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Abstract

High-resolution stratigraphic studies based on sediment chemistry, lithology, macroflora, and benthic foraminiferal
assemblages in three peat cores from coastal salt marshes at Guilford, Connecticut, show that coastal marshes are
ephemeral environments. Marsh-wide environmental variations were common, and century-long episodes of relative
submergence alternated with emergence. Despite about 2 m of relative sea-level rise (RSLR) in Connecticut over the
last 1500 years, the marshes have expanded both landwards and seawards, and marsh accretion has been outpaced
only marginally by RSLR.

We used radiocarbon dating and the level of anthropogenic markers (metal pollution, as dated with 2!°Pb) in the
cores for age control. For most of the last 1000 years the rate of RSLR was between 1.3 and 1.8 mm/yr, but over the
last 300-400 years it increased to 2.9-3.3 mm/yr, and has been faster than the accretion rate, especially in the middle
marsh. The net-submergence rate or “submergence index” (ratio of the rate of RSLR and marsh-accretion rate)
averaged about 1.15 over the last 1000 years, and increased to about 1.5 over the last 200 years.

The rate of RSLR was very sluggish during the early part of the Little Ice Age, but we found a slightly higher rate
during the Little Climate Optimum; this excursion is close to the noise level, however. The most significant observation
is that RSLR increased strongly around A.D. 1650. The onset of this acceleration falls in the middle to end of the
Little Ice Age, and thus preceded the period of modern global warming that started late last century and that has
been tentatively correlated with anthropogenic emissions of greenhouse gases.

1. Introduction 1979; Van de Plassche et al., 1989; Van de Plassche,
1991; Scott and Medioli, 1978, 1986; Scott et al.,
1986, 1987; Allen, 1990a, 1991; French et al., 1990;
Fletcher et al, 1993a,b). The average rate of
RSLR in New England from 7000 to 3000 yrs B.P.

was about 3 mm/yr, with a possible high stand

1.1. Climate and sea-level rise

Global sea level has been rising for more than
ten thousand years, leading to the establishment

and expansion of coastal salt marshes (e.g.,
Redfield and Rubin, 1962; Redfield, 1967, 1972;
Lambeck, 1990). Stratigraphic studies of peat
deposits in salt marshes provide insight into the
rates of relative sea-level rise (RSLR) at different
time scales (e.g., Niering et al., 1977; Rampino,
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around 4000 yrs B.P. (Scott et al., 1986, 1987,
Gayes et al., 1992), which is not recognized in all
sea-level rise curves (e.g., Belknap and Kraft, 1977;
Fletcher et al., 1993b). About 3000 yr ago RSLR
decelerated to less than 1 mm/yr (Bloom and
Stuiver, 1963; Peltier and Tushingham, 1991;
Tooley, 1993; Patton and Horne, 1992). This decel-
eration may be related to true changes in the
eustatic rate, or changes in the rate of crustal
movements (Warrick, 1993; Woodworth, 1993).
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This deceleration was not synchronous with docu-
mented changes in climate, but might have been a
delayed effect of the termination of the Holocene
hypsithermal (4000-5000 yrs B.P.; Lamb, 1977,
Wigley, 1990; Anderson, 1991).

Local RSLR records reflect, in addition to global
changes in sea level, the local rate of crustal
rebound after the last glacial period, tectonic
activity, and redistribution of water masses in the
oceans due to changes in global climate (e.g.,
Roemmich, 1992; Varekamp et al., 1992; Fletcher,
1993b; Morner, 1993). Distillation of global sea-
level rise patterns from a collection of local records
is therefore complex (e.g., Scott et al., 1987;
Gornitz, 1992; Douglas, 1991, 1992; Groeger and
Plag, 1993; Warrick, 1993).

Estimates of potential future changes in sea level
related to predicted global warming as a result of
the increased concentrations of greenhouse gases
in the atmosphere (e.g., Houghton et al., 1990,

1992; Wigley and Raper, 1992, 1993) carry large
uncertainties. To better understand potential future
changes in the rate of RSLR, we tried to resolve
rate changes in RSLR over the last few thousand
years on a centennial time scale or better.
Indications for strong variations in the rate of
RSLR over the last 1500 years were found
in marshes near Clinton, CT (Thomas and
Varekamp, 1991; Van de Plassche, 1991; Varekamp
et al., 1992). We present data from the Guilford
marshes, located about 15 km west of Clinton in
Connecticut along Long Island Sound (Fig. 1).

1.2. Estimating rate changes in relative sea-level
rise

Studies of peat sequences have documented an
overall rise in sea level over the last ten millennia
(e.g., Bloom and Stuiver, 1963; Rampino, 1979;
Van de Plassche et al., 1989; Allen, 1990a,b, 1991),

GUILFORD <

LONG ISLAND SOUND

300 m ;

TIDAL FLAT
SALT MARSH

Fig. 1. The Guilford marshes in Connecticut along the West River and East River. Locations of core sites and transects a—b and

d~c¢ for Fig. 3 are indicated.
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but high-resolution studies of the rates of RSLR
in marsh sequences are hampered by many factors.
These include artifacts of sampling (e.g., compac-
tion, stretching; Bloom, 1964; Harrison and
Bloom, 1977; Allen, 1990a), and problems with
age dating because of the imprecision in **C dating
and complexities in using 2'°Pb dating (e.g.,
Turekian et al., 1980; Varekamp, 1991). In addi-
tion, salt marshes occupy a substantial vertical
range depending upon tidal range; along Long
Island Sound about 0.5-1.2 m. The reconstruction
of RSLR from age—depth graphs based on data
from peat samples without constraints on their
paleo-distance from sea level thus carries large
uncertainties.

