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The Little Ice Age and Medieval
Warm Period in the Sargasso Sea

Lloyd D. Keigwin

Sea surface temperature (SST), salinity, and flux of terrigenous material oscillated on
millennial time scales in the Pleistocene North Atlantic, but there are few records of
Holocene variability. Because of high rates of sediment accumulation, Holocene oscil-
lations are well documented in the northern Sargasso Sea. Results from a radiocarbon-
dated box core show that SST was ~1°C cooler than today ~400 years ago (the Little
Ice Age) and 1700 years ago, and ~1°C warmer than today 1000 years ago (the Medieval
Warm Period). Thus, at least some of the warming since the Little Ice Age appears to be

part of a natural oscillation.

With the exception of nearshore anoxic ba-
sins (1), climate data from marine sediments
generally lack sufficient time resolution to be
compared directly to instrumental observa-
tions. Thus, there has been a gap in our
knowledge of the ocean-climate system be-
tween the millennial-scale climate changes
resolved in the best sediment cores from the
open ocean and decadal scale changes ob-
served in instrumental data. This gap occurs
on the century time scale, the very time scale
on which anthropogenic warming is thought
to be occurring (2). Hence, it is important to
document natural climate variability in or-
der to understand the effects of anthropo-
genic forcing. Here I report on the record of
climate change for the past few millennia
from the Bermuda Rise in the northern Sar-
gasso Sea, a location where century-scale
resolution is possible.

The Bermuda Rise is a remarkable ar-
chive of proxy climate information. Rates
of sediment accumulation as high as 200
cm per thousand years are maintained by
deep recirculating gyres (3) which focus
detrital silt and clay at this locale (4).
Cycles of various sedimentary properties
occurred in the late Pleistocene with a
quasi period of 4000 years (5), extending
through the latest deglaciation and into
the Holocene (6). In the late Pleistocene
these variations are found in calcium car-
bonate content, in stable isotope ratios of
oxygen and carbon, and in Cd/Ca ratios,
all of which are thought to reflect, in part,
changes in SST and changes in the pro-
duction of North Atlantic Deep Water.
Sampling of the last ~10,000 years (the
Holocene) on the Bermuda Rise had not
been sufficient to determine precisely the
state of the modern climate system with
respect to these millennial-scale cycles.

To address this question, I studied a
box core (HU89038 BC-004) taken from

the same location as previous cores (7).

Piston core KNR31 GPCS5 has a reservoir-
corrected accelerator mass spectrometer
(AMS) MC age of 860 years at the top (6).
In contrast, each of two sub cores (A and
B) of BC-004 has zero or negative plank-
tonic foraminiferal ages after reservoir cor-
rection (Fig. 1, A and B, and Table 1).
This age difference must result from better
recovery of the sediment surface by BC-
004. Zero or negative ages reflect excess
4C produced by atmospheric nuclear
weapons testing and attest to the high
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deposition rates at this site because the
signal has not been diluted on the seafloor
by upward mixing of older foraminifera.
Additional AMS 'C measurements at
each subcore of BC-004 have been used to
develop an age model (Fig. 1C) for stack-
ing the data (Fig. 1F) (8). Evidently piston
core GPC-5 failed to recover the upper-
most ~15 cm of the seafloor at this
location.

Percent CaCOj near the top of the box
core decreases from maximum values be-
tween ~1000 and 500 years ago to the
most pronounced minimum of the past
10,000 years, centered on ~400 years ago
(Figs. 1F and 2). This minimum and the
preceding maximum are equivalent in age
to the climate events loosely known as the
Little Ice Age (LIA) and the Medieval
Warm Period (MWP), respectively (9).
Together with the slight increase in car-
bonate in the upper few centimeters of the
core, the minimum and maximum define
the third of three cycles during the last
5000 years on the Bermuda Rise. This
broad interval is often referred to as the
period of Neoglaciation (10), which fol-
lowed an early Holocene period of warmer
climate (the Hypsithermal; Fig. 2). It is

Table 1. Results of accelerator mass spectrometer radiocarbon dating of Bermuda Rise box core
HUB9-038-BC4 at the National Ocean Sciences Accelerator Mass Spectrometer Facility, Woods Hole,

Massachusetts. All ages in years before present.

