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[1] Difficulties associated with reconstructing past changes in export production were highlighted recently by
Averyt and Paytan (2004), who reported substantial disagreement among records developed using different
paleoproductivity proxies extracted from two equatorial Pacific piston cores. Proxies included the accumulation
rates of barite, excess Ba, and excess Al, as well as elemental ratios of Al/Ti and Ba/Ti. Here we build upon their
work by presenting evidence for two factors that contributed to these discrepancies. First, elemental (Ba/Ti and
Al/Ti) ratios are influenced by variability in space and time of the flux of Ti to equatorial Pacific sediments, so
these proxies cannot be expected to hold a constant relationship to export production. Second, the late Holocene
increase in CaCO; dissolution has caused concentrations of barite, excess Ba, and excess Al to be enriched in
surface sediments relative to the depth interval over which sediment accumulation rates were evaluated in
developing the algorithms used by Averyt and Paytan (2004). This produces an error in the accumulation rates of
these proxies that varies from core to core, ranging from a few tens of percent to as much as a factor of 3. These
errors would have been propagated into the export production algorithms on the basis of fluxes of barite, excess
Ba, and excess Al. Furthermore, this bias created by the late Holocene increase in CaCOj5 dissolution will affect
the development of any algorithm based on fluxes of sedimentary constituents. These factors must be taken into

account in future paleoceanographic reconstructions.
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1. Introduction

[2] The ocean’s biological pump [Volk and Hoffert, 1985]
transfers carbon and nutrients from surface waters to the
deep sea. Concentrations of carbon dioxide in the atmo-
sphere are influenced by these processes through gas
exchange at the air-sea interface. Paleoceanographic
research on all aspects of the biological pump intensified
following the discovery, nearly a quarter century ago, that
concentrations of CO, in the atmosphere have changed
systematically, and substantially, with changes in climate
over recent glacial cycles (for a comprehensive review see
Petit et al. [1999]). Identifying the processes responsible for
past changes in atmospheric CO, concentration, and their
sensitivity to climate variability, has been a high priority for
paleoceanographers because of the likely role of the green-
house properties of CO, in climate change and because
ocean processes are generally believed to have regulated
past changes in atmospheric CO, [Archer et al., 2000;
Sigman and Boyle, 2000].

[3] Much of the paleoceanographic research on the bio-
logical pump has focused on reconstructing past changes in
biological productivity and the ensuing flux of particulate
organic carbon to the deep sea, or export production. A
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diverse array of biological and geochemical proxies has
been exploited to reconstruct past changes in biological
productivity [Lochte et al., 2003]. However, none of these
is a perfect paleoproductivity proxy. Although many param-
eters can be measured in marine sediments that are clearly
influenced by past changes in biological productivity, each
is affected by other factors as well, such as temperature,
oxygen concentration, and ocean circulation, or by factors
that regulate the composition and structure of pelagic
ecosystems. Consequently, it is difficult to generate a
unique and robust reconstruction of past changes in the
ocean’s biological pump, even when multiple proxies are
used [e.g., Anderson et al., 2002].

[4] Difficulties associated with reconstructing past
changes in export production were highlighted recently by
Averyt and Paytan [2004], who found substantial disagree-
ment among records developed using different proxies
extracted from a common core. The absolute magnitude
of export flux, the peak-to-trough amplitude of relative
change in export flux, and the timing of maximum and
minimum fluxes with respect to glacial cycles differed
between the proxies. As emphasized by Averyt and Paytan
[2004], paleoceanographers must be cautious in making
quantitative interpretations of paleoproductivity records.
Errors can be introduced if assumptions inherent in a
method are violated, as well as through problems in the
calibration of a method and in the derivation of the record
itself.

[s] Averyt and Paytan [2004] identified a number of
factors that could have biased individual proxy records.
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Table 1. Location of Equatorial Pacific Cores
Barite 'C Sed Rate”
Depth Depth Sed
Nominal Interval, Interval, Rate,’
Latitude Core” Location cm Core” Location cm cm/kyr
9°N TT013-143MC 8.9250°N, 139.869°W 0-5 none NA NA NA
5°N TTO013-104MC 5.0783°N, 139.636°W 0-5 TT013-108MC 5.0702°N, 139.636°W 13-27 1.27
4°N TT013-113MC 4.0413°N, 139.850°W 0-5 none NA NA NA
2°N TTO013-82MC 2.0633°N, 140.150°W 0-5 TTO013-82MC 2.0633°N, 140.150°W 13-25 1.34
1°N TT013-88MC 0.8150°N, 139.916°W 0-5 TT013-88MC 0.8150°N, 139.916°W 12-25 2.14
0°N TT013-69MC 0.1117°N, 139.723°W 0-5 TT013-71MC 0.1144°N, 139.750°W 13- 25 2.31
2°S TT013-20SC 1.8665°S, 139.7178°W 0-5 TTO13-19MC 1.8680°S, 139.7157°W 13-25 2.74
3°S none NA 0-5 TT013-27MC 2.8853°S, 139.8317°W 10-25 2.13
5°S TT013-35SC 4.9725°S, 139.7367°W 0-5 TT013-41MC 4.9733°S, 139.7433°W 10-23 2.2
12°S TT013-06SC 11.998°S, 134.954°W 0-5 none NA NA NA

