Clim. Past, 20, 2685-2700, 2024
https://doi.org/10.5194/cp-20-2685-2024

© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

Climate
of the Past

Variations in the biological pump throughout the Miocene:
evidence from organic carbon burial in Pacific Ocean sediments

Mitchell Lyle and Annette Olivarez Lyle

College of Earth, Ocean, and Atmospheric Sciences, Oregon State University,

104 CEOAS Admin Bldg, Corvallis, Oregon 97333, USA
Correspondence: Mitchell Lyle (lylem @oregonstate.edu)

Received: 7 May 2024 — Discussion started: 27 May 2024

Revised: 26 September 2024 — Accepted: 8 October 2024 — Published: 12 December 2024

Abstract. The biological pump, defined as the marine bio-
logical production and sedimentation of particulate organic
carbon (POC), is a fundamental process for fixing atmo-
spheric carbon dioxide in the oceans, transferring carbon
away from the atmosphere to the deep ocean, and main-
taining the CO; level of the atmosphere. The level of car-
bon sequestration caused by the biological pump has var-
ied throughout the last 50 million years, from particularly
weak during the warm Eocene period to much stronger dur-
ing the Holocene. However, persistently warm climates from
the more recent past, e.g., the Miocene Climate Optimum
(MCO; 17 to 13.8 Ma — million years ago), also affected
the biological sequestration of carbon. A series of scientific
ocean drill sites from the equatorial Pacific exhibit very low
percentages of sedimentary POC from the period prior to
14 Ma but show higher and much more variable POC per-
centages from the period afterwards. Although lower abso-
lute productivity may have contributed to more limited POC
burial during the MCO, higher relative POC degradation also
occurred. Ratios of POC to other productivity indicators in-
dicate a greater relative loss of POC. Temperature records
suggest that higher levels of POC degradation occurred in
the upper water column and that global cooling strengthened
the biological pump but led to more burial variability. Similar
records of low POC levels during the MCO can be found in
the North Pacific, suggesting that this was a global — rather
than regional — change. A weakened biological pump dur-
ing warm climate intervals helps to sustain periods of global
warmth.

1 Introduction

The sequestration of organic carbon in pelagic sediments en-
compasses all biological, physical, and chemical processes
— from carbon fixation via photosynthesis, water-column
transport, and degradation to ultimate sea floor deposition
and burial. Heterotrophic consumption, as well as inorganic
oxidation, greatly reduces the total particulate organic car-
bon (POC) mass falling from the surface and its reactivity.
POC that is eventually buried in pelagic sediments is pro-
tected from further attack because, firstly, the remainder is
relatively recalcitrant after water column degradation and,
secondly, POC binds to sediments, making it less accessi-
ble for further degradation (Hedges and Keil, 1995; Mayer,
1995). Buried organic matter represents a small fraction, less
than 1 %, of the original primary productivity in the pelagic
realm (Suess, 1980; Muller and Suess, 1979; Martin et al.,
1987). In the Pleistocene pelagic equatorial Pacific, POC
content found in surface sediments was typically low, around
0.2 % (Murray and Leinen, 1993), while ocean margin sur-
face sediments contained a much higher POC content (be-
tween 1 %-2 %). The difference results from lower primary
productivity in the equatorial Pacific; deeper waters (> 4 km
for the equatorial Pacific vs. < 1 km for the ocean margins);
and much slower sedimentation rates, which allowed POC to
be exposed to oxygenated seawater for thousands of years.
There is evidence that during extended periods of global
warmth, POC degradation tends to be greater and occurs
higher up in the water column (John et al., 2014; Boscolo-
Golazzo et al., 2021). Upper-water-column POC degradation
results in poorer sequestration of atmospheric CO;, higher
levels of atmospheric CO; in dynamic equilibrium with the
oceans, and higher nutrient levels in upwelled waters. Unlike

Published by Copernicus Publications on behalf of the European Geosciences Union.



2686

during the last century, a period of intense global warming
at the surface above cold oceans, there is not necessarily a
strong oxygen minimum during stable warm periods. Long
periods of warming deepen the permanent thermocline and
weaken the pycnocline, allowing for more extensive mixing
of oxygen into the ocean, in contrast to the modern condi-
tion, where surface warming strengthens the temperature and
density contrast between the mixed layer and colder, deeper
waters. The resulting strong pycnocline in the modern ocean
restricts mixing and oxygen transport downward. Higher lev-
els of dissolved oxygen and higher water temperatures found
in long warm intervals thus intensify POC degradation in sur-
face waters and reduce burial rates. Nutrients and CO; result-
ing from POC degradation cycle back to the surface faster un-
der warm Earth conditions. Surface water that is subducted to
shallow depths often reappears at the surface within decades,
rather than centuries, as is the case for waters that are cycled
to abyssal depths. Therefore, the biological pump weakens
during longer intervals of global warming (Boyd, 2015). In-
deed, a recent paper by Li et al. (2023) estimated the global
POC burial for the Neogene and found much less POC burial
than expected for the Miocene Climate Optimum (MCO) in-
terval.

The hypothesis that POC degradation occurred at much
shallower depths in the water column during warm ocean
conditions is supported by John et al. (2014). They calculated
ocean depth gradients in carbon isotopes measured on plank-
tonic foraminifera and compared them to Earth system model
representations for the Paleocene—Eocene Thermal Maxi-
mum (PETM) and the greenhouse Eocene period, conclud-
ing that the Eocene experienced shallower POC degradation
and recycling. Similarly, Boscolo-Galazzo et al. (2021) ex-
amined changes in the abundance of planktonic foraminifera
living at different depths in the ocean during the period
from 15 to 0 Ma and used stable-carbon-isotope values from
foraminiferal tests, combined with Earth system models, to
monitor changes in carbon flux throughout the water col-
umn. When combined with the modeling of temperature-
dependent POC degradation, their results were consistent
with cooling causing more particulate POC rain to penetrate
deeper into the water column, leading to a stronger biological
pump.

The biological pump can also be studied by examining
the POC buried in the sediments. The POC mass accumu-
lation rate (MAR; burial flux) depends upon all the processes
in the water column occurring above the sediments and is
the inverse of measurements that could be made in the wa-
ter column because POC does not originate from the sedi-
ments below. It is a measure of the integrated effectiveness
of the biological pump. While high primary productivity in-
creases the flow of particulate POC to the sea floor, increases
in heterotrophic consumption by means of zooplankton and
microbes reduce the resulting downward flux. Due to the fun-
damental temperature dependence of metabolic activity (see,
e.g., Brown et al., 2004), higher water temperatures increase
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the rate of POC degradation through zooplankton and mi-
crobes and decrease POC burial (e.g., Boscolo-Galazzo et
al., 2018).

