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a b s t r a c t
Here, we examine how redistribution of differing grain sizes by sediment focusing processes in Panama
Basin sediments affects the use of 230 Th as a constant-ﬂux proxy. We study representative sediments of
Holocene and Last Glacial Maximum (LGM) time slices from four sediment cores from two different
localities close to the ridges that bound the Panama Basin. Each locality contains paired sites that
are seismically interpreted to have undergone extremes in sediment redistribution, i.e., focused versus
winnowed sites. Both Holocene and LGM samples from sites where winnowing has occurred contain
signiﬁcant amounts (up to 50%) of the 230 Th within the >63 μm grain size fraction, which makes up
40–70% of the bulk sediment analyzed. For sites where focusing has occurred, Holocene and LGM samples
contain the greatest amounts of 230 Th (up to 49%) in the ﬁnest grain-sized fraction (<4 μm), which
makes up 26–40% of the bulk sediment analyzed. There are slight underestimations of 230 Th-derived
mass accumulation rates (MARs) and overestimations of 230 Th-derived focusing factors at focused sites,
while the opposite is true for winnowed sites. Corrections made using a model by Kretschmer et al.
(2010) suggest a maximum change of about 30% in 230 Th-derived MARs and focusing factors at focused
sites, except for our most focused site which requires an approximate 70% correction in one sample. Our
230
Th-corrected 232 Th ﬂux results suggest that the boundary between hemipelagically- and pelagicallyderived sediments falls between 350 and 600 km from the continental margin.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
The accurate quantiﬁcation of marine sediment ﬂuxes in the
deep ocean is pivotal to reconstructing past oceanographic conditions. The Eastern Equatorial Paciﬁc (EEP) has been a region of
intense study for many researchers because some of the highest rates of primary productivity in the world occur here (Chavez
and Barber, 1987; Murray et al., 1994; Pennington et al., 2006;
Thomas et al., 2000). Within the EEP, changes in the ﬂuxes of
calcium carbonate (Anderson et al., 2008; Loubere et al., 2004;
Loubere and Richaud, 2007; Lyle et al., 2002; Marcantonio et
al., 2014; Mekik et al., 2012), opal (Bradtmiller et al., 2009;
Dubois et al., 2010; Hayes et al., 2011; Kienast et al., 2006, 2007;
Marcantonio et al., 2014), barium (Dean et al., 1997; Francois et
al., 1995; Marcantonio et al., 2001; Paytan et al., 1997), and dust
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(McGee et al., 2007; Singh et al., 2011) have been used to interpret
past changes in productivity, carbonate dissolution, sediment redistribution, and dust ﬂuxes on glacial–interglacial timescales. Many
of these studies used the 230 Th technique for estimating changes
in ﬂuxes through time.
230
Th is produced in the water column at a rate of 0.0267
dpm m−3 yr−1 (230 Th half-life = 75.4 kyr; 234 Usw = 2910 dpm m−3 ;
Francois et al., 2004) by the radioactive decay of 234 U, which is dissolved ubiquitously in the world’s oceans (234 U/238 U ratio of 1.146;
Henderson and Anderson, 2003). 230 Th is a particle reactive isotope with a short residence time in the water column (decades;
Bacon and Anderson, 1982) compared to its parent isotope, 234 U
(200–400 kyr; Henderson, 2002). Dissolved 230 Th is rapidly scavenged by sinking particulates and deposited on the seaﬂoor. It is
often assumed that the ﬂux of 230 Th that reaches the seaﬂoor is
equal to its production rate in the overlying water column, so that
the mass accumulation rate (MAR) of marine sediments can be determined. A corollary of the thorium methodology is that the ﬂux
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Fig. 1. Jumbo piston sediment core locations from seismically identiﬁed thin and thick Cocos (blue stars) and Carnegie (purple stars) sites in the Panama Basin. Bathymetry
from Smith and Sandwell (1997). Coldest colors represent deepest waters (i.e., basins), while warmest colors represent shallow waters (i.e., ridges).

