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SUMMARY

This study was designed to improve the understanding of sediment fluxes in Laguna Madre
and the principal processes responsible for introduction and redistribution of sediments within
and around the lagoon. Other tasks included quantifying the long-term average annual sediment
budget of the lagoon, and comparing the natural fluxes of sediment from eolian transport, storm
washover, upland runoff, tidal exchange, shore erosion, and authigenic (formed in place) mineral
production with fluxes related to dredging and disposal of material removed from the Gulf
Intracoastal Waterway (GIWW) for maintenance of the navigation channel. Long-term analysis
of sediment transport mechanisms and associated sediment flux provides a basis for evaluating
the potential influence of reworked dredged material on the distribution of seagrasses in the
lagoon. Considering long-term annual averages, the total volume of new sediment introduced
into Laguna Madre is substantially less than the volume dredged from the GIWW. Furthermore,
the average sedimentation rate in Laguna Madre is less than the rate of relative sea-level rise.
This condition coupled with erosion of the western shore indicates that the lagoon is slowly
migrating westward rather than filling up as some have suggested.

Comparison of cumulative volumes of sediment dredged from representative segments of
the GIWW in both northern and southern Laguna Madre with volumes of sediment remaining in
the placement areas demonstrates that shoaling of the GIWW is primarily caused by reworking
of dredged material, which is controlled by water depth and location with respect to the
predominant wind-driven currents. Reworking is minimized where dredged material is placed on
flats that are either flooded infrequently or where the water is extremely shallow. In contrast,
nearly all of the dredged material in relatively deep-water placement areas is reworked and either
transported back into the GIWW or dispersed into surrounding areas of the lagoon.

Evaluation of several experimental designs in the high maintenance placement areas
(PA 233-234) of southern Laguna Madre suggest that none of the designs (shallow subaqueous
mound, submerged levee, emergent levee) was successful in retaining large volumes of dredged
material at those sites because cross currents cause extensive sediment reworking. Of the three
experimental methods tested, the emergent levee design provided the greatest retention potential
approximately two years after construction.

Inclusion of in situ sediment densities, water contents, and void ratios in the volumetric
calculations improved the accuracy of the quantitative evaluation and provided unequivocal
evidence that the observed volumetric losses from the placement areas are primarily the result of
sediment erosion and not post-emplacement sediment compaction. Comparison of sediment



textures in the placement areas with those of natural sediments of the surrounding lagoon floor
indicate that much of the dredged material remaining in the placement areas is a residual of
 initial channel construction. |

INTRODUCTION

Laguna Madre (fig. 1) is a long, shallow marine lagoon that originated during the most
recent eustatic rise in sea level that inundated the coastal plain bordering the Gulf of Mexico.
This vast water body flooded several geological provinces including a former barrier island
system (Ingleside), an eolian plain, and abandoned portions of the Rio Grande delta (Lohse,
1958; Rusnak, 1960a; Morton and McGowen, 1980; Morton and Price, 1987; Morton, 1993).
The channel of the Gulf Intracoastal Waterway (fig. 1), which was dredged through Laguna
Madre from the fall of 1946 to the summer of 1948 (Lockwood, Andrews, and Newnam, 1959),
intercepts these diverse geological provinces, consequently the sediments underlying Laguna
Madre primarily control the compositions of islands and shoals formed by open-water placement
of the original dredged material.

It is well established that construction of the Texas portion of the Gulf Intracoastal
Waterway (GIWW) in the late 1940s and Mansfield Channel in the early 1960s altered
bathymetry and hydrodynamic conditions in Laguna Madre (Hansen, 1960). An ecological
benefit of these projects is increased water circulation within the lagoon and reduced salinities
(Simmons, 1957; Breuer, 1962; Quamann and Onuf, 1993), even during low rainfall periods that
previously resulted in hypersalinities. Deposition of dredged material taken from the GIWW
during the past 50 years has eliminatzd seagrass habitat in some areas of the lagoon and created
new habitat in others. However, it is still uncertain if reworking of the dredged material is a
significant factor in the reported losses in seagrass from southern Laguna Madre, or if other
factors are responsible or at least contribute to the losses.

Unconfined open-water placement of dredged material can have both direct and indirect
adverse impacts on marine grasses in Laguna Madre. Direct impacts of placement in shallow
water involve ,burying the grass beds and decreasing water depths to the extent that the grasses
never recover. These impacts are readily documented by mapping the location of placement sites
relative to existing grass beds. Less certain is the relationship between reworked dredged
material and the vitality of nearby grass beds. This uncertainty arises from the fact that few
studies have monitored the resuspension and redistribution of dredged material long after a
dredging cycle. Most studies examine the short-term physical processes that entrain and transport
sediment (Hellier and Kornicker, 1962; Bassi and Basco, 1974) without looking at the large-
scale patterns of sediment redistribution. Onuf (1994) measured photosynthetically active
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radiation (PAR) before and after dredging in southern Laguna Madre to evaluate if light
attenuation persisted long after termination of the dredging disposal. Using a multivariate
statistical analysis, Onuf (1994) found that increased light attenuation was detectable at one
location 15 months after dredging as a result of resuspension and dispersion of the dredged
material. The concentrations of suspended sediments and distances sediments are transported
from a placement site are poorly understood. Also unknown are residence periods of the
reworked deposits, and the importance of size sorting that occurs during reworking of dredged
material.

Except for a few geological studies conducted in the late 1950s (Lohse, 1958; Fisk, 1959;
Rusnak, 1960a) and the mid 1970s (White et al., 1983; 1986; 1989), most of the scientific
research in Laguna Madre has tended to focus on biological issues and the important
relationships among water quality (salinity, brown tide, turbidity), highly-productive marine
grasses, and economically vital marine fisheries. Several recent studies have examined the
physical impacts of channelization (GIWW) and causeway construction (JFK Causeway at
Corpus Christi) on flow patterns in the lagoon (Duke, 1990; Solis and Matsumoto, 1991; Brown
and Kraus, 1996; Militello et al., 1996). Despite all the prior work in South Texas lagoons and
estuaries, no study has attempted to determine the regional sediment budget of Laguna Madre.
Also lacking is a comprehensive study specifically addressing the issue of reworked dredged
material and its contribution to turbidity in the lagoon as compared to turbidity before the GIWW
was constructed.

A primary objective of this study was to assess the importance of reworked dredged
material on suspended sediment in Laguna Madre compared to natural sediment influx and
resuspension. Of particular concern are the marine grasses and their ability to tolerate long-term
exposure to repeated resuspension of sediments in concentrations sufficient to eventually alter
bottom sediment textures and water depths. Other objectives involved answering questions
regarding sediment transport by wind, washover, and waves and currents generated within
Laguna Madre and the effects of changing climate on these processes.

To accomplish these objectives, it was necessary to conduct a large-scale temporal and
spatial analysis of sediment budget to establish the primary sources and sinks of sediment in
Laguna Madre. Within the context of regional sediment budget, the issue of reworked dredged
material was examined, the sources of mud were determined, and the historical changes in
sediment textures and water depths were evaluated. This comprehensive sediment analysis
provides a basis for assessing the potential impact of reworking of dredged material on the
marine grasses in Laguna Madre.
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SOUTH TEXAS CLIMATE

There is a distinct climatic gradient from east to west along the Texas coast that reflects the
temperatures and rainfall within each region. In general there is a surplus of rainfall in the humid
eastern part of the state, whereas the southwestei'n part is semi-arid, and rainfall is less than the
amount of moisture lost to the atmosphere by evaporation and transpiration by plants. The long-
term average balance between rainfall and evapotranspiration occurs near Corpus Christi. South
of Corpus Christi the potential for evaporation exceeds the annual rainfall (Shepard et al., 1960).

The dry climate of south Texas has a profound influence on the plant assemblages, physical
processes, and landforms of the region. Because average annual temperatures are high,
evaporation is high, rainfall is low, and freshwater inflow to the lagoon is low, coastal waters
commonly have abnormally high salinities (hypersaline) and salt marshes are only minor
environments that rim the lagoon margin. Also large dune fields and wind-tidal flats dominate
the landscape (fig. 2). ‘

Precipitation and Evapotranspiration

Average annual rainfall in counties bordering Laguna Madre is about 66 cm (Brown et at.,
1977) and the rainfall is seasonally distributed. Periods of greatest rainfall occur in the late
summer and early fall and are associated with the passage of tropical storms and hurricanes. A
secondary period of high rainfall occurs in the winter and spring and is associated with the
passage of cold fronts. Throughout the remainder of the year, rainfall is generally low. The
distribution of rainfall from one year to the next is also nonuniform leading to wet periods (high
rainfall) as well as droughts (extremely low rainfall). According to Lowry (1959), severe
droughts dramatically altered the landscape of south Texas in 1937-1939, 1950-1952, and 1954-
1956. During droughts, the water table is lowered and surface sediments are easily eroded by the
wind. ‘

‘Evapotranspiration is the total amount of moisture released to the atmosphere by
evaporation and by transpiration through the leaves of plants. In south Texas, the
evapotrénspiration potential often exceeds the annual precipitation so that normally there is a
deficiency in the amount of soil moisture.

The deficit in rainfall relative to the amount of moisture returned to the atmosphere along
the southern part of the Texas coast is magnified durixig prolonged droughts. Periodiéally these
droughts accelerate onshore wind transport of sand by lowering the water table, reducing the



00IXa JO JIND

R x
IO~ 22205 9

2 23%020x02 0y
B A YT T PA

aipeyy eunbe]

s ]

T 20

D372
20

RN GEXY

v\v...»vbamwa.\

SAR2,ed
ESAE

239

»
=]
&
B
<
.
. p— e
5 0 8
[ <
=] =
= o
z SR
) o m.u >
g 8.5
e
. Aeg uyeg - —__ . g — B W
s s 5 o £ 5
3 Keicas=
b= S o,y O ~
® v 0.5
o L. - o
2 .2 @
0w
588
0JIxapy JO JINS =
£2 8
O '® wm
= IR
g =2
R
S o=ay
% 8~
_ $ £
E E 8 5 O
~No X bds
- g 0o g
w g °
A
i = mcu
N =
= =
| S Vg
S emm - SE S
& N =
‘aipeyy eunbe] olo o &7
// 55 B
© 7/////////////////////////////////,// o sipeyy EunbeT 22

02IXaY 40 JINS

aipeyy eunbeq

8
&
@
i)
ho
il
£

s
s
]
©
E
°
@
(s}
o
[}
=
(a]
(%]
Q
c
p=
°
2
53]
<

QADb9053c

thin different geographic
dunes that are now stable. The




internal moisture of the sediments, and weakening or killing the vegetation that stabilizes the
sediments. L

PHYSICAL PROCESSES - -

Wind Characteristics .

Wind is the most important physical agent affecting the south Texas coast. When coupled
with the semi-arid climate, wind is responsible for shaping the coastal plain and directly or
indirectly controlling the erosion and deposition on the wind-tidal flats and in the other coastal
environments. The surface wind patterns crossing Laguna Madre are determined by the seasons. -
Southeast winds prevail from March through November while northerly winds prevail from R
December through February (Brown et al., 1977).
‘The prevailing winds are determined by their direction and duration. An even more
important concept is wind predominance, or the ability of wind to do geological work (Price,
1933). Wind predominance, which combines both duration and speed of the wind, measures the
potential effectiveness of the wind to transport sediment and to generaté waves and currents in
coastal waters. The southeasterly onshore winds generally do not reach high velocities, but they
persist from the spring through the fall. Therefore they are the predominant winds in south
Texas. In contrast, northerly winds associated with the passage of cold fronts in the winter and
with tropical cyclones in the summer are strong but brief, and their total energy dissipated at the
coast is less than that of the predominant southeasterly winds (Brown et al., 1977). However, the
high-velocity northerly winds, whether generated by cold fronts or counterclockwise circulation
associated with tropical cyclones, have the capability of doing more sedimentological work by
transferring their high energy to the water in Laguna Madre and creating relatively high waves
and strong currents. '

Water Level Fluctuations

The western Gulf of Mexico is a microtidal region where the astronomical tides are diurnal
(oncé every 24 hours) or mixed. The astronomical tides in Laguna Madre are extremely small,
and water level fluctuations depend more on the meteorological conditions (wind speed and
directioil, barometric pressure) than the astronomical forcing in much of the lagoon (Fisk, 1959;
Hansen, 1960; Rusnak, 1960a; Zetler, 1980; Gill et al., 1995). The low tide range is attributed to
the small number of tidal inlets into Laguna Madre, the large area of the lagoon, and the long



distances from the inlets to the center of the lagoon. All of these factors tend to reduce the impact
that oceanic tides have on adjacent water bodies.

