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Abstract

Here, we provide evidence suggesting that marine (diatom) opal contains not only a high fidelity record of dissolved oceanic concen-
trations of cosmic ray-produced radionuclides, 10Be and 26Al, but also a record of temporal variations in a large number of trace ele-
ments such as Ti, Fe, Zn and Mn. This finding is derived from measurements in purified biogenic opal that can be separated from
detrital materials using a newly developed technique based on surface charge characteristics. Initial results from a sediment core taken
near the present-day position of the Antarctic Polar Front (ODP Site 1093) show dramatic changes in the intrinsic concentrations of, Be,
Al, Ti, Fe, Mn and Zn in the opal assemblages during the past �140 kyr BP. The results imply appreciable climatically controlled fluc-
tuations in the level of bioreactive trace elements. The time series of total Be, Al, Ti, Fe and 10Be in the sediment core are all well cor-
related with each other and with dust records in the polar ice cores. The observations suggest that a significant flux of these trace metals
to oceans is contributed by the aeolian dust, in this case, presumably from the Patagonia. This observation also allows determination of
fluxes of dust-contributed 10Be to the Antarctica ice sheets. However, our data show that the relationships among the various metals are
not perfectly linear. During periods of higher dissolved concentrations of trace elements (indicated by Fe and Ti) the relative concentra-
tions of bioreactive elements, Be, Al, Mn and Zn are decreased. By contrast, the Fe/Zn and Fe/Mn ratios decrease significantly during
each transition from cold to warm periods. The relative behavior could be consistent with any of the following processes: (i) enhanced
biological productivity due to greater supply of the bioreactive elements (e.g. Zn) during cold periods (ii) increased biological and inor-
ganic scavenging of particle active elements (e.g. Be and Al) during early interglacial periods (iii) differential uptake/removal of the metals
by the various diatom taxa whose relative productivity or growth rate changes with large scale climate. In any case, with one sedimentary
phase and in single sedimentary sections, we now have the potential to compare directly a proxy for aeolian input of micronutrients (e.g.
Fe or Ti), with a proxy for production (e.g. 26Al/Al ratios). We expect that studies of the temporal records of trace elements and cos-
mogenic nuclides in contrasting regions of upwelling and productivity, which exhibit different sensitivities to global climate fluctuations
and micronutrient inputs, would lead to a direct and comprehensive test of ideas such as the hypothesis of iron control of atmospheric
carbon dioxide [Martin, J.H., 1990. Glacial–interglacial CO2 change: the iron hypothesis. Paleoceanography 5, 1–13]. Our present data
from a single site do not show that increases in dissolved Fe concentrations, per se, were responsible for increased biological productivity.
However, a much clearer picture of the effect of increased dust fluxes should emerge when we have data for trace elements and the cos-
mogenic nuclides, 10Be and 26Al from various oceanic provinces.
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1. Introduction

The hypothesis of Martin (Martin, 1990; Martin et al.,
1990) claims that biological productivity is currently limit-
ed in the Southern Ocean by the availability of Fe. In re-
cent years, experimental evidence has grown steadily for
the hypothesis of widespread iron limitation in the modern
ocean (de Baar et al., 1995; Kumar et al., 1995; Watson
et al., 2000; Bigg et al., 2003; Ridgewell, 2003). Throughout
the history of this scientific theme, the Quaternary ice age
cycles have always been considered a stringent test of the
significance of this iron limitation for the carbon cycle
and perhaps, the most dramatic expression of its ultimate
effect on carbon sequestration (Watson et al., 2000). The
ice core evidence shows that aerosol loading of the atmo-
sphere increased during ice ages, approximately in line with
significant decreases in atmospheric carbon dioxide. Yet,
despite the ice core observations, and clear evidence for
iron limitation in the modern ocean, the sedimentary re-
cord of ‘‘paleoproductivity’’ has not as yet offered any clear
picture of the possible relationship between the changes in
dust flux (known to have occurred over ice age cycles, for
example) and regional or global productivity, over ice age
cycles. A large part of the problem is that the various mar-
ine sediment proxies for dust delivery to the ocean are not
diagnostic of available micronutrients (e.g. Rea, 1994)
while the various indicators of paleoproductivity often lead
to conflicting conclusions for any given region (e.g. Mort-
lock et al., 1991; Ganeshram and Pedersen, 1998; Sigman
and Boyle, 2000; Chase et al., 2003).

It is obvious that these questions must be answered
either by conducting experiments in the modern oceans,
or by studying how the surface ocean chemistry and biolo-
gy was forced in the past in different oceanic provinces, and
during different climates, with changes in the aeolian dust
fluxes and the dissolved concentrations of micro-nutrients
and trace elements including Fe. A global picture during
different climates can highlight the interrelationships be-
tween controlling factors.

In this paper, we show that it is now feasible to construct
global pictures relating micro-nutrients, trace elements and
biological productivity by reading the records of dissolved
trace element concentrations in biogenic marine opal. The
discovery that the marine opal contains a high fidelity
record of dissolved oceanic concentrations of cosmic ray-
produced radionuclides, 10Be and 26Al, and of a large num-
ber of trace elements, Be, Al, Ti, Fe, Mn, Zn, etc. appeared
after several years’ research on intrinsic concentrations of
trace elements in three principal marine biogenic minerals:
calcite, aragonite, and opal. We found that whereas foram-
inifera calcite and coral aragonite do include some trace
elements e.g. Be and Al at ppb levels, marine opal has
much higher concentrations of Al, at levels of
�1000 ppm (Dong et al., 2001; Lal, 2002). As discussed be-
low, we verified the unexpected result of high Al concentra-
tions in opal in several independent ways. Subsequently, we
developed efficient physical and chemical techniques to
extract marine opal from large amounts of sediments and
then extended our studies to measurements of a suite of
trace elements in marine opal from a sediment core in the
present diatomaceous ooze belt. As shown below, the cos-
mogenic 10Be and 26Al and the trace element data together
unambiguously establish the fact that the measured con-
centrations of several elements, Be, Al, Ti, Fe, Mn, Zn,
etc. (in the region of 1–>500 ppm) are a true measure of
their dissolved concentrations in the opaline frustule and
therefore are related to the variations in their dissolved
concentrations in the sea water.

Several papers have addressed the issue of (bioreactive)
trace elements which are important in biological productiv-
ity (cf. de Baar et al., 1995; Watson et al., 2000; Bigg et al.,
2003). Fortunately, since several of the elements enriched
by the opaline frustule include Fe, Mn and Zn which are
bioreactive, these studies promise to be valuable for under-
standing trace element controls on biological productivity
in the past, as forced by climatic changes. The fact that
trace element concentrations are fairly high suggests that
these studies can be carried out with small amounts of mar-
ine opal, which in turn should permit extending such inves-
tigations to sedimentary sequences that lie outside the zone
of the diatomaceous ooze belt. Thus, with one sedimentary
phase and in single sedimentary sections, we now have the
potential to compare directly a proxy for aeolian input of
micronutrients (e.g. Fe), with a proxy for production (e.g.
26Al/Al ratios).