Preservation of POC in sediments can also be studied by
comparing it to other paleoproductivity measures that are
better preserved. For example, biogenic barium (bio-Ba) de-
position is strongly correlated with POC rain from the eu-
photic zone (Dymond and Collier, 1996) and is better and
more consistently preserved at the sea floor under typical
oxygenated conditions (Dehairs et al., 1980; Dymond et al.,
1992; Ganeshram et al., 2003). Lyle and Baldauf (2015) stud-
ied relative CaCOs3 dissolution in this way, using ratios of
CaCOj3 to Ba. Under warm Earth conditions associated with
early Cenozoic greenhouse conditions (Olivarez Lyle and
Lyle, 2005, 2006; Lyle et al., 2005), percentages of buried
POC were extremely low (with a Eocene average of 0.03 %).
Olivarez Lyle and Lyle (2005, 2006) used bio-Ba burial to es-
timate an expected POC MAR, assuming modern conditions.
All POC burial during the Eocene was significantly reduced
compared to modern POC burial relative to production, in-
dicating a much higher heterotrophic consumption of POC
within the water column. The ratio of POC to Ba is thus an
indicator of relative POC preservation.

We produced long-term, low-resolution POC and CaCOs3
data, extending into the Miocene, between 2008 and 2013
for drill sites in the Pacific Ocean (Fig. 1; Table 1). In
this paper, we report discrete POC measurements that we
made at three scientific drill sites in the eastern and central
equatorial Pacific (Ocean Drilling Program (ODP) Site 574
and Integrated Ocean Drilling Program (IODP) Sites U1337
and U1338) and combine them with data from the Ontong
Java Plateau, located in the western equatorial Pacific (ODP
Sites 806 and 807; Stax and Stein, 1993). We also report
briefly on two sites from the northwestern Pacific (Sites 884
and 1208) to show that changes in POC burial were not
limited to the equatorial region. We use these data to study
changes in the biological carbon pump from the MCO to the
present by comparing the patterns of POC preservation over
time and, where data are available, by comparing how POC
survives relative to bio-Ba, a better-preserved paleoproduc-
tivity indicator.

Li et al. (2023) used a global set of mass accumulation
rates to show that there was a global low in POC MARs dur-
ing the MCO, with the primary objective of the paper being
to test the Monterey hypothesis, which posits that high lev-
els of 8'3C occurring between 17 and 13 Ma resulted from
increased POC burial. They found that the MCO interval ex-
hibited globally reduced POC burial and was not the cause
of high 8'3C levels at that time. The objective of this paper is
different. We chose to examine a focused region (the equato-
rial Pacific) and use additional sedimentary data to separate
changes in production from changes in preservation in the ul-
timate POC record. We examine four hypotheses for the lim-
ited POC burial during the MCO - (1) low primary produc-
tivity, (2) POC degradation in warmer deep waters, (3) POC
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degradation in warmer surface waters, and (4) a fundamental
change in the proxy—POC relationship. We find that the low
POC MAREs in the equatorial Pacific largely result from bet-
ter preservation of sedimentary POC as the Earth cooled, due
to reduced degradation in the surface ocean.

2 Analytical methods

We measured over 1600 samples (1215 presented here plus
388 previously published) of POC and CaCOj3 from five sites
of the Deep Sea Dirilling Project, the Ocean Drilling Pro-
gram, and the Integrated Ocean Drilling Program (Sites 574,
884, 1208, U1337, and U1338; see Fig. 1 and the tables in the
Supplement). Freeze-dried sediment samples were analyzed
using coulometry and the furnace methodologies presented
in Lyle et al. (2000), which provide accurate POC values at
very low levels.

First, the total carbon of the sediment sample was mea-
sured through combustion in a 1000 °C furnace and analyzed
using a coulometer. POC was determined by acidifying a
second, larger aliquot of the sample to remove the CaCOs3-
based CO,, before analyzing the remaining sediment residue
via combustion in pure oxygen at 1000 °C using coulome-
try. From these two measurements, the CaCOj3 fraction was
calculated based on the difference between the CO;, mea-
sured for total carbon and the organic carbon fraction. We
found that this method is accurate for estimating CaCOs3
down to the < 1 % level and for estimating POC at the 0.01 %
level (Olivarez Lyle and Lyle, 2005). We checked for con-
sistency in our carbon analyses, as described in Olivarez
Lyle and Lyle (2005), by running an in-house sediment stan-
dard, “Midway”, with each carbon run; hundreds of analyses
and summary statistics have been compiled for the Midway
standard, exhibiting a total carbon value of 2.64 £ 0.02 wt %
(n =523) and a POC value of 0.854-0.01 (n = 570). We also
repeated the analysis of every fourth unknown sample during
each run day. We monitored both total carbon and organic
carbon. The average absolute difference between repeated
unknown samples of POC was < 0.01 wt %, and if this dif-
ference exceeded 0.02 wt %, we reanalyzed the sample. Data
for Site 574 sediments older than 12 Ma are reported in Piela
et al. (2012). Site 574 POC and CaCO3 data spanning the
years from 12 to 2 Ma were analyzed later in our laboratory
and are published here. Regarding Sites U1337 and U1338,
POC data are reported in Wilson (2014; PhD thesis), though
they are not discussed in detail within the thesis.

POC and CaCO3 data from Sites 884 and 1208 are also
included. All the data for Site 1208 were analyzed in our lab-
oratory using the same analytical methods as those described
above. Site 884 exhibits a mixture of our data and culled ship-
board carbon data, as marked in Table S8 in the Supplement.
We included the shipboard data for depth intervals not ana-
lyzed in our laboratory, primarily those younger than 4.8 Ma.
Typically, we do not use shipboard POC data from the Deep
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Figure 1. Drill site locations discussed in this paper. The paleo-locations for each site are shown at 5 Myr intervals using a fixed-hotspot
rotation pole for the Pacific Tectonic Plate. The equatorial ODP drill sites (Sites 806 and 807) were drilled during ODP Leg 130 (Stax
and Stein, 1993). Sites U1337 and U1338 were drilled during IODP Expedition 321 (Lyle et al., 2019; Pilike et al., 2010). Site 574 was
drilled during DSDP Leg 85 (Mayer et al., 1985). Two other sites are briefly discussed — Site 1208, located on Shatsky Rise (Bralower et
al., 2002), and Site 884, near Detroit Seamount, located at the northern end of the Hawaiian—-Emperor seamount chain (Rea et al., 1993).
Yellow numbers indicate the ages of the sites’ Equator crossings, each corresponding to a local peak in primary productivity and sediment
deposition. The base map was made with GeoMapApp (https://www.geomapapp.org/, last access: 1 September 2024) (Ryan et al., 2009).

Equat: Equator.

