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Rapidly accumulating Holocene sediments in estuaries com-
monly are difficult to sample and date. In Chesapeake Bay, we ob-
tained sediment cores as much as 20 m in length and used numerous
radiocarbon ages measured by accelerator mass spectrometry meth-
ods to provide the first detailed chronologies of Holocene sediment
accumulation in the bay. Carbon in these sediments is a complex
mixture of materials from a variety of sources. Analyses of different
components of the sediments show that total organic carbon ages
are largely unreliable, because much of the carbon (including coal)
has been transported to the bay from upstream sources and is older
than sediments in which it was deposited. Mollusk shells (clams,
oysters) and foraminifera appear to give reliable results, although
reworking and burrowing are potential problems. Analyses of mu-
seum specimens collected alive before atmospheric nuclear testing
suggest that the standard reservoir correction for marine samples is
appropriate for middle to lower Chesapeake Bay. The biogenic car-
bonate radiocarbon ages are compatible with 2°Pb and '*’Cs data
and pollen stratigraphy from the same sites.

Post-settlement changes in sediment transport and accumulation
is an important environmental issue in many estuaries, including
the Chesapeake. Our data show that large variations in sediment
mass accumulation rates occur among sites. At shallow water sites,
local factors seem to control changes in accumulation rates with
time. Our two relatively deep-water sites in the axial channel of
the bay have different long-term average accumulation rates, but
the history of sediment accumulation at these sites appears to re-
flect overall conditions in the bay. Mass accumulation rates at the
two deep-water sites rapidly increased by about fourfold coincident
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with widespread land clearance for agriculture in the Chesapeake
watershed.

Key Words: Chesapeake Bay; estuaries; sediments; radiocarbon;
Holocene.

INTRODUCTION

Holocene sediments deposited in estuaries offer many r
tential benefits as archives of paleoenvironmental informatio
Estuaries tend to act as traps for both fluvial and marine sedime
and they typically accumulate sediment rapidly. High sedimel
tation rates offer great potential for high temporal resolutio
in proxy reconstructions. Estuaries are also sensitive physi
and ecological systems that occur (by definition) at the interfa
between terrestrial and marine systems. As such, they respc
dramatically to both natural climatic and geomorphic change
and to anthropogenic disturbances.

Compared with lacustrine and marine sediments, however, ¢
tuarine sediments have been relatively little used for paleoen
ronmental reconstructions, especially on centennial to millenni
time scales. Many of the problems that hamper paleoenviro
mental reconstructions from estuarine sediments are the reve
sides of their advantages. For example, rapid sedimentation ¢
make it difficult for common coring devices to reach the level
sediments deposited before anthropogenicinfluences. The de
sition of sediments at the interface between marine and terrest
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environments makes the sediments sensitive to change, butit @semated by'°Pb and pollen-stratigraphy methods in the Po
makes their interpretation complex. This complexity extends tomac River estuary, a tributary of Chesapeake Bay. Donogh
a wide variety of sediment properties, including most proxigg990) reviewed many of the data related to sediment accum
of past conditions, as well as materials for chronological stughtion rates in the bay up to that date.
ies. Of particular interest here, multiple sources of carbon in Despite this work on the uppermost sediments in the bay, r
estuaries makes radiocarbon dating of the sediments difficultvell-developed age models for Holocene sediments exist b
Chesapeake Bay is a classic coastal-plain estuary, the segdise of the general scarcity of radiocarbon determinations a
ments of which represent well the general paleoenvironmenigicertainty about the reliability of bulk organic carbon ages. W
advantages and disadvantages of estuarine sediments. Wekagw of only three studies in the Chesapeake Bay area in whi
dress the problem of Holocene chronology in Chesapeake Bayltiple radiocarbon ages have been determined in individu
by first comparing the radiocarbon ages of several fractions fres; none of these study sites are located in the open-wa
the same samples and then by analyzing many samples in cofigsinstem of the bay. The areas studied previously are in tl
as much as 20 m long, at each of six sites in the middle portiegtuarine parts of the Magothy River (Brush, 1986), the Rhoc
of the bay. Finally, we combine the radiocarbon ages Wb  River (Donoghue, 1990), and the Potomac River (Glenn, 198
and*3’Cs data, pollen stratigraphy, and bulk density measur&-maximum of two dated cores, each with a maximum of thre
ments to produce detailed age models and mass accumulatigdiocarbon ages, were included in each study. In the latter stug

histories for selected sites. The age models we derive have s based on wood samples were inconsistent with those ba
important functions: (1) they serve as the chronologic framen total organic carbon.
work for all other estimates of past environmental conditions,

and (2) changes in sediment accumulations rates are themselves METHODS AND DATA
indications of environmental conditions, especially for the post-
European settlement period. These results have broad implica- Cores and Samples

tions for the use of estuarine sediments as archives of paleoenvi

Previous cores obtained for scientific purposes in the mail
ronmental conditions wherever thick estuarine sediments OCCL{

stém of the bay have been limited in length to abBun or
less. Longer cores or boreholes have been obtained only frc
PREVIOUS WORK the fringing marshes and for the bridge and tunnel borings |
the bay (Hack, 1957; Harrisaat al., 1964) and other engineer-
For at least two reasons, relatively few radiocarbon ages hawg studies. In this study, we obtained and sampled several 4-
been obtained from sediments deposited in Chesapeake Baph-long piston cores, along with ca. 1-m-long damped pisto
First, sediment accumulation rates are high in much of the bagres designed to recover the sediment—water interface. We a
commonly more than 1 cm/yr (Officet al., 1984). Consequen- used a modified Mackereth corer to obtain cores with a con
tly, sediment accumulation rates for recent times are often betpessite length of almds8 m (Table 1; Fig. 1). In addition, we
measured using{°Pb and**’Cs methods or pollen stratigraphysampled three of the Calypso cores from the 1999 cruise of tl
and sediments from older periods generally are out of reaRitV Marion-Dufresne cores that achieved lengths of as mucl
of common coring techniques. Second, carbon in Chesapeake
Bay sediments occurs in a variety of forms, derived from many
different sources, which creates difficulties in obtaining ages TABLE 1
for specific sediment horizons. Thus, information on Holocene Cores Sampled in This Study
rates of sediment accumulation for centennial to millennial time
scales in the bay previously have been essentially nonexistent.

