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Abstract Dating pelagic clay can be a challenge due to its slow sedimentation rate, post-depositional
alteration, and lack of biogenic deposition. Co-based dating techniques have the potential to create age
models in pelagic clay under the assumption that the flux of non-detrital Co to the seafloor is spatially and
temporally constant, resulting in the non-detrital Co concentrations being inversely proportional to sedi-
mentation rate. We apply a Co-based method to the pelagic clay sequences from Sites U1365, U1366,
U1369, and U1370 drilled during Integrated Ocean Drilling Program (IODP) Expedition 329 in the South
Pacific Gyre. We distinguished non-detrital Co from detrital Co using multivariate statistical partitioning
techniques. We found that the non-detrital flux of Co at Site U1370 is approximately twice as high as that at
the other sites, implying that the non-detrital Co flux is not regionally constant. This regional variation
reflects the heterogeneous distribution of Co in the water column, as is observed in the present day. We
present an improved approach to Co-based age modeling throughout the South Pacific Gyre and determine
that the Co-based method can effectively date oxygenated pelagic clay deposited in the distal open ocean,
but is less reliable for deposition closer to continents. When extending the method to geologically old sedi-
ment, it is important to consider the paleolocation of a given site to ensure these conditions are met.

1. Introduction

Dating pelagic clay is a challenge for paleoceanographic studies, due to its low accumulation rate, postde-
positional alteration, and lack of appropriate material for detailed biochronology. However, the composition
of pelagic clay exhibits subtle variations associated with provenance that can be related to changes in tec-
tonic, chemical, and biological factors influencing open ocean sedimentary environments. To put these
changes in a paleoceanographic context and correlate open ocean variations with global climate events
requires robust age modeling. Although pelagic clay sequences have proven to be an important archive of
ocean history over long time scales (0–85 Myr) [e.g., Rea and Bloomstine, 1986; Leinen, 1989; Zhou and Kyte,
1992; Kyte et al., 1993; Gleason et al., 2002; Stancin et al., 2008a, 2008b], such models have been difficult to
construct. A standardized technique to date pelagic clay would greatly increase its use in paleoceanography
and paleoclimatology.

Techniques based on 230Th and 10Be have been used to date pelagic clay, but are limited to relatively short
time spans (�0.5 and 8 Myr, respectively), that can translate to a few tens of centimeters in regions with
extremely low sedimentation rates [e.g., Kadko, 1985; Bourles et al., 1989; Marcantonio et al., 1996; Frank et al.,
2008]. For deeper time, ichthyology [e.g., Ingram, 1995; Martin and Haley, 2000; Gleason et al., 2002], magneto-
stratigraphy [e.g., Backman et al., 2008], and authigenic Os isotopic techniques [e.g., Peucker-Ehrenbrink et al.,
1995; Klemm et al., 2005; Ravizza, 2007] have been employed to provide discrete age dates. Each of these
approaches has strengths and weaknesses. Most importantly, however, they only provide discrete age points
between which linear sedimentation rates are often assumed. Due to slow sedimentation rates, such tie points
are often spaced far apart in age.

A Co-based dating technique, can be the foundation for age modeling of pelagic clay and Fe-Mn crust and
nodules, by determining instantaneous sedimentation rates on a sample-by-sample basis. This is a great
advantage compared to other techniques that rely on linear interpolations between stratigraphically spaced
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control points. While Co-based age models are widely cited, their use in marine sediment is, in fact, rela-
tively infrequent [Krishnaswami, 1976; Kadko, 1985; Zhou and Kyte, 1992; Kyte et al., 1993; Dalai and Ravizza,
2006]. Their application to ferromanganese crusts and nodules is relatively more common [Halbach et al.,
1982, 1983; Manheim and Lane-Bostwick, 1988; Puteanus and Halbach, 1988; McMurtry et al., 1994; Banakar
et al., 1997; Frank et al., 1999; van de Flierdt et al., 2004; Klemm et al., 2005; Li et al., 2008; Hein et al., 2012].

Co-based techniques assume that the flux of non-detrital Co to the seafloor is spatially and temporally con-
stant. Thus, high concentrations of non-detrital Co indicate slow sedimentation rates and vice versa. Other
techniques to determine instantaneous sedimentation rates of pelagic sediment in deep time include Ir and
3He. Ir is thought to behave similarly to Co, except at the K-Pg boundary [e.g., Zhou and Kyte, 1992; Kyte
et al., 1993; Dalai and Ravizza, 2006]. Extraterrestrial 3He in pelagic sediment is sometimes proven to be con-
stant enough to determine sedimentation rates [e.g., Marcantonio et al., 1996; Paquay et al., 2014], but in
other studies has shown to be variable [e.g., Farley, 1995; Farley et al., 2012]. Many of the studies examining
the variable flux of 3He (and also extraterrestrial Os isotopes) in deep-sea pelagic clay [e.g., Farley, 1995;
Pegram and Turekian, 1999] developed using samples from Core LL44-GPC3 and use a Co-based age model
[Kyte et al., 1993] to ground truth their conclusions. These studies assume the flux of non-detrital Co to be
‘‘constant,’’ and ‘‘hydrogenous’’ or ‘‘authigenic’’ in origin, being sourced directly from seawater.

We assess the accuracy of these assumptions in Co-based dating techniques and discuss why the flux of
non-detrital Co to the seafloor may seem to be approximately ‘‘constant,’’ particularly at a single location,
even when Co concentrations are not well mixed in the ocean [e.g., Saito and Moffett, 2002]. We improve
the understanding and quantify the uncertainties associated with use of Co-based age models. These uncer-
tainties can be large. They are best identified by working with material from multiple locations to separate
local from regional influences on Co accumulation and to determine the effectiveness and limitations of Co-
based methods overall. We produce a relatively high-resolution age model to 65.5, 95, 58, and 65.5 Ma for
the pelagic clay sequences of Sites U1365, U1366, U1369, and U1370, respectively, drilled during Integrated
Ocean Drilling Program (IODP) Expedition 329 in the South Pacific Gyre (SPG). In addition to developing age
models for these particular IODP sites, we provide an analytical and numerical roadmap for other research-
ers to apply Co-based accumulation rate models to different pelagic locations around the global ocean.

