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Althoughmarine productivity is a key parameter in the global carbon cycle, reliable estimation of productivity in
ancientmarine systems has proven difficult. In this study,we evaluate the accumulation rates of three commonly
used proxies for productivity froma set of primarily Quaternary sediment cores at 94marine sites, compiled from
37 published sources. For each core, mass accumulation rates were calculated for total organic carbon (TOC), or-
ganic phosphorus (Porg), and biogenic barium (Babio). Calculatedmass accumulation rateswere compared to two
independent estimates ofmodern regional primary productivity and export productivity, aswell as to twopoten-
tial controlling variables, bulk accumulation rate (BAR) and redox environment. BAR was found to exercise a
strong control on the preservation of organic carbon. The linear regression equations relating preservation factor
to BAR can be transformed to yield equations for primary and export production as a function of TOC and BAR,
two variables that can be readily measured or estimated in paleomarine systems. Paleoproductivity can also be
estimated fromempirical relationships between elemental proxyfluxes andmodern productivity rates. Although
these equations do not attempt to correct for preservation, organic carbon and phosphorus (but not barium) ac-
cumulations rates were found to exhibit a systematic relationship to primary and export production. All of the
paleoproductivity equations developed here have a large associated uncertainty and, so, must be regarded as
yielding order-of-magnitude estimates.
Relationships between proxy fluxes and BAR provide insights regarding the dominant influences on each ele-
mental proxy. Increasing BAR exerts (1) a strong preservational effect on organic carbon that is substantially larg-
er in oxic facies than in suboxic/anoxic facies, (2) a weak clastic-dilution effect that is observable for organic
phosphorus (but not for organic carbon or biogenic barium, owing to other dominant influences on these prox-
ies), and (3) a large negative effect on biogenic barium that is probably due to reduced uptake of barium at the
sediment–water interface. These effects became evident through analysis of our globally integrateddataset; anal-
ysis of individual marine sedimentary units most commonly reveals autocorrelations between elemental proxy
fluxes and BAR as a result of the latter being a factor in the calculation of the former. We conclude that organic
carbon and phosphorus fluxes have considerable potential as widely useful paleoproductivity proxies, but that
the applicability of biogenic barium fluxes may be limited to specific oceanic settings.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Organic productivity is a fundamental parameter of all marine ecosys-
tems, playing a pivotal role in ecological dynamics, environmental redox
conditions, and the cycling of carbon, nitrogen, phosphorus, and other nu-
trient elements. In the modern open ocean, the main primary producers
are single-celled phytoplankton in the surface mixed layer (Levinton,
2008). Some phytoplankton, e.g., calcareous coccolithophores and sili-
ceous diatoms, produce mineralized tests whose fluxes to the sediment
can be used as productivity proxies (e.g., Kinkel et al., 2000; Rageneau
et al., 2000). Although biogenic sediments are common in the Paleozoic
and early Mesozoic pelagic ocean, mainly as radiolarites (e.g., Hori,
1992; Algeo et al., 2010), mineralized phytoplankton did not become
common until the Triassic, and phytoplankton tests did not become a
dominant component of marine sediments until the Cretaceous (Martin,
1995; Ridgwell, 2005). Even in the modern ocean, many marine algae
lack mineralized tests (Tomas, 1997) and contribute only amorphous or-
ganicmatter (AOM) to the sediment (Taylor et al., 1998). In regions dom-
inated by non-mineralized algae, productivity has been estimated on the
basis of geochemical proxies such as total organic carbon (TOC), organic
phosphorus (Porg), and biogenic barium (Babio) (Tribovillard et al., 2006;
Calvert and Pedersen, 2007).

The utility of TOC, Porg, and Babio as paleomarine productivity proxies
depends on a dominantly marine source of organic matter and favorable
conditions for preservation in the sediment. Carbon and phosphorus
have the advantages of beingmajor components ofmarine algal biomass
and having few other sources in open-ocean settings. The only other sig-
nificant source of either component tomarine sediments is terrestrial or-
ganic matter, which is prevalent mainly in coastal areas (Hedges and
Parker, 1976; Showers and Angle, 1986). Preservation factors (PFs) for
organic carbon (i.e., the fraction of primary production preserved in the
sediment) can be as high as 30% in reducing facies but are commonly
far lower (≤1%) in oxic facies (Canfield, 1994; Tyson, 2005). On the
other hand, burial efficiencies (BE; i.e., the fraction of the organic carbon
sinking flux preserved in the sediment) are typically in the range of 10–
50% (Canfield, 1994; Tyson, 2005) and, thus, can be more reliably esti-
mated for paleomarine systems (Algeo et al., 2013). Porg is preferentially
recycled back into the water column under reducing conditions (Van
Cappellen and Ingall, 1994) but can be effectively retained within the
sediment under oxic to suboxic conditions (Föllmi, 1996; Algeo and
Please cite this article as: Schoepfer, S.D., et al., Total organic carbon, organ
productivity, Earth-Sci. Rev. (2014), http://dx.doi.org/10.1016/j.earscirev.2
Ingall, 2007). The utility of Babio as a productivity proxy is ascribed
to the close relationship between the production of authigenic barite
and the decay of organic matter in contact with seawater, which is
the source of Babio (Paytan and Griffith, 2007). An advantage of this
proxy is that the mineral barite is relatively resistant to dissolution
under oxic to suboxic conditions, providing a means of estimating
export production in non-reducing paleomarine systems. Because
of the incomplete preservation of all of these components in marine
sediments, estimates based on measured concentrations represent
minimum values of both primary productivity (i.e., the flux of carbon
fixed from the atmosphere into the surface ocean) and export pro-
ductivity (i.e., the flux of carbon from the surface mixed layer to
the thermocline region of the ocean).

In this contribution, we undertake an analysis of TOC, Porg, and Babio
fluxes inmodernmarine settingswith the goal of evaluating their utility
as paleoproductivity proxies. To this end, we (1) calculated the fluxes of
TOC, Porg, and Babio in a range of modern marine settings, (2) compared
these data with estimates of primary and export productivity for each
setting, and (3) evaluated the relative influences of productivity versus
preservation (which is closely related to sediment bulk accumulation
rates) on the accumulation of TOC, Porg, and Babio.

In a companion paper in this volume by Shen et al. (in review), the
findings of the present study are applied to an analysis of productivity
variations during the Permian–Triassic transition, the most severe biodi-
versity crisis of the Phanerozoic (Erwin et al., 2002).Whilemarine anoxia
is widely agreed to have played a major role in the extinction (Isozaki,
1997; Wignall and Newton, 2003), models suggest that this could not
haveoccurredwithout a substantial increase inmarine export production
(Hotinski et al., 2001; Winguth and Winguth, 2012).

2. Paleoproductivity proxies

2.1. General considerations

A variety of geochemical proxies have been used to reconstruct past
changes in biological productivity, includingmethods based on C and N
isotopes, organic biomarkers, and trace metal (Cu, Ni, Cd, Zn) abun-
dances (see reviews in Tribovillard et al., 2006; Calvert and Pedersen,
2007). Each proxy is affected by a host of environmental factors such
as temperature, redox conditions, and ocean circulation, in addition to
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
014.08.017
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factors that influence the composition and structure of marine ecosys-
tems (Tribovillard et al., 2006). Since all paleoproductivity proxies are
subject to substantial uncertainties and no single proxy is inherently re-
liable under all conditions, it is generally advisable to make
paleoproductivity estimates based on multiple proxies (Averyt and
Paytan, 2004). In this study, we focus on TOC, Porg, and Babio, which
are among the most widely used paleoproductivity proxies.

Inferences concerning productivity in paleomarine systems are com-
monly based on fluxes rather than concentration data (e.g., Algeo et al.,
2011, 2013). The amounts of TOC, Porg, and Babio in a sedimentary succes-
sion are not good proxies for productivity because minor-component
concentrations are strongly influenced by site-specific sediment
accumulation rates, and changes in the flux of diluents (e.g., clay min-
erals, or biogenic carbonate or silica) can result in variation in component
concentrations in the absence of any actual changes in productivity. The
most robust method of productivity reconstruction therefore requires
the construction of an age-depth model for each study site, and the sub-
sequent conversion of concentration data to flux estimates. Age-depth
models can be constructed on the basis of radiogenic isotopic dates
(Winckler et al., 2005), astronomical tuning (Algeo et al., 2011), or, at a
coarser temporal resolution, average sedimentation rates for entire geo-
logic stages or substages (Algeo et al., 2013). Although absolute
productivity estimates are inherently uncertain owing to the multitude
of factors that influence preservation, secular variation in proxy fluxes
at a single locale often can provide reliable information about how pro-
ductivity has changed locally through time.
A B

Fig. 1. Schematic illustrating fluxes from the surface ocean to the sediment of (A) organic carbon
offluxes. Cdetr= detrital organic carbon, Corg= primarymarine organic carbon; Pdetr = detrita
(e.g., francolite), Pbio= biogenic P (fish teeth, bones, scales, conodont elements); Badetr= detri
1996; Dymond et al. 1992; Paytan and McLaughlin, 2007; Kraal, 2010).

Please cite this article as: Schoepfer, S.D., et al., Total organic carbon, organ
productivity, Earth-Sci. Rev. (2014), http://dx.doi.org/10.1016/j.earscirev.2
2.2. Total organic carbon (TOC)

Organic carbon, representing the single largest constituent of organ-
icmatter, provides themost direct proxy for productivity (Pedersen and
Calvert, 1990; Canfield, 1994; Tyson, 2005; Zonneveld et al., 2010). Pri-
mary producers in the photic zone take up CO2 from the atmosphere to
form organic matter via photosynthesis (Fig. 1A). A substantial portion
of carbon fixed via photosynthesis (primary productivity) is recycled
within the ocean-surface mixed layer (which varies spatially and tem-
porally, but is generally from tens to a few hundreds of meters deep),
while the remainder sinks into the thermocline and deep ocean as
necromass and fecal pellets. The flux of organic carbon leaving the
ocean-surface layer (known as ‘export production’) can be expressed
as a fraction of total primary productivity, i.e., the pe (particle export)
ratio sensu Dunne et al. (2005). The f-ratio, referring to the proportion
of productivity fueled by exogenous nutrient inputs, is used inter-
changeably with ‘pe ratio’ in some studies (e.g., Eagle et al., 2003), as
these terms are expected to be equal under steady-state conditions.
This parameter varies widely in themodern ocean as a result of varying
nutrient availability, plankton community structure, and ballasting by
inorganic sediment components, and, therefore, shows little predictable
geographic variation (Dunne et al., 2005).

Most of the organic carbon in sediments comes from sinking parti-
cles of organic material produced in the surface ocean, together with a
component of terrigenous organic carbon in somemarginal marine set-
tings (e.g., Goñi et al., 1997; Opsahl and Benner, 1997). In most marine
C

, (B) organic phosphorus, and (C) biogenic Ba. Arrowwidth shows the relativemagnitude
l P (in silicates and otherminerals), Porg= organic P, PFe= Fe-bound P, Pau= authigenic P
tal Ba, Bacarb= Ba in carbonate facies, BaFe= Fe-bound Ba (based on Filippelli andDelaney,

ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
014.08.017
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systems, the bulk of the organicmaterial exported from the surface ocean
is decomposed by bacterial respiration before reaching the sediment
(Deuser, 1971; Opsahl and Benner, 1997). A relatively small fraction of
primary production (generally ~0.1% to 10%) survives to be deposited at
the sediment–water interface (Müller and Suess, 1979; Canfield, 1994;
Hedges and Keil, 1995), and a substantial portion of this organic matter
is subsequently lost to anaerobic respiration via (i) denitrification, (ii)
manganese, iron, or sulfate reduction, or (iii) methanogenesis after burial
in the sediments (e.g., Fig. 1A; Froelich et al., 1979).

Many studies of modern and ancient marine sediments have used
total organic carbon (TOC) to reconstruct primary productivity
(e.g., Pedersen and Calvert, 1990; Canfield, 1994; Kuypers et al., 2002;
Algeo et al., 2013; Felix, 2014). However, the measured TOC content of
sediments is a function not only of primary productivity but also: 1) pe
ratio, 2) preservation of organic carbon in the water column and during
diagenesis, and 3) dilution of organic carbon by lithogenic or biogenic
components in the sediment (Canfield, 1994; Tyson, 1995, 2001, 2005).
Since organic carbon is typically a minor component of marine sedi-
ments and only a small fraction of primary production is preserved,
small changes in the PF of organic carbon can have a major effect on
the TOC content of the sediment (Tyson, 2005). Aerobic respiration of
organic material by bacteria is the most efficient form of carbon
remineralization (Fig. 1A), and sediments underlying an oxic water col-
umn may have a low TOC content even if surface-water productivity is
high (Berner and Raiswell, 1983; Berner, 1984). Organic matter preser-
vation is enhanced byminimizing the exposure of organicmaterial to ox-
ygen through (1)more reducing bottom-water conditions, and (2)more
rapid sedimentation. Both of these conditions result in more rapid pas-
sage of organic matter through the zone of aerobic respiration, in
which decay is rapid, and into the zone of anaerobic respiration, in
which decay is approximately an order of magnitude slower (Simon
et al., 1994; Bastviken et al., 2004).

Organic carbon accumulation rates and preservation factors show a
strong positive correlation with sedimentation rates in the modern
ocean, in which oxic bottom-water conditions predominate (Tyson,
2005). Carbon accumulation rates in suboxic and anoxic regions,
which may be a better analog for many paleomarine systems, show
less of a dependence on sedimentation rates, probably because oxygen
exposure and preservation rate are less of a control on sediment TOC
content under such conditions. The convergence of these trends at
~103.1 gm−2 yr−1 (Tyson, 2005) suggests that little to no aerobic respi-
ration occurs below the sediment–water interface at bulk accumulation
rates higher than this value (Algeo et al., 2013). High sedimentation
rates also have the potential to dilute the OC flux to the sediments,
and in environments where the predominant phytoplankton groups
have mineralized tests, ‘autodilution’ may occur, where variations in
the fluxes of OC and biogenic diluents reflect the same fluctuations in
primary productivity. Although enhanced preservation appears to be
the predominant effect of high sedimentation rates in the modern
ocean, high-TOC sediments deposited in reducing paleomarine systems
may reflect periods of slow sediment accumulation (Betts and Holland,
1991; Tyson, 2001, 2005; Algeo and Heckel, 2008).

In addition to water-column redox conditions and sedimentation
rates, other factors related to sediment properties and depositional en-
vironmental conditions can have a large influence on the preservation
of organic matter (Pedersen and Calvert, 1990; Canfield, 1994). Biotur-
bation of the sediments bymacrofauna or physicalmixing processes can
increase the exposure of organic material to oxygen during burial. On
the other hand, exposure to H2S in reducing porewater environments
can contribute to the formation of sulfidized organic compounds that
are relatively more resistant to degradation (Tribovillard et al., 2004;
Zonneveld et al., 2010). In some paleomarine systems, organic content
also shows a strong relationship to mineral surface area (ametric large-
ly dependent on clay-mineral, especially smectite, content), suggesting
that adsorption to clay mineral surfaces may be an important mecha-
nism of organic carbon preservation (Kennedy et al., 2002; Kennedy
Please cite this article as: Schoepfer, S.D., et al., Total organic carbon, organ
productivity, Earth-Sci. Rev. (2014), http://dx.doi.org/10.1016/j.earscirev.2
and Wagner, 2011; Kennedy et al., 2014). These parameters are not in-
dependent and can interact in synergistic ways to promote preservation
or decomposition of organic material. For example, clay-rich sediments
tend to have low permeability, which is likely to promote a reducing
porewater environment and, hence, sulfidization.

