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Report Organization

~ The folloWing report summarizes the major accomplishments achieved by the Bureau of
Economic Geology during the third year ‘study (FY 93-94) of coastal erosion and wetlands loss
along the southeastern 'I_‘ean coast. The report covers activities between July 1, 1993, and August
31, 1994. Major accompﬁshments are reported for each wdrk element and task identified in the
cooperative agreement. Documents summarizing the major accomplishments and containin g the

~ important scientific conclusions are included as Addenda 1-5.

Work Element 1: Coastal Erosion Analysis

The coastal erosion work element is intended to (1) establish a cohputerizcd database of
historical shoreline positions (1882-1982), (2) update the database usin g the most recent shoreline
information (1990’s), (3) analyze historical trends of shoreline movement in the context of the -
regional geologic framework and human modifications, (4) synthesize the physical and habitat
characteristics of different shoreline types, (5) establish a network of field monitoring sites for
surveying coastal changes, and (6) prcpaie documents of shoreline change suitable for coastal

| planning and resource management.

Task 1: Shoreline Mapping. During the third year of étudy we completed mapping of the Gulf.

shoreline on 1990 aerial photographs obtained from the Texas Department of Transportation. The

photographs cover approximately three-founhs of the project area (High Island to Brown Cedar
Cut). Mapped shorelines were digitized and stored in the Bureau ARC/INFO geographic ‘
information system for comparison with previously defined shoreline positions to determine -
changes and trends. Magnitudes and rates of shoreline movement for the most recent time period
(1982-1990) were determined at transect sites ,spaccd approximately 5,000 ft apart along the shore.
Plots of cumulative shoreline movement through time were prepared, trends were analyzed, and |
the most recent representative trends and time periods were selected for additional computations.
Results of this work have been submitted to the Texas General Land Office for incorporation 1nto
their Coastal Zone Management plan

The only segment where the 1990’s shoreline updatc remains to be done is from Sabine Pass to
High Island. Further work regarding shoreline movement along the southeastcm Texas Coast is
pending more recent low-altitude aerial photographs. The most recent photographs of the
remaining area are too small (1:62,500) to accurately depict the shoreline. The U.S. Fish and
Wildlife Service indicates that it plans to take 1:24,000 photographs of the upper Texas Coast



vpossvibly in the fall of 1994 as part of an inventory of sea grasSes. If these photographs become
available, they will be used to compiete the coastal erosion analysis of the study area.

We also examined the relationship between wetland loss and accelerated relative sea-level rise
resulting from human-induced subsidence and faulting along the upper Texas coast. ‘Wetland loss
in the Galveston Bay and Sabine Lake estuaries, and interfluvial area between the estuaries was
analyzed. In the interfluvial area, brackish marshes that have been converted to open water along
an active fault were mapped and d1g1t1zed to determine the extent of losses. Synthesxs of data on
wetland losses along the upper Texas coast shows that more than 11 ,700 ha of vegetated wetlands
have been replaced by shallow subaqueous flats and open water. Salt, brackish, and fresh ‘
~ marshes and fluvial woodlands have been affected. Major losses have occurred in fluvial-deltaic
areas along the Neches and Trinity rivers. Although many processes or activities may contribute to
‘wetland loss, human-induced subsidence resulting from ground-water thhdrawal is a major
pro_cess affecting wetlands along the upper Texas coast. Additionally, submergence of wetlandsis
associated, locally, with faulting and subsidence apparently,related to hydrocarbon prodtlcﬁon. A
paper on this analysis was completed and submitted to the Journal of Coastal Research. The title
of the paper by W. A. White and T. A. Tremblay is “Submergenee of Wetlands as a Result of |
- Human-Induced Subsidence and Faulting along the Upper Texas Gulf Coast” (Addendum 1).

In addition, results of studies detailing the spatial and temporal changes in marsh distribution in
the Galveston Bay System were presented at the 15th Annual Meeﬁng‘ of the Society of Wetland
Scientists held in Portland, Oregon May 30-June 3, 1994. This paper was partlally funded by the |
USGS Coastal Erosion Project. Among the findings presented were (1) approxxmately 20 percent
of salt, brackish, and fresh marsh habitats have been lost in the Galveston Bay system since the
early 1950’s, and (2) a major cause of the lbss_ is accelerated rates of subSidence due to ground-
water withdrawal. ’

‘ Mﬁmﬂ@m& During year 3, geombrphblogical charac'ten'stics and

class1ﬁcat10ns of the Gulf shoreline, interior bay shores, and the Intracoastal Waterway were

" combined with other criteria to produce shoreline type maps for oil sp111 response and contm gency
planmng Also, we conducted an overﬂlght covering all of the shores of the study area (Gulf and
inland coastal water bodies) in conjunction w1th Miles Hayes of Research Planning Inc. (RPI)
‘This work was supported primarily by the Texas Natural Resources Inventory Program, but it
relied heav11y on prior geomorphologlcal mapping conducted as part of the USGS Coastal Erosion
project.

S_KiNHﬂ_QMSﬂL_& We prepared a report that summarizes and illustrates significant
wetland losses within the Galveston-Tnmty Bay system and the Sabine Lake estuarine system
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(Addendum 1). The report concludes that most of these losses are caused by land-surface
subsidence, reductions in fluvial sediment supply to the flood basins and river deltas, and wave
erosion around the open shores of the rhajor bays and Gulf of Mexico. Results of Galveston Bay
wetland-loss studies were presented at the Society of Wetland Scientists annual meeting, and an
abstract entitled “Marsh Loss in the Galveston Bay System, Texas,” by W. A. White, T. A.
Tremblay, and E. G. Wermund was published in the conference proceedings. ,

Results of the joint BEG/RPI shoreline type mapping project will be provided to the Texas
General Land Office and NOAA in an electronic format.

Work Element 2: Regional Geologic Framework

Work element 2 investigated the geologic origin and evolution of the principal subenvironments
that are present along the southeastern Texas coast. This is being accomplished by establishing a
chronostratigraphic framework for the coastal systems and reconstructing the evolution of coastal
environments during the post-glacial rising phase and highstand in sea level. This work element
will also provide data on the physical characteristics and natural habitats of the various shoreline
types in the context of shoreline stability.

Task 1: Stratigraphic Analysis. The study area encompasses a diverse assemblage of
depositional environments ranging from non-marine fluvial systems and transitional coastal

systems to the marine continental shelf. During year 3, we used vibracores, faunal assemblages,
isotopic dates, and seismic surveys to investigate the late Quaternary and Holocene stratigraphy of
several of these environments. These data were used to construct cross sections illustrating the
various coastal and non-marine facies. Eventually we plan to construct a detailed sea-level curve
for the late Holocene and Modern time periods. Results of these investigations will provide a basis
for predibting future magnitudes and rates of land loss.

&Mmmmfﬁmm In year 3 we constructed cross-valley topographic
profiles and refined stratigraphic cross sections of major alluvial valleys and bayhead deltas of the
southeastern Texas coast including the Sabine, Neches, Trinity, and San Jacinto Rivers. The
stratigraphic cross sections were constructed using descriptions of foundation borings acquired for
geotechnical investigations. The cross sections, which depict sedimentary facies, relative age
relationships, and major unconformities, illustrate the lithostratigraphy of the late Quaternary valley
fill. Depositional environments interpreted from the cross sections show a progressive marine
influence in downstream regions and fluvial influence in upstream regions. Buried fluvial terraces

were identified from the cross sections and from the work of Pearson et al. (1986), which



encompasses the region immediately offshore from Sabine Pass. Stratigraphic cross sections of
‘thc Sabine-Neches entrenched valley were used to locate seismic profiles and to select sites for
possible vibracores during the summer field work.

Foundation boring descriptions were obtained for the Trinity River crossings at Romayor and
at Moss Hill from the Texas Department of Transportation. Cross sections constructed from these
data extended the shallow subsurface control upstream to the exposed terraces of the Deweyville,
which are also observed along the Sabine and Neches Rivers.

We compiled approximately 130 radiocarbon dates, sample depths, and interpreted depositional
environments for the study area from published reports including Nelson and Bray (1970),
Pearson et al. (1986), and Thomas (1990). Maps for each depositional environment were prepared
showing the locations, depths, and ages of samples corresponding to that environment. These
maps will be interpreted to determine if they show any systematic shifts in depositional
environments during the late Pleistocene-Holocene rise in sea level.

- Subtask 2; Field Studies. During year 3, we prepared, photographed and described 15 deep
subsurface cores in the entrenched valley fill of the Neches River, the chenier plain of southeastern
Texas, and the coastal wetland interfluve between the Sabine and Trinity River systems. The
hollow-stem auger cores taken by the Bureau of Economic Geology drill rig penetrated Holocene
washover and marsh deposits that comprise the coastal interfluve between the Sabine and
Galveston entrenched valleys. Vibracores previously taken in the McFaddin National Wildlife
Refuge will be compared with the auger cores taken from the same general area.

SIGNIFICANT RESULTS. Descriptions of the auger cores were completed and are presented
in Addendum 2. Preliminary interpretations of depositional environments were made on the basis
of detailed descriptions, and preliminary stratigraphic cross sections were prepared for the
interfluve, chenier plain, and incised valley areas. A wood sample from a deep boring in the
Neches entrenched valley near Sabine Pass was submitted to Beta Analytic, Inc. for 14C analysis.
Results of the test indicate that the lower alluvial valley of the Sabine/Neches system was flooded
about 8800 years ago. An organic sample from the Sabine Bank deposits in the Gulf of Mexico,
which was also submitted to Beta Analytic, yielded a date of about 7800 BP. Additional datable
materials (shells, wood, peat) have been identified and will be analyzed for 14C in 1995.

Work Element 3: Coastal Processes

Understanding coastal processes is the key to understanding coastal erosion and predicting
future coastal changes. Therefore, this work element involves numerous tasks that attempt to



quantify basin énergy, sediment motion; and the forcing functions that drive the coastal system.
Objectives of this work element are to evaluate the magnitudes and rates of the relative rise in sea
level during geological and historical time, to pfovide a basis for assessing wave and current
energy as well as sediment transport, to assess climatic and meteorological influences on coastal
processes, to evaluate the impacts of storms on shoreline stability and instantaneous erosion
potential, and to begin quantifying the coastal sediment budget.

Task 2: Sediment Transport. We obtained from the National Weather Service (NWS) paper
records of meteorological data for the Galveston weather station and digital data for the Houston

Intercontinental Airport. The data set includes 10 years of hourly wind speed, wind direction, and
barometric pressure. The records extend from 1983 (pre-Hurricane Alicia) through 1993.
Computer programs were written to extract, analyze, and plot the data from the NWS files.
Preliminary time-series plots were displayed to illustrate daily average wind speed, daily average
wind direction, daily averagc pressure, and selected hourly pressures (at the time of Hurricane
Alicia) to check for data quality and formats. The preliminary plots and tables show the data to be
in excellent condition with only a very small percentage of missing data. We also obtained the
NOAA Marine Environmental Buoy Database for the Gulf of Mexico on CD ROM. This database

~ includes meteorological, wave, and oceanographic data from the Coastal-Marine Automated

Network (C-MAN) stations operated by the NOAA National Data Buoy Center. We will compare
these data with the more complete record from Houston Intercontinental Airport.

Task 3: Sediment Budget. This task will evaluate the primary sediment sources (updrift
erosion and fluvial sediment supply) and the principal sinks (beach accretion, onshore washover,
dune construction, and offshore deposition). Some additional sediment losses occur at tidal inlets,
and some unknown quantity is trapped in the deep-draft navigation channels. Material periodically
dredged from the ship channels deserves further evaluation as a potential source of beach
nourishment material. During the third year of study, we continued to analyze the 10-year post-
Alicia record of beach profile data at seven sites between Galveston Island and Follets Island.
Emphasis was placed on volumetric changes and the alongshore gains and losses in sand attributed
to cross shore and alongshore transport processes. Results indicate a broad range of beach
responses immediately after and 10 years after the storm ranging from continuous erosion to
continuous accretion. Additional analyses were conducted to compare rates of shoreline movement
calculated from beach surveys with those derived from aerial photographs. Results of this analysis
showed that storms commonly accelerate rates of shoreline movement and the accelerations can
dramatically affect predicted shoreline positions based on short-term rates of shoreline movement.



SIGNIFICANT RESULTS. A summary report presenting the findings of the beach profile
comparison on Galveston Island and Follets Island was accepted and published by the Journal of

Coastal Research. The report, entitled “Stages and Durations of Post-storm Beach Recovery,
Southeastern Texas Coast, U.S.A.,” is included as Addendum 3. These same beach profiles also
are being used to track time-dependent volumetric and morphological changes of the beaches.
Results of that study have been submitted for publication in the Proceedings volume of the Large-
Scale Coastal Behavior Conference. The manuscript, entitled “Meso-Scale Transfer of Sand
during and after Storms: Implications for Prediction of Shoreline Movement,” is included as
Addendum 4. In this paper we illustrate how sediment transport directions can be derived from
the hourly wind data, a technique that greatly improves our ability to understand the changes in
beach volume. The paper also suggests that rates of shoreline movement are accelerated after a
major storm.

Work Element 4: Prediction of Future Coastal Response

Task 1: Mathematical Analysis of Rates of Change, In year 3 development continued on the
Shoreline Shape and Projection Program (SSAP) that will aid in determining future shoreline

positions. The program will project future shoreline positions based on established methods that
bcomputc‘ shoreline rates-of-change and a new method that involves comparing the shape of the
projected shoreline with the expected shape. SSAP is being developed in FORTRAN for the
Windows operating environment and is designed to easily accept historical shoreline data from a
Geographic Information System (GIS) and to return projected shorelines to the GIS.

Work on SSAP in year 3 involved checking the algorithms that compute shoreline rates-of-
change. Rate-of-change calculations from the literature and Bureau publications were compared
with calculations from SSAP. Results from a computer program provided by Mike Fenster of the
University of Virginia (UVA) were also compared. All comparisons have been favorable even
though there were some slight differences with the UVA program and results published by Fenster
et al. 1993, in the Journal of Coastal Research. The cause of these differences has been traced to
variations in the methods of calculations and errors in the literature.

SIGNIFICANT RESULTS, The program variables were documented to assist in subsequent
program trouble shooting, additions, and upgrades. Variable names, types, uses, and occurrences
have been traced through the program’s subroutines and presented in a table.



Work Element 5: Sand Resources InVestigations

During year 3 we obtained the wave refraction model RCPWAVE provided by the U.S. Army
Corps of Engineer’s Coastal Engineering Research Center. Results from the model will be
compared to large-scale (5 km) geomorphic features of the southeast Texas shoreline from East
Matagorda Bay to Sabine Pass. Also we constructed a rectilinear bathymetric grid covering the
study area, which is 300 km long and extends 100 km offshore to depths of 30 m. Grid cells
measure 500 m alongshore and 125 m normal to shore forming a grid with 600 by 800 cells.
Digital bathymetric data used to construct the grid were obtained from Mark Hanson of the U.S.

" Geological Survey in St. Petersburg, Florida. We used a combination of bathymetric data from

surveys dating from the 1930’s to the 1970’s. Care was taken to use the latest available data for a
particular area. Preliminary plots of the compiled bathymetry were printed to check for missing
data and for quality control.

Of the eight vibracores (3 to 6 m deep) collected from Sabine Bank in cooperation with the
MMS Sand Assessment prOJect, several cores were selected for subsampling the mud unit beneath
the sand body and beneath the interpreted ravinement surface. The samples were made available to
a graduate student in the University of Texas Department of Geological Sciences for identification
of the microfauna and interpretation of the depositional environment based on faunal assemblages
and salinity regimes.

SIGNIFICANT RESULTS. Preliminary analyses of the foraminifera assemblages indicate
that the muddy sediments beneath the ravinement surface at the base of Sabine Bank were
deposited in a nearshore open marine environment, which confirms our interpretation of an inner
shelf shallow-water depositional setting of the sand bank.

Work Element 6: Technology Transfer

The technology transfer work element provides for timely reporting of project results and
makes the interpretations and conclusions available to users as needed. It also establishes a
repository to preserve raw data and materials that would be a sxgmﬁcant source of information for
future studies.

SIGNIFICANT RESULTS. In year 3, a paper entitled “Geo-Indicators of Coastline and
Wetland Changes” was presented at the International Union of Geological Sciences Workshop on
Geological Indicators of Rapid Environmental Change. The workshop was held at Corner Brook,
Newfoundland, Canada. A copy of the paper, which has been submitted for publication in the
workshop proceedings volume, is included as Addendum 3.
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Addendum 1. Submergence of Wetlands as a Result of Human-Induced
Subsidence and Faulting along the Upper Texas Gulf Coast
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ABSTRACT —
WHITE. W.A. and TREMBLAY, T.A., 1954, Bubmerpence of wetlands s s result of buman-induced
Fort Lauderdale (Florida), 1SSN 07450208,

Loss of wetlands in the portbern Gulf of Mexico has besn ibuted to p and is of
continuing concern. This paper syntbesizes and ies the distribution and extent of wetland Josses
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ADDITIONAL INDEX WOEDS: Faults, Galveston Bay, marsh loss, marsh sedimentation, relative seo-
level rise, Sabine Lake, subsidence rates.

INTRODUCTION
The most extensive losses of coastal wetlands

in the United States over the past two decades

have occurred along the coast of the northern Gulf
of Mexico. Almost 60 percent of the wetland losses
are due to conversion of salt and brackish marshes
to open water (DAHL et al., 1991). Extreme loss
of coastal wetlands have been reported in Loui-
siana (GAGLIANO et al., 1981; BRrTscH and DUNBAR,

1993) ‘and in Texas (WHITE et al., 1985, 1987,

1993), where approximately 58 percent of the Na-
tion’s salt and brackish marshes are located (FreLp
et al., 1991).

Wetland losses in Louisiana have been severe
(BrrrscH and DUNBAR, 1993), with their extent
and causes reasonably well known (TURNER and
CanoOON, 1988; PENLAND et al., 1990; WILLIAMS et
al., 1993). Such is not the case in Texas. Only

93132 received 8 December 1993; accepted in revision 6 May 1954,

recently through comprehensive studies of wet-
lands along the Texas coast (WHITE and CaLNAN,
1991; WHITE et al., 1993) has a more quantitative
‘understanding of wetland losses been determined
on a regional scale. In Louisiana, a combination
of natural and artificial causes of wetland loss
have been identified, including compactional sub-
sidence, delta abandonment, sea-level rise, severe
storms, geosynclinal downwarping, long-term cli-
mate change, construction of dams and levees for
flood control, dredging of canals, mineral extrac-
tion, and subsurface fiuid withdrawal (PENLAND

processes have also affected Texas. coastal wet-
lands, but one process is of primary importance—
subsurface fluid withdrawai. In Louisiana, this
process is considered of local importance (TURNER
and ‘CAHOON, 1988), but along .the upper Texas
coast, subsurface fluid withdrawal, a process that
has accelerated subsidence, is considered a pri-

. mary cause of wetland submergence and loss of

caused by ground-water with-
of ds in some aress is associated with more localized faulting
I’ 3, )‘ollﬂ,HE rm o a =.l anel " hain .ndl TS

‘et al., 1990; WILLIAMS et al., 1993). Most of these '
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Figure 1. - Study sites in relation to upper Quaternary depositional systems. Modified from FisHER et al. (1972, 1973).

. emergent vegemiion (WHITE et al, 1993). This

paper examines the relationship between wetland
loss and accelerated relative sea-level rise result-
ing from human-induced subsidence and faulting
along the upper Texas coast.

Geologic Setting

The regional geologic framework of the upper
Texas coast consists of two -major estuaries, Sa-

bine Lake and Galveston Bay, and a complex ar- -

ray of Holocene and Pleistocene depositional sys-

tems (FISHER et al., 1972,'1973) (Figure 1). The

estuaries formed when valleys entrenched by ma-
jor rivers during Wisconsinan glaciation and sea-
level lowstand were ficoded during the post-gla-

. cial sea-level rise (LEBLANC and HopGsoN, 1959).

The shallowness of the estuaries (< 3.m) indicates
that the entrenched valleys; incised to depths lo-
cally exceeding 30 m (KANE, 1959; REHKEMPER,
1969), have beern largely filled with Holocene sed-
iment. Inland parts of the various river valleys,
where entrenchment was not as deep and fluvial
sediment supply is. abundant, have been com-
pietely filled. In the case of the Trinity River, a

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

Prominent depositional features along t.he upper
Texas coastinclude a modern strandplain-chenier
system (FISHER et al., 1973) in ap interfluvial area
southwest of Sabine Lake, and an extensive bar-
rier island and peninsula complex that separates
the bays and lagoons of Galveston Bay from the

‘Gulf of Mexico (Figure 1). Major fluvial systems
include the San Jacinto and Trinity Rivers in'the’

Galveston Bay system and the Neches and Sabine
Rivers that fiow into Sabine Lake (Figure 1).

Distribution of Wetlands

‘Brackish and salt marshes are extensxve along
the upper Texas coast (WHITE et al., 1985, 1987).
Brackish marshes, which commonly include
Spartine patens, Distichlis spicata, Spartina

spartinae, Alternanthera philoxeroides, Phrag- -

mites australis, Scirpus maritimus, and Scirpus

‘ o&ae'm cover broad areas between Sabine Lake

and Galveston Bay landward of thz barrier-strand-
plain-chenier system. Other occurrences along the
Jower alluvial valleys and deltas of the Trinity

.and Neches Rivers, and on landward margins of
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East and West Bays (Figure 1). Salt marshes,
which are composed of Spartina alternifiora, Ba-
tis maritima, Salicornia spp., Distichlis spicata,
Monanthochloe littoralis, Scirpus Maritimus,
Juncus roemerianus, and at higher elevations
Spartina patens, fringe the Galveston Bay system
principally along the mainland and back-island
shores of West Bay and the shores of Bolivar Pen-
insula in East Bay (WHITE and PAINE, 1992). Fresh
marshes, fluvial woodlands and swamps occur
along more inland reaches of the Sabine, Neches,

‘Trinity, and San Jacinto Rivers (Figure 1).

Wetlands have developed on various Holocene
and Pleistocene land forms. Thicknesses of Ho-
locene sediments underlying wetlands range from

more than 40 m at the southwest end of Bolivar -
~Peninsula, which lies above the entrenched Pleis-

tocene valley, to less than 1 m where marshes have

developed on fiooded Pleistocene surfaces along

the inland margins of the marsh system. Thick-
ness of Holocene sediments in the major fluvial-
deltaic areas is generally less than 15 to 20 m, and
in the interfluvial area between Sabine Lake and
Galveston Bay, it is generally less than 10 m (based
on unpublished soils borings).

Methods of Documenting Wetland Losses and
Relationships to Subsidence

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

" GABRYSCH and BONNET, 1975; GABRYSCH and

CopLIx, 1890) o define spatial and temporal re-
lationships between submergence and subsidence
and to identify significant differences between

documented subsidence rates and possible wet-
land vertical accretion rates.

WETLAND LOSSES, AREAL EXTENT
AND DISTRIBUTION

Extensive areas of salt, brackish, and locally
fresh marshes have been converted to areas of
open water and flats as interior wetlands were
submerged and shorelines retreated from erosion.
These kinds of losses are most pronounced in salt
and brackish marshes in the Galveston Bay sys-
tem (Figure 2) and in brackish to fresh marshes
along the Neches River valley inland from Sabine

“Lake. Losses have also occurred in brackish

marshes in the interfluvial area southwest of Sa-
bine Lake. A total of eight sites, including two in
the Neches River valley, are examined in this pa-
per (Figure 1). '

Galveston Bay System

The Galveston Bay System ranks as the seventh
largest estuary in the United States (MCKINNEY
et al., 1989), encompassing almost 163,000 ha of
estuarine open water and an additional 52,800 ha
of marsh (WHITE et al., 1993). Brackish and salt
marshes compose about 83 percent of the marsh
system, with fresh marshes making up the re-
maining 17 percent. From the 1850’s to 1988, ap-
proximately 10,700 ha of marsh was converted to
open water and fiats (WHITE et al., 1993). Major
areas impacted include wetlands in the San Ja-
cinto and Trinity River valleys, Virginia Point (an
area south of Texas City), Bolivar Peninsula, and
nearshore areas along west Galveston Bay (Figure
2 and Table 1).

San Jacinto River

. In the lower San Jacinto River valley at the
head of Galveston Bay, more than 570 ha of fluvial
woodlands, swamps, and fresh to brackish marsh-
es were replaced by open water between 1956 and
1979 (WHITE et al., 1985; Figure 3). Aerial pho-
tographs taken in the 1930’s, 1950’s, and 1980’s
show that water progressed up the San Jacinto
River valley, displacing wetlands and uplands
(WHrTE and CALNAN, 1991). During the 26-vear
period between 1930 and 1956, emergent areas .
decreased by 590 ba, and between 1956 and 1986,
by 1,259 ha (Table 1). The rate of vegetated-area
Joss (fiuvial woodlands, swamps, and marshes) in-
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Figure 2. Study sites in the Galveston Bay system in relation to marsh areas (in black) that were converted to open water and
fiats between the 1950's and 1989. Modified from WHrTE et al. (1933).

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

Trinity River

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

from 1930 to 1956, when approximately 600 ha of
marsh was added to the delta. This trend in marsh
gain was reversed between 1956 and 1974, when
1,445 ha of mostly marshland was converted to
open water and unvegetated flat. Vegetated wet-
lands continued to shrink by an additional 90 ha
between 1974 and 1988. Although some wetland
losses around the Trinity River delta have re-
sulted from bay shoreline erosion (PAINE and
MORTON, 1986), the most extensive losses have
occurred in interior marshes. From 1953 to 1988,
wetland losses exceeded 1,742 ha in the delta and




]

Table 1. Submergence of vegetated wetlands along the upper ‘

Texas coast. See Figure 1 for site locations. All but interfiuvial
area compiled from WHITE et al. (1985, 1987, and 1993), and
WHrre and CaLNan (1991).

Gain or
Loss
Location . Period  (bectares)
Gaiveston Bay System
San Jacinto River 1830-1856 =590
1956-1986 -1,259
Trinity River 1830-1956 . +596
. 1956-1974 —1,445'
1974-1988 -89
Trinity River 1953-1989 -1,742?
Virginia Point _ 1952-1989 - —1,470
Clear Lake ! 1952-1989 —355
Bolivar Peninsula - 1952-1989 -600
Sabine Lake Estuarine System
Neches River )
Site 6 (see Figure 1) 1956-1978 -3,811
Site 7 (see Figure 1) . 1938-1956 -840
: ) 1956-1987 -1,306
Interfiuvial area (Clam Lake) 1930-1956 0
19561987 -277
' Total losses (Trinity River !
data includes only 1953-1989) - : -11,750

' Includes approximately 600 ha of marsh submerged by 2 power
plant cooling reservoir
* This area (from WHITE et aol., 1993) includes more alluvial

‘valley than the preceding site along the Trinity River. It also

includes the power plant cooling reservoir, which accounts for
600 ha of marsh loss

lower reaches of the Trinity River alluvial valley ,

(WHTTE et al., 1993, Figure 2).

Virginia Point

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

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

Western Margins of Galveston Bay (Clear
Lake)

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

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

Bolivar Pa’.ﬁn;u.la

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

Sabine Lake Estuarine System and Interfluvial
Area

Sabine Lake is about one-eighth of the size of
Galveston Bay in terms of area of estuarine open
water (DIENER, 1975), but an extensive marsh
complex occurs in the strandplain-chenier system

" southwest of the lake extending westward in the

interfluvial area that separates the two bay sys-

‘tems. Additional wetlands are located inland from

the lake along the modern rivers (F.igure 1).

Ncchcs River

The Neches River, which dlscharges at the head
of Sabine Lake, is the site of a large marsh-swamp
complex that has developed on fluvial and fluvial-
deltaic deposits within the entrenched valley
(FISHER et al., 1873). The most extensive loss of
contiguous wetlands on the Texas coast has oc-
curred within the Neches River valley (WHITE et
al., 1987; Wurre and CALNAN, 1991). Two areas
along a 25-km reach of the Neches lower valley
have been investigated (Figure 1). Vegetated wet-
lands in both areas underwent substantial losses
after the 1950’s. Between the mid-1950’s and 1978,
3,810 ha of marsh was displaced primarily by open
water along an approximately 16-km stretch of
the lower Neches River valley (Figure 5). The rate
of loss was almost 160 ha yr-!. Additional losses
in fresh-water marshes, woodlands, and swamps
have occurred upstream from this site (WHITE
and CALNAN, 1991). At the upstream site, emer-
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Figure 3. Changes in the distribution of wetlands between 1956 and 1979 within subsiding segment of the San Jacinto River
near Houston, Texas. The difierence in net changes in water and vegetated wetlands is due principally to devegetation of wetlands

from other processes such as pipeline construction and mining of sand resources. From WHITE et al. (1985).

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

Interfluvial Area (Clam Lake)

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

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

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

MAJOR CAUSES OF WETLAND LOSS

Conversion of vegetated wetlands to water and
barren flats may result from several interactive
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Figure 4.

‘

Changes in distribution of wetlands between 1956 and 1979 near Marsh Point on the bayward side of Bolivar Peninsula.

Increases in the areal extent of open water and decreases in the areal extent of marsh are apparently related to localized subsidence
and active faults (D = downthrown side of fault, U = upthrown side). From WHITE et al. (1985).

processes, including natural and artificial changes
in hydrology, intrusion of salt water into fresh
areas, reductions or alterations in sediment sup-
ply and dispersal, dredging of canals, climatic
changes, subsidence, and high rates of relative
sea-level rise (TURNER and CAHOON, 1988;
PENLAND et al., 1990; WILLIAMS et al., 1993). Sub-

mergence of wetlands in many areas indicates that

wetland vertical accretion rates are not sufficient
to offset rates of relative sea-level rise (BAUMANN
and DELAUNE, 1982). Although marsh vertical ac-
cretion rates tend to track rates of relative sea-
level rise (N1XON, 1980; STEVENSON et al., 1985),
the upper limit, based on organic matter produc-
tion, is estimated to be 14 to 16 mm yr=* (BRICK-
ER-URSsO et al., 1989). In Louisiana, marsh vertical

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

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

Human-Induced Subsidence

Holocene sediment sequences underlying wet-
lands in Texas are not as thick as in Louisiana,
and ‘therefore coastwide natural compactional
subsidence is not as high (RAMSEY and PENLAND,
1989). However, regional human-induced subsi-
dence caused by subsurface fluid production has
been extensive and has affected a relatively large

area in the Galveston Bay system (Figure 6). Rates

of “natural” compactional subsidence and eustat-
ic sea-level rise, which together may range up to
13 mm yr-* along the upper Texas coast (SWANSON
and THURLOW, 1973; LYLES et al., 1988), are great-
ly exceeded by buman-induced subsidence with
rates of up to almost 120 mm yr~* from 1964 to
1973 (GABRYSCH and BONNET, 1975). The major
cause of human-induced subsidence is the with-
drawal of underground fluids, principally ground
water, oil, and gas (PRATT and JOHNSON, 1926;
WinsLow and DoveL, 1954; GABRYSCH, 1969;
YERKES and CASTLE, 1969; KREITLER, 1977; PAINE,
1993).

In the Houston-Galveston area, there has been
up to 3 m of land-surface subsidence from large-
scale ground-water withdrawal since 1906
(GaBryscr and CoprLIN, 1990), The subsidence
“bow]” encompasses an area of approximately

943,500 ha where a minimum of 30 cm of subsi-
dence has occurred (Figure 6). The large Houston
subsidence bowl merges with & secondary de-
pression bowl centered on Texas City. (Figure 6).
From the early 1940’s to late 1970’s, rates of sub-
sidence were exceptionally high, more than 75 mm
yr=! in the area of maximum subsidence
(GaBryscn and CoPLIN, 1990). Since the late 1870's
rates in some areas, notably the eastern part of
the subsidence bowl and Texas City, have de-

“clined substantially due to the curtailment of
ground-water pumpage (GABRYSCH and COPLIN,
1990).

* Loss o 00vhono! SO0cres (365 AecTorws ) OF MOPSA primorily e ¢

. SDON RPORD|
Figure5.  Changes in the distribution of wetlands between 1956
and 1978 in the lower Neches River Valley at the head of Sabine
Lake. Site 6 op the Neches River shown in Figure 1. The fault
crossing this ares has apparently contributed w the changes (D
= downthrown side, U = upthrown side). From WHITE et al.
(1987).

Faulting

Subsidence in some ereas has occurred along
active faults that intersect wetlands. The major
2one of surface faulting along the Texas coast is
in the Houston-Galveston area where 150 linear
km of faulting has been reported (BRowN et a!.
1974). Surface faults correlate with, and appear
to be extensions of, subsurface faults in' many
areas (WEAVER and SHEETS, 1962; VAN SICLEN,
1967; KREITLER, 1977). Most of the surface fault-
ing in the Houston metropolitan area has appar-
ently taken place during the last few decades,
largely due to fluid withdrawal (water, oil, and
gas), which has reinitiated and accelerated fault
activity -(REID, 1973; KREITLER, 1977; VERBEEK
and CLANTON, 1981).
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Figure 6. 'Land-surface subsidence in the Galveston Bay aree, 1906 to 1987. Subsidence contours in meters are from GABRYSCH

and CopLIN (1990).

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

1973). Highways, railroads, industrial complexes,

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

As vertical displacement occurs along a fault
that intersects a marsh, more frequent and even-
tually permanent inundation of the surface on the
downthrown side of the fault can lead to replace-




B - Coastal Research - 10(4) ... 7296

Ficure 7. Block diagram of changes.in wetlands that may
occur along an active surface fault. There is generally an increase
in low marshes, shallow subagueous fiats, and open water on
the downthrown side of the fault reiative to the upthrown side. .

From WHrTE et al. (1993).

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

Rclationship Between Wetland Submergence and
Subsidence and Faulting

Galveston Bay System

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

Lake Houston, with a sediment trapping effi-
- ciency of 87 percent (U.S. DEPARTMENT OF AGRI-
CULTURE, 1959) and located only 16 km upstream

from the mouth of the San Jacinto River, has -

undoubtedly reduced the amount of fiuvial sedi-

-..Gal 240

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

Subsidence for Selected

Periods (mm/yr)
. 1906 1964— 1973- 1978~ ..
- Site 1943> 1973 1978 . 1987
San Jacinto River 5 67 46 8
Trinity River ? 10-14 8 S ?
Clear Lake 3 60 61 17
Yirginia Point 2-5 1434 - 12-30 8

ments reaching coastal wetlands. Nevertheless, the
magnitude of land-surface subsidence in the river
valley has been so great that it is unlikely aggra-
dation rates could keep pace with past subsidence
rates even if Lake Houston and other lakes had
not been constructed. More recent subsidence rates
are dramatically lower (GaBRYSCH and CoPLIN,
1990), however, and reductions in fiuvial sediment
supply may become & more significant factor in
wetland loss in the future. ‘
Trinity River. Approximately 40 percent of thé
submergence of wetlands in the Trinity River del-
ta and alluvial valley (Figure 2) resulted from
construction of & power plant cooling reservoir
{(more than 1,010 ha in size) in the southwestern
part of the delta. Most of the remaining 60 percent
of marsh loss, however, was due to submergence
apparently associated with subsidence and de-
clining river sediment loads (Figure 8). Bench-
mark releveling surveys across the Trinity River
alluvial valley (BALAzs, 1980) indicate that sub-
sidence rates from 1973 to 1978 approached 8 mm
yr~’. A similar rate was estimated for the period
1943-1973 (Table 2), and adding the Gulf of Mex-
ico regional sea-level rise of 2.4 mm yr-! (GornTTZ
and LEBEDEFF, 1987) vields a relative sea-level
rise of more than 10'mm yr~! at this Trinity River

- site. Estimated rates of marsh sedimentation over

the past 50 years, based on 2°Pb analysis in three
cores from marshes in the Trinity River delte,
average 5.4 mm yr-! and range as low as 4.2 mm
yr=* (WxrTE and CALNAN, 1990). The rate of rel-
ative sea-level rise is almost two times the average
rate of sedimentation, or vertical accretion.

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

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

Virginia Point. Although some of the wetland
loss near Virginia Point (Figure 2) can be attrib-
uted 10 dredging of channels and construction of
industrial ponds near Texas City, the major cause
is buman-induced subsidence (Figure 9). The
largest area of change is northwest of Jones Bay

where salt marsh vegetation was replaced by open
water in an area unaffected by dredged channels
and reservoirs. The Virginia Point area is partly
encompassed by a subsidence “bow!” centered on
Texas City (Figure 6). Land-surface subsidence
from 1906 to 1987 ranged from slightly less than
0.6 to 1.8 m (Figure 9). In the area northwest of
Jones Bay, estimated rates of subsidence exceed-
ed 14 mm yr—’ for the period of 1943 to 1987
(GaBRYsCH and CopPLIN, 1990). With the inclusion
of the Gulf of Mexico regional sea-leve] rise of 2.4
mm yr~* (GORNITZ and LEBEDEFF, 1987), the rate
of relative sea-level rise is more than 16 mm yr—?,
which apparently was higher than marsh vertical
accretion rates. Emergent vegetation did not con-
tinue its decline from 1979 to 1983 (WHITE et al.,
1993), perhaps reflecting a diminishing rate of
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Figure 9: Changes in the distribution of wetlands between 1956 and 1979 in relation to subsidence in the Virginia Point quadrangie
south of Texas City. Note the increase in open water in 1979. Contours show the amount of subsidesce (in meters) that occurred
between 1906 and 1987 based on maps from GABRYSCH and CopLin (1990). Modified from WHITE et al. (1985).

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

Western Margins of Galveston Bay (Clear Lake).
Conversion of wetlands to water and fiats in the
Clear Lake area (League City 7.5-minute quad-
rangle) represents the trend occurring along the
bayous and creeks located on the north and west
sides of Galveston Bay, an area affected most by
subsidence (Figure 6). The Clear Lake area had
subsided between 1.5 and 2 m by 1987 (Figure

10). Rates of subsidence near the mouth of Clear -

Lake increased from less than 3 mm yr~'in 1906-
1943 to about 35 mm yr~'in 1943-1973 to almost
60 mm yr-! in 1964-1973 (PuLicy and WHITE,
1991). The trend in this area has been one of
expansion of open water and shallow flats at the

expense of marshes and woodlands as subsidence

promoted the encroachment of estuarine water

up the valleys. . ‘ : '
Bolivar Peninsula. The Bolivar Peninsula site

~ 1s outside of the Houston subsidence bowl (F ig-

ures 2 and 6). Submergence of marshes on this
relict tidal inlet/washover fan complex on the
margins of East Bay are related to faulting and
more localized subsidence (WHrTE et al., 1985).
The location and orientation of two faults in this
area (Figure 4) correlate with normal faults that
have been mapped in the subsurface (F igure 11)
(EwiNg,.1985; MORTON and PAINE, 1990). Anal-
vsis of aerial photographs indicates that the faults
are active. Fault traces do not appear on aerial
photographs taken in the 1930’s, they are faintly
visible on photographs taken in 1956, and they
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are strongly visible on photographs taken in 1979.
- A benchmark releveling profile along State High-
way 87, which extends down Bolivar Peninsuls,
also indicates the faults are active; a marked in-
crease in subsidence of from 6 mm yr-! to 10 mm
y1=! occurred from the upthrown side to down-
thrown side of one of the faults crossed by the
releveling survey (WHrTE et al., 1993). The sub-
sidence rate at th‘e'highwgy was 10 mm yr—* for
the period of the survey 1936-1954. This rate could
possibly be matched by marsh sedimentation, de-
pending on sediment supply. However, displace-
ment along the fault may be more pronounced
toward East Bay where marshes on the down-
thrown side have been converted to open water.
In addition, the rate of fault movement may have
increased since 1954 when the berichmarks were
releveled. Fault activation and subsidence at this
site appear to be associated with hydrocarbon
production and regional depressurization of sub-
- surface formations by large-scale fiuid withdrawal
from the Caplen oil and gas field (Ewing, 1985;
KREITLER, et al, 1988). Total fluid withdrawal
(oil, gas, and formation water) from the Caplen
field since its discovery in 1939 is approximately
30—40 million barrels to 1985, with most produc-
tion from lower Miocene reservoirs at depths of
2,100 to 2,200 m (EwiINng, 1985). EWING (1985)
noted that the association of oil and gas produc-

tion and fault movement since the 1930'’s suggests

a causal relationship.