The importance of combining studies of trace elements
with cosmogenic 10Be and 26Al cannot be overestimated.
The fallout of the cosmogenic nuclides is proportional to
the cosmic ray flux, which can be assumed to be a constant,
to a first approximation. The fallout ratio of 10Be and 26Al
would be expected to be much more time invariant. Particle
active elements, Be and Al are good indicators of biological
productivity since they are scavenged more efficiently dur-
ing higher biomass in the surface ocean waters. Amongst
these two elements, Al shows a much greater response to
biological productivity, and has been shown to be an ideal
proxy for biological productivity (Ku et al., 1995). There-
fore relative temporal changes in the 10Be/26Al ratios,
and in 10Be/9Be and 26Al/Al ratios, should constitute an
important new method for inferring changes in biological
productivity.

2. Oceanographic context of samples

As a ‘‘proof of concept’’ study of trace element and cos-
mogenic nuclide changes in biogenic opal, over the last full
ice age cycle, we analyzed a sedimentary sequence from the
heart of the Southern Ocean diatomaceous ooze belt. The
sequence is comprised of ODP Site 1093 and its companion
piston core TN057-13, raised at �49�590S, 5�520E, near the
present-day position of the Antarctic Polar Front. In the
modern ocean, this site lies directly beneath the zone of rel-
atively low salinity and in the transition zone between high
and low silica content of the surface waters (presumably an
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indication of uptake by diatoms). The characteristics of the
surface waters in this location during cold episodes have
not been established unambiguously, but, because the re-
gion is critical for regulation of atmospheric CO2, a great
deal of previous work has been conducted on other nearby
cores. Some tracers such as the isotopic composition of
inorganic carbon (foraminifera) and organic carbon (bulk
or ‘‘diatom-bound’’) suggest more nutrient rich surface
ocean in this region during the ice age, closer to unmodified
deep water (Shemesh et al., 1993). Other surface water trac-
ers such as Cd/Ca in foraminifera show no change (Keig-
win and Boyle, 1989), but could also be interpreted as
reflecting enhanced ice age nutrients (Elderfield and Rick-
aby, 2000). Still other tracers such as the nitrogen isotopic
composition of diatom bound organic matter suggest en-
hanced nutrient utilization during the ice ages, perhaps be-
cause of changes in the stratification of surface ocean just
south of the Polar Front (Sigman and Boyle, 2000). Thus,
there is still little consensus on the relative rates of produc-
tivity and upwelling over ice age cycles.

The chronology for the cores we analyzed comes from
detailed radiocarbon analyses of the uppermost 10 m (in
TN057-13) and oxygen isotopic analysis of the planktonic
foraminifer Neogloboquadrina pachyderma (Hodell
et al., 2002; Mortyn and Charles, 2002; Mortyn et al.,
2003). A composite chronology of d18O record was com-
piled by splicing the piston core record with that of Site
1093. Foraminifera are fairly abundant during interglacial
periods but are rare or absent in glacial-aged sediments.
Thus, there are unavoidable gaps in the oxygen isotopic re-
cord, but nevertheless, the delineation of marine isotope
stage boundaries through the last 140 kyr is clear.

Interglacial stages are greatly expanded between MIS 1
and 15, and, conversely, glacial stages are highly com-
pressed. A likely explanation for this pattern is relatively
high biosiliceous productivity during interglacial periods
when the Polar Front is near the site (as it is today), alter-
nating with low productivity during glacial periods when
seasonal sea ice expanded northward, decreasing the sea-
son for growth (Charles et al., 1991). Changes in diatom
assemblages at this site (Gersonde et al., 2003) tend to sup-
port the explanation of sea ice control on biosiliceous sed-
iment accumulation. However, other interpretations,
including changes in ‘‘sediment focusing’’ by bottom cur-
rents, are of course possible, and, therefore it becomes
especially important to develop independent tracers for
productivity that carry information on rates of removal
from surface waters, as opposed to only concentration
information.

All through the core, an appreciable amount of ice raf-
ted debris is present, at concentrations of the order of
1–5%, contributed by (i) volcanic glass that was presum-
ably rafted by sea ice, and (ii) rounded quartz grains rafted
by icebergs from the Antarctic continent (Kanfoush et al.,
2000).

In our study, we have included measurements of two
cosmogenic radionuclides, 10Be (half-life: 1.5 myr) and
26Al (half-life: 0.7 myr) in opal. These nuclides are pro-
duced in the high energy spallation of atmospheric nuclei,
O and Ar, respectively, principally by cosmic ray neutrons.
Since the elements Be and Al are particle reactive, these
nuclides have short residence times in the oceans; about
500 and <50 years, respectively. Fortunately, the dissolved
concentrations of 10Be and 26Al have been measured at sev-
eral oceanic sites (Sections 4.3 and 4.4). Since the cosmic
ray production rates of the 10Be and 26Al are small, partic-
ularly the latter, a comparison between the observed ratios
10Be/Be and 26Al/Al in sea water with those in opal serve as
an indicator of the purity of the opal samples from detrital
matter (Section 4.1).
3. Methods

Detrital material was present in all deep sea sediment samples, and
therefore, it was essential to purify the opal phase thoroughly in order to
analyze intrinsic trace element and cosmogenic nuclide concentrations. In
previous studies, this purification has been done by differential digestion
techniques combined with density separation (e.g. Shemesh et al., 1993),
but we have found that such techniques are rarely 100% efficient for the
purposes of trace element measurements. Furthermore, we were concerned
that aggressive chemical leaching of biogenic opal surfaces (Martin and
Knauer, 1973; Ellwood and Hunter, 1999) might interfere with the true
trace element signature. Accordingly, we have devised a new physical
separation procedure for opal that is demonstrably efficient, yet leaves the
diatom frustules intact.

The readily dispersed detrital material was first separated from the
sediment by gentle vibration in a conical tube. The sample was then
treated with dilute HNO3 to dissolve any foraminifera present. A variety
of organic solutions and mixtures were tried to discover those which ad-
here strongly to opal surfaces. The basis of this method of separating opal
rests in the fact that crystal surfaces often show strong affinity for certain
organic compounds—for example, diamond shows strong affinity for
grease. Amongst the various organic compounds tried, we found that on
shaking long chain alkanes (C6 to C20) with sediment suspended in water,
diatom frustules float on the top. Kerosene contains hydrocarbons in the
C12 to C15 range. It remains as our chemical of choice at this time for
separating opal from sediments. This method is easily adaptable for sep-
arating opal grains from sediments with very low concentrations of opal.

Additional steps were taken to cleanse opal of any detrital material
prior to the above ‘‘flotation’’ procedure. First, ultrasonic dispersion and
agitation of the opal sediment in ethyl alcohol (100%) was found to re-
move most of the detrital material easily. It is important to note here that
suspension of dry sediment in alcohol does not hydrolyze or wet detrital
surfaces, and detrital material tends to separate out as small clumps at the
bottom of the beaker. After agitation, opal could be easily removed from
ethyl alcohol by mild agitation and circular motion. Shaking with kero-
sene removed any detrital material present. These cleansing steps were
repeated several times. The cleansed samples were checked for presence of
any detrital material under a binocular microscope. In Fig. 1, we show
SEM photomicrographs of cleansed diatom samples, illustrating the high
purity of the samples.

