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Abstract. Early diagenetic features are noticed in the vicin- Frank and Bernet, 2000; Jansen et al., 2002), and on the
ity of carbonate platforms. Planktonic foraminifera of two foraminiferal isotope and element content (e.g., Lorens et al.,
tropical Atlantic deep-sea sediment cores show the strict re1977; Lohmann, 1995; Rosenthal et al., 1997; Dekens et al.,
lation between micro-scale euhydral crystallites of inorganic2002; Regenberg et al., 2006a). Secondly, the geochem-
precipitates, higher oxygen isotope values and Mg/Ca ratiosical composition may be altered by reprecipitation of cal-
and lower Sr/Ca ratios than expected for their pelagic en<cite from sediment pore fluid (e.g., Baker et al., 1982; Nor-
vironment in the time interval of~100 000-550 000 calen- ris and Wilson, 1998; Hover et al., 2001; Rudnicki et al.,
dar years before present. Laser ablation Mg/Ca (Sr/Ca) 0R001) and manganese/iron (hydr)oxide coatings (e.g., Boyle,
crystallite-bearing foraminiferal chamber walls revealed 4—1983; Reichart et al., 2003; Pena et al., 2005). Dissolution
6 times elevated (2—3 times depleted) ratios, when ablatingnd/or inorganic reprecipitation is determined by the satura-
the diagenetic overgrowth. Crystalline overgrowth in pro- tion state of seawater or pore fluid with respect to the solid
portion of 10-20% are estimated to cause the observed geghase (e.g., Morse, 2003; Funk et al., 2003; Regenberg et al.,
chemical alteration. The extent of foraminiferal Mg/Ca al- 2006a). Inorganic (or diagenetic) calcite in terms of over-
teration, moreover, seems to be controlled by the compogrowth may mask the primary oceanographic signal of plank-
sition of the bulk sediment, especially the content of high- tonic foraminiferal tests. Both, inorganic calcite overgrowth
magnesium calcite. Anomalous ratios=6 mmol/mol only  and dissolution of foraminiferal tests during shallow burial
occur, when high-magnesium calcite has dissolved within thetend to bias the oxygen isotope compositié#Q) to more
sediment. The older parts (back+@00 kyrs) of the records  positive values (Killingley, 1983; Mulitza et al., 2004).

are characterized by similar trends of Mg/Ca and Sr/Ca. We A paramount aim of geochemical studies focussing on di-
discuss possible scenarios to accommodate the obtained geggenetic issues is quantification of the alteration. One strat-
chemical information. egy for quantifying the extent of diagenesis is the applica-
tion of numerical models to assess pore-fluid and precipi-
tate isotope compositions (e.#ijlingley, 1983; Richter and
DePaolo, 1987; Schrag et al., 1992; Schrag, 1999; Rudnicki
et al., 2001). Basically, these studies address deep-buried

; ; ; . .sediments from depths of300m. Another approach for
A persistent problem in many paleoceanographic studies I?he guantification of diagenetic alteration deals with the EI-

the potential of diagenetic processes to compromise the fi-

delity of geochemical proxies in deep-sea carbonates and ml@ment/Ca ratios and their alignment to measured pore-fluid

crofossils, such as foraminifera. Principally, two processesCOmDOSition by application of partition coefficients (€.g., Tri-
of deep-sea carbonate diagenesis can be distinguished froRf €t al., 2003; Sexton etal., 2006)'_ _ L
each other: Firstly, the geochemical composition may be Here, W? founc;l unex.pecte(.j d|agene_zt|c overpnnt n
biased by dissolution processes on the sediment's carborshallow-buried sediments in tropical Atlantic and Caribbean
ate mineralogy (e.g., Droxler, 1984: Sabine and Macken-d€ep-sea cores from different water depth@ {00-2700 m;

zie, 1995; Haddad and Droxler, 1996; Malone et al., 2001;F19- 1) marginally described before (Mer, 1999). We ap-
plied oxygen isotope and Element/Ca analysis on bulk plank-

Correspondence to: M. Regenberg tonic foraminiferal tests revealing anomalous ratios com-
(regenberg@gpi.uni-kiel.de) pared to established data sets reflecting past environmental
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Fig. 1. Bathymetric chart of the Caribbean and the Gulf of Mexico generated with Ocean Data View (Schlitzer, 2002): Stars indicate the
site locations of the examined sediment cores SO164-07-4 and SO164-19-2. For comparison, data of sites MD02-2575 (847 m water depth)
M35027 (1814 m), M35053 (1698 m), and ODP 999A (2827 m) are shown in this study.

conditions. Since information on the bulk foraminiferal geo- were lumped in paleoceanographic studies @ndrilobus
chemical composition altered by diagenesis combines thevas assigned t@. sacculifer as a morphological variety
actual biogenic calcite signal and the composition of thewithout sac-like chamber (e.g., Koutavas et al., 2002; Sime
inorganic precipitate, we additionally performed laser ab-et al., 2005). Indeed, culture experiments revealed that the
lation inductively coupled plasma mass spectrometry capaformation of a terminal sac-like chamber @& sacculifer

ble to generate high resolution Element/Ca-ratio profiles ofpreceeded gametogenesis, but gametogenesis did also take
foraminiferal tests (Eggins et al., 2003; Hathorne et al., 2003place without the development of a sac-like chamber. Dark-
Reichart et al., 2003). This technique allows to determineness and the presence of vital symbionts in the cultured spec-
end-member compositions of the diagenetic precipitates. Astimens had also significant effects on the frequency of sac-like
sociated carbonate mineralogy of the bulk sediment affordshamber formation (B et al., 1982). Considering these ex-
the possibility to characterize the processes involved in sediperimental data, it is rather unlikely that t&e trilobus mor-
ment alteration. photype represents an biological entity different from @e
sacculifer morphotype G. sacculifer and their ability to form
sac-like chambers evolved after the origin@ftrilobus in

the early Miocene (Keller, 1981). As such it is justified to
getermine Pliocene to Holocene specimens with or without
a sac-like chamber &S. sacculifer (M. Kucera, Tubingen,
personal communication).