Sabine Lake Estuary System and Interfluvial
Area ) : ;

Necbes River. ‘Reasons for submergence of
. marshes in the Neches River valley (F igure 5) are
more complex than those for marsh submergence
in the Galveston Bay area where the magnitude
of subsidence has been so great. Although human-
induced subsidence associated with ground-water
and oil and gas production has been documented
in the Sabine Lake area (RATzLAFF, 1980), it is
more localized than around Galveston Bay. Un-
fortunately, benchmark releveling surveys do not

cross the Neches River valley where the most ex- -

tensive marsh loss has occurred. Additionally, nu-
merous human alterations of the marsh system
complicate the analysis. The river, which is lo-
cated on the south side of the valley, was dredged
for pavigation purposes in the early 1900’s. Since
then, the channe] has been straightened, deep-
ened, and maintained as & deep-draft shipping
route. Dredged material has been dumped on nat-

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

Displacement of marshes by open water and

shallow subaqueous flats appears to be related to
a combination of factors in addition to subsidence
and faulting (WHITE et al., 1987). Other factors
include dredged ‘canals, which can cause direct
and indirect losses (SCAIFE et al., 1983; TURNER
and CAHOON, 1988), changes in hydrologic regime
due to artificial channels and spoil disposal
(SWENsON and TURNER, 1987), a decline in fuvial

“sediments supplied to this alluvial area as a result
of reservoir development in the Neches River ba-

sin, and artificial levees (dredged spoil) that in-
hibit overbank flooding along the dredged portion
of the river. GOSSELINK et al. (1979) attributed

_ some of the habitat loss in the Sabine basin to a

number of causes, including hydrologic and salin-

ity modiﬁcgtions resulting from canals and up-

stream reservoirs.

Although factors contributing to marsh loss in
the Neches River valley are complex and difficult
to quantify adequately with existing data, the

conversion of marsh to open water suggests that -

marsh aggradation ratesare not keeping pace with
the rate of relative sea-level rise. A similar con-
clusion was reached by DELAUNE et al. (1983) in
a study of a brackish marsh in the Chenier Plain
pear Calcasieu Lake, Louisiana, about 50 km east
of Sabine Lake. DELAUNE et al. (1983) reported
that marsh area was being replaced by water at
an increasing rate because marsh vertical accre-
tion rates averaging 0.8 cm yr=' were surpassed
by submergence rates averaging ‘1.2 cm yr-i.
Among the human activities that possibly con-
tributed to the transformation to open water were
(1) ship channel construction (promoting salt in-
trusion and possibly sediment diversion) and (2)
oil, gas, and groundwater withdrawals (acceler-
ating subsidence) (DELAUNE et al., 1983).

Subsidence rates in the Neches River velley are .

pot known, but tide gage records at Sabine Pass,
about 35 km gulfward of the Neches River valley,
indicate a relative sea-level rise of 13.2 = 3.2 mm
yr=* for the period 1960 to 1978 (LYLES et al.,
1988). Benchmark releveling surveys near the
porthernmost site indicate that at least 20 cm of
subsidence has occurred in association with with-




-

)

0

i |

[3)

Open water tformed
posi-1930

g Surfoce foults

Subsurfoce foults 0 300011

0

S00m

0A06052

Figure 11. Relationship between subsurface and surface traces of faults at the Caplen Field on Bolivar Peninsula. Compare with
Figure 4, which illustrates the marsh loss along faults in this area. Modified from Ewinc (1985).

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

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

Interfiuvial Area (Clam Lake). Submergence of
marsh vegetation near Clam Lake has occurred
on the northwest side of a lineament interpreted
as ‘a fault . Coalescing ponds have
formed since 1956 on the fault’s downthrown side.
The fault could not be located on aerial photo-
graphs taken in the 1930’s or in 1956. However,
it is distinct on 1978 and 1989 photographs (Fig-
ure 12). The appearance (configuration, align-
ment, and contrasting tones on each side) of this
lineament is similar to that of surface faults re-
ported by VERBEEK and CLANTON (1981) and
WHITE et al. (1985). The fact that the fault does
not appear on photographs taken in the 1830’s
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and 1950’s but is distinct on later photographs
indicates that the fault has been activated. The
fault is downthrown to the northwest toward an
oil and gas field north of Clam Lake. It is probable
that the fault is the surface extension of a deep-
seated fault that has been activated by hydrocar-
bon production similar to the Bolivar Peninsula
site (Figure 11). Oil production from the Clam
Lake field has exceeded 21 million barrels since
its discovery in 1937 (TExas RaiLroap CoMMis-
SION, 1993). Production is from a depth of ap-
proximately 700 m, and similar to the Port Neches
field{ it is associated with a moderate to deep-
seated piercement salt dome (FISHER et al., 1973).
Some of the wetland loss near Clam Lake can be
attributed to levees constructed across the marsh,

"but canals, except for those formed in borrow ar-

eas that parallel the levees, have not been dredged
through the marsh. and have not contributed to
the marsh loss.

SUMMARY AND CONCLUSIONS

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

More than 10,000 ha of wetlands throughout
the Galveston Bay estuarine system have been
affected by submergence. Losses are pronounced
on the north and west side of the bay, including
the San Jacinto and Trinity River fluvial-deltaic
areas where together almost 3,600 ha of vegetated
area has been replaced by open water and flats
since the 1930’s. Locally on the west side of Gal-
vesion Bay at Virginia Point, approximately 1,450
ha of salt marsh was converted to open water and
fiat between 1952 and 1989. In the Neches River
fluvial-deltaic area near the head of Sabine Lake,
more than 5,000 he of emergent vegetation has
been lost since the 1950’s. Submergence of salt
and brackish marshes also occurred on the bay-
ward side of Bolivar Peninsula and in the inter-
fluvial area between Sabine Lake and Galveston
Bey.

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

-el rise due primarily to human-induced subsi-

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

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

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



Although rates of wetland loss doubled locally
from the 1930's-1950’s compared to the 1950’s—

1970/80’s, rates declined in some areas after the -

1970’s. These reductions in wetland loss in the

Galveston Bay system may be related to dramatic ,

reductions in rates of human-induced subsidence
‘@s a result of curtailment of ground-water pum-
page after the 1970’s.
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Figure 12. Aerial photograph of fault pear Clam Lake. To-
pographically Jow marshes and open water increase in area on
the downthrown side (D) of the fault relative to the upthrown
side (U). Photograph taken by NASA in 1989. Location in
Figure 1. :

Figure 12. Aerial photograph of fsult near Clam Lake. Topographically low marshes and open water increase in area on the
downthrown side (D) of the fault relative to the upthrown side (U). Pbotograph taken by_NASA in 1989. Location in Figure 1.
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- Addendum 2. Descriptions of Auger Cores, Southeastern Texas Coast



Depth

Descriptions of Auger Cores, Southeastern Texas Coast

Core ,
‘Number Latitude Longitude (ft) Environment
CE-2 29°35'26" 94°23'26" 24.2 interfluve
CE-3 - 29°35'07" 94°23'34" 19.0 interfluve
CE-4 1 29°32'56" 94°23'17" 34.15 interfluve
CE-5 29°37'21" 94°11'45" 23.9 ‘interfluve
CE-6 29°40'02" 94°04'23" 28.9 ~interfluve
CE-7 29°41'49" 93°57'04" 445 chenier plain
CE-8 29°42'47" 93°54'45" 44 .45 chenier plain
CE-9 29°43'58" ~ 93°52'34" 29.3 chenier plain
CE-10 29°43'49" - 93°53'02" 80.0 chenier plain
CE-11 29°44'21" 93°54'20" 34.1 incised valley
CE-12 - 29°44'52" 93°55'40" 33.9  incised valley
CE-13 £ 29°45'58" 93°56'13" 95.4 incised valley
CE-14 30°00'32" 92°51'30" - 30.4 incised valley
CE-15 30°00'11" 92°51'52" 59.3 incised valley
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J‘([frwv (0 : 7 » mbevbedded oo ',“',"‘l Awd silty clay ; Samds have Iavnf'
‘ T horizontal  laminat rong , oxidized N0++/'n7,‘ selty elay
Cas motiled ol wispy samd. layers avd oxidined root
. +VM="( ) ) ‘
25-6¢
i gLMrP Contact wl PO‘ﬁlth mud cracks (ov Lurrcw() - . -
- ‘ 2041 = 21,307 1 Dusky yellow (S Y 6ly) ; silty fo samdy clay ; small oxidr o
.06 - :
(240 ) ‘ Mo+-qu (Probablc root MOH""J)
7 : —_— Gharp mudi= Ar.Pgd co»«#az -{-runca%on Sussest erociomal - -
0 . )
20 70- 22. 24" Vellowish gray (5\1 8l1) fo dark yellowish oranse (l0vr 6
{--u samid w] Hhiw pudstons nberbeds joamndevual Aigliule 4(
I 2 ‘L‘I‘ Cornmz, but mud [camd contacks appeur s’nnvp scathis /
Sertion _ Lol and < rresyl ' £ ocandy /.
mud -frlled rect fraces ; vrresulav oxidation sF candy /4,
22.24 —23:457 ;. no /;ZECDUE,Q\/ . —
23.95 - 25.007: Med. light 50y (NS)  vevy F i Savd |, mestive, mud |
33-22,- ) ‘ “r'P'“F elaze (~. 72" across)
(24.(;) ) , - S‘su'p (én’f‘t{' , Fosslblt stRy mad 04"0{3'- . —
‘ ‘ ™ 25.00 - 2;~5'0,: ) LI:A‘}' ’,, 2y (N?—)I vevy )(ru SM&( , 1Cz.:_m7" !rresu,"av L
gg : . :’ﬁlﬁ"r\d'.l"cv’, o "I_‘r'r-.u. ’/ﬂ.* /c /v ’ﬁ"!!n‘»';/r'( 9‘* At«a(

cen b4 (pvobci‘>1~/ Cros/oan) i ‘ " !

25.50'— 26.50" ¢ Gresnsh ”‘I(sc'é/')/’15L+j‘rA/ (N?)I 5/05&4!/ :'H/V!
. ("‘Y wl rresolov yery £l sawd rntevbe Jsl- silty clay

mussive j iedy mbevbeds distorbed | Some’ wl fhin pudidy)|

a we T A
‘l minaetdicne e cavdy 1htee valyg 0xrd'?4¢l th c.‘rz'.a ~f
Tamd berle iniienceg upw;v&l

—_ grﬂd-‘AfIO-«Al fan{a(«} —_— S
;6:50— Z‘qé . Llﬁhf’ 7'fc,‘;-‘,f- f'{lw/ (g 6y g/,) / vEvy fn,u. s andd "d/ r/ ,A,A‘

| poaddy e cre o sadfwid roatio Adrereszes vpwavd
70 ‘ g ’ o Some Jamen ve el (pessible ropple x-beddivg)

e ﬁrqalo\"»ch.l contouct —=——m

— <havp . zlichtly irreﬁ) Y

26.36 - 23 .29 :',LISML ijee;- cn ’/ (5 G‘/"Z/l)' vervy 7['N SAw:/ /
/ ]

] . ' .
5ubir-,gr/?:w-;' 28 et ainy g _’J.;,’:Iyé,://



o awzt - 2208 Light olive 575y <?Y sl) i fome zaed ) b Camd) wid

U ‘ *hich ;’.‘mu(/r.nm’ cato am o car o reloagd pesbaniy ”/uv-»', Cering procec:
[ o mottiiag sav rﬂ;( N

L. 2908 -29.05": NO Recoverey _ , ,

29 657 Davk greench aray (5 6Y 1) 1 clay (omly thw prere vecourred)

r‘ —_ flxnaé rovtact —

‘.

: ‘ » .
L 2nee— 2ooue Light olive avey (Sy gli)  veey fime 50 d | wessive, swall mud

'-'F'Ur) C‘I*’,‘f; (fob”'-."!vaf"al e .  ;,;,¢ L.,\% F'eg.‘,', tLivﬂg;éLch_)

— C sLavf. f’:r'}L(‘f’, I:o’a*ffé)'/ evos snal  — ‘

2341_‘—' 3]52,: o"‘-’evfj'”‘/ (5\/ "I‘Il) ;5!'5{"4"\’ 5'!4\/ C’A\/, !f\om-;ﬂll_".-;ays ) EMJ‘{I'IV_
Lu"'o-ws (~ '/‘g“"atrars) ’ abovowd acdt Lnfs of;Lfael( Ovganmie 91?’9,',;

}i — Avadaticwael foviart —m ’

Totna = 323170 Olwe grey (5wl o clebbly cilby elay el Fheveey fiae s

(W ‘ Iu-leuéeoJS} :'H'/ cley Same coc ahove ;o sandy m(-o»"»“* hove :5“"’.?‘

'li ‘ fOM{(At"S,‘&PPta-— fo have berw srigimally il*rorzzog‘fxl

— :L;ayf ‘(om')lae‘f' —_— .

L 32z =33 23 0 Lkt ol aray (5 61) very S sucd w/ fhin med Jowivae

(SMJ)M'AJ)" Sonu /om'vea‘/'cn: horizontal s otbhevs incliand
/]tv . (Pr.LaL’e Z.D ‘r:PP'evxégeJol'hq)

| | END corE
J |



‘C'r—:.—s B R i Vibra Core

Location: ___ . : D
bcation:. 1 - ARCo Ferid Piston Core [ ] _
B o v; - i a{( 1 ~ B - -
Remarks: “‘f”f , ' / _ — Rotary Core [X
Elevation:
 Depth
feet ~meters  Description | N
0 E 53 l' 6"*\/"“ orange ('o YR qu) £ oto vt sd w/ Sealdeved pebbles (ss clact<)
) pre: cerved voots af 11.9/7/ sbdt sheli m;\}:ru’ (f:-u hact Fs /ar”, /;-aﬁmen"s) ASPA(/\ ‘e
. matuvial (Vﬂdd 7) &«# A““ |
'561#'0“" - :‘;nrp contart — M
o oy | [ LED: Grayish br (Y2 312)  clayey wh. Yo £ sd; mortted o pockets o"f
T a
- .5 F"’"V“( wind [sand /4m,u¢ af base Very Frme 5 hell mah-—m/
- — shavp contact — ‘ -
56 @ Grayish prange (/o yR #4) ; v cd wf 14N fnud"y laminstuns howr
laminations | muddy lominae wl bits of orgamie mattie n lower Jp ) very fine 5.41// debr
: — shavp contact — ' T ‘ : M
4% N . .
2 MELL) L:i—"____—:_Z_E Oliwe Sray (59 uh); sandy clay of v.hi sd. [aminae ; lamimse horl |
e @: Mo zeEcoveRry B '
Gy 101 : B
JCF“"" 2 — Grayish orange (o vyr */'4) v.{. 54 Adrscon 1‘-muaus /‘10"% (’) Muda/r /u- 5
— Shavp . evosioial contact — 2 |
Eﬂa Gravish sravee (10 va ) 40 dk gv. gray (5 67 q/:) ¥ n-/-wlcolaleal ela—y
v sd amd ‘115L+l7 sevndy clay , muddier ot bate savdier o4 fop , cont‘a:l‘g
Lc#wecn ‘(p( o el shar,a but /rrzju/otr,‘ clay beds fave trrege/ar Pockets of c/ayey
%.3 7 :;‘ (S:ML A:r’-ubahon , othev of vncertaim ang,n) Sa»u/, bave l"'eju/ar P°<k< ,
| C;) “sandy clay (uucr_—#u.. ‘”"5"') somall bits of Orsanic rmathie
| g e HA% - §.#]: Mo REcovery o
- Section 10 3.3 - ' -
Pl 0 3 @ 3 - O: u(Dk 4ray CH3) C"\Y S(GJLwe.( faockcf: of v.f <cd (lbrobaélg £ornu{)
: small oxidig meH’l:u, (Prob‘“c root mottli
| » n9) , oexrdizged vertical biot P
”'2' - (11.03) @ traces (root +races ?) ' “*'L‘ -
A T|. ©3-13.3) : MO peEcovery ) ~ ' {1
Cobo Y ® @ Pk grey (n3) Ho M. gray (N3) at buse ; clay, Shshtly cdy of 4,“/. verel .
J{( Vm , sdy /Arnmac— af bt‘v, Fira /1 gray (n3) fo - blade (ne) Md//‘/mj Irrg,u/.,v /4. 5,‘7
patehes in fower ¥ , oxid :aul Vertreal biaforbation (root?) #reces
3 - Shakp )y very arresulav contact — (Plngfoeeu//,(,/,"u contact 9) {
' USia=Ts3e): Med. It gray (n '
| 974y (NC) Ho dk yoll. orpmge (10 ye 6/4) slishtly samdy
ek IF clo.n/ very -rm-g 'V'OH'Im-' wf rla.,ey <d , pockets Hf Ak '
sl _Ho_l,-_- Oxrdier e woody ‘Frajﬂ\-l-&‘f extomsive o;'dA“th Gray ‘Io»y (FW( as abave rn/-u '/
. Plesst, = C?“\'}bcf Vacerfaim e . - . : ) e
‘ gvé‘t{"“’“_s E’s_;‘ -:‘8 A2 U grey (NF) 4o dbk yel ovamge - (10 7= ele) : Clayey silt fo z/ayd i
(Z PM‘I‘B) v vevy h.,..( extensive  fime mottling , proballe ve,,l-,,ﬁl brotuvbation Fraces
B nav -I-op filted wl cleamar sd ellnp-n‘ma‘ clayey. mottiing ot bace (6 r 2y,
@ VPW /L . 4 ’ l t’ w row's ) ] H
2 xdensively ox:dnz;,l oxidation Jecru.cms Jawnwud
T, ilf‘ﬂ- 8. gl? No pgcoveray . :
‘ ) (1844 @ Us.% - 14a. 5“" Lt groy (“7) ; slightly Savdy st fF CIAY . tlf’-cuslvc /'S"/’ dark —
_ 186 — MoH'f«n,1 jehaotie dictuvbed cppeavance ; burrows fitled A wl (/Aygy cd |
’<§ec1l'(°... A — contact very srregu/av s Arcfuvbed —— : L '
(l Pf$) 20 1 .1[4,54- 2[./3'; ngl “—. qray (N%) s shightly ’C/dyey rp/ NUMmerows: Auryowf f P
l : : wl davkew gray SMo‘Y elay., vppev contact ”*’WS"’"Y ém#urbu‘ea] ; ""L‘.L';."
v

clayey moH/:"j (Sﬂm root Fraces ,othere uncertain ""'5”")

vevy a(/:'lbllé'
(‘Lma /»,c afﬂearancc



Location: e-5 Vibra Core [ ]

Piston Core  []
Remarks: Hwy $%- ARCO F”””?’ Rotary Core []

Elevation:

Depth o
feet  meters Description

20

—_ }thnk th core Sectrom —

/’\ 121-13 — 21455'!; Sawme as above gweep‘f‘ one discveet c/lu/ inkerbool w/ smdy
bioturbation mottling | and 3/47 clast (?) neav base

' :’gerflow 6 — aradatione] contact —

]

Bz 55 — 23 2¢): very 14 gray (n2) ) indrlaminated v.f sd.. and clay ; [ommnac
imelinad (crO“-bPJ‘("\g wf clay drepes ?); Soma moH/;.,, wilin clay [owinac
(probable bioturbation) ;) extrasive red. bva. cxidation

— shavp rondact —

(Zzze - 23 32]: Hed Grey (N5) | cloy ; small sd-£illed biotuvbation traces
25 — 5-,-Adaﬁrau.,/, biotwwrbafed contoct —

[23.32 - zz-ﬁﬂ: very [ gray ; shishtly eleyey vl 5,{/ mind - L led broturbatie

Fraces (more common at top) ; Some prcc?wd Fine horirontal /nm,—uu‘;aus_/‘

Minor oxidation

L 23.14

TDh = 22.9. END corT




AR By Ay %4 [~ N A riev v et

P9 ter &
Location: __CE-6 vibracore ]
AR 5 o ctite Pavk ~ PistonCore []
RemarkS: i HW)' : gF - Sea /ZIM JTATE av — Rotary Core | g . ;
i ' ' Elevation: _____

Depth |

feet  meters Descrlptlon ‘ S

o] ) i lo'_ z,zS,: Grayrsh oravge (10" vr 7/‘4),' loose  v.1. sd.,
: MHJJ, /amnﬁﬂ‘ A*f b‘“ ’
' "‘)"OWA-"AS bd’rfr . :

§ + , E .— s(ﬂAfP co’M‘“*‘ — '. N *
e | 25 -2.c0) 1 DK gr gray (567 4li); clay, Samdy clay at bise ; oxidized root trac -
Saned - A 11ed "U"‘Owrﬂ{" {oF ; Small ./) fs of organie matier '

{7-5 : — arkd&'/'oml/ contart —

34 o= 20]): Dk yel br (10 yr s2) : o :

savdy clay 4o clayey sd w/ clay infebed ; churni
“dexdare ) fower contact of .l ru#wéu/':/urp

[,m 9,-".“5 .o(eéﬂs 11 .’/Avey :@f}/on‘

5/15‘-1“/7 lnuddy at bau_ v1"4?”:.
abdd dicceminited fine 51‘;// /'r‘_g; , ont 'b// haih Zone

L upper rontact grad. oxidized roof fr;re

R = shavp contect — . e . ;
. o 5 2 M 0] lg o — 3. zslf Dk 9} 9groy (s 6‘7"7‘/1)" r/a‘\/./' o‘x:d'-ze,{ 'l‘nof fruq? Firne ofgﬂ"'t J"'f*
’( : ! 1. L?E‘ﬂ HO RrREcovay ‘ .
Jechon 2 : § _ Olive black (5 ¥ 211); elay ; sd, f'”“‘ /’"‘““‘ ""’"“'5“""" #races.
M. gray (N?) « gravich black (M2) ma#lznj ; small bits of black organ.. ﬁna#w
— jraualm‘-laual contact —
» D Ohive black (8Y 211) 45 9rtvv=ln oravse (10 YR ;/4) c'/ay w/ v-i"if. Sd. 1wtes e
‘ “vpper s lower conteacts of sd. "‘Mvp but trrego/as - 464* sd-fited Pﬂéa‘/c burra
2.5 @ oxrdized roof‘ "'TA(,‘S I 9'.'7,‘5 bleek (MZ) MOH-/;.’/ e
_..— No IZ.EtoVEP-Y . .o
& @ Black (n1); soft clay snﬂwul £d.-filled probable Lurnus mod I+
) [0 ‘ : gray (v6) 4o W, brn (5 ye 5/‘) mettling "h""“-J “PP“’Mte Sm. o ped. woouly /;05
— shavp , irreqular coutact — (probeble  Hel/ Pleist. con-hc-})
§e(1lro'v~ ) | Hel. -] : Or.gray (s Gy &),
\ : ) Pleist. v

! c/¢~7‘,' oxidized root Hraces ; grayich black (Nz)
streaky motHhia | |

—_— 9ra—dn+nn‘7 contaet ——

' (. Se - 12.13) P Med [ 4ray (n6)

5//{/1//y de C/Ay y.,/ Vf sd. /"{w“/
in clay ‘deereases vpwavd

s and (ant‘mf
] ; 110,: ¢ LOffa»' a*\ Sd 6"/ I”'&;u/a,, (‘)O*urba e‘/)
16 %2& Froi :MJ\/ maH-/mj (Prab ble g,o;“,b**”")

— sharp; lf‘r‘eju.‘M Contaect

’: L4 9vay (N?) +o adk ﬁ'*‘/ (N?.) (/afcy v sd w/ lrnj‘u/nv saﬁ;o‘y;

s : ‘ } mberbeds ) sand cou%ww‘ 1n:r¢ucs Up.,.w‘j d'sfuvbul frne /4”“-447‘/0;«: Cexhmert
' % Fine mibting jooxrdized “°'+’“" 5'°*uvbd~mn Fraces (rost Fraces)

. ¥ NO RECOovVERY
gec-ﬁlon L’ : @ _ . gray (~n3) ; Clayéy sd

V¢V+|C" L/"
1681 Streaky moH—huj, C”lr‘l‘l(&l bto'}.AVDa]LraM ( move Common UP‘““"‘)/ scotened oxidat "
] a
— gradationa! coutact —

10/
[fb Ob — 16 ?Il

@ sub-hor louf'nl

L

5 c/ay con/‘m} (uereases vpwavd |

Grayish oravse (1o'yr 7-/4)/ v. ,C ;J ; ‘/'5‘0)“/)1 C/Ayey ”L ’LUP {;Mf‘

Iammuﬁ-mns , ellptical moh‘/n.’ (‘/aﬁwé‘\#u‘.) , H/u«:wc oxsdatss
1.9 , ‘ — 16,81 --1%8, ‘T' NoO nz;ovgny , i
Scn’-'au 5 ; @@ Groytsk ara—u% @r) YIZ 7/4) S/rg%ully c/gy;y v.f sd

Au’rbw( ) f-«/, J U/
J[ 20 sty cluy, Fine - sale oxrdized rvu“/vnj

= Shavp, arrcju/ov (loaded ?) ¢contaet — ' ' : ’

i(cmﬂ')



| F Lo¢étion:

CLOASTRL EfLOSION PROJECT P3 Z ot 2

CE -

6

Vibra Core [ ]

Hoy §% = Sea [Lim Stale Pk

Piston Core [ ]

A Remarks: Rotary Core <]
- Elevation:
T
| Depth
; feet meters Description ; '
. /,\ 20 ll'l 15 = 2o. lS' Greenish Gray (s 6v éh) Samdy {/AY’ ox/dlzeo( rect troces (ho.ﬂ‘/.y
J " upper P"+) buvrows filled ] clayey sd- (IMW n uppew part s cwmaller 1n Jower fawl)
— Shavp , l"k‘cjvlkv tontFact — '
Lﬁecf:on S 21 ag i Yel gray (5\/ SII)/‘ shshily clayey sd, clay content decreases opward
| cloyey biotuvbation moHlme, at bate , Atscontinvous clayey Jaminae ; Sratbved oxidat
B — shavp , ivregularv covtact _— ' : .
] 1 [20.32 = 21.50]: Yel gray (57 2l1) 4o dk. yel oramge (10 ¥ 6/6),‘- vl sd ; horizontal
L,A 2z.5 ,ﬁmlnAJrlnn;'l tebulay (2) 5'0""6‘14'"3/‘ oxidation of lower /2
— — 3rAl‘A—\Llona~‘ tﬂu-‘ktvf’ —— X .
| E .6 2150 = 21.93): Yel gray (sv8/1); v sd w thin clay inteybeds - ! aminac ; zancl
o ? L,otﬂ}on""”’ IAM!'\A."C#( ; (onhds wl clay thtevbeds rrvesulay (L/o{‘uvbm‘:d ’)
(’ — [ZLa3=23-5]: No RECOVERY
[ fection é 26.4] Y ) - ( s12) ; .
_J © @ L+. olive grey (s ¥ s12); <t£f clay, Sandy pPlaces ; vpper
— 10" contains numevous f>0¢="f'{’s of samd — @Ppa-vou'l‘ sof¥ - Srd/mov. /aa//n7
3 ! [ ‘Fob‘-“d°f"‘7 of smal into undcr/y:», elay (Poor recovery at /o/: of sectron —
— Aetails not ¢ltAv)/ extensive reddish frowan m:l‘///ni of Lwcevtai orisin
[ ’i a4 - evadA-lna—gl coutact — ' )
B D lze.32 — 26.4)]: Vel gvay ,(s vy eh); v.F sd ; fant h;y,;,,‘h/ S amiantions
Small c/ay c/u)‘ (?)
i | RL L BT wo newoveny —enp oF corE
- D= 28.9
i
J
-
b :
e 35 .
-
.
‘ Ho




Loca‘tio‘n:g CE F S ___ VibraCore []. ' _ -
| | Piston Core [ ]

Rotary Core [X]
Elevation:

Remarks: ‘Hwi £+ — Chenjey P{q:‘m ‘

Depth \ | ;|
feet meters  Description . :

° [0- ~23S]): Dusky brn (5 ve 7-”-),‘ clayey £, 4o v.f. <d i roots v obhav orsamic
mater, abdt. shell debris (Jore + small 'Frasmeu{*s):

_3»"’“‘“4‘(_’“" contact — T

| Sectiowm | ‘ ‘]'775' "7.3]: Pile bra (5 YR s/2) 4o dusky brn (5 Yo 2/a) ; shshtly clayey f. o vf sd

t(ref,ulav pockets of vevy 'cl@yty od oba+ orgawmic matker , %"vgl‘hpf»,ed sd-4 ‘e
buvrows wln Cl‘YCY pot"d’,’ abdt. F'M shell material "l"’ﬂus“au‘f'
— shavp comtuct —

3.7 e LAt -3.uc): Die yel orange (1o v2 €le), very Fia sd , slishtly clayey ot base

. heavy m:~r‘n{,-(~w;“y PE s ‘/oP); abdd. Fine shall rrass (9,.(:..#,‘{‘4 at an; Seathowi,
T c!aj-rn:ln m,ﬁ\_l,.‘: . .

5 —_— ! No RecoveERY . !
. - - . g | _ ' ' y
543 é |g.;. - S.og,; Dk \/cl- orange (,orm 6/6) ; slishtly clayey v.f. sd. ; ,C_,\_‘ ot -
’ Some clayey | somd cleaner =d. (pv,,‘né/e : L:ot‘mba*fua) ; /Llr?x subvertreal

Cection 2 i burrow neav base filled wf cleanee sd. | oxidatin Hhroushout
— sharp contact — : 3

$ el qray (5 Y #Hz) to grayish ﬁm (10 6y s12); slish+ly civey sd. (,gl,j-r

2
wl cloy laminae (guy 1-), clay laminae grouped info buondles at fop » éﬂﬁ,.‘, of 1ni b
sd. inbwval coutains clayey mottiing (probable b .

' 3 ‘lo'/’wvbu/'wu)' .
5.9 : l \?"‘1’ - %-1»| ! NO RecoVERY o ) -
| @ : Dk. yel. by (16 YR ‘”7-)} SI‘S"*I'Y clayey V"I.' sd. },coloﬁvrmoh‘huﬂ (Slf ]

vs- brn) especially at base , ofhuvwice ntassive m appeavance ; abdt. hsayies

1o ! NO Recovery M

) oML . : . . . [

, Sedrou; o ‘ ‘ ’ =

| i

® | o n

t — : : L

12.9 T |I3.1 - |5~“'Z Mod. yel. brn (:o YR 5/'4)" v.t. sd. ,' Seattered clay rip-up clasts (Po:s:‘/y
@ clay “fihed. bu.vrowg , can't he su.'c) ;

tmdistint moHlmj; Scattwed very five shell d'{»j‘r'-

|5 — shovp. tonfact —

) m Groyish by (s v 3/1); clayey v. £ sd - possible 1" Fh ok cl", Inyer

at top (Jtsrup{'u( —cam't be suve o f bed or lavge cloy -filled bumu)) abdt
) ) CI””{'“"I b"‘"‘?“'$ M= aevoss ¢ Seatbuwed s hall FFAS‘ wfin. sd. , (
5‘@(* toun ‘{ . ) - ]

' — Shovp comdact — ’ ‘,7
m" Med. yel br. (10 vr siu) ; v sd wf cloy intebeds ? (4

-la dr;#:u?ulr‘ﬁ c/ay bCJ f"OlM (OA,IQSCCA MUJ--[‘,[/eJ burraw’) . ‘/‘Y’ ,[”//&J
L.urrows / rminor Shell ‘Aebmg / —

fIG.Ib—IQ~O‘2 No Recove vy i ﬁ
2 Olive 4ray (5 ] 3!2),I' LILY w/ S(A#WCJ thin Samd laminae ‘
uppev /3 contarns severval /AV%L vfled - Filled burrows - o»p’:caV fo /‘lavai
~ : . ,
bein  several 72" ek Cavd 1ntevbeds buf origrmal Aedo/’u7 distvibed
by bla‘/ur‘aa}wu ) | .

: ) ‘/oncr 73 ronfaing ﬂnh Arscontrimvocs saumodd /ﬁ»«/wérj
seattived Patkul’: of ’C.,M

shell él(LrIS/' 5//;/:4»«:441 )p/r\_c ovsamc o a fA

190

Q<> @

.10



P - Location:
L

CE - F , VibraCore [ ]

Piston Core [ ]

Rotary Core [X<]
Elevation:

Remarks: Hoy $3 = Chawiev Plac_
B
U
| Depth s
- feet  meters Description
20

} SCE*IDM 5

_j/ long F“"’: :

[20. &2 - 20.34). Yellowrsh Gray (5 v 7/7-),' v.{, sr,lj‘ vevy abdt /\Jav'cs;

obedt small shett ;VAQS +t oue small whole shill (ﬂ/':akfltu/d.fra()
—_ 5[4.\,’-, contact, Po$$lb/y eroSiomal —

(2o %9 - Z""‘)i- Olive grey (5 Y 32) clay ; one bhin, discontinvouns sd

/ammnc; pocket of skell fasly wiim clay ; vpper Yo comtaing  hurrowe Fillesd

w/ c(an/c\’ :d/ 5(4)‘#%9,{ Arft 67[ ;m‘// orj,‘n;e‘a/{ér;(.s‘

l2r1z = 20 Ef Y!/<5ra~, (s y 7/2)/0/:v<, gray (s v /ey ; /nl‘vbez/e/eo/ v.f sd a

C’A\/I. Somd LCAQ ~ 74 ! {-‘“(k ’ Cl—"? L‘fjé"/""x/u i f’h'ck,. f/a.’rr é«p/&llv-?:
besal tontacts of sanels shavp, Somy y

evosiomal tfop coutacts samds Shavp
Sands have mpf‘t x-Le-JAmj;

cloys have minoy orgamic mathew Small

— Shavp, biotuvrbated tovtacd —
[21-2% = 21.58], Vel gray (s-y ;/a)" v.f. s"'/'

V‘FP,(. erog¢s '6‘4}(’“’ }‘o

hovizontal’ /aMIMaflpus , Semall _f/ay ﬁ//ep( burrow near fop

_'vc"”"""‘./ (au/’lu.f —_—
[2-5% - 2241 same ag 2102~ 21.32
\JP <l>o 3/4" , cl,y; UP #a /-5”)/

— Shtrp,lﬂasflL/y evosionw! covtact —

reept beds sl5htly Fhichor (sands

e gray (s v 3
Samd [aminae show seme horrg.

fv—asm‘k ) Scatbved orGanic matk,

’-), c/ay w/ mino fA/n s avd /am“vnc /‘
/4"""'4/‘104« ; clays have mines {;u 5/\-4//

v, a Fc;u small It/"[l//ra( ﬁurruuf
- sh‘vp contecd —

[23:22 = 2339 v, gray (sv;lz);
sands have Acm?—aulul lominatd

vif. sd vl clay Jaminge o /nﬁubcz/s)‘

toms » starved ripple x—éz‘//.nj ; elays have

orgamic mathy oo,/ sd-F1re burvows

Olrve groy (S Y ?/'1)/' 411\//' small ["n_;m,«.fs orgaviic ma df<

' breﬁk [ B -Y 2 R—

Olive 3ra7 (g Y 7"2); CIAY, SCA*I—wep( f/viln v.-fA sd4. /aw:u;c
mott Atstontinuous | possikle lavse id- filled burous ; orsamic matien 1n clay

— Shavp, burrowed condact —  (probable Hol- Pleist ?ohfa¢f>
]2F.12 — 2%. 93} Med 4. qray (ug) to Dk yel oranse (1o vy 6[6); slty o sdy st
clay; Ak Grey Mo'h‘len1 hreav top ; exteusive oxidadion -

civenlav , havd oxidetion

)
5P0+$ (bur"om$ ? or 0!!0‘!1(/1 brﬂ‘.vﬂc mattw ?) ,' Sd— A//eol (Y- f/‘/;n? (PyoA‘A/( éurau

[2%8.92 - 29.2): No nrecove iy

29.2 = 29 .34 Vel . Groy (5 v ?-{z),' vfiosd o~ thia elay laminae

D — SLvA_r,‘, B \,gr\/ l"l‘e’ula“ Cﬂ%'}&('* ——

[21.34 = 2534} : P, vel. br. (10 vR 6’2)/' sitylsdy clay ;v e o

1scondrinvous

U shork part) .l bact
; — Avr conT e D
2416
25

’ Sll--[;”r,J burrow(
j,ﬂf‘Sc[h‘ov\ é

_ Hol |

ii Pletst

[
L
— 2sﬁ%b
s
LJ
- 0 |22.41 =723 . 22): ¢y
|
i
[1Cccdion F

|
T

‘ @ — shar _LOM"Ac+ —

| 4

- . 1 [23.23 - 2‘4./:@):
! ??-3 J — contact Uneevtain
, ' 25 : @ (24.1¢ - 27 .72];
:'“}Se(*hw g
[ ;(2 paris) 3344
I
@ especially at+ base
] T
1’ } L
“oay ©)
. Sectiondq Ho
B

sd. |omivae wrav Lau" abd4 ovdanmc weattar , Somae [avgew frnqs oxidiaed

e 5"1&"? condact —



’Locaktion': __ce-F v ', ~ Vibra Core

O] .
| . | 9 | Piston Core [ ]
Remarks: Hoy 33 -Chewier o : Rotary Core [X]

Elevation:

: -Depth o | ; -

- feet: meters Description i
/r “do [279 89— 22 43); Dk vel oramge (1o viz 6/6)/ pale yvel. be (10 vz ¢l2) ) mlg«ﬁgl»

- f-[nu‘ sd. Ml( S;fdy :/ufl' 50’- éeo(.‘- '/2.'?” 7“"‘1( , SM’(y f‘/Ay A‘QJ‘ yz ._/"'

. Samds massive fo hovizoutal [aminatice , Some clay rip-vp clasts ; sdy }74
' beewdoad L ’ s - ; . —
geﬁLl*h q beds have conce efed aveae of o ganrcs, Sonue s Litled mcﬂ/mj 5 bin

: contacets of camds sbavp » Some evocionmal ; /OQcV pLavt of rntevieal l'“ )'
(2 f"s) d'SYUP+¢4‘ »chaotic (“°+ bedd<d Lutf remunmats of 5«44{:‘47 /”(Su-\'f>r
— 1V‘AA.A+tam4I covntact —_— ) ,
L_’__gz.q;___];q.w L Greeaieh Jrey (5 6y 6"); cloy fo samdy c/ay ( = ool (Ou;";"
44.¢4 Inevenses upqud), pockets of concewdputed ovGavic_rich elay ; Call

us: TD;LHb nodules | cxbivcive Qxldk"‘(ay\; froe mo++h~.3

— shavp,irresulav coutuct —
Butu- 24 2ol Dk gr 9oy (5 6¥ 40h) 1 elay [ motthag Flled w/ lisht-c v
T Mmatevral (6“"’"‘"9 ﬁ”fe/ w/ aéovg m.{-L..AI)
—_— LBH-ZQ—@-&-EJ ‘ No REcoveERyY ' 3

|34.3 — 35-'8;5 Grayish oramge (1o YR :1/#)/- v.f. o sd; massive “f/’“"‘“‘c} ver:

swall clay rip-uvp clasts (?); Small clayey cd Filled Lyrﬂw: neav base
— 3"4.4&*10“4‘ tontact —— ‘

[3S.18 = 35.5¢): Mod. yel. bv (10v12 5/4); shshtly clayey v. £. cd.l' savdy cli

/r.P—uP‘ clasts 2 (laminated, don't ook [ike Aurnws) fo 1" acress
— Shavp contact —

(3556 = 35.35]: Greyish orawse (1o v:z'v/*l)‘,‘ v.l. so w/ minov muddy |am,n

heav {»op;‘honzon&‘l lawinitrows st base i
= sha'rp (on+az+ — :

25,35 = 36.00}: Pale yel br (10 ¥R 612) ; clayey v sd.

horreontal [am mctronse > rr/o/o/e cross < [aminatron
—_ 3"4“.1‘%1"\4/ contact —

' {
]Ss.oo‘-— 36 49) . Pale yel br (10 ve e/2) ; clavey v .1 sd. ! clay v»-o-f/'—/,.-.j |

