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Both instrumental data analyses and coupled ocean-atmosphere
models indicate that Atlantic meridional overturning circulation
(AMOC) variability is tightly linked to abrupt tropical North Atlantic
(TNA) climate change through both atmospheric and oceanic
processes. Although a slowdown of AMOC results in an atmo-
spheric-induced surface cooling in the entire TNA, the subsurface
experiences an even larger warming because of rapid reorganiza-
tions of ocean circulation patterns at intermediate water depths.
Here, we reconstruct high-resolution temperature records using
oxygen isotope values and Mg/Ca ratios in both surface- and sub-
thermocline-dwelling planktonic foraminifera from a sediment
core located in the TNA over the last 22 ky. Our results show sig-
nificant changes in the vertical thermal gradient of the upperwater
column, with the warmest subsurface temperatures of the last
deglacial transition corresponding to the onset of the Younger
Dryas. Furthermore, we present new analyses of a climate model
simulation forced with freshwater discharge into the North Atlan-
tic under Last Glacial Maximum forcings and boundary conditions
that reveal a maximum subsurface warming in the vicinity of the
core site and a vertical thermal gradient change at the onset of
AMOC weakening, consistent with the reconstructed record. To-
gether, our proxy reconstructions and modeling results provide
convincing evidence for a subsurface oceanic teleconnection link-
ing high-latitude North Atlantic climate to the tropical Atlantic dur-
ing periods of reduced AMOC across the last deglacial transition.
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Observational records of 20th century ocean-temperature
variability in the tropical North Atlantic (TNA) show a

strong anticorrelation between surface cooling and subsurface
warming over the past several decades that is thought to be as-
sociated with recent variability in Atlantic meridional overturning
circulation (AMOC) (1). Furthermore, coupled atmosphere-
ocean general circulation model (AOGCM) simulations indicate
that AMOC changes are tightly coupled to tropical Atlantic cli-
mate (2–6), revealing a prominent subsurface warming in the
TNA resulting from a major reorganization of intermediate-
water circulation in response to AMOC weakening (3, 7, 8). The
subsurface warming and associated change in the vertical thermal
gradient in the western TNA have been identified as an important
fingerprint of AMOC variations (1). However, the validity of the
modeling results during past abrupt climate events, when AMOC
was significantly weakened, has not been fully tested because of
a lack of high-resolution paleoproxy subsurface records. Most
proxy reconstructions in the TNA are for sea surface temperature
(SST), and these records tell an inconsistent story: Some indicate
a surface cooling during the Younger Dryas (YD) cold period (9,
10) whereas others suggest SSTs increased (11–13). The only ex-
isting deglacial proxy records of intermediate-water change in the
western TNA are a benthic foraminiferal δ18O record from the
Tobago Basin at approximately 1.3 km depth (14) and a benthic
foraminiferal Mg/Ca record from the Florida Straits at approxi-
mately 750 m depth (15). Because observational and modeling
studies point to the subsurface between 300 and 600 m depth

in the western TNA as the region most sensitive to AMOC varia-
bility (2), there is a dire need for high-resolution subsurface proxy
records of temperature change within this depth range.

To reconstruct vertical changes in the thermal gradient of the
TNA upper-water column over the past 22 ky, we measure δ18O
values and Mg/Ca ratios (as temperature proxies) in the plank-
tonic foraminifera Globigerinoides ruber and Globorotalia crassa-
formis from southern Caribbean sediment core VM12-107.
Located between the Cariaco Basin and the Netherlands Antilles
(Fig. S1), the core site is within a region influenced by coastal
upwelling in the Bonaire Basin (Fig. 1).

Results
The age model for VM12-107 is based on 10 calibrated radiocar-
bon dates from planktonic foraminifera spanning the upper
270 cm of VM12-107, resulting in a deglacial sedimentation rate
of approximately 18 cm∕ky (Table 1 and Fig. S2). Radiocarbon
ages were converted to calendar ages using CALIB 6.0 (16), using
the standard 400–y reservoir age correction. Although recent
studies suggest reservoir ages in the nearby Cariaco Basin may
have varied by several hundred years during periods of AMOC
slowdown, such as the start of the YD and Heinrich Event 1 (H1)
(17–19), it is possible that these changes were a local effect within
the basin caused by restricted circulation during periods of lower
sea level (18) and that reservoir age changes in the open Carib-
bean/tropical Atlantic were much less. Furthermore, evidence
suggests that deglacial reservoir age changes in the tropical Atlan-
tic were restricted to only brief periods at the beginning of the
YD, between 13.0 and 12.53 ky (17), and during H1 (18). Omis-
sion of the early YD radiocarbon date at 130 cm in the VM12-107
age model (calibrated age of 12.67 ky) only changes the timing of
the start of the YD in the VM12-107 record by approximately
100 y (Figs. S2 and S3) and does not change the interpretation
of the results.

G. ruber lives in the upper mixed layer in the southern Carib-
bean (20, 21). Although the life cycle of deep-dwelling planktonic
foraminifera can involve a vertical migration of several hundred
meters, G. crassaformis shell geochemistry indicates it mainly cal-
cifies below the thermocline at a depth of 400–600 m in the south-
ern Caribbean (20, 21). Based on shell oxygen isotope data,
recent studies on the deep-dwelling planktonic foraminifera
G. crassaformis and Globorotalia truncatulinoides from the Flor-
ida Straits and the Gulf of Mexico showed that, although G. trun-
catulinoides may have migrated to much shallower water depths
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during the late deglacial and early Holocene, G. crassaformis
maintained a more constant depth habitat near the base of the
thermocline (22, 23). Therefore, we chose to use G. crassaformis
as a proxy for recording subsurface conditions within a constant
depth range across the deglacial.

The G. ruber δ18O record displays a glacial-interglacial dif-
ference of approximately 2.75‰, with the most positive values
during the Last Glacial Maximum (LGM) (Fig. 2A and Table S1).
In comparison, the G. crassaformis δ18O record indicates a smal-
ler glacial-interglacial amplitude of only approximately 1.2‰
(Fig. 2B and Table S2). Comparison of the δ18O records shows
a maximumΔδ18O gradient between the mixed layer and the sub-

thermocline over the last 7.2 ky. Because both temperature and
salinity affect foraminiferal δ18O values, this maximumHolocene
Δδ18O gradient suggests the vertical temperature/salinity gradi-
ent was reduced during the LGM and the deglacial.