“Multicores (MC) or spade cores (SC) from the Joint Global Ocean Flux Study (JGOFS) transect at approximately 140°W were used by Averyt and

Pagztan [2004] and by Eagle et al. [2003] to measure barite concentrations.

MC are from the JGOFS transect at approximately 140°W; MC "*C ages and sediment (Sed) accumulation rates are reported by DeMaster and Pope
[1994] in the JGOFS database (http://usjgofs.whoi.edu/jg/dir/jgofs/eqpac/tt013/).

Here we build upon their work by presenting evidence for
two specific factors that must have contributed to the
inconsistencies among their export production records.

2. Proxies and Their Calibration

[6] Averyt and Paytan [2004] used several geochemical
proxies to reconstruct records of export production from
piston cores collected at the equator (TT013-72PC) and at
4°N (TT013-114PC) in the central equatorial Pacific Ocean
(140°W). The original paper should be consulted for details
of their approach. Briefly, the proxies included the accu-
mulation rates of barite (BaSO,), excess barium (Ba), and
excess aluminum (Al), as well as elemental ratios of Al/Ti
and Ba/Ti. Barite is formed in decomposing aggregates of
biogenic detritus. Additional Ba, as well as dissolved Al, is
scavenged by particulate biogenic material. Consequently,
the fluxes to the seabed of barite, excess Ba, and excess Al,
as well as their burial rates, are expected to increase with
increasing export production.

[7] Accumulation rates of marine sediments are sensitive
to the redistribution of particulate matter by deep-sea
currents (sediment focusing [Francois et al., 2004]). Fur-
thermore, accumulation rates derived for any particular core
are sensitive to errors in the age model applied to the core.
Consequently, paleoceanographers have sought various
methods to correct or to circumvent these problems. One
strategy is to employ elemental ratios (e.g., Ba/Ti and Al/
Ti), which has the advantage of being insensitive to sedi-
ment focusing and to errors in age models [Murray et al.,
20001].

[8]1 Averyt and Paytan [2004] developed export produc-
tion algorithms by comparing the modern spatial relation-
ship between export production and the values for each
parameter (accumulation rates and elemental ratios)
obtained from core top samples collected along a transect
across the equator at 140°W. Cores used to develop the core
top calibration, as well as piston cores used to generate
down-core records, were collected during the U.S. Joint
Global Ocean Flux Study (JGOFS) Equatorial Pacific

Process Study program. In addition, Averyt and Paytan
applied to their down-core records the algorithm of Dymond
et al. [1992] that derives new production (assumed to be
equivalent to export production over appropriate timescales)
from the flux of excess Ba.

3. Sources of Error
3.1. Dymond Algorithm

[o] Export fluxes derived by applying the algorithm of
Dymond et al. [1992] to down-core records have a much
greater peak-to-trough amplitude than do the records de-
rived using other algorithms [Averyt and Paytan, 2004,
Figures 2 and 3]. For example, over the past 500 kyr in
core TTO13-72PC the peak-to-trough range of export fluxes
derived by applying the Dymond algorithm to excess Ba
accumulation rates has an average amplitude of nearly a
factor of 10, whereas the corresponding range for export
production derived using barite accumulation rates has an
average amplitude of less than a factor of 3 [Averyt and
Paytan, 2004, Table 1]. Export fluxes derived using the
two algorithms are similar during interglacial periods (min-
imum export), whereas the Dymond algorithm produces
much larger export fluxes during glacial periods (maximum
export).

