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THE USE OF BEACH SHELL AMINOSTRATIGRAPHY IN  COASTAL PLAIN STUDIES

These shells were collected at Fort Fisher, NC, north of Cape Fear.  All but two of these shells are Pleistocene
based on AAR data (confirmed with 14C analysis of  selected shells).  High frequencies of occurrence of
Pleistocene shells are found at sites of 'submerged headlands" (Riggs et al., 1995) along the NC coast,
including Capes Fear, Lookout, and Hatteras, as well as Rodanthe, a "minor" cape in the Outer Banks
system.  The relatively thin Holocene cover on the Pleistocene strata of  the shoreface and inner shelf
is the primary reason for the mixing of Pleistocene and Holocene ages on the NC beaches, and the presence
of  Pleistocene units in the region can be inferred from beach shell AAR data even if in situ samples are not
available.  The Fort Fisher site is the Holocene analog for the nearby Snows Cut (SCNC) site, where
a  Pleistocene spit-tip (elevation <2m) with numerous transported shells (as seen in the stratigraphy
and  taphonomy) has at least two Pleistocene aminozones preserved in the unit (Wehmiller et al., 1995).

Mercenaria shells from South Core Banks, NC.
Fragments cut from hinge area for HPLC analysis;
numbers on lower right label are D-alloisoleucine/
L-isoleucine values.  At least two aminozones
represented (0.24 to 0.30, 0.65-0.70).  The younger
aminozone would have infinite 14C dates, based on
data from elsewhere in the region.

CAPE HATTERAS  COLLECTION -
FIVE OF SIX SHELLS BELOW ARE PLEISTOCENE
D/L VALUES INDICATED IN LOWER RIGHT
LOWER LEFT SAMPLE IS ~7.5 KA BY 14C

Comparison of Holocene and Pleistocene
shell (Mercenaria) characteristics:
Above: Holocene and Pleistocene from
 Huntington Beach, South Carolina
Right: Holocene and Pleistocene diver-
 collected samples from the Bass site,
 offshore of Wrightsville Beach, NC

New Drum Inlet, NC.  Inlets appear to be have localized concentrations of Holocene
and Pleistocene shells.  Inset shows a portion of the collection from this site, with
Mercenaria shells arranged according to color (dark to light). Based on AAR evidence
from this and other NC sites, the dark shells are all Pleistocene in age.

ON-LINE ArcGIS
map of sample
collection sites.
Site will be
demonstrated
when author present

Individual maps shown
below, each being
an example of data
sources.
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Bogue-Shackleford aminozones represent an aminostratigraphic  "cross-section" of the
southerly projection of the Suffolk Scarp (York and Wehmiller, 1992; Wehmiller and others,
1992).  Onslow Bay includes area of limited Quaternary cover (Riggs and Belknap, 1988; Hine
and Snyder, 1985).  Emergent middle/late Pleistocene units are thin or absent over the region
from Bogue Banks to Cape Fear, and it is in this region where there are few if any emergent
exposures of Pleistocene material.  The occurrence of Pleistocene shells on beaches,
particularly mid-Pleistocene shells, is much larger than on beaches on Shackleford or
to the north.

Southernmost on-shore
position of the Suffolk
Scarp or paleoshoreline
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Region I: Corolla, Duck, and Pea Island (south of Oregon Inlet).  Abundant Holocene (D/L < 0.2); Pleistocene (0.35 and 0.55)
 primarily from Oregon Inlet dredge spoil.  38 shells analyzed.

Region II:  Cape Point, Ocracoke, and Northern Core Banks: some Holocene but dominated by at least two Pleistocene aminozones
observed in the data for numerous samples from Cape Point; see NDC SNL data below.  51 shells analyzed.

Region III:  Southern Core Banks and Shackleford Banks: mostly Holocene, but with one mid-Pleistocene and one early
 Pleistocene zone represented.  21 shells analyzed.

Region IV:  Bogue Banks, Onslow Beach, Topsail Island, Fort Fisher Beach and Onslow Bay shelf samples: small number
 of Holocene samples, largest occurrence of mid-Pleistocene samples.  66 shells analyzed.