Water level fluctuations in extreme northern and southern Laguna Madre at the Packery
Channel and Port Isabel gauges have discernible astronomical tidal signals, but tide gauges in
central Laguna Madre (Yarborough Pass, El Toro, Rincon de San Jose, and Port Mansfield)
show that water level fluctuations are largely controlled by meteorological forces and the
astronomical tide explains only a few percent of the variability (Fisk, 1949; Rusnak, 1960a;
Copeland et al., 1968; Gill et al., 1995). Smith (1978) estimated that only about 5% of the water
level variation in northern Laguna Madre was caused by tidal constituents. The predominance of
wind tides over astronomical tides is the reason that the flats forming the margin of Laguna
Madre were named wind-tidal flats by W. A. Price and Fisk (1959). The surface of the area is so
flat that the wind is capable of pushing the water out of the lagoon basins and up onto the flats.
Both southeasterly and northerly wind regimes can flood the flats. Flooding under the influence
of northerly winds is typically faster but of shorter duration than flooding by southeasterly winds
(Fisk, 1959).

Field observations and daily monitoring in 1948 by Fisk (1949) clearly show that the flats
are inundated by non-channelized sheet flow. As the wind-driven water encroaches onto the
flats, it is diverted by the highest topographic features, but the flow does not conform to the
topography of the flats. Instead, the detailed maps presented by Fisk (1949) show that the wind
blows the water “uphill” and across the flats and some higher areas are flooded while lower areas
are dry.

The Gulf Intracoastal Waterway (GIWW) was dredged through the wind-tidal flats of
Kenedy County in 1948 with two dredges working simultaneously from opposite ends of the
flats. As the dredges approached one another, a strong southeast wind transported water onto the
south side of the flats and blew water away from the north side, creating a difference in water
levels of about 1.5 m (Fisk, 1949). Immediately after the GIWW was dredged through the flats,
water ponded on the flats cascaded into the Waterway because the water level was higher on the
flats than in the Waterway. Physical evidence for the rapid draining of water off the flats and into
the Waterway is provided by the closely spaced channels with headwardly eroding dendritic
patterns that lined the Waterway on the west side (Fisk, 1949).

Coastal Storms

Northers and tropical cyclones are two types of storms that periodically affect Laguna
Madre. Tropical cyclones are summer storms that include both tropical storms and hurricanes.
Winter storms, or northers, derive their energy from the atmosphere, whereas the ocean is the



principal energy source for tropical cyclones. Winter storms and tropical cyclones form around
centers of low barometric pressure and their winds circulate counterclockwise around the storm
center. Although the two types of storm systems are quite different, their influence on coastal
water bodies and nearshore environments is similar. Both can rapidly change water levels and
generate waves and currents that are capable of eroding and transporting large volumes of

- sediment. "

Cold fronts with associated north winds cross the Texas coast about every ten days
throughout the winter. As a result of this frontal activity, several strong winter storms occur each
year. Before the front passes the coast, strong winds blow onshore from the southeast in response
to the low pressure system that is farther inland. In Laguna Madre, the strong onshore wind
drives water onto the southern part of the flats in central Laguna Madre (fig. 2) and off the
northern part of the flats (Fisk, 1949). After the frontal boundary passes the coast and moves off
to the east, the wind rapidly changes direction and blows from the north, driving water onto the
northern part of the flats and off the southern part of the flats.

Tropical storms and hurricanes enter or form in the Gulf of Mexico between June and
October, but the most intense tropical cyclones typicaliy occur in August or September.
Hurricanes strike the Texas coast about twice every three years (Hayes, 1967), but the
probability of a major hurricane striking at any particular site is much lower and on the order of
once every ten to twelve years (Simpson and Lawrence, 1971). The climate and geographic i
setting of Laguna Madre ensures that it has been influenced by several hundred hurricanes ever
since it was formed. Attempts to explain recent changes in the distribution of seagrasses in
Laguna Madre in terms of recent hurricanes should consider that these storms and their attendant
rainfall and currents have been operating in Laguna Madre throughout its long history. Thus they
probably are not the primary cause of change unless the adverse stresses imposed by the storms
are coupled with prior conditions that weakened or otherwise exceeded threshold values of some
factor (water quality, water depth) that controls the vitality of the seagrasses.

Relative Sea Level Changes

- Changes in the land-sea relationship at the coast can be caused by movement of the water
level with respect to the land, movement of the land surface with respect to the water level, or
both. At present, the best scientific evidence indicates that both processes are acting together to
produce a relative rise in sea level along the Texas coast (Swanson and Thurlow, 1973; Lyles et
al., 1988). Historical records at Texas tide gauges since the turn of the century all show the same
general variations in sea level that coincide with droughts and periods of abnormally high rainfall
(fig. 3). The tide gauge records also show a relative rise in sea level that currently averages from
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Figure 3. Temporal variations in annual average sea-level at A. Rockport and B. Port Isabel for
selected decadal periods. Data from the National Oceanic and Atmospheric Administration
National Ocean Service.
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3..‘7 mm/yr at Port Isabel to 4.3 mm/yr at Rockport (Gill et al., 1995). The rate of relative sea
level rise in Laguna Madre is about three times as fast as the worldwide eustatic rise in sea level,
which averages about 1.2 mm/yr (Gornitz and Lebedeff, 1987).

When examined for temporal trends, the tide gauge at Port Isabel reveals significant
increases in water level beginning in the early 1960s (fig. 3). This trend may be partly related to
increased surface water discharge associated with irrigation return flows in the lower Rio Grande
valley and to greater rainfall associated with a minor climate change (Quammen and Onuf,
1993). But not all of the increase in relative sea level is a local phenomenon as demonstrated by
the high correlation of secular sea level variations observed at all the tide gauges along the Texas
coast (Lyles et al., 1988). ‘

There are no long-term tide gauge records between Port Isabel and Rockport that can be
used to determine the recent rate of relative sea level rise in the central part of Laguna Madre.
For this study it was assumed that the rate of relative sea level rise at the Port Isabel gauge
(3.7 mm/yr or about 0.37 m per century) is a reasonable estimate for other parts of Laguna
Madre because the Port Isabel and Rockport gauges both show the same secular variations and
‘long-term, statistically valid trends of relative sea level rise. The rate of relative sea level rise in
Laguna Madre is probably no less than the rate at Port Isabel because the tide gauge at Port
Isabel records the lowest rate of relative sea level rise for the entire Texas coast (Swanson and
Thurlow, 1973; Lyles et al., 1988). -

The different rates of relative sea level rise at different locations along the Texas coast are
poorly understood. Most of the relative rise in sea level is actually subsidence of the land surface
(Swanson and Thurlow, 1973; Paine, 1993) caused by compaction of sediments within the Gulf
Coast Basin. The higher rates of relative sea-level rise measured, for example at the Galveston
tide gauge, are attributed to local land-surface subsidence induced by ground-water withdrawal
and oil and gas production. The lower rates of relative sea-level rise along the southern part of
the Texas coast including Laguna Madre are probably attributable to the lower rates of ground-
water withdrawal and the production of gas instead of oil and formation water from the deeper
subsurface. '

SEMIQUANTITATIVE ANALYSIS OF REGIONAL SEDIMENT BUDGET

Morphological Setting

Laguna Madre generally has an asymmetrical cross section that is characterized by broad
smooth flats on the east side that gradually slope toward the lagoon center, and moderately steep
and irregular slopes along the west side. This asymmetry is predominantly the result of
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deposition of sediments from the Gulf of Mexico on the east side and erosion of preexisting
sediments on the west side. The lagoon is an efficient sediment trap that receives externally
derived sediment primarily from onshore eolian transport, storm washover, flood tidal currents,
and fluvial (upland) runoff. Sediments generated entirely within the lagoon are products of
chemical and biochemical processes. These authigenic sediments include shell detritus and
evaporite deposits, primarily gypsum and some carbonates. Also important in the regional
sediment budget is the redistribution of sediment within the lagoon. The internal transfers are
related to lagoon margin erosion and resuspension of lagoon floor sediments by waves and
strong currents.

The morphologies of Padre Island and the adjacent lagoon reflect the predominant surficial
processes and the interaction among wind, waves, and currents. Topographic maps and aerial
photographs show essentially four different backbarrier-lagoon morphologies that are related to
the width of the wind-tidal flats. From Packery Channel to Baffin Bay, the wind-tidal flats are
either very narrow or absent, and the lagoon limit of the backisland dune fields and the high
water feature are essentially the same (fig. 2a). From Baffin Bay to the Hole, the backbarrier
dune complex is relatively stable, the wind-tidal flats are moderately wide, and the high-water
features coincide with the lagoon edge of the vegetated dunes (fig. 2b).

The backbarrier morphology from the Hole to the Arroyo Colorado is significantly different
because the dune fields are presently active and the wind-tidal flats are extremely wide (fig. 2c).
The backbarrier to lagoon transition includes three zones that are products of the dominant
surficial processes and the duration of inundation by marine waters. The first zone encompasses
the active dunes with high angle oblique orientations to the Gulf shoreline. These dunes are
rarely inundated by marine water although they commonly pond fresh water and the ground
water level is raised after heavy rainfall. The lagoonward limit of the active dunes is irregular
and the dune complex passes in transition into a broad zone of wind-tidal flat that either has no
distinct bedforms or low-relief interference patterns that represent the reworking of remnant
eolian bedforms by unidirectional currents under high water conditions in the lagoon. The
interference patterns observed on aerial photographs indicate that sediments reworked by the
currents in the wind-tidal flat transition zone are transported to the north. The wind-tidal flat
transition zone, which is the second of the three zones, is inundated by marine water more
frequently and for longer periods than the complex of active dunes, but less frequently and for
less time than the third zone, which is a continuation of the wind-tidal flats. The most
lagoonward portion of the flats are at a slightly lower elevation than the transition zone, and it is
covered by bands of lagoon parallel features either without any discernible bedforms or with
bedforms showing interference patterns. The bands of lagoon parallel features, including dense
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algal mats, represent frequent flooding at different water levels by marine water from the open
lagoon.

On South Padre Island from the Arroyo Colorado to Brazos Santiago Pass, the wind-tidal
flats merge with washover fans (fig. 2d) and the entire barrier island becomes much narrower to
the south. The elevation gradient is relatively steep on South Padre, consequently the transition
from active dunes to the wind-tidal flats is better defined than to the north. Also the wind-tidal
flat zone of lagoon-parallel features including dense algal mats is narrow. Subaqueous reworking
of sand along the lagoon margin of the wind-tidal flats is also apparent in the vicinity of the
Town of South Padre Island (Morton, 1978; 1979).

Sediment Sources and Sinks

This phase of the investigation (1) examined the primary sources of sediments delivered to
Laguna Madre on geological and historical time scales, (2) delineated the geographic zones
where certain physical processes and sediment types predominate (fig. 4), and (3) developed a
quantitative ranking of the primary sediment sources (Table 1). Potential sources of sediment
were evaluated from available data on upland erosion, sediment yield, and freshwater inflow
(Greiner, 1982; International Boundary Water Commission; Texas Department of Water
Resources, 1983). Also we evaluated data pertaining to changes in land use (Texas Water
Development Board, 1991), changes in upland runoff (land clearing, artificial drainage
networks), droughts (dune migration), and hurricanes (washover) that could influence the
volume and rate of sediment transported into Laguna Madre. .

Results of other field studies indicate that sediment influx by eolian and washover processes
is highly variable in time and space. Major hurricanes crossing shallow water can deposit and
redistribute large volumes of sediment in a few hours (Morton, 1978; 1979). Active dunes
migrating across Padre Island can also supply large volumes of sediment to the lagoon in several
years (Hunter et al., 1972; White et al., 1978; Morton and McGowen, 1980; Kocurek et al.,
1992). However, much of the time these processes are either inactive or operate at much lower

rates.

