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ABSTRACT

The use of palynofacies as a conceptual
tool for the study of depositional environ-
ments augments and extends the point-
source studies using geophysical, lithological
correlation and microfossil analyses of sedi-
ment cores in the offshore. We present a syn-
thesis of palynofacies research in the South
Atlantic Bight/Georgia Bight, USA. Two re-
search localities - Gray's Reef National Ma-
rine Sanctuary (GRNMS) and nearby J-Reef
- on the same (-20 m) isobath and only 16 km
distant form one another, were character-
ized in our study. Vibracores to over 4 m be-
low the sea floor were taken at both locations
together with hand cores. Outcrops and
seafloor exposures were hand sampled.
These data are varied and, synthesized else-
where, yielded insights into the Quaternary
paleoenvironments of the coastal plain.
Nearshore marine, barrier-back barrier, es-
tuarine-marsh and upland biota provide
geologic and ecologic proxies in the form of
micro and macrobotanical remains - to in-
clude pollen, spores, diatoms, foraminifera
and wood. The use of several techniques, no-
tably optical stimulated luminescence (OSL),
accelerator mass spectroscopic-radiocarbon
(AMS-RC), amino acid racemization (AAR),
and uranium series dating methods) has pro-
duced a presumptive chronostratigraphy
that extends from the Holocene to oxygen
isotope stage (M.L.S.) 5. Models based on our
pollen results are compared to others pro-
posed for the Mid-Atlantic and Southeast At-
lantic regions of the Atlantic coastal plain.
Analyses-sedimentological, geophysical, pa-
leoecological and chronological—in the area
of Gray’s Reef National Marine Sanctuary

(GRNMS), have increased our understand-
ing of the late Pleistocene paleoecology and
that of relative sea level (RSL) for the now
drowned Atlantic Coastal Plain. Palynologi-
cal data provide a clearer picture of the ecol-
ogy of the Atlantic Coastal Plain in the latter
Pleistocene Epoch, M.L.S.5 through and
post-Last Glacial Maximum (LGM / M.L.S.2/
Holocene). Arboreal species, notably oak
and pine, dominate the pollen spectra and
show clear climate-related variability most
notably with Heinrich Events.

INTRODUCTION AND RESEARCH
OBJECTIVES

Using Gray’s Reef (a National Marine Sanc-
tuary since 1968) and nearby J-Reef, as our
study sites, we have collected and examined
geophysical, sedimentological, palynological
and chronological data for the late Cenozoic -
Pliocene and Quaternary - geology of the Geor-
gia Bight (Fig. 1). Our research objectives were
to relate our findings to other studies of the east
coast as well as to larger issues of paleoclimate,
paleoecology and relative sea level (RSL) for
the late Cenozoic. In this paper we relate the re-
sults of a study of pollen, principally from two
sediment cores, to late Pleistocene climate and
ecology for the North American southeast, spe-
cifically what is today, Georgia, South Carolina
and north Florida. A chronostratigraphy, devel-
oped simultaneously provides a putative tempo-
ral context for the observed variability in both
terrestrial arboreal and non-arboreal taxa. These
are treated as proxies for paleoclimate and plant
ecosystems in the American Southeast (Russell,
et al, 2009). Our research was undertaken to ad-
dress those areas where knowledge of the Geor-
gia Bight’s Quaternary geology and
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ATLANTIC
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Figure 1. Location map. Gray’s Reef National Marine Sanctuary.

paleoecology is not well-developed or is com-
pletely unknown. Our results are directly com-
parative to those of other recent studies for the
Middle Atlantic Bight — Virginia and the Ches-
apeake (Litwin, et al, 2010).

Our palynofacies analyses, of sediment fa-
cies, at Gray’s Reef National Marine Sanctuary
(GRNMS), have been carried out on sediment
cores - vibracorer and hand - together in tandem
with excavated/hand samples from in situ out-
crops and sea floor exposures. The data for
these samples inform us of Pleistocene paleo-
ecology, relative sea level (RSL) and paleocli-
mate of the now drowned Atlantic Coastal
Plain. In particular we present palynological da-
ta to provide a clearer picture of the ecology of
the Atlantic Coastal Plain in the latter Pleisto-
cene Epoch, M.L.S.5 through and post-Last Gla-
cial Maximum (LGM/M.1.S. 2/Holocene).
Using Optical Stimulated Luminescence
(OSL), radiocarbon, both conventional and
AMS methods, uranium-thorium (U/Th) and
Amino Acid Racemization (AAR) dating of
sediment cores and shell/wood inclusions, tak-
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en in 1996 and 2000, we have produced a pre-
sumptive chronostratigraphy that extends from
the Holocene to MLL.S. 5.

Arboreal taxa, notably oak and pine, domi-
nate the pollen spectra and previous researchers
have shown clear climate-related variability us-
ing these taxa (Grimm, et al, 1993; Groot, et al,
1995; and Markewich, et al, 2009). Following
other workers (Litwin and Andrle, 1992;
Grimm, et al, 1993; and Markewich, et al.
2009), we use it oak as a reference taxa for de-
termining temperate paleoclimate in the South
Atlantic Bight coastal region. This variability is
to be expected for M.L.S. 3, (60-25 ka), as
M.LS. 3 was a period considered te-have-beer
highly unstable, climatologically, with condi-
tions not existing (non-analog) in present-day
environments. There seem to have been repeat-
ed decadal - scale warming events of 80— 15°C
(Dansgaard-Oeschger (D-O) Events) during
this stage (Stewart, 2005; Siddall, ez al, 2008)
With Gonzalez and Dupont (2009) reporting as
many as five high-amplitude vegetation shifts
during the stage. The timing of excursions, in
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the pine-oak ratio, likewise, suggest possible
correlations with Heinrich events (HE 2-4) date
(Hemmings, 2004; Watts et al. 1992; Grimm, et
al, 2006). In conclusion, we will represent our
findings in modeled biome maps of the Georgia
Bight for selected dates in the late Quaternary in
order to graphically illustrate the fluctuations
we detect in our data sets.

PHYSIOGRAPHIC AND
GEOLOGICAL SETTING

The submerged coastal plain, together with
its subaerial component, is covered by Quater-
nary sediments. Antoine and Henry (1965) de-
scribed the Quaternary sediments of the Outer
Continental Shelf of the Southeastern U.S. as a
thin veneer overlying Tertiary bedrock.

The Georgia Bight stratigraphic sequence
compresses 2 million years of Quaternary ba-
sin-margin evolution into deposits no more than
20 m thick across its breadth. This is a reason-
able characterization of the Outer Shelf. The sit-
uation of the Inner Shelf is a bit more complex.
Quaternary sediments thicken shoreward to 18
meters or more (Woolsey, and Henry, 1974;
Woolsey, 1977; Harding and Henry, 1994). Sea-
ward of the modern shoreline Cretaceous-Ce-
nozoic age rocks underlie the Continental Shelf
and Slope (Buffler, et al, 1978). Current think-
ing about Quaternary geology in the Southeast-
ern Georgia Embayment/Georgia Bight is
found in the comprehensive synthesis by Foyle,
et al (2004); Foyle and Henry (2004); Hud-
dleston (1988). Pilkey, et al (1981) provide an
excellent discussion of the offshore geology
that compliments Huddleston. Howard, et a/
(1973) provide a representative example of
Georgia coastal geology in the context of
Chatham County.

Offshore Quaternary and Pliocene units are
unconsolidated clastic shallow-neritic sedi-
ments - mainly of suborthoquartzitic fine-to-
medium-grained sands - overlying a R2 seismic
reflector (Foyle, et al,2001). The late Quaterna-
ry - Holocene portion of this sand cover is 10-
15 m in thickness and rarely goes beyond 15-20
km offshore, pinching out in water depths of 10-
15m, (Pilkey and Frankenberg, 1964; Henry

and Idris, supra) and becoming more coarse-
grained. Sexton, et al (1992) describe this con-
tact between fine-grained sand and coarser-
grained offshore sediments as the outer limit of
the zone (modern) of active onshore/offshore
sediment transport (Milliman, et al, supra,
Howard and Reineck, 1972). Some, small, thin
patches of fine grained sediment do occur on
the inner shelf but the bulk of these sediments
occur in drowned stream valleys such as a pa-
leochannel found at J-Reef (Littman, 2000;
Garrison, et al, 2008).

These sediments have been well described
by many workers (Henry and Hoyt, 1967; Mil-
likan, et al 1972; Huddleston, 1988; Swift, et a/
1972; Swift and Niedorada, 1985). Their nature
have been defined on the basis of more than
6000 bottom samples carried out by the Woods
Hole Oceanographic Institution (WHOI) and
the United States Geological Survey (USGS)
prior to 1970 (Milliman, et al, supra). Contin-
ued coring studies by such workers as Coastal
Carolina University (Gayes, ef al 1992) and the
University of Georgia (this study) have provid-
ed corroboration and detail to the knowledge of
shelf sediments. Based on these and other stud-
ies (Idris and Henry, 1995; Henry and Idris,
1992), 10 glacio-eustatic events have been
identified (Foyle et al, 2004:73). The record of
these 10 events, paleoshorelines, submerged or
stranded barriers, is extremely incomplete on
the shelf of the Georgia Bight (supra, 73).
These glacio-eustatic events are preserved on
the North Carolina shelf in paleochannels (su-
pra; Duane, et al, 1972).

METHODS
Sediment Coring

A total of 11 vibracores, 7 taken in 1996 and
4 in 2000, (Table 1) were recovered on two
cruises on the NOAA Ship Ferrel. The data sed-
iment cores were analyzed lithologically and
geochemically (Littman, 2000) and then for
pollen (Weaver, 2002). The sediment cores, tak-
en in 1996, were retrieved using a 3 inch (7.6
cm) diameter core barrel pneumatic vibracorer
provided by Rice University Geosciences De-
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Table 1. 1996 and 2000 Vibracore locations at Gray’s Reef and J Reef.

Site Year Latitude Longitude de\:)v:’hte(:“) Ien(;‘t)lze(m)

J Reef (A) (1996) 31°E 35.89' 80°E 47.93' | 19.2 1.98
J Reef (B) (1996) 31°E 35.89' 80°E 47.93 | 19.2 274
Gray's Reef (1) | (1996) 31°E 24.62' 80°E051.2' 19.5 3.66
J Reef (1996) | (1996) 31°E 35.56' 80°E 47.03' | 21. <2

J Reef (4) (1996) 31°E 35.9' 80°E 47.75' | 20.4 4.57
GR1a site (4) (1996) 31°E 24.616' | 80°E.47.100' | 17.6 24
GR - NE (3) (1996) 31°E 24.7' 80°E 50.8' 19.5 215
GR-NW(2) (2000) 31°E 24.381' | 80°E 54.267' | 16 <1

GR-SW: (3) (2000) 31°E 22.30 80°E 55.00' | 17.3 1.36
GR-SW:(4) (2000) 31°E 24.646' | 80°E 51.194' | 19.4 2.35
GR-SW:(5) (2000) 31°E 22.646' | 80°E 51.194' | 19.4 2.04

partment. The 2000 cruise used a 3 (7.6 cm)
inch diameter core barrel hydraulic vibracorer
built by Coastal Carolina University’s Institute
of Lowland and Coastal Studies. Both vibracor-
ing systems produced continuous sediment
cores of 2 — 3+ m lengths. These cores were tak-
en in two locales along or near the —20 m iso-
bath, Gray’s Reef and J-Reef (Table 1). Gray’s
Reef is a series of natural rock outcrop or hard
bottom while J Reef is an artificial reef/fish ha-
ven made up of scattered patch reefs. Cores
were taken at the latter location because of the
presence of a drowned paleochannel and in-
cised valley (Garrison, et al, 2008).

In addition to the vibracores, sediments were
retrieved by use of diver-deployment hand-and-
hydraulic corers with1 in (2.54 cm) to 2 in (5.08
cm) diameter barrels. These devices, plus sim-
ple hand excavation, were utilized in areas too
close to the Gray’s Reef outcrop for the use of
the larger vessel-deployed systems. Two of
these cores were analyzed by Rich and reported
in Russell, et al, 2009; this paper).

All vibracores were split into working and
archival halves. The hand cores were extruded
into core trays or split into halves. The 1996 vi-
bracores were logged and photographed along
their length. Sediment samples were taken at
natural stratigraphic breaks, 5 cm on either side
of an observed contact. The cores were sampled
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for shells and macro-micro paleobotanical
(wood/pollen) remains. Shell (Mercenaria,
Astarte) taken from these cores was utilized in
AAR dating studies (Table 2). The 2000 vibra-
cores were logged and photographed as in 1996.
In contrast to 1996, due in part to a focus on pa-
lynological study, two cores, 3 and 5, were sam-
pled at 10 cm intervals along their length. In
both cores, every other sample from top-to-bot-
tom was eliminated yielding a total of 17 sedi-
ment samples of 15 cc each (8 from core 3, 9
from core 5). Cores 1 and 2, from 2000, were
left unopened. Core 4 was sampled for chronos-
tratigraphy purposes. The working halves of the
1996 cores (GRNMS 1; J Reef 1 & 4) were used
for geochemical studies (metal oxides), and or-
ganic matter (OM), Loss-on-ignition (LOI).
Acid digestion of the carbonate fraction was
measured on the Gray’s Reef cores. No geo-
chemical studies were made on the 2000 cores.
LOI was done and, for the 2000 cores, magnetic
susceptibility was measured using a Williams
magnetic bridge susceptibility meter. All parti-
cle size analyzes were done using the Flealer
method (Indurante, et al., 1990). LOI results
were used to select cores taken in 2000 that
were suitable for pollen studies. Munsell soil
color (wet) was recorded for all cores. The geo-
chemical results were reported in Littman's un-
published masters thesis (2000).
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Geophysical

The 1996 geophysical study used a Datason-
ics SBP 5000 seismic profiling system and an
EG&G Model 260 side scan sonar. While both
side scan sonar (100 kHz) and subbottom seis-
mic reflection (3.5 kHz) data were acquired in
the 1996 Ferrel cruise, only subbottom (3.5
kHz) data were acquired in a second geophysi-
cal cruise in 1998. In 2000, the seismic profiler
was used again without concurrent side scan so-
nar mapping. In 2001, a multi-beam sonar mo-
saic was made of the sanctuary by the NOAA
Ship Whiting. The reasons for the focus on seis-
mic data were twofold: (1) the shelf, with ex-
ception of the Gray’s Reef outcrops are more-
or-less featureless sand bottom in the study area
and (2) a paleochannel discovered in 1996 was
more thoroughly mapped and characterized in
1998. The vertical resolution of the 3.5kHz sys-
tem, a Datasonics SBP5000, is approximately
1m. Results of these surveys were compared to
baseline seismic studies such as those by Henry
et al (1981) and Henry and Idris (1992).