Mg/Ca ratios in G. ruber were converted to upper mixed layer
temperatures using an Atlantic core-top calibration (21) (Fig. 2A,
see SI Methods and Fig. S4). Results indicate a core-top tempera-
ture of 25.7 °C, in agreement with the modern average annual
temperature of 25.6 °C at 30 m water depth at the core site (24)
(Figs. 1 and 2C). Because the core is located within an upwelling
region, it is not surprising that cooler subsurface temperatures
would have a greater influence on the average mixed layer tem-
perature. The G. ruber Mg/Ca record indicates an LGM cooling
of 4.5 °C. Mixed layer temperatures initially increase at 18 ky and
warm to near modern values by 12.4 ky before abruptly cooling by
2.2 °C midway through the YD (Fig. 3A).

Because the abundance of G. crassaformis decreased through
the Holocene, the youngest measured G. crassaformis Mg/Ca ra-
tio is at 5.43 ky (Fig. 2D). Although conversion of Mg/Ca ratios in
deep-dwelling planktonic foraminifera is not as well-calibrated as
in G. ruber, the calculated Mg/Ca temperature for this interval is
10.0 °C. This temperature corresponds to modern conditions at
400 m in the Bonaire Basin (24) and is in agreement with eco-
logical studies (20, 25). Unlike the G. ruber temperature record,
the deglacial G. crassaformis Mg/Ca–temperature record indi-
cates LGM subsurface temperatures that were slightly warmer
than those in the early Holocene. Most surprising, the warmest
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Fig. 1. Site location and modern surface and subsurface hydrography.
Temperature (color) and salinity (contour) along density surface σ ¼ 1;026.8
that varies from approximately 200 m near the equator to approximately
600 m in the subtropics. The sharp subsurface temperature gradient along
the boundary between the subtropical and tropical gyres is evident, separ-
ating the warm SMW in the subtropical North Atlantic from the fresher tro-
pical gyre water. This maximum subsurface temperature gradient forms at
approximately 300 m, extending to the western boundary and intersecting
with it near 10 °N. The two solid arrows indicate the southwestward sub-
ducted flow in the TNA and the northward AMOC return flow, respectively.
The dashed arrow indicates the equatorward western boundary flow result-
ing from bifurcation of the subducted flow at the western boundary. Com-
petition between this equatorward flow and the northward AMOC return
flow is a key element of the subsurface oceanic gateway mechanism. (Inset)
Shows the annual mean temperature at 30 m depth in the southern Carib-
bean and the location of VM12-107 (11.33 °N, 66.63 °W; 1,079 m), just outside
the Cariaco Basin. Also shown are the locations of the Cariaco Basin and La-
guna de Los Anteojos in northern Venezuela. The cooler temperatures near
site VM12-107 are caused by coastal upwelling and are reflected in the cal-
culated core-top Mg/Ca temperatures from this site. The temperature and
salinity data are based on World Ocean Atlas 2009 (24, 38).

Table 1. Radiocarbon dates from VM12-107 based on mixed
samples of G. sacculifer and G. ruber specimens

Depth
(cm) 14C Age

Age
error
(y)

Calendar
age
(ky)

Calendar
age error (−)

(ky)

Calendar
age error (+)

(ky)

2.5 1140 35 0.69 0.05 0.07
70.5 7900 55 8.37 0.13 0.13
82.5 9380 40 10.22 0.07 0.12
90.5 10050 65 11.05 0.26 0.14
104.5 10400 50 11.46 0.22 0.23
130.5 11200 50 12.67 0.10 0.16
160.5 12750 50 14.37 0.35 0.52
180.5 13450 60 15.74 0.56 0.64
220.5 15600 60 18.47 0.42 0.18
270.5 18500 90 21.59 0.26 0.47

Radiocarbon ages were converted to calendar ages using CALIB 6.0
(16), using the standard 400-y reservoir age correction.
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Fig. 2. Oxygen isotope and Mg/Ca records from site VM12-107 over the past
22 ky. Deglacial δ18O and Mg/Ca ratio records in G. ruber (upper mixed layer)
(A, C) andG. crassaformis (lower thermocline) (B,D) from southern Caribbean
core VM12-107. The following equations were used to convert Mg/Ca ratios
to temperature: for G. ruber, Mg∕Ca ¼ 0.38exp½0.09 � Temp:� (21), and for
G. crassaformis Mg∕Ca ¼ 0.339exp½0.09 � Temp:� (21). Note the abrupt sub-
surface warming events during the YD and H1 in the G. crassaformis (orange
line) temperature record. Analytical error on replicate Mg/Ca measurements
on G. ruber and G. crassaformis are also shown (C, D). (E) Bermuda Rise
231Pa∕230Th record (27) indicating changes in AMOC strength across the
deglacial. (F) Greenland NGRIP ice core δ18O record (26). Gray bars indicate
the YD and H1. Black triangles on x axis show calibrated 14C-based ages in
VM12-107.
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subsurface temperatures correspond to the early YD, when sub-
surface temperatures averaged 6.8 °C warmer (SD 0.5, n ¼ 6)
than Holocene values (Fig. 2D).

Discussion
Acknowledging there is debate about the Mg/Ca–temperature
relationship in deep-dwelling planktonic foraminifera (21, 25),
the G. crassaformis Mg/Ca ratios during the early YD show a
57% increase relative to Holocene ratios and an 18% increase
at the start of the YD (Fig. 3C). This provides convincing evi-
dence for an abrupt subsurface warming associated with the
initiation of the YD at 13.01 ky (þ0.24; −0.15 ky) that is within
age model error of the start of the YD in the North Greenland Ice
Core Project (NGRIP) ice core record at 12.896 ky (�0.138 ky)
(26). Although not as well resolved, G. crassaformis Mg/Ca ratios
also increase by 15% at approximately 16 ky, likely reflecting
a subsurface warming associated with H1 as well (Fig. 2D
and Fig. S5). It is not surprising that the magnitude of subsurface
temperature change across H1 is not the same as during the YD,
given that the boundary conditions and AMOC states bracketing
these events were significantly different. Going into H1, AMOC
was already in a weakened LGM state, and is thought to have
decreased even further during the event (27) (Fig. 2E). In con-
trast, the period preceding the YD was characterized by a stron-
ger AMOC state (27) (Fig. 2E). Thus, the greater subsurface
temperature response at the start of the YD may reflect a larger
magnitude of AMOC change. Additionally, AMOC remained in
a significantly weakened state after H1 and into the “Mystery In-
terval” for approximately another 1,000 y before rapidly increas-
ing at the Bølling-Allerød transition at 14.5 ky (27) (Fig. 2E).
Therefore, we would not expect to find a subsurface cooling trend
on the transition out of H1, as observed in our record at the ter-
mination of the YD.

