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INTRODUCTION

In this study we characterized and dated a stratified section of middle to late Pleistocene

strata exposed in a borrow pit in Virginia Beach, Virginia (Fig. a.l-l). We collected sediment,

coral, and mollusk samples for the intercomparison of infrared stimulated luminescence (IRSL),

uranium-series (U-series), and amino acid racemization (AAR) geochronologic methods. This

intercomparison is important for independently testing and validating these methods for dating

middle and late Pleistocene sediments of the Atlantic Coastal Plain.

The borrow pit site locally is known as Gomez Pit, owned and operated by the E. V.

Williams Co. of Virginia Beach. It is one of several borrow pits that have yielded a large

amount of Quaternary litho- and chrono-stratigraphic information for the region the last 30

years. A recent paper by Mirecki and others (1995) summarizes the geochronologic framework

for the current intercomparison study, and Wehmiller and others (1989) provide an overview of
relevant literature and the geomorphology, stratigraphy, and geochronology of Gomez Pit and

nearby sites. Other recent publications that discuss the geochronology at Gomez Pit in a broader

regional conrext include Groot and others ( 1990), Toscano and York (1992), and Wehmiller and

others (1992:1995). The site was chosen forthis intercomparison study because of the

extensive background knowledge that was already available. Because Gomez Pit is an active

borrow pit, the exposures are always changing and we were fortunate in having access to some
' fresh outcrops (less than one year of exposure) for sampling during the present study.

New geochronologic results are presented here for IRSL dating of host sediments, U-

series dating of corals, and AAR dating of mollusks, obtained on samples collected from Gomez

Pit in August and September, 1995. Samples from previously obtained collections at Gomez Pit

were also analyzed. The spacing and timing of the collections of different outcrops at a single

site is an important part of the interpretation of results as weathering and diagenesis can play

important roles in AAR dating.
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Comporison of Approaches to Dating Atlantic Coastal Plain Sediments

FIELD STUDY AND SAMPLING EFFORT

The perennially changing working faces of Gomez Pit have been visited and sampled

overthe past l5 years by geologists from numerous institutions (Fig. 4.1-2). Previous investi-

gations involved aspects of sedimentologic, paleoenvironmental reconstruction and/or
geochronology. Recent collections of geochronologic data were made by Mirecki (1990) and

Wehmiller (unpublished data). Sites used by Mirecki for her Ph.D. research (1982-1987;
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Figure 4. l-2. Sketch *op *iih survey points for sites discussed in rexr. Detailed information from Sept
1995 survey is in Appendix III. Line A-A'is the line of projection for the survey shown in Figure 4. l-13.
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Mirccki, 1990) were sampled as the face was excavated. Coral and sediment samples were

collected forthe purposes of U-series and luminescence dating by Wehmiller in 1988 and 1989

at some of these sites (Fig. 4.1-2). For this study, exposures in the southeastern portion of the

mapped area (Fig. 4.1-2) were sampled extensively in August and September, 1995. Two

measured sections (MS#l and MS#2) in the newer portions of the "new pit" were studied in

September, 1995, and a third section (MS#3), in the older part of the new pit, was stratigraph-
ically tied to these measured sections by walking out all of the lithologic contacts. Seven of the

nine luminescence samples were taken from MS#1, MS#2, and MS#3 in August, 1995.

The 1995 sampling program was initiated specifically forthis project. In June, 1995,

we visited Gomez Pit for one day to determine the feasibility of conducting the research. Plans

were made to collect samples for dating. Samples for luminescence dating were acquired on

August l7-19,1995. We also collected some mollusk samples at this time, being particularly
interested to collect shells with clear stratigraphic relation to the IRSL samples. Photographic
documentation of collection sites was also conducted.

After the August collection trip, plans were made for a return to Gomez Pit for
additional sampling and a "field conference" involving all interested parties. This work was

conducted between September 22 and25,1995. Mollusk sampling, surveying, general mapping,
and stratigraphic section description were conducted, along with additional photography. Gerald
Johnson, of the Geology Department at the College of William and Mary, along with a large

group from the University of Delaware (Delaware), participated in this September field work.
The U-series geochronologist in this project, Ken Ludwig of the U.S. Geological Survey
(USGS) Denver, also was not able to participate in this September visit. Because of Ludwig's
time constraints, it was agreed that the U-series results that would be incorporated into this study
would be from samples previously collected by J. Wehmiller and recently (1994-1995) analyzed
by Ludwig in the context of some independent collaborative research between Delaware and the

USGS.

STRATIGRAPHIC DESCRIPTION OF THE UNITS EXPOSED IN GOMEZPTT

The nomenclature and interpretation of the general stratigraphic sequence at Gomez Pit
is summarized in Mirecki and others (1995) and illustrated in Figures 4.1-3 and -4, from Mixon
and others (1982) and Peebles and others (1984), respectively. Measured sections MS#1, MS#2,
and MS#3 (Figs.4.l-5, -6 and -7) provide further lithostratigraphic detail of the section exposed
at Gomez Pit and show the positions of several of the luminescence and mollusk samples
collected in this study. The emphasis in our sampling was to obtain geochronologic samples
from the "upper" or serpulid unit and the "lower" or oyster biostrome unit (see Fig. 4.1-4)
because previous aminostratigraphic results (Mirecki and others, 1995) indicate that there is a
substantial clifference in age between these two units. Mollusks and luminescence sample GPl0
were also collected from the Chowan River Formation, which is exposed in trenches near the
center of the pit. Corals were sampled from the serpulid unit only.
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Figure 4. I -4 Stratigraphic diagram for Gomez pit, from peebles and others ( r 9g4).

SAMPLES AND ANALYTICAL METHODS

Geochronologic sample numbers and data for this study are presented in Thbles 4.1-l
(IRSL), -2 (U-series) and -3 (AAR). Samples locations are shown in Figures 4.1-2 and 4.1-g.
Sample preparation and analytical methods followed normal practices employed in each of theparticipating laboratories, and are described briefly below. More information on these dating
methods, including principles and methodology, is presenred by Forman and others (this
volume) on luminescence geochronology, Ku (this volume) on U-series, and Wehmiller and
Miller (this volume) on AAR.
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Gomez surueys and TL samples
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Figure 4.1-8 Surveys of marker beds in sections identified in Figure 4.1-2, including locations of
measured sections #l-3. Sections are projected onto line A-A' as shown in Figure 4.1-2.

Lumin e sc e nc e G e o c hro n o lo gy

Luminescence analysis was carried out at the University of Quebec in Montreal under
the direction of M. Lamothe, primarily on samples of the sand beds, except two samples of mud
(GP6 and GP8). From the sands, the 150-200 pm size fraction of feldspar was separated using
sieve and densimetric methods. Sample GP7 yielded little of this grain size and a second split
of 300-500 pm size fraction was prepared. GP6 and GP8 samples are fine-grained mud and the
4-8 trrm size fraction was selected for analysis. Although no mineralogical separation was

possible on these samples, it is expected that they contain feldspar which is sensitive to IRSL
(880 nm photons).

Multiple aliquots of sample were mounted on aluminum planchets (if sand) or discs (if
fine silt). All samples were subsequently illuminated using an 880 nm infrared source. This is

done for normalization as well as for luminescence stimulation to derive the growth of the

luminescence signal upon dosing. The choice of this stimulation wavelength is based on a
resonance effect for feldspar as shown by Hutt and Jaek (1989) and Spooner (1993).

\-
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TABLE4.I-I.LUMINESCENCESAMPLESFROMGoMEzPIT'
VIRGINIA BEACH, VIRGINIA

Sample Location

VIR- I

VIR-2
VIR-3
VIR-4

GPI
GPz
GP3

GP4
GP5
GP617

GP8

GP9

GPIO

GPO

Sampled by J.Wehmiller May 1989, from site 06076(B)t

ca. 50 cm below oYster bed

ca.2O cm above oyster bed, below Mulinabed

Serpulid bed, lower Part
Serpulid bed, uPPer Part

Sampled by Lamothe and Wehmiller August 1995

Upper sand unit, MS#l
Above serpulid bed, below blue flag, MS#3

Within serPulid bed, MS#3

Below serpulid bed, below pink flag, MS#3

Below oyster bed, MS#2

Below oyster bed, MS#3

Below oyster bed

No sample2

Chowan River3

Beach sand, CaPe Henry4

lvn-t through 4 were collected by "coring" into a freshly exposed surface on the outcrop with a 2-lb

coffee can. This sampling was done while the outcrop was in shadow and the actual sampling position

was further shaded witfr a black plastic garbage bag. These samples were taken with no specific plan

for luminescence analyses, but were later (1991)Jn*,to M. l.amothe for some preliminary analysis'

2Number assigned for sample that would be taken:lyllne permitted' ' F-
3Sampled to Jetermine "infinite" TL signal for site, and to evaluate local fading effects.

4Sampled to determine "time zero" TL signal for local sediments.