The processes discussed above reflect the chemical, physical, and
ecological conditions in the surface layer, water column, and sediments
during formation and deposition of organic matter. Late diagenetic pro-
cesses can also affect TOC content through loss of carbon during thermal
maturation. Temperature appears to be the singlemost important factor
in the loss of organic matter from sediments during late burial diagene-
sis (Raiswell and Berner, 1987). The maximum burial temperature can
be estimated for paleomarine systems by vitrinite reflectance, conodont
alteration index, or a number of other methods, and the original TOC
content before thermal maturation potentially can be back-calculated
(Daly and Edman, 1987; Skjervoy and Sylta, 1993; Peters et al., 2006;
Modica and Lapierre, 2012; Algeo et al., 2013).

In order to generate paleoproductivity estimates from the burial flux
of organic carbon (Fig. 1A), one or more transform function(s) are re-
quired to account for organic carbon losses within the water column
and sediment (e.g., Algeo et al., 2013). Organic carbon losses due to dia-
genetic processes within the sediment can be estimated with relative
confidence, yielding an estimate of the sinking flux of organic carbon
(i.e., its rate of delivery to the sediment–water interface). Organic
carbon losses within the thermocline and deep layers of the ocean are
somewhat less predictable, although relationships to water depth
(e.g., Suess, 1980; Sarnthein et al., 1988; Antia et al., 2001) can be
used to estimate export production from the organic carbon sinking
flux. However, burial efficiency, which is dependent on sedimentation
rate, appears to account formore variation in sediment TOC than organ-
ic carbon sinking flux, which is dependent onwater depth (Felix, 2014).
On the other hand, the substantial and unpredictable variability of pe ra-
tios makes reliable estimation of primary productivity from the organic
carbon sinking flux impossible in most paleomarine systems (Dunne
et al., 2005; Algeo et al., 2013). Fortunately, the export production
parameter is of considerable interest in paleomarine studies, as it is di-
rectly related to benthic ecology and redox conditions.

2.3. Organic phosphorus (Porg)

Phosphorus is an essential nutrient for marine phytoplankton
growth, being a structural and functional component of all organisms
(Redfield, 1958). It is present in seawater in both dissolved and particu-
late forms (Paytan and McLaughlin, 2007). The dissolved fraction in-
cludes inorganic phosphorus (generally in the soluble orthophosphate
form) and macromolecular colloidal phosphorus. Particulate P includes
organic Pwithin living and dead plankton aswell as bioapatite (e.g., fish
teeth and scales, conodont elements), precipitates of authigenic phos-
phorus minerals, and phosphorus adsorbed to particulates (e.g., iron-
bound P) (Filippelli and Delaney, 1996; Schenau et al., 2005; Paytan
and McLaughlin, 2007; Kraal, 2010).

Organic matter is the ultimate source of most P in marine sediments
(Fig. 1B; Ingall et al., 1993), whereas detrital P (i.e., in terrigenous sili-
cates and other minerals) generally comprises b20% of total P (Fig. 2;
Algeo and Ingall, 2007). As a consequence, total P is commonly used as
a proxy for organically derived phosphorus (‘Porg’ in this study)
(e.g., Algeo and Ingall, 2007). Bioapatite is usually also a minor compo-
nent of marine sediment but can represent a substantial portion of the
burial flux of phosphorus flux in some highly productive upwelling set-
tings (Schenau et al., 2005; Díaz-Ochoa et al., 2009). In the oxygenated
modern ocean,most organic P is remineralized after burial, and a consid-
erable fraction of organic and Fe-bound P is released to sediment
porewaters, most of which (N90%) subsequently diffuses back into the
overlying water column (Benitez-Nelson, 2000). However, some of the
released P is retained in the sediment and ultimately incorporated into
authigenic mineral phases such as francolite, a carbonate fluorapatite
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
014.08.017
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Fig. 2. Diagenetic changes in sedimentary P phases with time in (A) anoxic facies and
(B) oxic–suboxic facies.
Adapted from Filippelli and Souch, 1999; Kraal, 2010.
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mineral (Fig. 2; Filippelli and Delaney, 1996; Filippelli and Souch, 1999;
Algeo and Ingall, 2007). As a consequence, the depositional flux of P
adsorbed to Fe-oxyhydroxides can be comparable to that associated
with organic matter in continental shelf deposits (Filippelli, 2001).

Unlike TOC, whose burial efficiency depends primarily on preserva-
tion of the original sedimentary component (organic material), the
burial efficiency of P is a function of several diagenetic processes affect-
ing the fate of P in sediment porewaters after regeneration (Ingall and
Van Cappellen, 1990; Ingall and Jahnke, 1997; Vink et al., 1997). The ef-
ficacy of these processes in retaining P within the sediment depends
strongly on bottom-water oxygen concentrations, with oxygenated
sites promoting phosphorus retention more strongly than anoxic sites
(Fig. 1B; Gächter and Müller, 2003; Ingall et al., 2005). Under oxic con-
ditions, remineralized organic P is retained through a combination of
processes, including adsorption onto and complexation with metal
oxyhydroxides, as well as biological sequestration in polyphosphates
(Filippelli, 2001; Tribovillard et al., 2006; Díaz et al., 2008). These P-
trapping mechanisms can result in porewater P concentrations reaching
saturation, leading to precipitation of authigenic phosphate minerals
that, once formed, are stable in the burial environment (Fig. 2; Kraal,
2010). The dominant mechanism for P retention may be adsorption
onto Fe-oxyhydroxides, with redox cycling of the latter within the
sediment resulting in multiphase adsorption and release of P
(Tribovillard et al., 2006). Under reducing conditions, iron is likely to be
in the form of dissolved ions rather than oxyhydroxide particles, and a
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less active benthic microbiota is less likely to form dissolved ortho- and
polyphosphate ions (Díaz et al., 2008). As a result, P released to sediment
porewaters under reducing conditions has a greater potential to diffuse
back into the overlying water column (Ingall et al., 2005). However,
some sulfide-oxidizing bacteria can form apatite and immobilize
porewater P under anoxic conditions,whichmay be important to the for-
mation of phosphorites in upwelling zones (Goldhammer et al., 2010).

Phosphorus accumulation rates have been used as a productivity in-
dicator in bothmodern (Schenau and De Lange, 2001) and ancient sed-
iments (Compton et al., 1990; Schenau et al., 2005). However, caremust
be taken to understand potential interactions between productivity and
bottom-water redox conditions. High P accumulation rates coincided
with periods of high productivity in the Quaternary Arabian Sea despite
a concurrent decrease in P burial efficiency (Fig. 3; Schenau et al., 2005).
High P accumulation rates also coincided with the onset of organic sed-
imentation during the Cenomanian–Turonian oceanic anoxic event
(OAE2), suggesting that P accumulation mirrored productivity changes
until intense bottom-water anoxia hindered P retention (Mort et al.,
2007). As a result of complex interactions between productivity, redox
conditions, and burial efficiency, P accumulation rates cannot be as-
sumed to have a linear relationshipwith primary or export productivity
(Tribovillard et al., 2006).

Phosphorites in the sedimentary record typically coincide with high
organic carbon content and have been linked to high-productivity re-
gions such as upwelling zones (Föllmi, 1996; Goldhammer et al.,
2010). The Permian Phosphoria Formation of the northwestern United
States has been linked to a productive coastal upwelling system imping-
ing on a shallow, semi-restricted shelf embayment (Hiatt and Budd,
2003), and the few regions of themodern oceanwhere phosphorite for-
mation has been observed are closely linked to coastal upwelling
(Bremner and Rogers, 1990; Rao and Lamboy, 1995). However, phos-
phorites also can be produced (or enhanced) through physical sedimen-
tary processes such aswinnowing (Föllmi, 1990). Among a large suite of
redox and productivity proxies, Brumsack (2006) found that P concen-
tration is one of the few metrics capable of distinguishing effectively
between organic-rich sediments formed in productive upwelling
zones versus ‘stagnant’ depositional basins such as the Black Sea, with
P being consistently more enriched in sediments of the former.
Brumsack (2006) concluded that P is one of themost robust andwidely
applicable productivity proxies.

2.4. Biogenic barium (Babio)

The chemical behavior and cycling of barium in seawater are now
fairly well understood (Ganeshram et al., 2003; Paytan and Griffith,
2007; Van Beek et al., 2007; Griffith and Paytan, 2012). Bariumhas a rel-
atively short residence time in seawater (~10 kyr; Dickens et al., 2003).
Its main source is river runoff, and its primary sink is burial of barite
(BaSO4) in marine sediments. A large part of the barite burial flux is de-
livered to the sediment–water interface by sinking organic matter
(Fig. 1C), leading to local Ba enrichment of the sediment. This fraction
is referred to as ‘biogenic barium’ (Babio), i.e., Ba associated with the
sinking flux of organic matter. Other sinks for seawater Ba include
adsorption onto aluminosilicate, carbonate, and ferromanganese
oxyhydroxide sedimentary phases (Dymond et al., 1992; Eagle et al.,
2003; Gonneea and Paytan, 2006).

The origin of Babio has been a matter of some controversy. Some
phytoplankton (Bertram and Cowen, 1997; Gonzalez-Muñoz et al.,
2012) and zooplankton (Rieder et al., 1982; Bernstein et al., 1992) as-
similate Ba intracellularly, which can yield concentrations substantially
exceeding that of seawater (Fisher et al., 1991). However, barite precip-
itation by marine organisms (Gooday and Nott, 1982; Bertram and
Cowen, 1997) or replacement of celestite (SrSO4) in acantharians
(Bernstein et al., 1992, 1998) are minor sources compared with
authigenic precipitation of barite within decaying organic matter
(Fig. 1B; Bishop, 1988; Van Beek et al., 2007). The operation of the latter
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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Fig. 3.Mass accumulation rates (MARs) for coreODP117-722B from theOwenRidge, Arabian Sea (16.62°N, 59.80° E,water depth 2022m). (A) Total organic carbon (TOC), (B) phosphorus
(P), (C) excess barium (Baxs, a proxy for biogenic barium Babio), and (D) d18O paleotemperature proxy data. Note glacial/interglacial cycles in productivity proxies; glacial intervals are
shaded. Oxygen isotopes were measured in the foraminifer Globigerinoides sacculifer. Phosphorus, barium, and aluminum concentration data are from Shimmield and Mowbray (1991)
and TOC data from Murray and Prell (1991). Babio was calculated using a Ba/Al ratio of 0.00475, based on a Ba-versus-Al crossplot. MAR was calculated based on the age model and
dry bulk density measurements of Murray and Prell (1991).
Data accessed through PANGAEA data portal bhttp://www.pangaea.deN.
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process is demonstrated by formation of barite throughout the oceanic
water column rather than in the photic zone alone (Van Beek et al.,
2007). Barite formation is commonly associated with the decay of
coccolithophore and diatom biomass; two phytoplankton groups that
are not known to precipitate barite intracellularly (Ganeshram et al.,
2003). The decay process results in the localized development ofmicro-
environments on organic particle surfaces, where Ba is concentrated via
adsorption onto Fe-oxyhydroxides (Sternberg et al., 2005), and where
the solubility product of barium (Ba+2) and sulfate (SO4

−2) exceeds
the equilibrium constant of barite (BaSO4), causing spontaneous nucle-
ation of barite crystals (Dehairs et al., 1980; Bishop, 1988; Dehairs et al.,
1992). This process is assisted by elevated concentrations of sulfate
within sinking organic particles due to oxidation of organic-derived sul-
fur compounds such as amino acids (Dymond and Collier, 1996) or re-
oxidation of H2S produced through bacterial sulfate reduction.

Seawater ismoderately undersaturatedwith respect to barite through
most of the global ocean, includingmost surfacewaters, although parts of
the deep ocean are supersaturated (Monnin et al., 1999). This pattern re-
flects the export of Ba from the ocean-surface layer in association with
sinking organic particles (Fig. 1C). Despite widespread undersaturation
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of seawater with respect to barite, particulate barite is nearly ubiquitous
in the world's oceans. Particulate barite is generally small (mean size
~1 μm) and is found in associationwith organic aggregates in surfacewa-
ters and as free particles in deep waters (Bishop, 1988; Dehairs et al.,
1990; Bertram and Cowen, 1997). However, formation of particulate bar-
ite is relativelymore vigorous in the deep ocean, where seawater is closer
to saturationwith barite, than in the ocean-surface layer and thermocline,
where lower saturation levels are found (Fig. 1C). Spatial gradients in Ba
concentration are found in the deep ocean as a consequence of export
of particulate barite from the North Atlantic to the North Pacific via the
global oceanic conveyor belt (Broecker, 1991).

Both Babio and barite have been used as a paleoproductivity proxy in
oceanographic studies of marine sediments of various ages, including
the Recent (Dehairs et al., 1987; Prakash Babu et al., 2002; Weldeab
et al., 2003), Quaternary (Paytan et al., 1996; Moreno et al., 2002;
Klöcker et al., 2006; Jaccard et al., 2013), Neogene–Paleogene (Latimer
and Filippelli, 2002; Anderson and Delaney, 2005; Paytan et al., 2007),
Cretaceous (Zachos et al., 1989; Bąk, 2007), and Paleozoic (Jewell, 1994;
Kasten et al., 2001). As a paleoproductivity proxy, barite has the advan-
tages of being relatively refractory and having a high burial efficiency
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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under oxic conditions (~30–50% of the Ba sinkingflux versus b10% for or-
ganic carbon and phosphorus) (Dymond et al., 1992; Paytan and Kastner,
1996; Balakrishnan Nair et al., 2005; Paytan and Griffith, 2007). Even in
reducing environments that are not conducive to barite preservation,
the high flux of biogenic Ba to the sediment–water interface nonetheless
can make it a useful paleoproductivity proxy (Falkner et al., 1993;
Thomson et al., 1995; Van Santvoort et al., 1996; Nijenhuis et al., 1999;
Martinez-Ruiz et al., 2000; Kasten et al., 2001; Prakash Babu et al., 2002;
Martinez-Ruiz et al., 2003; Scopelliti et al., 2004; Bąk, 2007).

The fate of particulate barite in the sediment is critical to its potential
utility as a paleoproductivity proxy. Barite is relatively insoluble under
oxidizing conditions and, hence, tends to be well preserved where
bottom-waters are oxygenated (Fig. 1C; Paytan and Kastner, 1996;
Balakrishnan Nair et al., 2005; Paytan and Griffith, 2007), although barite
particles are potentially subject to winnowing or corrosion (Dymond,
1981). However, barite in surficial sediments may dissolve when ex-
posed to anoxic porewaters from which the sulfate has been removed
by microbial activity (Van Os et al., 1991; Von Breymann et al., 1992;
McManus et al., 1994; Paytan and Kastner, 1996; Torres et al., 1996;
McManus et al., 1998, 1999; Schenau et al., 2001), a process which limits
the use of Ba as a paleoproductivity proxy in some modern continental
margin settings (Shimmield et al., 1994; Ganeshram et al., 1999). As re-
ducing conditions are widely present at shallow depths within marine
sediments, some loss of authigenic Ba during burial may be common
(Berelson et al., 1996). Comparison of water-column sediment-trap
with sediment data suggests that, on average, ~30% of the particulate
Ba flux to the seafloor is preserved in the open Pacific (Dymond et al.,
1992). However, this value varies widely (~10–70%) as a function of
bulk accumulation rate, with superior barite preservation associated
with higher sedimentation rates (Dymond et al., 1992). Once buried, bar-
ite particles tend to remain stable owing to the generally saturated con-
dition of sediment porewaters with respect to barite.

One issue of importance for the application of Babio as a paleo-
productivity proxy is whether seawater has remained saturated (or
nearly so) with respect to barite through time. If ancient seawater was
ever strongly undersaturatedwith respect to barite, then authigenic bar-
ite would not have accumulated in the sediment under any productivity
conditions. Seawater undersaturation with respect to barite could have
resulted from large-scale removal of sulfate to the sedimentary reservoir.
However, seawater has contained substantial quantities of dissolved sul-
fate since the Early Proterozoic, when oxidative weathering of sulfides
intensified due to rising atmospheric pO2 (Canfield, 2005). Even if sea-
water sulfate concentrations fell, as has occurred episodically during
the Phanerozoic (Lowenstein et al., 2001; Luo et al., 2010; Wortmann
and Paytan, 2012; Song et al., 2014), it is not certain that this would
have resulted in undersaturation with respect to barite. Because barite
is the dominant sink for Ba in seawater, any decrease in dissolved sulfate
concentrations would have been compensated by a rise in Ba2+ concen-
trations, maintaining an approximately constant solubility product for
barite. Therefore, it seems likely that the saturation level of barite in sea-
water has not varied greatly since possibly ~2 Ga.

