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[1] We investigate aragonitic skeletons of the Caribbean sclerosponge Ceratoporella nicholsoni from Jamaica,
20 m below sea level (mbsl), and Pedro Bank, 125 mbsl. We use §'%0 and Sr/Ca ratios as temperature proxies to
reconstruct the Caribbean mixed layer and thermocline temperature history since 1400 A.D. with a decadal time
resolution. Our age models are based on U/Th dating and locating of the radiocarbon bomb spike. The modern
temperature difference between the two sites is used to tentatively calibrate the C. nicholsoni Sr/Ca thermometer.
The resulting calibration points to a temperature sensitivity of Sr/Ca in C. nicholsoni aragonite of about
—0.1 mmol/mol/K. Our Sr/Ca records reveal a pronounced warming from the early 19th to the late 20th century,
both at 20 and 125 mbsl. Two temperature minima in the shallow water record during the late 17th and early
19th century correspond to the Maunder and Dalton sunspot minima, respectively. Another major cooling
occurred in the late 16th century and is not correlatable with a sunspot minimum. The temperature contrast
between the two sites decreased from the 14th century to a minimum in the late 17th century and subsequently
increased to modern values in the early 19th century. This is interpreted as a long-term deepening and
subsequent shoaling of the Caribbean thermocline. The major trends of the Sr/Ca records are reproduced in both
specimens but hardly reflected in the §'%0 records.  INDEX TERMS: 1050 Geochemistry: Marine geochemistry (4835,
4850); 3344 Meteorology and Atmospheric Dynamics: Paleoclimatology; 9325 Information Related to Geographic Region: Atlantic
Ocean; KEYWORDS: St/Ca, sclerosponges, oxygen isotopes, Caribbean Sea, Little Ice Age, temperature, thermocline
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[3] Reconstructions of sea surface temperatures from reef
coral skeletons on multidecadal, and in some cases even
multicentury, timescales [e.g., Dunbar et al., 1994; Winter et
al., 2000] are well established in climate research
[Fairbanks et al., 1997; Mann et al., 1998; Evans et al.,
2000]. However, these corals are restricted to the uppermost

1. Introduction

[2] The last ten years of the 20th century probably
constitute the warmest decade of the last 1000 years, at
least for the Northern Hemisphere [Mann et al., 1999; Jones
et al., 2001]. Nevertheless, it is still under debate how much

of the observed temperature increase over the last 100 years
was caused by anthropogenic climate change and how much
is natural variability induced by solar or volcanic forcing, or
by multidecadal internal variability of the climate system
[Crowley, 2000a; Delworth and Knutson, 2000; Stott et al.,
2000]. Owing to the sparseness of long-term temperature
records reaching back to times before human influence on
climate became significant, our knowledge of natural cli-
mate variations on centennial or millennial timescales is
very limited [Jones et al., 2001].
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few meters of the water column and our knowledge of
marine long-term temperature trends is thus largely con-
fined to sea surface temperatures. Only for the last few
decades are temperature data from subsurface waters avail-
able [Molinari et al., 1997; Levitus et al., 2000; Vauclair
and du Penhoat, 2001; Conkright et al., 1998].

[4] Multidecadal to millennial-length deeper water
(10-200 m) temperature records can be derived from
skeletons of sclerosponges [Swart et al., 1998a; Moore et
al., 2000]. Sclerosponges build a calcareous skeleton similar
to reef corals, but with growth rates one or two orders of
magnitude lower, typically less than 0.5 mm per year
[Benavides and Druffel, 1986; Reitner and Gautret, 1996;
Worheide, 1998; Willenz and Hartman, 1999; Moore et al.,
2000; Bohm et al., 2002]. Sclerosponge skeletons lack
annual growth bands. Sponge sclerochronologies are there-
fore usually based on absolute radiometric dating of discrete
layers [Swart et al., 1998b; Worheide, 1998; Moore et al.,
2000] or on tracer chronologies like stable carbon isotopes,
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Figure 1. Sampling localities (stars) at Jamaica and Pedro Bank in the Caribbean Sea. Major surface

current paths are shown, simplified from Gordon [1967], Schmitz and McCartney [1993], and Roberts
[1997]. Grid boxes of the World Ocean Atlas 1998 climatology [Conkright et al., 1998] used in this study

are marked by gray squares.

Pb/Ca ratios or the radiocarbon “bomb spike” [Druffel and
Benavides, 1986; Joachimski et al., 1995; Béhm et al.,
1996; Lazareth et al., 2000; Swart et al., 2001].

[s] To date, most sclerosponge-derived temperature recon-
structions have been based on oxygen isotopes. Oxygen
isotope values measured on several specimens of the Carib-
bean Ceratoporella nicholsoni and the Indopacific Astro-
sclera willeyana agree with expected equilibrium values for
local mean temperature and water composition [Druffel and
Benavides, 1986; Swart et al., 1998a; Bohm et al., 2000a;
Moore et al., 2000]. However, despite the apparent isotopic
equilibrium, early studies on temperature reconstructions did
not yield reproducible trends [Druffel and Benavides, 1986;
Joachimski et al., 1995; Worheide et al., 1997; Béhm et al.,
1998]. A 700-year oxygen isotope record from a deeper
water setting at Lee Stocking Island, Bahamas [Swart et al.,
1998b], was the first record showing significant long-term
variations, indicating cold periods during the 17th and 18th
century and a following warming trend through the 19th and

20th centuries. The first study to successfully compare
several oxygen isotope records and interpret reproducible
trends was by Moore et al. [2000]. They measured oxygen
isotopes on up to 100 year old specimens of A. willeyana
from shallow subsurface water settings (10—20 m) in the
Indonesian Seaway. Their sclerosponge records showed
different temperature trends than coral records from the same
area, indicating a significant subsurface cooling during the
last two decades. This was interpreted as evidence for a
recent shoaling of the thermocline in this area.

[6] In this study we apply another common temperature
proxy, the Sr/Ca ratio of skeletal aragonite. Until recently
only few isolated measurements of Sr in sclerosponge
skeletons existed [Veizer and Wendt, 1976; Reitner, 1992].
A first Sr/Ca record of A. willeyana measured by Stewart
Fallon was published in the work of Swart et al. [1998b].
Variations in that record pointed to a temperature depen-
dence of the distribution coefficient of Sr/Ca in
sclerosponge aragonite. Initial results indicating correlated
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Figure 2. Long-term average monthly position of pycno-
cline (base of mixed layer) and thermocline in the
Caribbean near Pedro Bank. Data from Levitus and Boyer
[1994] and Levitus et al. [1994]. Thermocline depth is the
depth where temperature is 0.5 K below sea surface
temperature [Levitus, 1982]. Pycnocline depth is the depth
where density (o7) is 0.1 kg/m® higher than surface water
density. Density calculated according to Dietrich et al.
[1975]. The depths of the sclerosponge sampling sites are
marked by disks on the vertical axis. The Jamaica specimen
(Ce96) is projected on the Pedro Bank site, as mixed layer
depth is similar at Jamaica and at Pedro Bank.

variations of Sr/Ca and §'%0 in C. nicholsoni skeletons,
possibly reflecting seasonal temperature changes, were
recently described [Swart et al., 2001, 2002a; Rosenheim
et al., 2001].