A Tobago Basin benthic foraminiferal δ18O record was inter-
preted to indicate intermediate-depth warming associated with
AMOC slowdowns during the YD and H1 (14) (Figs. 3D and 4A).
However, because benthic δ18O values are affected by variations
in water mass, salinity, and temperature, the cause of these δ18O
changes remains uncertain. Unlike the abrupt warming between
400–600 m at the onset of the YD suggested by the VM12-107G.
crassaformis Mg/Ca record (Fig. 3C), the Tobago Basin benthic
δ18O record suggests a much more gradual warming across the
event at a depth of almost 1.3 km (Fig. 3D). In fact, most of the
warming in the Tobago Basin record occurs during the late YD, a
period characterized by subsurface cooling in the Bonaire Basin.
Therefore, it is likely that different mechanisms were responsible
for the temperature evolution at these two sites.

Changes in the 231Pa∕230Th ratio recorded in sediments from
the Bermuda Rise are thought to reflect AMOC variability across
the last deglacial (27). As AMOC is reduced, the export of 231Pa
out of the Atlantic decreases, resulting in an increase in sediment
231Pa∕230Th ratios (Fig. 3G). Because the estimated response
time for this proxy is approximately 500 y (27), the 231Pa∕230Th
record will not reflect an abrupt change in AMOC. Therefore, the
increase in Bermuda Rise 231Pa∕230Th ratios at 12.7 ky is consis-
tent with a major reduction in AMOC at the start of the YD at
12.896 ky (�0.138 ky) in the NGRIP ice core record (Fig. 3I),
followed by a gradual strengthening of AMOC during the late
YD. Comparison of the Bermuda Rise 231Pa∕230Th record with
our G. crassaformis Mg/Ca record suggests that subsurface tem-
peratures in the southern Caribbean warmed as AMOC abruptly
weakened at the start of the YD and that subsurface tempera-
tures in the western tropical Atlantic gradually cooled as AMOC
strengthend during the late YD.

The G. ruber temperature record from VM12-107 also indi-
cates an increase in mixed layer temperatures during the first
600 y of the YD (Fig. 3A), consistent with previous temperature
reconstructions from the western TNA (11–13, 28) (Figs. 3E
and 4A). Remarkably, both the G. ruber and G. crassaformis
Mg/Ca records indicate a cooling midway through the YD at
12.4 ky, well before the termination of the event in the Greenland
ice core record (Fig. 3I), suggesting that subsurface temperatures
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significantly influenced mixed layer conditions during this inter-
val (Fig. 3A and C). As shown in a recent modeling study, subsur-
face warming associated with a reduction in AMOC can influence
mixed layer temperatures in zones of strong coastal upwelling (8).
Therefore, intensification of coastal upwelling in the TNA during
the YD is predicted to increase mixed layer temperatures at sites
along the western boundary current, as reflected in the VM12-
107 G. ruber Mg/Ca–temperature record. In contrast, a well-re-
solved G. ruber Mg/Ca–temperature record from inside the Car-
iaco Basin indicated a large cooling of 4 °C at the start of the YD
(10) (Fig. 3B). Because the Cariaco Basin’s shallow sill (<100 m
during the deglacial) would inhibit the inflow of warm subsurface
waters characteristic of the open TNA, the significant surface
cooling in the Cariaco Basin G. ruber Mg/Ca record is additional
evidence that regional mixed layer temperatures were influenced
by a strong subsurface warming. Unlike in the TNA, the mixed
layer cooling inside the Cariaco Basin most likely reflects a com-
bination of atmospheric-induced cooling and increased upwelling
of cold intermediate waters restricted to inside the basin.

The Cariaco Basin G. ruber Mg/Ca–temperature record also
indicates a two-phased YD, with the most intense cooling and
strongest upwelling occurring during the first 600 y (Fig. 3B). In-
tensification of upwelling in the Cariaco Basin is consistent with a
southward displacement of the intertropical convergence zone
(ITCZ) and decreased rainfall over northern Venezuela. A recent
sedimentological study of a Venezuelan lake core (29) also sug-
gested the most arid conditions in the southern Caribbean oc-
curred during the first 600 y of the YD (Fig. 3H). Together, these
proxy reconstructions suggest the first half of the YD was most
extreme, when regional aridity and upwelling were at a maximum.

To determine if the subsurface temperature increase identified
in our proxy record during the YD is consistent with the pre-
viously identified mechanism found in an AOGCM water-hosing
simulation conducted under present-day conditions (3), we ana-
lyze a new set of water-hosing simulations using LGM forcings
and boundary conditions (30). Observational data show that
warm salinity maximum waters (SMW) from the North Atlantic
subtropical gyre are subducted and carried equatorward via the
North Atlantic subtropical cell (STC). However, the modern
equatorward pathway of the STC is blocked by strong northward
AMOC return flow along the western boundary, resulting in a
sharp subsurface temperature gradient separating the warm, salty
subducted SMW from the fresher tropical gyre water (31–33)
(Fig. 1). A recent modeling study showed that when AMOC and
its northward return flow weaken, the maximum subsurface tem-
perature gradient zone at the western boundary gives rise to a
maximum subsurface warming (2). The warming responds quickly
to the freshwater forcing because of a planetary wave-adjustment
process (1, 3, 34). If the AMOC slowdown is sufficiently strong,
causing its return flow to be weaker than the equatorward branch
of the North Atlantic STC (dashed arrow in Fig. 1), the warm
SMW can flow into the equatorial zone and subsequently into the
tropical South Atlantic (2). Through upwelling, the subsurface
warming can influence SSTs, affecting the position and strength
of the ITCZ (3). However, this mechanism has only been identi-
fied in AOGCM experiments under modern climate conditions
(3) and has not yet been tested for past abrupt climate events.

Analyses of LGM water-hosing simulations confirm the opera-
tion of the subsurface oceanic mechanism under LGM climate
conditions (SI Methods, Figs. S6 and S7). Even with a relatively
weak freshwater forcing (0.1 Sv), the simulation produces a
substantial subsurface warming in the western TNA (Fig. 4B
and Fig. S8). The averaged temperature between 300–600 m
warmed by approximately 5 °C near the maximum subsurface
temperature gradient zone (Fig. 4B). At the surface, the model
simulation shows patches of surface warming off the northern
South American coast (Fig. 4A) produced by coastal upwelling
that brings the strong subsurface warming to the surface, counter-

acting the surface cooling induced by atmospheric processes (8).
This finding supports our proxy reconstruction indicating that
subsurface warming during the early YD significantly influenced
mixed layer conditions in the Bonaire Basin, located within a up-
welling zone (Fig. 3 A and C).