The paleo-position of a peat sample within the
intertidal zone can potentially be determined by
comparing core samples to samples from the
modern marsh, which is zoned from sea to land.
Marshes are zoned in macroflora (Redfield and
Rubin, 1962; Redfield, 1972; Niering et al., 1977;
Nixon, 1982; Orson et al., 1987; Bertness, 1992),
in microfauna (Scott and Medioli, 1980, 1986;
Scott and Leckie, 1990), in sediment chemistry
(Allen, 1987, Allen and Rae, 1988; Varekamp
et al,, 1992) and in lithology (Thomson et al.,
1975; McCaffrey and Thomson, 1980; French
et al., 1990), all parameters reflecting the changes
in inundation frequency. The zones occur at well-
defined vertical ranges from sea level, as shown
by these studies in modern marshes. Recent
marsh zonations may not always reflect paleo-
environments truthfully, however, because of
extensive ditching since the 1920s. In addition, the
exact dependency of the marsh zonation on tidal
parameters has not yet been investigated in detail
(Varekamp and Thomas, unpub. data).

Marsh accretion rates differ between the marsh
zones, with commonly higher accretion rates in
the low marsh. High accretion rates, predomi-
nantly of macrophytic remains, are also found in
the Phragmites brackish/fresh-water marsh fringes
(Allen, 1990a,b,c; French et al., 1990; French and
Spencer, 1993). When the rate of RSLR changes,
a marsh will either submerge or emerge, and
the depositional environment will shift until the
local accretion rate matches the rate of RSLR
(Varekamp et al., 1992; French et al., 1990; Allen,

1990a,¢c, 1992, 1994; Varekamp and Thomas, work
in progress). Relative submergences and emer-
gences of a marsh have been labeled “sea-level rise
tendencies” (Shennan, 1986a,b), or ROBs and
TOBs (regressive and transgressive overlap bound-
aries; Tooley, 1982; Van de Plassche, 1991; Fletcher
et al., 1993b).

We used as paleoenvironmental proxies the
abundances and types of macrofloral remains
(stems, roots, rhizomes, and leaves), the relative
abundances of agglutinated benthic foraminifera
and thecamoebians, iron and sulfur abundances,
and weight loss-on-ignition (LOI) data, the latter
as an estimate for the ratio clay/organic matter,
and the 6'*C value of the samples used for
4C-dating. Spartina species are common in
middle and low marsh, and are C-4 plants, with
S13C values between —10 and —13%., whereas
Phragmites species, occurring along the fresh-water
fringes of the marshes, follow the C-3 pathway in
photosynthesis, and have §!3C values between — 20
and —25%o (Ember et al., 1987).

The sulfur content of coastal peats depends on
the limiting parameter of sulfide fixation after
deposition. The iron content is limiting to sulfur
fixation in organic-rich peats (Berner, 1984, 1985;
Canfield, 1989; Varekamp, 1991), whereas the
organic carbon content may be limiting in clay-
rich sediments (Giblin, 1988). The highest marsh
environments are flooded by sea water twice a
month only, and sulfate availability may limit the
rate of sulfur fixation and thus the sulfur concen-
tration in these sediments. Because the sulfur abun-
dance represents post-depositional (diagenetic)
processes, it can only be used as an indirect proxy
for changes in flooding frequency. Sulfur diffuses
into the sediment column where it is gradually
fixed by soluble iron into pyrite, and the top 10 to
15cm of the cores commonly have low sulfur
levels because the diagenetic process is ongoing
(Varekamp, 1991; Varekamp et al., 1992). The
iron contents are a proxy for the presence of fine-
grained sediment ( Varekamp, 1991).

The foraminiferal data provided the most sensi-
tive parameter of marsh zonation, because the
foraminifera live on the marsh surface or in the
topmost, oxygenated few millimeters of the sedi-
ment. They are buried in an environment with
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limited or no bioturbation, because the sediments
are anoxic except for the top few millimeters, and
the dense root-mat system in the high and middle
marsh prevents bioturbation by larger inverte-
brates. We used the zonal relations derived by
Scott and Medioli (1980) to derive the position of
the paleo-marsh surface with respect to mean high
water (MHW) during deposition, after recalibra-
tion to the local tidal frame and comparison to
data on surface samples from the modern marsh.
Using this method, we reconstructed paleo-
depositional environments with an approximate
precision of +15cm from paleo-MHW. We con-
verted the raw data to rates of RSLR through
dating of the sequence, and subsequently to
MHW-rise curves (Thomas and Varekamp, 1991;
Varekamp et al., 1992). We obtained all data from
the same coring site and thus obtain a continuous
record if the sedimentation at the site was
continuous. The age is interpolated between age
markers, with minor adjustments for changes in
accretion rate by depositional facies.

2. Study sites and methods

The Guilford marshes, along the East and West
River (Fig. 1), grade from low marsh near the
coast to extensive high and middle marsh with
Spartina patens meadows further upstream. A
narrow rim of Phragmites stands occurs on the
landward side in many places. The modern marsh
environment has been modified by the excavation
of a marina, and ditching for mosquito control.
Wooded “islands” of hard rock and glacial depos-
its have remained emerged during the time of salt
marsh growth. The local tidal range (1.65 m),
highest astronomical tide and average high water
at spring tides were derived from NOAA tide
tables (NOS, 1992).

