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[1] We have developed a technique to determine the variability of trace elements (including Li, B, Na, Mg,

Mn, Cu, Zn, Sr and Ba) within foraminifera tests using laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS). This technique has a high spatial resolution (width 40–80 mm, depth >0.5 mm),
is reproducible (<8% external reproducibility) and has low detection limits (generally <0.05 mg g1). We
demonstrate that normalization of data to a calcite standard usually gives results that are more consistent
with solution ICP-MS data than normalization to NIST 612. Rastering into the wall of the final chamber of
Globigerinoides sacculifer shows that the outermost 1.5 mm of the test is enriched in trace elements,
including Mn, relative to the interior, indicating the presence of a contaminant surface phase. Pustule calcite
close to the aperture of Globorotalia tumida has different Sr/Ca and Ba/Ca compared to other parts of the
test. Sr/Ca and Ba/Ca partition coefficients suggest that the pustule calcite is diagenetic and/or formed in a
more open system. Multiple analyses of Orbulina universa tests recovered from a latitudinal transect in the
North Atlantic give a relationship between Mg/Ca and sea surface temperature similar to that reported
elsewhere in the literature. These initial data demonstrate the validity of this technique, and show that it is
potentially an extremely powerful microanalytical tool for palaeoceanographic and palaeontological studies.
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1. Introduction
[2] The trace element and isotopic composition of
fossil foraminifera tests provide a record of seawater
chemistry and as such is widely used by palaeCopyright 2003 by the American Geophysical Union

oceanographers to reconstruct ocean and climate
variability on geological timescales. For example,
foraminiferal Mg has been used as a proxy for past
seawater temperature [e.g., Stott et al., 2002], while
the B isotopic composition of foraminifera tests can
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be used as a proxy for seawater pH [e.g., Pearson
and Palmer, 2000].
[3] Although these techniques are relatively well
established, interpretation of the data remains
problematic. First, knowledge of the controls on
the uptake of trace elements into foraminiferal
calcite largely relies on empirical calibrations
[e.g., Elderfield et al., 1996; Zeebe and Sanyal,
2002]. Second, fossil test chemistry may be influenced by postdepositional diagenesis [Brown and
Elderfield, 1996; Pearson et al., 2001]. Thirdly, the
impact and efficiency of the chemical cleaning
techniques (used to remove detrital and authigenic
mineral and organic contaminants) are uncertain
[Haley and Klinkhammer, 2002].
[4] It is difficult to address these problems because
they require an assessment of the variability of trace
elements both within a foraminifera test, as well as
between individuals. Most techniques for trace element analyses necessitate pooling a number of individual tests and therefore such information is lost.
Measurements of the intratest variability of Mg and
Sr have been achieved by electron microprobe [e.g.,
Brown and Elderfield, 1996], but this technique is
only suitable for a limited range of elements. Ion
probe analyses of aragonitic coral skeletons have
provided data for a wider range of elements (B, F,
Mg, Sr, Rb, Ba and U) [Allison, 1996; Hart and
Cohen, 1996] but only Mg and Sr data have been
reported for foraminiferal calcite [Allison and Austin,
2003]. Laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) can measure a
large number of elements at low levels, and has been
used to investigate the trace element distribution in
corals [e.g., Fallon et al., 1999, 2002], molluscs
[e.g., Stecher et al., 1996] and speleothems [Roberts
et al., 1999]. This technique has very recently been
applied to the study of foraminifera by Eggins et al.
[2003] and Reichart et al. [2003], but only for a
limited number of elements.
[5] Here, we describe a technique for the determination of a suite of trace elements within individual
foraminifera tests by LA-ICP-MS. We also present
some preliminary data that demonstrate the validity
of the technique and its application to palaeoceanographic studies.

10.1029/2003GC000539

2. Experimental
2.1. Laser Ablation Technique
[6] Samples were ablated using a New Wave
Research/Merchantek Products UP-213 UV laserablation system; instrumental operating conditions
are summarized in Table 1. This laser system can
be used for both spot and raster analyses; both
modes were used in this study. Ablations were
carried out in a pure He atmosphere, and the
analyte was carried in He and then mixed with
Argon via a ‘‘Y’’ connector before entering the
plasma. The use of He gives a 2–3 fold increase in
sensitivity, and significantly reduces background
intensity [e.g., Günther and Heinrich, 1999].

2.2. ICP-MS Instrumentation and Data
Acquisition
[7] The ablation system is coupled to an Agilent
7500a ICP-MS, incorporating a shield torch for
greater sensitivity under dry-plasma conditions.
Data were acquired across the mass range from
7
Li to 208Pb. First, the gas blank is measured, during
which the laser beam is blocked by a shutter. This
shutter is then removed, the sample ablated, and the
transient signals from the analyte are then acquired
for the ablation period. A typical signal trace is
shown in Figure 1. Data reduction was carried out
using the GLITTER software [van Achterbergh et
al., 2001]. Minimum detection limits (MDL) at the
99% confidence level are given in Table 2 and are
determined by Poisson counting statistics on the
total counts for the element in the gas blank.