Our new high-resolution paleotemperature reconstructions
and modeling analyses provide evidence that abrupt changes
in TNA climate were coupled to AMOC variability across the de-
glacial. The most likely explanation for the abrupt subsurface
warming in the southern Caribbean at the start of the YD is a
large change in horizontal heat advection near the maximum sub-
surface temperature gradient zone caused by weakening of the
western boundary current in response to a sudden AMOC reduc-
tion. As the western boundary current continued to weaken and
reach a threshold, warm SMW intruded into the equatorial zone
along the western boundary and subsequently spread into the tro-
pical South Atlantic, producing surface warming south of the
equator (3). Previous SST reconstructions from the eastern tro-
pical South Atlantic suggest a warming at the start of the YD (35,
36) (Figs. 3Fand 4A), consistent with the subsurface oceanic gate-
way mechanism. Together with atmospheric-induced surface
cooling in the TNA, this caused the ITCZ to shift to its most ex-
treme southern position during the early YD. Then, the SMW
gradually cooled because of atmospheric processes at their source
region, and the subsurface warming diminished in the TNA
during the late YD. This would cause SSTs in tropical upwelling
zones to also cool, affecting the position and strength of the ITCZ
during the second half of the YD, well before the termination of
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Fig. 4. Water-hosing simulation results under LGM forcings and boundary
conditions. Changes in (A) surface (averaged between 5 and 35 m), and
(B) subsurface (averaged between 300 and 600 m) temperatures between a
LGMwater-hosing and control simulation. The temperature changewas com-
puted as the difference between: (i) the average temperature of the last 20 y
of the 100-y hosing runwhere a freshwater forcing of 0.1 Svwasheld constant,
and (ii) the average temperature of the same period of the control simulation.
Time evolution of the subsurface temperature change averaged over the
maximum subsurface temperature gradient zone indicated by the rectangle
(Lower) is shown in Fig. S7. (A) Also shows the site locations (corresponding
to encircled numbers) for: (i) VM12-107 in the Bonaire Basin, (ii) the Tobago
Basin coreM35003-4 (14), (iii) the western equatorial Atlantic core GeoB3129-
3911 (28), and (iv) the eastern equatorial Atlantic core MD03-2707 (36).
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the event in the Greenland ice core record (Fig. 3I). Therefore,
the transition out of the YD may have started with a reorganiza-
tion of the tropical hydrologic cycle. Although this mechanism
most likely explains the subsurface warming associated with
H1, the evolution of the subsurface temperature response across
H1 is not the same as during the YD because of the differing
AMOC states bracketing each event. This study provides evi-
dence that subsurface temperature changes along the TNA
western boundary current were a distinctive feature of AMOC-
induced ocean circulation changes across the abrupt climate
events of the last deglacial, forming a critical teleconnection be-
tween high- and low-latitude climate change.

Methods
To minimize intraspecific geochemical variations, specimens of G. ruber
(white variety) and G. crassaformis were collected from the 250–350-μm
and the 425–500-μm size fractions, respectively. Each G. ruber δ18O analysis
is based on 20 individuals, and each Mg/Ca measurement was made on at
least 50 shells (run in duplicate). Because there is less seasonal variability
in the thermocline and fewer deep-dwelling specimens, we used 4–6 indivi-
duals of G. crassaformis for each δ18O analysis and 6–10 for trace metal ana-
lysis, whenever possible. Samples for stable isotope analysis were sonicated
before analysis at Texas A&M University’s Stable Isotope Geosciences Facility.
Analytical uncertainty for our reported δ18O measurements is better than
0.07‰. Samples for trace metal analysis were first sonicated in rinses of ultra-
pure water and methanol, cleaned in hot reducing and oxidizing solutions,
and leached in dilute nitric acid. All clean work was conducted under trace
metal clean conditions. Samples were then analyzed using isotope dilution

on a High-Resolution Inductively Coupled PlasmaMass Spectrometer at Texas
A&MUniversity. A suite of trace andminor elementmeasurements was made
on each sample, including Ca, Mg, Sr, Na, Ba, U, Al, Mn, and Fe. The pooled SD
on replicate Mg/Ca measurements for G. ruber was 2.3% (df ¼ 86 based on
103 analyzed intervals), and forG. crassaformis was 3.92% (df ¼ 52 based on 61
analyzed intervals). Analyses with either anomalously high (>100 μmol∕mol)
Al/Ca, Fe/Ca, or Mn/Ca ratios or low-percent recovery (<20%) were rejected.
Analyses with high Al/Ca indicate the presence of detrital clays that were
not removed during the cleaning process. Elevated levels of Fe/Ca or Mn/Ca
indicate the presence of diagenetic coatings that were not removed during
the cleaning process. Low-percent recovery values indicate the loss of shell ma-
terial during the cleaning process, most likely caused by human error.

The Community Climate System Model, version 3.0, was used for the nu-
merical simulations analyzed in this study. The model configuration is the
standard intermediate-resolution (T42x1), consisting of: (i) the Community
Atmosphere Model, version 3.0, coupled to the Community Land Model, ver-
sion 3.0, with a triangular spectral truncation at 42 wavenumbers (roughly
2.8° in longitude and latitude); and (ii) the Parallel Ocean Program, version
1.4.3, coupled to the Community Sea Ice Model, version 5.0, at 1° horizontal
resolution (37).
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SI Text
SI Methods. Salinity Effect on Shell Mg/Ca in G. ruber.Although both
culturing studies (1–5) as well as core-top and sediment trap stu-
dies (6–14) show that temperature is the primary control on Mg/
Ca ratios in foraminiferal calcite, recent studies found a relation-
ship between Mg/Ca ratios in core-top planktonic foraminifera
and salinity (15–18). By analyzing G. ruber Mg/Ca ratios and
δ18O values in core tops across an Atlantic meridional transect,
a recent study developed multivariate equations to calculate
mean annual surface temperature that take into account the ef-
fect of salinity on G. ruber shell Mg/Ca ratios. Their results sug-
gest a 27% increase in G. ruber shell Mg/Ca-per-1 salinity unit
increase when seawater salinity was above 35 (18). The multivari-
ate temperature equation uses both the measured shell Mg/Ca
ratio and δ18O values to calculate surface temperature:

Temp:ð°CÞ ¼ 16.06þ 4.62 � lnðMg∕CaÞ
− 3.42ðδ18OcalciteÞ − 0.1ðΔCO3

2−Þ:

Although it is still not clear why elevated salinity would have
such a large impact on G. ruber Mg/Ca ratios, we wanted to de-
termine how the use of the new multivariate temperature equa-
tion would affect our G. ruber temperature record. Because the
salinity effect has not been found in subthermocline-dwelling
planktonic foraminifera, we did not attempt to calculate subsur-
face temperatures using the multivariate equation. However, we
recalculated the deglacial mixed layer temperature record based
on G. ruber and compared the results with those obtained using
the Sargasso Sea sediment trap calibration for planktonic for-
aminifera (the equation used in this manuscript) (7) (Fig. S5).
Application of the ΔCO3

2− correction term calculated using
the estimated in situ ΔCO3

2− (76 μmol∕kg) for our core site re-
sults in a core-top temperature of 18.1 °C, much too cold to be
considered realistic. Furthermore, given the relatively shallow
depth of VM12-107 (1,079 m) and the good degree of carbonate
preservation in the core, we did not include the dissolution cor-
rection term.