We determined that whereas opal dissolved easily in dilute hydrofluoric
acid (HF) at room temperature, detrital material resisted dissolution.
Therefore, finally, as an additional precaution to avoid dissolution of
detrital materials in HF, we therefore used only 75% of the amount of the
stoichiometric amount of HF required to dissolve opal in solution for
chemical analyses. The HF solutions were centrifuged, and the clear solu-
tions were evaporated (to remove HF), and brought into solution with ICP
grade 2% HNO3. A 1/10th part of this solution was subjected to trace ele-
ment analyses using an ICP-OES. The line blanks for the nine trace elements
analyzed varied between (0.01–0.2) ppm. The lowest elemental concentra-
tions were observed for Be. The ratio of average Be concentrations to blank



Fig. 1. Photomicrographs of diatom samples extracted using the floatation method (see text).
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was�20; for all other elements, the corresponding ratios ranged from 103 to
104. In the case of samples analyzed for 10Be and 26Al, about 3 mg each of
ultra-pure Be and Al carriers (having 10Be/B and 26Al/Al ratios of <10�14)
were added. The samples were chemically processed to obtain BeO and
Al2O3 according to standard procedures for accelerator mass spectrometry
(AMS) determinations. 10Be analyses were made at the AMS facility at the
University of Arizona; those of 26Al at the Center for Accelerator Mass
Spectrometry (CMAS) at the Lawrence Livermore Radiation Laboratory,
Livermore.

Independent determinations of Al and Be contents of a sample of
opaline frustules were made by a Cameca ims-4f ion microprobe. Opaline
frustules were pressed into a pure indium foil for analysis. A primary 16O�

ion beam (8 nA) was used to sputter the sample and intensity of secondary
ions (9Be+, 27Al+ and 30Si+) were measured at a mass resolving power (M/
dM) of �1400 using an electron multiplier in the pulse counting mode.
GB-4 glass was used as a standard for estimating Be and Al content,
assuming secondary ion yields for these elements to be similar to the GB-4
standard (SiO2 = 72.94%). Concentrations of Be and Al in the opal
samples were determined using the GB-4 glass standard (Be = 11.3 ppm,
Al = 8.24%; SiO2 = 72.94%) and 30Si+ normalization. Signals from the
blank (indium foil) were below detection limit for both Be and Si, while for
Al a very weak signal (�0.05 cps), that is several orders of magnitude
below the signal from opaline frustules, was observed.

4. Results and discussions

A total of 73 samples were analyzed from the site 1093
and its companion piston core TN057-13. In 14 of the sam-
ples, duplicate representative samples were analyzed to
check on the accuracy of measurements. One standard
deviation values for Be, Al, Mg, Ti, Fe, Zn, Sr and Ba were
found to be 17%, 5.8%, 4.1%, 5.0%, 2.5% 4.9%, 15% and
7.7%, respectively. The high concentration levels of trace
elements, �mg/g for Al, Ca, Fe, Mg and Ti, and �lg/g
for Be, Mn, Zn and Sr, allow their easy and accurate mea-
surements in <10 mg quantities of opal using ICP-OES.
The results of trace element analyses are presented for
some sections as an illustration in Table 1.

A total of 21 samples were measured for 10Be concentra-
tions. Thus far, 26Al measurements were made only in five
samples. These results along with the measured concentra-
tions of Be, Al, Fe and Ti in the samples where 10Be and
26Al were measured, are summarized in Table 2.

4.1. Fidelity of the measurements

We must consider the question of reliability of the trace
element data with respect to the possibility of contamina-
tion from detrital materials. The measured high concentra-
tions of Al in opal (�10,000 lg/g) were unexpected (Dong
et al., 2001; Lal, 2002), given that the concentration of
most trace elements in the lattice structure of biogenic
calcite minerals lie in the range of 1 ppb to 1 ppm. High
Al concentrations of opal were previously recorded,
10–1600 lg/g (Martin and Knauer, 1973; Ellwood and
Hunter, 2000), but they were considered as suspect. In
any case, there are several independent tests of the fidelity
of the high concentrations.

First there are general arguments based on crustal aver-
age composition (Mason, 1966). If one assumes that all of
the trace element concentration arose strictly from contam-
ination by detrital materials in the sample, one obtains a



Table 1
Measured trace element concentrations in some sections from piston cores from site 1093

Depth (m) Age (kyr) Element concentration (g/g)

Be Al Mg Ti Mn Fe Zn

0 0.2 3.5 · 10�7 6.7 · 10�3 3.3 · 10�3 5.9 · 10�4 1.1 · 10�3 9.5 · 10�3 6.8 · 10�5

0.2 0.8 1.2 · 10�6 3.4 · 10�3 3.2 · 10�3 4.7 · 10�4 3.4 · 10�4 7.7 · 10�3 4.3 · 10�5

2.1 5.5 8.1 · 10�7 6.0 · 10�3 3.0 · 10�3 3.5 · 10�4 2.1 · 10�4 5.6 · 10�3 4.5 · 10�5

3 7.1 6.3 · 10�7 4.8 · 10�3 2.3 · 10�3 3.0 · 10�4 2.3 · 10�4 4.2 · 10�3 4.6 · 10�5

4 8.5 5.2 · 10�7 5.7 · 10�3 2.6 · 10�3 2.3 · 10�4 1.7 · 10�4 4.4 · 10�3 3.6 · 10�5

5 9.6 5.7 · 10�7 4.0 · 10�3 2.2 · 10�3 2.2 · 10�4 3.1 · 10�4 3.7 · 10�3 3.7 · 10�5

6.6 11.0 1.7 · 10�7 6.8 · 10�4 1.8 · 10�4 3.3 · 10�4 3.1 · 10�4 3.1 · 10�3 4.2 · 10�5

7.6 12.2 4.3 · 10�7 3.1 · 10�4 1.6 · 10�4 2.0 · 10�4 2.2 · 10�4 3.1 · 10�3 3.3 · 10�5

10.08 16.4 3.8 · 10�7 9.7 · 10�3 3.0 · 10�5 1.4 · 10�3 2.0 · 10�4 1.3 · 10�2 7.3 · 10�5

12.08 27.4 7.2 · 10�7 4.3 · 10�3 5.5 · 10�5 9.0 · 10�4 1.9 · 10�4 1.2 · 10�2 6.4 · 10�3

13.98 42.0 8.1 · 10�7 1.7 · 10�2 6.5 · 10�4 8.6 · 10�4 2.1 · 10�4 1.5 · 10�2 6.0 · 10�5

14.48 46.0 5.5 · 10�7 8.7 · 10�3 3.4 · 10�5 7.0 · 10�4 1.5 · 10�4 1.1 · 10�2 7.1 · 10�5

15.58 54.3 5.0 · 10�7 4.5 · 10�3 1.9 · 10�5 7.6 · 10�4 1.6 · 10�4 1.3 · 10�2 4.2 · 10�3