2.3. Sample Preparation and Ablation
Characteristics
[8] Foraminifera samples used in this study were
obtained from box core tops recovered along a
latitudinal transect (14–58N) in the North Atlantic. Further samples were picked from a core (Aria
DNEII) recovered from the tropical Pacific
(19250S, 119480W); these are mixed Pleistocene
fauna. The foraminifera samples were cleaned to
various degrees; samples that have undergone
an ‘ultrasonic wash’ have been cleaned by ultrasonication in water and methanol. Those that have
undergone ‘reductive cleaning’ have also been
2 of 14
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Table 1. LA-ICP-MS Operating Conditions
Conditions Used
ICP-MS
Forward power
Reflected power
Gases
Coolant
Carrier Ar
He
Scan parameters
Detector modes
Dwell time
Integration time
Isotopes monitored
Laser
Laser
Type
Wavelength
Repetition rate
Spots:
Ablation duration
Spot size/power
Energy/pulse
Rasters
Spot size
Repetition rate
Raster area
Distance between
Scan speed

1400 W
<5W
14 l min1
1.05 ± 0.05 l min1
0.675 ± 0.015 l min1
Dual (analogue and pulse detector are cross-calibrated prior to each session)
10 ms
10 ms
7
Li, 9Be, 11B, 23Na, 24Mg, 44Ca, 55Mn 63Cu, 66Zn, 88Sr, 90Zr,
137
Ba, 139La, 140Ce, 147Sm, 172Yb, 208Pb
UP-213 (New Wave ResearchTM)
Nd:YAG frequency quintupled
213 nm
10 Hz
60 s
40 mm/100% power; 80 mm/70% power
40 mm 0.07mJ; 80 mm 0.15mJ
40 mm (50% power, 0.01mJ)
10 Hz
2.5 mm2
30 mm
80 mm s1

immersed in a reducing solution to remove ferromanganese oxide coatings. Finally, samples that
have undergone ‘oxidative cleaning’ have additionally been subject to a hydrogen peroxide leach to
remove organic material. Details of this stepwise
cleaning procedure are given in Rosenthal et al.
[1997]. After cleaning, samples were thoroughly
rinsed with water to ensure no reagent remained.
For laser ablation analysis, dry foraminifera tests
were secured on double-sided adhesive tape
mounted on a glass microscope slide.
[9] The 213 nm laser couples well with foraminiferal calcite producing regular ablation pits and
raster trenches (Figure 2) [Jeffries et al., 1998;
Jackson, 2001]. The walls of foraminifera tests are
thin, so the laser can penetrate through the target
calcite layer ablating other parts of the test, the
adhesive tape and even the glass microscope slide
(Figure 1). To ensure data represented material
from the target calcite only, we determined the
ablation rate of foraminiferal calcite by measuring
pit depth as a function of ablation time (Figure 3a).
For 80 mm spot analyses, the ablation rate of

foraminiferal calcite was 1.5 mm s1 for a pulse
of 0.15 mJ and a repetition rate of 10 Hz. As outer
foraminifera test walls are generally >15 mm thick,
we therefore report data from the integration of
only the first 8 s of sample ablation. Furthermore,
the time resolved spectra can be screened for
symptomatic elements such as Zn or Zr, which
are greatly enriched, respectively, in the adhesive
tape and in the glass slide (Figure 1). The same
experiment was performed for raster analyses of
foraminiferal calcite and an aragonite coral thick
section (Figure 3b); results indicate that a layer of
0.5 ± 0.1 mm is removed per pass, for the conditions described above.

2.4. Electron Microprobe
[10] Electron microprobe analysis was performed
using a Cameca SX100 electron microprobe. The
accelerating voltage was 20 kV, the beam current
was 20 nA and spot sizes were 10 mm and 2 mm.
The counting time for Ca and Mg was 20 s, and
standardization was performed using a calcite for
Ca and a dolomite for Mg; both minerals are
3 of 14
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Figure 1. Typical ICP-MS signal from the ablation of a foraminifera sample.

contained within a single standard mount
(MINM25-53 Astimex Scientific Ltd., Toronto,
Canada). Repeat analysis (n = 6) of the calcite
and dolomite standards during the run gave an
average CaO value of 56.0 ± 0.2 (1s) for the
calcite, and an average CaO of 30.3 ± 0.2 (1s)
and MgO of 21.8 ± 0.1 (1s) for the dolomite. These
values compare favourably with the recommended
values of 55.9 ± 0.5, 30.41 ± 0.3 and 21.9 ± 0.2 for
calcite CaO, dolomite CaO and dolomite MgO,
respectively. Foraminifera tests were prepared for
microprobe analysis by ultrasonic washing. Tests
were then vacuum impregnated in an Araldite
block which was polished to expose the desired
calcite wall sections, and finally carbon coated.