Palynological and Macrobotanical

Samples for pollen processing were taken
from cores 3 and 5 taken in 2000. Since the sed-
iments in both cores contained sand (except for
the surface of core 5) and therefore, less organic
content, more sediment (10-15 cc) was required
to obtain pollen concentrations comparable to
the typical 1cc sample of peat or clay. Heusser
(1983) and Heusser and Stock (1984) have
shown this to be an effective strategy and equiv-
ocal to smaller samples collected from peat.
The United States Geological Survey (USGS)
also recommends the use of larger samples in
sandy sediment to obtain a significant number
of countable pollen grains (Deb Willard, 2000,
personal communication). This technique was
confirmed in a previous attempt to extract pol-
len from a small core taken from Gray’s Reef
(Littman, 2000; Russell, et al, 2009).

The 1996 sediment cores were examined by
Rich and Booth and reported in Russell, et al
(2009). Two of these cores — 1 and 2 (Table 4) -
were only sampled in the upper 10-15 cm of the

core so only the upper sections of cores 3 and 5
are comparable. The core referenced in Table 4
as “Gray's Reef clay” was bulk sampled within
it less than 0.5 m length.

Core 3 pollen samples were collected within
1 cm intervals and contained 10 cc or about 13-
15 grams of sediment. Eight samples were tak-
en. All attempts were made to avoid fragments
of shell in the collection process and obtain ex-
actly 10 cc of sediment. Core 5 pollen samples
were also collected within 1 cm intervals and
contained 15cc or about 16-18 grams of sedi-
ment. The amount of sediment sampled was ad-
justed upwards to obtain greater pollen
concentration in case core 3 samples failed to
yield substantial amounts of counting. No at-
tempt was made to make the surface clay sam-
ple from core 5 equivalent to the sand samples
to adjust for pollen density. All attempts were
made to avoid fragments of shell in the collec-
tion process and obtain exactly 15cc of sedi-
ment. Core 5 produced 9 samples that were
selected on the basis of higher organic content
and relevant spacing in the core.

Pollen processing was conducted according
to Shane (1992) and Heusser and Stock (1984).
Eucalyptus spike was used as exotic marker
pollen and standardized according to Shane (su-
pra). Both core 3 and core 5 samples received 5
ml of Eucalyptus spike. Processing involved the
use of hot 10% KOH to remove organic acids.
After sieving through 180 micron mesh to re-
move sand, the samples were treated with hot
10% HCI and concentrated HF to remove inor-
ganics and silicates. Acetolysis removed re-
maining organics and then stained the pollen
grains. Pollen was then mounted in silicone oil
for viewing.

Pollen slides were counted along systematic
transects at 400x magnification. A minimum of
300 pollen grains per sample interval were
counted. Unknown, indeterminate (crumpled
and deteriorated), and Eucalyptus pollen grains
were also counted. Number of slides per sample
interval ranged from 1.5 to 7 to achieve a total
of 300 grains of pollen per interval. Identifica-
tion of the pollen taxa to family or genus was
based on the reference collection at the Univer-
sity of Georgia Paleoecology Laboratory.

169



ERVAN G. GARRISON AND OTHERS

€SIN 0L9-/+006.F | 500-810-600ZM joay skein eLeuadIBN pues AlIays Aeio HvvY

£SIN 095-/+006.F | 000-810-600ZM! JEENEICI) BUBUSDIDN pues Ajjays Aeso UYY

S SIN 100-810-600ZM! jo9y shein eURUS0IAN pues Allsys Aeio HYY

05€-/+8870Y 06800-YON | WO 0L~ u0i4Jo8Y | (dssadiunr) pOom pues Ajjgys Aeio SV

GSY-/+9ZE LY 28/00-YON | oWOOL~U0I4433Y |  (ds euedr7) poom puesg Ajlays Aeio SNV

96€-/+96Y12¥ 68800-VON | o WO 0L~ W0I4 o3y IIeys dojieag | pueg Ajjays pajaiouo) SV

9LE-/+91E6€ 9v0L0-VON | o WO 0L~ JU0I J23Y POOM pues Ajjaus Aeio SNV

¥9Z-/+L9.G€ SPOLO-VON | oW 0L~ Ju0l4 J33Y POOM pues Ajjays Aeso SWY

8YZ-/+5505E 88800-VON |  oWd 0L~ Ju0i4 33y lloyg dojleos pueg umoig SWY

081-/+2801L€ /8800-VON | oWO 0L~ Juoid joay I1eYS Jaysho pueg umoig SWY

0208b< £05501-E199 8 WO/0ZZ- 'y 8100 PoOMm pni Aei9 SNV

0620S< 08.€01-Eleg 2 WO/0ZZ- L 810D |  ((wnipoxeL) POOM PNiN Aei9 SWY

0EGL-/+0LLSY 06911-¥ON pld/GL- U0l ooy (B pues Ajiays Aeio SV

TLEL-/+18YLE pwo/0Zz- ‘| 810D Juswipas pues umoig HUN
2695-/+5926€ pWo/0zz- ‘1 8100 pues zuenp pues umoig 1s0
0Ly-/+0LLEY 689L1L-¥ON pWo/0ZL- ‘L 8100 [ pues Allays Aeio SWY

LLPS-/+20LEC pWo/0LL- ' 10D pues zuend pues Ajjays Aeio 1S0
09%-/+0¥9tC 0sez.L-eled pWo/0LL- ‘8100 [EI pues Ajjays Aeio SV

069-/+0Z162 L8ez.L-eleg pwo/0g- 'y 8100 [EVS pues Ajlays Aei9 SV

yS6Y-/+£20¥C pwo/0g- ‘v 8100 pues zyenp pues Ajjays Aeio 1so
12502-6.¥22 OFL-/+0.681L 9geze-eeg | p(eydiowrydo) ‘eoepng ajeuoqsen pues Ajlaus Aeio SNV

0/-1+0568 88911-¥ON plusWIPas a%euNS (B pues Ajlaus Aeio SWY

06.9-091 2 09-/+0609 £89€01-8jeg plusIPaS ddeUNg auog pues Ajlays Aeio SV

dgIAULN /SO 3BY | od8 A 1ed 8By | qdE A Oy BV Kiojesoqe uoneso leuiajel juswipag poulen

e}99Y-I pue Joay s,Aeio je sjuawipasg jo ABojouoays -z ajqeL

170



-Sand are assignable to the Concreted

-Sand; 23 000 YBP to 28 000 YBP, Concreted Shelly-Sand
). Calibration done only for ages <20,26514 C yr. B.P.

39 000 YBP to >50 000 YBP, Brown Sand 31 000 YBP 38 000 YBP. The dates for wood inclusions found in the Gray Shelly

cCalibrated radiocarbon age in years before A.D. 1950. Based on INTCAL98 calibration data using CALIB 5.01 (Stuiver, et al 1998

Range represents 1 standard deviation.

bConventional radiocarbon age, 513C corrected using the Libby14 (half-life 5568 years). Errors represent 1 standard deviation.
dSample located at Grays Reef

aThe chronostratigraphic zones correspond to lithostratigraphic levels: 6 000 YBP to 18 000 YBP, surface sediment, Gray Shelly:

and Gray laminated mud;
Shelly-Sand which is their place of origin.

Differences in preservation of pol-
len can bias interpretation. The sub-
stance in the outer covering (exine) of
the pollen grain, sporopollenin, is var-
iously resistant to decay, depending
on the species. Pine (Pinus) pollen is
the more resistant, while maple (4cer)
is very susceptible to decay. Oak is a
resistant pollen type. Production of
pollen is also variable between spe-
cies. A single pine tree produces
about 10 billion grains per year. Ar-
temsia species are, likewise, high pol-
len producers and represent 40-50%
of the pollen spectra in some plant
communities (van Geel and Dirkesen,
2006). Hence, species may be either
over-represented or under-represent-
ed in the pollen record.

Mode of dispersion also deter-
mines representation in the pollen re-
cord. Pollen transported via wind
tends to be over-represented, as grains
of pine and Ephedra can be found
hundreds of kilometers from where
they grow. Pine pollen has even been
found in the Arctic. Animal transport
tends to under-represent pollen with
dispersal distance only a few meters.
In the marine environment the disper-
sal of pollen can occur one of two
ways or both — aeolian and water-
borne. From M.LS. 5 (ca. 125 ka) to
mid-M.LS. 3 (ca. 45 ka) the latter dis-
persal mode dominated in the area of
Gray's Reef. After that time, until the
early-to- mid-Holocene, the aeolian
mode dominated over a subaerial
coastal plain.

Studies of pollen found in marginal
marine and marine epicontinental de-
posits have examined both modes of
dispersal and preservation (Piefikows-
ki and Wakmundzka, 2009; Williams,
et al, 1995). Typically, the transport
paths for pollen begin with aeolian
dispersal into a marine environment
becoming waterborne thereafter. Such
dispersal can lead to the extra-local
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deposition of “exotic” pollens much
like that of the pine example for the
Arctic.

Bissacate pollen grains, produced
by conifers, as well as some other ar-
boreal species, have air sacs which as-
sure wider dispersal of this grain type
as opposed to monosulcate varieties
(Piefikowski and Wakmundzka, 2009.
Likewise, sporomorphs tend to be less
frequent in marine environments be-
cause they are more easily destroyed
by waves and currents. Arboreal pol-
len, notably, the bissacate species, in-
crease in proportion to other taxa,
becoming preferentially concentrated
in offshore deposits.

Surprisingly enough, our surveys at
both Gray’s Reef and J-Reef recov-
ered wood on the seafloor and shal-
lowly buried in the sediment outcrops.
A relatively intact Licaria triandra
(Pepperleaf sweetwood) sample was
recovered, identified and dated (see
Table 2) as was a sample of Juniperis
(red cedar) also identified and dated.
An Abies cone was found at J-Reef,
which dated to the present day. A
fragment of Fagus was found in a J-
Reef core. The exact genus remains to
be determined for this find. While not
enough macrobotanical material to al-
low speculation on the species com-
position of a M.L.S. 3 forest, none of
these genera are out-of-place in
Southeastern arboreal communities of
that time albeit the modern range, to-
day, for Licaria does not extend be-
yond south Florida (Richter, 1985).
Certainly, based upon our findings,
the coniferous macrobotanical materi-
al is consistent with the palynological
data shown in Table 3.

The beech, cedar and bay families,
represented in the macrobotanical re-
mains, were all identified on the basis
of wood architecture by the U.S. De-
partment of Agriculture Wood Identi-
fication Laboratory located at the
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Table 3a. Pollen species and counts, core 3, Gray's Reef

Taxa

3cm

21cm

41 cm

57 cm

81cm

99cm

121 cm

134 cm

Pinus

237(75)

227(76)

238(76)

253(84)

247(82)

225(75)

228(76)

259(86)

Picea

0

0

0

0

0

0

0

0

Taxodium/Juniperus

7

1

0

3

3

0

1

0

Quercus

54(17)

45(15)

32(10)

30(10)

47(16)

48(16)

54(18)

12(4)

Nyssa

0

Alnus

0

Liquidambar sp.

Betula

-

Carpinus/Ostyra

Corylus

Carya

Ulmus

Lirodendron tulipfera

O[NNI OIN

Al Al alol 2N O]~ O

O|lO| =[O NN O ==
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—_
[o2]
—~
3]
-~

6(2)
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Graminae

olojlolo|jo|lo|jlo|j]o|lo|o|=~|O|=|O|» O| O
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=N
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oluo|o|lojo|lo|lo|j]o|lo|lo|]o|lo|0O|O|® =~ OO W

Chenopodieae

-
-

Plantago

Lycopodium
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Sphagnum

Sagittaria

Myriophyllum

Typha
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-
-

w
~

w
N

=
©

N
(o]

-
o

N
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Percentages are shown, in parentheses, for selected taxa for a better comparison with those same taxa

shown in Table 4.
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Table 3b. Pollen species and counts, core 5, Gray's Reef

Taxa surface| Mcm | 21ecm | 31cm | 71cm | 111cm | 151 cm | 171 cm | 198 cm
Pinus 198(63) | 225(73) | 233(75) | 250(81) | 246(79) | 240(77) | 245(79) | 273(88) | 267(86)
Picea 0 0 0 0 0 0 1 0 0

Taxodium/Juni- | 4 8 2 0 1 0 0 0 0
perus

Quercus 56(18) |38(12) |46(15) |36(12) |34(11) |32(10) |41(13) | 15(5) 50(16)
Nyssa 0 0 0 1 0 0 2 0 1
Alnus 1 0 1
Liquidambar sp. | 8(3) 9(3) 5
Betula 5(2) 2 5(2)

Carpinus/ 1 0
Ostyra

Corylus

= =/ Nl O
~
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w
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w
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Percentages are shown, in parentheses, for selected taxa for a better comparison with those same taxa
shown in Table 4.
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University of Wisconsin. The fir was identified
by it seed cone. Most of the specimens showed
some marine borer damage but were surprising-
ly intact with some encrusting. The Licaria find
was freeze-dried when first recovered but sim-
ple air drying was sufficient for the remainder
of the finds.