TABLE 4.I-2. CORAL SAMPLES ANALYZED FOR U-SERIES ISOTOPE

GEOCHRONOLOGY

Sample Identification

JW89-l l7
JW89-l l8
JW89-124B

Sampled by J.Wehailler July 1989, from site 06076 serpulid bedl
/'

Septastrei?
Astrangia
SePtastreaY

lAnalyzed by Ludwig at USGS, 1994'1995'

2Coral specimens (Septastrea) from a nearby site (Moyock, North Carolina - see Fig. 4.1-l) are tt" ^,1
. r reoorted here because these samples were analyzed at the same time and because they were part ot the 

I' 
dwelopment of a sample preparation scheme that was employed on the Gomez samples. Number I

assigned for sampte that would be taken in time permitted' )

,l

L,
\,
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TABLE 4.I-3. MOLLUSK SAMPLES ANALYZED FOR AMINO ACID RACEMIZATION
AS PART OF THIS STUDY

Sample Identification Date
Collected

JW95-035
JW95-037
JWgs-038
JW95-043
JW95-044
JW9s-046
JW95-048

Gomez Pit Collections

Mercenaria within oyster bed at MS#3
Mercenaria within oyster bed at GP8

Mercenaria within Chowan River Fm. at GPl0
Mercenaria within serpulid zone, MS#2
Mercenaria within serpulid zone, MS#3
Mercenaria within upper part of oyster bed, MS#2
Mercenaria within lower part of oyster bed,

50 m northeast of MS#2

8t95
8t95
8t95
9t95
9t95
9t95
9/9s

JW89-104
JW89-r06
JW89-l2r
JW89-133
JW89.139
IW89-l4l
IW89-148
GP278

JW88-46
JW89-162
JW89-163
JW89-170
IW89-173

Earlier collections: serpulid zone, Mercenaria samples, Gomez Pit

Locality 06076A
Locality 06076A
Locality 06076A
Locality 06076A
Locality 060764
Locality 06076A
Locality 06076A
Locality 06056

Earlier collections: oyster bed Mercenaria samples

Locality 06074
Locality 06076A
Locality 06076A
Locality 060768
Locality 060768

Moyoch North Carolinal
JW93-61-1, -2,-3,-4

lAnalyzed during this study for intrashell comparison and evaluation ofinternal consistency.

U -Series Geochronology

The inalysis of U-series isotopic systematics followed standard laboratory procedures

employed by the USGS. However, the actual physical prepiuation of the coral samples was

different from that employed in previous coral U-series studies of Atlantic coastal plain sites
(Szabo, 1985). Because the thermal ionization mass spectrometry (TMS) U-series method

permits analysis of carbonate samples weighing as little as 100 mg, it was possible to clean large
(ca. 3000 mg) coral samples to the most robust (least contaminated) fragments prior to analysis.

This strategy has now been employed on approximately l0 coastal plain samples (J. Wehmiller,

NUREG/CR 5562 4-t4
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unpublished data) including the samples listed in Table 4.1-2. The acrual sample reduction,
which has been done at the University of Delaware under the direction of J. Wehmiller, consists
of drilling and grinding of the coral while it is held in a dish of distilled water and viewecl under
a binocular microscope. Tungsten carbide dental drill tips (generally < 0.25 mm) are used for
this purpose. As drilling proceeds, coral samples disintegrate leaving a residue of polyp rvall
material (fragments usually weighing about l0 mg each) and pulverized material thar remains in
suspension. TheTIMS U-series analysis is usually done on acollection of about l5 of these
individual fragments. The entire mechanical sample reduction process usually requires about l0
hours for each sample.

AAR Geochronologic M ethods

The amino acid racemization analyses reported here involved both gas chromatographic
(GC) and high-pressure liquid chromatographic (HPLC) methods routinely reported in the
literature (Wehmiller and Miller, this volume). As part of current research at Delaware, we are
making a concerted effort to analyze the same sample extract by both of these procedures, rather
than doing separate analyses of a single shell by different methods at different times.
Consequently, we are able to report here both GC and HPLC results obtained simultaneously on
a specific sample hydrolyzate. Additionally, because of ongoing research at Delaware, we have
been analyzing (by both GC and HPLC) individual layers of Mercenaria (see Fig.4.l-9) to

myostracum
Middle

Figure 4. l-9. Cross-section of the shell of Mercenaria, showing typical shell structure. Areas of sampling
are identified. From Panella and Mclintock (1968).
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evaluate possible shell structural effects on racemization (because of intrinsic mineral/organic
effects on racemization kinetics or extrinsic differences in diagenetic alteration of different shell

layers) and to use these intra-shell differences in apparent racemization as aminostratigraphic
tools. Some, but not all, of the shells analyzed here were sampled for intra-shell analysis.

Interlaboratory comparison samples (Wehmiller, 1984) were analyzed routinely (at least one ILC
sample with each batch of ten shells) during the course of the amino acid analyses reported here.

DISCUSSION OF RBSULTS

Apparent IRSL Age Estimates

Luminescence geochronology on Gomez Pit samples yielded age estimates that are

significantly younger than expected and as determined by U-series and AAR methods. The
dosimetric and luminescence data are shown on Thbles 4.1-4, -5, and -6. The histogram from
the single grain analyses, after prompt measurement and a waiting period, are shown on Figure
4.1-10. This type of test is designed to assess the datability of a sample (Lamothe and Auclair,
1997). Growth curves are presented in Figure 4.1-l l. As presented in Thble 4.1-6, reported age

estimates range from 32 to 87 ka, if only the prompt measurements are considered. Even the
GPl0 sample, from the Pliocene Yorktown Formation yielded an anomalously young age of 342
ka. Age estimates for the lower and upper Norfolk Formation cluster at around 70-90 ka and
30-40 ka, respectively. These results indeed confirm that there are at least two high sea level
stands represented at the Gomez Pit. A stage 7 correlation is suggested for sample VIR-1,
although its ca. 160 ka age is a minimum.

The distribution of Ry values for sample CP3 (Fig. 4. I - l0a) and the fact that the growth
curve data are mostly reproducible (lower reproducibility for GP7 and GPl0), are a clear
indication that the samples were properly bleached before deposition. In that sense, the set of
samples from Gomez Pit constitutes nn ideal group of samples to study the second postulate in
luminescence geochronology: the stability of luminescence for the constituent feldspar grains.
Inasmuch as the geochronologic control at Gomez Pit is not well established, one can
nevertheless recognize that the ages reported here are too young on the basis of paleo-sea level
reconstruction. Wehmiller and others (1989) have shown that the periods of high sea level in the
area corespond to unique isotopic stages, i.e., the ones that represent periods characterized by a
return of oxygen isotopic ratios close to the modern value. These periods are isotopic stages 5a
(according to Ludwig and others, 1996), 5e,'1,9 and so on. None of these periods are younger
than ca.75 ka so that it can confidently be assessed that the IRSL ages are too young. The
processes through which underestimation of ages can result is discussed below.

As discussed above, the second assumption in luminescence geochronology is that the
electrons in.the dated traps are bound tightly at electron sites. It has been known for several
years that at least feldspar from volcanic terranes is prone to anomalous fading, which is defined
here as the loss of luminescence signal with time from presumably stable deep traps (Wintle,
1973). Even though Wintle and Huntley (1982) had required that anomalous fading tests be
carried out in any dating program, the advent of preheating in the laboratory procedures has had
the malign effect of reducing the possibility of monitoring such effect since most of the
component that is unstable over the period of observation in the laboratory is eradicated by the
thermal treatment. Recently, Spooner (1993) demonstrated that specimens of feldspar minerals

\-l
il

!l
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TABLE 4.I-4. GEOCHEMISTRY AND WATER CONTENT OF THE IRSL SAMPLES
lll
L

Sample Fraction U
(ppm)

Th
(ppm)

K
(percent)

Water Laboratory
saturationcontent

in situ

GPI
GPI
GPI
GPI
GP2,

GPz
GM
GYz
GP3
GP3
GP3

GP3
GP4
GP4
GP4
GP4
GP5
GP5
GP5
GP5

GP6
GP7
GP7
GP7
GP7
GP8
GP8
GPIO
GPIO

o.2
0.3

0.6
0.1

0.6
0.8
0.7
0.1

t.2
1.0

1.4

0.4
0.8
0.8
0.7

0.2
t.2
1.8

1.8

1.4

4.0
0.4
1.9

1.7

<o.l
2.9
4.2
1.3

0.4

0.4
0.5

t.2
<0.1

2.0
1.8

1.4

0.2
1.6

1.2

2.1

0.2
2.0
1.6

1.7

0.4
2.0
3.4
3.1

1.6

8.7

0.6
5.6
3.7

l.l
8.9
12.6
2.3
0.8

0.82
0.5r
0.73
1 3.16
l.l0
1.09
1.28

13.95
t.l2
0.94
1.36

13.78

0.48
0.56
0.43
13.37

0.75
0.88
0.75
14.86

1.95

0.45
1.27
1.03

14.54

2.W
2.30
0.84
t2.t2

0.030
0.013
0.063

0.039
0.067
0.043

3-:'o'

oroo

:rl"

::*

i-'t-oo

i.uno

0.360

Trt

wc
kut A
kut B
feldspath
wc
kut A
kut B
feldspath
wc
kut A
kut B
feldspath
wc
kut A
kut B
feldspath
wc
kut A
kut B
feldspath
wc
wc
kut A
kut B
feldspath
wc
kut
wc
feldspath