Eolian Sediment Supply

The wind is a highly efficient sorter and transporter of sediment and it has been responsible
for supplying large volumes of sediment to Laguna Madre on both geological and historical time
scales. As a general rule, wind selectively transports grains of sand-size material by saltation
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Table 1. Estimated average annual sediment volumes delivered to Laguna Madre by
primary physical and biochemical processes and comparison of calculated sedimentation
rate with rate of relative sea level rise at Rockport and Port Isabel.

Source

Est. Volume m3/yr

Est. Vol. in GIWW m3/yr

Upland Runoff

Northern Laguna Madre 24,200 2,400
Southern Laguna Madre 30,000 4,200
Eolian Transport
North Padre Dune Field 254,200 6,600
South Padre Dune Field 175,000 2,150
Tidal Currents
Yarborough Pass 0 0
Mansfield Channel 168,000 3,100
Brazos Santiago Pass 215,000 25,800
Boca Chica Pass 0 0
Storm Washover
North Padre Island 1,200 insignificant
South Padre Island 78,600 insignificant
Shore Erosion 23,400 insignificant
Subtotal 969,600 44,320
Authigenic Sediments* 38,800 0
Ave. Annual Sediment Supply 1,008,400 44,320
Ave. Annual Dredging Not Applicable 1,659,429

* Authigenic sediments were estimated as 4% of the subtotal

Attribute/Process Northern Laguna Southern Laguna
Area 310 km2 700 km2
Sediment Budget 291,300 m3/yr 295,300 m3/yr
Relative Sea Level Rise 3.68 mm/yr 3.03 mm/yr
Sedimentation Rate 0.94 mm/yr 0.42 mm/yr

13




Match line

o | .

: /

= S/ Laguna Madre

S o :

© /

5| W _
e | et

0 4 mi
—_t
0 6 km

Corpus
Christi

Encinal
Peninsula

Match line a

4

B- =
Eolian

Washover

Erosion

QAb9019(b)c

Figure 4. Primary sources of sediment delivered to Laguna Madre and the regions where sediment

transport by a particular process is most active.

16



Match line a

I

9 4 mi
—
2 6 km

Laguna

Laguna Atascosa National

Wildlife Refuge

Fluvial
Penascal?"\  Baffin
Rincon Bay

[
&
£
(3]
o
=
Fluvial  Fluvial
\&JOC
Arroyo i
Colorado e

o
(]
=
£
[*]
]
=

Padre-lsland

Figure 4. (cont.)

17

Eolian
% Washover

Erosion

QAbS019(a)c



along the ground and silt and clay-size material by suspension within the air column. These two
different processes were used to subdivide the eolian transport, which is the largest component of
the sediment budget estimate (Table 1). These same processes also were used by Ward
(Appendix C) to estimate the average annual volume of sand and dust deposited in Laguna
Madre by eolian activity.

Saltation Transport

Dunes - Simple sand dune patterns generally are constructed either perpendicular
(transverse dunes) or parallel (longitudinal dunes) to the wind direction. However, most of the
dunes on Padre Island are oblique dunes that exhibit characteristics of both transverse and
longitudinal morphologies. The fields of migrating oblique dunes on North and South Padre
Islands have been the subject of several investigations (Boker, 1956; Hunter et al., 1972; Price,
1971; Weiner, 1982; Hummel and Kocurek, 1984; Kocurek et al., 1992). The grain sizes
reported for dune sand indicate that transport is primarily by saltation and not by suspension.

- Most of these studies focused on the various types of internal stratification observed in the dunes,
and the modifications to dune morphology caused by seasonal reversals in wind direction and
alternating periods of high and low rainfall. N

Rates of dune migration on North Padre Island near South Bird Island have been measured
by several workers. Price (1971) reported rates of dune migration on the northern end of Padre
Island ranging from 9 to 25 m/yr during dry periods with a noticeable reduction in area of active
dunes in the late 1960s related to higher rainfall and growth of stabilizing grasses. Hunter et al.
(1972) mapped backisland dune migration near the shore of Laguna Madre south of South Bird
Island at about 11 m/yr between 1948 and 1968, and Hummel and Kocurek (1984) documented a
similar rate of 15 m/yr for the period between 1950 and 1980. Farther to the south in the Green
Hill Basin area of northern Laguna Madre, Lohse estimated that the rate of advancement of
backisland dunes was about 43 m/yr during the extreme drought period of 1952-1959
(Lockwood, Andrews, and Newnam, 1959). All the historical data indicate that rates of eolian
sediment transport are highly variable and depend largely on the period and location of the
observations.

- The volume of sand recently transported into Laguna Madre by migration of large dunes
can be estimated by comparing lagoon shoreline positions mapped on aerial photographs. This
time series analysis also reveals that the rate of eolian sediment supply is not constant. For
example, ‘sequential shoreline positions from 1948 to 1974 show progressive advancement into
Laguna Madre near PA 187, but aerial photographs in 1985 and 1992 show subsequent
reworking of the lagoon margin sand and retreat of the shore. From 1948 to 1974, the lagoon

18



shore advanced an average distance of 367 m and then retreated an average of 50 m between
1974 and 1992. Dune migration in the same area in recent years has been negligible because
backbarrier dune fields are covered with dense vegetation. The entire 50 year period (1948-1998)
was used to calculate the rate of deposition to avoid biasing the estimate with high rates from
drought-dominated periods and overestimating the traction contribution. Assuming that the time-
averaged supply of sand was uniform along the 30 km of shore and that the average depth of fill
was 0.5 m, then the average rate of eolian sediment supplied by traction in northern Laguna
Madre is about 110,000 m3/yr. This is about half of the total volume of eolian sediment
estimated by Ward (Appendix C) to be deposited in northern Laguna Madre (Table 1).

During periods of dune advancement, sand migrated over and buried seagrasses along the
lagoon margin but did not reach placement area 187 or the GIWW because the westward
transport stops once the sand reaches the open water of Laguna Madre. Field observations and
aerial photographs indicate that eolian sand deposition by dune migration and reworking is
restricted to a zone about 150 m wide near the low-water shore of the lagoon.

Wind-tidal flats - Where they are present, the wind-tidal flats of Padre Island play an
important role in the storage and transfer of sand from the dunes to the lagoon. When the flats
are dry, the wind entrains grains of sand, shell, and small particles of mud that are about the size
of sand grains. The eroded sediments are transported westward by the predominant southeasterly
wind and are either relocated on the flats or transferred into the lagoon depending on the speed
and duration of the wind. Wind erosion typically lowers the land surface until the moisture of the
sediments prevents further erosion. Thus the elevation of the flats is controlled by the height of
the water table. It is through this deflation process that the broad almost featureless flat surfaces
are maintained even as additional sediments are added to the flats.

The width of the wind-tidal flats along the western margin of Padre Island and their
relationship to the open waters of Laguna Madre are closely related to the stability of the island
and sediment supply over geological time. The flats are widest where the island has been
relatively stable for several thousand years and where there is an abundant onshore transport of
sand (Fisk, 1959). However, flats are narrow along South Padre Island, where the barrier is
migrating landward and the sediment supply from the Gulf of Mexico is relatively low. Most of
the eolian transported sand is consumed in construction of a washover/wind-tidal flat complex,
which forms a platform and serves as a base for eolian transport. The platform elevations are
slightly above the long-term average water level in Laguna Madre and the sand in the flats
remains saturated or damp much of the time. The flats aggrade vertically at times of higher water
level and deflate to lower elevations at times when water levels are lower and the flat surfaces
are dry.
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How long the dune fields on Padre Island have been active is uncertain, but it is clear that
the dune fields along the lagoon margin north of Baffin Bay are a relatively recent addition to the
coastal landscape. As illustrated by Hunter et al. (1972), the 1880s topographic maps prepared by
the U.S. Coast Survey show that the backisland areas were vegetated and low-lying with distinct
small-scale topography including narrow beaches and irregular embayments. Today those same
backbarrier areas exhibit a hummocky topography characterized by formerly active dunes that
buried the small beaches and embayments. “

It is difficult to assess the traction load eolian contribution in central and southern Laguna
Madre because the backbarrier geomoxphology is different from that in northern Laguna Madre.
In central Laguna Madre the wind-tidal flats are broad and the transition from wind-tidal flat to
open lagoon is gradational because the gradient of the surface is extremely low (fig. 2c). There is
ample evidence that the eolian contribution at present is low. For example, there are no active
dunes near the open-water lagoon, the shore parallel bands of algal mats are persistent, there is a
pronounced increase in mud toward the \open water lagoon, and there is no subaqueous evidence
of reworked dune sand along the low-water shore like there is in northern Laguna Madre.
Furthermore, comparison of positions of the low-water shoreline in the vicinity of Los Bancos de
en Medio sﬁggests that between 1960 and 1975, the low-water shore retreated (McGowen et al.,
1977) rather than advanced, as would be expected if eolian supply to the lagoon was significant.
In southern Laguna Madre, the dominant processes supplying sediment to the wind-tidal flats are
storm washover and wind. Because it is difficult to assign accurate volumes to each of these
processes, the sediment budget analysis will assume that the washover process is predominant
(Table 1), even though a substantial portion of the washover sand is reworked dune sediments.

1l

Suspension Transport

Unlike migrating sand dunes, which can be mapped and quantified, large volumes of silt
and clay can be transported by wind without any readily identifiable morphological features. In
order to evaluate this contribution to the sediment budget Ward (Appendix C): (1) analyzed the.
climatology of wind velocity and wind stress, based on National Weather Service first-order data
stations, and short- period records from anemometers on Padre Island (Hsu, 1973), and
(2) evaluated transport competency of the wind stress, based on studies of mobilization of
particles as a function of applied stress, grain-size distribution, and turbulent structure of the
atmospheric boundary layer. Results of this effort provide insight into the winnowing of finer
~ particles from the nearshore and dune fields, long-term variation and seasonality of wind
cﬁmatology, and probable inland distances of fine-grain sediment transport.
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The eolian contribution by aerosols can be indirectly evaluated by examining the silt/clay
content in the lagoon sediments. Where dunes historically have been active along northern
Laguna Madre near South Bird Island, textural analyses (White et al., 1983) show that most
lagoonal sediments consist of sand and only a few samples contain more than 15% of the finer
fractions. This low percent of silt and clay coupled with the recent history of dune migration
suggests that air borne particulates are not inordinately large contributors to the sediment budget
of northern Laguna Madre.

Tidal Inlets

- Recent History of Tidally Influenced Channels

The oldest reliable maps and geological analyses of Laguna Madre indicate that only two
“permanent” tidal inlets were active after Padre Island became a continuous barrier island several
thousand years ago. A narrow and relatively unstable inlet in the Corpus Christi Pass-Newport
Pass-Packery Channel area of northern Laguna Madre served as the principal inlet/drain system
for Nueces and Corpus Christi Bays. Brazos Santiago Pass apparently has been a stable inlet
connecting southern Laguna Madre with the Gulf of Mexico as South Padre Island has migrated
landward. Both of these inlets were in extreme northern and southern locations relative to
Laguna Madre and the Kenedy County wind-tidal flats that separated the two water bodies. As
South Padre Island migrated landward and the delta plain of the Rio Grande subsided, a minor
shallow inlet formed at Boca Chica that occupied a former mouth of the Rio Grande. This
ephemeral inlet, which allowed water exchange between the Gulf and South Bay, was last open
in about 1910 and has not played an important role in the recent sediment budget of southern
Laguna Madre or the Gulf Intracoastal Waterway.

