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GULF COASTAL PLAIN REGIONAL CONTRASTS: KEY TO LOWSTAND AND
UPLIFT-DRIVEN EXTENSIVE PLEISTOCENE DENUDATION

ERVIN G. OTVOS

Professor Emeritus
Department of Coastal Sciences
University of Southern Mississippi
Ocean Springs, MS 39564
otvos@cableone.net

ABSTRACT

The narrow Pleistocene—Holocene coast-
al belt on the NE Gulf of Mexico contrasts
sharply with the broad Louisiana-east Texas
coastal plain, composed of three wide Pleis-
tocene terraces. Consecutive late Pliocene
and Pleistocene marine lowstands drove
more intensive surface erosion. In addition
to well preserved deposits of the last Inter-
glacial and Glacial from fewer major
streams than in the NW and central coast on-
ly limited remnants of the penultimate ter-
race survive. Only a single, thin Sangamon
Interglacial complex that narrows to <10 km
remains east of Mobile Bay. Neogene beds
usually underlie the Pleistocene at -20 to -7
m. But a single Pleistocene nearshore inter-
val, correlated with seismic and engineering
profiles is identifiable in the subsurface. Ex-
tensive erosive lowering of the land surface
and valley incision have been major factors
between the late Pliocene and Sangamon
highstands, respectively, during the Wiscon-
sin glacial stage. The data suggests slow,
steady uplift since the late Pliocene, punctu-
ated by accelerated removal of nearly all pre-
Sangamon Pleistocene coastal units. Late
Pleistocene deposits directly overlie the Neo-
gene. Each major glacial lowstand contribut-
ed to the prolonged pre-Sangamon hiatus
associated with major amalgamated valley
entrenchment. The maximum thickness (6-
24 m) of inshore and nearshore Holocene de-
posits is comparable with Pleistocene thick-
ness values that reflect a much longer, more
varied development. In sharp contrast to the
Pleistocene, Holocene coastal units under-
went no apparent uplift, only limited erosion.

INTRODUCTION AND OBJECTIVES

The lesser width, thickness, and age range of
the Quaternary deposits that underlie the NE
Gulf of Mexico coastal plain stand in sharp con-
trast to the far greater extent and temporal con-
tinuity of Quaternary Louisiana and Texas
coastal plain units on the N and NW Gulf coast.
Pleistocene or “Pliocene-Pleistocene” dates
have been previously assigned to the extensive
Citronelle (-Williana) Formation and its land
surface (e.g., Fisk, 1938; Saucier and Snead,
1989; Spearing, 1995). Recognition of the Cit-
ronelle’s Pliocene age has drastically reduced
the area, assigned to the Quaternary coastal
plain (Otvos, 1988; 1991). Extensive drill data
between southwest Mississippi and the eastern
Florida Peninsula established the depth, thick-
ness, and ages of Pleistocene and Holocene
coastal and nearshore units and subsurface
depths of the buried Neogene (Otvos, 1997,
2005Db).

The objective was to identify, review, and
compare widely scattered data that relate to
Neogene, Pleistocene, and Holocene coastal
units. These were collected from a large body of
published papers, reports, and drill log files. In-
tegration with microfossil logs linked to reinter-
preted Pleistocene seismic profiles guided
stratigraphic reevaluation. Data compiled from
these sources document a shallow Neogene
“basement” and overlying Quaternary coastal
and nearshore deposits. Recognition of the
Neogene-Pleistocene boundary in numerous
surface and subsurface locations helped in the
definition of the stratigraphic units; deposition-
al and sea-level change-related erosional and
aggradational events.
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Figure 1. Location index. 1- Pearl Delta-Hancock marshland; 2- Biloxi Peninsula 3- Belle Fontaine
area; 4- Mobile Bay-eastern Dauphin Island, and Morgan Peninsula; 5-Perdido Key area; 6- Santa
Rosa Island and Sound; 7-Apalachicola Coast

METHODS

The stratigraphy, including thickness and
depth of Quaternary units is based on numerous
publications, results of extensive earlier and re-
cent field work. Data from drill logs came from
granulometric analyses by the sieve and pipette-
methods, and consequent sediment designa-
tions. Detailed studies utilized foraminifer fau-
nas or their absence in drill core and field
samples. Age-diagnostic Neogene fossils in the
shallow subsurface in SE Mississippi, at Perdi-
do Key, and the Apalachicola Coast were key to
the statigraphic reassessment (Figure 1; Table
1). Well-defined lithological characteristics,
even absence of microfossils plays a role in
identifying the critical Neogene-Quaternary
boundary. Reevaluation involved reclassifica-
tion of Dauphin Island and other drill hole inter-
vals from “undifferentiated” or “Pleistocene” to
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Neogene. Application of high-resolution chirp
seismic profiles, reinterpreted from Greene et
al. (2007) plays a major role in correlating Neo-
gene and Pleistocene units.

Data from the “gray literature” came from
engineering, USGS open file, and state agency
reports (e.g., Otvos, 1985a, 1986b, 1990),
guidebooks, and drill logs at the USM Gulf
Coast Research Laboratory, Ocean Springs,
MS. Lack of space limits the number of figures.
The referenced literature also provides numer-
ous additional pertinent illustrations.

STRATIGRAPHY AND TERRACE
UNITS, NORTHEASTERN GULF
COASTAL PLAIN

Neogene Subperiod Deposits

The Neogene Subperiod is defined by the
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Table 1. Geological units and ages, Northeastern

Gulf Coastal Plain.

Ages
(with oxygen isotope stages)

Units and depositional facies

Holocene Epoch
(OIS 1)

Highstand coastal eolian, fluvial,
lacustrine, river delta, bay, lagoonal,
barrier island chain and barrier spit
deposits, Early Holocene eolian
inland sandsheets, dunes, fluvial ter-
race deposits

Pleistocene Epoch

Wisconsin Glacial (Eowisconsin, OIS
5d-a and Wisconsin OIS 4-to-2)
(marine lowstand)

Sangamon Interglacial Stage (OIS 5e)
(marine highstand)

Penultimate Interglacial Stage (OIS 7)
(marine highstand)

Inland coastal plain eolian deposits;
river terrace alluvium, fill in
entrenched valleys,

coastal plain alluvial deposits (latest
Prairie units)

Prairie Formation- alluvial deposits
Gulfport Formation- barrier deposits
Biloxi Fm- paralic-to-open marine
deposits

Pre-Sangamon and Sangamon rem-
nant fill in the older set of entrenched
valleys

Montgomery alluvial terrace deposits

Pliocene Epoch

Citronelle Formation- alluvial depos-
its; interspersed with thin paralic
deposits east of Mobile Bay

Early-mid Pliocene fluvial and par-
alic thick sandy and muddy interval
(“Pensacola Fm”), including thin
lenses of open marine Perdido Key
Fm. Open marine siliciclastics and
limestones in eastern Florida Pan-
handle

23.0-1.75 Ma time interval; its youngest Epoch,
the Pliocene, by the 5.0-1.75 Ma time span
(Neuendorf et al., 2005). A thick series of allu-
vial deposits and minor paralic, even marine
units represents the Neogene on the NE coast.
Characteristic gray, bluish-gray, and greenish-
gray, very well-to-moderately consolidated,
muddy-sandy, clayey, locally sandy deposits
dominate.

The late Miocene-to-mid Pliocene alluvial-
paralic clayey-sandy complex in the Alabama-
Mississippi area was incorporated into a tenta-

tively suggested Miocene-Pliocene “Pensacola
Formation” (Otvos, 1994). Prior to the discov-
ery of the Pliocene fossils in the shallow subsur-
face at Perdido Key (Figure 1; Table 1; Otvos,
1988; Fig. 3 in: Otvos, 1997; Fig 38 in: Otvos,
2005a), corresponding fine siliciclastic-sandy
beds had been dated Upper Miocene. Fossilif-
erous siliciclastic marine facies overlie shallow
calcareous Pliocene deposits in the Apalachico-
la Coast (Figure 1; Otvos, 1988, 1992, 2001).
The age of the calcareous clastic units and lime-
stones had been also regarded as Upper Mio-
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cene (Schnable and Goodell, 1968).

The Citronelle is the youngest Neogene for-
mation in the region. It underlies the coastal up-
land surface and consists of a thin (15-27 m)
fine-to-coarse sandy, occasionally gravelly se-
quence. Muddy-fine sandy Citronelle lithofa-
cies often display bright orange or yellowish-
brown oxidized colors (Table 1). Unconform-
ably overlying the muddy-fine siliciclastic Plio-
cene interval, it is predominantly of alluvial
origin, with interlayered estuarine facies pres-
ent only east of Mobile Bay. Attaining ca. +120
m elevation at 210 km inland, its surface de-
clines coastward to +15-30 m. Previously de-
fined as the oldest Pleistocene coastal unit
(Fisk, 1938), fossil and other evidence substan-
tiated the Citronelle’s late Pliocene age (Otvos,
1988, 1997, 2005b).

Pleistocene Epoch

Fisk (1938) described three Pleistocene
coastal plain terraces; gulfward descending,
broad shore-parallel steps in Louisiana and east
Texas. In descending order, these are the Bent-
ley, Montgomery, and Prairie (Beaumont, in
Texas). The combined Bentley-Montgomery
terrace belt is maximum 50 km wide; the Prai-
rie-Beaumont terrace is 100 km, at its widest
(Bernard and LeBlanc, 1965). Predominantly
alluvial deposits, at their base occasionally in-
terlayered with thin brackish (paralic) intervals
underlie the Montgomery and Beaumont-Prai-
rie terrace surfaces (Otvos, 2005b). The Pleisto-
cene interval was shown as ca. 450 m thick in
south-central Louisiana, (Akers and Holck,
1957).

Except at major recent stream deltas, the
Pleistocene coastal plain significantly narrows
east of the Pearl River in SW Mississippi. Well
developed in adjacent Louisiana, remnants of
the Montgomery Terrace, formed during the
OIS 7 Interglacial (Table 1) occupy but small
areas in Mississippi. An earlier valley phase of
entrenchment that cut into the luminescence-
dated (216 to 188 ka) Montgomery highstand
(OIS 7) terrace alluvium in the Louisiana coast-
al plain coincided with lowstand stage OIS 6
(Otvos, 1997, 2005a, b). Only the Prairie-Gulf-
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port Sangamon Interglacial complex, overlain
locally by late Pleistocene alluvial, respectively
late Pleistocene-to-early Holocene eolian de-
posits has been preserved east of Mobile Bay.

Sangamon Interglacial (OIS 5e),
Eowisconsin (OIS5d-a), and
Wisconsin Glacial Stage (OIS 4-2)
Deposits

Muddy-sandy nearshore and brackish paralic
sediments of the Biloxi Formation formed dur-
ing the Sangamon transgression and highstand
(Table 1). Semi-continuous, narrow Gulfport
barrier strandplain sectors skirt the present
shoreline. Prograded from the last interglacial
highstand shoreline, they overlie the Biloxi.
Sandy-silty, rarely gravelly-sandy alluvial de-
posits aggraded the Prairie Formation during
the Sangamon and early-mid Wisconsin. Com-
bination of the Prairie alluvial plain with inter-
mittent narrow Gulfport barrier sectors forms
the youngest Pleistocene coastal surface. Near
its base the Prairie occasionally interfingers
with paralic-brackish Biloxi deposits in the
shallow subsurface. Luminescence dating re-
vealed continued Prairie alluviation in/and,
even during Wisconsin glacial low sea-levels
(Otvos, 2005b).

Biloxi Formation

The moderately consolidated-to-unconsoli-
dated medium gray, greenish-gray (5G6/1,
5G5/1) Biloxi clays and sandy clays, poorly
sorted sands and muddy sands, fine sandy muds
display a sharp lithological contrast to underly-
ing stiff, well-consolidated, often stiff-to-very
stiff, greenish- and bluish-gray characteristic
Neogene clays and associated coarser siliciclas-
tics. The highly fossiliferous open nearshore
marine to brackish, sandy-muddy deposits of
the Biloxi underlie Holocene barrier islands and
lagoons. Paralic Biloxi sediments form a land-
ward-tapering narrow wedge beneath the sea-
ward margin of the Prairie coastal plain (Otvos,
1975, 1991, 1997). Usually 13.5-t0-26 m thick,
the Biloxi occurs in the shallow subsurface. A
record, 36-m Biloxi sequence aggraded in a
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Figure 2. Mobile Bay bayhead (line A-A in: Greene et al., 2007), adjacent Neogene bluffline, and
east Dauphin Island area drill hole locations. Generalized valley thalweg outlines WMV, EMV, and
MSMV based on Kindinger et al. (1994), Otvos (1997, 2005b), and Greene et al. (2007).

deeply entrenched pre-Sangamon stream valley
at Pt. aux Chenes, SE Mississippi (Otvos,
1985a; 1991). 35-m Biloxi fills a similar relict
Apalachicola River channel cut into (Figure 1
and Otvos, 1992). The formation aggraded dur-
ing Sangamon Interglacial highstand OIS 35e,
between ca. 132-116 ka (Otvos, 2005b).

Prairie Formation

The Prairie Formation named Beaumont in
Texas, earlier designated as Pamlico in Florida,

poorly sorted alluvial muddy, silty and clayey
fine sands and well sorted medium and fine-to-
very fine sands underlie the gulfward inclined
low Prairie Terrace surface. Clay and gravel
beds also occur. Generally 6-12 m thick in the
Northeast, Prairie surface exposures display
yellow, yellowish-brown oxidized colors; at
greater depth, yellowish-gray, greenish-gray,
and gray. Plant fossils are uncommon; verte-
brate remains, rare. The width of the slightly
dissected Prairie surface reaches 50 km along
the Pearl River but it is only 0.8 km wide north
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of St. Louis Bay (Otvos, 1990, 1991, 1997,
2005a, b). The youngest Prairie alluvium dated
40-to-25 ka (Table 1; Figure 4 in Otvos, 2005b),
indicating continued alluviation in the coastal
plain interior that widened as sea-level fell.
Prairie luminescence dates thus extend well into
the Wisconsin Stage.