Field studies of the two marsh lobes established
a general lithological stratigraphic framework,
based on 70 cores of about 2 m length (Nydick,
1993), and three cores were selected for detailed
studies (Fig. 1). Cores were taken with a lacquer-
coated, cast-iron 1.5 m long, open-barrel corer
with a diameter of about 15 cm, which provides
undisturbed, uncompacted continuous cores.

Cores were wrapped airtight, and carried in alumi-
num core holders to the laboratory where they
were described, photographed and sampled contin-
uously. Cores were sliced into 40 to 50 samples
(2-5 cm slice thickness), which were analyzed for
all proxy parameters. Upon arrival in the labora-
tory, samples for foraminiferal studies were
directly processed (Scott and Medioli, 1980, 1986;
Thomas and Varekamp, 1991; Appendices 1-3).

The sediment chemistry was determined on the
< 180 pm fraction. In one set of experiments, the
air-dried screened sediments were leached for 8
hours in an orbital shaker with an acid/oxidizing
HCI-HNO;-H,0, solution. The leachates were
filtered, brought up to volume, diluted and
analyzed for Fe, Zn and Cu with an Atomic
Absorption Spectrometer (Perkin Elmer 372).
Another aliquot was neutralized with NaOH,
and SO, contents were determined by Ion
Chromatography (Dionex QIC). The sediment
samples were heated at 850°C for one hour to
obtain maximum Loss-on-Ignition (LOI) data
(Varekamp, 1991). These LOI data provide
approximate contents of organic carbon, although
in clay-rich samples the devolatilization of clays
and roasting of sulfides may contribute several %
weight loss. Variations in LOI values that are
<10% can not be easily interpreted in terms of
variations in organic carbon contents.

Age control was obtained by “C dating; radio-
carbon ages were corrected for natural isotope
fractionation and calibrated according to Stuiver
and Pearson (1993). We determined the level of
onset of heavy metal pollution in the three cores,
which was dated at Guilford’s West River marsh
through extrapolation of 2!°Pb dates at 1877+ 15
A.D. (Green, 1988). About five *C age points per
core were established for a total of 17 determin-
ations (Table 1). Plant fragments of only one
species were hand-picked from the samples for 14C
dating. Up to 15 grams of dry plant material was
hand-picked to reduce the counting errors during
analyses.

From the benthic foraminiferal data we
used the parameter “% other species” (100—%
Trochammina macrescens) to illustrate overall sub-
mergence and emergence trends in the cores
(Thomas and Varekamp, 1991); high values of
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Sample Sample Marsh Plant 3¢ Isotop. fract.  Calibr. 20 range
code interval surface species %o corr. age age

(cm) depth (yr BP) (yr AD)

(cm®)

GA-3 67-73 62 S. alt. ~12.0° 10070 1716° (1680-1753)
GA-4 87-90 88 S. pat. —10.0 370+ 60 1488 (1432-1657
GA-2 106-110 103 S alt. —13.8 590+ 60 1398 (1290-1439)
GA-1 119-134 127 wood —25.0° 720490 1288 (1165-1411)
GA-5 173-185 173 S. ait. —145 1170+ 50 886 (726-990)
GD-1 52-55 53 S. pat. —10.0° 90+ 70 1714° (1663-1745)
GD-2 55-60 55 S. alt. —138 10+ 60 1710° (1695-1726)
GD-3 55-60 57 S. pat. —10.0 160 + 60 1770¢ (1647-1889)
GD-4 77-80 79 S. alt. —10.0 440+ 60 1446° (1405-1530)
GD-5 95-100 95 S. alt. —13.8 600+ 80 1360° (1278-1447)
GD-6 136-140 138 S. pat. —-10.0 1070+ 80 989 (785-1162)
GK-1 66-73 70 S. alt. —-132 210+ 60 1669° (1525-1793)
GK-2 93-103 98 S. alt. -10.8 660+ 70 1302 (1248-1422)
GK-3 115-120 118 S. pat. -9.7 1020+ 80 1017 (883-1215)
GK-4 180-185 180 S. alt. —13.8 1720170 341 (139-532)
GK-5 180-181 180 S. pat. —10.0° 1780+ 70 249 (83-420)
GK-6 186-198 190 mixed —14.3 1220+ 80 800 (660-1000)

® The depth of the paleomarsh surface (in centimeters below the modern marsh surface) was taken 5 cm above major rhizome levels
or was taken as the middle of a sample slice in case of pure S. patens or pure S. alterniflora or was taken as the shallowest point of

penetration of S. alterniflora roots in a S. patens matrix.
b Assumed §'3C based on plant type.

¢ Selection of the calibrated ages or 2¢ range, taking the stratigraphic position (depth) into account.

this parameter indicate submergence, low values
emergence. To obtain more detailed information
from the faunal data, we assigned all samples to
faunal subzones according to Scott and Medioli
(1980) in order to derive their distances from
paleo-MHW, and the level within each zone was
estimated based on the total species composition
(Fig. 2). The tidal range at Guilford (1.65 m) is
greater than that at the Nova Scotia marshes
studied by Scott and Medioli (1980) and the
Clinton marshes (Thomas and Varekamp, 1991;
1.65 m vs. 1.10 m). The Guilford foraminiferal
subzones were adjusted to the greater tidal range
according to Scott and Medioli’s (1980) statement
that the upper zones change little in thickness, and
that the larger tidal range is accommodated in
lower subzone IIB (Fig. 2).