Corpus Christi Pass-Newport Pass-Packery Channel

The natural tidal inlet located at the juncture between Corpus Christi Bay and northern
Laguna Madre (fig. 1) historically has occupied several positions, and therefore has had several
different names including Corpus Christi Pass, Newport Pass, and Packery Channel. These three
identifiable inlet locations are within a 6.4 km segment of barrier separating Mustang and north
Padre Islands. The inlet was long, narrow, and relatively shallow (less than 3.5 m), and it
migrated to the southwest under the influence of net littoral drift (Morton and McGowen, 1980).
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Packery Channel, the last acti_ve tidal channel in the area, closed in 1929 as a result of the -
engineering modifications at Aransas Pass (Collier and Hedgpeth, 1950; Price, 1952) that |
diverted the flow into the Ship Channel and out the jetties at Port Aransas. Several attempts to
reopen Corpus Christi Pass beginning in 1939 were unsuccessful because shoaling of the channel
was rapid (Lockwood and Carothers, 1967). The three former passes remain as low, unvegetated
areas that are active washovers during major storms. The washover channels are reactivated for
brief periods follo‘wing intense hurricanes such as Beulah and Allen, but they close at their Gulf

entrances in a short period.

Brazos Santiago Pass

Brazos Santiago Pass is a natural inlet located at the southern extremity of South Padre
Island (fig. 5) that allows tidal exchange between the Gulf of Mexico and Laguna Madre. Itis a
flood-dominated inlet because freshwater inflow into the lagoon is negligible, evaporation
exceeds precipitation, and wind-blown currents commonly flow northward, away from the inlet.
Peak tidal currents in the inlet of 140 cm/s were recorded by the Texas Water Development
Board (Ruben Solis, personal communication, 1998). :

Before it was enlarged and jettied for a deep-draft navigation channel, Brazos Santiago Pass
displayed a morphology and dimensions typical of a microtidal inlet. Bars of the ebb delta
formed a moderately large shoal with northward asymmetry that extended approximately 1 km
into the Gulf and to water depths of about 8 m (fig. 5). The inlet throat was about 10 m deep and
incised about 4.5 m into the underlying Holocene Rio Grande delta. According to historical
records, the inlet was relatively stable and probably did not migrate as a result of stiff muddy
substrates. Both ebb and flood deltas were composed of well-sorted sand containing some shell.

The narrow channel forming the inlet throat bifurcated and became indistinct near the crest
of the ebb delta. Multiple tidal channels of the flood delta, which were oriented at high angles to
the inlet throat, served both as drains for ebb tides and conveyances for flood tides. Bases and
sides of these secondary channels were contained entirely within the unconsolidated sand
deposits of the flood delta (fig. 5). South of the inlet the flood tidal delta was entirely submerged
and poorly developed partly because the tidal prism of South Bay was small, but more
importantly because rapid transgression of the barrier prevented formation of subaerial flats.

Before the Gulf Intracoastal Waterway and Mansfield Channel were constructed, currents in
Laguria Madre flowed northward in the summer as a result of high evaporation rates (Breuer,
1962). The high evaporation rates and lack of substantial freshwater inflow to southern Laguna
Madre indicates that Brazos Santiago Pass was flood dominated much of the year when winds
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Figure 5. Channels and shoals associated with ebb and flood tidal deltas at Brazos Santiago Pass
before inlet modifications. Interpreted from data of the U.S. Army Corps of Engineers, 1919.

23



were from the southeast and temperatures were high. After the Gulf Intracoastal Waterway and
Mansfield Channel were constructed, large-scale circulation patterns developed between
northern and southern Laguna Madre and between Brazos Santiago Pass and Mansfield Channel
within southern Laguna Madre (Breuer, 1962).

Brazos Santiago Pass has undergone an extensive history of modifications by the Federal
government beginning in 1881. At that time a south jetty was constructed of brush mattresses
weighted down by clay bricks (U.S. Army Corps of Engineers, 1881). After this work was
destroyed by a storm, attempts were made to maintain a navigable channel across the bar and
Laguna Madre by dredging, but these attempts were largely unsuccessful because shoaling rates
were high. Stone dikes 430 and 580 m long were constructed in 1927 and 1928 on each side of
the inlet, but they also failed. Construction on the present jetties was completed in 1935 at which
tfme the channel was also deepened to 7 m (U.S. Army Corps of Engineers, 1936). Slibsequent v
- modifications have included repeated deepening and widening of the entrance channel through
the inlet and the Brownsville Ship Channel across Laguna Madre.

Dredging records are incomplete for the first 65 years of channel modifications at Brazos
Santiago Pass. Nevertheless, records since 1947 are adequate for estimating the volume of
sediment that enters Laguna Madre through the Gulf entrance (fig. 6). Initial post-construction
shoaling rates for Brazos Santiago Pass were estimated to be about 270,000 m3/yr on the basis of
dredging records between 1936 and 1957 (Lockwood, Andrews, and Newnam, 1959). A longéf ,
record of dredging (1947-1996) indicates that the average annual rate of sediment deposition
from the jetties to Long Island (299,000 m3/yr) has remained about the same. Of this total, about
215,000 m3/yr is deposited in the Laguna Madre portion of the channel (Table 1). During this
same 49-year period, about 1,261,425 m3 of sediment were dredged from the GIWW segment of
the Ship Channel (fig. 6). Assuming that all of that material was tidal sediment (not locally
reworked) then the average annual tidal contribution at Brazos Santiago Pass to the GIWW is
about 25, 800 m3 (Table 1).

The sands and silts deposited in the Brownsville Ship Channel across Laguna Madre are
transported landward primarily by tidal currents. The eolian contribution to channel shoaling in
Laguna Madre near Brazos Santiago Pass is minor because the adjacent barrier island is narrow
and dune fields are not well developed.

Mansfield Ship Channel

Mansfield Channel is an artificial navigation channel that was dredged to encourage
economic development and marine transportation at Port Mansfield. The channel was originally
dredged through Padre Island in 1957 by the Willacy County Navigation District (Hansen,
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1960). The original channel was 30 m wide and 3 m deep across Laguna Madre increasing to

75 m wide and 5 m deep through Padre Island and into the Gulf. Experimental tetrapod jetties
were constructed, the north jetty extending about 490 m into the Gulf and the south jetty
extending about 270 m from the shoreline at that time (Hansen, 1960). Shortly after its initial
construction the channel shoaled and the jetties deteriorated rendering the channel unfit for
navigation. In 1959 Congress authorized improvement of Mansfield Channel as a Federal project
that extended the jetties to 700 m and deepened the channel. This work was completed in 1962
(Hansen, 1960). ‘

Shortly after Mansfield Channel was reopened, tidal data were collected for approximately
two years at six locations between the GIWW and the Gulf entrance of the channel (Hansen,
1960; Kieslich, 1977). The tide gauge records showed that (1) the normal tide range in Laguna
Madre is very low (3 to 9 cm), (2) water levels were generally higher in Laguna Madre than in
the Gulf of Mexico, and (3) more water flowed from Laguna Madre into the Gulf than in the
opposite direction (Hansen, 1960; Kieslich, 1977). The predominance of ebb flow out of Laguna
Madre under the influence of southeasterly winds (Kieslich, 1977) clearly demonstrates that
Mansfield Channel provides an escape route for water in Laguna Madre that would have flowed
northward before the Channel was opened. This is clearly indicated by the discrepancy between
ebb flow and flood flow one week after the channel was reopened in May 1962. At that time the
volume of water ebbing out of Laguna Madre was nearly seven times the volume flooding in )
from the Gulf of Mexico (Kieslich, 1977). This exceptionally high ebb flow immediately after
reopening the Channel indicates that the Channel acts as an effective drain and that transport of
sediment far into Laguna Madre from the Gulf of Mexico is not likely except under unusual
conditions. .

At present, the navigation channel through Padre Island and the jetties is 75 m wide and 5 m
deep. These dimensions constitute a moderate cross-sectional area that permits the flow of
moderate volumes of sediment laden water into and out of Laguna Madre. The volume of
sediment transported landward into the channel through the jetties can be estimated from the
dredging records available from the Galveston District Corps of Engineers. A plot of the
cumulative volume of material dredged from the channel since 1962 (fig. 7) shows a strongly
bimodal distribution with the largest volume of sediment being dredged from the segment that
coincides with Padre Island; the secondary peak reflects shoaling at the intersection of the ship
channel with the GIWW. Since the channel to Port Mansfield became a Federal project,
maintenance dredging has removed about 5,200,000 m3 from the channel entrance between
stations 0+000 and 8+000. During the 31-year period of record, sand has been transported into
the channel at an average annual rate of about 168,000 m3/yr (Table 1).
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Most of the sediment dredged from the channel to Port Mansfield, which is primarily beach
quality sand, has been transported and deposited by tidal currents. Some of the sand and silt may
have been delivered by wind, especially during the 1960s and early 1970s when the dunes and
mounds of dredged material lining the southern side of the channel were largely unvegetated.
However in more recent years as a result of abundant rainfall, the dunes and dredged material are
densely vegetated and the only bare sand available for easy transport into the channel is on the
beach at the south jetty. | . -

The along-channel distribution of material dredged from Mansfield Channel (fig. 6)
suggests that only a minor volume of sediment entering the channel from the Gulf is transported
farther landward than the lagoon margin of Padre Island. The channel segment between Padre B
Island and the GIWW is not likely to be a bypass zone for suspended sediments trahsported by
tidal currents. Therefore, shoaling at the intersection of the ship channel and the GIWW is |
probably from the deposition of sediment derived from within the lagoon and not sediments
directly transported from the Gulf. The maximum direct deposition of 95,500 m3 in the GIWW
during the 31 year history (fig. 7) averages about 3,100 m3/yr (Table 1).

Yarborough Pass

There were at least five attempts by the Texas Fish and Game Commission to dredge a
channel across Padre Island at a location known as Yarborough Pass or Murdoch’s Landing Pass
(Gunter, 1945; Collier and Hedgpeth, 1950). The Texas Legislature authorized the project about
1931 (Bailey, 1933) for the purpose of improving water circulation in Laguna Madre. The inlet
and channel were designed to intersect Laguna Madre north of Middle Ground shoal where the
barrier island and adjacent wind-tidal flats are relatively narrow and slightly deeper water of the
lagoon is closest to the Gulf of Mexico. »

Initial dredging of Yarborough Pass began in December 1940 and was completed in April
1941, but the Gulf entrance remained open only for 5 months before it was closed by littoral
processes (Breuer, 1957). Additional attempts were made to open the pass in November 1942,
May 1944, November 1944, and February 1952. After the last attempt to establish tidal exchange
between Laguna Madre and the Gulf of Mexico, the channel entrance shoaled ih about three
weeks (Breuer, 1957). Eventually the foreisland dunes were reestablished naturally in the
vicinity of the abandoned pass and now the beach-dune zone is essentially the same as conditions
that existed prior to dredging.

Although no sediment budget data were cpliected during the brief period that Yarborough
Pass was open, it is apparent that no significant volumes of sediment were transported far into
Laguna Madre through the channel. Channel shoaling was always at the beach entrance, which
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closed rapidly, preventing lagoonward transport by tidal currents. Large migrating eolian dunes
eventually closed most of the channel where it crossed Padre Island, and a short segment of the
channel at the lagoon shore has been kept open by dredging to support oil field activities on the
barrier island.

Storm Washover

Sediments transported into Laguna Madre by barrier washover during storms are spatially
restricted to the lagoon margins of Padre Island and those segments of the barrier that are narrow
and where washover channels breach the dune ridge. Sediment washover into Laguna Madre
(fig. 4) is concentrated along South Padre Island between La Punta Larga and Brazos Santiago
Pass, where the barrier island is migrating landward (Brown et al., 1974; Morton, 1978).
Therefore the most significant contribution of washover to the sediment budget during recent
storms, such as Hurricanes Beulah (1967), Anita (1977), Allen (1980), and Gilbert (1988), is in
southern Laguna Madre. Washover channels that breach the dunes are also present along central
Padre Island extending from just south of The Hole (northern Laguna Madre) and Big Shell
Beach to south of Mansfield Channel in the vicinity of La Punta Larga. However, post-storm
photographs clearly show that along this barrier segment washover sediments are deposited as
fans in interdune storm runways (Hayes, 1967) or on the broad wind-tidal flats that form the
eastern margin of the lagoon. These washover fans do not extend entirely across the island to the
open waters of the lagoon as they do farther to the south.