2 Materials and methods

Piston cores SO164-07-4 and SO164-19-2 were recovere
during R/V SONNE cruise 164 (nberg et al., 2003)
from Windward Passage (21927.6' N, 74°0846.2' W at
2722m and 211442.6'N, 742059.4'W at 1704 m, re- 18 ) )
spectively (Fig. 1). Syringe sampling- 00 mL) of the upper ~ 2-1 87°O analysis and Element/Ca analysis
~9.5m of site SO164-07-4 and6.5m of site SO164-19-
2, respectively, took place every 5cm. Samples taken fronf-0r stable isotope analysis, 10 specimens of planktonic
the~2.2m of intercalated calcite-turbidite sequences of siteforaminiferaG. sacculifer (without sac-like final chamber)
S0164-07-4 were discarded. were selected from the 315-40én size fraction. All iso-
Selection ofGlobigerinoides ruber white sensu stricto, tope analyses were run on a Finnigan MAT 252 Mass Spec-
Globigerinoides sacculifer, Globorotalia menardii, and  trometer with automated Kiel carbonate preparation device
Neogloboquadrina dutertrei followed the generic assign- at IFM-GEOMAR (Kiel). The mass spectrometer was cal-
ments of Kennett and Srinivasan (1983), Hemleben et alibratedvia the National Bureau of Standards (NBS) 19 and
(1989), and Wang (2000). Planktonic foraminiferal speci- an internal laboratory standard to the Vienna Pee Dee Belem-
mens resembling. sacculifer (Brady, 1877) in shape and hite (PDB) scale. Isotope values are reported in PDB. The
morphology but without a sac-like final chamber were nom- external reproducibility of in-house carbonate standards was
inated asGlobigerinoides trilobus (Reuss, 1850) in many ~0.08%. fors#0.
papers since the 1960s (e.g& Bnd Hamlin, 1967; Hecht, Twenty to twenty-five specimens-650-80Qug) of G. ru-
1974; Lortaiic et al., 2006). On the other hand, both speciesber white, G. sacculifer (without sac-like final chamber), and
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N. dutertrei were selected from the 315-4Qn size frac-  standard. Calcium carbonate is well suited for LA-ICP MS
tion. Clay removal (water and methanol wash) and organic-because Ca can be used as an internal standard at 40 weight
matter oxidation (hydrogen peroxide treatment) were appliedpercentages. We usétCa for quantification*2Ca and*3Ca
to gently crushed samples, followed by a weak acid leach andor internal monitoring. Using Ca as an internal standard
final dissolution of the fragments. For detailed description ofallows direct comparison to trace metal to Ca ratios from tra-
the Mg-cleaning protocol (Barker et al., 2003), see Regen-ditional wet-chemical studies. Concentrations of Mg and Sr
berg et al. (2006a). were calculated usingMg and?®Mg, and®Sr. Although
Element/Ca ratios were performed on two inductively cou- the accuracy for the more abundéfig is higher, both Mg
pled plasma optical emission spectrometry (ICP OES) de-isotopes agree within a few percent.
vices showing no significant offsets in Mg/Ca (Regenberg With initiation of the ablation process, preferential abla-
et al.,, 2006a). AllG. sacculifer samples, and parts of the tion of material from surfaces that lie orthogonal to the inci-
G. ruber w. andN. dutertrel samples, were analyzed on an dent laser beam results in greater ablation from the tops of
ICP OES (ISA Jobin Yvon, Spex Instruments S.A. GmbH) interpore ridges and spine bases (Eggins et al., 2003). This
at IFM-GEOMAR, Kiel, using yttrium (10 ppm) as internal means that the ablation crater is not flat but follows the cur-
standard. Relative analytical errors for calcium and stron-vature of the foraminiferal test, and, therefore, should reveal
tium were~0.15%, for magnesiuny0.45%, for manganese elevated element concentrations in a diagenetic coating when
~10%, and for iron~15%. The remainder of th&. ruber present. Further in the ablation process the craters become
w. andN. dutertrei samples were measured on an ICP OESincreasingly flatter bottomed. This results in a smoothing of
(Spectro CirosCCD SOP) at the Institute for Geosciencesthe signal when the ablation reaches the pores on the other
Kiel. Relative analytical errors for Mg/Ca and Sr/Ca ra- side of the test. To certify that no smoothing of a possible
tios were~0.1%. For manganese and iron, analytical errorscoating peak occurred, the fragments of each sample were
amount to~0.5% and~2%, respectively. measured both from the inner side toward the outer side and
vice versa.
2.2 LA-ICPMS
2.3 Analysis of carbonate phases
For laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP MS), we selected clean&d ruber w., The relative abundance of a variety of minerals present in
G. sacculifer, and N. dutertrei fragments from the 315— the sediment samples was quantified by X-ray diffraction
400u.m size fraction of five different samples. Multiple laser (XRD). XRD was typically performed on-0.5 g of the bulk
ablation profiles were performed on different foraminiferal sediment. Each sample was carefully grinded for five min-
fragments from the same sample to elucidate in-test heterodtes in an agate mortar in order to homogenize the grain
geneities. In total, 18 profiles were ablated. size to~5-10um. The analysis was carried out on a Philips
Using an Excimer 193 nm deep ultra violet laser (LambdaPW 1710 X-ray diffractometer (IFM-GEOMAR, Kiel) con-
Physik) with Geolas optics (@ther et al., 1997), craters of taining a cobalt anode & tube at 40 KV and 35mA. The
80um in diameter were ablated during analysis. Energy densamples were scanned from 25240 a scanning speed of
sity at the sample surface was kept at 2 mJ/cshot repeti-  0.01 steps per second to cover the significant peaks of the
tion rate at 8 Hz. Laser ablation of calcite requires ablationvarious carbonate minerals. The peak-area method was de-
at ultra violet wave lengths since higher wave lengths resuliployed to quantify the aragonite content using the computer
in uncontrolled cleavage. The ablated material was transbased integration program MacDiff Betschick (2001). The
ported on a continuous He flow and mixed with an Ar make aragonite/calcite peak-area ratios were converted into rela-
up gas before injection into the Ar plasma of the quadrupoletive weight percentages using an in-house calibration curve.
ICP MS instrument (Micromass Platform at the Faculty of Weight percentages of high-magnesium calcite (HMC) and
Geosciences, Utrecht University, Netherlands). A collisionlow-magnesium calcite (LMC) were directly calculated from
and reaction cell was used to improve results by reducingheir peak-area ratios.
spectral interferences on the minor isotopes of ¢4, Weighing of G. sacculifer tests was performed on a Sar-
43Ca, and*Ca). Interelemental fractionation was insignif- torius Micro balance with an error a2 ;.g. Depending on
icant due to the relative low depth to width ratio of the ab- specimen availability;-30 tests per sample from the narrow
lation craters produced (Mason and Mank, 2001). The use55-40Qum size fraction were individually weighed to de-
of a collision cell also prevented interference of clusters liketermine robust mean test weights. Mean weights, thus, are
12¢180160. Although the Excimer UV-193 usually does not considered to represent the populations.
show any matrix effects, possible matrix effects, neverthe-
less, were checked with matrix matched in-house standard.4 Chronostratigraphy
Calibration was performed against U.S. National Institute of
Standards and Technology SRM 612 glass using the concerFhe stratigraphical framework for the uppe®.5 m (includ-
tration data of Pearce et al. (1997), with Ca as an internaing ~2.2 m of turbidite sediment) of site SO0164-07-4 (Fig. 2)