15.88 56.5 7.8 · 10�7 8.7 · 10�3 3.5 · 10�5 8.3 · 10�4 2.1 · 10�4 1.4 · 10�2 9.9 · 10�5

17.04 64.4 7.9 · 10�7 1.5 · 10�2 7.8 · 10�3 1.2 · 10�2 2.1 · 10�4 1.5 · 10�2 8.9 · 10�5

18.04 70.8 3.8 · 10�7 2.2 · 10�3 4.7 · 10�5 3.0 · 10�4 6.1 · 10�5 4.5 · 10�3 3.5 · 10�5

18.74 74.6 4.0 · 10�7 1.1 · 10�2 3.7 · 10�3 4.2 · 10�4 1.6 · 10�4 7.4 · 10�3 4.3 · 10�3

20.14 80.2 3.4 · 10�7 6.8 · 10�3 2.8 · 10�3 3.0 · 10�4 1.7 · 10�4 5.0 · 10�3 3.6 · 10�5

20.44 81.3 4.1 · 10�7 6.9 · 10�3 2.9 · 10�3 2.8 · 10�4 1.8 · 10�4 4.9 · 10�3 3.9 · 10�5

21.14 83.7 2.2 · 10�7 9.0 · 10�4 3.8 · 10�5 4.0 · 10�4 2.0 · 10�4 3.7 · 10�3 4.0 · 10�5

22.14 87.2 4.9 · 10�7 1.4 · 10�3 3.8 · 10�5 3.4 · 10�4 6.3 · 10�5 5.0 · 10�3 3.0 · 10�5

23.08 91.1 5.7 · 10�7 2.5 · 10�3 4.6 · 10�5 6.3 · 10�4 1.3 · 10�4 7.0 · 10�3 6.1 · 10�5

23.78 94.4 4.3 · 10�7 7.2 · 10�3 1.2 · 10�3 4.1 · 10�4 1.1 · 10�4 5.5 · 10�3 3.0 · 10�5

24.08 95.9 5.4 · 10�7 9.9 · 10�3 2.8 · 10�3 3.9 · 10�4 1.2 · 10�4 5.6 · 10�3 4.0 · 10�5

25.88 104.6 4.3 · 10�7 7.1 · 10�3 2.6 · 10�3 2.6 · 10�4 1.3 · 10�4 4.7 · 10�3 2.6 · 10�5

27.48 111.0 6.2 · 10�7 7.8 · 10�3 2.2 · 10�3 2.9 · 10�4 1.2 · 10�4 5.9 · 10�3 2.8 · 10�5

28.68 114.3 4.1 · 10�7 9.8 · 10�3 3.2 · 10�3 4.5 · 10�4 1.0 · 10�4 6.6 · 10�3 4.7 · 10�5

29.14 115.2 4.7 · 10�7 1.0 · 10�2 3.5 · 10�3 4.2 · 10�4 9.7 · 10�5 6.7 · 10�3 3.4 · 10�3

29.54 116.1 5.8 · 10�7 1.2 · 10�3 2.7 · 10�3 6.8 · 10�4 1.8 · 10�4 9.2 · 10�3 6.4 · 10�5

30.34 118.3 4.5 · 10�7 9.3 · 10�3 2.5 · 10�3 6.2 · 10�4 1.9 · 10�4 8.3 · 10�3 5.5 · 10�5

31.24 121.1 4.2 · 10�7 6.5 · 10�3 6.6 · 10�4 7.9 · 10�4 3.1 · 10�4 1.0 · 10�2 6.9 · 10�3

31.54 122.0 3.1 · 10�7 4.3 · 10�3 8.9 · 10�4 7.0 · 10�4 3.7 · 10�4 8.9 · 10�3 6.6 · 10�5

32.14 123.9 3.6 · 10�7 5.1 · 10�3 3.2 · 10�3 4.6 · 10�4 3.5 · 10�4 6.9 · 10�3 5.5 · 10�5

32.64 125.4 2.1 · 10�7 3.5 · 10�3 2.2 · 10�3 2.7 · 10�4 2.0 · 10�4 4.0 · 10�3 4.0 · 10�5

33.64 128.5 1.3 · 10�7 2.3 · 10�3 2.7 · 10�3 3.9 · 10�4 8.9 · 10�4 5.5 · 10�3 4.7 · 10�3

33.84 129.2 2.7 · 10�7 3.5 · 10�3 1.1 · 10�3 5.4 · 10�4 5.3 · 10�4 8.9 · 10�3 5.7 · 10�5

34.44 131.6 5.5 · 10�7 1.0 · 10�2 2.4 · 10�3 7.8 · 10�4 1.5 · 10�4 1.3 · 10�2 6.7 · 10�5

35.58 136.6 4.9 · 10�7 8.2 · 10�3 6.1 · 10�5 1.2 · 10�3 2.0 · 10�4 1.2 · 10�2 7.7 · 10�3

35.78 137.5 5.7 · 10�7 9.7 · 10�3 2.7 · 10�4 1.2 · 10�3 1.7 · 10�4 1.1 · 10�2 7.1 · 10�5
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range of 8–60% for the amount of detrital material in the
sample, which is most unrealistic (16.2% (Be); 9% (Al);
8.3% (Mg); 15.8% (Ca), 11.7% (Ti); 21.4% (Mn); 14.2%
(Fe); 66.4% (Zn); 13% (Sr) and 60.2% (Ba)). Therefore, if
the detrital contaminants are even crudely represented by
bulk crustal average concentrations, these estimates rule
out any significant contributions to trace element concen-
trations from detrital phases.

We also examined several samples of opal under the
SEM for the presence of Fe or Mn coatings. EDS spot
analyses and chemical maps did not reveal the presence
of any appreciable concentrations of Fe or Mn or Al,
which would suggest the occurrence of coatings on the
particles. Similarly, from chemical and microprobe analy-
sis, Dixit and Van Cappellen (2002) concluded that the
diatom samples from the Indian sector in the Southern
Ocean did not show any evidence for coatings on the dia-
tom surfaces.
In order to check on the possibility of detrital contribu-
tions in our samples, we studied the spatial distribution of
concentrations of Be and Al in a opal sample (from the
Ocean Drilling Program, Leg 177, Hole 1091A
(47�5.6810S, 5�55.1200E), water depth 4360.5 mbs, from
the Holocene section of the core), using a Cameca ion
probe (Section 3). The estimated concentrations of Be
and Al in the opal sample ranged from 115 to 165 ppb,
and from 560 to 1240 ppm respectively, in multiple mi-
cro-area aliquots of several samples. These concentrations
agree well with the measured Be and Al concentrations in
the sample using ICP (OES), 154 and 860 ppm for Be
and Al respectively (Dong et al., 2001).

