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ABSTRACT 

We constructed a detailed relative sea-level rise curve for the last 1500 
years using a novel approach, i.e. charting the rate of relative sea-level 
rise using microfaunal and geochemical data from a coastal salt marsh 
sequence (Clinton, CT, USA). The composition of benthic 
foraminifera1 assemblages and the iron abundance in peats were used 
to describe shifts in marsh environment through time uantitatively. 
The resulting sea-level rise Curve, with age control from 4C dating and 
the onset of anthropogenic metal pollution, shows strong increases in 
the rate of relative sea-level rise during modem global warming (since 
the late nineteenth century), but not during the Little Climate 
Optimum (AD 1000-1300). There was virtually no rise in sea-level 
during the Little Ice Age (AD 1400-1700). Most of the relative sea-level 
rise over the last 1200 years in Clinton appears to have occurred during 
two warm episodes that jointly lasted less than 600 years. Changes 
from slow to fast rates of relative sea-level rise apparently occurred 
over periods of only a few decades. We suggest that changes in ocean 
circulation could contribute to the sudden increases in the rate of 
relative sea-level rise along the northeastern USA seaboard. Relative 
sea-level rise in that area is currently faster than the worldwide 
average, which may result partially from an ocean surface effect caused 
by hydrodynamics. Our data show no unequivocal correlation 
between warm periods (on a decaal to centennial time-scale) and 
accelerated sea-level rise. One period of acderated sea-level rise may 
have occurred between about AD 1200 and 1450, which was the 
transition for the Little Climate Optimum to the Little Ice Age, i.e. a 
period of cooling (at least in northwestern Europe). Local changes in 
tidal range might also have contributed to this apparent increase in the 
rate of relative sea-level, however. The second period of accelerated 
sea-level rise occurred during the period of modem global warming 
that started at the end of the last century. 
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INTRODUCTION 

9 

future SLR in response to antropogenic - -  
greenhouse warming (IPCC report, Sea-level rise (SLR) is thought to be one 1990; 1990; 1991). 

Unequivocal evidence of the response of the consequences of global warming, 
and different scenarios exist to predict of sLR to short-tem (< vr) dimate 
‘Center for the Study of Global Change, 
Department of Geology and Geophysics, 
Yale University, New Haven, CT 06511, 
USA. 

o-tions is (Fakbridge and Hill- 
a i r e k a l ,  19n; Sheman, 1986; Van 
de Plassche and Roep, 1989). Tide 
gauge records provide detailed relative 

SLR (RSLR) records for several lo- 
cations, mainly on the northern hemi- 
sphere, over the last 200 years (Gomitz 
et al., 1982; Bamett, 1988; Meier, 1984; 
Wigley and Raper, 1987; Pirazzoli, 
1989). These records, however, are too 
short to derive meaningful correlations 
between climate and RSLR. We de- 
veloped new methods to chart the rate 
of RSLR using tidal salt marsh sequence 
(Thomas and Varekamp, 1991; Van de 
Plassche, 1991). In this paper we pro- 
vide a detailed record of RSLR over the 
last 1500 years, based on a study of salt 
marsh sequences in Clinton (Connec- 
ticut, USA). We cannot correlate fluctu- 
ations in the rate of RSLR unequivocally 
with periods of global warming and 
cooling, and speculate on the nature of 
the linkage between climate change and 
RSLR on a decadal to centennial time 
scale. 

FLUCTUATIONS IN  THE RATE 

RISE:  EVIDENCE FROM SALT 
MARSH SEQUENCES 

Many sea-level rise studies have as their 
conceptual basis (or tacitly assume) that 
coastal salt marsh accretion keeps 
up with RSLR. Depth-age data hom 
peat sequences then provide an en- 
velope for a RSLR curve, which is com- 
monly fitted with line segments or with 
a polynomial fundion (Pinter and Gard- 
ner, 1989) on scattered observations 
(Field et al., 1979; Kraft et al., 1987). 
Other studies use basal peats only, in an 
array landinwards. These RSLR curves 
are more prease (Van de Plassche et al., 
1989; Scott and Medioli, 1986; Scott et 
al . ,  1987, but lack detail in the docu- 
mentation of fluctuations in the rate 
of RSLR, as a result of inherent uncer- 
tainties in “C dating. Our method 
of charting RSLR from salt marsh se- 
quences derives information from the 
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Fig. 1. Cross section of a coastal salt marsh in New England. indicated are theporai zones (L = low marsh with pzedomimntly Spartina 
altemiflora, M = middle marsh, H = high marsh with predominantiy Spartina patens and Distichlis spicata, and HH = highest 
high marsh with abundnnt Phragmites) and microfiunal zones with foraminifera1 a&mblages (1A = T. macrescens; 1B: T. 
macrescens, T. compnmata, H. maeensis ;  IlA: T. macrescens, T. d a t a ,  M. fusca, T. comprimata, A. mexicana) and the 
approximate@nfingfrequency, s h  as fraction of time of emerswn (adaptedfrom Gordon, 1980). 

disequilibrium between marsh growth 
and RSLR: the marsh drowns when the 
rate of RSLR exceeds the marsh accre- 
tion rate, whereas it becomes dominated 
by high and highest marsh environ- 
ments when RSLR is slow. 