The semiarid climate as well as rapid migration and frequent inundation of South Padre
Island prevent a vegetated barrier flat from forming. Hence, the predominant morphological
characteristic is the alternation of dune clusters and washover channels in a shore-parallel
direction. At least 60 washover channels were opened during back-to-back hurricanes in 1933
and an equal number were reported following Hurricanes Beulah and Allen (U.S. Army Corps of
Engineers, 1981). The closely spaced washover channels are frequently occupied by high-
velocity currents flowing across the island. Large storm channels scour deep axial troughs
midway between the Gulf and Laguna Madre as a result of phase differences in storm surge and
flow constriction between clusters of dunes.

Large sand waves oriented perpendicular to the barrier trend form the outer fringes of
washover fans where they terminate in Laguna Madre (Morton, 1979). The transverse bedforms
have wavelengths from 50 to 85 m and amplitudes less than 0.5 m. Their down-current
asymmetry and convex curvature indicate preferential development and slightly higher rates of
downcurrent migration at intermediate water depths. These sand waves represent redistribution
of distal washover fans by northward flowing wind-driven currents. Conditions are optimum for
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their formation just after hurricane landfall when winds change direction and the flats are still
flooded. Apparently their development is limited to broad, barren sand flats on the barrier
platform where shallow water depths and high wind stress promote sediment transport parallel to
the barrier axis (Morton, 1979).

An approximate volume of sand transported into Laguna Madre by storm washover can be
calculated by examining the rates of backbarrier progradation on North Padre Island in the
vicinity of Packery Channel and on South Padre Island north of the developed area.

North Padre Island

Since the closing of Packery Channel in 1929, the low, barren sand flats of the Corpus
Christi Pass-Newport Pass-Packery Channel area have functioned as a zone of washover between
the Gulf and extreme northern Laguna Madre. Sequential shoreline positions of Laguna Madre
mapped from aerial photographs in 1967 and 1982 show general migration of the shore as a
result of washover associated with Hurricane Allen in 1980. The zone of backbarrier migration
ranged in width from 30 to 300 m, and averaged 145 m wide along the 400 m of shore that fronts
the washover area (fig. 4). Assuming that the average thickness of the deposit, which is equal to
the depth of shoaling, is about 0.3 m across the zone of washover, the total volume of sand
deposited along the backbarrier margin of North Padre Island is about 17,520 m3. This works out
to be an average rate of about 1,200 m3/yr (Table 1) for the 15 year period. The GIWW is within
2 km of the zone of washover deposition but the high mounds of dredged material between the
washover and GIWW effectively block any direct transport into the navigation channel.
Therefore the minor average annual volume of washover sand transported into Laguna Madre is
not a significant contributor to shoaling in the GIWW.

South Padre Island

Backbarrier shoreline positions of South Padre Island mapped on aerial photographs span
the 14 year period from 1955 to 1969, which includes a major washover and depositional event
associated with Hurricane Beulah in 1967. The zone of backbarrier migration ranged in width
from 60 to 480 m, and averaged 247 m along the 14.6 km length of shore that is significantly
influenced by storm washover (fig. 4). Dunes are also active along this same segment of beach,
so a minor amount of the backbarrier migration may be attributed to eolian deposition, but post-
Beulah aerial photographs indicate that any eolian contribution is minor compared to the
washover event. Assuming that the average thickness of the deposit, which is equal to the depth
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of shoaling, is about 0.3 m across the zone of washover, the total volume of sand deposited along
the backbarrier margin of South Padre Island is about 1,100,800 m3. This works out to be an
average rate of about 78,600 m3/yr (Table 1) for the 14 year period.

This volume is a reasonable number for a major hurricane of historical record, but it may
overestimate long-term average annual rates of sediment transported into Laguna Madre by
washover processes. Along the Gulf shore of South Padre Island where washover channels are
predominant, long-term average annual retreat rates are about 3 to 4 m/yr (Morton and Pieper,
1975), which is substantially less than the average backbarrier migration rate of 17 m/yr. South
Padre Island is a migrating, or transgressive barrier island, and it is not likely that it is growing
wider as a result of washover. Therefore the long-term average volume of sand delivered to
Laguna Madre by washover is probably less than the value derived from the shoreline changes
between 1955 and 1969. Even though the volume of sand entering Laguna Madre as a result of
washover is measurable, the volume of externally derived sediment deposited in the GIWW by
washover is probably negligible (Table 1) because the zone of greatest deposition is more than
4.5 km seaward of the GTWW.

Upland Runoff

During and after heavy rains in south Texas, water drains into Laguna Madre from higher
elevations transporting some sediment, mainly in suspension, that was eroded from upland areas.
The lack of a well integrated network of streams on the upland surface between Corpus Christi
Bay and the Rio Grande demonstrates that upland runoff is significant only in two areas; the
Baffin Bay drainage of northern Laguna Madre and the Arroyo Colorado and North Floodway
drainage of southern Laguna Madre. Between Baffin Bay and the Arroyo Colorado, the coastal
plain is covered by a thick sand sheet that has been molded by eolian processes. This sand sheet
has internal drainage and no surface expression of an organized drainage system. Furthermore,
the predominant sediment transport directions are landward and away from Laguna Madre not
toward it (dune migration is onshore), so the Kenedy Ranch is not a source area of significant
sediment delivery to Laguna Madre.

Greiner (1982) used the universal soil loss equation (USLE) to estimate gross erosion and
average annual sediment yields at various points within drainage basins along the Texas coast
including those bordering Laguna Madre. Greiner (1982) divided the upland area between
Corpus Christi Bay and the Rio Grande into five subbasins and calculated the average annual
erosion caused by particle detachment and overland flow at a point for each subbasin. This value
was then applied to the area within the subbasin to estimate the average annual sediment
delivered to Laguna Madre (Table 2).
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Table 2. Estimated average annual sediment volume delivered to Baffin Bay, the Arroyo
Colorado, and the margins of Laguna Madre by surface runoff. Sediment yield data and
drainage areas from Greiner (1982).

Subbasin
Code

258
259
260
262
263
Total

Area
acres

74,573
850,387
1,289,178
1,989,706
1,576,057

Sediment
Yield tons/ac  Rate tons/yr

0.10 7,457
0.15 127,558
0.18 232,052
0.07 139,279
0.38 598,902

1,105,248

* Converted using 0.566 m3/ton

Sediment
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Sediment*
Rate m3/yr

4,218
72,163
131,278
78,794
338,816
625,270

Geographic
Region

Pita Island to Baffin Bay
Northern Baffin Bay
Southern Baffin Bay

Baffin Bay to Pt. Mansfield
Pt. Mansfield to Rio Grande



Baffin Bay Drainage System

Baffin Bay is the head of a former minor incised valley that was excavated during the
falling phases and lowstands in sea level associated with Wisconsin glaciation; the valley was
later partly filled during the rising phase (Holocene transgression) and highstand in sea level
(Behrens, 1963; Brown et al., 1977). The primary tributaries to Baffin Bay (Olmos Creek, Tunas
Creek, San Fernando Creek) are headwardly eroding streams that drain the surrounding upland,
which is composed of Pleistocene muds and sands that were deposited by deltas and rivers
during a pre-Wisconsin highstand in sea level. The creeks that empty into Baffin Bay are
ephemeral, and their combined discharges are the least of any bay along the Texas coast (Texas
Department of Water Resources, 1983). Normally they are dry or have minor flows after rain,
but they delivered more than 123,300,000 m3 of water as a result of the flooding associated with
Hurricane Beulah in 1967 (Grozier et al., 1968).

The ephemeral streams transport minor volumes of sediment into Baffin Bay. However, the
lack of well developed marshes or historical progradation of the mud and sand flats near the
mouths of the streams is clear physical evidence that sediment transport is insignificant (Texas
Department of Water Resources, 1983). Sediment deposited in Baffin Bay is composed of more
than 90% silt and clay (White et al., 1989). These fine-grained muddy sediments decrease in
grain size toward the bay center, where water depths are greater than 2 m. Most of the sediment
load that is delivered to Baffin Bay by the creeks or is eroded by waves from the surrounding
bluffs and other shores is deposited in the deeper central part of the bay. Water depths in Baffin
Bay are deepest in the center and shoal at its mouth where it joins Laguna Madre. This barred
basin morphology makes it an efficient sediment trap. Only minor volumes of sediment are
either flushed through the system by exceptionally high discharge or escape as suspended
sediment reworked from the bay floors. Therefore little sediment delivered to Baffin Bay is
available for redistribution into Laguna Madre, including shoaling of the GTIWW.

The volume of sediment delivered each year to Baffin Bay by the surrounding creeks can be
estimated using the sediment yield values reported by Greiner (1982). Approximately
203,441 m3/yr is available for transport from the two subbasins into the upper reaches of Baffin
Bay (Table 2), but it is estimated that only about 10% (20,000 m3/yr) leaves the system and
enters Laguna Madre. The estimated volume of sediment delivered each year to northern Laguna
Madre consists of the upland runoff from the mainland between Pita Island and Baffin Bay
(4,200 m3/yr) and the volume that leaves Baffin Bay (20,000 m3/yr, Table 1). Of the
24,000 m3/yr entering northern Laguna Madre, it is estimated that less than 10% (2,400 m/yr) is
deposited directly in the GIWW (Table 1).
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Arroyo Colorado and North Floodway

The Arroyo Colorado is a headwardly eroding coastal plain stream that occupies the
northeastern side of the Holocene Rio Grande delta system. Radiocarbon dates reported by
Fulton (1975), McGowen et al. (1977), and Herber (1981) indicate that the Resaca de los Cuates
distributary system of the Rio Grande delta was active between 5,000 and 2,700 years ago.
Deltaic deposits of the Arroyo Colorado cut across and onlap the Resaca de los Cuates, therefore
the Arroyo Colorado system is younger than the Rio Grande delta lobe that was abandoned when
the locus of deltaic deposition shifted to the south near the mouth of the modern river (Lohse,
1958). During its most active period of headward erosion and progradation, the Arroyo Colorado
transported enough sediment to the margin of Laguna Madre to build a small delta with levees
along the channel margins (Brown et al., 1980) and a shallow prodelta platform across Laguna
Madre. A flood relief and néVigation channel was dredged connecting the Arroyo Colorado to
Laguna Madre just south of the delta of the Arroyo Colorado.

At present, the Arroyo Colorado cutoff channel and North Floodway comprise a major
network designed to divert excessive discharge from the Rio Grande to Laguna Madre. In
addition to storm runoff, the Arroyo Colorado carries moderate loads of sewage and industrial
waste that are disbharged from Harlingen and other communities along the channel (Galtsoff, .
1954; Greiner, 1982; Davis, 1983, 1985, and Davis et al.,'1995). Also, more than 1,600 linear km
of drainage ditches and irrigation canals constitute an artificial drainage system for return flows
that is interconnected with the Arroyo Colorado and North Floodway (Brown et al., 1980).

The floodway was completed in 1926 and was used 9 times before the record flooding in
September and October 1967 associated with exceptionally high rainfall of Hurricane Beulah
(Grozier et al., 1968). With Beulah, about 710 million m3 of water were discharged into Laguna
Madre through the Arroyo Colorado channel and about 974 million m3 through the North
Floodway (Grozier et al., 1968). This is the gauged flow and does not take into consideration the
unchannelized overland flow and minor drainages into Laguna Madre.

Surveys conducted by the International Boundary and Water Commission and Davis et al.
(1995) show that concentrations of suspended sediments in the Arroyo Colorado and North
Floodway are proportional to discharge (fig. 8) and flow velocities. Unfortunately, very few
sediment samples have been collected from any of the drainage systems during the high
discharge events that are responsible for delivering the largest volume of sediment to Laguna
Madre. Textural analyses of both bottom and suspended sediments from the Arroyo Colorado

between Harlingen and Laguna Madre show that the load is composed of more than 90% silt and
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Figure 8. Relationships of suspended sediment and stream discharge at the A. North Floodway
near Sebastian and B. Arroyo Colorado El Fustes gauging stations, 1966-1982. Data are from the
International Boundary and Water Commission.
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clay (U. S. Geological Survey, 1988-91; Davis et al., 1995). Concentrations of suspended
sediments decrease downstream (fig. 9) because flow velocities decrease substantially where the
dredged channel is influenced by water levels in Laguna Madre (Davis, 1983 and 1985).
Sediments transported by the North Floodway are also mostly composed of silt and clay (66%,
Davis et al., 1995) but near the termination of the channel they contain more sand than does the
Arroyo Colorado.