Sea Drilling Project (DSDP) or the ODP because their POC
determinations are calculations, not measurements, based on
the difference between measured total carbon and measured
CaCOj3. This is inaccurate for POC levels below 0.3 % in
the presence of significant (> 15 wt %) sedimentary CaCOj3
(Olivarez Lyle and Lyle, 2005). Hence, we only used ship-
board POC and CaCO3 data from Site 884 (Table S8) when
CaCO;s; levels were less than 15 wt %. The error in POC when
using the shipboard method at this level of CaCOs is rela-
tively small.

We include data from Stax and Stein (1993) for Sites 806
and 807. They measured POC by dissolving an unweighed
split of the sample with HCl and measuring the resulting
POC after dissolving the CaCOs3. They then corrected the
split POC to the POC of the total sample by measuring the
total carbon on a separate split of the sample and calculating
the relative proportion of POC. Using this method, they could
dissolve a much larger split of sediment containing POC, al-
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lowing them to be accurate when using a low POC content
while also enabling them to measure other POC properties.
The net deposition and preservation of POC at Sites
U1337, U1338, and 574 are estimated from ratios to the bar-
ium content in the sediments. Extensive work has shown that
barium is precipitated in the water column as BaSO4 via or-
ganic matter oxidation; is well preserved; and, importantly,
is a good proxy for primary productivity (Dymond et al.,
1992; Dymond and Collier, 1996; Ganeshram et al., 2003).
Although barium sulfate can form through other processes,
in equatorial Pacific sediments, the Ba content is primarily
biogenic in origin and not diluted by other Ba-containing
components, such as barium in terrigenous clays (Piela et al.,
2012; Lyle and Baldauf, 2015). We calibrated Ba measure-
ments from normalized median-scaled (NMS) X-ray fluores-
cence (XRF; see Lyle et al., 2012) against discrete ICP-MS
(inductively coupled plasma mass spectrometry) analyses for
Sites U1337 and U1338 (Wilson, 2014). For Site 574, we

https://doi.org/10.5194/cp-20-2685-2024
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used ICP-MS barium data from Piela et al. (2012) for sedi-
ments older than 12 Ma.

We used XRF-estimated total BaSOy4 to calculate ratios to
other biogenic elements in order to investigate POC preser-
vation. We did not partition total barium to remove non-
biogenic sources because the equatorial Pacific sediments
at Sites U1337 and U1338 primarily consist of biogenic re-
mains and contain minimal clay minerals (Lyle and Baldauf,
2015), meaning the majority of the barium is biogenic in ori-
gin. We further tested this assumption by making norma-
tive estimates of terrigenous clay-fixed Ba and authigenic
oxide-fixed Ba from Site U1338, using other XRF-measured
elements (Al, Si, Ca, Mn, Fe, and Ti) as well as discrete
opal calibrations (Lyle and Baldauf, 2015). Assigning typ-
ical Ba content to the normative sedimentary components,
we found that biogenic BaSO4 accounted for an average of
93 % £ 4 % of the total BaSO4 amount. The greatest poten-
tial error was found in sections with the highest clay content,
i.e., in the younger sediments of each site. In these sections,
the POC : BaSOy ratio was highest, and the estimated POC
preservation was best. Any bias based on total BaSO4 would
have likely reduced the ratio and apparent POC preservation.
Therefore, the total-BaSO4 method we used is conservative.

3 Age models and mass accumulation rates (MARs)

For all sites, we calculated POC mass accumulation
rates (MARs), equivalent to the POC burial flux, as another
indicator of the rate of POC deposition and burial. MARs
have units of mass per unit area per unit time and are typi-
cally reported in g (cm? x 10% yr)~!. For any component in a
sedimentary mixture, calculating the mass accumulation rate
eliminates artifacts in the resulting data profile over depth or
time that are inevitably caused by the variable deposition of
the other sedimentary components. Converting weight per-
centage data to MARs is particularly important for evalu-
ating changes in minor components, such as POC, because
changes in the deposition of major components can domi-
nate and distort actual changes in the component of interest.
However, MAR calculations are subject to errors (such as
those arising from sedimentation rates), primarily caused by
an imprecise age model. This issue is addressed below.

We developed age models for all sites to calculate MARs
and further study rates of burial. See the Supplement for de-
tails and for data from each of the sites. MARs are developed
by making an age model (an age-versus-depth profile), which
is differentiated to calculate a sedimentation rate (depth of
sediment deposited per unit time; cmkyr~!) over the time
interval of interest. The sedimentation rate, multiplied by the
dry bulk density, results in a bulk MAR (grams of solid ma-
terial per cm? kyr~!) for the sediment over a given age inter-
val. The MARs for individual components are calculated by
multiplying the bulk MAR by the weight fraction (the weight
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percentage divided by 100) of the component in the dry sam-
ple.

3.1 Sites U1337 and U1338

For Site U1337 (24 Myr old crust), we used an age model
astrochronologically tuned to 20Ma by incorporating the
Drury et al. (2017, 2018) age model up to 8.2Ma and by
correlating the 20 Myr combined isotope record from Site
U1337 (Holbourn et al., 2015; Tian et al., 2018) with the
stable-isotope stack from Westerhold et al. (2020) up to
20 Ma. For Site U1338 (18 Myr old crust), we used the es-
tablished age model up to 8.2Ma (Lyle et al., 2019). The
Site U1338 ages greater than 8.2 Ma were derived by cor-
relating the CaCOs profile from Site U1338 with that from
Site U1337, which is justified because CaCO3 profiles are
very similar across the central and eastern Pacific (Lyle et
al., 2019; Mayer, 1991).

3.2 Site 574

Site 74 (35 Myr old crust) was drilled in 1985 during Leg 85
of the Deep Sea Drilling Project and lies about 1000 km west
of Site U1337. It was one of the first sites to have sediments
cored with hydraulic piston corers. We performed XRF scan-
ning on the upper five cores of Holes 574 and 574A and used
these data, along with the gamma ray attenuation (GRA) bulk
density record from deeper sections, to make a new splice
up to ~ 17.4 Ma (with a 225 m composite depth (the base of
Holes 574 and 574A)), using the Code for Ocean Drilling
Data (CODD) software (https://www.codd-home.net/, last
access: 8 August 2023). The new splice was then corre-
lated with Site U1337 via a CaCOj3 profile produced using
the Site 574 GRA bulk density to estimate the CaCO3 con-
tent. In the eastern and central Pacific Ocean, the GRA bulk
density is highly correlated with changes in CaCO3 content
(Mayer, 1991). The non-carbonate fraction in the equatorial
Pacific primarily consists of low-density, high-porosity bio-
genic silica remains from diatoms. The GRA bulk density
data also have a much higher resolution than the discrete car-
bonate analyses used for calibration. The spliced GRA den-
sity record from Site 574, along with the assigned ages (Ta-
ble S2) and the new splice developed for Site 574 (Table S1),
can be found in the Supplement.