Lt Sha.vp contact ——

|
Lo
wl eleaw sd. amina ’;

|26.44 - 37"‘4‘/JZ Pale yel ‘bv (10 v 6!2),- elayey vl sd  w) clea Cd - c/[ '

‘ show Plpf/g (‘rb;g—/‘m,,.‘-f,p‘./' ¢/ay‘e7
/nhy\_mls show /wrv-/a‘ [arivm atioe

. : ]
B¥.94 - 39.4]: vo rECOVERY ' , B
G = de et . . |
B9 = Hoco¥]! Lvayish cramge (10 v 3/u) ; Fone to vl sd. (fimin

Peserble

i

‘,Am:na&l' eleawiv rufreg/,

@(\lsh'@

5 vpward)
ripple ¥">!Amu~£\‘h°v\. at basve , massive of 1“9,) . A_g,vy hnmr.«!‘ i
—_— .ﬁ‘\uvﬁ contaet — ‘ ! ’

|4o.03 - H4.54)

Bk ve' br (10 v:z"-l/z.),‘ cley w/ cbdt v.£ sd rufrvbed o9

Y - Do
laminae , clay has Fine Ma/—}’/ s (praémé/g A;p/—u’,é*,t,o,‘) - Seattwedd ”‘jﬁ-‘E ke
‘ ;maH-Lr; Sencd [amimae

Continvous o Aiseon Frovous s Fhicker Tam ma c
x=lamination , blob of samid rear 7‘0/"'> which fovoder |
In-/-ka/ (éa// . /7’//‘0‘(4/) ). é [

Cavd lawinae 1w places

show vipple

"CVUW‘ alnovc . !
rotuvbatram X e c/a\/ -l



7

COARSTAL EroS10N

FlroIJECT

: Paf,l_ [bo'p 3
Location: __ CE- 2 VibraCore  []
‘ ' S Piston Core
Remarks' HW\/ %7‘ - Cl«.ume v / /mw D
"D , Rotary Core
Elevation:
Depth .
feet. - meters Description .
‘ lo—.?—ll; Grayrsh brown (5 Yiz 3/2').,' clayey v.f. 50‘/ roots = woody fr“jm&n?’j
¥ 0] shall (aygi-cr) fragm“{-s concentrated neav base
e e PR | |
. £ : EcoVERY
5((4‘10;/\ ] : )
3,65 . ‘
T G 65 - 52%): Mod yel. br. (10 ¥R 5/4)' 5I.5H1y clayey v.f. sd.; mottled appenvamece
@ w/ dark orqame -rich ;MoH‘l:mi noupper V8 amd c/“Y‘Y mlo", in Lower Yo
5 (probable bioturbation) | htavy mimvals ; oxidized (csp. vpper FM+>
— sAu-P tovtucet —
Sechon 2 5. ZQ - 6.%0 HOJ[,YGI br (IO YR 5/‘1) : S/ISLf/;' C/aycy v. £ cd. (more 9/‘*7“7 at bs
6. F Vc+ry obdt shell fraguments (smalf frnfs to ‘whele sniall shells) = rrere shelly
] @ ’ +0P/[ orﬁhﬂb M“H'LV a* *’P d’sfon/‘/nuous C/Ay /dhln¢¢ 4&‘0%, AJA.-
Minevals ' .
| ! ' '
— |6.70 - 3.38) . NO RE(OVERY T
5.7 ' |
![ T m: Hoa‘ yel LP‘ ('D ye 5/"‘) S"Sh{/r (IAygy V. /? 54 (C/&y comt *
@ Ac‘"“(i UPLUATA) Lb‘H ‘f'ru shell .F“-"“"*‘f5 ’ A‘“"Y Mminerals ; oxdized
O |0 = gredetional contact — .
Vlsec Foow 3 # . B gray (s vr QII)/ S'/:sh*l, e/nfcy v.f. ,J.; abd+ [I’u shall
raqments vy ' al . .
,,,,(3, fube + "3z - 1‘,,,1L‘_¢+/ unu’_;_n'”; nevdls [54»14. as above exeept zoler  r po lk//»*/anj
| masen }u) @ C Br. gray (5 yaju/:)/- v.d, ;a(/- abdt shals ,e;a)', ts o srmall
B whole s s th Mason jav
1 ol (2= - 13- 15) No RECOVE Y
13.9S
T [:———_J“ 36 - 153) Grayish ovarge <’° YR ;/“)/ F"‘" to vevy Fl'u Sondd [70'»-,-47 UPwou()
*@ shsell Fraqs at base ~5¢-af£.-z,( 5m.// ,_-{Ay-.f,//e.( Aurraws
15 ' - gradational
3FA aAtTiéna (en+a¢+-—- )
15. 30 = 13.23): Dk yel br (lo YR w)z.); mixed - vevy froa sd. « shishtly elayey vt 2
Secfron H heavily biofurbition w/ cloy_ filled burrows %4"- 72" aevoss : bioturbation
:Cm“s clean sd v oshsbtly "“"Y sd_giving & churned dppeavarce | Frma shall
rayg bunts )
— sharp confact — :
19:06 t” 23 - 19 °j‘ Dk vel br (10 va 4fa); irbwbedded vevy Flve sd » c/ay/' sd bea
‘- e theek, horizontel fanination + "'PP" C'oSs-‘eJJu(l‘ C/ay beds K - ’/z”
a5 *‘1!(‘_‘:‘,'/500\:‘ S,'5L|+// )’afnolyt" Some sd- filleo A“"’,“" Jor C./Ay éep/s/'
Scction S g am (- Cereases vpwaw
2 C
| T0c - 1%.45): po REcovery
o 20

very fmx sd, ; Forne shall JEArI;;

@ﬁ 95 ~ 14 %2 |*

vip-wp clasts

Pale yel. br (10 Y% 6/2) ;
neav VE“u )

covrtact

small cl

— CVOSlona'



ce-¢

Vibra Core

N

®
T

— [22.39 — 39.25]:

@

‘Location: -
SRR | | : Piston |
~ Remarks: Hwy 8% - (hener Plain onCore [ ] -
| ‘ , Rotary Core [X]
Elevation:
 Depth ' -
nget meters Description
— eressional coutatt — ‘ ’ »
1232 = 2t.08): Dlive gray (5 8I2) clay = slishtly saudy in places ; large (25 )
burrows filled wl Fine sd amd clayey sd. o Farnt / : .
) ? ) vy hate Amrn a'/'wns Iz P/lte: Ae Frn 4
, » by sandy clay laminae : » ; o
)6(‘{"‘“ 5 - "\Lv,} contact — -
(2 parts) [23.0¢ - 23 93] Olwe groy (5 ¥ 3/2); clay w v.f sSemd & cls o |
contrnuous si. Aea(s boave /“'")‘_ Ao” 7 rey s /q/t»bta(;
Jrscontinuous sd. bed 2. JAminatiens //m sA// t/eér/: i
fsd. beds sh ¢ GPpear fo be starved ripples; upper < fower 1
. -] £ eds S WF ] [0#’ '
Z‘J-qu - 5hMP coutaect — . :
25 B A% —29.03): Olwe gray (57 3/2); clay | scattved Samdy » c/s 4 o
aye . Lo
Scattrved orym.g_ W“’H.v o LI&Y . yey s a. »
@‘ - gvadu"—:ouul covntact = B
‘o é 1 ‘[7."1 0% = 24 . 2'-1] Pk yol br (lo yr l,llz) Clévcy V. .[‘ 5" senthewed -[;m :A/f'ghb_.'
Jecrtm T — Contact uncertain (éreak /hASee*lang) —_ £ |
, ’ 2424 - 253y on . )
(zP“ }5) @ —~ 2] ve gray (s ¥ 3/2); clay 4o samdy clay (send ‘.“Ld‘ Inevesen:
vpward ) sand - filled burvows | fine shall frugments , while gastropod |
baca ole gastropod shell
._..5ra.da+‘;o“.,l Con{-.cf- — ' -
2S .32 — ayt " -
- 79.40 | svlz T G.ﬁr vk orange (10 YR H"')/ v.f. SJ discontravous clay /mmz e
omd small clay —Filled burvews ; coatbwed fine s;\_,‘/ /‘,-,3,,,: /s §
304 — shavp , POSMHY evosional coutaet —
5.3~ .
[2 4 - 26.28): Olive gray (S y ;Iz) Clo.y sd-filled burrows — meosity s»\.{{ ]
ont !M%c. Pvabqh‘t Luvrou neav centen a'F I»lqu[ small 'frnqs o'[a,j.a Iy 1
- 5"'“[3 comtaet — nic. mati—r
‘ -
55:4«’044 + |26:22 26 . ?S’ Grayich orames (10 ¥R ?Iv)’ v. £ sd w/ ‘/“7 wdenbed =
22.34 discontinuous c/au/ l"”""“l Fa wt hl’rli /aou/an' s n sdl. s /7 '7“— !
e , Sm - rriie
" burvows ; bioturbatsen, Adisrupts Clay beds o / afl el - Feri
Ho/ Pl‘;;f - ﬁn\da-l-uu-/ confact — Y ‘m“"‘e/‘ Small SA‘// ’[”dj ‘
wlin N . i
' ]
Zona. (2¢.32 — 26.03}: Olive aray (5v 3 L
34.28 laminae ; aédf samd :/ l:/) l{f“ﬂ:’/y elay wl discontinvous cloyey sd.
/ = ayey .S, // burrow o
” T gradationsl condnct — e urrows ! scatted 7l;ou. she/l 7(:“-4,
[22.0%F — 29.90): Orve v ‘ | ||
stovved vipples Smga.:/ 7555 ‘:{_3/1,1)&1 ;,M/ w/ discontinvaus 5o [aminae a;;
/ ’ e wur -
v L= contaet uncevbam (breate s j Small 4its dr"?""" Mﬂff.
¢ (Za 95 =353 : ¢ SR meeve "‘*’Mf) — |
ek @ — lve gva S v -
| i poseible 34 Iammes (g L cloyj small d- Ll uvaws
(2 pate) C gradationnl coutact o Arueked) ] abdt soall shatt frags woor
(20748 — 32.15]: Olive
rve groy (S v 312): slishHl i
Somdd laminace amd jadevled y ey C/ay “édf’ Froe fo Vev7 1’:/.
v s, mamy S ansd /Ayers h 4/ |
sd. layers coutinvous Fho 15hly disrupted "
29 .50 ;) 0 s d/;cau-hnuou; (S"' %
v | sd-Filled burrows | sl slull 4 sved ripples ?); few o
Sectionq U ' - vess i Seme s Jayews

—. Shavp covtact — —
|

13215 = 32.234) " Cruy : ~ '
"U C v roh 0?‘0—%9‘— (5 N 3’7.); f(ru sm’( /‘ ﬁLd‘/’ SAII'/{ra;,yi_a
No !
REcoOvVERY (HO‘/?lus‘f comtact PmL ol K Eou).h:

|
i

ext page |




F Location: ce-3 VibraCore [ ]
B | | Piston Core []
. . ST — Lhuwiew Plal
- Remarks: __H«y Pl Rotary Core [X]

; Elevation:

Z Depth )

- feet  meters Description

~ “o ]3\-1 25 = 34.9 1 Lt gray (N3); st Ff silty cloy; [avge o filled

gé:h:»« T
{2 pants)

l

—_ grad:«-/vrau..l covntact —

24 92 — 37.09) :

43 .52

Lt gray (N})

f{ch wl oxidized SMJY CI‘Y

C'AY, Sfrza.ky whide motflin

n

— 5.-,.4@4:0.«4:‘ confact —

1
] us

S

37104 -3%92]: Lt gray (n#)

st FF Il/*y c/o\y .

cbundant Vo-%y

Aurrow (’) ,‘

O Aavker gray mo)‘f/-nj (prcbaé/c L,o#,ul,.{,o”> , oxrdized maH/:nJ

‘ bu.vvows

’
Seattwred burrews (2) Filled w/ soft dk Gray

lower

/2

st ff s:H»y e/o-y :

abdt /5"

EK'VOWS f’l,ep‘ w/

oxtdized SMJ, c’a7 +o :IAy=7 SMJ 10’“.4 5*""\1‘/ wh 4e mlouJ

-— jrAA‘floha.l Countaet —

3 12 — 31-50}. Lt gray (u})-

rllcd wf ox'dl}eJ

S+-F; Sl"‘r C"Y ’

Samdy clay fo clayey s%d

§¢-+4-o&p‘ black or,.,mc debris

—_ Couiagf.unccw‘mn (brga‘g tr sec*wu£> _

229 .80 — 24.92.):

@*‘H@

-Fragmmf‘s (YIP -vp c'As+5’)

Grayish orauge (lo YR 4’“)' S/l,k*/y :/Ayer v.f. sd.

— shavp,irregular [cnt‘ae'f‘ _—

(3792 = 4z.1%):

®@

——

e x +&M.‘Ivc

"stringy

Lt 9ray (~ Q)

st fF Srl+y c{“y

scaticved burrews (( 78" -

74",

'S{’rlujy‘ white mo}flthjl'

Minov ﬁlM 5MII Prn.gm‘fs

~oddy

1 gy'z;uw‘.w\.waw

pockets of von- silty e/¢y/-

Y owhte V“‘°H""‘j (P'qubu blo*w‘a'f"ﬂh)

oxidizee

siity 4o shshily savdy clay meottiing (pvobable Llef-urb‘_"'leu), scatfeced black
orgawic debris ard suatll oxidized woody F"‘jM"‘s

—_— lgr‘ds'ﬁ-aud coutfact —

:

L+ gray (n%);

§+|£{ CI‘Y vn/ 5'/‘

y /o.m-rme .

scatfeved black

ovganic HAebris in clay Stit faminae mostly d"'mﬂf!nuous and W"PY

Mminor poss ble

r [‘fs.sc— "M.MS' :

T = 44.457

'pr'-u b Uurvows )

Nivor oxidation

NO REcovERY



Location: ____(E-1 ,
Séé'm ,/>a;$ /Baff/et?rouha/ Sfﬂf‘»P‘“"‘

Remarks:

Depth
feet ~ meters Description

Vibra Core D

Piston Core [ ]

Rotary Core [X] . -
Elevation:

0 : ‘O‘ .HDI: Mol bv <5 Y 3"’4)" (."Y" v.f. ’d,’ cmall oysfer shall f»g,mcnﬂ’- roots
— 3rae)nf’wnal contact —
[Ho- .0]: Dk yel 'o}.n% (1o rm ele); v.f. ;d./- vrcovsolidated wl cemewted rodules
(concretions?)  oystey shall fragments
1 — Shavp contact — _ P
Section | lLo-1 aq): 6 b obr (5vyR 312):
‘ | ‘ . . v Grayis r( R3 z)l tlayey sd. 4o _;audy (/47 (sd- conteut Aeecreages vpware
S abdt. oyster Sheil fn,s - shell hesh at top wl one [awge shell, Fiuu Frosmente st Las -
d':«“"'{'"‘f""“s SJY /‘”"”°e rear bage , Minov sd - Litted ‘urraws at éou" orgamie m .:.-/
— ﬂrhdg'lnouo\l toutact — : ;
. _ v (39 = ZF0]: Dusey yel br (10 v2 2023} clay ; fine sitt/sd filled burrows : oidatron
Y M5— T Mo++lm7 (rot moHl:}vj ’J, Fiwe black orgaric Mmatbes / ir 1
: g - S‘L')G.'F contact — . - ] : . ',,:
‘,' 6r¢yv§k oringt (la YRR ?/H),‘ u.f‘ 54‘/5["‘/‘ c/ay-; orgamc rieh hon!ous; /’O’lZonf
~aminations fo ripple x—éeid:na _ k , -
. v — shavp contaet — .
Seckun 2 | EEEIEEE: Very pule oranse (092 33D sl ] clay ntorbeds [ disvoplid, burvonon
. appearamee ot ,6“" y horia. /U"'."‘{"eus fo r;l,vplc ""L‘J‘/"‘J‘ (?) C/’tw/u—v% .
- Slnarp :ah4a<‘+ — ) ’ : ) :; oot
. ::jg.ou —3.12): Dk 7CI‘ {rwac (I’ YR 6/‘)/' v.f. sd. "“/ C/OY /am'na'e}’ St/. Aon}on /;&.”//y
o lammated | |
‘ 31 S— - . — Shars ,ble#u'éﬂ/’fﬁl ""’L,‘ef — . . :
' i3‘f2 = 7.97): Dr. grn grey (5eyufi), cloy,; Fine samd » s,it vf,//,,,/ 5“,.,,.“5/. Ak brm
oxiclation wottlin . 7

10 {1 —_ shAiP contact —

sd. laminae have horrz. lam ation
— 3#Ad‘*lah‘l CDV‘)“A¢+ -

: 5ec:f on 3

fiied bu"ou; dk - oxidation mottlin
-— 5r4dn+rau(' co;v\{‘AL‘} -_—

6“"’0“‘",‘ abdt black Orgavic ;s tlew
— 9gradational contacd —

ETT=CT3): 01 gray (sv

) a k0r9amc—r'_¢‘\ Zownes '

Bl .41 - 89): No rEcovery

§ ‘e . L* ) _ “obﬂinvc-ru‘- streaks
| ec n . . 3.“‘1 ational contact —

Cfﬂy containg dk orjAnrc-r:cA :f‘vcaks :
)

14 31
hove horia. /Am:n«v"‘wns ; 54-(/5\/

4 . : — s‘wavP contact —

Uz 61 =12.29); 4)
Section S ) ! Y C‘rﬁ‘/'f"f oraige (10 ¥R ?/"/)/ fime to Very £Froa

Ny 20 ‘cloy intevbeds v [aminae : sds horiz laminated to roipple

[i!AZ'-f— ru.oi: NO RECoVE Y

OO

EIF=2.35] ¢ Med b (s 7'(‘3/")/' clay w) v.fsd. amd claye )
25 =529): e grngray (Sevun) jclay; small sd-Filed burrgus
7

j 7 Orfanic matbee snel. smayl wqoa/y /'rnjnuf .

1334 @ : Olive black (5 Z/'); 5/15117‘/7 sandy /s,

cley + Ssmaff - re -
J Y, sd-Filled bu ows . abdt dare

.1 [0.34]: (] re ‘ .
Olive grey (s 3/2_)' clay;

T Olive g rey (SYB/&) ;cl«vy w/' huwmervous y‘-r. sl s

S 1ntevbeds 78’-’/2" Fhiek
, .
confacts Jernerally sharp N

heavy minervals ; (/Ay beds ¢ /oy - VAR 2 79 rost)y :Aar/:

y sd. /4“'f4¢/' cleaies

orne /ﬂrr. (2") 511&\‘

Ity c/p.y ; Minor Small Sﬂ,f/://t‘d?

thel. Small weody Fu_;mza ts I

minor Swoall sd-filled burvows , Aark

‘/QYCy Sﬂ/ /n/;Z¢

cleavar sanl |

zd 4o IC/Ayey 2l r‘“\/
X—beddes w) sb *
U/’fr.v - /aw:y‘ ,("".’l;’:

i



.Locaﬁon:

’Remafks:_

CORITAL EILION FROJECT

cE-19

- /79 20t 2.
Vibra Core D

;@‘J“’“‘ pﬂﬁﬁ

Piston Core []

/f;.éf'/gmw,/ State Fark

Rotary Core [X]
Elevation:

3

]

Depth

N feet  meters Description

- z0 T 2 ="15s.52): Olive groy (s v 3(2) ) clay fo samdy clay : vppev 7o has convolvted
§ @ sd—f:lle:lk burrows , lower ' coufains ome /AV§¢ sel - Filled  burvew (Fiils almos+
I ¢ntire ~cove fube): Zamdy cloay wf shell hast 44 base
1,,\)(‘ — s‘—\‘_vP (.0»\4 wacd — .
| %?“Cho“ S ‘ [Is-s2 = 13.31): Olive qray (s v 312) 5 clay to sandy clay w/) abdt caud clayey
Lo sd. {q#WLth‘ clay has Soma black orga,.:g—rlei. s{-»e““}. s 1ndevbeds < '/‘_’1
o Hnlck, cleanss sde have ‘/79"20«4¢/ /‘””"l‘l’ohi andl /or ripple K~‘Lcdd:nj- sds
| ’
\ ) ® mostly tomtorted but coutinvous, vpptr » lower comtacts of sds mests, shavp
o

o — [[B2-_T9.7]: NO REcouBry :

Ad & d 4.0 -19.54) : £ Py

} ® l::j Olive groy (S v 3/:_))' (./47,' gonts wf vevy abdt Fire sheyf rasmeat.
j 2% (shall hash) ; some Llcck orgawic-rreh streaks

1— ”5.5‘4-2'4-2'; NO RECovVERY
l"i @ IZH.L-zu.qsl: Olive 9rey (s Y zlz)/' Sardy eh.7'- very abd# ﬁ‘,,, shelt ;‘mj,,,,,,fsl, .
L,J Somd -filled burrows or disrvpted sand laminae ? Ccam't ten whieh) .,
§c¢+lom 6 — shavp contact — ‘ ’.
{/A} (2 FILV*S) @ Olive gray (s v 5/2),‘ clay (sl’lsLH\, Sdy in P/&ccs_)/' Seo.f%prgd borrow
L filed wl samd - ‘/’7'7 s""""/' minor very thin ,dlsepuhuunvs Sdy /AM:nAc;
Scatieved black o.rjawc—rmk streaks locel conttn+ra4-ong of i slu/t frcgmcu
A‘V — ShA-VP tan"at“"‘ ) ) ‘
. [2¢.95 = 27.62): Dk. yel br (10 vr 12); clayey v.f. sd ; abdt clay-£ilfed burrows
2458 e to " across aress of clean sd (P".“'L/e Filled burrows ’), seatbired Frva
20 Shell frnjnw-k v whole spall Shellg

A

- SL\N'P contact —
[27.e2 = 240%): Olive black (s v 211) ; clayey samd to samdy eley ; chaotic | disturbed
mixture - appeavs to have
Shell r[ra,mmfs

— gradations] contact —
IZ’O? — 21.30): Olive
v f..ad. beJ a.{— +0P;
shell Fragmendts

flawe_d/lnswfued dw-m,- coring ; Scattered f/mc

groy (5 v 3/2) ; clavey s and w)

¢/ﬁ7 /AM:nagl' one clean
clay laminae sl-rcAky -d

15¢0mn f‘lnuoug; Scattwed Frae

= gradational contacy —

:, Mod yel brn (10 vr s/q)/' clayey Fine le- very abd+ £ne

shell frajmu,J‘s “. . Some .|
TD= 29.5%

©

arger Sk{-“ 'F'ejw—**s

NoTE : 3 atlempts at drvlf'ua Fonil 1ntevval — recouery From [ athompt
desevibed 6Lov¢/' Very little recovery om’ 24 aHewpt - 3 7d athempt
recovered s.25° of matevial Similay to basal Lart of |
recovery ($ccms to ma $hot 374 recovery wieas matevial from

" below . oyt recovery whireh may have Flowed vp /m"'fo Fla hole —

- Bl Whike said Fhaey W“"'ﬁj'”'”j "avtesiaan flow vp Fho
hole )

o T 7 )
3" recovevy - Section 6 E—sj D Mod yel brn (la Y 5/&)}' clovey fro 54’/
very abdt stall mader il = L, ;Va‘ﬁ easts

N/ hPvmrrous /¢r5.< [’ﬁ‘rﬂ&.v-'ll,



‘Location:

CE~-10

Remarks:

Vibra Core  [] — -
Piston Core [ ] . o

Rotary Core [X]
Elevation:

feet
0

Depth

meters

gechou l

365 -

s.19

" ‘ Sc:[rou 2

5.6 ~

Sed-(ou 3’
(2 potes

13

13-z

@*—I—»@

| get‘fvoin Y
- (Z Fuh)

1%-%

Srt-l‘:om‘S

19. %+

' a0

O<lo

‘ lll-z? = 12.85):

@

N

(ts.22~43. "'.’

Description ;
: slhehtly CI¢~,.7 v. f. <d +;,/-f.;

organie matter . gsphaltic (raul) ‘[ra,nen"s
-_— ﬂf0‘4{‘nvonl (on-‘-e‘*’ —

m Gra-,uk orange (lo YR ?'/"l)" vif. sd. )
— gradational Coutact — ‘ ] 7 R
.' Dusky vel br (10 vn 2/2) ; clayey v.F.sd. ; very hard ; scatbered Semall_L
'F'ag'-\t_u'fs'; Mminor 0k idation mng,.,; scatbived small Fraqe ofF orJan:: watter

— qradational contact — :

; Dk.yel br (10 R s/w),' shoh+ly elayey vf =d ;
(prebable Lzo#uLJiu) ; oridived wear bata
- 5‘1&&P, biodtivbiated comtact —

|EXER ~z.;g; DK gvan grey (s 6 ‘-Ill)"

presevved wvoots ; aver b

- yel be (10 y& ‘_”2) recds , roots , amd othe

Ssmall bystce fn_,mmfs

very ‘Ldf‘ s hell ‘F’ﬁjne—f-l’ - Small to /e

black chY ~vieh motyie

cfay" abd+ Aavk mof“:na (reo"l"),’ ‘5""”"‘"'%“

wrrowg f«”eJ w’ <I‘Y¢‘/ :d'

- Slnarp eou'lagf’ —

P Grevish orange (10YRIN); SLshbly cloyey £ian do v.F. 3d B/ poscible s

,"+¢y5¢"s shAt clay Eotledd burrows (d flricut+ 4o d'f"l"j\llt‘v coqleéed bu"GWS

1Crom u‘{-r.rlaeg!s) Lina c/ny-r-'elq maﬁ/lﬂj (PPc‘aALlc_ L:a/l—cvbnf-u-) %J»vk h"’ff s
asseciated w/ presevved orgamre mather -

—— contact vncertain, break in core sectroms —

3.65 ~ 4-65]: Dk yel orange (10 vr 6/6) Fine to very Fruae sJ
l::u'rawt at 1‘0[9 , oxrd, ch

— Shavp bioturbuted contact —

: Dk gre 9ray (s 6 ‘”' ’ C'Ay : .

mod. Arll Mo*f//nj Sj’l’/t JJ-/ Te
of £ she/l Fra;n-u,“fs ‘

Scatbwed cloy_4

(o,

l:u.rrow ;" pockets "

— gradationsl contact —

— Grayrisk eranse (10 YR 7/4) c/ayey V. f sJ » 8

C abdt fome shatt i
I1ndrsfrinet {/Ay rieh mep‘f/u.j —
: NO REoveEpRyY
' Oliwe gray (S 7 312); clay wl/ Hweo.

bivrow wf 2

sl uw/-wbtol.s,’ ,I_omi vsal-fg e
h*“" Conmmon shaell f”a,;, St‘l{‘?‘;t

clay has abdt black ov3a~<

dvsropted by L:o*wbdf'o“ o -
— sAuuP contact — 3

Olve gray (59 342); oo o clsd rmborks Js-elem

abdt to very abdt Llack orgamic Fra5m¢n1‘s , scattcved sniall <d- f//fﬂ/’.
burfows sd. intevbeds Vg thick | Sonu d:s»uP-I»eJ Ly Lur».w,uj 'f-a'v\#
horte. IAM natrons in o”\.ws '

~ shavp coutuct — 1

m _,r.y-qlu DY ee ('o YR ?I“) Vc fd /” ‘/‘7(7 SJ W/ r")’ /"””"
sds _have hoviz. laminations o ropple !~6eJS' thoek  —

\
’a.,v% ¢‘ﬂAmLCV$',_.. 'thmbtvs‘

otbher Swall sd_f]led burraws
sd Iﬂ'LwLGeIS < /z

" fame nA*'ou%

matfer ;

celay wf numerou:

‘\.

e/ay ] an, nae < Jg

No RECOVERY

§

IIS 3 - 1Y, l"l’ Yellowish gray (s v ?/2.)/'

minor 5;4*0(,«6‘] i shell fra_z;mgn'/s
-_— S‘larr , lvrcju’ab contord — ) 4
m Olie gray (5 v 3/2) c/ayey v 5d.: *Loraus‘/y élo/‘uréa'/ea/ -
cloay /sty c/a)"fl//eo/ amel sacd- f//eg/ /Ff,e.,/v‘ Yo fer) what Tim sitv " ;’d-m
1 ‘in places = may vavry frome cleantr So/ Scetbevedd e s Aed]

V[ 54‘ Small mod r'/) Uf} ﬂf— AGH
- abat /\LAV’ mrrvevals —

/a/fv S&l *D

fraqs ; 0nt cmall woody /,07,,”“,4 L)



[ Location: CE 10 _ Vibra Core  []
' Piston Core [ ]

. Rotary Core <]
£ % _ Elevation:

'Remarks: Hoy 9F = Sabine [Facs

1 - Depth -
S feet  meters Description

20

- R 5[,4,/;, /rre]u/A.V romtact — : ) »

l ‘ ‘ ,' Olive gray (s "3/2)/7’(//ow1:4 gray (s v 7/2)/' intevhbedded
"(cl-(./.{o“; ‘ clay [silty clay and  v. ¥ S://c/a.yry sd | Samd/clay appox !, clay beds Vg-172
aNij’ : ‘ thiek , small black orqsnre streaks , Somua sd-Filled 6!4"‘9“15‘ , sd beds

'/c—lv'/a" J’A:ck/ ""05"‘/y Contrnvovs Au?‘ Some /Ch)tleu/w/ /por:zan/ﬂ/ Jam. P
P‘,;;:b/e r,/:/ch <-beds |, minor small shul/ /‘raij, abdt hravy minerals

12.70 - 12 $0) . No©O Rgc(ovenryY

g Z3.76

D@

iu,S-ﬁ m Ole ary (5 -312)} Clay/;,“-7 cla?/ SMAI‘/ black O’jé‘n/.c [;'&'7"’:»7‘
small ‘pockets of shall fragments long buvvew Filled w) sd » 54 i) Fragment.

J': 25 tud vy 2 sd-Lilled chpmber w/ diccontingens [aminations

/‘) ‘2!.53— 2?.53 D Ohve qray (SY 3/2)} C/&‘I/S'H-y :lmy w] vl 5,}/(/‘7‘, sd 1nterbe

_ o d lam'nAC) clay hes Swell blazk orgamic frn,M,L5/ Seatheved small

i ;;Ct‘luné csd -Filled burtaws) sd inturbeds ¢ Ve- 72" Fhick, /‘4,.\,4— horiz. Jaminations,

small Skl fragmunte , mostly shavp bae s Fop bt one bed W gradations

! (ZPMfS> -/'0’2 - 5MA// MUJ‘A//'J éu"rraws/' SJ- /dn:nq:

. mgt//y d/:éon*:nuouf,
Soma tnel'r\eJ. :

7‘ — Sharp confact —

[z2.5% - 23 3¢):

N © Yellowieh 9ray (8 Y 3/2) 5 clayey v.f sd  discontinvous
P 0 v -I“M“"“c / abolt small skl #\“’ ments - pue whole Pelrnices shell
L — (2336 = 2% 1) Mo recovery Y B -
[ i 20 J ‘m: Olve grey (57’ 3/7.) ; (,"7/5'“7 ‘I’“‘I""\"M!"ous vertreal S, S and ap
i i @ (!ayey sol - f'”ed ’Dn’b“’/‘ A“""‘"‘ ((‘Ju/o/ be: laminae de ,[;rmo( oAurii e }
e : L/dck ij&ulc S‘f‘rt;‘t: * MmiIrnoy -f,..,,_ :/\_‘// _,[:\‘ ’S ,~h / 7 a",n.’)/’
. Sec{’ron 7— — Shavp, :rrcju/a.v contact — ? g . cleay
r J {m. Yellowrsh gray (5 v #2) ;" v.t. SJI' sSmall clay rip-vp closts ()
- (2 P"V{Ps) — S‘urP , FDSS!BIY erosional contacet — ’
; lZH.Q‘-‘ - 25. !7-) D O0live qra R
; ’ grey (8 v S/Z-)) C/aycy v. £, gd; hu,hly Llo'/‘u,ré‘.h&[ _
! 5 elhiptieal clay - fulled buvrsws amd vevbionl fo miar - yeorrrn] s d and
. V -Vewdreon
— , sk Flled Lurrvuusl‘ abdt Frne shall fra’m,_“ #¢ amel am
[i'ﬂl,L p— 6"‘A‘A+l.h‘_' contact —
. i25‘51 - 26."'0': YeIIaW.:A 3'-, <s v ?/ A .
‘ 4 2); vt . sd  clpy. fs - ab
" a, 4 .
(J 3s 4 ﬁ//&p, Lurvows 4o 1 across yey !n Spefs, 4 4 clay

; Scattevel mon‘/r [/M shat/ '[\rnj;ntn"f

_ 5r*o"4mu¢.' comnteact —

lZS.HO - 17.‘40". y:llowrs‘\ yray (5 Y 7‘/1),‘ V.r. s,‘/c/‘yey v. L

—

b
Lol
|

) . $d lN/ S'CA//—W,
gtc"’IOV\ g clas, Iam:m\c; ‘sd. has smatl C/ay/smaly ¢/Ay Frtrted 6“"‘0-”; at Z‘M

(Ni (2?*""5) ;‘;'"*/h”""?'oh‘f‘*/ '/I"W""“fldhf at *0/3, m™Mirnor [:M shkelt f"c}ﬂ«t_nfs .
a ; ( oy lamivae < fo H\:ck ’ a(‘Srupl-c.‘.( - dAiscon trnvouvs f
55’- p: lleo( Au\rraus .

— ar‘ao‘ﬂ{‘lon*, 4on/-aé+—

w/ VEery smsall

¢ | 29.0] X — CH . ‘
5}.,{_7_ B'-; 40 / 27 05]: Ofve 9ray (s 3/2)/7e//onusl. gray (svy ;/z>,. Intivdeddes
Sectionq _ -~ ovhosdlelayey sd s clay/siity elay ; tlay beds fo 27" th,ek , Semall blac
f ; J, He orgamic streaks | +h., Arscontrnvovs sd. Jaminae , scatitved s -Lilled
‘ .
L

bw""owS/‘ g" é!ds 710 2" ”’tk W/ /;'nf A_oPIZou)‘a/ /A»w;»‘%u’uf F’g

| @ ripple x-beds | minor clay. Filled Euvrows/'srAH_(,,a/ s he /! frojmwfs
" 4 (concentrated rn places) : : '

- Lreak in - core secttons —



" Location:

‘Remarks: ,

P9 S o4y

ce-10 _ a _ B

Vibra Core

Piston Core '

/-/wy 87 - Sehine /'7“5

Rotary Core

KOO

' Depth

Elevation:

A feet  meters Description e _
’L{o T [2a7 05 = 25, 18] Olve groy (S,Y- 3/;); cley o Sandy c/;7; /4»9@ s'a/-f-u..l; ,
@ burrows , also Small sd v clayey sd-Fiiie 4 faurr-ws,' Pinor discontingous |
; ) ) 5d»l4m:é.;,/’ Conceutratious of fiee shett [Pagnu,(,./: wl also- some /“VQCV‘F‘?S:S
Sectiom 9 —Gradational contact — ‘ '
. (Z Fuvf5> (3018 = 34.22); Ol.g. gray (s'y sla.)/_Ye/l.g"sL 9veay (S v 'H;)" C/‘Y/fudyrla;
" wf 6‘:!‘* v.d sd laninae o el ,n#wbea(s (C,ay > Sa.«d):; clay has bli
or,ﬁvawc streaks , mino, Seall o Alled Lukr,g,s./' so /Am'f'ne Ihos//\/
discoutrmuvous > WISpPy , 50 me w/ /)aw,;. /.-‘,..4}-,,,‘5 ; Sona Wy ripple
q,.v(‘q# @ ol bed'['b‘i 1 Sonne Stavved r’ff/“ , one PQC“¢+ 07[ tancc-‘;\*"k*td e)‘A(//‘f
45 X ‘ [ruqs ,ofLarwlsr( shell ffaﬁf rare ' -
— - ‘:reqklln Core Se ¢ tlomg e
= ey O N ;
’;ﬂ"AJLf'on¢, contacd 0
gcc_!w" 10 TR Eo.gs = 34-43,.‘ Dk. jre grey (s 6y HI:)" S:N* :lgy ; seld /arminae A"‘% iop,
: \ churmesd textuve Lehu,‘ Peockets of abdt £, organic delv e H
(2 PAVF‘) - SL\A_PP B ""CJV"’-V Ccoimn f-‘g_'} — ' :
Et a3 =3¢ a9 Ltelive gray (sy ony; S elagey it discontivey s clay
S y ’Am“‘*( < smeall SIH’Y cla.y ‘.['”e‘( L“"‘-’ws at +°r; “"Vrncl - very CAAoftci i
H‘i"f\, tertuve below (C‘”“ﬂ precess or Liodu, batiow ’), abdt £, Mitdeesus M‘A,.J
5 - Stmr? Contact —mm -
3¢.93 - 39.01]: o) \ .
l:' Olive geay (5% 212y, clay /sty cray o abdt v L.y L
clay has smal bleoke Orgavnic Fragme.ts Micacepys /a; O /‘N"‘i7
’ v sN .
Naminae very thin (e ") Los Some o Yy ./ ‘P “res ; most suf M
Sechon Il avd Wiy s5oms probapf 4 s e frminae discon trinuous |
® PY Prebable starvv.y ripples scatbeved smay wd - Lired z
(2 ' ) 1 Lurrows . !
F T |34-°l; S’Z.l: NO ’?-E(D\IE_ILY \ l—ﬁl
e IR Olve gray (5 v TR ey firregulavty ghipay (wrsbyy sd-funed
Aurnws,' Llol-:luy I+ ohve gray (s y £/2) Wott] e black .
d j ) ae 0"}1»'4 Fra.sm_(_“*s -
55 Sore Persed , oty corcentrated o Ockefe! t
e SR — grodationd Covnteet —0 P efs’ or wispy /‘”‘”"C L
55 =y
; Olive grey (s v 8/.) - clu,/s:l#y el‘y w] Confovied v sd [s.14 lawinae
C"y has Scatteved black orgau.c :c 4 1 6 Lo
Orgamic debog Seatbve 4 Jre=tS , ona tele beo u-o/ ﬁoncgh/—y‘.{eJ}:‘_
£ Sl s d oLl d b S/t aminne p1
(14‘10- 73 % £0q+ow+c‘l/ o e ,(,,{.U"‘J [ f‘aek :J'£¢J // I /“"lshy,,A,
, — JA‘,— Y Irre U’av Cau*.t* - w, f/‘)' - ://(J 'Auo—rous 4 ‘
A @'W;%T;P ' . | ' :
\ZPa.r 'a) 57.% ‘ Olive qray (s v !/z)/ Sandy elny[‘ lavee Pg!e:quJ sholl Loa 5%
--Akm—p, trreqolay combaid ) -
2:20- 42,4 ' Ol""'ﬂ""/ (5 vy 3/;)/’ 51/7‘y C/AY/', Small Se/—n//?J Aukrg’u,g/' /ug& q "
P'lc:YPOJ shall {r‘jw'\‘ + Swall i,y fra,s ‘ i
-'-"‘\lrp,n-reoulav (‘u+A¢+_ o
;et-"lanlg (o M: C"A\/'i‘\ O"lh?‘ (
]

v

®
L

- Stuu-f yrveayla, rontact
2.64- 44 o

P uUrrewn:

buvrows (Magf-/y’Shu.ll

6bdt wad )L. /avse Pe/efypoo'

1 1
2bdt sl sdyclay 1/://‘5/ :
red {eo /no—s_e shatt f*ajs "

Ty Clhay jon,0) L»U"OVJS,'

te yr /4y - v. f. SJ/'
rove lacce, s ! ; !
c Olive gray (5 /2]

silty o Sandy i'/¢y /' Scatleved sd ¢
Lv+ Ora C/ggl: I

r d‘r ,/a.vse.v burrcw:)l'
shell f'-qm«4<

O"jdh'( "Ma



ﬂ Location: ce- 1o Vibra Core [ ]
| ' P Piston Core []
Remarks: Hoy ©%F - Sabim P“? Rotary Core -
U o Elevation:
}/i Depth o
_ feet meters Description
60 — Leeck 1n corc sectiong —

ll gcﬂ,(o!",«’(;

64-52

65

[
§ {
[N

| .

