulative area in the Texas Coastal Zone affected by land-surface -
subsidence in excess of 30 cm (1 ft) between 1943 and 1973. (From Brown and .

others, 1974 (
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Subsidence in the Houston-Galveston Area

The most extensive subsidence, both in terms of vertical and areal magnitude,
due to withdrawal of fluids is in the Houston-Galveston area (Ratzlaff, 1980), where
more than 2.7 m (9ft) and possibly as much as 3.0 m (10 ft) of subsidence has oc-
curred in the vicinity of the Houston Ship Channel between 1906 and 1978 (almost
2.7 m [9 ft] of which occurred during 1943 to 1978) (Gabrysch, 1984). Maximum
subsidence is in the center of a subsidence "bowl” that encompasses an area from
near Freeport (where another smaller "bowl” is centered) to an area north of the
Trinity River delta (fig. 9).7 Average maximum rates of subsidence at the center‘ of
the "bowl". have been as high as 122 mm/yr (0.4 ft/yr) for the period 1964 to 1973
(Gabrysch and Bonnet, 1975). |

According to Gabrysch and Bonnet (1975), subsidence due to withdrawAal of
ground water from an artesian aquifer results from a decrease of hydraulic pressure
and attendant movement of water from clays to adjacent sands leading to compac-
tion of the clays (Gabrysch and Bonnet, 1975). Most of the compaction is
permanent because of the»inelastic nature of the clay; thus, even with total recovery
of artesian pressure, less than‘ 10 percent rebound can be expected (Gabrysch and
Bonnet, 1975).

| Methods of measuring subsidence, by the USGS, ihclude conventional leveling,
extensometers, and tide gauges (Gabrysch, 1985). Conventional leveling is the most
frequently used method, and in‘volves comparing the ‘elevations of benlchmarks that
have been measured at different times using precise leveling techniques. Borehole
extensometers have been used at specificllocations to determine small changes in
elevations; extensometers can provide very precise, continuous records with informa-
tion on the compacting interval, but they are costly to install and have small areal
application (Gabrysch, 1985). Subsidence can be determined by comparing tide gauge

records from two different stations, but this-method is less precise than leveling and -
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extensometers. Gabrysch (1985) reported that evaluation of tide gauge data from
five stations in Galveston Bay and Buffalo Bayou indicated that elevation change of
less than 150 mm (0.5 ft) and perhaps as little as 30 mm (0.1 ft) could be
detected (fig. 10).

Other parts of the Texas coastal region, in addition to the Houston-Galveston
and Freeport areas, where subsidence has occurred include (1) Beaumont-Port Arthur
where an area over Spindletop Dome has subsided about 1.5 m (5 ft) between 1925
and 1977, and an area near Port Acres has subsided approximately 0.9 m (3 ft)
between 1959 to 1977, primarily due to withdrawal of oil and gas and associated
ground water, (2) Jefferson and Matagorda Counties inland from Matagorda Bay
where subsidence of more than 0.46 m (1.5 ft) occurred during 1943 to 1973 as a
result ‘\of ground-water withdrawals, and (3) the western part of Corpus Christi where
more than 1.5 m (5 ft) of subsidence occurred during 1942 to 1975 due to
withdrawals of oil, gas. and associated ground water (Ratzlaff, 1981).

Faulting and Subsidence

In some areas along the Texas Coast, subsidence may be accorhpanied by active
surface faults. A good exam‘ple is a fault in the Saxet oil and gas field west of
Corpus Christi (Price, 1933). The fault has produced a 2 m (6 ft) scarp at the
surface (Gustavson and Kreitler, 1976). Profiles constructed from releveling lines
across benchmarks show rapid increases in subsidence at the fault (fig. 11). Sﬁbsi-
dence rates during the period from 1950 to 1959 were 70 mm/yr (0.22 ft/yr). which
was an increase of almost twice the rate of 40 mm/yr (0.14 ft/yr) during the period
of 1942 to 1950 (fig. 11).  Gustavson and Kreitler (1976) theorized that an increase
in gas production from 1950 to 1959 may have been responsible for compaction of
shallow reservoir ‘sands on the downthrown side of the fault leading to differential

subsidence and accelerated fault movement. Evidence of the fault can be seen where
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Figure 10. Subsidence as reflected by differences in mean monthly tide stage relative
to the gage record at a designated base station (Galveston Railroad Causeway in the
above case). Change in the difference between mean water level as measured by
tide gauges at stations a few miles apart reflects the change in elevation between
the stations. (From Gabrysch, 1984.))
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Land Subsidence Over Saxet Oil and Gas Field
Corpus Christi, Texas