NDC-SNL:  inner shelf shallow cores from offshore of Hatteras Island.  D/L values show distribution quite similar to those
 found in Region II as described above.  Peak occurrence of mid- to late-Pleistocene shells.  27 shells analyzed.

Histogram of occurrences of D-alloisoleucine/L-isoleucine values in Mercenaria from NC beaches.  These are expressed as
percentage occurrence for each region.  Approximate age ranges represented by these D/L values are indicated below the
D/L values. These results are calibrated with 37 paired radiocarbon analyses of shells in this dataset (samples analyzed by
both 14C and AAR)  See Wehmiller et al., 2010; 2012 for discussion of age assignments.
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(Wehmiller et al., 2004; unpub.)

U-series alpha spec dates  (Szabo, 1985)

AAR data, onshore
Pleistocene excavations or
natural exposures

Italic text identifies offshore or sub-barrier
cores with Pleistocene samples at shallow depths

Red text identifies sites with localized concentrations of
Pleistocene shells on beaches - see photos and text
for specific site discussions
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Onslow
Bay

Tybee Island

Grey's Reef

Edisto Beach

Fernandina Beach

Huntington Beach
Hurl Rock

Murrells Inlet: suite of nearshore vibracores
penetrating thin (~ 1m) of Holocene; D/L values
identify late Pleistocene

Winyah Bay: sub-marsh cores into
pre-Holocene (by 14C); D/L values
identify late Pleistocene aminozone

South Core Banks- Pleistocene shells
 concentrated at modern or paleo-inlets

Shackleford
  Banks - primarily Holocene, some Pleistocene;
  increasing frequency of Pleistocene shells on
  beaches to the SW in Onslow Bay, to C. Fear

Cape Point - D/L values equivalent to those
 found in subsurface units

Oregon Inlet - dredge spoil dominated by
  fragmented Pleistocene shells

Parramore Island

South Bethany - Pleistocene shells on beach south of Indian River Inlet
 correspond to subsurface Pleistocene units seen sub-barrier and inland.

North Core Banks - D/L values equivalent to those
 found in subsurface units

NJ Geol Survey;
Uptegrove et al.;
Miller et al.; Sheridan et al.;
Carey et al.

Delaware Geol Survey:
Ramsey, Williams, et al.;
work in progress

Md. Geol Survey:
Toscano et al. 1989
work in progress

Sea Island

Va Beach offshore:
Chen et al., 1995
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Edisto Beach - ~ 30% Pleistocene shells on beach, with
14C indicting both Holocene and Pleistocene
Tybee Island - ~ 60% Pleistocene shells.  Edisto samples
include beach replenishment; Tybee samples are primarily
from dredge spoil at mouth of Savannah River.  Equivalent
Pleistocene D/L values seen in onshore sites in GA and SC,
and at Grey's Reef, an offshore hardground. Possible MIS 3
D/L calibration site, ~ 20 meter water depth.

Sea Island - a sub-barrier cored section with ~35 ka 14C mollusk date
and D/L values indicative of Pleistocene age.

Fernandina Beach - abundant Pleistocene , at least two aminozones,
one ~ MIS 5; one >42 ka 14C. Analyzed shells most likely from dredge
spoil from the inlet immediately to the north of the collection site.