| Gechon 1y
P

j (Zpavf‘)‘

70

S ection (6

(44593 = 4c 93] : Olive gray (SY 22); savdy cloy (possible clayey v.f. sod b
ot top but vevy litfle recovery); very abdt [aree pelecypod <hsll frogs , «l:
abdt fime shell {‘rtqg; Adrstorbed tew {-u.va,' one Poss:blc/ clayey sd -filled

burrow mear ‘,—OP‘ :

He 5 - 93 4]: o recoveny |
(FET=29758): Otive grey (59 312)] cloy ; abat black orgamic matbev b
disperced amd comceufral'ed 1h $fr=A.k7 /am:’natc; Mivor small sd—ofilfed borr
5,'.'7/¢ /a_rs(( shall fraﬁ at /'P ; ‘/H'leeAk M+ brown (s ve 5/&) bed rear ba,

— tonthet Uneesr fun,‘ break 1n sectioms —

: Greenish black (S 6y 2./;)/ clayl- mod red. . br (10 r Q/{)oxm/,,-
mottling (probable E,o-lu'[:u‘un)/ alse. 1rregulav mod red br b, ds (3) ; 1rregole
MY HFhiek vE sd o bed wrar bast , abdt srmatl black o !
vich /‘mlvmu,‘
S31.%6 - 59 .0}

Tt same o suss-s3 %

Aretriboted +knu§k0u+ tntevval
T3z (1 #) No recovenry
l‘l-(.:l. - 65.08’: Olve gray (5 ¥ '4/'); c!ay;

Feol br moHl.-J" 3 mell (4(02 nodule

v

r’ui; matbe o Organ
Stngle “skelf frtjv'u.«.'f near base. ‘
No RecoveRyY

IENER S

ﬁh—‘ '”no\, wquay,egn+°.4¢J%5:H lam nae

abdt+ black orgam:e MA“—u,‘ minor mod

— shawp, reeqular contact ——

(E;,og_ $3.62): O0live black (5 v ZI'),' clay wl abdt s+ '(M‘-nlc; abdt blech orgas
matbv in clay; sttt laminae very thin , many contorted [ soma Possible si/+

Lited burvows ‘ . “
—Gradations Contdet —

: Olive blact (5‘/ 7-/')} CI‘Y/' abd¥+ ‘/(ck orgamnce m.\ll-w/‘

Somall sitdé — L lled burrouusl‘ minor ¢/t Jaminae
—-ﬂfadA*"lo'u.’ contoct —

B35 —463.199): Brack (N1) - C"y,’ cxf'rc»gly abdt swall black orgamic

mattr + woody 'Fra7mu—-/5 (pu.avly PC.A+ ™ PIAng); So me woady Frq_;m-l
oxtdived ; 1rrequlan hovia. laminations

|61'qq - M~‘°l} S5Anu cs

(Fo- ¥ -N) ! Ko RECOvERY
FEm=%50): o recous ey

) N
S~ oave

plus. [+ olw;j»vo, (s Y &) ”.,,H/,," at baec

®191-%

note; 3.28" of v.f‘. sd. w/ tédf hoovy mimvals o severyl /a.v‘;—c woo A

ﬁr«qmm‘s vecouerved Frow ~to! sften Seetion (g —5riSiia

Vnknown



ey -

e e — , P31 of 2
ce-ll ‘ ‘ Vibra Core '

Location: ‘ Biston & ]
: e ' i \ iston Core [ |
. Huoy EF - Sabiar Pass ~ ]
Remarks: L — Rotary Core -
Elevation:
~ Depth o
feet  meters Description ' '
Ne |o- 8} Grayisk orange (10 7R ?»Iu); vevy frva 4o fies ;J; v.oabdt Frre skl Frs
P'US some laviov oyzievie otlar P"“7P°A shalf "[.f‘SN»+5,' meeods & zm. ro; %
— gradations| rorfact — v ‘
t Pale y#l be Cio ¥R 6/2—) c/ﬁyey v ¥f Yo sd; abd+ small Yo nud. .
3?(‘["004 ‘ sheil Praﬁs (no%fl, ayf{»evt> ,rrgaulav C."‘/ey MaHIlla
‘ -—ﬂarada--}:onal Covntacd =— P
Dk Jrey. (N'!) , Silty to. sdy (/“Y; s sd ‘)(\://e,,/ burrowe (2 )y, v"requl
4. gray (N?) mottleg ; alulf Line 4o mad oyfhy cball f,,.s‘ . é
= Sl«a.r fovdard — . )
Z. 12 =423 Groysk black (Nz). Stlty clay ; small A/uk orgamic fragmeuts
H.23 g scatteved Lima zhali fr.ju..h; minor Irre,v/a_, med /4. Gray (us) ’?”*7/'~9 ,‘/r’; ‘;/
5 O 2Zones of concewtriteod s14/rd + Frone shay) frajs .

l — break 1n fore Tectionwsg )

" -' Saws a5 abave ! . Lo £
gct}-oul C s ® | HHO = 6. 18] Davik §ray (N32); cla»y cluster of small sd-Filled burrows. ‘
(Z *) . Mminor Sca"ftvta{ Small sdfiled éur.—au_,g aLoH' greenish QVAVE(S 6v 6/1)

s
pov ymoHImj+ )[v-u black root Ma:‘f‘/;nj abdt ,C_u 6/‘¢k orgeure :*rqug; ovu',i Y
of dk. yel oramee (10 v 6/e) axtdal“ron on»/,.’ L . & (]
7— 5‘\AVP Cou+¢¢+ — EEEEP T
s : Dovk gray (N3), CIA\/ w/ Am sd. IM#W‘;J; ¢IA7 has black org -
6l-rnks,' 2 N1 sd interbeds + ‘distontinvovs  2d. /‘m,,“( 2)
— contact vnierfarn ——, !
; 2| - .
o @ m Dk{ycl br (10 vr '-Ilz) (‘quey v.f 4o L cd w/ discontinvous cle
, 1 lamm“’, LA"“’ iy slull delb”” [/""l /ﬂﬁcrva/ Seems out -ff/necj
— NO RECOVERY
ectiond y m Gravisk ( ), v 4 d A
) ) = ravish ovamge loyz?lq v. ° . s Massive ¢ car —
(Zp-rh) ® mod-Filled burrows neov baie ; ,,.,ma‘_ Lins 51\‘” Fray "f/’ amce ; very sn; é/
—. ﬂ’ﬁd&"‘la»\‘l cond acd — 1
T37=10.33) : Gray. .o
‘p— 6 oy th or 5¢l ('O V{L 7‘/4) VI "‘0 f‘ ’J ' abd+ 5’/"7 C/‘y [’/61 Aum
oFf 2 types < .(1) smnl(c %" acvess) | () large (40 1.5" u.rus) Some [avges Awr e
have gmail s,d Filled burreusl Minoyr .[‘.M shell [’rl’m“.“ L
12.9F —_ ernJA‘f’unal cont acd — )
» — Yellowis h gray (5 7-/;) Sawu as ‘AL;auc except s5d. diffevot r"?f‘ﬁf
- ﬂ\.-r contactd — i » . ’
15 ' — Greenisk bldck (5 G2h); eloy 4o silty clay w/ clayey sil+ to VJ' <.

@ ml-ubuls i clay has black Ovganrc f"’faks , abdt m:eA 5114 inferbeds .-
‘i ; 1 {aa#muous w/ Gradational (ontacds - so/ rntevbeds mosHy discontinwovs v u p
Jectron T — break 1h cove seetions —

@ m' Pk 3= 2oy (s ¢v L”’)‘ C"‘Y 1o ”“Y C"Y Irresvlay “blocks' (7

12.62 lamiaate d muddy s it <dPP°",+° be s°'F+ ~sediment 'ﬁ:under:ﬂ’ but covid be!
, deforma-ho-\ Aue 4o C°':n7 PrOress) P““'th sd-Ffilled barrows (m:.y also L¢
50H~S¢J'-._“+ b'ocks') black orgamic SHreaks s CI¢‘~/ £
- ﬁ"-dﬂ"'tah. caa{»,\,.f JE— i
15.9 L"!J‘I - 16 7_‘ Dk 9rin graey (5 &Y ‘1/!)/‘ C‘a.y" akdt bla:k Grjune matber -;,‘_‘.
Seetron S _disperacd Frqjmfs AMJ Conce vt raited 'aqu-( —riek lap....“,' Very minos sbw,'ff_“"
l’ 20 sd- "-”04 buveows ) .

@

|
[

"= Shavp tontact —

l"'"f" 13.62)! Dk gru gray (56y 911) ;) Same as above plis severa| £ cd
laminae v jnbvbeds 4o ¥ ” dhick

72 =723} no recoveny




D :Lc‘)cation:

CE 11 Vibra Core E]
: Piston Core
—  Remarks: Hwy §7 - Sabine Puss Rotary Core [
j | ' Elevation:

LU

)

(OASTAL ERR0S10N PROTECT

P9 & ot 4L

B Depth L
7 feet  meters Description . ,
[ 20 T [Ea=2015[: Dk avm aray (sey ul)j silty fo sdy clay [ Several lavse blobs’ of
{ @ lamimated 4ine ‘5‘)_ fo 2/14 (5’“,,«,, o be more Soft -cediment fowu/u:»y buf'
. Covld be 'chambered’ burrows seen in other cores) ; irresulavly chaped sd to
; | §€(‘4"0V\5~ siH+ Filled probable éurrows}‘ seattwed Line skalf prags 1o - boH e/ay ol
sdy 'blobs’ g
—J (Z F{'*"’) - gradational contact — ‘ )
ity : Yellowrsh 3u\/'($ v 1[1)" fFive sd o C/Ayey sd ((‘/ayey at bace = Fop
J : 23.13 clean 1a ccu#cv)/' abdt frow shell Prus-s ‘ -
— Gvedationc] contact — _
(E"—i-o T2 23 : Dk grn qray (s 6v q11); Sitdy 4o slightly samdy elay ; some wispy
} 1} s /Awrma; m lower ) soclayey sd-filfed buvrows Vppev o sbdt black
! 75 6rgancc o/cérls-df:,ﬂbrgta( r toncentratfeod n faminac . :
] — :huP Contact — . '
: ‘ L | I lzl-é’i - 22 2‘1}; Pk gvn grsy (S Gy ..,/,)/ Yellowrs grey (5 Y ?/2))‘ Silty c/¢7 w/ vA s
L Section 3 to sil¥ bevbeds ) clay bas Liack orgaric debris o 3d snberbeds t& %" thok w
. (Zpa»’*s) shavp contacts, horiz. /Aw..q{uus‘ to ripple ¥-bedding /"("V"é rpplec)
J | —_ 5‘—u.vp contact — ;3
L Z«og M: Dk\?"‘ 3"7 (5 GY qll), 5'/#7 c"’/‘ Seca W:J d'!f;u /‘/napy;
, v.il. sd/si+ |amina, ; black organie debris 41, clay ~olispercea ~ Hhin faminac
? @ — contcet uUncertainm break 1 secetion — v
24 :1 96 — 23.13); . ' :
1 [22.9¢ = 2313 Dk yet bv (1o ve ) Clayey sd; cbat small hols Frags
] — 2213 = 29.0): NnO RECOVERY , .
30 : O - . .
i } l 124.0 - 26.33): Dusky yel br (10 v 2/3->/ Clo.yey sd 1o sdy clay (non—homojeneou
L @ mntl'urc),' sfl v clayey sd Tilled borrows tn lower 6" very abdt cmal) to
§gc+wu'7' Z\cdcum snu_ shell l-"mam{»s/' Small clasts of und,,,/y,," matervial af base
laek orgavic debris 1 c/ayey Pavits
\ (2 P”h) ) — shavp, Bvalably burrowed contact (H.//P/,_.,,+ tﬂu'/cc)‘) -
- : 22 41 26 ;3 = 2%.08): Greenizh gray (s gy 6/1) wl ak vel ovause (10 vra Gle) mott/ing .
| ‘' ‘ o € - !
1{ E S".f Sll"y (/Ayl hlgé/, mottled a) ‘/o*e/ny Ak ye/ or oxidation mof'f/nr?,
(l)y-rlu I+ 9rn gray (5 6v 9/') "'04‘*/"‘7 , (3D ofark. Arewan ,-,,G#/,,,j (leﬂlléeo
‘ orjame mathw ?) | (4) Stringy dk grey motthug - single burrew rear Fop
4.z Flled o di qrey clay ’
— 35 (228.0% - 73 1): No recovery

[-UETN

BT 231 Grayish ovan

ﬁ:»u ‘s hatl -pra,w:-d*s

— gvedadationa| contact —
EEIZToT) | Griyoet arange (10 v 31a);

(Arfen.vc fo have been tntcvbedded Sild e/‘y)) lh*(nce'h/ Aloi‘w«ba-}ed lalas

lavee hovia. Lurrows, also favee ravdomly oviemted Av"’ow‘/ 4/0'/‘L7
Ak bvin (oxidation ?) mo++llnj‘ B

- 30’*‘0’6\'}‘14&.&’ tontact —
130.‘1’% - Z).s&J.‘.‘cr‘Ay-SL\ oramg, (IO YR 7’/‘4)/' Sel+ wf #/,,.. :'/‘r[f (‘/Ay /4»,:»43‘

ohke 2" Fhick st.0F clay rutevbed silt /Jor:;ah#a//y /a,.,,,,‘,/t‘[/. Very abd+4

) /Ars-c horiz burrows (x-sections s axsal cufs),; blotehy ok yel or oxid. motts:.

5¢ (10 VR 3) v.dl sd s simall clay - fied probakle burm

Chormed rmixture of sil4 amel clay

— fjrad&-hamal contactd —

BLSe =32 8l; Greemish gray (56 1), stbF silty clay o) silty lammae;

/
mest [aminac 0("'0“‘4"“-‘°“5,' #of aminae 1ncreases o :vdva//' /’iju/lk AL
red brn MrH/ln’

(oxidized woody debris ’)/ Llotchy ok yel ov oxrd ot limg




COMS (8L piev3Iong [ I~SvuUv ol

Ps | o )
Location: CE-12 ) Vibra Core [ ] _
- v ot Lk ‘ Piston Core [ ]
e [
Remarks: £ Rotary Core
Elevation:
Depth
feet  meters Description
© - G0 : Dusky vel. br (10 v& 2/2); cleyey v.f. sd ; pelleted appearance 10 vpper
69 abdt roots v orgamic metter ; scattered Frne shat/ Frasments
7 — 3radq+:a\-\" contact —
se<+wn | , Grayish eramge (10 ¥R 7/#) v.f. sd slish#ly clayey at top ;[
Pl(e&} 9r‘.v¢/ ﬁ‘/‘ AIH (c,u ss c/“* Py .UL f;,} ,) . y 3/\;/ ©
’ e . Sm / 7[-
fes-235): no rEcovenry 4 ’ e
‘L @' Lt. olive grey (5 ¥ 6/1) : CIru/ey vFI sd  very abar Srmal) :/u'_”
3.6 @ [rns} . :
——5rad‘+lon&’ contactd —
B39 =T 35 Yellow: - N ' ‘
vy Yellow: sk Jrey (5 / 7*/2) v.f-F 3'6(, Scatteresd Line c/a/ey
[ '
5 :[M 79, Aor:é /am:»\;*mus 0 /ower /3) Very abdt /‘/’u Fo meclsom 5/\‘/
’ ragg (oou Concentrafeedd shkat/ Pagk Pone ot ?.3—3,&/’)
60:*'0»1 — 9radationsl contact —
: ‘m' Yellowrsh 9ray (5 v 7/ :
p Y Z) v.f - L sJu.z/c. /am, s snker
(prv 5) one clay bed Jy” Hack , rest of /nm’n“‘ e G / y /@ '§4e rnbebed,
‘—SL‘G—VP contact Mminer e %“‘U '/‘r‘nsr
i"’ 7""‘5“”'} D reem'sh 4,
tnbevbeds ; cf 2 aédfj "7 (S ey i) sitty chey ) sd “'/‘wr d
e «
e . Y s Orj‘(u:t "“‘fﬁw - C”'“—'“?‘r;/e;/ /QM/»‘g N p// -
212 ek’ 3 sd idabeds reach ~ Yo thik - ./ by
one w/ abdat /\/M shett /:‘7;‘ cletan s/ %o ('/A/ey ;-,/
- Shar’: coutaet —
lo

EFe=57¢: Mod ye,

br (10 yr 5749
ﬁLd* ‘[lv\a. "‘Q "\-lJ )

(/‘727 # [ish
SLI// [rass o Slts f/‘ E/&yey V,f_ sol ¢

(u\.» Cocen -
— Contact vncertarn, fry "M core fube hreted sktt b layer af £.7

|5.9¢ - ¢. 7g .
Gragist 6varac (ro vie ?/u) vd, sd ; very miney .f,,u sloll .[‘r‘ ’

— 5rdda+'un" Contact o

: Olwe Groy (5 Y L"/')} 5"5“’\/ C/oyey v.f, sJ Scatbtewsol Swnall

clay - Fited Bu'rows" Scattewed ['m fo mad shaly .ﬁ,‘sg

TD

!



g

CE-12A

R

~_

_ N Vibra Core
‘ Location: 10 CJ
| R Piston Core [ ]
Remarks: __ Kerth Lake Rotary Core [X]
B Elevation:
au
| Depth
- feet - meters ~ Description
o _I/_ B=—zzl: MN/ brown (S vr ;/4) s shightly g/”.,y f)ns sd- ; reots » grass at fof‘,‘ Fine
fﬂ shkell 'Fraﬁs ‘
\ — 3,.‘4‘4.,0..,,1 contact —
- {((*ron / EE D yel orauwge (10yR ‘/‘)' slishily f/&yey Fine sof ; discontiwvous elaye:
— lamiinae. neny base ; abd+ frm zheif fr-ss + whele snialt s/u'/x }‘ Single Jramuvle-sovr
% I g/d.sP Pr(Servcn{ f‘oo‘fs oxiclized » . .
) - :‘l«a.r contact — :
k”} 3,22 |- 29 - I-bO' Grayish black (uz) Sty F/‘Y, sol = Filled éurr-ows at 7‘0/9, A\M meod,
| (35 red . br. (/OR '-I/b) Mpff'/:-j (raof mo///:n,) é/,-/p/,y jregnul. grey (567 5/,) moH//.,7 ot 4,
[, —-9racla+von.‘ comntect —
1y
@ Greewish gray (s cy 6l1); ity fo sdy c‘/ay/ very *AJ{- Frne shalt f;ass .
i’ [l s irrequlav arayisk black (n2) motthing
|} —4gradational contact —
o ¢
se chow 2 : ::12 227 2 9111 DKk yel oramge (10 ¥ 6/0) ; ¢layey Fine fo med, sd; irregolav gowes of sdy
{} cley (P05516/( éwuus), cbot -fm stayl frnjg; sdy aveas ox.dized ’
lﬂ‘ -“wa.rp contact — z
@__’TJ' Dk yel. oravet (10 ¥R 1/6) 'F/u sd, enlre»u'/yb abdy /:m i Y ¥%/4 fm,s
I’ o Concentrated chelr hash et Jaf ox/dlEeJ ’:
L 1 B zZz -3 ‘Sl No Recovery -
%.6 ¢ ]m’ Dk yel br (IO YR "IIZ) z/syn, ‘rlm sd; fime sh frngs
{’ﬁ‘ — sharp contact — g
E=z=3): (4. b» (sms/a)-:/ 4 ’ :
'9btly elay F ot . ”
' Gection 3 @ ol Frags , ey v o sd ; ex+ eraly gbdt e
~ o 16,35 — Shavp ecufﬁc'f‘ - _
.2 = q.zul 4 ish “(s o6 ;
{ ] .I ray's Sr;e ( Glz) fina sd w/ Single e/"ey, sd. /an:na_,- Tant horia’
o p domnetiens very oiner Fons shut G | |
-\L— Tt no REcovery
. : L+ olve grey (s ’
[ Y Y SIz) vf to F sd - Stia) /
‘l\ / gcc-l»yon ““ 12.52 Miner P!M shil) fr:u’é; I.LJ4 A_lavy Mg ra ’s ! 7 7-{\.”"J Alr’pw at foP/'
@ - 5r‘d¢+:ona.l Contaet — )
M. FA3-10-20): L. olive 9ray (5 y 5/2) o s o v
{‘,i 12.6 “ehall 'p"ﬁsb ‘ 14 )/ v to £, SJ, c:u/remlf abdt Small to medium
— Shevp contoct —
[C3o=T0.3%): L4 olive o i
Section 5 5l SR winerals ve grey (5 3/2_) vd. 4o £ sd 5 Liva skl ’/;‘7‘ ; abdt /uavy
'S o :
- {mi bo recovery
[LT=T3 39 Med vl br (10 va 510): fis sd - w gt |
el Py.b‘klg burrows : presevved Voofg . “'w"-; Sp, N; ';:,J red br (10 2 7/6) oxnidized
@ abad A.IAV7 minaralg o : ’.‘“ i Te3s [M"' abdt dow"ww‘/)j
—er‘d‘+'QhA/ condacet e '
': @ Med yel br (16 v ;/y) slishtly cloayey ,.,( abdt Five do med. skail
; | Gecton b Fraqs; abodt haauy mrrivervals
— [2.52-13.¢): no rRecoveny : '
; . m Mad yel be (la Y2 SI'-I)/ vt 1o sd X famf— Proé“L/‘ Lurrows mavke
f‘ ‘ by med. red or (o R Hle) o».u)v{'-ou,' Mminor very Smoll cloy - Litled Auwows,'
M-Szgec‘”“; o @ MmMinoy- 5!A#W¢0( {,‘M ahatl fr‘js/ AL&I* h—llvy M'M"/S

—3r(JA+~au“ Contacd e
M ee— 1129 Mod yel br (’0 YR 5/") v.f. to {. SJ; r/ay-/:\//eo( burrows 4o 4"
acvoss ; minov Scatheved £ N /_r‘.5§ cabdt hracy e vals

/

No Recovery



Location: cE - 12A - ' ;libra Core % |
e : L, : iston Core
Remarks: Keith Lake — ‘ Rotary Core [ ]
IR ' ‘ - Elevation:
Depth N
feet  meters Description : -
A 20 - T w Grvayish eranse (10 vz =l4); clayey L. 4o v F. %J (’(’»‘5"““'7 ’_”’u'{_.,

foush 46 ‘say mark)

- 5‘\1\'? contact —

9((,1,0K - ‘ : Olive grey (sv*/ Slz)lj c/dy fo _”h“/ e/ay' w/ Scatterecd fuu sd.

)'w'-t.verS} sd tntrbeds Sa=)" $hick , S0 ma w/ Somall clay . Fitled 60’»5;«5' clo
. | P : . ’
@ has lavge sd-fitted chanber' Lurrow at {or, other scetdevied small sd- f'“rd‘ -
buvvous; dispersed fire black orgau e debris

- SH.'?F 4.=.m4-e+ —_—

o342 [o], 1$.19. = 1152y 0hive groy (s v 82); Clay fo sitty lay o Aiepersed Fros block
&2 ~ -
Plei<t orgarvie debris, Somu organie - rich laminae - _

— == break ‘in Seceetion —

25 \l/ (@[ Olive aray (S Y 5/&)" Clay.’ sligkt/ de ™ plaéevt; Small,/hdy‘{,.,,.:q

clayey-sd-fiiled Au«"vou_s; abdt fine blac orgsuic —rich lominde
- lar‘aLJ‘x‘\Lvanaylk contaect — '

Ctrs, . 7 o Co
» Sectron € @Ze a9 = 23 48): Olwe gray (5 rs/z); Silty elay w/ abdt s, v.f. sd., and claye e
) (2 Pf"'"’-)‘ ) v ‘ . la.un'v\ae}' ([Ay Les abdt Froe black orgamic —rreh, /l»-un“/‘ sttt /so. A;‘lmch most

! . @ Jl“’"*’”‘vnost ¢ WrIspy , moere 5/47’)’4.7‘ l“of of :Ih/-crva’/ clecnes ://-/g_d sn /o.ue’.ﬁji'

’am:nlc Aé“‘J““ tneredses Uvpward f;? lower Vs of tnttrval f‘iu%{/ow/y df}i .-a

UPWA,V‘A {0" Oppw‘ /3 -
22.9 : . “Gfﬂdva“':anA’ contort — ) »
| L w Olwe 3"&7(5 Y 5/2_)]- C"‘/ to s'“‘Y CIGY ; !m’/: iLA'.n sd /am:ndt’z
: abodt fine black orqaure debrig , MOSHly 1 Streaky | aminae

-— Bfeak 1A €eetions (/40//H¢::+ Contect whn break ) . .
[z - T6.21): Green sk grey (5 67 6/1) ; st FF sildy clay ; extemsive mod ‘ y
T b.f.‘ (I‘D R ‘4/‘) mﬂH‘lhj (FbeA-L!C o;,d.;‘d ‘“”‘““), Srmall »s*.,.lnjy éur’,w‘,
vge('[um q ) Forted wf 3?1‘/-:&»5/4&‘( (N?.) elay - closter of wad chell ;"‘j.s at *Of"j

‘3"41 Seatteved small oxidized wooJ/ /:ﬂjmenfr : I

— arqda-/-fana.// /wjh/y Aurra_wfa/ rontact —

@ LZ_b‘.Z( - 2% 33J-' Groyizh oreice Cto v 9_/4); V""‘ *0 M/, SJ- (]Chcr.l/y ,{:»v

vpwavd = lower , 22" ped cd |

, resd. ﬁ"‘" vp )(r‘o /:m ) ve [ N P

) ”~ 4 ;u)‘/\aavlﬂy

bioturbated - lavee <sounmd o muJ-—f‘://e-( buorrows /»n A ,C—,,:‘ modf.
: , s /

red. v ‘(Io 7% ‘//6) 'ma*i/l"j (P"aéA ble é;g/-ur 541‘”“) Fhvoushovt , e alliT

. cloay -Ftled burrows sn Jower Y : ‘ . P

]
7

30

<>

32.9

{
28 ] ; r‘—SALrP Contact =—

29. 3@ - 2¢.%]) ! " 4 —
(2 €. %) Greemisl gray (5 Gy G/I))' stfL sdy (/‘7 . /;ru mocd red bri,

.("ol R 4l6) oxidized mott/ing | fing yellowish gray (5 v 372) mottling = bol |
Pro‘g‘l; blaluvba-lmn :

A . _

— —_— «Are-»k Ae*wtev\ Sectiomg — . ‘ . ‘ y

‘L' L—?.g -’ TR} Yellowish grey (5 212.)/' trtevbedded v.f sd o s 11ty clay (Swa
elay); abdd _small stringy Liuvrrows ; abut dk yel or (1o°vr 616) « pod ved br
(1o R 41e) moitiing ; small oxidized orqamrc 4rogments |

he™

_—ﬁrgda'huh;l c.oh‘fl-c'f — A . i

q C29.4% - ?:.'-«,z.): Yellow ek groy (s v 3) 5 mdewbedded v-F sd/stt v si1ty clay {S””L‘
coeley); beds ¢ A=A thick | Some sds hove ripple x-bedding , othevs horrz /‘"‘3
Scatteved ;m‘//~éurﬂw$ , el organic /ra,w(.w/s , mo://; oxedd 2ol
= Gradational ¢contscet — : :
m Pale yei by (10 vz 612 ; stifF silty clay w] wispy v.f. :J/ggw..;
{\ '0645,' sdy (/ny—-)[://r‘/ Aun'aw:/ very e borrows fC//e’o/ w/ bd/ack f/ay ‘

— BT A2 <32.9: NS Perinenv -l 55 a

"

“Ho




) Location: ce-npg ’ Vibra Core  []

| | | ~Piston Core [|
Remarks: [ett Lake : : Rotary Core
[ Elevation:

}“l | Depth
L feet  meters - Description

=" 10.20
=410 .58

12.52-

0



Location: CE-I2A | Vibra Core [}
’ Piston Core [

Rotary Core
Elevation:

Remarks: Kerth Loke

Depth e
feet ~ meters Description

0

2 -2 23.ve
23.92

25

- = 26.2(

2%.%

v 24~‘+?'

229

35

N T



~ e

. L IR A ! rg -+ - -
M atinne CE-12 Vibra Core [ ]
1| Location: i
L v Piston Core [ ]
4 He -
| Remarks: et Lale Rotary Core
P Elevation:
J )
M
L] Depth S
feet  meters Description .
l{"‘l 0 I {a- S|: Dk yel bv (lo YR ‘I/J.) C/&yey ;:’u sd chaotice fexfurcj abdt shel frﬂj
L | ~ Shosp contact —
- LEI.D Grayish ovacge (fo Yo ?/q) 5‘//- Farnt horrz: lanism atrons abdt
— ;(N*‘M"‘/ heavy rm-u.vds; Vevry minor Frna slull -Fr.,ﬁsl- patchy oxidation
?{ ‘ -_— SAA.I'P CO‘!+A¢“ — . s
- [m Dueky yel 6r (10 YR 2/3-) C/Ayey v.d. g,’l chaotic dexture —po:;:ély brotorba,
_ abdt Frmu shell Frags
? ! .26 — Shavp contact —
(5 3.6 m Dk. yel. ororge (10 vr é/b) Froe :d LFarntd hpn; laminations at fo/a very
) 8 Lbd+ .f'h‘” fp MJJ :A‘,/ /;-‘ss w/ Sone Ssmall W‘B/t shalls
!’} @ —sharp contact —
\*{ g = @‘ Dusky vel. br (’o YR 2'/’-) S aney clay , one /2" thick v L sd bed ad 2.
. ehaotrc }c-l»wvg; swall cd. vp///ed bU’rouuf at ./,, Ak yel. br (ID R ‘//2.) ol 9rn
1 qvroy (5 6y 6I) maH/uj/ abdt -P/m shall Frn,s '
L [ §cc+:oﬁ z — Sharp contact —
_J @. Yellowish gray (s~ 7‘/1) sdy shalf hash/- sheH Fra;i_ T all
*"l — 3rnd L+lontl (°K+Ac4 — %
j | l@ Yellowich gray (s v #12); slishtly clayey v. £ sd w/ Arséon tinvous
— ¢lay Iammu - abdt lrm.o. mod. red by (10 2 t//;) ","ff/“,’ /)”06!‘/' biotuvbation
K % B ze=3. (.); NO REcoverY
KL' . m Greensh 5"‘7 (S G 6/' l' V. F +0 ﬁ JJ flv-s'f f;u maf//lnj A/ofcl.,
'4 al avesns of mod. red be (IOIZ H]6) ox:d ation , COMmmen /;e¢vy minera /s/ Stngle small
~ 10 @ black organic Fr.gmw Strong odor
} I — gradational contsed —
- w Ay - 4. ‘H}' Vellowish 9-»/ (s.v ;/2) Fine 5J abdt small Jo med shall Lrags
~ 5((4:‘3»\ 3 T‘ Common A.[‘vy .MlurA’s ; "dhiek z,,u_ of dk Y'/ oravge (/o0 7R 6/6) ox:J-\fn-
! 1 T ]‘I.Ql- Z.J-l: No REcovERY :
[ l? 3 —i ﬂ' Hod. ye/ 6" (IO ViR S/Q) fl'\.‘ sd $,n,/, CI‘Y /‘MIGA ot 7 . a‘d* f’M
= Shatl 'prajs (Jtt"tds"‘j U/’W"‘d)/ Abd’/‘ }\quy minerals
‘1 ’& -— th.vP contact —
) 9.63 - 7.7 : Dk yel br (10 v l-l/z)/‘ slishtly Clayey Lini sd. ; abdt comall to med
138 + shall fra.s:,‘ 5;;«1'/: Small (/57-#”»:41 Aurrow
.%_ iﬂ-ﬂ - '313|: No REcove Y :
1S @ i e 01: P Hed yel. o (10 v 5/4)- v.f. 4o £ sd, Scatteved small clay-£illed
B buruu‘ Minor f,»u shell frags; abd+ /uavy M/MVA/‘ '
{ | kS ; NO REcoveny
- ection 4 n : Gravish orange (10 va ?-Iu) v.f 4o F. sd.; clay -filled burrows at base ;
. minor Fmg shall frags' abdt heavy Mm.‘.r‘ls
| _— ‘Ldvp contact —
’ \." @ Olive gray (5 ¥ W')/. Sw‘{‘/ clay 4o elayey sd (samd % iucreases up ward
@ abdt small 4o med shall Fr‘qs ‘
)/ -— ﬁrAJ atiomal contaet =
H 129 FOlve gray (57 313) ) clay fo silty clay (sih % inevesses vpward) s
Section S l..nr, sd-Filled "chawber’ burrow af top , cmall 4o med cloayey sd - Flled
1, 20 buvrows throushowt ; abdt streaks’ of black orgame (?) matber ; scatbeved

f fine shell 'praﬁs at )Lof'

~— — break 1n core sectrons —
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COMSTAL

[CELN AR N-N S

Ficod ECT

; )rfr'FIoh /]

’ . . -1z i
D Location: _ CE-!I% Vibra Core  []
v S Piston Core [ ]

Remarks: __Keith Lake

- : Rotary Core [_]
2 | Elevation:
""" ]
L} Depth

. A feet  meters Description
n e T ST mzse): Otve gray (5¥ 3020 sildy clay wf [T dhicic elayey 3d bed at 37.¢7;
[l ) Stattered Cmall to ned o e c/..,.). sl - fFitleod bvrro.,,sr)‘ clustew of oyztir skatl
- freags ot 'Icp)' vevy abdt Fime black organic (2) madfoy

C feben g ® —sredetionid corteis —
{ J K2 Se - H4 - 56): Olive gray (5 ¥ 2/2); clay fo sily clay ; Single semall sd-fitfed
o burrowl‘ minoy {ine black organic matier
) 1_ — breok 1n core Sectrions — )
[
[Tuse :
| o T [ Se = Ha‘n-u‘: Olive geay (s~ slz); cley to sil4y (/,7 5 scattived Frne black organ:
i ‘ matber ;o very minor Fine shall [r.ﬁa
2 FTTTE] o necoverny
I
L

Sectron 1D 3

[‘t '(leuh) ' .'
j

¥q 5 Z HQ““/ . : ‘ ‘ ’
- < T E:_?‘—S‘u__s_, Olive gray (5 v 3/2)" Clh, o St’+7 f/ay; abdt 7[;~ ‘é/u—k o.rj.'“‘ (7)

@ mathwr |, Some In concentrated
1

—

/.mmnc,‘ b/o«{-cky mkod red br (10 12 Y/6) mo H/m_,

— br¢¢k 1M cove tectrony —

SS

' Secfwon 2. 1

T]S‘i.?: —Sﬂv*cl.DK Grn 5r\/(5 G‘/lf/l)l' CIA\/ +0 ;,Ifj z/‘y w/ SCV(."‘/ '/g—'/;i" thick
('5yey sd !mf—{_r_beclsl‘ cd c!&ycy' <d Fn“c“ Lurvowg .

o /
@ floe black orqarie (?) mathe — d'fpcr:cJ amd a concenmtratead

‘b’o-lwk\/ mod red br (1o 2 <) n'ar‘*/-nj

5(1\4‘“(¢1

Crvall

Very a6d+

1 f‘lu /éhn/nac,

— - ércak tm. Core Sectionce




~ Location: LE-1Z2 - Vibra Core  [] - i
T e 12k - PistonCore [ ]
. Ker a4 KC :
~ Remarks: Rotary Core [<] ]
Elevation:
feet - meters Description . |
¢o T (AFc=Z%o 4] :pk gom 4,.».7 (5'6‘/‘//:) cloydo siity clay ; scabbcred fim black
orgavnie watbo ' -
— 5'-.4‘4[-:0;44/ Zordaed — .
]_qo- 62 ”9' (1% are groy (S'GY‘III)l Clay 4o .1//4‘\/ t‘/‘y w/ sd -~ (‘/Aygr sd /lbﬂl"de“’
. 2 C geatbered smsll sd - rlayey sd-Filled éurmws abdt Lo black organie ~etpoi
Section 3) dispevsed o concictriicd [aminae '
- 3r.JA|L(oan rortect — ‘ » S
l‘z-'-l‘s— 6‘+99}.‘Dk 9~ gray (sayq/l)- PI./ to s.l-l\, c/;y Mineor Utvy small .
sd-Filled borrows | and+ {iw black Orqaunie matber — &/'SFcr‘:cJ - concen Fra L,,(
laminae iobledehy m~od ru‘ br (1R q4/s) Mo++/ma , one [ Fhick maJ red br
L4 ) "bed " w] Shavp +oP-— art:l trouwal bas«- :

Sccflon 4

_\Li — break 'm core stctiong —
9 1= - ;olvmjj Olive gray (5 4I1) ; clay ; irregulay mod yel br (10 va 5/%] )

@ “b““”— o ’k./]_ T thick ’ S”“'f bt ’yr‘ju/" (6”*""-" ; Very miner d’:ran?‘/ Eo

L
'f';'lvn‘SA /Amwut/' Mmainor ytry Small sd - f”"/ Aur‘r‘gwsl aé.,/r‘i/_nu 6/1:/;
organie -F"ajmwfs - //r,agfst:/ sonm Irr']u/ay /am:nag

— —brc‘k ' cove Seetrom . e

T. Olive grey (s ‘/"-Il')l' (/1-7" minov small sutfsd-Filled borrows - —

—_— ‘10 19 = F2. ?‘ﬂ~ 01live gqray (S v oalt): Clny trregulav olive gray (s'v 3/2_) {
on,lM1 ; abelt fra black orfanic #raimwh - d

w'p&rSchl—- n I"’(‘,U/ay /‘m»::g

- grualn*f-voh‘./ cont act —

1}

\72. %3 ~ #8 16l: Olive aray (s v “h); clm, w/ c)csu.‘ql»muou; silH/vF. sd /A";'n':l

, -~ v e 've Lol Y

cloy het davker olive 9oy (5 v 312) horizons, ccatbied clayey-<cd £ 1/
burrows , amd very abdt Live black Organe Frqsmm-}s
{'Lu\ (( '/t»") MJ l"rfju’av

i
{

/‘ JAM,‘ /an—-/nkzjf

—_— b"“k In ¢core Sectiomg —

‘urr.'ejul‘v' wod. vel . by (lo YR 5814) horizews (bede?) ; very abdt frme block ;

o""-"" f"‘j“"\‘—‘\*S ;drgpev;eJ - 'n Irrgjulay ’omn«ae

€lowish 9 A/(577/2.)/0i1ue Gray (5"/‘//1)'/“/-”,4,4,/,,( v!{ s

@ o d clo.y 3 sd beds , Cach ~ S

thiek w/ intern
1
C’g\/ gw a5 above tntevual d a/ requlas z./¢~7 /Am/;:(

G812 = 95 08): Olive gruy (5 v 1), elay; very abdt Lrus black ,,.,5“,,,;

- 70
0.9+
scclwn 15
15,16 1S
-— Sl«uvp contacH —
'§e¢+ldv‘ 1A
- SbAvP contaced e
$0 .0%— Yoo,

-/‘;‘écamwi's . » : i

i = brealkk ' core Sectioms —



B Location: cE-I3 Yibra Core L]
| B | Piston Core [ ]
B ’ _ e
Remarks: Kerith Lake Rotary Core [<]
E Elevation:
“ Depth C _
B feet ~ meters Description
| * T (Foos—22Z 3%): Olwe groy (S ¥ 312); cloy, minor small .”*"C”’J burrows
- blodchy mod. yel. br (10 YR 51y) mottiing | scatdered very fine shutt fragmen
] —_ Sh&vp,yu‘rrgju‘/av 69'\*“?“» - . - . ‘
~ |22. 3% =82 Sul: Yellow:sh grey (5 v ;l/z)) Eire to rmed. ,,//. e chetl Frosment
(] Sfr""dh I+ —_ sharp, !r-resvla_v contact — ‘ "
L 18289 =83 .12\ Olive grey (S Y 22); clay wl 2h” thiek cloyey sd bed - ¢ lo
. /7 7 ¢ Yéy y) 7/
o has blotchy rmod yel-br (10 ya s/4) mettling , abodt Lin. black ovgan, e
“ : -~ fragments, med o larse Oyvstew shell F"‘-’"} clayey se. bed has pud o [arge
L @ oystkr shull f‘rajs, frew bleck or"“‘. fnagm:.l:
— 848 — Shecpfontact — : o |
} i 25 (§3.12 = 8« 35]; Yeitsuish gray (5 YR2)  silt fo v. f. sd ; 1rregular c/oyey
52 /ﬂ.“"\lb; f"'"// (/‘7-7[‘//'61 AU”‘OWS a* /-af /’ /rrr.ju/‘r /va"i. /‘A-\rn4)‘/ons
7 at L-s;l- Scatttred )[lfw L/-(k organse -fra;mis
{J — Crosional contaed — ) "
- ’?'1‘43'5—- 8H~,?'JI Dusk7 vel: b (/o YR a/z); clay 4o silty c/*y,‘ vx;»y Fhoim
/,,} _L discontinvouvs sd. /lmrn4g‘l‘ Scattere d very ’C(M PYAT, ;"_"s ; ‘
L] l i?qic - eslzl: No rRecovepy -
S. - . ' [ ae .
’3@‘ ol : black (s~ zl:)/ siy clay wf irvequler sit/sd laminae | abldsn
,slH sel = Liited vrrews ; chaotse /\‘A"M -‘d' Flreald 4o a’lslmjuul. sely
ﬁ damivae From sd-f1led burrows )
40 45 @ —ﬁradaFuouA/ Contact — R
[L 6?}: sh grey (5' 6y 6/5)’ Clayey. v. £ gd/g,/,(—; very choatie
T T Sppears Deavly biolurbatid but AAFicalt fo sdentsFy sodiorden
éurrows,' Irrezulqv Zones Ordﬂ*k 9""A7 (N!) Moff/zn7 bu/ :)‘r/n]y rlf/y
‘ laminae (7=aminae” preces 5.y
r Only wltn of ark Gray motfled g,,,_“)
T I N0 RECovERY '
. : 6""—“‘“1‘\. grey (s.av bl')/' stidf 5’(‘7/56’7 CIAY} trreguvloy far§.¢__
me;(t) filled wi red dgray (nu) clay ; stringy Sitlty Jaminae (2) miaw base
Irrequiav prod. red. Ly (10 1 4le) i ox1d
o n 1dig J
71 voot modtling ? ) ‘ ? ( e orgamie matber oy pessibly
15 -‘3!"4&409"&[ ) k_l‘v:ly BurrawéJ contact ——
5.4 Z.24 — a3.94) : Di. ra . :
O @ (;i_ 4 /Zk' vel reramge (10 YR 6l4); v F. sdl/silt; banvily bootirbat
a’;"" :‘“"“‘+ ; vrrows ot *?P Filed wl 0""/7'03 clayey natevial , rest
or In val condains sbdt medium sd-Filled anmd ‘elay ~Filled buorvows :
very Minov shkdll fy-g_,; - !
I\j — gradational contact —
1399 =39 52): (reen-eh an , '
; . ICre ’ arsy (S 67 é/i)/ st sl hy ‘/ay/" Ghotd sol- Fitted
re © )rr
f * B srrows ) trredelav silbyfsdy Jawinae at base: abat fne skl Frogs
; ) T [94.53 — ¢ 5.4): No Recovery
TD= 95.Y
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Location: ce-13

L ome - s

Remarks: . _

Depth
feet meters

.S
iy
d1.2%

(.60

— 2.9%
43206

6

g+

12.2

(s

@ it i 6,09

—-V '_\-A 19.80°"

20

Description

Vibra Core [ ]
Piston Core [ ]

Rotary Core
Elevation:

PR



.{’“‘“ . . -
U Location:

~ Remarks:

ce-13

L/¢‘: PL LA kc

Dep

feet

th
meters

20

|
(K

7

(!