2.5. Standards
[11] Quantitative elemental analysis by laser ablation requires normalization to both internal and
external standards in order to correct for variations
in ablation yield and instrumental drift [Perkins
and Pearce, 1995; Longerich et al., 1996].

2.5.1. Internal Standard
[12] Differences in ablation yields between samples can be addressed by the analysis of a major
element of known concentration. In this study,
calcium was chosen as the internal standard
because it is the only major element in foraminiferal
calcite that can be readily analyzed by LA-ICP-MS
and other techniques (e.g., electron microprobe).

Furthermore, palaeoceanographic studies typically
utilize trace element/Ca ratios (rather than absolute
trace element concentrations).
[13] The variability of the Ca concentration in
foraminifera tests was checked by electron microprobe. The average Ca content of 28 spot analyses
on 6 different foraminifera tests was found to be
39.93% with a standard deviation of 0.04 (1s), so
the Ca content of the foraminifera tests can be
assumed to be constant. However, for the purpose
of error propagation in the GLITTER software, the
uncertainty in the Ca concentration was set to a
conservative 0.5%.

2.5.2. External Standards
[14] Two standards have been employed in this
study. One is the glass NIST 612, which is widely
Table 2. Typical and Best Detection Limits for LAICP-MSa
Element

Typical

Best

Li
Be
B
Na
Mg
Ca
Mn
Cu
Zn
Sr
Ba

6.3
5.6
23
390
9.0
1030
22
15
23
0.60
3.6

1.9
1.6
11
100
3.9
450
9.5
6.2
7.7
0.20
1.5

a

All data are in units of ng g1.
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with Ba because this element was naturally present
within it, and in a sufficient concentration
(5.4 ppm) to produce an adequate signal during
laser analysis. The doped powder was then
consolidated with an organic binder (a mixture of
polyvinylpyrrolidone and methyl cellulose). The
concentration of trace elements in the CAL standard (determined by solution ICP-MS) is similar
to, but usually higher than, concentrations typically
found in foraminiferal calcite (Table 3). This strategy was motivated by the fact that quantitative
LA-ICP-MS analysis extrapolates from a single
known concentration for trace element calibration.
Also, the doping technique makes it difficult to
produce a homogeneous standard if the concentration of an element is very low (sub-ppm). Figure 4
shows that CAL is homogenous with depth.
The long-term external reproducibility of the
CAL standard is less than 8% for all analytes
(Table 3); note, however, that the best reproducibility is obtained for Ba, which is present naturally
within the calcite powder. These data are used to
set the uncertainty in trace element concentrations
in the CAL standard for error propagation by the
GLITTER software (5% for Li, Be, B, Zn and Ba;
10% for Na, Mg, Cu and Sr).

3. Results and Discussion
3.1. Calibration
Figure 2. Scanning electron microscope (SEM) image
of laser-drilled spots on the test of (a) Neogloboquadrina dutertrei and (b) Sphaeroidinella dehiscens.
(c) Environmental scanning electron microscope
(ESEM) image of the surface of a foraminifera test
(Globigerinoides sacculifer) following rastering with
the laser. The rastered area is clearly visible in the lower
half of the image.

available and contains many trace elements at
relatively well-known concentrations [Pearce et
al., 1997]. The second is an in-house calcite
(determined by X-ray diffraction) powder pellet,
which we have named CAL. This was prepared
following the technique of Pearce et al. [1992].
Analar1-grade CaCO3 powder was mixed with a
number of single element standard solutions, and
allowed to dry. Note that the powder was not doped

3.1.1. Matrix Effects
[15] The interaction of a UV-laser beam with a
solid sample is complex, and the response of any
given element is dependent on the sample matrix
[Craig et al., 2000]. The suitability of the NIST
612 and CAL calibration standards for calcium
carbonate material was assessed by comparison of
LA-ICP-MS data (standardized to CAL and NIST
612), with solution ICP-MS data, for a pressedpowder pellet of coral from the Florida Keys and a
pressed-powder pellet of a limestone standard
(CALS) acquired from the CPRG (Nancy, France)
(Table 4). For both the coral and the limestone,
LA-ICP-MS data standardized to NIST 612 produces higher values than standardization to CAL
for B and Mg while standardization to NIST 612
gives lower concentrations than standardization to
5 of 14
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Figure 3. (a) Calibration of pit depth versus ablation time for 80 mm diameter laser spots on calcite foraminifera
tests (Pulleniatina obliquiloculata and Globorotalia cultrata). (b) Calibration of pit depth against number of raster
passes on a Globorotalia tumida test and coral thick section. Pit depth was measured using a diamond stylus machine
(Taylor Hobson, Talysurf Series 2).