Inner shelf, SC - Pleistocene shells at
sediment-water interface

Hurl Rock, Huntington Beach -
 abundant Pleistocene shell
  material on beaches

Dashed blue area includes 18 core sites on the Outer Banks and NC Mainland,
summarized in Wehmiller et al., 2010.  At least eight aminozones, representing
Holocene back to early Pleistocene, found in this suite of cores.  Equivalent
aminozones found in beach shells from the Outer Banks, especially Oregon
Inlet and Cape Point.  Equivalent aminozones also found in the nearshore
SNL and NDC cores; Pleistocene units in these cores usually found at shallow
core depths (<1 m downcore).   Outer Banks north-to-south cross section
shows the generalized stratigraphy of the Albemarle Embayment (AZ2 -4
represent the entire Quaternary).  Note the thinning of the Quaternary section
to the south toward the Cape Lookout High (CLH).  In general, the frequency of
occurrence of age mixing on beaches (and in the OBX cores) increases to the
south, as the entire stratigraphic section is condensed over the CLH, compared
with its thickness in the center of the Albemarle Embayment.
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Age control:  example of paired amino acid racemization and 14C analyses for Mercenaria samples,
southeastern NC.  Increasing D/L values represent increasing age.  AAR values reach "equilibrium"
in early Pleistocene samples (~ 1.5 million years) at regional temperatures, based on paleontological
evidence and Sr-isotope calibration.
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Samples of Spisula (upper left) and Mercenaria from the north end of Parramore Island, VA.
P = Pleistocene, H = Holocene based on AAR; Spisula yielded >42 ka 14C date.
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Radiocarbon results: calibration of AAR  racemization rates,
 testing concepts of effective temperatures, and implications
 for discussions of marine deposits of possible MIS 3 age
 (~40 to 50 ka)

During the course of this work, radiocarbon results have been obtained on numerous samples from the entire region.
In most cases, the radiocarbon analysis has been done on the SAME shell as analyzed for AAR, thereby providing
DIRECT calibration of racemization kinetics. Theseresults have implications for several topics:

1) The validity of "near infinite" 14C dates, those from ~30 ka to ~45 ka, approaching but not equalling laboratory
detection limits.  It is well known that very small amounts of modern carbon contamination (by carbonate exchange)
can cause "infinitely old" samples to have apparent ages in this 30 to 45 ka range.  This issue has affected
discussions of the "mid-Wisconsin" high sea level in the coastal plain (and elsewhere) for decades. The figure
on the left (below) shows AAR D/L values plotted against 14C ages, also showing D/L values for 80 ka samples
calibrated with U-series.  Eight samples with D/L values in the range of the 80 ka calibration sample have finite
14C results in the 30-40 ka range; two more with these D/L values are beyond the lab detection limit.  An
additional sample with even higher D/L (hence older than 80 ka) also is beyond radiocarbon detection.  Are
the eight samples contaminated or are they truly between 30 and 40 ka in age?  Most (perhaps all) are
transported (beach) hence they are not indicative of a specific sea level.

2)  Given the issues related to the 14C dates in the 30-40 ka range, it is important to determine if AAR results
can be used to identify potential MIS 3 age units (~40-50 ka), either emerged or submerged, on the US Atlantic
margin.  Results from Grey's Reef (Garrison et al. 2012) suggest that this is possible at lower latitudes: at
 Grey's Reef, a hardground site at about 20 meters water depth, Mercenaria with ~47 ka 14C dates yield D/L
values approximately 15-20% lower than those found in Mercenaria with D/L values equivalent to on-shore
80 ka (MIS 5a) samples.  Modern temperatures at this latitude are approximately 20o C. Unfortunately the
Grey's Reef samples are not of highest quality, so contamination may have affected both the AAR and 14C
results, but the implication is that MIS 5a and MIS 3 are resolved by these results, at least at these warmer
temperatures. At colder effective temperatures of the mid-Atlantic, the ability to resolve MIS 3 and MIS 5a
using AAR is very limited. Differences in D/L values less than ~ 10% COULD be interpreted as indicative of
an MIS 5a - MIS 3 age difference, but uncertainties in temperature histories of the different samples warrant
caution about this interpretation.

3) The paired AAR-14C results can, in some cases, be used to speculate about the residence time of shells
on beaches.  A striking result from Masonboro Island, near Wilmington NC, demonstrates this concept.
A Mercenaria from on overwash fan site has a 14C date of ~ 4300 years, yet its D/L values are almost as high
as those seen in 80 ka calibrated samples in the region. Although there is no unique solution to a model of the
temperature history of this sample, it appears that it has high D/L values because of an extended storage
interval on the beach surface, which often gets quite hot.