Geochronological

The chronology of the cores are based on
conventional/accelerator mass spectrometry
(AMS) radio-carbon dates (6); optical stimulat-
ed luminescence (OSL) dates (3) and one urani-
um-thorium (U/Th) age. The AMS ages were
determined from a variety of material found in
the cores or in excavation - bone, shell, carbon-
ate and wood. The OSL and U/Th ages were de-
rived from sediments taken from cores. The
radiocarbon laboratories used in this study were
Beta Analytic Incorporated (BETA), Miami,
Florida; The University of Georgia Center for
Applied Isotope Studies (UGA). All samples
were thoroughly pre-treated with standard acid-
alkali-acid washes prior to isotopic analysis by
accelerator mass spectrometry (AMS).

Optically stimulated luminescence (OSL)
dating was carried out under controlled red-
light conditions in the laboratory. The samples
were treated with 10% HCI and 30% H,0, to
remove carbonates and organic material and
sieved to obtain the 120-150um size faction.
Na-Polytungstate (p = 2.58 g/cm3) was used to
achieve density separation of quartz and feld-
spar minerals. The quartz fraction was then
etched with 40% HF for 80 min followed by
12N HCI for 30 min to remove the alpha skin.
Separated quartz grains were mounted on stain-
less steel discs with help of Silkospray™. Light
stimulation on quartz mineral extracts was done
using a Risr array of combined blue LEDs cen-
tered at 470nm. Detection optics comprised
Hoya 2xU340 and Schott BG-39 filters coupled
to an EMI 9635 QA Photomultiplier tube. Mea-
surements were made using a Risr TL-DA-15
reader. A 25 mCi 90Sr/90Y built-in source was
used for B-irradiation. U and Th for dose rate
calculation were estimated using a thick source
Daybreak alpha counting system. K was esti-
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mated through ICP-MS using the fusion tech-
nique for total K extraction at the XRAL
laboratory in Toronto, Canada.

The SAR protocol (Murray and Wintle,
2000) was used to determine the paleodose. A
five-point measurement strategy was adopted
with three dose points to bracket the paleodose,
fourth zero dose and fifth a repeat-dose point.
Repeat dose was measured to correct for sensi-
tivity changes and to ensure that the procedure
was working correctly. All measurements were
done using a preheat of 220°C for 10s followed
by OSL sampling carried out at 125°C for 100s.
For all aliquots the recycling ratio between the
first and the fifth point was ranged within 0.95-
1.05. Data were analyzed using ANALYST
software (Duller, et al, 1999).

The U/Th age was determined by gamma
counting the reef sediment with inductively
coupled plasma - mass spectrometry (ICP-MS).
Uranium activity/amount was determined using
the isotope Pa-234m while thorium was esti-
mated using the isotopes Bi-214 and Pb-214.
The radiocarbon ages are conventional ages,
corrected to the 13C/12C ratio, and use the Libby
14C half-life of 5568years. Calibrated ages are
given in years before A.D. 1950 while those of
OSL are reported as years before A.D. 2003
when the OSL paleodoses were determined.
The U/Th age is reported as years before A.D.
1950.

Groot, et al (1995) combined palynological
studies of sediment cores from the Atlantic con-
tinental shelf with amino acid racemization
(AAR) analyses. In our study we have used ra-
cemization dating of specimens of Mercenaria
and Astarte from both cores and the sea floor
deposits. These results were obtained using gas
chromatography to assess the amounts of eight
amino acids (Wehmiller, 2010). Mercenaria
sections, weighing ~ 0.1 to 0.4 g were cut from
whole or partial shells. These samples were me-
chanically cleaned then alternately rinsed with
2N HCL and distilled water for a final hydroly-
sis satge at 6N HCL at 105° C for 22 hours.
Analyses were then done using a 25 m Chirasil-
val® gas chromatographic Column installed in
an Agilent® gas chromatograph equipped with
both flame ionization (FID) and nitrogen-phos-
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Figure 2. Histogram plots of pollen from Gray’s Reef (2000) sediment cores 3
(upper) and 5 (lower). Fagus was not observed in core 5 whereas Liquidambar was
observed in 5 but not in core 3 (cf. Table 3).

phorous (NPD) detectors. Precision of D/L val-
ues for multiple derivative samples are better
than 2%. Analytical results are managed in a
database maintained by the University of Dela-
ware's Department of Geological Sciences.

The amino acid racemization (AAR) dates
(Table 2) are preliminary, with only three sam-
ples dated, all of clam species, Mercenaria. The
dates for these samples range from M.L.S.5 (2)
to MLL.S. 3(1) (John Wehmiller, Personal Com-
munication, 2009). The latter was confirmed by
AMS dating.

RESULTS AND DISCUSSION

Our paleoecological data provide corrobora-
tive support for a lithostratigraphic- chronos-
tratigraphic sequence in the late Pleistocene that
more clearly delimits floral communities in
M.LS. 3/2. We have emphasized palynological
data in this study.

Grimm, et al (1993), in a study of a 18.52 m
core from Lake Tulane (Florida) specifically
linked pine:oak-ambrosia pollen abundance to
climatic oscillations. That study linked these
oscillations to massive, periodic advances of ice
streams from the Laurentide ice sheet (L.1.S.)
margin (Heinrich Events (H.E.)(Hemmings,
2004). Their conclusions were that there were
frequent, major vegetation shifts from pine for-
est to open oak-savanna/grassland over the late
Quaternary (<50 ka). In the 1993 paper, Grimm
et al, argued that pine signaled a cooler climate.
In 2006, Grimm, et al, reinterpret the Lake Tu-
lane data such that peaks in the pine pollen are,
indeed, linked to Heinrich events but do not
necessarily imply a cooler climate. In this later
study, Grimm, et al, suggest a wetter, warmer
climate associated with peaks in pine. Oak pol-
len, by contrast, signal a somewhat cooler cli-
mate for Florida in the late Quaternary. Watts et
al (1992) conclude that the late MIS 3 is a peri-
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Table 4. Palynological composition of samples from Gray’s Reef. Values are
expressed as percent of total identifiable pollen and spores (minimum number of
300 grains: F. J. Rich, unpublished data (in Russell, 2009; see Table 1 for these core
locations)

Taxon Gray’s Reef clay |Gray’s Reef core 1 |Gray’s Reef core 2

Alnus 23 1.3 21
Ambrosia 0.89 0.97 0.62
Asteroideae 1.5 - -
Betula 0.59 0.97 0.98
Carya 36 1.9 1.2
Castanea 0.29 1.6 0.62
Chenopodiaceae/Amaranthaceae | 15.2 8.1 5.6
Corylus 0.32 0.62 -
Cyperaceae 1.2 0.32 -
Fagus 0.59 0.32 -
Fraxinus 0.29 0.32 0.62
Gramineae 27 6.8 0.98
Iva 0.59 0.65 -
Liquidambar 1.8 - 0.30
Myrica 1.2 0.32 0.30
Osmunda 0.59 0.32 -
Ostrya/Carpinus - 0.32 -
Picea 21 - -
Pinus 417 56.5 67.2
Polygonum 0.59 - -
Polypodium - 0.65 -
Pteridium - 0.32 -
Quercus 13.4 12.7 13
Salix 0.59 - 0.62
Sambucus - 0.32 -
Sphagnum 0.29 0.32 -
Stellaria 0.29 - -
Taxodium 21 - -
Tsuga 0.59 - -
Ulmus 0.59 0.97 0.62
Woodwardia 21 0.97 -
Indeterminate 21 26 3.7
Totals 100 100 99.4
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od of unstable climate with little or no homoge-
neity over many thousands of years. Their
conclusions are based on data for northwest
Florida (Camel Lake and Sheelar Lake) where a
species-poor pine forest, with some oak, exist-
ed. A cursory inspection of Table 3/Figure 2
shows the dominance of pine and oak at Gray's
Reef during this same interval. Likewise, there
are two significant pine:oak ratios shifts in the
Gray's Reef pollen (-134 c¢m, core 3; -171 cm,
core 5). In both cases the oak percentage drops
to 5% or less. The increase in pine is not as dra-
matic but significant nonetheless.

Two salient points can be made from these
results:

(1) Palynological studies of pollen from

marine sediments have a demonstrated

utility in discussions concerning the
reconstruction of paleoenvironments, and,

(2) Oscillations in arboreal pollen spectra,

particularly that of pine:oak, can be linked to

climatic shifts, at a millennial or higher
resolution scales.

Palynological studies of marine sediments,
therefore, from both Gray’s Reef have allowed
us to gain a broad-brush picture of past environ-
ments on the Quaternary coastal plain and cor-
relate this to changes in paleoclimate/RSL
(Littman 2000; Weaver, 2002; Garrison, ef al,
2008). Pollen results for cores 3 and 5, have
confirmed the utility of marine sediment for
pollen studies, as have that of others (Heusser,
1983). Litwin and Andrle (1992:92-263) noted
a similar pollen composition and abundance at
five sites in central and eastern Florida Bay.
Their assemblages were dominated by both
pine and oak with pine averaging 70% across
their samples (ibid). A closer inspection of the
core 3 data, in terms of actual grains, shows as
significant diminishment of oak pollen at 134
cm to 12 grains/spl. compared to that of 30 - 54
grains/spl. Core 5 shows a similar trend - 15
grains/spl. at 171 cm - but a recovery to the ex-
pected range 32-56 grains/spl., e.g. 50 grains/
spl at 198 cm (Fig. 2).

Another interesting result is the distribution
of a third arboreal species - beech (Fagus) - in
core 3 (Table 3; Fig. 2). This pollen occurs at a
range of 2-16 grains/ spl. in four of the eight

levels. Likewise, in contrast to the uniformity of
pine and oak pollen in both cores, Very little
beech appears in core 5 - six levels out of nine
but with concentrations of only 1 - 3 grains/spl.
Birch (Betula) is present in small, but consis-
tent, amounts across both cores (Table 3). Rus-
sell, et al (2009) state that at LGM, south of 34°
N latitude, oaks comprised ~20% of forests.
The data for the Gray's Reef cores (Tables 3,4)
are comparable. Liquidambar (sweet gum), a
modern (Holocene) southeastern forest species,
is present, in low amounts, in Core 5 (Table 3,
fig. 2)(Booth, et al, 1999).

The presence of birch pollen, while in low
proportions, like sweet gum, supports Frey's
(1953) and Russell, e al (2009) contention, at
LGM, that Southeastern forests contained a
mixture of boreal and austral arboreal species,
in “no-analog” plant communities (Overpeck,
et al, 1985; Delcourt and Delcourt, 1994; Ed-
wards et al, 2005). Because of the qualitative
nature of the results, Littman's J-Reef pollen da-
ta are not shown (Littman, 2000). In those
cores, however, boreal and austral taxa were de-
tected. What cannot be determined, in regard to
the presence of birch pollen, in the both the
Gray's Reef and J-Reef cores, is whether these
are tree or shrub birch species. Betula populifo-
lia is representative of the former and B. nigra
the latter category. Neither does birch signal
general climate conditions such as “wetter-
cooler” or “more arid”. The absence of birch
pollen in core 3 at the -134 cm level suggests a
climate shift that effectively removed birch
from the late Quaternary coastal plain such as
during a Heinrich Event (3 or 2) when a colder,
drier climate would be expected to prevail. Pine
and beech are cool-to-cold tolerant species
compared to the oak and birch (Preusser et al.
2003:1442). Lachniet et al. (2004), in a charac-
terization of the early Holocene cold event
(Veski et al., 2004) at 8200 YBP, observed a
sharp increase in both the pollen of picea and
betula (supra). Tzedakis et al. (2004), likewise,
report tree population changes in the last gla-
cial, e.g., contraction or of observed of temper-
ate species during Heinrich events (HE) 3/2 (ca.
31/24 ka).

O’Kelley’s research at Edisto Island, South
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Carolina, is similar to that described for Gray’s
Reef - paleontological and palynological
(1976). His work was in the nearshore sedi-
ments at Edisto Island where marsh-peat/clay
predominate. Radiocarbon ages for the Edisto
deposits are within the last 2000 years, as one
would expect. In the Edisto data of one core, EB
139A, 55% of the 291 grain-count sample was
pine; 12% was oak. This is comparable with our
data. Interestingly, while O’Kelley’s reports
other forest species - sweet gum, maple, hicko-
ry and birch he reports no beech (1976:16).

More recently, Groot, et al (1995) used pa-
lynology, foraminifera analysis and aminos-
tratigraphy to examine sediment cores from
continental shelf/slope and coastal deposits in
the Delmarva. In that study a 305 m marine core
(AMCOR 6021C0 together with AMCOR 6007
and 6008 cores from the nearshore/coastal plain
were analyzed Groot, ef al (1995) examined the
AMCOR 6008 core sediments, located 15 km
offshore, and determined them to be no older
than M.LS. 5. The pollen therein were parsed
into the following categories:

(1)Cold climate taxa:Picea and Abies.

(2)Temperate and/or warm taxa: Quercus,

Carya, Castanea, Juglans, Liquidambar,

Nyssa, and Taxodium.

(3)Herbs and grasses: Chenopodium,

Gramineae, Compostitae, Gramineae,

Cyperaceae and Ericaeae.