[7] In this paper, we compare Sr/Ca ratios of two speci-
mens of the sclerosponge C. nicholsoni that grew at
different water temperatures, one in the mixed layer and
the other in the upper thermocline, in the northwestern
Caribbean. This comparison provides evidence for a pro-
nounced temperature dependence of Sr/Ca ratios in the
skeleton of C. nicholsoni. We then use the Sr/Ca time series
recorded in the sponge skeletons to reconstruct northwest-
ern Caribbean mixed layer and thermocline water temper-
ature variations of the last 600 years.

2. Oceanographic Setting

[8] The uppermost 50—100 m of Caribbean Seawater
were termed “Caribbean Surface Water” by Wiist [1964].
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It forms by the mixing of freshwater from the Amazon and
Orinoco Rivers and local sources into tropical Atlantic
surface waters, which are then carried to the Caribbean by
the Guyana Current (Figure 1). The freshwater influx leads
to relatively “low” salinities of about 35.5 to 36 psu
[Morrison and Nowlin, 1982; Hernandez-Guerra and
Joyce, 2000]. Currently, about 80% of the Caribbean
Surface Water has a South Atlantic source while the rest
is derived from the North Atlantic [Schmitz and Richardson,
1991].

[o] Trade wind-driven coastal upwelling in the southern
part of the Caribbean, strongest during winter and early
spring, also influences the surface water [Gordon, 1967;
Black et al., 1999]. The northward shift of the ITCZ during
boreal summer with increased rainfall in northern South
America and the southern Caribbean leads to augmented
riverine input that reaches the northern parts of the Carib-
bean in late summer and fall [Hernandez-Guerra and Joyce,
2000]. The interplay of wind and precipitation leads to
seasonal variations in the thickness of the mixed layer
(Figure 2), with thickness maxima in the northwestern
Caribbean in winter and early summer and a pronounced
minimum in September, when a thin surface layer of
relatively fresh water (35.6 psu in the area of our collection
sites) spreads to the northwest [Levitus et al., 1994].

[10] The Caribbean Surface Water is underlain by the
Subtropical Underwater [ Wiist, 1964]. This subsurface water
mass forms a salinity maximum (>36.4 psu) at a depth of
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Figure 3. Caribbean annual mean water temperature along
a section at 78.5°W [Conkright et al., 1998]. Contour
interval is 1 K below and 0.1 K above 27°C, respectively.
Isothermal layer (0.5 K criterion) and mixed layer [Levitus
et al., 1994] are shown with light and dark shading,
respectively. Sponge sampling locations are marked by
stars, projected into the plane of the section. The slightly
warmer temperature for the 125 m site compared to the
value given in the text (section 5.1) results from the strong
cast-west temperature gradient at the Nicaraguan Rise. The
value used in the text is the average of the two grid squares
at 17.5°N, 78.5°W (26.4°C) and 17.5°N, 79.5°W (25.6°C).
Note shallowing of isothermals in the main flow path of the
Caribbean Current (main surface current path from
Fratantoni [2001] is marked by gray bar) and deepening
above the Nicaraguan Rise.
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about 150 to 200 m with a temperature of about 23-24°C
[Morrison and Nowlin, 1982]. These waters are formed
mainly during the winter in the eastern part of the tropical-
subtropical North Atlantic north of about 20°N from where
it sinks along an isopycnal and is advected into the
Caribbean [Morrison and Nowlin, 1982; Schmitz and
McCartney, 1993; Sprintall and Tomczak, 1992].

[11] The strong salinity gradient between the Caribbean
Surface Water and the Subtropical Underwater defines a
pycnocline forming the base of the surface mixed layer at
about 30 mbsl in the area of our collection sites (Figures 2
and 3). As the Subtropical Underwater derives from rela-
tively warm surface waters, a thermocline is developed
below the pycnocline at about 60 mbsl (annual average).

[12] Sea surface and mixed layer temperatures in the
Caribbean and tropical North Atlantic are chiefly controlled
by the intensity of the northeast trade winds, both through
latent heat flux and through Ekman pumping [Curtis and
Hastenrath, 1995; Enfield and Mayer, 1997]. Significant
horizontal temperature gradients in the western Caribbean
are generated by divergence in the south, deflection of the
Caribbean current at the Nicaraguan Rise and convergence
south of Jamaica [Gordon, 1967] (Figure 3). At a fixed site,
variations of wind stress and current intensities can thus
create temperature changes on interannual or longer time-
scales, especially in the deeper water.

[13] The mean seasonal temperature variation in the area of
our collection sites is 2.6°C at 20 mbsl and 0.9°C at 125 mbsl
(Figure 4). At 125 mbsl the timing of the seasonal extrema is
clearly decoupled from the mixed layer and closely follows
the seasonal variations at 150 mbsl, that is the core of the
Subtropical Underwater [Levitus and Boyer, 1994].

3. Material and Methods

[14] We collected two Ceratoporella nicholsoni speci-
mens in the northwestern Caribbean (Figure 1) in spring
1996. One collection site is a reef cave at 20 mbsl at
Montego Bay (specimen Ce96), at the north coast of
Jamaica (18°28'N, 77°57'W). It is situated in the Caribbean
Surface Water and is within the mixed layer during most of
the year (Figure 2). The other site is at the NW slope of
Pedro Bank (17°32'N, 78°57'W), at 125 mbsl (specimen
Pb19), about 200 km southwest from Jamaica. This collec-
tion site is situated below the top of the thermocline, in the
upper part of the Subtropical Underwater. Both locations are
exposed to the open sea.

[15] A radiograph was prepared from a slab of specimen
Pb19 cut along the growth axis and milled to a constant
thickness of 3 mm. The radiograph was scanned at a
resolution of 600 dpi. A densitometric profile was measured
on the resulting gray level image with the line profile
function of UTHSCSA Image Tool version 2.0.

[16] The porosity of a C. nicholsoni skeleton was calcu-
lated from measurements of the wet and dry density of a
4 cm long column cut along the growth axis. The resulting
value thus represents the average porosity of 0 to about 150
year old skeletal material.

[17] Singular spectrum analysis (SSA) [Vautard et al.,
1992] of the oxygen isotope and Sr/Ca records was used to
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Figure 4. Annual temperature variation at different depth
levels at Pedro Bank from Levitus and Boyer [1994]. The
average position of the thermocline for summer and winter
is taken from Figure 2. Mixed layer temperature shows a
clear seasonal variation with the minimum around February
and the maximum in September. The Subtropical Under-
water (depth level 150 m) takes a different seasonal course
with a temperature maximum in August and a minimum in
October. Temperature at 125 mbsl (specimen Pb19) follows
the course of the Subtropical Underwater.

distinguish long-term trends from high-frequency variation
and noise with the SSA-MTM toolkit version 4.1 [Ghil et
al., 2002]. For the analyses, the records were interpolated to
one year time steps. A window of a tenth of the record
length was used (i.e., of about 60 years). To test the
robustness of the results, all analyses were repeated with
half and double window sizes.