The distance from paleo-MHW for each sample
was plotted in marsh paleo-environment curves
(MPE curves; Thomas and Varekamp, 1991). The
distances from MHW were subsequently added to

or subtracted from depth-in-core, which provided
a curve of paleo-MHW-below-datum versus depth-
in-core. The age data for each core were plotted
in age-depth graphs and then combined with the
last curve to provide a paleo-MHW versus age
curve for each core. This curve then is converted
to “the level of paleo-MHW below modern
MHW” (MMHW) versus age, which is a
mean high-water rise curve (MHWR curve; see
Varekamp et al., 1992, for details); with this tech-
nique secular changes in the tidal amplitude will
be recorded as RSLR rate changes.

3. Results
3.1. Field data
From bottom to top we distinguish five litho-

stratigraphical units (Fig. 3), based on logs of
about 70 cores: (1) a clay-rich section with
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Floral Zones Microfaunal Subzones

No forams No forams
HHW - 112.5

107 .5

1A T. macrescens®

7. macrescens”
8 T. comprimata
MHWS -92.5 H. manilaensis
N e T. inflata
87.5—  Middle Marsh 7 -
. comprimata
MHW - 82.5 T. inflata

A A. mexi
Low Marsh A 'ﬁﬁ"a

rare T. macrescens

High Marsh

MHWN - 67.5

us T. inflata
rare T. comprimata
(A. inepta)

caicareous
species

Low Marsh B

MSL - 0+

-10
* possibly thecamoebians and P. ipohafina

Fig. 2. Marsh subenvironments with vertical distances from
mean sea level (MSL) and foraminiferal assemblages (after
Scott and Medioli, 1980; adapted to the Guilford marsh tidal
range by Nydick, 1993). HHW: highest high water; MHWS:
mean high water at spring tide;, MHW: mean high water;
MHWN: mean high water at neap tide; MSL: mean sea level.

common S. alternifiora roots (E); (2) a black,
mushy peat layer with S. patens, Distichlis spicata
and minor S. alterniflora remains (D); (3) a red-
brown, high-marsh peat layer dominated by S.
patens and D. spicata remains (C); (4) a dark,
clay-bearing peat with S. patens and S. alternifiora
remains (AB and B); and (5) the modern peat
zone with intact plant roots, particularly of S.
patens and D. spicata (A). The GA core (sea
proximal ) shows in general more clay-rich deposi-
tional environments than the more landward cores.

3.2. Faunal data

The samples show strong variations in faunal
assemblages (Fig. 4). The paleo-environments as
indicated by faunas through correlation to the
subzones as defined in Fig. 2 range from highest
marsh (subzone IB/IA) through the boundary of

modern peat, with
B ooy ciavey peat figonnie

[TN50]  red brown peat, with dark brown - black paat, with
3&3 S. patens and D, spicata - S. aftemifiora S, patp?s:nd D. spicata

Fig. 3. Lithological profiles along transect a—b, with location
of core GA, transect c—d, with location of core GD and the
stratigraphy at the GK coring location. Distance a-b is about
300 m, distance c-d about 250 m. All vertical distances are
in cm below the modern marsh surface.

subzone IIA/IIB (low marsh). The present marsh
surface is in subzone IIA for all three core sites,
with GA in its middle, GD lower, and GK high
in this subzone. Differences in height between sites
GK-GD and GD-GA are 12 cm and 5 cm, respec-
tively, according to faunal assemblages; levelling
measurements yielded 10 cm and 5 cm respectively.
Core GK shows the largest variation in subzones,
with samples representing the highest subzone 1B
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Fig. 4. Relative abundances of the most common foraminiferal species (a: core GA; b: core GD; ¢: core GK).
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(highest marsh) and other samples close to the
ITIA/IIB boundary (low marsh).

The most common species in the marshes at
Guilford as well as in those at Clinton (Thomas
and Varekamp, 1991) are the typical middle-
to high-marsh species Trochammina macrescens,
Trochammina inflata and Tiphotrocha comprimata.
Arenoparrella mexicana and Miliammina fusca
occur in some intervals at all three core sites
(Appendices 1-3). Ammoastuta inepta is present
in core GK only; this species is reported from low-
marsh settings with low salinities, e.g., in the
Mississippi delta (Scott et al., 1991). Haplo-
phragmoides manilaensis, an inner estuarine, low-
salinity species (Scott and Medioli, 1980; Thomas
and Varekamp, 1991) occurs rarely at all three
sites. The low salinity species Pseudothur-
ammina ipohalina (Scott and Medioli, 1980, 1986)
occurs abundantly in a few intervals in cores GK
and GD.

