The maps in this file are from two review papers, summarizing the locations and
associated publications for sites included in the University of Delaware database. The
1988 publication (Wehmiller et al., 1988: GSA Special Paper 227) includes an
explanation of the regional coverage for the US Atlantic Coastal Plain, as well as the
summary data available at the time of publication. The 2013 publication (Wehmiller,
2013: Quaternary Geochronology) shows maps for the US Atlantic and Pacific coasts,
with associated references and bibliography.
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ABSTRACT

The aminostratigraphic relationships of approximately 150 coastal Quaternary sites
from Nova Scotia to Florida and the Bahamas Islands are reviewed. The broad latitudi-
nal range of the sites provides a useful perspective on the relative kinetics of racemiza-
tion at substantially different temperatures. Local aminostratigraphic sections are
presented for five regions in which present mean annual temperatures differ by 3°C or
less. Correlation of these individual aminostratigraphies is accomplished by qualitative
comparison of results for overlapping sections and by quantitative kinetic modeling.
Correlations based on kinetic modeling with local calibration are compared with availa-
ble U-series data for coastal plain sites. Using basic aminostratigraphic assumptions
about the relationship of present and past temperature gradients, the amino acid data
from most of the calibration sites follow logical trends. However, significant conflicts
between U-series dates and aminostratigraphic age estimates are recognized for sites in
South Carolina and for a group of sites in eastern Virginia (central Chesapeake Bay).
Reconciliation of the aminostratigraphic data with all of the Atlantic Coastal Plain
U-series coral dates is not possible without invoking extreme (and latitudinally variable)

thermal effects on the racemization kinetics.

INTRODUCTION

Amino acid racemization (AAR) studies of mollusks from
Quaternary marine and nonmarine sites have proven of value in
defining relative age relationship and in estimating absolute ages
of fossiliferous units (Wehmiller, 1982; G. H. Miller, 1985;
Bowen and others, 1985; Miller and Mangerud, 1985; Hearty
and others, 1986). The term “aminostratigraphy,” first defined by
Miller and Hare (1980), involves the direct application of amino
acid enantiomeric (D/L) ratios to localities for which identical or
similar effective temperatures can be assumed (“effective Quater-
nary temperatures” or “effective diagenetic temperatures” are the
terms most often used to describe these integrated thermal histo-
ries). Often such local aminostratigraphies are developed for
closely spaced sites with the same current mean annual tempera-
ture (CMAT). Ages can be estimated for the different observed
groups of D/L values (aminozones) if independent chronologic
data are available for calibration or by application of suitable
models for the racemization kinetics in the analyzed samples.

*Present address: Department of Geological Sciences, University of Maine at
Orono, Orono, Maine 04469
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In this chapter, we summarize aminostratigraphic studies of
mollusks from late Cenozoic marginal marine deposits along the
U.S. Atlantic coast. Some of these results have been discussed in
previous publications on specific geographic regions. Here we
include new data, review analytical methods and interpretive
strategies, present several local aminostratigraphic sequences, and
provide an overall aminostratigraphic correlation of sites from
Nova Scotia (44°N) to Florida (23°N). Our research is part of a
large, on-going effort by a number of workers to understand both
regional and local stratigraphic sequences in the coastal plain (see
Szabo, 1985, and Cronin and others, 1984, for references). This
work also has been, and continues to be, an effort to evaluate the
reliability of AAR dating methods and to understand the
geochemistry, mechanism, and kinetics of diagenetic racemiza-
tion in mollusks. In a previous paper, Wehmiller and Belknap
(1982) noted some serious conflicts between aminostratigraphic
age estimates and U-series geochronology. Szabo (1985) has
presented some additional isotopic results relevant to these con-
flicts. These particular issues, which appear to be nearly unique to
a few sites on the U.S. Atlantic coast, are discussed in detail in this
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paper. Although the conflicts between aminostratigraphy and
independent age estimates occur infrequently, they provide useful
perspectives on both the assumptions and geochemistry of
aminostratigraphy. Unfortunately, a geochemical resolution for
these issues is not yet apparent. Therefore, at this time, we choose
only to explain the nature of the conflicts and to quantify them
using what we consider to be the most appropriate kinetic model
for racemization. We also discuss some constraints that can be
placed on the thermal histories that might be invoked to reconcile
the amino acid and U-series data.