[18] We use the double standard deviation (2sd) to indi-
cate the variation of values around a mean. We use the
double standard error of the mean (2sem = 2sd/n’’; n =
number of measurements) to refer to the 95% confidence
interval of a mean value calculated from repeat measure-
ments. Statistical tests (t test, F' test) were carried out
according to Press et al. [1989].

3.1. Sr/Ca Ratios and Oxygen Isotopes

[19] About 1-2 mg carbonate powder was collected for
Sr- and Ca- ICP-AES analysis using a dental drill with a
0.5 mm diameter drill bit. This corresponds to a temporal
resolution of 1-3 years per sample. Sampling was per-
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formed parallel to the main growth axis (Figure 5). Car-
bonate powder was dissolved in 3N HNO; and analyzed for
Sr and Ca concentrations using an ICP-AES (Yobin Yvon,
IY170 ULTRACE). For simultaneous measurements of Sr
and Ca, lines at 407.771 nm and 317.933 nm, respectively,
were used. The external reproducibility (2sd) of the Sr/Ca
ratios was determined to be 1.5% from repeated measure-
ments (n = 123) of the in-house aragonite standard
“Ce96-4".” Accuracy was monitored with the international
standard “KH.” Each sponge sample was measured three
times. The average external reproducibility (2sem) deter-
mined from these triplicate analyses is 0.6%.

[20] Samples for oxygen isotope analyses were drilled
with a 0.5 mm dental drill adjacent to the samples used for
Sr/Ca ratios. Offsets between Sr/Ca and oxygen isotope
samples were always smaller than 0.2 mm. The drill was
operated at the slowest possible drill speed to avoid isotope
exchange through heat-induced transformation of the skel-
etal aragonite [4haron, 1991; Kuhlmann, 2000]. Aragonite
powders were dissolved with 100% H3;PO,4 at 75°C in an
online, automated carbonate reaction device (Kiel Device)
connected to a Finnigan Mat 252 mass spectrometer at the
University of Erlangen Geological Institute. Isotopic ratios
are reported relative to PDB (Peedee belemnite) by assign-

Figure 5. Slabs of the Ceratoporella nicholsoni specimens
used in this study. Pbl9, Pedro Bank, 125 mbsl. Ce96,
Jamaica, 20 mbsl. Lines of dots are sampling transects.
Three parallel transects were sampled in specimen Pbl9.
Numbers are years (A.D.) with uncertainties as determined
by radiometric dating. Sampling spots of U/Th datings and
radiocarbon sample assigned to the year 1965 are marked
with bold black lines. Average growth rates (mm/a) were
calculated along the sampling transects.
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Figure 6. Fit of the measured radiocarbon values to the
coral A'C curve for Atlantic Ocean surface waters at
Florida [Druffel, 1989]. Error bars are smaller than symbols
except where shown. The width of the symbols is equivalent
to the width of the samples of 1 mm. The upper x axis
shows the sponge sample distance from the outer rim along
the growth axis. We take the position of the sample
intermediate between the prebomb and postbomb values to
represent the year 1964 + 5 A.D. in the sponge skeleton.
Spacing of the radiocarbon samples is scaled to the lower x
axis (time) with a growth rate of 0.19 mm/a.

ing a 6'®0 value of —2.19%0 (PDB) to standard NBS 19.
External precision (2sd) for 6'%0 is £0.07%0 (PDB) based
on multiple analyses (n = 87) of standards NBS 19 and
TAEA COl. Temperature-dependent water-aragonite fractio-
nations were calculated based on the equilibrium fraction-
ation equation for aragonite [Béhm et al., 2000a]. The Sr/Ca
and oxygen isotope data are available as supplementary
material (Appendices A and B) from the World Data Center
for Paleoclimatology.'

3.2. Age Determination

[21] For U-Th analysis, 0.3 to 1g of sponge material was
drilled along visible growth layers. This sample size is a
compromise between the analytical requirements for suffi-
ciently large samples and the time comprised in one sample.
The sample size was chosen so that the width and depth of
the sampling groove was equivalent to a period of about
20 years, given a growth rate on the order of 0.2 mm/a.

[22] The powder was dissolved in warm concentrated
HNO; and spiked with a >>*Th and a >**U-**°U double spike.
The separation of Th and U was performed similar to the
procedures described by Chen et al. [1986] and Edwards et
al. [1987]. Thorium and U were coprecipitated with Fe(OH),
in alkaline solution (pH 8) using NH4OH. Uranium and Th
were then separated with HBr and HCI, using anion exchange

'Supporting appendices are available electronically at World Data
Center-A for Paleoclimatology, NOAA/NGDC, 325 Broadway, CO 80303
(e-mail: paleo@noaa.gov; URL: http://www.ngdc.noaa.gov/paleo).
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Table 1. Age Data®
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Distance From Uncertainty, 232Th/230Th

Sample Rim, mm Width, mm  Age, Years Year A.D. Years 2sem Measured §2*U, %0 2*"U, ppm  **>Th, ppb  2*°Th, ppt
Ce96-rim 0 1 0 1996 1 - - - - -
Ce96-25 34.1 3 135 1862 9 19646 147 7.79 3.64 0.18
Ce96-45 63.8 3 247 1750 13 10787 150 7.71 432 0.33
Ce96-51 72.4 4 261 1740 22 6121 155 7.37 2.12 0.33
Ce96-186 111.3 3 327 1673 20 5784 160 7.44 2.54 0.42
Ce96-184 114.9 3 423 1576 15 3966 134 7.29 2.34 0.58
Ce96-123 159.5 3 462 1539 92 3637 161 7.46 2.28 0.60
Ce96-4' 170.0 4 511 1490 22 2544 157 7.44 2.00 0.77
Ce96-151 192.3 4 592 1409 29 2795 162 7.41 2.17 0.76
Ce96-170 215.3 3 608 1393 28 2677 155 7.53 2.16 0.79
Ce96-172 218.0 3 620 1377 22 3484 145 7.84 2.81 0.83
Pb19-rim 0 1 0 1996 1 - - - - -
Pb19-"C 5.9 1 32 1964 5 - - - - -
Pb19-64 51.6 3 260 1741 10 7956 159 7.24 2.70 0.33
Pb19-110 99.5 3 505 1493 25 6523 149 7.69 4.48 0.67

For each specimen the first value represents the age of the outermost layer of the skeleton, taken as equal to the sampling year. Sample Pb19-'*C is the
radiocarbon bomb spike fit described in the text. Distance from rim was measured along the growth axis. Year A.D. is calculated from the age and the year
of the measurements (varying from 1997 to 2001 A.D.). Uncertainties of the U-Th dates are internal errors (2 sd) except for sample Ce96-4". For this sample

multiple analyses (n = 5) give an error of about 4% (2sem).

resin Bio Rad AG 1X8 (100—200 mesh) in chloride form.
Total blanks are 14 to 30 pg for Th and 13 pg for U. U and Th
isotope analyses were carried out on a Finnigan MAT 262
RPQ + mass spectrometer at GEOMAR, Kiel, Germany.
Thorium and U were loaded with 1N HNO; on an out-gassed
Re filament and measured using the double filament tech-
nique in the “peak jumping” mode. Measurements of the
international standard A112 yield a 6***U of —30.3 + 6.3%o
(2sd, n = 29). This value is slightly higher but still in accord
with the previously reported values of Edwards et al. [1993]
(67U —34.1 + 3.4%o, 2sd, n = 6) and Eisenhauer et al.
[1996] (§***U —33.2 + 4.3%0 , 2sd, n = 11).