2. Sampling and Analytical Methods

Six of the seven sites (Table 1) drilled to basement during IODP Expedition 329 (U1365–U1370) are mostly
composed of oxic [Fischer et al., 2009; D’Hondt et al., 2011, 2015], homogenous, brown pelagic clay (Figure
1). Average sedimentation rates calculated from total sediment thickness and approximate basement age
at each site are extremely low, ranging from 0.3 to 1 m/Myr [D’Hondt et al., 2009, 2011, 2015]. The seventh
site (Site U1371) is mostly siliceous ooze [D’Hondt et al., 2011]. This study focuses primarily on Sites U1365,
U1366, U1369, and U1370, which are exclusively pelagic clay except for a thick chert interval from 44 to 62
meters below seafloor (mbsf) at Site U1365, and a thin carbonate interval from 62 to 63 mbsf at Site U1370.
The pelagic clay portions of Sites U1367 (shallower than the carbonate interval) and U1371 (deeper than
the siliceous interval) are also included in part of this study but the sampling resolution is too low for age
model determinations.

Details of the analytical geochemical procedures are presented in Dunlea et al. [2015]. In brief, samples con-
sist of sediment squeeze cakes remaining after porewater extractions performed on the IODP drillship R/V
JOIDES Resolution [D’Hondt et al., 2011]. Sample preparation, digestions, and analysis were conducted at

Table 1. Summary of IODP Sites Examined in This Study [D’Hondt et al., 2011]

Site Latitude Longitude
Water

Depth (m)
Total Sediment
Thickness (m)

Polarity Chron Age
Range (Ma)

Tectonic Reconstruction
Estimate (Ma)

U1365 2238510 21658390 5697 75.6 84–124.6 100
U1366 2268030 21568540 5127 34 84–124.6 95
U1367 2268290 21378560 4285 22 33.3–33.7 33.5
U1369 2398190 21398480 5283 16 57.2–58.4 58
U1370 2418510 21538060 5076 73 73.6–79.5 75
U1371 2458580 21638110 5306 132 71.5–72.9 73
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Boston University. Sediment samples
were freeze-dried and hand-powdered
with an agate mortar and pestle. For
major and certain trace elements, sam-
ple powders were digested by flux
fusion [Murray et al., 2000] and ana-
lyzed by inductively coupled plasma-
emission spectrometry (ICP-ES). For
analysis of further trace and rare earth
elements, including Co, sample pow-
ders were dissolved in a heated acid
cocktail (HNO3, HCl, and HF, with later
additions of HNO3 and H2O2 after sam-
ples were dried down) under clean-lab
conditions and analyzed by inductively
couple plasma-mass spectrometry (ICP-
MS). The protocol was similar to that
described in Scudder et al. [2014] and is
detailed in Dunlea et al. [2015]. Three
separate digestions of an in-house SPG
sediment standard were analyzed with
each batch and determined precision
[(average)/(standard deviation) 3 100]
was �2% or better of the measured
value for each element. The interna-
tional Standard Reference Material
BHVO-2 was analyzed as an unknown
with each batch and results were con-
sistently found to be accurate within
precision for each element [Ireland
et al., 2014].

3. Defining the Language:
‘‘Constant’’ Co, Non-detrital
Co, Authigenic, Hydrogenous

As cited above, several previous studies
have employed Co-based accumula-
tion rates for marine sediment, Fe-Mn
nodules, and Fe-Mn crust. Particularly
in marine sediment, terminology such
as ‘‘Constant-Co’’ (or a slight variation

thereof) is commonly used. Implicit in the use of this term is the assumption that the flux of Co to the sea-
floor is constant, either globally or at least over very large distances (e.g., ocean-basin scale). Thus, the term
‘‘Constant-Co’’ includes an interpretation from the outset. Because we will show that such constancy is not
the case, we instead use the term ‘‘Co-based,’’ which does not imply any process or distribution pattern. We
prefer this term because it is more objective, and only refers to the chemical element used in the age
models.

We further show that the crux of constructing Co-based age models is, on a per sample basis, determining
what fraction of the total Co is contributed by non-biogenic detrital inputs (e.g., eolian dust, other terrige-
nous inputs, volcanic ash, altered eroded basalt, etc.) and what fraction of the total Co is contributed by the
sum of the other sources (e.g., authigenic uptake, hydrogenous precipitation, etc.) which are, by closure,
non-detrital. For the purposes of Co-based accumulation rates, therefore, the most important partitioning is
between detrital Co (which cannot be part of a Co-based accumulation model) and the total non-detrital Co

Figure 1. (top) Site locations plotted on a background map of seasurface chloro-
phyll concentrations (http://oceancolor.gsfc.nasa.gov/SeaWiFS/). (middle and bot-
tom) Sites with backtrack paths [Seton et al., 2012; Gurnis et al., 2012] against age
of oceanic lithosphere [M€uller et al., 2008] at 35 and 65 Ma. Paths are plotted
against a latitude/longitude reference frame, and thus appear to cross the East
Pacific Rise, when in reality each site’s history has entirely been on the Pacific
Plate.
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(upon which a Co-based age model is wholly based), regardless of which phase currently hosts this
non-detrital Co. Therefore, and aware of extensive discussions in the literature about the variety of proc-
esses by which authigenic and hydrogenous phases may form, we simply refer to the Co that is relevant to
Co-based accumulation rate models as non-detrital Co.

4. Pathways of Co to Deep Pelagic Sediment

Previous studies using a constant Co flux method (hereinafter referred to as ‘‘Co-based,’’ as above) refer to
the Co deposited on the seafloor at a constant rate as being ‘‘authigenic’’ or ‘‘hydrogenous’’ (hereinafter,
part of ‘‘non-detrital Co,’’ as above). This historical terminology implies specific pathways by which Co
becomes part of the bulk sediment. However, such labels neglect the primary origin and distribution of the
Co, which is of utmost importance when developing a Co-based age model. Here we explore two questions
that address this, namely: why and how is Co deposited in marine sediment? and, how constant is
‘‘constant’’?

4.1. Sources of Co to the Water Column
Ongoing water-column research is rapidly improving our understanding of the supply to and distribution of
Co in the ocean. We briefly review the sources of Co to the ocean, focusing on how they may affect the dis-
tribution of Co in the water column overlying pelagic clay in the open ocean.