The data were plotted in Marsh Paleo-
Environmental (MPE) curves (Fig. 5), showing
intervals of relative submergence or emergence.
We observed a similar alternation of subenviron-
ments in all three cores, labeled L for low marsh
and H for high marsh. All cores show submergence
around 100 cm depth (L2; in cores GK and GA
from 115 to 90 cm), but much less pronounced in
core GD (105-95 cm). This was foliowed by an
emergence (H1), represented in a thinner interval

Distance from MHW, cm

Distance from MHW, cm
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in core GD (80-70cm) than in cores GA
(95-70 cm) and GK (86-70 cm). This emergence
was followed by a submergence (L1 at 75-55 ¢cm),
which was most pronounced in cores GK and GD.
The following emergence (H, at 60-50 ¢cm) was
also more pronounced at GK and GD, and respon-
sible for the formation of the “red-brown peat
layer B” (Fig. 3). The modern period of submer-
gence (MS) occurred from about 50 ¢cm to the
marsh surface at core GK, from about 30 cm to
the marsh surface at GD, and over the topmost
15 cm at core GA.

In conclusion, cores from the Guilford marshes
show overall a slight emergence over the last two
meters: from mudflat at about 2 m depth to
middle/high marsh in modern times, with deposi-
tional environments ranging from highest marsh
to middle marsh close to MHW. Over this whole
period the marsh growth has thus kept up with,
and even slightly outpaced the rate of RSLR, but
on shorter time scales the rate of marsh accretion
and RSLR were not in equilibrium. The most
landward areas of the marsh were most sensitive
to changes, whereas the deeper marsh sections
show lesser fluctuations in depositional environ-
ment. The faunal resolution in the deeper zones is
less precise, which makes subtle changes difficult
to detect. Emergences in the MPE curves appear
to be more gradual than submergences (Fig. 5),
but the lack of detail in accretion rates prevents

Distance from MHW, cm

Depth, cm
20 410 0 10 20 30 40 20 10 0 10 20 30 40 20 10 0 10 20 30 40
o H — . S o b S o L A
MS Ms MS
HO
501 ] 50 Ho 501 re
1
Ht H1 H
1004 1007 Lz 10071 2
I 12
H2
H2
H27
1504 150 1501 1
200 15

200
core GA

core GD

200

8
Fj
[~}
=

Fig. 5. Marsh paleoenvironment (MPE) curves for the three Guilford cores, based on foraminiferal zonations as defined in Fig. 2,
and derived using faunal compositions as shown in Fig. 4. Submergence (MS, LI, L2) and emergence events (HO, HI, H2)
as discussed in the text. Units are centimeters below (to left) or above (to right) MHW; MHW=mean high water level;

HHW =highest high water level.
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us from translating that information into a time
frame.

3.3. Chemical data

Element profiles for sulfur (S), iron (Fe), copper
(Cu) and zinc (Zn) are shown together with loss
on ignition (LOI) data (Figs. 6 and 7). The Cu
profiles mark the onset of anthropogenic metal
pollution (A.D. 1877) most clearly, and we use
this level as an isochronous surface through the
whole marsh (Fig. 7). At this level we commonly
see a strong increase in Zn concentrations,
although Zn profiles show much more variation
in the pre-pollution period than Cu profiles. The
origin of the large Cu anomalies (116 and 168 ppm
Cu) in cores GK and GA at about 1 m depth (i.e.,
about A.D. 1350) is a mystery; they are discussed
together with further details of the pollution chem-
istry by Scholand et al. (in prep).

The acid-leachable S and Fe abundances in the
cores show a good correlation (Fig. 6) and most
samples plot in a band close to the pyrite stoichi-
ometry (Fig. 8). High marsh environments have S
abundances in excess of the pyrite stoichiometry,
probably the result of the presence of S associated
with organic matter. Samples with excess Fe with
respect to the pyrite stoichiometry are clay-rich
sediments where the amount of organic matter
limited pyrite formation. Samples from core GK
plot predominantly in the band between pyrite
stoichiometry and the line pyrite +0.5% S, typical
for high marsh peats. The samples from core GA
plot for 60% in the low marsh zone (above the
pyrite line), whereas the samples from core GD
plot around the pyrite line and above.

S and Fe abundances show a good correlation
with the GA “‘other species” curve, with S and Fe
enrichments at high percentages of ““other species”,
except for the upper 10 em (Fig. 9). The LOI curve
shows a generally negative correlation with the
faunal curve. The patterns of the GK core show
an excellent agreement in the upper meter of the
core and the bottom clay layer, but the section
between 100 and 150 cm shows a fair amount of
noise. The section between 150 and 190 cm had
very few foraminifera, but the few preserved tests
are not typical for a high-marsh environment

(Appendix 3). The S curve suggests an emergence
event near 190 cm, in agreement with faunal data,
but a gradual submergence from 180 cm upwards.
This trend is shown by the Fe and S data, but the
LOI data do not show evidence for a high marsh
environment. Most likely, the fauna has been
partially oxidized in the section between 150 and
180 cm depth, possibly also between 113-117 cm,
80-85 cm and 44-48 cm depth. The LOI curve of
GK shows a very crude inverse correlation with
the faunal curve. The chemical and faunal data
from the GD site show more noise and an overall
poor correlation.

3.4. Age determinations

Seventeen samples were selected for C dating
(Table 1). The undulations in the calibration curve
may result in two age brackets for a single sample;
in that case we report the complete range between
the two bracketing ages. Several young intersec-
tions with the calibration curve were omitted based
on the stratigraphic position of the sample
(Table 1°).

The paleomarsh-surface for each radiocarbon
sample was determined from the growth position
of the roots or rhizomes; it was taken in the middle
of a slice for bulk samples (Table 1; Fig. 10). We
present the data in age—depth graphs, in which
“depth” is the depth of the paleomarsh surface
below the modern marsh surface, which has an
age of A.D. 1993. Foraminifera live on or close to
the marsh surface, so that faunas have an age
equal to that of their paleomarsh surface.