The salt marsh environment is sub- 
divided into lower, middle, high and 
highest marsh zones which may stretch 
over a vertical distance of several 
metres, depending on the local tidal 
range (e.g. Nixon, 1982; Long and 
Mason, 1983). These sub-environments 
differ in lithological, macrofloral, 
microfaunal and geochemical charac- 
teristics (Fig. 1; Scott and Medioli, 1980). 
Lithostratigraphic and floral studies of 
marsh sequences document regressive 
and transgressive tendenaes (Van de 
Plassche, 1991), but the vertical mag- 
nitude of the shifts in depositional en- 

We concluded that flooding frequency 
(Fig. 1) is a controlling parameter of the 
macrofaunal and geocheniical signa- 
tures that characterize the subenviron- 
ments (Thomas and Varekamp, 1991). 

The microfaunal zonation of salt 
marshes is based on assemblage of 
benthic, agglutinated foraminifera, 
which can be used to locate former sea- 
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vironment cannot be quanti6ed precisely. 

levels in subsurface sediments (Scott 
and Medioli, 1978; 1980; 1986; Scott and 
Leckie, 1990; Scott et al., 1977; 1980; 
1987; Fig. 1). The highest high water 
datum level can be most accurately lo- 
cated: the highest faunal subzone (IA, 
Fig. 1) has a vertical range of only about 
10 an. The species Trodrnmmim macre- 
scetls is a key indicator for this subzone, 
and can survive the most prolonged 
periods of atmospheric exposure be- 
tween flooding wents. Closer to mean 
high water 0 the abundance of T. 
macrescens decreases rapidly, and more 
diverse assemblages are found, with 
Milliamminafisca as an indicator species 
for the middle to low marsh subenviron- 
ments. The relative abundance of T. 
macrescens is, thus inversely related to 
the flooding frequency and the relative 
abundance of species other than 7'. mac- 
rescms is the parameter 'other species', 
used as a proxy for flooding frequency. 
Depositional environments in faunal 
zone II, especially subzone IIB (not 
recognized in our samples) can not be 
located as accurately relative to MHW, 
because of their larger vertical range. 
With increased tidal range the vertical 
extent of the uppermost three subzones 
@A, IB, and IA) changes little, because 

most of the difference is absorbed with 
faunal subzone IIB (Scott and Medioli, 
1980). 

The geochemistry of marsh sedi- 
ments is determined by the abundance 
of dastic materials, the accretion rate of 
the organic matrix, diffusional and 
diagenetic processes, and atmospheric 
deposition (Given, 1975; Varekamp, 
1991). Most dastic matter is deposited 
on mudflats, although fine sand is 
common in the matrix between plant 
rootlets in lower salt marsh peats 
(Stevenson et al., 1988). The abundance 
of organic matter may therefore serve as 
a aude  parameter for the flooding fre- 
quency at a given site, but depends on 
marsh accretion rate and hydrodynamic 
regime. Fine-grained, suspended sedi- 
ments may be trapped effiaently by the 
marsh flora during flooding. The abun- 
dance of very fine particulates in peat 
sequences can be used as an indicator 
for flooding frequency or for the volume 
of sea water that washes over a given 
marsh zone per time unit. Very fine 
matter is the main host for met& in 
most clastic sediments (Foerstner and 
Wittmann, 1983); it consists partially of 
hydrous Fe-oxides with adsorbed heavy 
metals, precipitated in the estuarine 
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mixing zone (e.g. Lee, 1975; Hem, 1975; 
Turekian, 1977). The Fe and Zn con- 
centrations in marsh sediments are 
excellent proxies for the abundance 
of fine-grained matter in the marsh 
sediments and therefore of flooding 
frequency. 

Analysis of peat cores for benthic 
foraminifera and metal abundances 
provides information on shifts in depos- 
itional environment during develop- 
ment of a marsh. These shifts may result 
from changes in the morphology of the 
marsh (e.g. spit growth), changes in 
tidal range or marsh accretion rate, or 
vertical movement of the land (e.g. seis- 
mic events; Nelson and Jennings, 1988). 
In many cases one can distinguish be- 
tween these different processes, and we 
interpret the environmental changes as 
observed in the Clinton marshes to be a 
result of fluctuations in the rate of RSL, 
because of the absence of evidence for 
changes in marsh morphology or 
sudden tectonic movements. 

We charted changes in depositional 
environment at coring sites over time as 
fluctuations in vertical distance from 
MHW, which is sensitive to RSLR as 
well as to changes in tidal range. The 
vertical distances from MHW for all core 
samples were derived from foramin- 
iferal data and Fe abundances. We 
constructed a general sequence of 
drowning and emergence, which was 
put into a I4C time frame. We then de- 
rived a RSLR curve with a high resolu- 
tion for the sequence of events. The 
relatively poor calibration of "C ages for 
the last 2 millennia (Stuiver and Pearson, 
1986) makes the absolute time control 
on the drowning and emergence events 
in the marshes not prease. In the upper 
part of the sequence, the anthropogenic 
input of metals such as Cu and Zn pro- 
vides a useful marker of the AD 1860 
level (McCaffrey and Thomson, 1980; 
Varekamp, 1991; M e n  and Rae, 1987, 
1988), but Zn abundances in the peats 
have no palaeo-environmental si@- 

cance above that level because of these 
increased atmospheric and aqueous 
pollution inputs. 