Water
Latitude Longitude Depth Length

Many studies have estimated sediment accumulation ragas Core Name Type °K) W) (m)  (cm)
in Chesapeake Bay for the past 100-150 yr using radioiso-
tope methods, especialkl°Pb (e.g., Goldberget al., 1978; 1 PTMC3-2  Piston 38.0278  76.2202 231 450
Helz et al, 1981; Officeret al, 1984; Cornwellet al, 1996; 1 MP99-2207 Calypso 38.0305 762147 231 2070
: : 2 MD99-2204 Calypso 38.0527 762208 180 770
Zimmerman and Canuel, 2000). These studies show some C9- pygg.o Piston 383311 76.3781 8.7 457
herent patterns, such as high rates in the upper and lower pagts pxgs-3 Damped Piston 38.3311  76.3781 8.7 97
of the bay and lower rates in the middle. Many of tHéPb 4 PRCK3-2  Piston 385439 76.4270 243 452
and'®’Cs profiles are complex, reflecting episodic deposition of1 iggg'i EZ:‘;’;EC’ Piston 3%85533;778 72642%%6 221159 42977
process complexities on these time scales. RR98-4  DampedPiston 38.8776 764456 7.9 109

Several workers have carried out pioneering research usngg RR98-6 Long Piston  38.8776 76.4456 7.9 400

pollen stratigraphy linked to historical events for sedimentatios RrRgs-8 Mackereth 38.8783  76.4406 7.9 500
chronology in Chesapeake Bay (Brush, 1984, 1986, 1989; Bru$h RR98-9 Mackereth 38.8789 764399 7.9 780
and Davis, 1984; Cooper and Brush, 1991, 1993; Cooper, 199?. RD98-1 Piston 38.8867 76.3917 265 450
Brushet al. (1982) also made direct comparisons between agds MP99-2209 Calypso 388867 76.3917 265 1720
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CHESAPEAKE BAY

76° 15" 76° 00' W

FIG. 1. Map of the mesohaline part of Chesapeake Bay showing cores sites (numbers, as in Table 1) and location of modern oyster samples (lett
Table 4). Bathymetric contours are at 6, 12, 18, 30, 36, and 60 ft.

as 20 m (Table 1; Fig. 1). Where multiple cores were collectedens of oysterGrassostrea virginicashells also were sampled
at a single site, we assumed that they contained equivalent satd dated. In addition to bulk organic carbon, we analyzed tt
tions of sediment. This assumption was tested at sites 4 and 8dtal carbon of samples that were prepared for pollen analys
correlating magnetic susceptibility profiles of individual core®llowing techniques described in Willagt al. (2000). Sample
(Baucomet al., 2001). The results indicated that our assumplits were also suspended and sieved, and-#&micron size
tion was valid, except for one of the Mackereth cores, in whidhaction was handpicked under a binocular microscope for de
a disturbed upper section was identified and corrected for usiaigle material, such as foraminiferal tests, fish scales, and pie
correlation to a stratigraphically overlapping adjacent core. of woody material.

We analyzed a variety of sediment fractions by accelerator
mass spectrometer (AMS) methods. Macroscopic shells were
used when present. The shells mostly comprised relatively small
clams (mostlyMulinia lateralis, Macoma balthica and Mya Organic carbon samples were acidified with organic-free H(
arenaria). A few gastropodAnachis obesgand several speci- and placed in reaction tubes along with 2 g of copper oxide anc

Radiocarbon Analyses
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2-by-12-mm strip of silver foil. The tubes were evacuated, flanmeces of wood, roots, and miscellaneous allochthonous orgai
sealed, and then heated in a muffle furnace at650r 5 hto matter. The organic (noncalcareous) carbon in the sediments
convert organic carbon to carbon dioxide. Carbonate sampéemixture of material contributed to the bay from shoreline erc
were cleaned, and where sample size permitted, rinsed with €lbn, riverborn suspended sediment, organic matter produced
lute, organic-free HCI. They were converted to carbon dioxidhe water column (by algae and other phytoplankton, for e
by dissolution in phosphoric acid. ample), and windborn organic matter such as pollen. Of the:
Carbon dioxide from the samples was reduced to elementi@ctions, the material contributed by rivers and shoreline er
graphite over hot iron in the presence of hydrogen (Vegel.,, sion is suspect because of the unknown time between its fc
1984). The graphite targets were prepared and analyzed atrtation and its final deposition. This fraction may also contail
NOSAMS facility in Woods Hole (OS numbers in Table 2), ocoal from the watershed of the Susquehanna River. Both polls
they were prepared at the U.S. Geological Survey (WW numbensd autochthonous (produced within the bay, e.g., phytoplan
in Table 2) and run at the Lawrence Livermore Accelerator Factbn) organic matter ought to be suitable for radiocarbon datin
ity (CAMS numbers in Table 2). Ages were calculated accordirmt they are difficult to separate from the terrigenous organ
to the methods of Stuiver and Polach (1977), using measured vaktter.
ues ofs13C, although in a few cases'C vales were assumed Biogenic carbonate in the bay consists of foraminifera tes:
(Table 2). Calibrated ages were calculated with the CALIB 44dnd ostracode shells, as well as shells of a variety of macr
program (Stuiveet al., 1998), using the terrestrial calibrationscopic mollusks, including clams, gastropods, and oysters. £
data set for organic carbon samples and the marine calibratafithese taxa are benthic epifauna or infauna. Potential probler

data set (withA R = 0) for carbonate samples. for radiocarbon dating include transportation and redepositio
burrowing, and reservoir effects from the water in which the
RESULTS shells formed. We examined the cores for evidence of discre

burrows before taking samples. Deep burrowing by clams who

The carbon in Chesapeake Bay sediments comes from a sfaells we analyzed is not believed to be a problem in our dat
riety of sources (Fig. 2), only some of which provide carbohut it is difficult to eliminate as a possibility.

of the same age as the sediment in which it was deposited. Th&Ve began our analyses by examining several organic carb

two largest carbon fractions of the sediments are microscopic and carbonate fractions of samples from the two 1996 cor

ganic matter (both allochthonous and autochthonous) and micf@TMC 3-2 and PRCK 3-2). Comparisons among these differe

to macroscopic biogenic carbonate. Also present are occasidnattions form the basis of our evaluation of potential problem
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Detrital CaCO,
Detrital OM (soil,
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FIG. 2. Diagram showing the various sources of organic and inorganic carbon in the sediments of Chesapeake Bay. OM-organic matter.