3.3 Sites 806 and 807

We used polynomial fits to ages updated to the biostrati-
graphic ages used for Sites U1337 and U1338 (Expedi-
tion 320/321 Scientists, 2010a), applying them to the bios-
tratigraphic datum levels for Sites 806 and 807, as reported
in the Initial Reports volume (Kroenke et al., 1991). Such fits
are less accurate than a direct correlation, but these sites do
not have long stable-isotope records, and it was not possible
to correlate the carbonate records with the eastern Pacific.

Clim. Past, 20, 2685-2700, 2024
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While not as accurate as the other age models, these ages
should still be accurate to within +0.2 Ma or better. The ma-
jor potential error is the spacing of biostratigraphic sampling,
which is approximately every 3 m for foraminifera and ev-
ery 4.5 m for calcareous nannofossils (Chaisson and Leckie,
1993; Takayama, 1993).

3.4 Sites 1208 and 884

Age—depth profiles for Site 1208 (Shatsky Rise (up to
12.4Ma)) and Site 884 (Detroit Seamount, located at the
northern end of the Hawaiian—Emperor seamount chain (up
to 19.7 Ma)) were made using linear interpolations between
magnetochrons. Magnetochrons were determined via ship-
board pass-through magnetometry, with further analysis be-
ing shore-based. Shipboard magnetic measurements were
made every 10cm at Site 884 and every 5cm at Site 1208.
Magnetochrons for Site 1208 were taken from Evans (2006),
and shipboard paleomagnetic data were used for Site 884
(Rea et al., 1993). All magnetochrons have updated ages
based on Westerhold et al. (2020). The accuracy of the ages
should be within 0.1 Ma. The profiles are listed in the Sup-
plement. Site 1208 was located on Shatsky Rise itself and ex-
perienced an extreme slowdown in sedimentation rate from
the middle Miocene through the Late Cretaceous, which may
have affected the early part of the profile.

The bulk MAR for each site was calculated as the prod-
uct of the sedimentation rate (from the age—depth profiles)
and dry bulk density to yield the total mass of sediment de-
posited over a given age interval (the bulk MAR). Dry bulk
density was estimated by correlating discrete data on phys-
ical properties from each drill site with the reported GRA
data on wet bulk density. We used this correlation to develop
a higher-resolution profile of dry bulk density from the GRA
data.

4 Results

4.1 Organic carbon variations

There is a striking difference between the POC records
from the Pacific equatorial sites older than ~ 13Ma and
those from the younger sections, as illustrated in Fig. 2.
Low percentages of sedimentary POC, POC MARs, and
POC : BaSOy increased after the MCO, resulting in higher
and more scattered values between 14 and 12Ma. POC
weight percentages were much lower in the older record
compared to those of the Pliocene and Pleistocene (Fig. 2a).
During the MCO, between 17 and 14 Ma, POC weight per-
centages at these five sites averaged 0.043+0.014 %, in con-
trast to the nearly 3-fold increase (0.12440.058 %) occurring
in the Pleistocene and Pliocene (0—4 Ma), and we note that
the MCO values are more similar to the average values mea-
sured for the Eocene equatorial Pacific (with POC roughly
corresponding to 0.03wt% (> 34 Ma); Olivarez Lyle and

Clim. Past, 20, 2685-2700, 2024

M. Lyle and A. Olivarez Lyle: Variations in the biological pump throughout the Miocene

Lyle, 2006). Both the concentration of sedimentary POC and
its variability were much lower in the period prior to 14 Ma.
High dilution caused by other sedimentary components
can lower POC percentages, but dilution in the equatorial Pa-
cific requires the higher preservation and burial of either bio-
genic CaCO3 or biogenic SiO; relative to modern conditions.
Nonetheless, this possibility can be evaluated by calculating
the POC MAR, which removes the dilution effect and pro-
vides a measure of the actual burial flux. Figure 2b shows the
POC MAR data for the five equatorial Pacific sites. We note
a relatively low and consistent POC MAR between 18 and
14 Ma. Somewhat higher POC MARSs occur prior to 19 Ma,
with higher but very scattered MARs observed after 14 Ma.

4.2 Variations in biogenic barium

Ba was measured at three of the sites, all located in the high-
productivity region of the eastern Pacific. The POC : BaSOq4
ratio compares the burial of more labile POC (< 1 % POC
preserved) to that of better-preserved biogenic Ba (~ 30 %
preservation; Dymond et al., 1992; Dymond and Lyle, 1994).
Since Ba has a linear relationship with POC in the particu-
late rain of the modern equatorial Pacific Ocean (Dymond
and Collier, 1996), changes in the POC : BaSOy ratio are in-
terpreted as reflecting the relative preservation of POC. Fig-
ure 2c shows that there was reduced POC burial relative to
Ba prior to 14 Ma compared to later in the records.

Ba was measured at Site 574 using ICP-MS for the sedi-
ment column older than 12 Ma (Piela et al., 2012). At Sites
U1337 and U1338, Ba was measured by scanning XRF
throughout the entire composite sediment column (Lyle et al.,
2012; Wilson, 2014; Lyle and Baldauf, 2015). All sites had
low POC : BaSOy ratios (i.e., poor POC preservation) prior
to 14 Ma during the MCO and exhibited higher ratios with
much greater variation afterwards.

Low POC percentages during the MCO were not only con-
fined to the equatorial Pacific but were also found in the north
Pacific. We also analyzed two sites in the North Pacific that
showed increased POC burial as the Miocene progressed. At
Site 1208 on Shatsky Rise and Site 884 on Detroit Seamount
(Fig. 1), POC MARs have increased strongly since the MCO
(Fig. 2a and b; Tables S8 and S10). A straightforward in-
terpretation of these records, however, is complicated by the
fact that there was a major increase in the sedimentation rate
at Site 1208 after a Paleocene hiatus, which in itself also
caused increased POC MARs after 7.5 Ma. As such, it is un-
clear to what extent the local sedimentation regime played a
role in the increase in POC MARs relative to regional levels
of preservation. At Site 884, sedimentation rates increased in
the early Miocene, leading to higher POC MARs after the
MCO (see Fig. S5). There is no reason to suspect that the
Site 884 record was strongly influenced by changes in the lo-
cal sedimentary environment; however, there is overall much
higher clay deposition at this site, which might have affected
POC burial. In summary, these two sites suggest that there
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Figure 2. POC percentages (a) and POC MARs (b) for the equatorial drill sites (Sites 574, 806, 807, U1337, and U338) and the North Pacific
sites (Sites 1208 and 884). POC : BaSOy ratios (c) are only available from Sites 574, U1337, and U1338. These records show evidence of
low POC content and poor POC preservation during the Miocene Climate Optimum (MCO; 17-13.8 Ma) and the early Miocene.

was a general increase in POC MARs throughout the Pacific
after the MCO, but more records need to be produced and
evaluated to support this hypothesis. However, it is impor-
tant to highlight data from a recent study by Li et al. (2023),
who found surprisingly limited POC burial during the MCO
worldwide, supporting the hypothesis that a global slowdown
in POC deposition occurred during the MCO.