Gulfport Formation

The Gulfport barrier formation consists of
medium to fine-grained, very well to well-to-
moderately sorted sands. It forms a semicontin-
uous belt of narrow (0.7-3.6 km wide) and 3-6
m thick strandplain sectors along the mainland
shoreline. A 2-6 m high ridgeplain prograded
gulfward during the Sangamon highstand. OSL
dates range between 124-116 ka (Otvos, 2005a,
b). Induced by postdepositional processes, car-
bon-rich humate impregnations form semicon-
solidated dark brown sand layers and lenses.
Ophiomorpha trace fossils; knobby-surfaced
shrimp burrows occur frequently. Often mask-
ing the Gulfport ridgeplain morphology, the
overlying Wisconsin-to-early Holocene eolian
sands accumulated under drier conditions, well
inland from the distant lowstand Gulf shoreline
(Otvos, 2004).

THE NEOGENE-QUATERNARY
UNCONFORMITY

Lithology plays a key diagnostic role in dis-
tinguishing between the generally fossil-free
Neogene and the overlying Pleistocene deposits
in outcrops and the subsurface. Differential ero-
sion of the preexisting land surface, faulting,
and gulfward tilt explain the variable depths of
the buried Neogene surface.

Mississippi

Near the Louisiana-Mississippi state line and
north of the Hancock marshland (Figure 1) 7-18
m thick Biloxi and Prairie deposits cover the
Neogene (Otvos, 1997, Figure 43). Stiff muddy
and sandy Neogene underlies the Quaternary at
comparable depths in Belle Fontaine and Ocean
Springs (Figure 1; Otvos, 1997, 2001; Figs. 12-
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13 in Otvos, 2005). Rare age-diagnostic Plio-
cene fossils in the upper Neogene interval, pre-
viously considered Upper Miocene, between
45-53 m included Pterocarya pollen and Impa-
gidinium fenestroseptatum dinocysts at 26 m
(Edwards and Willard, in Gohn et al., 2001).

Semiconsolidated, plastic-to- very stiff, fos-
sil-free, medium bluish-gray Neogene clays oc-
curred at few meters below sea-level in a dredge
pit just east of Rhodes Pt on Biloxi Back Bay’s
south shore (Figure 1). Of similar consistency,
brownish-gray, medium gray clays, very dense
gray sands, and sandy silts rise to -10 m beneath
late Pleistocene deposits on the SE shore of
Biloxi Peninsula (Capozzoli and Associates,
1993). To the SE at Belle Fontaine, the Neogene
occurs below 12-27 m (Figures 14a, b, in Otvos,
1997; Figures 12-13 in Otvos, 2005a).

Alabama-Western NW Florida

The fossiliferous, lenticular-shaped late Neo-
gene interval, designated as the Perdido Key
Formation underlies the Alabama- NW Florida
border area (Table 1, Figure 1; Otvos, 1994).
Drillholes have encountered this neritic unit be-
tween ca. -15 to -30 m (Fig. 39 in Otvos, 1997;
Fig. 38 in Otvos, 2005a). Including Globigerina
riveroae, G. nepenthes, Globorotalia plesiotu-
mida planktonic forams and ostracods Puriana
mesocostalis and Malzella evexa, this fauna
represents Pliocene foraminifer zones N19-20.
The bivalve Nuculana trochilia also character-
izes the Pliocene Jackson Bluff fauna of SW
Georgia and NW Florida (Huddlestun, 1988;
Otvos, 1994; Otvos,1997, p. 5-7). 5-15 m thick
fine siliciclastic-sandy fossil-free Neogene
overlies this unit.

Eastern NW Florida

Schnable and Goodell (1968) were the first
to provide a detailed shallow stratigraphy of the
Apalachicola Coast (Figure 1). First considered
Upper Miocene, subsequent sediment and mi-
crofossil studies have also revealed the Pliocene
age of the shallowest, stiff greenish- and olive-
gray marine siliciclastics that cover Pliocene
limestones and limey marls (Otvos, 1992). Oc-



GULF COASTAL PLAIN REGIONAL CONTRASTS

casionally almost reaching sea-level, the heavi-
ly dissected and buried Neogene surface often
attains -10 m in the coast and nearshore (Figure
2 in Otvos, 1985b; Otvos, 1990).

SEISMIC PROFILE CORRELATION
WITH SEDIMENT UNITS

Providing critical information on the shallow
stratigraphy of two linked entrenched valley
generations in the Mobile Bay-east Mississippi
_ Sound area, after age revision certain seismic
chirp profiles (Greene et al., 2007; Figure 15)
correlate well with our drill hole and field data.

Greene et al. defined Sequence Boundaries
A and B by two widespread seismic horizons.
With critical implications for the depth and
thickness of the Quaternary sequences in the
Alabama inshore and offshore, they have as-
signed deposits that underlie Sequence Bound-
ary B to an “undifferentiated Pleistocene”
interval. Greene et al. recognized two sets of su-
perimposed entrenched valleys in seismic pro-
files, in their view both incised into Pleistocene
deposits. The authors claimed that they extend
below -40 m; much deeper than even the thick-
est valley fill encountered.

Offshore stratigraphy and
entrenched-buried valleys

Late Neogene Deposits

Fossil-free siliciclastic deposits of typical
Neogene lithology occur also at quite shallow
depths in Alabama and Mississippi barrier is-
land and in eastern Mississippi Sound drill-
holes. Dark-to-medium dark greenish-gray and
light olive-gray, stiff, well-consolidated muds,
clays, sandy muds often are interlayered with
unconsolidated sandy silt, sand, and sandy clay.
Plant fragments are not very common. Our
1970s coreholes encountered two broad valleys,
subsequenly linked by seismic profiles to bur-
ied major valleys EMV and MSMYV (Figure 2).
These were cut into Neogene and Pleistocene
deposits that underlie western Morgan Peninsu-
la, respectively, east Dauphin Island (Otvos,
1997). Sea-level decline and valley incision fol-
lowed the Sangamon highstand (Figure 38 in

Otvos, 2005). Under the Ship islands and Mis-
sissippi Sound, west of Dauphin, the buried
Neogene surface occurs between -18 and -23 m
(GCRL Drillcore Log Files).

Neogene-Pleistocene Boundary,
Mississippi Sound-South Mobile
Bay; Seismic Profile And Drill hole
Correlations

Unconformities, corresponding to Seismic
Sequence Boundaries A and B have long been
recognized in Dauphin Island and Morgan Pen-
insula drillholes (Corehole DI-2; GCRL Drill-
log Collection and Otvos, 1997, Fig. 39, Otvos,
2005). Boundary B, the regional Late Quaterna-
ry-Pliocene unconformity is contiguous with
buried valley slopes cut from Neogene beds.
DI-2 (Figures 2 and 3) was located 4 km SE of
recently drilled MS-04-5 (Fig. 15 in Greene et
al., 2007).

Drill hole DI-2 encountered characteristic
fossil-free medium stiff-to-stiff, dark greenish-
gray (5G4/1), greenish-gray (5G6/1), moderate
greenish-gray (5G3/1) and light olive gray
(5Y6/1) Neogene muds beneath the Pliocene-
Pleistocene unconformity. Moderately-sorted
interspersed granular medium and fine sand and
light olive gray, very fine sandy, coarse, medi-
um-stiff silt also occur. As in MSMYV, the fill-
covered slope in entrenched EMV (Figure 2)
coincides with Boundary Surface B. Although
located seaward of Drill hole MS-04-5, Drill
hole DI-2 penetrated the buried MSMYV valley
slope, cut from Neogene beds, higher, closer to
present sea-level (Figures 2, 3).

Greene et al. described Seismic Sequence B
between -10.0 and -19.0 m as representing a
paralic “bayhead delta” interval in Corehole
MS-5-04. It correlates in part with the open-ma-
rine Biloxi facies in nearby Corehole DI-2. The
facies here included moderate greenish-gray
(5G 6/1) unconsolidated very fine sandy muds
and muddy fine sands (Table 1; Figures 2, 3).
The well-to- moderately well sorted, unconsol-
idated Biloxi sands display medium gray and
white colors. Indicating marine-to-nearshore
marine conditions also by the high taxonomic
diversity, the 12.3 m horizon contained 52
foram taxa, including eight marine planktonic
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Figure 3. East Dauphin Island- southeast Mis-
sissippi Sound cross section. Correlation
between Drill holes DI-2 (corrected from Fig-
ure 48 in Otvos, 1997) and MS-04-5 (Greene et
al., 2007, Figures 4, 5, 10).

Quinqueloculina and Triloculina species.
Open-marine Hanzawaia strattoni and Textu-
laria mayori occurred in greater concentrations.
Similar high-salinity Biloxi depositional facies
provided high Rosalina columbiensis, Nonion
depressulum matagordanum, and Bulimina ele-
gantissima values in nearby drill holes (GCRL
Core Log Archive). Reflecting greatly reduced
salinities, due to salinity fluctuations or regres-
sive termination of Biloxi deposition, at Hori-
zon 11.7 m Ammonia beccarii parkinsoniana
and A. b. tepida represented 50% of the foram
taxa. A total of only 25 species indicate abrupt
diversity decline due to brackish water influx.
In DI-2, located on the western flank of the east
Dauphin Gulfport barrier sector (Table 1; Ot-
vos, 1997), the top Pleistocene interval consists
of ca. 3 m well- to moderately-well sorted,
white and greenish-gray, medium and fine
Gulfport barrier sands (Figures 2 and 3).
Blue-green clays were assigned to “undiffer-
entiated Pleistocene” by Greene et al. in Drill
hole MS-04-5. Their “alluvial valley-fill”, rep-
resented by grayish-blue and grayish-green
clayey sands of undetermined total thickness
overlies the Boundary B unconformity. Appar-
ent correlative of the Prairie Formation, the al-
luvium overlies estuarine-to-marine clay. This
Biloxi-correlative included paralic Rangia cu-
neata and nearshore Nuculana acuta bivalves.
Greene et al. also reported Ophiomorpha and
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Thalassinoides trace fossils. Lack of microfos-
sil data in MS-04-5 prevented a detailed facies
correlation with Drill hole DI-2.

Age of Seismic Sequence Boundary
and Seismic Sequence B

Assigning this unconformity boundary to the
OIS 6 marine lowstand, Greene et al. (2007,
Figure 15) have included Sequence Boundary B
in a>40 m thick Pleistocene sequence. This fig-
ure conflicts with Pleistocene regional depth
and thickness values. The buried summits of
Neogene interfluves that flank incised valleys
under Dauphin Island and Morgan Peninsula
(Figure 39 in Otvos, 1997, Otvos, 2005a) occur
at less than half that depth. Drillholes DI-2 and
MS-04-5 reveal that Sequence Boundary B co-
incides with the unconformity surface between
the late Pleistocene Biloxi Formation and the
Neogene, below (Figure 3). The term “undiffer-
entiated Pleistocene” thus has also been misap-
plied to Neogene deposits that directly underlie
Sequence Boundary B and include only locally
recognized Seismic Units C and D (Greene et
al., 2007).

Based on the glacial-interglacial chronology
of Shackleton and Opdyke (1976), Krantz
(1991), and Berggren et al.(1995) and history of
the NE Coast, the Neogene surface corresponds
to Sequence Boundary B that represents a major
hiatus. It resulted from recurring prolonged ero-
sional and nondepositional events; the cumula-
tive effect of late Pliocene regression and at
least six major pre-Sangamon Pleistocene gla-
cial lowstands. The total time span of the hiatus
that created the younger amalgamated regional
unconformity has far exceeded the 19 ka dura-
tion of OIS 6 lowstand, assumed by Greene et
al. as time of the older valley entrenchment
phase. In the western coast the older phase was
also attributed to the OIS 6 lowstand (Abdulah
et al., 2004; Wellner et al., 2004). The several
hundred m thick Pleistocene interval that buried
the Neogene in Louisiana and Texas, offers a
sharp contrast to the far less preserved correla-
tive units in the NE.

The thicker Pleistocene units in the western
and central coastal region provided vertical sep-
aration for the entrenched valleys, excavated
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during multiple Pleistocene lowstand stages.
Because entrenched valleys that formed before
OIS 6 have been buried and thus separated by
the thick under- and overlying Pleistocene units
of previous highstands, they remained in isola-
tion and unamalgamated. In contrast, a lesser
sediment deposition during highstands and less-
er preservation of stratigraphic units due to in-
tensive lowstand-linked surface denudation did
drive valley amalgamation in the NE. Coincid-
ing with erosional removal of older Pleistocene
units, this prolonged total time interval may ex-
plain the greater intensity of valley entrench-
ment, surface denudation and lowering that
created Sequence Boundary B on a regional
scale.

Initiated by entrenchment of the late Plio-
cene Citronelle Formation and older units, the
onset of erosive lowering of the land surface
and valley downcutting had predated the Qua-
ternary. Valley entrenchment during OIS 6 de-
termined only the final configuration of
amalgamated Boundary unconformity in the
coastal plain, including the associated buried
valley slopes. The hiatus due to nondeposition
and erosive removal of late Pliocene and pre-
Sangamon Pleistocene sediments may have
represented two million years.

Age of Seismic Boundary and
Sequence A

Seismic Sequence Boundary A marks the
youngest regionally recognizable unconformi-
ty surface. it separates Seismic Sequence A, the
most recent sediment interval from Pleistocene
beds and is contiguous with the slopes of the
younger generation of entrenched valley gener-
ations. Seismic Sequence A consists mostly of
Holocene alluvial, paralic, and marine sedi-
ments. The oldest alluvial fill interval in the
younger entrenched valley generation may have
predated the late Wisconsin transgression.
Boundary A is contiguous with the present sub-
aerial land surface. When eustatic sea-level rise
resumed after LGM, erosive lowering of the
coastal surface inland from the shoreline con-
tinued in a time-transgressive fashion. Progres-
sively covered by paralic sediments, the buried
unconformity surface was gradually extended

landward (Table 1).

Greene et al. (2007) dates the boundary un-
conformity to the last glacial maximum (LGM)
in OIS 2. However, only the deepest entrench-
ment phase may be linked to this brief record
lowstand, ca. 22,000-17,000 yr. Unconformity
development represented a much longer pro-
cess, still in progress. Initiated by the post-
Sangamon sea-level decline ca. 116,000 yr ago,
evolution of the Boundary A unconformity thus
exceeded duration of the LGM interval by more
than one hundred thousand years. Seismic Se-
quence A consists mostly of Holocene alluvial,
paralic, and marine sediments.