A third test involves the 26Al/Al ratio of the purified
opal. The dissolved concentrations of 26Al and Al have
been measured by Ku et al. (1995) in two locations in the
eastern Pacific Ocean at 12�N, 140�W and 12�N, 135�W.
The measured ratios, 26Al/Al were found to be



Table 2
Measured 10Be and 26Al concentrations in marine opal samples from site 1093

Depth (m) Age (kyr) 10Be concentration (atoms/g) Intrinsic ratio (10Be/9Be) 26Al concentration (atoms/g) Intrinsic ratio (26Al/Al)

1.14 5.82 (1.8 ± 0.002) · 109 (5.4 ± 0.04) · 10�8 (4.4 ± 1.1) · 106 (1.4 ± 0.4) · 10�14

5.60 10.18 (1.9 ± 0.007) · 107 (2.0 ± 0.01) · 10�7 na na
8.58 13.69 (1.7 ± 0.07) · 105 (1.9 ± 0.07) · 10�9 na na

10.48 18.24 (1.8 ± 0.07) · 107 (4.3 ± 0.2) · 10�8 na na
12.08 27.38 (5.6 ± 0.02) · 107 (1.2 ± 0.01) · 10�7 na na
12.68 31.78 (4.0 ± 0.009) · 107 (6.4 ± 0.01) · 10�8 na na
12.98 34.08 na na (1.8 ± 1.5) · 106 (1.8 ± 3.0) · 10�15

13.98 42.01 (3.1 ± 0.008) · 107 (5.8 ± 0.01) · 10�8 na na
14.48 45.97 (2.4 ± 0.006) · 107 (6.7 ± 0.02) · 10�8 na na
15.28 52.1 (3.1 ± 0.01) · 107 (5.0 ± 0.02) · 10�7 na na
15.88 56.5 (2.0 ± 0.005) · 107 (3.9 ± 0.01) · 10�8 na na
17.04 64.35 (5.0 ± 0.01) · 107 (9.4 ± 0.02) · 10�8 na na
18.04 70.78 (2.2 ± 0.006) · 107 (8.7 ± 0.02) · 10�8 na na
21.44 84.79 (3.0 ± 0.007) · 107 (6.4 ± 0.01) · 10�8 na na
23.08 91.07 (3.7 ± 0.01) · 107 (9.8 ± 0.03) · 10�8 na na
24.68 98.93 (2.4 ± 0.007) · 107 (1.7 ± 0.01) · 10�7 (4.7 ± 1.6) · 106 (2.0 ± 0.7) · 10�15

25.13 101.22 (1.6 ± 0.004) · 107 (1.2 ± 0.01) · 10�7 (2.2 ± 0.6) · 106 (1.2 ± 0.3) · 10�14

26.28 106.3 (3.4 ± 0.009) · 107 (7.6 ± 0.02) · 10�8 na na
28.18 113.26 (3.2 ± 0.01) · 107 (7.3 ± 0.03) · 10�8 na na
31.24 121.09 (3.5 ± 0.01) · 107 (1.2 ± 0.01) · 10�7 na na
32.64 125.41 (9.8 ± 0.03) · 106 (6.3 ± 0.02) · 10�8 na na
34.83 133.29 na na (7.1 ± 0.6) · 105 (2.5 ± 2.2) · 10�15

na, not available.
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(<2–18) · 10�14, with Al concentrations of (1–3.5) nM. The
lowest 26Al/Al ratios which can be measured using present
generation accelerator mass spectrometers is �n · 10�15,
with n � 2–5. If our Al extracts from opal included detrital
Al, the 26Al/Al ratios would be lowered. Let us, for the
sake of argument assume that the maximum intrinsic Al
concentrations in opal were only of the order of
1–10 ppm, as against the measured values of 10�3 to
10�2 g/g (Table 1), and that the measured values were
due to detritus contamination, then the 26Al/Al ratios
would be lowered to values of 10�18 to 10�17, two to three
orders of magnitude below detection limit using the AMS.
In fact the measured 26Al/Al ratios (Table 2) lie in the
range of (7.4 · 10�15 to 6 · 10�14), quite consistent with
the range of the observed ratios in seawater (Ku et al.,
1995). In fact, any significant measurement of 26Al/Al ratio
in the opal in fact is a testimony to a fairly pure extraction
of Al from the opaline frustule. Our data, though limited to
five samples demonstrate the effectiveness of opal in pick-
ing up dissolved Al ions from seawater, and also to the fact
that the aluminum extracted from the opal is fairly free
from any detrital contamination.

Finally, to check on the possibility that an appreciable
part of the trace elements existed as adsorbed on the outer
surfaces of the opal samples, we carried out congruent dis-
solution of cleansed diatom samples. We carried out disso-
lution of about 40–60% of the opal in three samples and
measured the trace element concentrations in the first and
second fractions. For another three samples we made three
successive dissolutions of �20–40% of the opal in each
case. The standard deviation in these experiments varied
between 15% and 50%, the errors mostly arising from the
errors in estimation of the fraction of sample dissolved in
successive dissolutions. A part of the observed variation
may be due to differences in the enrichment factors for dif-
ferent diatom species, which dissolved differentially during
HF dissolution. The results however clearly showed that
the trace elements were not preferentially adsorbed on
the outer surfaces of the opaline frustules.

Our observations raise important questions: Why are
the element distribution coefficients so large in opal, and
where are the trace elements trapped in the opal? The cur-
rent understanding of the process of silica polymerization
and structure formation in the diatom cell wall (Hilde-
brand and Wetherbee, 2003) indicates that entrapment of
metal ions within the silica structure, as opposed to exter-
nal surface absorption, is very feasible. These studies show
that the formation of the diatom cell wall occurs in two
steps: (i) formation of the pattern of the overall two-dimen-
sional structure, which entails formation of a thin layer of
silica, and (ii) a ‘‘filling in’’ process, whereby the two-di-
mensional patterned structure is expanded in a third
dimension. The substantial interstitial spaces in the poly-
merizing silica structure (Hildebrand and Wetherbee,
2003; Hilderbrand, priv. Communication, 2004) could eas-
ily accommodate metal ions or other molecules. Direct evi-
dence for entrapment of molecules in diatom silica has also
been demonstrated, in two ways. First, positively charged
or amine-containing fluorescent dyes accumulate in the sil-
ica deposition vesicle (SDV) and become incorporated in
the silica suggesting that positively charged compounds
are readily accommodated in this compartment. Addition-
ally, long-chain polyamines and amino-group rich proteins
(silaffins) have been implicated in accelerating silica forma-
tion inside the SDV (Kröger et al., 1999, 2000). The amino
groups of these compounds may also be able to act as
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ligands for complexation of transition metal ions and thus
facilitate accumulation of these ions inside the SDV. Sec-
ond, fluorescent dyes have been incorporated into diatom
silica (in the living organism during silica polymerization)
in abundant amounts (Li et al., 1989). These dyes remain
associated with the silica even after harsh acid treatment,
indicating that they are incorporated throughout the mate-
rial and are not exclusively associated with the surface.