[23] For radiocarbon analyses, 10 samples (about 15 mg
each) were drilled with a 1 mm dental drill from the
uppermost 1.7 cm of skeleton of specimen Pb19. Samples
were chemically prepared and measured using the AMS
facility at the Leibniz-Labor of the University of Kiel. The
aragonite powder samples were cleaned in an ultrasonic
bath of 15% H,0, and reacted to graphite using standard
procedures [Nadeau et al., 1997]. Conventional radiocarbon
ages and A'*C values were calculated according to Stuiver
and Polach [1977]. Precision is better than +30 conven-
tional radiocarbon years.

[24] We compared our A'*C data with a A™C curve
measured on a Florida surface water coral [Druffel, 1989].
The fit was constrained by assuming that the growth rate
was constant in the relevant part of the sponge skeleton. We
further assume that the timing of the radiocarbon increase at
125 mbsl was similar to surface waters in that region
because the amplitude of change in A'*C is similar to the
surface water change (Figure 6). The sample position
corresponding to the drastic rise in A'C, caused by
atmospheric nuclear weapon testing, was assigned to the
year 1964 A.D.

4. Results
4.1. Chronology

[25] Results of the U and Th analyses are shown in Table 1.
The 6***U ratios, defined as permil deviation of the 2**U/***U

activity ratio from radioactive equilibrium, show values
around 154 £ 3%o, which is slightly higher than modern
seawater (145 £ 5%o [Chen et al., 1986]). Individual
statistical errors on the U/Th ages vary between 10 and 30
years with one exception of 92 years (Table 1). The external
reproducibility of our U/Th dating results was determined as
about £20 years (2sem) by five replicate analyses of sample
Ce96-4" and confirmed by analysis of three closely spaced
sample pairs (Ce96-45/51, Ce96-170/172, Ce96-123/4).
For one sample pair (Ce96-184/186) U/Th ages could not
be confirmed within external reproducibility.

[26] According to our U/Th dating results, the skeleton of
specimen Ce96 represents a time interval from about 1400
A.D. to 1996 A.D. As the age data of this specimen deviate
significantly from a linear growth curve, we fitted a third-
order polynomial to the U/Th ages (Figure 7). Using the
polynomial instead of a linear fit reduces the RMS error by
40% from 37 to 22 years. The latter value is similar to the
mean uncertainty of the U/Th data. On the basis of the fitted
polynomial, the growth rate of the shallow water sponge
specimen Ce96 varied between 0.23 and 0.43 mm/a. For
specimen Pbl19 a mean growth rate of 0.19 mm/a was
calculated from the slope of a linear fit to the dated tie
points. A lifespan from about 1400 A.D. to 1996 A.D. was
determined by extrapolating the mean growth rate to the
base of the skeleton (Figures 5 and 7).

[27] The U/Th chronology is independently confirmed by
the correct localization of the nuclear weapon test radio-
carbon increase at a depth of about 5.9 mm below the
surface of the skeleton (Figure 6, Table 2). Further inde-
pendent support for the reliability of our chronologies is
provided from the fit of §'°C data of the investigated
sponge skeletons and atmospheric CO, records [Bohm et
al., 2002].

[28] Recently, Swart et al. [2002a] postulated short term
growth rate variations on the order of 50% in a C.
nicholsoni skeleton from the Bahamas, based on Sr/Ca ratio
variations interpreted to represent annual temperature cy-
clicity. If this interpretation is correct, such variations could
potentially lead to uncertainties of the interpolated ages
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Figure 7. Ages versus depth in skeletons and fitted growth
curves. Fit to age data of specimen Ce96 is a third-order
polynomial. Age data of Pb19 are fitted by a linear growth
model. Left y axes give the year before date of collection
(1996 A.D.). Right y axes give the year of formation before
present (1950 A.D.). Curve fit equations refer to the years of
collection.

between our U-Th tiepoints of up to +25 years. This is
within our analytical uncertainties.

[29] In summary, several independent observatlons sup-
port the reliability of our U-Th age dates. The §***U values,
stratigraphic consistency, reproducibility of repeated mea-
surements and comparison with atmospheric §'*C and A'*C
support the chronology of the two sponges.

4.2. Sr/Ca Ratios

[30] The measured Sr/Ca data are presented in Appendix
A and Figure 8. Sr/Ca ratios of the shallow water specimen
(Ce96) vary between 9.4 and 9.9 mmol/mol, with an average
ratio of 9.69 = 0.01 mmol/mol (2sem). Sr/Ca ratios of the
deeper water specimen (Pb19) are generally higher than
those of Ce96. The values range from 9.5 to 10.1 mmol/mol

Table 2. Radiocarbon Data Measured on Specimen Pb19?
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Figure 8. Measured Sr/Ca ratios (small symbols) plotted
with the long-term mean values from Table 3 (shaded bars,
box height represents +£2sem). Light gray bars refer to
warmer (lower Sr/Ca) and dark gray bars to colder (higher
Sr/Ca) periods. Sr/Ca scale is plotted inversely. Age tie
points are shown as big black dots. Gray dots are uncertain
dates (compare to Figure 7).

with a mean of 9.84 + 0.02 mmol/mol (2sem). The two
record means differ significantly (p < 0.001, t test).

[31] Both Sr/Ca data sets were approximated using sin-
gular spectrum analysis (SSA) (Figure 9a). Although var-
iations in the Sr/Ca ratios are relatively small compared to
analytical errors, they allow the reconstruction of statisti-
cally significant long-term trends. For Ce96 the long-term
trend is represented by the first two principal components
(PC) found by SSA. These explain 62% and 11%, respec-
tively, of the total variance of the Sr/Ca record. For Pb19 the
first two PCs, representing the trend, explain 54% and 11%

Sample Distance From Rim, mm Corrected Modern Carbon, % Conventional 14-C Age, Years BP AC, %o
Pb19-500 0.8 111.65 £ 0.44 —885 £ 30 117544
Pb19-501 2.7 112.81 £ 0.42 —970 + 30 130.4 £ 4.2
Pb19-502 3.7 113.84 £ 0.31 —1040 £ 20 141.4 £ 3.1
Pb19-503 5.9 105.09 + 0.35 —400 + 25 552 +35
Pb19-504 7.4 95.62 + 0.30 360 + 25 —39.0 £3.0
Pb19-505 9.4 94.70 + 0.29 435 +£25 —47.0+29
Pb19-506 11.0 94.97 + 0.42 415 + 35 —433+42
Pb19-507 12.7 95.22 £ 0.30 395 £ 25 —39.8 +£3.0
Pb19-508 14.4 94.97 +£ 0.29 415 £ 25 —413+£29
Pb19-509 16.3 94.92 + 0.36 420 + 30 —40.7 £ 3.6