2.5. Covariation among TOC, Porg, and Babio

Because no single proxy is inherently more reliable than others,
paleoproductivity assessments should generally be made on the basis
of multiple proxies (Averyt and Paytan, 2004). In manymodern marine
systems, the fluxes of TOC, Porg, and Babio (or authigenic barite) are
coupled (e.g., Figs. 3, 4), suggesting that—under conditions favoring
their preservation—all three components may serve as proxies for ex-
port productivity (Dymond et al., 1992; François et al., 1995; Dymond
and Collier, 1996; Jeandel et al., 2000; Weldeab et al., 2003; Fagel
et al., 2004; Balakrishnan Nair et al., 2005; Paytan and Griffith, 2007).
Furthermore, these proxies have been shown to exhibit significant sec-
ular covariation at glacial–interglacial timescales, e.g., in Late Quaterna-
ry marine sediments of the Arabian Sea (Fig. 3; Murray and Prell, 1991;
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Shimmield and Mowbray, 1991; Shimmield, 1992; Rostek et al., 1997;
Schultz et al., 1998) and the eastern tropical Pacific (Fig. 4; Lyle et al.,
1992; Gardner et al., 1997; Ganeshram and Pedersen, 1998; Murray
et al., 2000; Murray et al., 2012). However, attention must be paid to
the possibility that such covariation is linked to changes in the sedimen-
tation rate and provenance of lithogenic components that may influ-
ence Ba or Al concentrations (Weldeab et al., 2003).

In thewell-ventilatedmodern ocean, the fluxes of TOC, Porg, and Babio
vary strongly with water depth. These patterns reflect a preservational
control on organic carbon and phosphorus associated with depth-
dependent decay time and redox conditions. Remineralization rates of
organic carbon and phosphorus remain high until reaching the sedi-
ment–water interface, especially in well-oxygenated water columns
(Pace et al., 1987; Le Moigne et al., 2013). Rates of decay in anoxic
water columns are significantly lower (Canfield, 1994; Tyson, 2005). P-
bearing organic compounds are relatively more labile than non-P-
bearing compounds, as a consequence of which the TOC/P ratios of or-
ganic matter can change with increasing water depth and decay (Ingall
and Van Cappellen, 1990). In shallow delta and shelf environments,
TOC/P ratios are generally close to the canonical Redfield ratio (106:1)
owing to rapid sinking and burial of organic matter (Ruttenberg and
Goñi, 1997). On the upper continental slope (i.e., within the oxygen-
minimum zone, or OMZ), TOC/P ratios increase to a maximum of ~400
owing to preferential remineralization of P-bearing compounds and
lack of retention of P in the sediment under suboxic conditions (Ingall
and Van Cappellen, 1990; Schenau and De Lange, 2001). In the deep
ocean, TOC/P ratios can fall below the Redfield ratio owing to retention
of P within the sediment of oxic facies (Fig. 5A; Algeo and Ingall, 2007).

The depth dependence of Babio accumulation is a function of the rel-
ative saturation of barite in the water column. The deep ocean is closer
to saturation with respect to barite than the surface mixed layer and
thermocline, so particulate barite is more likely to precipitate within
and survive transit through deeper waters (Gingele and Dahmke,
1994; Van Beek et al., 2007). TOC/Babio varies systematically with
water depth in the modern ocean, especially below 1500 m (Fig. 5B;
Dymond et al., 1992; Schenau et al., 2001; Calvert and Pedersen,
2007). TOC/Babio ratios of 100–125 are typical of surface waters of the
pelagic ocean but decrease to ≤25 at abyssal depths (Dymond et al.,
1992). TOC/Babio ratios are somewhat higher in marginal marine envi-
ronments with high sedimentation rates, although the pattern of de-
creasing ratios with increasing water depth still prevails (François
et al., 1995; Dehairs et al., 2000; Schenau et al., 2001; Fagel et al.,
2004). This pattern is a consequence of the simultaneous decay of or-
ganic matter and formation of authigenic barite within sinking organic
aggregates. For this reason, sediments deposited above the OMZ on
shallow continental shelves may exhibit a tight coupling between TOC
and Babio that reflects the influence of productivitymore than preserva-
tion (see Section 2.6).

The ratios among TOC, Porg, and Babio can also vary along lateral tran-
sects, from continent margins to the deep ocean (François et al., 1995;
Dehairs et al., 2000). As a result, although organic carbon, phosphorus,
and biogenic barium often show covariation that is likely related direct-
ly to changes in primary productivity, the ratio of TOC to either of the
other two proxies can vary substantially, making it difficult to estimate
carbon export from Porg or Babio without additional information that
often can only be estimated in paleomarine systems.

2.6. Influences on paleoproductivity estimates

Two of the most important controls on organic matter preservation
and, hence, on paleomarine productivity estimates are (1) bottom-
water redox conditions (Canfield, 1994; Meyers, 1997), and (2) sedi-
ment bulk accumulation rates (BAR) (Tyson, 2005; Algeo et al., 2013).
Redox conditions generally exert a strong influence on the accumula-
tion of elemental productivity proxies in the sediment. For example,
the PF of organic carbon increases rapidly with decreasing dissolved
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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Fig. 4.Mass accumulation rates (MARs) for core TT013-PC72 from the tropical eastern Pacific (0.11° N, 139.40°W, water depth 4298m). (A) Total organic carbon (TOC), (B) phosphorus
(P), (C) excess barium (Baxs, a proxy for biogenic barium Babio), and (D) d18O paleotemperature proxy data. Note glacial/interglacial cycles in productivity proxies; glacial intervals are
shaded. Oxygen isotopes were measured in the foraminifer Cibicides wuellerstorfi. Phosphorus, barium, and aluminum concentration data are from Murray et al. (2000) and TOC data
from Murray et al. (2012). Babio was calculated using a Ba/Al ratio of 0.0065, based on average shale (PAAS, Taylor and McLennan, 1985). MAR was calculated based on the age model
of Murray et al. (2000) with dry bulk density estimated using the equation of Curry and Lohmann (1986).
Data accessed through SedDB data portal bhttp://www.earthchem.org/seddbN.
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oxygen concentration (Canfield, 1994), whereas those of Porg and Babio
generally decrease under the same conditions (Fig. 6). In contrast, the
refractory nature of barite in oxidizing environments may make it a
more effective recorder of productivity than TOC in oxicmarine systems
with low sedimentation rates. BAR also exerts a strong influence on the
accumulation of these elemental proxies, the preservation of which is
enhanced at higher sedimentation rates (Tyson, 2005). With increasing
BAR, the influence of benthic redox conditions on the accumulation of
TOC, Porg, and Babio becomes much less pronounced as a consequence
of rapid burial and reduced oxygen exposure time (Canfield, 1994;
Tyson, 2005).

The relative importance of redox versus productivity controls on or-
ganic matter accumulation may be distinguishable on the basis of pat-
terns of covariation among TOC, Porg, and Babio. In the redox-dominant
Please cite this article as: Schoepfer, S.D., et al., Total organic carbon, organ
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scenario, the accumulation of these components is more strongly influ-
enced by the differing preservation patterns of these proxies, resulting
in negative covariation of TOCwith Porg and Babio (Fig. 6A). This scenario
applies equally to oxidizing and reducing environments. In reducing en-
vironments, a high sinking flux of TOC commonly intensifies reducing
conditions through high biological oxygen demand, thus enhancing or-
ganic matter preservation and increasing the burial flux of organic car-
bon. In contrast, reducing conditions tend to diminish the burial fluxes
of Porg and Babio owing to reductive dissolution of Mn–Fe-oxyhydroxide
particles, thus releasing adsorbed P, and barite crystals, releasing Ba
(Tyson, 2005). On the other hand, oxidizing environments generally fa-
cilitate the preservation and retention of Porg and Babio within the sedi-
ment, whereas the burial efficiency of organic carbon is reduced owing
to greater aerobic remineralization (Tyson, 2005). In the productivity-
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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Fig. 5. (A)Molar (C/P)org ratios of sedimentary organicmatter; note differences betweenMississippi Delta and Gulf of Mexico shelf sediments (Ruttenberg andGoñi, 1997) versus Arabian
Sea slope sediments (Schenau andDe Lange, 2001). Amolar (C/P)org of 106:1 is the Redfield ratio formarine phytoplankton (Redfield, 1958). (B) Corg/Babio ratios of settling particles; note
differences between open-ocean (Dymond et al., 1992; François et al., 1995) and shelf-margin sites (François et al., 1995; Dehairs et al., 2000; Fagel et al., 2004). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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dominant scenario, the export of organic matter from the surface ocean
is themain factor influencing thefluxes of TOC, Porg, and Babio to the sed-
iment (Fig. 6B). Although preservational effects may alter the ratios of
these components, their sensitivity to changes in productivity imposes
a strong positive correlation among all proxies across the spectrum of
redox conditions (Tyson, 2005).

Examples of both redox- and productivity-dominant environments
can be found in Holocene and older marine systems, even within a sin-
gle type of environmental setting, e.g., OMZs in productive upwelling
regions. The Quaternary eastern tropical Pacific exemplifies a redox-
dominant system, in which Porg and Babio show strong positive covaria-
tion (r2= 0.74)with little relationship of either proxy to organic carbon
flux on glacial–interglacial timescales (Fig. 4; Murray et al., 2000, 2012).
A second example is the Benguela upwelling system, in which TOC and
Ba/Al covary negatively (Robinson et al., 2002; n.b., neither proxy shows
a consistent relationship to P). On the other hand, theQuaternary Arabi-
an Sea exemplifies a productivity-dominant system, in which TOC ex-
hibits strong positive covariation with both Porg and Babio (Fig. 3;
Reichart et al., 1997; BalakrishnanNair et al., 2005) despite possible dia-
genetic losses of Babio (Murray and Prell, 1991; Shimmield and
Mowbray, 1991). A second example of a productivity-dominant system
is the highly productive Chileanmargin upwelling system, inwhich TOC
covaries positively Ba/Al (Muñoz et al., 2012; n.b., P was not measured
in this study).

BAR is a second major factor influencing the accumulation of TOC,
Porg, and Babio. Organic carbon accumulation rates show a strong corre-
lationwith BAR (Müller and Suess, 1979), although the nature of the re-
lationship differs between fully oxic and fully anoxic environments
(Tyson, 2005). In oxic environments, higher BAR minimizes the expo-
sure time of organic matter to aerobic decay in the shallow burial
zone, increasing its BE (Hartnett et al., 1998; Iversen and Ploug, 2010).
While the labile fraction of organic carbon is degraded efficiently even
under anaerobic conditions (Henrichs and Reeburgh, 1987; Hulthe
et al., 1998; Kristensen and Holmer, 2001; Bastviken et al., 2004), the
residence time of the residual organic matter at the sediment–water in-
terface or in the shallow burial zone appears to be less of a control on
preservation where bottom-waters are anoxic (Tyson, 2001, 2005);
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this may be due to intrinsically slower degradation of refractory com-
pounds in the absence of oxygen (Benner et al., 1984; Colberg, 1988;
Schink, 1988; Ding and Sun, 2005), exclusion of bacteria-grazing proto-
zoa and macrofauna (Lee, 1992), adsorption to mineral surfaces
(Hedges and Keil, 1995; Henrichs, 1995) or a dependence of refractory
compound degradation on the overall sediment metabolic rate
(Canfield, 1994).

Higher BAR also enhances the BE of Babio, but for a different reason.
When burial is rapid, biogenic barite passes quickly into the zone of re-
ducing porewaters in which it tends to dissolve, but a relatively closed
diagenetic systemprevents diffusion of Ba2+ out of the sediment and fa-
cilitates its subsequent reprecipitation as a diagenetic barite phase
(Dymond et al., 1992).

In contrast to TOC and Babio, organic P does not appear to show a sim-
ple linear relationship to BAR. Ingall and Van Cappellen (1990) observed
that TOC:Porg ratios vary in a complex manner as a function of sedimen-
tation rate, with low and high rates (b2 and N1000 cmkyr−1) associated
with TOC:Porg of ~100–200 and intermediate rates (~10–250 cm kyr−1)
associated with TOC:Porg of ~500–800. The underlying control on this
pattern is not certain but possibly related to the interplay of sedimenta-
tion rateswith redox conditions. High TOC:Porg ratios are associatedwith
reducing environments (Algeo and Ingall, 2007),which tend tohave sed-
imentation rates between those of highly oxidizing environments in
open-ocean settings (low BAR) and those in continent–margin systems
(high BAR) (Ingall and Van Cappellen, 1990; Tromp et al., 1995).
Although TOC/Porg increases with burial depth, this largely reflects a
transfer of P from organic to authigenic phases, resulting in little change
in Corg/Ptotal ratios (Filippelli, 2001; Algeo and Ingall, 2007).

3. Methods

3.1. Compilation of modern sediment core database

Our primary goal in this study is to evaluate the robustness of the sed-
iment components TOC, Porg, and Babio as proxies for primary and export
productivity in paleomarine systems. To this end, we generated a data-
base containing (1) TOC, Porg, Babio, and Al concentrations for 5914
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
014.08.017

http://dx.doi.org/10.1016/j.earscirev.2014.08.017


B

A

Fig. 6. Inferred covariant relationships among fluxes (f) of Corg, Porg, and Babio as a function
of primary productivity (abscissa) and benthic redox conditions (ordinate). Curved lines
represent isofluxes, and arrows indicate direction of increasing fluxes. Theoretically, Corg
accumulation is favored by high productivity and reducing conditions, and Porg and Babio
accumulation by high productivity and oxidizing conditions. In the redox-dominant sce-
nario (A), redox variation exerts a stronger influence on proxy fluxes than productivity
variation (reflected in subhorizontal isoflux contours), resulting in negative covariation
between fCorg and fPorg or fBa-xs. In the productivity-dominant scenario (B), productivity
variation exerts the stronger influence (reflected in subvertical isoflux contours), poten-
tially allowing positive covariation among all three productivity proxies (e.g., along either
of the trends shown by colored arrows). See text for examples.
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individual samples from 94 sedimentary cores, representing a range of
oceanic localities and depositional environments (Fig. 7), and (2)modern
primary productivity estimates for the same 94 sites based on several
techniques (see Section 3.4). The cores used in this study are all of
Cenozoic (b65 Ma) and mostly of Quaternary (b2.4 Ma) age, allowing
for direct comparisons of sediment proxieswithmodern primary produc-
tivity data. The sediment geochemical data were compiled from 37 refer-
ences that are summarized in Table 1, which were either downloaded
from the online PANGAEA database (pangaea.de) or extracted from pub-
lished sources. To assess the effects of redox conditions on productivity
proxies, each sitewas assigned a redox classification based on its location.
Sites below the chemocline of the Black Sea, Cariaco Basin, and Saanich
Inletwere classified as anoxic (dissolvedO2=0mLL−1), those in upwell-
ing zones of the Arabian Sea and theWest African coast were classified as
suboxic (dissolved O2 N 0 to 2mL L−1), and the remaining (mainly open-
ocean) sites were classified as oxic (dissolved O2 N 2 mL L−1).