A simple model for the temperature history of the Masonboro sample can be constructed because we also have
14C dated samples from submerged sites nearby (Wehmiller et al., 1995). The effective rate constant for the
Masonboro sample suggests an effective temperature for this sample almost 5o C warmer than expected for
the region. The effective temperature is simply the weighted average of all temperatures to which the sample
has been exposed. A simple model (below, right) of this history as a simple two-step function (jumping from a
low temperature equal to local water temperatures and a high temperature representing the beach surface)
shows that there is an inverse relation between the time spent on the beach and the inferred beach surface
temperature - a short time on the beach requires a higher beach surface temperature to explain the observed
results, etc.   The Masonboro Island result suggests that the shell has been at or near the beach surface for
at least 500 years, perhaps a strikingly long time! Are there other ways to explain this result?  Because it is
likely that shells arrive on beaches in pulses of deposition related to storm events, some shells in overwash
deposits could have been emplaced decades or centuries before present.

Modified from Wehmiller et al., 2010, Quaternary Geochronology
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NORTH TO SOUTH TRANSECT ALONG THE OUTER BANKS, EASTERN NORTH CAROLINA  (FARRELL ET AL., 2013).

Dashed magenta area includes numerous sites of sub-barrier vibracores obtained
by Duke University colleagues along North and South Core Banks,
Shackleford Banks, and Bogue Banks.  AAR and 14C data in York (1990),
York and Wehmiller (1992), Wehmiller et al. (1992).  Sub-barrier Pleistocene units
identified by AAR; beach shells on Core Banks have D/L values that correspond
to the results found in the sub-barrier units.

RACEMIZATION SAMPLING
SITES, US ATLANTIC MARGIN
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SOURCES OF DATA

AAR is a simple and efficient way to identify age mixing and source
regions for beach sediment.

AAR results identify relict deposits on inner shelf; beach sample
results indicate source regions.  High frequencies of occurrence
of Pleistocene shells on modern beaches suggest sediment-starved
regions offshore. Sampling biases are inherent to the study, but
Pleistocene shells are common on beaches and on the inner shelf
throughout the region (~0 - 2 m sub-bottom depths).

CONCLUSIONS  (1)

Foyle, Oertel, and others
USGS work in progress

14C-calibrated AAR results are important
for understanding of racemization kinetics
and for critical examination of the local
records of late Pleistocene sea-level
changes.

Localized concentrations of Pleistocene
shells occur at inlets (Oregon, Tybee,
Drum) as lag deposits; at capes and
headlands; in sediment-starved regions
(Onslow Bay sites); and in dredge spoil
(Edisto).

Age-mixing is recognized not only on
beaches but also in sub-barrier cores:
Pleistocene shells mixed into Holocene
units in several OBX cores; older
Pleistocene shells also mixed into
younger Pleistocene units in OBX cores
(Wehmiller et al., 2010).  The apparent
concentration of reworked Pleistocene
shells on Onslow Bay beaches  is modern
evidence of the processes that have
created the condensed stratigraphic
section that is the Cape Lookout High.

CONCLUSIONS (2)

Cross section compiled from
Culver et al. 2008, 2011, and
Wehmiller et al. 2010.

OREGON INLET CAPE HATTERAS CEDAR ISLAND

Red identifies
areas of frequent
occurrence of
Pleistocene shells
on shelf or beach

Summary of abstract:

Geologic ages of shells on inner shelf and beaches represent
integrated effect of sediment sources, shell survival rates,
and anthropogenic activities.

Amino acid racemization (AAR) analyses of ~ 900 samples
(primarily Mercenaria, a robust bivalve) from Atlantic margin
beach and shelf localities, with emphasis on NC Outer Banks.

Aminozones (clusters of D/L values) permit correlation of
shelf or beach samples to onshore in situ units. Age calibration
is facilitated with 14C and U-series results. Occurrence
of Pleistocene shells on beaches in non-uniform: localized
concentrations indicate local source regions and/or
proximal sediment-starved inner shelf, Onslow Bay NC
being a prime example.
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