[10] Such a discrepancy could occur if glacial sediments
(i.e., maximum discrepancy) contain a much larger amount
of nonbarite excess Ba (e.g., Ba associated with oxides or
adsorbed to biogenic phases) than do interglacial sediments.
To test for this possibility, we compared concentrations of
excess Ba with those of barite in TT013-72PC, one of the
cores studied by Averyt and Paytan [2004]. In this core most
of the excess Ba in sediments is associated with barite
during both glacial and interglacial periods (Figure 1).
Although the relationship in Figure 1 allows for about
290 ppm (on average) of nonbarite excess Ba, the concen-
tration of nonbarite excess Ba does not vary systematically
with climate or with barite concentration. These results are
consistent with the recent findings of Robin et al. [2003],
who reported that barite is the dominant form of excess Ba
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Figure 1. Concentrations of barite in core TT013-72PC
are plotted against concentrations of excess Ba. Barite data
are from Paytan [1995], while Ba data are from Murray et
al. [2000] and are available from the World Data Center
for Paleoclimatology (http://www.ncdc.noaa.gov/paleo).
Excess Ba (Baeycess) Was calculated by subtracting
the lithogenic Ba from the total Ba concentration using a
(Ba/Al)errigencous ratio of 0.0075 [Dymond et al., 1992].
Corrections for the terrigeneous fraction are <2%. Barite
and Ba data were measured at slightly different depths in the
core; therefore Ba results were interpolated onto the depths
of the barite samples. The solid line shows the stoichio-
metric relationship (atomic weight ratio) between barite
(BaSO,) and Ba. The fit of the data about this stoichiometric
relationship indicates that most Ba in these sediments exists
as barite. The dashed line, representing an offset from the
stoichiometric relationship by a constant 290 ppm excess
Ba, provides a better fit to the data, suggesting that there
may be a small amount of nonbarite excess Ba in these
sediments.

in marine sediments. Consequently, the discrepancy in
export production derived using the two proxies must reflect
problems inherent in the calibration of one or both of the
algorithms rather than variable amounts of nonbarite excess
Ba. One probable calibration problem, related to variability
of CaCOj; preservation, is discussed in section 3.3.

3.2. Elemental Ratios

[11] Three assumptions are inherent in the use of elemen-
tal ratios (Ba/Ti and Al/Ti) to reconstruct past changes in
export production: (1) The flux of Ti must be uniform
among the sites used to calibrate the export production
algorithm. (2) The flux of Ti must be constant throughout
the time interval studied in the down-core records. (3) Where
significant corrections must be made for Ba and Al
contained in lithogenic phases, the Ba/Ti and Al/Ti ratios
of these phases must be assumed to be constant, or they
must be known so that appropriate corrections can be made.

[12] In the central equatorial Pacific region studied by
Averyt and Paytan [2004], lithogenic Ba is a small part of
the total Ba in sediments (<2% in TT013-72PC). Therefore
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variability of the Ba/Ti ratio of the detrital end-member
(assumption 3) is not expected to introduce significant error
in the reconstruction of export production using Ba/Ti ratios
of these sediments.

[13] Variability of the Ti flux is more likely to be a
problem. Titanium is contained in lithogenic phases that
are supplied to equatorial Pacific sediments primarily as
mineral aerosols (dust). Dust fluxes vary in time and space
in the equatorial Pacific region [Rea, 1994], so assumptions
inherent both in the calibration (assumption 1) and in the
application (assumption 2) of these elemental ratio proxies
are violated.

[14] Titanium accumulation rates in TT013-72PC varied
by approximately a factor of 5 during the period studied by
Averyt and Paytan [2004] (Figure 2). Part of this variability
may be attributable to sediment focusing [Marcantonio et
al., 2001], although this remains controversial [Lyle et al.,
2005]. Even if part of the variability in Ti accumulation rate
can be attributed to sediment focusing, there must have been
some change in the supply of Ti associated with dust.
Evidence for glacial-interglacial changes in dust flux comes
both from models [Mahowald et al., 1999] and from the
sediment record [Rea, 1994]. Therefore export production
reconstructed using Ba/Ti and Al/Ti ratios would be biased
by failure to correct for past changes in the flux of Ti to the
sediments.
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Figure 2. Titanium mass accumulation rates (MAR) over
the past 600,000 years in core TT013-72PC (0.1137°N,
139.4015°W) are plotted from data presented by Murray et
al. [1995].
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Fi(gure 3. Concentration profiles of initial unsupported
#%Th in six multicores collected along the U. S. Joint
Global Ocean Flux Study (JGOFS) Equatorial Pacific
Process Study transect at 140°W are shown. Measured
concentrations of 2°Th were corrected for radioactive decay
and for lithogenic **°Th, as described by Berelson et al.
[1997], where these data were presented previously. Both
corrections are small, given that the lithogenic content of
these sediments is low (less than 5% except at 5°N, where it
may be as high as 15%) and that the maximum age of these
sediments (~38 ka at 5°N) is only about half of the 75 kyr
half-life of **Th. Original thorium concentrations (without
corrections) are available from the JGOFS database (http://
usjgofs.whoi.edu/jg/dir/jgofs/eqpac/tt013/).