0.116
0.049
0.052

0.046
o.029
0.029

o.rot
0.210
o.174

o.521
0.244

0.100

o.uot

K, U and Th analyzed by instrumental neutron activation (DIAA)
Water content = water masVdry mass

from museum collections were prone to fading, whatever their composition. [n this Ph.D. study,

he monitored the luminescence signal from several types of feldspar over time periods in excess

of one year and most of his specimens did fade. As a follow up of this study, the monitoring of
several feldspar grains from different geological contexts and ages has been carried out in our

laboratory. In most of the cases, there were several grains in the samples investigated that were

shown to lose some 10-20 percent of their luminescence signal over time periods of less than 2

months. Moreover, the aliquots used for the construction of the growth curves also have been

NUREG/CR 5562
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TABLE 4.I-5. DOSE RATE DATA

Sample Grain size Alpha dose
(Gyika)

External
Beta dose
(Gy/ka)

Internal
Beta dose
(Gylka)

Gamma dose
(Gyika)

Dose rate
(Gy/ka)

GPI
GPz
GP3

GP4
GP5
GP6
GP7
GP8
GPIO

0.518

0.446

0.535
0;178
0.885
0.416
0.588
t.298
0.257
1.314
0.583

0.752
0.797
0.787
0.764
0.849

1.659

o.Ln,

0.247
0.373
0.430
0.252
0.408
0.771
0.385

0.860
0.330

1.644

2.098

2.252
1.582
1.995

2.737

2.45t
2.770
1.756

150-250 pm
150-250 pm
150-250 pm
150-250 pm
150-250 pm
4-8 pm
300-500 pm
4-8 pm
150-250 pm

Notes l- a value for samples GP6 and GP8 = 0.06
2- External Beta dose corrected for attenuation, Internal Bata dose rate corrected for

absorption
3- Cosmic dose estimated at 0.15 Gy/ka

TABLE 4.I.6. APPARENT IRSL AGES OF GOMEZ PIT SAMPLES

Sample Dose rate
(Gy&a)

Paleodose
(Gy)

IRSL age
(ka)

I

i
I

VIR 1

VIR 2
VIR 3

38.6
34.4

l6l

1.89

2.76
l.6l

73 x.4
95t5

259 x,23

Sample Dose rate
(Gyfta)

Paleodoses (Gy)
De (l) De (2)

IRSL ages (ka)
Age (0) Age (l) Age (2)De (0)

GPI
Gn
GP3
GP4
GP5

GP6
GP7

GP8
GPIO

1.64 58.4 t 1.9

2.10 70.4 x,2.7
2.25 71.7 x,3.2
1.58 65.1 + 2.4
1.99 142 x,ll
2.74 167 + l0
2.45 213 =202.77 193 t 19

1.76 600 t 55

63.9 +,1.4

77.7 x.3.4

231 + 49

szi *to

64.1*2.5
90.3 + 4.2
85.8 t 3.4
68.6 + 2.7

175 x.6
195 t l0
239 +25
237 + 19

35.5

33.6

3l.8
41.2

71.2

61.0
86.9

69.7
342

38.9

34.5

ii'
470

39.0
43.0

38. l
43.4

87.7

71.2

97.5

85.6
- \'l

BI

q

,1
I
I

I
i

I
\-

Notes De (0) = prompt measurement; De (l) and De (2) = delayed measurements

De (l) : delay = 45 to 50 days, except for GPIO where delay = 25 days
De (2) : delay = 127 to 137 days
Error for age around l0 percent
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Figure 4. I - 10. Histograms of R1 for GP3 single grains after prompt measurement (a), and delays after 8
and 34 days (b and c, respectively).
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Figure 4. l-l l. Growth curves for for samples GPl, GP3, GP6 and GPIO, after prompr and delayed
measurements (a, b, c, and d, respectively).
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remeasured some time after irradiation and these showed a decrease of signal, particularly for
those with high doses.

For several samples from Gomez Pit, the same delayed measurements were performed

after periods of between 25 to 137 days. They all showed a decrease of luminescence signal.
The same is observed for the Rl values measured from single grains (Fig.4.l-l0b) over a period

of 34 days. Such samples and methods are therefore not suited for dating the depositional age

for these samples. Consequently, these estimates are considered to be minimum ages.

Anomalous Fading in Feldspar

The stability of electrons trapped in defects of feldspathic minerals is a matter of strong
debate. Ever since Wintle (1973) discovered the problem of anomalous fading, this malign
behavior of feldspars has'escaped thorough understanding of its fundamental physical basis. In
brief, electrons trapped in minerals are believed to be tightly preserved from untrapping because

of the need for an external energy source to excite them (see Forman and others, this volume).

Upon glowing a sample, heat can provide enough energy to excite the electron so that it may
escape from the trap, go through the conduction band, and undergo recombination, some of
which is radiative and leads to thermoluminescence. Optical stimulation from, for example, 2
eV photons can provide enough energy to the electron so that it may escape and recombine.
However it is known that, provided a small amount of thermal energy (a few tens of "C),
recombination can take place through the so-called localized transitions (Templer, 1986) without
the need for the electron to reach the conduction band (Fig. a.l-12). On the other hand,

./"

FADING MECHANISMS
Thermal *

Athermal [{.Irgi

Localized transition

Tunnelling

-lrlt
! qll.".gg'!

Recombination
with or without
light emission

Figure 4.1-12. The physics of trapped electrons and the fading mechanisms invoked for explaining the
unstability of the luminescence signal with time.



J. E Wehmiller and others

theoretical calculation suggests that a crystal held at room temperature should keep constant its
trapped electron density. Nevertheless, Spooner (1993) has demonstrated that even at lgoC,
some electrons can escape the dated trap through athermal tunneling, a phenomenon for which
an explanation would go beyond the scope of this report. The main point here is that, after some
time, there could be a decrease in electron density in any trap that suffers from anomalous
fading. This process takes some time and can be unnoticed by the TIJOSL practitioner in
routine dating procedures.

In the case of the Gomez Pit samples, the first test for stability was the remeasurement
of the aliquots used for IRSL dating a few weeks to a few months after the prompt
measurements. As shown on Figure 4. l-l l, there is a significant decrease in luminescence of
the irradiated aliquots compared to the natural ones. The latter, by definition, is a stable
luminescence signal. A second experiment was based on the monitoring of individual grains at
different times after dosing. Again, for some grains, the decrease was severe, and it
demonstrated that the samples are badly fading so that the ages should be considered as
minimal.

U-series Results

U-series results presented here (Thble 4.1-7) confirm previous U-series results for
samples from the serpulid unit of Gomez Pit (Szabo, 1985). All previous U-series results were
obtained by the alpha-spectrometric method. New data presented here provide the first
application of the TIMS method to U.S. Atlantic coastal plain corals. Alpha-spectromerry age
estimates of between 70 and 80 ka (substage 5a) were obtained on several coral samples from
Gomez, Moyock, and other nearby borrow pits in the region. Although the new results do not
change any of the conclusions related to the previous results, they do constitute a significant
"challenge" to oxygen-isotope-based sea-level curves, which would predict sea levels during
substage 5a to be l0 m or more lower than the current elevation of the serpulid unit. The

TABLE 4.I-7. GOMEZPIT U-SERIES TIMS DATA

Sample LJ, 23oap32y6 ?3;aghr1g

ppm age, ky

nagP3\g, Initial
initial error

Age error,
ky

JW89-l 17l 2.3
JW89-l l8l 2.t
JW89-l24Bl 1.9

79.8 1.0

74.2 0.9
75.8 6.9

98

430

236

r.150
1.142

t.140

1.t54
l.150

0.02
0.03

0.04

0.07

0.02

IW92-48D2 2.6 ll
JW12-48C2 2.4 98

78.7

79.8

2.8

1.0

'r'l
t, 

I

I
I

.'t

I calcite/aragonite determinations have been made on these samples; there is no more than a ,,trace,, of
^ 

calcite (<3 percent).
z Samples Iw92-48D and C are "dirty" and "clean" splits of the same coral sample, from Moyock, North

Carolina. The cleaned sample was prepared in the drilling/reduction manner described in the text, as
were the three Gomez samples (89-l17, 89-l18, and 89-1248). Note that the cteaning of JW92-4g
reduced the 232Th content and improved the age and initial 234gp3\g 

"11srt.
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serpulid unit was deposited below mean sea level. The implications of these substage 5a age

estimates for coastal plain corals have been debated extensively over the past l5 years (Cronin
and others, l98l; Szabo, 1985; Wehmiller and others, 1988) and are the subject of continuing
investigation. Some possible diagenetic issues related to these dates will be discussed below.
We conclude also that the cleaning procedures used (mechanical reduction to eliminate the most
porous portions of the corals) and the use of TIMS technology do improve the analytical results
(evidenced in the reduction in 232Th and the improved precision) but they did not significantly
vary from the original age estimate.