Eolian dust and volcanic ash are removed to the seafloor quite rapidly and do not supply a spatially con-
stant nor large flux of Co across all ocean basins over time. Eolian dust and volcanic ash influence Co con-
centrations in the surface waters close to continents [Dulaquais et al., 2014a, 2014b], but they are likely to
be an insignificant source in the open ocean [Shelley et al., 2012]. For example, in the South Atlantic, eolian
material is estimated to contribute <1% of the Co in the water column [Noble et al., 2012]. The solubility of
Co in natural dust is low (0.14%) [Thurocszy et al., 2010], but even if it were more soluble, even by an order
of magnitude, the contributions of eolian Co would still be relatively quite small compared to other sources
in the open ocean [Noble et al., 2012].

Hydrothermal fluids are enriched in Co relative to seawater (20–230 nM versus 0.03 nM) [Von Damm et al.,
1985], but hydrothermal Co precipitates very close to the ridge axis [German et al., 1990; Noble et al, 2008,
2012] and even if it traveled far would only comprise �2.4% of the total Co flux to the global oceans [Swan-
ner et al., 2014]. In the pre-Cambrian, anoxic oceans may have caused Co from hydrothermal vents to dis-
perse further through the water column [Swanner et al., 2014], but in present-day oxygenated oceans it is
removed very rapidly close to the ridge.

Micrometeorites could contribute a continuous flux of Co to the seafloor, but even the highest estimate of
270 metric tons of cosmic dust accreted to Earth every day [Plane, 2012] explains only �0.5% of the
non-detrital Co flux to the seafloor, assuming typical micrometeorites have an average chondritic composi-
tion (500 lg/g Co) [McDonough and Sun, 1995]. Interestingly, Co correlates well with Ir, a common cosmo-
genic tracer [Dalai and Ravizza, 2006], at multiple sites except at the K-Pg Boundary where Ir concentrations
spike upward and Co concentrations show little change [Kyte and Wasson, 1986; Zhou and Kyte, 1992; Kyte
et al., 1993]. While the correlation between Ir and Co in non-K-Pg sediment is consistent with a cosmogenic
origin of Co, it is interpreted as more likely resulting from similar behavior of Ir and Co during authigenesis
[Dalai and Ravizza, 2006].

Rivers supply large amounts of Co to the continental margins [Swanner et al., 2014], but the Co is very par-
ticle reactive and deposited on the continental shelf. When this sediment becomes anoxic, dissolved Mn,
Fe, and Co are released into the water column as metal-bearing mineral phases are reduced [Noble et al.,
2012].

Anoxic sediment along the continental margin is the main source of dissolved Co to the open ocean [Noble
et al., 2012]. In the South Atlantic Ocean, the dissolved Co plume is transported thousands of kilometers
toward the centers of gyres with the highest Co concentrations traveling at the depth of the oxygen mini-
mum zone (OMZ, <100 lmol O2/kg) and decreasing further from the continent [Noble et al., 2012]. The total
Co concentration is found to be inversely proportional to oxygen concentrations between 300 and
800 meters in the South Atlantic water column [Noble et al., 2012] and ongoing studies of Co concentration
transects across the South Pacific will reveal if Co behaves similarly in the SPG.
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4.2. Co Behavior in the Water Column
Co is not well mixed in the ocean, with whole-ocean residence times on the order of 40–150 years [Saito
and Moffett, 2002; Aparicio-Gonz�alez et al., 2012]. The concentration of Co in seawater ranges from �4 to
120 pM, occurring primarily as Co21 ions and its chloro-, sulfato-, and carbonato- complexes [Nolan et al.,
1992]. Co is a micronutrient, a structural component of vitamin B12, and may be co-limiting in some regions
[Saito and Moffett, 2001; Noble et al., 2012; Shelley et al., 2012].

As succinctly described by Noble et al. [2012, p. 989], the water column profiles of ‘‘iron, cobalt, and manga-
nese fall into the hybrid-type category since their distributions are controlled by a combination of phyto-
plankton uptake, which creates nutrient-like distributions in the photic zone, and scavenging, which creates
scavenged-like distributions in intermediate and deep waters.’’ Ongoing studies of the complexities of Co
removal are examining several different mechanisms, including co-precipitation with Mn-oxides and biolog-
ical export to the seafloor [Swanner et al., 2014, and references therein].

Deeper than the OMZ in the open ocean, Co concentrations show smaller gradients and are relatively
homogenous across the ocean basin [Noble et al., 2012; Dulaquais et al., 2014b]. Organic complexing of Co
reduces the scavenging rate [Saito and Moffett, 2001] and possibly explains how Co can become dispersed
throughout and relatively well mixed in the deeper ocean away from continents.

While the exact mechanism that removes Co from seawater to pelagic clay, nodules, and ferromanganese
crust is poorly understood, the primary pathway in the open ocean is the settling of Mn-phases that form
microbially mediated in the water column and adsorb Co onto their surfaces and/or incorporate Co into
their structure [Knauer et al., 1982; Cowen and Bruland, 1985; Moffett and Ho, 1996; Saito and Moffett, 2001;
Bown et al., 2011; Castrillejo et al., 2013]. The settling of these Co-bearing Mn-phases to the seafloor is
described as a slow, leaky process as they are gradually removed from seawater over time [Cowen and Bru-
land, 1985]. If the removal process is steady and constant, Co concentrations in marine sediment will be
inversely proportional to sedimentation rate and may be suitable as a sedimentation rate chronometer.

Very importantly, however, the concentration of Co in the water column is neither evenly distributed across
an ocean basin nor does it have a constant concentration of Co through time or space. Export of Co to the
seafloor may be higher near continents than in the open ocean, due to higher concentrations of dissolved
Co in the OMZ and higher productivity in upwelling regions near the coasts. While it is possible that slow
precipitation of Co in the open ocean may be constant enough to act as a chronometer, the water-column
Co heterogeneities call into question the assumption that Co-based accumulation rate models can be based
on a globally or even regionally precisely constant flux of Co to the seafloor. More research targeting Co
removal mechanisms to marine sediment is critical to improve our understanding of the relative importance
of the spatial and temporal variability of these processes. Regardless, however, these lines of research
clearly indicate that these processes are not constant across ocean basins, which has implications for the
use of Co in sediment dating.

5. Co-Based Chronology Calculations

In this study, we create Co-based age models for marine sediment using calculations similar to Krishnas-
wami [1976] and Kadko [1985]. Co-based techniques and equations for calculating the growth rate of ferro-
manganese crusts and nodules cannot be applied to sediment because sediment has Co concentrations
that are an order of magnitude lower and contain a detrital component that contributes significant Co
abundances.