of vertically “rained” particles from the surface ocean can be differentiated from the ﬂux of laterally advected sediments along the
seaﬂoor. This corollary leads to the deﬁnition of a focusing factor
(Suman and Bacon, 1989), Ψ , which quantiﬁes syndepositional lateral addition (i.e., Ψ > 1) or removal (i.e., Ψ < 1) of sediment to a
site that has experienced redistribution by deep-sea currents.
A key assumption of the 230 Th method for determining bulk
sediment MARs is that there is no fractionation of sediment composition in sediment that has been differentially redistributed. Yet,
it is well known that sediment drift deposits, for example, have
much higher concentrations of ﬁne-grained sediments, which often have a distinct chemical composition from the bulk sediment
(McCave and Hall, 2006; Mollenhauer et al., 2011; Ohkouchi et al.,
2002). This may cause a problem in using 230 Th in regions that
have undergone focusing because 230 Th is preferentially contained
in the ﬁnest grained sediment fraction (Thomson et al., 1993;
Frank et al., 1996). However, only a few studies have addressed
this grain size effect and its effect on 230 Th-normalized MARs
and focusing factors (Thomson et al., 1993; Frank et al., 1996;
McGee et al., 2010; Kretschmer et al., 2010). The grain size study
of Kretschmer et al. (2010) demonstrated that between 50 and
90% of the xs230 Th was found in the ﬁnest fraction (<2 μm). They
determined that sites that had experienced large degrees of focusing overestimated focusing factors and underestimated MARs to a
greater extent than sites at which smaller degrees of focusing had
occurred. However the extent to which focusing factors and MARs
needed to be corrected amounted to no more than 25%.
In the Panama Basin of the EEP there has been controversy
over the extent of sediment focusing and its effect on the 230 Th
proxy, mainly because some of the largest sediment focusing factors in the open ocean were discovered there (e.g., Singh et al.,
2011 and references therein). Recent work by Marcantonio et al.
(2014) on the Cocos and Carnegie Ridges has shown that although
230
Th-derived ﬂuxes for late Holocene sediments are not biased
when determining the ﬂuxes of the ﬁne-grained (<63 μm) sedimentary components, the same cannot be said for the ﬂuxes of
the coarser-grained (>63 μm) fraction. In addition, recent work in
the EEP by Bista et al. (2016) showed that degree of sediment sorting is greatest in the more focused sediments, and suggested that
grain size biases on the 230 Th technique are small. Importantly,
the syndepositional nature (an important prerequisite of the 230 Th

methodology) of the redistribution process in the Panama Basin
was veriﬁed in a study by Kusch et al. (2010).
In this study, we measure 230 Th, 232 Th, and 238 U in several different grain size classes (<4 μm, 4–20 μm, 20–63 μm, >63 μm,
and bulk), and investigate the differences in the U–Th systematics
of the different grain sizes between Holocene and LGM time slices.
The paired cores at each site represent areas that have undergone
varying degrees of sediment redistribution. Hence, our goal is to
determine the extent 230 Th-derived ﬂuxes are biased by grain size
effects both spatially and temporally.
2. Seismic surveys and site sampling
Research cruise MV1014 (RV Melville, Oct. 2010) conducted seismic surveys along Cocos and Carnegie Ridges to identify potential
sediment redistribution and independently estimate regional sedimentation (Fig. 1; Liao and Lyle, 2014). Paired core locations near
each ridge were identiﬁed at which winnowing and focusing likely
occurred. The two ridges provide different sedimentation regimes.
The Carnegie Ridge (11JC and 17JC, Fig. 1) sits close to the equator
in a zone of high primary productivity and upwelling. The Cocos
Ridge, at ∼6◦ N (4JC and 8JC, Fig. 1), is located in a region where,
primary productivity and upwelling are signiﬁcantly lower. However, the Cocos Ridge site is near the core of the precipitation
minus evaporation maximum that marks the Intertropical Convergence Zone (Fiedler and Talley, 2006). Two core sites at each
ridge were chosen based on seismic evidence that indicated either potential winnowing (zones that show pinching closer to ridge
crests), or focusing (where there are thick sediment piles closer to
the basin center). The potential winnowed or “thin” sites are represented by sediment cores 4JC and 11JC, while the potential focused
or “thick” sites are represented by sediment cores 8JC and 17JC
from the Cocos and Carnegie Ridges, respectively (Fig. 1). Throughout this work, we prefer the use of “thin” and “thick” to refer to
the core site sediment thicknesses, rather than winnowed or focused, as they refer only to observations and not interpretations.
Furthermore references to “thin versus thick sites,” are short-hand
notation for “core site at which there is a thinner (and potentially
winnowed) sediment pile” versus “core site at which there is a
thicker (and potentially focused) sediment pile.”
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Table 1
Mean probable ages of Carnegie Ridge thick site (17JC) and Cocos Ridge thin (4JC) and thick (8JC) site.
Interval

Depth
(cm)

14

C age
(yrs)

14

C age error

14

C dates and

14

109

C age errors as reported by NOSAMS.