The observations of Dixit and Van Cappellen (2002)
showed that silanol groups on biogenic silica are excel-
lent ligands for aluminum. These authors concluded that
since biologically important trace metals such as Cd, Zn
and Fe also exhibit strong affinity for silica surfaces at
neutral to alkaline pH conditions (Criscenti and Sverjen-
sky, 1999), adsorption onto diatom shells and export to
deep ocean may be an important pathway for removing
metals from surface ocean. Our observations based on
congruent dissolution of cleansed opal samples are con-
sistent with the inference that the trace elements were
not preferentially adsorbed on the outer surfaces of the
opaline frustules. This is also supported by the lack of
evidence for coatings on diatom samples. We therefore
conclude that trace metals are primarily distributed with-
in the silica matrix rather being primarily adsorbed on
outer surfaces on to silanol groups, as suggested by Dixit
and Van Cappellen (2002).
Fig. 2. Measured concentrations of Fe, Al, Ti, Mn and Zn in opal samples from
in the core.
In summary, all of our experiments strongly suggest that
the measured concentrations of trace elements refer to their
intrinsic concentrations in the opaline frustule and that on
the average, the concentrations of the elements lie in the
range of 50–7000 ppm for the elements listed in Table 1, ex-
cept for Be whose average concentration is �0.5 ppm. We
would like to point out here that our results for Al and Zn
are lower than those reported earlier Martin and Knauer
(1973) and Ellwood and Hunter (1999). As was mentioned
earlier, this discrepancy is probably a result of the fact that
these authors used harsh leaching procedures using strong
HNO3 and HCl solutions to clean opal.

4.2. Trace element records over 140 kyr

In Fig. 2, we show the measured 18O and concentrations
of Fe, Al, Ti, Mn and Zn in the 140 kyr BP section. One ob-
serves similar excursions for Fe and Al. Data for Fe are
therefore plotted separately for this reason; the five elements
show similar features, with high values at 20–25,
35–65 kyr BP, and lows during 0–15, 100–110 and
125–135 kyr BP. The maxima show a general temporal
correspondence with increased dust concentrations during
colder periods, as recognized from observations in the
GISP2 and Vostok ice cores (Jouzel et al., 1993; Mayewski
et al., 1997). In GISP2, Ca concentrations have been
a piston core from site 1093 are shown along with measured d18O values
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measured (Mayewski et al., 1997), which are indicative of
dust concentrations. This relationship can be clearly seen
in Fig. 3, and it suggests a prominent role of winds in deliv-
ering higher fluxes of mineral aerosol to ocean surface during
colder periods, causing prominent excursions in intrinsic
concentrations of several elements, particularly reactive ele-
ments which have very low dissolved concentrations (a con-
sequence of short residence times) in oceans. We must
caution here however that, even if aeolian deposition in part
determines the availability of elements such as Ti, Be and Al,
we should not necessarily expect a linear relationship be-
tween source strength (dustiness) and the relative concentra-
tions of bioreactive elements which are incorporated in
siliceous skeletons. One possible example of the decoupling
between dust and trace elements is the fact that the trace ele-
ment concentrations in opal do not fall to zero in the peak
interglacial periods, despite the evidence for negligible dust
accumulation recorded in the contemporaneous sections of
the Vostok ice core. This discrepancy could be an indication
that there are other sources for the metals aside from dust—
especially the upwelling of subsurface water (Measures and
Vink, 2001; Latimer and Flippelli, 2001)—but it could also
reflect the differential uptake and scavenging of various dia-
tom assemblages (discussed below).

In general, it should be possible to calculate opal-derived
metal fluxes to the sediment using these concentration data
and the total sediment accumulation. In this sedimentary se-
quence, the calculated opal-derived Fe flux is approximately
Fig. 3. Plots of measured Ca concentrations in GISP2 (Mayewski et al., 1997
shown along with measured d18O values in foraminifera, and Ti concentrations
1 · 10�5 g/cm2/y. For comparison, this flux is two orders of
magnitude higher than the estimated flux of iron to the
surface ocean in the South Pacific (Measures and Vink,
2001). However, the significance of this comparison is ques-
tionable without a better sense of spatial variability of either
the sources or sinks of the various trace elements. For exam-
ple, the modern (Holocene) opal accumulation at this site
ranks among the highest in the global ocean, and therefore
the trace element flux calculated from these sediments cannot
be extrapolated as a regional average.

In Fig. 4, we have plotted the mean residence times and
elemental enrichment factors (Efs) for opal. The mean oce-
anic residence times and elemental concentrations are
based on Riley and Chester (1981). The Efs are calculated
relative to Ca, and not Si (whose dissolved concentration in
surface seawater is very variable). Data in Fig. 4 show that
generally elements with shorter residence times in seawater
have higher enrichment factors. This may simply be a
reflection of the fact that more chemically and biologically
active elements (shorter residence time species) are more
easily incorporated in the opaline frustule (higher enrich-
ment factors).

4.3. Discussion of measured 10Be concentrations in a 140 kyr

BP section

The measured ratios of 10Be/Be, 26Al/Al and 10Be/26Al
(Table 2) in the opaline frustule lie in the range of
) and of dust concentrations in Vostok (Jouzel et al., 1993) ice cores are
in opal samples along the core from site 1093, during the past 140 kyr B.P.



Fig. 4. The top figure is a plot of the mean oceanic residence times of elements, arranged in order of ascending residence times. The lower figure gives the
measured enrichment factors (Efs) for opal for the elements, based on mean seawater concentrations (see text).
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(5 · 10�8 to 1.7 · 10�7), (7.4 · 10�15 to 6 · 10�14) and
(4 · 102 to 7 · 102), respectively. Each of these ratios lies
in the range of the observed ratios in the dissolved phases
in seawater (Kusakabe et al., 1987; Ku et al., 1990, 1995;
Measures et al., 1996). The agreement of these ratios with
the sea water ratios demonstrate the effectiveness of opal
in picking dissolved Be and Al ions from seawater, and
these ratios also provide further evidence that the trace ele-
ments extracted from opal are fairly free from any detrital
contamination. We would also like to note from the data in
Table 2, that 10Be can easily be measured in �100 mg opal,
and 26Al in �10 g opal.

Measured 10Be concentrations (Table 2) show a tempo-
ral variation similar to that for trace elements in Fig. 2,
suggesting a common origin for the variability. This can
be seen clearly from Figs. 5 and 6. In Fig. 5, we have plot-
ted the opaline 10Be concentrations as a function of ele-
mental concentrations for Be, Al, Ti and Fe. During
periods of low concentrations of these elements, 10Be con-
centrations are the lowest, �2 · 109 atoms 10Be/g opal;
they increase monotonically with increasing elemental con-
centrations, reaching a value of �4 · 109 atoms 10Be/g
opal. The data show a scatter of �20%, but the data clearly
point to a direct flux of 10Be with aeolian dust, the mini-
mum value of �2 · 109 atoms 10Be/g owing itself to the
cosmic ray-produced 10Be, which is added to oceans mainly
by scavenging of atmospheric10Be by wet precipitations,
the normal mode of fall out of 10Be.
Further details on the direct flux of 10Be via aeolian dust
is manifest from Fig. 6, where we have plotted the 10Be/Be
ratios in opaline frustule as a function of elemental concen-
trations for Be, Al, Ti and Fe. Here, we see that at low ele-
mental concentrations, the ratios are >10�7, with the
highest value of �5 · 10�7. With increasing concentrations,
the ratios fall asymptotically to a value of �(5–6) · 10�8 in
each of the element plots. These data imply that we can
determine 10Be/Be ratios in seawater with and without sig-
nificant aeolian flux to the surface. The measured surface
10Be/Be ratios in Pacific and Antarctic oceans range be-
tween (1–3) · 10�7, the highest value of �3 · 10�7 being
for the Antarctic surface water (Kusakabe et al., 1987;
Ku et al., 1990). The high value of the Antarctic sample
is interpreted by Ku et al. (1990) as due to inputs from melt
waters rich in 10Be.