In marine sediment, the total concentration of Co (Cot) in the sediment is the sum of the contributions from
detrital phases (Cod) and the sum of the non-detrital phases (Conon-det.). In SPG pelagic clay, Cot concentra-
tions may be as high as �500 lg/g (Figure 2a and Table S1), and the Co/Al ratio (ranging 2–100 lg/g, Figure
2b) significantly surpasses that of post-Archean average Australian Shale (PAAS) (23 lg/g Co and 2.3 lg/g
Co/Al) [Taylor and McLennan, 1985] and mid-ocean ridge basalt (43 lg/g Co and 5.53 lg/g Co/Al) [Gale
et al., 2013]. Thus, the Co/Al ratios and Co concentration comparisons indicate that the vast majority of the
Co in SPG pelagic clay is non-detrital and sourced from elsewhere. We use Al in these ratios because there
is no recognizable scavenged Al component [Murray et al., 1993; Murray and Leinen, 1996] in the SPG
pelagic clay [Dunlea et al., 2015], due the very high aluminosilicate inventory.
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Previous studies have used operationally defined chemical leaches to separate detrital Co from putative
authigenic Co [e.g., Krishnaswami, 1976]. Given the highly altered nature of pelagic clay, however, and the
difficulty these leaching techniques have in distinguishing different aluminosilicate materials from each
other [e.g., Ziegler et al., 2007], we avoid such leaching. Instead, we determine the amount of detrital Co in
each sample by multivariate statistical partitioning [Miesch, 1976; Heath and Dymond, 1977; Leinen and
Pisias, 1984; Zhou and Kyte, 1992; Kyte et al., 1993; Ziegler and Murray, 2007; Ziegler et al., 2008; Scudder et al.,
2009, 2014; Pisias et al., 2013]. The partitioning calculations used in this study are detailed in Dunlea et al.
[2015], and determine the mass fraction of sediment contributed by eolian dust, volcanic ash, apatite, Fe-
Mn oxyhydroxides, biogenic silica, and altered basalt, on a sample-by-sample basis. From the compositional
mass fractions, we quantify the amount of Cod collectively sourced from eolian dust and volcanic ash and
compare that to the Cot analyzed in each sample. The difference is Conon-det., which is the Co upon which
the age models are based or, simply:

Conon-det:5Cot2Cod (1)

Assuming, for now, that the flux of non-detrital Co to the seafloor is constant, Conon-det. will be inversely
related to sedimentation rate,

Si5
K

Conon-det:;i3qi
(2)

where for sample i,

Conon-det:;i 5 concentration of non-detrital Co (lg/g);
Si 5 instantaneous sedimentation rate (cm/Myr);
K 5 non-detrital input rate (lg/cm2/Myr);
qi 5 Dry Bulk Density (DBD, g/cm3).

The latter three of these terms are discussed in sections 5.1 and 5.2.

5.1. Dry Bulk Density (DBD)
For the DBD of each sample (Table S1), we used IODP Expedition 329 shipboard moisture and density
(MAD) and gamma ray attenuated (GRA) density data [D’Hondt et al., 2011]. We removed GRA data outliers
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Figure 2. (a) Total Co concentrations in (lg/g) (Cot, in equation (1)) and (b) Co/Al (lg/g) ratio versus depth (meters below seafloor). Arrow
indicates Co concentration (lg/g) and Co/Al (lg/g) of PAAS (23 and 2.3 lg/g) [Taylor and McLennan, 1985] and MORB (43 and 5.54 lg/g)
[Gale et al., 2013].
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(defined as 61 standard deviation of the surrounding 50
measurements, covering �100 cm of core thickness) and took a
50-point moving window average to reduce noise in the GRA
trend. GRA density was co-located with the MAD data points
and a linear trend was fit to relate the wet GRA density with the
dry bulk MAD density at each site individually. This correlation
at each site is strong (r2 between 0.87 and 0.97). Based on the
overall GRA-to-DBD relationship, we converted the 50-point
moving-point averaged GRA density at the depth of each of the
samples to DBD. If MAD data were not from the same hole as
the samples, we regressed a line through GRA and MAD data
from the same hole and then applied the equation to GRA data
co-located with the samples.

5.2. Instantaneous Sedimentation Rate and the non-detrital
flux of Co
We solved the sedimentation rate equation (equation (2)) in two
different ways (Table S1). We first solved for S in equation (2)
using published values of K. To our knowledge, there are only
five published values (from only two research groups) of ‘‘hydrog-
enous’’ or ‘‘authigenic’’ Co fluxes to pelagic clay. These values are
1990 lg/cm2/Myr [Zhou and Kyte, 1992], 2320 and 2490 lg/cm2/
Myr [Kyte et al., 1993], as well as 2300 and 5000 lg/cm2/Myr
[Krishnaswami, 1976]. Of the five values determined for pelagic
clay, the second flux of 5000 lg/cm2/Myr by Krishnaswami [1976]
is only briefly mentioned by these authors as it is based on
‘‘revised’’ sedimentation rates, and is regarded as an outlier.

While we cannot apply the Co-based ferromanganese crust and nodule growth rate equations to marine
sediment, the flux of non-detrital Co estimated from crusts and nodules is comparable to estimates deter-
mined from marine sediment. Non-detrital Co flux to ferromanganese deposits (not sediment) is 2950 lg/
cm2/Myr [Halbach et al., 1983] and this value is commonly used in Co-based chronologies applied to nod-
ules and crust. However, Halbach et al. [1983] used an approximate average in situ density of 1.6 g/cm3 in
their calculation of K; when corrected to a recent, more refined estimate of average dry bulk density for fer-
romanganese crust and nodules (1.3 g/cm3) [Hein and Koschinsky, 2014], their data produce a K of 2370 lg/
cm2/Myr, which is comparable to the estimates of K in pelagic sediment. Frank et al. [1999] analyzed ferro-
manganese crusts with lower Co concentrations than those in Halbach et al. [1983] and estimated the flux
of non-detrital Co to the seafloor to be 1900 lg/cm2/Myr, which is also within the range estimated from
marine sediment. The similarity between the rates at which marine sediment, crusts, and nodules incorpo-
rate Co from the water column may suggest a common pathway of Co removal from the water column. Col-
lectively, therefore, we summarize the existing estimates of K from the literature and this study to be
between �1650 and �2350 lg/cm2/Myr.