3.2. Calculation of organic P and biogenic Ba

We used organic phosphorus (Porg) rather than total phosphorus
(P or Ptotal) in our flux calculations in order to more accurately assess
biogenic P fluxes. We calculated Porg from total P by subtracting a
Please cite this article as: Schoepfer, S.D., et al., Total organic carbon, organ
productivity, Earth-Sci. Rev. (2014), http://dx.doi.org/10.1016/j.earscirev.2
detrital phosphorus fraction (Pdetr) estimated from each sample's Al
content as follows:

Porg
h i

¼ Ptotal½ �– Al½ � � P=Alð Þdetr: ð1Þ

We assumed a detrital P/Al ratio of 0.0087 based on the average P
and Al concentrations of upper continental crust (McLennan, 2001). Be-
cause detrital P comprised b5% of total P in all of the study units, minor
uncertainties regarding the choice of detrital P/Al ratio have little effect
on calculated Porg fluxes. Indeed, the calculated proportions of detrital P
are so small in most open-ocean settings as to be effectively negligible.
This calculation assumes that all non-detrital P was ultimately derived
from marine phytoplankton biomass. This inference is generally true
of P adsorbed onto Fe-oxyhydroxides or preserved in authigenic phos-
phate (Kraal, 2010), but it does not take into account P contributions
from biogenic fluorapatite, e.g., fish scales and bones (Pbio in Fig. 1B),
which may be quantitatively important in some samples (Fig. 2).

Biogenic Ba was determined by calculating the amount of barium in
excess (Baxs) of the expected detrital Ba concentration (Badetr) as fol-
lows:

Baxs½ � ¼ Batotal½ �– Al½ � � Ba=Alð Þdetr: ð2Þ

We assumed that Babio is equivalent to Baxs, i.e., that all non-detrital
Ba is biogenic in origin, although a small fraction of non-detrital Ba may
derive from Ba adsorbed onto carbonates or ferromanganese
oxyhydroxides. These adsorbed fractions may be quantitatively more
important in sediments from high-productivity zones such as the equa-
torial Pacific, where Ba in biogenic barite accounts for just ~70% of Baxs
(Eagle et al., 2003).

Because detrital Ba can represent a large fraction of total Ba (some-
times N50%), the choice of a suitable detrital Ba/Al ratio is important
for correct estimation of Babio. Although the influence of (Ba/Al)detr on
[Babio] is relatively minor in the abyssal oceanwhere sediments are pri-
marily biogenic, calculated values of [Babio] are quite sensitive to varia-
tion in (Ba/Al)detr in siliciclastic sediments from marginal marine
settings (Dymond et al., 1992). Compilations of crustal composition
data yield (Ba/Al)detr ratios between 0.005 and 0.010 (e.g., Taylor and
McLennan, 1985), which have been used to estimate Babio (or Baxs) in
many studies (Dymond et al., 1992; Nürnberg et al., 1997; Bonn et al.,
1998; Prakash Babu et al., 2002). However, a substantial fraction of Ba
in detrital sediments appears to be lost duringweathering and transport
in the terrestrial environment, yielding siliciclastic (Ba/Al)detr ratios
around 0.002–0.004 upon deposition in marine systems (Rutsch et al.,
1995; Reitz et al., 2004). Thus, commonly used (Ba/Al)detr ratios based
on average upper crustal compositions may overestimate (Ba/Al)detr
and underestimate Babio (or Baxs).

The accuracy of Babio estimates can be improved by using
formation-specific (Ba/Al)detr ratios. In modern marine systems,
this can be done by finding the intercept of an exponential regression
line on a Ba/Al vs. water depth crossplot (Klump et al., 2000; Pfeifer
et al., 2001) or by detailed modeling of various detrital contributions
in the area of interest (Pirrung et al., 2008). As these methods are dif-
ficult to apply to paleomarine systems, we used an approach based
on estimating (Ba/Al)detr ratios from Al vs. Ba crossplots, in which a
high concentration of samples along a line that passes through the ori-
gin is assumed to represent the detrital component of Ba (see Shen
et al., in review, for examples). This method yielded (Ba/Al)detr ratios
for specific study units ranging from0.0032 to 0.0046,which are consis-
tent with the siliciclastic Ba/Al ratios reported by Rutsch et al. (1995)
and Reitz et al. (2004). This method is conservative, since it assumes
that the samples with the lowest Ba/Al ratios contain no biogenic bari-
um. However, one must exercise caution in marine systems in which
productivity is high and strongly correlated with detrital input, and a
large proportion of barium is in the form of biogenic barite. In such
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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Table 1
Summary of sites used in this study. The n = column indicates the number of individual samples from each site. Estimates ofmodern productivity at a given sitewere based on the oceanic
provinces of Longhurst et al. (1995; see Table 2).

Site Location Latitude Longitude Water depth (m) n Redox
category

Longhurst et al.
(1995) province

Reference

1 ODP Leg 882 (Hole) Detroit Seamount 50.35 167.58 3244 105 Oxic PSAW Jaccard et al. (2009)
2 S-2 and AC-2 Shatsky Rise 33.36 159.13 3107 61 Oxic NPSW Amo and Minagawa (2003)
3 PC72 Abyssal Equatorial Pacific 0.11 −139.40 4298 312 Oxic PEQD Murray et al. (2000, 2012)
4 199-1218 Abyssal Equatorial Pacific 8.89 −135.67 4827.2 45 Oxic PNEC Lyle and Lyle (2005)
5 199-1218 Abyssal Equatorial Pacific 8.89 −135.67 4827.2 178 Oxic PNEC Lyle and Lyle (2005)
6 199-1218 Abyssal Equatorial Pacific 8.89 −135.67 4827.2 42 Oxic PNEC Lyle and Lyle (2005)
7 199-1218 Abyssal Equatorial Pacific 8.89 −135.67 4827.2 199 Oxic PNEC Lyle and Lyle (2005)
8 199-1218 Abyssal Equatorial Pacific 8.89 −135.67 4827.2 41 Oxic PNEC Lyle and Lyle (2005)
9 199-1218 Abyssal Equatorial Pacific 8.89 −135.67 4827.2 61 Oxic PNEC Lyle and Lyle (2005)
10 199-1219 Abyssal Equatorial Pacific 7.80 −142.02 5063.4 351 Oxic PNEC Lyle and Lyle (2005)
11 199-1218 Abyssal Equatorial Pacific 8.89 −135.67 4827.2 163 Oxic PNEC Lyle and Lyle (2005)
12 199-1218 Abyssal Equatorial Pacific 8.89 −135.67 4827.2 76 Oxic PNEC Lyle and Lyle (2005)
13 28-266 SE Indian Ocean ridge −56.40 110.11 4167 10 Oxic ANTA Moody et al. (1988)
14 32-310 Central Pacific seamount 36.87 176.90 3516 12 Oxic NPSE Moody et al. (1988)
15 62-463 Central Pacific seamount 21.35 174.67 2532 9 Oxic NPTG Moody et al. (1988)
16 7-62A Caroline Basin 1.87 141.94 2591 15 Oxic WARM Moody et al. (1988)
17 7-65 Abyssal Equatorial Pacific 4.35 176.99 6130 12 Oxic WARM Moody et al. (1988)
18 7-66A Abyssal Equatorial Pacific 2.38 −166.12 5293 8 Oxic WARM Moody et al. (1988)
19 85-572 East Pacific Rise 1.44 −113.84 3893 10 Oxic PEQD Moody et al. (1988)
20 89-586 Ontong-Java Plateau −0.50 158.50 2207 10 Oxic WARM Moody et al. (1988)
21 9-77 East Pacific Rise 0.48 −133.23 4291 16 Oxic PEQD Moody et al. (1988)
22 GPC-3 Abyssal Central Pacific 30.32 −157.67 5705 9 Oxic NPSE Moody et al. (1988)
23 Core MD97-2140 Caroline Basin 2.07 142.27 2547 237 Oxic WARM Thevenon et al. (2004)
24 138-844B East Pacific Rise 7.92 −90.48 3414.5 32 Oxic PNEC Filippelli and Delaney (1995)
25 138-846 East Pacific Rise −3.10 −90.82 3296 226 Oxic PEQD Emeis et al. (1995)
26 Hole 803D Ontong-Java Plateau 2.43 160.54 3410 20 Oxic WARM Filippelli and Delaney (1996),

Delaney and Filippelli (1994)
27 Hole 804B/C Ontong-Java Plateau 1.00 161.59 3861 15 Oxic WARM Filippelli and Delaney (1996),

Delaney and Filippelli (1994)
28 Hole 806B Ontong-Java Plateau 0.32 159.36 2520 9 Oxic WARM Filippelli and Delaney (1996),

Delaney and Filippelli (1994)
29 Hole 807A/C Ontong-Java Plateau 3.63 156.63 2806 24 Oxic WARM Filippelli and Delaney (1996),

Delaney and Filippelli (1994)
30 Hole 844 East Pacific Rise 7.92 −90.48 3415 35 Oxic PNEC Filippelli and Delaney (1996),

Delaney and Filippelli (1994)
31 Hole 846B East Pacific Rise 3.10 −90.82 3296 68 Oxic PNEC Filippelli and Delaney (1996)
32 Hole 851B East Pacific Rise 2.77 −110.57 3760 68 Oxic PEQD Filippelli and Delaney (1996)
33 Hole 34-319 Bauer Deep, SE Pacific −13.02 −101.52 4296 21 Oxic SPSG Dymond et al. (1977)
34 Aria-2 East Pacific Rise −19.42 −119.83 3654 6 Oxic SPSG Leinen and Graybeal (1986)
35 Aria-5 East Pacific Rise −19.40 −119.88 3680 4 Oxic SPSG Leinen and Graybeal (1986)
36 Aria-6 East Pacific Rise −19.39 −119.81 3600 6 Oxic SPSG Leinen and Graybeal (1986)
37 Aria-8 East Pacific Rise −18.93 −116.84 3350 7 Oxic SPSG Leinen and Graybeal (1986)
38 Aria-13 East Pacific Rise −19.50 −114.96 3435 5 Oxic SPSG Leinen and Graybeal (1986)
39 Core RC11-210 Abyssal Equatorial Pacific 1.82 −140.05 4420 174 Oxic PEQD Rea et al. (1991)
40 GS7202-35 East Pacific Rise −14.47 −113.50 3044 181 Oxic SPSG Mills et al. (2010)
41 Site 92-598 East Pacific Rise −19.00 −124.68 3699 50 Oxic SPSG Ruhlin and Owen (1986)
42 W8709A-1BC California margin 41.54 −131.96 3680 25 Oxic OCAL Lyle et al. (1992)
43 W8709A-8PC and 8TC California margin 42.26 −127.68 3111 70 Oxic OCAL Lyle et al. (1992)
44 W8709A-13PC and 13TC California margin 42.12 −125.75 2712 51 Oxic CCAL Lyle et al. (1992)
45 ODP Leg 169S

(Hole 1033B)
Saanich Inlet 48.59 −123.50 238 29 Anoxic n/a Russell and Morford (2001),

Filippelli (2001)
46 ODP Leg 169S

(Hole 1034B)
Saanich Inlet 48.63 −123.50 203 37 Anoxic n/a Filippelli (2001)

47 ODP Leg 169S
(Hole 1033E)

Saanich Inlet 48.59 −123.50 238 20 Anoxic n/a Filippelli (2001)

48 112-679D Peru margin −11.06 −78.27 462 3 Suboxic CHIL* Lückge et al. (1996)
49 112-681B Peru margin −10.99 −77.96 162 2 Suboxic CHIL* Lückge et al. (1996)
50 112-688 Peru margin −11.54 −78.94 3829.8 3 Suboxic CHIL Lückge et al. (1996)
51 117-723 Oman margin 18.05 57.61 808 5 Suboxic ARAB Lückge et al. (1996)
52 117-724 Oman margin 18.46 57.79 600 4 Suboxic ARAB Lückge et al. (1996)
53 1756-5 Abyssal Southern Ocean −48.63 6.71 3828 48 Oxic SANT Nürnberg et al. (1997)
54 1768-8 Antarctic margin −52.59 4.48 3299 70 Oxic SANT Nürnberg et al. (1997)
55 1772-8 Abyssal Southern Ocean −55.46 1.16 4137 33 Oxic ANTA Nürnberg et al. (1997)
56 2082-1 Abyssal Southern Ocean −43.22 11.71 4610 71 Oxic SSTC Nürnberg et al. (1997)
57 1754-1 Mid-Atlantic Ridge −46.77 7.61 2519 29 Oxic SANT Frank et al. (2000)
58 1754-2 Mid-Atlantic Ridge −46.77 7.59 2534 6 Oxic SANT Frank et al. (2000)
59 1756-5 Mid-Atlantic Ridge −48.90 6.71 3828 85 Oxic SANT Frank et al. (2000)
60 1768-8 Mid-Atlantic Ridge −52.59 4.48 3299 52 Oxic SANT Frank et al. (2000)
61 1575-1 Antarctic margin −62.85 −43.34 3461 123 Oxic APLR Bonn et al. (1998)
62 1648-1 Antarctic margin −69.74 −6.69 2529 88 Oxic APLR Bonn et al. (1998)
63 1821-6 Antarctic margin −67.07 37.48 4027 170 Oxic APLR Bonn et al. (1998)
64 121-752A Broken Ridge −30.89 93.58 1097 46 Oxic ISSG Owen and Zimmerman (1991)
65 MD 90940 Madingley Rise 5.34 61.41 3875 59 Oxic MONS Des Combes et al. (1999)
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Table 1 (continued)

Site Location Latitude Longitude Water depth (m) n Redox
category

Longhurst et al.
(1995) province

Reference

66 MD 962073 Socotra 10.94 52.62 3142 67 Oxic MONS Des Combes et al. (2005)
67 115-711A Abyssal NW Indian Ocean −2.74 61.16 4439 22 Oxic MONS Bostrom and Backman (1990)
68 ODP Leg 117

(Hole 722B)
Owen Ridge 16.62 59.80 2028 147 Suboxic ARAB Shimmield and Mowbray (1991)

69 ODP Leg 117
(Hole 724C)

Owen Ridge 18.46 57.79 593 155 Suboxic ARAB Shimmield and Mowbray (1991)

70 ODP Leg 162
(Site 983)

Reykjanes Ridge 60.40 −23.64 1983.7 65 Oxic ARCT Hyun et al. (1999)

71 GeoB4301-1 Canary Islands 29.15 −15.50 3614 11 Oxic NASE Freudenthal et al. (2001)
72 GeoB4242-4 Canary Islands 29.68 −17.89 4292 7 Oxic NASE Freudenthal et al. (2001)
73 GeoB9526-5 Cape Verde 12.44 −18.06 3231 86 Suboxic NATR Zarriess and Mackensen (2010)
74 GeoB9527-5 Cape Verde 12.44 −18.22 3671 59 Suboxic NATR Zarriess and Mackensen (2010)
75 GeoB6518-1 Congo Fan −5.59 11.22 962 144 Suboxic GUIN Weijers et al. (2009)
76 Hole 1082 SW African margin −21.09 11.82 1280.6 20 Suboxic BENG Giraudeau et al. (2002)
77 Hole 1084 SW African margin −25.51 13.03 1992.2 18 Suboxic BENG Giraudeau et al. (2002)
78 Hole 1085 SW African margin −29.37 13.99 1713.1 20 Suboxic BENG Giraudeau et al. (2002)
79 Hole 1087 SW African margin −32.47 15.31 1371.6 20 Suboxic BENG Giraudeau et al. (2002)
80 175-1085A SW African margin −29.37 13.99 1713.2 337 Suboxic BENG Diester-Haass et al. (2001)
81 ODP Site 1085 SW African margin −29.37 13.99 1713.1 33 Suboxic BENG Murray et al. (2002)
82 ODP Let 165

(Hole 1002)
Cariaco Basin 10.71 −65.17 892.9 235 Anoxic GUIA Yarincik et al. (2000)

83 M40/4_SL87 Balearic Basin 38.99 4.02 1897 130 Oxic MEDI Weldeab et al. (2003)
84 Core 1430 Black Sea 41.43 29.43 663 5 Anoxic MEDI Hirst (1974)
85 Core 1432 Black Sea 43.01 34.08 2248 15 Anoxic MEDI Hirst (1974)
86 Core 1436 Black Sea 43.40 36.60 2158 18 Anoxic MEDI Hirst (1974)
87 Core 1437 Black Sea 41.69 36.47 973 7 Anoxic MEDI Hirst (1974)
88 Core 1440 Black Sea 42.20 34.36 207 23 Anoxic MEDI Hirst (1974)
89 Core 1443 Black Sea 44.59 31.92 1057 24 Anoxic MEDI Hirst (1974)
90 Core 1452 Black Sea 42.78 28.60 728 20 Anoxic MEDI Hirst (1974)
91 Core 1462 Black Sea 43.05 33.04 2186 17 Anoxic MEDI Hirst (1974)
92 Core 1470 Black Sea 42.07 41.27 1068 15 Anoxic MEDI Hirst (1974)
93 Core 1472 Black Sea 43.15 39.91 1588 16 Anoxic MEDI Hirst (1974)
94 Core 1484 Black Sea 44.70 36.89 386 12 Anoxic MEDI Hirst (1974)

* These sites were slightly inshore of the CHIL region as defined by coordinates, and are referred to CHIL for all purposes.
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cases, an array of samples exhibiting positive covariation of Ba with Al
may not reflect the detrital Ba component. For example, abyssal
samples from the modern equatorial Pacific yield a well-defined array
with a Ba/Al ratio of ~0.32 (Murray et al., 2000), which is nearly two
orders of magnitude higher than the average crustal (Ba/Al)detr ratio
of 0.0065 (McLennan, 2001). In this case, the observed strong positive
covariation of Ba and Al probably reflects a close coupling between
Eolian detrital input and primary productivity.