The resulting multivariate equation results in a calculated
core-top temperature of 29 °C for the upper mixed layer at
our study site. This is 3 °C warmer than the modern average an-
nual upper mixed layer (30 m depth) temperature for the Bonaire
Basin, and 1.4 °C warmer than the maximum seasonal sea surface
temperature of 27.6 °C during the fall. For comparison, the cal-
culated upper mixed layer temperature using the Sargasso Sea
Mg/Ca:temperature calibration (7) is 25.7 °C, in excellent agree-
ment with the modern annual mean mixed layer temperature of
25.6 °C at 30 m depth and with the annual mean sea surface tem-
perature of 26.7 °C (19). The coolest temperatures calculated
using the multivariate equation are 21.3 °C at approximately
16 ky and 22.2 °C during the Last Glacial Maximum (LGM)
(Fig. S5), suggesting a maximum glacial-interglacial temperature
gradient of almost 7 °C at our site. This amount of cooling in the
western tropical Atlantic is much larger than the estimated cool-
ing of only approximately 3 °C in the western tropical Atlantic at
the LGM based on the results of the MARGO project (20).
Although the Bonaire Basin may have cooled more than the aver-
age western tropical Atlantic because of the influence of upwel-
ling, a cooling of 7 °C at the LGM is too large to be considered
realistic. Given that neither the calculated core-top temperature
nor the estimated glacial-interglacial temperature gradient seems
reasonable using the multivariate temperature equation, we

chose to use the Sargasso Sea sediment trap calibration equation
when calculating upper mixed layer temperatures for this study.

Regardless, even if salinity is the dominant influence on our
deglacial planktonic foraminiferal Mg/Ca ratios, our results are
still consistent with the proposed oceanic gateway mechanism
in this manuscript. Atlantic meridional overturning circulation
(AMOC) weakening would allow the warm, salty salinity maxi-
mum waters (SMW) from the subtropical gyre to flow southward,
influencing conditions at our study site. Therefore, it is possible
the increase inG. crassaformisMg/Ca ratios at the start of the YD
reflects a combination of both increased subsurface temperatures
and salinity.

Climate Model and Numerical Simulations. The Community Climate
System Model, version 3.0 (CCSM3), is used for the numerical
simulations analyzed in this study. The model configuration is
the standard intermediate-resolution (T42x1), consisting of: (i)
the Community Atmosphere Model, version 3.0 (CAM3),
coupled to the Community Land Model, version 3.0 (CLM3),
with a triangular spectral truncation at 42 wavenumbers (roughly
2.8° in longitude and latitude); and (ii) the Parallel Ocean
Program, version 1.4.3 (POP), coupled to the Community Sea
Ice Model, version 5.0 (CSIM5), at 1° horizontal resolution
(21). The POP has a nonuniform horizontal grid with the finest
resolution at the equator (0.27°), and has 40 vertical levels. In the
study region, the POP’s meridional resolution is less than 0.5°.

Two control simulations were analyzed. The preindustrial (PI)
control simulation was forced with the estimated climate condi-
tions of 1870, following the protocols of the Paleoclimate Mod-
eling Intercomparison Project, phase 2 (PMIP-2; more informa-
tion online at http://pmip2.lsce.ipsl.fr/), and was initiated from a
long present-day control simulation forced with the estimated cli-
mate conditions of 1990 (22). The simulation ran for multicen-
turies and the data analyzed were from years 400 to 699 of
the PI simulation. The LGM control simulation was forced with
LGM forcings and boundary conditions, as described by the
PMIP-2, and ran for more than 500 y (see ref. 23 for details).
The data analyzed were from years 400 to 500. Fig. S4 shows
the mean AMOC streamfunctions averaged between years 400
and 420 of the PI and LGM control simulations. Fig. S6 shows
the temperature and salinity along density surface of σ ¼
1;026.8 in the PI simulation and of σ ¼ 1;028 in the LGM control
simulation. Comparing the PI simulation to the observation
shown in Fig. 1, it is clear that the model captures the circulations
in the subtropical and tropical North Atlantic reasonably well,
reproducing the essential structure of observed maximum sub-
surface temperature gradient (STG) zone along the boundary
between the subtropical and tropical gyres. A similar maximum
STG zone is observed in the LGM control simulation (Fig. S6).

Comparison between two long-term climate simulations forced
by preindustrial conditions (1870) and by LGM forcings and
boundary conditions, as described by the PMIP-2, reveals that
the global mean temperature was colder by approximately 4.5 °C
during the LGM, with stronger cooling at high latitudes (23, 24).
Associated with the colder LGM climate (23, 24), AMOC was
weaker and shallower, whereas the Antarctic BottomWater over-
turning cell was stronger. The cooling also resulted in a stronger
wind-stress curl over the North Atlantic, producing an intensified
and southward-shifted, wind-driven North Atlantic subtropical
gyre in the LGM simulation compared to the PI simulation.
As a consequence, the North Atlantic subtropical ventilation rate
was enhanced, resulting in a stronger North Atlantic subtropical
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cell (STC) during the LGM (23) (Fig. S4). Although the changes
in the North Atlantic Ocean circulation were substantial and
significant, the equatorward pathway of the North Atlantic STC
remained closed in the LGM control simulation, as evidenced by
the asymmetry in the South and North Atlantic STCs (Fig. S4).
Similar to the PI simulation, the North Atlantic STC in the LGM
control simulation was nearly invisible in the upper AMOC
streamfunction (Fig. S4), because of the influence of the strong
cross-equatorial interhemispheric flow associated with AMOC
return flow. Accordingly, the maximum STG zone remained in-
tact under the LGM condition, separating the SMW from the tro-
pical gyre water (Fig. S6), similar to what is observed in the
present climate (Fig. 1). The southward-shifted, wind-driven gyre
and intensified North Atlantic STC, however, caused the maxi-
mum STG zone to expand equatorward, resulting in a stronger
gradient during the LGM than during the PI period. These con-
ditions would be in favor of a stronger subsurface warming in re-
sponse to a weakening of AMOC, because the stronger gradient
gives a stronger convergence of heat at the maximum STG zone
for the same amount of reduction in the western boundary flow.