Assension #

Mean probability
(yrs)

Range

± (yrs)

Carnegie Ridge
MV1014-02-17JC
MV1014-02-17JC
MV1014-02-17JC
MV1017-02-17JC
MV1014-02-17JC
MV1014-02-17JC
MV1014-02-17JC

40–41 cm
160–162 cm
210–212 cm
219–221 cm
270–272 cm
300–301 cm
356–357 cm

40.5
161
211
220
271
300.5
356.5

3710
11150
13750
14350
17850
18100
23800

20
35
45
60
65
70
180

OS-119712
OS-119853
OS-119852
OS-98923
OS-119864
OS-119865
OS-117129

3627
12653
16058
16916a
21060
21415
27592a

3555–3699
12573–12742
15866–16238
16628–17145
20829–21316
21121–21693
27322–27848

Cocos Ridge
MV1014-01-08JC
MV1014-01-08JC
MV1014-01-08JC
MV1014-01-08JC
MV1014-01-08JC
MV1014-01-08JC
MV1014-01-08JC

0–2 cm
5–7 cm
30–32 cm
40–42 cm
60–62 cm
80–82 cm
100–102 cm

1
6
31
41
61
81
101

1570
1960
9270
11450
14600
17750
20200

20
25
45
55
80
110
150

OS-97690
OS-97824
OS-97830
OS-97831
OS-97832
OS-97822
OS-97823

1132
1504
10070
12913
17278a
20728a
23702a

1054–1209
1413–1594
9932–10208
12723–13102
16949–17606
20278–21177
23226–24178

11
20
32

7990
17000
35800

40
100
980

OS-97691
OS-97826
OS-97688

8454
19766
40384

8365–8542
19448–20084
39375–41392

MV1014-01-04JC 10–12 cm
MV1014-01-04JC 19–21 cm
MV1014-01-04JC 31–33 cm
a

Denotes published radiocarbon dates from Hertzberg et al. (2016).

3. Chronology
Independent age models were constructed using monospeciﬁc

δ 18 O stratigraphy and radiocarbon age dating of the planktonic
foraminifer, Neogloboquadrina dutertrei. For oxygen isotope analyses, ∼10 N. dutertrei (∼150 μg) were picked and analyzed in the
laboratory of Dr. Jean Lynch-Stieglitz at the Georgia Institute of
Technology.
Radiocarbon analyses were performed at the NOSAMS site at
the Woods Hole Oceanographic Institute (Table 1). Approximately
4–6 mg of N. dutertrei were picked from the >250 μm size fraction
for radiocarbon analysis, following the same cleaning procedures
for oxygen isotope analysis (i.e. sonication in methanol to remove
clay particles). Radiocarbon ages were converted to calendar ages
using Calib 7.0 (Stuiver et al., 2006) with a marine reservoir age
correction of 400 yr.

7 radiocarbon dates (Table 1). Ages at sample depths 220 cm and
356.5 cm were previously published by Hertzberg et al. (2016).
The core-top (0–2 cm) age was set to zero based on paired multicore data (16MC; Marcantonio et al., 2014). Linear interpolation
between radiocarbon age control points was used to construct our
age model that spans the Holocene to the LGM.
3.4. MV1014-02-11JC
The age model for Carnegie Ridge core MV1014-02-11JC
(00◦ 41.630 S, 85◦ 19.996 W; 2452 m water depth) is based on a
δ 18 O stratigraphy. Tie-points to marine isotope stage (MIS) 1/MIS
2 and MIS 2/MIS 3 boundaries (Lisiecki and Raymo, 2005) were
estimated, and a constant sedimentation rate is assumed between
tie-points to construct an age vs depth relationship (Supplemental
Table 1). The N. dutertrei oxygen isotope data for core 11JC appear
in the supplementary information section (Table S1).