www.biogeosciences.net/4/957/2007/ Biogeosciences, 4, 957-973, 2007
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Fig. 2. Stratigraphical framework of sites SO164-07-4 and SO164-19-2 based on the oxygen isotope Guszealifer and the magnetic
susceptibility (MagSus) curve, respectively: For graphical correlation baeR®® ka, the stacked reference curve of Martinson et al. (1987)

was used; for the older parts, we used the benthic oxygen isotope record of ODP Site 677 (Shackleton et al., 1990). Tie points are indicated
by thin vertical lines. For site SO164-19-2, we additionally estimated the relative abunda@cenafiardii as indicator of warm isotope

stages. Odd numbered marine isotope stages (MIS) are indicated by shading.

100 site SO164-19-2 (Fig. 2) is based on the graphic correlation

80 S0164-19-2 80
LMC

100
iy U\M\/V of the magnetic susceptibility curve younger thaf90 ka
i LMC

with the stacked reference curve of Martinson et al. (1987).
$0164-07-4 For graphical correlation back te820 kyrs, the magnetic
susceptibility curve was correlated to the benthic isotope
record of ODP Site 677 (Shackleton et al., 1990). Defini-
tion of marine isotope stages (MIS) follows Bassinot et al.
(1994), graphic correlation was performed with AnalySeries
Version 1.1 (Paillard et al., 1996). To further constrain
O W N N , the chronostratigraphy of site SO164-19-2, we studied the
e presence/absence of the planktonic foraminif€taboro-
talia menardii, serving as time stratigrahic markers and cli-
matic indicators in Pleistocene sediments from the tropical
Fig. 3. Carbonate mineralogy of sites SO164-19-2 and SO164-07-Atlantic (Ericson and Wollin, 1956, 1968; Ruddiman, 1971).
4 (inlet) for the last~820 kyrs and~270 kyrs, respectively: Pro-  Abundance peaks and barren zones correspond, to some ex-

portions of low-magnesium calcite (LMC), high-magnesium calcite tent, with warm and cold marine isotopic stages, respectively
(HMC), and aragonite are given in weight %. (Fig. 2).
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was established by graphically correlating prominent max-
ima and minima in the planktonic oxygen isotope record
of G. sacculifer to the stacked reference curve of Martin-

son et al. (1987).The age model for the uppe&.5m of
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Fig. 4. Sr/Ca and Mg/Ca curves @. ruber w., G. sacculifer, andN. dutertrei (top and bottom panels, respectively), and @eacculifer
oxygen isotope and average test-weight curves of site S0164-19-2 for thed2Bkyrs. The trends of th£+80 and Mg/Ca records deviate
substantially from Caribbea®. ruber w. curves of ODP Site 999 (Schmidt et al., 2006). Likewieruber w. Sr/Ca is lower than those
of G. ruber w. of site MD02-2575 from the Gulf of Mexico (Karas anditviberg, Kiel, unpublished data), at least prior to MIS 7. Higher
resolutionG. sacculifer curves of site SO164-07-4 follow the atypical trends of site SO164-19-2 records.

3 Results ~300 kyr, except for two aragonite peaks~a280 kyrs and
~410-420kyrs. Higher resolution site SO164-07-4 shows
the permanent presence of aragonite and HMC from the core
top back until~48 kyrs at 40—70% and 7-12%, respectively.

" . ..__Further back to~116 kyrs, HMC is present in most of the
The composition of the bulk-sediment carbonate of sites ! Y S P !

. | samples in proportions of 8-21%, while aragonite is only
S0164-19-2 and SO164-07-4 changes through time (Fig. 3)present at-85 kyrs. Prior to~116 kyrs, HMC is absent ex-
For site SO164-19-2, the content of HMC (with Kfig ’

. cept for the time interval 0f~139-149 kyrs. From~131—
concentrations-4mol % (Morse, 2003)) on the carbonate_ 69 kyrs, aragonite is only present in single peaks, whereas
phases amounts to 6-12% from the core top back unti

. o rior to~169 kyrs, aragonite is permanent present in propor-
~140 kyrs with an additional peak at220 kyrs. From the I 4 gonteis p P ' prop

: ; . . tions of 16-52%.
core top back untit-~270 kyrs, aragonite contributes with 50— 0
60% to the carbonate content. A marked decrease leads to the
absence of aragonite (and HMC) from the sediments prior to

3.1 Carbonate mineralogy

www.biogeosciences.net/4/957/2007/ Biogeosciences, 4, 957-973, 2007
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Fig. 5. Oxygen isotope and Mg/Ca curves@fsacculifer of site SO164-07-4 for the last250 kyrs: For comparison, Caribbe@nsacculifer

curves of sites M35027 and M35053 (iNer, 1999), ands. ruber w. curves of ODP Site 999 (Schmidt et al., 2006) are given. Increased
8180 and anomalously high Mg/Ca with respect to Holocene values at least during MIS 5 and 7 of sites SO164-07-4, M35027, and M35053
do not follow the expected trend observed for ODP Site 999. Note that Mg/6& aimol/mol would convert to open-ocean temperatures

of >30.5°C.