<

~ .
=1

29.23

_/\‘\
(S

Td 33

25

- - = =] 25.23

21.006

J0

- - 30.50

22 g1

36

T3

-3 _\L 32.5¢
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Descﬁption

Vibra Core D

Piston Core [ ]
Rotary Core

Elevation:




Location:‘ ce-13 Vibra Core [ ]
| Piston Core [ |

Remarks: __ Keitt Laoke Rotary Core
' : Elevation:
Depth o
feet ~ meters Description
Yo
. "
€] abdt organics
@ ¥}
- - - —Juz.56
4.5 . ‘ | | [
us L
w45 ———r 44,491 ‘
' co ‘ —
\
‘ abd¥ organies
@
54.33
554 o
)
@ L&) ' A bLd+ arjnwcg . . '5\’
'5

Tk S SE—— N N



Location: CeE-13 - Vibra Core  []
D | Piston Core [ ]

Remarks: Keith Lake , ' " Rotary Core
P ‘ . Elevation:
I . :
U Depth _
, feet  meters Description
v o :

- - - 4 b2.us

{Jﬁi e

J0

- @ - - - 72.3F

| o
K 9
(f :

qI,Jb i)

—

J

E 5 e Ea LY

“ied 20 2
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Location: ce-13

Vibra Core D
; Piston Core [ ] _
Remarks: et Lake RotaryCore <] _____
Elevation:
Depth o N
feet meters Description
%0 :

z5
e
|
40 <) go.a5
4o0.3

- 12.24

4 43.94

kot PTVRPPN

95

5.4




-

ceE - |4

Vibra Core

nE Location:

—

Piston Core

X

. - 2:}——Ne:1\,é5 /‘Zn‘v¢v
Remarks: b4 } Rotary Core
m_ Elevation:
“ Depth
. feet  meters Description , , ,
B o T o - ‘5'.’ Griy.sh orawse (10 v22 ?/4)1' £ne 5;//‘ wwregulav /am . nations ("'FF/C
(J L x-bedding?) at bast; abedt rooti v organic imitler af top ; asphalt (road)
t, §ec+(on | ’ @ ‘ﬁr~5m4$ m vppes 72-/'0’“‘4'2"/ Ivon-rich concrefion
. uslna.v Lan*”&t-ﬂ‘ — ’
(' 1.65— .‘76'2 Yellowish gray (6 32); Semdy shell hach ; Very abdt small to rmadivm
L’[Z‘g 'T oY St shatl frags/- gcf/-a/r‘ reoacd material &t /—aln ‘
' T L3t -2.3): po recovery
M EE=Z0: Yellowish sray (5 s 3 ‘
L | — shavp comtact — 3y (5 32) ) S 5d; addt med oyztie she Fress
— 1 u.g . . ‘ . -
@‘ Davk araey (Nl); ("7') Stngle 72" thick IV"(jU/AV Frne =d. bed o/ small
; v shae il I‘ags,‘ 6167 has l"resu’a—v /|5L+ gray (N?) mottl a ; catler
‘L SPr%ovx A 5 @ — Shavp irrequlaey contact — : 3, seatbered craane [f‘SS
; @ Black (~|); c’ay/' vevy abdt orjan:c rmathker — Pea*-/:kc 1 placec *
r’ Scatbved small sd-Ffilled burrows (2) & ’
tj —~ sharp contact — "
1\ D. k g an/» (N!)/ cla7 ; lv‘rcjull\v 6’0'/“[‘7 /lef gray (Ng) MaH/mj‘
(“']? ] —EI5=F3]): no rECOVERY H
L‘J' )‘3:1— €<H$ll gftck» (Nl),‘ rla‘Yl' Very abd+ ovganic Mmatte v - fg‘l—-?/,g‘ e /p/‘¢g
5»—:“]/ burrows (?) At base -A//g.( w/' /,5[,,& Groy (N?-) e/‘\7
;, f - 5V;Ja+nonal conteed —
| . .
L‘J\‘ _. Grayish black (NZ‘)/ L¥. olive 9rsy (5 v 611),; clay ; 4/4:..,,.,4,,,7
10 © 3:“'% Lujk- m [4oolve gray beds ; abdt burrows (2> = Fillesd w) grayoch ilack
i §538\‘10M 3 Cb‘y I’; 4. o'/"c gray beds amd Vice 'VCD‘SA/' Scatbred /:M s /4. f;//re/ Aurrau
u abdt 4i1m black erganie frn;wfs »
'—3VAJA‘+!D‘$QAI contact —
‘ 1 : Dark grey (N!); c/ay}' blotehy,trregulor ped /3. 9rey (NG6) mott]
J. 2o | g abdt fru black oveanic .m¢«flL¢V)‘ minor discen Frivous wv.E. sd. /aniinag '
' [29¢-T13.0): no Retovery
3.0 f
‘L } - f / i[ny L b i (N?.), zIAy, lrrt’uliv [4. olive Sroy (5"’ ‘/l) beds
am ) ) .
— ALJ‘. fm Zo kl j (Pnb"“’l‘ éurraus)/ 554*&;«0/ Srmall sol - [;//25/ éurrowf/’
B e ac arganic nistiesn
]’\‘i - — gradations) contsct —
| 15 - @ U4. 64 - 15.32): Black (Nl)/’ organic -rich clay ; very abd+ o} aniec matten
. 5?:410;4 Y ' ""/‘*“"\" Ssrmall woody 1Fra5m_z,m'fs 9 “
[i - gn.da'f‘:aunl contact — :
. ilf.#q- 14.6'«4); Olive black ( ; cley - :
J ‘ ; l e black (5 v z/:), ¢ &7,/, several 1rregulav 4. olive gray (5 v 6/
: beds’ w/ olive black motling {probable érm‘urbu"wu)/- abdt fine black orgau:c
{ )} 13.64 7\ matlen (V\c/ue/rna small woady F"n,men'fs
L —_— 176y - l‘.ll.‘ No REcovERY
. D G k o
e . v ack (~2) /L4 olve aray (5 v6/); clay © single thin (¢2") s
‘ f bed «+ 20.3 ) ™Mrmer Wity st ."'W‘“nt ﬁ.,‘lwngt‘ r h /b/ k 1+ :
i . '~ ayrs ac . ’ N
L Sertion 5 elay beds Ceack wf extcusive mof}/,.,j ok a/:,m",(j s 6:,‘ /D( v;/sra/
. k ‘rTe e - ) ’ ac
J/ 20 organic M»t“fcw‘ "f”"”y 3"47/6/1 A/Ark bede ", e ne &

—9V¢JA+'0uA/ (ou*az-# _—



Location: __CE -4 _ VibraCore
S Piston Core

Rotary Core .
Elevation:

Remarks: HW‘/‘ 37 - MNechag /?1 ver

KO

 Depth . S R
o~  feet  meters Description ‘
S Ememznasl: Lt ol arew (5 v em);

/
base ; abdf fins black organ:e g bhev /M(/utf"'j Small weody /‘"‘5"""“

. | -— SAAVP.‘:on-Far'f- — ) .
Section 5 EaT =25 o) 0rwe black (S 7210} ] Yertominh gray (59 3123 - interbedded vF dof

/ ) f ‘
Sz] Mz/’ C,Ayl' c/Ay éedt 7{-‘/2" ¥Arfh w/ s/va_'f 54545 . ~/9P5 , 460/7‘ ;[:m b/ntj |

» @ or’go.nvnc ma#f—tv»}' cd beds £rin Bm 3 bk w) Adiscontinuous "/‘7 /A»vaC/ =
__l_;-;:_:_’__ abd¥ h_“\,y mivarals | five black srianie watben ,u/w/,f.; €mul] roody 7[;,.;@5,
‘ - vellow - sulfuv sda,min 2 4t base ’ i i
— sharp contact — (Hol/Pleist Cowtact) :
@: Devie vel- brown (10 v2 4/2); shshtly layey Luvsd ; vewry abd™
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MORTON, R.A.; PAINE, J.G., and GIBEAUT, J.C., 1994. Stages and durations of post-storm beac}
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Severely eroded beaches of the southeastern Texas coast monitored for ten years following a category :
hurncane reveal four time-dependent stages of recovery. The dominant processes during the four stages
of recovery are as follow: (1) rapid forebeach accretion, (2) backbeach aggradation, (3) dune formation
and (4) dune expansion and vegetation recolonization. Only undeveloped beaches experienced all fou
stages of post-storm recovery. Developed beaches reached stage 2. but additional recovery was preventec
because beach widths seaward of the houses were too narrow to permit eolian transport and constructior
of dunes.

Post-storm recovery lasted four to five years before the beaches of Galveston Island began respondiny
to local events that dictated subsequent changes in beach volume. Only two of seven profile sites expe
rienced compiete recovery in terms of sand volume gained, compared to the volume lost during the storm
Partial recovery at the other sites ranged from 7% to 71% of the volume eroded during the storm. Afte
the four- to five-year period of partial recovery, several beach segments entered an erosionai phase tha
refiects the long-term trend of beach behavior.

Post-storm beach responses at individual sites were highly variable and inciuded the following (1
erosion and continuous loss of beach volume, (2) partial recovery and subsequent erosion, (3) compleu
recovery, and (4) continuous gains in beach volume that greatly exceed the volume eroded by the storm
Some of the factors that locally controlled beach response were interactions with shoals at an adjacen
tidal iniet, the adverse effects of updrift coastal structures, and along-shore migration of shorsline rhythm:
that alter sand supply.

The maximum cumulative recovery of sand occurred four years after the storm when approximatel:
67% of the eroded sand could be accounted for, as storm washover terraces deposited on the barrier fia
(12%) or as beach and dune sand returned during the recovery phase (66% ). Apparently the remainin,
volume of sand eroded from, but not returned to the beach, was transported downdrift and stored on th(
shoreface where it has contributed to spit accretion on Gaiveston Island.

ADDITIONAL INDEX WORDS: Coastal processes, beach profiles, shoreline changes, nearshore san:
transport, storm impacts.

their pre-storm position. Most post-storm studie:

The geological work of major coastal storms and
the immediate impact of those storms on devel-
oped and undeveloped beaches have been topics
of substantial research efforts for the past three
decades. Recent interest in these high-energy
events relates to assessing the physical and bio-
logical damage caused by storms (FINKL and
PrLkEY, 1991), as well as obtaining field data to
calibrate and test models that predict beach and
dune erosion induced by storms (KRIEBEL and
DEeaN, 1985; LARSON et al., 1990). Despite the
wealth of pre- and post-storm data in some geo-
graphical regions, there have been few studies of
the long-term impacts of major storms and wheth-
er the beaches and dunes eventually recover to

94001 received and accepted 6 January 1994.

report on the instantaneous beach and dune ero
sion caused by elevated water levels, and som
include the immediate onshore transport of sanc
and initial phases of beach recovery following th:
storm (ZEIGLER et al., 1959; WARNKE et al.; 1966
KATUNA, 1991; SEXTON and HAYEs, 1991). Usuall;
these post-storm studies monitor the storm-erod
ed beaches for a period of no more than one o
two years. In contrast to the short-term studies
longer-period time-series analysis of beach pro
files (= 10 years) typically are designed to revea
trends of beach stability (ELior and CLARKE
1989), the relationships among coastal processes
beach fluctuations, and sediment textures (LE
and BIRKEMEIER, 1993), or the relationship be
tween washover deposition and dune growtl
(RiTcHIE and PENLAND, 1988). Beach profile rec
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Figure 1. Location of study area and beach profile sites on Galveston Island and Follets Island, Texas.

ords of decadal duration are not used specifically
to examine the variability of post-storm beach
- recovery or to document the systematic recovery
processes and beach evolution after a severe ero-
sional event.

The purposes of this study are to describe the
stages of post-storm recovery of fine-grained sand

beaches along a microtidal, storm-dominated coast

and to differentiate the period of post-storm re-
covery from other beach responses that are re-
corded by changes in beach volume. Other re-
search objectives are to document volumetric gains
and losses along two barrier islands separated by
a tidal inlet, to determine the sites of erosion and
deposition across the beach profile, and to relate
the beach responses at each profile site to the
historical trends of shoreline movement and to
observed changes in sand supply.

The study area, a 30 km segment of the south-
eastern Texas coast (Figure 1), includes the zone
of maximum storm impact and the beaches up-
coast and downcoast of the site where the storm
center made landfall (Figure 2). Beach profiles
and field conditions monitored at seven sites for
ten years after Hurricane Alicia provide a unique

opportunity to characterize the post-storm beach
responses, to quantify the extent of beach recov-

" ery, and to evaluate the morphological controls,

variations in sediment supply, and coastal pro-
cesses responsible for gains and losses in beach
volume.

PHYSICAL SETTING

The southeastern Texas coast is a sandy, mi-
crotidal region where wave energy is generally low
and the beaches are composed of fine sand. The
low backbeach elevations and fine sand compo-
sition make the beaches extremely vulnerable to
erosion during storms. Consequently, storms are
the primary geological agent responsible for
transporting most of the sand in the littoral zone.

At Galveston, shallow water waves greater than
1 m high occur less than 1% of the time (U.s.
ArMmY Corps oF ENGINEERS, 1983). Most waves
approach the coast from the southeast, but shore-

 line orientation and seasonal wind patterns cause

the littoral drift direction to reverse periodically.
Gross littoral drift from bi-directional transport
is about 200,000 m?®/yr, whereas net drift is about

Journal of Coastal Research, Vol. 10, No. 4, 1994
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Figure 2. Path of Hurricane Alicia and nearshore current velocities during the storm with respect to the study area. From MorTOM

(1988).

45,000 m?/yr to the southwest (U.S. ARMY CORPS
oF ENGINEERS, 1983). ‘ ‘ v

In the northern Gulf of Mexico, the direction
and strength of predominant winds are seasonally
distributed. Light to moderate southeast winds
prevail most of the year. During the winter and
spring, strong winds shift to the east and north-
east as Arctic frontal systems pass through the
coastal zone. Highest sustained wind velocities
accompany major hurricanes, which normally fol-
low a westward path in the Gulf of Mexico. Before
hurricanes cross the Texas coast, their counter-
clockwise wind circulation drives nearshore cur-
rents to the southwest (Figure 2).

Astronomical tides at Galveston are diurnal or
mixed and typically have a mean range of only 66
cm (U.S. ARMY Corps oF ENGINEERS, 1983). The
wind-induced changes in water level are com-
monly larger than those caused by the astronom-

ical tides. Wind tides coupled with changes in
barometric pressure often cause water levels on
Gulf beaches to be raised or lowered as much. as
one meter compared to the predicted astronom-
ical tides. During the winter and early spring, dra-
matic changes in water level accompany the pas-
sage of Arctic air masses. Preceding the cold front,
low barometric pressures and strong onshore winds
combine to flood the Gulf beaches. After the front
crosses the coast, wind directions reverse, and the
wind blows offshore, abruptly lowering water lev-
els and greatly reducing wave energy.

The tide gauge at Galveston, which has the lon-
gest record in Texas, shows a relative rise in sea
level that averages 6 mm/yr (LYLES et al., 1988).

.This rate of rise is about three times greater than

the global eustatic sea-level rise, which averages
about 1.5 to 2 mm/yr (GORNITZ and LEBEDEFF,
1987). Most of the incremental loss in coastal el-



evation Is caused DY SUDSIQENCE 0L L€ 14U Suriace
(SwansoN and THURLOW, 1973; PaiNE, 1993).
The upper shoreface of Galveston Island and
Follets Island is a dynamic zone where shore-par-
allel sand bars are constructed and disrupted or
driven ashore. The first bar is commonly located
at the toe of the forebeach and exposed at low
tide, whereas the crest of the third bar is located
in water depths of about 3 m. The landward in-
crease in physical energy across the shoreface from
deeper to shallower water is reflected in the slope,
morphology, and sediment textures of the shore-
face. Muddy sediments deposited below normal
wave base on the inner shelf merge with muds
and sandy muds of the lower shoreface (WHITE
et al., 1985). The muddy composition of the lower
shoreface and shelf indicates that these environ-
ments are not sources of sand for post-storm beach
recovery, and they appear to be sinks for sand
eroded from the beach and upper shoreface. A
band of sandy shoreface sediments approximately
3 km wide parallels the islands and extends from
water depths of about 10 m to the intertidal zone
of the beach. At the adjacent tidal inlets, rela-
tively clean sand extends from the shoreline sea-

~ ward at least 5 km and merges with the ebb-tidal

deltas at Bolivar Roads and San Luis Pass (Figure
1). The large areal extent of shoreface sand sug-
gests an abundance of sand in the littoral system
that is available for transport to the northeast or
to the southwest.

The distribution of nearsurface sediments on
the seafloor gives an incomplete picture of the
volume of sand available from subaqueous erosion
as the shoreline retreats. The core of Galveston
Island is composed of sand, but the southwestern
end of the island and neighboring Follets Island
overlie delta and estuarine muds of the ancestral
Brazos River headland (BERNARD et al., 1970).
Therefore, less sand is released to the littoral sys-
tem when barrier segments close to the headland
erode.

Since the mid-1800’s, the beaches of Galveston
and Follets Islands have experienced variable his-
tories of beach mobility. The difference in beach
mobility from one site to another can be traced
to storms and engineering projects that have dis-
rupted the supply of beach sand. The principal
factors causing long-term beach erosion along the
southeastern Texas coast are a deficit in sediment,
a relative rise in sea level, and frequent storms
(MorToON, 1979).

In August 1983, Hurricane Alicia crossed the
southwestern end of Galveston Island (Figure 2).
The maximum open coast surge near landfall was
3.8 m, which lasted about 3 hours and caused
substantial property damage and economic losses
(U.S. ArRMY Corps oF ENGINEERS, 1983). Some of
the destruction was directly related to beach and
dune erosion that excavated large volumes of sand
from beneath the front row of houses causing the
vegetation line to retreat as much as 40 m (MorTON
and PAINE, 1985). As a result of the extensive
beach and dune erosion, about 200 houses on the
West Beach of Galveston Island were left on the
barren sand beach, although they had been built
landward of the pre-storm vegetation line.

Hurricane Alicia eroded about 1.5 million m?
of sand just from the southwestern 30 km (West
Beach) of Galveston Island (MORTON and PAINE,
1985). This volume of beach and dune erosion was
estimated by comparing post-storm beach profiles
(1983) with February 1980 beach profiles sur-
veyed by the U.S. Army Corps of Engineers. The
actual beach morphology at each profile site im-
mediately before Alicia is unknown; therefore, the
estimated erosion volumes may be slightly high
because Hurricane Allen in August 1980 had a
minor impact when it briefly flooded the beaches
of Galveston Island with a maximum water level
of 1.5 m (U.S. ARMY CORPS OF ENGINEERS, 1980).
Although they may lack precision, the estimated
eroded volumes provide an alternative quantita-
tive basis for tracking the post-storm. beach re-
sponses in addition to the actual post-storm sur-
veys. The volume of sand eroded by Alicia from

" the northeastern end of adjacent Follets Island

was not estimated because an accurate pre-storm
survey was not conducted at that site.

The volume of sand eroded by Alicia at each
profile site on Galveston Island ranged from 51
m3/m to 73 m®/m and averaged 61 m*/m (MORTON
and PAINE, 1985). Alicia was a minimum category
3 storm (Saffir/Simpson scale), and yet the vol-
ume of beach and dune sand eroded near the
storm’s eye was similar to the volumes of beach
sand eroded by Hurricane Hugo, which was a much
more powerful storm (category 4). BIRKEMEIER et
al. (1991) reported that Hugo eroded an average
of 28 m3/m from Myrtle Beach and 58 m*/m from
Debidue Beach. Both of these South Carolina
beaches are just north of where the eye of Hugo
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crossed the coast, which placed them in the po-
sition of maximum storm surge and beach erosion.
The combined erosional effects of Hurricanes

. Allen and Alicia obliterated the dunes along West

Beach of Galveston Island and northeastern Fol-
lets Island. Therefore complete post-storm beach
recovery would require reconstruction of the pre-
‘existing dunes.

POST-STORM BEACH RESPONSES AT
MONITORING SITES

Beach responses after Hurricane Alicia were de-
termined by comparing a series of beach profiles
recorded at six sites along the West Beach of Gal-
veston Island and at one site on Follets Island,
the adjacent barrier that is downdrift of Galves-
ton Island (Figures 3-9). The profile sites are three
to six kilometers apart (Figure 1), and they were
intentionally located in undeveloped areas to avoid
beach modifications caused by post-storm human
activities. .

The beach profiles were surveyed using grad-
uated rods and chain (EMERY, 1961). Elevations
for each profile were estimated from nearby
benchmarks either surveyed by the Corps of En-
gineers or maintained by the National Ocean Ser-
vice. Profiles 4 and 8 (Figure 1) are referenced to
existing benchmarks, and Profile 3 was originally
established at a benchmark that was later de-
stroyed due to road construction.

Quarterly beach surveys were conducted for the
first two years following the storm (1983-1985),
and then annual surveys were conducted until
1993. A total of 15 profiles spanning ten years are
available for comparing changes in beach shape
and volume at each site. An exception is the Fol-
lets Island site where nine profiles were recorded

for the same ten-year period. After Alicia, we ob- -

served filling of ocean-front lots, placement of rip-
rap and bulkheads in the backbeach, construction
of artificial dunes, and other profile manipula-
tions in adjacent developed areas that locally al-
tered the shape of the beach and interfered with
the recovery processes (MORTON and PAINE, 1985).
These physical activities and their impact on ad-
jacent beaches were not studied in detail.

Profile 1

This profile site (Figure 1) is located near a
county park about 3.5 km southwest of the Gal-
veston seawall. The profile marker is a reinforced
concrete frame that supported a tower used dur-
ing World War IT to search for submarines in the

Gulf of Mexico. In the 1940’s, the observation
tower was located just landward of the foredune
ridge. Now all that remains of the tower is the
concrete base, which is in the ocean much of the
time and serves as unequivocal field evidence that
the beach is eroding at this site. Studies of shor-
line stability based on aerial photographs confirm
that the beach at Profile 1 is eroding at an average
rate of about 3.3 m/yr (PAINE and MORTON, 1989).

Together Hurricanes Allen and Alicia de-
stroyed the dunes and eroded a large volume of
sand from the beach at Profile 1. The shoreline
(zero elevation intercept), however, did not move
very much as a result of either storm (Figure 3A).
Beach recovery during the first year after Alicia
was characterized by continuous berm reconstruc-
tion and seaward advancement of the berm crest
and shoreline to its pre-storm position. Nearly all
the sand transported onshore was added to the
seaward end of the profile and no appreciable
volume of sand accumulated in the backbeach. A
small volume of wind-blown sand was deposited
at the face of the erosional escarpment, but the
largest volume of sand was deposited in the berm
crest and forebeach. Despite the moderate volume
of sand returned to the beach during the first post-
storm year, backbeach elevations remained well
below their pre-storm elevations (MORTON and
PAINE, 1985). During the first post-storm year,
onshore transport and accumulation of beach sand
were recorded continuously even during the win-
ter months when waves in the Gulf of Mexico are
highly energetic and beach volumes normally de-
crease. A :

By the second post-storm winter (1984), the
systematic onshore transport of sand was briefly

‘disrupted and net sand losses were recorded (Ta-
‘ble 1 and Figure 10). The winter flooding and

erosion of the beach also redistributed the sand
so that some of the sand eroded from the fore-
beach was transferred to the backbeach, raising
backbeach elevations about 0.3 m near the ero-
sional escarpment (Figure 3B).

During the next two years (post-storm years 3
and 4), the forebeach remained relatively stable
while the backbeach elevations were lowered
slightly by deflation. Sand excavated from the
backbeach by eolian processes was deposited over
and seaward of the erosional escarpment forming
low dunes and increasing elevations at the toe of
the dunes. By October 1987, the newly formed
foredune was about 1.5 m high above the back-
beach (Figure 3A). As measured bv sand volume
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across the profile, maximum beach recovery oc-
curred in the summer five years after the storm
(1988) when about 47% of the eroded sand had
been returned to the beach (Table 1).
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After the fifth post-storm summer, the beach
at Profile 1 entered into a phase of continuous
erosion that removed much of the recovered fore-
beach sand and eventually lowered the beach el-
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Table 1. Beach recovery at each profile site and for the entire West Beach segment of Galveston Island expressed as a percent

of sand volume eroded by Hurricane Alicia.

c————————————————————————————————————————————————————————————————— T —
e e

‘Date Profile 1 Profile 2 Profile 7 Profile 3 Profile 5 Profile 4 West Beach
Aug. 1983 0.0 0.0 0.0 0.0 0.0 ' 0.0 0.0
Dec. 1983 7.3 18.6 16.9 24.4 304 14 18.3
Feb. 1984 11.6 26.7. - 25.9 36.9 18.0 5.5 228
May 1984 330 25.4 315 40.4 28.1 1.5 27.8
Aug. 1984 46.4 45.1 39.2 53.3 42.9 7.6% 39.5
Dec. 1984 32.9 26.8 48.6 57.7 30.4 6.5 37.3
Feb. 1985 13.1 39.0 50.2 57.9 - 309 —-6.8 35.0
May 1985 36.6 35.8 55.3 683 37.3 -1.1 40.7
Sept. 1985 43.3 50.0 54.8 86.6 40.1* - -40 483
June 1986 59.9 23.7 o
Oct. 1987 45.2 68.8* 71.2* 104.5* 24.7 -11.3 55.3*
Aug. 1988 46.6* 67.0 67.9 993 . 29.7 -39.3 54.1
Sept. 1989 37.3 47.9 69.5 67.9 34.0 -25.8 45.5
Aug. 1990 26.2 69.2 83.2 85:4 51.4 -279 . . 591

" Nov. 1991 10.6 46.5 78.2 100.0 45.4 —4.5 . 562
April 1993 -11.8 82.4 71.4 160.5 42.9 59.3 80.3

* maximum post-storm recovery

evation even below the post-Alicia level (Figure
3A). At the same time sand deposition was limited
to the dunes. There was a slight decrease in dune
width and dune height, but the dune morphology
was essentially stable. The post-recovery erosion-
al phase was accelerated in 1988 by abnormally
high tides and waves as Hurricane Gilbert passed
westward through the central Gulf of Mexico.
Beach erosion at Profile 1 continued into the tenth
post-storm year (1993) as beach elevations be-
came progressively lower and the profile took on
a pronounced concave shape (Figure 3A).

The history of beach responses at Profile 1 can
be synthesized by comparing the pre-storm, im-
mediate post-storm, and most recent beach pro-

files (Figure 3A). Both the pre-storm and most

recent profiles have similar shapes indicating that
the profile is once again in equilibrium with the

normal erosional processes that characterize this.

segment of beach. However, the overall profile has
retreated landward approximately 18 m, and the
1993 forebeach elevations were even lower than
those immediately after Hurricane Alicia. The re-
versal in trend from post-storm recovery to con-
tinuous erosion resulted in an additional net loss
of beach volume that, in 1993, was about 12% of
the amount eroded by Alicia (Table 1).

Profile 2

Profile 2 (Figure 1) is located near the north-
eastern end of Galveston Island State Park be-

tween a natural beach segment and low-impact

nark farilitice (ninnic choltare and lnw wnandan

dune bridges). The beach at Profile 2 is under-
going long-term erosion at an average rate of 2.7
m/yr (PAINE and MORTON, 1989).

Initial beach recovery following Hurricane Al-
icia involved berm reconstruction and rapid sea-
ward advancement of the berm crest and shore-
line. Most of the sand delivered to the profile was
deposited near the berm crest while backbeach
elevations remained at or slightly below their post-
storm position. At the same time a small amount
of eolian sand was deposited at the erosional es-
carpment initiating the reconstruction of dunes.
High waves associated with frontal passage during
the second post-storm winter (1984) eroded the

- beach and lowered the forebeach profile to the

same position it occupied immediately after Ali-
cia. Sand stripped off the forebeach was deposited
in the backbeach increasing backbeach ele-
vations by as much as 0.5 m (Figure 4B). The
profile again began to recover by rebuilding the
forebeach while the backbeach remained un-
changed. Later in the summer of the second post-
storm year (1985), sand accumulated on the fore-
beach and in the dunes (Figure 4B). Recovery in
the third post-storm year was characterized main-
ly by dune expansion and growth to an elevation

‘of about one meter above the backbeach while a

small volume of sand was deposited at the berm
crest. Major dune growth occurred during the
summer of the fourth post-storm year (1987), and
most of the new sand added to the profile was

deposited in the dunes above the erosional es-
Anvrmrnant MTha fAarahanah amA hanlrhaarh acuravu
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from the dunes remained stable as the beach at-
this site reached its maximum recovery of 69%

- four years after the storm (Table 1, Figure 4B).
In the fifth post-storm year (1988), the beach

at Profile 2 began losing volume as a result of
minor erosion of the forebeach (Table 1, Figure
10). At the same time, the higher elevations along
the backbeach and dunes remained unchanged.
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Beach erosion associated with Hurricane Gilbert
in 1988 continued in 1989 when the forebeach was
lowered to the levels recorded immediately after
Hurricane Alicia. The following year the fore-
beach regained much of the lost volume and el-
evation, but there was no change in sand volume
of the backbeach or dunes.

Beach changes at Profile 2 between 1991 and
1993 involved continued erosion of the forebeach
and minor sand accumulation in the backbeach
and dunes. The dunes attained an elevation of
more than 2 m above the erosional escarpment
(Figure 4A). Some broadening at the base of the
dunes was artificially assisted by the dumping of
beach scrapings that included organic debris and
other beach litter.

A precise comparison between the 1980 pre-
Alicia and 1993 post-Alicia profiles at site 2 could
not be made. The 1980 profile was taken along a
beach access road that artificially keeps the dunes
landward of their natural position. Superimpos-
ing the 1980 and 1993 profiles would incorrectly
suggest that the 1993 profile represents not only
complete recovery of the beach but seaward ad-
vancement of the dunes as well. Because the 1980
profile is biased, the summary of post-Alicia
changes is based on comparing the profiles im-
mediately after the storm (1983) with those rep-
resenting maximum recovery (1987) and the most
recent profile (1993). This comparison (Figure 4A)
shows that the flat horizontal backbeach con-
structed at the period of maximum recovery later
eroded, and the forebeach was lowered to a po-
sition similar to its 1983 post-storm position. The
backbeach and dunes gained sand volume and
elevation after Alicia, but the deposited volume
did not equal the sand volume eroded by the storm
(Table 1). The five-year (1988-1993) post-recov-
ery forebeach erosion (Figure 4A) is consistent
with the long-term deficit in sand supply at the
site. .

Profile 7

Profile 7 (Figure 1) is located just southwest of
the Jamaica Beach subdivision in an undeveloped
area that has a long-term erosion rate of 2.8 m/yr
(PAINE and MORTON, 1989). Historically, this seg-
ment of the coast has been slightly more stable
compared to the eroding beaches to the northeast
at profile Sites 1 and 2.

Immediately after Hurricane Alicia, Profile 7
experienced rapid seaward advancement of the

" berm crest and the shoreline accreted to its pre-
~ storm position. Deposition of sand was limited to

aggradation of the berm crest and storage of a
large volume of sand on the forebeach that formed
a broad swale between the erosional escarpment
and berm crest and limited the horizontal extent
of wave runup. This restricted deposition on the
forebeach kept backbeach elevations low, pre-
venting buildup of the backbeach and postponing
dune reconstruction. .

During the second post-storm winter (1984),
the beach profile changed dramatically as sand
eroded from the forebeach filled in the swale and
constructed a flat backbeach (Figure 5B). The
beach remained stable through the second post-
storm summer (1985). During the fall, the fore-
beach eroded slightly and sand was transferred
to the backbeach increasing elevations. Aggra-
dation of the backbeach was accompanied by con-
struction of low dunes above the erosional es-
carpment (Figure 5B). By the fourth post-storm
year (1987), aggradation of the forebeach and con-
struction of low dunes continued and the dunes
gained elevation as most of the sand was depos-
ited in the dunes. This period also coincided with
the maximum volume of sand returned to the
beach after Hurricane Alicia during the system-
atic recovery phase (Table 1, Figure 5B).

During the fifth post-storm year (1988) the
forebeach began eroding, and the erosion caused
by Hurricane Gilbert continued into the sixth year.
This erosion lowered the forebeach to its post-
Alicia elevations, and there was no appreciable
change in backbeach sand volume except vertical
growth of the dunes. In the seventh post-storm
year (1990), the berm crest and forebeach were
reconstructed and a minor volume of sand was
added to the dunes. The backbeach remained es-
sentially unchanged. Subsequent beach changes
involved minor erosion of the forebeach and dune
growth. The profile retained a convex shape, un-
like the beaches to the northeast where erosion is
greater. The profile achieved only partial recovery
(83%) in terms of sand volume returned to the
beach before the most recent erosional trend be-
gan in 1991 (Table 1).

In 1993 backbeach elevations and morphology
of the beach were similar to pre-storm conditions,
but the profile was shifted landward and the dunes
occupied a position about 30 m landward of their
1980 position (Figure 5A). The rate of erosion is
lower than beaches to'the northeast, and conforms
to the long-term trend of beach stability.
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Profile 3 erosion rates that have averaged about 1.1 m/yr

Profile 3 (Figure 1) represents the most stable  (PAINE and MORTON, 1989).
segment of West Beach on Galveston Island. This During the first year after Hurricane Alicia,
relative stability is reflected in lower long-term  beach recovery at Profile 3 consisted of berm re-
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construction and rapid forebeach accretion to the
pre-storm position. Backbeach elevations re-
mained unchanged from the immediate post-storm
elevations until the second post-storm winter
(1984) when the forebeach eroded and sand was
transported landward and deposited in the back-
beach. Sand deposition raised backbeach eleva-
tions approximately 40 cm, and low dunes began
to form above and seaward of the erosional es-

carpment (Figure 6B). The beach continued to

accrete, and the dunes grew vertically during the
summer of the second post-storm year (1985) when
large volumes of sand were added to the entire
beach profile. From the second to the fourth post-
storm year (1987), the berm crest continued to
accrete increasing beach width. The backbeach

deflated and lowered slightly in elevation. Dunes

grew vertically and expanded laterally forming a

continuous foredune ridge more than 2 m above

the backbeach (Figure 6B).

In the fifth post-storm year (1988) the fore-
beach eroded slightly and there was a net loss of
sand from the profile. Beach changes the next year
involved slight landward migration of the dunes
as sand avalanched down the dune slipface onto
the vegetated barrier flat. This dune migration
was also accompanied by a slight increase in dune
elevation while the wide backbeach and forebeach
were maintained. Dune growth continued in 1990
and 1991, and by 1993 a large volume of sand was
added across the entire beach profile (Figure 6A).

There appears to be a secondary dune forming -

seaward of the foredune (Figure 6A). It is actually
an artificial sand ridge locally created to control
vehicular traffic on the beach. The artificial ridge

represents an actual volume of sand deposited on

the backbeach. The morphology is dictated by
maintenance of the road between the artiﬁcial
ridge and foredunes.

Comparing the 1980, 1983, and 1993 profiles
shows that the volume of sand accumulating at
Profile 3 greatly exceeds the volume eroded by
the storm (Figure 6A, Table 1). The extant dunes
are much higher and broader than their prede-
cessors (Figure 6A). By 1993, 60% more sand was
on the beach than before the storm (Table 1). The

morphology of the dunes and backbeach before

Alicia and in 1993 are similar. The break in back-
beach slope is shifted landward about 15 m. Also
in 1993, the dunes and backbeach elevations at
Profile 3 were higher than before the storm. Dense
vacatatinn hac etahilized tha faredunes. and thev

are no 1onger migrating onto the vegetated barrier
flat subenvironment.

Profile 3 represents conditions where the vol-
ume of sand returned to the beach exceeds the
volume eroded by the storm, and yet the positions
of the morphological features are shifted land-
ward suggesting beach erosion. This particular
beach segment has experienced net retreat in terms
of dune position. The volume of beach sand has
actually increased as a result of sand eroded from
adjacent beaches, most likely those to the north-
east that were updrift during the storm. The sur-
plus volume of beach sand is stored primarily in
the dunes and backbeach.

Profile 5

Profile 5 (Figure 1) was established where beach-
front houses were widely spaced. It did not appear
that the development would interfere with beach
processes because the houses were about 10 m

~ landward of the post-Alicia erosional escarpment.