3.1. MV1014-01-08JC
3.5. Time slice selection and uncertainties
The age model for Cocos Ridge core MV1014-01-08JC
(6◦ 14.0378 N, 86◦ 02.6133 W; 1993 m water depth) is based on 7
radiocarbon dates (Table 1). Ages at sample depths 61 cm, 81 cm
and 101 cm were previously published by Hertzberg et al. (2016).
Linear interpolation between radiocarbon age control points was
used to construct our age model that spans the Holocene to the
LGM.

The age model for Cocos Ridge core MV1014-01-04JC
(5◦ 44.6997 N, 85◦ 45.498 W; 1730 m water depth) is based on 3
radiocarbon dates (Table 1). The upper most core section (<10 cm)
was disturbed and partly lost during coring, thus, our age model
starts at 10 cm depth. This assumption is based on comparison
with authigenic U data from a nearby, paired multicore (1MC;
Marcantonio et al., 2014). Linear interpolation between radiocarbon age control points was used to construct our age model that
spans the early Holocene until late MIS 3.

Two time slices representative of the Holocene and LGM were
selected from each piston core, and each time slice is represented
by a single sample from a speciﬁc depth. Holocene time slices ages
(from age models above) for 4JC, 8JC, 11JC, and 17JC were chosen for the early Holocene and were approximately 12, 10, 9, and
10 kyr in age, respectively. For the LGM time slices ages for 4JC,
8JC, 11JC, and 17JC were estimated to be approximately 20, 22,
18, and 21 kyr, respectively. Note, the 18 kyr sample for 11JC is
slightly younger than the age of the LGM because samples at the
LGM for this core were exhausted during the development of the
grain size separation methodology. Also, for our thin sites, the robustness of our age models (i.e. few radiocarbon dates or relying
on only δ 18 O stratigraphy) compared to our thick sites is less well
constrained which could potentially bias our sample selection representative of speciﬁc time slices. However, with this uncertainty,
we proceeded to separate our bulk sediment into four grain-size
fractions for each time slice at both the Cocos and Carnegie Ridge
sites.

3.3. MV1014-02-17JC

4. Grain size separation method

The age model for Carnegie Ridge core MV1014-02-17JC
(00◦ 10.8297 S, 85◦ 52.0042 W; 2846 m water depth) is based on

The grain sizes studied consist of the >63 μm (very ﬁne sand),
the 20–63 μm (silt), 4–20 μm (ﬁne silt/mud) and <4 μm (clay)

3.2. MV1014-01-04JC
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fractions. The grain sizes are operationally deﬁned based on the
following protocols. The overall approach is similar to that used
by McGee et al. (2010) and Kretschmer et al. (2010), but with
some modiﬁcations. Approximately 2.5 g of bulk “wet” sediment
was placed in a 50 mL centrifuge tube in a 5:1 volume ratio of
Milli-Q water:sediment. Sediment was ultrasonicated for 45 s and
centrifuged for 10 min at 1500 rpm. Washing and gentle ultrasonication was performed to remove any marine salts and break apart
any existing aggregated clay particles. This process was repeated
three times to fully ensure a clean and well-separated sample. To
obtain a value for the dry bulk weight a separate aliquot of about
0.5 g was dried and weighed. Moisture loss from the 0.5 g sample
should be proportional to the weight of “wet” sample. Particles
>63 μm and 20–63 μm were wet-sieved using stacked 63 μm
and 20 μm wire mesh sieves over a 400 mL glass beaker. Roughly
0.8–1 L of deionized (DI) water was passed through the sieves to
fully separate the <20 μm fraction from each sample. To separate
the <20 μm fraction, two 500 mL graduated cylinders per sample were ﬁlled to the 420 mL mark with the collected 0.8–1 L
sediment suspension. The settling velocity used to extract the
<4 μm fraction from the 4–20 μm fraction was 0.00087 cm s−1 .
This rate was based on Stokes law for particles settling undisturbed in a viscous ﬂuid. A calculated time of 4 hr 9 min was
used to separate the <20 μm fraction (i.e. irregular non-spherical
grains) into 4–20 μm and <4 μm size fractions. The settling velocity was modiﬁed iteratively (temperature, 20–25 ◦ C; viscosity
(.010016–.0089 g cm−1 s−1 ); density, (0.9978–0.997 g cm−3 ) to account for grain shape effects (assuming a 20–30% reduction in settling rate; Chen and Liew, 2002) during settling (Gibbs et al., 1971;
Komar and Reimers, 1978; Wadell, 1932, 1934). Then, a vacuum
pump was used to siphon out the <4 μm sediment solution above
250 mL mark on the graduated cylinder, corresponding to the
boundary between 4–20 μm and <4 μm size fractions. This process was repeated four times and corresponded to a distinctively
low turbidity in the graduated cylinders above the 250 mL mark.