" A report by the Texas Department of Water Resources (1983) concluded that relatively
small amounts of sediment are deposited in Laguna Madre from the Arroyo Colorado or North
Floodway due to their low channel gradient and the fact that they carry mainly storm runoff and
irrigation return flows. The dredged depth of the navigation channel (5 m) has greatly reduced
the gradient of the Arroyo Colorado, which has caused the channel to aggrade or deposit its load
in the reach where the gradient was artificially changed by dredging, which is at Harlingen.
Some sediment, mostly in suspension, is flushed through the system, but that volume appears to
be minor compared to the volume stored within the channel as a result of altered gradient.

The efficient trapping and storage of sediment in the lower reaches of the Arroyo Colorado
is independently verified by the cumulative volume of sediment dredged from the navigation
channel between Harlingen and the GIWW (fig. 10), which shows that much of the sediment
transported by floodwaters and upland runoff is deposited in the upstream reaches of the Arroyo
Colorado and does not reach Laguna Madre. According to records provided by the Galveston ’
District Corps of Engineers, slightly more than 14.5 million m3 of sediment have been removed
during the 47 year period of maintenance dredging, at an average annual rate of 309,053 m3/yr.
This value of 309,053 m3/yr also agrees well with the average annual sediment delivery
(Table 2) for the Arroyo Colorado drainage (338,816 m3/yr) calculated from the data reported by
Greiner (1982). The difference between the two values (approximately 30,000 m3/yr or 10%) is a
reasonable estimate of the volume of sediment that actually is flushed through the channel and
deposited either on the margins of Laguna Madre or within the GIWW (Table 1). Ten percent is
also a gross estimate of the sediment delivered to coastal areas compared to sediment yield
within drainage basins in the U.S. (Osterkamp and Toy, 1997). Sediment storage, for example on
hill slopes, in floodplains, and along channel margins, accounts for the other 90%.

~ The spatial deposition of upland supplied sediment is also confirmed by dredging volumes
alohg the GIWW at the entrance to the Arroyo Colorado cutoff channel. Although the frequency
of dredging at the entrance (PA 226) has been moderately high (14 times since 1952), the
volumes of sediment removed are low, averaging only about 4,200 m3/yr (Table 1).
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Other Local Discharges

Slope wash from the western margin of Laguna Madre adds only a very minor amount of
sediment to the wind-tidal flats, and deposition of the slope wash material is areally restricted to
a narrow zone where the uplands merge with the flats. Therefore slopewash is not an important
source of sediment for Laguna Madre or the GIWW.

Minor volumes of water and sediment are discharged locally into southern Laguna Madre in
association with shrimp farms (Buzan, 1996) and other mariculture activities located near the
shores. Although no quantitative data are available to calculate the average annual sediment
influx into Laguna Madre from these sources, the volume has increased in the past two decades
as the number and size of the operations has increased.

Land Use - Lower Rio Grande Valley

Land use in the Lower Rio Grande valley was examined to determine if significant
historical changes have occurred that might have influenced upland sediment yield and sediment
deposition in Laguna Madre. Since the early 1900s, 95% of the Tamaulipan native brushland has
been cleared for agricultural, urban, and recreational development (Jahrsdoerfer and Leslie,
1988). The predominant current land use in the Lower Rio Grande Valley is agriculture. In the
Cameron, Hidalgo, Willacy County area, land used as cropland and related agriculture makes up
between 54 and 62% of the area, and rangeland about 30 to 35% of the area (Tables 3 and 4).
These proportions have remained relatively stable for at least the past two decades.

The predominant land use in the Valley also can be inferred from water allocations. The Rio
Grande provides more than 97% of the water used in the Valley and irrigation comprises about
85% of the total water use (McCoy, 1990). The area of land under irrigation in Cameron,
Willacy, Hidalgo, and Starr counties remained relatively constant from 1958 to 1989 (fig. 11)
because of the adjudicated water rights to the use of Rio Grande waters (TWDB, 1991). Water
use was greatest in 1980, and projections based on consumption in 1980 and 1985 suggest that
water use through the year 2010 will not exceed that used in 1980 (McCoy, 1990). Although
municipal water use is projected to slowly increase, the additional demands will likely be
fulfilled by reduced irrigation.

There has been a steady growth in population in the Lower Rio Grande Valley since the
1900s. The estimated population in 1995 of the four county area (Cameron, Hidalgo, Starr, and
Willacy) was 858,515, an average increase by county of almost 20 percent over the 1990
population (Dallas Morning News, 1997). The general trend in land use appears to be one of
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Table 3. Land use in the Lower Rio Grande Valley in the mid-1970s. Includes Cameron,

Hidalgo, and Willacy Counties. From Kier and Fruh (no date).

Land Use Area (acres)
Cropland 1,286,060
Range-Pasture Land 678,650

Natural and Man-Made Water Features

Barren Sand and Muddy Sand :
Urban and Industrial Land s 73,349
Subaerial Spoil and Made Land

Marshes

Percent

54
29
8
5
3
0.4

Table 4. Land use in the Lower Rio Grande Valley including Cameron, Hidalgo, and

Willacy Counties. From Texas Water Commission Report WLE 90-04 (1990).

Land Use Percent
Agricultural use 62.4
Rangeland 34.7
Residential 1.8
Industrial 0.8
Commercial 0.4

Combined population of 510,545 in 1980

Other land use identified but not quantified included open space, mixed urban,

forest land, water, wetlands, barren land and institutional.
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Figure 11. Irrigated acreage in the Lower Rio Grande Valley from 1958 to 1989. Includes
Cameron, Hidalgo, Starr, and Willacy Counties. From Texas Water Development Board (1991).
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urban development at the expense of agricultural land, but urbanization has also contributed to
clearing of native brush, for example associated with housing subdivisions on many resacas
(Jahrsdoerfer and Leslie, 1988). The recent urbanization of agricultural land has not been so
extensive that the areal proportions have changed (see Tables 3 and 4).

Based on general trends since the 1950s and the fact that most of the land had been cleared
by then, it is doubtful that land use changes have contributed to significant changes in sediment
delivery and deposition in Lower Laguna Madre. This conclusion is also supported by sediment
load measurements and geomorphic observations along the Arroyo Colorado in particular where
it intersects with Laguna Madre.

Land Use - Kenedy and Kleberg Counties

In Kenedy and Kleberg Counties, approximately 64% of the land is used for agriculture, of
which about 4% is cultivated and the remaining 96% is used for range and pasture land (Brown
et al., 1977). Population changes in these two counties generally have been minor. Although the
population in Kleberg County increased by about 4% from 1990 to 1995 (Dallas Morning News,
1997), it has not changed significantly since the 1960s (Dallas Morning News, 1971). In Kenedy
County, the population actually decreased from 884 in 1960 to an estimated 330 in 1995. Based
on aerial photographs taken in the 1950s-60s and in 1979, there is little evidence of land use
changes in these counties at a scale that would have significantly increased sediment transport
into Baffin Bay and Laguna Madre during this period. Supporting this conclusion is the
observation that seagrass beds have become established in the Baffin Bay system since the 1950s
(Martin, 1979). |

Erosion of Lagoon Margin

A minor volume of lagoon sediment is supplied by erosion of the uplands and wetlands
bordering Laguna Madre. Although rates of erosion around the margin of Laguna Madre have
not been systematically quantified, most of the western shore from North Bird Island to Rocky
Slough (northern lagoon) and from Rincon de San Jose to Port Mansfield and Stover Cove to
Port Isabel (southern lagoon) exhibit morphological evidence of long-term erosion (fig. 4). Low
wave-cut scarps, shore parallel zones without vegetation, dislocated blocks of cemented beach
rock, and irregular or serrated shoreline shapes observed along the western shore are all reliable
field indicators of erosion by lagoonal waves and currents even though the lagoon is relatively
calm much of the time. °
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The component of the sediment budget that is attributable to erosion of the lagoon shores
can be calculated by making reasonable estimates of the average rate of retreat and depth of
scour. If the 130 km western lagoon shore is eroding at an average annual rate of 0.3 m/yr and
the average depth of erosion is 0.6 m, then the volume of sediment liberated for redistribution
would be 23, 400 m3/yr (Table 1). The composition of the eroded sediments controls the degree
of subsequent reworking and potential for transport either into the GIWW or to other parts of the
lagoon. The western shore of northern Laguna Madre is composed primarily of sand or indurated .
sand and coquina (beach rock). Once eroded, these sediments are probably deposited near the
erosion site and cover the floor of the adjacent lagoon. In contrast, some segments of the western
shore and floor of southern Laguna Madre are composed of sand and shell whereas others are
composed of mud. Erosion of the muddy segments releases fine-grained suspended sediment that
increases turbidities and can be transported long distances from the erosion site before it is
deposited.

Chemical and Biochemical Sediments

The preceding discussion of sediment budget focuses on the clastic (broken) material
derived from the land that is transported into Laguna Madre from external sources. However, .
there are autochthonous sources of sediment within the lagoon, such as chemical precipitates and
the biogenic detritus that is generated through the birth, life, and death cycle of marine
organisms. On the basis of sediment composition determined for many samples from Laguna
Madre (White et al., 1983; 1986; 1989), the contribution of biochemical components to the
sediment budget is estimated to be approximately 4% of the total volume of clastic sediments
(Table 1). There is no evidence that authigenic sediments are forming directly in the GTWW and
the muddy channel bottom is not preferred habitat for mollusks. Therefore direct deposition of
precipitates in the GIWW is negligible (Table 1).

Carbonates and Evaporites

The highest concentrations of chemical precipitates are associated with the brines that make
up the shallow ground water beneath the wind-tidal flats. The origin and movement of these
waters have been studied by Fisk (1959), Amdurer (1978), Gudramovics (1981), and Long and
Gudramovics (1983). All of these studies show that the highly saline water beneath the flats has
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a marine origin. Sea water periodically floods the flats resulting in a layer of water that ranges in
thickness from a thin film to more than a meter. Some of the saline water drains off the flats,
some infiltrates the sediments of the flats, and some of the water evaporates from the surface. It
is the evaporation of the surface water and shallow ground water that produces the carbonate and
, evaporite minerals; additional contributions come from the microbial processes associated with
the algal mats (Masson, 1955; Fisk, 1959).

The wind-tidal flat deposits contain crystals and thin layers of aragonite, calcite, dolomite,
gypsum, and halite. Aragonite, calcite, and dolomite are referred to as carbonate minerals
because they are composed of calcium carbonate. Gypsum is composed of calcium sulfate and
halite is composed of sodium chloride, which is the same as common table salt. Gypsum and. L
halite are known as evaporite minerals because they commonly form as precipitates from .
evaporating sea water.

The gypsum in the wind-tidal flat sediments occurs in three forms: (1) layers or lenses of
granular gypsum, (2) single bladed crystals or small interlocking crystalline aggregates (gypsum
rose), and (3) discrete nodules without any crystalline shape. The continuous thin beds and lenses
of gypsum were deposited at or near the surface by evaporating sea water (Fisk, 1959; Masson,

1955; McBride et al, 1992). In contrast, the discrete nodules, crystalline aggregates, and single

bladed crystals were precipitated in the porous sand by highly saline ground water that is

periodically recharged by marine water flooding the flats (Fisk, 1949; Amdurer, 1978;

Gudramovics, 1981; Long and Gudramovics, 1983). -

Oolites are also nonskeletal chemical precipitates, but they form at the surface in warm,
shallow, agitated hypersaline water that is saturated with respect to calcium carbonate. Oolites
are concentrated in shoals and bars near the shore; in Laguna Madre their abundance decreases
rapidly away from the shore in slightly deeper water (Rusnak, 1960a). Oolites and coated grains
grow by nucleation around some preexisting grain such as a shell fragment or clastic mineral.
Several workers (Rusnak, 1960a; 1960b; Freeman, 1962; Behrens, 1964) have reported oolites in
the sand fraction in sediments bordering the western margin of northern Laguna Madre near the
mouth of Baffin Bay. Oolites are areally limited in their distribution and their concentrations are
less than 10%, so they constitute only a very small percentage of the total authigenic sediments
in Laguna Madre.