A set of LGMwater-hosing experiments were conducted at the
National Center for Atmospheric Research, with freshwater-for-
cing strength varying between 0.1–1.0 Sv at either the subpolar
North Atlantic or the Gulf of Mexico (24). All of the hosing runs
analyzed in this study were started at year 400 of the LGM control
simulation and forced with a constant freshwater input in the sub-
polar North Atlantic between 50 °N and 70 °N for 100 y. Fig. S7
shows the circulation and subsurface temperature responses to
the freshwater forcing. Even when the freshwater forcing is set
at 0.1 Sv, AMOC reduces its strength significantly (by approxi-
mately 30%), as indicated by the time series of the maximum
strength of AMOC computed as the maximum steamfunction va-
lue for each monthly mean data between 20 °N and 60 °N and
between the depth range of 500 m and 3000 m (Fig. S7, Lower
Left). More symmetric STCs in the upper tropical Atlantic Ocean
begin to emerge as AMOC settles to a weaker state (Fig. S7,
Upper Left). Note that in the LGM control simulation, the equa-
torward lower branch of the North Atlantic STC has a steady
northward (positive) flow of approximately 2.5 Sv (Fig. S7, Lower
Left, lower green line), which is computed as the zonally averaged
transport across the Atlantic basin at 9 °N in the depth range be-
tween 100 and 400 m. This flow weakens as AMOC reduces in
strength as a part of planetary wave adjustment in response to
the freshwater forcing in the North Atlantic. At approximately
60 y into the simulation, when the maximum strength of AMOC
drops below 10 Sv, the North Atlantic STC flow (Fig. S7, Lower
Left, lower red line) changes its sign from positive (northward) to
negative (southward). This indicates that the North Atlantic STC
starts to transport SMW equatorward, suggesting the opening of
the equatorward gateway of the North Atlantic STC. Meanwhile,
the subsurface temperature near the maximum STG zone in-
creases steadily as AMOC weakens, and reaches a value of
9.5 °C near the end of the 100-y constant freshwater forcing
run from its initial value of 5 °C. The rapid subsurface warming
is caused by the large change in horizontal heat advection near
the maximum STG zone because of the weakening of the western
boundary current as a result of planetary wave adjustment in re-
sponse to the freshwater forcing. As the freshwater forcing
strength increases to 0.25 Sv, AMOC weakens more rapidly
(Fig. S7, Lower Left, upper red line), causing a more rapid in-
crease in the subsurface temperature (Fig. S7, Lower Right, blue
line). It also causes the flow in the equatorward lower branch of
the North Atlantic STC to reverse its direction earlier (20 y into

the simulation) than in the 0.1 Sv case (60 y into the simulation),
suggesting a much earlier opening of the equatorward gateway.
Interestingly, the timing of the gateway opening in this case again
corresponds to the point at which AMOC decreases below 10 Sv.
Therefore, the modeling results suggest that in the CCSM3, the
subsurface oceanic teleconnection mechanism would operate un-
der LGM conditions, provided that AMOC strength was reduced
below 10 Sv.

Of particular note are the patches of surface warming along
the western boundary, north of the maximum STG zone (Fig. 4A).
These surface warmings are produced by coastal upwelling that
brings the strong subsurface warming to the surface, counteract-
ing the surface cooling induced by atmospheric processes (25).
This modeling result is significant because it has important im-
plications for the interpretation of proxy records in the region.
If a sediment core is located within an upwelling zone, as in
the case of sediment core VM12-107, then surface temperature
changes from the proxy record during a period of weakened
AMOC are expected to follow changes in the subsurface tem-
perature. Previous sea surface temperature reconstructions from
the eastern tropical South Atlantic showed a warming during the
YD (26, 27), consistent with this mechanism. Thus, the LGM
water-hosing simulations support our hypothesis that the oceanic
teleconnection mechanism was operating during the abrupt cli-
mate events of the last deglacial.

The modeling study presented here represents advancements
over previous modeling studies in several aspects. First, the sub-
surface oceanic teleconnection mechanism was identified in a set
of present-day climate water-hosing simulations using a different
atmosphere-ocean general circulation model (AOGCM) (28).
The modeling results shown here are a unique demonstration
that this mechanism operates under LGM forcing and boundary
conditions. The fact that two different AOGCMs demonstrate
the operation of the teleconnection mechanism under different
climate forcings and boundary conditions gives further confi-
dence that the mechanism is robust and not model-dependent.
Second, although subsurface warming in the western tropical
North Atlantic during periods of reduced AMOC has been shown
in previous AOGCM water-hosing simulations under both mod-
ern (29) and LGM climate (30, 31) forcings and boundary con-
ditions, the detailed warming mechanism was not studied and no
link was established between the subsurface warming and the
oceanic teleconnection mechanism. Finally, the modeling setup
used in this study, and the forcings and boundary conditions used
for the LGM climate, are more advanced than those used in pre-
vious studies. The horizontal and vertical resolution of the ocean
models used in the prior studies (29–31) range from 2°, 3.5°, and
2.8° and from 18, 11, and 26 vertical levels, respectively. In con-
trast, the model used in this study has a horizontal resolution of 1°
in longitude and less than 0.5° in latitude in the study region and a
vertical resolution of 40 levels with finer resolution in the upper
ocean. The improved model resolution enabled us to have a de-
tailed examination of the warming and teleconnection mechan-
isms. The model used in this study also has much improved
physics compared to the models used in the previous studies
(29–31). CCSM3 has a comprehensive sea-ice model that in-
cludes both realistic sea-ice dynamics and thermodynamics.
The ocean component model includes a set of sophisticated phy-
sics parameterizations. Furthermore, the LGM forcings and
boundary conditions used in our simulations follow the protocols
of PMIP-2, which has improved estimates of LGM boundary
conditions.
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Fig. S1. Bathymetric map showing the location of VM12-107 in the southeastern Bonaire Basin. The Bonaire Basin is connected to the Caribbean through
several channels, with the deepest sill at approximately 1,500 m. Therefore, intermediate-water changes in the western boundary current will affect hydro-
graphic conditions within the basin. Also note the location of the nearby Cariaco Basin to the southeast.
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Fig. S2. The age model for core VM12-107 (blue line) is based on 10 calibrated radiocarbon dates (using the standard 400-y reservoir age correction) on
planktonic foraminifera (mixed Globigerinoides sacculifer and Globigerinoides ruber specimens) spanning the upper 270 cm of the core. Error bars represent
the two-sigma calibration uncertainty. The resulting age model indicates nearly linear sedimentation rates and an average deglacial sedimentation rate of
approximately 18 cm∕ky. Because uncertainty in reservoir age changes at the beginning of the Younger Dryas (YD) between 13.0 and 12.53 ky (1) makes it
difficult to calibrate the radiocarbon date at 130 cm (calibrated age of 12.67 ky, red diamond), an alternate age model was constructed by omitting this
datapoint (black line). This resulted in shifting the abrupt subsurface warming at the beginning of the YD in the Globorotalia crassaformis record (shown
in Fig. 2) from 13.01 (−0.15; þ0.24 ky) to 13.12 ky (−0.29; þ0.40 ky), still within age model error of the start of the YD in the North Greenland Ice Core Project
(NGRIP) ice core record at 12.896 ky (�0.138 ky) (2).
1 Hua Q, et al. (2009) Atmospheric 14C variations derived from tree rings during the early Younger Dryas. Quat Sci Rev 28:2982–2990.
2 Rasmussen SO, et al. (2006) A new Greenland ice core chronology for the last glacial termination. J Geophys Res [Atmos] 111:1–16.