STUDY LOCATION, METHODS 
AND RESULTS 

We studied peat cores from the Ham- 
mock river marshes near Clinton (CT, 
USA, Fig. 2; Thomas and Varekamp, 
1991; Van de Plassche, 1991; Varekamp, 
1991). Cores for faunal and geochemical 
analysis were taken in two lobes of the 
marsh (Fig. 2), and sliced into a con- 
tinuous set of samples. Up to five core 
sections of intervals with sigxuficant 
changes in environment were studied 
from other locations in the marsh 
(Thomas and Varekamp, 1991). Two 
cores, taken about 40 an apart at the F 
locality, were sampled at the same 
depths for faunal and chemical studies, 
with a depth resolution for correlation 
of cores of about 5 an. Two other cores 
were taken within 50 an (to the north- 

L I I I 

Fig. 2. The Hammock River marshes near Clinton, Connecticut, USA. Indicated are the two marsh lobes with the coring sites F and cy. 
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Fig. 3. Relative abundance of species other 
than T. macrescens ('otherspecies' 
parameter), and Fe and Z n  contents of 
core F .  

east and to the east). Six samples from 
the core taken to the northeast, and one 
sample (Table 1, UtC-2002) from the 
core taken to the east, were used for 
radiocarbon analyses by AMS. For 
radiocarbon analysis cores were split 
and each half was searched for substrate 
stem remains of Spartina altmifima, 
Spartina patens, Distichlis spicata, SEirpus 
robustus, and Pkmgmites australis. 
Rhizomes were excluded carefully from 
analysis because of their unknown 
depth of penetration to deeper levels in 
the soil. Subsurface stem remains indi- 
cate a position about 1-5 an above the 
contemporaneous marsh surface; we 
did not correct for this small offset in 
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vertical distance. Samples were cleaned 
ultrasonically to remove day' and 
amorphous organic material. Younger 
rootlets were removed ham the sample 
using a binocular miaoscope. All sam- 
ples were analysed by A M S  at the 
Robert van der Graaff laboratory (Uni- 
versity of Utrecht, Netherlands). 

Peat samples for geochemical 
analysis were dried, gently pulverized, 
and the fraction < 180 pm was leached 
with acids. The leachates were analysed 
for Fe, Zn, Cu, S and the solid sample 
(< 180 pm) for approximate organic car- 
bon contents by resp. Atomic Absorption 
Spectroscopy, Ion Chromatography 
and weight-loss-upon-combustion. 

Quantitative faunal analysis (> 63 
pm fraction) showed intervals domin- 
ated by T. macrescens alternating with 
intervals with a more abundant and 
diverse foramhiferal assemblages (Fig. 
3). Fluctuations in abundance of Fe, Zn 
and S are sttangly positively m o r n +  
lated. Variations in Cu and 'organic car- 
bon' values are less systematic (Thomas 
and Varekamp, 1991; Varekamp, 1991). 
The parameter 'other species' is pos- 
itively correlated with the Fe and Zn 
abundances in both cores (RFc = 0.63; 
R t ,  = 0.68), and between the two cores 
indicating fluctations in depositional 
regime with depth-in-core (Fig. 3). The 
coherence between the chemical and 
faunal records suggests that the fluctua- 
tions in Fe and Zn abundances are 
largely depositional. The correlation of 
the faunal parameter with the sulphur 
abundance is largely an indirect effect of 
the depositional environment: the 
extent of &genetic Sfixation in this 
environment rich in organic matter is 
mostly limited by the Fe abundance 
(Varekamp, 1991; Thomas and 
Varekamp, 1991). 

A RSLR CURVE FOR THE 
CLINTON AREA (CT, USA) 

Faunal and chemical records indicate 
sudden transgressions at about 140,110 
and 50 cm depth (Fig. 3), followed by 
more gradual recoveries of the marsh. 
The changes in depositional environ- 
ment can be quantified by application of 
the vertical spacing of the foraminiferal 
assemblages in the marshes with re- 
spect to HHW (Scott and Medioli, 1981; 
Thomas and Varekamp, 1991) and 

through the use of a transfer function 
for the Fe abundances. We assumed a 
constant tidal range equal to the mod- 
ern mean tidal range (1.45 m; Harrison 
and Bloom, 197, and derived marsh 
palaeoenvironment (MPE) curves from 
the microfaunal data. We then calib- 
rated the Fe contents of the peats with 
distance from M H W  (Fig 4): the lowest 
measured Fe content represents the 
zone near the HHW line, whereas the 
peak of the transgression at about 90 an 
depth in the F core was taken as r e p  
resentative for the environment near 
the MHWN level, as derived from the 
foraminifera1 data. These two data 
points were then fitted to a curve that 
represents the fraction of emersion time 
for the marsh environments (Fig. l), 
and the curve was subsequently slightly 
adjusted to samples that plot on the 
transition from the IB-IIA faunal sub- 
zones. The distances to MHW for each 
sample were then graphically derived 
from this calibration curve. 

The MPE curves (fauna-based MPE-1, 
and Fe-based, MPE-2; Fig. 5) delineate 
the shifting environment of deposition 
at the coring sites through time. The 
two curves derived for the F-core are 
very similar in shape and only differ 
slightly in amplitude in the uppermost 
part. This difference in amplitude may 
result from the more complex depend- 
ence of sediment chemistry on bulk 
sediment make-up or be influenced by 
an enhanced Fe flw in modem times. 
These differences may be resolved 
through the use of additional element 
indicators of flooding frequency (e.g. 
Mo; Thomas and Varekamp, 1991). The 
MPE curves for the CY and F sites show 
great similarity in the sequence of 
events, although there are slight differ- 
ences in depth-in-core for some events 
(Fig. 5). This similarity suggests that the 
changes in subenvironments are not the 
result of extremely local effects, such as 
the changing course of a channel. Cor- 
relation of our MPE curves with strati- 
graphic analyses of hundreds of cores in 
the whole marsh confirms that the en- 
vironmental changes occurred rnarsh- 
wide (Van de Plassche, 1991). 