Since the storm, the sparsely developed area has
been more densely developed. The backbeach
morphology has been modified locally by at-
tempts to artificially reconstruct dunes and rees-
tablish the vegetation line seaward of the post-
Alicia escarpment. The composition and color of
fill material placed on the backbeach is so differ-
ent from the natural beach sand that natural
changes in profile morphology are easily distin-
guished from human alterations to the profile.
The profile has been maintained at this site be-
cause it records typical low-cost responses to beach
erosion (artificial dunes, sand fences) and their
interaction with normal beach processes. Profile
5 also represents a transitional beach segment be-
tween the more stable beach at Profile 3 and the
unstable beach at Profile 4 (Figure 1). The long-
term trend of shoreline movement at Profile 5 is
erosion, which has averaged about 2.7 m/yr (PAINE
and MoRTON, 1989). '

By the end of the first post-storm suminer
(1984), the berm at Profile 5 had been reestab-
lished by minor aggradation at the berm crest.
The forebeach had slowly advanced to its pre-
Alicia position, but the backbeach and the ero-
sional escarpment remained the same as imme-
diately after the storm. A low (=1.3 m) artificial
dune ridge was constructed in the middle of the
backbeach about 25 m seaward of the erosional
escarpment (Figure 7B). During the second post-
storm winter (1984). sand was eroded from the
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Figure 6. Summary of beach changes at Profile 3 from (A) 1980 to 1993 and (B) 1983 to 1987.

forebeach and deposited at the toe of the artificial
ridge. This completely blocked the landward
transport and deposition of sand in the backbeach
and near the erosional escarpment. The eroded

forebeach remained near its pre-Alicia position
throughout the remainder of the second post-storm
year and no appreciable volume of sand was added
to the profile. The maximum beach recovery, which
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occurred at the end of the second post-storm year
(1985), amounted to only 40% of the volume erod-
ed by the storm (Table 1).

In the third post-storm year (1986), the fore-
beach eroded and sand was deposited at the toe
of the artificial ridge, which continued to prevent
accumulation of sand in the backbeach or at the
erosional escarpment. The only sand volume add-
ed to the beach during this period was minor eo-
lian accumulation on the artificial ridge. The
fourth and fifth post-storm years (1987-1988) were
characterized by erosion and steepening of the
forebeach while the height of the artificial ridge
increased slightly as a result of minor eolian de-
position (Figure 7B). During the fifth post-storm
year (1988), high waters from Hurricane Gilbert
flooded the beach, eroded the forebeach, de-

stroyed the artificial ridge, and deposited the

eroded material in a washover terrace above and
seaward of the erosional escarpment. The wash-
over deposit was composed mainly of resedi-
mented artificial ridge material, but some wash-

over sand also eroded from the forebeach. The .

washover material instantaneously raised the
backbeach elevation as much as 0.75 m above the

‘post-Alicia elevation, which had not aggraded be-

cause of the artificial ridge. In the sixth post-
storm year (1989), another low mound of muddy
fill material was placed on the backbeach in the
same position as the previous artificial ridge. The
next year (1990) a fall storm destroyed thissecond
artificial ridge and added the fill to the Gilbert
washover deposit above the erosional escarpment.
Subsequent beach changes at Profile 5 involved
continued erosion of the forebeach and transfer
of sand onto the backbeach where it filled in and
aggraded about 0.5 m between the remnant ero-
sional escarpment and former artificial ridge. The
most recent profile changes included erosion of
the forebeach and artificial construction of an-
other (third) ridge that caused the profile land-
ward of the ridge to be static. Continued erosion
since 1989 has lowered the forebeach to a position
that is lower than the post-Alicia beach (Figure
TA).

Beach changes at Profile 5 are difficult to in-
terpret without substantial documentation of the
profile modifications. This is because the observed
changes in sediment volume from the dunes land-
ward are an artifact of profile manipulation and
instantaneous construction of low ridges by the
property owners. Discounting the volume of ma-
terial added to the beach by human activities and

redistributed by Hurricane Gilbert, it is clear that
the profile has not gained any significant volume
since the initial natural recovery. That recovery
accounted for only about 40% of the volume erod-
ed by the storm. No natural foredunes have formed
at the site and the forebeach profile has shifted
landward about 10 m indicating net erosion of the
beach.

Profile 4

Profile 4 (Figure 1) is located just east of San
Luis Pass and is the closest profile site to the
landfall of Hurricane Alicia (Figure 2). This site
experiences large fluctuations in beach volume
caused by the exchange of sand with shoals of the
tidal inlet; however, the long-term trend is ero-
sion, which has averaged about 9.2 m/yr (PAINE
and MoORTON, 1989). Compared to other profile
sites on Galveston Island, the barrier is narrower
and slightly lower at Profile 4. These conditions
coupled with the long-term erosion prevent the
accumulation of dunes and invite repeated wash-
over. Consequently, the barrier flat is composed
of stacked washover deposits and the vegetation
line either coincides with an erosional escarpment
during cycles of erosion or with low, sparsely veg-
etated dunes during cycles of sand accumulation.

At Profile 4, the volume of sand added to the
beach during the first post-storm year was minor
and there was no significant recovery (Table 1).
Instead, the forebeach gained and lost minor
amounts of sand during each quarter, but no sys-
tematic trend in sediment flux was established.
The total volume of sand added to the beach in
the first post-storm year was only 7% of the vol- -
ume eroded by the storm. This was also the great-
est volume gain at Profile 4 during the post-storm
recovery phase (Table 1).

In the second post-storm winter (1984), high
waves eroded the beach and escarpment to a po-
gition below and landward of the post-Alicia beach.
Erosion and loss of sand volume continued into
the fifth post-storm year (1988) when large vol-
umes of sand were removed from the beach and -
the profile was again lowered and shifted land-
ward. At that time about 39% more sand was
absent from the beach compared to the volume
eroded by Hurricane Alicia (Table 1). During the
next two years (1989 and 1990), the escarpment
continued to erode but the forebeach aggraded.
A net gain in beach volume resulted that reversed
the erosional trend and marked the beginning of
an accretionary trend. By 1991 the berm crest was
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Figure 7. Summary of beach changes at Profile 5 from (A) 1980 to 1993 and (B) 1983 to 1987.

reconstructed and the forebeach accreted to a po-
sition slightly seaward of the post-Alicia position.

The most recent beach changes at Profile 4 in-
volved deposition of a large volume of sand on

the forebeach and construction of low discontin-
uous dunes in the backbeach seaward of the ero-
sional escarpment and below the vegetated bar-
rier flat (Figure 8A). The 1980 and immediate

Journal of Cogstal Research, Vol. 10, No. 4, 1994



898 | Morton, Paine and Gibeaut

5
S A
Profile 4 ,
47 April 1993
Srmrmee October 1987 ,
""""" post-Alicia December 1983 -
‘E‘ =TT pre-Alicia February 1980
c
2
©
> .
2 24
w
1 -y
5 .
\’\ \
\
\.‘ \\
0 =ty —r—r e v e e R S
25 50 75 100 125 150 175
Distance (m)
5
: B
Profile 4
4-
""""" October 1987
T T S PR September 1985
é December 1984 _
c post-Alicia December_1983
k] '
©
>
2
w
0 v v T ey f T s v Y r T v .z ‘f - L v yp— -+ > p———
25 ‘50 75 100 125 150 175

Distance (m)

Figure 8. Summary of beach changes at Profile 4 from (A) 1980 to 1993 and (B) 1983 to 1987. .




3

Elevation (m)

1 : " Profile 8

April 1993

September 1989
-September 1985

August 1984

post-Alicia December 1983

----------

_ o o Distance (m)
Figure 9. Summary of beach changes at Profile 8 from 1983 to 1993.

post-Alicia profiles were steep and both had sim-
ilar concave shapes. Recent sand deposition has
constructed a flatter beach profile (Figure 8A).
Despite the recent accumulation of sand at Profile
4, there has been a net loss of sand and erosion
of the beach since 1980, and the profile has not
recovered even to the post-Alicia position. Ap-
_proximately 40% of the volume of sand eroded
by Alicia is still missing from the profile (Table 1).

' Prbﬁlé 8 (Follets Island) ..

Profile 8 represents a long undeveloped beach -

on the northeastern end of Follets Island (Figure
1). Before Hurricane Alicia crossed the coast, the
long-term average rate of beach erosion at Profile
8 was about 4.4 m/yr. The trend immediately pre-
ceding the storm (1974-1982) was slight accretion
that averaged about 2.1 m/yr (PAINE and MORTON,
1989).

During the first post-storm year the berm at
Profile 8 was reconstructed and the forebeach rap-
idly advanced more than 30 m (Figure 9). Also a

~minor amount of wind-blown sand accumulated
at the base of the erosional escarpment, but back-
beach elevations remained at the same level as
after Alicia. During the second post-storm winter

(1984), sand eroded frdm the forebéach was de-
posited on the backbeach, raising backbeach ele-

vations about 0.3 m. Later in the second post-storm =

year, some sand was deposited on the backbeach,
as low dunes above the erosional escarpment, and
on the forebeach, causing forebeach accretion.
Sand continued to accumulate on the fore-
beach, backbeach, and dunes. By the sixth post-

storm year (1989), the dune ridge was 1.5 m high i

~ and 25 m wide at the base (Figure 9). The back-

beach continued to aggrade while the berm crest
and forebeach positions remained stable. The most
recent (1993) volumetric changes involved a row
of secondary sand dunes that formed on the back-
beach about 35 m seaward of the primary fore-

- dunes (Figure 9)..

An accurate pre-storm survey at Profile 8 is
unavailable for determining net changes since
1980. Nevertheless, the morphology of the beach
and sand volume added since Alicia indicate that
much more sand has accumulated at the site than
was eroded by the storm. Since 1983, more than
95 m3/m has been deposited on the beach at Pro-
file 8. This represents more sand deposition than
at any other profile site including Profile 3 where
88 m?/m of sand accumulated.
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POST-STORM HISTORIES OF
UNDEVELOPED AND DEVELOPED
BEACHES

For purposes of this study, beach recovery is
defined as the systematic accumulation of sand
across the beach profile for at least two consec-
utive annual monitoring periods. Some of the many

factors that influence the rate and degree of beach.

recovery are as follow: the degree of storm dam-
age, subsequent storm history, long-term beach
mobility, season of the storm, subsequent rainfall
and extreme temperatures, and human alteration
of the coastal processes. Where sand is abundant
and shorelines are either stable or accreting, the
beach and vegetation line will eventually return
to their pre-storm positions. Conversely, where
sand supply is deficient and shorelines are un-
dergoing long-term erosion, the beach and vege-
tation line will not recover entirely. In fact on
highly erosional coasts, the vegetation line may
remain in its most landward position until the

next erosional event causes further landward re-

treat.

- Morphological Versus Volumetric Recovery

Post-storm beach recovery can be evaluated in
terms of losses and gains in sand volume or in
terms of pre- and post-storm positions of mor-
phological features. Ideal complete recovery of an
eroded beach would include replacing the volume
of sand eroded from the beach and restoring the
positions of the shoreline, berm crest, and vege-
tation line to their pre-storm positions. It is pos-

- sible for the beach to recover the eroded volume

of sand but still undergo profile retreat. It is also
possible for some morphological features to return
to their pre-storm positions without the beach
regaining the entire volume of sand eroded by the
storm. ‘

Recovery of Undeveloped Beaches

The variability in beach responses at different
sites along undeveloped beaches was analyzed by
comparing profile histories for the entire period
of record (Figure 10 and Table 1). This analysis
reveals that beach sites only a few kilometers apart
can experience completely different post-storm
responses even though wave energy and tidal range
at all sites are essentially uniform. The four post-
storm beach responses recognized are continuous

erosion, partial volumetric recovery, complete
volumetric recovery, and excess morphological and
volumetric recovery.

Continuous Erosion

One beach site (Profile 4) experienced nearly
continuous morphological erosion and loss of sand
volume for the first five years following Hurricane
Alicia (Figure 10, Table 1). Recovery at Profile 4
was negligible for the first two years, and the ero-
sional escarpment continued to retreat as the
beach underwent cycles of minor deposition and
erosion. This profile accumulated only a small
volume of sand during the first two quarters after
the storm (5.5% ) when all the other profiles were
making large gains. Also maximum erosion vol-
ume at this site exceeded the Alicia erosion vol-
ume by 40%, and the period of greatest erosion
(1987-1988) corresponded with the period of
maximum sand accumulation at most other sites
(Figure 10, Table 1). Because the beach and shore-
face at Profile 4 have a long history of severe
erosion, it is unlikely that this beach segment will
ever fully recover from Hurricane Alicia even dur-
ing those periods when sand shoals become at-
tached to the beach and the shoreline rapidly ac-
cretes. '

Partial Volumetric Recovery

Most of the beach profile sites (1, 2, 7, and 5)
experienced initial recovery of at least 40 % before
they began eroding (Figure 10, Table 1). The po-
tential for complete morphological and volumet-
ric recovery at any of those sites is negligible.
However, Site 7 has the potential to recover ad-
ditional sand volume because it is downdrift from
Sites 1 and 2 and receives some of the sand re-
leased to the littoral drift system by erosion at
those sites.

Complete Volumetric Recovery

Only profile Site 3 on Galveston Island recov-
ered as much sand as was eroded by Alicia (Figure
10, Table 1). Complete volumetric recovery was
achieved four years after the storm. The beach
segment eroded for two years and again gained
volume for three years. Considering the beach
width and position of the stable dune ridge, it is
unlikely that this beach segment will achieve mor-
phological recovery before another storm causes
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Figure 10. Cumulative beach recovery at each profile site expressed as a percent of total sand eroded by Hurricane Alicia.

significant erosion and resets the schedule of re-
covery.

Excess Morphological and Volumetric
Recovery '

The Follets Island profile site (Profile 8) has
experienced nearly continuous accretion and sea-
ward advancement of morphological features since
Hurricane Alicia (Figure 9). Although the degree
of storm erosion at this site is unknown, it is clear
that both morphological and volumetric beach re-
covery have exceeded the losses caused by Alicia.

The gains in sand volume at Profile 8 have al-
ternated among the forebeach, backbeach, and
dunes. Initial deposition was almost entirely on
the forebeach (Figure 9, 1983 to 1984). Then the
forebeach became stable while sand was deposited
in the backbeach and low dunes began to form
(1984 to 1985). The next period of deposition in-
volved accretion of the forebeach and berm crest
as well as formation of a dune ridge (1985 to 1989).
Most recently the dune ridge and forebeach have
remained stable while the backbeach has aggrad-
ed (1989 to 1993).

Recovery of Developed Beaches

Monitoring developed beaches was intention-
ally avoided to eliminate the bias created by ar-

tificial manipulations of the beach profile that =

both hinder and promote beach recovery. Despite
the absence of profile sites in developed areas,
field observations and air photo interpretations |
confirm the striking differences in beach recovery
between developed and undeveloped segments of
West Beach, Galveston Island. :
Forebeach recovery in both developed and un-
developed areas was similar because filled lots
located in the backbeach did not interfere with
post-storm deposition of the berm. Recovery of
the backbeach and dunes, however, was impeded
by the houses and filled lots. Measuring beach -
widths at unaltered lots within subdivisions
showed that artificial dunes, sand fences, and oth-
er obstructions were placed 25 to 40 m seaward
of the natural post-storm vegetation line (MORTON
and PaAINE, 1985). In some areas these distances
constitued nearly half of the natural beach width.
At most of the developed beach sites, the first row
of houses is located where natural sand dunes
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Figure 11. - A sketch illustrating post-storm beach morphology in developed and undeveloped areas. Note the position of beach
houses seaward of the post-storm dunes and natural vegetation line.

formed on adjacent undeveloped beaches (Figure
11). Nearly ten years after Hurricane Alicia, nat-
ural dunes have not formed where the beach is
artificially narrowed. Houses and filled lots oc-

cupy much of the backbeach, which is the source

of sand for dune construction. The developed lots
reduced the effective fetch of wind blowing across
dry sand and prevented eolian transport that is
necessary for dune accumulation. '

Cumulative West Beach Recovery

The phases and magnitude of beach recovery
since Hurricane Alicia along the West Beach of
Galveston Island are revealed by integrating pro-
file data along the shoreline (Figure 12, Table 1).
The most significant period of recovery was the
first post-storm year when about 40% of the erod-
ed sand returned to the entire beach. Recovery
during the next three years was much slower, and

‘only added another 10%, bringing the total re-

covery to about half the volume lost during the
storm. This period of slow recovery was followed
by two years of net erosion (1988 and 1989) when

~ the net recovery was reduced to about 45% (Fig-

ure 12, Table 1). The last four years of beach
monitoring recorded cycles of deposition and ero-
sion with greater deposition resulting in a net
accumulation of sand.

After a post-storm period of nearlv ten years,

the volume of sand on West Beach was about 80%
of the volume before Hurricane Alicia. This beach
recovery plus the washover sand stored on the
barrier flat, accounts for about 92% of the sand
eroded from West Beach. The most recent net
gains in sand volume along West Beach (Figure
12) are attributed largely to the sand deposited
on the forebeach at profile site 4 near San Luis
Pass and in the dune ridge at profile site 3 (Table
1). :

STAGES OF BEACH RECOVERY—
. UNDEVELOPED BEACHES

The individual histories of beach response at
each profile site provide a basis for recognizing
the sequential stages of beach recovery (Figure
13). Profile histories also reveal the duration of

" beach recovery at each site and the times when

the beach was reacting to forces that disrupted
the cycle of recovery. By analyzing both synoptic
and sequential beach behavior at each profile site,
we were able to synthesize the temporal variations
in beach morphology and sand volume along a
microtidal, moderate wave energy coast.

Stage 1: Berm Reconstruction and Forebeach
Accretion

The first stage of beach recovery (Figure 13)
begins immediately after the storm-wave energy
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wanes and sand from the bar system begins mov-
ing ashore (SALLENGER et al., 1985). It lasts from
a few months to as much as a year and is char-
acterized by berm reconstruction and steepening
of the forebeach (Figures 3, 5, 6, and 9). Stage 1
recovery primarily involves onshore transport of
sand that was stored directly offshore in the bars
and on the upper shoreface. The sand is rede-
posited by wave runup on the frequently wetted
part of the forebeach and by landward bar mi-
gration on the subaqueous part of the profile. Stage
1 recovery progresses relatively rapidly as the
equilibrium forebeach configuration is reestab-
lished with the return of a large volume of sand.
This earliest phase of recovery is reported fre-
quently in the literature regardless of how severe
the beach is eroded: the long-term mobility of the
beach, its profile shape, or the eventual degree of
recovery. Stage 1 recovery is common for most
sand beaches because all the sand erodea from
the forebeach, backbeach, and dunes is available
just for forebeach reconstruction.

Following the initial recovery phase, morphol-

ogies of the backbeach, berm crest, and forebeach
are generally similar to those of pre-storm con-
ditions. It is for this reason that observers of post-
storm conditions commonly report rapid recovery
of the beach because the shoreline quickly returns
to its pre-storm position. Rapid accretion of the
shoreline can be a misleading indicator of beach
recovery because backbeach elevations are com-
monly lower than those before the storm. This
failure to attain pre-storm backbeach elevations
is attributed to the height of subaqueous depo-
sition, which is controlled by the limit of wave
runup and spring high-tide water levels.

Stage 2: Backbeach Aggradation

The second stage of beach recovery mostly in-
volves subaerial deposition. The predominant

~ nearshore processes operating at this stage are

minor flooding of the backbeach and eolian trans-
port that promote accumulation of sand at and
just seaward of the erosional escarpment (Figure
13). In the northern Gulf of Mexico, moderately
high winter waves associated with the passage of
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landward and seaward. Sand removed from the
forebeach and deposited in the backbeach creates
a high storm berm crest and increases the back-
beach elevation. After these moderate-energy
events, low-energy waves drive bars ashore form-
ing a lower berm crest and reestablishing the fore-
beach. The raised backbeach elevations and re-
duced frequency of saltwater flooding of the

backbeach encourage the formation of incipient

dunes.

Stage 2 recovery normally begins during the
second post-storm summer along coasts that have
limited eolian transport and severe storm damage.
This is because eolian accumulation is a function
of beach width and elevation, and backbeach el-

evations must exceed the limits of flooding pro-
~ duced by normal spring high tide before signifi-
cant eolian accumulation will begin. The quarterly
beach profiles indicate that minimum beach widths
and elevations of 50 m and 1.5 m, respectively,
are necessary before eolian sand accumulation is
significant and before the beach recovery pro-
gresses from Stage 2 to Stage 3.

Stage 3: Dune Formation

The second and third phases of beach recovery
are gradational since they both involve subaerial
deposition in the backbeach. The difference is
that Stage 2 recovery processes involve sand
transported by a combination of water and wind,
whereas, Stage 3 emphasizes the accumulation of
wind-blown sand that obscures the former ero-
sional escarpment and wave cut dunes (Figure
13). Isolated clumps of opportunistic vegetation
and debris stranded by abnormally high tides cre-
ate wind shadows that promote the accumulation
of low sand mounds on the backbeach. Reestab-
lishing backbeach vegetation is critical to dune
growth because the plants accelerate eolian ac-
cumulation by trapping sand, which in turn stim-
ulates new plant growth (DaHL and GOEN, 1977).
The low discontinuous hummocky mounds of sand
scattered along the backbeach eventually coalesce
and form low, sparsely vegetated incipient dunes.
These incipient dunes grow and merge to become
a more continuous foredune ridge.

The rate at which dune and backbeach vege-
tation is reestablished depends on the extent of
ground cover before the storm and the depth of
scour, which determines the survival of grass roots

WYV TYTAAWA WY BAVMALIM VWU YLL 1D WULIOU Wi DvuuL 10

minor, but roots are preserved below the depth
of scour. Under these conditions, vegetation is
quickly reestablished as new plant leaves emerge
from old plant roots on the backbeach at the be-
ginning of the first post-storm spring. But on se-
verely eroded beaches such as West Beach after
Alicia, where ground cover is sparse and scour is
great, the grass roots and rhizomes are destroyed
and vegetation recovery is slow. When dune and
backbeach root systems are eliminated, recoloni-
zation by perennial vegetation is necessary to ad-
vance the vegetation line. Under these extreme
conditions, vegetation recolonization takes sev-
eral years and extends from the upland areas and
dunes onto the backbeach.

Stage 4: Dune Expansion and Vegetation
Recolonization

The transition between beach recovery Stages
3 and 4 is also gradational, and the respective
stages are distinguished by the extent of vegeta-
tive ground cover and the sizes of newly created
dunes. Stage 3 dunes are small, isolated, and bar-
ren, and the backbeach is sparsely vegetated. Stage
4 dunes are taller, wider, continuous, and more
densely vegetated. On wide post-storm beaches,
such as West Beach after Hurricane Alicia, the
area of optimum dune growth may be slightly
seaward of the erosional escarpment. Topograph-
ic lows between the erosional escarpment and new
dunes may be partly filled with eolian and wash-
over deposits, or they may be preserved as fresh-
water swales. In either case, increases in vegeta-
tive cover accompany dune growth as salt-tolerant
plants stabilize the barren sand and cause sparse-
ly vegetated areas to become overgrown with dense
continuous vegetation. Plant colonization and in-
filling eventually advance the line of continuous
vegetation seaward. This period of dune expan-
sion and vegetation recolonization constitutes the
fourth stage of recovery.

Whether or not the pre-storm vegetation line
is reestablished depends on both the volumetric
and morphological recovery of the beach (Figure:
13). If the pre-storm profile and positions of mor-
phological features are not reoccupied, then the
vegetation line will not return to its pre-storm
position. On West Beach of Galveston Island ten
years after Hurricane Alicia, the natural vegeta-
tion line at the site where the most dune sand has
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~ accumulated (Proﬁle 3) has migrated only about

25 m seaward of the Alicia escarpment. This ad-
vanced position of the vegetation line is still about
15 m landward of its pre-Alicia position resulting
in a net landward retreat of the vegetation line
(Figure 6).

Forebeach Morphology and Beach Recovery

The shape of the forebeach is a leading indi-
cator of the stage and completeness of beach re-
covery. During Stage 1, the forebeach and back-
beach are separated by a well defined berm crest
that gives the beach a pronounced convex mor-
phology (Figures 3B, 4B, 5B, 6B, and 8). This
profile configuration may last for several years

until the beach begins to adjust to long-term sand

deprivation and again experiences the effects of
long-term erosion. At that time, the berm crest is
eliminated and the beach assumes an overall con-
cave morphology. Each of the profiles that did not
recover completely from Hurricane Alicia have
changed shapes from convex to concave (Figures
3, 4, 5, and 7). An exception to this general ob-

servation is Profile 4, which continued to erode

during the post-storm recovery period and has
never developed a convex profile (Figure 8). Only
the beaches that have completely recovered or
surpassed the losses of Alicia {Profiles 3 and 8)
have maintained a convex forebeach morphology
for the entire post-storm monitoring period (Fig-
ures 6 and 9).

CONCLUSIONS

Microtidal wave-dominated sand beaches gen-
erally recover from storm erosion in four time-
dependent stages (Figure 13). Whether or not the

beach completely returns to its pre-storm shape ‘

partly depends on completion of each preceding
stage. The first stage of recovery involves onshore
transport of sand, berm reconstruction, and fore-

beach accretion. Even severely eroded beaches

commonly experience rapid forebeach accretion

during this recovery phase. A large volume of sand

rapidly returns to the forebeach because the great
volume of sand temporarily stored on the upper

shoreface is out of equilibrium with the normal

beach and upper shoreface profile. Advancement
of the shoreline within weeks or months gives the
appearance that the beach has recovered when
actually less than half the eroded sand may have
returned. Beach recovery is incomplete at this

_stage, although it is commonly inferred to be com-

plete because the shoreline typically returns to its
pre-storm position. At the end of stage one, beach
shape is commonly similar to that before the storm,
but backbeach elevations may be lower than those
before the storm. For this reason, anecdotal re-
ports of rapid post-storm beach recovery should

" be questioned unless confirmed by comparison of

backbeach and dune elevations surveyed before
and after the storm.

The second stage of recovery is characterized
by eolian processes and minor flooding of the

"backbeach that promote accumulation of sand
seaward of the vegetation line. This onshore

transfer of sand is accomplished by abnormally
high waves that erode the forebeach and deposit
sand in the backbeach. Transfer of sand from the
forebeach to the backbeach during winter storms
was also reported by Sonu and VAN BeEx (1971)
for a beach in North Carolina.

The second and third stages of recovery are
transitional as low dunes form in the backbeach

~or the foredune ridge is reestablished. Eventually
~the backbeach becomes a zone of minor deflation
“or aggradation, but it also becomes a surface of

sand bypass to the dunes. A minimum width of
dry beach is necessary for dunes to form and this
prerequisite prevented dunes from reforming on

" developed beaches of Galveston Island. There

beach houses occupy the backbeach and block the
eolian transport of sand.

Plant colonization of the dunes and seaward
advancement of the vegetation line constitute the
fourth and final stage of post-storm beach recov-
ery (Figure 13). This last stage of recovery oc-
curred only at undeveloped beaches in the study
area. :

On Galveston and Follets Island the post-Hur-
ricane Alicia recovery phase lasted about four years
before the beach at several profile sites began be-

- having differently. Post-storm beach responses

ranged from no recovery to nearly continuous ero-
sion or accretion depending on local sediment flux.

- Considering both volumetric and morphologic cri-
~ teria, only the Follets Island site (Profile 8) re-

covered completely after Hurricane Alicia. Vol-
umetric and morphologic beach recovery was
incomplete at five of the seven profile sites even
ten years after the storm. At the two sites where

“post-storm deposition surpassed storm erosion,

the excess sand was stored primarily in the fore-
dunes. Greatest losses and gains in beach volume
occurred at sites adjacent to a tidal inlet sug-
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~ ble for those large beach changes.
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ABSTRACT

Monitoring beach volume changes of the Texas Coast following a major hurricane reveals
the hpmt of storms on sand dispersal and shoreline movement at spatial and temporal scales
encompassing tens of kilometers and decades. Beach volume histories at profile sites show the
. interdependence of sand exchange among adjacent sites and the spatial autocorrelation of sand
movement. Beach volume histories also indicate periods when either longshore or cross-shore
transport predominate and illustrate the long-term effects of coastal structures on beach mobility.

This study confirms that net losses of sand from updrift barriers may not be directly linked
with net gains of sand on adjacent downdrift barriers. Instead, sand dispersal within a coastal
compartment may depend partly on the dynamics of shoals and temporary sand storage at the
intervening tidal inlet. In our study, sand eroded from the updrift barrier (Galveston Island) is
deposited in a terminal sand flat of the barrier, whereas sand accreted to the downdrift barrier
(Follets Island) is derived from the intermediate ebb-tidal delta (San Luis Pass). Unlike
continuous sand bypassing on some microtidal, wave-dominated cbasts, sand bypassing at San
 Luis Pass is episodic, event driven, and inefficient, and sand is not transferred directly from one
barrier to the next.

| Because storms rapidly redistribute beach sediment, they can be the most important factor
controlling short-term (< 10 yr) shoreline movement where natural replenishment of bcach sand
depends entirely on updrift erosion. Large-volume, nearly instantaneous sand transport during
storms can locally accelerate rates of shoreline change or reverse the trend of beach movement,
thereby significantly altering projected shoreline positions even ten years into the future. Future
storms will probably have even greater impact on coastal sand budgets and beach mobility as

natural sources of beach sand are eliminated or become unavailable to replenish beaches.

INTRODUCTION



Erosion of beaches, dunes, and bluffs is becoming the most important source of sand to many
downdrift beaches as primary sand sources such as rivers, offshore bars, and tidal deltas are
depleted or their contributions to local sediment budgets are artificially reduced. Large-scale,
long-term mobility of sandy shores is also partly controlled by intense storms that transpoﬁ large
volumes of sand moderate diStanccs in brief periods. Dﬁring these high-energy events, the
balance of sand supply to nearby beaches is altered dramatically, and it is difficult to predict the
sites of post-storm erosion or deposition or to anticipate sand redistribution across the beach and
shoreface profile. Consequently, the abilify to model and predict future shoreline positions based
on short-term data (< 10 yr) may be seriously impaired (Morton, 1991; Fenster et al., 1993).

This study evaluates the impacts of storms on subaerial sand distribution and subsequent
shoreline movement at spatial and temporal scales encompassing tens of kilometers and decades.
We document volumetric gains and losses along two barrier islands of the Texas Gulf Coast that
are separated by a tidal inlet, interpret the longshore patterns of post-storm erosion and
deposition, evaluate the efﬁcicncy of sand bypassing at a tidal inlet, and nélate post-storm beach
responses to the historical trends of shoreline movement and to observed chan ges in sand supply.

Beach and shoreface volumes are difficult to quantify because much of the dynamic profile is
subaqueous and seldom is the subaqueous zone of negligible sediment flux measured by repeated
beach surveys. Subaerial beach changes represent only a small fraction of the total volumetric
changes across the beach and shoreface. chcrthéless,‘as demonstrated by Aubrey (1979) and

many others, storage and release of sand from the subaerial beach should be a primary indicator

of shoreface processes and the availability of sand in the littoral drift system. This condition

applies to the study area, which is a partly confined coastal compartment where the regional
littoral drift system is blocked by large impermeable structures and where the downdrift transport
of sand supplied by beach and shoreface erosion is the only source of sediment for natural beach
maintenance. This physical setting constrains the sediment dispersal analysis by eliminating
external sources of sand, and focuses on the longshore and cross-shore redistribution of sand that

was available in the beach/shoreface system prior to the storm.



STUDY AREA

The study area ,encbmpasses a 40 km stretch of sandy barrier-island beach extending from the
southwestern end of the Galveston Island seawall to northeastern Follets Island, Texas Gulf
Coast (Fig. 1). Theée barriers have elongate, linear morbhologies that characterize micro-tidal,
waife;dominated coasts in temperate climates (HayeS, 1979). Ebb-tidal deltas are minor features
of thése coasts and because the ebb deltas are volumetically much smaller than the barriers, their
dynamics have only local effects on adjacent barrier shores (FitzGerald, 1988).

In the following discussion, West Beach refers to the continuous sand beach extending from
the Galvesion seawall to San Luis Pass (Fig. 1). West Beach encompasses about two-thirds of
the Galveston Island coastal compartment that extends from the jetties at Bolivar Roads to San
Luis Pass. Littoral sand movement northeast of West Beach is restricted by the jetties, a groin

field, and absence of a beach seaward of the seawall (Morton and Paine, 1985).

Gulf of Mexico

Long-term meteorological and occand graphic records at Galveston provide an exceptional
data base for analyzing sediment transport in the region. Wave energy in the northwestern Gulf
of Mexicb is generally low to moderate, with most significant wave heights being less than 66
cm. Wave gauge measurements at Galveston show that shallow water waves greater than 1 m
high occur less than one percent of the time and storm waves are typically less than 2 m high
(U.S. Army Corps of Engineers, 1983). Most‘ waves approach the coast from the southeast
resulting in littoral drift to the southwest, but shoreline orientation and seasonal wind paﬁems
cause the littoral drift direction to reverse periodically. Gross littoral drift resulting from
bidirectional transport is estimated to be about 200,000 m3/yr, whereas net drift to the southwest
is estimated to be about 45,000 m3/yr based on wave-energy flux and wind drift calculations

(U.S. Armmy Corps of Engineers, 1983).



Mean diurnal tide range of the Gulf of Mexico at Galveston is 66 cm. Backbeaches are about
one meter above sea level and are frequently flooded by abnormally high tides in the spring and
late summer as a result of low pressure systems and tropical cyclones in the Gulf of Mexico. The
average annual frequency of tropical cyclones crossing the Texas coast is 0.67, or about two

storms every three years (Hayes, 1967). Storms that rapidly elevate Gulf water along Galveston

and Follets Island and cause at least some beach erosion occur about once every 6 yrs (Morton

and Paine, 1985).

Shelf, Shoreface, and Beach Sediments

Modern shelf sediments off Galveston and Follets Island are rclativély thin and composed
mostly of mud containing some thin, rafely graded layers of sand (Williams et ﬂ., 1979; White et
al., 1985). Because the inner shelf is covered prcdominantly with mud, cross-shore fluxes to and
from the shelf can be eliminated as important sources of sand for natural maintenance of beaches
in the study area. The inner shelf is an important sink for eroded beach sand deposited
principally as storm beds that are slowly accumulating in water depths of 10 m or more.

Muddy sediments of the inner shelf merge landward with sandy muds and muddy sands of
the lower shoreface (White et al., 1985). A band of shoreface sand approximately 3 km wide
parallels the islands and extends from water depths of about 10 m to the intertidal zone.
Exceptions to this general sand trend occur at the northeastern end of each island where
relatively clean sand cxtcixds seaward at least 5 km and merges with the ebb-tidal deltas.
Surficial sediments within this band are composed of at least 80 percent fine sand (White et al.,
1985). The broad expanse of subtidal sand along the ‘seaward margin of the barriers reflects a
sand transport system and nearshore processes that existed Bcforc the littoral drift system was
altered by construction of long jetties and the Galveston seawall.

The upper shoreface is a dynamic zone of sediment transport and temporary sediment storage
where three long and continuous break-point bars are maintained or driven ashore. The first bar

forms at the toe of the low tide beach, whereas the third bar is located in water depths of about 3



m. The bars, which are normally about 75 to 100 m apart, migrate onshore and offshore in
response to changing wave cbnditions (Morton 1988a).

Low-tide beaches of Galveston and Follets Island are about 50 to 60 m wide and slope gently
toward the Gulf. A low, sometimes indistinct berm separates the broader and flatter backbeach
from the narrower and slightly steeper forebeach. As much as 25 m of forebeach is exposed at
low tide. The beaches are composed of fine sand except near San Luis Pass where migrating
shell lenses can locally alter beach composition and morphology. Beach cusps and other low-
amplitude shoreline rhythms are subtle because of the gentle forebeach slope, fine grain size, and
low waves. The multiple breaker zones, fine sediment textures, and lack of significant shoreline
rhyt'hms‘prbduce gently sloping beaches that effectively dissipate wave energy (Wright and
Short, 1984). |

San Luis Pass

San Luis Pass (Fig. 1) is a stable tidal inlet that carries maximum current velocities of 0.6 to
1.0 m/s during a typical diurnal tidal cycle (Mason, 1981). The inlet margin and channels are
delineated by submerged sand shoals that are modified periodically in conjunction with minor
fluctuations in relative sea level (Fig. 2). During prolonged droughts, such as in the 1930s and
1950s, lower water levels expose a broad sand platform and inlet-margin shoals at the western tip
of Galveston Island and a large ebb shield on the northeastern end of Follets Island. Lower water
levels also concentrate tidal flow in the inlet throat, which impinges on the northeastern end of
Follets Island. Since the 1960s, slightly higher water lcvels have submerged the ebb-delta shoals
and subjected the beach to wave attack causing substantial beach erosion on the southwestern
end of Galvestoﬁ Island.

Hi gh—énergy waves and currents periodically obliterate any well-defined shoals outlining the
terminal lobes of the ebb delta and these processes construct washover fans and small channels
across the broad terminal sand flat of Galveston Island (Fig. 3). The storm-constructed features

are eventually modified by normal bay processes and become less distinct with time.



METHODS

Our study integrates repeated beach surveys and airphoto analyses of shoreline changes. The
| tcchmques used to investigate shoreline movement from aerial photographs are described by
Morton and Paine (1985) and Morton (1991). Beach profiles were measured at seven sites (Flg.
1) using Emery poles (Emcry, 1961) or a theodolite and stadia rod, and the profiles were
referenced to ex;sung features such as benchmarks and building foundations. Thc clevation of
each reference station was ¢§timated from nearby benchmarks either surveyed by the Corps of
Engineers or mamtamed by the National Ocean Service.

Beach profiles at rhost of the sites were obtained quarterly for the first-two years after
Hurricane Alicia (1983) and then about once a year since 1985. Approximately 15 profiles at
each site, representing a ten-year period, were used to investigate how storms impact sediment
dispersion and subsequent beach recovery. Profile data were transferred to the Interactive
Survey Reduction Program (ISRP), which is capable of managing data, checking for errors,

adjusting profiles to common datums, and computing profile volumes (Birkemeier and Holme,

1992).

HURRICANE ALICIA

Hurricane Ahc1a (August 1983) was a minimal catcgory 3 storm (Saffir-Simpson scale) that
rapidly crossed thc Texas shelf. Its rapxd forward progress minimized beach erosion and
washover by hguun g the duration of beach flooding to a few hours at the peak of the tidal cycle.
Beaches of the study area were inundated for only about 10 hrs during Alicia compared to flood
durations of about 60 hrs during Hunicanc Carla in 1961 and 8 hrs during Hurricane Allen in
1980 (Morton and Paine, 1985). Maximum opén-coast surge elevation associated with Alicia

was 3.9 m measured at San Luis Pass.



Alicia eroded more than 1.5 million m3 of sand from the 30 km of West Beach (Morton and
Paine, 1985). Beach erosion at profile sites ranged from 51 m3/m to 73 m3/m (Table 1) and
_ erosion increased to the southwest toward the site of .= -~n landfall (Fig. 4). Washover deposits

on the barrier represented only about 12 percent (186,0iX m3) of the sand eroded from adjacent

beaches, and the remaining sand volume (1.32 million m3) was either transferred to the inner
shelf and lost from the littoral drift system or transported along the shoreface to the southwest by
strong currents. Sediment samples of the inner shelf collected immediately before and after the
storm suggested that most of the sand eroded from Galveston Island was still on the shoreface
and had not been deposited farther offshore (Morton, 1988b). Beyond this inference, no data
were available to locate the former beach sand or to map its longshore distribution.

Alicia caused the greatest morphological changes at San Luis Pass where the storm crossed
over shoals and barren sand flats near sea level. Storm waves and strong onshore winds
(maximum wind speed 184 km/hr) constructed a washover fan on the northeast side of the inlet,
while a large subaqueous and subaerial sand flat on the southwest side of the inlet was eroded
(Fig. 3).