Fig. S3. The G. crassaformis Mg/Ca record (blue diamonds) plotted on the alternate age model (developed by omitting the radiocarbon age control point at
the beginning of the YD) and the NGRIP oxygen isotope record (black line) (1). The abrupt subsurface warming at the beginning of the YD in theG. crassaformis
record (blue diamond outlined in red) occurs at 13.12 ky (−0.29; þ0.40 ky), within age model error of the start of the YD in the NGRIP ice core record at
12.896 ky (�0.138 ky) (1). Purple diamonds on x axis are the calibrated age control points with their associated two-sigma error.
1 Rasmussen SO, et al. (2006) A new Greenland ice core chronology for the last glacial termination. J Geophys Res [Atmos] 111:1–16.
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Fig. S4. Comparison of calculated G. ruber temperatures across the deglacial using the new multivariate equation (18) (blue line with diamonds) and the
calculated temperatures using the Sargasso Sea Mg/Ca–temperature relationship (7) used in this study (red line with circles). Although the timing of tem-
perature changes remains the same, note the unrealistically large glacial-interglacial temperature gradient of almost 7 °C using the multivariate equation.
Red and blue stars on the y axis are the modern mean annual temperatures at 30 m depth and at the sea surface at the core site, respectively.

Fig. S5. Comparison of the timing of the VM12-107 subthermocline warming events during Heinrich Event 1 (H1) and YD (using the original age model
including all 10 calibrated radiocarbon dates) and absolute-dated Hulu Cave speleothem oxygen isotope records (1) across the deglacial. The age model
for VM12-107 is based on calibrated radiocarbon dates (black triangles on x axis) and the age model for the Hulu Cave records is based on U-Th dates
(1). Close agreement between the timing of the two deglacial subsurface warming events (gray bars) and the Hulu Cave oxygen isotope record across
the deglacial provides additional confidence in the radiocarbon-based age model developed for VM12-107.
1 Wang YJ, et al. (2001) A high-resolution absolute-dated Late Pleistocene monsoon record from Hulu Cave, China. Science 294:2345–2348.
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Fig. S6. Mean AMOC streamfunction simulated by the PI and LGM control runs. The averages were computed from years 400 to 420 of the simulations. (Right)
Shows the AMOC streamfunctions over the full depth of the ocean in the Atlantic basin; (Left) shows the streamfuctions in the upper 500 m of the tropical
Atlantic Ocean, indicated by the rectangles (Right). The contour interval is 2.0 Sv. Positive values indicate a clockwise circulation.
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Fig. S7. Temperature (color) and salinity (contour) along density surface σ ¼ 1;026.8 (Left) of the PI simulation and along density surface σ ¼ 1;028.0 (Right) of
the LGM control simulation. Both of these isopycnal surfaces are in the same depth range, varying from a depth of approximately 150 m near the equator to a
depth of approximately 550 m in subtropics. Note the presence of the subsurface temperature gradient at nearly the same location under both climate bound-
ary conditions.
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Fig. S8. AMOC streamfunction of the 0.1-Sv LGM hosing run in the full depth of the ocean in the Atlantic basin (Upper Right) and in the upper 500 m of the
tropical Atlantic Ocean (Upper Left) indicated by the rectangle (Upper Right). (Lower Right) Shows the subsurface temperature change near the maximum STG
zone averaged over the rectangle indicated in Fig. 4 (Lower) and a depth range between 300 m and 600 m. (Lower Left) Shows the maximum strength of the
AMOC (upper three curves) and the flow of the lower branch of the North Atlantic STC (lower three curves) in the depth range between 100 m and 400 m
indicated by the vertical line (Upper Left). The green, red, and blue lines (Lower) show the results from the LGM control, 0.1-Sv, and 0.25-Sv hosing runs,
respectively.

Table S1. VM12-107 G. ruber stable oxygen isotope and Mg/Ca data

Depth
(cm)

δ18O
(‰ VPDB)

Mg/Ca
(mmol∕mol)

Count of trace
metal analyses SD

0.5 −1.97 3.830 3 0.067
2.5 3.730 1
4.5 3.687 1
6.5 3.526 2 0.039
8.5 3.793 2 0.107
9.5 −2.10 3.650 2 0.012
14.5 3.753 2 0.003
16.5 3.678 2 0.002
18.5 3.783 2 0.033
21.5 −1.86 3.904 2 0.034
22.5 3.810 2 0.123
26.5 3.561 2 0.103
28.5 3.757 2 0.083
31.5 −1.86 3.514 2 0.078
32.5 3.469 2 0.033
34.5 3.456 1
38.5 3.828 2 0.053
41.5 −1.82 3.544 2 0.063
42.5 3.670 2 0.054
44.5 3.247 2 0.032
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Depth
(cm)

δ18O
(‰ VPDB)

Mg/Ca
(mmol∕mol)