LOCALITIES AND SAMPLES

The localities from which mollusk samples have been ob-
tained are summarized in Table 1 and in Figures 1 through 5.
Most of the localities have been sampled at surface outcrops, but
some subsurface sites are also included. Samples from higher
latitudes (40° to 44°N) have been affected by glaciation: most of
those from the southwest coast of Nova Scotia and from Long
Island are transported shell fragments contained in glacial drift;
samples from Maine are found in latest Pleistocene glaciomarine
silt and clay; other unfragmented (and occasionally articulated)
samples from Long Island and from eastern Massachusetts appear
to have been transported by ice within large blocks of sediment.
South of the limit of glaciation, most of the samples have been
collected from sediments deposited in lagoonal, estuarine, or
back-barrier environments. Articulated and growth position bi-
valves have been selected for analysis whenever possible, but the
majority of samples available at most sites are disarticulated
and/or out of life position, so the results presented here are
usually limited by the constraint that nontransported samples are
rarely available. Fragmented or otherwise visibly altered shells
are avoided wherever possible, but sometimes no other sample
types are available.

Figure 1 shows the limits of the study area, from Nova
Scotia to Florida and the Bahamas Islands. Figures 2 through 5
are larger-scale maps of the “aminostratigraphic regions” that are
discussed in more detail in following sections. Current mean an-
nual temperatures are also shown on these maps. The range of
temperatures for each region is significant, but small enough so
that, to a first approximation, the aminostratigraphy of each re-
gion can be considered independently of the effects of major
thermal gradients. However, rigorous application of any kinetic
model to long-distance correlation and/or age estimation requires
the estimation of effective thermal gradients both within and
between the regions shown in Figures 2 through 5.

During the course of our work on the Atlantic Coastal Plain,
we have analyzed samples collected by many workers. A locality
filing system using microcomputer data-base software was used
to standardize the nomenclature of these collections. Each locality
was given an informal name, and each collection made at that site
was given a specific locality number (UDAMSH#, for University
of Delaware AMinoStratigraphy). Different collections made at
what is considered to be the same location received different
UDAMS numbers. Appropriate information about latitude, lon-
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Figure 1. Map of the Atlantic coast of the United States and adjacent
regions showing the aminostratigraphic regions discussed in this paper.
Regions I through V are shown in Figures 2 through 5. Dashed line is the
200-m isobath. Numerical data shown for coastal sites are mean annual
air temperatures (compiled by Belknap, 1979). Numerical data shown
for oceanic regions (east of the 200-m isobath) are summer and winter
(e.g., 28/20) surface water temperatures (from Imbrie and others, 1983).

gitude, elevation, formation name, collector, date of collection,
etc. was also recorded in each file. Because effective or ambient
temperature (which is a function of latitude) is a major control-
ling variable in aminostratigraphic correlation, we find it particu-
larly valuable to keep the developing locality file arranged from
north to south by latitude.

Table 1 summarizes the data for the sites discussed here. The
abbreviated informal locality names, UDAMS numbers, and lo-
cations by latitude/longitude are shown. Figures 2 through 5
show the positions of these collection sites. In the case of subsur-
face sections with multiple sampling depths (augers, cores, etc.),
the site was given one UDAMS number and sample depths were
recorded in association with specific data.

Enantiomeric ratios for up to six amino acids in the most
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Figure 2. Aminostratigraphic region I, including Nova Scotia, Maine, Massachusetts, and Long Isiand.
Current mean annual temperatures for the region range between 7.5° and 1 1°C. Locality abbreviations
as in Table 1. Holocene localities are Whitney Corner (WC) and Lynn Pit (LP) in Maine and
Massachusetts, respectively. Sankaty Head (SH) on Nantucket Island serves as the late Pleistocene

calibration locality for this region.

representative genus (genera) for each of the localities considered

here are given in Table 1. The number of samples analyzed from
each locality is shown in column four of Table 1. Often the
number of available samples has been limited. The enantiomeric
ratios given in Table 1 are the mean values of multiple sample
analyses or, in most of those cases where only one sample was
available, the mean of two analyses of that single sample. The
chromatographic resolution of alanine, valine, proline, and glu-
tamic acid enantiomers often (roughly 30% of the time) is com-
plicated by interfering peaks, so the mean values for these amino
acids shown in Table 1 do not include ratios based on chromato-
graphic peaks with obvious interferences. Data in Table 1 are

grouped according to regional aminozone nomenclature, which is
described under the heading “Regional Discussions.”