,MR Results

As with previous AAR results (Mirecki, 1990, 1995; J. Wehmiller, unpublished data),

the Gomez Pit section consists of two distinct aminozones. Figure 4.1-13 shows the D/L leucine
and D/L alanine values for Mercenarua samples from previous collections (1985-1989) in the

1.0

llc
\

;ttffiMovock

n Corolla (Holocene)

0.8

o.7

0.6

DIL Leucine

Figure 4.1-13. D/L leucine andDll- alanine values for Mercenaria samples from previously-collected
Gomez pit sites (aminozones IIa and IIc - see appendices I and II), from Moyock, North Carolina , and
from Holocene samples (ltdated) collected at Corolla, North Carolina (Fig.4.l-l).
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serpulid and oyster units of Gomez Pit. The aminostratigraphic data from these two units cluster

into two aminozones "IIa" and "IIc" that are recognized regionally (Wehmiller and others, 1988).

Mirecki and others (1995) show the distribution of these aminozones based on D-

alloisoleucine/L-isoleucine data obtained by HPLC, with mean A./I values for these two

aminozones of 0.16 and 0.32, respectively. In the present study we have employed not only A/I
values (obtained by both GC and HPLC) but D/L values for at least four other amino acids

(alanine, valine, leucine, and aspartic acid). Because of redesign of the HPLC detection system

and modification of detection reagent concentrations, A/I values cunently are about l0 percent

greater than those obtained on our HPLC between 1985 and 1990 (including all those obtained

by Mirecki). Figure 4.1-13 shows that leucine D/L values in "IIa shells" range between 0.22 and

0.32 and alanine D/L values range between 0.38 and 0.50. The lower D/L values are usually

(but not always) observed in fragments cut from the edges of the shells (hinge or growth edge,

as well as the middle layer in the central portion of the shell), while the higher D/L values in any

aminozone are almost always obtained from fragments cut from the inner homogeneous layer

(see Fig. 4.1-9 for shell sampling positions and structural terminology). The leucine and alanine

values cluster around 0.42 and 0.65, respectively, for aminozone IIc shells.

Leucine and alanine D/L values for Mercenaria from Moyock, NC, overlap those for the

Gomez IIa aminozone. This nearby site (Fig. 4.1-2) has yielded U-series data overlapping those

from Gomez Pit. Figure 4.1-13 also shows leucine and alanine D/L values for Holocene (l4C-

dated) Mercenaria collected at Corolla, NC (Wehmiller and others, 1995). These data help

define the regional Holocene aminozone.

Newly obtained data from locations MS#2 (95-043), MS#3 (95-044), GP6l7 (95-035),

GP8 (95-037), and GPl0 (95-038), and samples 95-M6 and 95-048, overlap ranges for the IIa
and IIc aminozones from previous work (Figs. 4.1-13 and -14). These results represent

Mercenaria collected from upper part of the oyster unit in the immediate vicinity of MS#2 (95-

046) and Mercenaria collected from the lower oyster unit 50 m northeast of MS#2 (95-048).

Figure 4.1-14 shows that 95-035 and 95-037 fall within the range of IIc shells from previous

collections, confirming the aminostratigraphic correlation that was expected at the time of
collection. 95-038 shells plot at or near equilibrium DIL values, also as expected from the

known age of these shells (Pliocene/early Pleistocene Chowan River Fm). Sample 95-048

appears to plot with higher D/L values than those from IIc or 95-035 and 95-037, suggesting a

greater age for the 95-048 shells. 95-046 shells spread over a wide range of D/L values that

barely overlap with the lowest part of the 95-048 range (Fig. 4.1-19). 95-046 shells actual range

so widely that they overlap with some of the 95-043 and 95-044 shells, all of which were

collected from within the serpulid unit and were therefore expected to have IIa aminozone D/L
values.

Results for samples 95-043 and 95-044 are enigmatic. Their A/I and D/L leucine values

are generally ttighb(than the same ratios in serpulid unit shells collected from elsewhere in the

pit lRppendil n). *. serpulid unit shells from Gomez Pit have yielded a large range of A/I and

leucine D/L values fhat was also observed by Mirecki (1990). This range can usually be

explained in terms of shell preservation characteristics. Furthermore, it appears that most (if not

all) of this range can be duplicated in a single shell by analysis of single shell layers. This intra-
shell variation appears to diminish in relative significance as the shells become more racemized.

I

I
L.
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Gomez Pit Aminozones

0.o o.2 0.4 0.5 0.8 1.0
D./L Leucine

Figure 4.1-14. Gomez Pit Aminozones: Leucine and Alanine DIL values from the IIa, trc, Moyock and

Holocene aminozones (Fig. a.l-10) compared with those from MS#2 (95-043, 95-M6, and 95-048),

MS#2 (95-044 and 95-035), GP8 (95-037), and GPl0 (95-038). Similar clusters of D/L values have been

observed by Mirecki (1990).

Belknap (lg7g) and Wehmiller and Belknap (1982) also noted these ranges of D/L values for the

different units, but the number of analyses obtained for the earlier studies was small enough to

preclude any firm conclusions regarding diagenetic effects.

The results for 95-046 and 95-048 are important because of their value in understanding

the stratigraphy, taphonomy, and geochemical diagenetic processes of the oyster unit that is so

prominent throughout Gomez Pit. Previous aminostratigraphic results for Mercenaria from the

oyster unit have been confusing, with two aminozones being inferred, one rePresenting reworked

shells (Mirecki, 1990; Mirecki and others, 1995). The new results for 95-046 and 95-048

reinforce these original conclusions. Furthermore, occasional Mercenaria samples from the

upperrnost part of the oyster unit have yielded aminozone IIa values, indicating that shells of this

age burrowed into the underlying oyster unit during the time (i.e., IIa time) of deposition of the

overlying sand and serpulid units. Some of the shells from the top of the oyster unit (95-046)

also confirm this observation, and at least one of these shells was noted as probably being of this

young age at the time of its collection. The consistently higher DIL values for the 95-048

o

tr 0.6

o
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samples, collected from lower in the oyster unit (see MS#l and MS#2 descriptions; 95-048

collected 50 meters from MS#2 where the lower oyster unit was very distinctive in outcrop)

suggest that the "older aminozone from the oyster unit" has been found "in place" (rather than

being represented by reworked shells).

The spread of D/L values in the oyster unit could also be a consequence of groundwater

flow and diagenetic alteration, which could also have affected shells in the overlying sand and

serpulid units. Alteration fronts are visible in the measured sections, particularly at the

boundary about 0.5 to 1.0 meter above the pink flag in MS#I, MS#2, and MS#3. The presence

of shell ghosts throughout the upper part of the section (see MS#l and MS#2 descriptions)

indicates that there has been substantial loss ofcarbonate from the section. The contrast in

porosity and lithology across the upper contact of the oyster unit results in perched ground

water. Leaching and iron staining of shells in the oyster unit is common. High uranium content

of both the shells and the sediment in the oyster unit has been noted (Mirecki and others, 1995;

Kaufman and others manuscript; M. Lamothe, unpublished). Collectively, these features imply

that some material was selectively released and translocated from the porous, upper sandy units

to the tight underlying oyster unit. It is not clear how much of the alteration, leaching and

translocation of material is related to the regional drawdown of the watertable in the last 30+

years (G. Johnson, pers. comm., 1995) and how much is a natural part of the subsurface

geochemical system for the region. Nevertheless, in spite of the preliminary and speculative

nature of these observations, it is important to emphasize that these processes, which clearly

have affected the molluscan material in the section, have probably also affected the corals (and

the U-series system) and the luminescence systematics (e.g., consistency of dose-rate). Th"

spread of D/L values in the IIa, g5-M3, and 95-044 samples also must be related to these

diagenetic leaching effects.

AAR Kinetic Modeling

Because AAR requires direct or indirect calibration for its use as a dating method, any

interpretation of the D/L values in terms of time will depend on the accuracy of the calibration

as well as the accuracy of the AAR results. The AAR data from Gomez Pit can be interpreted in

both regional and local contexts. The regional context has been reviewed extensively

(Wehmiller and Belknap,|98}:Wehmiller and others, 1988, 1992) and will not be addressed

here. The local interpretation, in this case, will emphasize the difference between sample ages

for the oyster and serpulid units, inferred from different kinetic models for racemization and

different options for the ages of the calibration samples. This approach follows that given in

Mirecki and others (1995: Table 4.1-2).

We use two kinetic models to provide model age estimates. Table 4.1-8 lists six D/L

leucine values that span the range observed in the present study (with the exception of the

Chowan River 95-038 samples). The different columns list age assignments for different

choices of calibration ratios (either 80 ka or 125 ka calibrations are use) for two kinetic models:

"B" for "Boutin non-linear model", presented in Wehmiller and others (1988); and "PB" for

parabolic model, presented first by Mitterer and Kriausakul (1989). The Boutin model is

applied directly to leucine D/L values; the parabolic model is applied to A./I values, converted

from the appropriate leucine D/L value using the intrageneric conversion equations in Wehmillgr^,

and others (1988). Model runs B/1, Bl2 and B/3 use a D/L leucine value of 0.25' 0.30, and 0.30ti

NUREG/CR 5562 4-26
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TABLE 4.I-8. KINETIC MODEL OPTIONS - LEUCINEI

DIL
Leu.