A transgression occurred at 190 cm (F- 
core), followed by a gentle shoaling in 
WE-2. A sudden change occurs near 
1% a, with emergence of the marsh 
followed by a sudden drowning: the 
relative position of the coring site with 
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Fig. 4. Calibration of Fe contents with vertical locution w'th respect to MHW, as 
derivedfrom correlation withforaminifera datafrom threesamples (squares)and the 
shape of the Poodingfrequency curve. 

respect to h4I-W changed by about 40 
cm vertically over less than 5 an core in 
the foraminifer-based curve. The s u b  
sequent transgression created a depos- 
itional environment close to that existing 
before the regression. After this trans- 
gression, shoaling occurred, followed 
by a major, more gradual transgressive 
episode at about 110 cm depth. An ini- 
tial drowning of 25-35 an took place, 
followed by a long period of marsh re- 

C 
Distance from MHW, cm 

-40 -30 -20 -10 0 10 20 

covery until the marsh was again close 
to emergence (highest high marsh) at 
about 50 an depth in the core. At this 
level, a another transgression took 
place, followed by a short regressive 
period in the MPE-1 curve (less well 
resolved in MPE-2, but present in the 
Fe-based MPE curve from the CY site), 
followed by a transgressive period that 
is ongoing presently. 

We then converted the two MPE 

b 
Distance from MHW. cm 

-30 -20 -10 0 10 20 30 

150 - 

200- 
I z 

MPE-2 
x 

curves for the F site to MHW rise curves 
(Appendix). The two MHW rise curves 
for location F are similar, with a consist- 
ently.'deeper MHW level' derived from 
the Fe data set (Fig. 6). The short period 
of r e p s i o n  around AD 1860 (25 an) is 
not resolved in the Fe data set, and the 
shape and timing of the early regression 
transgression couplet (Tl) is slightly dif- 
ferent for the two curves. We obtained a 
long-term average of 1.1 mrn yr-' in 
MHW rise over the last lS00 yr (confirm- 
ing Bloom and Shiver, 1963), and a mean 
rate of about 2.2 mm yr-' over the last 
100 years, in agreement with tide gauge 
data for this region (Lyles et al., 1988). 

The curves show rapid changes in the 
rate of RSLR around AD 650 to 750 
(drowning followed by shallowing), AD 

1200 (increase in RSLR), AD 1450 (de- 
crease in RSLR), AD 1700 (increase in 
RSLR) and AD 1880 (increase in RSLR). 
Very low rates prevailed between AD 750 
and 1200, and between AD 1750 and 
1880. Given the errors in sampling 
depth, in "C dating and in age calibra- 
tion, these ages have an uncertainty of 
up to f150 yr for some intervals. We 
have no age data between 105 cm and 
135 cm (AD 700-1400), and changes in 
sedimentation rate within this interval 
are thus not resolved. The ages for the 

a 
Distance from MHW, cm 

-40 -30 -20 -10 0 10 20 

r 
MPE-1 

Fig. 5.  M n r s h - P a l a e o - E n ~ ~ n m e n t a l g r ~ ~  ( M P E c u m )  basedonfauna(MPE-l;(a)andbasedon Fecontentsofsedimts ( W E - 2 ,  (b) 
for the F core and an Fe-based MPE curve (MPE-2) for the CY site. (cJ The three transgressive events are labelled 72, and T3. 
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suddenness of the regression and T1 
transgre3sion are probably related to 
local (but marsh-wide) factors. Growth 
of a spit may have led to complete clo- 
sure of the marsh, preventing sea water 
from entering the marsh. The marsh 
would then either dry or turn into a 
fresh water marsh. We cannot distin- 
guish between these two possibilities 
using foraminifera1 evidence, because 
marsh foraminifera do not occur in fresh 
water marshes. Storms could have re- 
moved the barrier, leading to the rapid 
T1 transgression. We cannot exdude, 
however, that a true regression (de- 
crease in RSL) occurred around AD 700. 
The shdllowing-deepening sequence 
occurred at the end of a period of rela- 
tively rapid RSLR (up to about AD 650 in 
MPE-I), and at the beginning of a long 
episode of more sluggish RSLR (about 
AD 750-1200; Fig. 6), coinciding with 

-+h- foramdata 

Warm 

t 81 , ,  . , , , , ,  . , ,  . , , I  
% 0 0 0 8 cold 

m 0 
7 N 

0 
0 

0 
m 

7- 

Years AD 

Fig. 6.  Graph of 'MHW below modern MKI;v' vs age deriwdfrom Fig. 5, usingage 
data in Fig. 8, Table I. Climate periods are indicated by rectangular boxes 
(LCO = Little Climate Optimum, LIA = Little Ice Age, MGW = Modern Global 
Warming) as well as a temperature.record after Hammer et al. (1 980). The age of the 
parf of thecurvebetween~~700and 1 4 5 O k d m ~ v e d ~ o m ~ m p l e s o f S .  a l t edora ,  
whichonamragegrows belows. patens. (VandePlassdre, 1991). Agesforthis part 
of the curve are thus minimum ages, and might be higher by up to 1 OO-150 yr. 

samples between 90 and 105 cm (Table 
1) are derived from S. alternipora mate- 
rial. This plant grows on average lower 
than S .  patens, and the age for the appa- 
rent increase in the rate of RSLR (AD 
1450) is thus a minimum age. 