3.2 $180, Mg/Ca, and Sr/Ca records of sites SO164—19—2during this time interval and throughout MIS 5, an intense in-
and SO164-07-4 crease to ratios-8 mmol/mol occurs during MIS 6. Among
a large variability of~3 mmol/mol, Mg/Ca further increases
The 6180, Mg/Ca, and Sr/Ca records of sites SO164-19-2to > 10 mmol/mol during MIS 10-12. This trend is also re-
and SO164-07-4 reveal atypical patterns compared to proxylected in the Mg/Ca records &. sacculifer andN. dutertrei
records from adjacent areas available in the literature (e.g.of site SO164-19-2 (Fig. 4), whereas the latter is almost con-
Curry and Oppo, 1997; Schmidt et al., 2006). Site SO164-stantly offset by~2.5-3 mmol/mol to lower ratios. Decreas-
19-2 covers the glacial/interglacial cycles back#820kyrs  ing Mg/Ca particularly during MIS 13 level off the ratios of
in low resolution (Fig. 4). Core top, Holocene, and inter- G, sacculifer to ~6—7 mmol/mol during MIS 16-18. Lower
glacial isotope stag#*®0 are consistent with the correspond- ratios than core-top Mg/Ca are observed for MIS 20. Com-
ing values of site SO164-07-4. Reaching values as high agaring the younger part of the record to tBe sacculifer
1.62 and prior to MIS 3 not lower than abou0.5%0,5'%0  Mg/Ca of site SO164-07-4, a similar trend at least during
is far offset from the Caribbean ODP Site 99%0 record  MIS 5 and MIS 7 as compared to tfee sacculifer andG. ru-
of G. ruber w. (Schmidt et al., 2006) showing highest values ber w. records of site SO164-19-2 can be seen (Fig. 4).
of ~0.1 during MIS 2 and MIS 12 (Fig. 4). From MIS 14—
20, variation in180 is considerably dampened, values are  G. sacculifer Sr/Ca ratios of-1.4 mmol/mol are observed
around 0.5%o. back until MIS 7 with excursions te-1.3 mmol/mol dur-
Mg/Ca of site SO164-19-2 shows a completely differenting MIS 6. A similar trend is shown by th&. sacculifer
trend compared to thé&. ruber w. record of ODP Site 999 Sr/Ca curve of site SO164-07-4. During MIS 8, Sr/Ca de-
(Schmidt et al., 2006). Expected lower Mg/Ca during MIS 2— creases to ratios 0of1.25-1.3 mmol/mol. This level per-
4 with respect to core-top and Holocene ratios are not obsists until MIS 14 with excursions to minimum ratios of
served (Fig. 4). Fron®. ruber w. Mg/Ca of~5.5 mmol/mol  ~1.2mmol/mol. During MIS 14, Sr/Ca decreases to a level

Biogeosciences, 4, 957-973, 2007 www.hiogeosciences.net/4/957/2007/
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Fig. 6. (a) Mg/Ca versus Sr/Ca ratios arfd) Fe/Ca versus Mn/Ca ratios of sediment-surface (black and grey symbols) and downcore
G. ruber w., G. sacculifer, andN. dutertrei (colored symbols). Marked elliptical areas characterize the modern Mg/Ca and Sr/Ca of tropical
Atlantic/Caribbean sediment-surface samples, which resemble open-ocean temperati@2&C (Regenberg et al., 2006a; Regenberg

et al., 2006h). Related low Fe/Ca~0.2 mmol/mol) and Mn/Ca~0.1 mmol/mol), unanimously obtained for the core-top foraminifera,
indicate that contaminating phases other than carbonate can be neglected as sou?c%a!ﬂh’tgst for site SO164-19-2. Annotation of (a)

is the same as for (b).

Regenberg, M., Steph, S.,ukhberg, D., Tiedemann, R., and Mulitza, S.: Calibrating Mg/Ca of Multiple Planktonic Foraminiferal Specieslﬁmmalcificaﬁon Tem-
peratures: Paleothermometry for the Upper Water Column, Earth Planet. Sci. Lett., submitted, EPSL-D-06-00991, 2006b.

of ~1.2mmol/mol. In the oldest parts, Sr/Ca further de- Riihlemann et al., 1999; Kroon et al., 2000; Schmidt et al.,
creases to ratios 1 mmol/mol. For the entire record, Sr/Ca 2004, 2006), in contrast, indicate that differences across both
of G. ruber w. andN. dutertrei of site SO164-19-2 are terminations are similar. The difference across Termina-
offset to higher ratios by~0.5-1 mmol/mol and follow the tion Il of ~1.2%0 better matches with the range-o1.1%.
trend of G. sacculifer. The decreasing trend in all plank- observed for Caribbean ODP Site 999 (Schmidt et al., 2006)
tonic foraminiferal Sr/Ca records prior to MIS 6 contradicts (Fig. 5). The Holocene attains minimuat80 of about
the G. ruber w. Sr/Ca record of site MD02-2575 from the —1.5%o, which is exceeded in interglacial MIS 5 and MIS 7
Gulf of Mexico (data obtained from Cyrus Karas and Dirk with values of about-1.0%. and—0.5%., respectively. In
Nurnberg, Kiel, unpublished data), which remains at thecontrast to other studies (Kroon et al., 2000; Schmidt et al.,
same level of~1.4-1.5 mmol/mol from MIS 6-11. 2006), the Holocene stands out in the record with the most
The average test weight & sacculifer from site SO164-  negatives*80 values. Highest values during glacial MIS 2,
19-2 generally shows an increasing trend with time. FromMIS 6, and MIS 8 are close to 0.9%.. In lower resolu-
~33-40ug in the youngest part, weights increase~86—  tion, the G. sacculifer 5180 records of sites M35027 and
4519 in the interval between MIS 6-10 and 488-50ng ~ M35053 (Miller, 1999) go back to MIS 5, with more de-
prior to MIS 12 (Fig. 4). Very high (low) Mg/Ca (Sr/Ca) pleted Holocene values than site SO164-07-4, but with simi-
at transitions MIS 10/11 and MIS 12/13 are coinciding with lar increased values during MIS 5 (Fig. 5).