B/l Blt Bl2 Bl2 Bl3
80 125 80 125 80

B/3 PBI/
t25 80

PBI/ PBZI
125 80

PB2I PB3I PB3I
t25 80 t25

0.25
0.30
0.35

0.40
0.45
0.50

80 t25
t26 197 80

192 300 122
284 445 180

410 640 260
576 900 365

t25 -57
190 80
182 ll8
406 170

571 239

80

-H 136

t25 213
184 3t6
266 M7
374 609

125 47--
2t3 80

334 t25
494 186

699 262
952 357

7i- 3g,- 47

t25 5+ 80

196 80 tzs
289 ll8 184

410 167 26t
558 228 356

lAges in ky for different D/L leucine values, as prcdicted by different kinetic models: B = Boutin non-

linear (see Wehmiller and others, 1988); PB = parabolic.

respectively, for the 80 and 125 kacalibrations. Model runs PB l, PB2, and PB3 use these same

values for the two calibrations, respectively.

The results of the comparisons of the Boutin and parabolic kinetic models are shown in

Figure 4.1-15. The difference in age estimates is much more dependent on the choice of

calibration sample than on the choice of kinetic model. For example , if aD[L leucine value of
0.25 is used'as either the 80 or 125 ka calibration, then a D/L leucine value of 0.40 would be

interpreted to represent an age of either 300 ka or 475 ka, respectively, by either model (within

ca. t 5 percent, a range much smaller than the analytical range on an aminozone).

Consequently, the following qualitative age estimates can be presented for the leucine

aminozones observed in this studY:

Using leucine DIL of 0.25 (the "best minimum value" for the serpulid unit) as an 80 ka

calibration (the infened age based on the U-Th dates of corals associated with the serpulid unit

at 06076) predicts:

0.30 = ca. 125 ka

0.35 = ca.2W ka (the mean value of 95-043 and 95-044?)

0.40 = ca. 300 ka

0.45 = ca. 425 ka ("best value" for [lc?)

0.50 = ca. 600 ka (95-048?)

If a leucine value of 0.35 (the mean of 95-043 and 95-044) is used as the 80 ka

calibration, then it is possible to reach a leucine D/L of 0.50 by about 240 ka. Note that no

corals from the sites of collection of 95-043 and 95-044 have been dated. Using the same DIL

leucine value options with a 125 ka calibration will increase all of these age estimates by about

55-60 percent (a factor of 125180).

Using conservative estimates of the "best" mean value for each of the Gomez Pit leucine

aminozones, and assuming that there is as much as l5 percent variation (due to shell preser-

vation effects), it seems appropriate to assume a mean leucine D/L of ca. 0.33 for 100 ka and to

project the kinetics ofFigure 4.1-15 to age estimates of ca.22O ka (stage 7?) and ca. 300 ka
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Kinetic model age options, Gomez Pit
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Figure 4. l-15. Kinetic model age estimates from Thble 4.1-5. Models labelled "B" are for "Boutin non-
linear" (Wehmiller and others, 1988). Models labelled'PB" are for "parabolic kinetics" (see Mitterer and
Kriausakuk, 1989). Ttuee pairs of curves are shown for each model category - those with leucine values
of0.25, 0.30, and 0.35 "fixed" ro calibrarion points ofeither 80 kyr or 125 kyr.

(stage 9?) for the leucine values of ca.0.42 and 0.50, respectively. Although these age estimates
for the older aminozones arc slightly younger than those presented in Mirecki and others (1995),
it must be emphasized that, at the present state of knowledge, the combination of analytical and
kinetic model uncertainties for AAR methods, combined with unknown diagenetic variables,
could easily result in any age estimate being "off' by 100 ka, even though the relative age
differences for different aminozones might remain stable.

t
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SUMMARY AND CONCLUSIONS

Results of this study add to our understanding of the relative reliability and compara-

bility of the IRSL, U-series, and AAR geochronologic methods, and highlight specifirc problems.

Comparability was enhanced because these methods were applied on the same measured

sections, and because geologists and geochronologists worked side-by-side throughout the

project, both in the field and in the lab. Results of this study also improve the geochronologic

conrrol on the Gomez Pit section of the U.S. Atlantic coastal plain sediments by significantly

adding to the available age estimates on samples from this section.

The U-series and amino acid data obtained in this study duplicated most of the previous

results. Although, some subtle differences in amino acid D/L values were encountered Some of
the differences in AAR results can be ascribed to different sampling and analytical methods

compared with the earlier work we have done at Gomez Pit (Mirecki, 1990), but some of these

new results may be indicative of diagenetic effects that remain to be evaluated.

The twelve samples dated by the IRSL method are thought to have the same feldspar

composition and their luminescence unstability would suggest that the ages reported should be

considered as minimum ages, until a solution to anomalous fading can be found. The

differences in ages between the different marine units is however significant.

Ccillectively the three dating methods indicate that there are at least two Pleistocene

fossiliferous marine units preserved in the Gomez Pit section, one representing all or part of
marine isotope stage 5, the other representing all or part of marine isotope stage 7 and/or

perhaps stage 9. The apparent IRSL ages for the samples show three clusters: one at ca.40-45

ka, one at 70-100 ka and a single sample (VIR-l) yietded an older age of 160 ka. U-series

results confirm earlier reports ofca.70-80 ka ages on coral in fossiliferous units exposed at

Gomez Pit and nearby pits. The AAR results indicate that the units above the oyster unit span

from ca. 130 ka to 80 ka and younger, with the age of the serpulid unit at least 80 ka. Shells

from the oyster unit(s) provide two age estimates that may correspond to deposition during

marine-oxygen-isotope stages 7 and 9, but the effects of diagenetic alteration on these shells

remains to be more fullY evaluated.

Carbonate leaching and shell alteration are clearly evident in the section at Gomez Pit,

despite the many "well-preserved" shells. The preservation quality of most of the specimens in

the oyster unit indicates active water flow, staining, dissolution and possible precipitation,

making this unit very complex both geochemically AND chronostratigraphically. The

implications of these diagenetic processes for the accuracy of the U-series age estimates from

Gomez Pit need to be fully evaluated, as it seems reasonable that the corals have not been

"immune" from these Processes.

The three most important things to getting a good age estimate are context, context and

context, and these were supported by the results of this study. By having geologist and geochro-

nologist present at the time of field reconnaissance and sampling, and in communication during

lab analysis , the results have lower uncertainty by virnre of the fact that each participant

witnessed the actions of the others.

4-29 NUREG/CR 5562



I
I

I
I

i
I

i
!

i

;

J. F. Wehntiller and others

REFERENCES

Aitken' M.J., 1994, Opticaldating: a non-speciatist review: Quaternary Geochronology, v. t3,
p. 503-508.

Balescu, S., and Lamothe, M., 1992, The blue emission of K-fetdspar coarse grains and irs
potential for overcoming TL age underestimation: Quaternary Science Reviews, v. I t,
p.45-51.

Belknap, D.F, 1979, Application of amino acid geochronology to srrarigraphy of late Cenozoic
marine units of the Atlantic coastal plain [Ph.D. thesis]: Newark, University of
Delaware, 550 p.

cronin, T.M., Szabo, 8.J., Ager, T.A., Hazel, J.8., and owens, J.p., l9gt, euaternary climates
and sea levels: u.s. Atlantic coastal plain: science, v. zll, p.233-240.

Groot, J.J., Ramsey, K.w., and wehmiller, J.F., 1990, Ages of the Bethany, Beaverdam, and
Omar Formations of southern Delaware: Delaware Geological Survey Report of
Investigations no. 47, 19 p.

Huntley, D.J., Godfrey-smith, D.I., and rhewalt, M.L.w., 19g5, optical dating of sediments:
Nature, v. 313, p. 105-107.

Hiitt, G. and Jaek, I., 1989, Infrared stimulated photoluminescence dating of sediments: Ancient
TL, v. 7, p.48-51.

Lamothe, M., 1996, Datation par les Mdthodes de luminescence des feldspaths des milieux
s6dimentaires: le probl6me de la remise 6 z€ro: G6ographie physique et euaternaire, v.
50, p.365-376.

Lamothe, M.' and Auclair, M., 1997, Assessing the datability of young sediments by IRSL using
an intrinsic laboratory protocol: Radiation Measurements, v. 2'1, p. 107-117.

Lamothe, M., Balescu, s., and Auclair, M., 1994, Nanrral IRSL intensities and apparent
luminescence ages of single feldspar grains extracted from partially bleached sediments:
Radiation Measurements, v. 23, p. 555-561.

Ludwig, K.R., Muhs, D.R., simmons, K.R., Halley, R.8., and shinn,8.A., 1996, sea-level
records at =80 ka from tectonically stabte platforms: Florida and Bermuda: Geology, v.
24, p.2ll-214.

Mirecki, J.E., 1990, Aminostratigraphy, geochronology and geochemistry of fossils from late
Cenozoic marine units in southeastern Virginia tPh.D. thesisl: Newark, University of
Delaware,218 p.

Mirecki, J. E., wehmiller, J. F., and skinner, A. 1995. Geochronology of euaternary coastal
Plain deposits, southeastern Vrginia, USA: Journal of Coastal Research, v. I l(4), p.
n35-nM.