Reinterpreted Neogene-Pleistocene
Stratigraphy at Head of Mobile Bay

Utilizing engineering descriptions from I-10
Causeway drill holes along the bayhead,
Greene et al. (2007) defined the sandy clay,
sand, and stiff greenish-gray clay interval that
underlies Sequence Boundary B here as well, as
“undifferentiated Pleistocene” (Figures 2 and
4). Contrary to the authors’ assumptions, the -
15 m to -40 m sediment interval clearly predates
the Pleistocene. It is laterally contiguous and
coeval with the muddy-clayey, occasionally
sandy Neogene units beneath the Citronelle
Formation in the adjacent eastern bay bluffs
(Figures 2, 4; also, Isphording and Flowers,
1983). Accompanied by stream entrenchment
following Citronelle deposition, eastward bluff
retreat kept widening the Mobile River valley
since the late Pliocene marine lowstand. Bluff
retreat may have further enlarged the basin dur-
ing bay stages of earlier highstands. The consol-
idated, stiff or plastic greenish-gray and gray
muds and clays, identical to those that underlie
Sequence Boundary B typify Neogene deposits
in coastal Mississippi and Alabama (Isphord-
ing, 1976; Otvos, 1991). While stream en-
trenchment did remove most of the Prairie and
Biloxi in the Bay area during Wisconsin low-
stands, a narrow Prairie alluvial plain still
flanks several bayshore sectors. Kindinger et al.
(1994, Figure 4) have identified a Biloxi inter-
val in a mini-sparker profile under the bay.
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Figure 4. Mobile bayhead cross section (Fig-
ures 1, 2), based on causeway foundation
coreholes as interpreted by Greene et al.,
2007, Figure 7. The adjacent high bay bluff
consists of late Neogene deposits. Stiff green-
ish-gray clays beneath the SB-B unconformity
linked to Pleistocene valley incision, are con-
tiguous and coeval with consolidated clayey-
muddy Neogene units beneath the eastern
bay bluff (to the right). The term “undifferenti-
ated Pleistocene” is invalid.

HOLOCENE

Thickness Variations In Holocene
Inshore And Nearshore Sequences

Paralic, including fluvial deltaic, lagoonal,
bay sediments; coastal deposits of barrier is-
land, barrier spit and underlying regressive ma-
rine intervals, as well as mainland eolian dune
complexes are widespread in the coastal region.
Salinity-sensitive foram faunas document
transgressive-regressive depositional hemicy-
cles. Reduced nearshore salinities that followed
the initial transgression resulted in regressive
hemicycles driven by barrier chain emergence
and barrier spit progradation. Sediment and mi-
crofossil studies have revealed these deposi-
tional trends in the Mississippi Sound, Mobile
Bay, and other estuarine basins (Otvos, 1997,
2001).

The thickness of the Holocene Mississippi
delta complex in southern and southeastern
Louisiana increases gulfward from ca. 12 to 120
m. In the absence of significant subsidence and
gulfward tilt, the Holocene coastal sequence is
only 12-15 m thick adjacent to the seaward mar-
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gin of the Pleistocene in Louisiana (Gould,
1970; Saucier and Autin, 1991). Variations in
sediment supply and available accommodation
space explain the impressive thickness of cer-
tain paralic-nearshore Holocene sequences on
the NE coast (Figure 1). While the Pleistocene
accumulated over a much longer time interval,
its thickness is still compatible with that of the
Holocene sediment sequences. Sediment and
microfossil studies suggest that thickness dif-
ferences between Holocene intervals may be
explained by the uneven pre-transgression to-
pography, variable surface erosion rates, varia-
tions in relative sea-level rise, tectonic and
compactional subsidence and uplift of the
coastal hinterland. In contrast with the consoli-
dated Pleistocene deposits, severely re-eroded
during their post-Sangamon exposure in the
land surface, the muddier, fine-grained Holo-
cene sediments underwent lesser compaction
and no erosion.

Slow sinking of the Holocene Mississippi
delta plain influenced its marginal zone in the
Pearl Delta-South Hancock region and adjacent
Cat Island. Subsidence contributed to the 15 m
maximum thickness of the south Hancock
mainland Holocene (Figure 1 and Figures 36,
43 in Otvos, 1997; Otvos and Giardino, 2004)
and to continuing drowning of the Cat Island
strandplain swales. While the Holocene is 5-12
m thick under Mississippi Sound, the sub-sea
barrier intervals thin eastward, from 12-t0o-24 m
(Ship and Horn) to 8-to-12 m (Petit Bois and
Dauphin islands). Originating in the large Mo-
bile-Tensaw river system, 14-16 m of Holocene
was encountered under central and south Mo-
bile Bay (Greene ef al., 2007). 13 m Holocene
exists in Pensacola Bay (Otvos, 1997, Figures
40, 41), 4-15 m in Apalachicola Bay, and 17 m
of Holocene was drilled below sea-level in
nearby St. Joseph Peninsula (Otvos, 1986a,
1990, 1992; Twichell et al., 2007). The Holo-
cene is maximum 8 m thick in Santa Rosa
Sound; 10 m beneath St. George Sound and Is-
land (Figure 1; Schnable and Goodell, 1968;
Otvos, 1990, 1992). Sediment supply, the pre-
transgression topography, variable relative sea-
level rise, and resulting accommodation space -
all have influenced sediment accumulation. In



GULF COASTAL PLAIN REGIONAL CONTRASTS

contrast with conditions that prevailed during
the prolonged Pleistocene interval, no uplift has
yet been detected in the NE coast during the
brief Holocene Epoch.

Holocene Fill In Alabama
Entrenched Valleys

Our Dauphin Island and Morgan Peninsula
coreholes (Otvos, 1997, see Otvos 1985b), pro-
duced the first evidence in the mid-1970s for
the gulfward continuation of the buried valley
network found under Mobile Bay (Kindinger et
al.,1994). Documented by foram assemblages
in east-central Dauphin Island Drillholes #3, 4,
and 6 (revised, Symbol 1, Figure 24, Otvos,
2005a, represents Neogene deposits only) paral-
ic-to-marine transgressive sequence fills and
buries Mississippi Sound- Mobile Incised Val-
ley (Figure 2), branch of West Mobile Valley
(WMV; Greene et al., 2007, Figure 4).It was
identifiable in the east-central Dauphin Island
drill core profile (Fig. 48 in Otvos, 1997).

Predominantly marine, >30 m thick Holo-
cene deposits fill the more deeply entrenched
western branch of East Mobile Valley (EMV)
under the western tip of Morgan Peninsula (Fig-
ure 2). The late Wisconsin-Holocene valley bot-
toms at > 33 m below present sea-level; >21 m
below the buried Pleistocene interfluve surface.
Biloxi deposits located on the valley flank (Ot-
vos, 1997; Figure 24 in: Otvos, 2005a) confirm
the protracted and amalgamated character of
valley development. Several major lowstand
phases between the late Pliocene and the Sanga-
mon Interglacial drove the recurring entrench-
ment. The older valley network was cut wider
and deeper than was the younger, post-Sanga-
mon valley generation. Paralic and marine de-
posits filled this valley as well during
Sangamon highstand. Re-excavation followed
during the Wisconsin lows. Comparable in di-
mension, a 22-m Holocene sediment sequence
fills an entrenched Apalachicola valley channel
(Otvos, 1990, 1992).

CONCLUSIONS

The stratigraphy, spatial extent, and eleva-
tions of the extensive, thick Pleistocene units of

the wide central and northwestern Gulf of Mex-
ico coastal plain in Texas and Louisiana provide
a marked contrast with the northeastern coastal
units. Major differences exist between the two
regions in terms of geological history and tec-
tonic influences. The morphology and thickness
of Quaternary units and associated unconformi-
ty surfaces are closely linked to a variety of dep-
ositional and erosional processes and events.

Differences in tectonic settings and lesser
fluvial sediment supply may account for the
striking contrast between units of the NW and
central coastal plain, on one hand and the nar-
rower, thinner northeastern Pleistocene com-
plex of fewer terrace units, on the other. Uplift
and consequent wholesale sediment removal
from preexisting Pleistocene terraces followed
each phase of highstand deposition.

Enhancing these sharp contrasts, the recent
reassignment of the widespread Citronelle For-
mation and its associated land surface from the
Pleistocene to the Pliocene Epoch highlights the
relatively limited development of the coastal
Pleistocene in the NE. The late Pleistocene di-
rectly overlies the Neogene at shallow depths.
Combination of lithological characteristics, fos-
sil data, reinterpreted ages of seismic sequenc-
es, and the shallow depth of the Neogene-
Quaternary boundary helped to decipher stra-
tigraphy and to identify depositional facies of
the bracketing sediment intervals.

Prolonged denudation; erosional lowering of
the land surface and valley entrenchment linked
to recurring marine lowstands left but few small
remnants of the pre-Sangamon (OIS 7) terrace
in the narrow northeastern Pleistocene coastal
plain. No coastal terraces that predate intergla-
cial stage OIS 7, survive. Only the continuous
late Pleistocene Prairie-Gulfport surface com-
plex remains east of Mobile Bay.

Unaffected by lowered base-level during
lowstand stages, Wisconsin alluvium was laid
down in inland portions of the Prairie coastal
plain (Otvos, 2004, 2005a, b). Surface erosion
of high intensity and duration led to formation
of regional Unconformity B. In terms of its spa-
tial and temporal dimensions, it has far exceed-
ed the late Pleistocene-early Holocene
Unconformity A. Contrary to Greene et al.
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(2007, p. 149), the associated hiatus was not re-
stricted to the OIS 6 lowstand. It formed be-
tween the late Pliocene and Sangamon
highstands through the cumulative impact of re-
curring, prolonged surface denudation and val-
ley downcutting. Erosion and nondeposition of
pre-Sangamon coastal units may have dominat-
ed in a cumulative time interval of nearly two
million years.

Formation of Sequence Boundary A4 in a sim-
ilar fashion was not restricted to the brief LGM
record lowstand and maximum entrenchment.
Erosional lowering of the land surface that un-
derlies the unconformity commenced with the
post-Sangamon sea-level decline and surface
exposure and progressed in a time-transgressive
fashion during the regression.

Denudation continued until transgressing
Gulf waters have covered and buried the land
surface under paralic deposits. The resulting
unconformity has been gradually extended
landward throughout the Holocene. Striking
contrasts in the Pleistocene geological develop-
ment between the two coastal regions include
differences in the duration of erosive and non-
depositional events and contrasts in the area ex-
tent and elevation of coastal sediment and
terrace units. Steady uplift of the Citronelle up-
land, the shallow nature of the Neogene, the in-
complete and discontinuous nature of the
Pleistocene terraces and the nearshore sequence
suggest major differences in tectonic develop-
ment between the northeastern and the north-
western-central Gulf coastal regions. When
compared with the West, the lesser sediment
supply by fewer major eastern coastal streams
and significant prolonged Pleistocene uplift
may account for lesser sediment preservation
and much more extensive erosion of the older
coastal units in the NE coastal plain.
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ABSTRACT

Coastal management planning is usually
standardized for an entire coastal entity
(e.g., the island of Puerto Rico) in a legalistic,
one-size-fits-all approach. In contrast, a
Coastal Compartment Management Plan
(CCMP) approach fosters attention on local
variability of the natural setting (i.e., geolo-
gy, hydrodynamics, oceanography) as the
guiding principle for management, vulnera-
bility assessment, and hazard mitigation.
CCMPs can be either an alternative to or
complement of Integrated Coastal Zone
Management (ICZM). The coast of Puerto
Rico provides an excellent example of natu-
ral compartmentalization in which individu-
al compartments operate independently of
adjacent compartments; often in sharp con-
trast to each other in terms of vulnerability
to hazards, and corresponding best manage-
ment practices. Adjacent compartments are
also highly variable in terms of types of on-
shore/offshore economic resources and de-
velopment. CCMPs involve a five-step
approach in which coastal compartments are
defined; evaluated utilizing geoindicators;
prioritized in terms of potential risks, sensi-

tive environments, and economic uses; po-
tential mitigation options developed; and
final plans for each compartment developed
in which allocation of resources reflects com-
partment prioritization. Extensive past stud-
ies of the eastern one-third of Puerto Rico,
including shoreline mapping, post-hurricane
assessments, hazards analyses, and risk as-
sessment, provide a basis for delineating five
coastal compartments in the San Juan area.
One of these compartments is presented as
an example of the CCMP approach in which
its characteristics are utilized to make specif-
ic recommendations for their individual
management. This approach to coastal man-
agement is appropriate to most Caribbean
Islands, as well as any variable shoreline
composed of numerous headlands, embay-
ments, and patchy distribution of shore ma-
terials.

INTRODUCTION

Many Caribbean island coasts are naturally
compartmentalized owing to differences in
their hydrodynamics and geology, and compart-
ments often have little interaction with adjacent
compartments. Compartmentalization provides
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Figure 1. Puerto Rico is the smallest and easternmost of the Greater Antilles islands. Its capital
and largest city is San Juan, located on the northern coast. The study area is Balneario Carolina,
a public swimming beach at the eastern end of the metropolitan San Juan area.

a physical basis for considering coastal reaches
as separate entities, and should lead to a com-
partmentalized approach to coastal manage-
ment. Both environmental and economic
management decisions can then be focused by
compartment, and on the basis of environmen-
tal sensitivity, geologic setting (including natu-
ral hazards), and level and type of existing
development. Puerto Rico (Figure 1) provides a
good model for the coastal-compartment ap-
proach which will be illustrated in detail for a
single compartment along the metropolitan San
Juan shoreline.

The Coastal Compartment Management Plan
(CCMP) begins with collection of information
on the basic geologic/oceanographic setting of
the coast in question. That information is com-
bined with data on coastal hazards and develop-
ment to delineate individual coastal
compartments. Vulnerability, or the likely im-
pacts that different hazardous coastal processes
may have on different compartments, including
development within each compartment, is then
evaluated. Finally, hazard mitigation manage-
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ment strategies can be developed for specific
compartments. Implementation of selected
strategies will depend on local political and
economic driving forces.