The T3 transgression is relatively well 
constrained in age because it occurs at 
the onset of anthropogenic metal pollu- 
tion. We consistently derived the same 
sequence of events over time with our 
two independent methods at several 
locations in the marsh and in another 
Connecticut marsh, Pataguanset (Vat- 
ekamp and Thomas, unpubl. data), but 
the 'absolute' ages of the events are by 
necessity approximate. Our data thus 
agree with earlier interpretations that 
relative sea-level rise was not gradual, 
but punctuated (Fairbridge, 1961,1981; 
Meyerson, 1972; Moemer, 1976, 1980, 
1987; Van de Plassche, 1982). 

DISCUSSION 

The changes in depositional environ- 
ment over time may represent changes 
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in RSL, which could relate to vertical 
changes in the position of land (seismic 
movements, rate changes in marsh 
accretion), changes in tidal range, or 
changes in the rate of true SLR. 
Changes in local geomorphology (e.g. 
changes in the course of major tidal 
channels, build-up of a coastal spit; 
Shennan, 1986; Pearson et a]., 1989) 
can dramatically change 'the marsh 
environment. 

The time-MHW curves (Fig. 6) show 
three intervals of relatively sudden 
transgression, punctuated by smaller 
events. The "'I event (AD 600) is charac- 
terized by the presence of the sudden, 
preceding regression (AD 700). The 
rapid transgression brings sea level 
roughly back to where it was before the 
regression (MPE-1) or to a higher level 
with a following regression (MPE-2; Fig. 
5). The marsh emerged between these 
events and there is no time control on 
the dur'ation of the emergence. We used 
the marsh accretion rate derived from 
the deeper core section between the re- 
gression and transgression (Fig. 6). The 

a period of wa;ming into the-Little 
Climate Optimum. 

Transgressive periods T2 and T3 are 
fundamentaliy different from T1, and 
are interpreted as periods of accelerated 
RSLR. A markedly higher rate of RSL 
was reached at the end of each of these 
periods. Our age model puts T2 from 
about AD 1200-1450 (but the event 
might have occurred somewhat earlier; 
see Fig. 6, Appendix). The T3 episode 
started around AD 1700 in MPE-1 and 
slightly earlier for MPE-2. The period of 
slow rates of RSLR from AD 1800 to 1860 
( M E - I )  is not resolved in the WE-2 
curve. The rate of RSLR increased again 
(WE-I) around AD 1876-1900, and this 
transgression continues today. 

Studies of other marshes in Long Is- 
land Sound show that the youngest de- 
positional history (last 100-200 yr) was 
characterized by transgression of high 
rnarsh peat over highest high marsh 
peat (Rampino and Sanders, 1981). The 
main expansion started at 0.3-0.5 m 
below the marsh surface, suggesting 
that the modem transgressive phase oc- 
curred in a wide region. Further evid- 
ence on the occurrence of the T2 and T3 
episodes in other areas is scarce, mainly 
because of a lack of high resolution data, 
although our preliminary chemical and 
faunal data from the Pattagansett marsh 
near New London (cr) also show 
emergence near 130 an depth and 
transgressive regimes around 0.9 and 
0.6 m depth (Varekamp and Thomas, 
unpubl. data). 
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CORRELATION OF RELATIVE 

PALAEOCLIMATE RECORDS 

The palaeodimate record over the last 
2000 yr is known from historic records 
as well as from climate proxies such as 
stable isotope abundances in ice cores, 
and pollen studies (Butler, 1959; Clark, 
1986; Clark and Patterson, 1985; Clarket 
al.,  1978; Lamb, 1989). Most climatedata 
are regional and obtained in Europe or 
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Fig. 7 .  (a) Recordsfor Fe, Cu and Zn and 'other species' as well as M H W  
below modern MHW versus depth for the last 150 years in the F and CY 
cores. (b)Recordofaglobal tidegaugesummnry (Barnett, 1988). aglobal 
temperature summary (IPCC, 1990) and a detailed MHW rise curve 
derived from the foraminifera1 data of core F .  

Northeastern America (Wigley et al., 
1979; Gornik et al., 1982). A generalized 
summary of available data (IPCC, 1990) 
showsa warmperiodbeginningnearm 
0, a cold period in the last part of the first 
millenium, followed by the warm Little 
Climate Optimum (AD 1O00-1300), and 
the Little Ice Age (AD 1400-1700). Mod- 
em global warming is thought to have 
started at the end of last century. 