The molluscan genera used for aminostratigraphic studies
are the bivalves Mercenaria, Crassostrea, Anadara, Mulinia,
Chione, Rangia, Macoma, and Spisula, and the gastropod Busy-
con. Mercenaria was the genus most often used because it is
usually a thick-shelled and mechanicaily robust sample. In some
cases we studied the effects of shell alteration on amino acid D/L
values by systematically analyzing different portions of the same
shell (with variable degrees of alteration) or by analyzing different
shells with variable preservation from the same outcrop. Lower
D/L values are often observed in the altered portions of these
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+ 38°

Figure 3. Aminostratigraphic region II, including southern New Jersey,
Delaware, Maryland, Virginia, and northeastern North Carolina. Cur-
rent mean annual temperatures for the region range between 12.5° and
16°C. Locality abbreviations as in Table 1. Sites for which U-series
isotopic data are available include Norris Bridge (NB), New Light (NL),
Gomez Pit (GP), Moyock (MCK), Stetson Pit (SP), and Ponzer (PZ).

REGION

° Je "

Figure 4. Aminostratigraphic regions III and IV for North Carolina and
South Carolina. Current mean annual temperatures for region III range
between 16° and 18°C; for region IV, between 18° and 19°C. Locality
abbreviations as in Table 1. Region III localities receiving most attention
here are Stetson Pit (SP), Ponzer (PZ), and Flanner Beach (FB). Region
IV localities of importance include all the Intracoastal Waterway Sites
(ICW) near Myrtle Beach, South Carolina, and, in particular, Mark
Clark Pit (MCP) and Scanawah Island I (SI), both near Charleston,
South Carolina.



Aminostratigraphy of Quaternary mollusks 73

100  mi. .,
b 100 km.
+
+ 28°

+ LA +
®
7
J > 5
‘v
+ 26"4’7
+ + "
210/7@% &
<
7
* 5% %
)
W\ 2007
24°+
78°

RladlV

74°

+
76°

Figure 5. Aminostratigraphic region V for Florida and the Bahamas Islands. Current mean annual
temperatures for northern and central Florida range between 20° and 23°C; for southern Florida and the
Bahamas, between 23° and 25°C. Locality abbreviations as in Table 1. MNF, MCF, and MSF are
abbreviations for “Mitterer North Florida,” “Mitterer Central Florida,” and “Mitterer Southern Flor-
ida,” respectively. These regions represent the collections for which amino acid data were published by
Mitterer (1975). PBF1 and San Salvador Island (21007) are the two sites in this region at which both
mollusks and U-series-dated corals have been collected simultaneously.

shells. In a few cases we analyzed shells that have less than ideal
preservation (fragmented, chalky or leached appearance) simply
because these were the only samples available. Even in these
cases, however, little or no recrystallization (calcite <2 percent)
was detected by x-ray diffraction.

Although Mercenaria is the preferred sample type, other
genera were also studied because: (1) Mercenaria is not always
present at sites of interest, so the aminostratigraphic value of other
genera must be established, and (2) intergeneric relative racemiza-
tion rates between Mercenaria and other common genera must
be known so that data for each can be converted into common