62

COLMAN ET AL.

TABLE 2
Radiocarbon Ages?

Depth (—)Cal (+) Cal
Depth Range Laboratory s13cd Age Erroff Cal age Errof Errorf
Core (cm) (cm) Materidl Number (per mil) ¥cyrB.P) (yr) (calyrB.P.) (yn) (yr)
Site 1
PTMC-3-2 141.0 0.0 Shell WW-1284 0.10 540 50 150 150 130
CAMS-39237
PTMC-3-2 225.0 3.0 Shell WW-1589 0.00 990 40 550 40 90
CAMS43711
PTMC-3-2 410.5 35 Gastropod WW-1285 0.10 1240 50 760 90 140
CAMS-39238
PTMC-3-A 81.0 1.0 Shell 0S-15679 0.01 540 30 150 150 110
PTMC-3-A 161.0 1.0 Shell 0S-15680 —-0.29 885 35 500 50 40
PTMC-3-A 211.0 1.0 Shell 0S-15681 0.01 1150 25 675 25 45
PTMC-3-A 211.0 1.0 TOC 0S-18128 —22.36 2840 45 2940 140 130
PTMC-3-A 229.0 1.0 Forams 0S-17242 -1.72 1230 30 750 70 80
PTMC-3-A 297.0 1.0 Shell 0S-15689 0.10 1530 70 1060 140 170
PTMC-3-A 297.0 1.0 TOC 0S-18129 —2256 3030 45 3210 130 140
PTMC-3-A 331.0 3.0 Forams 0S-17508 —241 2450 256 2080 550 630
PTMC-3-A 392.0 2.0 Forams 0S-17241 —1.94 2400 85 2000 180 270
PTMC-3-A 395.0 1.0 TOC 0S-18130 —22.36 3560 110 3840 280 310
MD99-2207 2215 0.5 Shell 0S-21487 -0.42 855 25 490 40 20
MD99-2207 3775 25 Shell 0S-25825 —2.04 125 50 0 100 100
MD99-2207 387.5 0.5 Shell 0S-21670 0.11 4100 45 4140 140 130
MD99-2207 573.5 0.5 Shell 0S-21671 —0.13 4470 45 4630 100 160
MD99-2207 687.5 25 Shell 0S-25826 0.14 4590 55 4810 180 120
MD99-2207 777.0 0.0 Shell 0S-21664 0.20 6130 55 6560 140 110
MD99-2207 833.5 0.5 Shell 0S-21665 0.18 6430 65 6900 160 180
MD99-2207 901.0 1.0 Shell 0S-25827 0.70 6540 45 7025 95 145
MD99-2207 901.0 1.0 Shell 0S-21666 —8.09 9150 65 9810 280 280
MD99-2207 960.0 0.0 Shell 0S-25828 —1.94 8150 55 8600 130 250
MD99-2207 993.0 0.0 Shell 0S-21667 0.37 7080 60 7560 110 90
MD99-2207 1152.5 25 Shell 0S-25829 -7.27 8930 65 9475 375 345
MD99-2207 1161.0 0.0 Shell 0S-21668 —9.66 9400 100 10,130 420 430
MD99-2207 1796.0 0.0 Wood 0S-21502 —27.78 38,500 780 NA NA NA
MD99-2207 1973.0 0.0 Potamageton = 0OS-30625 —17.49 10,400 70 12,340 560 500
sp.seed
MD99-2207 2051.0 0.0 Wood 0S-21503 —27.78 10,400 45 12,340 390 460
Site 2
MD99-2204 407.0 1.0 Shell 0S-21669 -7.57 9350 70 10,000 290 300
MD99-2204 464.0 0.0 Shell 0S-21486 —10.62 9670 50 10,310 200 800
MD99-2204 544.0 0.0 Wood 0S-21504 —2752 10,400 55 12,340 390 460
MD99-2204 626.0 0.0 Wood 0S-21501 —2865 10,550 45 12,750 590 160
Site 3
PX98-2 93.0 0.0 Shell 0S-18535 -1.37 580 35 250 130 30
PX98-2 106.0 0.0 Shell 0S-18661 -1.18 905 60 510 80 100
PX98-2 167.5 15 Shell 0S-20057 -0.41 860 40 480 60 50
PX98-2 198.0 0.0 Shell 0S-18534 -7.57 1210 45 730 70 120
PX98-2 381.0 0.0 Woody 0S-19852 —25.00 1500 35 1350 50 150
organics
PX98-3 43.0 0.0 Shell 0S-18413 -5.35 780 40 430 110 50
PX98-3 72.0 0.0 Shell 0S-18411 -1.25 750 45 400 110 60
PX98-3 100.0 0.0 Shell 0S-18410 -0.91 675 45 290 40 130
Site 4
PRCK-3-C 69.0 1.0 Shell 0S-15674 -0.14 1010 85 570 100 135
PRCK-3-C 79.0 1.0 Shell 0S-15676 —0.59 605 40 260 130 40
PRCK-3-C 139.0 1.0 Forams 0S-15675 —2.14 1220 80 740 110 180
PRCK-3-C 139.0 1.0 TOC 0S-18131 —2273 2450 50 2470 120 240
PRCK-3-C 189.0 1.0 Forams 0S-15684 -2.10 1310 80 870 200 120
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Depth (—) Cal +) Cal
Depth Rang& Laboratory s13cd Age Errof Cal age Errof Errorf
Core (cm) (cm) Materidl Number (per mil) ¥cyrB.P) (yr) (calyr B.P.) (yr) (yn)