) Reservoir Calendar
[Zgg)h No. ';:2310”? Me:;gred corrected Cz{gg?ar age range,
age o
HUB9-038-BC 004A
0.5 311 0.9501 410 + 80 10 0 0
0.5 313 1.0220 - 0 0 0
0.5 315 0.9608 320 = 150 0 0 0
4.5 2984 0.9036 815 = 40 415 455 424-481
9.5 2985 0.9053 800 + 40 400 443 416-469
10.5 5328 0.8786 1040 = 60 640 619 549-647
13.5 5329 0.8490 1310 = 40 910 866 795-899
17.5 2981 0.8324 1470 + 40 1070 989 951-1047
23.5 2982 0.8165 1630 + 45 1230 1177 1135-1235
29.5 2983 0.8091 1700 + 40 1300 1254 1220-1279
32.5 2978 0.7472 2340 + 70 1940 1937 1861-2020
38.5 2979 0.6991 2880 = 40 2480 2689 2643-2721
44.5 2980 0.6778 3120 = 40 2720 2867 2827-2929
HU89-038-BC 004D
0.5 5178 0.9513 400 * 40 0 0 0
1.5 5321 0.9665 275 + 30 0 0 0
2.5 5176 1.0540 - 0 0 0
3.5 5177 0.9855 115+ 30 0 0 0
4.5 5322 0.9587 340 + 30 0 0 0
5.5 5172 0.9080 775 £ 40 375 424 385-452
6.5 5319 0.8982 860 = 40 460 483 461-503
7.5 5171 0.8963 880 + 30 480 494 475-510
8.5 5323 0.9003 845 + 20 445 474 457-490
10.5 5324 0.9034 815 + 40 415 455 428-478
13.5 5320 0.8585 1230 + 20 830 749 723-777
45.5 5325 0.6921 2960 = 30 2560 2731 2714-2747
48.5 5326 0.6633 3300 = 30 2900 3129 3077-3177
50.5 5327 0.6669 3250 = 40 2850 3059 2984-3115

Woods Hole Oceanographic Institution, Woods Hole, MA
02543 USA.
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*Corrected by —400 years for the age of the surface ocean reservoir.

according to (26).
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likely that carbonate flux was relatively
constant and the flux of terrigenous sedi-
ment delivered to the Bermuda Rise by
deep currents increased during the LIA,
just as it did during earlier carbonate min-
ima in the Holocene and during glaciation
(4). For both the LIA and the carbonate
minimum of ~1300 years ago, increased
flux of terrigenous clay and silt particles
probably accounts for the significant in-
creases in sedimentation rates indicated by
the AMS dates (Fig. 1C). This terrigenous
sediment most likely was resuspended
from the Scotian Rise during abyssal
storms (I1), or eroded from the northeast
scarp of the Bermuda Rise (12). Atmo-
spheric storminess could force the Gulf
Stream to be more energetic, in turn in-
creasing the kinetic energy of the deep
recirculating gyres to which it is linked
(13). Historical evidence (14) and geolog-
ical evidence at nearshore locations (15)
point to increased storminess during the
LIA in the North Atlantic region.

Whether the source of the terrigenous
dilutant was local (Bermuda Rise scarp) or
more distal (Scotian Rise), the prevailing
deep flow would transport this sediment to
the plateau of the Bermuda Rise (3). At
present, the geochemical evidence for
changes in NADW production is ambigu-
ous, so it is not known if there was actually
a change in the source of deep waters
associated with the LIA, as there was for
similar events in the Pleistocene (5, 16).
In general, it is thought that any Holocene
changes in deep ocean water masses were
small compared to those during deglacial
and older times (17).

Oxygen isotope ratios (8'%0) are a
more direct proxy for climate change dur-
ing the late Holocene in the Sargasso Sea
than percent carbonate. For isotopic anal-
ysis I chose the planktonic foraminifera
Globigerinoides ruber (white variety, 150 to
250 pm). The white variety of this species
lives year-round in the upper 25 m of the
northern Sargasso Sea and has a relatively
constant annual mass flux and shell flux
(18). Thus, of all planktonic foraminifera
at this location this species is most appro-
priate for reconstructing annual average
SSTs (18).