Groot, et al (1995 had the advantage of dis-
tinguishing six species of oak thereby allowing
resolution of older stages than M.L.S. 5 by their
presence or absence (ex. Q. alba). High per-
centages of Pinus indicated cool-temperate cli-
mate. In the lower portions of AMCOR 6007
and 6008 (Pliocene?), higher percentages of
Quercus were observed in proportion to lower
frequencies for Pinus (<50%). In the upper
(Pleistocene) sections of these cores, Quercus
increases in relation to Pinus (~34-64% versus
3-15%) over the range of M.L.S. 4 to M.L.S.2.
As with Grimm, et al (1993), these results sig-
naled climatic oscillations. It should be noted
that the Delmarva data is reflective of Quater-
nary conditions in the northern Mid-Atlantic
Bight (MAB) and there are salient differences
with those from data of the Southeast such as
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the increased presence of boreal taxa as would
be expected of communities near the ice mar-
gins.

In eastern North America the climax decidu-
ous forest is dominated at present by maples
(O’Kelley reports 4.1%), oaks, hickories and
other combinations of trees (such as pines in the
southern U.S.) (Stern, 1994:412). Watts, and
co-workers, reports a similar vegetational and
forest history for the Southeast based on pollen
records from White Pond (South Carolina) and
Camel Lake (N.W. Florida) (Watts, et al. 1992;
Watts, 1980). In these locations, the middle
Wisconsin (40-29 ka, M.L.S. 3) was a time of
forest abundant pine, oak and diverse mesic tree
species such as chestnut (Castanea) together
with eastern Hemlock (7suga canadensis)
(Watts et al, 1992: 1056; Ellison et al.
2005:479-486). The Camel Lake pollen spectra
suggest a species-poor pine forest in the Late
Wisconsin (after 29 ka or M.1.S. 2).

The pollen stratigraphy for the Gray's Reef
cores suggests a temperate coastal plain, park-
land biome dominated by pine (Pinus) and oak
(Quercus) in M.1.S. 3. (Figure 3). The persis-
tence of both Chenopodium and, to a lesser de-
gree, Ambrosia, throughout cores 3 and 5,
suggest a more open type of biome with grass-
land present (Table 3). In fact the high percent-
age for Chenopodium in the Gray's Reef clay
(Table 4) likely correlates with the sharp in-
crease for this taxa in the upper level of core 3
(Table 3, fig. 2). Reconciliation of pollen stra-
tigraphy with the radiometric ages (Table 2)!
suggests a mid-to-late last glacial (M.1.S. 3)
date for the inversion in the oak-pine pollen
spectrum, observed in both spectra (Table 3),
suggests an expansion of a colder interval - pine
increases - at the lower portions of the cores (-
134 cm, core 3; -171 cm, core 5). The timing of
this excursion, in the pine-oak ratio, suggests a
late MLL.S. 3 (H.E. 3/2) date (Watts et al. 1992;
Grimm, et al, 2006). (Chappell and Shackleton,
1986). Models for northern hemisphere ice vol-
ume show a significant reduction (increase in
oak?) in the Farmdale interstade (ca. 25 ka)
with increased volume peaks (increased pine?)
at the Alton and Woodfordian intervals (ca. 37
and 20 ka. - HE 4/2) Resolution in these models



LATE QUATERNARY PALEOECOLOGY AND HEINRICH EVENTS AT GRAY’S REEF

Paleoenvironments, sea level, paleontology i \-_.__—
and archaeology in the Georgia Bight bl
100 2000 B : \'\/\_,./\—\/J-Rm

o o W

Station
**Station 16

Marine Isotope Stage 3
Georgia Rivers
[—— GRNMS Sanctuary Boundari
MIS3, Silver Bluff
Terrain

Submerged

Shoreface

Marsh

- Terrestrial

Data Source: Bathymetric data, NGDC.
Paleochannel data: Skidaway Institute of
O graphy.

Site locations: Garrison, et al,

GRNMS boundaries: NOAA Marine
Sanctuaries

Figure 3a. Sea level and environment reconstruction at 45 ky BP. Biome maps
based on this study and others (cf. Russell, et al, 2009;Williams, et al, 2006).
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Figure 3b. Sea level and environment reconstruction at 13.3 ky BP. Biome maps
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Paleoenvironments, sea level, paleontology
and archaeology in the Georgia Bight
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Figure 3c. Sea level and environment reconstruction at 9 ky BP. Biome maps based
on this study and others (cf. Russell, et al, 2009;Williams, et al, 2006).

is generally too coarse to detect millennia -
length excursions, in regional climate.
Russell, et al (2009:84) conclude the Gray’s

1. By using OSL as a correlative tool, the AMS
dates we report are less suspect with regard to
well known calibration issues for ages > 30 ka
(Richards and Beck, 2001; Van der Plicht,
2002). Because of large fluctuations in atmo-
spheric 14C content in the >30 ka time range,
mainly as a result of variation in the geomag-
netic field and the North American thermoha-
line circulation, AMS age estimates can be as
much as 7 ka too young (Beck, et al, 2001;
Laj, et al, 2002). For AMS dates greater than
42 ka the age offset may be somewhat less,
possibly in the 3-4 ka range. Reliable calibra-
tion curves for this time range remain elusive
(O’Connell and Allen, 2004). Both AMS and
OSL dates from Gray's Reef sediments, above
170cm b.s. of 27 kaYBP, suggest this near-
shore part of the Satilla Fm is at or near late
glacial maximum (LGM- M.IS. 2) in age
(Table 2). Conversely the deeper, ~ 2m b.s.,
Brown Sand member is at least early glacial,
e.g M.IS. 3 (Plum Point Inter-Stade?).
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Reef pollen assemblage documents the pres-
ence of “mixed” late Pleistocene-early Holo-
cene floras in Florida and the southern Atlantic
seaboard. Around 13,000 k YP, the Warm
Mixed Forest Biome (also called the broad-
leaved evergreen forest by Williams, et al
(2000)) expanded out of the Florida Peninsula
into the southeastern lowlands to replace a
Mixed Parkland biome while a Temperate De-
ciduous Forest Biome expanded in the Southern
Appalachians and adjacent Piedmont, being
well established by the mid-Archaic/mid-Holo-
cene Periods, ca. 9000 y BP (Jardine, et al
2012:31). We illustrate these putative biomes,
with attendant sea levels/coastlines in figure 3.

CONCLUSIONS

Extreme climate events can manifest them-
selves in proxies such as pollen. Between MIS
3 and LGM, perhaps contemporaneous with the
HE 4 to HE 2 events, a contraction of temperate
arboreal taxa, such as oak, imply a direct cli-
mate-ecology coupling. The chronological and
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sea level data for the Gray’s Reef sediment
cores indicate a shallow coastal ocean prior to a
late MIS 3 coastline. Pine expands, at the ex-
pense of oak, in the colder interval detected in
the cores 3 and 5. Certainly, HE 3/2, and LGM,
can be manifest in the paleoecology. Given the
potential for reworking and mixture of the shelf
sediments, dating the exact period of the ob-
served shift in arboreal taxa requires more
chronological study. We cannot completely rule
out LGM as this cold Pleistocene interval with-
in which temperate arboreal species waned and
cold tolerant ones waxed. That said, it is impor-
tant point to note that pollen from marine sedi-
ments can be used to map these late Pleistocene
climate oscillations in the Southeast. The conti-
nental shelf sediments of the Georgia Bight
show very little to no lithologic variability
(Garrison, et al, 2008)). There is, however, sig-
nificant variability in paleoclimate/paleoeco-
logical proxies within these sediments. When
coupled with direct dating of these marine sed-
iments, mesoscale — millennial or finer - varia-
tion of climate and ecology can be reliably
inferred.

MIS 3, which the bulk of the Gray's Reef pol-
len spectra represents, has been called a non-an-
alog climatic period by paleoclimatologists.
Likewise, palynologists and paleoecologists
have termed many of the biomes of this period
non-analog as well. As pointed out by Russell,
et al (2009) in their proposal for the Quaternary
Southeast as a “thermal enclave”, part of the
reasons for non-analog communities — plant or
animal — are the organisms themselves as well
as climate.

The Mixed Parkland biome, no longer pres-
ent in North America (Williams, et al, 2001)
was associated with a Rancholabrean fauna of
late Quaternary coastal plain, as different from
modern communities as is the composition of
plant communities within which they lived
(Frey, 1973; Webb, 1977; Webb, et al, 2004;
Russell, et al, 2009). These Quaternary ecosys-
tems were non-analog to those of today (Over-
peck et al (1985); Graham, et al, (1996);
Edwards, et al, (2005); Williams, et al, (2004);
and Russell, ef al, (2009)). As we suggest, part
of this difference is at the ecosystem level

where Quaternary fauna grazed and browsed a
coastal plain biome that was more parkland
than forest due to climate, but, also, in large
part, to the fauna themselves. As Williams, et al
(2001) opin, plant associations with no modern
analog, such as the Mixed Parkland, grew in en-
vironments outside the range of modern climate
space. The Quaternary coastal plain that includ-
ed Gray's Reef, particularly in MIS 3, was just
such a climate space.
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ABSTRACT

A study of bulk-rock compositions and
CIPW norms of the Soapstone Ridge com-
plex (SSR), supplemented by the extensive
data from Higgins and others (1988), has
been conducted on rocks in order to con-
strain its origin. Major and trace element
concentrations of compatible elements from
the SSR such as MgO and Ni are much high-
er than those of melts, consistent with a cu-
mulate origin for most SSR rocks.

Normative calculations indicate that ap-
proximately half of the bulk-rock major ele-
ment data in Higgins and others (1988) have
normative corundum contents ranging from
1 to 7.3 wt.%. Silica contents from all sam-
ples of the SSR range from 45 to 57 wt.%
SiO, indicating that the rocks are dominant-
ly basic to intermediate. Based of CIPW
norm plots, SSR rock types are mostly
metapyroxenites and metagabbros with very
few metaperidotites. Rocks from the SSR
have high normative pyroxene contents, gen-
erally low normative plagioclase contents,
and low to moderate normative olivine con-
tents. Bulk-rock compositions from the SSR
are akin to those formed in some island arc
settings, such as the Solomon Islands, lend-
ing support to an origin as an intra-oceanic
arc crust.

INTRODUCTION

The Soapstone Ridge complex (SSR) is the
largest mafic/ultramafic body in the southern
Appalachians (Higgins and others, 1980). Re-

cent mapping shows that the SSR is a sheet-like
body that covers approximately 40 km? and has
a maximum thickness of 200 m (Higgins and
others, 1980; Higgins and Atkins, 1981; Hig-
gins and Crawford, 2007).

Hatcher and others (2007) recently published
a new tectonic map of the central and southern
Appalachians based on recent mapping and
geochronologic data (Figure 1). Rocks of the
SSR are metamorphosed mafic and ultramafic
rocks that outcrop in the Tugaloo terrane of the
southern Appalachian orogen (Figure 1). Rock
types of the SSR include metapyroxenites,
metatroctolites, metagabbros, and meta-an-
orthosites (Higgins and others, 1988). Accord-
ing to Higgins and others (1980), 90% of the
rocks comprising the SSR are mafic, with the
remainder being ultramafic. Protoliths of SSR
rocks were first interpreted as altered gabbros
and gabbros (Higgins, 1966; Pickering and oth-
ers, 1972), and then, later, as various rock types
interpreted to be relict ocean floor and mantle
rocks, i.e., part of an ophiolite (Higgins and oth-
ers, 1980, 1984, 1988; Higgins and Atkins,
1981). The purpose of this study was to de-
scribe the rock types and bulk-rock geochemis-
try of the SSR, and to place some constrains on
the origin and tectonic setting of the SSR based
on bulk-rock geochemical data.

SSR bulk-rock geochemical data are present-
ed in Higgins and others (1988), but neither
sample locations nor sample descriptions are
offered. With the exception of rare earth ele-
ment plots, no bulk-rock geochemical plots are
presented by Higgins and others (1988). Prima-
ry geochemical data used in this investigation
are from Higgins and others (1988) and they are
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Figure 1. Simplified tectonic map of the southern Appalachians showing the location of the Soap-
stone Ridge complex (modified from Hatcher and others, 2007).

expanded in scope by new data from eight sam-
ples collected during this study.

PREVIOUS WORK ON SOAPSTONE
RIDGE COMPLEX

The name “Soapstone Ridge” was used by
Hopkins (1914) to describe the largest outcrops
of soapstone deposits located in Lumpkin
County in northeast Georgia. According to
Hopkins (1914), rocks of the SSR in DeKalb
County, the subject of the present investigation,
were derived from pyroxenites and are now
composed of chlorite, talc, amphibole, and
magnetite. Hopkins (1914) described the SSR
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as a soapstone and pyroxenite deposit on a map
of the area. The first detailed study of SSR was
by Higgins and others (1980) who interpreted
the rocks as a dismembered ophiolite tectoni-
cally emplaced along a 150-200 m-thick folded
imbricate thrust sheet termed the Soapstone
Ridge thrust sheet (Figure 2). The altered nature
of the SSR rocks was noted by these workers
who concluded that hydrothermal alteration and
metamorphism affected the mineralogy and the
bulk-rock major, trace, and rare-earth element
chemistry.

SSR rocks overlie rocks of the Ropes Creek
and Paulding thrust sheets which were both
metamorphosed under amphibolite facies con-
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Figure 2. Geologic map of the Soapstone Ridge complex and adjacent areas (after Higgins and
Crawford, 2007) showing location of samples in this study.

ditions. The Soapstone Ridge fault truncates
folds, quartz veins, and pegmatites of the under-
lying rocks (Higgins and others, 1984, 1988;
Higgins and Crawford, 2007).