[15] Dust (Ti) fluxes decrease from north to south across
the equator [Murray and Leinen, 1993; Rea, 1994]. Conse-
quently, all other factors (e.g., concentrations of dissolved
Ba and Al) being equal for a given level of export
production, the Ba/Ti and Al/Ti ratios north of the equator
should be lower than the corresponding elemental ratios
south of the equator. Export production algorithms based on
Ba/Ti and Al/Ti ratios are likely to have been biased by the
modern meridional gradient in Ti flux.

[16] Taking into account the spatial and temporal vari-
ability in the supply of Ti to central equatorial Pacific
sediments, it is not surprising that down-core records of
export production derived using algorithms based on
element ratios are inconsistent with those derived using
other approaches. With fluxes of Ti varying in time and
space, down-core records of Al/Ti and Ba/Ti ratios can
hardly be expected to have a constant relationship to
export production.

3.3. Calibration of Algorithms Based on Accumulation
Rates

[17] An insidious source of error in accumulation-based
algorithms is introduced by the late Holocene increase in
CaCQOs dissolution that has affected equatorial Pacific sedi-
ments [Keir and Berger, 1985; Keir and Michel, 1993]. This
source of error has not been recognized previously in the
development of paleoproductivity algorithms for this re-
gion, so we explain in some detail the nature and origin of
the problem.
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[18] For each core used in the development of the export
production algorithms, accumulation rates of barite, excess
Ba, and excess Al were determined by multiplying the
concentration of each proxy in surface sediment by a
sediment accumulation rate calculated from down-core
4C ages [Averyt and Paytan, 2004; Eagle et al., 2003].
However, as a consequence of the late Holocene increase in
CaCOs; dissolution, proxy concentrations in surface sedi-
ments are enriched relative to those deeper in the core,
where the '4C ages were determined, thereby causing proxy
accumulation rates to be overestimated.

[19] Near-surface enrichment of the concentrations of
many noncarbonate species is evident in multicores
collected throughout the JGOFS transect at 140°W, and this
effect is strongest within the uppermost 10 cm of sediment
[Berelson et al., 1997; Stephens and Kadko, 1997]. Profiles
of 2*°Th provide a good illustration of this point (Figure 3).
The flux of **°Th to the sediments is nearly constant
through time, so the concentration of *°Th in sediments
(corrected for radioactive decay and for »°Th contained
within lithogenic phases) varies inversely with sediment
mass accumulation rate [Francois et al., 2004]. Steep **°Th
concentration gradients in surface sediments of the equato-
rial Pacific Ocean reflect the recent increase in CaCO;
dissolution [Berelson et al., 1997]. That is, the concentra-
tion of **°Th increases toward the surface because the bulk
sediment mass accumulation rate is decreasing with time
(less CaCOs, the dominant component of the sediments, is
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Figure 4. Concentration profiles of initial unsupported
230Th (dpm/g) and of barite (percent by weight multiplied
by 200 to put values on the same scale as *°°Th) in
multicore TT013-27MC (3°S, 140°W) are shown. Concen-
trations of *°Th are from Figure 3, while barite concentra-
tions are from van Beek et al. [2004]. Barite and thorium
concentrations were measured in samples from different
multicore tubes. No adjustment of depth has been made to
align the profiles.
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Figure 5. Concentrations of barite in core TTO13-72PC are well correlated with the initial

concentration (decay corrected) of unsupported 2

3%Th. Concentrations of barite are from Paytan

[1995], while the >*°Th results are from Marcantonio et al. [2001] and this study. Original thorium
concentrations (without corrections) are available from the JGOFS database (http://usjgofs.whoi.edu/
jg/dir/jgofs/eqpac/tt013/). Barite samples were offset in depth from 2*°Th samples by between 1 and
5 cm, so barite concentrations were interpolated onto the depths of the Th samples to generate this

plot.

preserved and buried), whereas the flux of ?*°Th remains
constant.