Oxygen isotopic variations of G. ruber
in BC-004 should represent only the in-
fluence of SST and salinity variations in
the Sargasso Sea. Results at each subcore
generally vary in concert with the percent
CaCO;. Maximum §'%0 values are associ-
ated with minimum percent CaCOj, (Fig.
1, D and E) as they are earlier in the
Holocene (Fig. 2). Increased 8'%0 and
decreased percent CaCQOj5 are consistent
with climatic cooling in the Pleistocene
on the Bermuda Rise (5) and at other
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North Atlantic locations. At times, the
3'%0 results show even higher frequency
variability than that of the carbonate
record, especially during the uppermost
maximum in percent CaCO; (Fig. 1, D
and E). Along with evidence of slightly
different phasing between the carbonate
and 8'%0 records in the Pleistocene (5),
unlinking of the two by just ~1000 years
ago suggests that the 8'80 results are not
an artifact of carbonate dissolution. The
occurrence of identical oscillations of
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380 values in G. ruber and the solution-
resistant Globorotalia inflata at this loca-
tion during the prolonged deglacial car-
bonate minimum provides additional evi-
dence that G. ruber is recording a primary
surface water signal (6).

The 42-year series of hydrographic data
at Bermuda Station “S”, which is ~700
km to the southwest of BC-004, provides
an important baseline for interpreting the
geological record because within this
broad region hydrographic properties show
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Fig. 1. Sedimentological, oxygen isotopic, and radiocarbon data on Bermuda Rise core HU89038
BC-004. (A and B) Weight percent carbonate in two subcores of BC-004 with results of AMS 4G
dating on mixed planktonic foraminifera (see Table 1). The radiocarbon dates have been corrected by
—400 years to account for the age of surface waters in which the foraminifera grew. Dates near the
core top with zero or negative ages after reservoir correction are not shown. One "4C analysis in each
subcore gave a fraction of modern carbon >1, indicating that the negative ages reflect the presence
of bomb "4C. (C) Age-depth plots for the two subcores showing the age models adopted for stacking
the data. Note that the highest rates of sedimentation occur where percent carbonate is a minimum,
supporting the interpretation that dilution by clay and silt particles drives the percent carbonate
results. (D and E) Oxygen isotope results on the surface-dwelling planktonic foraminifera G. ruber
(diamonds) overlying the carbonate results (thin lines). Occasional samples were analyzed in dupli-
cate, including the isotopically light points between 35 and 50 cm in (D). (F) Percent carbonate results
on a calendar-year age model based on the control points in (C). Open symbols, BC-004A; solid

symbols, BC-004D.
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little geographic variability (19, 20). In-
terdecadal variability in monthly normal-
ized property anomalies are well known at
Station “S” (19-22), but even on an an-
nual average basis a major event like the
late 1960s decrease in SST and increase in
salinity stands out (Fig. 3) (23). That cli-
matic extreme and similar episodes at oth-
er times are associated with minima in the
North Atlantic Oscillation, strong wester-
lies at lower middle latitudes (24), and
southwestward movement of storm centers
in the North Atlantic (25).

In order to gauge the influence of the
annual variability of SST and salinity on
the oxygen isotope ratios that might be

Fig. 2. Holocene climate proxy 1
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recorded by surface-dwelling planktonic
foraminfera at Station “S”, I calculated
the 8'%0 value of calcite precipitated in
oxygen isotopic equilibrium with seawater
(Fig. 3) (26). As expected, the effects of
decreased SST and increased salinity dur-
ing the late 1960s combined to increase
the 8'80 value of equilibrium calcite.
Opwer the full 42-year series, linear regres-
sions between the SST, salinity, and §'%0
values show that temperature accounts for
about two-thirds of the isotopic signal (+?
= 0.61), whereas salinity accounts for one-
third (+2 = 0.29). Thus, by comparison to
sea surface changes during the past several
decades, it is reasonable to interpret the

data from the Bermuda Rise, north-
ern Sargasso Sea. (Top) Oxygen
isotope ratio of the surface-dwelling
planktonic foraminifera G. ruber
from BC-004 and nearby gravity
core EN120 GGC-1. The box core
data are a stack of the data in Fig.
4A at 1-cm spacing, and the gravity
core data are at 2-cm spacing.
Where the two cores -overlap, the
GGC-1 data were added to the box
core stack. Because of the different
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sampling intervals between the two
cores and the increasing rate of