highest test weights of-50.g and~55u9, respectively. Mean Holocene G. sacculifer Mg/Ca yields
Yet, MIS 11 and 12, characterized by highest (very low) ~4.5 mmol/mol (Fig. 5). Such Mg/Ca corresponds to
Mg/Ca (Sr/Ca), are accompanied by very low test weightsreasonable temperatures 627.°C, when applying the
of only ~34-41ug. paleotemperature equation of Anand et al. (2003). Mg/Ca
of site SO164-07-4 decreases+8.7 mmol/mol (-24.4C)
3.3 Atypical trends in Caribbeart®0 and Mg/Ca records  during the Last Glacial Maximum (LGM, 18—24 kyr). This
Holocene/LGM change in Mg/Ca 0.8 mmol/mol is con-
The G. sacculifer §180 record of site SO164-07-4 shows sistent with previous estimates for the Caribbean (Hastings
two complete glacial cycles back to MIS 8 at270kyrs et al., 1998; Schmidt et al., 2004, 2006). From the Holocene
(Figs. 2, 5). 680 values across Terminations | and Il dis- to MIS 3, Mg/Ca of site SO164-07-4 is nearly parallel offset
play glacial/interglacial differences 0$2.2%. and~1.6%o, by ~0.2 mmol/mol from thes. ruber w. record of Caribbean
respectively. Other (sub)tropical Atlantic, Caribbean, andODP Site 999 (Schmidt et al., 2004, 2006). Prior to MIS 4,
Bahamian records (Curry and Oppo, 1997; Wolff et al., 1998;Mg/Ca reveals lowest values of5mmol/mol. From this
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Fig. 7. SEM images of the wall-surface texture of opened planktonic foraminiferal chanm(agrs: ruber w. of site SO164-07-4, 118 cm

(~23 kyrs) with typical Mg/Ca, uncleanegh) G. ruber w. of site SO164-19-2, 130 cm-259.5 kyrs) with anomalous Mg/Ca, cleanéd);

G. sacculifer of site SO164-07-4, 118 cm23 kyrs) with typical Mg/Ca, cleanedqd) G. ruber w. of site SO164-19-2, 260 cm-@473 kyrs)

with anomalous Mg/Ca, cleaned &ndf) N. dutertrel of site SO164-19-2, 315 cm+663.5 kyrs) with anomalous Mg/Ca, uncleaned and
cleaned, respectively. Mg-cleaned samples, whether with or without overgrowth, show smoothed edges due to the intense cleaning protocol
Scale bar=1@«m.

level, Mg/Ca increases to as much as 6.66 mmol/mol during3.4 Negligible influence of contaminating phases on
MIS 5e and 7.13 mmol/mol during MIS 7, corresponding to Mg/Ca ratios
temperatures 0f32.2C and~33.1°C, respectively, which

approaches the upper temperature tolerance of these species h h / d St/ . f ical
(Bijma et al., 1990). Prior to MIS 4, Mg/Ca diverges from With respect to the Mg/Ca and Sr/Ca ratios of tropica

the ratios of ODP Site 999 (Schmidt et al., 2006). During Atlantic and Caribbean sediment-surface ;ampl%sg(en—
MIS 5, MIS 6, and late MIS 7, the offset amountsd.5— berg et al., 2006a), downcore records of sites SO164-07-4

2 mmol/mol, increasing te-3 mmol/mol for the oldest parts. and SO164-19-2 reveal elevated Mg/Ca and lowered Sr/Ca

The Mg/Ca records of sites M35027 and M35053i(dr, (Fig_. 66_1). To evalugte t_he possibl_e cor_1tribution of con-
1999) generally show the same atypical trend like those ofaminating phases high in magnesium, iron, and/or man-

site SO164-07-4. In general, the downcore increasing trend@nese (i.e..clay mir_19rals, Mn-oxide coatings) to the origi-
in 8180, obviously for the interglacials, is synchronized to nal planktonic foraminiferal Mg/Ca and Sr/Ca, we measured

the increasing trend in Mg/Ca (Fig. 5). the; Fe/Ca and Mn/Ca ratios of our foraminiferal sample so-
lutions. These phases may coat or adhere to the surfaces of
tests. Barker et al. (2003) found Fe/Ca and Mn/Ca of around
0.2 mmol/mol and 0.1 mmol/mol, respectively, typically for

Biogeosciences, 4, 957-973, 2007 www.hiogeosciences.net/4/957/2007/



M. Regenberg et al.: Effect of diagenesis on foraminiferal geochemistry 965

Fig. 8. SEM images of wall-cross sections of opened planktonic foraminiferal chamkeys\. dutertrei of site SO164-07-4, 3cm
(~0.9 kyrs) with typical Mg/Ca, uncleanefh) G. ruber w. of site SO164-19-2, 260 cm-@473 kyrs) with anomalous Mg/Ca, uncleanéo);
G. ruber w. of site SO164-07-4, 3 cm~0.9 kyrs) with typical Mg/Ca, uncleane(j) G. ruber w. of site SO164-19-2, 260 cr-@473 kyrs)
with anomalous Mg/Ca, cleaned. Scale bargi.

foraminiferal tests devoid of contaminating phases. Thesevergrowth covers the inner surface even after the intense
ratios, which imply negligible elevation of Mg/Ca, are ob- Mg-cleaning procedure. SEM images of chamber-wall cross
served for the sediment-surface and site SO164-19-2 sansections of specimens without overgrowth display the micro-
ples (Fig. 6b). For site SO164-07-4, elevated foraminiferalgranular texture that is characteristic of biogenic calcite. The
Mn/Ca of up to 0.6 mmol/mol may be indicative of contam- intact wall structure comprises wide pores reaching through-
ination by Mn-oxide coatings. The suggested contributionout the wall and smooth inner surfaces (Fig. 8a, c). Chamber-
of Mg2t from coatings to the foraminiferal Mg/Ca 6f1% wall cross sections of specimens with overgrowths reveal that
(Barker et al., 2003), however, cannot account alone for theahe crystallites narrow the pores and almost close them at
atypically high Mg/Ca (up to 7.13 mmol/mol) of site SO164- their insides (Fig. 8). Figure 8b displays an uncleaned frag-
07-4 (Fig. 6a). ment identifying the diagenetic crystallites as distinct rims
with a sharply bordered contact to the biogenic calcite.