Higgins and others (1980) interpreted the
southern Appalachians orogen to be composed
of three stacks of folded thrust sheets: the low-
ermost is the Rome-Kingstone thrust stack,
which is overlain by the Georgiabama thrust
stack, which in turn is overlain by the Little
River thrust stack. The Soapstone Ridge thrust
sheet is the uppermost of the Georgiabama
thrust stacks. The Soapstone Ridge thrust sheet
traveled first in a westward direction and the
furthest distance from its position in the eastern
part of the ancient Iapetus Ocean, compared to
all the thrust sheets which comprise the Geor-
giabama thrust stack (Higgins and others, 1984,
1988). Higgins and others (1988) interpret
thrusting to be of Middle Ordovician (Taconic
orogeny) to Carboniferous (Alleghanian oroge-
ny) times. Metamorphism of SSR rocks is de-

scribed as synthrusting by Higgins and others
(1988).

BASIC AND ULTRABASIC ROCKS
OF THE SOUTHERN
APPALACHIANS

Metamorphosed mafic and ultramafic rocks
occur as small and isolated bodies throughout
the southern Appalachian orogen (Misra and
Keller, 1978; Misra and McSween, 1984). His-
torically, two belts of metamorphosed mafic
and ultramafic rocks are depicted in the south-
ern Appalachians (Pratt and Lewis, 1905; Hess,
1955; Larrabee, 1966). One belt occurs to the
west of a central axis of intense deformation in
the Blue Ridge, whereas the other occurs to the
east in the Inner Piedmont and the Carolina
zones of the Piedmont (Hibbard and others,
2002; Bream and others, 2004; Hatcher and oth-
ers, 2005). The belt of metamorphosed mafic/
ultramafic bodies which occurs to the west of
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the central axis of intense deformation in the
Blue Ridge lies in the western Blue Ridge (Mis-
ra and Keller, 1978).

SSR is part of the eastern belt of metamor-
phosed mafic/ultramafic bodies which occurs in
the Piedmont. Most of the metamorphosed ul-
tramafic bodies in both the Blue Ridge and
Piedmont are Alpine-type with lens-like bodies
enclosed in the regional foliation without any
evidence of intrusion such as chilled margins
(Misra and Keller, 1978).

BASIC AND ULTRABASIC ROCKS
OF THE PIEDMONT

The Piedmont belt of metamorphosed mafic
and ultramafic rocks is not as well defined as its
Blue Ridge counterpart, but can be traced from
Alabama to Virginia (Pratt and Lewis, 1905;
Hess, 1955; Larrabee, 1966). The Piedmont
metamorphosed mafic and ultramafic rocks are
composed mostly of chlorite amphibole schists.
Talc is locally important and olivine and pyrox-
ene occur in some rocks. The larger occurrences
of metamorphosed mafic and ultramafic bodies
in the southern Appalachians Piedmont Prov-
ince are reviewed below.

SOUTH CAROLINA
METAMORPHOSED MAFIC AND
ULTRAMAFIC BODIES

The Hammett Grove Meta-igneous Suite
(HGMS), located in northwestern South Caroli-
na, was examined by Mittwede and others
(1987), Mittwede (1989), and Mittwede and
Sharp (1990). The HGMS is comprised of
metapyroxenites, metagabbros and metabasalts
and an altered ultrabasic component composed
of soapstone and serpentinite which Mittwede
(1989) refers to as an ultramafite. Mittwede
(1989) interpreted the HGMS to be a disrupted
ophiolite sequence composed of ultramafic and
mafic rocks that formed as fore-arc basement to
the Carolina superterrane.

The Clemson, Seneca, and Walhalla ultrama-
fic bodies occur in the Tugaloo terrane of west-
ern South Carolina (Warner and others, 1986,
1989). The rocks are composed mostly of chlo-
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rite, calcic amphibole, olivine, and serpentine.
Warner and others (1989) note that moderate
amounts of olivine occur either as elongated
crystals up to 1.5 cm long or as a fine-grained
aggregate forming lenses up to 5cm in length.
Olivine lenses show elongation parallel to the
foliation in the enclosing rocks, and Warner and
others (1989) interpreted the olivine to be part
of the metamorphic mineral assemblage. War-
ner and others (1986, 1989) proposed that these
rocks were derived from aluminous peridotitic
cumulate sections of ophiolites. Chondrite nor-
malized (Taylor and McLeman, 1985) lantha-
num/samarium (La/Sm)y values range from
low values of 0.616 for the Walhalla body to a
high of 2.256 for the Seneca body, using the da-
ta of Warner and others (1989). Overall, REE
abundances are higher than those from cumu-
late gabbros from ophiolites and the REE pat-
terns are flatter than ophiolite cumulate
gabbros.

VIRGINIA METAMORPHOSED
MAFIC/ULTRAMAFIC BODIES

Owens and Uschner (2001) described meta-
morphosed ultrabasic rocks (chlorite amphibole
schists, carbonate chlorite-talc schists, chlorite
talc schists and chlorite schists) exposed in the
central Virginia Piedmont. The rocks display a
wide range in bulk compositions. Mg# (atomic
100 x Mg/(Mg + Fe)) range from approximately
73 to 92, and anhydrous SiO, contents range
from 31 to 63 wt.%. Normative mineralogy in-
cludes plagioclase (from 1 to 42%) along with
pyroxene (from 9 to 78%) and olivine (from 0
to 53%). Some samples contain appreciable
amounts normative corundum (18 and 20%).
Despite the abundance of normative plagio-
clase, the rocks do not show evidence (e.g. ele-
vated Sr or Eu contents) of plagioclase in the
protoliths. (La/Sm)y values for rocks from the
central Virginia Piedmont range from low val-
ues of 0.612 in a chlorite amphibole schists to a
high value of 4.44 in a carbonate-chlorite talc
schist from the data of Owens and Uschner
(2001).

Rare earth element plots presented by Owens
and Uschner (2001) are characterized by cross-
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ing patterns that show a wide variation in their
concentrations. These are interpreted to be ei-
ther a result of original REE heterogeneities or
of element mobility (Owens and Uschner,
2001). Metasomatic alteration of some ultrama-
fic rocks produced the protoliths for the talc-
chlorite schist and carbonate-chlorite-talc schist
(Owens and Uschner, 2001). Talc-chlorite
schists are interpreted to be metasomatized, but
chlorite-amphibole schists are interpreted to be
metamorphosed amphibole-bearing peridotites,
probably emplaced in a mélange complex (Ow-
ens and Uschner, 2001).

NORTH CAROLINA PIEDMONT
PROVINCE METAMORPHOSED
MAFIC/ULTRAMAFIC BODIES

The Halifax County complex occurs in the
eastern part of the state and is composed, from
west to east, of metaperidotites, metadunites,
metapyroxenites, metagabbros, and meta-an-
orthosites, quartz diorite, plagiogranite, and
metabasalts, resting on a mylonite zone to the
west (Kite and Stoddard, 1984). Atlantic Coast-
al Plain sediments cover the complex to the
east. The complex was interpreted by Kite and
Stoddard (1984) to have basaltic rocks that are
more akin to both island arc basalts and to ocean
floor basalts. The Halifax County complex as a
whole was interpreted to represent the under-
pinnings of the Eastern slate belt (Carolina su-
perterrane) volcanic arc (Kite and Stoddard,
1984).

METAMORPHOSED MAFIC AND
ULTRAMAFIC ROCKS IN GEORGIA

The Berner Mafic Complex in central Geor-
gia was examined by Hooper and Hatcher
(1989). The complex is composed of amphibo-
lites and metagabbros. Hooper and Hatcher
(1989) interpreted the basic and ultrabasic rocks
of the Berner Mafic Complex to be co-magmat-
ic based on compatible trends on variation dia-
grams and spatial relationships. The Berner
Mafic Complex is described as part of an
evolved arc complex, but subsequent deforma-
tion and metamorphism makes determination of

protoliths of the meta-ultramafic rocks difficult
(Hooper and Hatcher, 1989).

Allard and Whitney (1994, 1995) identified
over eighty occurrences of basic and ultrabasic
rocks in northeast Georgia, which they termed
the Russell Lake Allochthon (RLA). Based on
horizontal shear zones at the base of these bod-
ies, low-metamorphic grade, and lack of pene-
trative deformation, Allard and Whitney
interpreted these bodies to be part of a large al-
lochthonous sheet - the RLA. Recent studies
(Chaumba and Roden, 2007) show that amphi-
boles and plagioclases in RLA rocks are zoned.
The amphibole cores are composed of magne-
siohornblende, whereas the rims are composed
of actinolite. Plagioclase has anorthite-rich
cores and anorthite-poor rims. This sequence of
mineral replacement is consistent with early
amphibolite and later greenschist facies meta-
morphic conditions (Chaumba and Roden,
2007).

Higgins and Crawford (2007) recognize two
rock units in the SSR. Rocks of the Paulding
Volcanic/Plutonic Complex are the most com-
mon. This unit is heterogeneous consisting of
epidote-chlorite amphibolite, biotite gneisses
and schists, and felsic plutonic rocks (Higgins
and Crawford, 2007). A second map unit, called
metapyroxenites, is composed of rocks with
large (4-6 cm) euhedral pseudomorphs of py-
roxene now replaced by chlorite, talc, and trem-
olite/actinolite. Metapyroxenites crop out as
rounded boulders and are covered by a thin red
soil with sparse vegetation. SSR rocks are cor-
relative with rocks the RLA (Higgins and
Crawford, 2007).

In summary, the metamorphosed mafic and
ultramafic bodies in the Piedmont region of the
southern Appalachians are dominantly com-
posed of metagabbros and metapyroxenites,
with relatively few metaperidotites (i.e., metal-
herzolites, metaharzburgites, metadunites, and
metawehrlites). These rocks are thought to have
been formed under a variety of settings, ranging
from ocean floor rock settings, through island
arc settings, and as mélanges. Thus, metamor-
phosed mafic and ultramafic rocks probably
originated under diverse settings, although
some show some similarities. For example,
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Figure 3. Photograph of a megacrystic meta-
orthopyroxenite showing relict cumulate tex-
ture defined by very coarse-grained crystals of
orthopyroxene and amphibole in a matrix of
mostly amphibole.

rocks of the SSR are thus broadly comparable to
other metamorphosed mafic and ultramafic
rock types from the Tugaloo terrane described
by Warner and others (1989) in terms of their
rock types and bulk-rock geochemistry.

SAMPLES

Due to poor SSR rock outcrops, samples of
SSR rocks were collected from road cuts and
construction sites in the southeastern part of At-
lanta, Georgia (Figure 2). In this intense weath-
ering environment, only the most resistant
rocks remain even in deep road cuts or in con-
struction foundations. Rocks of the SSR include
amphibolites and diablastites composed of vari-
able amounts of amphibole, chlorite, magnetite,
and talc.

Samples were collected from four different
parts of the SSR: Brittany Park Lane (BPL1,

BPL2), Moore Road (Moorel, Moore3), West
Side Place (Westl, West2), and Wildcat Road
(Wcatl, Wcat2) (Figure 2). Shown in Figure 3
is an outcrop of a megacrystic meta-orthopy-
roxenite from Wildcat Road, one of the best ex-
posures of the SSR encountered. The sample
shown in Figure 3 is composed of megacrystic
euhedral brown crystals of orthopyroxene, al-
tering to amphibole in places, set within fine-
grained amphibole grains. Relict orthopyroxene
grains are visible even in hand specimen.

METHODS

Thin sections were prepared from all of the
samples collected for this study. Petrographic
examination yielded mineral assemblages and
textural relationships. The mode is the mineral-
ogical composition of a rock (e.g., Philpotts,
1990) and it is expressed in volume percent.
Mineral modes were obtained using point
counting under the petrographic microscope,
together with the use of a Clay Adams Labora-
tory Counter. A total of 500 counts were per-
formed per thin section. Point counting results
from the present study are shown Table 1. Min-
eral modes are important is classification of
rocks as the IUGS classification scheme is
based on volume percentages (Streckeisen,
1976).

Approximately 10.0 grams of the rock pow-
der was weighed and mixed with 2 ml of ace-
tone/elvalcite solution to produce powder
pellets through applying a pressure of 21, 000
kPa. Trace element analyses were then made on
the pressed powder pellets at the University of
Georgia Center for Applied Isotope Studies on
a Philips 2.4 kW Magix instrument. The instru-

Table 1. Mineral modes for samples from the Soapstone Ridge complex studied

Sample BPL1 BPL2 Moore1 | Moore3 | West1 West2 WCAT WCAT2
Amphibole 79.0 78.6 99.6 99.2 97.4 98.4 96.6 38.8
Chlorite 13.4 16.2 0 0 2.4 14 0 0
Talc 0 0 0 0 0 0 0.6 1.2
Opaques 7 4.8 0.4 0.8 0 0.2 14 0.4
Other* 0.6 0.40 0 0 0.2 tr 1.41 59.61 . |

*Other - includes pits in thin sections and some accessory minerals such as apatite or as indicated t-orthopy-

roxene
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ment is equipped with an Rh anode and a se-
quential spectrometer and the power settings
varied according to the element of interest. Data
obtained were corrected for peak overlaps and
mass absorption effects. The analytical lines
used were Ka with the exception of Ba, Hf, U,
and Th, for which the La analytical line was
used.

Major element analyses were carried out on
fused glass disks following a slight modifica-
tion of the method of Norrish and Hutton
(1969). Approximately 10.00 g of lithium bo-
rate-lithium bromide fusion flux was weighed
and added to approximately 2.50 g of sample to
produce fused glass disks. The disks were ana-
lyzed utilizing the same instrument as was used
for trace elements and data were corrected for
peak overlap and mass absorption effects. Rep-
licate analyses of standards indicated precisions
of + 1% (1 S.D.) for most major and trace ele-
ments.

The oxidized character of the SSR rocks is
probably related to the weathering, hydration,
alteration, and metamorphism of these rocks.
Since normative mineralogy is sensitive to the
oxidation state of the iron (e.g., Rollinson,
1993), the norms were all calculated following
the assumption that 85% of the iron is Fe2*
(Cox and others, 1979). Rock analyses were re-
calculated to 100% anhydrous basis prior to
both calculating the norms and plotting.