Benchmark
B 8 © 83 &
s2 £ 85 8
0 198250 gommiyr
:;E; =15 = 0mm/yr
598
2 | &3 " 1942-59
» & Fault
4 0 Imi
From Kreitler (1977) =

Figure 11. Subsidence over an oil and gas field. (From Kreitler, 1977.)
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it crosses highways and other structures. Lower elevations in the subsidence bowl
inhibit drainage of surface water locally and promote ponding of water.

Although the fault i.n the Saxet field in the Corpus Christi area kis a good
example of an active surface fault. the major zone of surface faulting ‘along the Tex-
as coast is in the Houston-Galveston area where 95 linear miles (150 km) of faulting
has been reported (Reid, 1973; Brown and others, 1974). Surface faults correlate
with, and appear to be extensions of, subsurface faults in many areas (Weaver and
Sheets. 1962; Van Siclen, 1967; Kreitler, 1977; Verbeek and Clanton, 1981). Most of
the surface faulting in the Houston metropolitan area has apparently taken place dur-
ing the last féw decades (Verbeek and Clanton, 1981), largely due to fluid withdraw-
al (water, oil. and gas), which has reinitiated and accelerated fault activity (Reid.
1973; Kreitler, 1977; Verbeek and Clanton, 1981).

The range in measurable vertical displacement of surface traces of faults is from
0 to 3.9 m (12 ft) (Reid, 197‘3). Rates of fault movement commonly range between
5 mm/yr and 20 mm/yr (0.2 in/yr and 0.8 in/yr) (Verbeek and Clanton, 1981), but
many exceed 40 mm/yr (1.6 in/yr) (Van Siclen, 1967; Reid. 1973; Everett and Reid,
1981). Movememt along surface faults apparently occurs episodically (Reid, 1973).
Highways, railroads, industrial complexes, airpdrts. homes, and other structures placed
on active faults in the Hduston area have undergone millions of dollars worth of

damage annually (Clanton and Verbeek, 1981).

Effects of Subsidence and Faulting on _Texas Coastal Wetlands

Subsidence in the Houston-Galveston area havs had a significant effect on
wetlands in the area (Johnston and Ader, 1983; White and others, 1985).  One of
the most dramatic examples of wetland losses due to subsidence is along the San
Jacinto River. More than 560 hectares (1,389 acres) of fluvial woodlands, swamps,
and marshes were displaced by open water between 1956 and 1979 (White and

others, 1985). The lower reach of the San Jacinto River, near its confluence with
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Buffalo Bayou and the Houston Ship Channel, is in an area of subsidence (fig. 9)
caused mostly by ground-water withdrawal (Gabrysch and Bonnet. 1975).

The change in wetlands along the lower San Jacinto River valley (discussed
more thoroughly in a later lsection) is pronouhced becavuse of the proximity of the
valley to the center of maximum subsidence. However, wetlands associated with
other streams and valleys located around the Trinity and Galveston Bay system are
also changing as a result of human-induced subsidence and accompanying relative
sea-level rise. Replacement of marshes by open water is occurring along the bay
margins as well (fig. 12). Changes in the distribution of wetlands as a result of
natural: compactional subsidence has also been reported along the Texas coast
(Donaldson and others, 1970: McGowen and Brewton, 1975; White and others,
1988).