Another important observation is that periods that have
been identified previously as high-productivity phases in the
late Miocene can also exhibit an increased relative burial of
POC. This effect is most obvious at Site U1338, an eastern
equatorial Pacific drill site (Figs. 2 and 3). The Late Miocene
Biogenic Bloom (LMBB) had elevated POC MARs and
was a period of elevated POC : BaSQO4 ratios. Elevated POC
MARs during the LMBB were also exhibited at Sites 806,
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807, and 884. Similarly, there were significant POC MARs
at around 12 Ma in an earlier interval, which appear to be
productivity-related (Lyle and Baldauf, 2015). Not only are
such intervals high in POC deposition, but they are also high
with respect to POC : BaSOy4. It appears that under certain
conditions of high productivity, both the burial and preserva-
tion of POC are enhanced, as indicated by the POC : BaSOy4
ratios. How apparent elevated productivity affects ultimate
POC burial deserves further study.

5 Discussion and implications
We expect variability in the deposition of biogenic particu-

late matter resulting from large-scale tectonic—biogeographic
processes and from global intervals of high productivity, as
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Figure 3. Time series of (from top to bottom) POC weight per-
centages, POC MARs, BaSO4 MARs, biogenic SiO, MARs, and
CaCO3 MARs for Site U1338, located on ocean crust formed
at 18 Ma. High biogenic MARs are characteristic of later high-
productivity intervals. However, the MCO exhibits low POC con-
tent and a low POC MAR, despite Site U1338 being relatively near
the Equator during this interval. The paleo-Equator line marks the
time when plate tectonic movement aligned the site with the Equa-
tor.

well as from regional variation in primary productivity. We
note that POC depositional variability from 12 to 0 Ma is
high, ranging from 0.03 wt % to 0.40 wt %. The variation is
caused partly by the geographic position of the site relative
to the high-equatorial-productivity zone and partly by the
presence of high-productivity intervals since the MCO. Some
variation may also result from the protection of POC by the
deposition of other sedimentary components. Nevertheless,
we note that more slowly accumulating sediments from the
Pliocene and Pleistocene tend to have high POC percentages
(Figs. 3 and 4) but do not correspond to high biogenic MARs.
In other words, factors other than high productivity caused
the better preservation of POC between 8 and 0 Ma since
high POC percentages are not necessarily associated with
other indicators of high paleoproductivity. All records from
the equatorial Pacific show evidence of low POC percentages
and POC MARs during the MCO (Fig. 2), while sediments
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Figure 4. Time series of (from top to bottom) POC weight per-
centages, POC MARs, BaSO4 MARs, biogenic SiO, MARs, and
CaCO3 MAR:s for Site U1337, located to the west of Site U1338 on
24 Myr old ocean crust. The time series of biogenic MARs are more
complex here because of sediment focusing in the younger part of
the record. However, the MCO exhibits low POC content and a low
POC MAR, despite Site U1337 being relatively near the Equator
during this interval. The paleo-Equator marks the time when plate
tectonic movement aligned the site with the Equator.

from the Pliocene and Holocene have higher POC percent-
ages, even though many of the sites exhibit low POC MARs.

We investigated the possibility that bioturbation might bias
the POC records since POC has remained in the equato-
rial Pacific’s 5-10 cm sediment mixed layer for thousands of
years (Kadko and Heath, 1984; Broecker et al., 1991). It is
possible that a change in sedimentation rate from fast to slow
might enhance POC degradation by enhancing exposure to
oxygenated bottom waters. We know that labile POC is de-
graded rapidly within the equatorial Pacific sediment mixed
layer (Stephens et al., 1997), so perhaps more recalcitrant
POC would be degraded if sedimentation rates slowed. If this
were true, there would be a correlation between the sedimen-
tation rate and POC content since high sedimentation rates
would shorten the time that POC spends in the mixed layer.
We checked this and found no correlation.

We interpret the scatter of POC percentages as reflecting
the localized response to the timing of productivity drivers
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changing the transport of POC from surface waters and
the better preservation of POC in more recent times. There
are two major productivity drivers in the equatorial Pacific:
first, the movement of the site across the equatorial high-
productivity region caused by the tectonic motion of the Pa-
cific Plate (the line of high productivity for the Neogene;
Lyle, 2003; Moore et al., 2004) and, second, the occurrence
of high-productivity intervals, which typically are limited in
both space and time. A well-documented global productiv-
ity interval occurred between 8 and 4.5 Ma, known globally
as the Late Miocene Biogenic Bloom (LMBB) (Dickens and
Owen, 1999; Diester-Haas et al., 2005; Lyle and Baldauf,
2015; Drury et al., 2017; Lyle et al., 2019; Karatsolis et al.,
2022; Gastaldello et al., 2023). An earlier high-productivity
interval has been identified as having occurred in the eastern
equatorial Pacific between 13 and 10.5Ma (Lyle and Bal-
dauf, 2015), extending to ~ 14 Ma (Holbourn et al., 2014).

5.1 Tectonic passage through the equatorial-productivity
zone and equatorial primary productivity

Modern studies of equatorial biological productivity, in-
cluding direct measurements obtained in the water column,
MARs in surface sediments, and productivity based on in-
terpretations of satellite color, find that the particulate flux,
both at the surface and to sediments, is highest at the Equa-
tor and strongly decreases to the north and south (Wyrtki,
1981; Chavez and Barber, 1987; Dugdale et al., 1992; Mur-
ray and Leinen, 1993; Honjo et al., 1995; Behrenfeld et al.,
2005). This pattern of high equatorial biogenic flux has been
found to have occurred throughout the Neogene (Moore et
al., 2004; Berger, 1973). The records provide strong evidence
that the equatorial divergence and upwelling driven by the
southeastern trade winds crossing the Equator were persis-
tent features of the Cenozoic oceans, causing high primary
productivity at the Equator. The magnitude of equatorial pro-
ductivity has not remained constant over time; instead, it has
waxed and waned along with global climate change. We ex-
pect to find an increase in the productivity and deposition
of biogenic sediments as the movement of the Pacific Plate
brings a drill site into position at the Equator, and we expect
to find a decrease in biogenic MARs as the site moves away
from the Equator.