In the second method, we calculate a K value using our own Co data. The calculation of the non-detrital Co
flux to the seafloor requires at least two independently determined sediment ages that can be used as
boundary conditions to constrain the model. These ages ideally bracket many or all of the sediment sam-
ples and establish the time parameter for the rate calculation. At Sites U1366 and U1369, we used the age
of the seafloor (0 Ma) and the age of the basement basalt as constraints. IODP Site U1365 is a redrill of
DSDP Hole 596 and has matching solid-phase chemical concentration profiles, provided that Site U1365
depths are shifted upward by 2 m (Figure 3). Accordingly, we transferred the K-Pg boundary identified in
Hole 596 [Zhou and Kyte, 1992] to Site U1365 to act as an age constraint. Other age constraints in Hole 596
[Zhou and Kyte, 1992] acted as independent checks. For Site U1370, the constraints are the seafloor and the
top of the thin carbonate layer that was dated to be within a few million years of the K-Pg boundary, 65.5
Ma [D’Hondt et al., 2011; Alvarez-Zarikian, 2015]. We did not extend the calculation of K deeper than the
K-Pg boundary at Sites U1365 and U1370 due to the presence of biogenic sediment (chert and carbonates,
respectively) to which application of the Co-based method is not appropriate.
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For each site each with its own age constraints, for sample i,

R Ddi3Conon-det:;i3qi

� �

Dtt
5K (3)

where

Ddi 5 hole depth interval that sample i represents (cm);
Conon-det:;i 5 concentration of non-detrital Co (lg/g);
qi 5 Dry Bulk Density (g/cm3);
Dtt 5 time in total interval bracketed by age constraints (Myr);
K 5 non-detrital input rate (lg/cm2/Myr).

The depth intervals in a hole should sum to equal the total depth of the hole that is bounded on either side
by the age constraints.

R Ddi5dt (4)

where

dt 5 total depth included between age constraints (cm).

If the calculated non-detrital Co flux matches the estimates published in previous literature, these two
approaches to the Co-based model should produce similar sedimentation rates and ages for each sample. A
different calculated non-detrital Co flux may indicate (1) uncertainty within the parameters or assumptions
of the model, or (2) that the previously published values of K are incorrect.

5.3. Ages: Sample-by-Sample
Once instantaneous sedimentation rates are calculated for each sample using both techniques, we
calculate the age of the samples (Table S1). Broadly, this is done by applying a series of single
instantaneous sedimentation rates to the series of depth segments through the sedimentary
sequence (Figure S1). It is critical that the sampling resolution is high enough to capture the compo-
sitional variability of the sequence so each sample is an accurate representation of that segment of
core.

The age of the shallowest sample can be calculated by applying the instantaneous sedimentation rate of
that sample to the depth interval between the younger age constraint and that sample.

A15A01
D12D0

S1
(5)

where initially A0 5 0 and D0 5 0 if the seafloor is the younger age constraint and

A1 5 age of the shallowest sample (Myr);
D1 5 depth of shallowest sample (cm);
S1 5 instantaneous sedimentation rate of shallowest sample (cm/Myr).

The equation assumes that the sediment within the depth interval between the younger boundary con-
straint and the shallowest sample accumulated at the instantaneous sedimentation rate that was calculated
for the shallowest sample. To calculate the age of the deeper samples, we assume half of the depth interval
in between samples has the instantaneous sedimentation rate of the adjacent shallower sample and half of
the depth interval has the rate of the adjacent deeper sample (Figure S1). Using the two instantaneous sedi-
mentation rates, we can calculate how much time has passed in between the two samples and add that to
the age of the shallower sample to acquire the age of the deeper sample. In this way, samples deeper than
the shallowest sample are calculated successively as follows,

Ai5Ai211
1
2 Di2Di21ð Þ

Si21
1

1
2 Di2Di21ð Þ

Si
(6)
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Ai 5 age of the sample (Myr);
Di 5 depth of sample (cm);
Si 5 instantaneous sedimentation rate of sample (cm/Myr).

The model can estimate the age of the lower boundary constraint (e.g., basalt) by applying the sedimenta-
tion rate of the deepest sample to the depth interval between the deepest sample and the lower boundary
constraint.

AB5An1
DB2Dnð Þ

Sn
(7)

AB 5 age of lower age constraint (Myr);
An 5 age of deepest sample (Myr);
DB 5 depth of lower age constraint (cm);
Dn 5 depth of deepest sample (cm);
Sn 5 instantaneous sedimentation rate of deepest sample (cm/Myr).

6. Dating Samples Below the Chert Layer at Site U1365

At Site U1365, the age model cannot be extended continuously from seafloor to the basement basalt because
the Co-based method cannot be applied to the �18 m of chert present from �44 to 62 mbsf. However, we
can create a second age model that calculates ages from basalt and extends stratigraphically upward to the
bottom of the chert layer. This technique allows us to calculate ages for samples deeper than the chert layer.
We calculate instantaneous sedimentation rates of each sample, Si, in the same way as described above using
equation (2). We used modified versions of equations (5–7) to calculate ages starting with the basement.
Using the same notation as equation (7), we determined the age of the deepest sample, n, by:

An5AB2
DB2Dnð Þ

Sn
(8)

We calculated ages of the samples shallower than the deepest sample using a modified version of equation
(6). Using the same notation as equation (6), the calculation is expressed as:

Ai5Ai112
1
2 Di112Dið Þ

Si11
2

1
2 Di112Dið Þ

Si
(9)

where sample i11 refers to the next deepest sample from sample i in the stratigraphic column. By combin-
ing this model starting at the basalt with the model starting at the seafloor at Site U1365 (and thus strati-
graphically converging toward the thick chert sequence from above and below), we produce an age model
for samples above and below the chert layer without applying the Co-based dating method directly to the
chert layer itself.

7. Model Uncertainties

Here we sequentially discuss the sensitivity and variability in model outcomes produced by the uncertain-
ties associated with each input parameter. A final determination of uncertainty is not as simple as a stand-
ard calculation of error propagation that does not consider error covariance, since many of the
uncertainties are related to each other and/or act to cancel each other. Nonetheless, it is illuminating to
examine each step in the process of determining a Co-based age model to identify where further improve-
ments can be found.