Puerto Rico is an ideal place to develop and
implement the Coastal Compartment Manage-
ment Plan. The highly crenulated and embayed
shoreline has been studied in detail for over 50
years, dating back to Kaye (1959). The Com-
monwealth government has a well organized
Department of Natural and Environmental Re-
sources and Planning Board, and each Municip-
io (county equivalent) has regulatory agencies
for land use planning and management. Perhaps
most importantly, Puerto Rico has resources of
the United States Federal Government to draw
upon. The United States Geological Survey and
the National Oceanic and Atmospheric Admin-
istration, through the University of Puerto Rico
Sea Grant College Program, have driven much
of the research leading up to the CCMP con-
cept.
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ISLAND COASTAL MANAGEMENT

Coastal zone management in developing
countries, particularly island states, is problem-
atic (Leatherman, 1997; Maul, 1996; Nicholls
and Leatherman, 1995). Many island nations
are facing growing pressure to develop their
coastal zones for tourism or industry with seri-
ous environmental degradation (McElroy and
Albuquerque, 1998). Management strategies
vary, but in general a philosophy of Integrated
Coastal Zone Management (ICZM) is recom-
mended; that is, agencies apply coordinated
programs, “integrated with the various econom-
ic sectors and resource conservation programs”
(Clark, 1996, p. 2). This multiple-use approach
attempts to balance economic development and
environmental conservation, combining coast-
al-zone land and water resources. Whether is-
land states will ever achieve ICZM is
questionable (Cambers, 1998). Examples of
case studies which seem to confirm this conclu-
sion are given in Clark (1996). Management
failures are in part political, but also may be due
to a lack of resources, inadequate databases,
and the need for managers to make quick deci-
sions in the absence of reliable data. Actual
management approaches often are modeled on
strategies developed for other geologic settings,
or a one-size-fits-all approach (e.g., a standard-
ized set-back requirement).

Compartmentalized shorelines are common
on many islands with rocky headlands and in-
tervening sandy pocket beaches. In Puerto Rico,
for example, adjacent beach compartments may
vary from calcium carbonate sands where sedi-
ment is shelf-derived, to siliciclastic sediments
where the compartment is associated with a
stream mouth, indicating limited sediment
transport past the headlands. This provides a
physical basis for considering coastal compart-
ments as separate entities. For example, a beach
nourishment project deemed necessary in one
compartment has a low probability of losing
sand from the project area by longshore trans-
port; though sand can still be lost offshore dur-
ing storms. The hypothetical example just
described is not uncommon, and it is a simple
example of how a compartmentalized approach

to coastal management can be applied. Both en-
vironmental and economic factors may be im-
portant in any given compartment, including
environmental sensitivity, geologic setting, lev-
el and type of existing development, and eco-
NOmIC resources.

A coastal-compartment approach is illustrat-
ed herein for the metropolitan San Juan, Puerto
Rico shoreline with hypothetical recommenda-
tions for a single compartment. The Coastal
Compartment Management Plan is a five-step
approach as outlined below. Successful devel-
opment of such a plan will provide a blueprint
methodology exportable to developing island
states throughout the Caribbean and beyond. A
main goal of the CCMP is to bridge the gap be-
tween coastal geology/oceanography and coast-
al management.

DEVELOPMENT OF THE CONCEPT

The idea of a CCMP first developed during
studies of sediments on the northern beaches
and insular shelf of Puerto Rico. Surficial sedi-
ments on the northern shelf of Puerto Rico have
been well studied; both the beaches (Morelock,
1978, 1984; Morelock and others, 1985; More-
lock and Taggart 1988; Morelock and Barreto,
2003), and the offshore shelf sediment cover
(Schneidermann and others, 1976; Pilkey and
others, 1987; Pilkey and others, 1988; Bush,
1991a). The sediment cover is patchy and di-
verse with little lateral continuity, and with
sharp boundaries between sediment types.
These studies led to the concept of the coastal
zone being broken into compartments.

After Hurricane Hugo (1989), the United
States Geological Survey (USGS) began a pro-
gram to assess the impact on coastal resources
and environments caused by this storm, and to
provide baseline data against which to measure
the impact of future storm events (Schwab and
Rodriguez, 1992; Thieler and Danforth, 1993;
Delorey and others, 1993; Thieler and Dan-
forth, 1994a, b; Rodriguez and others, 1994;
Schwab and others, 1996a, b). Storms are only
one of many hazards affecting coastal areas;
multiple geologic hazards and their identifica-
tion are discussed in Bush and others (1995).
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Figure 2. Examples of evaluated coastal compartments on the Caribbean island of Antigua (Bush
and others, 2001b). Numbered boxes indicate locations of compartments referred to in the text.
Dickenson Bay is box 1, English Harbor is box 2, and Darkwood Beach is box 3.

Bush and others (1996; 2001a) present coast-
al-zone hazard maps for eastern Puerto Rico
(the area most impacted by Hurricane Hugo),
depicting coastal geology and geomorphology,
beach characteristics, offshore (inner shelf)
characteristics, and hazard potential from such
events as flooding, marine overwash, erosion,
earthquakes, and landslides. In addition, special
consideration was given to areas where shore-
line engineering or dense development signifi-
cantly increased the overall vulnerability
(potential for property damage) of a coastal
stretch.

The post-Hugo studies were geographically
organized by “coastal reaches.” That is, break-
ing up the shoreline into stretches with similar
geology, similar development, or similar haz-
ards. Often the reaches were sandy pocket
beaches between headlands. Sometimes the
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reaches were stretches with similar types and
densities of development. Field investigations,
especially post-storm damage evaluations, play
an essential role in final compartment delinea-
tion. It is important to see in the field how vari-
ous coastal reaches respond to storm impacts.
Subsequent coastal-hazard assessments built
upon the coastal compartment concept. The
CCMP approach allows allocation of resources
to specific, prioritized compartments, reducing
the need for a one-size-fits-all approach; or the
need for dealing simultaneously with all island
compartments which could overwhelm human
and financial resources. Although the Coastal
Compartment Management Plan approach has
not been put into effect, the basis for defining,
evaluating, and prioritizing compartments has
been applied in Antigua, Puerto Rico, St.
Thomas and St. Croix, USVI, and Roat4n, Hon-
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duras (Bush and others, 1998; 2001b).

An evaluation of the island of Antigua before
and after Hurricane Luis in 1995 (Bush and oth-
ers, 2001b) resulted in the following defined
and prioritized coastal compartments (Figure
2). Dickenson Bay, Antigua, is a top-priority
compartment based on its significant shoreline
length, wave exposure (no sheltering reefs), his-
torical storm response, state of the shoreline,
number of existing hotels, and pressure for
more development. In contrast, English Harbor
has fewer beaches, and fewer hotels or other
large buildings on the waterfront. The combina-
tion of a steeper offshore slope, offshore barri-
ers, and steeper onshore topography make this
area a lower-risk zone. Darkwood Beach is in-
termediate. This beach is highly erosive be-
cause of its exposure and due to sand mining.
This compartment is given a lower priority be-
cause of the lack of development. The ocean-
front road is the only infrastructure and could be
moved if necessary.

METHODS

The Coastal Compartment Management Plan
begins with collection of information on the ba-
sic geologic/oceanographic setting of the coast
in question. That information is combined with
data on coastal hazards and development to de-
lineate individual coastal compartments. Vul-
nerability, or the likely impacts that different
hazardous coastal processes may have on dif-
ferent compartments, including development
within each compartment, are then evaluated.
Finally, a suite of science-based hazard mitiga-
tion management strategies is developed that
can be implemented within different compart-
ment types. Ultimate implementation of select-
ed strategies will depend on local political and
economic driving forces. The following five-
step process is proposed to develop a compre-
hensive Coastal Compartment Management
Plan:

Step 1: Delineate individual coastal compart-
ments based on geologic/oceanographic setting,
environmental sensitivity, and economic infra-
structure,

Step 2: Evaluate natural hazards, risk vulnera-

bility, and development parameters using the
geoindicators approach (see discussion below),
Step 3: Prioritize compartments based on iden-
tified risk, sensitive environments, and devel-
opment/economic use,

Step 4: Develop a suite of potential mitigation
alternatives for each compartment in coopera-
tion with community interests (e.g., officials,
planners, managers, property owners, business
community), and

Step 5: Develop final Coastal Compartment
Management Plan where allocation of resourc-
es reflects compartment prioritization.

Geoindicators

Geoindicators are defined by the Internation-
al Union of Geological Sciences as “measures
of surface or near-surface geological processes
and phenomena that vary significantly-over pe-
riods of less than 100 years and that provide in-
formation that is meaningful for environmental
assessment” (Berger, 1996, p. 5). The geoindi-
cators approach identifies a minimum set of pa-
rameters that describe short-term
environmental dynamics, and are proxies repre-
senting all the parameters on which processes
depend (Berger, 1997). As a result, geoindica-
tors can provide managers with simple, qualita-
tive tools for rapid identification of coastal
property damage risk potential that is scientifi-
cally valid. In the coastal zone, shoreline
change (usually erosion), risk/hazard assess-
ment, and property damage mitigation are of
primary concern. Although highly-sophisticat-
ed, high-technology environmental monitoring
and historical analysis techniques are available
as a means of collecting baseline data for coast-
al-zone management and policy determina-
tions, these techniques are frequently
expensive, time consuming, and require a high
level of expertise. The geoindicator approach
provides a viable, field-based, low-cost alterna-
tive.

The geoindicator approach is an outgrowth
of recent experience in coastal hazard mapping,
risk assessment, and property-damage mitiga-
tion studies summarized in Young and others
(1996) and Bush and others (1999). National

73



CHESTER W. JACKSON, JR., DAVID M. BUSH AND WILLIAM J. NEAL

initiatives to develop coastal tourism potential
and other types of development carry the pros-
pects for rapid, unsafe development, and need
quick, reliable assessments of coastal-zone pro-
cesses and associated hazards. Table 1 is an ex-
ample of a geoindicators assessment for
Lindbergh Beach, St. Thomas, U.S. Virgin Is-
lands.

CCMP Management Strategies

The ultimate goal of the coastal-compart-
ment approach is to foster greater attention to
the natural setting as the basis for management
plans and decisions, and to thus aid in simplify-
ing management strategies by dividing up the
shoreline into small segments which can be
quickly assessed, prioritized, and managed
based on available resources (Bush and others,
2002). Once compartments are delineated and
assessed, they can be prioritized for manage-
ment plans specific to each compartment. This
paper, in fact, deals only with steps 1 and 2,
above. These steps are both in the realm of the
geoscientist. The remaining steps must be car-
ried out by the planners, managers, and decision
makers.

It is common in many coastal communities
that databases on which to make management
decisions are lacking, and mitigation is under-
funded. This places an ever greater importance
on prioritization of management strategies be-
tween and within compartments. Once coastal
compartments are delineated and the hazards
well understood, it is up to the local political
structure to develop a management plan for
each compartment. Examples of management
and mitigation options for the fictional “Pando-
ra’s Island” are given throughout Bush and oth-
ers, (1995).

Depending on the local situation, a simple
three-tier management approach might be:

1. Do nothing. Prohibit development in undis-
turbed, environmentally sensitive areas, and ar-
eas subject to loss from natural hazards.
Expenditures would be minimal.

2. Use management tools to protect existing de-
velopment and limit expansion of new develop-
ment in areas where infringement on sensitive
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environments or high-hazard zones has already
occurred. Expenditures would be focused local-
ly on problem-specific mitigation.

3. Apply intense management to developed ar-
eas crucial to the economy or safety of large
numbers of people. For example, such an area
might be given priority in funding of storm mit-
igation projects (beach nourishment), water
treatment facilities improvements, surface wa-
ter runoff reduction, and retrofitting buildings
to meet higher wind-resistance or flood require-
ments, or post-hurricane reconstruction.

EASTERN PUERTO RICO AS A
CCMP MODEL

Multiple types of hazards threaten Puerto Ri-
co’s coast, including earthquakes and tsunamis
(McCann, 1984, 1985; Hays, 1985; Lander and
Lockridge, 1989; Diaz-Hernandez, 1990; Mer-
cado and McCann, 1998; Mercado and others,
2002; Grindlay and others, 2005), hurricanes
(Bush, 1991b; Sola, 1995), mass wasting (Mon-
roe, 1979; Molinelli, 1984, 1985; Larsen and
Torres-Sanchez, 1992, 1998), and shoreline
erosion (Morelock, 1978, 1984; Morelock and
Taggart 1988; Morelock and Barreto, 2003).
Shoreline erosion, a persistent hazard, is both a
short-term effect due to storms, as well as long-
term due to high wave energy and the sea-level
rise. River flooding is a common hazard in the
coastal zone due to hurricanes and other high-
rainfall events. Tsunamis affecting Puerto Rico
are summarized by Lander and Lockridge
(1989).

A good source for information on Puerto Ri-
co’s coastal hazards is “The Coastal Hazards of
Puerto Rico” web site (http://coastalhazards.up-
rm.edu/). It was organized by and is supervised
by Aurelio Mercado and Harry Justiniano of the
Physical Oceanography Laboratory, Depart-
ment of Marine Sciences, University of Puerto
Rico, Mayagiiez, and sponsored by the Univer-
sity of Puerto Rico Sea Grant Program. See also
the Sea Grant Technical Report, Rodriguez et
al. (2006) and the University of Puerto Rico Sea
Grant College Program web site at http://
www.seagrantpr.org/.

A preliminary, reconnaissance-level evalua-



PUERTO RICO COASTAL MANAGEMENT

Table 1. Geoindicators checklist assessment of risk of property damage for Lindbergh Beach, St.
Thomas, United States Virgin Islands, 17 July 2001.