3.5 Micro-scale crystallites on planktonic foraminiferal

tests 3.6 Geochemical composition of the diagenetic overgrowth

In order to understand the geochemical composition of theTo further constrain the possible influence of the crystallites
planktonic foraminiferal tests atypically for open-ocean con-on the planktonic foraminiferal geochemistry, we analyzed
ditions (Figs. 4, 5, 6a), we prepared scanning electron mithe elemental composition of foraminiferal chamber walls of
croscope (SEM) images of selected cleaned and uncleanesite SO164-19-2 applying LA-ICP MS. Since single laser
fragments of specimens revealing typical Mg/Ca ratios andpulses remove only a few nanometers of material the ab-
anomalously high Mg/Ca, respectively. Tests of those spectation results in a high resolution profile. We observed a
imens revealing typical Mg/Ca (Fig. 7a, c) show inner and significantly different Mg/Ca and Sr/Ca signal for the out-
outer chamber-wall surfaces of well preserved biogenic tex-ermost proportions compared to the remainder of the cham-
ture with smooth surfaces, wide pores, and well defined outeber walls (Fig. 9). Whether close to the inner or outer sur-
ridges. In contrast, surfaces of those specimens revealinfpces, Mg/Ca ratios are 4—6 times elevated and Sr/Ca 2—
anomalously high Mg/Ca (Fig. 7) are overgrown with micro- 3 times depleted with respect to the profile averages. For
scale euhydral crystallites of secondary precipitates, whictthe time interval of~260-470kyrs, chamber-wall surface
cover the outer ridges and fill the pores. The diageneticMg/Ca is at least 10 mmol/mol (highest observed ratios are
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Table 1. Mass-balanced Mg/Ca and Sr/Ca ratios of an assumecFrice etal., 1998; Wade and Kroon, 2002; Tripati etal., 2003;

planktonic foraminiferal sample overgrown with diagenetic crys- S€xton etal., 2006). o
tallites. Proportions of overgrowth are given with respect to The common approach to understand the contribution to

foraminiferal calcite. Assumed crystallite ratios are obtained fromthe calcite composition derived from inorganic precipitates

LA-ICP MS results. is using downcore pore-fluid data for the calculation and
numerical modeling of theoretical precipitate compositions
Over- Combined signature of planktonic (e.g., Killingley, 1983; Schrag et al., 1992; Schrag, 1999;
growth foraminifera and overgrowth (mmol/mol) Rudnicki et al., 2001; Tripati et al., 2003; Sexton et al., 2006).
% 3 g/Ca PMg/iCa °Mg/Ca 9sr/Ca ©sr/Ca In contrast to these studies, we attempt to quantify the in-
0 40 4.0 4.0 1.40 1.40 fluence of the diagenetic overgrowth with the results from
5 4.3 4.8 5.8 1.36 1.37 laser-ablation analysis, as downcore pore fluid data are not
10 4.6 5.6 7.6 1.31 1.34 available for the presented sites and the fluid behavior at the
15 4.9 6.4 9.4 1.27 1.31 very shallow burial depth of the deep-sea sediments is hardly
20 52 7.2 11.2 1.22 1.28 understood (e.g., Mullins et al., 1985; Morse, 2003).
a Assumed Mg/Ca (mmol/mol): 4.1 Mg/Ca and Sr/Ca data: Assessing the extent of diage-
Planktonic foraminifera=4; crystallites=10 netic alteration
b Assumed Mg/Ca (mmol/mol):
Planktonic foraminifera=4; crystallites=20 Considering the visual evidence for diagenetic alteration of
¢ Assumed Mg/Ca (mmol/mol): planktonic foraminiferal tests (Figs. 7, 8) in combination
Planktonic foraminifera=4; crystallites=40 with the results of the laser ablation (Figs. 9, 10), anoma-
d Assumed Sr/Ca (mmol/mol): lously high Mg/Ca is best explained by the presence of in-
Planktonic foraminifera=1.4; crystallites=0.5 organic calcite: The outermost measurements, even if time-

€ Assumed Sr/Ca (mmol/mol):

) N _ resolved, closely correspond with the outermost position
Planktonic foraminifera=1.4; crystallites=0.8

of the diagenetic crystallites. Inorganic calcite contains
about an order of magnitude more Kigthan planktonic

foraminiferal calcite (e.g., Katz, 1973; Baker et al., 1982;
Mucci and Morse, 1983; Mucci, 1987). We detected 10—
40 mmol/mol for the crystallites and typically7 mmol/mol

for the actual test (Figs. 9, 10). Thus, only a limited amount
of overgrowth remaining on the foraminiferal test after the
Mg-cleaning procedure, would be sufficient to raise Mg/Ca

Thes80, Mg/Ca, and Sr/Ca records of downcore planktonic ©f Pulk sample calcite. _
foraminiferal samples of sites SO164-07-4 and SO164-19-2 Sr/Ca of the ablated chamber-wall cross sections reveals
show to some extent atypical values with respect to previ-2—3 times depleted ratios for the inorganic crystallite8. 6—
ously published data sets supposed to reflect past envirorf-8 mmol/mol; Figs. 9, 10). Depending on the species, typi-
mental conditions (Figs. 4, 5). Within the same samples,cal Sr/Ca of recent core-top planktonic foraminifera without
5180 as well as Mg/Ca are higher than expected, Sr/Ca, conovergrowth are in the order of 1.2-1.7 mmol/mol (Fig. 6),

trarily, shows the inverse trend with lower ratios than ex- which is in good agreement with literature specifications
pected. (e.g., Lea et al., 1999; Russell et al., 2004; Elderfield et al.,