For example, Piela et al. (2012) found that a high biogenic
silica mass accumulation rate (biogenic silica MAR) and a
high barium mass accumulation rate (Ba MAR) occurred
during the Site 574 paleo-Equator crossing at 16.25 Ma, de-
spite low POC MARs and low CaCO3 MARs. They hypoth-
esized that the dissolution of CaCOj3 exposed more POC in
surface sediments to potential degradation and reduced POC
with respect to other productivity signals. It could also rep-
resent the preferential degradation of POC in surface waters.

At Site U1338, high burial rates of biogenic components
other than POC coincide with the period when Site U1338
was within £0.5° (55km) of the paleo-Equator during the
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middle Miocene (16—10 Ma; Fig. 3). POC MARs, unlike the
MARSs of other biogenic components, were not as enhanced
during the MCO. POC burial was minimized relative to that
of other biogenic components during the MCO and immedi-
ately afterwards. Also, at Site U1338, the high POC MAR
and opal MAR corresponding to 12 Ma are roughly equiva-
lent to modern MARs in surface sediments, as reported by
Murray and Leinen (1993). CaCO3; MARs are affected not
only by high productivity but also by changes in carbonate
dissolution over time. Nevertheless, much of the variation in
CaCOj at Site U1338 is consistent with variations in both
opal and BaSO4 MARSs, indicating a strong productivity sig-
nal at the site.

The 15-20 Ma section of the Site U1337 oxygen isotope
record is part of the Cenozoic oxygen isotope splice from
Westerhold et al. (2020) and, thus, along with Site U1338,
represents the MCO interval of the equatorial Pacific. The
sediments from Site U1337 (Fig. 4) crossed the Equator from
southeast to northwest at an earlier time than Site U1338 did
(21 to 15Ma vs. 16 to 10 Ma, respectively) and had relatively
low biogenic MARSs in the older sediments compared to those
found later in the U1337 section. This is in part caused by
sediment focusing within the younger part of the record, es-
pecially in the intervals 6.2-5.4 and 4.5-3 Ma (Lyle et al.,
2019, and the associated supplemental material). The sedi-
ment focusing is indicated by anomalously high Pleistocene
and Pliocene sedimentation rates compared to those at piston
cores and other sites at this latitude. Furthermore, erosional
channels to the northeast of the site were found in the site
survey (Fig. 5; Moore et al., 2007; Lyle et al., 2019). Nev-
ertheless, sediment focusing did not affect the time interval
spanning the MCO, for which we find very low POC per-
centages and POC MARs. Such low values contrast with the
expected pattern of higher biogenic sedimentation beneath
the high-productivity region of the paleo-Equator. We also
note that BaSO4 MARs at Site 1337 were 3 times higher than
those at Site 1338 during the MCO, implying greater primary
productivity and organic carbon production, yet a POC signal
was not preserved in the sediments.

Sites 806 and 807, located in the western Pacific on
the Ontong Java Plateau, crossed the equatorial region af-
ter 1 Ma and at 10 Ma, respectively. In the modern ocean,
the upwelling signal in the far western equatorial Pacific
is not nearly as strong as that in the eastern equatorial Pa-
cific (Behrenfeld et al., 2005; Rousseaux and Gregg, 2017).
Site 806 exhibits its highest POC MAR in the Pleistocene,
as expected due to its recent Equator crossing. However,
Site 807 shows little sign of its Equator crossing in its POC
MARs at 10 Ma, although both it and Site 806 exhibit POC
MARSs resulting from the LMBB. However, both sites exhibit
low POC MARs during the warm MCO.

Clim. Past, 20, 2685-2700, 2024
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Figure 5. POC weight percentage time series for the equatorial Pacific (left axis), along with a bottom water temperature (BWT) record from
Site 806 (Lear et al., 2015) and a western equatorial Pacific sea surface temperature (SST) record (Mg/ Ca proxies), where unfilled circles
indicate Site 806 and filled circles indicate Site 872 (Guillermic et al., 2022), with Site 872 data obtained from Sosdian et al. (2018). BWT in
the Pacific did not change much until after 6 Ma, which was too late to affect POC degradation during the MCO, while SST remained high
until the end of the MCO. SST dropped by about 3 °C at the end of the MCO, followed by another ~ 3 °C drop by 9 Ma.

5.2 Past high-productivity intervals

Figure 3 shows the time series of all biogenic MARs ob-
served at Site U1338. All biogenic MARs are elevated be-
tween ~ 14.5 and 11.5Ma, indicating high primary produc-
tion despite the limited POC burial during the MCO. High
productivity around 14 Ma at Site U1338 was first noted by
Holbourn et al. (2014), who suggested that biogenic silica
production was a factor in ending the MCO by reducing high
atmospheric CO; levels.

Both episodes are clearly observed at Site U1338. At Site
U1337, the biogenic Si MARs are similar to those at Site
U1338 during the older interval, but there is another inter-
val, filled with laminated diatom mats between 10 and 12 Ma
(200-250 m composite coring depth below sea floor), that
might represent accumulation near the subduction bound-
ary between the South Equatorial Current and North Equato-
rial Countercurrent (Expeditions 320/321 Scientists, 2010b).
So, at Site U1337, the two separate higher-productivity in-
tervals are joined by a third interval of higher deposition.
Both Site 806 and Site 807 show elevated POC MARs as-
sociated with the LMBB, indicating that these global high-
productivity intervals affected all sites in the equatorial Pa-
cific.

5.3 Four hypotheses for explaining the limited POC
burial during the MCO

We propose four working hypotheses for the cause of the
low levels of POC MARs along the Pacific Equator during
the MCO: (1) generally low primary productivity during the
MCO; (2) warmer deep waters and increased POC degra-
dation in the lower water column or at the sediment sur-
face; (3) increased degradation of POC in surface waters; and
(4) low apparent POC levels as an artifact of changing proxy
relationships, e.g., Ba fixation in relation to POC fixation in

Clim. Past, 20, 2685-2700, 2024

particles. Only in hypothesis 1 (low primary productivity)
does the relationship between POC production, the produc-
tion of productivity proxies, and the proxies’ ultimate burial
remain the same; the other hypotheses assume that a change
in these relationships occurred during the MCO.

5.3.1 Hypothesis 1: low productivity is the primary factor

for low POC levels during the MCO

Under hypothesis 1, the observed low POC percentage dur-
ing the MCO reflects the low average productivity during the
MCO interval. However, the data do not support this hypoth-
esis. Each of the sites was in a different position relative to
the equatorial high-productivity zone at the time of the MCO.
The sites near the Equator had POC percentages and POC
MARs as low as those farther away. Furthermore, there is
no evidence of global low productivity during the MCO. Site
U1338, which was in the equatorial zone toward the end of
the MCO, exhibited increases in POC percentage and POC
MAR at the end of the MCO. Since other paleoproductivity
indicators tended to be high during the MCO, it is apparent
that low POC MARs are not a result of low MCO primary
productivity.

