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A 400 kyr record of combustion oxygen demand in the western
equatorial Pacific:Evidence for a precessionally forced climate
response

Helen M. Perks and Ralph F. Keeling

Scripps Institution of Oceanography, University of California at San Diego, La Jolla

Abstract. We have developed a combustion analysis technique for sediments which measures the amount of O,
consumed by the reduced species. We have measured this quantity, which we call “combustion oxygen demand (COD),”
on a carbonate-rich sediment core from the Ontong-Java Plateau in the weslem equatorial Pacific back to marine oxygen
1sotope stage 11. The prec1510n of the COD technique is £6.3 pumol O, g, which corresponds to ~10.0076% wt C,,
assuming oxidation of organic carbon dominates the signal. The COD time series is characterized by values which are
about twice as hlgh during glacials as during interglacials, the largest shift occurring from 401 umol O, g’ in midstage 6
to 144 pumol O, g”' at Se, and is coherent with the oxygen isotope curve of Globigerinoides sacculifer in the same core at
the Milankovitch frequencies of 100 and 41 kyr. Pronounced variations in the 19-23 kyr band suggest that the climate of
the western equatorial Pacific is sensitive to precessional forcing, a response not apparent from other records obtained in
this region.

1. Introduction low amounts (<0.4% wt), may be an important indicator of the
rates of productivity of surface waters [e.g., Pedersen, 1983;
Sarnthein et al., 1988; Pedersen and Calvert, 1990; Lyle et al.,
1992]. The stability of tropical climate is a leading issue in paleo-
climate research because of the importance of the tropics to the
energy and moisture budgets of the planet [Hastenrath, 1985).

The Ontong-Java Plateau, a mid-oceanic submarine plateau
covered with >1000 m Mesozoic and Cenozoic carbonate depos-
its, straddles the equator to the north of the Solomon Islands in
the western Pacific (Figure 1). The Plateau is located beneath the
West Pacific Warm Pool (WPWP), which contains the warmest
waters of the global oceans and is the Earth’s major convective
region with an important role in the dynamics of climate in the
modern equatorial Pacific. However, despite well-studied cores
from the Ontong-Java Plateau [e.g. Berger et al., 1993a), there
has been little evidence for significant changes in the characteris-
tics of the WPWP in the late Quaternary. This region of the
equatorial Pacific lies near the boundaries of an extensive area
extending across from SE Asia that is affected by a combination
of monsoon-circulation- and trade-wind-influenced climate pat-
terns. Just to the west of the WPWP lie the shallow shelf areas of
the Indonesia-North Australia region, which are very sensitive to
ice-volume-change-induced sea level fluctuations and became
land during glacial periods. Milankovitch cyclicity at 41 and 100
kyr has been demonstrated by several data sets from the Ontong-
Java Plateau [e.g., Berger et al., 1993b]. Sensitivity of low-lati-
tude climatic and oceanographic signals to precessional forcing
(19-23 kyr) has been demonstrated by data sets at several differ-
ent locations and simulated by models [e.g., Prell and Kutzbach,
1987; Anderson and Prell, 1993; Mcintyre and Molfino, 1996;
Beaufort, 1996]. However, a clear precession signal has not been
detected in the western equatorial Pacific in the Quaternary. Evi-
dence for precessional forcing here could provide a link between
the responses of the Asian monsoon, trade wind dynamics, and
Paper number 97PA02892. the climate of the western equatorial Pacific to solar forcing in the
0883-8305/98/97PA-02892812.00 pést.

In this paper we present a method for characterizing sediment
chemistry based on measuring the total amount of oxygen con-
sumed upon complete combustion of the sediment per unit mass
of sample. This quantity, which we call combustion oxygen de-
mand (COD), measures the amount of reduced materials in the
sample which are oxidized under the conditions of combustion.
This includes organic carbon as well as any other reduced com-
ponents such as sulfides and reduced iron and manganese. We
apply our technique to a high-carbonate sediment core from the
Ontong-Java Plateau spanning the last ~400 kyr. The application
of traditional organic carbon measurement techniques is problem-
atic in high-carbonate cores because of the difficulty in distin-
guishing a small amount of organic carbon from the large inor-
ganic carbon background [Hedges and Stern, 1984}. The COD
method is advantageous because the separation of organic and in-
organic carbon is unnecessary (the pyrolysis of carbonate does
not consume O,). We argue that in these sediments, organic car-
bon is the dominant contributor to oxygen demand.