First, the analysis of Cot in equation (1) by ICP-MS is precise to �2% of the measured value [Dunlea et al.,
2015], establishing a baseline uncertainty of the entire methodology.

Second, we examine the uncertainty associated with the statistical modeling of the bulk sedimentary com-
position, from which Cod in equation (1) is determined. We statistically model the bulk sedimentary
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composition to determine the amount of ‘‘upper crust,’’ volcanic ash (a rhyolite), apatite, excess silica, Fe-Mn
oxyhydroxide, and altered basalt, on a per sample basis [Dunlea et al., 2015]. We determine that this number
of components (6) and these specific compositions are necessary to fit the multivariate linear modeling.
During the multivariate statistical partitioning process described in Dunlea et al. [2015], we test different
specific compositions for each end-member to check the sensitivity of the partitioning calculations. For
example, we test three different rhyolite compositions (e.g., we compare an average rhyolite composition
to two discrete ash layers from SPG marine sediment, etc.). Twelve combinations of the six final end-
members produce strongly similar trends and fit the dataset equally well. Because there is no reason to
favor one model over the rest, we average the modeled mass fraction of each end-member of each sample
that is output by the twelve models (e.g., we average the rhyolite results from the 12 models together for
each sample, etc.). However, exactly which end-member we use for each of these components matters little
for the Co-based accumulation rates. When we separately use the twelve multivariate statistical models
[that we average to produce the final compositional model [Dunlea et al., 2015]] in the Co-based accumula-
tion rate calculations, they yield non-detrital Co fluxes that varied less than 0.5% from each other. Thus, the
potential uncertainty in partitioning end-members with the statistical model has a minimal effect on our
age model.

Third, we examine the uncertainty associated with the determination of the amount of Co in each composi-
tional end-member. Average concentrations of Co concentrations in rhyolite are 10 6 15 lg/g [GEOROC,
2014], and typical continental crust sources (Chinese Loess, NASC, PAAS, GLOSS, UCC) range from 17 to 25
lg/g [Taylor et al., 1983; Gromet et al., 1984; Taylor and McLennan, 1985; Plank and Langmuir, 1998; Rudnick
and Gao, 2003]. Whether we use 17 or 25 lg/g in the Co model for the ‘‘upper crust’’ end-member to calcu-
late the Cod of equation (1) will have more of an effect on the sites with a higher portion of eolian dust and
ash (U1369 and U1370). As a sensitivity test, we compare the non-detrital Co fluxes at each site from the
highest and lowest reasonable Co concentrations for each detrital end-member; this comparison indicates a
�7% difference in Sites U1365 and U1366 and a �15% difference in Sites U1369 and U1370.

Fourth, we examine the lower age constraint provided by the age of the basement (ocean basalt) at Sites
U1366 and U1369. Obviously, this has a significant impact on age model outcomes when the basement age
itself is only broadly known. For example, the basement of Site U1366 occurs within magnetic polarity
Chron 34n, which ranges in age from 84 to 124.6 Myr [D’Hondt et al., 2011]. Taken at face value, this range
causes a 33% difference in the calculated flux of non-detrital Co. However, tectonic models of the complex
triple junction where this basement was formed significantly narrows basement age to be within 90–105
Ma [Pockalny and Dahn, 2013] and causes only a 14% difference in the flux of non-detrital Co estimates. We
selected a mid-point basement age of 95 Ma to construct the model at Site U1366. Although Site U1365
occurs on the same magnetic polarity chron as Site U1366, Re and Os isotope dating of basalt at Site U1365
tightly constrains the basement age to be �103 Ma (G. L. Zhang, personal communication, 2014). Site
U1369 is located within magnetic polarity Chron 25r [D’Hondt et al., 2011], which has a narrow basement
age range (57.2 to 58.4 Myr) [Gradstein et al., 2004] that only causes an �2% difference in the calculated
non-detrital Co flux. At Site U1370 and the shallower interval (0–18 mbsf) of Site U1365, the K-Pg boundary
is used as the lower age constraint and has a well-known age with essentially zero uncertainty [Zhou and
Kyte, 1992; Alvarez-Zarikian, 2015].

Fifth, the model would be improved with a more rigorous stratigraphic correlation at each site. If samples in
this study from different holes at a single site do not correctly overlap, they will not represent an accurate
interval of sediment. Additionally, core gaps that align between different holes at the same site prevent the
construction of a complete splice and some of the total sediment depth may be missing. When calculating
the non-detrital Co input rate, K (equation (2)), a missing segment of core would lower the total sum of
non-detrital Co that accumulated between the age brackets causing the overall K to be too low.

Sixth, ash layers, hardgrounds, hiatuses, intervals of rapid biogenic deposition, or other instances of either
very high or very low sedimentation rate can impose error on the age model by introducing depth intervals
that are not representative of the rest of the sequence. For example, if a bulk sample is used to represent
an interval that includes a discrete ash layer or if a bulk sample included part of an altered discrete ash layer,
the samples will not represent the overall sediment composition. To account for hardgrounds in the sedi-
ment column when developing their estimates of non-detrital Co, Zhou and Kyte [1992] used a Mn-
encrusted hardground thickness and average composition to calculate the amount of extra ‘‘hydrogenous’’
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Co incorporated into this phase (stated to be 5% more Co) and added it to the total ‘‘hydrogenous’’ Co. This
value is untestable and we do not include any such approximations. At Site U1365, we were able to date
samples shallower and deeper than the anomalous chert layer by combining two age models, one starting
from the seafloor and going to the K-Pg boundary and the second starting from the basalt and extending
up to the bottom of the chert layer, as described above. At Site U1370, core disturbance (flow-in) and our
small number of samples below the carbonate layer prevented us from modeling the age of sediment
below the K-Pg boundary.

The above presentation highlights the importance of understanding uncertainty at each site in a Co-based
age model, due to the fact that each site is likely to have a unique set of conditions and/or assumptions
associated with it. Some of the uncertainties introduce systematic errors and others introduce random
errors that propagate differently. To arrive at a final general confidence level for each age model, we have
taken the approach of running ‘‘ensembles’’ of models that allow us to collectively assess variability in the
final result at any given site.