[20] Although high-resolution concentration profiles for
barite, excess Ba, and excess Al were not reported for the
cores used to calibrate the export production algorithms,
surface enrichment similar to the *°Th profiles is expected
for two reasons. First, the concentration profiles of barite
[van Beek et al., 2004] and of **°Th in TT013-27MC from
the JGOFS transect exhibit strong first-order similarities
(Figure 4). More structure is evident in the barite profile,
but, as for 2°Th, the average barite concentration in the
upper 8 cm is about a factor of 2 greater than below 10 cm.
Second, over longer timescales the concentrations in these
sediments of unsupported **°Th and of barite are well
correlated (Figure 5). The principal factor creating the
correlation in Figure 5 is the common effect of variable
dilution of noncarbonate species by CaCOs. Therefore it is
reasonable to expect surface enrichment of barite, excess
Ba, and excess Al among all of the JGOFS multicores,
similar to the gradients in “*°Th (Figure 3).

[21] The late Holocene increase in CaCOs dissolution
severely decouples the concentrations of the productivity
proxies in surface sediments from the calculated sediment
accumulation rate. This is best illustrated for barite, for
which the most information exists. Barite results used by
Averyt and Paytan [2004] were presented originally by
Eagle et al. [2003]. Concentrations of barite were deter-
mined in the upper 5 cm of sediments in each core [Eagle et
al., 2003], whereas sediment accumulation rates were
derived using '*C ages measured at depths from and below
10 cm (Table 1), where the effect of the late Holocene

increase in CaCOj dissolution is small or negligible, i.c.,
below the depth at which **°Th concentration profiles
exhibit the largest change in slope (Figure 3). Therefore,
in each core the sediment accumulation rate derived from
4C ages is much greater than the accumulation rate that
would be appropriate for the upper 5 cm, which is most
affected by the recent increase in CaCOj dissolution.
Consequently, by neglecting this surface enrichment of
barite (as well as excess Ba and excess Al) the accumulation
rate of barite is overestimated for each core.

[22] Unfortunately, the degree to which the accumulation
rate of barite and other proxies is overestimated by this
calibration method varies from core to core, so there is no
simple way to correct this problem. Surface enrichment of
proxy concentrations will increase with increasing values of
the modern ratio of CaCO; dissolution to CaCO5 supply or
rain rate. Dissolution of CaCOj; is driven largely by the
undersaturation of bottom waters, so the rate of CaCOj3
dissolution is nearly constant for all of the JGOFS multi-
cores [Berelson et al., 1997]. In contrast, the rain rate of
CaCOj; is much greater near the equator than at the sites
located several degrees to the north and south of the equator.
Consequently, the ratio of CaCO; dissolution to CaCOj3
supply increases with increasing latitude. In the extreme
case, at the northernmost sites along the JGOFS transect, it
appears that the dissolution rate of CaCO; currently exceeds
the rain rate, and chemical erosion is occurring [Berelson et
al., 1997; Stephens and Kadko, 1997]. Thorium 230 profiles
provide a qualitative illustration of this effect, in that the
largest enrichment in surface sediment occurs at the sites
away from the equator (Figure 3). In the most extreme case,
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at 5°N, the error in proxy accumulation rate, estimated as
the ratio of °Th concentration in the upper 5 cm to the
concentration below 10 cm, is about a factor of 3.

[23] Calibration of export production algorithms will be
affected by this error, both because the proxy accumulation
rates are overestimated and because the degree to which
they are overestimated varies among the sites used in the
calibration. Future calibration efforts involving proxy accu-
mulation rates should aim to evaluate average proxy con-
centrations over the depth interval for which sediment
accumulation rates are determined.

[24] Furthermore, with two exceptions, it appears that
core top barite concentrations were measured in different
multicores than those used for '*C age determinations
(Table 1). Eagle et al. [2003] do not present the 4C data
used to derive the barite accumulation rates, but they cite a
conference presentation by DeMaster and Pope [1994] as
the source of the '*C ages. DeMaster and Pope’s data are
provided in the JGOFS database, which was consulted in
preparing Table 1. If these are the '*C data used by Eagle et
al. [2003], then for most of the sites used to derive the
export production algorithm, barite concentrations and '*C-
based accumulation rates were measured in different cores
(Table 1). It is difficult to estimate the error in the barite
accumulation rate associated with extrapolating '*C-derived
sediment accumulation rates from one core to another, but
results from two cores collected at the equator site illustrate
the potential magnitude of the error. In TT013-71MC the
14C ages of DeMaster and Pope [1994] produce a linear
sedimentation rate of 2.31 cm/kyr (Table 1). However, in
TTO013-69MC, the core used to measure the barite concen-
tration, the '*C-based linear sedimentation rate was reported
to be 3.4 com/kyr [Murray and Leinen, 1996], nearly 50%
greater than the sedimentation rate used by Eagle et al
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4. Conclusions
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