Distance from rim is measured along the growth axis. “Percentage of corrected modern carbon” is the fraction of '*C relative to the
“modern” value (1950 A.D.), corrected for fractionation using the '*C/'?C measurements. A'*C values were calculated from the
corrected percentage of modern carbon using estimates of the true age of the samples taken from the U-Th datings. This age correction is
very small (<1% in all samples) so uncertainties introduced by incorrect age estimates are negligible.
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Figure 9. (a) Measured Sr/Ca ratios (small symbols) and
long-term trends reconstructed from the first two principal
components of SSA (window size 60 years, thick lines). St/
Ca scale on left y axis is plotted inversely. On the right y
axis estimated temperature anomalies (deviation from Ce96
mean) are shown, according to our Sr/Ca temperature
calibration discussed in the text. (b) Difference between the
SSA reconstructions of Pb19 and Ce96 (solid line). Note the
decreasing difference around 1700 A.D. The right y axis
shows the calculated corresponding temperature difference.
The dotted line is the bulk sediment Ti content from ODP
Hole 1002C, Cariaco Basin [Haug et al., 2001a], a proxy
for river runoff from northern South America to the
southern Caribbean. Low Ti values indicate arid conditions
[Haug et al., 2001b]. The durations of the Sporer, Maunder
and Dalton (Da.) sunspot minima are shown for comparison.

of the variance, respectively. The third and fourth PC of the
Pb19 record represent a weak periodic component with a
wavelength of 28 years. Together they explain another 13%
of the total variance.

[32] The SSA reconstructed trend curves of both Sr/Ca
records show a general increase from low values in the
oldest part of the record to a maximum at about 1800 A.D.,
followed by a general decrease to an absolute minimum in
the youngest part of both records. This general trend is
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overlain by smaller-scale variations (Figure 9a, Table 3). In
the shallow water record these are: a relative Sr/Ca maxi-
mum in the early 15th century followed by a minor
minimum from about 1450 to 1550 A.D., a sharp increase
to a maximum after 1550 A.D. and a second, smaller
increase in the late 17th century. The time period around
1750 A.D. represents a minor minimum, followed by an
increase to the absolute maximum shortly after 1800 A.D.
After 1800 A.D., the trend curve falls almost monotonically
to the lowest values at about 1950 A.D. Only around 1900
A.D. was this trend briefly interrupted. The trend curve of
Pb19 is roughly parallel to the Ce96 trend, except for a short
period around 1700 A.D. where the two curves overlap.
Through most of the recorded time the offset between the
two trend lines varies between 0.2 and 0.1 mmol/mol, with a
general decrease from the 14th century until about 1700
A.D. and a subsequent rise in the 18th and 19th centuries
(Figure 9b). The offset finally decreases in the late 20th
century to about 0.1 mmol/mol.

[33] The maxima and minima seen in the SSA recon-
structions are corroborated by comparing the average Sr/Ca
ratios of the respective time intervals. All interval means
shown in Figure 8 and Table 3 are significantly different
from the neighboring intervals (>99% significance level, t
test). The only exception is the oldest interval of the Pb19
record with a mean that differs from the mean of the
subsequent interval with only 94% significance. In both
records the 1950—1992 period mean is significantly lower
than any other interval mean.

4.3. Oxygen Isotopes

[34] Oxygen isotope values are listed in Appendix B and
shown in Figure 10. Unlike the St/Ca records, the shallow
and deeper water 'O curves show no parallel trends. All
oxygen isotope ratios of the deeper water sponge (Pb19) are
higher than those of the shallow water sponge (Ce96). The
difference of the respective mean values is 0.43%o. The mean
§'%0 for the period 1950—1992 A.D. of the two sponges
differs by 0.44 + 0.05%o, or 1.9 + 0.3 K (2sem) if converted
to temperature with the assumption of a negligible seawater
§'80 difference between the sites [Bohm et al., 2000a]. This
is in good agreement with the temperature gradient between
the two collection sites of 1.8 + 0.2 K expected from the
climatology data [Conkright et al., 1998].

[35] The 6'®0 of the shallow water specimen (Ce96)
varies between —0.95%0 and —0.65%o (PDB). The overall

Table 3. Average Sr/Ca Ratios for Alternating Periods With High (Boldface) and Low Sr/Ca Means®

Ce96, Jamaica, 20 m

Pb19, Pedro Bank, 125 m

Period Sr/Ca Mean + 2SEM (n) T Test Probability Period Sr/Ca Mean + 2SEM (n) T Test Probability
13561454 9.68 £ 0.02 (31) 0.003 13841568 9.84 £ 0.03 (33) 0.060
1457-1562 9.64 + 0.02 (35) 0.000
1565-1663 9.74 £ 0.02 (38) 0.000 1574-1670 9.88 £ 0.03 (19) 0.003
1671-1709 9.80 £ 0.02 (11) 0.001
1714-1780 9.72 £ 0.04 (13) 0.001 1676—-1785 9.82 £ 0.03 (21) 0.000
17841850 9.81 £ 0.04 (13) 0.000 17911885 9.96 + 0.04 (18) 0.000
1954-1991 9.49 + 0.05 (10) 1952—-1992 9.60 + 0.05 (9)

The mean values are given with standard error intervals (sem = standard deviation/n’*) and the number of measurements (n) for each
time period. The t test significance values give the probability that the mean value of the respective time interval is equal to the mean of
the subsequent interval. The means for the 1950—1990 period are weighted, taking account for the individual confidence intervals (2sem)

of the measured values.
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Figure 10. Oxygen isotope data. (a) Shallow and deeper
water record. Thick lines are reconstructions from the first
two principal components of SSA (window size 60 years).
The older part of the Pb19 record is from transect 1, the
younger part is a stack of the three transects shown in
Figure 10b. Tem]?eratures on the right y axis are calculated
for a constant §'*Oyqer of 0.8%0 (SMOW) applying the
temperature equation of Bohm et al. [2000a]. (b) Three
transects through specimen Pb19. For position of the
transects compare Figure 5.

mean is —0.79 + 0.01%o, the mean for the 1950—-1991 A.D.
period is —0.84 £ 0.05%o (2sem). The first two PCs found
by SSA explain 44% and 12% of the variance, respectively.
The 3rd and 4th PC constitute an oscillatory component
with a periodicity of 40 years and together represent 14% of
the total variance. The reconstruction from PCs 1 and 2 is
shown in Figure 10a.

[36] In the deeper water sponge (Pbl9), §'*0 varies
between —0.25%0 and —0.55%0 with an overall mean of
—0.36 £ 0.01%o and a 1950—1992 A.D. mean of —0.40 +
0.03%o (2sem). Three transects were sampled as a test for
reproducibility (Figures 5 and 10b). Correlation between the
transects was carried out by following the growth bands of
the skeleton. The trends and larger features are well-repro-
duced in the three transects. However, transect 1 is offset
from the other two transects by about 0.1%.. For the
subsequent discussion we therefore use a stacked record,
averaging the three transects (Figure 10a).

[37] SSA of the stacked record of Pb19 does not produce
the clear trend components as the other records. The first
two PCs explain only 19% and 17% of the total variance,
respectively. The 3rd and 4th PC, like in the shallow water
record, constitute an oscillatory component with a period-
icity of about 40 years. Together the latter explain 24% of
the total variance. The reconstruction from the first two PCs

18-9

(Figure 10a) reveals multidecadal variations, most promi-
nent during the last 300 years, superimposed on a very weak
long-term trend.