The high-carbonate sediments on the Ontong-Java Plateau
provide us with an ideal location in which to apply the combus-
tion oxygen demand technique. Much of the seafloor beneath the
tropical oceans consists of carbonate-rich (>80% wt CaCOs)
sediments, and many of these regions have been targeted by deep-
sea drilling projects to retrieve samples which have been used to
obtain detailed stratigraphic records of the isotopic content of
benthic and planktonic foraminifera and to examine preservation
and accumulation cycles in calcium carbonate [Shackleton and
Opdyke, 1973; Berger et al, 1993a). Notably lacking in many
high-carbonate regions, however, are detailed records of sediment
organic carbon content, which, although generally present in very
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Figure 1. Map of the Ontong-Java Plateau showing the locations of the core sites referred to in the text: RNDB 74P (0°20.48’N,
159°22.49°E and 2547 m water depth); ERDC 112Bx (1°37°S, 159°14’E and 2169 m water depth); ERDC 124P (0°0’S,
160°24’E and 2946 m water depth): Ocean Drilling Program (ODP) 806B (0°19.11°N, 159°21.69’E and 2519.9 m water depth),
and ODP 807B (3°36.39°N, 156°37.49°E and 2806.1 m water depth).

2. Methods and Samples

The COD method utilizes a paramagnetic oxygen analyzer
connected downstream from an oven in which the sample is com-
busted. The experimental setup is shown in Figure 2. The sample
is dried, weighed, and burned in an air stream flowing at a meas-
ured rate in a quartz tube heated to 950°C. The exhausted air is
run through a liquid argon cold trap (87.5 K) to freeze out water
vapor, CO,, and other trace gases (but not O,) and then passed
through a Siemens Oxymat 5F O, analyzer which records the O,
mole fraction. The “depletion peak” of the O, concentration
caused by the combustion is integrated over the duration of the
combustion and multipiied by the flow to yield the total moles of
O; consumed because of the oxidation of the reduced material in
the sample. The Oxymat analyzer is operated in a high-sensitivity
mode in which the sample air stream is compared against a refer-
ence of slightly lower mole fraction (20.5% versus 21.0%). For
carbonate-rich sediment types we typically use a sample size of
50-80 mg, on which the method achieves a precision on duplicate
samples of 6.3 umol O, g corresponding to ~+0.0076% wi
Corg (assuming only organic C consumes the O, and with an 0,:C
ratio of 1 to 1). The signal-to-noise ratio of the oxygen demand
values on a typical sediment sample containing the equivalent of
~0.3% wt C,, is ~40:1. The sensitivity of the instrument based
upon combustion of a “pure” calcium carbonate “blank” is ~1
pmol O,. The COD analyzer is calibrated by burning known

amounts of reference materials: for the Ontong-Java Plateau sam-
ples we generally used 100 pig aliquots of different concentrations
of potassium hydrogen phthalate (KHP) solutions in water puri-
fied by a "milli-Q” system. The time required per sample meas-
urement, including weighing and analysis, is ~10 mins.

Piston core RNDB 74P (0°20.48°N, 159°22.49’E) was taken
during Roundabout Cruise 11 [Mayer et al., 1991], the site sur-
vey cruise for Ocean Drilling Program (ODP) Leg 130 (Figure 1).
The core is 805 cm in length extending back to ~400 ka and is
from 2547 m water depth. which is above the present-day lyso-
cline at 3400 m. The core was analyzed at 5 cm intervals corre-
sponding to a time resolution of 2-3 kyr, close to the limits al-
lowed by bioturbation. In order to better resolve trends through
the Holocene, which is largely missing from the piston core, sam-
ples were also analyzed from box core ERDC 112Bx (1°37°S.
159°14°E and 2169 m water depth) at 1 cm intervals to a depth of
38 cm (which corresponds to an age of ~15 '*C ka). The box core
was analyzed using solid benzoic acid standards for calibration of
the COD instrument before the calibration was improved using
KHP standard solutions. and the precision was estimated to be
$21.6 umol O, g" corresponding to ~30.026% wt C,,;,.