Geoindicators High Risk Moderate Risk Low Risk
General Parameters X
Elevation <3m 3-6m >6m
Tidal range Microtidal X Mesotidal Macrotidal
Vegetation barren; sparse; |X fjwell-established forested; mature
toppled; non- shrubs and vegetation; no evid
native species grasses; none dence of erosion
toppled into vegetation
Bluff Configuration bare face; recent vegetated face low slope angle
or no talus ramp and well-devel- (large ramp);
oped ramp mature cover of
vegetation
Evidence of Historical obvious possible X [Jnone
storm impacts
Development Parameters X
Type of structures Non-engineered Non-engineered Engineered (com-
(not to code; at (to code) mercial buildings,
grade) high-rises, etc.)
Density of development High Medium X JLow
Engineering Structures seawalls, bulk- few structures | X [no structures
heads, docks,
piers, major
marinas
River/Tidal Creek Parameters
Site Relative to River
or Creek Mouth
very near within sight very distant
Inland Parameters compactable; reasonable good | X
Soil and Drainage lacks suitability bearing strength; permeable; good
for septic facili- variable; drains bearing strength;
ties (imperme- moderately drains well
able); drains
poorly
Surroundings in/near sound, floodplain or low-| X Jupland
lagoon, estuary, elevation terrace
or swamp (man-
grove)
TOTAL INDICATORS: OF HIGHRISK =3 |OF MODERATE OF LOWRISK = 1
RISK=5
Moderate to high risk. A shallow lunate embayment with areas of
RISK/COMMENTS revetment to protect the road next to the airport. The entrance of the
embayment is somewhat protected by rocky headlands and uplifted
landforms.
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tion delineated in Step 1 was conducted for the
eastern one-third of Puerto Rico as part of a
U.S. Geological Survey post-Hurricane Hugo
(1989) assessment. After subdividing the coast
into natural compartments, a series of coastal
hazards maps were made for Puerto Rico. For
details on the technique, see Bush and Rich-
mond (1992), Bush and others (1996) and Bush
and others (2001a). Figure 3 is an example from
the San Juan metropolitan area. In addition, a
set of similar maps with hazard descriptions
with site-specific evaluations of the entire is-
land, but at a reduced level of detail, were pro-
duced in book form (Bush and others, 1995).
To produce the coastal-zone hazard maps
mentioned above, USGS topographic maps
were used as a base. Then the shoreline was
subdivided on the basis of geomorphic units
representing “reaches” or “stretches” such as
shores downdrift of a particular river-mouth
sediment source, or pocket beaches between ad-
jacent rocky headlands (coastal cells or coastal
compartments). Each Coastal-Zone Hazard
Map contains detailed information by shoreline
segment including shoreline type, dominant
hazards, and an overall risk assessment. Hazard
categories will vary from island to island and
compartment to compartment. For the Puerto
Rico study, the hazard categories are:
Shoreline-Setting Hazards — Shorelines with
chronic or severe erosion history, or low eleva-
tion.
Marine Hazards — Impacts include wave run-
up, overwash, storm surge, and storm-surge
ebb, plus potential tsunami impact.
Earthquake and Slope Hazards — Areas with
active faults and steep slopes are prone to slope
failure, and areas underlain by unconsolidated
material or artificial fill are prone to liquefac-
tion.
Riverine Hazards — Floodplains that have had
severe floods, or where flood potential is high,
including potential dam failure.
Development Hazards — High-density devel-
opment with considerable property at risk or
low-density development in high-risk areas.
Engineering Hazards — Shoreline engineering
projects that have detrimental shoreline effects.
Removal of natural protection such as dunes

and beaches through sand mining is included.
Hazard assessment for each shoreline seg-
ment is assigned as follows: Extreme = more
than 4 identifiable hazards, High = 3 to 4 iden-
tifiable hazards, Moderate = at least 2 hazards,
Low = 1 or no hazard. That study amounted to
completing Steps 1 and 2, above. Steps 3-5 ne-
cessitate involvement and commitment of Puer-
to Rico authorities and decision makers. The
CCMP philosophy places the onus of manage-
ment decisions on the local community that is
going to benefit. '

PUERTO RICO EXAMPLE-
BALNEARIO DE CAROLINA

San Juan’s shoreline is highly variable in
terms of geology, development, and environ-
mental sensitivity. The coastal hazards maps for
the San Juan metropolitan area (Bush and oth-
ers, 2001a) were the ideal starting point for the
more detailed analysis necessary for the CCMP
approach (Figure 3). The base maps for that
study were updated and converted into digital
format. Then the entire area was mapped and
management recommendations made for each
shoreline segment. This example illustrates the
goal of the coastal-compartment approach by
fostering greater attention to the natural setting
as a guide for management and to simplify man-
agement strategies. Once the compartments
were delineated and assessed (Figure 4), they
were prioritized for management plans specific
to each compartment. The technology can be
exported to the U.S. Virgin Islands and other
Caribbean islands, and anywhere that coastal
compartments are the dominant shoreline type.

The compartment of interest, labeled “V” on
Figure 4, is located at the eastern flank of the
study area in a small embayment between two
rocky headlands, Punta El Medio and Punta
Cangrejos. The tide range for the embayment is
approximately 0.3 m with an average land ele-
vation of about 3.5 m. A public swimming
beach, Balneario de Carolina, is centrally locat-
ed in the embayment and accounts for a consid-
erable length of shoreline. The primary user
group of this beach is mainly local residents;
however, there also is use by a growing number
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Figure 4. Location map of coastal compartments within the study area. This study focuses on
Compartment V, just seaward of the international airport. The easternmost point of land is Punta
Cangrejos. The next headland to the west is Punta El Medio.

of tourists. The beach here is mainly comprised
of subrounded, medium to coarse-grained
quartz sands with coral and shell debris.

The western 1 km of shoreline is backed pre-
dominantly by resort hotels and condominiums
while the remaining shoreline is backed by ar-
eas containing parking lots, small recreational
buildings, and patchy grassy areas. A thin, veg-
etated buffer about 50 m wide containing
shrubs, grasses, and mangroves separates the
central portion of the compartment along the
oceanfront road, Route 187, from San Juan’s
Luis Mufioz Marin International Airport (Fig-
ure 5). The eastern extent of the compartment
contains Boca de Cangrejos, an inlet to Laguna
La Torrecilla and a small marina situated there-
in. The flanks of the lagoon are densely covered
with mangrove forest.

The offshore area of the embayment contains
linear reefs trending NNE located approximate-
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ly 1.2 km offshore (Figure 5). Another linear
reef trending NW fronts the western 600 m of
the compartment’s shoreline and extends about
1 km offshore. The protective reefs of this com-
partment are both patchy organic buildups and
coral assemblages growing on top of sub-
merged eolianite ridges, common along the
northern coast of Puerto Rico. Regardless of the
type, reef degradation will lead to reduced pro-
tection and increased hazard of the coastal com-
partment. Impact of sediment runoff and
nutrient discharge on the reefs of Puerto Rico is
discussed by Larsen and Webb (2009).

A small jetty was emplaced to stabilize the
southwestern portion of the inlet leading to Bo-
ca de Cangrejos. Immediately south of the jetty
a portion of shoreline (~600 m) was stabilized
using revetment mainly to protect Route 187.
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Route 187

Figure 5. Marine habitats and bathymetry for Compartment V, (modified from NOS Biogeography
data). Note that offshore features may be important in defining a compartment; in this case, a pro-
tective reef. The coast road, Route 187, is highlighted. The “L” in the right middle part of the pho-
tograph denotes Laguna La Torrecilla, with the marina clearly visible. The main part of the lagoon
is to the south and east of the “L.” The entrance to the lagoon, Boca de Cangrejos, is immediately
to the north and west of the “L.” Punta Cangrejos is denoted by the letter “P.”

Primary Management Concerns/
Recommendations

Using the geologic, oceanographic, engi-
neering, and development data as described
above, and considering ecologically sensitive
areas, management concerns and recommenda-
tions can be made for Coastal Compartment V.
The analyses and recommendations below will
vary from one study area to another.

Shoreline Erosion and Stabilization
Analysis

Approximately 68% of the compartment’s
shoreline contains useable recreational beach.
A majority of the portion of shoreline artificial-
ly stabilized in the embayment contains no rec-

reational beach. A coastal risk and
geoindicators assessment has identified the
bulk of the compartment’s shoreline is at a mod-
erate to high risk ranking (Figure 6).

The revetment stabilizing Route 187 produc-
es a slight bulge in the plan view shape of the
shoreline and is an important concern due to
erosion of downdrift beach fronting and adja-
cent to the monument shown in Figure 7. Jack-
son and others (2006) gives a detailed history of
engineering of the study area shoreline with
particular emphasis on gabions. A gabion had
been emplaced since April 1999 to stabilize a 2
m bluff adjacent to the monument. Between
August 2002 and May 2003 the collapsing ga-
bion was replaced with a revetment (Figure 7).
Unfortunately, a substantial number of small
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Figure 6. Map depicting coastal risk assessment, geohazards, and hard stabilization in the study
area, Balneario de Carolina, Carolina, Puerto Rico. The hazards are shown in the white boxes, and
the symbols are the same as Figure 3, plus engineering hazards (E) and riverine hazards (R). The
bounding headlands are Punta El Medio to the west and Punta Cangrejos to the east.

cobbles used to fill the gabion mesh were left
behind and litter the swash zone. This area un-
dergoes substantial changes due to wave attack
and wave refraction on the existing hard struc-
tures. These interactions between waves and
hard structures lead to the disruption of sedi-
ment transport and the sand-sharing system of
the beach, and often enhance erosion. It is al-
most inevitable that beaches immediately
downdrift of these structures will erode and ul-
timately need to be stabilized.

Shoreline Erosion and Stabilization
Recommendations

Remove remnants of failed gabions
(wire mesh and cobbles) from the surf
zone.

Establish a bi-monthly shoreline change
monitoring plan for the embayment.
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Monitor shoreline change in detail for
the recreational beach immediately adja-
cent to revetment along the eastern por-
tion of the embayment.

Establish a photographic monitoring
program along with a database of histor-
ical photos.

Abandoned Infrastructure Analysis

A parking lot with some abandoned build-
ings is located southwest of the monument di-
rectly behind the beach. Some of the
infrastructure in this area is degrading rapidly
and pose a threat to humans. It is noted that
some of these buildings contain wires protrud-
ing from them as well as areas littered with bro-
ken glass, metal, and roofing tiles. Vegetation
growing through the parking lot in certain areas
conceals these dangers as beachgoers walk to
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w Aug;lsl 4%, 2002 (east)

Figure 7. Failed engineering in the far eastern portion of the study area, Balneario de Carolina,
Carolina, Puerto Rico. Replacement of failing gabions (2002) with revetment (2003) in front of and
adjacent to the monument (east photos). The two left-hand photos are looking to the west from
in front of the monument. Note absence of beach in front of revetments. Route 187 and utility
poles along it are seen in the background of the two east-looking photographs. The road disap-
pears from view as it crosses the bridge over Boca de Cangrejos.

and from the beach. Also located in this area are
remnants of cement columns and a platform
from an old boat ramp about 15 m offshore.

Abandoned Infrastructure
Recommendations

Remove abandoned infrastructure and
unnecessary impervious surfaces (i.e.
parking lots).

Remove remnants of old boat ramp from
the surf zone.

Relocate or refurbish the monument.
Emplace artificial dunes in largely aban-
doned areas to add more elevation.
Restore vegetation in barren areas adja-
cent to the beach.

SUMMARY/CONCLUSIONS

This preliminary proposed Coastal Compart-

ment Management Plan approach has not been
tested, however, the basis for defining compart-
ments and evaluating compartments using the
geoindicators method has been applied in Anti-
gua, Puerto Rico, St. Thomas, St. Croix, and
Roatan. The idea of a CCMP first developed
during studies of sediments on the northern in-
sular shelf of Puerto Rico and subsequent coast-
al-hazard risk vulnerability mapping.

The purpose of this proposed coastal-com-
partment approach is to foster greater attention
to the natural setting as the basis for manage-
ment plans and decisions. Coastal variability or
coastal type is currently taken into consider-
ation, but often in terms of determining a single
management tool. The main goal of the CCMP
is to aid in simplifying management strategies
by dividing up the shoreline into small seg-
ments which can be quickly assessed, priori-
tized, and managed based on available
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resources. Once compartments are delineated
and assessed, they can be prioritized for man-
agement plans specific to each compartment.
The CCMP philosophy places the onus of man-
agement decisions on the community that is go-
ing to benefit.

Finally, although beyond the scope of this
study, mention should be made concerning im-
pacts of coastal development and engineering
on ocean water quality and human health. Giv-
en the number of persons who use the public
swimming beach, the presence of coral reef
habitats, and large area of mangroves, water
quality is of great concern. Recommendations
from a coastal hazards perspective include re-
moving abandoned infrastructure and unneces-
sary impervious surfaces (for example, parking
lots), actions that will reduce runoff and intro-
duction of toxins into the marine and wetland
environments.
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ABSTRACT

The coastal plain of Georgia is host to a
wide variety of Miocene strata that have
been assigned to the Coosawhatchie Forma-
tion. The five members of the Coosawhatchie
differ greatly in their sedimentological and
stratigraphic characteristics, but they are all
acknowledged to be of marine, marginal ma-
rine, or freshwater origin. The general lack
of fossils of any kind has lead to a poor un-
derstanding of the origin of much of Coosaw-
hatchie, which is one of the most visible and
widespread units on the Georgia coastal
plain. We have found abundant, well-pre-
served burrows of thallasinoid shrimp (ich-
nogenus Ophiomorpha) in the Meigs
Member of the Cossawhatchie Fm. where it
is exposed near Middleground, Bulloch
County, Georgia. Therefore, the sediments
are interpreted to have accumulated in near-
shore environments of normal salinity.

INTRODUCTION

The Coosawhatchie Formation of coastal
Georgia is one of the most widespread and dis-
tinctive units in the region. Its characteristic red
and yellow sandy clays and siltstones appear in
most road cuts, and it is the parent material for
the limonitic soils that comprise a vast area of
the Georgia farm belt. In spite of those facts,
relatively little attention has been paid to the
Coosawhatchie Formation by geologists, and it
remains true that comparatively little is actually
known about this unit. Recent fieldwork has re-
vealed several sites that have provided informa-

tion relating to the origin of the Coosawhatchie
Formation. A roadcut near the community of
Middleground, Bulloch County, Georgia, has
provided us with data used to construct a geo-
logical history for the Coosawhatchie Forma-
tion in southeastern Georgia.