In summary, while we find some evidence of somewhat
lower productivity during the MCO, high primary productiv-
ity associated with drill site Equator crossings is reflected in
the increased burial of other biogenic sediment components
and not in that of POC. Therefore, we conclude that addi-
tional factors caused the lower POC MARs during the MCO.
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5.3.2 Hypothesis 2: warmer deep waters and more
POC degradation in the lower water column or at
the sediment surface led to low POC MARs during
the MCO

Particulate matter falls through the oceans at a rate of ~ 50—
150md~! once it leaves the surface ocean (Honjo et al.,
1982; Berelson, 2001; McDonnell and Buessler, 2010), thus
spending 7-10d above 1000 m in the upper water column.
Particles transiting the remaining 3 km of the water column
(assuming an average ocean water depth of 4 km) require an
additional 3 weeks to a month before reaching the bottom.
Afterwards, particulate organic carbon (POC) resides at the
sediment surface for decades to centuries before final burial.
Provided the POC has survived its passage through the upper
water column, it is possible that temperatures or other pro-
cesses in the lower water column have controlled the burial
of POC through the temperature-dependent degradation of
POC. If the change in POC degradation occurs primarily in
the lower water column, one consequence is that the biolog-
ical pump would still function, albeit at a somewhat lower
rate.

There are two problems with the hypothesis concerning
the lower-water-column control of POC burial. First, most
POC is remineralized in the upper water column in the mod-
ern oceans, meaning only the more recalcitrant or protected
POC fractions survive to reach abyssal depths. Second, note
that cooling of the abyssal Pacific occurs much later than
the end of the MCO (Fig. 5); thus, any temperature-linked
degradation of POC in relatively warm deep waters should
decrease after the deep waters cool. As Fig. 5 illustrates, Pa-
cific deep waters were only slightly warmer during the MCO
compared to immediately after this period and stayed at a rel-
atively constant temperature of 7 °C until about 6 Ma (Lear et
al., 2015). Only after 6 Ma did the deep waters cool to a mod-
ern temperature of about 2 °C. Therefore, we expect a POC
signal primarily caused by deep-water cooling to have a very
different signal from the one observed.

The abyssal temperature change during the MCO was rela-
tively small. Data from Lear et al. (2015) show that the MCO
was 0.4 °C warmer than the next 3 Myr of the temperature
record at Site 806 (Fig. 5). Kochann et al. (2017), in con-
trast, described abyssal temperature changes of 1.7° at the
end of the MCO at Site U1338 and 2.2 °C at Site 1146 in
the South China Sea. However, they did not observe con-
sistently warm temperatures throughout the intervals in the
MCO that they measured, in contrast to the consistently low
POC content. Kochann et al. (2017) noted a transient 2.6 °C
warming of bottom water temperatures at the onset of peak
MCO warmth (15.5Ma) at Sites U1337 and U1338. How-
ever, both Lear et al. (2015) and Kochann et al. (2017) found
intermittent warming during the MCO, which is inconsistent
with abyssal warmth being a driver of low POC throughout
the entire MCO.
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A low percentage of particulate matter derived from total
productivity reaches the sea floor, and sediment trap studies
have shown that the particulate flux that reaches the sea floor
is relatively rich in POC. The deepest sediment traps in the
Joint Global Ocean Flux Study (JGOFS) tropical Pacific ex-
periment caught a particulate flux containing around 5 wt %
POC (Honjo et al., 1995; using particulate rain from sedi-
ment traps between 2191 and 3618 m depth and within +5°
latitude of the Equator), which, subsequently, needed to be
degraded to have the typical POC content found in surface
equatorial sediments, around 0.2% to 0.3 % (Murray and
Leinen, 1993; Prahl et al., 1989). This order-of-magnitude
loss of organic carbon, from the deepest waters to surface
sediments, appears to reflect a consistent level of degrada-
tion in the pelagic equatorial Pacific, as also shown by the
core top values of POC in the drill site data. Interestingly, the
highest POC levels found in surface sediments, as measured
in the JGOFS transect by Murray and Leinen (1993), oc-
cur in off-equatorial sites where clay is much more abundant
and sedimentation rates are much lower. The lower equato-
rial POC levels are partly a dilution effect due to additional
CaCOs3, compensated for by higher sedimentation rates near
the Equator (Murray and Leinen, 1993).

5.3.3 Hypothesis 3: warmer surface waters and more
POC degradation in the upper water column
during the MCO

Here, we discuss our preferred hypothesis based on the tem-
perature dependency of the biological pump — i.e., higher
POC degradation in warmer surface waters prior to and dur-
ing the MCO caused reduced POC burial due to diminished
rates of POC transfer to deep waters. This hypothesis re-
quires that the converse is also true — i.e., that the cooling
of surface waters following the MCO resulted in increased
POC transfer to the abyss. Note that for all warm—cold and
cold—warm transitions, the strength of the POC sedimentary
signal that is ultimately preserved is partly dependent on the
productivity regime at each drill site.

In Fig. 5, we present a sea surface temperature (SST)
record for the western equatorial Pacific using Mg/Ca SST
proxies from Guillermic et al. (2022), who combined Site
806 data with early Miocene data from Site 872, a tropical
guyot (Sosdian et al., 2018). Sea surface temperatures in the
early Miocene, prior to the MCO, were warm in the west-
ern equatorial region, ranging between 34 and 36 °C. Surface
temperatures cooled quickly at the end of the MCO by about
3°C and then cooled further by ~ 3 °C around 11 Ma. The
cooling SST coincided with the increase in POC in our sed-
imentary record. Low levels of POC in the period prior to
the MCO (Fig. 2) provide further evidence that surface wa-
ter warmth is an important factor in POC burial — i.e., that
limited POC burial is not restricted to the MCO.

Modeling of carbon isotope distributions from
foraminifera dwelling at different depths (see John et
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al., 2014, for details regarding the Eocene) and observations
of plankton distributions suggest that POC degradation
occurs primarily within the surface ocean layer, above
1000 m. Supplemental material from Boscolo-Galazzo et
al. (2021) showed that there were much steeper §'3C depth
gradients in older time intervals, modeling much shallower
depths for POC degradation and a sharper O, minimum
than in the Holocene. Using their temperature-dependent
model at Site U1338, located in the equatorial Pacific,
the flux of particulate POC passing through 600m is 3 to
4 times greater in the Holocene, relative to 15 Ma, for the
same level of primary productivity. Similarly, we observe a
3—4-fold increase in POC sediment content over the same
time interval at Site U1338. If this reflects degradation in the
water column, a much smaller POC flux was sequestered in
abyssal waters during the warm MCO climate compared to
modern conditions. In other words, warm conditions caused
a weaker biological pump.