3. Results and Discussion

Figure 3 shows values of combustion oxygen demand versus
depth in RNDB 74P plotted with the 3'%0 record (in the same
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Figure 2. Experimental setup of the combustion oxygen demand (COD) apparatus.

core) from Globigerinoides sacculifer. The COD record displays  with the highest value of 401 pmol O, ¢ in midstage 6 and the
a sawtooth pattern, similar 10 that of the §'%0, with higher values  lowest value of 144 pmol O, g at stage Se. The 400 kyr COD
generally occurring during glacial periods and lower COD occur-  time series does not display any obvious overall down-core trend.
ring during interglacial conditions. The oxygen demand is higher  indicating that any long-term losses due to oxidative degradation
during glacials than during interglacials by at least a factor of 2 of organic matter in the sediment are small.
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Figure 3. COD (solid line) in piston core RNDB 74P from the Ontong-Java Plateau plotted with 8o (Globigerinoides saccu-
lifer) (dashed line) from the same core (M. Yasuda, personal communication, 1996) versus depth below sea floor. The shading
indicates marine oxygen isotope stages for glacial periods [Shackleton and Opdyke, 1973). The COD values are reported in
umols O2 per g of (dry) sediment sample, and the COD axis is in descending magnitude for comparison with the 8'*0 which are
plotted according to the usual convention. The COD data show similar trends to the §'*0, with higher COD generally occurring
during glacials (shaded areas) and lower COD occurring during interglacials. The largest transition in COD is from midstage 6 to
Se. In addition, COD exhibits proportionally larger higher-frequency fluctuations than the §'*0.
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Organic carbon is clearly an important contributor to the oxy-
gen demand observed, but how significant are the contributions
from other elements? With respect to iron the total iron concen-
tration measured in samples in the top 3 m of core ERDC 124P
(0°0’S, 160°24°E and 2946 m water depth) ranges from 1356 1o
3007 ug g (salt-free) (T. Fitts. personal communication, 1997).
As an upper bound corresponding to this maximum range, if all
the iron were oxidized from Fe(+2) to Fe(+3). then the change in
COD would be ~7 pmol O, g''. or <5% of the COD changes ob-
served across glacial-interglacial transitions. Concentrations of
Mn(+2) moblilized in pore waters are negligible in neighboring
ODP 806B (0°19.11°N, 159°21.69°E and 2519.9 m water depth)
[Kroenke et al., 1991]. Measurements of total sulfur concentra-
tion in late Quaternary samples from ODP 807B (3°36.39°N,
156°37.49°E and 2806.1 m water depth) vary by ~0.02% [Lind et
al., 1993). In the extreme case. if the full range of sulfur variabil-
ity in RNDB 74P were attributable to pyrite, the resulting range
in COD would be ~23 pmol O, g". which is <10% of the range
observed. Therefore we conclude that organic carbon must domi-
nate the COD variations.

Generally, since COD includes the oxygen consumed by oxi-
dation of any pyrite and other electron acceptors in the sediment
additional to organic carbon, we would expect COD to be a more
conservative variable in sediments than organic carbon. The re-
actions that form, for example, Mn**, Fe**, and S$* by reducing
equivalents supplied by the oxidation of organic carbon, where
the change in oxidation state is transferred from the organic car-
bon to the electron acceptors, simply trade off between the oxy-
gen demand caused by organic carbon and that caused by the re-
duced ions. However, this situation may be complicated by the
mobility of reduced species in the pore waters. Although we see
no evidence for such processes in our samples from the Ontong-
Java Plateau, the occurrence of concentrations of reduced pre-
cipitate, such as pyrite in carbonate-rich sediments, may be possi-
ble, and these would lead to large excursions in COD, which
would then require further analysis.

Kroenke et al. [1991] report measurements of total organic
carbon in ODP 806B by the difference between total carbon, de-
termined by means of a Carlo Erba NCS Analyzer, and inorganic
carbon, determined using a Coulometrics coulometer. Only three
results which lie within the range of core depths covered by
RNDB 74P are recorded, 0.13, 0.17, and 0.40% wt, and these are
stated as being near the detection limit of the method {Kroenke et
al, 1991]. Assuming an oxidation ratio of 1:1 for the organic
carbon, the values of organic carbon concentration calculated
from COD in RNDB 74P range from 0.17 to 0.48% wt. The ac-
tual organic carbon contents are probably slightly smaller than
this because of the presence of reduced nitrogen in the organic
matter and because carbon is likely to be in a more reduced oxi-
dation state than C(0). The exact conversion factor between com-
bustion oxygen demand and organic carbon concentration is not
well known and will be the subject of further study.