5. Discussion
5.1. Temperature Calibration of Sr/Ca Ratios

[38] So far no temperature calibration is available for Sr/
Ca ratios in sclerosponge skeletons. In order to translate the
observed Sr/Ca variations into temperatures, we use the
contrast in water temperature and skeletal Sr/Ca ratios
between the shallow and the deeper water site to establish
a preliminary Sr/Ca temperature calibration for Ceratopor-
ella nicholsoni. Annual mean water temperature averaged
over the last 50 years is 27.8 + 0.2°C (£2sem) at 20 mbsl for
the 1°*1° grid square centered at 18.5°N, 78.5°W (west of
Jamaica) and 26.0 + 0.2°C at 125 mbsl for the two grid
squares centered at 17.5°N, 78.5°W and 79.5°W (east and
west of the Pedro Bank sampling site, Figure 1) [Conkright
et al., 1998]. This corresponds to a temperature difference
of 1.8 + 0.2 K between the two locations. The average
temperature difference for the same time interval calculated
from our measured §'%0 values is 1.9 + 0.3 K.

[39] The average St/Ca ratios for the 1950 to 1991 A.D.
period are 9.47 + 0.05 mmol/mol (shallow water, Ce96) and
9.60 = 0.05 mmol/mol (deeper water, Pb19), respectively
(Table 3). From the difference between these two average
values of —0.13 + 0.07 mmol/mol and the temperature
difference of 1.8 + 0.2 K, a St/Ca temperature relation of
—0.07 £ 0.04 mmol/mol/K is calculated.

[40] Comparison with other marine aragonitic material
shows that the temperature control of Sr/Ca variation of C.
nicholsoni (—0.07 £ 0.04 mmol/mol/K) is similar to reef
corals (—0.05 to —0.08 mmol/mol/K [De Villiers et al.,
1994; Shen et al., 1996; Swart et al., 2002b]) but slightly
stronger than in inorganic aragonite (—0.04 mmol/mol/K
[Kinsman and Holland, 1969]).

[41] Applying the Sr/Ca temperature calibration (—0.07 £+
0.04 mmol/mol/K) to the sponge records we find a temper-
ature change between the periods with the highest and the
lowest Sr/Ca ratios (Table 3) of about 5 K (3—12 K, 95%
confidence interval). We realize that temperature variations
of up to 12 K are unrealistic for the Caribbean, compared to
the maximum tropical Atlantic Ocean cooling of less than
5 K during the last glacial maximum [Crowley, 2000b].
Thus we realize that realistic temperature variations are only
found by using the calibration value at the lower limit of the
95% confidence interval (—0.11 mmol/mol/K), resulting in
minimal temperature change.

[42] Regional variations of the seawater Sr/Ca ratio,
variable calcification rates and precipitation of secondary
cement in skeletal pores may complicate and obscure the
application of the Sr/Ca temperature proxy. However, for
our case we can largely exclude such complications as
discussed in the following.

5.1.1. Influences From Sr/Ca Variations in the
Seawater

[43] De Villiers [1999] showed an increase of Sr/Ca ratios
from 8.49 mmol/mol at the surface to 8.57 mmol/mol at
100 m in the equatorial central Atlantic. A shallow-deep
water difference of this magnitude would change the scle-
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rosponge Sr/Ca thermometer to —0.03 mmol/mol/K. The
latter value results in unrealistically large temperature
amplitudes of more than 10 K. The deeper water sponge
(Pb19) is situated in the transition zone between the
Caribbean Surface Water and the Subtropical Underwater.
Subtropical Underwater originates from the tropical-sub-
tropical North Atlantic. This water generally carries higher
Sr/Ca ratios than the waters originating in the South Atlantic
[De Villiers, 1999], which are the main sources for the
Caribbean Surface Water. Thus Pb19 may be enriched in
Sr/Ca in contrast to sample Ce96, resulting in a possible
effect similar to the one discussed above.

[44] Varying Sr/Ca in the surface water due to local runoff
could add some uncertainty to the calibration. Diagenetic
alteration and chemical weathering of elevated Plio-/Pleis-
tocene coral reefs along the northern coast of Jamaica could
be a Sr source for coastal waters at Montego Bay (Ce96).
However, our Jamaican sponge grew in a reef cave exposed
to the open ocean, where the effect of local Sr input can be
considered to be negligible.

5.1.2. Influences of Calcification Rate and
Secondary Cementation

[45] Various studies have discussed the possible influence
of calcification rates on the Sr/Ca ratios of coral skeletons
[De Villiers et al., 1994]. Zhong and Mucci [1989] found
rate-independent Sr/Ca ratios for inorganic aragonite, pre-
cipitated with rates of up to 230 umol/m?/h, and possibly up
to 660 pmol/m*/h as indicated by a single data point. Reef
corals, on the other hand, show much higher calcification
rates with typical values for Porites around 20,000 + 10,000
umol/mz/h [De Villiers et al., 1994; Lough and Barnes,
1997]. We estimate calcification rates for C. nicholsoni from
the measured extension rates (0.2—0.4 mm/a), porosity
(~4%) and noncarbonate contents (organic carbon and
opaline needles, ~4%). This results in values ranging from
500 to 1400 pmol/m*/h, about an order of magnitude lower
than reef coral calcification rates.

[46] De Villiers et al. [1994] suggested that reef corals
incorporate less Sr in their skeletons (Dg, = (St/Ca)corar/
(St/Ca)geawater ~ 1.0 at 27°C) than inorganically precipi-
tated aragonite (Dg, ~ 1.1 at 27°C [Kinsman and
Holland, 1969]) because of their high calcification rates.
From the mean Sr/Ca ratios for tropical Atlantic surface
waters [De Villiers, 1999] and the mean Sr/Ca ratio of
specimen Ce96 for the period 1950-1991 A.D., we
estimate Dg, =&~ 1.1 (27°C) for the aragonite of C. nicholsoni.
This is in good agreement with the value for inorganic
precipitates.

[47] If calcification rate would influence the Sr uptake of
C. nicholsoni like in reef corals, then the older, fast growing
portion of specimen Ce96 (growth rate 0.4 mm/a) would be
depleted in Sr compared to the slow growing young part
(0.2 mm/a). This would mean that the actual temperature
increase from the 17th century to modern times would
be even larger than calculated from the measured Sr/Ca
ratios.