The age for sample GK6 is anomalously young,
probably because this sample (bulk organic matter
instead of roots picked by species) is contaminated
by root-growth from above. We prefer to use the
age of samples GK 4 and GK35, because these data
were obtained from two different species of hand-
picked roots of which the ages agree with each
other. The onset of metal pollution in cores GA,
GD and GK was found to occur respectively at
approximately 20, 20 and 26 cm depth (Nydick,
1993), which represents the 1877+15 A.D. age
level (Green, 1988).
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Fig. 6. Concentrations of Fe and
4. Discussion
4.1. Accretion rates

Accretion rates in marshes vary strongly accord-
ing to depositional environment, with high rates

S, and Loss on Ignition values (LOI).

in the low-marsh areas near the sea and near large
creeks, and low rates in high-marsh zones far away
from the sea and creeks (Pethick, 1981; French
and Spencer, 1993; Allen, 1994). Our working
model of marsh accretion can be summarized as
follows: if the rate of RSLR increases, a given
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marsh site will submerge and its depositional envi- a rate of accretion equal to the rate of RSLR, the
ronment will thus shift to a lower marsh environ- so-called equilibrium rate of accretion (Pethick,
ment, where accretion rates are higher. Increased 1981; Allen, 1990a, 1992, 1994; Chmura et al.,
submergence of the marsh surface will cease once 1992). If the rate of RSLR slows down, the rate

a depositional environment has been reached with of marsh accretion at the site will outpace the rate
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of RSLR and therefore the depositional environ-
ment will shift to higher marsh, where accretion
rates are lower. Again, the environment keeps
shifting until an equilibrium value has been
reached. If a constant rate of RSLR persists for a
long time, a large area of the marsh will acquire a
similar depositional facies (mature marsh), with
an accretion rate that is everywhere about equal
to the rate of RSLR. This model explains broadly
the existence of the wide flat plains of cordgrass
that occupy the coastal areas along Long Island
Sound. The environmental zonation and variations
in accretion rate in the modern marsh suggest that
the marshes are at the present time not mature.

The slopes of the three age-depth curves from
the three cores in Guilford indicate variable marsh
accretion rates (Fig. 10). The highest average rate
occurs in core GA (1.6 mm/yr) which is closest
to the sea, core GD has an intermediate rate
(1.4 mm/yr), whereas core GK (most landward)
had the lowest overall accretion rate (1.1 mm/yr).
The values are comparable to accretion rates found
in other marshes along Long Island Sound (e.g.,
Bloom and Stuiver, 1963; Harrison and Bloom,
1977, Van de Plassche et al., 1991; Patton and
Horne, 1992; Varekamp et al., 1992).

We compared average accretion rates over the
core interval corresponding to the last 1000 years
to the average rate of mean high water rise
(Table 2). At all core locations the rise in MHW
over the last 1000 years outpaced the accretion
rate, but not by very much. The lowest accretion
and MHWR rates occur at the most landward
site, the highest rates at the most seaward site. The
average rate of MHWR derived from core F at
the landward side of the Hammock River marshes
(Varekamp et al, 1992; Table2) is about
1.3 mm/yr for the last 1000 years, similar to that
for core GK.

More seaward-located marsh sites experienced
thus a higher rate of RSLR and had higher marsh
accretion rates as well. Why would the rate of
RSLR be higher at seaward marsh sites? The
marsh sequence presumably has a wedge-shaped
morphology going from sea to land (e.g., Redfield,
1972), and seaward-located marsh sites are
underlain by a thicker sequence of marsh deposits,
as confirmed by our field data (Nydick, 1993). A

Table 2

Rates of marsh accretion and MHWR for the last 1000 years
and for the last 200 years for cores from Guilford marsh (GA,
GD, GK) and Clinton marsh (F). A rate (net-submergence
rate) is the difference between the rate of MHWR and rate of
marsh accretion; the submergence index is their ratio

Rates, period covered Core GA Core GD Core GK Core F

Accretion rate, 1.60 1.39 1.18 1.22
1000 yrs

MHWR rate, 1.79 1.55 1.30 1.31
1000 yrs

A rate, 1000 yrs 0.19 0.16 0.12 0.09

Submergence index,  1.12 1.12 1.18 1.07
1000 yrs

Accretion rate, 2.10 1.97 2.20 1.65
200 yrs

MHWR rate, 200 yrs 2.85 3.26 3.09 2.67

A rate, 200 yrs 0.75 1.29 0.89 1.02

Submergence index, 1.36 1.65 1.40 1.62
200 yrs

thicker sequence will show more compaction than
thin marsh veneers over glacial bedrock. Our ongo-
ing study of peat density versus depth indicates
that compaction and de-watering in the upper
2 m of marsh deposits is insignificant, but the
deeper section de-waters and compacts (e.g.,
Harrison and Bloom, 1977), so that the overlying
marsh section will “go along for the ride”. We
therefore speculate that the seaward marsh sites
have a larger subsidence component than the land-
ward-sites, which is the sum of the regional crustal
subsidence and a thickness-dependent compaction
component of the deeper marsh sequence.