Ealier studies suggested the possibil- 

ity of a correlation between the extent of 
glaciers and a RSLR curve from Clinton 
based on Ethostratigraphic analyses of 
the marshes (Van de Plassche, 1991). 
Here we compare the more detailed 
RSLR curves derived by the faunal/ 
geochemical techniques with a mean 
temperature curve for the northern 
hemisphere over the last 1500 years 
(Fig. 6). The time resolution over the in- 
terval before AD 100 is poor, and we do 
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not want to speculate here on possible 
correlation between badly documented 
and dates climate change and unpre- 
asely dated transgressional and regres- 
sional events. The T2 transgressive 
period (AD 1200-1450) did not coincide 
with the Little Climate Optimum (AD 
1O00-1300), but with the ending of th is  
warm period and at the beginning of the 
Little Ice Age (Fig. 6). The ages for T2 
might be slightly older than estimated 
here, but the beginning of the more 
rapid rate of RSLR postdates the period 
of increasing temperatures in the begin- 
ning of the Little Climate Optimum, 
even if we use the oldest acceptable esti- 
mate. The flat section in the curve after 
T2 coincides with the Little Ice Age, 
whereas the steepest inclination of the 
RSLR curve is found in the POSt-AD 1700 
segment of the curve (Modem Global 
Warming). The initial part of the T3 
transgression correlates well with the 
sudden warming in the early 1700s 
(Lamb, 1982, 1984), and the following 
period of slow RSLR coincides with the 
cold 'tail' of the Little Ice Age (Lamb, 
1984). The last steep part of the T3 trans- 
gression coincides with modem global 
warming. 

Within the limits of time resolution 
and the poor time constraints of pal- 
aeoclima te records, there is no clear cor- 
relation between intervals with high 
rates of RSLR and warm periods of 
longer than 100 years. RSL rose only 
slowly during the warm Little Climate 
Optimum, and there was just as slow a 
rate of RSLR during the cold Little Ice 
Age. 

Absolute rates of RSLR can be a p  
proximately estimated, although marsh 
accretion rates probably varied some- 
what with the pace of RSLR. During the 
R episode about 40 em of RSLR occur- 
red in about 250 yr (1.6 mm yr-'). We 
found a rate of 2.2 rnm yr-' RSLR over 
the last 100 yr, using averages of the 
onset of Cu pollution and increased 
rates of RSLR in cores F and CY, close to 
the rate of RSLR measured in New Lon- 
don ((3") over the last 50 yr (2.1 nun 
yr-', NOAA, 1988). Virtually all the 
RSLR over the last 1200 yr took place 
during the drowning episodes of AD 
1200-1450 and during the period from 
AD 1700 to modem times. 

We investigated in detail the record of 
the modem episode (since AD 1700). We 
plotted the Fe and Cu abundances, 
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'other species' parameter and the 
MHW record for the CY and F cores 
against depth (Fig. 7). We used the Cu 
abundances as an indicator for 
anthropogenic metal pollution (Vare- 
kamp, 1991), and the Fe abundances 
and 'other species' parameter as en- 
vironmental indicators from which the 
MHW curve was derived. We also plot- 
ted details of the foraminifer-based 
MHW w e  'other species' parameter, 
Fe contents, an average tide gauge 
record (Bamett, 1988), and the global 
mean temperature against time (Fig. 7). 

There is a positive Correlation be- 
tween tide gauge records, our data and 
global temperature data. The historical 
temperature and global tide gauge rec- 
ords show little rise before AD 1900, 
which coincides with the flat region in 
our MHW rise curve. From the late 
1800s on, RSL started rising fast, as did 
the temperature, with a fall back after 
the 1940s. Even small variations in the 
temperature record, e.g. the warm 
period of the 194Os, may be present in 
our data set as peaks in Fe abundance 
and the 'other species' parameter, 
suggesting increased flooding frequen- 
cies over a period of a single decade. 
This increase may be related to in- 
creased frequency or vigour of storms, 
or to increased rates of RSLR. The onset 
of accelerated RSLR slightly lags behind 
the start of anthropogenic metal pollu- 
tion in core CY and occurs at similar 
level in core F. The foram-based MHW- 
curve (Fig. 6) is not systematically influ- 
enced by heavy metal pollution and the 
observed broad correlation between the 
increased rate of RSLR and anthropc- 
genic pollution is thus probably not 
inherent to our methods. 

The correlation between climate and 
rates of RSLR and the correlation in Fig. 
7 suggests that climate change and rates 
of SLR are in phase (within our time re- 
solution) du+g the Modem Global 
Warming. For this period the global tide 
gauge and temperature records show a 
direct correlation, with little or no lag 
time between the onset of sea-level rise 
and global warming (Fig. 7). We can not 
assume without further data that a di- 
rect causal relationship exists between 
atmospheric warming and the inferred 
increase in the rate of RSLR, especially 
because such a correlation does not ap- 
pear in our records for the Little Climate 
Optimum. Our records, however, 

clearly suggest the existence of rapid 
bansitions from slow to fast rates of 
RSLR, with changes taking place over 
periods on the order of decades. 

If climate change indeed drives the 
change in RSLR, then what could cause 
such a rapid response of RSLR? We 
argued elsewhere (Thomas and Vare- 
kamp, 1991; Van de Plassche, 1991) for a 
correlation between glacier extent and 
the Clinton RSLR record. We did not 
imply that all RSLR is caused by global 
sea-water volume increase as a result of 
glaaer melting: both features are likely 
to be a result of climate change. It seems 
unlikely that continental glacier melting 
could cause a rise in global sea-level of 
20 an in 50 years (as observed in our 
data). Recent data and dimate models 
suggest that rising temperatures at high 
latitudes result, in fact, in increased vol- 
ume of the Antarctic ice sheet as a result 
of increased precipitation for at least de- 
cades to one of two centennia (e.g. 
Oerlemans, 1982, 1989; Drewry, 1991). 
Surging of the West Antarctic ice sheet 
has been suggested as a causal 
mechanism for rapid changes in RSL, 
but we do not have evidence that surg- 
ing of that ice sheet actually occurred 
(Kuhn, 1990). 