PRCK-3-C 201.0 1.0 Forams 0S-15683 —2.08 1200 75 720 100 180
PRCK-3-C 229.0 1.0 Forams 0OS-15677 —2.04 1190 70 710 90 180
PRCK-3-C 229.0 1.0 ForamE.e.  0S-19508 0.00 1050 180 625 325 315
PRCK-3-C 229.0 1.0 Foramk,s. 0S-17874 —254 1320 195 880 340 350
PRCK-3-C 289.0 1.0 Shell 0S-15682 -0.24 2100 80 1680 185 160
PRCK-3-C 309.0 1.0 ForamE,e. 0S-17881 —2.18 2090 30 1660 100 60
PRCK-3-C 309.0 1.0 Foramg,s. = 0S-17884 —2.30 2090 55 1660 140 140
PRCK-3-C 319.0 1.0 Forams 0S-15686 —-2.07 1290 75 830 160 130
PRCK-3-C 319.0 1.0 Shell 0S-15687 0.32 1850 80 1370 120 180
PRCK-3-C 319.0 1.0 TOC 0S-18132 —2303 3470 55 3700 120 170
PRCK-3-C 339.0 1.0 Forams 0S-15685 -1.39 2090 70 1660 165 160
PRCK-3-C 349.0 1.0 TOC 0S-18133 23.00 4530 80 5150 270 300
PRCK-3-C 351.0 1.0 Fish scales 0S-17308 —2394 3440 420 3690 940 1150
PRCK-3-C 351.0 1.0 Forams 0S-15690 -0.97 2570 70 2270 220 90
PRCK-3-C 409.0 1.0 Gastropod 0S-15678 —0.07 1130 80 660 120 170
PRCK-3-2 121.0 0.0 Shell WW-1586 0.00 640 50 280 130 110
CAMS-43708
PRCK-3-2 259.5 25 Shell WW-1587 0.00 1160 40 680 40 80
CAMS-43709
PRCK-3-2 368.0 2.0 Shell WW-1588 0.00 1980 50 1520 120 120
CAMS-43710
PR98-3 57.0 0.0 Shell 0S-18409 -0.72 625 35 270 120 40
PR98-4 134.0 0.0 Shell 0S-18532 —-1.04 535 35 140 140 120
PR98-4 166.0 0.0 Shell 0S-18660 —0.40 815 45 460 120 50
PR98-4 360.0 0.0 Shell 0S-18533 0.13 3030 35 2770 40 80
PR98-4 428.5 15 Forams 0S-21266 —0.81 3090 90 2850 140 250
PR98-4 434.0 0.0 Shell 0S-18662 -0.73 3360 100 3210 280 220
M Site 5
RR98-4 81.0 75.0 Shell 0S-18412 —2.68 1400 40 930 70 100
RR98-6 72.0 75.0 Shell 0S-18900 -3.36 1260 30 780 60 100
RR98-6 98.0 98.9 Shell 0S-18528 —297 1520 40 1050 90 100
RR98-6 167.0 162.4 Shell 0S-18524 —5.32 1750 35 1280 50 70
RR98-6 204.0 196.4 Shell 0S-18523 —243 1880 35 1400 70 100
RR98-6 246.0 235.0 Shell 0S-18902 —201 1970 30 1510 90 70
RR98-6 277.0 265.0 Shell 0S-18527 -1.79 2050 45 1600 100 110
RR98-6 285.0 273.0 Shell 0S-18901 —2.05 2030 35 1570 60 110
RR98-6 322.0 310.0 Shell 0S-18529 —-2.29 2230 50 1820 120 110
RR98-6 344.0 332.0 Shell 0S-18526 —2.40 2290 35 1880 70 80
RR98-8 393.0 393.0 Shell 0S-21262 -3.14 2780 75 2480 140 220
RR98-8 536.0 536.0 Shell 0S-20056 -1.63 3760 55 3670 130 160
RR98-9 535.0 614.7 Shell 0S-20052 —1.30 4410 45 4530 110 160
RR98-9 570.0 648.8 Shell 0S-20054 —2.02 5240 55 5590 110 120
RR98-9 570.0 648.8 Oyster 0S-20053 —2.75 5340 40 5690 90 100
RR98-9 630.0 707.3 Oyster 0S-20055 —3.52 6060 55 6460 110 160
RR98-9 681.0 754.4 Woody 0S-26382 —2393 6200 65 7090 110 160
organics
RR98-9 698.0 775.3 Shell 0S-21270 —4.26 6850 110 7370 200 190
RR98-9 698.0 775.3 Woody 0S-20055 —28.09 6030 55 6820 90 190
organics
RR98-9 722.0 799.3 Oyster 0S-25830 —4.66 7180 40 7640 70 60
RR98-9 770.0 847.3 Woody 0S-20055 —27.82 7940 45 8845 215 145
organics
Site 6
RD98-1 92.0 0.0 Shell 0S-19213 —0.65 320 60 0 NA NA
RD98-1 142.0 0.0 Shell 0S-19212 —0.04 325 60 0 NA NA
RD98-1 203.0 0.0 Shell 0S-19216 —0.40 325 30 0 NA NA
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TABLE 2—Continued

Depth (-)Ccal (+) Cal
Depth Rang@ Laboratory s13cd Age Erroft Cal age Errof Errorf
Core (cm) (cm) Materidl Number (per mil) ¥cyrB.P) (yr) (calyrB.P.) (yn) (yr)