Mitterer, R.M. and Kriausakul, N., 1989, Catculation of amino acid racemization ages based on
apparent parabolic kinetics. Quatemary science Reviews, v. g, p. 3s3-3s7.

Mixon, R.8.,'Szabo, B.J., and Owens, J.P, 1982, U-series dating of mollusks and corals, and age
of Pleistocene deposits, Chesapeake Bay area, Virginia and Maryland: U.S. Geological
Survey Professional Paper 1067-8, l8 p.

Panella, G., and MacClintock, C., t968, Biological and environmental rhythms reflected in
molluscan shell growth. Journal of paleontology, v. 42, p. 64_g0.

Peebles, P.c., Johnson, G.H., and Berquist, c.R., 1984, The middle and late pleistocene
stratigraphy of the outer coastal plain, southeastern Virginia: Virginia Minerals, v. 30, p.
l3-22.

NUREG/CR 5562

L

+30



Comparison of Approaches to Dating Atlantic Coastal Plain Sediments

spooner, N.A., 1993, The validity of optical dating based on feldspar: oxford, oxford
University, Ph.D. Dissertation, 2O7 p.

Szabo, 8.J., 1985. Uranium-series dating of fossil corals from marine sediments of southeasrern
United States Atlantic Coastal Plain: Geologicalsociety of America Bultetin, v. 96, p.
398-406.

Templer, R.H., 1986, The localized transition model of anomalous fading: Radiation Prorection
Dosimetry, v. 17, p. 493497.

Toscano, M.A. and York, L.L., 1992, Quatemary stratigraphy and sea-tevel history of the U.S.
middle Atlantic coastal plain: Quaternary science Reviews, v. I l, p. 301-329.

Wehmiller, J.F., 1984, Interlaboratory comparison of amino acid enantiomeric ratios in fossil
Pleistocene mollusks: Quaternary Research, v. 22, p. 109-120.

Wehmiller, J.F. and Belknap, D.F., 1982, Amino acid age estimates, Quaternary Atlantic coastal
plain: comparison with U-series dates, biostratigraphy, and paleomagnetic control:
Quaternary Research, v. 18, p. 3l l-336.

wehmiller, J.F., Belknap, D.F., Boutin, B.s., Mirecki, J.E., Rahaim, s.D., andyork, L.L, l9gg, A
rcview of the aminostratigraphy of Quaternary mollusks from United States Atlantic
coastal plain sites, in Easterbrook, D.J., ed., Dating euaternary sediments: Denver,
Geological Society of America Special Paper 227, p. 69-122.

wehmiller, J.F., Mirecki, J.E., and Fletcher, c.H., Iu, 1989, Lithostratigraphy and amino-
stratigraphy of the southeastern Virginia coastal plain: Field guide of IGCP 274 Field
Trip'Guidebook.

Wehmiller, J.F., York, L.L., Belknap, D.F., and Snyder, S.W., 1992, Theoretical correlations and
lateral discontinuities in the Quaternary aminostratigraphic record of the U.S. Atlantic
Coastal Plain: Quaternary Research, v.38, p.275-291.

Wehmiller, J.F., York, L.L., and Bart, M.L., 1995, Amino acid racemization geochronotogy of
rcworked Quaternary mollusks on US Atlantic coast beaches: implications for chrono-
stratigraphy, taphonomy, and coastal sediment transport. Marine Geology, v. 124, p.
303-337.

Wintle, A.G., 1973, Anomalous fading of thermoluminescence in mineral samples: Nature, v.

245, p. 143-l4r'..
Wintle, A.G., and Huntley, D.J., 1982, Thermoluminescence dating of sediments: Quaternary

Science Reviews, v. l, P. 3l-53.

4-31 NUREC/CR 5562



Appendix / fr
Amino acid racemization data, 1995-1996 analyses , Gomez Pit

collection



(o o@O NNo? c? a?o oo
NCOtF-oo
cio

N6 + NONao6 6 oooqa? c! ':qo{oo o ooo
oooONN\iolN
ooo

On N F)F O
rr@ @ o@ !oo c)o ol $N N

F dd o oo ci
L

r)O N o { O(D t\ OF.qJGJ N o qr(9 {NN(Doi< s, N ; -o an +ro€ E \ !e@ t.N@(oqc q '? q {u? q u?r|q9 ! ! !9 9999oo o o o oo o oooo o o oo oooo

N$$$ i.cO O@(otsgo(o oo @Noo
NNr)F) {O C)(r)OO
ctooci oo ocjdc;

F-O Cr) cO ON NO @(o (O-=(O
bo @ 6 oo N(o oo t(oot
-- N N oo CJg) NN NNCDF)
oo o o dci oo oo oooci

<o oo F@N$O
6- ot l'-(o(o@(o
a< NN 6io(')o(t

d dcj oo cjoooo
J

FCO OO NO|.-or(9 $r+ 6NN
':Al qo{ ololol
oo oo ooo

@ o o Nro r !oQ!?oF F co N N* co @6Ql-
i\ ; F N NN r rrNil
d o ci o oo ci odoo

6 A:f (o
no
- Alsl ro oo o

I

o
6
(ooo
ct
N

ot
l
F F.Ntso

= 
dciU

6 6 OO OrO (OONO (.j@QN r(O rNO
- ad co- o<o FN--o oaQ'f c91' 0@6-q a qe nAt qo{c?e? :199 ?9 lqqo o oo oo oooo oooo oo ooo

@ OIO <f@ N(r)F.@ F-N@O F-O, N$Od 'b= ct- (o(o o+oo o$qQ oQ obco- ':q olol ':': .:':':q ':111 :1 o1l':
o oo oo oo oooo oooo oo ooo

xx>> xx>> 1Y 9999::tI [fr..i.i $$ $$$$
ob056o cocoobob 99 ?99966oc? s?qqa 33 333Esr<{ $+t$++++ ++++ '=.4 '=.'3.'3.3.66nn oo()ooooo oooo
=333 

33=3

SS oo -cr-olg-99 b :: xxx oo ff[* EE EEEEE : +* ;++ gE EE ;i++ 33 EF!!l ; oo ooo ='= oo

E ss ;: o{sii s ss Efrfr ;; Fe EE: t$3 ?e iHEiH E iEE ++ it =.aOO ooooo e 60 ??g.g iEEEE = gg. E E33

@f oof NO {' NO (OO$ NN rO eq') OF(o(o EQQS6b, 65 d @ 6;; b b- oN -N-r+ (Doo$

flf; s3333 3 == 8EE bb 33 3g S$'Sg sg55
EE EHEEE E HH EEE EE gH HE HHEF HEgH

EE EE EEEEE E 3E EEE EE EE EE EE6E €€€E EE EEEEo Fb b6 b>oGF N FN DOE EE ii -e ia<q qqg= SS ObC=
* bb =< 

FNNNN N
o No NijNNN N- l]N N-NN NN N cn di ai ;F Ncn-ci

F N c) $'o @ N @ - I : : P : p I : I P R e N R N R R N R R I E S 3 3 3 3 b S 3 3 E $ S $ S g \ S S 3 6 S 3 il 3 3 h

NN O, (D(DNTO
oN o oo@Qt
@(o $ @on(o(o

o AA A ooocjcj

@to$@c? c?
oo

FNooal -oo

OO N OSF@\|dr@ o @v(ONo
o a?a? A! c?c?aa?c?
o oo o ooooo

=
+O O -NNNC9()O (O Fi.NNNNN

6 c;d o cioooo

o O -(oF oF O O Oo (9 (\E O CD(9 rQr:lQ aA (OrN
6 N -6o ob 6 N 60 6 Or) () -o @0(!6 (oo Fr)o
V + '+r* <6 d.
ci ci ooo oo o o oo o oo ci oo oooo oo ooo

zz zz zzEs I ??? E PP s=- s e, €'e * != PP 8,833"E ESEE 3 33 t; E t gg =i ;E 338E33
:- :- EEE E E! E E EE E ;x oe-
b E :l: a ;* H H Hs ', Ae E:o-
= = 6Ed o = ==* 3 FFF, - = or

oo OOOOO O 6() r)66 OO aa aa OOOO lrlQQ OO OOob
i6i6 6oooro o ooi 666 <- 6@ o(') ooFN OQSqSq $S @cocDc)
;; 6i6idi6i6i - NN C')cn NN NN ;;NoJ NNNN cDF) NNNN
oo ;JJcici o dd ooo oo oo oci ociod oooci oo cidcici

oo
aF ON; @od aa
o ! oo
E<
No
E
o
(5

Ico
E
E
a

lorD
o ooE ac?E OO

ON $O@F(O@ 
--(ON

ON
NN

(.) f)$s
oo(o(o
oo)