Thermal expansion of the oceanic 
mixed layer may give rise to global SLR 
on the order of 2-3 an for a 1°C rise in 
temperature (Wigley and Raper, 1989), 
with a response time on the order of 1-2 
decades. Thermal expansion may have 
contributed to the accelerated rates of 
RSLR during the T3 episode, but is un- 
likely to be the only cause. 

The T2 episode occurred during a 
period of overall declining tempera- 
tures (at least in the northern hemis- 
phere), and lagged the temperature in- 
crease at the beginning of the Little Cli- 
mate Optimum by several hundreds of 
years. During the Little Climate O p  
timum temperatures were higher at in- 
termediate and high latitudes, but only 
changes in climate characteristics, not 
necessarily higher temperatures, have 
been documented at lower latitudes 
(Lamb, 1977). The Little Climate O p  
timum might thus have been a period of 
more efficient distribution of heat to 
higher latitudes, possibly by Ocean 
currents, instead of a period with a 
higher global heat budget. This heat 
transport could have led to increased 
precipitation at higher latitudes, thus 
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increasing polar preapitation, ice vol- 
umes and decreased rates of RSLR (e.g. 
Oerlemans, 1982, 1989; Drewry, 1991). 
On the other hand, the Little Climate 
Optimum might have been too local a 
phenomenon to be perceptible as a rise 
in RSLR. Further studies on coastal 
marshes will enable us to judge if the 
drowning episode that occurred at the 
end of the Little Climate Optimum was 
a worldwide phenomenon, or occurred 
only or more'intensely along the north- 
eastem US seaboards. Further studies 
are also needed to assess why and in 
which aspects the period of Modem 
Global Wanning (temperature rise and 
rapid rise in RSL) differs from the Little 
Climate Optimum (temperature rise, 
slow rise in RSL). 

Part of the signal of accelerated RSLR 
in modem times in the Clinton marsh 
sediments could be related to an Atlan- 
tic Ocean water surface effect (e.g. Kid- 
son, 1982). Changes in Ocean circulation 
patterns may lead to redistribution of 
the ocean water mass leading to a. reg- 
ional rise in sea-level. Mean sea-level at 
the northeastem US seaboards is slightly 
higher in the s m e r  than in the winter 
(Gordon, 1980), as a result of slightly dif- 
ferent Ocean currents and wind fields 
during the summer. A change in posi- 
tion of the Gulf stream could 'push' the 
ocean waters higher up the northeast- 
em US coast (Fairbridge, 1987). The 
modem rate of RSLR in the northeast- 
em USA (about 2-3 mm yr-'; Fair- 
bridge, 1987) is higher than the esti- 
mated global average of about 1-1.5 
mm yr-' (Pirazzoli, 1989; Lambed, 
1990), possibly indicative of such an 
Ocean surface effect. Studies from the 
southern hemisphere provide more evi- 
dence for falling sea levels than SLR 
over the last few millenia (Isla, 1989), 
again suggesting the importance of 
watermass redistribution and dynamic, 
Ocean water surface effects. 

Pulses in RSLR could possibly be re- 
lated to changes in Ocean circulation, 
because Ocean water is an important 
heat conveyor (Brwdcer, 1989; Broecker 
et al., 1990). Thermal expansion of the 
Ocean mixed layer and glaaer melting 
are necessary elements of true, global 
sea-level rise, and Modem Global 
Wanning might possibly involve global 
sea-level rise, in contrast with the Little 
Climate Optimum. The cool period of 
the Little Ice Age was presumably a 

global phenomenon (Grove, 1987), and 
may have led to changes in Ocean circu- 
lation, which with the documented 
growth in glaciers (Rwthlisberger, 
1986) may have led to the deuease in 
the rate of RSLR over the period from AD 
1200-1450 (or slightly earlier). 

CONCLUSIONS 

Application of our new study methods 
provides detailed information on evolu- 
tion and growth of coastal salt marsh 
sequences. The correlation between a 
local tide-gauge record and our marsh 
palaewnvkonment database for the last 
100 years suggests that o w  technique 
may be used as an extension of tide 
gauge data over the last few thousand 
years. We documented at least three 
periods of sudden drowning in the Clin- 
ton marshes. Two periods of sudden 
marsh drowning are interpreted to re- 
sult from increases in the rate of RSLR. 
One of these two episodes (AD 1200- 
1450) is broadly correlated with a period 
of cooling, the end of the Little Climate 
Optimum. Uncertainties in the dating 
include the possibility that this episode 
of increased rate of RSLR overlapped 
with the period of peak warmth (AD 
1150-1200), but it postdated the period 
of increasing temperatures during the 
first half of the Little Climate Optimum. 
The second period of marsh drowning 
is correlated with a period of increasing 
temperatures, from AD 1700 through 
1850, and then from AD 1860 to the pre- 
sent time (Modem Global Warming). 
There was little or no RSLR in the inter- 
vening cold period (Little Ice Age). 