8. Non-detrital Co Fluxes at Sites U1365, U1366, U1369, and U1370

Analyses, calculations, and models from Sites U1366 and U1369 separately produce a flux of non-detrital Co
(1812 and 1652 lg/cm2/Myr, respectively) that is close to, but slightly less than, the lowest previously pub-
lished estimate for pelagic clay of 1990 lg/cm2/Myr [Zhou and Kyte, 1992].

For Site U1365, using the K-Pg boundary as a lower age constraint, the modeling yields a non-detrital Co
flux of 2051 lg/cm2/Myr. This is very close to the value of 1990 lg/cm2/Myr for nearby Hole 596 by Zhou
and Kyte [1992], despite minor differences in approach.

Site U1370 produced a non-detrital Co flux of 4176 lg/cm2/Myr, which is the highest value amongst the SPG
sites, but still lower than the highest previously published estimates of 5000 lg/cm2/Myr [Krishnaswami, 1976].
However, considering the tight clustering of other previously published values and estimates in this study from
Sites U1366, U1369, and U1365 (to the K-Pg boundary), we believe our Site U1370 estimate is not representa-
tive of regional fluxes. Instead, as discussed later in this paper, we regard this estimate of K at Site U1370 to
reflect a local increase due to an enhanced source of Co affecting Co concentrations in the overlying water.

We estimate the non-detrital flux of Co to pelagic clay ranges from 2000 6 350 lg/cm2/Myr and use this
range of K values in our model to further assess the sensitivity of Co-based ages and sedimentation rates at
each site (Table S1 and Figures 4 and 5). Because instantaneous sedimentation rates are directly propor-
tional to K, rates produced using a K of 1650 lg/cm2/Myr are 30% different than rates produced with a K of
2350 lg/cm2/Myr (since the two K values are 30% different). Unlike sedimentation rates, age estimates from
different K values become more divergent as time intervals between independent age constraints lengthen.
Because flux estimates are rates, the difference in ages produced by these two K values increases with time.
Thus, Site U1366 with a basement age of �95 Ma exhibits up to a 31 Myr difference between the models
with two different K values, while Site U1369 with a basement age of 58 Ma exhibits a 17 Myr difference.

As per equations (2) and (5)–(7), the non-detrital Co at each site also influences estimates of sedimentation
rate and age. Higher fluxes of non-detrital Co (e.g., Site U1370) amplify the resultant K value, producing a
more divergent age model than a site with lower fluxes of non-detrital Co (e.g., U1365). Consequently,
although we modeled the same time interval (0–65.5 Ma) at Sites U1365 and U1370, the two K values pro-
duced ages that differed more at Site U1370 (49 Myr) than at Site U1365 (24 Myr). This is because the higher
non-detrital flux of Co that we calculated at Site U1370 relative to Site U1365 translates into very slow sedi-
mentation rates and thus a greater difference in age estimates at Site U1370.

In summary, at each site, the sensitivity of modeled ages to varying non-detrital Co fluxes is controlled
mainly by the length of the time interval between independent age boundary constraints and the fluxes of
non-detrital Co. In our interpretations, we consider the models created using the range of K values as part
of our ensemble approach. Additional independent discrete age points would reduce the uncertainty in
age estimates caused by variability in non-detrital Co flux.

We do not have access to additional independent age constraints at Sites U1366, U1369, or U1370. How-
ever, independent age constraints from Hole 596 that were depth shifted upward by 2 m at Site U1365
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(Figure 3) indicate that the ages produced in this study agree within 7 Myr. Given the uncertainties of the
model (section 6), these estimated ages are consistent with the independent age checks within error. Com-
pared with the assumptions and results of the linear sedimentation rate model, our Co-based model signifi-
cantly improves age and sedimentation rate estimates at every site we studied (Figures 4 and 5).

9. How Constant is the Flux of Non-detrital Co to Pelagic Clay?

The historical development and application of Co-based accumulation rate modeling has implicitly or
explicitly (depending on the study) considered that the flux of non-detrital Co to the seafloor is spatially
and temporally constant, at least within the uncertainty imposed by the range of input parameters. While
additional age constraints are required to define temporal variations within a site, our multi-site approach
shows that there are spatial differences in non-detrital Co flux to the seafloor throughout the SPG.

Our non-detrital Co fluxes from Sites U1366 and U1369 are slightly lower than previously published global
values. The earlier values are from sites in the North Pacific or closer to continents in the SPG. In contrast,
plate reconstructions of Sites U1366 and U1369 indicate that they have always been located toward the
center of the SPG (Figure 1). Gyre centers have lower Co concentrations in seawater, which we infer caused
the lower non-detrital Co flux results at these two sites. Additionally, extremely low levels of productivity
near the center of the gyre would minimize any potential biological export of Co to the seafloor. Such varia-
tions in the water column are key to understanding the spatial and temporal variability of Co fluxes to the
seafloor.

Site U1370 was located relatively close to Antarctica (�800 km) [Gurnis et al., 2012] at the beginning of the
Cenozoic (�65 Ma), a time when ocean circulation patterns were very different from today. Indeed, with the
Drake Passage and Tasmanian Gateway then closed [Barker et al., 2007], some ocean models predict a sec-
ond polar gyre that circulated in the region where Site U1370 was located at the time [Huber et al., 2004].
These paleoceanographic conditions, along with proximity to Antarctica, could have increased the
non-detrital flux to Site U1370 in a variety of ways, including: (i) OMZ expansion/contraction causing higher
Co concentrations in the overlying water column, (ii) upwelling along the gyre boundaries causing redistrib-
ution of Co and other nutrients, and (iii) increased biogenic export of Co to the seafloor in regions of
enhanced upwelling. While we are unable to differentiate the relative importance of these processes in the
past, even at the present-day Site U1370 remains further southeast and closer to continents than Sites
U1366 and U1369 (Figure 1). Consequently, it may still receive a higher flux of non-detrital Co. This proxim-
ity to continents, and the associated oceanographic variables mentioned above, may lead to higher
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amounts of Co in the water column and result in the higher non-detrital flux to the seafloor. This would
explain the high K values we determined for Site U1370.