We currently can not correct for this effect, but
the depositional and environmental development
at each site depends on the combined rate of
regional subsidence, overall compaction and sea-
level rise, which is reflected in the type of deposit,
accretion rate and average rate of RSLR. The net-
submergence rates (rate of RSLR —accretion rate)
over the last 1000 years vary from 0.12 to
0.19 mm/yr (Table 2), which implies a gradual
deepening of the marsh surface of only 10-20 cm
over a millennium. Obviously, on this time scale,
the marshes keep up reasonably well with the
rising tides.

The net-submergence rates over the last 200
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years were much higher than the average over the
last 1000 years in all cores (Table2). All three
sites show higher accretion rates over this interval,
with about double the rates of RSLR of the
average of the last 1000 years. These features can
be conveniently expressed as the submergence
index, the ratio of RSLR and accretion rate. This
parameter had a value of 1.12-1.18 for the last
1000 years but a value of 1.4-1.7 over the last 200
years (Table 2). Obviously, all three sites are pres-
ently out of equilibrium, and with the current net-
submergence the whole modern middle to high
marsh may become a low marsh environment in a
few centuries.

4.2. Relative sea-level rise curves

The MHWR curves for the Guilford marshes
were derived from the independent data sets for
the three cores: for each core we made paleo-
environmental reconstructions resulting in the
MPE curves, which constrain the shape of MHWR
curves. The age data are also generated indepen-
dently for each core; therefore each core provides
an independently derived RSLR record. Our inter-
pretations and comparisons between cores are thus
independent of the altitudes of the coring sites.

The three records show reasonable overall
agreement (Fig. 11), but each has its local excur-
sions. Only in core GK do we have data from the
period prior to A.D. 200, during which RSLR
averaged 0.7 mm/yr. After the following sudden
emergence RSL rose steadily at about 0.9 mm/yr
until about A.D. 650, when a sudden submergence
occurred. This was followed by more sluggish
RSLR until A.D. 1050-1100, when there was a
short period of submergence followed by sluggish
RSLR (about 0.3 mm/yr) until about A.D. 1620.
From A.D. 1600 to 1700 the rate of RSLR
increased to 5.0 mm/yr. Between A.D. 1700 and
1800 there was another short period of more
sluggish sea-level rise, followed by a rapid rate of
about 2.9 mm/yr until the present day.

The rapid and strong apparent sea-level excur-
sions recorded in core GK (rise and fall) around
A.D. 200, 700 and 1650 may represent local effects
related to changes in the course of the creek near
the GK site (Fig. 11c), or to a period of increased

storminess (meteoric high waters). The sudden
emergence around A.D. 200 followed by the occur-
rence of high-marsh environments for several cen-
tennia as indicated by the faunal parameters is
puzzling, and not supported by the chemical data
(too high S and Fe contents for highest marsh):
this “emergence” may reflect either a local cata-
strophic event (e.g., an earthquake that raised the
marsh surface about 40 cm), or establishment of
a spit or bar during a major storm event that
changed the tidal hydrology of the marsh. More
data from this time interval are needed before we
can reach reliable conclusions. The subsequent
submergence around A.D. 650 was coeval with a
similar sudden submergence in the Clinton marsh
curve (Fig. 11d).

Core GA shows a moderate rate of RSLR from
about A.D. 800 to 1300 (about | mm/yr average),
with a short acceleration between A.D. 1000 and
1100. Another short acceleration occurred at about
A.D. 1350, followed by a period of sluggish rise
(about 0.4 mm/yr from A.D. 1400 to 1630). A
much faster rate of RSLR began around A.D.
1630, which continued until the present day (about
2.8 mm/yr).

Core GD shows relatively rapid RSLR between
A.D. 1050 and 1100, followed by steady RSLR
from about A.D. 1100 to 1250. There was a short
acceleration at about A.D. 1250 to 1300, but the
net rise of RSLR between A.D. 1300 to 1700 was
sluggish at about 0.7 mm/yr; from A.D. 1700 on,
the rate of RSLR was about 3.1 mm/yr.

We can thus distinguish three periods in the
Guilford records: (I) a period of steady RSLR
from about A.D. 250 to 1100, at an average
relative rate of about 0.9 mm/yr, possibly with an
acceleration about A.D. 700. This period ended
with a short interval of slightly higher rates of
RSLR between A.D. 1000 and 1100; (II') a period
of slow RSLR with small, non-marsh-wide excur-
sions from about A.D. 1100 to 1600, with an
average relative rate <0.5 mm/yr; and (III) the
most-recent period of rapid sea-level rise, starting
between A.D. 1600 and 1700, possibly with a short
deceleration between A.D. 1700 and 1800, and
lasting till modern times, with a relative rate in
excess of 3 mm/yr.

These three periods are shown in a highly styl-
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Fig. 11. Mean high water rise curves for the three Guilford cores (a, b, c), and for core F from the Hammock River marshes,
Clinton, Connecticut (d: slightly modified after Varekamp et al,, 1992). The heavily drawn lines are the MHW rise curves,
constructed using the calibrated ages with interpolations in between, with the information from the MPE curves. The envelopes are
drawn through the corners of the boxes which give the limits of the 2s-age calibration and +15cm precision in the estimates of
paleo-MHW for each of the age marker points in the curves. Fig. 11e shows, in a schematic fashion, the three periods of RSLR
that we distinguish, with an approximate overall error envelope. The shape of the RSLR curve is constrained by the MPE curves,
and the uncertainty in the generalized curve is largely found in the fitting of a curve with that shape within the age—depth envelope.

ized fashion in Fig. 11e. One could possibly draw
a straight RSLR line through the error envelope,
which would discredit our conclusion that three
periods existed with different rates of RSLR. The
shape of the RSLR curve, however, is constrained
by the information from the MPE curves, and
only the duration, and beginning or end of the

three periods are related to the uncertainties within
our age-model.