Shells, Tests, and Reefs

Whole shells and shell fragments of marine mollusks are common constituents in all of the
cores and most of the sediment samples from Laguna Madre. The primary contributors to this
class of sediments are the mollusks, including both pelecypods (clams) and gastropods (snails).
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The shells occur either as individual pieces or as concentrated deposits mixed with the other
sediments. The most abundant mollusk species in the sediments of Laguna Madre are
Anomalocardia auberiana and Mulinia lateralis (Fisk, 1959; Rusnak, 1960a; White et al., 1983;
1986; 1989).

The volume of shell material at a given location is a function of two variables, rates of shell
production and rates of clastic sediment deposition that dilutes the shell concentration. Highest
concentrations of whole shells and shell fragments are found where biological productivity is
high or where the shells have been winnowed from the sediments and physically concentrated by
waves and currents. Because shell is the primary constituent of the gravel fraction in these
sediments, grain size analyses of 286 sediment samples from Laguna Madre are a reasonable
proxy to estimate shell concentrations, (White et al., 1983; 1986; 1989). Examination of those
data show that there is a significant difference in shell abundance across the region. Average
concentrations of gravel size material is 4.3% in northern Laguna Madre (105 samples), 2.8% in
southern Laguna Madre (157 samples), and less than 1% in the GIWW (24 samples).

Foraminiferal tests are also carbonate skeletal remains that contribute to the volume of
sediments generated within Laguna Madre. However, the amount of sediment that they provide
is insignificant relative to the other constituents. According to thin section counts of samples
from Laguna Madre, foraminifers constitute less than one percent of the total sediment volume
(Rusnak, 1960a). .

Reefs of calcareous worm tubes occur along the western margin of Laguna Madre near
Point of Rocks, south of Penascal Rincon, and across the mouth of Baffin Bay (Rusnak, 1960a).
Andrews (1964) reported that these serpulid reefs, which occur as individual patch reefs and in
clusters, are dead remnants of a vibrant ecological community that apparently thrived at a time
when waters in Baffin Bay and Laguna Madre were not hypersaline, but were closer to normal
sea water. On the basis of oyster shells attached to the reefs, Andrews (1964) concluded that the
reef growth occurred prior to the hypersaline conditions that characterized the most recent
salinity regime near Baffin Bay. Breuer (1957) described the lower salinity hydrographic
implications of oyster shells deposited in Indian middens lining the low bluffs surrounding
Baffin Bay. Judging from the heights of the serpulid reefs, which are essentially at sea level, and
the ages of oyster-shell middens in the Corpus Christi area (Ricklis, 1993), the serpulid reefs are
probably more than 1,000 years old, but less than 4,000 years old. Regardless of their age, they
do not contribute to the modern sediment budget of Laguna Madre. Rock debris eroded from the
reefs by strong currents forms an apron that is incorporated into the sediments surrounding the
reefs, but there is no net change in sediment volume.
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Organic Matter

Chemical analyses show that organic matter is normally a minor component of the lagoon
sediments (White et al., 1983; 1986; 1989); however, organic matter can be concentrated in algal
mats that form continuous laminations on the wind-tidal flats. The algal mats form in place at the
surface of the flats and grow when the flats are flooded, but they become desiccated and may be
destroyed when the flats are dry. Where the flats are flooded frequently, the algal mats form
layers of organic matter that is leathery and resists erosion. Repeated growth of thin but dense
algal mats at the same location eventually leads to a recognizable organic deposit that is
preserved in the sedimentary record.

The total organic carbon (TOC) content of sediments is a good measure of the nonskeletal
sediment component generated internally by marine organisms. In Laguna Madre sediments,
TOC averages about 0.75% (White et al., 1983; 1986; 1989). This value would also include
aragonite precipitated in the open waters of Laguna Madre as carbonate mud by chemical or
biochemical reactions. The abundance of TOC reflects the organic productivity of the lagoon,
especially by the marine grasses. There is a strong inverse correlation between TOC and
sediment textures with the highest concentrations of TOC corresponding to the finest grained
- sediments (muds). The deeper parts of the lagoon are sinks for the mud and the organic detritus
generated in the lagoon. Consequently the highest concentrations of TOC in sediments are found
in the GIWW (White et al., 1989).

CHARACTERISTICS OF LAGOON SEDIMENTS
Composition and Textures

General Distribution

The oldest regional record of shallow subsurface sediments in Laguna Madre is provided by
the engineering plans prepared in 1931-32 by the Galveston District Corps of Engineers before
construction of the GTIWW. These plaris use symbols to represent the general sediment types that
were identified in borings collected along the centerlines of both the proposed bay and alternate
inland routes. The sediment types illustrated on the plans (soft clay, medium clay, loose sand,
tight packed sand, shell, caliche) lack detail, and sections of strata 2 to 3 m thick appear to be
generalized, probably on the basis of visual field descriptions. Even in their generalized form, the
boring descriptions demonstrate that nearsurface sediments in northern Laguna Madre are sandy
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and contain abundant shell, whereas the sediments of southern Laguna Madre are muddy and
contain very little shell. The same stratigraphic sections, which were interpreted by Rusnak
(1960a), show lagoonal sediments in southern Laguna Madre are less than one meter thick.
Sediment samples collected by McGowen et al. (1977) and by Herber (1981) confirm that a thin
veneer of lagoonal sediments overlies Rio Grande deltaic deposits in southern Laguna Madre
between Port Isabel and the Arroyo Colorado.

Comparison of Sediment Maps

Shepard and Rusnak (1957) and Rusnak (1960a) presented the results of textural analyses of
about 180 surface sediment samples collected from transects across both northern and southern
Laguna Madre. Each sample was classified according to what is now a widely used ternary
diagram depicting end members and mixtures of sand, silt, and clay. Their maps show that the
surface sediments in northern Laguna Madre are composed primarily of sand except for some
clayey sand that occupies the deeper areas east of Laguna Larga and in The Hole. A tongue of
silty sand and clayey sand also extends southward from the mouth of Baffin Bay. In southern
Laguna Madre, sand predominates from the wind-tidal flats of Kenedy County to Port Mansfield
except for some clayey sand and silty clay that occupies the deeper areas south of Rincon de San
Jose. From Port Mansfield to Brazos Santiago Pass, there is a distinct textural gradient across the
lagoon with sediments becoming finer grained toward the western shore. In this sub-region,
bands of sand, silty sand, and mixtures of sand, silt, and clay are juxtaposed in northwest
southeast trending bands. These bands of finer textures reflect the influence of suspended
sediments transported by the Arroyo Colorado and the connection of Laguna Madre with the
Gulf of Mexico through the tidal inlet at Brazos Santiago. Both maps presented by Shepard and
Rusnak (1957) and Rusnak (1960a) show the same general textures, but there are slightly
different patterns in the details of the maps that appear to be related to differences in
interpretations of the data.

White et al. (1983, 1986, 1989) reported textural analyses of about 90 surface sediment
samples collected along transects from northern Laguna Madre and about 200 samples from
southern Laguna Madre. On the basis of the grain size distribution of each sample, they prepared
maps of percent sand, mean grain size, gravel-sand-mud, and sand-silt-clay. The sand-silt-clay
classification used by White et al. (1983, 1986, 1989) is similar to the classification used by
Shepard and Rusnak (1957) and Rusnak (1960a) except for minor differences in the percents
used as limits for the mixtures of the three primary components. The class limits used by White
et al. (1983, 1986, 1989) minimize the two component mixtures and emphasize the three
component mixtures, which occupies a large field in the center of the ternary diagram.
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The maps of White et al. (1983, 1986, 1989) show patterns of sediment distribution similar
to those presented by Shepard and Rusnak (1957) and Rusnak (1960a). The floor of northern
Laguna Madre between Corpus Christi Bay and Baffin Bay is covered with sand except for an
area of silty sand near the JFK Causeway. Silty sand, clayey sand, and mixtures of all three
components form tongues where water depths increase across the mouth of Baffin Bay and to the
south toward the Middle Ground shoal. The same three classes of finer-grained sediments also
cover the northern part of The Hole. Only a few samples in each of these trends of finer-grained
sediments contains less than 50% sand. The eastern half of southern Laguna Madre is covered by
sand from the Hook to the Three Island area. The western half of the lagoon in this same region
and the entire lagoon from Three Islands south to Port Isabel are dominated by silty sand with
patches of all three components occupying areas near the mouth of the Arroyo Colorado, Stover
Cove, and Laguna Vista Cove. A narrow fringe of clayey sand and sand-silt-clay borders the
western margin of South Padre Island.

Geological Interpretation of Sediment Patterns

The distribution of surface sediments can be used to identify the primary sources of
sediment in Laguna Madre and to interpret the long-term, time-averaged geological processes. .
For example, the predominance of sand and shelly sand in northern Laguna Madre primarily is
the result of the lagoon originating over the sandy sediments of the Pleistocene Ingleside beach
deposits or eolian sand sheet that form the upland from Corpus Christi Bay to the wind-tidal flats
of Kenedy County (Brown et al., 1977). Once the lagoon formed, sediments delivered into this
segment of the lagoon have been mostly sand transported by eolian and washover processes. The
tongues of mud extending across the mouth of Baffin Bay and extending to the south reflect the
suspended sediment introduced from upland runoff transported by streams draining into the bay
or from erosion of the mud bluffs surrounding Baffin Bay. Most of the fine-grained sediments
are trapped in the deepest part of Baffin Bay. Consequently, the direct influence of fluvial
sediment supply in northern Laguna Madre is minor and the fine-grained sediments are either
concentrated in the deeper parts of the northern lagoon (the deep area north of Middle Ground
shoal and The Hole) or are diluted by advection and are distributed throughout the lagoonal
sediments.

In southern Laguna Madre, the band of lagoonal sand that parallels Padre Island from
Rincon de San Jose to Three Islands is a product of the long-term westward transport of barrier
island sand by eolian and washover processes. Furthermore, the abrupt decrease in the width of
this band south of Three Islands is conditioned by the rapid landward migration of South Padre
Island and the substantial reduction in area of barrier island sand available for transport into the
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lagoon. The greater abundance of mud (silt and clay) in the remaining areas of southern Laguna
Madre is related to the underlying strata and the Holocene geologic history of the region.
Surficial fluvial-deltaic deposits of the Pleistocene Beaumont Formation and the Holocene Rio
Grande system are composed primarily of mud (Fulton, 1975; Brown et al., 1977). These muddy
sediments formed the lagoon floor when the coastal plain was inundated in this region.
Reworking of the in-place mud as well as introduction of additional fine-grained sediments
during flooding of the Rio Grande supplied the mud that is incorporated into the modern lagoon
sediments. Until frequent flooding on the Rio Grande was eliminated by human intervention,
suspended fluvial sediments could be deposited directly into southern Laguna Madre during
deltaic sedimentation several thousand years ago when the Resaca de los Cuates distributary
system was active (Fulton, 1975; McGowen et al., 1977) or more recently by overflow into these
same courses and the Arroyo Colorado after the primary distributary had shifted to the south near
its present position. Suspended sediments of fluvial origin also have entered southern Laguna
Madre through Brazos Santiago Pass. The zone of turbid, relatively fresh water discharged by the
Rio Grande flows to the north and hugs the coast. Before the jetties at Brazos Santiago Pass were
constructed, some of this water would flow into Laguna Madre during the flooding phase of the
tidal cycle and under the influence of southeast wind. This is probably not a significant source of
fine-grained sediment at present because sediment and water discharges of the Rio Grande have
been drastically reduced and the jetties at Brazos Santiago Pass deflect the alongshore flow of 4
suspended sediment seaward, away from the inlet.

Throughout the Laguna Madre-Baffin Bay system, the bathymetric lows are traps for the
finest sediment textures, and in Laguna Madre the greatest water depths are associated with the
GIWW. Sediment samples collected from the Intracoastal Waterway in southern Laguna Madre
are composed mostly of mud (silt and clay). An exception to these general conditions is
Mansfield Channel where the infilling sediments are composed mostly of sand. Sediments filling
the Intracoastal Waterway typically contain less than 15% sand even where the surrounding
surface sediments are composed predominantly of sand (White et al., 1986). Some of the mud
filling the channel may be derived from erosion of the channel perimeter, which is composed
mostly of mud. Erosive forces in the channel include wind-driven currents and highly turbulent

prop wash generated by tug boats and other boats.