3.3. Calculation of productivity proxy fluxes

The calculation ofmass accumulation rates (MAR) for the productiv-
ity proxies used in this study (TOC, Porg, and Babio) is an improvement
over the use of raw or Al-normalized elemental concentrations or en-
richment factors, which can be strongly influenced by dilution effects
(Tribovillard et al., 2006). In the following analysis, we report MARs
for TOC, Porg, and Babio in the same units of flux per unit area
(i.e., mg cm−2 kyr−1) with which marine productivity is reported in
this study. MARs were calculated by multiplying the weight fractions
[TOC], [Porg], and [Babio] by the bulk accumulation rate (BAR) for a
given sample:

MAR Xð Þ ¼ X½ � � BAR ð3Þ

where X is the productivity proxy of interest (TOC, Porg, or Babio) and
BAR is calculated as:

BAR ¼ ρ� LSR ð4Þ

where ρ is sediment dry bulk density (in units of g cm−3) and LSR is
linear sedimentation rate (in units of cm kyr−1; Algeo et al., 2011,
2013). Henceforth, we will refer to the MARs of organic C, organic P,
and biogenic Ba as OCAR, PAR, and BaAR, respectively.
Please cite this article as: Schoepfer, S.D., et al., Total organic carbon, organ
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In order to calculate productivity-proxy MARs, it is necessary to
measure or estimate values forρ and LSR for each sample. For themajor-
ity of the 94 sites examined here, ρwas reported in the source publica-
tion. For the remaining sites, we used an exponential function to
estimate ρ as a function of sediment age:

ρ ¼ 0:0794� ln xð Þ þ 0:650 ð5Þ

where ρ is sediment dry bulk density (in units of g cm−3) and x is
the age of the sample (in units of kyr, or thousands of years). The
relationship in Eq. (5), which yields a standard deviation of
0.08 g cm−3 and r2 = 0.90, was derived from several dry bulk den-
sity datasets (Murray and Prell, 1991; Lyle et al., 1992; Freudenthal
et al., 2001; Amo and Minagawa, 2003; Gallego-Torres et al., 2007).
We found that bulk density showed a better relationship to sedi-
ment age than to burial depth.

Calculation of linear sedimentation rates requires an age-depth
model for each sediment core that is typically based on a series of
biostratigraphically or radiometrically dated tie points, between each
pair of which sedimentation rates are assumed to be linear. The accura-
cy of this procedure is limited by the number of age tie points and the
age uncertainty attached to each. In general, the effect of assuming lin-
ear sedimentation rates between tie points is to even out short-term
variability in sediment accumulation. With increasing burial depth,
compaction causes a reduction in LSRs, but a corresponding increase
in the dry bulk density of the sediment compensates for this effect
and yields an unchanged mass accumulation rate, assuming no loss or
gain of material in the sediment.

An age-depth model for each of the 94 study units was constructed
from age and depth information provided in the original published
source, from which a LSR was determined for each sample. For many
of the study units, highly detailed age-depthmodels could be construct-
ed, e.g., owing to the availability of oxygen–isotope correlations linked
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
014.08.017
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to the standard marine isotope stage (MIS) stratigraphy, for which
calibrated astrochronologies are now available (Lisecki and Raymo,
2005). In addition, deep-ocean successions tend to be relatively more
complete and to contain fewer temporal gaps than shallow-marine
and continental successions (Sadler, 1981), introducing fewer uncer-
tainties into the age-depth models for such units.

3.4. Modern oceanic primary productivity and export productivity
estimates

We compared our calculated values of OCAR, PAR, and BaAR with
site-specific estimates of modern marine productivity for the 94 study
sites. In order to assign a productivity value to each site, we used
estimates derived from three sources: (1) satellite measurements of
chlorophyll ‘a’ concentrations for 57 oceanic provinces (Longhurst
et al., 1995), (2) 122 field measurements of primary productivity
based on several methods, as compiled by Dunne et al. (2005), and
(3) N3000 field measurements of productivity based on the 14C uptake
method, from an Oregon State University database (www.science.
oregonstate.edu/ocean.productivity/). These datasets will be referred
to subsequently as L95, D05, and OS, respectively. Longhurst et al.
(1995) and Longhurst (2010) undertook a detailed analysis of spatial
variation in chlorophyll ‘a’ concentrations in the modern ocean, from
which they identified 57 irregularly shaped oceanic provinces with in-
ternally consistent productivity ranges. Since productivity measure-
ments from the three sources above were rarely available for the exact
location of each study core in our database, we employed the ocean-
province framework of L95 to assign site-specific estimates of primary
productivity and export productivity (Table 2; note that our 94 study
sites are located in just 25 of the 57 oceanic provinces of L95). In order
to accurately locate the study sites relative to the L95 oceanic provinces,
we made use of Google Earth and a shapefile depicting the province
boundaries that is available from bwww.ecomarres.comN. Because
none of the sources above contained productivity estimates for Saanich
Inlet, we made use of estimates from Timothy and Soon (2001) based
on the 14C uptake method and included them in the OS compilation.

In this study, ‘primary productivity’ is defined as the rate of fixation
of atmospheric or dissolved inorganic carbon as organic matter in the
photic zone of the ocean, and ‘export productivity’ as the rate at which
sinkingmarine organic matter is transferred to the oceanic thermocline
(below~200mwater depth).While phytoplankton biomass is not com-
prised entirely of carbon, productivity is typically expressed as themass
flux of organic carbon per unit area in order to facilitate comparisons
across environmentswithdifferent primary producers. The productivity
estimates in this study are all reported in units of mg C cm−2 kyr−1.

Net primary production (NPP) is defined as the rate at which prima-
ry producers (phytoplankton inmarine systems) assimilate carbon into
their bodies for purposes of long-term growth, rather than carbon fixa-
tion that is used to support respiration. This is in contrast to gross prima-
ry production (GPP), which includes all carbon fixation by primary
producers, including carbon that is quickly respired to supportmetabol-
ic processes. The 14C uptake method, which was used in the in situ OS
productivity estimates and in calibrating the L95 satellite-based esti-
mates, has been the subject of some discussion aboutwhethermeasure-
ments more closely approximate NPP or GPP. Unlike measurements of
O2 in incubations, where oxygen can be both produced and consumed,
14C uptake measurements are always positive, indicating that they fall
somewhere between NPP and GPP (see Marra, 2009). Since many phy-
toplankton reassimilate respired carbon but not respired oxygen
(Marra, 2008), 14C uptake has been contrasted with estimates of GPP
derived from oxygen production in order to determine NPP as a fraction
of GPP (Hashimoto et al., 2005). Thus, it appears that 14C uptake mea-
surements closely approximate net primary production (NPP) in most
natural systems when incubated over a full diurnal (24-hour) cycle
(Fahey andKnapp, 2007;Marra, 2009). Since the productivity estimates
used in this study are either directly (OS) or indirectly (L95) derived
Please cite this article as: Schoepfer, S.D., et al., Total organic carbon, organ
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from 14C uptake, theymost closely approximate net primary production
(NPP).

The export ratio, i.e., the fraction of photosynthetically fixed car-
bon that is exported from the surface mixed layer, can vary over a
wide range (from 4% to 72% according to Dunne et al. (2005)). Due
to this extreme variability, sedimentary proxies such as OCAR, PAR,
and BaAR can be expected to exhibit a stronger relationship to export
productivity than to primary productivity. We estimated modern ex-
port productivity fluxes for our 94 study sites from the D05 dataset,
which contains paired measurements of primary and export produc-
tivity, allowing the export ratio to be determined for each site in that
study. We converted these data to the L95 ocean-province frame-
work in order to minimize the effects of seasonal and small-scale
spatial variability and to maintain consistency with our primary pro-
ductivity estimates (Table 2). We then calculated an average export
productivity flux and export ratio for each L95 province (note that
no export productivity data were available in D05 for 12 of the 25
oceanic provinces considered in this study).

In comparing modern productivity estimates with productivity-
proxy MARs in the sediment record, it is important to keep in mind dif-
ferences in spatial and temporal scales between these datasets. Our es-
timates of modern productivity fluxes are based on averages for large
oceanic areas (i.e., the 57 oceanic provinces of L95), within each of
which some spatial variation exists, whereas each of the 94 study
cores records productivity at a single, specific site. All modern produc-
tivity measurements are instantaneous values in a geologic sense,
even when integrated over a series of years as for the L95 dataset. In
contrast, marine sediments record a time-averaged signal in which a
single centimeter can integrate hundreds to thousands of years of
productivity variation, and substantial smoothing of the productivity
signal can result from post-depositional bioturbation of the sediment
(e.g., Wheatcroft, 1990). Another consideration is that all of the report-
edmodern productivitymeasurementsweremadewithin the past half-
century and, thus, potentially record anthropogenic influences on nutri-
ent cycles and marine ecosystems (Galloway et al., 2004; Behrenfeld
et al., 2006). On the other hand, some of the sedimentary productivity
flux estimates represent conditions during Quaternary glacial stages or
prior to the onset of Northern Hemisphere glaciation at ~2.5 Ma,
i.e., times when ocean circulation intensity was somewhat different
than at present (Raymo et al., 1992). As a result, modern productivity
estimates are not necessarily representative of productivity conditions
in a given oceanic region thousands or millions of years ago. Such
changes over time are likely to account for much of the divergence be-
tween the modern in-situ and ancient sediment-based productivity es-
timates of this study.

3.5. Calculation of preservation factors (PF)

Preservation factors (PFs) represent the fraction of either primary or
export productivity that is ultimately buried (and thus preserved) in the
sedimentary record (Trask, 1953; Bralower and Thierstein, 1987). Its
complement, 1 − PF, represents the cumulative loss of a given compo-
nent due to remineralization in the water column and/or the sediment.
The relationship of PF to productivity is given by Eq. (6) for organic C
and Eq. (7) for organic P:

PFZ ¼ OCAR=PRODZ ð6Þ

PFZ ¼ PAR� C=Pð Þorg=PRODZ ð7Þ

where PRODZ is either primary productivity (PRODprim) or export pro-
ductivity (PRODexp), as quantified for a specific study site from the
L95, D05, or OS dataset. Because export productivity is always a fraction
of primary productivity, a fixed amount of a given component in the
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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Table 2
Productivity and export production values compiled within the regional framework defined by Longhurst et al. (1995). Particle export ratios were calculated from themean productivi and export data in the D05 dataset, where primary and export
productionwere separatemeasurements. Export production for the L95 andOS datasets is an estimatemade bymultiplying this pe-ratio by themean primary productivity in each prov ce. Since L95 productivity estimates are satellite based and time
integrated, they have no standard deviation. Since this program does not distinguish the OCAL and CCAL provinces, these two were combined in the D05 and OS datasets. A separate roductivity value was used for OCAL in the L95 dataset.

Province name pe-ratio Dunne et al. (2005) (D05) Oregon state (OS) Longhurst et al. (1995) (L95)

Primary production
(mg C cm−2 kyr−1)

Export production
(mg C cm−2 kyr−1)

n= Primary production
(mg C cm−2 kyr−1)

Export production
(mg C cm−2 kyr−

n= Primary production
(mg C cm−2 kyr−1)

Export production
(mg C cm−2 kyr−1)

Mean Std. deviation Mean Std. deviation Mean Std. deviation

Antarctic 38.45% 47,718 30,108 17,984 13,810 11 3278 1638 1260 11 16,500 6344
Austral Polar 45.12% 22,419 13,645 11,177 7858 7 – – – – 39,800 17,959
Northwest Arabian Upwelling 20.48% 39,420 13,709 7644 4705 8 42,800 23,926 8765 22 45,400 9298
Atlantic Arctic 71.15% 22,564 – 16,055 – 1 19,581 18,618 13,933 3 48,400 34,438
Benguela Current Coastal – – – – – – – – – – 32,300 –

California Upwelling Coastal 31.68% 25,515 10,779 7266 3254 4 37,942 68,261 12,019 937 38,800 12,291
Chile–Peru Current Coastal 32.09% 86,783 4463 27,672 5526 2 67,064 51,273 21,522 123 26,900 8633
Guiana Current Coastal – – – – – – – – – – 69,900 –

Guinea Current Coastal – – – – – – 54,473 – 1 49,500 –

Indian Ocean South Subtropical Gyre – – – – – – – – – – 7100 –

Mediterranean and Black Seas – – – – – – 19,702 15,107 – 97 21,600 –

Indian Ocean Monsoon Gyres 15.19% 23,230 10,271 4107 4172 2 2756 9536 419 41 10,500 1595
North Atlantic Subtropical Gyre East 8.94% 26,609 8033 2472 1333 2 – – – – 12,200 1091
North Atlantic Tropical Gyre – – – – – – 22,401 20,814 – 16 10,600 –

North Pacific Subtropical Gyre East – – – – – – – – – – 11,100 –

North Pacific Subtropical Gyre West – – – – – – 1428 2475 – 23 10,900 –

North Pacific Tropical Gyre 7.84% – – – – – 14,023 7195 1100 50 5900 463
Offshore California Current⁎ 31.68% 25,515 10,779 7266 3254 4 37,942 68,261 12,019 937 11,700 3706
Pacific Equatorial Divergence 18.06% 57,975 72,838 13,344 22,477 12 21,880 16,414 3951 131 11,300 2040
North Pacific Equatorial Countercurrent 14.89% 15,790 1783 2289 675 3 10,542 5526 1569 87 10,700 1593
Pacific Subarctic Gyre West – – – – – – – – – – 26,400 –

Sub-Antarctic – – – – – – 8490 4273 – 15 12,000 –

South Pacific Subtropical Gyre 9.01% 16,796 11,053 1652 1214 5 9297 8036 837 30 8700 784
South Subtropical Convergence – – – – – – – – – – 13,600 –

Western Pacific Warm Pool 13.59% 30,828 6406 4282 1773 2 9551 7159 1298 40 8200 1114

⁎ Software available through bhttp://www.lifewatch.be/N was used to group lat-long coordinates into Longhurst et al. (1995) provinces.
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Fig. 8. Comparison of estimates of productivity from the Longhurst et al. (1995) (L95)
dataset based on satellite chlorophyll measurements, and the Oregon State (OS) dataset
based on in situ measurements using the 14C uptake method integrated over the depth
of the photic zone and averaged by L95 oceanic province. Points are labeled with code in-
dicating which province is represented. For province codes and standard deviations asso-
ciated with OS regional averages, see Table 2.
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sediment will yield a larger PF for the former (exp) relative to the latter
(prim).