RD98-1 274.0 0.0 Shell 0S-19940 —0.60 555 35 220 140 50
RD98-1 340.0 0.0 Shell 0S-19215 —0.87 725 55 340 70 120
RD98-1 457.0 0.0 Shell 0S-19214 —-1.03 1150 85 675 125 195
MD99-2209 296.0 0.0 Shell 0S-21226 —0.87 610 30 270 120 30
MD99-2209 369.0 1.0 Shell 0S-21381 —0.57 745 35 410 100 40
MD99-2209 455.0 1.0 Shell 0S-21382 —0.68 1150 40 680 40 80
MD99-2209 485.0 1.0 Shell 0S-21227 —-1.29 1240 30 770 60 100
MD99-2209 573.0 1.0 Shell 0S-21383 —0.90 1600 35 1165 95 65
MD99-2209 665.0 1.0 Shell 0S-21384 -1.73 2050 40 1610 90 90
MD99-2209 733.0 1.0 Shell 0S-21228 -0.77 2210 35 1810 90 70
MD99-2209 780.0 0.0 Shell 0S-21229 -0.74 2500 35 2140 70 140
MD99-2209 820.0 0.0 Shell 0S-21385 —0.18 4230 40 4340 130 80
MD99-2209 904.0 2.0 Shell 0S-21230 —0.70 5530 40 5905 95 85
MD99-2209 1029.5 0.5 Shell 0S-21231 -0.14 5690 40 6100 120 80
MD99-2209 1159.0 1.0 Shell 0S-21232 —0.08 5960 40 6380 90 60
MD99-2209 1199.0 1.0 Shell 0S-21233 .02 5980 40 6390 90 70
MD99-2209 1439.0 1.0 Shell 0S-21488 -0.74 6250 35 6700 80 70
MD99-2209 1605.0 0.0 Shell 0S-21386 —-3.73 6290 35 6730 80 100
MD99-2209 1694.0 0.0 Shell 0S-21489 —3.53 8670 45 9220 170 440
MD99-2209 1694.0 0.0 Oyster 0S-21387 —-1.04 6660 45 7200 120 80
MD99-2209 1705.0 1.0 Shell 0S-21388 —-1.49 7050 40 7550 100 43
MD99-2209 1720.0 0.0 Shell 0S-21389 —15a 7100 45 7570 70 80

a All ages by accelerator mass spectrometer methods (see text). Calibrated (cal) ages calculated using CALIB 4 €t ¢5tUi@98).

b Depth ranges given as plus and minus from midpoint; zero indicates single depth.

¢ Material: TOC, total organic carbon; shell, small clams. See text for mollusk and foraminifera sfesiaadE.e.indicate monospecific samples described
in text).

d 513C notation relative to Pee Dee Belemite standard. Values of 0 and 25 are assumed; all others are measured.

€ One sigma.

f Two sigma.

9 Equivalent depth in core RR98-8, from correlation of magnetic susceptibility profiles (Baetcaln2001). Depth ranges for these samples is 0-1 cm fror
the midpoint depth.

related to the sources of carbon and our conclusions about the

most reliable fraction for age estimates.
5000 -
Organic Carbon
We analyzed the total organic carbon (TOC) of three samples, g 4000
the total carbon of three samples that were prepared for pollen s
analysis, two samples of fish scales, and one sample of wood 3 3000 |-
from the same horizons where small bivalves were collectedand & .
analyzed. A comparison of the organic carbon samples with bio- £ ; ,, @ Toc ]
. . . < 2000 |- ’ B Pollen+ ]
genic carbonate samples from the same horizons (Fig. 3) shows & : L o Roots?) ;
that in all cases, the organic carbon samples yielded older ages - il + Fish Sclales 1
than the carbonate samples. The difference is surprisingly sys- 1000 [ S . vox -
tematic, amounting to 1500 to 2000 yr for most sample pairs. The - ," Y=2246+0.907X 1
similarity between the TOC and the pollen-preparation samples o t,. o RP=0628
was somewhat unexpected, because the pollen-preparation pro- 0 1000 2000 3000 4000 5000
cedures eliminate fine-grained and labile organic matter. How- Carbonate age (cal yr B.P.)

ever, this result is consistent with the observation of microscopic _ _
articles of coal or charcoal in the pollen-preparation sampl FIG. 3. Comparison between radiocarbon ages on carbonate and spe
P p prep Pl&Ry organic carbon fractions at the same horizons. One comparison of ro

The unexpected resultthat the fish-scale samples were older tgo cal yr B.P.) with carbonate (7370 cal yr B.P.) (Table 2) is off the scale ¢
coexisting biogenic carbonate (and presumably older than theplot.
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enclosing sediment) suggests that the fish scales were reworked 7
before their final deposition. § 8000 L g
Biogenic Carbonate W | H' n

Among the foraminifera found in some intervals in the cores, ; 6000 i -" ]

two genera were commonly representd&chmoniaandElphid- % /'

ium. Virtually all of the specimens that were handpicked for £ r e

dating belonged to one of these two genera. Two species of 3 “°°T " e Foram ]

Elphidiumwere observed: (1. selseyenseavhich is relatively = ',' B Oyster

small, yellowish, and shiny; and (B. excavaturmwhich is rel- f; - 8 L, & E.selseyense

atively large and chalky white. Although they have been iden- 5 2°°T  Z¢’ O Foram (interp) -

tified as different species dlphidium (Ellison and Nichols, o L 0 Oyster (nterp) ]

1976), they might be different ecophenotypes of the same species < -,@. ----- =X

(Poag, 1978) or even specimens of the same species subjected 7 S e——v

to different amounts of transportation, reworking, or diagenesis.
To test these possibilities, we separated the two groups in each
of two samples and analyzed them separately (Table 3)_ ThEIG. 4. Comparison between radiocarbon ages on clamshells and other ¢
results indicate that the two groups are indistinguishable frot?ﬂnate fractions (foraminiferal tests and oyster shells) from the same horizot
. .In addition, a separate comparison betwBgghidium selseyensndE. exca-

each other by radiocarbon content. In fact, the fresher |00k'0&umis shown, withE. selseyensen the abscissa. Open symbols indicate pairs
(shiny) group E. selseyen3gielded a slightly older age in one for which the clam shell age was interpolated between closely spaced sampl
of the two cases. These results support the interpretation that

the two groups are either different species or ecophenotypes, . o )
rather than the same taxa subjected to different predepositiof@Mpared with the atmosphere, constituting a reservoir effect

processes. about 400 yr (Stuiver and Reimer, 1993; Stuie¢ral,, 1998).