values for direct aminostratigraphic comparison. In order to ac-
complish this task with field samples, several sites (with different
ages) should be located, each with a large number of samples of
different genera. Analyses of co-existing genera then permit doc-
umentation of intergeneric relative racemization rates. Alterna-
tively, these relative rates can be modeled using laboratory
pyrolysis experiments. Available data show that the relative rates
of racemization in different molluscan genera can be duplicated
in this manner (Keenan, 1983). From the results obtained from
either laboratory experiments or from field sites, we infer the
following kinetic groups for the mollusk genera that we studied:
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Fig. 2. Study sites on both US coasts. A Google Earth kml file supplements these maps and can be found in online supplementary material (Appendix A). Selected field photographs
are available at the stable URL http://dspace.udel.edu:8080/dspace/handle/19716/10390. a: Regional coverage of the US Pacific coast and Baja California Sur, Mexico. Inset shows the
area of (b). Dots mark areas where AAR data exist; underlined text identifies references to AAR data from the entire region, other references deal with more local studies. b:
Locations of major Southern California AAR studies. Locality identification as follows: IV = Isla Vista; C = Carpinteria; PG = Punta Gorda; V = Ventura; SP = San Pedro; PVH = Palos
Verdes Hills; PL = Point Loma; SNI = San Nicolas Island. c: Regional coverage of the US Atlantic coast, showing major references for selected areas. Inset shows the area of (d).
Locality identification as follows: NS = Nova Scotia; SH = Sankaty Head; MP = Morie Pit; CFA = Cape Fear Arch; MB = Myrtle Beach; CH = Charleston; GR = Gray’s Reef; TB = Tampa
Bay. d: North Carolina coastal plain and Albemarle Embayment. Locality identifications as follows: YP = Yadkin Pit; GP = Gomez Pit; NL = New Light Pit; MCK = Moyock;
PZ = Ponzer; SP = Stetson Pit. MLD-01 is one of a suite of cores (shown as unlabeled dots) discussed by Wehmiller et al. (2010). The thick (~80 m) section in the Albemarle
Embayment likely has the most complete Quaternary section on the US Atlantic Coast. GP, NL, MCK, and SP all have yielded corals dated to MIS 5a (Szabo, 1985; Wehmiller et al.,
2004). PZ yielded corals dated to MIS 7 (Szabo, 1985; Thompson and Wehmiller, unpublished).
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9) At the present stage of AAR research on North American coastal
sequences, there exist many questions that deserve to be
studied using the natural laboratory provided by existing
samples and those that remain to be collected. The massive
nature of many of bivalves permits a variety of “micro-scale”
analyses to be conducted on a single sample, such as the study
of shell structure alteration (using low- to high-magnification
microscopy (Davis-Hartten, 2001), molecular weight distribu-
tion (quantitative analysis of free amino acids, and low- and
high-molecular weight components (Keenan, 1982; Boutin,
1989), paleobiochemical or immunological analysis (Muyzer
et al,, 1988), and shell porosity or bleaching studies (Mirecki,
1990). Experiments such as these have the potential to quan-
tify the open-system behavior of the total amino acid system
that has been routinely used for geochronological purposes.
The development of currently available RPLC methods, now
extremely sensitive, will allow for detailed studies of the
relation between shell microstructure, amino acid abundance
and extent of racemization, ideally using samples with a wide
age range (and with extant D/L data for method comparison)
such as those from the Quaternary section in the Albemarle
Embayment. With the use of RPLC methods to generate large
data sets (multiple subsamples from multiple shells) for
a single locality, it is quite likely that a much better under-
standing of natural variability of D/L values within a single unit
will evolve. Because RPLC, GC, and IEx methods each yield
results for different amino acids, it will be important to conduct
good cross-checks between RPLC datasets and earlier results.
For the mid-latitude sites discussed in this paper, D/L values for
leucine and valine appear most useful, so future studies should
assure comparability with the data for these two amino acids.

10) One of the challenging geochronological questions faced by all
aminostratigraphers is the issue of the age-resolution capa-
bility of the method. Examples from the studies reviewed here
include the question whether MIS 3 and MIS 5a samples, or MIS
5a and MIS 5e samples, can be resolved. Although analytical
precision may be excellent (+2%) for multiple analyses of
a single sample, the range of D/L values observed among
multiple samples in a single shell bed can be affected by many
factors, including age mixing, local variations in thermal
history, and geochemical alteration of analyzed samples. These
factors can be assessed only by conducting numerous analyses,
far more than have been done for the most of collection sites
discussed here. Some of these factors may not be important for
certain time scales of interest, but they all must be appreciated
during the design of a sampling and analysis plan, assuming
that sufficient samples are actually available. As always, AAR
methods can contribute great insights into the chronology of
fossilifereous units, but the value of these methods is improved
when suitable independent calibrations are also available.
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