Based on calculated primary and export productivity fluxes
(Section 3.4), we determined preservation factors (PFs) for all study
samples for which TOC data were available. For a few samples from
Saanich Inlet, PFprim exceeded 100%, and these values were converted
to 100% for display purposes. This result is not necessarily impossible
as short-term organic carbon accumulation rates (as recorded in the
sediment record) easily might exceed the average long-term primary
productivity rate for a given site.

4. Results

4.1. Robustness of modern productivity estimates

We evaluated the degree of agreement between the two principal
methods of modern productivity estimation (i.e., chlorophyll ‘a’ and
14C uptake) for oceanic provinces having productivity estimates based
on both methods. The two datasets based on 14C uptake measurements
in part (D05) or in full (OS) showed some agreement, with an r2 of 0.37
(n = 11). The OS 14C-based and L95 satellite-based estimates, which
were both based on a much larger number of measurements than the
D05 dataset, showed the strongest agreement, with an r2 of 0.39 (n =
17). However, there was virtually no relationship between the L95
and D05 datasets (r2 b 0.01, n = 13), largely because the D05 dataset
detected much greater productivity than the L95 dataset in coastal up-
welling zones, the equatorial Pacific, and the Southern Ocean. Since
high productivity drives a great deal of the scientific interest in these
systems, it is possible that the in situ point measurements used in the
D05 dataset reflect a spatial or temporal selection bias, while the L95
dataset integrates larger areas over longer (multi-annual) timescales,
thus yielding lower average productivity estimates.

Whereas all datasets exhibit a similar range of productivity values
(approximately 10,000 to 60,000 mg C cm−2 kyr−1), the OS dataset in-
cludes a much larger number of individual samples (n = 3170) than
the D05 dataset, making it more likely to average out seasonal, climatic,
and spatial variability within each oceanic province. Although the oce-
anic provinces of L95 are based on internally uniform productivity
values, it is worth noting that the 14C-uptake sample points taken to
represent a given region sometimes cover only a small fraction of a
province's total area and, hence, of its internal variation in productivity.
Based on these considerations and the superior agreement between
them (Fig. 8), we adopted the L95 and OS productivity datasets as our
primary sources of estimates ofmodern primary productivity, reserving
the smaller D05 dataset for estimates of export productivity.

4.2. Organic carbon accumulation rates (OCAR)

Redox conditions strongly influence the preservation of organic car-
bon for both the L95 and OS productivity datasets. Both the mean and
maximum OCAR increase with decreasing dissolved oxygen levels
(Fig. 9A). Mean OCAR values increase by a factor of ~30× (1.5 log
units) between oxic and suboxic facies, and by another factor of ~30×
between suboxic and anoxic facies, implying a major role for water-
column redox conditions in organic carbon preservation. OCAR general-
ly represents a minute fraction of primary production in oxic and
suboxic facies, in which PFprim averages ~0.1% and ~0.6%, respectively
(Table 3). The L95 andOSdatasets diverge significantly for anoxic facies,
in which PFprim averages ~0.9% (max. 6.3%) in the L95 dataset but 18%
(max. 100%, see below) in the OS dataset. This difference is largely
due to the inclusion of Saanich Inlet, an anoxic fjord located on Vancou-
ver Island, in the OS dataset, for which calculated PFprim exceeded 100%
for a number of samples. Excluding Saanich Inlet, the average PFprim for
the OS dataset is reduced to 1.1% (max. 6.9%), which is in good agree-
ment with the L95 dataset. For both the L95 and OS datasets, the differ-
ences between redox facies were significant at the p(α) b 0.01 level
Please cite this article as: Schoepfer, S.D., et al., Total organic carbon, organ
productivity, Earth-Sci. Rev. (2014), http://dx.doi.org/10.1016/j.earscirev.2
using a two-tailed Student's t-test. Although export ratios for anoxic fa-
cies in our databasewere not available in D05,mean PFexp was higher in
the suboxic than in the oxic facies (Table 3). For both the L95 and OS
export production estimates, the difference between oxic and suboxic
settings was statistically significant at the p(α) b 0.05 level using a
two-tailed Student's t-test.

OCAR shows a strong correlation to BAR (r2 = 0.86), with a regres-
sion slope (m) of 1.72 for the full dataset (Fig. 10). When considered
by redox facies, a steeper slope (m = 1.76) was obtained for oxic sites
relative to suboxic/anoxic sites (m= 1.11). This pattern is broadly con-
sistent with that observed in Holocene data by Tyson (2005), although
the regression slopes we calculated from N5000 data points are steeper,
indicating a stronger influence of BAR on organic carbon preservation
than previously recognized (see Section 2.2). The linear equation in
log–log space for our full dataset (Fig. 10) is:

log10 OCARð Þ ¼ 1:72� log10 BARð Þ þ 0:09 ð8Þ

where OCAR is in units of mg cm−2 kyr−1 and BAR is in units of
g cm−2 kyr−1. This is equivalent to the following exponential equation
in linear space:

OCAR ¼ 100:09 � BAR1:72
: ð9Þ

Since OCAR is equal to TOC × BAR × 1000, with the factor of 1000×
accounting for the conversion of g to mg, the equation can be simplified
by eliminating theBAR×1000 term fromboth sides. This operation can-
cels the units of mass flux and yields a dimensionless term (TOC) as a
function of BAR, and rendering the equation in terms of a real relation-
ship between two fully independent variables:

TOC ¼ 10−3:09 � BAR0:72
: ð10Þ

Evaluated as a function of redox facies, different regression relation-
ships between OCAR and BAR are exhibited by suboxic/anoxic versus
oxic sites (Fig. 10):

log10 OCARð Þ ¼ 1:11� log10 BARð Þ þ 0:97 suboxic=anoxicð Þ ð11Þ
log10 OCARð Þ ¼ 1:76� log10 BARð Þ þ 0:01 oxicð Þ: ð12Þ
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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Fig. 9. (A) Organic carbon accumulation rate (OCAR), (B) phosphorus accumulation rate
(PAR), and (C) biogenic bariumaccumulation rate (BaAR) by redox facies. Boxes represent
means and standard deviation ranges, whereas thewhiskers show the full range of values
for each redox category.
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These relationships can be transformed in the same manner as for
the full dataset (i.e., via Eqs. (9) and (10)) to yield expressions relating
two independent variables (i.e., TOC and BAR) for each redox facies.

When one considers OCAR as a fraction of primary or export produc-
tion (i.e., as given by the preservation factor, or PF), strong correlations
are observed with BAR (in agreement with the findings of Felix, 2014).
This relationship is stronger when PF is calculated as a percentage of
Please cite this article as: Schoepfer, S.D., et al., Total organic carbon, organ
productivity, Earth-Sci. Rev. (2014), http://dx.doi.org/10.1016/j.earscirev.2
primary production (Fig. 11A) rather than of export production
(Fig. 11B). PFprim covaries positively with BAR in both productivity
datasets (r2= 0.87 for OS; r2= 0.77 for L95), with PFexp showing a sim-
ilar but somewhat weaker relationship (r2 = 0.78 for OS; r2 = 0.56 for
L95). Since preservation factors are calculated from three fully indepen-
dent variables (i.e., TOC, BAR, and productivity), this relationship allows
primary productivity to be isolated as a function of TOC and BAR, two
parameters that can be measured or estimated in most paleomarine
systems (see Section 3.3).

OCAR shows positive covariation with estimates of primary produc-
tivity, with r2 values of 0.26 (L95) and 0.33 (OS) (Table 4, Fig. 12A).
Comparable correlations (r2 = 0.30, L95; r2 = 0.20, OS) are seen be-
tween OCAR and estimates of export production (Table 4, Fig. 12B).
While weaker than the correlations observed between BAR and OCAR,
these correlations are between fully independent parameters and likely
indicate a real relationship between productivity and organic carbon
accumulation, albeit modified by preservational factors.

4.3. Organic phosphorus accumulation rates (PAR)

Redox conditions influence sedimentary phosphorus accumulation.
Mean PAR increases under more reducing conditions, with average
values more than a factor of 10× higher in anoxic facies than in oxic fa-
cies (Fig. 9B). Average Porg concentrations peak in suboxic systems
(1035 ppm), although the differences in mean concentrations between
redox facies are not significant (Fig. 13). While there is considerable
overlap between redox facies at lower Porg concentrations, the maxi-
mum observed values decrease under more reducing conditions. Thus,
oxic facies occasionally yield Porg concentrations to N5500 ppm, where-
as Porg concentrations in anoxic facies are uniformly b2500 ppm
(Fig. 13). These patterns reflect thepartial retentionof remineralized or-
ganic phosphorus in oxidized sediments containing Fe-oxyhydroxides
(Filippelli and Delaney, 1996; Delaney, 1998; Algeo and Ingall, 2007).

PAR shows positive covariationwith BAR, yielding a regression slope
(m) of 1.07 (r2 = 0.92) for the full dataset (Fig. 14A). Both oxic and
suboxic/anoxic sites exhibit strong positive relationships with BAR,
withm of 1.04 (r2= 0.84) and 0.93 (r2= 0.89), respectively. These cal-
culations exclude the data from Mills et al. (2010), which are from an
oceanic hydrothermal plume region and represent obvious outliers in
our dataset. When Porg concentrations are plotted against BAR, there is
little relationship between the variables (r2 = 0.05), with the former
defining a roughly horizontal trend centered on Porg = 102.75 (~560)
ppm (Fig. 14B).

PAR also shows positive covariation with both primary and export
production (Fig. 15). PAR correlates more strongly with the L95
satellite-based primary productivity measurements (r2 = 0.30) than
with the 14C-based OS dataset (r2= 0.03), largely due to lower produc-
tivity estimates for the Southern and Indian oceans in the latter source
(Fig. 15A). However, PAR does not show any systematic increase
above productivity values of ~20 × 103 (or ~104.3) mg C cm−2 kyr−1.
In contrast, PAR increases nearlymonotonically with organic carbon ex-
port, although the relationship is weaker (Fig. 15B). Correlations with
the L95 productivity estimates are stronger (r2 = 0.19) than those
with the OS dataset (r2 = 0.05).

4.4. Biogenic barium accumulation rates (BaAR)

BaAR exhibits an unusual relationship to redox facies. Although the
suboxic facies exhibits the highest mean BaAR (~4 mg cm−2 kyr−1),
the highest peak values (N30 mg cm−2 kyr−1) are found in the oxic
facies (Fig. 9C). However, the range of BaARs for the oxic, suboxic, and
anoxic facies is not significantly different.

BaAR is not strongly influenced by BAR. For the full dataset, the rela-
tionship between BAR and Babio accumulation is statistically insignifi-
cant (m = 0.16; r2 = 0.05; Fig. 16). Individual redox facies exhibit
somewhat stronger relationships, with oxic facies yielding m of 0.35
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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Table 3
Preservation factor (PF) calculated as a proportion of primary production and as a proportion export production, for the L95 and OS productivity estimates, and for each of the three redox
categories used in this study.

Oxic Suboxic Anoxic

L95 OS L95 OS L95 OS

Preservation factor
Primary production

Mean 0.07% 0.12% 0.56% 0.64% 0.94% 18.17% (1.10%)
Std. deviation 0.14% 0.46% 0.67% 0.53% 0.89% 27.30% (1.24%)
Min b0.00% b0.00% 0.03% 0.06% b0.00% b0.00%
Max 1.57% 5.97% 5.91% 2.37% 6.33% 100.00% (6.94%)
n= 2979 2580 754 306 407 258 (172)

Export production
Mean 0.38% 0.69% 4.13% 2.96% – –

Std. deviation 0.86% 3.14% 4.38% 2.91% – –

Min b0.00% b0.00% 0.46% 0.19% – –

Max 10.32% 39.32% 18.42% 9.70% – –

n= 2788 2389 17 17 0 0

A
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(r2 = 0.20) and suboxic/anoxic facies yielding m of 0.57 (r2 = 0.12).
Although the slopes of the BaAR–BAR relationships for these redox fa-
cies are not too different; a distinct offset of the data distributions is ev-
ident: for a given BAR, oxic facies yield significantly higher BaAR values
than suboxic/anoxic facies (Fig. 16). This pattern is likely to be related to
redox controls on biogenic barite accumulation, specifically, more effi-
cient preservation of barite under oxidizing conditions (see Section 2.4).

BaAR shows little relationship to either primary or export productiv-
ity, yielding r2 b 0.05 for both the L95 andOS datasets (Fig. 17). Applying
the Dymond et al. (1992) correction for sedimentation rate-enhanced
preservation (see Section 5.4) to our BaAR estimates improved the cor-
relation with primary and export production (although r2 values
remained b0.15), largely by increasing the estimated BaAR at low
BARs and steepening the negative slope of the BAR–BaAR regression
line. These results suggest that the Dymond et al. (1992) equation
may overcorrect for low sedimentation rates. Both BaAR and productiv-
ity estimates vary over more than two orders of magnitude, so the lack
of any relationship appears to bring into question the utility of biogenic
Ba as a general productivity proxy. Eagle et al. (2003) found regional
differences in the relationship between BaAR and primary productivity,
although they reported a strong global correlation with export produc-
tivity. Understanding the reason for the different relationships of BaAR
to export productivity will require additional investigation.
Fig. 10. Bulk accumulation rate (BAR) versus organic carbon accumulation rate
(OCAR) by redox facies, shown on a log–log scale. The suboxic/anoxic facies exhibits
a lower regression slope m (1.11) than the oxic facies (1.76); m for the combined
dataset is 1.72 (r2 = 0.86; n = 4226).
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5. Discussion

5.1. Relationship of productivity proxy MAR to BAR

In studies inwhich sediment fluxes have been calculated, productiv-
ity estimates generally track BAR closely (e.g., Sternberg et al., 2007;
Murray et al., 2012). This may be a real correlation in environments in
B

Fig. 11. Bulk accumulation rate (BAR) versus organic carbon preservation factor (PF) for
(A) primary production and (B) export production, for the L95 and OS datasets. L95:
n = 4140 for primary production, n = 2805 for export production. OS: n = 3144 for
primary production, n=2406 for export production. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Table 4
Equations and correlation coefficients for linear regression equations in log–log space re-
lating mass fluxes of organic carbon, phosphorus, and excess barium to primary and ex-
port production as estimated in the L95 and OS datasets.

Regression equation r2

OCAR
Primary production
L95 log10(OCAR) = 2.53 × log10(Prod.) − 9.92 0.33
OS log10(OCAR) = 2.07 × log10(Prod.) − 7.19 0.26

Export production
L95 log10(OCAR) = 1.07 × log10(Exp.) − 3.42 0.20
OS log10(OCAR) = 1.73 × log10(Exp.) − 5.70 0.30

PAR
Primary production
L95 log10(PAR) = 1.39 × log10(Prod.) − 5.59 0.30
OS log10(PAR) = 0.36 × log10(Prod.) − 1.33 0.03

Export production
L95 log10(PAR) = 0.69 × log10(Exp.) − 2.25 0.19
OS log10(PAR) = 0.32 × log10(Exp.) − 1.00 0.05

BaAR
Primary production
L95 log10(BaAR) = −0.25 × log10(Prod.) + 1.19 0.03
OS log10(BaAR) = −0.23 × log10(Prod.) + 1.14 0.04

Export production
L95 log10(BaAR) = −0.09 × log10(Exp.) + 0.44 0.02
OS log10(BaAR) = −0.09 × log10(Exp.) + 0.42 0.01

Fig. 13. Phosphorus concentrations by redox facies. Boxes represent means and standard
deviation ranges, whereas the whiskers show the full range of values for each redox
category.