In addition to the foraminifera discussed above, biogenic care reservoir correction for Chesapeake Bay may vary frot
bonate samples from small clams (modfiylinia lateralis, Ma-  the standard marine reservoir age of 400 yr because of mixir
coma balthica and Mya arenarig, oysters Crassostrea vir- with river water in the estuary. Although oysters probably livec
ginica), and gastropodsAhachis obesawere analyzed. The within a few meters of sea level, the other benthic organisn
two gastropod samples, one from the base of core PTMC-3 d&ms, foraminifera) tend to live deeper, in contact with mort
one from the base of core PRCK-3, yielded anomalously youR#frine water that bathes the estuary floor, whereas less de
ages, at odds with the rest of the ages in the cores (Table er water remains near the surface.

The ages of samples of oysters and foraminifera were compared© determine the appropriate correction for Chesapeake B
with those of samples of clams from the same horizon (Fig. £gmples, we analyzed three museum specimens of oyst
Additional comparisons for these materials were generated {§yrassostrea virginicpthat were collected alive on known dates
interpolating between closely spaced clam shell ages. No sggfore atmospheric nuclear testing introduced artificial radioca

tematic differences appear among the fractions of biogenic cBRN into the atmosphere and oceans. Radiocarbon ages for th
bonate (Fig. 4). samples are summarized in Table 4, along with the calculat

reservoir effect. The results do not show a relation to distanc
from the mouth of the bay, and the average of 36543 yr is
not significantly different from the standard marine correctiol

Because biogenic carbonate in Chesapeake Bay is precifi400 yr. Consequently, the correction built into the CALIB
tated from seawater, the initial radiocarbon content of the shedll marine calibration set (with R = 0) was used when con-
is controlled by that of the dissolved inorganic carbon (DIG)erting the radiocarbon ages of biogenic carbonate to calibrat
pool at the site. Open ocean water typically ha¥'@ deficit or “calendar” ages. However, because of our small sample si
(three) and the limited range of salinity variation (about 6%.).6
represented by the samples, more analyses of this type :
needed.

The radiocarbon content of DIC in Chesapeake Bay watt
could also be affected by DIC diffusing from sediment pore
water. If pore water DIC is derived from decomposition of re-

Age (cal yr B.P.), Clam or E. selseyense

Reservoir Effects

TABLE 3
Comparison of Radiocarbon Ages *C yr B.P. of Two
Types of the Foraminifer Elphidium

E. selseyense E. excavatum

Core, depth (cm) (shiny, yellow) (chalky, white) cently deposited organic matter, it should have little effect o

the radiocarbon content of the DIC of the water column. On th
PRCK-3C, 229 1326-195 1050+ 180  gther hand, ifthere is a strong flux of pore water DIC to the wate
PRCK-3C, 309 209@ 55 20904+ 30

column, some of this carbon could be derived from deeper, old
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TABLE 4
Collection Location of Museum Oyster (Crassostrea virginica) Specimens
Figure 1 symbol Sample location Labno.  Year collected3C (per mil) 14C age ¥*C yr B.P.) Expected age (yr B.P.) Reservoir effect
A Swan Point (Kent County) 0S-22441 1818 —1.88 405+ 30 79 326
B Town Point (lower 0S-22440 1923 —4.32 385+ 30 140 245
Choptank River)
C Smith’s Creek (mouth 0S-22439 1883 —1.56 610+ 35 87 523

of Potomac River)

a Expected age from tree ring data set (Stuizeal., 1998).

organic matter. In addition, a substantial amount of shell carbatecomposition of organic matter appears to be a minor contri

ate (as much as 50%) can be derived from metabolic carborutor to water column DIC and to the carbon in shells of benthi

some species, includirigya arenaria(Tanakeaet al., 1986). organisms, except possibly for a few samples, which could al
Pore water DIC derived from decaying organic matter shoube reworked. If old carbon dissolved in pore water makes a min

have distinctively ligh813C values because of the initial compo-contribution to the radiocarbon content of benthic shells, eith

sition of TOC and the fractionation involved in diagenesis. Medairectly or through diagenesis, it would constitute a reservo

surements of3C andA4C of the water column in Chesapeakesffect.

Bay suggest that decomposition of suspended organic matter,

not sedimentary organic matter, is the major source of DIC Reworking

(Spiker, 1980) in the water columa!3C values for our car-

bonate samples mostly are close to zero (Table 2), althoug

few samples havé'>C values as light as-10.6. Measurements

Where sample ages form a systematic, monotonic series of
Er@asing age with depth, we infer that reworking of older shell
into younger sediments is not a significant problem. In mo:

on foraminifera that were not dated also range from 6-® 5565 the shells dated are relatively small, delicate clamshe
(J. F. Bratton, unpublished daw= 51). The near-zero values show no signs of abrasion or transport. In additioalinia
are consistent with minor contribution of DIC from the d|agenqé a relatively short-lived, opportunistic, nonburrowing clam

sis of sedimentary organic matter. Comparison of ages =i However, oyster shells and the larger specimens of clams ¢

values of paired fractions of the same samples (Fig. 5) show |if;44ively robust and capable or being transported and presen
tle relation between the differences in ages and the differen¢es, + |n some cases (Table 2), clam shell fragments were t
1 13, H . ]

in 6-°C values among the pairs. Nevertheless, a few samplggy material available, and dating them increased the possil

with light 6*°C values seem anomalous, including two sampleg, 5f anomalously old ages. Reworking may be responsible f
in Fig. 5 and an additional sample (RR98-9, 698 cm, Table z)é'&me of the scatter in ages in some cores (Fig. 6), especie

. : 13 :
which a shell with ars™C value of—4.26 is 550 yr older than j, shallow-water, high-energy sites, although there is no simp

woody organic material. So, pore water DIC derived from theasion to water depth. For example, site 5, in relatively sha

low water, has little scatter in ages; this site was in a shelter
. tributary channel until the channel was filled. Site 3 is in rela
| tively deep water but has a large scatter in ages, possibly d
l to sediment mass movement on the edge of a channel. A fi
: 3] samples gave ages that are much older than those nearby
[ 1 arethusclearly invalid (Fig. 6, sites 1 and 4). We infer that thes
|
|
|
|
|

3000 —
2500 - i

2000 - .
1500 £ anomalously old ages are due to shells that were transported

= deposited with sediments younger than those in which the she
originally formed.