NN @@OOoo NNooo6 606()OO OOOOr)lr) r)bn6oo oooo

cf
tE

oz
o(5
J



oN(oF-o F- o (o(o ooo$oo c) 6) s{ c)
OOOOO N N NN N
ooooo o o do o

@@$oo 6 0 @@ o(OO-O{ - F) O(O Oau?qaa a? o? c?c? tooooo o o oo o

ONOrr FNo!+ (oO
o@Ooo S9-O FC,
@(oN@(o on(o(o @@
cioooo oooo cici

oror$NF osNN o@ 6
-O-O- (')td)t NN @r|u?u?u?q c?c?c?a? aa c?ooooo oooo oo o

(ONS(?)N tsNO 66
No<(O() @@$ OF N9S994 qolAl nn a?ooooo ooo oo o

N@$@(O F(OrO CO@ @
NN@66 OF-O@ FO @c?a?a?a?a? IIIa qq ':ooooo oooo oo o

oo o oN@t (o rf N
N- N FC,

-- - ;-

@ON@OrF ONooooot oN\qqqqq oqq
oooooo oo

cccEccccEG 2(5(5(5(!(!(!!!!E!s$ f 6666 dilB}ltll=l ur 0666 ooooooooooQ 6 +6-6-6- =CCCCEEECEE ,OOO Ooooooooooo fr AAAA Bgeg99s99c9
c c c c c c c c c s I EEE-o. E
N N N N N N N N N N A EEEE !?ooooooooooEEEEEEEEEE z .Epee .eoooooooo9q -;-t- .ooooooooooo EAEE g
oooooooooo ooooo oooo oo o
-66o6ooooo @@@@(o F..F.F-l'.- ${ O6066006cJc.)(.J t*t${ NNNN OCD O
--;---;;;- ooooo oooo oo o

NNNNNN OOO(.) 66 OAoboob"6obSooA E88EB ;EEi ?? ?ooo6OOOCtOO --E- - @loooooooooo o(!(!(g(5 s*$$ @(0 (o
6$6,4,4o6,6o,i ===== 

oooo s* t
oooooooooo .0.0.q.q.0 bo6b ?? ?
=3===3;338 

tErEr Qo'qlo' '4)n 6rotgcotg<s .8.333 ee e
GGo6 .2.2 .a

@@@(o(0$$$s$OOOOO
r)|orolol')ooooo
3333=

(o@()<) 
-TFNNNN -TINNNNNN***{ on()ronnn F.FEEl>ENFE*st${ o(9coo(f)c)(') cDc)r)(9c)c)oc)r)oooo ooooooo ooooooooo

o6bn nobnobn ()()()hl')loq)olo
oooo oooooO)o ooOrO)ooOroO)o 3333 33=333; 33333;3=3o

E
rE(h

^ 6O6O OOOOOOO FF-NNCVNNN 6OOOO.O(!O6O NNNNN (OOOO @(O Oo 66(i6 (.)ocD-sa+ $$$$${\i$< o-o6-sss${ o6r)r)6 oooQ {s $z d-odd +s{+++< ssv++++++ s<+<++s$s{ ooo99 {){r@o^ 5666 d.BBg83 333838338 3333333333 EEE88 88EE 88 I= @oo@ onj 6666 oioioioooo ooooooooo ooo|bnoobno ooooo oooo oo oooooroooooo

S88E BEEE333 333E383S8 3333333333 EEEEE EESE EE E=-bbbbF bbbEiiNat 65 s-s-bbbbbbbb b.ii. id>N >N eo cOoF- no; N{QN <(N<{<5 <={i<sNN{ 56-555si{b EQ.Ns NN<< == .
d :;; ddoiojdd; dddddd;;; --;---otooi F N --cnN F)c)

o O c' F N o r+ o C) F. @ O) o F N o $ o o N @ o O - N o r+ o @ N o o o F N qD s|. A !9 \ 99 Q O - N r) t r) @ N @ o o F N d) I
6i56o6C5d@6io66FFNNtsF-F-F.F.N@6o@co@CDco@CooooooooooooOoooooooo

600N ooF@t() OO0066 (oN
oodci oo

(!
o
&t

,\ @oo

ct
N
o
o
=F r.,@(Do o - NQIO r4tQa:tQ\!-!iti-N O N N@t .<fOONNOr)

- Nqolq q q? no?a? c?c?a?a?c?o?e?
= oooo o o ooo oooooooU

OF@@$oo@@@@co
ciooo

r) FIO OO F. OC)
@ gO 6F @ FNq \q qq \ qqo oo oo o oo

NOFF(O6 OF
@OOOoO OF.qqqo?o?q qo?
oooooo oo

N6N6 < NO
OrOO F OFqqqq q qq
oooo o oo

oFnN t @ OOc.J {N ON6(ONAIOOOO rO O OO!+ 6t. i..ts{{(oO(Ooo(O @ @ N@F- @(o @(o@(o@(o
* cjoctd o cj ooo oo cjdddcic;

Nbtco(oo, oo)66rOOO) (ON
@@o@6co @@
oooocio oo

6(9(Oo r)()(oc)N(riF- r+o()SC.)Or$r+N
!-n${ u)s$(oF-6N 6(O$ONOc](tC)oooo ssaaana sannjRnan

A dcjdd oocioooo oooocjctctcio
J

- @F{O
5 @@NN
tr

osONO@- OFNTNC)O-N
TNNNNNO NNNT!+$6bN

{oroqo?
oo

NOb@N@COOOS
OOOOOOFNNO

bCO(ONF FVNN
@@NN@ @@N

N @o9 u)rF_oF @
- *@b OFOO$ Do boo (9$bs$ s
o ooo ooooo ci

co(ob{
ONFOo oscorJ

f oooo

@@O@ (O(OO$@OO OO(OO-
OOSr OOOcOON@ ONOrNo c?c?c?q? nnu?nqnn u?a?nnno oooo ooooooo ooooo-
NcONA N(9r)O-O) 6rClCVt
OOOO OONNFF ()O(tcO@

- 
qol':ol a?c?a?a?o?a? 

^!01c?olq{g oooo oooooo ooooo

lrJ(L cTEEEEE EE€13E8!EEL ooooooo ooooooooo
^ 

!.o!!-o.o! .o.o.otc-o.oc).o
6=
= !! ooooooo ooooooooo
o - 6aaaa@q aaooooqaa- rrr :;;;>>>
= = 

ooooooo ooooooooo
E = seggsgg ce999s999e u ccccEcc EccccqqqcU) NNNNNNN NNNNNNNNN< ooooooo oooooooood] EEEEEEE EEEEEE.EEE

oooo oornoooo ooooooooorr +<v+ ooooo(.)('J ooo)@@(o@(o@:o Rlolqq aqaaaaa o?a?c?a?c?c?a?o?a?
c oooo ooooooo ooooooooo

$(oO$ FcOcONoor N Ort @@
$@*6 (or(r)FOrN A .fq)N Sr>na?aa qqqqqqe q qq\ qq

6 oooo ooooooo o ooo oo

g
o
E
(6

(n

6oo
No
Eo
o

o@ o



@N O 6 0 @OO
OCa @ € N O $@-a?q? ol ol a o? a?a?a?
oo o o o o ooo

NONO
c? c?
oo

(!

rn
(o
oo
ct
N
o
d
F

l
(t

b60 N f)(4ot-oOf)F. $ A@ O@Fc){nan 9 qt nqr|qu?ooo o oo ooooo

@N OO@ N r)O F@FNO
ON OOO O -N NNNOfAlol ole?q .{ c?a? c?c?c?c?o?
oo ooo o oo ooooo

&&& bb-e:-o :i ss€€€€ 33g*E EE;US gE qqgEFE !$+++ ;;E=X , X ++ee?? ?,t
€€€ ::*EE ss gEgggg Es

33S.aa
nu:?oor6; =o'---

$ N OFO
O N N*O
o r b6{
o ci ooo

o N@o o@(o 600 o o N qlQ
N oclo 6oF- AC?N O O * OO() (o(O(o ro@(o (o@to @ (o F- I'-(o

* o ooo ooo ooo o o o oo

6OO Fr+OOO N(O S@Oll..F.rOO cO@cOb\t o)O $@bC)t9ac? aaaaa nn u?qu?4u?
ooo ooooo oo ooooo

bo
naoo

@oo@oN O-OnN$SNN{ oo 6(oF@o*b@ on@(o

@
(t
o

@{@$
9u?oooc{r

(?) o F- t-@ N(o$O $:f $
A d ooo
J

(o@to,.oo
6,dd
E

F- N(o6 @@r NN
S o oo

-(OO b 6O @F@OO*Sl'- O (OO N@ONN(oN(o @ NN N@@NN
ooo o cto ctoooo

66
6!--oo6dr E X X o oN F- N N a a60XX--nn60
X @o cc XXXX oolf ''"@@@@ oo

l2lloooo c c
6 oo 99cccc**o !! 