MINERALOGY AND PETROLOGY

Talc-chlorite amphibole schists are the most
common rock types in our suite of SSR sam-
ples. Nonfeldspathic rocks of the SSR are gray-
ish-green, where fresh, but weather to a
brownish-gray color. The rocks contain coarse-
grained amphibole crystals that are slightly
more resistant to weathering than the associated
chlorite and talc, giving the weathered rock a
“knobby™ appearance. The rocks are typically
massive, but where a foliation is detected, it is
the talc and chlorite that are responsible for the
foliation.

Mineral modes in our SSR rocks are given in
Table 1. Amphibole is the dominant mineral in
SSR rocks, with the exception of one megacrys-

tic meta-orthopyroxenite sample from Wildcat
Road where orthopyroxene comprises at least
70% of the mode (Table 1). It can be seen from
Table 1 that most of the rocks types are domi-
nated by modal amphibole, and hence the use of
CIPW norms in classifying rocks from the pres-
ent investigation.

Brittany Park Lane and West side Place sam-
ples are composed mostly of amphibole and
chlorite with minor amounts of FeTi oxide min-
erals (Table 1). Moore Road and Wildcat Road
samples have hornblende overgrown by actino-
lite, no chlorite, and very few or no FeTi oxides
(Table 1).

Amphiboles from Moore Road, West Side
Place, and Brittany Park Lane samples are me-
dium- to fine-grained and acicular. Individual,
optically continuous amphibole grains range in
size from 0.2 to 1.0 mm in length. Under the mi-
croscope, high-Ca amphibole is generally col-
orless, but a few grains contain patches of
amphibole with slight greenish pleochroism.
Low-Ca amphibole forms more elongate grains,
often as overgrowths on high-Ca amphibole.
Amphibole grains are enclosed by chlorite and
talc. Chlorite is pleochroic (light-green to color-
less) and talc is colorless. Small grains of mag-
netite, often oxidized to goethite, occur in
Moore Road and West Side Place, and Brittany
Park Lane samples. Blake (1982) reported that
the amphiboles in SSR rocks were tremolite and
cummingtonite.

In addition to the occurrence of acicular am-
phiboles, samples from Brittany Park Lane are
also dominated by both fine- to medium-
grained chlorite and very coarse-grained am-
phibole crystals. The coarse amphibole grains
commonly enclose fine-grained opaque miner-
als. Zoned amphiboles, with hornblende cores
discontinuously rimmed by tremolite-actino-
lite, are common in samples from Moore Road
and West Side Place.

Wildcat Road samples (Figure 3) are domi-
nantly composed of megacrystic grains of or-
thopyroxenes partially rimmed by, or occurring
in association with, amphibole. Samples from
Wildcat Road are different from the other SSR
samples investigated in that they are the only
orthopyroxene-bearing ones, in addition to am-
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Figure 4. Bar diagram showing silica contents of samples from Higgins and others (1988) and
samples from the present study. Smartville complex samples are shown for comparison pur-
poses. Data from various a famous layered intrusion such as the Bushveld Complex (Maier and
others, 2000) and island arc crust such as Solomon Islands (Berly and others, 2006) and Green-
hills Complex (Spandler and others, 2003) are shown for comparison.

phibole, talc, and opaques. The orthopyroxene
crystals in sample Wcat2 are very coarse-
grained, sometimes up to 5 cm in length. Am-
phibole typically occurs in association with or-
thopyroxene, but the grain size of the former
rarely exceeds 2mm in length, and the amphi-
bole typically partially rims or replaces or-
thopyroxene crystals. Talc in Wildcat Road
samples occurs in association with the amphi-
boles. Ortho-amphiboles were only identified in
Wildcat Road samples, and these occur in asso-
ciation with orthopyroxenes. Sample Wcat is
mostly comprised of amphibole replacing or-
thopyroxene; very few relict orthopyroxene
grains were observed.

BULK COMPOSITIONS

Bulk-rock major and trace element composi-
tion data, including normative compositions, of
8 samples are reported in Table 2. In all the ac-
companying plots, samples from the present
study are compared to those from Higgins and
others (1988) and they are all described togeth-
er. Rocks can be classified in terms of their sil-
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ica content into ultrabasic, basic, and acid
groups (e.g., Philpotts, 1990). A plot of the sili-
ca content of the rocks under study and those
from Higgins and others (1988) is presented as
a bar diagram (Figure 4) and it shows that the
bulk of rocks from the SSR are basic and inter-
mediate rocks.

On a plot of the oxide magnesia versus calci-
um oxide (Figure 5a), SSR rocks from the pres-
ent investigation separate into two groups. One
group has relatively low CaO contents which
range from 3.01 wt.% to 4.23 wt.% CaO for five
samples, whereas the other group of samples
has relatively high CaO contents ranging from
6.27 — 8.39 wt.% CaO (Figure 5a). Except for
the high modal calcic amphiboles in one sample
with the highest CaO content (Moore3), it is not
clear why this one sample has a much higher
CaO content compared to the other samples.
The other two samples with high CaO contents
are from the Wildcat Road area, and they are
composed of megacrystic orthopyroxenite with
high modal amphiboles. These SSR samples
have magnesia contents ranging from a low of
19.73 wt.% in the sample with the highest CaO
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Table 2. Bulk-rock major and trace element compositions and CIPW Norms of Rocks from the
Soapstone Ridge complex

West1 | West2 | Moore1 Moore3 BPL1 BPL2 WCAT WCAT2

Si02 52.65 53.1 53.58 52.35 437 43.86 48.49 51.50
TiO2 0.24 0.21 0.35 0.77 0.53 0.59 0.33 0.32
Al203 5.48 4.54 3.76 5.28 7.33 7.96 6.46 5.23
Fe,0O3t 11.06 10.93 |10.69 11.48 11.83 11.43 12.43 1244
MnO 0.19 0.19 0.19 0.21 0.18 0.19 0.25 0.23
MgO 24.49 25.12 |25.51 19.73 27.78 26.76 21.63 22.89
Cao 3.01 3.21 3.35 8.39 343 4.23 7.64 6.27
Na20 0.21 0.24 0.10 0.58 0.18 0.04 0.66 0.60
K20 0.04 0.05 0.06 0.10 0.06 0.04 0.07 0.11
P205 0.02 0.02 0.10 0.11 0.04 0.06 0.01 0.02
LOI 3.95 3.29 3.19 1.61 6.30 6.11 1.69 0.54
Total 101.34 100.90 |100.88 100.60 101.36 [101.27 99.65 100.15
FeO* 11.33 11.17 10.92 11.57 12.42 11.99 12.56 12.36

Normative compositions
quartz 1 2 2 0 0 0 0 0
corundum |0 0 0 0 1 0 0 0
orthoclase |0 0 0 1 0 0 0 1
albite 2 2 1 5 2 0 6 5
anorthite 14 11 10 12 18 22 15 1
diopside 1 4 5 24 0 0 19 16
hypersthene |86 79 79 55 38 40 37 53
olivine 0 0 0 0 38 35 21 1
magnetite |2 2 2 2 2 2 2 2
iimenite 0 0 0 1 1 1 1 0
apatite 0 0 0 0 0 0 0 0

Trace elements (in ppm)

West1 West2 [Moore1l Moore3 BPL1 BPL2 Wecat Wecat2
\' 97 84 94 173 76 78 141 119
Ni 838 694 638 577 809 1049 771 853
Cr 1534 2293 1926 1344 2685 2392 1891 1881
Cu 14 20 21 13 25 21 20 47
Zn 148 138 125 143 137 160 153 177
Rb 8 8 8 8 9 9 9 8
Sr bdl 22 14 39 60 27 bdl bdl
Y 4 7 6 16 7 13 13 23
Zr 13 15 23 36 50 44 20 23
Nb 1 1 3 3 3 3 1 bdl
Ba bdl 12 45 bdl bdl bdl 69 68
Ce 88 88 90 84 89 94 nd nd
La 3 25 3 18 5 11 9 14

*Iron partitioned based on ratios of Fe2*/Fe3* = 0.85 (Cox and others, 1979); t - total iron as Fe,03, bdl -
below detection limit, nd — not determined.
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Figure 5. Plot of wt.% MgO versus wt.% CaO (a), wt.% Aly0; (b), and total iron as wt.% FeO" (c).
Only CaO versus MgO shows a negative correlation, the other elements do not display any cor-
relation.
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Figure 5 (continued). Plot of wt.% MgO versus wt.% SiO, (d), wt.% Na,O (e), and wt.% P,05 (f), wt.
%. No correlation is displayed by these elements.

194



SOAPSTONE RIDGE COMPLEX IN GEORGIA

1.2 3 -
& .3 o g M
°\°.0'8 : o+ gs é @
205 | i 3% 64 ©
‘:04 R? =-0.0894 R gg ;3_ §o°°
o"* ] f&é’ £ ok
i:OZ 4 OSSR (Higgins et al., 1983) o “"'2 : R2=0.4055
S ===, ce @ |E1 1 W B+
) E e o ? go §—rﬁ—ﬁ—®o—f—ﬂi}l—>"—v—v——|
0 20 4% 0 = 2
Mo (wt. %) MgO (wt. %)
g 7 -S o e R2=.0.0399
E 61 5 g
E 53 o o
H RN
2 23 @ o
g (1, i) ot © HL
€ 0 F———+00opx
40 " 50 !
SiO, (wt. %)

Figure 5 (continued). Plot of wt.% MgO versus wt.% wt.% TiO, (g),

% normative corundum versus

wt.% MgO (h), and % normative corundum versus wt.% SiO, (i).

content (Moore3) to a high of 27.78 wt.% in a
sample with a relatively low CaO content
(BPL1) as shown in Figure 5a. The range dis-
played by samples from the present study is
comparable to and plots within the range of
samples from Higgins and others (1988) (Fig-
ure 5a). As MgO contents decrease, CaO con-
tents increase, resulting in a good negative
correlation that is displayed between these two
oxides (Figure 5a). The MgO contents of SSR
samples from the present study fall within the
MgO range of 15.2 — 28.5 wt.% from Higgins
and others (1988) (Figure 5a).

All of the SSR present samples are moderate-
ly aluminous with aluminum oxide contents
ranging from a low of 3.76 wt.% Al,O5 (sample
Moorel) to a high of 7.96 wt.% Al)Oj3 (sample
BPL2) as shown in Figure 5b. These samples
are comparable to, and they fall within, the
3.52-11.7 wt.% AlyO3 range from the data of
Higgins and others (1988) (Figure 5b). No cor-
relation is displayed between AlyO3 and MgO
as shown in Figure 5b.

Iron contents are high and total iron (as

FeO*) contents do not correlate with MgO con-
tents (Figure 5c). Samples with low FeO* con-
tents are also characterized by samples with low
MgO contents, but the relationship breaks down
as the concentrations of both oxides increase
(Figure 5c). FeO* contents from the present
study show a limited range, varying from 10.92
- 12.56 wt.%, and they plot within the range of
Higgins and others (1988) (Figure 5c¢). FeO*
data from Higgins and others (1988) show a
wider range from 8.14-20.05 wt.% (F igure 5c).

No correlation is displayed in a plot of SiO,
versus MgO (Figure 5d). In Figure 5d, SiO,
contents from SSR samples under study range
from 43.7-52.65 wt.% and they plot completely
within the 42.0-54.5 wt.% range from Higgins
and others (1988). Almost all of the samples
from the SSR plot in the basic and intermediate
field (e.g., Philpotts, 1990).

Alkali contents are low, Na,O <1 wt% for all
samples (Figure Se), and approximately a fifth
of K5O values from the data of Higgins and oth-
ers (1988) fall at or below detection limits. In
Figure Se, the two samples from the present
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study with the highest Na,O contents of 0.58
and 0.66 wt.% are from the two megacrystic
meta-orthopyroxenite samples. The oxide P,Os
shows a poor negative correlation with MgO,
with some values at or below detection limit of
0.01 wt.% (Figure 5f). P,O5 contents from the
present study are within the range of, and com-
parable to, those from Higgins and others
(1988) (Figure 5f).

A plot of the generally incompatible oxide
TiO, versus MgO (Figure 5g) shows no corre-
lation between the two oxides. Samples from
the present study have TiO, concentrations
which range from low values of 0.24 and 0.21
wt.% in two samples with MgO contents of 25.1
and 25.7 wt.%, to samples with higher TiO,
concentrations of 0.77 wt.% and 0.59 wt.% with
respective MgO contents of 19.73 and 26.76
wt.% (Figure 5g). No correlation is displayed
between TiO, and MgO concentrations as
shown in Figure 5g.

Figure 5h is a plot of normative corundum
versus wt.% MgO that shows that approximate-
ly half of the samples from the SSR analyzed by
Higgins and others (1988) have normative con-
tents of >1%. Normative igneous mineralogies
for the SSR rocks range from silica over-satu-
rated rocks (normative quartz) to silica saturat-
ed rocks (normative olivine). The rocks contain
appreciable normative plagioclase compared to
their moderate aluminum contents. There is an
excess of Al (insufficient Ca+Na+K) in many
of the rocks resulting in corundum in the norm
(Figure 4h). To evaluate whether there is a cor-
relation between normative corundum and
wt.% SiO,, a plot of the two shown in Figure 5i
shows that no correlation is displayed in this di-
agram. Except for the oxides CaO versus MgO,
the mostly basic rocks of SSR show little inter-
element correlation (Figure 5). Typical igneous
variation diagrams designed to show fraction-
ation trends show considerable scatter in the
SSR data with little, if any, correlation (except
the Ca0O-MgO plot). Amphiboles, chlorite, and
talc are the common mineral phases and this is
reflected in LOI’s that are typically in the range
of 5 to 7 wt%.