Estimated Rates of Lagoon Sedimentation

Accurate estimates of the long-term average rates of sedimentation in the sub-environments

of Laguna Madre help constrain the estimates of the regional sediment budget because the
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overall average rate of sedimentation in the lagoon should equal the contribution of individual

components identified in the sediment budget analysis.

Dating Techniques

The sediment budget analysis clearly demonstrates that the rates of sedimentation are not
uniform throughout Laguna Madre. The difficulty is trying' to establish a scientifically valid
method for determining reasonably accurate sedimentation rates. The accounts of surficial
changes in and around Laguna Madre related to droughts, hurricanes, or ranéhing practices given
by Price and Gunter (1943) are based on interviews with long-time residents and individuals
familiar with South Texas and Padre Island. The reliability of these anecdotal accounts is
uncertain and they do not provide a basis for quantifying sedimentation rates in Laguna Madre.
For example, the observed burial of cattle in Laguna Madre following the 1919 hurricane (Price
and Gunter, 1943) was more likely caused by liquefaction of the existing sand rather than by
deposition of sand washed over Padre Island during the storm. Furthermore, Middle Ground
shoal and the wind-tidal flats of the Land Cut have been attributed respectively to large volume
depositional events associated with migrating dunes in 1916 (Zupan, 197 1) and the hurricane of
1919 (Price and Gunter, 1943; Fisk, 1949). And yet there is no scientific basis to support recent
historical construction of these features, and they could be the South Texas equivalents of large
depositional fans on other barrier islands of the southeastern and central Texas coast.

Perhaps the most reliable method of documenting long-term average sedimentation rates is
through the use of isotopic dating. Radiocarbon dates indicate that the compound washover
fans/flood-tidal deltas of San Jose Island were initially deposited about 1700 yrs before present
during the progradational phase of barrier construction (Andrews, 1970). This is the same date
that Zupan (1971) reported for open lagoon sediments in northern Laguna Madre, which means
that the change in depositional environment from open lagoon to wind-tidal flat probably
occurred shortly after that time. \ |

Apparently misinterpretation of the 1881 topographic maps and anecdotal accounts of the
1919 hurricane led some authors to incorrectly conclude that portions of Laguna Madre had
filled recently. A map published by Burr (1930) purported to show a rapid accumulation of
sediment near the mouth of Baffin Bay. Subsequent workers have perpetuated the erroneous
information by citing the map by Burr as evidence for historical shoaling in Laguna Madre (Price
and Gunter 1943; Gunter, 1945; Hedgpeth, 1947; and Simmons, 1957) or by making invalid
assumptions about the timing of depositional events (Price, 1958; Fisk, 1959). Inspection of the
oldest reliable maps of the region surveyed by the U.S. Coast Survey in 1881 clearly shows the
same shoal in essentially the same position and shape as illustrated by Burr (1930). In fact,
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comparison of the late 1800s topographic maps (Topographic sheets 1627, 1678, and 1679) and
recent aerial photographs shows remarkably little geomorphic change except for the man-made
alterations such as the GIWW, well-access channels, and associated islands of dredged material

- (Morton and Garner, 1993).

Wind-Tidal Flats

Fisk (1959), Miller (1975), Watson (1989), and Morton and Garner (1993) collected cores
and obtained radiocarbon dates for organic material from beneath the wind-tidal flats of Kenedy
County west of the Gulf Intracoastal Waterway. They reported long-term average sedimentation
rates that ranged from 0.6 to 1.2 mm/yr. The vertical distribution of data in cores taken by Miller
(1975) and Morton and Garner (1993) also revealed a time-dependent decrease in sedimentation
rates with average rates for deposition of near surface sediments during the past few hundred
years being about 0.06 mm/yr, or about one tenth the rate of sediment accumulation documented
for the past few thousand years.

One study has yielded radiocarbon dates for organic material beneath the flats of southern
Laguna Madre. McGowen et al. (1977) reported a date of 2540 £ 200 yr BP for marine shells
from a former grassflat environment at a depth of about 1.5 m below the flats near La Punta_
Larga on South Padre Island. The long-term average sedimentation rate for the sample is about
0.6 mm/yr.

Although abundant data are available for calculating sedimentation rates on the wind-tidal
flats, they probably are not representative of sedimentation rates in the open water areas of the
lagoon for the following reasons. The elevations of the wind-tidal flats are controlled by ground
water levels in the sediments beneath the flats. When the water table is relatively high, sand
transported onto the flats is stored on the flats, but when the water level is low and the surface is
dry, deflation by wind removes the upper layers of sediment and lowers the surface to a depth
where the moisture in the sediments prevents further erosion. The slow rate of relative sea-level
rise will limit the accumulation of sediment on the flats considering that some sediment is

regularly removed during dry periods.

Open Lagoon

Rusnak (1960a) used three different methods to estimate sedimentation rates in the central
portion of Laguna Madre away from the shoals and other topographic anomalies. The first
method involved comparison of bathymetric maps from southern Laguna Madre that were
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surveyed in 1887 and 1954. That comparison indicated shoaling of about 152 mm in 67 years,
which gives an average sedimentation rate near the tidal inlet of about 2.3 mm/yr. The second
method of estimating sedimentation rate was based on a radiocarbon date of 3910 yr BP for
material at a depth of about 4 m in a core from northern Laguna Madre near the JFK Causeway.
This depth/age relationship gives an average sedimentation rate of about 1.0 mm/yr. The third,
and least reliable method, took the average thickness of Holocene sediments in Laguna Madre
and assumed an age of 5,000 years for initial deposition of lagoonal sediments. This method
yielded long-term average sedimentation rates of 1.2 mm/yr and 0.3 mm/yr for northern and
southern Laguna Madre respectively. On the basis of all three of these estimates, Rusnak (1960a)
concluded that the best approximation of long-term average sedimentation rate in Laguna Madre
was about 1.2 mm/yr. ' |

| The calculated rates of sedimentation in Laguna Madre are substantially lower than those of
other large coastal water bodies in Texas, including Corpus Christi Bay, the deepest bay of the
Texas coast. Shepard (1953) compared bathymetric charts for the major Texas bays and
calculated nverage sedimentation rates between the mid to late 1800s and 1935 that range from
3.8 mm/yr to 9.1 mm/yr, depending on the local rates of subsidence. The relatively high rates of
sedimentation in the other bays are attributed primarily to the deposition of fluvial sediments
supplied by rivers draining directly into the bays (Shepard, 1953).

Lockwood, Andrews, and Newnam (1959) used historical bathymetric changes in Baffin ’

Bay to estimate shoaling rates of 0.4 m in 70 yrs, or about 4.2 mm/yr. They also calculated
estimates of upland runoff near Baffin Bay on the basis of annual precipitation records and, using
a Soils Conservation Service estimate of sediment yield, they determined that sedimentation
rates in the deeper parts of Baffin Bay should also be about 3 to 5 mm/yr.

Sediment Budget Limitations and Verification -

The long-term average annual volume of new sediment delivered to Laguna Madre from the
surrounding principal sources is estimated to be about 969,600 m3 (Table 1). This sediment
volume is substantially less than the average annual volume of sediment dredged from the
GIWW in Laguna Madre, which for the past 45 years has averaged 1,659,429 m3/yr (Table 1).
Even more important for this comparison is the fact that very little of the new sediment ‘
introduced into Laguna Madre is deposited directly into the GIWW. For exalnple, most of the
eolian dune, storm washover, and tidal inlet sediments are composed of sand that is deposited on
 the eastern margin of the lagoon and not in the GIWW. The large difference between the volume
of new sediment deposited directly in the GIWW and the volume removed by maintenance
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dredging indicates that the primary source of mud filling the GIWW is from local reworking of
dredged material or subregional redistribution of lagoonal sediments.

The estimated average volume of sediment delivered to Laguna Madre annually (Table 1)
can be tested within an order of magnitude by establishing the area of the lagoon and multiplying
that value by the estimated long-term average annual sedimentation rate. This calculation has a
potentially high error associated with it because depositional events within the lagoon are
episodic and both the temporal and spatial variability of sedimentation rates are high.
Nevertheless, a first approximation of the total sediment budget can be obtained using this
simple method.

The surface areas of open-water in northern and southern Laguna Madre have been reported
by various authors (Rusnak, 1960a; Breuer, 1962; Brown et al, 1976, 1977, and 1980). Because
the reported values are within 15% of each other, the surface area of water in Laguna Madre
originally given by Rusnak (1010 km2) is used with his reported long-term average
sedimentation rate (1.2 mm/yr) to calculate a long-term average annual total sediment budget of
1,212,612 m3/yr. This value is about 20 % larger than the value derived by summing the
individual contributions estimated for each of the identified components (Table 1).

Geological Significance of Sediment Budget Analysis

Lagoons are products of coastal plain flooding by a relative rise in sea level, such as the
condition that is observed today at many coastal regions (Gornitz and Lebedeff, 1987). Despite
this recent coastal inundation, there is a common misconception that lagoons are destined to be
filled by sediments and to eventually lose their capacity for primary production (Barnes, 1980;
Britton and Morton, 1989). Although no coastal depositional environment, including lagoons,
retains its characteristics forever, their histories are controlled by the interaction of sediment
supply and sea-level fluctuations. The perception that extant lagoons, including Laguna Madre,
are filling is perhaps based on the observation that much of the East Coast of the US is
characterized by sandy barrier islands adjacent to broad salt marshes that are thought to be
former lagoons.

The long-term balance between sedimentation and sea level changes and its impact on the
future state of Laguna Madre can be tested with the available data (Table 1). For these
calculations the estimated volume of sediment entering at Mansfield Channel and Brazos
Santiago Pass were not included in the sediment budget because they are deposited in the deep
part of the channels well below the lagoon floor and do not contribute significantly to the
aggradation. The relative rise in sea level as recorded at the tide gauges at Rockport and Port
Isabel is about 3 mm/yr, whereas the rate of aggradation calculated from the sediment budget is
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about 0.9 mm/yr for northern Laguna Madre and about 0.4 mm/yr for southern Laguna Madre.
Considering these values it is apparent that the rate of relative sea-level rise is 4 to 7 times faster
than the rate of sediment aggradation (Table 1). This means that Laguna Madre is not filling, as
some have predicted, but is slowly being submerged. Furthermore, southern Laguna Madre is
migrating westward as the upland (western) margin erodes and the eastern side adjacent to South
Padre Island advances as a result of storm overwash.

SEDIMENT REWORKING BY WAVES AND CURRENTS

Repeated dredging of the GIWW and shoaling of channels dredged for petroleum
exploitation are clear indicators of frequent and rapid sediment transfers within Laguna Madre.
The volume of sediment suspended in the water of Laguna Madre depends on wave energy,
composition of bottom sediments, and specific gravity of aquatic vegetation (Breuer, 1962).
Highest turbidity occurs in the deepest parts of the lagoon where waves are highest, the lagoon
floor is composed of mud, and seagrasses are absent. Conversely, turbidity is minimal where the
water is shallow, seagrasses are dense, and the floor is composed of sand. In general, conditions
for low turbidity are optimum in northern Laguna Madre between Corpus Christi Bay and Baffin
Bay. Conditions in southern Laguna Madre near the GIWW between Port Mansfield and Port ..
Isabel favor high turbidity. Turbidity tends to increase toward the west because waves generated
by southeast winds are larger, substrates tend to be muddier, and water depths are greater than
those along the lagoon margin of Padre Island.

Shideler (1984) measured hydrographic and suspended sediment parameters in Corpus
Christi and Nueces Bays during different seasons and under different wind conditions. The
results of his two-year study show that the concentrations of suspended sediment in the water
column are a short-term response to wind conditions as demonstrated by the correlation of
suspended sediment with the cumulative wind effects within a 30 hr period before the
measurements. The suspended sediment is composed mostly of inorganic materi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>