2000; Kunioka et al., 2006). In general, foraminiferal cal-

tual planktonic foraminiferal test is determined by ##60  Cit€ is supposed to record Sr/Ca of seawater (Delaney et al.,
composition and (higher) temperature of the pelagic wa-1985), which changes on glacial/interglacial time scales
ters, in which the calcite was formed. Since precipitation (€-9- Graham et al., 1982; Stoll and Schrag, 1998). Sr/Ca
of the overgrowth during diagenesis is expected to occur'S relatively homogeneogsly distributed throughout the_ test
near the sediment/bottom-water interface and its oxygen isol€-9-» Brown and Elderfield, 1996; Anand and Elderfield,

tope composition is driven by thermodynamic fractionation 2005) and is affected by other factors like temperature, pH,
(e.g., O'Neil et al., 1969; Kim and O'Neil, 1997)180 and salinity with an absolute Sr/Ca variation-e15% (Lea

tends to more positive values (e.g., Killingley, 1983; Schrag®t &l 1999; Russell etal., 2004; Anand and Elderfield, 2005;
etal., 1995; Crowley and Zachos, 2000; Pearson et al., 2001<unioka et al., 2006). However, since biogenic calcite con-
Wade and Kroon, 2002). Like in this study, higher than ex- tains significantly more $f than inorganic (Baker et al.,
pected foraminifera$180 from deep-sea sites in conjunction 1982; Carpenter and Lohmann, 1992), the low Sr/Ca ob-
with diagenetic crystalline overgrowth has been observed,served In this SFUdy |nQ|cates significant proport[ons of sec-
yet merely for sample material from greater sediment-burigiondary inorganic calcite attached to the foraminiferal test
depth (e.g., Pearson et al., 1997: Norris and Wilson, 199g(Bralower etal., 1997).

>40 mmol/mol; Fig. 9), Sr/Ca shows relatively uniform ra-
tios of ~0.5-0.8 mmol/mol (Fig. 10).

4 Discussion

In principal, the oxygen isotope composition of the ac-
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Fig. 9. Time-resolved LA-ICP MS Mg/Ca (upper panels) and Sr/Ca ratios (lower panels) of cleaned foraminiferal samples with diage-
netic overgrowths of site SO164-19-2, ablated perpendicular to the chamber-wall surfaces: Sample A36%hyrs), sample 235cm

(~427 kyrs). Standard deviations of single ratios are given as error bars (stdev). Horizontal dashed lines illustrate mean ratios averaged for
the entire profile of each plot, standard deviations of the respective means are given as horizontal bars. Vertical grey bars illustrate surface-
near ratios revealing elevated Mg/Ca and lowered Sr/Ca compared to the remainder ratios. Left hand profiles are ablated from the outer side
of the tests towards the inner side, right hand profiles vice versa.

Tests of the same species and size are assumed to have rid-positively correlated with the seawater carbonate ion con-
atively constant initial weights before sinking to the seafloor centration (e.g., Lohmann, 1995; Broecker and Clark, 2001)
(e.g., Barker and Elderfield, 2002). Decreasing test weightand accompanied by changing geochemical composition of
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Fig. 10. Time-resolved LA-ICP MS Mg/Ca and Sr/Ca ratios of cleaned foraminiferal samples with diagenetic overgrowths of site SO164-
19-2: Sample 130 cm{260 kyrs), sample 145 cm88 kyrs), sample 260 cm+473 kyrs). For detailed description, see Fig. 9.

the test (e.g., Rosenthal and Lohmann, 2002; de Villierstic shallow water deposits revealed that early diagenesis may
2003). Unfortunately, covariation of increased foraminiferal commence at much shallower depth in the sediment (Schrag
test weights and Mg/Ca or Sr/Ca, respectively, is not straightet al., 1995), and that planktonic foraminifers are far more
forward in this study, for instance during MIS 11 and sensitive than other sedimentary components to chemical al-
12 (Fig. 4). Thus, it is improbable to assess reasonabldgeration (Barrera et al., 1987). Recent evidence from sedi-
amounts of attached diagenetic calcite by size-normalizednent cores from the Greenland Sea revealed that this pro-
test weights. Our approach to estimate the proportion ofcess may occur even at 460 cm below the seabed, and that
diagenetic overgrowth necessary to alter the foraminiferalthe calcite overgrowth substantially biased the original envi-
Mg/Ca and Sr/Ca (Fig. 4) is to apply a mass balance. Endronmental signal recorded in foraminiferal tests (Millo et al.,
member phases are an assumed planktonic foraminifera witB005). Their results credence credibility to our observa-
Mg/Ca of 4 mmol/mol and Sr/Ca of 1.4 mmol/mol, char- tions. It might be speculated that the system for pore fluid
acteristic for interglacialG. sacculifer, and three possible changes the way that dissolution and reprecipitation of car-
Mg/Ca (10, 20, 40 mmol/mol) and two possible Sr/Ca signa-bonate takes place, which results in increaséd &nd Mg

tures (0.5, 0.8 mmol/mol) for the overgrowth, obtained from concentrations of coexisting pore fluids (Schrag et al., 1995).
laser ablation (Table 1). We suggest that a proportion ofA diffusive flux of ions out of the top of the sediment col-
10-20% of crystallites is sufficient to increase (decrease) theimn (Schrag et al., 1995) might have depleted the pore fluid
Mg/Ca (Sr/Ca) to the extent we observed for sites SO164-07{and elevated the overlying fluids). Such carbonate recrystal-
4 (~7 mmol/mol; Fig. 5) and SO164-19-2 back until MIS 13 lization is suggested to have relatively minor effectss§tO
(~11 mmol/mol; Fig. 4). values of pore fluid (Schrag et al., 1992).