The volume of beach sand eroded from Follei.é Island during Alicia is unknown because a
pre-storm survey was not conducted. Post-storm field observations showed that beach erosion
was minor on Follets Island because it was on the side of the storm where ocean surge elevations
were reduced and wave energy was dampened by offshore wind. The beach erosion estimate of
35 m3/m (Table 1) assumes that erosion on Follets Island was less than erosion anywhere on
Galveston Island and about half the maximum erosion measured at profiles 4 and 5. Post-storm
sand deposition on Follets Island (Table 2) greatly exceeds the maximum storm erosion at any
site on Galveston (Table 1); therefore, underestimating the initial beach erosion on Follets Island

would not invalidate the conclusions of the study.
LONGSHORE SAND REDISTRIBUTION

Post-Alicia Beach Responses
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Post-storm profile adjustments and partial recovery of West Beach after Hurricane Alicia
lasted about four years as the onshore transport and storage of sand occurred in four time-
dependent stages (Morton et al., 1994). The first stage of recovery, which lasted about one year,
involveci onshore sand migration, forebeach deposition, and rapid advancement of the berm crest.
Sand deposition during this stage ranged from about 5 m3/m to nearly 30 m3/m, and increased to
thé southwest (Fig. 5a). The lack of significant sand deposition at site 4 probably indicates
shoreface bypassing because there should have been a surplus of storm-eroded sand on the
shoreface offshore from this site. |

During the second phase of beach recovery, berm crests aggraded and continued to advance
seaward until the second post-storm winter when high waves eroded the berms and transferred
sand landward, filling in low runnels, and aggrading the backbeach near the post-storm erosional
escarpment. Sand accumulation in the backbeach equaled or exceeded forebeach erosion at three
sites on Galveston Island while the other beach sites experienced net erosion of as much as 10
m3/m‘ (Table 2, Fig. 5b). Profile evolution from a berm with low backbeach elevations (stage 1)
to a broader and higher backbeach (stage 2) was important for the recovery of these beaches
because foredunes could not reform until the berms reached a minimum width and elevation
(Morton et al., 1994).

The third and fourth stages of beach recovery lasted two to three years, and involved
foredune construction over the post-Alicia erosional escarpment and dune stabilization by

vegetation. Backbeach elevations continued to increase through eolian deposition but the rate of

| sand accumulation slowed. In 1985, sand accumulated on the backbeach, and dunes began to

form at all sites except 4 and 5 where the beach remained relatively stable. The lack of net sand
accurnulation at site 5 is partly attributed to construction of an artificial dune ridge in the middle
of the beach that blocked both high waier and eolian onshore movement of sand preventing
aggradation of the backbeach and dune construction (Morton and Paine, 1985). Cumulative

volumetric changes for the third and fourth years after Alicia consisted of large-scale alternating



patterns of beach erosion and deposition (Fig. 5c). Most sites accumulated from 10 to 17 m3/m
of sand (Table 2), which was deposited in the dunes and on the backbeach.

After the post-storm recovery period, beaches began responding to external forces and local
changes in sand supply. Nearly all beach segments on Galveston Island experienced declines in
sand volume around 1988/89 (Table 2 and Fig. 6). Systematic erosion of the forebeach persisted
to the southwest except for minor sand accumulation on the forebeach at site 5 and deposition in
the dunes and forebcach at site 8 (Fig. 5c). The minor but widespread erosion was caused by
Hurﬁcanés Gilbert (1988) and Chantal (1989). Gilbert was an intense storm that tracked due
west through the Caribbean flooding all beaches of the Texas coast, whereas Chantal was a
minimal category 1 storm that locally flooded the backbeaches of Galveston and Follets Islands. |

After losing sand in 1988/89, Galveston beaches evolved in several ways. The eastern
section near the seawéll continued to erode, and by 1993 it had 6 m3/m less sand than after Alicia
(Table 2, Figs. 6 and 7). Beaches west of site 1 alternated between accretion and stability
beginning with site 2, which accreted, site 7, which remained stable, site 3, which accreted, site
5, which remained stable, and site 4 near San Luis Pass, which showed the greatest amount of
accretion (Fig. 6).

Alongshore patterns of alternating deposition and erosion were pronounced in 1991 with
deposition increasing and erosion decreasing to the southwest (Fig. 5¢). Sand was eroded from
the forebeach at sites that lost beach volume, whereas sand accumulated on the forebeach and in
the dunes at sites gaining beach volume. Sand accumulation was greatest at site 4, which
previously had either eroded more or accumulated less sand than any other site. This change in
sand distribution pattern apparently signaled a change in sand storage and release from the
shoreface and ebb delta. Longshore alternatin g patterns of net deposition and erosion were
greatly magnified between 1991 and 1993 (Fig. 5¢). Net sand losses were caused by forebeach
erosion, whereas forebeach and dune deposition resulted in net volume gains. Net accumulation
of 46 m3/m at site 4 was the greatest for any time period including thbse immediately following

Alicia.
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Beach observations and field measurements indicate that the post-Alicia surplus of sh_oreface |
sand is restricted o the northeastern end of Follets Island. Evidence for this statement is the fact
that no sand accumulated at a rock revetment about 2 km southwest of site 8; and the beach about
19 kmm southwest of site 8 gradually eroded (Fig. 8) while sand was returning to updrift beaches.
Thus the large mass of sand eroded from the flats and shoals at San Luis Pass was transported
southwest only about 4km.

Net Volunie Change

The ten-year record of volumetric changes (Table 1, Figs. 6 and 7) reveals a wide range of
beach responses within a single coastal compartment even though wave climate and tide range
are invariant. Post-storm beach responses for the 40 km segment include (1) continuous erosion,

2 partial recovery and subsequent erosion, (3) partial recovery and subsequent stability, and (4)

 continuous accretion (Fig. 6).

Beach volume history at site 1 is typical of beach segments immediately downdrift of the
Galveston seawall. Maximum recovery of sand, which represented only about half the volume

~ eroded by Ahcra, occurred in the first post-storm year and then remamed relatively constant until

sand volume steadily declined beginning in 1989. The persistent erosion resulted in a loss of
57.2 m3/m by the end of the monitoring‘period, whieh represents a net loss of 6 m3/m more than
immediately after Alicia (Table 1, Fig. 4). In contrast, the beach at site 3 steadily gair)ed sand
and aehieved volumetric reeovery during the first two years after the storm (Table 1, Fig. 6).
SubSequent volumetric chan ges at site 3 involved a period of stability and decline (1988-1989)

followed by more recent gains in sand volume that resulted in a net surplus of about 33 m3/m

" (Table 1, Fig. 4) Volumetric changes at site 4 are the least consistent compared to the other

beach volume histories (T able 1, Fig. 6). Beach volume changed very little for the first two years
after the storm.and then the beach began to lose sand until 1988 when there was 29 m3/m less
sand than after Al.icia,v Since then; about 72 m3/m has rapidly accumulated as a result of bar

attachment from the ebb delta at San Luis Pass.
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Since Hurricane Alicia, the beach at site 8 has undergone the same general stages of recovery
as the beaches on Galveston, except the Follets Island site has continued to accumulate sand
causing beach accretion, beach aggradation, and dune construction. This is the only beach that
has Systematicaﬂy gained volume during each monitoring period since Alicia (Fig. 6). Annual
sand accumulation at site 8 has been relatively uniform, résulting in deposition of about 98 m3/m

on the beach and dunes (Table 1, Figs. 6 and 7) at an average rate of about 10 m3/m/yr.

SHORELINE MOVEMENT

Fenster and Dolan (1993) reported that long-term shoreline movement on the Outer Banks of
North Carolina g_cherally correlates with frequency and intensity of storms as well as fluctuations
in local sea level. Their analyses indicate that beach erosion increased when the number of
storms and length of the winter storm season increased. To evaluate the effécts of specific
storms or storm clusters on shoreline movement, we compared shoreline positions with the
coincidence of intense hurricanes (storm surges > 2 m) during the past three decades (Figs. 9 and
10). Storm surge measurements near Galveston (Corps of Engineers, Sugg et al., 1971) indicate
that 7 hurricanes caused wapef levels of more than 2 m since 1930. The most recent decadal
trends of shoreline movement (Table 3) were also cbmparcd with beach volume changes at the
nearest profile site (Table 2) to evaluate the consistency of results obtained from air photo

analyses and field mcasuremchts.

‘ General Trends

Most Texas beaches are retreating because there is a relative rise in sea level (Fig. 2), and
sand volume in the littoral drift system has been both naturally and artificially reduced (Morton,
1979‘)‘. Large deficits in sand suppl»y_;affecting Galveston and Follets Islands are related to
decreases in sand discharged by the Brazos River located t‘o‘the southwest. More important to
beach erosion on a historical time scale are reductions in sand delivered by longshore currents.

Deep navigation channels and long jetties at harbor entrances have completely blocked the
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longshore movement of sand from adjacent coastal sectors, and no additional sources of sand are
available to the coastal compartment containing Galveston and Follets Islands. Littoral drift is
further disrupted by the 16-km-long Galveston seawall, which prevents sand from entering the
littoral system (Morton, 1988a). Periodic net losses of beach sand in this coastal compartment
either by storm washover or transport onto the inner shelf are compensated for by beach erosion.

The 30-km stretch of West Bcach'can be divided into three segments (Fig. 1) on the basis of
historical shoreline movement (Morton and Paine, 1985). Retreating segments with the highest
rates of retreat are located at the extreme eastern and western ends of fhe beach; rates of retreat
progressively decrease toward the more stable middle part of the iéland (Fig. 1). This pattern of
extreme retreat at the ends and semi-staﬁility in the middle of West Beach is explained by island
morphology, locations of coastal structures with respect to littoral processes, and sources of
beach sand. Persistent beach erosion along the eastern segment is caused by an insufficient sand
supply coupled with moderately-high littoral energy that removed all subaerial sand seaward of
the seawall (Morton, 1988a). Long jetties and the Galveston seawall (Fig. 1) prevent downdrift
transport of sand that would otherwise replenish and help maintain West Beach. As a result of
the disrupted littoral system, the beach immediately southwest of the seawall is the first available
source of sand to satisfy the erosional capacity of waves and longshore currents.

Powerful tidzlxl currents, complex wave refraction patterns, and a thin cover of mobile sand all
contribute to rapid shoreline retreat at San Luis Pass. In contrast, mid-island beaches. are
retreating at much lower rates because they overlie a thick core of barrier sand (Bernard et al.,
1970) and form a slightly concave arc (near site 3, Fig. 1). The shoreline arc captures much of
the sand eroded from the eastern segment (sites 1, 2, and 7) and some eroded from the western

tip (site 4) when littoral currents reverse.

~ Effects of Recent Storms

The potential influence of storms on beach mobility and on prédictions of future shoreline

positions are revealed by comparing trends and rates of shoreline movement before and after
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recent storms. In the past three decades, three major hurricanes have affected the beaches of
Follets and Galveston Islands. Hurricane Carla in 1961 was an intense category 4 storm that
came ashore about 160 km southwest of the study area. Extremely high waves and prolonged
beach flooding during Carla caused severe erosion all along the southeastern Texas coast. We
are unable to quantify precisely the effects of Carla on shoreline movement, because none of the
mapped shorelines immediately preceded the storm (Figs. 9 and 10). Although other factors
before and after Carla influenced shoreline movement, it is clear that Carla was a dominant force
| causing a change ﬁm stability to retreat at site 1 (Fig. 9), reversing the trend from advancement
to retreat at sites 3 and 4 (Figs. 9 and 10), and acceicrating retreat at site 8 (Fig. 10).

Beach surveys by Don Harper of Texas A&M University and anecdotal accounts by local
residents confirm that the beaches and dunes of Galveston Island experienced moderate erosion
from Hurricane Allen (1980). By itself, Allen would have caused only moderate erosion, but the
beaches had not completely recovered from Allen when Alicia struck, so the combined erosion
of both storms was greater than the cxpectéd sum of average erosion f_or each storm. Thus,
antecedent.beach conditions and incomplete recovery after Allen contributed to greater beach
erosion than would have been predicted by Alicia alone. Lower backbeach elevations and
diminished dune volume after Allen allowed deeper wave penetration and greater sand
excavation by the Alicia storm surge.

Comparing short-term (< 10 year) rates of shoreline movement immediately preceding and
following Alicia (Table 3) illustrates the systematic longshore effects of cumulative storm
erosion on beach mobility. After Alicia, shoreline retreat along West Beach accelerated (sites 1,
2, and 7), and rates of retreat increased to the southwest toward the storm center. At some sites,
the trend of shoreline movement reversed as formerly stable segments began retreating (sites 3
and 5), and a formerly retreating beach began advancing (site 4). Immediately before Alicia, the
beach of Follets Island (site 8) was slowly advancing but since Alicia, beach advancement has
also accelerated. At site 8 the shoreline advanced more than 60 m, the backbeach aggraded as

much as 1.4 m, and a surplus of about 60 m3/m of sand is stored in the backbeach and dunes.
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Considering the absolute rates of shoreline movement, régardless of trend, Alicia caused
accelerated changes at all profile sitc‘s and reversed the trend at three of the sites (Table 3).
There is good agreement between post-storrﬁ decadal shoreline movement derived from
aerial photographs and movement inferred from field measurements of beach volume (Table 1,
Fig. 6). Considering the same period uscd for the air photo analysis (1982-1990), net losses of
‘bcach volume persisted at all profile sites on West Beach and net gains were recorded on Follets

Island. The discrepancy between shoreline movement and beach volume history at site 4

* documents unusual conditions whereby sand eroded from an escarpment was added to the

forcbeach causing advancement of the berm crest (shoreline) while the beach volume declined. -
Later, the beach volume at site 4 increased (Table 1, Fig. 6), which agrees with the most recent

trend 6f shoreline advancement.
DISCUSSION

Tidal Inlet Processes

Tidal inlets can disrupt or maintain continuity of the littoral drift system between barrier
islands by storing or bypassing available sand. Longshore transport may be temporarily or
permanently disrupted if sand is transferred landward of the beach by spit accretion or washover
deposition on barrier islands, or accumulates on flood- or ebb-tidal deltas. Seaward displacement
of sand by storm-surge ebb can also temporarily or permanently remove sand from the system.
Mechanisms of sand bypassing at tidal inlets that maintain the downdrift flow of sand include (1)
wave-induced transport around the ebb shoals, (2) periodic exchange of sand transported into and
out of inlets by tidal flow, and (3) migration of tidal channels and associated bars (Bruun and
Gerritsen, 1959; FitzGerald, 1988). |

Wave refraction around ebb-tidal deltas can cause littoral currents to reverse locally and
deposit sand on the updrift ends of adjaceﬁt barrier islands, resulting in local shoreline

advancement near the inlets (Hayes, 1979; 1991). This mechanism could explain the sand
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accumulation on Follets Island; however, site 8 is about 4 km southwest of the seaward curvature
of the shoreline at San Luis Pass and thus outside the zone of loeai reversing c_ufrents.

The large volume of sand added to the terminal flat at San Luis Pass (Fig. 3) accounts for

‘most of the httoral drift transported along Galveston Island since Alicia. Lateral accretion on the

updrift side of the inlet is caused by waves refracting into the inle'tband by currents flooding

across the broad sand flat into West Bay. Additional evidence for disruption of sand transport is

provided by inlet morphology. and water depths over the ebb—delta shoa.ls whieh are
asymmetncal and separated by the main inlet channel (Fig. 3). The large updrift shoal normally
is below the depth of breakmg waves, whereas the downdnft shoal is covered bya field of low
: sand ridges constructed by breaking waves. Thus, on the updrift side of the inlet, refracting
waves impinge on the beach but not on the ebb-delta shoals. |
The largest and least predictable shoreline chahges occur next to the udal inlet (Fig. 10), and
are controlled by complex wave and current patterns that interact with the beach as well as with
shoals and tidal channels of the ebb-tidal deltd. ‘The cycles of rapid, large-scale beach erosion
and depoeiﬁen typically are related to attachment and separation of spits and shoals of the ebb-
tidal delta as well as ehan'g‘es in inlet morphology and position (Oertel, 1977; FitzGerald, 1988).
* Galveston beaches near San Luis Pass are probably interacting with margmal flood chennels that
ehan'ge position along the southwestern tip of the island. The comi‘nuous sand accummulation on
- Follets Island within a few kilometers of the inlet may be caused by (1) episodic ebb-channel
switchin g that releases sand downdrift, (2) landward movement of ebb-delta sand displaced
during Ahc1a, (3) landward movement of Alicia emplaced shoreface sand eroded from Galveston
kbeaches, or (4) vanous combmanons of these sand sources. Judging from the available data, it
appears that the most likely source, of sand is ebb-delta sand eroded and transported to the
| sou;hwest ny Alicia. This implies that shoreline accretion at site 8 will likely cease and the

beach will begin eroding when the locally derived sand supply is exhausted.
Patterns of Erosion and Deposition
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Longshore variations in beach volume changes (Table 2, Figs. 5-7) are caused by fluxes in
the rates of sediment transport as well as temporary release and storage of sand on the beach and
shoreface. The changes in beach volume may be, but are not necessarily, a response to the
propagation of rhythmic beach topography. Shoreline rhythms, such as those described by
Inman (1987), Dolan and Hayden (1983), and Morton (1991), are morphological features defined
by shoreline position, whereas changes in sand volume may occur aﬁywhcre on the beach profile,
not just at the high water line. Furthermore, the observed magnitudes and periodicities of beach
volume flux (Figs. 5-7) are much greater than those caused by the short-wavelength beach cusps
that are typical shoreline rhythms of the Texas coast. Thus, lateral variability of beach volume
changes probably reflects local variations in sahd transport mechanisms. Morton (1979) and
Dolan et al. (1992) demonstrated that shoreline changes and rates of change at adjacent sampling
u'ansects on sandy coasts are highly correlated, and correlation coefficients are inversely related
to the distances between transects. As expected, spatial autocorrelation of beach volume changes
within the same compartment is also high (Table 2, Figs. 5 and 7), even where monitoring sites
are spaced about‘5 km apart. ‘

Clarke and Eliot (1988) analyzed a ten-year record of monthly profiles from a 2 km pocket
beach in Austx'alizi, and observed that beaches were more stable where bars formed, and were less
stable whcrc Tip currents formcd._ They also concluded that shortftcrm, small-scale fluctuations
in beach volume were controlled by longshore sediment movement, whereas long-term

volumetric changes were related to onshore-offshore sediment motion. These conclusions seem
reasonable for a small pocket beﬁch where nearshore circulation influenced by deep-ocean swell
is confined to a single cell and substantial longshore transport is effectively blocked by
promontories, but the conclusions may not be applicable to continuous sand beaéhes tens ‘of
kilometers long where longshore transport is unimpeded and offshore Sand sources are absent.

Long-term volumetric changes of these long continuous beaches should be related to longshore
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sediment tranSpbrt flux and either systematic or cyclical exchange of sand ambng adjacent beach
sites and the shoreface.

The temporal and spatial changes in sand volume (Table 2, Fig. 5) provide clues to the
dominant mechanism of sand transport and permit qualitative distinction between longshore and
cross-shore sediment motion. The southeast Texas coast is a good candidate for this type of
analysis because nearshore bathymetry is smooth and uncomplicated and bars are continuous and
not disrupted by rip cufrents. Systematic increases or systematic decreases in sand volume at
several adjacent beach sites are probably evidence of current-driven longshore transport. This
pattern persisted for the first two quarters immediately after Hurricane Alicia (Fig. 5A) when
surplus sand was locally available from the upper shoreface. In contrast, patterns of alternating
increases and decreases in sand volume at adjacent sites (Fig. 5C) suggest wave-driven cross-
shore uansport 'wherebyk sand is exchanged directly between the shoreface and beach without
appreciable longshore movement. Longshore differences in sand stored in or released from the
- beach is greatest in the summer (Fig. 5), wﬂich suggests thﬁ wave-driven cross-shore transport is
the predominant mechanism. LongShore patterns of sand volume changes in the winter are
irregular, suggesting a combination of both longshore and cross-shore transport. For most of the
monitoring i)cﬁods, the predominant sand transport dirccxions inferred from beach volume
changes agree well with the net direction of water motion derived from wind vectors and
shoreline oricrltation (Fig. 11). The wind vectors also show that net direction of water motion is
seasonal and similar from one year to the next.

Annual fluctuations in subaerial beach volume were generally less than 15 m3/m and none
were greater than 46 m3/m/yr (Table 2, Figs. 5-7). These fluxes are substantially less than
seasonal beach volume changes on high-energy coasts. Minor volume flux and low seasonal
mobility of Texas beaches are consistent with fine sediment textures, low wave energy, and
dissipative beach morphologies as predicted by the conceptual model of Wright and Short
(1984). The morphodynamics of Australian beaches studied by Wright and Short are influenced

primarily by high-energy breakers and nearshore processes responding to deep ocean swell. In
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contrast to their model beaéhes, Texas beaches respond to low-energy, locally wind-generated
waves and the beaches maintain dissipative modal states regardless of whether they are fully
eroded (site 1) or fully accreted (site 8). The low tide range, fine sand size, and abundant sand
storage on the shoreface of Texas beaches produces broad surf zones andvdissipative beach
morphologies during all wave states. Morphodynamics of these beaches are clearly related to
changing wave conditions, but the range of morphodynamic alterations are limited to one state of

the Wright and Short model.
CONCLUSIONS

Large-scale behavior of a microtidal storm-dominated sandy coast is revealed by examining

the historical record of volumetric and geomorphic beach changes. Results of the analysis show

that sand bypassing at a major tidal inlet (San Luis Pass) is episodic, event-driven, and inefficient
~ because wave refraction patterns and flood-dominated currents transport beach sand landward of

the ebb delta, disrupting its downdrift migration. The terminal flat at the inlet is a sink for sand

eroded from updrift beaches and subaqueous shoais of the ebb delta are sources of sand
deposited on downdrift beaches. The beach volume data also suggest that for six years after
Hurricane Alicia, southwesterly transported sand bypassing the beach immediately updrift of the
inlet was deposited on the terminal sand flat, but since then, sand has accumulated on ihc
forebeach causing net shoreline advancement. The shift in locus of sand deposition is attributed
to changes in position of marginal tidal channels and ebb-delta shoals.

Beach erosion vulnerability partly depends on antecedent beach state, which in turn depends
on the difference between storm frequency and beach recovery period. Beach erosion is
accentuated when storm frequency exceeds beach recovery period especially where the local
sand supply is minimal. The current frequency of significant storms at Galveston (6 yr) slightly
exceeds the time required for both volumetric and geomorphic beach recovery from a moderate

storm (4-5 yr). However, the lack of an adequate sand supply leaves Galveston beaches
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vulnerable to future storm erosion because the volume of sand stored in the dunes is inadequate
to offset the sand volume eroded by twc; closely-timed moderate storms (category 2-3) or a single
intense storm (category 4). | |

The ten-year record 6f beach volume data reveal intracompartmental sharing (small-scale
response) and longshore exchange of sand (large-scale response) among monitoring sites. Rapid,
large-volume transport and storage of sand during storms (hours) and the prolonged, slow release
and continuous onshore transfer of sand from the shoreface to the béach (decades) are poorly
understood processes that involve the shoreface acting as a reservoir alternately storing and
releasing sand for béach maintenance and dune construction. If numerical models of shoreline
movement and predictive capabilities are to improve, then changes in beach volume at the
niyriametér (10 km) spatial scale and decadal temporal scale must be resolved.

Shoreline change analyses improi'ed significantly after shoreline movement was recognized
as being both nonuniform and nonlinear. Consequently, trend reversals as well as accelerations
and decelerations in rates of shoreline movement need to be assessed if accurate modeling and
prediction of future shoreline posiu'ogs are expected. Our study shows that rates of shoreline
movement were 1.5 to 8 times greater after Alicia than before the storm. Individual storms do
not necessarily accelerate beach movement or cause trend reversals, but storm effects can be
magnified if storm frequency exceeds the beach recovery period for individual storms.

Under present conditions of rising sea level and reduced sediment supply, storms of historical
record are the most significant factor affecting short-term shoreline movement where updrift
erosion is the primary source of sand to maintain beaches. This implies that in the future, storms
will have greater impact and cause even more beach erosion especially where human activities

have compartmentalized the coast and have reduced the natural supply of sand to ocean beaches.
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Figure Captions

Fig. 1. Locations of beach profile sites on Galveston Island and Follets Island, Texas. Long-
term beach stability trends (1851-1980) from Morton and Paine (1985).

Fig. 2. Fluctuations in relative sea level at three tide gauges including the Galveston gauge on

the bay side of the island. Data from Lyles et al. (1988).

Fig. 3. Morphologic changes at San Luis Pass (A) caused by Hurricane Alicia and (B) six years
after Alicia. Shorelines mapped from vertical aerial photographs taken in July 1982, August
1983, and March, 1990. '

Fig. 4. Volume of beach sand eroded by Hurricane Alicia at profile sites and net beach volume

changes ten years after the storm. Profile locations shown on Fig. 1.

- Fig. §. Seasonal longshore patterns of deposition and erosion at profile sites (A) in 1984, (B) in

1985, and (C) from 1987 to 1993. Profile locations shown on Fig. 1.

Fig. 6. Cumulative volumetric changes at profile sites on Galveston and Follets Island from

1980 to 1993. Profile locations shown on Fig. 1.

Fig. 7. Ten-year record of temporal and spatial changes in beach volume along Galveston and

Follets Island. Profile locations shown on Iéig. 1.

Fig. 8. Fourteen-year record of relative beach height near Freeport, Texas about 19 km

southwest of site 8.
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Fig. 9. Shoreline movement since 1930 (A) near site 1 and (B) near site 3 on Galveston Island.
Shoreline positions were derived from vertical aerial photographs. The short bars represent

unnamed hurricanes.

Fig. 10. Shoreline movement since 1930 (A) near site 4 at San Luis Pass on Galveston Island
and (B) near site 8 on Follets Island. Shoreline positions were derived from verﬁcal aerial

photographs. The short bars represent unnamed hurricanes.

Fig. 11. Resultant wind vectors calculated from hourly measurements of wind speed and
direction at the Houston Intercontinental airport. The wind vectors approximate net water
movement for the periods between the beach profile dates. Approximate net sediment movement

for the same periods depends on direction of water movement relative to shoreline orientation.
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Table 1. Cumulative beach volume at profile sites on Galveston and Follets Islands since Hurricane Alicia. Profile locations
shown on Fig. 1. NR= not recorded, * value estimated.

Date Profile 1 Profile 2 Profile 7 Profile 3 Profile 5 Profile 4 Profile 8
Aug. 1983 -51.2 -55.8 -60.3 -55.1 -71.3 -73.0 -35.*
Dec. 1983 -41.5 -45.4 -50.1 -41.7 -49.6 -72.0 -32.5
Feb. 1984 -45.3 -40.9 -44.7 -34.7 -58.4 -69.0 NR
May 1984 -34.3 -41.6 -41.3 -32.8 -51.2 -71.9 NR
Aug. 1984 -21.5 -30.6 -36.7 -25.7 -40.7 -67.5 -13.2
Dec. 1984 -34.4 -40.9 -31.0 -23.3 -49.6 -68.3 -10.0
Feb. 1985 -44.5 -34.00 -30.0 -23.2 -49.2 -71.9 -149
May 1985 -32.5 -35.8 -27.0 -17.5 -447 -73.8 -10.1
Sept. 1985 -29.0 -27.9 -27.3 -14 -42.7 -715.9 -1.0
Oct. 1987 -28.1 -17.4 -17.4 2.5 -53.6 -81.3 NR
Aug. 1988 -27.3 -18.4 -194 -0.4 -50.1 -101.7 NR
Sept. 1989 -32.1 -29.0 -18.4 -17.7 -47.1 -91.8 333
Aug. 1990 -37.8 -17.2 -10.1 -8.1 -34.6 -93.4 48.8
Nov. 1991 -45.8 -29.8 -13.2 0.0 -38.9 -76.3 54.8

Apr. 1993 -57.2 -9.8 -17.2 333 -40.7 -29.7 63.4
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12/83 2/84 5/84 8/84 12/84
3.7 2.2 11.0 6.8 -6.9
10.4 4.5 -0.7 11.0 -10.3
10.2 5.4 3.4 4.6 5.7
13.4 7.0 1.9 7.1 2.4
21.7 -8.8 7.2 10.5 -8.9
1.0 3.0 -2.9 4.4 -0.8
2.5 6.4 6.4 6.4 3.2

------ Stage 2----c-cecccccnce/eeeee..Stages 3 and 4---ofeeee-
2/85 5/85 9/85 10/87 8/88

-10.1 12.0 3.5 0.9 0.8
6.9 - -1.8 7.9 10.5 -1.0
1.0 3.0 -0.3 9.9 -2.0
0.1 5.7 10.1 9.9 -2.9
0.4 4.5 2.0 -10.9 3.5
-9.6 4.1 -2.1 -5.4 -20.4
-4.9 4.8 9.1 172 8.6

e=eec-ee-poOSt-recovery changes--cecceceeeaa..

9/89 8/90 11/91 4/93 Cumulative
-4.8 -5.7 -8.0 -11.4 -6.0
-10.6 11.8 -12.6 20.0 45.1
1.0 8.3 -3.1 -4.0 43.1

-17.3 9.6 - 8.1 33.3 88.4
3.0 12.5 -4.3 -1.8 30.6
9.9 -1.6 17.1 46.6 43.3
8.6 15.5 6.0 8.6 98.4

Table 2. Incremental volumetric changes (m3/m5 at profile sites on Galveston and Follets
Islands surveyed from August 1983 to April 1993. Stagcs refer to periods of post-storm




Table 3. Effects of Hurricane Alicia (1983) on shoreline movement at Galveston Island
and Follets Island, Texas.

Profile Site 1974-82 1982-90 | Observed Change
m/yr m/yr

1 Tower Base -2.2 -3.2 retreat accelerated

2 Gal. Is. State Park -14 -5.8 retreat accelerated

7 Jamaica Beach -0.8 - 6.’9 retreat accelerated

3 SeaIsle 1 00 -3.0 trend reversed

5 Terramar 0.0 -5.8 trend reversed

4 San Luis Pass -10.3 +11.1 trend reversed

8 Follets Island +2.1 + 6.7 advancement accelerated

Beach Stability Categories | Trend Reversed Trend Unaltered -

Rate Unchanged ‘

Rate Accelerated Profiles 3,4, 5 Profiles 1,2, 7, 8

Rate Decelerated
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Addendum 5. Geo-Indicators of Coastline and Wetland Changes



GEO-INDICATORS OF COASTLINE AND WETLAND CHANGES

Robert A. Morton
Bureau of Economic Geology
The University of Texas at Austin, Austin, Texas U.S.A.

ABSTRACT: Coastal wetlaixds and shorelines worldwide are changing rapidly as a result of

natural physical processes and human actiVi:iés. Shoreline position and wetlands distribution are
the two most reliable geo-indicators of coastél change that have glbbal application, are relatively
easy and inexpensive to monitor, and directly address the environmental problem of coastal land
loss. Beach \Qidth, morphology, andv composition are supplementary indicators of shoreline
movement whereas fluctuations in hydroperiods, water and soil salinities, and sedimentation
rates arc‘supplementary indicators of wetland change. Monitored physical parameters that
complement coastal geo-indicators include elevation and sea-level trends, frequency and
intensity of storms, climate, and sediment budgets.

Shoreline position and wetlands distribution are monitored by scquentially comparing

boundaries mapped from ground surveys or from aerial photographs. The geologic history and

| stratigraphic record establish local baseline conditions while historical conditions are determined

from the oldest accurate maps. Maps depicting wetland changes and graphs illustrating

cumulative shoreline movement are particuiarly helpful to non-scientists responsible for making -

decisions about future land use and resource management. |
Recommended frequency for measuring coastal geo-indicators is inversely proportional to

the rate of change and directly related to the availabiiity of source maferials. Systematic

updating to ascertain long-term trends typically is conducted about every 5 to 10 years. More

frequent analyses are subject to large errors and low signal-to-noise ratios. Event monitoring

records rapid environmental chan ges caused by major storms or floods and provides a basis for

determining how the environment responds to and recovers from high-energy events.

INTRODUCTION



Few areas of the world experience sustained environmental changes like those of coastal
regions. Coastal shores and wetlands worldwide are extremely dynamic and in many areas the
rates of shoreline retreat and wetland loss are accelerating. For this reason geological methods
for monitoring and detecting rapid coastal change have existed for several decades primarily in
response to land loss and coastal hazards issues. National assessments of extreme coastal erosion
and wetlands loss were some of the first scientific data that eventually influenced coastal
regulations and were incorporated into national environmental management policies in the
United States, Canada, Australia, and western Europe.

Because coastal environments are some of the most dynamic on earth, it is important to
continue identifying and monitoring geo-indicators of environmental change that are sensitive
even though they may not be diagnostic. That is, the indicators may not identify the causal
factor(s) responsible for the observed changes (fig. 1). The causes of coastal change at a
particular site may never be fully understood, but this lack of explanation should not deter the
establishment of long-term monitoring programs that will provide the only scientifically valid

basis for future coastal planning and resource management strategies.

SHORELINE AND WETLAND CHANGES: ARE THEY REAL OR ONLY APPARENT

Predicting future shoreline positions and wetlands distribution requires an understanding of
the factors that cause fluctuations in water levels, sediment volumes, and wetland habitats near
the coast. Coastal shores and wetlands are constantly changing in response to a hierarchy of
processes that occur as a result of daily tides, weather events, storms, and changes in climate.
When reduced to their simplest terms, shoreline movement and wetlands distribution are
determined largely by two independent variables: water level and sediment volume (fig. 2) that

control the land-water boundary.

Fluctuations in Water Level and Sediment Volume
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Changes in wafer lével over geological time scalés are controlled mainly by climate and
movements in the earth's cnist. VSea-llevel‘ fluctuations of prdgrcssiﬁely briefer periods are related
to climatic effeéts cycles related to summer and winter seasons, and daily tides. Water level
fluctuations cause both actual and apparent shorelmc movement depending on whether or not the
movement is also accompamcd by changes in scdlment volume (fig. 2). Temporary shoreline
movement caused just by water level ﬂuctuauons are most pronounccd along low-gradient
coasts. Thése anomalous shoreline shifts can occur as a result of abnormally high water levels
(abundant rainfall, floods, storms) or abnormally low watér lévcls (droughts, offshore directed
wind). Hourly readings at tide gauges are used to determine différcnces in water Jevels to
prevent misinterpreting tenipbrafy water-level chah ges as actual beach and wetland changes.

Beach crosioh and accretion are coastal responses to ncaishore changes in sediment volu;nc
(fig. 2 between S2 and S3). Deficits and Surpluses in ,scdiment volume, also referred to as |
sedifncnt budget, account for long-term beach efosion- ahd accretion, whereas short-term
shoreline fluctuations may involve vonly temporary removal or addition of beach material.
Longshore migration of sand bars is an example of short-term shoreline fluctuations caused by
temporary changes in sediment volume. |

Fluctuations in sediment volume are much more irregular and difficult to predict than water-
level oscillations. Also the length of shoreline effected by fluctuations in sediment volume are
usually restricted whereas water level oscillations typically involve the entire shore surrounding a

body of water.

Qualitative versus Quantitative Coastal Geo-indicators

Two fundamental approaches to coastal geo-indicators are possible; one that simply detects
environmental change without providing a rigorous basis for prediction and one that serves as a
long-term historical record and provides quantitative rates of change suitable for fofecastin g
future conditions. Determining which approach is appropriate depends on the financial resources

available, the quality of source data, and the types of applications expected from the results.



Qualitative coastal geo-indicators (discuéscd by Bush et al. in Chapter __) are best suited for
situations where funds are extremely limited, source data are either unavailable or of poor
quality, and the primary coastal mané gement objective is to provide a quick assessment of
current conditions and possible fufurc conditions. These restrictions apply to coastal monitor;qg
- in many developing countries. | ”
Qualitative geo-indicators are inherently limited in their application and the interpreted
results can be either misleadin g or incorrect because observations are site specific and reflect
only the most recent events that may be out of equilibrium with the long-term processes. For
example, both false positive and false negative indicatioris of beach erosion are commonly
observed on beaches in diverse geological settings. There may be false indications of long-term
beach erosion if field observations are made shortly after a storm causes local erosion of a stable
or accreting beach. Furthermore, some beaches undergoing long-term erosion exhibit the
morphologies and vegetative cover of stable or accreting beaches. Only quantitative analyses of
long-term historical trends are able to avoid the potential errors associated with non-quantitative
descriptors of beach stability. The remainder of this paper addresses quantitative methods of

monitoring coastal change over times periods of decades to a century.
GEO-INDICATORS OF SHORELINE MOVEMENT

Shoreline Position

Each year as the world’s coasts become more densely developed, the costs of property loss
and structural damage near the shore dramatically increase. In response to these economic
pressures, some governments have imposed strict regulations such as coastal construction
setback lines and hazard zones that are designed to minimize damage and economic losses
related to storms or long-term beach retreat. The construction control lines and other regulatory
boundaries usually are based on long-term trends of shoreline position, which is the most reliable

geo-indicator of beach stability.
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-y For centuries shorelines have been surveyed because they represent Iegal boundaries

separating private and public ownership of land. Shoreline position can be monitored from field

observations and measurements or from historical documents such as maps and aerial
!L photographs. The materials and methods of shoreline monitoring and their limitations are

discussed in detail in later sections.

Supplementary Indicators of Shoreline Movement

[

Beach stability also can be determined from field measurements of beach width and from
aerial photographs that permit inonitoring shoreline proxies such as the vegetation line, dune
line, and bluff line. These subaerial boundaries are secondary indicators of shoreline movement

that can provide ancillary information about local beach dynamics or they can serve as additional

ground control for mapping the high water line.

M Beach Width -

Measuring the width of the dry beach is a rapid, inexpensive field method of tracking

H shoreline movement (Wright and Pilkey 1989). This procedure involves mcasuxin g horizontal

distances from a fixed reference mark to the wet-beach dry-beach boundary by pacing or with a

U tape measure. Conducting these measurements at several sites permits alongshore comparison of

r ! ' trends and rates of change. A limitation is that the measurements are subject to local variations
’ in water level and sand storage even if the measurements are conducted during the same season

M (summer) when the beach achieves its maximum width. Also, it may take ten years or more of

these types of measurements before the long-term trend can be separated from the annual

l
B variability (Eliot and Clarke 1989).

Morphology and Vegetation Line

Where bluffs or sea cliffs are the predominant shoreline type, position of the bluff top and

’LA“__I

bluff toe are appropriate geo-indicators of shoreline movement (Emery and Kuhn 1982). These

1 l shoreline proxies are more reliable than the wet beach-dry beach line since they are not



influenced by changes in water level. Other than this ad\}antage, mappin g the bluff top or
vegetation line are subjcc‘t to the same errors as mapping the shoreline since they involve scale
and resolution of photography.

Although long-term movement of the ve getation line will'parillcl mOvemént of the shoreline,
it responds to différeht environm@ntal conditions and can actually have short-term movement that
is opposite to that of the shoreline. Thcrcfore the vegetation line is icss sensitive than other geo-
indicators of shoreline movement.k Also in some places the vegetation “line” is actually a
transition ione, in other places the boundary is sharp and distinct requiring little interpretation.
The problems of mapping vegetation also involve temporal changes in appearance of the
~ vegetation line at the same site. In general, these difﬁcixl‘ties are resolved through an
understanding of coastal pfocesses and a thorough knowledge of factc_)rs that affect appearance of

the vegetation line on photographs. -

Forbeach Composition:

- The type of material that composes the forbeach also can indicate beach stability. The

clearest field evidence of long-term shoreline retreat is forebeach material with different textures,

composition, and shell ,asscfnblagcs than the berm crest and backbeach. Anomalous beach
materials 6ftcn are exposed after high-energy events erode the forebeach and expose‘relict
sedi_ments such as bay/estuaﬁhc’deposits. Along some coasts, marsh mud, peat, and indurated -
- sediments uhderlie the mobile beach sediments. Concentrations‘of other detritus such as rock
fragments or displéccd brackish-water fauna from estuarine deposits also are evidence of relict

sediments excavated from the shoreface as the beach retreats.

GEO-INDICATORS OF WETLAND CHANGE

Coastal wetlands are some of the most economically valuable and functionally important
coastal environments because of their unique habitats, high primary/productivity, and direct

linkage with thd food web. Therefore, future protection and management of wetlands partly



depends on developing geo-indicators of wetland change that are similar to those established for
shoreline ‘movement. Wetland distribution is a reliable geo-indicator that provides early

detection of rapid changes that might threaten wetland sustenance (Dahl et al. 1991).

Wetlands Distribution

Wetland changcs can follow several critical pathways depending on the causes and rates of

change. Systematic transformation of coastal uplands to vegetated wetlands and vegetated

wetlands to barren flats or open water generally indicate a relative rise in sea level caused by a
eustatic rise and/or land subsidence (White and Tremblay 1994).. Methods of monitoring the

spatial distribution of wetlands are similar to those used to monitor shoreline position, which are

- described in later sections.

Supplementary Indicators of Wetland Change
- Periodic monitoring of plant coverage, hydroperiods, sedimentation rates, and salinities

provides secondary indicators of wetland change.