In the box core (Figure 4) we observe a decrease, with some
apparent oscillation, in COD from ~210 pmol O, g at the core
top to ~140 pmol O, g at 26 cm (~11.5 'C ka). This trend may
be due to true variations caused by climatic changes in the region,
but the measurements also place an upper bound on the possible
extent of remineralization of organic matter in the core of <70
pmol O, g”'. The average COD of ~150 pmol O, g’ from the top
of the box core down t0 24 cm (~11 "¢ ka) compares with an av-

erage of ~200 pmol O, g’ for interglacial periods in the piston
core and is similar to the lowest oxygen demand in the piston
core which occurs during stage Se. (The resolution of sampling in
the Holocene in the piston core is 100 low to allow comparison of
Holocene values between both cores). The lowest COD values
{(~125 pmol O, g'') are observed in samples from the box core
from 8 to 26 cm (~6.5 to 11.5 'C ka). The oxygen demand rises
from this low value at 26 cm (~11.5 '*Cka) to ~300 pmol O, g’
across the boundary back into the Jast glacial period. This is con-
sistent with the measured oxygen demand into the last glacial
transition in the piston core.

Surface sediments on the ocean floor are a sink for dissolved
oxygen because of the oxidation of the reduced sediment compo-
nents. Estimates of the proportion of these species not oxidized in
the top layer of sediment can be derived by comparing COD with
pore water O, flux measurements. Hales and Emerson [1996] ob-
served a diffusive O, flux of 10-21 umol cm? yr'! in waters from
a few centimeters above the sediment-water interface down to a
maximum depth of 9 cm at three sites between 2000 and 3000 m
water depth on the Ontong-Java Plateau. A COD of 200 pmol O,
g, typical of values in the top 8 cm of the box core, multiplied
by the dry bulk sediment density (0.8 g cm®) and sedimentation
rate (2.5 cm kyr"). yields a flux of reduced material into the
sediment equivalent to an oxygen flux of ~0.4 umol em? yr'
Dividing this number by 10-21 pmol em? yr'! [Hales and Emer-
son, 1996] yields a ratio of 0.02-0.04, implying that 96-98% of
the reduced material is consumed above the depth range resolved
by the box core. This evidence for very shallow oxidation of the
majority of the reduced species, leaving a highly refractory com-
ponent that is then conserved down core, is consistent with a lack
of apparent down-core decrease in COD.

Figure 5 shows that the COD data contain information about
the effects of astronomical forcing in the Ontong-Java Plateau re-
gion, which can be compared with the 8'%0 time series controlled
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Figure 4. COD in box core ERDC 1128 from the Ontong-lava Plateau
versus depth below sea Moor. Carbon 14 ages in uncorrecied radiccarbon
years are interpolated from data by Berper and Killingley [1982],
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Figure 5. Power spectral analysis of (a) COD and (b) 5"0
(Globigerinvides sacculifery in piston core RNDB 74P from the Ontong-
Java Plateau presented in Figure 3. The analysis was performed with un-
fillered data sets. Ages were assigned for both data sets by fitting them 1o
the age model for ODP Hole 806B [Berger. 1996) and interpolation. 195
data points were used in each analysis with a samp!ing interval of 4 kyr.
Graphs show variance spectra as spectral density (0° ', where ¢° is vani-
ance and frequency f is | per period) against frequency (not plotted to the
Nyquist frequency as spectral densities at frequencies higher than those
plotted were very low) and period at 60 lags (solid line) and 10 lags
(dotted line). Spectral density is plotted on a logarithmic scale. The 80%
confidence limit and bandwidth for the variance spectra are given in the
upper right and left of the graphs. respectively. The low-lag spectra pro-
vide a baseline against which the significance of peaks in the high-lag
spectra can be assessed. Significant peaks occur at 100 kyr for both data
sets and 23 kyr in the COD time series. The 23 kyr peak is not significant
at the 80% confidence limit in the 8'*O time series and could be placed
over the range 21-26 kyr. and is markedly stronger and narrower in COD.
Figure Sc shows the coherency ouput from a cross-spectral analysis
(Blackman-Tukey method) of Figures 5a and 5b (60 lags). The 80% co-
herency significance level is indicated by the horizontal line. Coherency
between two time series can be assigned when both series exhibit signifi-
cant spectral peaks that are coherent with a significant peak in the coher-
ency function.

by global ice volume and, to a lesser extent, with local sea surface
temperatures (SST). In the COD time series there is a pronounced
signal at the precessional period of 23 kyr, which was found to be
significant at the 95% confidence limit. In the 8'%0 a small signal
can be detected at this period, but it is not significant even at the

80% limit. (Both multitaper and Blackman-Tukey methods {Yiou
at al., 1996) were applied to the two data sets).