Prior to MIS 13, this straightforward interrelationship be-
tween Mg/Ca and Sr/Ca is no longer visible, although Mg/Ca4.2  Control of high-magnesium calcite on Mg/Ca ratios?
and Sr/Ca show similar decreasing trends from MIS 18-20.
The recorded!80 trend during this time interval with val- Aragonite and high-magnesium calcite (HMC) get important
ues around 0.5%. and lack of considerable changes impliegh areas around carbonate platforms, which distribute these
that the original planktonic foraminiferal signal has almost shallow-water carbonates even down to the deep sea (Morse,
completely been overprinted or recrystallized. The early di-2003). Relatively high proportions of aragonite and HMC
agenesis of pelagic carbonates has initially been thought t¢Fig. 3) seem to confirm a recent influence of carbonate pro-
be entirely mechanical compaction down to the ooze-chalkduction on platforms (i.e. most likely the Bahama platform)
transition zone at approximately 140—-200 m sediment deptton the deep-sea region of the presented sites. Nevertheless,
(e.g.,Neugebauer, 1973). Dissolution and reprecipitation ofreported aragonite production on the Bahama platform and
calcite as euhedral calcite crystals inside foraminiferal cham-export towards the deeper basins around the platform dur-
bers was observed in samples from below that level (e.g., vaing sea-level highstands (Kroon et al., 2000; Rendle et al.,
der Lingen and Packham, 1975). Model calculations con-2000; Slowey et al., 2002), possibly mirrored in the arago-
sidering pore fluid chemistry, and observations from Antarc-nite contents of site SO164-07-4, are certainly not reflected
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Fig. 11. G. sacculifer Mg/Ca ratios and high-magnesium calcite proportion on the carbonate phases of sites SO0164-07-4 and SO164-19-2
for the last 300 kyrs: Note that HMC weight percentages are inversely plotted.

in the downcore trend of the carbonate phases of shallow sit&r/Ca signatures (2—3 times depleted) for the inorganic pre-
S0164-19-2. Moreover, absence of aragonite and HMC incipitates in comparison with the actual foraminiferal test.
sediments of site SO164-19-2 prior ta300kyrs may re- Back until Marine Isotope Stage 13, crystalline over-
sult from selective dissolution of both phases, which was Ob'growth proportions of 10-20%, which cannot by removed
served for deeper water-(000 m) Bahamian periplatform  py the cleaning procedure applied for foraminiferal Mg/Ca
slope sediments (Mullins et al., 1985; Haak and Schlagergnaysis, are sufficient to alter the Mg/Ca and Sr/Ca of the
1989). Associated reprecipitation of low-magnesium calciteq o miniferal sample calcite to the observed extent. The
in the respective sediments (Mullins et al., 1985) in combina-;psence of aragonite and high-magnesium calcite in the
tion with possible supply of Mg through diffusive flux of  gediments prior to~300kyrs is likely coupled to selec-
ions (Schrag et al., 1995) from the deeper sediment columie gissolution within the sediments. It might be specu-
could provide a source to alter the planktonic foraminiferal |5iaq that the combined processes of dissolution of these
geochemical composition to the observed extent. Probably,,, phases and reprecipitation of low-magnesium calcite
this is why planktonic foraminiferal Mg/Ca ratios and HMC  ¢qniributes as a source for diagenetic alteration of the
content of sites SO164-07-4 and SO164-19-2 reveal negay|anktonic foraminiferal geochemical composition. Con-
tively correlated trends (Fig. 11) with occurrence of anoma-gigering changed interrelationships between the planktonic
lously high Mg/Ca above-6 mmol/mol, only when HMCis  ¢raminiferal geochemical parameters prior to marine iso-
absent from the sediments. tope stage 13, we suggest a diffusive flux of ions out of
the top of the sediment column (Schrag et al., 1995) to sup-
ply the pore fluid of the overlying sediments. In these sed-
iments, however, planktonic foraminiferal Mg/Ca and high-
Planktonic foraminiferab180, Mg/Ca, and Sr/Ca records of magnesium calcite presence in the respective sediments show
two deep-sea sediment cores (SO164-07-4, 2722 m; SO1640€ exclusion of anomalously high Mg/Ca & mmol/mol),
19-2, 1704 m) from tropical Windward Passage of the lastVhen HMC is present.
glacial/interglacial cycles reveal values atypical for pelagic As diagenetic alteration, especially in such shallow-burial
environmental conditions. ContemporaneousifO and  sediments, is controlled by very local conditions and pro-
Mg/Ca are higher than expected, Sr/Ca shows lower ratiogesses, similarities of the planktonic foraminifes4tO and
than expected. Contamination by Rfgbearing Mn-oxide ~ Mg/Ca records SO164-07-4, and M35027 as well as M35053
coatings and clay could be ruled out by considerably loware remarkable (Fig. 5). The vicinity of these sites to carbon-
foraminiferal Mn/Ca and Fe/Ca. ate platforms implies similar processes in sediments with dis-
Scanning electron microscope images display distinctsolution of significant proportions of aragonite and, most im-
micro-scale veuhydral crystallites of inorganic precipitatesportant, high-magnesium calcite, and reprecipitation of low-
on tests with the atypical geochemical composition. Lasemrmagnesium calcite. Since Sr/Ca seems to most suitably indi-
ablation measurements of foraminiferal chamber walls iden-cate diagenetic alteration by calcite precipitates due to lit-
tified significantly different Mg/Ca (4—6 times elevated) and tle “natural” variability, Bralower et al. (1997) interpreted

5 Conclusions
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those Sr/Ca of Cretaceous foraminifera as unaltered by di- foraminifer Globigerinoides sacculifer, Mar. Biol., 70, 73-86,
agenetic calcite, which are0.9 mmol/mol. In accordance doi:10.1007/BF00397298, 1982.

with downcore Sr/Ca records (e.g., Martin et al., 1999; El-Bijma, J., Faber Jr, W. W., and Hemleben, C.: Temperature
derfield et al., 2000), we propose the lower level for Sr/Ca and sgl?nity !imits for growth and survival of some planktonic
to exclude alteration by diagenetic calcite for at least Mid-  foraminifers in laboratory cultures, J. Foram. Res., 20, 95-116,
Pleistocene to Holocene of planktonic foraminifera to be as 1990.

. . . oyle, E. A.: Manganese carbonate overgrowths on foraminifera
high as 1.2 mmol/mol. However, caution has to be exermseci3 tests, Geochim. Cosmochim. Acta, 47, 1815-1819, 1983.

on apparent interspecific variation, which may elevate thISBrady, H. B.: Supplementary note on the foraminifera of the Chalk
lower level. (?) of the New Britain Group, Geol. Mag. London, 4, 534-546,
1877.
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