[48] It has been shown that precipitation of secondary
aragonite can distort the Sr/Ca signal in reef corals [Miiller
et al., 2001; Enmar et al., 2000]. If this were also valid for
our sclerosponges, the roughly 0.3 mmol/mol increase from
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Figure 11. Radiograph of specimen Pbl9 indicating
porosity of the skeleton. The upper rim of the skeleton
(dark lining) is the growth surface, which is covered by soft
tissue. Note dark sponge borings (“b”’) and faint dark
laminations (““dl”’) in the radiograph. The curve shows the
image brightness measured along a 0.5 mm wide profile
positioned at the left rim of the black rectangle. Lower
brightness indicates lower density/higher porosity. The
curve shows increasing brightness values (decreasing
porosity) in a roughly 5 mm thick layer below the dark
growth surface. Further inside the skeleton, brightness
shows fluctuations between bright and dark layers, but no
further trends, except for the bored zone at the base of the
profile.

the youngest to older skeletal parts could be due to a gradual
addition of secondary cement with a higher Sr/Ca ratio than
the primary aragonite. The necessary amount of secondary
aragonite can be calculated in a simple mass balance:

xs = ((Sr/Ca),—(St/Ca), ) /((Sr/Ca),~ (Sr/Ca),

where X, is the percentage of secondary cement in the bulk
material and subscripts b, p, and s stand for bulk, primary
and secondary, respectively. We assume a Sr/Ca ratio of
about 9.5 mmol/mol for the pristine skeletal material
(Table 3) and of 10.5 mmol/mol for the secondary cement
[Kinsman and Holland, 1969; Enmar et al., 2000]. To
achieve the observed 0.3 mmol/mol increase in Sr/Ca, one
has to add nearly half as much cement as there is primary
aragonite. As shown in the radiograph in Figure 11, there
is no porosity decrease across the zone of Sr increase (top
20 mm in Pb19, top 40 mm in Ce96). We have measured
the bulk porosity of C. nicholsoni skeletons as less than
5%. A porosity decrease from about 40% below the living
surface to 5% in the older skeleton would be easily visible
in the radiograph. The only porosity change visible in
Figure 11 takes place in the outermost 5 mm, which is not
compatible with the observed Sr trend that covers the
youngest 20 mm. We therefore exclude the presence of a
significant secondary aragonite phase in our sponge
skeletons.

[49] We conclude that neither secondary cementation nor
calcification rate variations significantly influenced our St/
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Figure 12. Scatterplot of the measured Sr/Ca ratios and
the corresponding oxygen isotope values. Correlation is
highly significant for Ce96. However, 6'®0 and Sr/Ca share
only 10% of common variance.

Ca records. Seawater Sr/Ca contrasts between the two
sampling sites cannot be excluded, but their contribution
to the Sr/Ca temperature calibration would be to increase
the amplitudes in the sponge temperature records to unre-
alistically high values.

5.2. Comparison of Sr/Ca and 3'*0

[s0] Samples for Sr/Ca and §'°0 were taken from the
same growth layers immediately adjacent to each other. This
allows us to directly compare both parameters from each
sample pair. Linear regression of the measured Sr/Ca ratios
on the §'®0 values shows a weak but significant correlation
(R*=0.1, p <0.001) for specimen Ce96. Variability of §'%0
explains 10% of the Sr/Ca variability. The correlation for
specimen Pb19 is not significant (p < 0.06) (Figure 12).

[51] The smoothed §'°0 and Sr/Ca curves (Figure 13a) of
the shallow water record both display a temperature mini-
mum at about 1800 A.D. and a subsequent temperature rise
until the late 19th century. However, while the Sr/Ca
temperatures continue to rise, the '*0 temperatures show
no further increase. Moreover, the amplitudes of the §'*0
variations are much smaller than expected for the temper-
ature variations derived from the Sr/Ca record. The deeper
water oxygen isotope record does not reflect any of the
long-term trends seen in the Sr/Ca record (Figure 13b).

[52] The assumption that the St/Ca record of C. nicholsoni
aragonite is primarily controlled by temperature implies that
the 6'%0 records must be strongly controlled by other
factors as well. Certainly part of the 90% independent
variability of both proxies is introduced by the low signal/
noise ratios. Additional 6'*0 variability could originate
from salinity variations. The 680 ater salinity relation in
the Caribbean is on the order of 0.2 to 0.3%o/psu
[Riihlemann et al., 1999; Watanabe et al., 2001]. The
long-term temperature variations of 3 K derived from the
Sr/Ca ratios are equivalent to 6'®0 variations of 0.7%o,
about twice as much as observed (Figure 12). Salinity
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variations of up to 2 psu could compensate for no more
than 0.6%o of &' *0. Larger salinity changes are unlikely for
the Caribbean.

[s3] The pH-dependent fractionation of oxygen isotopes
in carbonates may further influence the §'%0 of the sponge
skeletons. The §'°O of carbonates precipitated in a pH range
of 6 to 9 decreases by about 1.5%0 per pH unit [Zeebe,
1999]. Thus variations of 0.5 pH units in the fluid from
which the skeletal aragonite is precipitated can account for
the observed oxygen isotope variability. The observation
that sponges precipitate aragonite in chemical and isotopic
equilibrium indicates that the composition of the precipitat-
ing fluid is hardly influenced by the sponge metabolism.
Thus pH changes in the ambient seawater may be directly
monitored by the §'®0 record of the sponge aragonite. This
hypothesis is supported by the boron isotopic composition
of sponge skeletons, which indicates mineralization under
seawater pH conditions [Béhm et al., 2000b]. So, other
than for corals, which through symbiont and metabolic
activities strongly control their precipitating fluid pH
[McConnaughey et al., 1997, Hemming et al., 1998], the
§'%0 of sponge skeletons could be strongly influenced by
seawater pH changes. Measurements from the Pedro Bank
area at water depths of 125 + 25 mbsl taken in 1972 and
1973 show an average pH of 8.2 with variations of about
+0.2 (NODC Oceanographic Profile Database, www.nodc.
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Figure 13. Comparison of the temperature anomaly
estimates (deviation from Ce96 mean) based on Sr/Ca
ratios (left y axes, temperature calibration as discussed in
the text) and oxygen isotope values (right y axes,
temperature equation from Boéhm et al. [2000a]). The
durations of the Spérer, Maunder and Dalton (Da.) sunspot
minima are shown for comparison.
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noaa.gov/JOPI/). Thus seawater pH variability could add
about 0.6%0 of temperature-independent §'*0 variability.
We conclude that, together with variations in seawater 8120,
the pH effect on 6'%0 of carbonates can obscure the
temperature signal in the sponge §'%0 record sufficiently
to explain the divergent trends of the Sr/Ca and the oxygen
isotope records. These results indicate that for temperature
reconstructions using C. nicholsoni skeletons, Sr/Ca is a
more robust proxy than §'%0.

5.3. Temperature History

[54] Our preliminary Sr/Ca temperature calibration of
C. nicholsoni skeletons shows that the observed record of
Sr/Ca variations can be used to draw conclusions about the
long-term Caribbean temperature history. Applying our
“minimum calibration” (—0.11 mmol/mol/K) to the mea-
sured Sr/Ca records, we estimate long-term temperature
variations to be on the order of 3 K, both at Jamaica,
20 mbsl, and at Pedro Bank, 125 mbsl (Figure 9a).

[s5] Both sponges record the coldest temperatures of the
last 600 years at the beginning of the 19th century (Figure 9a).
The temperature difference between the shallow and deeper
water site was significant most of the time, except for an
interval between 1650 and 1700 A.D., when the two records
became statistically indistinguishable (Table 3, Figure 9).
During this interval the shallow water cooled while the
deeper water warmed. The absence of a significant temper-
ature gradient means that the base of the isothermal layer
deepened to a level below the Pb19 site.