CAL for Cu and Zn. Standardization to the different
matrix standards can produce significantly different
results (e.g., 17% difference for Mg) but the
relationship with the solution ICP-MS data changes
between the coral and the limestone.
[ 16 ] LA-ICP-MS data for the coral and the
limestone samples are compared with solution
ICP-MS data in Figure 5. Standardization of LAICP-MS data to CAL gives values within error of
those determined by solution ICP-MS, except for
Li and B in the coral and Li and Zn in the

limestone. LA-ICP-MS data standardized to NIST
612 give values within error of those determined by
solution ICP-MS only for B and Mg in the coral,
and Zn and Ba in the limestone. Thus standardization of calcium carbonate to CAL usually produces
results more consistent with solution ICP-MS data
than standardization to NIST 612. The solution
ICP-MS standards have been independently tested
against a number of certified reference materials
(including SRM-1640, SLRS-4, BHVO-1, BCR-2,
BIR-1, AC-E and WS-E) but accuracy cannot be
properly assed until a well-characterized calcite
6 of 14
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Table 3. Data From the Analysis of the CAL Standard

Element
Li
Be
B
Na
Mg
Cu
Zn
Sr
Ba

Typical
Abundance in
Foraminifera Test

Solution
ICP-MS
(Mean ± 2sm, n = 2)

LA-ICP-MS CAL
Analyzed as an Unknown
(Mean ± 2sm, n = 27)

External
Reproducibility
%a (1s)

0.68
n/a
10
1400
730
0.06
3.3
880
3.4

8.61 ± 0.37
11.0 ± 0.8
73.1 ± 5.2
4480 ± 510
1980 ± 210
9.03 ± 0.48
100 ± 3
1920 ± 180
5.48 ± 1.12

8.65 ± 0.1
11.2 ± 0.2
72.4 ± 1.5
4630 ± 180
2040 ± 50
9.21 ± 0.23
101 ± 2
1860 ± 60
5.40 ± 0.08

3.1
5.5
5.4
7.6
6.3
6.5
5.8
6.0
2.8

a

Concentrations are in mg g1. Calculated on the basis of 27 analyses of the CAL standard measured as an unknown over a period of 4 months.
Also shown is the typical abundance of each trace element within a foraminifera test (data from Boyle [1981], Delaney et al. [1985], Marchitto et al.
[2000], Sanyal et al. [1995] and Rosenthal et al. [1999]). No data could be found for Be. sm denotes the standard error, s denotes the standard
deviation. Solution ICP-MS data have been calibrated using a suite of synthetic matrix matched standards made gravimetrically from single element
solutions (Specpure, Alfa Aesar).

reference material is available. In the following
discussion, all data for foraminifera samples have
therefore been standardized to CAL.

3.1.2. Comparison With Electron
Microprobe
[17] The Mg/Ca ratio of a number of Globorotalia
tumida tests from the same sediment sample (Aria
DNEII) was determined both by electron microprobe (spot size 2-10 mm; Figure 6) and LA-ICP-MS
(spot size 40 mm). The range in Mg/Ca was 0.78
to 4.85 mmol/mol (average 2.08 mmol/mol) for
the microprobe, and 0.85 to 4.85 mmol/mol
(average 2.09 mmol/mol) for LA-ICP-MS. An
electron microprobe study of the same species, also

recovered from the tropical Pacific, by Brown and
Elderfield [1996] gives a similar range for Mg/Ca
(0.4 to 6.5 mmol/mol). These data indicate that Mg/
Ca of Gr. tumida is heterogeneous over a length
scale of at least 40 mm. Heterogeneity in Mg/Ca may
be due to either precipitation of calcite at different
water temperatures, and/or the influence of different
biogenic precipitation regimes (e.g., ontogenetic
versus gametogenic).

3.2. Applications of the LA-ICP-MS
Technique to Palaeoceanographic and
Palaeontological Studies
[18] LA-ICP-MS facilitates high spatial resolution
analyses (40–80 mm width, >0.5 mm depth). This

Figure 4. ICP-MS signal from the ablation of the calcite standard material CAL.
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Table 4. Results of Analysis of a Florida Keys Coral Powder Pellet and a Limestone Powder Pellet by Solution ICPMS and LA-ICP-MSa

Element
Li
B
Na
Mg
Cu
Zn
Sr
Ba

Coral
Solution
ICP-MSb
(Mean ± 2sm,
n = 7)
0.89 ±
38.1 ±
3950 ±
855 ±
13.8 ±
n.d.
7620 ±
7.90 ±

0.03
1.5
170
42
0.5
220
0.2

Coral
LA-ICP-MS
Standardized
to CAL
(Mean ± 2sm,
n = 16)
0.64
33.5
3410
767
12.5
0.58
7770
7.85

±
±
±
±
±
±
±
±

0.11
1
800
11
1
0.08
73
0.12

Coral
LA-ICP-MS
Standardized
to NIST 612
(Mean ± 2sm,
n = 16)
0.67
40
3350
929
7.96
0.44
6510
7.22