A

19S.D. Schoepfer et al. / Earth-Science Reviews xxx (2014) xxx–xxx
which sediments are mostly biogenic and sedimentation rate is a func-
tion of biological productivity, as in the equatorial Pacific (Murray et al.,
2000, 2012). In such cases, BAR itself, aswell as the accumulation rate of
each of the biogenic components, is likely to be a valid proxy for marine
A

B

Fig. 12. Primary production (A) and export production (B) versus organic carbon accumu-
lation rate (OCAR) for the L95 and OS datasets. n= 4226. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to theweb version of this article.)
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productivity. Such conditions are common in the open pelagic ocean,
where the biogenic sediment fraction is derived mainly from primary
producers (e.g., diatoms and coccolithophores, Murray et al., 2012) or
low-level planktonic consumers (e.g., radiolarians, Hori, 1992; Algeo
B

Fig. 14. (A) Bulk accumulation rate (BAR) versus organic phosphorus accumulation rate
(PAR), shown on a log–log scale. Slopes are approximately 1.0 for both oxic (m = 1.04)
and suboxic/anoxic (m = 0.93) units. Data from Mills et al. (2010) appear to be outliers
and are therefore shown separately. m for the combined dataset, not including Mills
et al. (2010), is 1.07 (r2 = 0.92; n = 1935). (B) Bulk accumulation rate (BAR) versus or-
ganic phosphorus concentration, shown on a log–log scale. Slope is essentially flat
(m = 0.07 for the full dataset, r2 = 0.05). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 17. Primary production (A) and export production (B) versus biogenic barium accu-
mulation rate (BaAR) for the L95 and OS datasets. n=2299 for all panels. (For interpreta-
tion of the references to color in thisfigure legend, the reader is referred to thewebversion
of this article.)
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B

Fig. 15. (A) Primary production and (B) export production versus phosphorus accumula-
tion rate (PAR) for the L95 and OS datasets. n = 1935.
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et al., 2010). However, they are less common in shelf or platform envi-
ronments, where the biogenic sediment fraction contains a large por-
tion of material derived from benthic macrofauna, and where
sediments contain a large lithogenic component, there is no a priori
Fig. 16. Bulk accumulation rate (BAR) versus organic carbon accumulation rate (BaAR) by
redox facies, shownon a log–log scale. The suboxic/anoxic facies exhibits a steeper regres-
sion slope m (0.57) than the oxic facies (0.35), while the downward shift in intercept
suggests a redox effect on preservation. The slope m for the combined dataset is 0.16
(r2 = 0.05; n= 2299). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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reason why productivity should be positively correlated with BAR.
One caveat is that studies making use of productivity estimates
based on Al- or Ti-normalized proxy concentrations rather than
proxy MARs may generate a spurious negative correlation with BAR
(e.g., Shimmield and Mowbray, 1991).

The influence of various factors on productivity-proxy fluxes, in-
cluding enhanced organic matter preservation, siliciclastic dilution,
and variable biogenic organic:mineral ratios, can be evaluated from
MAR/BAR slopes (m). These patterns are illustrated using OCAR as an
example (Fig. 18), but similar relationships could be inferred for PAR
and, possibly, BaAR (although the latter proxy is subject to additional
influences as a result of its authigenic origin; see below). In a hypothet-
ical depositional system accumulating only biogenic sediment with a
fixed organic:mineral ratio (i.e., a constant weight percent of TOC)
and in which there is no effect of BAR on organic carbon preservation,
OCAR increases in direct proportion to BAR with m equal to 1.0 (or
1:1, representing slopes in log–log space; Fig. 18A). This is a pure ex-
pression of the autocorrelation effect, in which OCAR exactly tracks
BAR as a result of the latter being a factor in the calculation of the former
(see Eq. (3)). In this hypothetical system, inputs of detrital siliciclastic
material dilute the biogenic component of the sediment, lowering m
to b1.0 (Fig. 18A). Lower values of m develop because the addition of
non-biogenic diluents causes BAR to increase more rapidly than OCAR,
which increases in direct proportion to the biogenic flux. Such a diluent
effect should be most evident in continental shelf and epicratonic ma-
rine settings, where detrital siliciclastic fluxes are comparatively large.
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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Fig. 18. Conceptual models of variation in OCAR (A–C) and BaAR (D) as a function of bulk accumulation rate (BAR) and various effects. (A) ‘Detrital dilution effect’: increasing dilution
lowers the slope of the regression line (m) from 1:1 toward zero. (B) ‘Organic:mineral ratio effect’: increasing the organic:mineral ratio of biogenic material shifts the regression line up-
wardwithout changingm. (C) ‘Enhanced preservation effect’:m becomes N1:1when higher BARs cause enhanced preservation of organic carbon in purely biogenic sediments. This effect
can potentially be partially offset or negated by the detrital dilution effect, yieldingm b1:1 in mixed biogenic–detrital sediments. of organic matter yieldsm N1:1. (D) BaAR, the accumu-
lation rate of authigenic Ba, is hypothesized to depend onmultiple factors. The dashed 1:1 line represents Ba uptake in direct proportion to OCAR in a 100% biogenic sediment. Observedm
values are significantly lower (0.35 for oxic facies, and 0.57 for suboxic/anoxic facies; Fig. 16) due to two controls: (1) reduced uptake of authigenic Ba at the sediment–water interface in
high-BAR systems, and (2) reduced uptake of Baper unit organic carbon for refractory relative to labile organicmatter. Finally, Ba is subject to a redox preservation effect, characterized by a
small reduction in BaAR for suboxic/anoxic facies relative to oxic facies as a result of reductive dissolution of barite in the former.
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In this scenario, varying the organic:mineral ratio of the biogenic flux
(i.e., the weight percent of TOC in the sediment) would raise or lower
the regression line, changing the y-intercept without changing m
(Fig. 18B). The foregoing scenarios assume no effect of BAR on the pres-
ervation of organic carbon, even though it is generally accepted that
higher BARs enhance organic matter preservation. In depositional sys-
tems dominated by biogenic inputs, the enhanced-preservation effect
will cause m to increase to N1.0 (Fig. 18C). Subtracting the OCAR/BAR
autocorrelation slope of 1.0 from the observedm thus yields themagni-
tude of the enhanced-preservation effect. However, the positive effect
of enhanced organic preservation onmmay be offset by the negative ef-
fect of detrital dilution in sedimentary systemswith large non-biogenic
inputs, thus loweringm relative to its value in the absence of detrital di-
lution (Fig. 18C).
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Observed values of m for OCAR/BAR regressions exhibit a strong
redox dependence. Tyson (2005) determinedm of 0.84 for suboxic/an-
oxic facies and 1.38 for oxic facies of Holocene age. Our dataset shows
the same pattern of lower m for suboxic/anoxic facies (1.11) relative
to oxic facies (1.76; Fig. 10), but with higher absolute values of m than
those reported by Tyson (2005). Lower values ofm in suboxic/anoxic fa-
cies are due to the reduced importance of rapid burial for organic carbon
preservation when the overlying water column is depleted of oxygen
(Canfield, 1994). As discussed above, the difference inm between an ob-
served sample regression and an autocorrelation line (m=1.0) is an in-
dication of the strength of the enhanced-preservation effect, and the
difference in m between oxic and suboxic/anoxic samples is an indica-
tion of the relationship between BAR and the enhanced-preservation
effect. Subtracting the autocorrelation m of 1.0 yields an enhanced-
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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Fig. 19. Bulk accumulation rate (BAR) versus the organic carbon accumulation rate
(OCAR). Each line shown is the best fit regression lines for an individual site in the dataset.
Note that, although the regression slopes (m) of individual units are ~1.0,m for the bulk
dataset is 1.72.

22 S.D. Schoepfer et al. / Earth-Science Reviews xxx (2014) xxx–xxx
preservation effect of 0.76 for oxic facies and 0.11 for suboxic/anoxic fa-
cies in our dataset, and 0.38 for oxic facies and−0.16 for suboxic/anoxic
facies in the Tyson (2005) dataset. Our dataset thus shows the
enhanced-preservation effect for oxic sediments to be twice as large
as for the Tyson (2005) dataset, implying a much stronger influence of
BAR on the preservation of sedimentary organicmatter than recognized
heretofore. Further, our dataset documents a small positive effect of BAR
on organic matter preservation in suboxic/anoxic sediments, versus a
negative effect for the Tyson (2005) dataset. Even under anoxic condi-
tions, increases in BAR are likely to enhance the preservation of organic
matter to a small degree, which is consistent with the results of our
analysis. The difference in m between oxic and suboxic/anoxic facies
reflects the strength of the influence of redox conditions on organic
matter preservation. This difference is 0.65 (i.e., 1.76–1.11) for our
dataset and 0.54 (i.e., 1.38–0.84) for the Tyson (2005) dataset. These
slopes are quite similar, both indicating that variation in BAR has a
much larger influence on organic carbon preservation in oxic facies
than in suboxic/anoxic facies.

The point of convergence of the oxic and suboxic/anoxic trends on a
BAROCAR crossplot has been interpreted as representing the accumula-
tion rate above which aerobic oxidation of organic matter in the
sediment becomes insignificant (Algeo et al., 2013). In our dataset,
this convergence occurs at a BAR of ~30 (=101.5) g cm−2 kyr−1

(Fig. 10), which is substantially lower than the convergence point of
~125 (=102.1) g cm−2 kyr−1 shown in Figure 5 of Tyson (2005, n.b.,
the x-axis scale in that figure should be g m−2 yr−1, not g m−2 kyr−1

as shown). In part, the difference in convergence points is due to the
larger dataset used in the present study, which may be better able to
distinguish the effects of BAR on organic carbon accumulation. Howev-
er, it is also a reflection of the largerm (1.11) for suboxic/anoxic sites in
our dataset. In our dataset, the relationships between BAR and OCAR for
oxic versus suboxic/anoxic facies (Fig. 10) appear less as two converging
trends than as a continuum, where the regression slopes flatten
slightly at higher BARs but remains above 1.0, indicating that rapid
burial and, hence, post-depositional decomposition and loss of car-
bon, continue to exert an influence on carbon preservation. Since
suboxic and anoxic environments are generally located in restricted
or marginal-marine settings, they tend to have high BARs (Fig. 10).
Thus, this flattening of the BAR–OCAR relationship may indicate
that rapid burial exercises less, but still some, influence on preserva-
tion in low-oxygen settings. It is also possible that the flatter regres-
sion slope at high BARs may reflect increasing siliciclastic dilution
(Fig. 18A), as substantial detrital sediment input is necessary to
achieve the highest BARs.

While the OCAR–BAR regression slopes for our bulk dataset aswell as
its oxic and suboxic/anoxic facies are N1.0, individual study units gener-
ally yield m close to 1.0, with a mean of 1.07 and a median of 0.99
(Fig. 19; n = 34). This pattern implies the dominant influence of
autocorrelation between OCAR and BAR for individual study units (cf.
Fig. 18A), which is a characteristic feature of sedimentary units in
which BAR is more variable than TOC. An additional factor favoring
regression slopes of ~1.0 may be the compensatory effects of BAR-
enhanced preservation (increasingm) and siliciclastic dilution (decreas-
ing m; Fig. 18C). The probable influence of siliciclastic dilution on m
(Fig. 18A) is particularly evident for individual study units with high
BARs (i.e., N100 g cm−2 kyr−1), which generally consist predominantly
of lithogenic sediments and which yieldm of 0.5 to 0.8 (Fig. 19).

PAR exhibits a simple relationship to BAR with well-defined m of
1.04 for oxic facies and 0.93 for suboxic/anoxic facies (Fig. 14A). These
slopes are both close to the value of 1.0 characteristic of autocorrelations
(see above), indicating that BAR is the dominant control on PAR. The
strong influence of BAR on PAR is expected given that the former is a
factor in the calculation of the latter (Eq. (3)), and that BAR varies
over six orders of magnitude versus two for Porg concentrations
(Fig. 14B). The relative invariance of Porg concentrations over a wide
range of sediment accumulation rates suggests the operation of a
Please cite this article as: Schoepfer, S.D., et al., Total organic carbon, organ
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negative feedback mechanism affecting organic P retention in sedi-
ments (Ingall et al., 1993; Murphy et al., 2000; see Section 5.4). PAR/
BAR slopes of ~1.0 also imply that phosphorus accumulation is not en-
hanced at higher sedimentation rates, which is unlike the strongly en-
hanced preservation of organic carbon (see above). The slightly lower
m of suboxic/anoxic facies (0.93) relative to oxic facies (1.04) is consis-
tent with the effects of clastic dilution at higher BARs (Fig. 18A).

BaAR, the accumulation rate of authigenic Ba, exhibits a more
complex set of controls. Three observations must be accounted for:
(1) BaAR/BAR regressions exhibit unusually low m (bb0.1), (2) a
redox effect is evident, with oxic facies having a lower m (0.35) than
suboxic/anoxic facies (0.57), as well as a higher BaAR for a given BAR
and (3) a BAR effect is evident, with both redox categories showing sep-
arate trends of increasing BaAR with increasing BAR (Fig. 16). Controls
on them of BaAR/BAR regressions can be inferredwithin the framework
previously developed for OCAR/BAR (Fig. 18A–C) but modified to allow
for the authigenic (rather than biogenic) origin of Ba.

If Ba accumulates in direct proportion to OCAR (productivity
control), then it should exhibit anm of 1:1 in a 100% biogenic sediment
lacking preservation effects (Fig. 18D). The lowm (≪1.0) exhibited by
BaAR/BAR cannot be due to detrital dilution (Fig. 18A; see Section 5.1),
because such an influence would have operated equally on the OCAR/
BAR and PAR/BAR relationships, which is largely not observed
(Figs. 10, 14; note that a very small clastic dilution effect was inferred
above for PAR/BAR). While Dymond et al. (1992) demonstrated that
overall authigenic barite preservation is enhanced at higher BARs, it is
possible that negative preservational effects contribute to an overall
BAR/BaAR relationship with a smaller preservational effect (m ≪ 0.1)
than that seen for organic matter.

The lability of the organicmatter and, hence, its rate of decaymay af-
fect rates of sulfate reduction, which may impact barite preservation
rate (Fig. 18D). A sediment containing more refractory organic matter
will have a lower reductant demand than a sediment containing more
labile organic matter (Westrich and Berner, 1984; Hulthe et al., 1998).
Rapid burial, which minimizes the exposure time of organic material
to oxygen, could ensure that a larger pool of labile organic material sur-
vives to be buried in the zone of sulfate reduction, where it may facili-
tate reductive barite dissolution. This mechanism may operate during
early diagenesis even where sediments underlie an oxic water column,
as anaerobic respiration is responsible for the majority of carbon oxida-
tion even in oxic continental shelf sediments (Canfield, 1994).
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
014.08.017

http://dx.doi.org/10.1016/j.earscirev.2014.08.017


A

B

Fig. 20. (A) Primary production as predicted fromTOC andBARby Eq. (18), versus primary
production from the L95 and OS datasets. (B) Export production as predicted from TOC
and BAR by Eq. (19), versus export production from the L95 and OS datasets. n = 4226
for each data series. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Reductive dissolution, and less complete organic matter degradation, in
thewater columnare potentially responsible for generally lower preser-
vation in suboxic/anoxic environments (Fig. 18D; see Section 4.4).