^ 
X 3 3 = 3

- : ts €E x x x x; ;; =='='- ='-o ==='='=oooooo
ooooo oo oooooo ooooorfrf {$ @(o@coo@ NNn9taa aa nnnnRa u?a
ooooo oo oooooo oo

o
otr o oo; - @o
; 6 N@
o 5 o oo
o<o-
No
Xo.x!I 6 oooo oOq)

o d ooa
- aaq
o !9 oqo
> 6 oooE eeoQ ccc

€e€
==='a'a'd

O OOO NNN
o O NNN NNN
-o a? e? c? c? a? c? e?
s o ooo ooo

- o O6O NNN OO-NN t$ NNOOOO O@
if + 660 60noo oo NNNNNN oN
Z. r OOO bOO r OO 6OO60() OO
^ o ooo ooo ooooo oo oooooo ooI o 6@@ @oo @@@@@ n6 nnoooo (oo
j o ooo ooo ooooo oo oooooo oo

E EEE E33 EEEEE EE EEEEEEo N bb> Fbb o>FQ; io ++bbbb6 < aaQ NNN d=(d(D= NN <<qEEq
oaj

n (O ts cO o O F N o $ o @ N @ g) I I q! !? 9 n @ N @ o O F N o t n @ N
;; - ; ; N N N N NNNN NN o o oo(')r)ooo o $ $ r+ * { $ $ s

.O NNNo
', @@@(o t$tt ooo

-. ? 66,;g 6 000q Q 3=3,9
6
U)

OFO
NNN

_ v.)

=s(I



@
g?

e0

@oo
ct
N
o
o)F

ooo No(oco (o
-= a ':': ':
o ooo o

oo{
@N@o:io
cidci

oo
@
ci

@
ao

O, l'- O
FOF.qnn
ooo

o(0NoN@NNN
dcid

coooo
ct ci

q
o

oo
OSqGl
oo

OFN
@tb
NN(O
ddci

NOF Ooso $
NNN N

e ooo o
(L

r)n
o

N-no
NN
oo

N6O@N@@(o
dcidd

o(o+o(oou?u?n
ooo

r+FcO@oo(oo
NNNN
oooo

CO@NtoNcOl'.(9OOOOOO(DCONNoONTNC\
d cjcjoooooo
J

N@@(O SrJFOON Oi'-or)et ns
* oocjo oo

= ddddodsd Sd p Ud UUdde V!r s,8,E8' ESEEIEsE 55 ! 55 5E5Ep fr* eEE EEdE 66668666 (5(5 E gg 6d(5(5; d-B Eqq (5G (! Ei66E-6EE EE 66 ET6EE lTE Eq@ oo o oooo ooo oo oo PPqQ(, 9r
€q -oE E 2222 Z2Z 22 ZZ 22zZ- E3 8.== =- = OOOO OOO OO OO OOOO < o-' o-3 3 :i i'p6, EE E
o o == = o ofif, o o o m

oo oooooo oooooooo oo n QQ qrqroa F-o o66 ++oo(o6 0oo6;6(r)6 O(o r.- (oo e!9(9A *r @

': r sl c! 6i ol':': q q ol r R! r cl ': Al': ': q': o? a? e? a? a c? a?
oo oooooo oooooooo oo o oo oooo oo o

cco o o r !lf o oooo--u)- oo
ooa Q-Q 9oo
dd6c<c(E(6
ooo ooE_AA t E-A!rc E =Eooo " oo
zE= ==ooo oo
non0(o(oNN,: ,: s] sl
oooo

XP ----=P FrrNo-FN -N o rN c)o N99 ppEEeF sq+'d'd<<f, e,i i{i i} ::::6 99 Iss iiiigsfrfrfrfrfrHHH;;;fi; EEEEg sss-
:SlI=- EEEEEEEE 9E I gg BBBB
6ddoi ==
E.gEg

N

NO O
t$ oFO ooo o(oo oo@ @

CO FJ@@.'.".'."@@ EE s€€€ €€€ €€€ €oooooooo<<\\dr 6OONFNOOE sssNsNss ssss sss sss b

r N c) { o(o F @ - I 
= 

} P: I I } P I R6 N SX K Rh R R 3 6 S 3 3 3 3 b 3 g g + $ $ $ * I5I g 3 6 $ 3 3 3 3 h

o
N
n

(o
o
o

Noq
o

o)oNoog)
aa?.1ooo

(ooF-
@o@
N(f)N
dcio

@-@ooco
\0gqooo

qq
oo

r+ (O
$o
oo

!@oon.qoo

NN N@(oolq q
oo o

60 N$o $
oo o

@o o$o *e?c? aoo o

coo@(9 6$N
.. oNoo Noo
5, -':alc! lA{q

Ftf 6 N*lO
NN F- NOO

E':':-':':':

(oCDOON@N6ooooNoocoo c?Rnnanu?n
a oooooooo

6o
o
o
xoo

od
No
Eo
(5

a
co
E
Eoo

o
o
E

x I b bgg::@;scl2l2NNts-cc-9.9NN
o O!9 >>s s oo
E- oE@o>>
: YNNNN-.! - o oN Nvt yoodo

N oo
oo

Nf) oOF-t.@ Nt-t.@Or!-o(o oO o rN (I)(i)g)9o
F-t^- @O@@NN O(f)F)C)@OOO O+ N tt OOOOO

oooooo o(9ocD6ooo oo o (lq) ooooo
oo oooooo oooooooo oo o aa aaaaAOo @@(o@oo bnoo66ralb 6rb @ aa nn6oo
oo, oooo@.o o(Doooooo oro, o oo o)oooco

of)N6o(otr)
^ oo 6 oo)
E
c
f
IE

(o(oNNo@oo
tsNNNNNNNooooooooo ooooooooq @o6@@@@@

.O OO)OOOOOO
(E
J

O - C\,1NO@O
cooco@

N@O



(r
o

F-fi
@oo

at
N
o
ot
F

5sb'EBRa=.PNN@r=or@!:?ot
ANNVNFFWFF

o- oo:r'oo

orru*Ho+-Eoo
@No-oN{riFO
NNN-+-@=<o
AA:VNAO9NN

cj-a do

60b(oN(oN+{6{OOOOOTOF$@ra?a?a?qa?a?nlqq':c\
ooooooooooo

F.rtN(O(OF-OO t@O(OO@@F$6 C)

ooooooooo o

o
Yvvrvvoooo!oEEEE o ooooo6 6 o 6 o 6---- (D

999999HEHkoEtrtrtrtrEooooP
' ,E.E-E-E..g

daAaAE-: ! : haaoqoolllllJll
OOOOOO==.==Yllll!====

OOOOOOOOn rFOO(o(o@@@@(o(r)(") oroNNolalqqolq':qq ':nqqooooooooo oooo

f

lr)o
N

oooo
NNF (Oo(90(o
oooo

oooooo
ccc(6(E(E
llg o
oooc!c
ooo
--=--
6600000@@cONNF.F.ooooooo
ddctciooo

ooooooo RRRR yTTyTyx_,^N rNo-tF. F. |\.- |\.- N t. Nrrrr!!! d,d,o!6 999999.:EEP- 6666-. oooooooo 6666666 o@o@ oomooo@.!.!.=9e EHHEEEH ==== 
gggggg*ii:a EgEE(E ------=;-Ytcn '.-@(o- -*A(o

6bi.i3 3o''-'- a

FOOO O rOO
oo@N F 6N@

= qqc\e? a? qqq
(5 oooo o ooo

(o()c) o cor)N
-OO CJ @@F$os $ sc)t
ooo o ciciooc

o-

=c,c9NE*ooEr...Eii;;39$3S€5.^e
-o o Ao ooo o

\fFNON@cO F.ON
ONONoF- OrN(o(o(o@@(0(o @(o(o

B ooooooo ctcjo

F.(')*@OO<tFC\tO6FNFFOONFFNo
e? a? a c? c? a ol a? a? ol o.l
ooooooooooo

F.(9(oc)F.NO t-:tOFFFr-() OOr$rrr+$$ :f s$
A doooooo ocjo
J

$coN6@oN(ot-c)NOr@cOO@O$Nt'-Oaqu?aaaqlae?qooooooooooo

nb()OOOO rrF(o S*{+$$61oo\tn F-@oOFFF(o(o@@ @@@F (f)O(9OCDO@@@@CO F-F-NCOn6()0000 000$ NNNNNNoooooI ooooooo oooo ooooooooooo ooooE 606(O@@(O @@(o6 nOOn66@@@@(O OOOCO
.O OOOOOOO OOOO CDOOOOOTO)OOTOO OOrOrO,
(!
J

83338888S88
s.-Edobb*i bNbb
'.dLd6'D{<SS!=S!S!oo"NoNN

b66(O(O@@ @@@oooQQaa aaQ
o €.dctn6@@ rr$
E =-NqEEA QQ<
Cj olNolFFFF --N

.+r(o
ts@(o
a? e? a?
ooo

ONN
o@@
C)NN
o'o o

OrNoooqq\
ooo

$ oN$tcoO $l'-FNO9 na?nRao ooooo

Ot rrNON(o $NN@@
N NNNNN
o ooooo

Oo
E

O O$NN
o 6rONe qqqqo oooo

E
o>
9)
o

xQd

o6
No

o5
E
E

o

o
c

td)c)OOrNN6@(O(O
c
cJIr

NO$
F-N@

OrlO@l'.cOOOt'-FN
FNNNNN F$F-

o(9c)c)o)ooooooo

@ OOF N Ot O@N@OOF N O$ 6(O N@O O r NO\f O(ON(DOOF N
6 o @ @ @ @ (O @ @ @ @ (O N N N N N N N N F f'. (D @ CO @ @ @ @ O O cO O O O



Appendix III
Gomez Pit survey data, Sept. 1995
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Appendix IV
Thermoluminescence data, 1989 sampling, Gomez Pit
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