±
±
±
±
±
±
±
±

0.1
1.8
56
14
0.65
0.05
91
0.13

Limestone
Solution
ICP-MSb
(Mean ± 2sm,
n = 7)
0.25 ±
n.d.
87.6 ±
1920 ±
n.d.
8.98 ±
172 ±
1.19 ±

0.01
5.6
83
0.47
7
0.03

Limestone
LA-ICP-MS
Standardized
to CAL
(Mean ± 2sm,
n = 13)
0.31
3.15
106
1910
0.26
12
178
1.18

±
±
±
±
±
±
±
±

0.01
0.12
35
24
0.01
0.7
5
0.03

Limestone
LA-ICP-MS
Standardized
to NIST 612
(Mean ± 2sm,
n = 13)
0.35
3.82
181
2340
0.19
9.47
212
1.14

±
±
±
±
±
±
±
±

0.02
0.07
93
33
0.02
0.9
2
0.06

a
The LA-ICP-MS data are standardized to both CAL and NIST 612. Concentrations are in mg g1. Note that data for Na are extremely noisy; Na
has proven difficult to analyze by LA-ICP-MS where it is present at relatively high concentrations. Solution ICP-MS data are calibrated as described
in Table 3.
b
These analyses have been performed on samples of the powders after they have been through the pellet making process and so include the
organic binder.

Figure 5. LA-ICP-MS data relative to solution ICP-MS data for multiple analyses of (a) a pressed-powder pellet of
coral, and (b) a pressed-powder pellet of a limestone standard. A ratio of 1 means that the LA-ICP-MS and solution
ICP-MS data are the same. LA-ICP-MS data have been normalized to CAL (circles) and NIST 612 (triangles). Errors
are 2s.
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Figure 6. Backscattered electron images of cross sections through Gr. tumida tests showing electron microprobe
analysis spots and resulting Mg/Ca ratios (mmol/mol). All spots are 10 mm in diameter except those marked with an
asterisk which are 2 mm in diameter.

section provides examples of how such microsampling can be used to gain information about the
influence of postdepositional diagenesis, test
taphonomy and foraminifera cleaning procedures
on fossil test chemistry.

3.2.1. Depth Profiling
[19] Operation of the laser in raster mode on
relatively flat parts of a foraminiferal test allows
us to assess the variability in trace element con-

centrations through the test wall. Figure 7 shows a
concentration/depth profile through the wall of the
final ‘kummerform’ chamber of two Globigerinoides sacculifer tests (recovered from 19N in
the North Atlantic) that had not been cleaned prior
to analysis. One of the tests had a glassy final
chamber (Figure 7a), the other had a final chamber
that was more opaque (Figure 7b). High trace
element/Ca ratios are recorded for the outer part
of both tests, and can be attributed to contaminant
ferromanganese oxide coatings (note the high lev9 of 14
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Figure 7. Change in trace element/Ca ratio through the wall of the final ’kummerform’ chamber of G. sacculifer
tests which are (a) glassy and (b) opaque in appearance. Mn was not present in the CAL standard, so Mn/Ca data have
been standardized to NIST 612. Error bars (1s) are shown where they are larger than the symbols.

els of Mn). Element/Ca ratios are relatively constant at >1.5 mm depth in the test with a glassy final
chamber, suggesting that only calcite-bound trace
elements are present. Figure 7b shows that the
‘contaminant’ phase extends deeper into the test
with an opaque final chamber; and concentrations
of Mn and Zn remain high at depths of >2 mm.
Glassy foraminifera in the geologic record are
considered to be the least altered (best preserved)
[Pearson et al., 2001], and the data presented here
support this. A recent study has produced similar
profiles through the wall of foraminifera tests, and
also found a Mg, Mn, Zn and Ba-rich ‘‘surface
veneer’’, that extended to a depth of 1– 3 mm
[Eggins et al., 2003]. Depth profiling in this way
can be used to ensure that tests for palaeoceano-

graphic studies have been fully cleaned of contaminant phases.

3.2.2. Intratest Variability in Li/Ca, Sr/Ca,
and Ba/Ca
[20] The intratest variability of trace element/Ca
ratios has been determined for a reductively
cleaned Gr. tumida test recovered from 19S in
the Pacific; the spots ablated are shown in Figure 8.
The calcite/seawater partition coefficient of trace
element X, DX, is given by



½X
½Ca calcite

DX ¼ 
½X
½Ca seawater

ð1Þ
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Figure 8. (a) Environmental scanning electron microscope (ESEM) image of Gr. tumida test. (b) Light microscope
image of the same test following laser ablation analysis.