1000 |

500 |

Age Difference (*C yr)

0 — —————————————— . Conclusions Regarding Reliability of Ages

: | 3
-500 £ ° ' E From the comparisons discussed above, we conclude that k
000 b e U e I genic carbonate (clam shells and oysters shells and foraminife
-10 -8 6 -4 -2 0 2 tests) provide the most reliable material for radiocarbon datir

3"°C Difference of Chesapeake Bay sediments. Some age uncertainties ren

ue to possible reworking of shell material and reservoir e

FIG.5. Plotofs3C difference against age difference for carbonate samp, ts f P les in th bg H It t 1l
pairs from the same horizon. For each pair, the isotope value and age of f&'S Tor samples In the bay. However, our resufts sugges

sample with greater (heavies}3C value (ranging from-2.18 to 0.70) was the standard open-ocean reservoir correction is approximats
subtracted from those of the other sample. Data from Table 2. correct for these samples and that most cases of reworking
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FIG. 6. Plot of radiocarbon ages against depth at each of the study sites. Data from Table 2. Samplesvizdmbieclude macroscopic wood, roots, and
seeds. R= samples suspected of being reworked.

be recognized. The results for samples of biogenic carbon&tdgington, 1975; Oldfield and Appleby, 1984; Officatr al.,
from each of the core sites are shown in Fig. 6. In some cas&884). Here, we us&'°Pb and'®"Cs data only to estimate av-
wood produces apparently reliable ages, although the problerage rates of sediment accumulation over the last 100-150
of transportation and redeposition is always a concern. (?*%Pb) or 35 yr {37Cs). Used this way, thé'%Pb and'*'Cs
data are relatively robust and the uncertainties due to modeli
of 210Ph and'3"Cs distributions are relatively small, certainly
smaller than the errors associated with a radiocarbon age.
The various reliability tests that were performed on the sam-Pollen stratigraphy and its relation to historical events hav
ples give us some confidence in using our results, combined whiben used extensively in Chesapeake Bay (Brush, 1984, 19
other age information, to construct age models for the sedime®®89; Brush and Davis, 1984; Cooper and Brush, 1991, 199
at selected core sites. We focus on the three sites with the longesbper, 1995; Croniet al., 2000; Willardet al., 2000). Several
records, two deep-water sites (1 and 6) from the axial channebskents are identifiable in the record, but the most prominent
the bay and one (site 5) from a filled tributary channel. For eattie rapid rise ofAmbrosia(ragweed) pollen that accompanied
of these sites, the radiocarbon ages on carbonate were combiaad clearance for agriculture. This event occurred over a peric
with radioisotope data?{°Pb and (or):*'Cs) and pollen strati- of time, slightly different in different areas surrounding the bay
graphic data. In all cases, the radioisotope and pollen data wBiapid clearance of land began in the area in about 1780 (Bru:
compatible with the radiocarbon data on shells. 1984) and peaked between 1840 and 1850 (Brush, 1989). We |
The?%Pb and"*’Cs data for site 1 are from C. W. Holmes (ina date of 1800 A.D4 40 for the beginning of the rapid increase
Croninetal., 1999) and that for sites 5 and 6 is from Zimmermaim Ambrosiapollen in our cores.
(2000). Interpretation of%Pb and!3"Cs profiles in terms  To eliminate the effects of compaction on sediment accumt
of detailed chronology is extremely complex (Robbins ardtion rates, we measured the water content of the sedimer

AGE MODELS FOR SELECTED SITES
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squares best fit method with smoothing factors of 0.33 to 0.t

0 (Fig. 8). Shell ages that appeared anomalously old, probably d
I to reworking as discussed previously, are indicated by questi
s marks in Figure 8 and were not included in the model fit.
400
£ i DISCUSSION
S 800
2 [ The data presented here provide the chronological framewc
a - for reconstructions of Holocene environmental conditions in th
1200 bay. These include salinity reconstructions in which changes ¢
I x inferred to relate to climatically driven precipitation—streamflov
. §K changes (Croniet al., 2000).
« + RD98-1 . .
1600 % % MD99-2200 | 1 In the longer cores, mass accumulation rates were relative
RN constant through much of the Holocene, at least for tf
40 50 60 70 80 fine-grained, open-estuarine deposits that overlie the basal,

vial to restricted-estuarine units. The basal sediments commol
exhibit somewhat irregular ages, probably due either to irreg

FIG.7. Plot of water content against depth for cores RD98-1 and MD99gr deposition and erosion or to reworking of the sediments ar
2209 at site 6. Note nonconformity at about 800 cm (see also Fig. 6). their shells.

Rates of sediment accumulation in Chesapeake Bay are s
and converted volumes (thicknesses per unit area) to massiedly quite variable (Colmaet al., 1992). In a transverse direc-
All water contents for our cores are tabulated in Bauadral.  tion, much of this variability is related to water depth and de
(2001), and example data for site 6 are shown in Fig. 7. AssupBsitional environment, ranging from shallow-water, relativel;
ing a solid particle density of 2.6 g/éhand water density of high-energy nearshore environments to broad, moderate-de
1.0 g/cn? (no correction for salt content), depth was converteghelves, to the relatively deep, partially filled paleochannel
to cumulative overlying sediment mass. Age was then plott&@bmplicated wind- and tide-driven currents superimpose adc
as a function of cumulative mass. Finally, a model curve was fibnal complexity on this pattern. The lowest overall variability
to the age-cumulative mass data using a locally weighted, ledataccumulation rates might be expected in the axial chanr

Water Content (percent)