Our values of RSLR for the last 200 years
(mean=3.0 mm/yr) are slightly higher than the
data from the New London, CT (2.1 mm/yr) and
New York, NY (2.7 mm/yr) tide gauges over the
last 130 years (Lyles et al., 1988). We explain this
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difference of about 0.6 mm/yr as a result of addi-
tional subsidence of the marshes compared to the
tide gauge sites as a result of marsh compaction
as well as uncertainties in our age control.

4.3. Sea-level rise and climate change

The Guilford sea-level curves are local records
potentially influenced by local tidal range fluctua-
tions and the geomorphological development of
the marsh. Comparison with the Clinton marshes
(Connecticut; Varekamp et al., 1992) shows that
in both marshes there were increased rates of
RSLR from about A.D. 1600 to 1700 on, possibly
with lower rates for a short period around A.D.
1700-1800 (Fig. 11). This increased rate of relative
sea-level rise over the last few hundreds of years
is a consistent feature of all our records ( Varekamp
and Thomas, work in progress).

The relation between small climate fluctuations
and rates of SLR are tenuous: some stress that
sea-level rise should be expected if global temper-
atures rise (e.g., Houghton et al, 1990, 1992;
Wigley and Raper, 1992, 1993), whereas others
argue that global warming should lead to lowered
sea level, because higher temperatures at high
latitudes will lead to enhanced precipitation, hence
accretion of the polar ice sheets (e.g., Oerlemans,
1993). Others have concluded that there is essen-
tially no correlation between climate and sea-level
rise on the scale of minor climate fluctuations (e.g.,
Anderson, 1991; Anderson and Thomas, 1991).
The fact that sea level has been rising at all over
the last few thousand years is curious (e.g.,
Rampino, 1979; Allen and Rae, 1988; Fletcher
et al., 1993b), because this period is not thought
to have seen major net-warming (e.g., Overpeck,
1990; Webb, 1990).

Global temperature charts of the last 2000 years
are rather uncertain (Bradley and Jones, 1992),
but we can use the generalized summary in
Houghton et al. (1990). The start of the first
millennium was cool, but its middle period was
warmer, with a significant cooling towards 800
A.D. The timing of the Little Climate Optimum is
highly variable even within Furope, with a much
later warming in Scandinavia (Grove, 1988). The
Little Ice Age had very cold winters and hot
summers, but a low average temperature (Lamb,

1977, 1984; Grove, 1988; Bradley and Jones, 1992).
The timing and severity (or occurrence at all) of
the Little Ice Age probably varied with location
(Bradley and Jones, 1992; Lamb, 1977; Grove,
1988; Houghton et al., 1990).

We compared our RSLR data from about A.D.
700 on with the average temperature trends. The
Little Climate Optimum is not characterized by an
unusually high rate of RSLR, falling within our
period I (Fig. 11e), although it may be reflected in
the small pulse at A.D. 1050-1100 (Fig. 11a—c).
Period II, between A.D. 1150 and 1600, may
coincide with the early part of the Little Ice Age,
and is characterized by a slow rate of RSLR. The
period from A.D. 1650 to 1700 (start of period
ITI) falls according to most authors still within the
Little Ice Age, but clearly has an eclevated rate of
RSLR. The last 200 years are characterized by
elevated rates of RSLR both in Guilford and in
Clinton (Fig. 11).

5. Conclusions

Paleoenvironmental data from the Guilford
marshes show that the modern coastal marshes
with the large S. patens meadows fringed by S.
alterniflora along creeks can not be seen as the
“typical” marsh on time scales of centennia or
more. Over a large part of the last 1500 years of
their history, the Guilford marshes were more
elevated (relative to mean sea level at that time)
than they are today. Despite about two meters of
RSLR over the last 1500 years, the marsh growth
has been outpaced by RSLR only marginally,
mainly during the last 350 years. We introduced
the “submergence index’ parameter, which quanti-
fies the rate of net-submergence. The magnitude
of this parameter may be used to constrain the
significance of the increased rates of RSLR over
the last few centennia in other locations. Over this
period the rate of RSLR was faster than the
accretion rates, so that the marshes have been
submerging relative to MHW. If past trends
continue, large areas that are presently middle
marsh will submerge until they reach low-marsh
elevations.

The Little Climate Optimum has been compared
with the modern period of Global Warming (e.g.,
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Warrick, 1993). Our data show a small acceleration
in the rate of RSLR during the former period but
the signals are close to the noise level and the
imprecision in our time frame does not yet permit
us to constrain the exact duration of such a pulse.
During the early stages of the Little Ice Age RSLR
was slow, but acceleration started in its middle
part (as defined by most authors). The last 350
years have seen the fastest RSLR of the last 1500
years, as shown in the three cores from this study
as well as the data from the Clinton marshes
(Varekamp et al., 1992). The general onset of the
higher rates of RSLR preceded the beginning of
modern global warming, which started according
to many authors late last century or early this
century (Houghton et al., 1990).
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