GENERAL CHARACTERISTICS OF
THE COOSAWHATCHIE
FORMATION

The known geographic extent of strata as-
signed to the Coosawhatchie Formation is illus-
trated in Figure 1. This map is drawn from the
work of Huddlestun (1988), as modified by
Slack (2006) and is based on the distribution of
strata assignable to the Coosawhatchie as iden-
tified in outcrops and core samples. The identity
of strata now attributed to the Coosawhatchie
Formation has had a complex nomenclatural
history. This is recounted in the report prepared
by Huddlestun (1988) in his revision of the lith-
ostratigraphic units of the Georgia coastal plain,
where he places the Coosawhatchie Formation
within the Hawthorn Group. According to Hud-
dlestun, the Coosawhatchie Formation consists
predominantly of phosphatic clay, sandy clay,
argillaceous sand, and phosphorite, and is divid-
ed into five members, as follows: the Tybee
Phosphorite Member, the Berryville Clay Mem-
ber, the Ebenezer Member, the Meigs Member,
and the Charlton Member. The spatial and
stratigraphic relationships among these mem-
bers are illustrated in Huddlestun (1988), and he
describes the wide variety of lithological char-
acteristics that make the members distinguish-
able from one another. His lithostratigraphic
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Figure 1. Location of the study site. Shaded area indicates the extent of the Coosawhatchie Fm.
in Georgia; dashed line shows the approximate limit of the Southeast Georgia Embayment.
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Figure 2. Stratigraphic framework for the
Coosawhatchie Formation (from Huddles-
tun, 1988).

column is reproduced here as Figure 2.

The strata we discuss from Middleground
Community are assignable to the Meigs Mem-
ber. This is based on the mapped occurrences of
the various members of the formation, as shown
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by Huddlestun. It is also based on our observa-
tion that the dominant lithologies at Middle-
ground bear no carbonate, and strata are neither
phosphatic nor clayey enough to be assignable
to the other members of the formation. Hud-
dlestun (1988) observes that the age of the
Meigs Member is middle Miocene, an assign-
ment that is based on the microfossil content of
the unit. Huddlestun states that the Meigs Mem-
ber contains a diatom flora that is typical of an
East Coast Diatom Zone (ECDZ) 4, or Atlantic
Margin Siliceous Microfossil Zone (AMSMZ)
IV assemblage. These are equivalent to fora-
miniferal Zone N10 or lower Zone N11 of Blow
(1969), as described by Huddlestun (1988).
According to Huddlestun, “Well-sorted,
fine-grained sand is the dominant lithic compo-
nent of the unit, but clay is prominent and is the
characteristic lithic component of the unit”. He
also observed, however, that burrows and other
clear evidence of bioturbation had not yet been
observed in exposures of the Meigs Member.
That situation notwithstanding, Huddlestun
concluded that “The environment of deposition
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of the Meigs Member was shallow-water, coast-
al marine...and the salinity of the water in which
the Meigs Member...was deposited ranged from
normal marine...through brackish to mainly
fresh-water.”

Our study site lies within the Southeast Geor-
gia Embayment, a structural feature that influ-
enced the sedimentation patterns and
stratigraphy of strata ranging from the Miocene
through the Holocene (Figure 1). The character-
istically thick layers of Miocene units in the em-
bayment suggest that the area has subsided
gradually relative to sites further to the west and
north (Huddlestun, 1988).

METHODOLOGY

The initial motivation for the current study
was to determine the nature of structural defor-
mation in the Coosawhatchie Formation. This
was an extension of a study undertaken by Rich
(see Bartholomew and others, 2000) that fo-
cused on the structural characteristics of Tertia-
ry strata of the Georgia coastal plain. The
Savannah, Dublin, and Sylvania 1:100,000 top-
ographic quadrangle maps were used in con-
junction with analyses of fracture systems as
seen in outcrops/roadcuts. At each outcrop or
roadcut, the general lithologies of the exposed
strata were recorded, as well as the characteris-
tics of any structures (fracture systems, general-
ly), and any depositional features, including
fossils or burrows. It is the latter that constitute
the most significant part of the current report.

Structural characteristics

Though a structural analysis of the Coosaw-
hatchie Formation is not the intent of the current
discussion, it is significant that the unit is exten-
sively fractured, and the fractures define some
of the outcrop characteristics of the exposure at
Middleground. Bartholomew and others (2007)
present a discussion of this aspect of the Mid-
dleground site.

Stratigraphic Analysis

Strata in the vicinity of Middleground in-

clude weakly consolidated, fine- to coarse-
grained, locally conglomeratic, clayey sand-
stones, as well as rhythmically-bedded sand and
clay couplets. Preliminary analysis of the units
appears in Bartholomew and others (2007). Be-
tween November 2005 and September 2007 the
authors measured and described a series of
stratigraphic profiles at the site, recording char-
acteristics of the units at 5 m intervals along a
transect that parallels Metz Road, a County road
that runs north of Middleground. Initial obser-
vations of the Middleground strata revealed the
following:

1. Fine sands at Middleground range from
moderate orange pink (SYR 8/4) to moderate
reddish brown (10R 4/6); they are typically
interbedded with clays and contain discontinu-
ous stringers of hematite-rich sediment.

2. Sand grains differ from bright to frosted,
suggesting multiple sources and depositional
histories.

3. Some of the quartz grains in the matrix are
subrounded to subangular, and may be as large
as 4-5 mm in diameter.

4. Pebbles are abundant in the roadcut.
Despite the weathered, fragile condition of
many of the pebbles, the X-Ray diffraction
analyses of three clasts with blocky feldspar
morphology identified microcline and micro-
cline plus quartz in three of the larger (> 6mm)
samples (R.K. Vance, personal communica-
tion).

5. Quartz pebbles up to 5 cm in length are
scattered throughout sediments in the roadcut,
though they tend to lie in distinct layers.

6. The roadcut is dominated by sand-clay
couplets, mentioned earlier, but there is also a
large body of cross-bedded sandstone that lies
sublateral to, and stratigraphically beneath the
alternating layers of sand and clay.

The stratigraphic section at all intervals was
described in detail, but the section at the 50 m
interval of our transect was found to have prom-
inent sediment couplets that are especially in-
structive, as can be seen in the weathered
profile of the outcrop in Figure 3. In this figure,
fine sand units (re-entrants) grade upward into
clay-rich sediments (positive features) in each
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Figure 3. Channel margin IHS deposits at Middleground. Note erosionally resistant layers that are

dominated by clay.

couplet. There are four such couplets at the 50
m location, and they are described as follows:
bottom couplet — fine sand 10 cm thick,
overlain by 6 cm of clay
second couplet — fine sand 13 cm thick,
overlain by 22 cm of clay that contains
sand laminae
third couplet — fine sand 11 cm thick,
with 14 cm of clay
fourth couplet — fine sand 8 cm thick,
complexly interbedded with a unit of
clay/sand/silt that is 36 cm thick

The sandstones and their interbedded clay-
stones bear Ophiomorpha burrows, and are
therefore interpreted to have been deposited at
or just below sea level (see below).

Reference to the literature relating to sedi-
mentary sequences such as we describe here
(e.g., Thomas and others, 1987) provides sub-
stantial evidence that the strata at Middleground
probably accumulated in an intertidal environ-
ment that was dominated by point-bar lateral
accretion deposits within a tidally influenced
river or creek.

Thomas and others (1987) provide a detailed
analysis of strata that we refer to here as sedi-
mentary couplets, but that are otherwise known
as deposits of Inclined Heterolithic Stratifica-
tion (IHS). Those authors describe the factors
that are believed to control the “...formation and
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preservation of sand-mud couplets in the tidally
influenced point-bar depositional environ-
ment...”, and their descriptions match the Mid-
dleground scenario very nicely. Theoretically,
the coarse-fine couplet is produced by an influx
of sandy sediment on a rising tide, while the fin-
er clay-rich component accumulates on the fall-
ing tide. One characteristic of the clay-rich units
at Middleground that appears to run counter to
the norm is their thickness. Thomas and others
(1987) suggest that mud layers greater than 1-
2.5 cm thickness do not conform to what one
would expect to find during “sluggish flow”;
the clay layers are simply too thick to have ac-
cumulated during a normal ebb tide cycle. A
likely explanation for the thickness of clay-rich
units at Middleground is suggested by Thomas
and others (1987), and is borne out by our ob-
servations of current-day sediment accumula-
tion along the Georgia coast. The flocculation
of clay-sized particles and their accumulation as
fecal pellets can lead to unusually rapid accu-
mulation of clay layers, particularly where
ghost shrimp are abundant. This phenomenon is
well-known to sedimentologists who work on
the coast of Georgia. Two shrimp species, the
Georgia ghost shrimp, Biffarus biformis Biffar
(formerly Callianassa biformis) and the Caro-
linian ghost shrimp Callichirus major Say pro-
duce large quantities of pelletized excrement
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Figure 4. Channel lag containing large clasts of kaolinite.

that accumulate as muddy units on beaches and
on the banks of tidal channels (Bishop and
Brannen, 1993). The pellets produce a fine-
grained sedimentary mantle that normally lies
in contact with beach sands, and that is fine-
grained and smooth enough, and oftentimes
thick enough to be treacherous to walk on at low
tide (Rich, personal observation). The selective
concentration of relatively thick layers of very
fine-grained, though pelletized sediment is,
thus, facilitated by these invertebrates. The
presence of ghost shrimp burrows in conjunc-
tion with the IHS at Middleground is strongly
suggestive that this particular biological influ-
ence on sedimentation occurred during the Mio-
cene.

The sedimentary structures that we observed
also indicate that fluvial deposition of the sands
at Middleground was significant; the most mas-
sive sandstone body in the exposure there has
typical channel-sand morphology, and contains
large angular clasts of kaolinite that occupy
what is clearly the bottom of the ancient chan-
nel (Figure 4). The identity of the clasts as kao-
linite was confirmed through X-ray diffraction
analysis of samples, conducted by R.K. Vance.
The large size and sub-angular shapes of the
clasts indicate a high-energy environment of
deposition where the accumulation of sediment
was probably rapid though intermittent. Cross
bedded sandstones, clays, interbedded clays
and sands (the IHS, of probable tidal channel

pointbar origin), and other channel-bottom con-
glomerates all suggest that the units at Middle-
ground accumulated in a nearshore setting
where sedimentation within and adjacent to a
tidal channel controlled the sedimentary dy-
namics of the site. In short, strata at Middle-
ground have the appearance of marginal marine
channel deposits that is consistent with the gen-
eral interpretation of the Meigs Member as an
accumulation of coastal plain sediments depos-
ited near the Miocene shoreline.

Ichnology

Huddlestun’s (1988) remarks concerning the
absence of trace fossils from the Meigs Member
show that at the time he wrote his bulletin he
was not aware of tracks, trails, or burrows that
would help to constrain the environments of de-
position that were responsible for accumulation
of that unit. Indeed, the Coosawhatchie Forma-
tion throughout its observed extent in east-cen-
tral Georgia seems to be barren of body fossils
and trace fossils. Thus, the interpretations of en-
vironments of deposition have been couched in
rather vague, generalized terms.

The roadcut at Middleground has proven
unique in that close examination of the strata
has revealed an abundance of burrows. Some of
them are exceptionally well-preserved and their
presence allows us to draw some distinct con-
clusions concerning the nature of the environ-
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Figure 5A. Ghost shrimp burrow at Middleground. Note scale, the termination of clay layers
against the side of the burrow, and the clay pellet lining.
Figure 5B. Ghost shrimp burrow; note light-colored clay lining between the matrix sediments of

the Meigs Member and the burrow in-filling.

ment where the sediments accumulated.

One of the most prominent burrows at Mid-
dleground is the ichnogenus Ophiomorpha, the
burrow most often associated with thallasinoid
shrimp, i.e., ghost shrimp such as Callichirus
major and Biffarius biformis. As Bromley
(1990) has stated, Ophiomorpha is celebrated
among ichnologists because its construction is
so similar to the burrows of the thallasinoids
that there is little question in anyone’s mind
concerning the identity, behavior, or ecology of
the burrow maker. Ophiomorpha burrows have
long been used to identify ancient coastlines
and, as Reineck and Singh (1975) pointed out,
the burrows have been used elsewhere in Geor-
gia to identify shorelines associated with Pleis-
tocene highstands. Pirkle and others (2007)
have illustrated dense concentrations of Oph-
iomorpha as they appear in Pleistocene shore-
line deposits along the St. Marys River, on the
Georgia Florida state line, and, more recently,
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Bishop and others (2007) and Chowns and oth-
ers (2008) have shown how these burrows can
be seen to typify modern-day shoreline deposits
(i.e., those of the lower foreshore or shallow
shoreface). Bishop and Bishop (1992) and
Bishop and Brannen (1993) provide consider-
able detail concerning the nature and distribu-
tion of ghost shrimp burrows on Georgia
beaches. Bishop and Brannen (1993) note that
burrows of the Carolinian ghost shrimp normal-
ly consist of a constricted burrow aperture
about 5 mm in diameter and 15-20 cm in length.
The aperture opens into the main burrow shaft
which is nearly vertical, several meters in
length, and 1-2 cm in diameter. Where burrows
have been constructed in unconsolidated sand,
the shrimp lines the burrow with a mucal-mud
lining composed of mucus-laden fecal pellets
that are packed into the burrow wall. The knob-
by texture of the wall that results from this array
of packed pellets is a distinct characteristic of
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ghost shrimp burrows, and allows one to identi-
fy ancient burrows with some confidence.

While demonstrating convincingly that the
shrimp and their burrows are typical of “...sand
of beaches and sand flats....fronting on the open
ocean or sounds”, Bishop and Brannen (1993)
urge caution when using Ophiomorpha as an in-
dicator of shoreline environments. One species
of ghost shrimp, Callianassa subterranea Mon-
tagu, lives in the center of the North Sea basin,
and its numbers decrease shoreward. While we
acknowledge the fact that different species of
thallassinoids (and, subsequently, their bur-
rows) might well represent a wide variety of
water depths, the nature of sediments at Middle-
ground clearly indicates a near-shore setting, as
opposed to more open marine conditions. Fig-
ure 5A illustrates a cross-section of one of the
best-preserved examples of Ophiomorpha at
Middleground. The burrow is approximately 48
cm deep and 5 cm wide, and possesses a distinc-
tive clay-pellet lining that is about 5 mm thick
on each side of the burrow. The bottom half of
the burrow in the figure is filled with sediment,
while the top half reveals a weathered sediment
in-filling that also bears a fracture. Strata sur-
rounding the burrow consisted of moderate red
(5 R 5/4) to light brown (5YR 5/6) sandy clays,
while the burrow lining was composed of pale
red purple (5RP 6/2) clay pellets; the color con-
trast was quite striking and made the burrow
very prominent. Figure 5B illustrates a second
ghost shrimp burrow that was nearly 35 cm
deep and 6 cm wide, with a 5 mm-thick clay lin-
ing composed of white pellets. We consider
these ghost shrimp burrows to be excellent indi-
cators of normal coastal marine depositional
conditions.