Count of trace
metal analyses SD

46.5 3.320 2 0.008
48.5 3.400 2 0.003
51.5 −1.73
52.5 3.444 2 0.041
56.5 3.485 1
58.5 3.344 1
60.5 −1.70 3.562 2 0.007
62.5 3.704 2 0.048
64.5 3.640 2 0.009
68.5 3.655 2 0.035
70.5 −1.24 3.617 2 0.011
72.5 3.816 2 0.130
78.5 3.391 2 0.001
80.5 −0.90
82.5 −1.01 3.383 2 0.077
84.5 −0.86 3.329 2 0.038
86.5 −0.78 3.466 2 0.080
88.5 −1.30 3.376 2 0.067
90.5 −1.16 3.100 2 0.026
92.5 −0.97 3.294 2 0.032
94.5 −0.62 3.336 2 0.060
96.5 −1.21
98.5 −0.54 3.260 2 0.088
101.5 −0.63 2.999 2 0.100
102.5 −0.15 3.221 3 0.044
104.5 −0.30 2.934 3 0.050
106.5 −0.75 3.129 3 0.045
108.5 −0.32 2.990 3 0.035
110.5 −0.53
112.5 −0.70 3.207 2 0.126
114.5 −0.60 3.002 2 0.118
116.5 −0.69
118.5 −0.37
120.5 −0.43 3.069 2 0.062
122.5 −0.75
124.5 −0.71 3.722 2 0.060
126.5 −0.61 3.717 2 0.060
128.5 −0.54 3.435 2 0.055
130.5 −0.38 3.568 2 0.081
132.5 −0.29 3.242 2 0.052
134.5 −0.55 3.417 2 0.055
136.5 −0.45 3.541 2 0.088
138.5 −0.62
140.5 −0.49 3.295 2 0.057
142.5 −0.43 3.333 2 0.084
144.5 −0.40 3.415 2 0.055
146.5 −0.16 3.150 1
148.5 0.08 2.910 1
150 3.101 1
151.5 −0.12 3.070 1
152.5 0.24 3.165 1
154.5 0.23 2.845 2 0.067
156.5 −0.25 2.913 1
158.5 −0.17
160.5 0.01 3.191 2 0.072
162.5 0.01 3.124 2 0.080
164.5 −0.04 3.088 2 0.121
166.5 0.08 3.147 1
168.5 0.19 2.983 1
170.5 −0.07
172.5 0.38
174.5 0.54 2.748 2 0.036
176.5 0.43 2.949 1
178.5 0.26
180.5 0.13 2.910 2 0.095
182.5 0.57 2.571 2 0.013
184.5 0.58 2.446 2 0.067
186.5 0.60 2.609 2 0.078
188.5 0.54 2.782 2 0.066
190.5 0.44 2.804 2 0.124
192.5 0.54 2.658 2 0.040
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Depth
(cm)

δ18O
(‰ VPDB)

Mg/Ca
(mmol∕mol)

Count of trace
metal analyses SD

194.5 0.59 2.699 2 0.029
196.5 0.38 2.740 2 0.042
198.5 0.06
200.5 0.30 2.593 2 0.021
202.5 0.84 2.690 1
204.5 0.55 2.745 1
206.5 0.45 2.532 2 0.086
208.5 0.49 2.575 2 0.001
210.5 0.38
212.5 0.35 2.590 2 0.060
214.5 0.19 2.429 2 0.023
216.5 0.31
220.5 0.39
222.5 0.61
224.5 0.29
226.5 0.70
228.5 0.72
230.5 0.37 2.404 2 0.024
232.5 0.56
234.5 0.51
236.5 0.49
238.5 0.72
240.5 0.48 2.527 2 0.053
242.5 0.84
248.5 0.75
251.5 0.55 2.776 2 0.141
260.5 0.48

VPDB, Vienna Pee Dee belemnite.

Table S2. VM12-107 G. crassaformis stable oxygen isotope and
Mg/Ca data

Depth
(cm)

δ18O
(‰ VPDB)

Mg/Ca
(mmol∕mol)

Count of trace
metal analyses

SD
(Mg/Ca)

0.5 1.80
9.5 1.76
21.5 1.49
31.5 1.72
42.5
44.5 1.94 0.830 1
48.5 1.09
52.5 0.891 1
60.5 1.61 0.942 1
62.5 1.126 1
64.5 1.73
66.5 1.42 1.096 2 0.042
68.5 1.31
70.5 1.28
72.5 1.50
76.5 1.55
80.5 1.86 1.238 1
82.5 1.024 2 0.054
84.5 1.77 1.153 3 0.051
86.5 1.246 4 0.058
88.5 2.04
90.5 1.053 4 0.057
92.5 2.05 1.096 2 0.028
94.5 2.21 1.270 1
96.5 2.09 1.272 3 0.031
98.5 1.217 2 0.009
98.5 2.05
101.5 1.93
102.5 1.85
104.5 1.69
106.5 2.26 1.294 1
108.5 1.374 4 0.052
108.5 1.99
110.5 2.02
112.5 2.22 1.297 2 0.059
114.5 2.15
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Depth
(cm)

δ18O
(‰ VPDB)

Mg/Ca
(mmol∕mol)

Count of trace
metal analyses

SD
(Mg/Ca)

116.5 2.35 1.417 2 0.005
118.5 1.96 1.377 1
120.5 2.14 1.396 2 0.064
122.5 2.04
124.5 1.28 1.584 1
126.5 1.544 2 0.104
128.5 1.71
130.5 1.80 1.581 2 0.092
132.5 2.06 1.466 2 0.019
134.5 2.21 1.439 2 0.087
136.5 1.59 1.632 2 0.058
138.5 2.09 1.282 1
140.5 1.88 1.307 2 0.013
142.5 2.28 1.384 2 0.045
144.5 2.51
148.5 2.39 1.254 1
151.5 2.33 1.358 2 0.032
152.5 1.88
154.5 2.13 1.383 1
158.5 2.75
160.5 2.04 1.500 2 0.035
164.5 2.16 1.453 1
166.5 1.460 2 0.028
166.5 2.39
168.5 1.428 1
170.5 1.419 1
172.5 2.43 1.429 1
178.5 2.67 1.440 2 0.114
180.5 2.39 1.387 2 0.033
182.5 2.43 1.428 1
184.5 1.304 1
188.5 2.50 1.243 2 0.011
192.5 2.58
196.5 2.54 1.307 1
198.5 2.28
200.5 2.88 1.229 1
204.5 2.78
206.5 1.286 2 0.087
208.5 3.01 1.256 2 0.000
210.5 3.09 1.187 2 0.001
212.5 3.02
214.5 3.11 1.257 2 0.038
216.5 2.67
218.5 2.98 1.102 2 0.023
220.5 1.152 2 0.013
220.5 3.28
222.5 2.66 1.069 1
224.5 2.75
226.5 2.67 1.160 2 0.041
228.5 2.84 1.105 2 0.069
230.5 2.60
232.5 2.72
234.5 1.093 4 0.043
236.5 2.71
238.5 2.98
240.5 2.77 1.205 4 0.044
243.5 1.217 2 0.038
246.5 2.98
248.5 2.66 1.226 2 0.035
251.5 2.77
252.5 3.12 1.277 2 0.001
254.5 2.59 1.115 2 0.006
256.5 2.69
258.5 2.93
260.5 3.16 1.229 2 0.056
262.5 2.93
264.5 2.92
266.5 2.99
268.5 2.81
270.5 2.57

VPDB, Vienna Pee Dee belemnite.
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