Table 5. Element/Ca Ratios and Partition Coefficients (D) for Li, Sr and Ba in Different Parts of a Gr. tumida Testa

Sample
Seawaterb
Inorganic calciteb
Foraminiferal calcite literature
Keel spots (n = 3)
Chamber spots (n = 6)
Pustules raster (n = 1)

Li/Ca
Mean ±
1sm mmol/mol

DLi 103

2550
15 – 20c
18.28 ± 3.56
12.72 ± 2.98
22.95

Sr/Ca
Mean ±
1sm mmol/mol

DSr

8.54
0.25
5.88 – 7.84
7.17
4.99
9.00

1.17 – 1.49d
1.12 ± 0.08
1.02 ± 0.03
0.30

Ba/Ca
Mean ±
1sm mmol/mol

DBa

3
0.04
0.14 – 0.17d
0.13
0.12
0.04

0.6 – 13e
1.79 ± 1.03
1.68 ± 0.69
0.32

0.08
0.2 – 0.70
0.60
0.56
0.11

a

Partition coefficients for foraminifera calcite (from the literature) and inorganic calcite are also provided. DBa is calculated using a value of
3 mmol/mol for surface seawater. The standard error is a measure of the variability in element/Ca ratios between different chambers, or different
parts of the keel.
b
Elderfield et al. [1996, references therein].
c
Delaney et al. [1985].
d
Brown and Elderfield [1996].
e
Lea and Boyle [1991].
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Figure 9. Mg/Ca of box core-top O. universa from a latitudinal transect of the North Atlantic (14 – 58N). Data are
plotted as a function of sea surface temperature (SST), which is estimated from the sample location using Levitus and
Boyer [1994]. A calibration curve (solid line) has been fitted to data obtained following reductive cleaning of the
tests. Similar calibration curves have been determined from culture experiments of O. universa (upper dashed line)
[Lea et al., 1999] and core-top studies of multiple species (lower dashed line) [Elderfield and Ganssen, 2000]. Tests
that have not been cleaned are shown by diamonds; tests that have only under gone the ultrasonic wash are displayed
by squares; triangles represent tests that have also been reductively cleaned; and circles indicate tests that have
undergone an additional oxidative cleaning step. Some uncleaned tests gave Mg/Ca ratios of between 16 and
25 mmol/mol and have not been plotted for clarity. Where possible, more than one test was analyzed from the same
sediment sample, resulting in multiple points at the same SST for different cleaning treatments. Error bars are 1s.

and is reported for different parts of the foraminifera
test in Table 5. The Sr and Ba partition coefficients
of calcite pustules close to the aperture of Gr.
tumida are distinct from those of the chamber and
keel calcite, and are similar to values reported for
inorganic calcite. This may indicate that the pustule
calcite is diagenetic, but it is also consistent with
calcification occurring within an open system,
rather than within a system that is isolated from
seawater [Elderfield et al., 1996].
3.2.3. Effect of Foraminifera Cleaning on Test
Mg/Ca

[21] In order to investigate the effect of chemical
removal of detrital and authigenic contaminant
phases on the Mg/Ca ratio of a foraminifera test,
single tests of Orbulina universa have been sequentially analyzed, where possible, first prior to any
cleaning, second after the ultrasonic wash, thirdly
after reductive cleaning, and finally after oxidative
cleaning. O. universa have a single spherical final
chamber in the adult form and lay down the bulk of

their calcite (the gametogenic calcite) in three to
five days [Spero, 1988], so they are assumed to be
chemically homogeneous. Indeed, multiple spot
analyses (n = 4) on the final spherical chamber of
the same test gave Mg/Ca = 4.31 ± 0.17 (1s), so any
change in Mg/Ca must be due to the cleaning
process. Data from this study are presented as a
function of sea surface temperature in Figure 9. The
Mg/Ca ratio of tests that have undergone reductive
cleaning is within the range of that predicted (from
culture experiments and core-top calibrations) from
the temperature of the seawater in which the test
formed. Tests that have not been reductively
cleaned have higher Mg/Ca. Performing an oxidative cleaning step after reductive cleaning has no
detectable effect on Mg/Ca.

4. Conclusions
[22] This study presents a technique for analysis of
the intratest variability of a number of trace elements
in foraminifera by laser ablation ICP-MS that is
reproducible (<8% external reproducibility, 1s), and
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has low detection limits (generally <0.05 mg g1).
We have demonstrated that normalization of data to
a calcite standard usually gives results that are more
consistent with solution ICP-MS data than normalization to NIST 612, and Li/Ca, Mg/Ca, Sr/Ca and
Ba/Ca ratios measured for foraminiferal calcite and
normalized to our calcite standard are within the
range reported in the literature.
[23] This technique is potentially extremely powerful for palaeoceanographic and palaeontological
studies. (1) It permits analysis of a significantly
greater number of elements relative to any other
in-situ microanalytical technique, i.e., ion probe or
electron microprobe. (2) As this technique is
microdestructive, it is possible to carry out multiple
analyses on the same foraminifera test, such as
Mg/Ca and d18O. (3) Analysis of different types
of calcite within the foraminifera test gives
important information as to mechanisms of
biogenic calcite formation. (4) It allows us to
better understand the effects of chemical cleaning
techniques and postdepositional processes on trace
element/Ca ratios.