CONCLUSIONS

The Meigs Member of the Coosawhatchie
Formation is known to be of middle Miocene
age, as determined by diatom and foraminiferal
fossil assemblages. Furthermore, the Meigs
and, indeed, most of the rest of the Coosaw-
hatchie Formation are known to have accumu-
lated in a variety of coastal environments on the
Georgia coastal plain. Lithostratigraphic analy-

ses have been rather vague, however, in that
sediment types could only be generalized as
“coastal” or “near-shore”, with there being very
little control over what part of the shore the sed-
iments might have accumulated on. The general
lack of fossils of any kind has proven to be an
obstacle to our understanding these abundant
and wide-spread strata, until now. The presence
of Ophiomorpha at Middleground Community,
Bulloch County, Georgia, has greatly improved
our understanding of the environment of depo-
sition of the Meigs Member in that area.
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ABSTRACT

Well-indurated Pottsville sandstones
(lower Pennsylvanian) cap the Chandler
Mountain and Lookout Mountain plateaus.
These massive orthoquartzites have experi-
enced varying levels of tensile and compres-
sional stress and strain associated with
folding and warping during and following
the Alleghanian Orogeny. This has resulted
in the development of fractures, joints, and
polygonal cracks in some of the exposed
Pottsville sandstones. While these structural
features are interrelated, they are not viewed
as gradational. We interpret the polygonal
cracks as the smallest of the three mac-
roscale structural features. The best devel-
oped polygonal cracks occur on weathered
sandstone surfaces along the perimeters of
both plateaus in areas where localized struc-
tural tensile stress has developed within the
sandstone layers.

INTRODUCTION

Chandler Mountain and Lookout Mountain
are two synclinal plateaus in the Appalachian
Plateaus Province. Together they extend from
northeastern Alabama to northwestern Georgia.
These plateaus are capped by massive, well-in-
durated Pottsville sandstones (lower Pennsyl-
vanian) that have experienced varying levels of
tectonic stress and strain in association with

folding and warping during and following the
Alleghanian Orogeny. As a result, the sandstone
layers contain fractures, joints, and polygonal
cracks especially along portions of the perime-
ter of the plateaus. Our investigation focused on
the identification and development of the po-
lygonal cracked surfaces across the Pottsville
sandstone surfaces from several different lo-
cales (Figure 1).

AREA OF STUDY

Field work was restricted to those areas
across the Chandler Mountain and Lookout
Mountain plateaus that are accessible to the
public (Table 1). Despite this limitation, we
were able to document the recurring polygonal
cracked surfaces across many of the Pottsville
sandstones. The individual sandstone layers
within the study area are massive, orthoquartz-
itic, and in places they contain lenses of quartz
pebble conglomerate indicative of channel lag
deposits. The best exposures of the polygonal
cracks that we identified were developed along
the perimeter of the plateaus within a kilometer
from the edge. We also noted polygonal cracked
surfaces within the interior of the Lookout
Mountain plateau, near the edge of Little River
Canyon. None of the polygonal cracks that we
observed across the study area were developed
along bedding planes. Rather, this unique sur-
face seems to have formed independently of
sedimentary contacts, changes in siliciclastic
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Figure 1. The Chandler Mountain and Lookout Mountain plateaus occur across northeastern Ala-
bama and northwestern Georgia. The numbers correspond to the locations listed in Table 1. The
letter G refers to the city of Gadsden, Alabama, and C refers to the city of Chattanooga, Tennes-
see. Layers of massive, well-indurated, orthoquartzitic Pottsville sandstones cap both of these
synclinal plateaus.

Table 1. The approximate location and global positioning system coordinates for the polygonal
cracked surfaces examined in this study. Abbreviations: Chandler Mountain - CM, Lookout Moun-
tain - LM

Map Key Location Latitude Longitude
1-CM Horse Pens 40 N33° 55.256 W86° 18.516
2-LM Cherokee Rock Village N34° 10.838 W85° 48.934
3-LM Little River Canyon Area |N34° 22.457 W85° 37.891
4-LM - Citadel Rocks N34° 28.495 W85° 40.218
5-LM Zahnd Natural Area N34° 38.834 W85° 28.147
6-LM Cloudland Canyon N34°50.118 W85° 28.954
7-LM Rock City N34° 58.373 W85° 20.944
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particle size, or sedimentary structures.

FRACTURES, JOINTS, AND
POLYGONAL CRACKS

Tectonic forces associated with the Allegha-
nian Orogeny have resulted in the formation of
structural features such as fractures, joints, and
polygonal cracks in the many Pottsville sand-
stone layers. We believe these structural fea-
tures reflect different scales of stress and strain
encountered by the Pottsville sandstones. The
polygonal cracks appear to be reflective of
smaller-scale stress and strain forces and are
therefore more localized. This would explain
why we do not observe these features every-
where the Pottsville sandstones are exposed.
We view joints and polygonal cracks as interre-
lated but not gradational structural features.
Joints are defined as:
A planar fracture, crack, or parting in a
rock, without shear displacement; the
surface is usually decorated with a plu-
mose structure. Often occurs with paral-
lel joints to form part of a joint set
(Neuendorf and others, 2005, p. 345).

Joints have deep rock penetration:
They [joints] are a widespread plane of
potential slip... [Brackets ours] (Suppe,
1985, p. 169).
Tectonic joints are nearly vertical and
cut through the entire rock mass (Chan
and others, 2008).

Polygonal cracks are defined as:
A network of shallow penetrating cracks
perpendicular to the rock surface that
outline pentagonal, hexagonal or recti-
linear polygons. With extensive weath-
ering the rock surface displays the
appearance of a tortoise shell. They can
develop on the surfaces of granites and
massive sandstones (Williams and Rob-
inson, 1989).

Polygonal cracks have very shallow rock
penetration. Williams and Robinson (1989)
placed maximum depth of crack penetration at
30 mm with most extending no more than 10
mm. Chan and others (2008) set perpendicular
crack penetration as deep as 30 cm.

POLYGONAL CRACKED SURFACES

Polygonal surfaces of varying sizes can be
derived from many different geological pro-
cesses. These features have been described
from the poles to the equatorial lowlands (Wil-
liams and Robinson, 1989). Polygonal cracked
surfaces that formed on granites and massive,
well-indurated sandstones have been described
as polygonal cracks, polygonal weathering,
cauliflower-like weathering, tortoise-shell
weathering, elephant-skin weathering, schildk-
rotenmuster, crocodilages, polygonations,
pseudosquames polygonales, tessellated pave-
ments, and pachydermal weathering (Chan and
others, 2007; Thomas and others, 2005; Wil-
liams and Robinson, 1989). These features are
not considered primary sedimentary structures
as they typically cut across strata, rather than
form within a given bed (Chan and others,
2008).

The origin of the polygonal cracking on the
sandstone surfaces is uncertain. It is thought to
develop from a variety of geologic processes in-
cluding:

1) Sandstone contraction by desiccation of
montmorillonite clays (Netoff, 1971).

2) Evaporite cemented sandstones provided the
cohesion and thermal contraction that caused
the tensional stress necessary for polygonal
fracturing (Kocurek and Hunter, 1986).

3) Diagenesis, tectonism, unloading, insolation
weathering, clay shrinkage, moisture move-
ment, frost weathering, lichen weathering, sur-
face precipitation of iron and manganese
oxides, and surface crusting (Williams and
Robinson, 1989; their choice in bold).

4) Shrinkage of silica gel during the formation
of the surface crust (Robinson and Williams,
1989, 1992).

5) Possible thermal contraction in response to
uplift (Rawnsley and others, 1998).

6) Possible wet/dry, heating/cooling cycles
(Robinson and Williams, 2005).

7) Thermal contraction/expansion, salt weath-
ering, desiccation, surface moisture cycles, and
dirt cracking (Chan and others, 2008).

Netoff (1971) noted polygonal crack devel-
opment in the Upper Cretaceous Laramie and
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Figure 2. Extensive weathering along the cracks in the sandstone has developed an excellent
example of a polygonal cracked surface. This outcrop is located on the southwestern side of
Chandler Mountain at Horse Pens 40 (Figure 1 - Location 1). Scale in 15-cm divisions.

Figure 3. Extensive weathering of the sandstone surface has enhanced the development of this
polygonal cracked surface. This unique surface is not a function of bedding despite the horizon-
tal appearance of the cracks. The more distant sandstone block has separated from the fore-
ground sandstone along a fracture. This outcrop is located on the eastern side of Lookout
Mountain in the Zahnd Natural Area (Figure 1 - Location 5). The gentleman is approximately 1.78
m in height.
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Fox Hills Sandstones where they contain mont-
morillonite clays. Polygonal fracturing by the
thermal contraction of former groundwater-de-
rived evaporative cements was the process in-
voked by Kocurek and Hunter (1986) to explain
polygonal crack development in the Jurassic
Navajo Sandstone and along four surfaces on
the Jurassic Page Sandstone. Williams and Rob-
inson (1989) proposed that polygonal cracking
is initiated by tensile rock stress created by the
process of surface crusting (i.e., case-harden-
ing). Russian investigators have also linked ten-
sile rock stress and polygonal cracks
(Revuzhenko and Klishin, 1999, 2002). More
recently, polygonal crack development has been
interpreted to occur in massive horizontally iso-
tropic sandstones due to effective rock tension
created by thermal contraction, moisture chang-
es, partial dehydration of some minerals and the
precipitation or dissolution of salts (Chan and
others, 2008; Rawnsley and others, 1998).

The Pottsville sandstones do not contain any
silt or clay and are not cemented by evaporites.
However, some of the processes listed above
could be used to explain polygonal crack devel-
opment within the study area. Problems occur if
case-hardening and/or weathering-derived ten-
sile stress were the primary cause of crack de-
velopment as we would expect a greater
abundance of polygonal cracked surfaces
across the exposed Pottsville sandstones than is
presently found.

REGIONAL OR LOCAL CAUSE FOR
POLYGONAL CRACK
DEVELOPMENT

We investigated a possible link between po-
lygonal crack development and regional tec-
tonism. This correlation might be supported
where polygonal cracks would associate or
align with fractures and joints developed from
regional stress fields. Direct correlation be-
tween fractures and joints has been demonstrat-
ed on the adjacent Appalachian Plateau in
Virginia, New York, and Pennsylvania (e.g.,
Nickelsen and Hough, 1967; Engelder and Gei-
ser 1980; Engelder, 1982, 1985, 2004; Hancock
and Engelder, 1989). We also reviewed regional

fracture/joint sets reported for several areas in
the western United States in an attempt to de-
fine a link among fractures, joints, and polygo-
nal cracking (e.g., Kelley and Clinton, 1960;
Dyer, 1983; Zhao and Johnson, 1992; Gross,
1993; Cruikshank and Aydin 1995; Condon,
2003; Rogers and Engelder, 2004). No direct
structural link could be identified among the re-
gional fractures, joints, and polygonal cracks.

Aerial and satellite images of the two syncli-
nal plateaus were examined in an effort to delin-
eate a possible link among fractures, joints, and
polygonal cracks that might extend across the
Pottsville sandstone surfaces. Again, we were
unable to establish any direct structural link.
However, all three of these structural features
are present at each of the locations that we in-
vestigated along the plateaus. Our examination
of the polygonal cracked surfaces then shifted
to the local outcrop in an effort to understand
the stress fields that possibly created them (Fig-
ures 2 and 3). We measured several surface
transects by projecting the more prominent
cracks from the edge of the sandstone toward
the plateaus’ synclinal axes. The polygonal
crack traces essentially ceased a short distance
(often measured in just a few meters) from the
edge of the massive sandstone (Figure 4). This
was demonstrated repeatedly and suggests that
the stress fields that developed the polygonal
cracked surfaces are likely localized. In several
areas we noted radial polygonal cracked surfac-
es across the exposed top and along the sides of
some of the massive sandstone layers (Figures
S5and?9).

Across the area of investigation, the polygo-
nal cracks do not appear to be oriented in any
specific pattern; rather, in many instances they
are unevenly spaced and follow a nonlinear
trace (Figure 6). This was also noted along
some of the sandstone sidewalls (Figure 7). We
observed case-hardened “tortoise-shell” poly-
gons where extensive weathering of the sand-
stone surface had occurred irrespective of the
location (i.e., top or side) of that surface (Figure
8).
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Figure 4. The polygonal cracked surface fades moving from the edge of the sandstone layer
toward the plateau interior (foreground). This outcrop is located on the eastern side of Lookout
Mountain in the Zahnd Natural Area (Figure 1 - Location 5). Scale in 15-cm divisions.

Figure 5. The polygonal cracked surface extends to the sides of this massive sandstone layer.
This unique surface is not a function of bedding despite the horizontal appearance of the cracks.
This outcrop is located on the western side of Chandler Mountain at Horse Pens 40 (Figure 1 -
Location 1). Scale in 15-cm divisions.
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Figure 6. The weathering of this sandstone has enhanced the polygonal cracked surface. This
outcrop is located on the eastern side of Lookout Mountain in the Zahnd Natural Area (Figure 1 -

Location 5). Scale in inches and centimeters.

Figure 7. Extensive weathering of the exposed sandstone surface has enhanced the polygonal
cracks. This unique surface is not a function of bedding despite the horizontal appearance of
the cracks. This outcrop is located on the western side of Lookout Mountain at Citadel Rocks

(Figure 1 - Location 4).
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Figure 8. A sloped and highly weathered polygonal cracked surface exhibits areas of elevated
case-hardened sandstone. A pulpit rock is on the top of the sandstone outcrop (see Froede and
Akridge, 2003). This locale is on the eastern side of Lookout Mountain at Rock City, Georgia (Fig-
ure 1 - Location 7).