40
sedimentation since the early Holo-

cene minimum (6), data for the last 2

3000 years have higher resolution.
(Bottom) Percent carbonate re-
sults from core GPC-5 (solid cir-
cles), GGC-1 (open circles), and
BC-004 (triangles). Note that the
three major carbonate minima
(~35600, ~1500, and ~400 years
ago) are closely matched by oxygen
isotopic maxima (top panel) but that
the isotopic data also contain a 0
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Fig. 3. Annual average
data from Station “S,”
near Bermuda (32° 36.50]
10'N, 62°30'W). The L oo °
temperature and salinity 36.75 24°C

data are scaled in pro-
portion to their effect on
the 8'80 of calcite pre-
cipitated ‘in equilibrium
with  seawater  (solid
data) to show that the
temperature effect on
380 is about twice that
of the salinity effect over
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location. Note that unlike
most locations the tem-
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perature and salinity from this part of the Sargasso Sea are only slightly correlated (or not at all).
However, during a pronounced climate event like the minimum in the North Atlantic Oscillation of the late
1960s, the SST and salinity combine to produce a robust increase in 880 values.
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foraminiferal isotopic data mostly in terms
of SST change.

When the §'%0 data from each subcore
are plotted together on a calendar time
scale (27), it is clear that the same features
are present in each subcore (28). Within
each subcore 3'80 values reach a mini-
mum ~500, 900, and 1100 years ago (Fig.
4A). Using these data, I solved the paleo-
temperature equation (26) after applying
Deuser’s disequilibrium correction (18) of
+0.2 per mil to the §'80 value of G. ruber
and assuming that the average salinity was
36.5 per mil. [ then stacked the tempera-
ture proxy data from the two subcores by
averaging results in 50-year bins (Fig. 4B).
In general, these results indicate that
there have been century-scale changes in
SST of 1° to 2°C throughout the past few
thousand years in the Sargasso Sea. In the
last half of the record there was a 1.5°C
oscillation from a minimum SST 1500 to
1700 years ago to a maximum 900 to 1000
years ago, to a minimum 300 to 400 years
ago. Since the Little Ice Age, SSTs in the
northern Sargasso Sea increased by ~1°C.
Actual SST changes may have been even
greater than indicated in Fig. 4B, in that
the sediment may have been mixed differ-
entially by burrowing (~5 cm) as sedi-
mentation rates changed, and because
stacking the 8!'%0 data may have attenu-
ated the signal. From the raw 8'%0 data of
BC-004D (Fig. 4A), calculated SST 350
years ago was 21.5°C, about 1.5°C colder
than the modern annual average.

Depression of SSTs by 1° to 2°C during
the LIA is consistent with other proxy
data from the Sargasso Sea region and is
probably part of a much larger climatic
pattern (29). The 800-year record of coral
growth near Bermuda has been interpreted
in terms of SST cooling of this magnitude,
which was induced at least in part by
wind-driven vertical mixing and heat flux
changes (30). Far to the west in the Flor-
ida Strait, A*C and §'80 values on coral
also indicated that SSTs were lower by 1°
to 2°C between ~A.D. 1680 and 1750
during the LIA (31).

Abrupt, century-scale changes in SSTs
in the Sargasso Sea may have influenced
climate downstream in widespread regions
to the east. It is thought that SST changes
in the North Atlantic (as well as global
changes) induce changes in African rain-
fall (32), and the lake level history of
tropical African Lake Bosumtwi indicates
that extended drought and lowest lake
levels in the Holocene occurred during
the LIA (33). Summer temperature esti-
mates derived from tree rings in northern
Fennoscandia show that the MWP con-
sisted of two events, the first in the 10th
and 11th centuries and the second in the
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early 15th century (34). Furthermore,
these are bracketed by cold events (34)
that seem to correlate with glacier expan-
sion in southern Norway (35). During the
LIA, glaciers in southern Norway reached
their greatest extent of the past 9000 years
(35). Thus, as is summarized in Fig. 4A, it
appears that the high-resolution SST
record from the Bermuda Rise is consis-
tent with the multidecadal trends in the
highest resolution records of climate proxy
data on land to the east.