5.2. Estimation of paleoproductivity and estimate errors

Paleoproductivity estimates for any ancient marine sedimentary unit
potentially can be derived fromproductivity-proxyflux data. To limit the
influence of autocorrelations (e.g., between proxy MARs and BAR; see
Section 5.1), we developed paleoproductivity algorithms based on
proxy PFs and BAR. Although these latter variables are not fully indepen-
dent, the potential for autocorrelations is reduced because PFs depend
only indirectly on BAR (see Eqs. (3) and (6)–(7)). Best-fit linear regres-
sions for organic carbon PF as a function of primary production (prim)
versus BARwere nearly identical for the L95 andOSproductivity datasets
(Fig. 11). A generic form of this relationship, with coefficients intermedi-
ate between those calculated for the L95 and OS datasets, is:

log10 PFprim
� �

¼ 1:54� log10 BARð Þ–4:10 ð13Þ

which is equivalent to the exponential equation:

PFprim ¼ 10−4:10 � BAR1:54 ð14Þ

where BAR is in units of g cm−2 kyr−1 and PF is a dimensionless variable
between 0 and 1. A similar generic equation can bederived for the organ-
ic carbon PF as a function of export production (exp), although the poor
initial correlation of these variables and the weaker agreement between
the L95 and OS productivity datasets means that it should be used with
caution:

PFexp ¼ 10−3:37 � BAR1:47
: ð15Þ

Combining Eqs. (3) and (6) yields the following expressions for
PFprim and PFexp:

PFprim ¼ TOC� BARð Þ=PRODprim ð16Þ

PFexp ¼ TOC� BARð Þ=PRODexp: ð17Þ

Inserting the exponents from Eqs. (14) and (15) and rearranging to
solve for productivity yields the following equations:

PRODprim ¼ 1000� 104:10 � TOC
� �

=BAR0:54 ð18Þ

PRODexp ¼ 1000� 103:37 � TOCÞ=BAR0:47 ð19Þ

where BAR is in units of g cm−2 kyr−1, TOC is a dimensionless weight
ratio between 0 and 1, and the factor of 1000 serves to express PRODZ

in our standard units of mg cm−2 kyr−1. The significance of Eqs. (18)
and (19) is that they allow estimation of primary and export productiv-
ity as a function of two completely independent variables (TOC and
BAR) that are readily determinable in many paleomarine systems.

The presence of BAR in the denominator of these equations may be
counter-intuitive, as high BAR was previously shown to correlate with
high OCAR (Fig. 10). However, the relationship of BAR to TOC and pro-
ductivity can be understood in the context of its relationship to PF in
Eqs. (13) and (14). Specifically, the y-intercept in Eq. (13) (10−4.10) rep-
resents the average proportion of primary productivity that will be pre-
servedwhen BAR is zero (i.e., less than one part in twelve thousand). The
inverse of this value, seen as the coefficient in the numerator of Eq. (18),
represents themaximum productivity rate that can be inferred based on
a given TOC concentration before accounting for preservational effects.
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The BAR term in the denominator represents these preservational
effects. As BAR increases, the organic carbon PF increases evenmore rap-
idly (at a log–log rate of 1.54; Eq. (14)) so that calculated primary pro-
ductivity rates for a given TOC concentration must decline (Eq. (18)).
The same considerations apply to export productivity, as given in
Eqs. (15) and (19).

To assess the utility of Eqs. (18) and (19) in reconstructing
paleoproductivity, we estimated primary and export productivity rates
for all samples in our database for which TOC data were available and
then compared them with actual productivity rate measurements
from the L95 and OS datasets. Correlation coefficients between the esti-
mated and measured productivity rates are generally low although
somewhat better for the OS than for the L95 productivity dataset:
r2 = 0.24 (OS) and 0.06 (L95) for primary productivity, and r2 = 0.27
(OS) and 0.01 (L95) for export productivity (Fig. 20). Differences in es-
timated (est) and measured (meas) productivity rates were quantified
as a relative error:

Error ¼ PRODZ‐est–PRODZ‐measð Þ=PRODZ‐meas � 100% ð20Þ

where Z represents either primary (prim) or export (exp) productivity,
and ‘measured’ refers to the L95 and OS productivity estimates. Relative
errors were calculated as absolute values in order to indicate the devia-
tion of the productivity estimate from the expected value in either
direction. The relative errors thus calculated are commonly large
although relatively similar for the OS and L95 productivity datasets. Ab-
solute mean error values for primary productivity estimates were 152%
(OS) and 158% (L95), and those for export productivity estimates were
143% (OS) and 178% (L95).Median errorswere considerably lower: 58%
(OS) and 68% (L95) for primary productivity estimates, and 53% (OS)
and 76% (L95) for export productivity estimates. The smaller median
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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values indicate that error distributions are highly skewed, i.e., with
many small errors and fewer large errors (Fig. 21). This pattern is attrib-
utable in part to the upper limit of 100% on calculated errors when
PRODZ-est b PRODZ-meas.

Overall, N70% of productivity estimates for individual samples had an
absolute relative error of b100% (Fig. 21). Given the large number of fac-
tors that can cause productivity estimates based on sedimentary proxies
to deviate frommodern in situ productivity rates (see Section 3.4), this is
a fairly robust result. Because the productivity estimates in our dataset
range over more than two orders of magnitude, even a 100% error is an
acceptable level of uncertainty for productivity estimates in paleomarine
systems. The value of our approach to paleoproductivity estimation is en-
hanced by the fact that it is based on two independent and easily deter-
mined sedimentological parameters (i.e., TOC and BAR). Examples of the
application of this method of paleoproductivity analysis will be given in
companion papers in the present volume by Shen et al. (in review) and
Wei et al. (2014).

5.3. Paleoproductivity estimates based on OCAR

Among the elemental proxymassfluxes considered in this study, the
strongest positive relationship with both primary and export produc-
tion is shown by OCAR (Fig. 12). It is surprising that OCAR should
show a stronger relationshipwith primary thanwith export production,
since it is carbon exported from the surface ocean that is ultimately pre-
served in the sediment. The marginally stronger relationship with
A

B

Fig. 21.Distribution of error values calculatedwith Eq. (20) for (A) primary production es-
timates from Eq. (18) versus actual primary production from the L95 and OS datasets, and
(B) export production estimates from Eq. (20) versus actual export production from the
L95 and OS datasets. Errors N500% are not shown, but both panels show N90% of all
error values. Error values binned in increments of 5%. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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primary production may reflect the effects of high productivity on
redox conditions or the association of high productivity with elevated
sedimentation rates. The regressions relating OCAR to primary and ex-
port production (Table 4) can be rearranged to predicted primary
(prim) and export (exp) production as a function of OCAR, using coeffi-
cients intermediate between those determined for the L95 and OS
datasets:

PRODprim ¼ 108:55 � OCAR
� �0:43 ð21Þ

PRODexp ¼ 104:56 � OCAR
� �0:71 ð22Þ

where PRODZ and OCAR are in units of mg cm−2 kyr−1. If OCAR is re-
placed by TOC and BAR (per Eq. (3)), Eqs. (21) and (22) can be recast
to estimate paleoproductivity based on the same parameters as used
in Eqs. (18) and (19). However, this reformulation yields a positive rela-
tionship between PRODZ and BAR that is quite different from the inverse
relationships seen in Eqs. (18) and (19). Unlike those equations,
Eqs. (21) and (22) are empirical derivations of paleoproductivity rates
that do not account explicitly for the preservational effects of BAR.

Paleoproductivity estimates based on Eqs. (21) and (22) exhibitweak
to modest correlations to modern productivity rates and are subject to
potentially large errors. Estimates of primary productivity (Eq. (21))
yield an r2 of 0.44with L95 productivity and an r2 of 0.06withOSproduc-
tivity. Average and median absolute errors, as calculated per Eq. (20),
were 64% and 59%, respectively, when calculated against L95 productiv-
ity, and 119% and 68%, respectively, when calculated against OS produc-
tivity. Estimates of export productivity (Eq. (22)) yield an r2 of 0.05 with
L95 productivity and an r2 of 0.32with OS productivity. Average andme-
dian absolute errors, as calculated per Eq. (20), were 245% and 83%, re-
spectively, when calculated against L95 productivity, and 371% and
83%, respectively, when calculated against OS productivity.

The relative importance of productivity rates and redox conditions
on productivity-proxy fluxes was considered conceptually in Fig. 6,
and the proxy flux dataset generated in this study provides an opportu-
nity to assess these relationships quantitatively. Although redox facies is
clearly an important control on OCAR (Fig. 9A), it is worth noting that
BAR and redox conditions are not fully independent variables in our
dataset, and it is uncertain to what extent this is reflected in enhanced
preservation at high BARs. In fact, OCAR appears to show the influence
of both redox and productivity controls,with the highest organic carbon
fluxes associated with high-productivity anoxic settings (i.e., lower
right of Fig. 22A). Because elevated surface-water productivity can trig-
ger benthic anoxia through the biological oxygen demand imposed by
sinking organic matter, these relationships might be interpreted as evi-
dence of the generally dominant influence of productivity on organic
matter accumulation in marine sediments. However, a feedback involv-
ing the recycling of organic P in marine sediments back into the water
column helps to sustain high surface-water productivity in anoxic ma-
rine systems (Ingall et al., 1993;Murphy et al., 2000). Thus, the relation-
ships documented here (Fig. 22A) suggest that elevated productivity
rates are commonly important in establishing marine anoxia and high
OCAR, but that the interplay of productivity and redox conditions is in-
tegral to sustaining such conditions (cf. Pedersen and Calvert, 1990;
Tyson, 2005).

5.4. Paleoproductivity estimates based on PAR

The most notable feature of the phosphorus dataset is the relative
consistency in P concentrations over a wide range of redox conditions
(Fig. 13) and BARs (Fig. 14). Although PAR shows only a weak relation-
ship to primary productivity, particularly at lower productivity rates
(Fig. 15A), it becomes nearly invariant at primary productivity rates
N20,000 mg cm−2 kyr−1, a point that corresponds to the transition
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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Fig. 22.Mass fluxes of (A) organic carbon, (B) organic phosphorus, and (C) biogenic bar-
ium for each Longhurst et al. (1995) province considered in this study as a function of
redox setting and primary productivity. Position of circles on horizontal axis corresponds
to estimates of primary production from the L95 (blue) or OS (red) datasets, shown on a
logarithmic scale. Position of circles on vertical axis corresponds to its categorization in
one the three discrete redox categories used in this study. Diameter of circle is proportion-
al to the province average mass flux of the productivity proxy in question (in units of
mg cm−2 kyr−1). Where two redox categories were represented in the same province,
separate averages were calculated for each redox category and separate circles were
used to represent the averages. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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between primarily oxic and primarily suboxic/anoxic facies. Its relation-
ship with export production is more monotonic but weaker. It is possi-
ble to estimate primary and export production based on PAR using the
equations in Table 4 (with coefficients intermediate between those cal-
culated for the L95 and OS datasets):

PRODprim ¼ 103:46 � PAR
� �1:14 ð23Þ

PRODexp ¼ 101:63 � PAR
� �1:98 ð24Þ

where productivity and PAR are in units ofmg cm−2 kyr−1. Correlations
were weaker and errors higher for these equations than for those de-
rived from OCAR, but they were of the same order of magnitude. As
with OCAR, correlations with the L95 productivity estimates (r2 =
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0.27 for primary production, 0.08 for export production) were stronger
than those with the OS estimates (r2 = 0.00 for primary production,
0.05 for export production). For the L95 dataset, mean andmedian abso-
lute errors of primary production estimates are 229% and 81%, respec-
tively, and the errors of export production estimates are 763% and 88%,
respectively. For the OS dataset, mean and median absolute errors for
primary production estimates are 2996% and 85%, respectively, and the
errors for export production estimates are 1860% and 93%, respectively.
For the latter dataset, the large differences between themean andmedi-
an errors reflect inclusion of anomalously high PAR values for Saanich
Inlet; when these data are excluded, the mean and median absolute
errors for primary productivity fall to 314% and 84%, respectively.

Porg appears to accumulate most rapidly in highly productive,
suboxic-to-anoxic settings (Fig. 22B), although the lack of anoxic sites
having low productivity rates may influence this interpretation. Be-
cause organic carbon and phosphorus have differentmodes of preserva-
tion as a function of redox variation (see Section 2.6), the similarity of
the patterns for OCAR and PAR (Fig. 22A, B) is significant, suggesting
the potentially dominant influence of productivity on the accumulation
of organic matter in marine sediments (cf. Section 5.2). The narrowing
range of Porg concentrations observed in increasingly anoxic environ-
ments, an effect that is seen more clearly in maximum than in mean
values (Fig. 14), suggests that anoxic conditions fundamentally limit
Porg retention in sediments. This limitation operates through an efficient
negative feedback involving the diffusion of remineralized organic P
back into the water column under increasingly more reducing condi-
tions (Ingall et al., 1993; Murphy et al., 2000; see Section 4.3).

5.5. Paleoproductivity estimates based on BaAR

BaAR does not seem to showany clear relationshipwith productivity
on a global scale. The weak (and negative) correlations between esti-
mates of productivity and BaAR (Fig. 17) do not inspire confidence in
the use of Babio as a widely applicable productivity proxy. Although
Eagle et al. (2003) found that biogenic barium varied nearly linearly
with export production after use of an appropriate local pe-ratio, this
analysis was limited to marine systems with an estimated export
production of b104 mg C cm−2 kyr−1. A positive relationship can be
discerned between export production and BaAR in the OS dataset over
this same productivity range (Fig. 17B), but it breaks down at higher
levels of productivity. We include the following equations for estimat-
ing paleoproductivity from BaAR for the sake of completeness (i.e., as
analogs to Eqs. (21)–(22) for OCAR and Eqs. (23)–(24) for PAR), but
we emphasize that they have questionable value for estimating produc-
tivity in paleomarine depositional systems:

PRODprim ¼ 10−1:17 � BaAR
� �−4:17 ð25Þ

PRODexp ¼ 10−0:43 � BaAR
� �−11:11 ð26Þ

where BaAR and production are in units of mg cm−2 kyr−1. The corre-
lation coefficients are b0.01 for all estimates of primary and export pro-
ductivity versus measured productivity values, and average errors are
orders of magnitude larger than for productivity estimates based on
OCAR or PAR.

The barite productivity proxy was developed largely in the open
ocean (Dymond et al., 1992; François et al., 1995; Paytan and Kastner,
1996; Paytan et al., 1996; Eagle et al., 2003; Paytan et al., 2007), in envi-
ronments dominated by pelagic biogenic sediments (Murray et al.,
2000; Prakash Babu et al., 2002), and its applicability may be limited
to such systems. Further work will be needed to determine if biogenic
barium has value for estimating paleoproductivity in equivalent ancient
open-ocean facies, such as radiolarites (e.g., Algeo et al., 2010, 2011).
ic phosphorus, and biogenic barium fluxes as proxies for paleomarine
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6. Conclusions

Our analysis of three widely used elemental productivity proxies
(TOC, Porg, and Babio) provides insights regarding controls on their accu-
mulation, their robustness as paleoproductivity proxies, and the range
of depositional environments in which they may usefully be applied.
Organic carbon accumulation rates were determined to have a strong
relationship to BAR, with a large slopem (1.72) indicating strongly en-
hanced preservation of organic carbon at higher sediment accumulation
rates. Organic carbon preservation factors (PF) exhibit a linear relation-
ship with BAR, indicating that the effects of rapid sediment accumula-
tion on preservation can be corrected for, and that paleoproductivity
can be estimated from TOC and BAR. The resulting equations can yield
order-of-magnitude estimates of primary and export production in
paleomarine systems. Phosphorus accumulation rates are strongly
correlated to BAR with anm of ~1.0, implying a high degree of autocor-
relation and, thus, control of P accumulation by BAR. This is consistent
with the observed limited variation of sedimentary P concentrations,
which is likely due to the operation of homeostatic feedbacks related
to porewater redox conditions. At a global scale, the productivity-
dominant model appears to account better for observed patterns of or-
ganic carbon and phosphorus accumulation rates than the redox-
dominant model. Biogenic barium exhibits a weak relationship to BAR,
probably because of reduced uptake of Ba at the sediment–water inter-
face with increasing sedimentation rates. Biogenic barium fluxes show
no systematic relationship to productivity in modern marine deposi-
tional systems generally, although previous studies have identified pos-
itive covariation with productivity in specific environments, such as the
equatorial Pacific. We conclude that organic carbon and phosphorus
fluxes have considerable potential as widely useful paleoproductivity
proxies, but that the applicability of biogenic barium fluxesmay be lim-
ited to specific oceanic settings.
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