Vegetation Densities

Plant density is a field-based indicator of wetland status. It is monitored by identifying plant

“species and estimating percent coverage within a plot along transects that cross the wetland. This

labor-intensive proccdurc has the same limitation as most field measurements in that long-period
records are required before a trend is established. To maintain consistency and to avoid biased
data, surveys should be conducted at the end of the growing season before annual dieback

occurs.

Hydroperiod
Changes in wetland stability related to surface and ground water levels can be detected by
monitoring water levels in permanently inundated wetlands and by recording the frequency and

duration of flooding in wetlands that are not permanently inundated (Mitsch and Gosselink



1986). The sources of water (rivers, estuaries, upland runoff) and phySicaJ forces acting on the
* water (wind, tides, barometric pressure) control the ‘hydropen'od, which can be measured using a
simple and inexpensive staff gauge or with more sophisticated equipment such as automatic

digital recorders.

Wetiand Sedimentation Rates
- Some wetlands require periodic additions of sediment in order to Temain viablc, whereas e
others are sclf-sustaining if plant production and accumulation of organic detritus exceed - i
decomposition or export of detritus. Changes in the rates of organic or inorganic sediment
acéumuiaﬁon can be detected by direct measurement or by infercncc from radiometric dating
(Olsson 1986; Appleby and Oldfield 1992). Direct mcaéuremcnt involvcs cstabiishing a vertical
datum at a stable reference station and periodically measuring the height of the wetland surface —
(Cahoon and Reed 1993).  Changes in wetland elevation are interpreted considering such things
as plant mass, bioturbation, and in siru deposition or ekrosi>on of organic and inorgénic sediment.
Radiometric dating is an expénsive specialized géochcmical technique that can yield 'precise
rates of sedimentation. It is based on the theory that the atmosphere contains uniform
concentrations of certain isotopes that are incorporated into sediments either through airfall or
precipitation. Once incorporated, the isotope decreases in concentration and converts to another
form (daughter product) at A rate determined by its half life. By kquing the ratio of - -
| concentrations between the parent material and the dah ghtcr prodlict, the number of half lives
~ can be determined and thﬁs the age of th: material can be calculated. Scdimcﬁt rcworking and.
_‘ geochemical contamination are the prim;cuy sources of efror that coﬁld invalidate the dates
(Olsson 1986). | | |
To determine wetland sedimentation rates at a particular site, Samples are collected from a
 vertical profile (core, trénch) and analyzed for the isotope that is appropriate for the pcdbd of

~ interest. Cesium 137 (137 Cs) is used to date sediments deposited since the 1950s, lead 210



(210Pb) is used for the past 150 years, and carbon 14 (14C) is used to date sediments that are 500
0 50,000 years old (Olsson 1986).

Water and Soil Salim't;'es

Waters and soil chemistry have a profound influence on wetland structure and function
(Mitsch and Gosselink 1986). Therefore, monitoring these paraméters can indicate physical
changes that might improve wetlands or cause their deterioration. Numerous studies have shown

that encroachment of saltwater into brackish and fresh-water marshes causes plant mortality and

- may destroy the marsh if it is not replaced by salt-tolerant plants. A simple field procedure to

detect changes in ground water and surface water involves measuring water and soil salinities.
MONITORING COMPLEMENTARY COASTAL PARAMETERS

Elevation and Sea-Level Trends

Sea-level histories, releveling survéys, and tide records can be integrated to decipher crustal
deformation, elevation changes, and increased ocean volumes at a coastal site. Although
historical records of relative sea level are both spotty and brief in most countries, the results
show coastwide trends that demonstrate the interrelationships among vertical crustal motion,
sediment compaction, and eustatic fluctuations (National Research Council 1990a; Emery and
Aubrey 1991).

Several geological studies have demonstrated how unloading of thick continental ice sheets
causes rebounding near former glaciers and collapse of the surrounding forebulge as evacuated
crustal material returns to the uplifted regions (Clark et al. 1978; Peltier 1987). These crustal-
response models also have been used to explain the variability among historical sea-level records
and the current rates of vertical motion derived from those data. Long-term monitoring studies
also have shown that production of subsurface fluids (oil, gas, water) can induce land subsidence
and activate faults that locally cause even greater subsidence of low-lying coastal plains (Morton

and Paine 1990; White and Tremblay 1994). In these areas of induced subsidence, historical



rates of relative sea-level rise are much greater than geological rates of subsidence (Morton
1979). Thus, sea level and surface elevation serve as important monitoring parameters that

complement geo-indicators of shoreline movement and wetland change.

Frequency and Intensity of Storms

Storm waves and currents are capable of causing rapid shoreline retreat and wetlands
destruction and for that reason storm historieé are monitored to help explain observed coastal
changes. Where accurate long-term meteorological records are available, shoreline movement
has been correlated with the frequency and intensity of storms (Fenster and Dolan 1993). Beach
retreat is greatest when storms are strong or numerous, and retreat rates are lowered when stofms
are infrequent or weak. Storms can be either harmful or beneficial to coastal wetlands depending
on the type and amount of material removed from or added to the environment (Conner et al.

‘ 1989). Of particular interest to coastal monitoring are storm surge heights and durations because
they are indicators of how deep beaches and wetlands are flooded and how long they are exposed

to high energy.

Sediment Budgets

A sediment budget is an accounting method that determines the gains and losses of sediment
in a coastal compartment (U.S. Army Corps of Engineers 1977). Like bank accounts, sediment
budgets can be either balanced or have surpluses or deficits. A sediment surplus generally means
that new land is being constructed (beach accretion, wetland aggradation) and a sediment deficit
generally means that coastal land is being lost (beach or wetland erosion). The accounting
procedure attempts to identify where the sediment is coming from (sources) and where it is being
deposited (sinks); it also estimates the volumes of sediment gained from the sources and lost to
the sinks or transferred to the adjacent downdrift coastal compartment. Common sediment

sources are coastal rivers, updrift beach or bluff erosion, and the inner continental shelf.
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Common sediment sinks include coastal dunes, storm washovers, tidal deltas, beach accfetion,'
and the inner continental shelf. | .

Although simple in concept, accurate sediment budgets are extremely difficult to quantify
bécause the necessary topographic and bathymetric data are generally lacking even in “data-rich”
éoumries. ‘, Fﬁrthcrmore, there is a large error margin in the data analysis owing to the
assumptions. For example, beach proﬁlés arc often used to estimate sediment budgets, but most
of the nearéhore sediment in motion is submergcd, which requires detailed bathymetric surveys

that seldom are available for several time periods. |

Climate

At some coastal sites, weather patterns are variable eno;igh to influence shoreline position
and wetlands distribution. Thc;‘efore continuous monitoring. of wind speed and direction, air
temperature, and precipitation at weather stations provides a basis for interpreting the geo-
indicators of coastal change. Particularly important are cycles of abundant precipitation or
drought or peribds of extreme temperatures. Record heat or freezes can have negative impacts
on wetlands while abundant rainfall and dry periods can effect water lévels, which in turn, can

alter boih shoreline position and wetlands distribution.
INFORMATION SOURCES AND THEIR LIMITATIONS

Basic Data

Coastal planners and resourée managers need to understand past coastal changes in order to
anticipate where the shoreline and wetlands will be in the future and to predict what the trends
and rates of shoreline movement and Wetland éhanges might be. These objectives are best
accomplished by depicting coastal change on maps, which provide a basis for understanding the

dynamics of the coast. Historical shoreline positions-and wetlands distribution can be obtained
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from topographic maps, aerial photographs, and ground surveys. The most common errors
enoounterea when using maps a.nd'ae_x'ial photographs are summarized in Table 1.

Analysis of cooStal change inﬁolves mapping several shorelinés or wetland boundaries at the
same site, companng the boundary positions through time, and calculatmg rates of shoreline’
movement or wetland chan ges for several time periods (Stafford 1971 Leathcrman 1983 |
Morton 1991, Fcnster et al 1993; Bntsch and Dunbar 1993; White and Tremblay 1994).
Recently, Anders ar_;d Bymes (1991), Crowell et al. (1991), and Thieler and Danforth (1994) |
rcviech'the‘tyoes of erTors typically'associated with topographic mapS and aerial photographs |

and estimated how large the erTors mi ght be if they depend on the soale of the ‘originaJ material.

'Topo;graphiC‘Map.f

The oldest reliable shoreline positions and wetland distributions are preserved on coastal
topographic maps. In some Europeéin countries, accurate coastﬂ charts extend back to at least
the 14th century (Niemeyer 1993) but in most countries accurate maps are much more fecent
(Shalowitz 1964). Boundary movement is measured by coniparing the oldest accurate maps with
more recent surveys or maps using geographic coordinates (latitude and longitude) or fixed
landmarks. Many old maps also accurately portray stable land features, such as mtenor ponds,
tidal creeks, and hlllS that can be compared with the same features on more recent survcys or
aerial photographs. The stable land features prov1de honzontal control for map comparison that
doeg not depend on pfocise latitude and longitude posi‘tion.

There are both advantages and disadvantages associated with using old topographic maps for
shoreline and wetland change a_.nalysés. The principal advantage is that the period of record is
extended as far back as possible. Fuxftherrriore, the longest reliable rocord of boundary change
generally will provide the most reliable basis for predicting future changes (T able 1_). A rrﬁnor |
disadvantage is that documented coastal changes méy be difficult to interpret because
- information regording storms or other events effecting the coast is generally lacking for the

earlier periods.
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Aerial Photographs | :

Vcrticél aerial photographs are the most common source of shorelines and wetlands because
aif photos are much faster and less expensive to obtain than regional ground surveys. Both stable
geonﬁorphic featuﬁ:s and cultural features (buildings and roads) observed on the air photos can be
used to compare them with other air phdtos or with topographic maps. The positions of some

ground features observed on air photos may be slightly inaccurate because of minor scale

differences and distqrtionS that occur across the photograph (Table 1). These minor errors are

caused by movement of the plane that prevents the camera from being exactly perpendicular to
the 'surfacc of the earth. Slight up a‘hd down movcmeht of the plane causes minor changes in
scale from one photograph to another, whereas slight tilting of the wings or nose of the plane
causes distortions across the photograph. The distortion errors-are small near the center of the
photograph .sd, if possible, the center of the photograph should be used for mapping the
shoreline. The minor errors caused by movement of the plane are inconvenient, but there are
several optical and digital iechniques that can be used to correct for distortions and scale
differences.

The shoreline proxy most commonly mapped on aerial photographs is the high water line that
separates the wet beach from the dry beach (Stafford 1971; Morton 1979; Dolan and Hayden
1983). The wet bcach-dry'beach line is not a tidal datum, such as the mean high water line, and
it represents the highest water levels occurring immediately before the photographs were taken.
Because wave runup is large on low-gradient sandy beaches, the high water line on those beaches
is sensitive to changes in water level caused by strong windslor unusual tides. As éresult,
shoreline movement maﬁped for some sandy beaches may be caused by differences in water
levels rather than actual changes in sediment volume (fig. 2); Shorelines mapped on aerial
photographs could be reconstructed to a specific tidal datum using local corfcction factors for
beach slope and water levels (Stafford 1971), but the dynanﬁcs of sandy beach profiles preclude
making thcse corrections with much conﬁ‘dcncc. The potential for mislocating the shoreline on

air photos due to water level fluctuations is not a problem on steep beaches or steep rocky shores.
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Although a‘single criterion typically defines shoreline position, Wetlands are deﬁnedon the
combined basis of local hydrology, vegetation, and soils (Mitsch and Gosselink 1986).
Frequency and duration of flooding, plant communities, and soils composmon are all used to
classify wetlands. The boundaries cn'cumscnbmg the wetlands are 1denuﬁed on aerial
photographs from‘reflectance characteristics that are related to species composition and soil
' wetness Potenttal errors in mterprettn g wetlands from remotely sensed unages denve from three

sources: water level fluctuations, growing season of emergent aquanc vegetation, and
photographic scales (Carter et al. 1979) The first two error sources cause the most serious
_ problems because they may indicate changes in wetland d15mbutlon that are not real

- When shorelines and wetlands are mapped from aerial photographs, it is assumed that the

v interpreted boundary represents typical or average conditions and that subseouent changes in the
boundary are caused by normal physical changes in the environment. Thrs assumption can be

| verified only'indirectly by examinin g tide gauge records, meteorological freports, and other
historical documents that indicate either abnormal conditions or the lack of unusual events

preceding each photographic mission.

Beach Profiles
| ‘Shoreline movement can also bedocume‘nted by profiling the beach (fig. 3), a standard field
method that involves makin g‘repeated measurements alon g a transect oriented perpendicular to
the shoreline. These measurements may consist of a 'single observation, such as dry beach width
or they may involve surveying the entire beach surface. Beach profiles require establishing a
reference mark from which distances and elevations are measured along a transect. The
B reference mark can be a benchmark or some other stable feature such as the comer of a seawall
or sign nOSL | |

The expected results determine where and how frequently beach surveys should be conducted

and the type of equipment used (Table 2). Surveys that rely on a tidal datum or property

boundaries should be conducted by a registered surveyor using expensive equipment. On the
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other hand, simple advance and retreat of the beach can be measured with portable inexpensive
equipment as long as the same proﬁlé location is reoccupied.

Beach profiles can be measured with various types of equipment ranging from simple
graduated rods and chains (Emery 1961), to stahdard stadia rod and level, to a more accurate
autotracking geodimeter with a reflecting pﬁsm (Birkemier et al. 1991). The more sophisticated
techniques offer greater measuring precisioh, but they also require tﬁore field support and data
processing équipmcnt, such as computers and specialized softwa:c. The Emery method is a
simple but accurate profiling technique that can be quickly learned by anyone.

A beach profile is obtained by adding thé horizontal distances and corresponding changes in
beach élcvaﬁ'ons and plotting those values on graph paper or enfcring the data into a computer
graphics program. Changes in the beach are detected by repeating the surveys at the same site
every few months or years and comparing the profiles (fig. 3). Either the sea-level datum or the
berm crest can be used to indicate beach movement between consecutive surveys.

A typical shore-normal beach survey yields a one-dimensional profile that represents the
relative height‘of the beach from a ﬁxed reference marker. The profile also displays the position
of particular beach fcafures, such as high water line, berm crest, dunes, vcgetatioh line, or a
datum intercept such as mean sea level.  Comparison of subsequent beach surveys yields a two-
dimensional cross-sectional area, which represents the amount of beach erosion and deposition
that occurred between sufveys. A three-dimensional volumetric change in the béach Can be
derived from the profiles by integratin g between adjacent cross-sectional areas. |

Beach proﬁles are limited in their application because (1) they are site specific and they do
not provide a continuous shoreline position along the coast, (2) it takes several days to conduct
regional surveys, and (3) the "permanent" reference markers are commonly lost (covered by‘
dense vegetation or sand) or destroyed (erosion, vandalism). A primary advantage of beach
profiles is that the uncertainties of the ;vet beach-dry beach line are eliminated and observations
of shoreline movement are based on actual field measurements rather than interpreted indirectly

from aerial photographs. Another advantagc is that frequent comparisons yield information
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about two-dimensional beach changes that can be used to calculate the volume of sediment added ,
to or removed from the beach. These volumetric estimates of sediment movement cannot be
accurately derived from aerial photographs.

Profiling is a rapid and inexpensive field method best suited for documenting changes in
beach shape and evaluating the magnitude of seasonal or short-term niovcment in shoreline
position. Normally beach profiles are not used to establish long-term trends of shoreline
movement because more than 10 years of continuous data are needed before the long-term trend

can be established with confidence (Eliot and Clarke 1989).

GPS Surveys

GPS (Global Positioning System) is an advanced satellite-based electronic surveying
| technology that is being adapted to monitor shoreline position and wetland distribution. In the
future GPS will be the field method most widely used for coastal sufvcys (Morton et al. 1993;
Michener et al. 1993). |

A potential disadvantage of GPS is the inaccuracy that is introduced by selective availability.
- This procédurc deliberately degrades the radio signal transﬁnitted by some satellites to prevent
unauthorized users from de;enninin g precise locations, especially during war. This means that
positions obtained by a single GPS receiver will only be accurate within about 100 m of its actual
position. Because of selective availability, the locations provided by single GPS receivers are
notbaccuratc enough to map coastal changes.

Differential GPS techniques were developed to eliminate the uncertainty introduced by
selective availability. In the differential mode of operation, two GPS recei\.'ers are used; one
stays at a rcfcrenéc point (base station) and the other moves about (rover) conducting the survey.
The reference point typically is a surveying monument or bench mark where the latitude,
longitude, and elevation are known.

Beaches and wetlands are nearly ideal environments for conducting GPS surveys because the

field of view with the satellites is largely unobstructed. However, some developed shores may
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impede or prevent GPS surveys because of interference with the satellite signals. Isolated
structures such as tall buildings may cause some minor shading, whereas densé high-rise
developments may block the signal from some satellites near the horizon or cause multipath
reflections severe enough to invalidate the surveys.

Techniques have been developed to accurately survey beaches by mounting a GPS antenna
on a vehicle. Horizontal distances and elevaﬁons are recorded as the vehicle drives up and down
the beach. An advantage of vehicle-mounted GPS surveys is that they can provide rapid,
relatively inexpensive and repeatable topographic information over long distances with minimal
manpower and equipment (Morton et al. 1993).

The entire beach surface between the water line and the dune line can be sur\?cygd using GPS
techniques. Shoreline positions can be frequently updated and changes in sediment volume can
be determined by comparing the surfaces recorded by repeated surveys of the same beach
segment. GPS surveying techniques provide positions without the need for permanent reference
marks. Therefore they are particularly well suited for monitoring béaches and wetlands where

the reference marks may be destroyed during a storm.

Processed Data and Compiled Databases

Ih the United States, national wetland changes are assessed by the National Wetlands
Inventories program of the U.S. Biological Survey (Cowardin et al. 1979; Dahl et al. 1991) while
shoreline movement along oceanic shores and the Great Lakes is addressed by the U.S.
Geological Survey as part of their national Coastal Geology Program (Williams et al. 1991).

Distinguishing apparent coastal chan ges from real changes is a major challenge when using
national inventories that are compiled from disparate data séts. Unqualified comparison of
historical and recent data can lead to incorrect results and erroneous conclusions if knowledge of
local processes and history of the surveyed area are not incorporated into the analysis along with
knowledge of the mapping techniques. Potential errors in detecting shoreline movement arise

from seasonal beach variability, and anomalous climatic and meteorological conditions
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‘immediately preCedirig the photography used to map the shoreline. Poténtial sources of errors
for wetlands are the same as those for shoreline movement with the addition of temporal changes
in wetland classifications. A GIS is incapable of disting‘ui‘shing real wetland changes from a
change in classification, so some reportéd changes in wetlands distribution may be an artifact of -

-evolving classification schemes.

QUANTIFYING GEO-INDICATORS OF COASTAL CHANGE

Shoreline movement and wetland changes are evaluated and summarized using similar

techniques that employ visual, tabular, and graphical representations of the data.

- Comparing Coastal Boundaries

Shorelines and wetland boundaries can be transferred from the original maps and aerial
photographs onto large-scale topogfaphic base maps to facilitate hi‘gh-prccision measurément of
shoreline movement and wetland change. Linear.distances‘.and areas aré measured directly from
- the base maps or the compilcd‘ boundaries can be digitized and entered into a geographic
information system (GIS) for further data manipulation and storage (Byi'ncs et al. 1991; Scaflani
etal. 1993). If boundaries are digitized directly from the original maps and photographs,
computer algorithms are used to compare the boundaries by making statistical least-squares
adjuétmcnts to correct for paper distortions as well as diffex:ent projections and scales of the

original materials (Leatherman 1983; Thieler and Danforth 1994).

Presenting Coastal Changes

Historical changes in shoreline ‘position and wetlands distribution can be presented as maps,
in tables, and on charts. All three forms of data presentation have advantages and disadvantages
compared to the other two (Table 3). Maps of sequential boundary positions (figs. 4 and 5)

illustrate coastal shorelien and wetland changes as a series of lines or patterns that are compared
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to determine the magnitude and trend of change. Maps offer a visual historical representation of
spatial and‘tcmporal boundary changes that are related to other geographic features and they
convey where the boundary has been in the past and imply where it might be in the future.

Changes in coastal boundaries can alsd be presented in tables that contain the monitoring
periods as well as amounts and rates of change (Table 4). The tabular data quantify what is
illustrated on the map and reduce the boundary bhangcs to an avcmge rate of change expressed in
distance or area per unit time.

Graphs depicting shoreline movement or wetland chan ges through time illustrate the long-
term trends and short-term variability, which also can be used to predict future changes (figs. 6-
9). Shoreline history plots (ﬁg; 6) contain three fields that represent stability, advance, and
retreat of the shoreline. Shoreline positions that plot around the zero axis show that the beach
has fluctuated but that over the monitoring period the beach position has remained nearly
unchanged. Shoreline positions that plot to the positive or negative side of the graph record

long-term advance or retreat of the beach (fig. 6).

Interpreting Graphical Displays

Shoreline positions and wetland distributions derived from maps, aerial photographs, or
ground surveys represent individual points in a continuum of coastal change. Most studies of
coastal changes are based on a few boundary positions spanning as much as 150 yrs (figs. 4 and
7). Studies of that duration often employ two distinctly different data densities. The lowest data
density is for the first 100 yrs when boundary movement is determined from two or three maps.
In contrast, most coastal boundary changes have been documented during the past 50 yrs and the
highest data densities ére available for the past 30 yrs (figs. 7-9). The increased number of |
boundary positions since 1960 provides a better measure of the short-term variability and a way
of distinguishing the long-term trend frorh the short-term fluctuations.

The shape and slope of the line connecting a series of shoreline positions can also be used to

interpret the relative rate of change and to predict future shoreline positions. In the example (fig.
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7) the best linear statistical fit is not a straight line through the data points, but a curved line that
is flatter in recent time. This shows that the rate of erosion has increased or accelerated in recent
years. If the rate of erosion had decreased, then the curve would be steeper.

Shoreline history plots commonly illustrate different rates of change or reversals in the trend
(figs. 7-9). Theseplot# also provide a basis for fitting statistically derived regression trends that
can be used to predict future changes. The graphs of shoreline movement and wetlands change
are useful for visualizing the long-term trends and for recognizing unusual departures from the
trend (figs. 8 and 9). |

Distinguishing the actual trcnd of shoreline movement from "noisy" data is easy when the
trend is uniform and the rate of change is so large that it cannot be confused by high-frequency
beach cyclicity (fig. 7). On the other hand, this task of differentiation is extremely difficult for
relatively stable beaches that experience large seasonal fluctuations. This is especially true for
some dynamic sandy beaches that were stable or accreting on geological time scales, but are
beginning to erode as a result of both natural and human-induced decreases in sediment supply
and arise in relative sea level (Morton 1979). For some of these transitional beaches, the short-
term beach fluctuations exceed the long-term movement measured on consecutive aerial
photo;graphs (see fig. 8, 1937-1974).

Analytical problems associated with nonuniformband nonlinear shoreline changes are
illustrated in figure 9, which shows two trend reversals in shoreline movement near the mouth of
ariver. The rate of landward retreat of the shoreline between 1853 and 1930 is similar to the
long-term erosion trend for this coastal compartment before navigation projects altered the
littoral system. The reversal in trend at 1930 is the resuvlt of river diversion and delta
construction that causéd rapid outbuilding of the shoreline at the river mouth. A reduction in
sediment supply after 1956 and focusing of wave energy on the delta caused renewed but more
rapid retreat of the shoreline. In this example, the 1982 shoreline is still far seaward of the 1853
shoreline (net accretion), but the most recent trend is retreat and there was a decrease in the rate

of retreat between 1956 and 1982. Calculated net rates of change would indicate long-term
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shoreline advancement when clearly the most recent trend and predicted futurc trend is shoreline

retreat.

Calculating Rates of Change and Predicting Future Positions

‘Two assumptions are made when shoreline movement is analyzed regardless of the sources
of shoreline positionsy. First is the assumption that the state of shorél'me stability does not change
during each monitoring period. This assumption of uniformity requires continuous beach
erosion, accretion, or stability throughout the entire monitoring period without any reversals in
trend. If reversals in trend are detected in the data, then the length of record should include as ‘
much older reliable data as possible (Table 1). Extending the period of record will provide the
best indicator of why the trend reversals occurred and how they should be factored into the
predictions of future boundary positions. The second assumption is that the rates of change are
also constant for the same period. This assumption rules out accelerations or ‘decclerations in
boundary movement. If boundary movement is nonuniform, then the moét recent rates of change
should be used to predict future boundary posiu‘on's (Table 1). If either or both of these
assumptions is incorrect then the calculated rates of change probably underestimate the actual
rates of change for the period of interest (Morton 1991).

- Net rates of coastal change are useful for characterizing long-term trends and for establishing
average rates of change, but net changes clearly are not the best predictor of future changes. This
is because the net change value is a straight-line avcragé determined by the first and most recent
boundary positioxis. It does not take into account fluctuations in boundary position that are

typical for most coastal areas (fig. 8).
STRATEGIES FOR MONITORING COASTAL GEO-INDICATORS

Standardization of Methods
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Coastal scientists and engineers are developing standard methods of detecting, quantifying,
and predicting wetland changes and shoreline movement (National Research Council 1990b).
Current emphasis is on standardizing data collection, data processing, and data storage so that
results are accurate and can be independently reproduced. This is accomplished by examining
the available technologies, assessing their reliability, ease of application, and cost. Advanced
techniques commonly employee sophisticated digital recording equipment and computers to
achieve high-speed data entry and management of large databases. Unfortunately these
advanced monitoring techniques are unavailable in most developing countries.

In the United States, legislation has been introduced that would standardize methods used to
quantify long-term shoreline movement from aerial photographs. An important coastwide
application of the methodology is calculation of average annual erosion rates for purposes of

establishing construction setback lines and coastal hazard insurance zones.

Regional Networks

Coastal scientists are beginning to establish regional networks of field stations similar to
those used to monitor stream discharge, climate, sea level or any number of other physical
parameters. Coastal monitoring networks typically include beach profile sites and reference
wetland sites where geo-indicators are measured periodically to determine the magnitudes and
rates of environmental change. In the United States, Canada, Australia, and the Netherlands,
networks of beach profiles are surveyed for both research and coastal management objectives
(Howd and Birkemeier 1987; Forbes 1987; Short and Hall 1993; Wijnberg and Terwindt 1993).
Diverse wetland sites also are being monitored to develop options for thei: preservatidn and
protection. The United States BiologicaJkSurvey has initiated a monitoring program that includes
ten coastal wetland sites where hydroperiod and rates of sedimentation are monitored

systematically (Cahoon and Reed 1993).

Frequency of Monitoring Coastal Geo-indicators
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Coastal pléuiners and managers commonly want to know the optimum period for updating
maps and tables of shorelines é.nd wetlands. Considering thc» diversity and dynamics of open
coéSts, it is not possible to determine the dptimurn monitoring period without some knowledge of
local beach and wetland dynamics. Such decisions must be based on local factors including
frequency of storms, average rate of ,coasial change, seasonal fluctuations, and economic
considerations. Data obtained from long—térm monitoring‘should be used to establish the

boundary stability for a particular coastal se gm‘ént. If boundary changes have remained

- consistent over the entire period of record and if for geological reasons the trend can be expected

to continue, then the monitoring interval is not extremely critical unless the area is bcing rapidly
developed. If, however, long-term boundary monitoring ihdicatcs numerous reversals in trend,
then the frequenéy of reversals might suggest an éppropriate interval for fufurc boundary
monitoring. | o

Recommended frequency for measuring coastal geo-indicators is inversely propoﬁional to

the rate of change and directly related to the availability of source materials. Most monitoring

 plans incorporate two different approaches to the question of monitoring frequency. Both

constant periods and specific events are guides to determining when measurements should be

made. Fixed intervals of time, such as 5 or 10 years, provide a framework for planning and an

“estimate of when work would be needed unless there are extenuating circumstances such as a

storm that would require an immediate response. Pre- and post-storm surveys of shorelines and
wetlands provide a basis for assessing storm damage, evaluating the degree and rates of recovery,

and recognizing the phases of post-storm recovery (Morton et al. 1994).
Digitization and Geographic Information Systems

Digital databases and geographic information systems are analytical tools that facilitate
comparing historical shorelines and wetlands data and resolving differences in scales and

projections of the source _materials (ByrnéS et al. 1991; Sclafani et al. 1993). Operationél €rTors
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‘ associated with data conversibn and manipulation within a GIS were evaluated by Walsh et al.
(1987). | | ,

| Although a GIS improvéé comparison, storage, and pririting of coastal boundary information,
computers do not improve the accuracy : ’::;he original bouiidary positions. Computers cari
inci'eas'e the precision of mappin g and statistical analyses, but the degree of accurzicy depends
§ntirely on the quality 6f the original data and the céré iaken to assure the reliability of data

interpretation and entry into the GIS.

Modeling and Prediction Based on Coas:al Geb-indibatorS

| Coastal resourcé managcrs are currently focusing on how much land will be lost in the future,

:cre the shoreliric'Will be at some particular time, which commimities will be threatened by land
x5, and how much land will be flooded if sea level continues to rise. To answer these qucsnons
scveral methods (models) have been developed that attempt to project shoreline positions or
wetlands distribution based on assumptions regarding past changes and estimated rates of future sea
level rise. Users should be aware that all lon g-i'arige projections (25-50 yr) are suspect because the -
- models are unable to an,ticipétc significant changes in the factors that cause or control coastal
changes and therefore the forecasts may not be very accurate. Despite large uncertainties, planncis
may want to examine model predictions because they providé at‘ least some basis for guiding future
_use and development of the coast. | |

| Models that estimate future coastal change also t;an be either qualitative or quantitative. |

Qualitative predictions of ‘coastal evolution are based on a géncral understandin g of how nearshore
environments respond to changing oceanic condmons Studies of modem coasts show that a rapid
rise in sea level will cause narrowing of some barrier islands and acceleratc the migration of other
barriers while saltwater marshes or open water will replace fresh and brackish water marshes. Also
. during a :apid rise in sea level uplands are converted to wetlands, flood plains'are enlarg‘ed, and the

area that would be inundated by storms of historical record are increased. These non-quantitative
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predictions of coastal change are useful for dramatizing what will happen in the future, but they are
of little use when it comes to knowing where and when the changes will occur.

Quantitative predictions of future coastal change rely on either szatistical models, geometric
models, or numerical (deterministic) models. Even though all of these models can be used to predict
future shoreline positions and wetland distributions, they are based on completely different
assumptions (Table 5) and analytical methods. For example, statistical models do not attempt to
explain the causes of coastal change. Instéad, they depend on actual observations that presumably
include the impbrtant conditions that cause boundary movement. Geometric models emphasize how
boundary movement is controlled by shore slopes and shapes responding to increased water levels.
Numerical (deterministic) models attempt to explain boundary movement as a series of equations
that represent observed physical conditions and coastal processes. »

Both geometric and numerical models rely on the concept of a nearshore profile that is in
equilibrium with the coastal processes. Coastal engineers have suggested that offshore profiles are
smooth and have a concave shape that is controlled only by the size of sand grains and the
dissipati’on of wave energy (Dean 1991; Bodge 1992). Based on these and other assumptions, the
generalized shape of the offshore profile is expressed as a mathcmétical equation (Bruun 1962; Dean
1991) that relates the profile shape fo sediment characteristics. Recent investigations of offshore
profiles, however, show that a single mathematical expression does not adequately represent all
offshore profiles (Bodge 1992). Pilkey et al. (1993) discussed the assumptions of the equilibrium
profile and presented strong arguments that challenge the validity of the concept. Because an
equilibrium profile does not exist at most coastal sites, they also questioned the validity of shoreline
change models that incorporate equilibrium profile conditions. Our incomplete understanding of
complex coastal processes an\d the lack of an equilibrium profile are the main reasons why geofnem'c
and numerical models are unable to give reliable predictions of shoreline movement several decades

into the future.

DISCUSSION
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Effective coastal mé.nagcrncnt plans are based on geologic frameworks and an uxiderstanding
of changes in natural processes on both geological and histo'ricalvtirrie scales; otherwise,
historical frames of reference used to document environmental change and to establish public
policies may be.out of geological cbntcxt. Some environmental changes can only be understood
adequatély by considering natural processes over long periods. A classic example is coastal
erosion. Non-specialists typically blame damming the rivers, emplacement of hard structures, or
other human activities as the globai causes of shoreline retreat. While these modifications
aggravaté the loéal deficit in sediment sﬁpply, many coastal areas were eroding long bcfofc
human al;crations interfered with the littoral system. | |

Natural factors such as sediment supply, wave energy, and sea level are the primary causes of
coastal change, whereas humén‘ activities are.cat’alysfs that cause disequilibrium conditions that
accelerate change. Human impacts on coastal shores and wetlands may be difficult to distinguish
from natural environmental changes because anthropogenic effects alter existing physical
processes rather thah introduéing a unique record of chan.ge like pollutants that act as
gcochemic;al tracers of human activities. |

Although historical records of coastal change sp,an'more than a century in many' countries,
they are not appropriate to cietect global change because they (1) represént only local conditions
and (2) nearly all are incapable of accurately forecasting conditions more than a few decades into
the future. Consequently, there is an ongoing need to continucmon.itoring coastal geo-indicators

of environmental change.
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U ‘ Table 1. Principal errors associated with measurement and prediction of shoreline movement.
LJ ' Method  Sources of Error ' Ways of Minimizing Errors
U o Maps Old topographi,c‘ surveys ~ Use triangulation stations for geographic control
s Datum changes ' Use published or annotated corrections

3, | R

Photos. = Radial distortion, tilt Use spatial resection transformations

T : High-water line interpretation Acquire experiencewith coastal morphology and processes
- High-water line representation Use large-scale format and fine-point pen
“J GIS Digitizing table and cursor ‘ Use large-scale maps and double precision digitization
. " Boundary tracing Operator experience, perform repeatability tests
J : Biased ’geogmph_ic control Use closely-spaced features near the shoreline
. Nonuniform beach movement Extend the period of record to improve prediction

l “Nonlinear beach movement B Use the most recent reliable period for prediction
(o .
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Table 2. Important considerations and decisions to make before establishing a beach and dune
monitoring program. Options are ranked from a simple comparison of beach width to complete
surveys of the beach surface suitable for three-dimensional estimates of volumetric changes.

.A. Type of reference markers or baseline control- Existing uncontrolled features such as seawalls and sign
posts, or controlled features such as surveyed stations and geodetic benchmarks.
B. Type of beach monitoring equipment- Compass and tape measure, graduated rods and chain, theodolite, \
electronic total station, Global Positioning System (GPS). ' |
C. Type of beach survey- Dry beach width, beach profiles, tidal datum (mean high water line), or entire beach
surface including subaqueous as well as subaerial profiles. _
D. Frequency of beach surveys- Infrequent, annual, or semi-annual depending on inferred beach stability and
anticipated information requirements.
E. Training of personnel who are responsible for collecting field data.
F. Training of personnel who are responsible for analyzing and storing beach survey data (comparative profiles
or surfaces), preparing shoreline change maps, tables, graphs, calculating volumetric changes, and determining
sediment budgets.
G. Frequency of reporting the status of beaches and dunes- Annual , biannual, or 5-year reports on beaches L
(seasonal variability and storm response) and dunes (stability and extent of vegetation). —
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Display
‘Maps

Tables

Graphs

Advantages

1. Represent original data
2. Provide continuous shoreline coverage
3. Easy to determine geographic positions

1. Easy to duplicate

2. Distances and rates of change are
provided _

3. Calculations or interpretations not
required

1. Easy to duplicate

2. Tllustrate the history of shoreline
movement

3. Provide an empirical (visual) basis for
predicting future beach position
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Table 3. Standard forms of presenting shoreline movement and wetland chan ges.

Disadvantages |

1. May be difficult or expensive to
-duplicate large maps

2. Distances and rates of change are not
provided

3. Interpretation is-required

4. May be difficult to predict future
boundary position if several boundaries

are mapped

1. Shoreline coverage is discontinuous

2. Locations must be determined from a
map

3. Important changes in shoreline
movement may not be obvious

4, May be difficult to predict future beach
position if several time periods are
presented

1. Shoreline coverage is discontinuous

2. Locations must be determined from a
map

3. Rates of change are not provided

4. Interpretation of plots may be required



Table 4. An example of historical shoreline movement and rates of movement for a rapidly

eroding beach illustrated in figures 3 and 4.

1856-1934 1934-1956 1956-1974 1974-1988 1856-1988

Period
Distance (m) -198 -183 -145 -134 -660
Rate (m/yr) -2.6 -6.9 72 -9.6 -5.0
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Table 5. Comparison of assumptions, advantages, and disadvantages for the different types

Model Type

Statistical

Geometric

Combination

Numerical

~ of predictive coastal change models.

Assumptions

Conditions that caused change in
the past will not change in the

future.

Shoreline retreat and wetland loss
are mainly caused by
submergence. The beach and

_offshore profile are smooth and -

unchanging. Equilibrium
conditions must be achieved
before maximum recession is
reached. :

Shoreline retreat and wetland loss
are mainly caused by
submergence. Conditions that
caused coastal change in the past
will not change in the future.

Shoreline retreat and wetland loss
are mainly caused by waves. Sea
level is constant. The beach and
offshore profile are smooth and
unchanging. The equations in the
model accurately simulate the
physical conditions.

Advantages

Easy to understand and apply.
Projections are derived from
average rates of coastal change or
simple equations. Relies on
observed boundary changes.

Easy to project shoreline and
wetland positions using
topographic maps and an
estimate of relative sea level rise.

Improved prediction over static
geometric models

Mathematically sophisticated
models that attempt to simulate
the interactions of complex
physical processes.
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Disadvantages -

Predictions will be inaccurate if
physical conditions at the site
change significantly. Difficult to

- accommodate large reversals in

boundary movement.

May greatly underestimate
shareline retreat when land loss

-is caused by erosion as well as

submergence.

Predictions will be inaccurate if

‘physical conditions at the site

change significantly. Difficult to
accommodate large reversals in
boundary movement.

Requires site specific data for
parameters that generally are
unavailable. Requires site
specific knowledge of coastal
behavior. Difficult to know if
results are valid.



Figure Captions
1. Common cauSes of coastal land loss worldwide.

2. Changcs in coastal boundaries related to changes in water levels and sediment volurhes.
From Morton (1991).

3. Eight-year record of a rapidly retreating beach. The profiles, which were measured every two
years, document persistent retreat at variable rates. A

4. ‘Map showing sequential shoreline positions“ of a rapidly retreating beach illustrated in fig. 3.
From Pilkey et al., 1989,

- 5. Changes in the distribution of wetlands within a subsiding river valley near Houston, Texas.
From White and Tremblay, 1994. | |

‘6. Generalized shoreline history diagram delineating the three fields of shoreline movement
(advance, retreat, stable).

7. Shoreline history diagram of the rapidly retreating beach illuétmtcd in figs. 3 and 4.

8. Shoreline history diagram of a relatively stable beach where shoreline position is temporarily
altered by a period of low water (drought) and minor erosion (storm)..

9. Shoreline history diagram showing reversals in the long-term trend of shoreline movement
related to local changes in sediment supply near a river mouth.
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-~ Natural Processes —

: . waves and currents
— Erosion ———[ storms
landslides

. climate change
— IS{éccclilmc.nt_[ stream avulsion
uction source depletion

land subsidence

Primary Causes of
Coastal Land Loss

l—— Human Activities —

I~ Climate Alteration—[

— Submergence sea-level rise

herbivory
L-Wetlands Deterioratio g_ru?:szcs

saltwater intrusion

Modifi E ‘climate ‘
ocitiers shoreline characteristics

r— Transportation — boat wakes, altered water circulation

| Coastal = _r— sediment deprivation (bluff retention)
Construction L  coastal structures (jetties, groins, seawalls)

— River Modification— control and diversion (dams, levees)

— Fluid Extraction — water, oil, gas, sulfur

global warming and ocean expansion
increased frequency and intensity of storms

—  dredging (canals, pipelines, drainage)

— Excavaton—] _ pineral extraction (sand, shell, heavy mins.)

Wetland — pollutant discharge
o o traffic
Destruction failed reclamation

L— burning



Volumetric change

Eustasy/isostasy (long term)
Water level fiux (short term)

Relative
datum change -

“ sediment budget (long term)
Shoreline rhythms (short term)
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