Over the course of three millennia, the
range of SST variability in the Sargasso
Sea is on the order of twice that measured
over recent decades (Fig. 4B). Increased
variance of climatic spectra on longer time
scales has been demonstrated for the cli-
mate system in general (36), and for the
North Atlantic region in particular (37).
Although forcing for climate change on
millennial and centennial time scales is
still poorly understood, the North Atlan-
tic Oscillation (NAQO) may provide a use-
ful model for interpreting long-term SST
changes in the western Sargasso Sea. If
NAO minimum conditions were more
persistent during the LIA they could ac-
count for many of the Bermuda Rise ob-
servations and the coral observations, in-
cluding SST depression, salinity increase,
increased pumping of nutrients to the sea
surface (increasing coral growth rates),
and increased terrigenous load in deep
recirculating gyres as a result of the south-

westward shift in storm tracks. Dickson et
al. (22) concluded that on interdecadal
(NAO) time scales convection in the Sar-
gasso Sea (formation of subtropical mode
water) is in phase with convection in the
Greenland Sea, and out of phase with
convection in the Labrador Sea. This pat-
tern is similar to the sort of convective
dipole that has been proposed to operate
on glacial-interglacial time scales (38) in
order to account for the change from deep
to intermediate depth ventilation in the
North Atlantic (17, 39). It would be in-
teresting to know if the same style of
climate and ocean variability occurs in the
North Atlantic across the full spectrum of
10! to 10° years.

Because climate events like the LIA
and MWP were of long enough duration
(decades to centuries) to be resolved in
Bermuda Rise sediments, and because the
changes described here for surface waters
over the Bermuda Rise are probably typi-
cal of a large part of the western Sargasso
Sea, they most likely reflect climate
change on the basin or hemispheric scale.
Regardless of the exact cause for the LIA,
the MWP, and earlier oscillations, the
warming during the 20th century (0.5°C)
(2) is not unprecedented. However, it is
important to distinguish natural climate
change from anthropogenic effects be-
cause human influence may be occurring
at a time when the climate system is on
the warming limb of a natural cycle.

Fig. 4. (A) Oxygen isotope
ratios of the surface dwell-
ing planktonic foraminifera
G. ruber from Bermuda
Rise BC-004 plotted ver-
sus calendar age. Open
symbols, BC-004A; solid
symbols, BC-004D. Bars
above the abcissa are a
schematic representation
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southern Norway (35) and T8
summer temperature vari- wﬁ’ 25 -
ability in Fennoscandia re- §¢ Station "S”
constructed from tree rings E%;' 24 aon
(34). For the tree ring data, 2fg
temperature maxima and BE 23
minima are shown by thick- 2
er bars. For the - glacier 221
data, the bars represent

21

two early periods of expan-
sion (but not to LIA limits),
followed by the range of

T
0 500

T T T T
1000 1500 2000 2500

Calendar years before present

3000

age estimates for attainment of the LIA maximum (35). These terrestrial data, which are downstream of the
North Atlantic, are generally consistent with the 580 data (maxima correspond to cooling; minima to warm-
ing). (B) Sea surface temperatures calculated from the 580 data in (A), after averaging the data in 50-year
intervals, plotted with the annual average of SST measured at Station *‘S” since 1954 (from Fig. 3). Although,
as discussed in the text, about one-third of SST variability calculated from 880 values (before stacking) may
actually reflect salinity change in the Sargasso Sea, it is clear that on centennial and millennial time scales, SST
variability has been greater than has been measured over the past four decades at Station “S.”
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The reaction of ground-state carbon atoms with acetylene was studied under single-
collision conditions in crossed beam experiments to investigate the chemical dynamics
of forming cyclic and linear C,H isomers (c-C,H and / -C4H, respectively) in interstellar
environments via an atom-neutral reaction. Combined state-of-the-art ab initio calcu-
lations and experimental identification of the carbon-hydrogen exchange channel to both
isomers classify this reaction as an important alternative to ion-molecule encounters to
synthesize C,H radicals in the interstellar medium. These findings strongly correlate with
astronomical observations and explain a higher [c-C,H]/[/-C,H] ratio in the dark cloud
TMC-1 than in the carbon star IRC+10216.