The variations in COD we detect could either be driven by
changes in the amounts or types of organic material delivered to
the seafloor from the surface waters or by changes in the deep
water environment that affect preservation. One possible deep
water mechanism that may cause changes in the sediment organic
matter content is changes in the amount of CaCO; preserved in
the sediment driven by changes in deep water CO,” concentra-
tion. Carbonate dissolution is higher during interglacials [Wu and
Berger, 1991] which, by concentrating the residual sediment con-
stituents, would tend to increase the oxygen demand signal and
organic carbon weight percentage during interglacial conditions.
In fact, we see the opposite. In addition, the constancy of the
sedimentation rate (see below) does not allow for great enough
fluctuations in calcium carbonate weight percentages to cause the
factor of 2 changes in COD values that we observe. It is also pos-
sible that changes in deep water temperature or dissolved O,
could produce changes in deep water metabolic activity, although
it is hard to imagine how the changes could have been large
enough to cause the observed variations in oxygen demand with-
out producing pronounced features in other paleoceanographic
records in the western equatorial Pacific. We conclude therefore
that the observed variation in COD cannot be driven by changes
in bottom water environment. :

Considering possible changes in surface water export, a
mechanism which could be driving the COD signal is vanations
in nonorganic particle fluxes from the surface waters (dilution).
The calculated sedimentation rates for the Ontong-Java Plateau
are remarkably constant over the last 400 kyr, varying between
1.85 and 2.1 cm kyr'' [Berger, 1994]. This represents a maximum
variation of a factor of just 1.16 over the course of the presented
COD record and indicates that variations in COD are not primar-
ily controlled by variations in the dilution of organic matter.

Another possible surface water mechanism is changes in the
export of organic matter from the surface waters to the seafloor
affecting the amount of organic matter ultimately preserved in the
sediment column. Organic matter export rates could change in as-
sociation with changes in population abundances or changes in
the amount or type of organic matter associated with a particular
species. Although conclusive proof is lacking, we believe this the
most likely mechanism. Additional support for this mechanism is
provided by similarities in COD data with benthic foraminiferal
abundance from the Ontong-Java Plateau (S. Burke, personal
communication, 1996), which has been correlated to the organic
carbon flux arriving at the seafloor [Herguera and Berger, 1991,
1994). Ohkouchi et al. [1997] analyzed lipid class compounds
and measured S”C‘,rg in a core from the Caroline Basin in the
western tropical Pacific. They conclude that there was a decrease
during the last deglaciation in the export of organic matter from
the surface waters, from both marine organisms and terrestrial
sources, and that the terrestrial component of this organic matter
was very small.

An approximate doubling in organic carbon mass accumula-
tion rate (MAR) [Pedersen,1983; Pedersen et al., 1991}, calcium
carbonate MAR [Isern, 1991; Snoeckx, 1995) and barite MAR
[Paytan, 1995; Payian et al., 1996] has been recorded for glacial
conditions in the Quaternary in the eastern and central equatorial
Pacific. Increases in biogenic sedimentation rates in these regions
during glacials are also described by Lyle at al. [1988] and Rea et
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al. [1991]. Although on the basis of an independent method, our
results suggest that similar changes in organic matter content (and
because of the low variation in sedimentation rate, organic matter
MAR) occurred in the western equatorial Pacific. The eastern and
central Pacific data sets have been interpreted as reflecting
changes in organic carbon export from surface waters, and if this
interpretation is valid, our results suggest that similar changes
also occurred in the western equatorial Pacific. The increases in
organic carbon export from the waters above the Ontong-Java
Plateau during glacial periods may have been caused by increased
trade wind strength resulting in enhanced equatorial upwelling
and thus supply of nutrients to surface waters [Pedersen et al.,
1991; Sarnthein et al., 1988) and may indicate changes in the
structure of the WPWP over the last 400 kyr.

4. Summary

We have described a chemical analysis technique for the study
of deep-sea sediments, which records the total amount of oxidi-
zable species in the sediment sample, and applied it to carbonate-
rich sediments on the Ontong-Java Plateau in the western equato-
nial Pacific. This variable, combustion oxygen demand (COD), is
dominated by the organic carbon content in such sediment types,
precise measurement of which is difficult with conventional tech-
niques. The COD method provides a better signal-to-noise ratio
than most other lithological measurements that have been made in
these sediments. We have demonstrated large changes in COD
over the last 400 kyr on the Ontong-Java Plateau, with at least a
doubling of oxygen demand during glacials as compared to inter-
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