In the modern ocean, however, the POC content of partic-
ulate rain that arrives at the abyssal sea floor is significantly
larger than the POC content buried in surface sediments, as
noted previously in sediment trap studies. The particulate
rain captured in deep sediment traps within the equatorial
Pacific region (£5° of the Equator) contains about 5 % POC
(Table 5 of Honjo et al., 1995). This value is an order of mag-
nitude higher than the POC concentrations found in surface
sediments, which range between 0.23 % and 0.33 % (Mur-
ray and Leinen, 1993). Lower POC MARs away from the
Equator reflect the lower particulate rain rates away from the
Equator, not the lower POC content in particulate rain. Dif-
ferences between CaCO3 rain and biogenic SiO; (bio-SiO3)
rain were observed but did not strongly affect the total POC
preserved. During the Holocene, productivity apparently af-
fected the rate of deposition of particulate rain but did not
influence its composition as much. We should be mindful of
the role that the upper water column plays in determining
both the magnitude of the biological pump and the level of
POC content in sediments.

We note that for the period after the MCO, our data
show an overall increase in the ratio of POC to BaSQy,
particularly during periods previously identified as high-
productivity events. For example, at Site U1338 (Fig. 2c¢),
where we have the best record, the POC:BaSO, ratio is
greatest during the Late Miocene Biogenic Bloom (Dickens
and Owen, 1999; Diester-Haas et al., 2005; Lyle and Baldauf,
2015; Drury et al., 2017; Lyle et al., 2019; Karatsolis et al.,
2022).

5.3.4 Hypothesis 4: a change in proxy relationships for
productivity changes estimates of
paleoproductivity

Another hypothesis worth considering is that during the
MCO, there was a change in the response of the proxy com-
pared to the expected modern response. For example, di-
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atom deposition or POC : BaSO4 might have behaved dif-
ferently with respect to POC production. Under these con-
ditions, there may have been lower actual POC export to the
interior ocean than indicated by the proxy, minimizing the
deposition of POC without indicating lower productivity. We
believe that there is some likelihood that the relationship be-
tween the export of particulate POC from the euphotic zone
and other biogenic components may be somewhat different
under warm Earth conditions, but we propose that these dif-
ferences result primarily from relative changes in POC con-
sumption in the upper water column.

Dymond and Collier (1996) described how POC rained
out of the modern equatorial Pacific in relation to Ba. They
found that lower levels of particulate POC rain away from
the Equator corresponded to a much lower ratio of POC to
Ba (~ 30). In contrast, this ratio has a value of ~ 150 near
the Equator, where POC rain was high. The data suggest
the relatively rapid formation of Ba in microenvironments
within particulate rain, followed by a loss of POC relative
to Ba. There is more complete consumption of POC in the
surface ocean, where the POC flux is lower. The POC-to-
Ba ratios found in sediments (Fig. 2) are much lower due to
the high degradation of POC at the sea floor relative to Ba
before burial (a > 20x reduction for POC vs. a ~ 3x reduc-
tion for Ba). However, the amount of Ba fixed in microenvi-
ronments depends on the Ba composition of seawater. In the
modern oceans, Ba rain is significantly lower in the Atlantic
than in the Pacific relative to POC, due to the lower levels of
dissolved Ba in the Atlantic (Dymond and Collier, 1996).

If modern observations across the equatorial region are
consistent with changes that might occur in a warm inter-
val like the MCO, we expect there to be lower levels of POC
in particulate rain relative to Ba. Conceivably, then, the POC
rain might slow down, even though the Ba flux did not. This
could happen if dissolved Ba is fixed into barite (BaSO4) rel-
atively early in the rain of particulates, such that later degra-
dation of POC only affects the POC : BaSOj ratio as it leaves
the surface waters (Fig. 3). However, the POC MAR resem-
bles the opal MAR to a certain extent after the end of the
MCO, indicating that the POC MAR has a profile similar to
that of a different proxy for productivity when surface waters
cool. Perhaps the presence of diatoms causes a more effective
transport of particulate POC to the sea floor.

In time series for Site U1338, we find significant, non-
random changes in the ratio of POC to Ba, associated with
apparent changes in productivity (Fig. 3). Specifically, high
POC : BaSO4 ratios are associated with the Late Miocene
Biogenic Bloom and with a period around 12 Ma that also
shows high levels of biogenic Si and CaCO3 deposition.
These time series show that biogenic components have in-
dividual processes that lead from creation to burial, mean-
ing care needs to be taken to quantitatively ascribe a certain
level of primary productivity to the remains found in the sed-
iments. Nevertheless, the lack of POC response during the
MCO likely results from upper-water-column processes.
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6 Conclusions

In earlier work, we found that warm Earth conditions during
the Eocene were marked by very low levels of POC burial
(Olivarez Lyle and Lyle, 2005, 2006). In this study, we show
that warm Earth conditions during the early Miocene and
the Miocene Climate Optimum were also characterized by
low levels of POC burial compared to the later sedimentary
record. These low levels are represented both in the weight
percentage of POC and in POC MARs, as well as in the
low ratios of POC relative to other, better-preserved biogenic
components (such as BaSQy), despite the relatively high de-
position of other paleoproductivity proxies (such as biogenic
silica). We formed four hypotheses to explain the low POC
levels during the MCO — lower productivity, higher degra-
dation in the lower water column, higher degradation in the
upper water column, and a change in the relationships be-
tween proxies — and rejected all of them except for higher
degradation in the upper water column.

Our data suggest that POC is preferentially removed in the
upper water column, indicating a “short circuit” in the bio-
logical pump under extreme global warmth once the ocean
equilibrates. We observe that the average POC content of
equatorial Pacific sediments from the MCO, the warmest
Miocene interval, was about 0.04 %, which is 5 times lower
than that of modern surface sediments (0.2 % to 0.3 %; Mur-
ray and Leinen, 1993). POC in modern surface sediments is
roughly proportional to the rain of POC that reaches the sea
floor (as measured by near-bottom sediment traps). During
the MCO, it appears that ~ 5 times less POC reached the sea
floor, likely caused by higher metabolic degradation in sur-
face waters.

While the proportion of particulate POC rain to POC
burial is an oversimplification of early diagenesis in pelagic
environments, it is an example of how the pelagic sedimen-
tary environment responds to warm Earth conditions. Bet-
ter diagenetic models accounting for low sedimentation rates
and oxic conditions might improve our ability to hindcast
particulate rain from the past. Clearly, however, there is a
sedimentary response to these processes in the water column.
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