Acknowledgments
[24] We would like to thank Peggy Delaney, Nicky Allison
and an anonymous reviewer whose extremely thorough and
constructive comments have greatly improved the quality of
this manuscript. Foraminifera samples used in this study were
kindly supplied by the GEOMAR Lithotek (Keil, Germany)
and Charlotte Brunner (University of Southern Mississippi).
Andy Tindle, Simon Kelley and Shailesh Jain (Open University) are thanked for their assistance with, respectively, the
electron microprobe, the diamond stylus machine and X-ray
diffraction analysis. We are also grateful to Colin Matthews
and Sue Impey at Cranfield University for providing the
ESEM images. This work was conducted as part of NERC
studentship NER/S/A/2000/03506 (ECH).

References
Allison, N., Comparative determinations of trace and minor
elements in coral aragonite by ion microprobe analysis, with
preliminary results from Phuket, southern Thailand, Geochim. Cosmochim. Acta, 60, 3457 – 3470, 1996.
Allison, N., and W. E. N. Austin, The potential of ion microprobe analysis in detecting geochemical variations across
individual foraminifera tests, Geochem. Geophys. Geosyst.,
4(2), 8403, doi:10.1029/2003GC000539, 2003.
Boyle, E. A., Cadmium, zinc, copper and barium in foraminifera tests, Earth Planet. Sci. Lett., 53, 11 – 35, 1981.

10.1029/2003GC000539

Brown, S. J., and H. Elderfield, Variations in Mg/Ca and Sr/Ca
ratios of planktonic foraminifera caused by postdepositional
dissolution: Evidence of shallow Mg-dependent dissolution,
Paleoceanography, 11(5), 543 – 551, 1996.
Craig, C.-A., K. E. Jarvis, and L. J. Clarke, An assessment of
calibration strategies for the quantitative and semi-quantitative
analysis of calcium carbonate matrices by laser ablationinductively coupled plasma-mass spectrometry (LA-ICPMS), J. Anal. At. Spectrom., 15, 1001 – 1008, 2000.
Delaney, M. L., A. W. H. Be, and E. A. Boyle, Li, Sr, Mg and
Na in foraminiferal calcite shells from laboratory culture,
sediment traps, and sediment cores, Geochim. Cosmochim.
Acta, 49, 1327 – 1341, 1985.
Eggins, S., P. De Decker, and J. Marshall, Mg/Ca variation in
planktonic foraminifera tests: Implications for reconstructing
palaeo-seawater temperature and habitat migration, Earth
Planet. Sci. Lett., 212, 291 – 306, 2003.
Elderfield, H., and G. Ganssen, Past temperature and d18O
of surface ocean waters inferred from foraminiferal Mg/Ca
ratios, Nature, 405, 2000.
Elderfield, H., C. J. Bertram, and J. Erez, A biomineralization
model for the incorporation of trace elements into foraminiferal calcium carbonate, Earth Planet. Sci. Lett., 142, 409 –
423, 1996.
Fallon, S. J., M. T. McCulloch, R. van Woesik, and D. J.
Sinclair, Corals at their latitudinal limits: Laser ablation trace
element systematics in Porites from Shirigai Bay, Japan,
Earth Planet. Sci. Lett., 172, 221 – 238, 1999.
Fallon, S. J., J. C. White, and M. T. McCulloch, Porites corals
as recorders of mining and environmental impacts: Misima
Island, Papua New Guinea, Geochim. Cosmochim. Acta, 66,
45 – 62, 2002.
Günther, D., and C. A. Heinrich, Enhanced sensitivity in laser
ablation-ICP mass spectrometry using helium-argon mixtures as aerosol carrier, J. Anal. At. Spectrom., 14, 1363 –
1368, 1999.
Haley, B. A., and G. P. Klinkhammer, Development of a flowthrough system for cleaning and dissolving foraminiferal
tests, Chem. Geol., 185, 51 – 69, 2002.
Hart, S. R., and A. L. Cohen, An ion probe study of annual
cycles of Sr/Ca and other trace elements in corals, Geochim.
Cosmochim. Acta, 60, 3075 – 3084, 1996.
Jackson, S. E., The Application of Nd:YAG Lasers in LA-ICPMS, in Laser-Ablation-ICPMS in the Earth Sciences: Principles and Applications, edited by P. Sylvester, pp. 29 – 45,
Mineral. Assoc. of Can., St. John’s, Newfoundland, 2001.
Jeffries, T. E., S. E. Jackson, and H. P. Longerich, Application
of a frequency quintupled Nd: YAG source (l = 213nm) for
laser ablation inductively coupled plasma mass spectrometic
analysis of minerals, J. Anal. At. Spectrom., 13, 935 – 940,
1998.
Lea, D. W., T. A. Mashiotta, and H. J. Spero, Controls on
magnesium and strontium uptake in planktonic foraminifera
determined by live culturing, Geochim. Cosmochim. Acta,
63, 2369 – 2379, 1999.
Levitus, S., and T. P. Boyer, World Ocean Atlas, Temperature,
NOAA Atlas NESDIS, Natl. Ocean and Atmos. Admin.,
Silver Spring, Md., 1994.
13 of 14