Faults have affected marshes from the Freeport area to Sabine Lake (White and
others, 1985, 1987, and in press a). As vertical displacement occurs along a fault
that intersects a marsh, more frequent and eventually permanent inundation of the
wetland surface on the downthrown side of the fault can lead to replacement of
marsh vegetation by open water if marsh sedimentation rates do not keep bace with
submergence rates (fig. 13). This has occurred at several locations along the upper
Texas coast as exemplified by a marsh system on the bay side of Bolivar Peninsula,
where approximately 500 hectares (1,230 acres) of salt-water marsh has been
replaced primafily by "barren” shallow subaqueous flats and open water (fig. 14). In’
this area, at least two surface faults intersect marsh substrates. Benchmark
releveling profiles along State Highway 87 indicate the faults are active; a marked in-
crease in subsidence occurs on the downthrown side (fig. 15). More than 25 faults
that cross wetlands along the upper coast (Freeport area to Sabine Pass) have been
identified on aerial photographs. One fault has affected wetlands that have

developed on modern fluvial-deltaic deposits along the lower Neches River valley at
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Index Map

EXPLANATION

Water

Marsh

Barren land (abandoned tidal creeks)

‘}mi
T
6 km

&
(6, 5

near. Galveston.

Figure 12. Changes in the distribution of wetlands near Jones Bay and Swan Lake
Note increase in open water in 1979, apparently as a result of
subsidence. (From White and others., 1985.)
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Example of Changes in Wetlands
Along a Fault

Y
‘QA 7528

{

‘Figure 13. Block diagram of changes in wetlands that can 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.
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Index map

HOUSTON

kY
S
3
3
&)
X

uveﬂond Map Unit

1956 1979 Net Change
Acres [Hectares | Acres|Hectares | Acres [Hectares|
% Water 40| 57 1130 | 458 [+990( +401
Marsh 3480| 1409 | 2560 1037
- Marsh-covered tidal channels| 640| 259
TOTAL MARSH 4120 | 1668 | 2560| 1037 |-1560| -631
Barren tidal flats 270] 109 [+270]| +I09
7
////// Dredged spoil/uplands 520 an 720| 292 |+200(+8I
TOTAL 4780] 1936 | 4680 1896 |-100%] -40*

‘Most of the loss in fotal area is probably due to erosion of marsh along the margins
of East Bay. Historical monitoring indicates that this shoreline is undergoing erosion
at rates of up to 3ft (I m) per year (Paine and Morton, in preparation).

{Areas were calcuioted using a square-count method; smallest squares used
were equivalent to 6.4 acres,or 2.6 hectares).

QAI774

Figure 14. Changes in the distribution of wetlands affected by surface faults.
Increases in the areal extent of water in 1979 relative to 1956 are apparently related
to localized. subsidence and active faults

upthrown side).
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} Land Subsidence ‘P,rofne,A‘lon’q‘Ba‘livar',_’f'l?e'ninsula |

@"'oa 7522

Figure 15. Land subsidence profile based on benchmark-releveling data along State
Highway 87 on Bolivar Peninsula. The increase in subsidence along the profile
indicates it crosses an active fault. probably an extension of the fault with the NE-
SW strike in figure 14. (Profile from C. W. Kreitler, unpublished data.)
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the head of Sabine Lake (White, 1987); this area is discussed in more detail in a

later section of this report.

Characteristics of Major River Systems Discharging into Coastal Basins

Major coastal rivers and state-wide drainage basins are shown in figures 1 and
16, respectively. Slopes of the Cenozoic'Gvulf Coastal Plain are relatively steep
across the San Marcos Arch but more gentlé across the Houston and Rio Grande
Embayments (fig. 17). The gradients of rivers reflect the slopes of these different
tectonic provinces (Morton and Donaldson, 1978). Rivers such as the Nueces and
Guadalupe on the"central Texas coast were affected by uplift along the San Marcos
Arch and have steeper gradients thén riveré‘crossing the Houston Embay_ment
(Sabine, Neches, Tfinity. and Brazos Rivers) and Rio Grande Embayment (Rio’Grande
River) (fig. 18).

Winker (1979) reported that modern rivers that cross the T‘exa‘s coastal plain
can be characterized in terms of drainage basin, discha;ge. and sediment load; these
parameters allow calculation of ratios that further define the nature of the river
sysfems (fig. 19). As indicated by Winker, the dominance of the Rio Grande,
Colorado, and Brazos over other Texas rivers is clearly reflected in drainage basin
area, average annual discharge, and sediment load: the relatively systematic decline in
runoff depths toward the southwest reflects the climatic gradient (fig. 6). The fact
that average denudation rates show a more complex pattern than runoff depths may
be the result of human modification of the drainage basins (Winker, 1979; the data
he used was pre-1960).