The increase in the flux of 10Be with higher aeolian flux-
es is expected since the typical 10Be concentrations in con-
tinental surface soils is of the order of 109 10Be atoms/g,
with typical 10Be/Be ratios of (0.2–1) · 10�7 (Barg et al.,
1997). According to studies by Brown et al. (1992) and
Measures et al. (1996), Be present in dust shows high solu-
bility in ocean water. The 10Be amount added with addition
of Be from the dust, �2.5 · 109 10Be atoms/lg Be as well as
the plateau ratio 10Be/Be value of �(5–6) · 10�8 in Fig. 6
are therefore quite consistent with the continental surface
soil data. It seems a fair assumption that the predominant
source of dust is Patagonia (Basile et al., 1997).



Fig. 5. Measured 10Be concentrations in opal in the 140 kyr section from site 1093 are plotted versus concentrations of Be, Al, Ti and Fe. The best fit lines
are power-law fits.

Fig. 6. Measured 10Be/Be ratios in opal in the 140 kyr section from site 1093 are plotted versus concentrations of Be, Al, Ti and Fe.
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Finally, one notes in Figs. 5 and 6 that the behavior of
10Be concentrations and 10Be/Be ratios shows significant
differences with the element considered, particularly in
the case of Al.

4.4. Measured 26Al concentrations in relation to aeolian
fluxes

Our data on 26Al are, as yet limited to five samples. In
Fig. 7, we have plotted measured 26Al concentrations in
opaline frustules as a function of concentrations of Be,
Al and Fe. Similar behavior is seen for a plot of 26Al/Al ra-
tio vs. Al. The decrease in 26Al concentrations with increas-
ing elemental concentrations would be expected through
either increased scavenging or increased biological produc-
tivity, or through the addition of Al from dissolution of
aeolian dust. Considering the latter possibility, 26Al con-
centrations of soils are expected to be lower by a factor
of >300 (Lal and Peters, 1967) than of 10Be because of its
lower production rate, leading to an expectation of
<3 · 106 atoms 26Al/g soil. The ratio 26Al/Al in soils is
expected to be <1 · 10�14. The absolute concentration
and the ratio in soils are both comparable to the values
measured in opal. Care has therefore to be taken in inter-
preting the 26Al data. It is however clear that the most
interesting part of the 26Al data would be both the low
and the high end of the elemental concentrations in
Fig. 7. Measured 26Al concentrations in opal in the 140 kyr section from site 10
power-law fits.
Fig. 7. Our data are limited but we see that at low Al con-
centrations, <5 mg/g opal, both high and low 26Al/Al ra-
tios are observed. Within the errors of measurements, the
lowest ratio, �0.7 · 10�14 is similar to the value at high
Al concentrations, �0.5 · 10�14. The latter ratio is proba-
bly determined primarily by the dilution effect due to addi-
tion of soil 26Al and Al in the ocean water, but the former
by biological productivity!

The principal reason to include 26Al and 10Be in the
analyses is to separate the two effects of input and uptake,
which should be possible since Al shows a much greater re-
sponse to biological productivity than Be, and is consid-
ered therefore to be an ideal proxy for biological
productivity (Ku et al., 1995).

5. Control of Fe concentrations on biological productivity

There are two avenues available to us for examining the
role played by Fe in affecting biological productivity as a
function of increased inputs of Fe to the oceans, by exam-
ining: (i) interrelationships between Fe and Ti as a function
of variations in the concentrations of other bioreactive ele-
ments, and (ii) how the absolute concentration of 26Al
change with increased flux of Fe to the surface. Increased
dust fluxes of which Ti is a good indicator, increases the
oceanic fluxes of the cosmogenic nuclides, 10Be and 26Al,
as discussed above, but in a known fashion. The short
93 are plotted versus concentrations of Be, Al and Fe. The best fit lines are
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residence time of dissolved Al (dominantly controlled by
biological uptake) compared to Be in the oceans forms a
good handle to separately evaluate the roles of particle
scavenging and biological uptake. A set of equations can
be set up to see how the trace element concentrations are
affected by particle scavenging and biological uptake, with
normalization with 26Al/Al ratios. However, since our 26Al
data are very limited, we will only examine the relation-
ships between concentrations of different elements in opal
samples as a function of concentration of Fe.

The variation of ratios of concentrations of Fe with dif-
ferent elements, Be, Al, Ti, Mn and Zn, Fe is shown in
Fig. 8, as a function of Fe concentration, which varies by
more than one order of magnitude in the samples. Trends
are clearly seen in spite of the scatter in the data. The small-
est slope is seen in the case of Ti, consistent with a constant
Fe/Ti ratio of �15, which just shows that increase in the
dissolved concentrations of Fe and Ti keep in step. The
similarity between the Ti and Fe suggests that dust input
controls the temporal variability of both elements, despite
the fact that the upwelling of subsurface waters may supply
the dominant fraction of Fe to the surface waters in the
present ocean (Measures and Vink, 2001), The three biore-
active elements, Al, Zn and Mn, on the other hand, show a
significant and similar positive slope, corresponding to an
increase in the Fe/element ratio by a factor of about 5
for a 20-fold increase in Fe concentration.
Fig. 8. The ratios of Fe/element concentrations in opal in the 140 kyr section
This behavior could indicate that two principal process-
es become operative with increased aeolian fluxes (as indi-
cated by increase in the dissolved fluxes of Fe and Ti): (i)
increased biological productivity resulting from greater
availability of bioreactive elements, and (ii) increased bio-
logical and inorganic scavenging of particle active ele-
ments. If this hypothesis is valid, and because Ti has so
far not been indicated in any of the studies to affect or to
control biological productivity, these results would imply
that the accompanying increase in the concentration of bio-
reactive trace elements, not Fe, was responsible for in-
creased biological productivity. Of course, even so, we
could not rule out the possibility that in Fe deficient waters,
addition of small amounts of Fe initially makes a large dif-
ference in the biological production.

However, another way of viewing the metal results is to
plot the time series of the concentration ratios (Fig. 9).
From these various trends, it is clear that, for each of the
metal ratio pairs, there is a repeated relationship to (orbital
scale) climate change. It is also clear that the behavior of Be
and Al is distinct from that of Zn and Mn—an important
observation, given that Zn and Mn are the elements known
to be essential for diatom growth. In any case, Fe/Be or
Fe/Al ratios follow a broad glacial-interglacial fluctuation,
with minima during the late interglacial periods. On the
other hand, Fe/Zn and Fe/Mn ratios display a consistent
pattern of excursion to low values during the major
from site 1093 are plotted different as a function of concentration of Fe.