Chromium, a highly compatible element in
basaltic magmas, ranges from high values of
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over 3000 ppm in samples with > 27 wt.% MgO
to values of approximately 1300 ppm in sam-
ples with < 23 wt.% MgO (Figure 6a), display-
ing a very weak positive correlation for data
from Higgins and others (1988) but a good pos-
itive correlation for data from the present study.

Nickel, another highly compatible element in
basaltic magmas, is plotted versus the oxide
MgO in Figure 6b. Nickel concentrations vary
from values of over 1200 ppm in samples with
MgO values in excess of 27 wt% to a values 270
ppm in a sample with value of 15.5 wt.% MgO
(Figure 6b). A very weak positive correlation is
displayed by both data from Higgins et al
(1988) and from the present study (Figure 6b).

In melts, if bulk igneous compositions are
preserved, Cu concentrations should increase
with decreasing MgO which should be consis-
tent with the behavior of a broadly incompatible
element. In cumulate rocks, however, this be-
havior is not always clearly defined due to the
occurrence of pockets of trapped intercumulus
liquid. In the rocks under investigation, Cu con-
tents range from values of less than 10 ppm to
values as high as 200 ppm, but display no cor-
relation when plotted versus magnesium (Fig-
ure 6¢). A very weak positive correlation is
displayed by both data sets plotted in Figure 6c.

Vanadium is commonly concentrated in
magnetite and hornblende, to a lesser degree in
clinopyroxene and plagioclase (e.g., Frey and
others, 1978; Hart and Dunn, 1993; Rollinson,
1993). In samples from the SSR, V concentra-
tions range from values at below detection limit
to values of approximately 80 ppm (Figure 6d).
No correlation exists between V and MgO for
data from Higgins et al (1988), although a
strong negative correlation is displayed by data
from the present study (Figure 6d).

Zirconium is a cation that is excluded from
common rock-forming minerals although it is
concentrated in zircon, and can substitute in Fe-
Ti oxides (e.g., Pearce and Norry, 1979; Hess,
1989). Zirconium concentrations in the SSR
show a wide range from values at or below de-
tection limit to values close to 300ppm (Figure
6€). Zr contents from both data sets display no
correlation when plotted versus MgO (Figure
6e).
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Figure 6. Plot showing wt.% MgO versus compatible trace elements ppm Cr (a) and ppm Ni (b).
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Ridge complex rocks. (c) and (d) show, respectively, ppm Cu and ppm V concentrations plotted
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Figure 6 (continued). Plot showing wt.% MgO versus trace elements Zr (e), Y (f), and Zn (g) con-
centrations, in ppm. No correlations are displayed by these plots.

Yttrium, an incompatible element in mafic played between Y and MgO for both data sets

magmas and a proxy for the rare earth elements,

which are comparable (Figure 6f).

has concentrations in the SSR ranging from be- Zinc is excluded from both ortho- and
low detection limit to concentrations of ~80 clinopyroxene, and plagioclase (Cox and oth-
ppm (Figure 6f). There is no correlation dis- ers, 1979) but it can be concentrated in olivine
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(Paster and others, 1974). In SSR samples, Zn
concentrations range from values of approxi-
mately 40 ppm to values of ~180 ppm with no
correlation between Zn and MgO for both data
sets (Figure 6g). Data from the present study
tend to be characterized by Zn concentrations
which are generally slightly higher than or com-
parable to, data from Higgins and others (1988)
(Figure 6g). Again, megacrystic meta-orthopy-
roxenite samples and sample BPL2 contain the
highest Zn concentrations for samples from the
present study.

DETERMINATION OF PROTOLITHS

Bulk compositions of 39 rock samples from
Higgins and others (1988) and 8 samples from
the present study from the SSR are all shown in
Figures 4 and 5 and they have anhydrous SiO,
values ranging 45 to 58 wt.%. They range in
composition from ultrabasic (44.6 and 44.9
wt%; only 2 samples as shown Figure 5d),
through basic (45.9 —51.9 wt.%; comprising the
bulk of the rock samples, n = 35) to intermedi-
ate (52.8 — 57. 6 wt.%; n = 10 samples) bulk
compositions (Figure 5d). Thus, the majority of
the rocks from the SSR are basic and intermedi-
ate rocks.

It has been shown that rocks derived from
melting of the upper mantle have rather restrict-
ed ranges in their major element contents such
as Al,05 and CaO versus MgO (e.g., Figures 7a
and b). A plot of the Al,O3 versus MgO shows
bulk-rock geochemical variations for all the
samples from the SSR on a cumulate triangle
diagram (Figure 7a, e.g., Peterson and Ryan,
2009). Another plot of CaO versus MgO (Fig-
ure 7b) shows that SSR samples are comprised
of orthopyroxene- and clinopyroxene-rich and
relatively olivine-rich cumulates compared to
melts such as mid-ocean ridge basalts (MORB).
On a plot of CaO versus MgO, the cumulate na-
ture of SSR rocks is noticeable as these rocks
are enriched in orthopyroxene compared to
MORB and komatiites (Figure 7b). Komatiites,
which are MgO-rich lavas, are only comparable
to a few samples from the SSR (Figure 7). The
majority of SSR samples are enriched in or-
thopyroxene compared to komatiites.
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The cumulate nature of SSR rocks is also
demonstrated on a plot of Ni versus MgO (Fig-
ure 8). Nickel concentrations from the SSR are
much higher than those of melts such as MORB
and tholeiites, and such high Ni concentrations
shown in Figure 8 are a result of olivine accu-
mulation for which Ni has a high affinity.

Plutons which underlie volcanic arcs in is-
land arc settings form the island arc crust (e.g.,
Winter, 2010). Pyroxenites and gabbroic cumu-
lates predominate rocks types typically encoun-
tered in arc crustal segments, and peridotites
form relatively small proportions of rock types
in arc crust settings (e.g., Spandler and others,
2003). Island arc cumulates such as those from
Greenhills complex (Spandler and others, 2003)
and Solomon Islands (Berly and others, 2006)
have bulk-rock geochemical compositions
comparable to SSR rocks (Figures 7a, b). The
Marum ophiolite (an ocean floor ophiolite, e.g.,
Jaques and others, 1983) is characterized by
wider ranges in MgO contents than those from
SSR and other island arc complexes (e.g., Fig-
ure 8). This suggests that rocks ranging from ol-
ivine-rich cumulates (higher MgO contents) to
basaltic rocks (lower MgO contents) are pre-
served in the Marum ophiolite compared to the
SSR. It is thus here interpreted that the SSR has
bulk-rock compositions that are more akin to
those from island arcs than mid-ocean ridge-
type cumulates such as the Samail ophiolite
complex and layered intrusions as discussed lat-
er.

Ultramafic rocks from SSR are mostly meta-
orthopyroxenites, and SSR mafic and interme-
diate rocks are meta-olivine gabbronorites,
metagabbronorites. CIPW normative mineralo-
gy for SSR samples is high in normative pyrox-
ene, with minor to moderate amounts of
normative plagioclase. Normative olivine and
normative quartz occur in variable amounts.
Mid-ocean ridge-type ophiolites such as the Sa-
mail ophiolite are characterized by rocks with
much higher normative olivine contents than
those from SSR samples (Figure 9). Compari-
son of the normative compositions of SSR
rocks to rocks from ophiolites and island arcs
shows that SSR rocks are depleted in normative
plagioclase and enriched in normative pyrox-
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Figure 7 (a). Plot of Al,03 versus MgO for samples from the study area. The cumulate triangle
apices (e.g., Peterson and Ryan, 2009) are defined by olivine, plagioclase, and cpx (clinopyrox-
ene) compositions from the SSR and Chaumba (2009). Fields for high-Mg melts such as komati-
ites and typical upper mantle melts such as tholeiites and basaltic komatiites are also shown.
Mid-ocean ridge basalts (e.g., Frey and others, 1974) also plot in the Gorgona basalts field (Ech-
everria, 1980). Fields of Gorgona komatiites are from Echeverria (1980); plagioclase, olivine,
cpx, and opx (orthopyroxene) after Bryan (1979), Frey and Clague (1983). Mcintosh intrusion
data are from Mathison and Hamlyn (1987). (b) Plot of CaO versus MgO for samples from the
SSR. Fields for high-Mg melts such as komatiites and typical upper mantle melts such as tho-
leiites and basaltic komatiites are also shown. Mid-ocean ridge basalts (e.g., Frey and others,
1978) also plot in the Gorgona basalts field. Fields of plagioclase, olivine, cpx (clinopyroxene),
a_nd opx (orthopyroxene) after Bryan (1979), Frey and Clague (1983), and this work. The dashed
line arrows represent the fractionation of olivine and orthopyroxene, followed by clinopyroxene
(e.g., Garcia and others, 2003).
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ene, a signature comparable to island arc cumu-
late rocks (Figure 9).

Given the presence of substantial amounts of
normative corundum in some of the SSR sam-
ples, a likely cause of the elevated normative
corundum (Al relative to Ca+Na+K) is loss of
Ca, Na, and/or K during metamorphism and al-
teration. These processes would preferentially
remove Na and K from the SSR samples. These
two components are mobile during alteration
and metamorphism under both amphibolite and
greenschist facies conditions (e.g., Rollinson,
1993) as well as during weathering. Calcium
appears to have been retained in calcic amphi-
boles, hence the negative correlation between
calcium and magnesium.

Metamorphism or weathering would (and
likely did) partially alter the protoliths rock
chemistry prior to metamorphism. The observa-
tion that relict igneous trends are still observed
in a plot of the oxides CaO and MgO is an indi-
cation that even though loss of some of the ele-
ments likely occurred during metamorphism,
the data allow inferences to be made about the
origin of the SSR. Removing SSR samples with
normative corundum contents of >1% from the
plots presented above does not alter the patterns
shown.

DISCUSSION

The stable assemblages for SSR rocks appear
to be chlorite + talc + cummingtonite + magne-
tite, consistent with a medium grade of meta-
morphism. Amphibolites in the SSR suite
contain hornblende + plagioclase + epidote,
consistent with the amphibolite facies of re-
gional metamorphism. Further quantification of
metamorphic grade is beyond the scope of this
paper. Even though ~50% of samples from Hig-
gins and others (1988) contain normative co-
rundum, the observation that if normative
corundum bearing samples are removed doesn’t
change the observed trends is an indication that
meaningful information can be obtained from
these data.

Most of SSR samples described here are cu-
mulates, as shown by the high concentrations of
incompatible trace elements such as Ni (up to
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1000 ppm) and Cr (up to 2600 ppm), and even
high when including data from Higgins and oth-
ers (1988). Basic magmas, such as mid-ocean
ridge lavas, have low concentrations of Ni and
Cr of approximately 100 ppm and 350 ppm
(e.g., Wilson, 1989). High magnesia contents in
some SSR samples in excess of 25 wt.% MgO
also attest to the cumulate nature of the rocks
under investigation, as magmas have typical
MgO values of ~8 wt.% (e.g., Wilson, 1989).
SSR MgO concentrations are less than 40 wt.%,
which compares well with rocks which occur in
subarc cumulates such as Talkeetna (e.g., Bey-
er, 1980; Greene and others, 2006; Rioux and
others, 2007; Farris, 2009) (Figure 7).

Most of the samples from the present inves-
tigation have concentrations that are broadly
comparable to those from Higgins and others
(1988). A few notable exceptions occur, how-
ever, such as the relatively low concentrations
of Zr and Y from the present study (e.g., Figures
6e, 6f) compared to those from Higgins and oth-
ers (1988). The reasons for these dissonances
could be due to the fewer number of samples
from the present study compared to that from
Higgins and others (1988). The other reason
could be due to element calibration and/or inter-
ference in old XRF machines (possibly on
which the Higgins and others (1988) data were
analyzed) compared to modern ones (e.g., La
Tour, 1987).

Over half of samples reported in Higgins and
others (1988) contain normative corundum
(Figures 5h, i). Unaltered cumulates from basic
igneous rocks have little or negligible norma-
tive corundum contents (e.g., Best, 2003). Co-
rundum appears in the norm where there is
insufficient Ca, Na, and K to combine with the
Al to form feldspar. The extremely low alkali
contents and generally low Ca contents of the
SSR rocks (Table 2) relative to Al result in nor-
mative corundum. Loss of alkalis and Ca is
common during the weathering and/or altera-
tion of mafic rocks (e.g., Cox and others, 1979;
Schroeder and others 2000), and it is suggested
that these corundum-normative basic rocks may
reflect such compositional modification.

Based on normative mineralogy, only 2 sam-
ples from SSR are ultramafic, two of them plot
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Figure 8. Plot of Ni versus MgO for samples from the SSR. Fields for high-Mg melts such komati-
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also shown.

in the harzburgite field and a single sample
plots in the field of olivine orthopyroxenite. The
majority of rocks of the SSR plot in the fields of
olivine gabbronorites, gabbronorites, and pla-
gioclase-bearing ultramafic rocks (Figure 9).
Many of the rocks plot near the pyroxene apex
of the olivine-plagioclase-pyroxene gabbroic
ternary classification diagram (Figure 9). Hig-
gins and others (1988) refer to these rocks as
pyroxenites. An examination of Figure 9, how-
ever, shows this to be not the case, as these
rocks are mostly gabbroic with many having
normative plagioclase contents over 10%. Nor-
mative olivine compositions are similarly low
(< 45% in all SSR samples). SSR rocks, there-
fore, are dominantly mafic. Rocks from SSR
are comparable to cumulate samples island arc
complexes (e.g., Spandler and others, 2003),
and pyroxenites from a supra-subduction zone,
Solomon Islands (Berly and others 2006) (Fig-
ures 4, 7, 9). The best analogues for SSR sam-
ples are pyroxenites and gabbroic rocks from
supra-subduction zones such as the Solomon Is-
lands and Talkeetna arc (Figure 9). Samples

from the Balkan-Carpathian ophiolite and from
the Marum ophiolite are composed of rocks
which range in composition from dunites
through pyroxenites to olivine gabbros and gab-
bros (Savov and others, 2001; Jaques and oth-
ers, 1983). SSR CIPW normative plagioclase
contents, however, are not comparable to those
from the Greenhills Complex. Samples from
the present study contain no more than 22%
normative plagioclase (albite + anorthite) com-
pared to samples from the Greenhills Complex
which have normative plagioclase contents in
excess of 60% (Figure 9).