For more than two decades, networks of
radiative association, dissociative recom-
bination, and exothermic ion-molecule re-
actions have been postulated to account
for chemistry in the interstellar medium
(ISM) (1). Such reactions involve ubiqui-
tous radicals such as linear and cyclic C;H
(I-C,H, propynylidyne, and ¢-C;H, cyclo-
propynylidene) (2); for example, addition
of C* to C,H, yielding [/c-C;H* + H is
thought to be followed by a subsequent
radiative association of l/c-C;H™* and H,
to ¢-C;H4 ™, and a final dissociative elec-
tron-ion recombination forming I/c-C;H
and two hydrogen atoms or H,. This
framework, however, cannot reproduce
observed number densities and isomer ra-
tios. Fueled by recent kinetic studies of
barrierless, fast neutral-neutral reactions
of atomic carbon C(*P;) with unsaturated
hydrocarbons (3), Herbst and co-workers
implemented this reaction class into ge-
neric models of the dark molecular cloud
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TMC-1 and the circumstellar envelope
surrounding the carbon star IRC+10216
to improve the fit to astronomical surveys
(4). These models, however, suffer from
sparse laboratory data on reaction prod-
ucts and cannot elucidate the contribu-
tion to distinct structural isomers such as
lfc-C,H. Therefore, even this refined net-
work does not explain the interstellar
c-CH to [-C3H ratio of unity in cold
molecular clouds compared to 0.2 = 0.1
around IRC+10216. Hence the formation
of interstellar C;H isomers remains to be
resolved.

In this report, we present combined
high-level ab initio calculations and
crossed-beam experiments on the atom-
neutral reaction 1 to interstellar C;H iso-
mers via C;H, intermediates:

CCP) + CH,(X'S*) = CH, —
LCHOCTT) + HESy)  (1a)
c-CJH(XZBZ) + H(ZSI,Z) (1b)

This system represents the prototype reac-
tion of ubiquitous interstellar carbon atoms
with the simplest unsaturated hydrocarbon
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molecule, acetylene, to synthesize hydrocar-
bon radicals via a single atom-neutral col-
lision in interstellar environments. The cir-
cumstellar shell of IRC+10216, for exam-
ple, contains C,H, as well as C(3PJ») reser-
voirs at distances of 10'* to 10> m from
the central star (5), and formation of C;H
via reaction 1 is feasible. Our investiga-
tions also provide dynamical information
on the elementary steps to C;H isomers.
The laboratory data strongly depend on
the structures of the initially formed C;H,
collision complexes, and therefore we first
calculated the ab initio geometries of en-
ergetically accessible C;H, isomers. We
then compared our crossed-beam data and
experimental dynamics with those arising
from distinct C;H, adducts. Once the iso-
mers were identified, we determined the
exit channels from C;H, following a car-
bon-hydrogen bond rupture to ¢-C;H, or
I-C,H, or both.

Ab initio electronic structure calcula-
tions were performed at a level of theory
high enough to predict relative energies of
all local minima and reaction exother-
micities to a precision of about 1 to 3 k]
mol™! (6). The discussion is limited to the
triplet potential energy surface (PES) be-
cause no triplet C;H, minimum fulfills the
requirements for intersystem crossing (7).
Our ab initio calculations show that
propargylene, HCCCH, is the global min-
imum on the triplet C;H, PES and is
bound by 385.4 k] mol~! with respect to
the reactants (Fig. 1 and Table 1). The
structure has an almost linear C-C-C an-
gle of 171.9° and a torsion angle between
the two hydrogen bonds of 88.0°. Its C,
symmetry agrees with recent experimental
Fourier transform infrared spectroscopy as-
sighments based on isotope substitution
studies in argon matrices (8). A second
isomer, vinylidenecarbene, H,CCC, has
C,, symmetry and lies 134.9 kJ mol™!
above propargylene. Its enthalpy of forma-
tion AHf° (0 K) = 678.6 k] mol™! is in

excellent agreement with an experimen-