Since the processes that affect non-detrital Co removal to the seafloor may be more variable close to conti-
nents and in regions of upwelling, a Co-based age model is most effective in open ocean regions far from
shore, where the concentration of Co in the water column is relatively homogenous. The relative homoge-
neity of Co concentrations in the open ocean and the slow, leaky process by which Co is deposited to the
seafloor cause it to be inversely proportional to sedimentation rate. Co-based age models are best suited at
locations where the sediments remain completely oxygenated [Fischer et al., 2009; D’Hondt et al., 2011,
2015; Røy et al., 2012]. Nearer to continents, seawater heterogeneities and potential long-term variations in
OMZ strength and extent, upwelling, and biogenic export of Co decrease the applicability of Co-based age
models. Certainly, comparing proximal and distal locations is not advised, due to these known variations in
seawater chemistry and removal process.

Co-based age models applied to shorter, more recent time scales are likely to be more accurate given the
similarities between the present day and the past distribution of Co in the water column and flux of
non-detrital Co to the seafloor. To apply a Co-based age model to longer time scales requires consideration
of the paleolocation of the given site and awareness that the Co distribution in the water column may have
changed over time in ways that are unknown. Additional independent age constraints (from Os isotope or
Sr isotope analyses) could be used to track the temporal variability of the non-detrital Co flux to the seafloor
by bracketing different time intervals covered in the sedimentary sequence. A Co-based model constrained
with independent ages that is carefully applied to the appropriate site or intervals within a site is capable of
providing an effective record of sedimentation rates and ages of pelagic clay.
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10. How Fast Did the Chert Accumulate
at Site U1365?

Although the Co-based method is not directly appli-
cable to the chert layer at Site U1365, it can be used
indirectly to estimate how quickly the chert and sur-
rounding Si-rich sediment accumulated. At Site
U1365, we constructed two Co-based age models,
one starting from the seafloor and extending down-
ward to the K-Pg boundary and the other starting at
the basalt and extending upward to the base of the
chert layer. According to the Co-based age models,
the 50.9 m gap occurred in 30.5 Myr, suggesting that
the average sedimentation rate of the chert and clay
with excess Si was 1.67 m/Myr (0.167 cm/kyr). Since
the interval between the Co-based models at Site
U1365 includes both chert and pelagic clay inter-
laced with porcellanite layers, it is likely that the

accumulation rate was not constant over this entire interval, but slower during the accumulation of clay
and faster during chert accumulation. Regardless, our estimate of chert accumulation is an improvement
over simple linear sedimentation rate estimates derived from the age of the seafloor and basalt.

11. Improving Basement Age Constraints at Site U1366

In addition to dating pelagic clay, the Co-based model can be a powerful tool for constraining basement
age ranges. For example, Site U1366 was formed in a tectonically complex region and its basement age is
difficult to tectonically model any more tightly than the range of ages determined by the magnetic polarity
chron (84–124.6 Ma). Using this range of basement ages in the Co-based model produces a range of
non-detrital Co-fluxes, some of which are comparable to the current estimates of K (2000 6 350 lg/cm2/
Myr) and some of which are lower (Figure 6). Calculation of non-detrital Co flux estimates that are lower
than the current known range of K (<1650 lg/cm2/Myr) suggests that a basement age estimate is too high.
At Site U1366, non-detrital Co fluxes within the range of known estimates only occur when using ages that

range from 85 to 104 Ma. This range is narrower than the range
given by the magnetic polarity chron and agrees with additional
tectonic modeling of abyssal hill lineations in the region that esti-
mate basement age to be 90–105 Ma [Pockalny and Dahn, 2013].

12. Are the Double Peaks at Sites U1365 and
U1366 Synchronous?

Our results indicate that two local maxima in sedimentation rate
occurred near the basement at both Sites U1365 and U1366,
which are located relatively near each other (Figure 7). It is possi-
ble that these were synchronous events recorded at both sites.
However, to align these double peaks, the basement at Site
U1366 would have to be 115 Ma, and the non-detrital Co would
have accumulated with a K value of 1497 lg/cm2/Myr. While 115
Ma is within the basement age range defined by the magnetic
polarity chron, it is clearly higher than more refined tectonic mod-
eling predicts [Pockalny and Dahn, 2013]. Furthermore, the K
value of �1500 lg/cm2/Myr is lower than our determined
accepted range (Figure 6). Thus, it is unlikely that the two deep
local maxima were synchronous at Sites U1365 and U1366.
Instead, hydrothermal, biogenic Si, and ash layer deposits identi-
fied in these intervals may be responsible for the high and vari-
able sedimentation rates [Dunlea et al., 2015].
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13. Conclusion

Our basin-wide, multi-site approach highlights the utility of Co-based age models for quantitative, strati-
graphically useful, age control in otherwise homogeneous ultra-fine grained pelagic clay sequences. Fur-
thermore, we are able to assess variability in the flux of non-detrital Co to pelagic clay and relate it to Co
concentration heterogeneities within the water column. The accumulation rate of non-detrital Co is not
‘‘constant.’’ After addressing the variable deposition of non-detrital Co, we have identified a series of condi-
tions that must be met for this dating method to work at a given location and successfully constructed age
models to 65.5, 95, and 58 Ma, for SPG Sites U1365, U1366, and U1369, respectively. We also apply this Co-
based technique to improve estimates of chert accumulation at Site U1365, and help constrain loosely
defined basement ages at Site U1366 and thus support tectonic modeling results.

A site is ideally suited for a Co-based age model if it has always been completely oxygenated and located in
the distal open ocean since being created at a MOR. Sites nearer to continents in the present or past are
more susceptible to heterogeneities in seawater composition and potential long-term variations in OMZ
strength and extent and biological export of Co; these susceptibilities decrease the applicability of Co-
based age models for such locations. For example, we show that Site U1370 received an anomalously high
flux of non-detrital Co, most likely because it was too close to a source of Co to the water column from sedi-
ment along the coast of Antarctica at the beginning of the Cenozoic.

We estimate the non-detrital Co flux to pelagic clay in the open ocean to be 2000 6 350 lg/cm2/Myr. Devia-
tions from this range may indicate variable non-detrital Co deposition, poorly constrained independent
ages, and/or the presence of an anomalous sediment layer or hiatus.

We used the Co-based technique as a method to determine instantaneous sedimentation rate in sequences
with virtually no other age control. However, the Co-based technique could be inverted to examine temporal
changes in the water column. For example, future Co work at a site with excellent independent age control,
could track variations in non-detrital Co deposition during different time intervals of sediment deposition.
Combined with the paleoposition of the site, these variations in Co accumulation could provide insight into
large-scale alteration and redox state of coastal sediment and OMZ behavior throughout the Cenozoic.
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