The signal in RSLR during the Mod- 
em Global Warming might have been 
caused partially by changes in Ocean 
water surface circulation and thus mor- 
phology, in addition to thermal expan- 
sion and glacier melting. We stress that 
the RSLR response to climate change 
may be different in different regions as a 
result of such a redistribution of Ocean 
water masses. The northeastem USA 
seaboard may be sensitive to this effect 
and future RSL changes in response to 
climate change may be more signrficant 
there than elsewhere. If effects of ocean 
surface topography are important in 
RSLR in some regions, we can expect 
different effects of RSLR from different 
types of dimate change, e.g. green- 

house warming with an increase in total 
global heat budget versus climate 
change related to changes in heat 
distribution. During some periods of 
warming on a centennial time-scale in- 
creased humidity at high latitudes 
might possibly lead to increased pre- 
apitation at high latitudes, and thus in- 
creased ice volume and a lowering of 
sea-level (Little Climate Optimum). The 
modem global warming, however, ap- 
pears to have ceoccurred with rising 
sea-level over the last hundred years, al- 
though several authors suggest that the 
Antarctic ice sheet is expanding pre- 
sently (e.g. Drewry, 1991). 

We found a broad correlation be- 
tween the onset of modem global 
warming, anthropogenic pollution and 
elevated rates of RSLR. The exact link- 
age between these observations needs 
further study, but our data suggest that 
if a causal linkage exists, the response 
times are extremely short, on the order 
of decades or less. Future anthropogen- 
ically induced global warming might 
manifest itself rapidly in raiseii 
sea-level, possibly with a different 
magnitude in different areas. 
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APPENDIX 1 

Derivation of MHW curves 

We converted the h4PE curves to MHW rise 
curves in sereval steps, starting with plotting 
depth-in-core versus 'depth of MHW below 
datum'. The p a l a d e p t h  of MHW at a given 
core level was obtained by adding or subtracting 
the vertical distance from hQW for that level 
(value derived from the M P E  curves) to its 
depth-in-core. 'This results in a MHW rise curve 
along an undefined time-coordinate axis (the 
depth-in-core axis). Seven peat samples from 
core F were dated with "C (Table I), and calib- 
rated according to Sluiver and Pearson (1986). 
We used the onset of anthropogenic pollution 
(as heralded by an increased Cu abundance in 
the records) as the AD 186p level (Varekamp, 
1991). We did not use the ages obtained for the 
samples at 75-78 an and 135 an in the curve in 
Fig. 8, because these samples show age inver- 
sion, combined with unacceptable values for 
SIT. We derived an age-depth curve from the 
remaining data points by using the age markers 
and their uncertainties in depth, and error boxes 
for age calibration based on lo error in the "C 
measurement (Fig. 8). To interpolate between 
age markers, we used a constant accretion rate 
for segments of the MPE curve with the same 
miaofaunal trend, e.g. the long, gradual shoal- 
ing trend from 100 to Man depth (Fig. 8). We 
subsequently 'stretched' the MHW rise curve 
versus depth-inare into time by plotting depth 
of MHW below datum versus age using the age- 
depth information. We then converted the 
'MHW below datum' axis to 'depth of MHW 
below modem W, to obtain an age-h4HW 
rise m e ,  using a modem depositional environ- 
ment at the F coring site of about 13 an above 
MHW for MPE-1 and 6 an below MHW for MPE- 
2. The estimated (true) modem position of cor- 
ing site F is between 5 and 10 an above modem 
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Fig. 8. Depth-agegraph w'th calibrated "Cage indexp'nts; them 1860 
date level represents the onset of anthropogenic Cu pollution (Varekamp, 
1991). The samples with ages between AD 1300 and 1400 consisted of 
material from S .  altemiflora (Table 1) which grows at lower average 
levels (5-35 cm) than S .  patens. Therefire, the slope of the cum in its 
steepest part (AD 700-1450) is a maximum slope, and agesfor this part of 
the core are minimum ages. 

Depth in core, cm 

. 

Table 1. Age Data for the F Core, calibrated according to Stuvierand Pearson, 1986. 
~~ 

Lab. N. Plantmaterial Depth Age"CBP YearsAD 8% 

utc-2005 s p .  ptms 58-60 340f40 1474-1636 -13.8 
utc-2004 Sp.  alternipma 75-78 %Of70 1311-1353 -4.0 
utc-2003 Sp.  alternipOm 90-93 440f30 1433-1441 -13.6 
utc-2002 Sp.  alternipOm 101-105 5Oof30 1409-1434 -13.4 
utc-2001 D. spicntn 133-135 1410f40 608-658 -9.3 
utc-2ooo 9. robustus 140-143 1370f50 636-673 -22.5 
utc-1999 sp .  ptms 157-159 1460+40 559-638 -12.7 

MHW (Van de PIassche, 1991). The differences 
in position of modem depositional environments 
with respect to MHW reflect the relatively poor 
agreement between the two MPE methods in the 
upper 46 an of core F, but internally hey are 
consistent and correlate well. We did not take 
the compaction of the lower peat beds into ac- 
count in this derivation. Some compaction may 
have taken place in the lower core sections 
(Bloom, 1%). although the studied salt marsh 
deposits are rich in temgenous material, and are 
thus unlikely to have been compacted as much 
as the sedge peat beds studied by Bloom. McCaf- 
hey and Thomson (1980) argued that compac- 
tion of salt marsh sequences is minimal in the 
upper few, water-saturated metres because of 
the neutral or slightly positive buoyancy of the 
marsh sediments. If compaction was more than 
just a few an, our rate estimates for RSLR in 
the lower core section are minimum values. 
The RSLR rate changes (drowning and shoaling 
episodes) are based on changes in deposi- 
tional environment and are not influenced by 
compaction. 
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