[s6] As shown in Figure 9b, the temperature difference
between the two sponge collection sites follows a similar
long-term trend as the Titanium content of sediments from
the Cariaco Basin in the southern Caribbean [Haug et al.,
2001a]. The latter has been interpreted as a proxy for river
runoff from northern South America to the southern Carib-
bean [Haug et al., 2001b]. The decreasing trend of Ti from
the 14th century until about 1750 A.D. is paralleled by the
decreasing shallow-deep temperature contrast of our sponge
records. Lower Ti values point to less freshwater input to the
Caribbean Surface Water and at the same time to an
increased upwelling of Subtropical Underwater in the south-
ern Caribbean [Haug et al., 2001b; Black et al., 1999]. Both
would lead to a salinity increase in the Caribbean Surface
Waters and with that to a reduced density contrast between
the surface and the Subtropical Underwater. This in turn
would favor the deepening of the thermocline observed to
occur between the 14th and 17th centuries (Figure 9b). A
return to more humid conditions in the southern Caribbean
after 1750 A.D., reflected in increasing Ti values, allowed
the re-establishment of the stable salinity induced density
stratification as it exists in the Caribbean today, and led to a
rise of the thermocline to its modern level.

[s7] There are no long-term temperature records available
from the Caribbean or western tropical Atlantic that would
allow a direct comparison with our sclerosponge recon-
structions. Closest to our data is the multiproxy reconstruc-
tion of tropical North Atlantic temperatures [Mann et al.,
1998; Waple et al., 2002]. For the pre-1850 A.D. period it is
mainly based on tree ring data from the North American
continent. No Atlantic or Caribbean marine temperature
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Figure 14. Comparison of the temperature anomalies
calculated from the shallow water Sr/Ca record (dotted
lines) and a coral §'%0 SST reconstruction from Urvina Bay,
Galapagos (solid line) [Dunbar et al., 1994]. The annual
coral data are smoothed with a 15 year running average. The
durations of the Maunder and Dalton (Da.) sunspot minima
are shown for comparison.

proxy records were used. This land-based reconstruction
shows two cold periods in the late 17th and in the early 19th
century that agree with our reconstructed shallow water
temperature trend, and also with the early 19th century
minimum being colder than the late 17th century minimum.
However, it must be noted that the magnitudes of the
coolings are two to three times smaller in the reconstruction
than implied by our Sr/Ca record, if we apply our prelim-
inary sclerosponge calibration to quantify the temperature
variations.

[s8] An annually resolved coral SST reconstruction from
the east Pacific Ocean (Urvina Bay, Galapagos [Dunbar et
al., 1994]) shows similar trends as our shallow water tem-
perature record between 1650 and 1850 A.D. (Figure 14).
Similar to our Caribbean record, the late 17th and the early
19th century are cold intervals.

[59] Climate model experiments [Shindell et al., 2001,
Waple et al., 2002] have shown that these two cold intervals
can be explained by reduced solar irradiation during the
“Maunder” and “Dalton” sunspot minima, respectively. In
contrast to the cold periods of the late 17th and early 19th
century, the cooling around 1550 A.D., indicated by our
records, does not correlate with known variations of solar
irradiance (Figure 9a).

[60] Our preliminary Sr/Ca temperature calibration does
not yet allow us to precisely quantify the warming from the
Little Ice Age to modern temperatures. However, a com-
parison of the magnitude of change in Sr/Ca ratios during
the last 200 years with the fluctuations during the preceding
centuries clearly points to the exceptional nature of this
recent warming in the Caribbean Sea (Figure 9).

[61] Most published tropical ocean temperature records
indicate a late 20th century that is 1-2 K warmer than the
Little Ice Age [Crowley and North, 1991; Keigwin, 1996;
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Corrége et al., 2001; Miiller et al., 2002]. A stronger
warming on the order of 2—-3 K from 1780-85 A.D. to
the present was found in a coral record of sea surface
temperatures from Puerto Rico, northeastern Caribbean
[Winter et al., 2000, Watanabe et al., 2001]. DeMenocal
et al. [2000] found a 3—4 K warming of sea surface
temperatures in the subtropical North Atlantic off West
Africa from about 1650 A.D. to modern times using
planktonic foraminiferal assemblage census counts with a
temporal resolution of 50—100 years.

[62] The strong warming since the early 19th century
reflected in our Sr/Ca records is not seen in the observa-
tional (1856—1991 A.D.) Caribbean SST anomaly time
series of Kaplan et al. [1998]. Correlation of our Sr/Ca
records and the SSTA data (averaged to a triannual resolu-
tion) results in correlation coefficients of —0.4 (Pb19, n =
27, p < 0.02) and —0.3 (Ce96, n = 27, p < 0.08). These
weak correlations indicate a decoupling of the water temper-
atures at both sponge collection sites from local SST at the
interannual timescale resolved by our data. This is not
surprising for the deeper water site which is positioned
below the thermocline (Figure 2) at a water depth clearly
decoupled today from seasonal SST variations (Figure 4).
At our shallow water (20 m) site the relatively sheltered
cave setting may have provided for some decoupling from
the surface environment. A similar decoupling of shallow
water (10—20 m) temperatures from SST on interannual to
decadal timescales was also described from the Indonesian
Seaway by Moore et al. [2000].

[63] The decoupling from SSTs suggests that temper-
atures at both sites are mainly controlled by subsurface
advection of water. The large horizontal temperature gra-
dients found in the Caribbean (Figure 3) allow for the
advection of waters of different temperatures to any one
location just by modifying the wind field or the strength and
flow path of the Caribbean current. Therefore the large
amplitude temperature variations seen in both of the sub-
surface sponge records but not in Caribbean SST records
may be explained by advection of waters with varying
temperatures, possibly in connection with changes in the
thermohaline circulation.
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6. Summary and Conclusions

[64] Sr/Ca ratios of Ceratoporella nicholsoni skeletons
are a sensitive and reliable temperature proxy, superior to
§'80. Oxygen isotope records of these sponges do not
reveal reproducible temperature signals. Variations in the
§'%0 of the ambient water and the pH effect on the oxygen
isotopic composition of carbonates [Zeebe, 1999] may
obscure temperature signals in the §'%0 records.

[65] Caribbean water temperatures warmed significantly
from the early 19th century until the late 20th century, both at
the shallow and the deeper water site. Neither of our sponge
records represents sea surface temperatures. Even at 20 mbsl
the temperature trend is decoupled from local SST. Subsur-
face advection likely controls the water temperatures. The two
cold periods during the late 17th and the early 19th century
recorded by the shallow water sponge coincide with the
Maunder and Dalton sunspot minima, respectively, and were
probably caused by solar forcing. Water temperatures were
cooler during these periods compared to the preceding cen-
turies. The major initial cooling step, however, had occurred
already by the late 16th century, after the end of the Spdrer
minimum, and cannot be explained by solar forcing.

[66] The long-term decrease of the temperature contrast
between the two sclerosponge sites from the 14th to the late
17th century reflects the aridification of the southern
Caribbean during the Little Ice Age [Haug et al., 2001b].
We propose that the position of the thermocline, reflected by
this temperature contrast, was controlled on multidecadal
timescales by the salinity gradient between the Caribbean
Surface Water and the Subtropical Underwater and by wind
driven mixing and upwelling.
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