As stated by Milliman and Meade (1983). two basic methods are used to esti-
mate the amount of sediments transported by rivers to the oceans (and estuaries)»:
one method estimates the denudation of the land (as illustrated in the bottom graph

in fig. 19). and the other estimates the mass carried by the rivers. Of these two,
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Figure 17. ~Structural elements that affect Texas coastal rivers and basins. (From
Wright 1980, after Murray 1961 and Hardin, 1962.)
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the denudation method yields a much larger estimate of sediment load because it
includes a large amount of sediment that never reaches the oceans (Milliman and
Meade, 1983). Factors controlling denudation, a term commonly used as a synonym
for erosion, include (1) size of drainage basin, (2) precipitation and vegetation, (3)
elevation and relief, (4) rock types, and (5) man (Ritter, 1967).

- The Soil Conservation Service, U.S. Department of Agriculture, has estimated the
amount of sediment eroded from Texas land areas (based on general land use and
soils maps) using the universal soil loss equation (Greiner, 1982). The universal soil
loss equation uses factbrs related to those listed above for denudation including
rainfall, soil erodibility, topography, crop management, and erosion control. In
addition, the Soil Conservation Service has investigated sedimentation by water in
Texas (USDA, 1959; Greiner, 1982). A comparison of previous sedimentation surveys
(median date of which is 1947) with a study in 1979 for various lakes and reservoirs
in Texas indicated rates of sediment accumulation had declined (Greiner, 1982).
Greiner attributed the lower rates in sedimentation lto several factors including
changes in land use, by noting there have. been (1) significant decreases in amount
of cropland (a large producer of sediment). (2) continuous implementation of soil
conservation measures since 1935, and (3) construction of flood-prevention dams and
other trapping elehents since about 1954. Effects of reservoirs on stream sediment
loads is discussed in a following section.

Historical Discharge and Load

A comparison of discharge and sediment load of the major Texas rivers, based
on early records (up to 1954), shows that the Trinity, Brazos, Colorado, and Rio
Grande had (in the past) the highest average annual discharge, ranging from about
2.7 million acre-feet to slightly more than 5 million acre-feet; these same rivers also
had the higheét annual silt loads; ranging from the Brazos with 20,148 acre-feet to

the Trinity with 3,622 acre-feet (fig. 20). The Trinity River load is only about 18%
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of that of fhe Rio Grande. The high sediment loads characterizing the Rio Grande
and the ancestral Brazos-Colorado couplet contributed to the filling of their respective
paleovalleys (see preceding section on origin of bays), and to the progradation of
deltas into the Gulf. Suspended sediment load tansported by the other streams was
considerably lower, ranging from 88 acre-feet per year for the Lavaca River to 636
acre-feet for the Sabine River. None of these rivers, including the Trinity, have com-
pletely filled their paleovalleys (estuaries), but have constructed deltas at the head of
the bays (bayhead deltas).

Historical trends in streamflow and sediment loads of major Texas coastal Rivers
are shown in figures 21 to 32. Major reductions in sediment load are apparent for
the Trinity, Brazos, Colorado, Nueces, and Rio Grande. For example, for the Brazos
River, Curtis and others (1973) reported the annual sediment load to be about 16
million tons; as noted by Milliman and Meade (1983), this load is one-half of that
(32 million tons) presented in an earlier report by Holeman (1968). The annﬁal
average sediment load of the Brazos River presented by Winker (1971) was 31
million tons (fig. 19) for the period of 1925 to 1947 (Richmond station). The
average annual load for the Brazos from 1947 to 1979 was approximately 12 million
tons per year (fig. 23), or less than 40 percent of that‘ for the earlier period. Al-
though reductions in river sediment load can be partly attributed to land use changes
and to the continuous implementation of soil conservation measures in the drainage
basins since 1935 (Greiner, 1982), the apparent major contributing factor to the
decreased sediment supply in many of the streams in Texas is resefvoir development
(fig. 33). | |
Effect of Reservoir Development on River Sediment Load

The effect of reservoirs on sediment load is well documented. One of the most
often cited examples is the Colorado River that discharges into the Gulf of California

(Milliman and Meade, 1983). The average annual suspended-sediment load of the
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Figure 21. Annual streamflow and suspended sediment load of the Trinity River.
(Data fro