Site 1: PTMC-3 and MD99-2207 Site 6: RD98-1 and MD99-2209 Site 5: RR98
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FIG. 8. Plot of radiocarbon and other age information against cumulative mass for the upper parts of the sections at sites 1, 5, and 6. Equivalent dept
the right-hand ordinate. Solid curve is a local least-squares best fit to the data, excluding queried points (see text); dashed line is a twielithatdit The time
between 1950 A.D. and analysis of the samples has been added to the calibrated radiocarbon ages to make them compatible with the other data hehce
referenced as “B.P.
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TABLE 5 Our two sites in the axial channel of the bay (sites 1 and 6) al

Comparison of Pre- and Post-1800 A.D. Accumulation Rates 95 km apart and differ in average rate of mass accumulation by
factor of two. They maintain this ratio throughout their history,
even as each shows an increase in rate of accumulation b
factor of four in the last 200 yr. The consistency of this fourfolc
Ratio Ratio increase between two sites in the simplest depositional settir

Post-1800 Pre-1800 Post/Pre  Post-1800 Pre-1800  PostPygt which still differ in rate by a factor of two, strongly sug-

Mass accumulation rate
(g/crilyr) Sedimentation rate (cm/yr)

Ste  AD. AD. 1800A.D. AD. A-D.  1800AD. gests that the fourfold increase in mass accumulation rate rep
1 0717 0201 357 0.691 0.145 476 Sentsalarge-scale (baywide) phenomenon. Although causality
2 ND ND ND ND ND ND difficult to prove, the change in mass accumulation rate is coit
3 0.247 0.425 0.58 0.192 0.326 0.59 cident with the history of land clearance and is plausibly relate
4 0.045 0.213 0.21 0.050 0.219 023 toit.

5  0.100 0.094 1.06 0.100 0.090 1.11
6 1.429 0.340 4.20 1.786 0.277 6.45
CONCLUSIONS

ND = not determined.
Two new advances have yielded the first long, well-date
Holocene sediment sequences from Chesapeake Bay: (1) Ic

of the bay, yet the paleochannel varies from nearly empty §8res: several between 7 and 21 m long, which penetrate se
completely full of Holocene sediment (Colmanal., 1992). ments oI_der than a few hundreq years in th|s.h|gh depositic
To compare sedimentation rates before and after agricultuf@i€ environment; and (2) multiple AMS radiocarbon ages
land clearance, we calculated rates of accumulation (both m4&uch have allowed us to identify sediment components th
and thickness) before and after about 1800. Two straight liné§!d reliable ages and to develop a sequence of ages in ez
were fit to the cumulative mass data, as shown in Fig. 8 f6P'¢: o
sites 1 and 6, and the same data were converted to depths fgiogenic carbonate (forqmmﬁeral_tests and _mollusk shells
calculate sedimentation rates. These comparison reveal that fi§€2ars to be the most reliable sediment fraction for radioce
of the core sites show an increase in mass accumulation rat@@f dating, although occasional cases of reworking of shells a
their upper parts, whereas two others show a decrease in t@parent. Analyses of shells of oysters collected alive befo
youngest part and one shows little change compared with old&°0 suggest that the standard marine reservoir correction
sediments (Table 5). We infer that in many cases, changes®fPut 400 yr is appropriate for the middle part of Chesapeal
accumulation rate depend on local depositional environmeﬁf’}y- ] . o
which is affected by water depth, sediment sources, and stornf-0mparison of rates of accumulation among sites indicat
and tidal currents. An interesting example is provided by site/&/9€ Spatial variability of sedimentation rates in the bay, e
(Fig. 8), which is located in a filled tributary paleochannel in Becially in relatively shallow-water environments. Two deep
present water depth of 7.9 m. The uppermost sediments at {{§R{er. axial-channel sites differ in rates of accumulation by
site are coarser grained and accumulated more slowly than thE§dor of two, but each shows a fourfold increase in the last 20
below (Fig. 8). We infer that as the paleochannel filled relativeRP0 Y- This increase coincides with the increase in agricultut
rapidly, the environment at the site became similar to that 8fd land clearing in the watershed. .
the shallower water, higher energy, coarser grained sedimentd Nese results have several broad implications for estuari
flanking the channel. studies. They form the chronological framework for a variety o
Many previous studies (references in Donoghue, 1990; Brumlleoer_]viror.]mental reconstruption effprts in Chgsapeake B
1989; Cooper and Brush, 1991, 1993; Cooper, 1995) have sH§"d biological and geochemlcal proxies. In partlcglar, our ag
gested that sediment accumulation rates in the bay increaB2flels allow the calculation of fluxes, rather than just concer
during the last few hundred years, largely due to human strations, of many constituents of j[he sediments thrgugh tim
tlement and land clearance. It has also been suggested thaPg¥elopment of these chronological and paleoenvironment
increase in the rate of sea-level rise in the last few hundred ye31&thods, in turn, contribute to the use of estuarine sequenc
may have controlled accumulation rate (Donoghue, 1990). dlgeneral as paleoenvironmental records.
two sites from the axial channel of the bay (sites 1 and 6) each
show a distinct increase in mass accumulation rate in the last ACKNOWLEDGMENTS
200-300 yr (Table 5; Fig. 8). We have modeled this change as
a gradual transition, but two linear segments fit the data nearlyve thank several people for their help with the coring efforts including the
as well (Fig. 8). The linear segments shown for sites 1 anda_é)e R. Kerhin and R. Younger,_ E. Mecray,_ D. Nichol_s, J. King, and C. Heil
- . . King and Heil also shared their core-logging data with us. G. Rosenberg
Indlca_te abOUt_ a fourfold (3.6 and 4.2) m(_:rease_ In mas_s acqik Philadelphia Academy of Natural Sciences kindly provided the samples
mulation rate in each case. The contrast in sedimentation ra{@gntly collected oysters. Helpful reviews were provided by L. D. Keigwin.
before and after 1800 A.D. is even larger (Table 5). C. W. Poag, D. B. Scott, and an anonymous reviewer.
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