The SSR data provided (e.g., Figure 7) show
that MgO contents from the SSR extend to rel-
atively much lower MgO values (< 31 wt.%)
compared to those from ophiolite complexes
such as the Marum ophiolite. This observation
is consistent with cumulate rocks derived from
the highly differentiated nature of island arc
magmas compared to normal mid-ocean ridge
type magmas (Davidson, 1996). This highly
differentiated nature probably resulted in less
olivine-bearing rocks in the SSR and in the
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Figure 9. Comparison of the normative compositions of the SSR rocks to rocks from ophiolites
and island arcs. Note the lack of normative plagioclase contents in excess of 37% for samples
from the Soapstone Ridge complex. Abbreviations: Ol - olivine; Pl - plagioclase; Px — pyroxene.

abundant metapyroxenites and metagabbros
observed. Other intra-oceanic island arcs such
as the Talkeetna arc are also characterized by
abundant metagabbroic rocks (Figure 7).

If SSR originated as an intra-oceanic arc, it
has implications on the tectonic evolution of the
southern Appalachians. Current models for the
evolution of the southern Appalachians involve
various lithotectonic terranes such as the Tuga-
loo and Cat Square terranes, as well as the Car-
olina superterrane which were outboard of the
Laurentia (Iapetan and peri-Gondwanan
Realm) during the closing of the proto Atlantic
(Tapetus) ocean (e.g., Hibbard and others, 2002,
2006;; Hatcher and others, 2007). These ter-
ranes were then accreted to the Laurentia during
the final stages of the formation of Pangea
(Hatcher and others, 2007). These models,
however, make no mention of the SSR and sim-
ilar cumulate rocks in the southern Appalachian
Piedmont.

A model based upon the one provided by
Hatcher and others (2007) but requiring modifi-
cations to accommodate the SSR and similar
rocks is here proposed. A plausible model for
the origin of the SSR and the southern Appala-
chians envisages the SSR (and possibly other
comparable metamorphosed mafic and ultra-
mafic bodies in the Iapetan and peri-Gondwan-
an Realm) as an intra-oceanic island arc(s)
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which was present between the Tugaloo terrane
and the Carolina superterrane (Figure 10a).
With continued closure of the Iapetus Ocean,
some of the island arcs probably first collided
against each other, metamorphosing the SSR
under amphibolite facies conditions (Figure
10b). During the final stages of the formation of
Pangea, the SSR was then thrusted onto its pres-
ent position in the Tugaloo terrane due to thrust-
ing of the SSR towards Laurentia, accompanied
by greenschist facies metamorphism (Figure
10b). Other rock types which initially overlain
the SSR cumulate pile have probably since been
eroded away (e.g., Allard and Whitney, 1994).
The original setting of the original island arc
which later formed the SSR is envisaged to
have been originally formed either between the
Tugaloo terrane and the Carolina superterrane,
and it was later thrusted onto the Tugaloo ter-
rane during the final stages of the assembly of
Pangea (Figures 10a, b).

CONCLUSIONS

Plots of bulk-rock geochemistry of the SSR
samples do not show well-defined trends, in
part due to the cumulate origin of the rocks, and
also probably due to the metamorphism which
affected these rocks. Many SSR rocks contain
normative corundum, which is not common in
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unaltered mafic igneous rocks, indicating
chemical altering of some of these samples.
However, some conclusions can be drawn from
the bulk-rock geochemistry of the SSR rocks as
some of the samples have little or negligible
normative corundum contents.

SSR rocks are mostly comprised of metapy-
roxenites and metagabbros which are compara-
ble to those from intra-oceanic arc cumulates,
such as the Solomon Islands (Berly and others,
2006) and the Greenhills complex in New Zea-
land (Spandler and others, 2003). The paucity
of peridotitic cumulates and the predominance
of pyroxenitic and gabbroic cumulates in the
SSR may indicate that the SSR was probably
formed in an island arc setting, from mantle
wedge melting above a subducting slab which
was contaminated by fluids derived from a sub-
ducting oceanic slab (e.g., Wilson, 1989; Grove
and others, 2006). Due to the similarities of the
SSR to some metamorphosed mafic and ultra-
mafic rocks in the Tugaloo terrane of the south-
ern Appalachian in terms of their component
rock types, petrography, bulk-rock geochemis-
try, and mineral compositions, one could imply
that some of these bodies probably also origi-
nated as island arc crustal segments.
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ABSTRACT

Hurricane Ivan’s intensive wind fields,
located just outside the northeastern quad-
rant of its eyewall, added to the storm surge
and erosive force of storm waves as the hur-
ricane made landfall just west of Gulf
Shores, Alabama, shortly before 2:00 a.m.
(CDT) on September 16, 2004. The upper
Category 3 hurricane (Saffir—Simpson scale)
generated a storm surge as high as 4.6 m
above mean sea level along the shoreline of
Baldwin County, Alabama. The United
States Geological Survey conducted an aerial
photographic assessment of sections of Or-
ange Beach, both before and following Hur-
ricane Ivan. The images documented post-
hurricane beach erosion and the destruction
of beachfront property along this section of
the Alabama coast. A ground-based assess-
ment examined one of the photographed
post-hurricane locations along Orange
Beach to ascertain the cause of damage to the
beachfront property. It was determined that
the storm surge and erosive storm waves
combined to remove a significant volume of
beach sand. Much of the property damage
was due to the undermining of many residen-
tial structures within the foredune complex

despite their distance from the former shore-
line.

INTRODUCTION

The landfall of a hurricane in the northern
Gulf of Mexico is typically marked by varying
degrees of coastal erosion as a function of its
speed over water and its storm surge. Larger,
slower moving tropical storms can create an el-

evated storm surge and erosive storm waves
that can rapidly erode a coastline. Hurricane
Ivan adversely impacted the eastern Alabama
and western Florida Panhandle coastlines in this
manner (United States Geological Survey,
2004; Douglass and others, 2004; Douglass and
Browder, 2005; Froede, 2006; Stewart, 2006;
Wang and others, 2006; Houser and others,
2007; Morton, 2007; Houser, 2009). The United
States Geological Survey conducted an aerial
photographic assessment of portions of Orange
Beach, Alabama, both before and following
Hurricane Ivan. The post-hurricane images re-
veal significant beach erosion and property loss
at some distance from the shoreline. A ground-
based assessment was conducted at one of the
photographed locations along Orange Beach to
determine the cause of the damage to the beach-
front residential property.

HURRICANE IVAN

Hurricane Ivan was a powerful hurricane
(Figure 1). Winds at landfall averaged 209 km/
hr with a storm surge along the eastern Alabama
and western Florida panhandle coastlines rang-
ing from 4.6 m to 3.0 m, respectively (Medlin
and others, 2004; Stewart, 2006). The large
storm made landfall as an upper Category 3 hur-
ricane (Saffir-Simpson scale) just west of Gulf
Shores, Alabama, at approximately 0650 UTC,
on September 16, 2004 (Figure 2). According to
Stewart (2006):

There was a robust and persistent veloc-
ity maximum located within vigorous
convection in the northeastern quadrant
of the outermost concentric eyewall as
Ivan was coming ashore. For several
hours prior to landfall, the velocities
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Figure 1. Hurricane lvan was a large and powerful upper Category 3 hurricane as it moved toward
the Alabama coastline. This satellite image was taken at 3:15 p.m. (CDT) on September 15, 2004,
just hours before making landfall. Image courtesy of the National Oceanic and Atmospheric
Administration.
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Figure 2. Hurricane Ivan passed to the west of
Gulf Shores, Alabama (GS), as it made landfall
early in the morning of September 16, 2004.
This powerful storm damaged or destroyed
considerable beachfront property along the
eastern Alabama and western Florida Panhan-
dle coastlines. The star indicates the location
of the study area at Orange Beach, Alabama.

were actually higher in this area than in

the vicinity of the inner eyewall.

This area of intensive wind energy occurred
offshore from Orange Beach, Alabama, and
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likely contributed to large storm waves and an
elevated storm surge along this section of the
Alabama beach as it made landfall.

SIGNIFICANT BEACH EROSION AT
ORANGE BEACH

The United States Geological Survey period-
ically conducts an aerial photographic survey of
the coastline for those States located adjacent to
the Gulf of Mexico. Much of this work has
highlighted shoreline changes and property
damage following tropical storms. Sections of
Orange Beach were photographed before and
following Hurricane Ivan. One set of aerial im-
ages from a location along Orange Beach show
a small condominium and a beach house before
(Figure 3a) and following (Figure 3b) the pass-
ing of Hurricane Ivan. The post-Ivan image in-
dicates that both structures have been damaged
or destroyed, but the exact cause (i.e., wind or
water) is unknown.

A ground based survey of this same area re-
vealed that the structural collapse of the small
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Figure 3. A. Aerial image is from July 17, 2001, and shows two beachfront structures. The black
arrow points to a small-scale condominium and the white arrow points to a beach house. Approx-
imate coordinates: N 30.2689 — W 87.5864. Image courtesy of the U.S. Geological Survey, Center
for Coastal and Watershed Studies. B. Aerial image is from September 17, 2004, and shows dam-
age experienced by the two structures from Hurricane lvan. Viewed from this distance, the exact
cause of the damage (i.e., wind or water) is uncertain. Image courtesy of the U.S. Geological Sur-
vey, Center for Coastal and Watershed Studies.

condominium and erosion of sand beneath the
beach house was not due to the storm’s high
winds, but rather from the erosion caused by
Ivan’s large storm surge and erosive storm
waves. Although developed for barrier islands,
this level of coastal erosion is consistent with
“Impact Level 2” based on the storm impact
scale proposed by Sallenger (2000, p. 894):

Impact Level 2 - Collision Regime

1) Runup collides with the base of the
foredune ridge.

2) The collision forces sand to be eroded
from the dune and transported offshore.

3) Eroded sand is not readily returned to the
dune, hence there is net erosion.

Many buildings constructed on pilings or
stilts along the former shore-parallel foredune
complex reveal the extent of storm erosion by
their painted posts. Following Ivan, the under-
lying, unpainted sections of those posts docu-
ment the volume of sand lost during the storm
(Figure 4). The collapsed condominiums appear
to have been constructed on unsupported ce-
ment slabs that were undermined by the elevat-
ed storm surge and erosive storm waves. Once

sand was removed from beneath a portion of the
foundation, the buildings simply collapsed due
to structural instability. This erosional process
was also noted by Stewart (2006) for many
structures adjacent to the former surf zone
along Orange Beach:
...extensive beach erosion caused se-
vere damage to or the destruction of nu-
merous beachfront homes, as well as
apartment and condominium buildings.
Some buildings collapsed due to scour-
ing of the sand from underneath the
foundations caused by the inundating
wave action.

Douglass and Browder (2005, p. 73) con-
ducted a post-Ivan damage assessment along
sections of Orange Beach and they determined:

Post-storm surveys reveal sand losses
along the upper beach of 25-40 cy/ft and
vertical scour of the beach up to 10 feet
or more. ...The erosion of the upper
beach extended well landward of the
seaward edge of construction, destroy-
ing individual homes, exposing pilings
and pile caps, stranding swimming
pools, and in several notable instances
causing the collapse of multi-story slab-
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Figure 4. This photograph of the two structures shown in Figures 3a and 3b reveals that consid-
erable beach sand has been removed by Hurricane Ivan’s storm surge and erosive storm waves.
The painted wooden stilts indicate the former elevation of beach sand beneath the house. The
unpainted portion of the stilts at the front of the house is approximately 2.4 m above the ground
surface. The adjacent small condominium was constructed on an unsupported concrete slab that
was undermined during the course of the storm by the elevated storm surge and storm waves.
Image from November 2004.

Figure 5. A large section of the coastline at Orange Beach has been flattened by Hurricane lvan’s
storm surge and erosive storm waves. This was the state of the shoreline and beach on Novem-
ber 2004. View looking west.
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Figure 6. This large condominium was constructed on deeply driven concrete pilings which
allowed it to withstand Ivan’s storm surge, storm waves, and the loss of beach sand from in front
of and beneath the building. Image from November 2004.

foundation-supported condominiums.

SUMMARY AND CONCLUSIONS

Hurricane Ivan was a large and powerful
tropical storm that impacted the eastern Ala-
bama and western Florida Panhandle coastlines
with upper Category 3 winds and an exception-
ally high storm surge. While it did not linger in
its landfall just west of Gulf Shores, Alabama,
the combination of the large storm surge and
erosive storm waves removed a significant vol-
ume of sand from the Orange Beach coastline.
The resulting beach was planed down to a rela-
tively flat surface (Figure 5). Residential build-
ings normally considered to be a safe distance
from the surf zone were suddenly inundated by
elevated, erosive storm waves.

The storm surge and erosive storm waves
reached farther landward than building codes
had likely estimated. Structures constructed
with slab foundations collapsed when under-
mined, while buildings with deep foundations
only suffered the loss of surrounding beach
sand (Figure 6).

The results of this investigation indicate that
Ivan’s large storm surge and erosive storm

waves combined to remove a significant vol-
ume of beach sand within the study area (see al-
so Douglass and Browder, 2005). Many of the
beach houses and small condominiums that
were along the gulf-facing foredune complex
and relatively distant from the original shore-
line were undermined by erosive storm waves,
resulting in the partial or total collapse of those
structures.
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