Geochemistry
Geophysics
Geosystems

3

G

hathorne et al.: trace elements in foraminifera

Longerich, H. P., S. E. Jackson, and D. Günther, Laser ablation
inductively coupled plasma mass spectrometric transient
signal data acquisition and analyte concentration calculation,
J. Anal. At. Spectrom., 11, 899 – 904, 1996.
Marchitto, T. M. J., W. B. Curry, and D. W. Oppo, Zinc
concentrations in benthic foraminifera reflect seawater
chemistry, Paleoceanography, 15(3), 299 – 306, 2000.
Pearce, N. J. G., W. T. Perkins, and R. Fuge, Developments in
the quantitative and semiquantitative determination of trace
elements in carbonates by laser ablation inductively coupled
plasma mass spectrometry, J. Anal. At. Spectrom., 7, 595 –
598, 1992.
Pearce, N. J. G., W. T. Perkins, J. A. Westgate, M. P. Gorton,
S. E. Jackson, C. R. Neal, and S. P. Chenery, A compilation
of new and published major and trace element data for NIST
SRM 610 and SRM 612 glass reference materials, Geostand.
Newsl., 21, 115 – 144, 1997.
Pearson, P. N., and M. R. Palmer, Atmospheric carbon dioxide
concentrations over the past 60 million years, Nature, 406,
695 – 699, 2000.
Pearson, P. N., P. W. Ditchfield, J. Singano, K. G. HarcourtBrown, C. J. Nicholas, R. K. Olsson, N. J. Shackleton, and
M. A. Hall, Warm tropical sea surface temperatures in the
Late Cretaceous and Eocene epochs, Nature, 413, 481 – 487,
2001.
Perkins, W. T., and N. J. G. Pearce, Mineral microanalysis by
laserprobe inductively coupled plasma-mass spectrometry, in
Microprobe Techniques in the Earth Sciences, edited by P. J.
Potts et al., pp. 239 – 243, Mineral. Soc., London, 1995.
Reichart, G.-J., F. Jorissen, P. Anscutz, and P. R. D. Mason,
Single foraminiferal test chemsirty records the marine environment, Geology, 31(4), 355 – 358, 2003.
Roberts, M. S., P. L. Smart, C. J. Hawkesworth, W. T. Perkins,
and N. J. G. Pearce, Trace element variations in coeval

10.1029/2003GC000539

Holocene speleothems from GB Cave, Southwest England,
The Holocene, 9, 707 – 713, 1999.
Rosenthal, Y., E. A. Boyle, and L. Labeyrie, Last glacial
maximum paleochemistry and deepwater circulation in the
Southern Ocean: Evidence from foraminiferal cadmium,
Paleoceanography, 12(6), 787 – 796, 1997.
Rosenthal, Y., M. P. Field, and R. M. Sherrell, Precise determination of element/calcium ratios in calcareous samples
using sector field inductively coupled plasma mass spectrometry, Anal. Chem., 71, 3248 – 3253, 1999.
Sanyal, A., N. G. Hemming, G. N. Hanson, and W. S.
Broecker, Evidence for a higher pH in the glacial ocean
from boron isotopes in foraminifera, Nature, 373, 234 – 236,
1995.
Spero, H. J., Ultrastructural examination of chamber morphogenesis and biomineralization in the planktonic foraminifer
Orbulina universa, Mar. Biol., 99(9), 9 – 20, 1988.
Stecher, H. A. I., D. E. Krantz, C. J. I. Lord, G. W. I. Luther,
and K. W. Bock, Profiles of strontium and barium in Mercenaria mercenaria and Spisula solidissima shells, Geochim.
Cosmochim. Acta, 60, 3445 – 3456, 1996.
Stott, L., C. Poulsen, S. Lund, and R. Thunell, Super ENSO
and global climate oscillations at millennial time scales,
Science, 297, 222 – 226, 2002.
van Achterbergh, E., C. G. Ryan, S. E. Jackson, and W. L.
Griffin, Data reduction software for LA-ICP-MS, in
Laser-Ablation-ICPMS in the Earth Sciences: Principles
and Applications, edited by P. Sylvester, pp. 239 – 243,
Mineral. Assoc. of Can., St. John’s, Newfoundland,
2001.
Zeebe, R. E., and A. Sanyal, Comparison of two potential
strategies of planktonic foraminifera for house building:
Mg2+ or H+ removal?, Geochim. Cosmochim. Acta, 66,
1159 – 1169, 2002.

14 of 14