Figure 9. The polygonal cracked surface extends to the side of this massive sandstone. Note the
inconsistent spacing of the cracks which is likely a reflection of the complex localized structural
stress experienced by the massive sandstone layer. This unique surface is not a function of bed-
ding despite the horizontal appearance of the cracks. This outcrop is located near Little River
Canyon on Lookout Mountain (Figure 1 - Location 3). Scale in 15-cm divisions.
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CONCLUSIONS

Extensive polygonal cracked surfaces have
developed across massive, well-indurated
Pottsville sandstone layers along portions of the
perimeter of the Chandler Mountain and Look-
out Mountain plateaus. Williams and Robinson
(1989) proposed case-hardening to explain po-
lygonal crack development. However, Chan
and others (2008) noted that case-hardening is
not ubiquitous and this process is not required
to explain all weathered cracks. They counter
proposed that polygonal cracks have developed
due to tensile weathering stresses. While both
of these processes could possibly account for
the polygonal cracked surfaces we observed
across the Pottsville sandstones, they cannot ex-
plain why these features are not much more
widespread across both plateaus. Why would
case-hardening and tensile weathering stresses
generally be limited to the sandstone surfaces
exposed along the plateau perimeters? The po-
lygonal cracks exposed across certain portions
of the Pottsville sandstone surfaces are of limit-
ed horizontal and vertical dimension. They do
not appear to be part of a larger more organized
fracture/joint system. This is consistent with the
work of Williams and Robinson (1989) and
Rawnsley and others (1998) who noted the lim-
ited extent of the polygonal cracks in their in-
vestigations. Additionally, it has been noted that
new polygonal cracks develop beneath eroding,
existing cracks (Williams and Robinson, 1989)
[Figure 8]. This suggests that the polygonal
crack forming process may be related to inter-
nal stresses within the Pottsville sandstone lay-
ers.

The best developed polygonal cracks occur
on the highly weathered sandstone surfaces
within one kilometer of the plateau perimeters
where localized structural tensile stress has de-
veloped within the sandstone layers. On a local
scale, some of the weathered polygonal surfac-
es exhibit rather uniform, case-hardened, tor-
toise-shell shapes whether exposed on the top
or sides of the massive sandstone layers. While
weathering processes are important in accentu-
ating the cracks on the sandstone surfaces, they
are not the source of the features. Likewise, po-

lygonal cracking is not directed or controlled by
bedding since it cuts across strata, rather than
forming within a given bed. Therefore, we pro-
pose that the polygonal cracks in the Pottsville
sandstones found along the perimeters of the
Chandler Mountain and Lookout Mountain pla-
teaus are linked to locally-developed internal
structural stress and strain associated with
warping and folding created during and follow-
ing the Alleghanian Orogeny.
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ABSTRACT

Two new calceocrinids are described
from the Brassfield Formation of southern
Ohio and northern Kentucky. One is a new
species of Trypherocrinus, the second known
species of this genus, which confirms the un-
usual arm branching pattern that character-
izes this genus. The other may be a new
genus, but the only known specimen is too in-
complete to justify the description of a new
taxon. Thus, it is left in open nomenclature as
calceocrinid indeterminate.

INTRODUCTION

The Calceocrinidae is the longest ranging
crinoid family (Webster 2003), known from the
Ordovician through Early Permian. In many in-
stances long-ranging taxonomic groups result
from a convergent, simplified morphology that
is assumed, incorrectly to represent the same
family. However, calceocrinid morphology is
highly derived and certainly represents a single
lineage of crinoids. Common during the Ordo-
vician, calceocrinids underwent a marked radi-
ation during the Silurian (Ausich, 1986) that
further diversified this unique family. One ge-
nus in this Early Silurian radiation was Try-
pherocrinus Ausich, 1984 whose arms
displayed a reversal from the highly specialized
bilateral heterotomous arm branching to nearly

isotomous arm branching that is typical for
many primitive crinoids. A legitimate question
is whether the unusual arm branching in the
type species, T. brassfieldensis Ausich, 1984, is
an aberrant character from a small population in
Greene County, Ohio and not worthy of generic
distinction. However, a second, new species of
Trypherocrinus, T. adamsensis, from Adams
County, Ohio, is described herein. This species
is also from the Brassfield Limestone, but is
from much farther south than the type species of
the Trypherocrinus from the greater Dayton,
Ohio area. This new crinoid further demon-
strates the justification for this calceocrinid ge-
nus.

Also, another calceocrinid is described from
Bath County, Kentucky. This crinoid is known
only from a very well preserved aboral cup; but
unfortunately, no arms are preserved. The fused
basal circlet is unique among Silurian calceo-
crinids, as known. Although unique, sufficient
morphology of this crinoid is not known to jus-
tify designation of a new genus. However, not-
ing this crinoid is important to further establish
the morphological diversification during the
Early Silurian calceocrinid radiation.

SYSTEMATIC PALEONTOLOGY

Terminology follows Moore (1962) and
Ubaghs (1978), and classification follows Au-
sich (1998). Repository abbreviations are as
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Figure 1. Trypherocrinus adamsensis, holotype, OSU 50496, lateral view of crown displaying A-

ray and part of E-ray arms, scale bar is 1 cm.

follows: OSU, Orton Geological Museum,
Ohio State University and CMCIP, Cincinnati
Museum Center, Cincinnati, Ohio. All mea-
surements are in mm; * indicates that character
is incomplete or compressed.

CLASS CRINOIDEA, MILLER 1821
Subclass Disparida Moore and Laudon,
1943
Order Calceocrinida Ausich, 1998
Family Calceocrinidae Meek and
Worthen, 1869
Trypherocrinus adamsensis n. sp.
Material: The holotype and only specimen of

Trypherocrinus adamsensis is OSU 50496.
Diagnosis: Four plates above anal X, E arm
branches three times, lateral arm axillaries ap-
proximately the same size as other brachials, all
lateral arm brachitaxes with three non-axillary
brachials.

Description: Crown small, slender, and pen-
dant on column. Aboral cup relatively small,
laterally compressed, and slender. Basal circlet
broken, so overall shape unknown and other
characters difficult to confirm. Apparently three
basal plates, with one triangular plate from fu-
sion of EA and DE basal plates; this plate artic-
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ulates with radial circlet. Column equally
supported by the AB and CD basals. Radial cir-
clet laterally compressed, rectangular from ab-
oral view. A and D radials majority of radial
plate circlet. E inferradial and E superradial nar-
row toward the center of radial circlet with nar-
row sutural contact. E superradial 100 percent
of aboral cup distal margin, supports E-ray arm.
A lateral arm from upper lateral facet of A radi-
al; two lower lateral facets support B inferradial
and B superradial.

Anal X pentagonal supported beneath on one
side by B superradial and, presumably the C su-
perradial on other side; four known anal plates
above anal X at least three proximal anal plates
rectangular. Anal sac interpreted as very short,
not projecting above the E-ray first primibrach-
itaxis.

Three arms. E-ray arm slender and branched,
brachials variable height. Fourth primibrachial,
third secundibrachial, and fourth tertibrachial
axillary. E-ray brachial height:width ratio from
1.5to0 1.

Lateral arms with weakly developed main
axil series and arm branching pattern different
from normal calceocrinid heterotomy. Three
axillaries in main axil, one non-axillary brachial



NEW CALCEOCRINID CRINOIDS FROM THE EARLY SILURIAN

Figure 2. Trypherocrinus adamsensis, holo-
type OSU 50496, x 6. Camera lucida drawing of
oblique view; interpretation of plates: black,
radials and superradials; horizontally ruled,
inferradials; stippled, anals; X, anal X; arm
plate designations from Ausich (1984).

between each axillary. Bifurcations of lateral
arms isotomous or nearly isotomous but de-
scribed traditionally as in Moore (1962) and
Ausich (1984). Axil arm axillaries approxi-
mately the same size as other brachials.

Alpha ramule on the primaxil arm bifurcates
on the second alphabrachial and supports the
betabrachitaxis adanally; the abanal alpha ram-
ule is completely covered by other arms. Third
betabrachial axillary with a gammabrachitaxis

abanally and beta ramule, which is mostly bur-
ied, adanally. Third gammabrachial axillary
with only the adanal deltabrachitaxis visible.
Third deltabrachial axillary, which is the final
bifurcation; unbranched epsilonbrachials
above.

On the secundaxil arm third alphabrachial
axillary, supports the betabrachitaxis adanally
and abanally branch mostly covered. Third be-
tabrachial axillary; third gammabrachial axil-
lary; and no further branching preserved on this
arm.

Tertaxil arm bifurcates on third alphabrachial
with betabrachitaxis adanally and the alpha ra-
mule abanally. Distally, the abanal branch is
mostly covered. Third betabrachial axillary and
supports the gammabrachitaxis abanally and
the beta ramule adanally. The adanal beta ram-
ule is mostly covered. Gamma ramule bifur-
cates on the third gammabrachial; no further
branching known, but gammabrachials severely
weathered.

Omega ramule branched (axil arm terminol-
ogy applied). Alpha ramule bifurcates on fifth
alphabrachial and supports the betabrachitaxis
adanally. At least one more bifurcation but
poorly preserved.

Proximal-most columnals very thin; distally
columnal height increases. Mesistele and dis-
tistele unknown.

Remarks: Trypherocrinus adamsensis has four
plates above anal X, an E arm that branches
three times, lateral arm axillaries are approxi-
mately the same size as other brachials, and lat-
eral arm brachitaxes commonly with two non-
axillary brachials. This contrasts with 7. brass-
fieldensis that has one plate above anal X, an E
arm that branches twice, lateral arm axillaries
are commonly larger than other brachials, and
all lateral arm brachitaxes with more than two
non-axillary brachials. 7 adamsensis is the sec-
ond species of this unusual calceocrinid and
demonstrates that the arm branching that char-
acterizes this genus (isotomy or near isotomy,
as opposed to heterotomy in other calceocrin-
ids) is a reliable character even though it is not
typical of calceocrinids in general. Species dis-
tinctions, such as fewer number of non-axillary
brachials in 7 adamsensis, could represent ju-
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Figure 3. Calceocrinid indeterminate, CMCIP 51205, x 7.2. Camera lucida drawing; A, abanal view
of aboral cup; B, adaxial view of aboral cup; C, adaxial view of basal circlet. Interpretation of

plates same as Figure 2.

venile characteristics. However, available spec-
imens of both species are approximately the
same size, and more anal plates and increased
arm branching of 7. adamsensis cannot be re-
garded as juvenile characteristics.
Occurrence: Specimen from roadcut on the
southern side of Ohio State Highway 32, 0.9 km
west of the intersection of Highway 32 with
Unity Road, approximately 4.7 km east of Sea-
man. The location of this roadcut is 38°55"35"N
lat., 83°31°05"W long., Oliver Township, Ad-
ams County, Seaman, Ohio, 7.5-min quadran-
gle. This specimen is from the Brassfield
Formation (Aeronian, Llandovery, Silurian),
from the top of the section illustrated by Ausich
and Dravage (1988, fig. 1).

Measurements: Holotype (OSU 50496),
crown height, 24.0; basal circlet height, 1.4; ra-
dial circlet height, 5.0*, radial circlet width,
3.8%; and column height, 17.6*.

Etymology: The species is named for Adams
County, Ohio, where the specimen was collect-
ed.

Calceocrinid indeterminate
Material: Calceocrinid indeterminate is known
from one specimen, CMCIP 51205.
Description: The aboral cup is small, abanally-
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adanally compressed, and pendant on the col-
umn.

The basal circlet is more than twice as wide
as high, subtriangular in shape. All basal plates
fused into a single plate; basal circlet widest at
distal margin. Subelliptical pit along entire bas-
al circlet:radial circlet articulation, subdivided
into three smaller pits by extensions from each
circlet that articulate in the center of the subel-
liptical pit.

The radial circlet is abanally-adanally com-
pressed and subrectangular in aboral view. A
and D radials comprise the majority of the radi-
al plate circlet. E inferradial and E superradial
in narrow contact; E superradial subtriangular.
E inferradial-basal circlet articulation approxi-
mately 5 percent of proximal radial circlet artic-
ulation. E superradial occupies entire distal
margin of aboral cup and supports E-ray arm.
Upper lateral facet of A radial supports A lateral
arm; two lower lateral facets support B superra-
dial and B inferradial. Upper lateral facet of the
D radial supports D arm, lower two lateral fac-
ets support C superradial and inferradial. B in-
ferradial very convex, larger than B superradial.
C inferradial larger than C superradial.

Anal X pseudo-hexagonal, supported on one
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Figure 4. Calceocrinid indeterminate, CMCIP 51205, scale bar is 1 cm. A, abanal view of aboral

cup; B, adaxial view of aboral cup.

side by both the B superradial and the B infer-
radial and on other side by both the C superra-
dial and the C inferradial. Two additional anal
plates preserved above anal X.

The proximal-most columnals are thin and
circular. Three proximal columnals are present.
Remarks: This is a very unusual calceocrinid;
and although it may represent a new genus, ge-
neric assignment is not possible because the
specimen is incompletely known. The aboral
cup preservation is outstanding, but the arms
are absent. It is impossible to discern sutures on
the basal circlet, and the basal plates appear to
be fused into a single plate. If true, this is unique
among at least Silurian calceocrinids. It is also
possible that the condition of the basal circlet
should be regarded as a species-level character,
but other preserved characters are not definitive
for any particular genus. For example, Calceo-
crinus, Charactocrinus, Diaphoracrinus,
Grypocrinus, and Synchirocrinus all have the
aboral cup aborally compressed and the E infer-
radial and E supraradial in narrow sutural con-
tact. Consequently, for the present time, we
leave this crinoid in open nomenclature and re-
fer to it as calceocrinid indeterminate.
Occurrence: This specimen is from a roadcut
on [-64 near mile marker 121, Bath County,
Kentucky (38°08°5"N lat., 83°42"56"W long.).
It was collected from 3 m above the base of the
Brassfield Formation (Aeronian, Llandovery,

Silurian).

Measurements: CMCIP 51205, basal circlet
height, 1.5; basal circlet width, 5.3; radial cir-
clet height, 5.7; radial circlet width, 6.4; and
column length, 0.4*.
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