Fig. 9. The ratios of Fe/element concentrations for Ti, Be, Al, Mn and Zn in opal in the 140 kyr section in the core from site 1093, are plotted as a function
of age of the sample, along with measured d18O values in the core.

Paelo-ocean chemistry in biogenic opal 3287
deglaciations (e.g. Stage 6–5e) and stadial to interstadial
transitions (e.g. Stage 5b–5a).

Despite their obvious temporal connection to the state
of global climate–visual inspection of the Fe/Zn ratio, for
example, suggests a clear 23,000 year cycle—these trends,
like the scatter plots (Fig. 8), could be interpreted in a num-
ber of different ways. It is possible that the various assem-
blages of diatoms that prevailed over the course of an ice
age cycle simply had different micronutrient require-
ments/uptake, and the sedimentary opal monitored the
net result. In this case, the metal ratios do not necessarily
speak to large scale patterns of net productivity. Alterna-
tively, if one believes that the regional productivity was
higher during the cold periods, then one could take the
higher Fe/Zn or Fe/Mn ratios in the diatoms during ice
ages to be a measure of increased biological drawdown of
Zn and Mn. (As above, an additional inference in this case
is that Fe must have been less important than the other
essential micronutrients.) Still another possibility exists: if
one believes that diatom productivity was maximized dur-
ing deglaciation and early interglacial episodes, then the re-
duced Fe/Zn or Fe/Mn ratios at these times could be a sign
of preferential uptake of iron during highest diatom growth
rate—as is observed for the iron seeding analyses in the
modern ocean (Coale et al., 2003). This explanation could
also be consistent with the Be and Al evidence, which point
to highest particle scavenging during the early deglaciation.
This explanation is also consistent with the overall accumu-
lation rate of opal in the sediments at the Antarctic Polar
Front, which was highest during the deglaciations and ear-
ly interglacial periods. However, this explanation goes in
the opposite direction for invoking a Southern Ocean bio-
logical control on atmospheric CO2 fluctuations, because
atmospheric CO2 increased significantly during each of
the episodes of reduced opaline Fe/Zn or Fe/Mn.

While we believe that the balance of evidence favors
the latter interpretation, we cannot as yet rule out the
other possibilities. Given that these various interpretations
for metal behavior are mutually incompatible, the signifi-
cant remaining uncertainties emphasize the need for
obtaining a true estimate of particle (and metal) flux from
the surface waters through a full ice age cycle. Estimates
of opal-derived metal flux to the sediment are possible
with just the concentration data, but these estimates are
not free of complications such as post-depositional mobi-
lization and sediment focusing by bottom currents. On the
other hand, we are optimistic that the combined measure-
ment of trace metals and 26Al/Al ratios in splits of the
same opal material could yield a quantitative estimate
of relative rates of productivity across intervals of differ-
ent climate state.

6. Conclusions

The tests of marine organisms have long been used as ar-
chives for studying physical and chemical changes in the
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oceans in the past. Our investigations of the concentrations
of trace elements and of cosmogenic 10Be and 26Al in the
three principal biogenic minerals: coral aragonite, forami-
niferal calcite, and radiolarian opal led to the finding that
‘opal’ displays the largest distribution coefficient for the
biologically and geochemically important elements: Be,
Mg, Al, Ca, Ti, Mn, Fe and Zn. The concentration levels
of several elements in opal are high enough (�mg/g for
Al, Ca, Fe, Mg and Ti and �lg/g for Be, Mn, Zn and
Sr) that they can easily be measured accurately in mg quan-
tities of opal using ICP-OES (Table 1). This contrasts with
the typical concentrations of several trace elements in
foraminifera and in corals at 1–100 ppb levels (Boyle,
1992; Dong et al., 2001). Because of the high enrichments
of Be and Al, dissolved concentrations of cosmogenic nuc-
lides, 10Be and 26Al concentrations are also relatively easy
to measure in biogenic opal. The data presented here show
that 10Be can easily be measured in �100 mg opal, and 26Al
in �10 g opal (Table 2).

To make a preliminary study of the potentials of the
marine opal, we have studied a 140 kyr long time series
of concentrations of a suite of trace elements and cosmo-
genic nuclide, 10Be in two sediment cores from the South-
ern Ocean diatomaceous ooze belt, near the present-day
position of the Antarctic Polar Front. The observed consis-
tent patterns in the temporal variations of trace element,
and 10Be and 26Al, concentrations with d18O over a time
range of 140 kyr clearly establish the important fact that
the opaline frustules faithfully record their dissolved con-
centrations. Thus, with one sedimentary phase and in sin-
gle sedimentary sections, we now have the potential to
compare directly a proxy for aeolian input of micronutri-
ents (e.g. Fe or Ti), with a proxy for production (e.g.
26Al/Al ratios).

Our limited data lead to the following conclusions:

(1) The opaline frustules faithfully record the temporal
variations of trace elements, Be, Al, Ti, Fe, Mn and
Zn, and of cosmogenic nuclides 10Be concentrations
with d18O over a time range of 140 kyr dissolved con-
centrations. How far this time range can be extended
depends on the degree of preservation of opaline
matrix in the sediment.

(2) The aeolian dust fluxes to the ocean near the present-
day position of the Antarctic Polar Front are highly
variable during one glacial/interglacial cycle, leading
to more than 20-fold increases in the dissolved con-
centrations of Fe and Ti. The net visible increases
in the dissolved concentrations of bioreactive ele-
ments, Al, Mn and Zn are by an order of magnitude.

(3) In regions of high opal productivity, opal may be an
important agent for removing dissolved concentra-
tions of biologically important trace elements, Fe,
Al, Mn and Zn from surface waters. If this suggestion
is validated by further work, it suggests that future
iron fertilization experiments must also consider cor-
responding additions of Al, Mn and Zn.
(4) There is possible evidence for the increase of bio-
logical productivity with increased aeolian fluxes
(which we judge by increases in the dissolved con-
centrations of Fe and Ti). Fe and Ti co-vary
strongly, and since Ti is not indicated to be an
important element in influencing biological produc-
tivity, we conclude that except possibly for initial
additions of small amounts to Fe to iron impover-
ished waters, further increase in Fe does not affect
biological productivity. However, the various metal
ratios change with climate in ways that suggest a
range of possible interpretations of regional
productivity.

(5) Higher aeolian fluxes in the sediment cores studied
are associated with increased fluxes of 10Be to the
oceans, which are most probably due to the influx
of surface dusts from Patagonia. Dust fluxes decrease
the dissolved 10Be/Be ratios in the oceans by about a
factor of �3. Similar behavior is expected in the case
of 26Al, but the magnitude of change in the absolute
concentrations and ratios are expected to be very dif-
ferent from those observed for 10Be.

Pending settlement of the important questions above,
namely the mechanisms by which opal includes trace ele-
ments in its structure, we can now proceed to use it as a
veritable recorder of dissolved concentrations in surface
waters.
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