5. U–Th geochemistry

In addition to analyzing the grain size separates, bulk sediments for the same time intervals from each site (Cocos and
Carnegie) were analyzed for uranium and thorium isotopes. For
bulk U–Th analysis, a dried, approximate 2-gram aliquot of sediment was gently homogenized using a mortar and pestle. For bulk
and grain size fraction analysis, between 0.3 and 0.4 g of material was spiked with 229 Th and 236 U. Following dissolution with a
mixture of HClO4, HNO3 and HF, and co-precipitation with Fe oxyhydroxides, the samples were puriﬁed for uranium and thorium by
anion exchange chromatography (see Singh et al. (2011) for analytical details on uranium-thorium analyses). Uranium and thorium
isotope ratios were measured on an Element XR magnetic sector
ICP-MS at Texas A&M University.
230
Th-derived sediment MARs can be calculated by multiplying
the production rate of 230 Th in the water column (see above) by
the water depth, z, and then dividing by the total excess 230 Th concentration in the sediment. The initial excess component of 230 Th
is deduced by correcting for: 1) the amount of 230 Th derived from
the detrital fraction and from the authigenic uranium component
in the sediment. The authigenic uranium component is estimated
by multiplying the detrital 232 Th in the sediment by an assumed
detrital U/Th activity ratio of 0.7 (Henderson and Anderson, 2003),
and 2) the time since deposition, since 230 Th is radioactive with a
half-life of 75.4 kyr.

6. Reproducibility, blanks, uncertainty
Uncertainties in each analysis of thorium and uranium were
calculated at the 1-sigma level. These include errors associated
with uncertainties in spike weight, instrument drift, and counting
statistics. Average 1-sigma standard error values for thorium isotopes are <1% (230 Th, ±0.03 dpm g−1 , 232 Th, ±0.001 dpm g−1 )
and <2% for uranium isotopes (234 U, ±0.03 dpm g−1 , 238 U,
±0.03 dpm g−1 ). To correct of instrument drift in estimating U–Th
activity ratios throughout the run, the National Institute of Standards and Technology Uranium Standard (NIST U500) was measured before each new set of sediment core samples (n = 5 standards per run). We assumed a similar mass fractionation between
uranium and thorium. Average procedural blanks (n = 6) contribute <1% to total measured activities for both uranium (234 U,
1.25 × 10−3 dpm g−1 , 238 U, 9.14 × 10−4 dpm g−1 ) and thorium isotopes (230 Th, 1.03 × 10−2 dpm g−1 , 232 Th, 4.99 × 10−4 dpm g−1 ).
Duplicate runs of samples were limited (i.e. only four samples) due
to limited sample materials at the Holocene and LGM time slices
studied for each core. Although reproducibility is low (i.e. higher %
difference) between size fractions, the difference in weight is relatively small (i.e. tenths of a gram) which is likely driving higher
% differences between duplicated samples. Average % difference
of thorium and uranium isotopes in each size fraction ranges between 14 and 24% (Table 2). An average 20% error, based on the
reproducibility of U–Th isotopes in the various grain size fractions,
was added to our ﬁnal estimations of sediment MARs (age modelderived, 230 Th-normalized ﬂuxes) and U–Th concentrations.
6.1. Reproducibility of grain size separations
To ensure that the grain size separation methodology was accurate, we compared the sum of the grain size fractions by weight
with the original dry (not salt free) bulk weight for each sample.
At Cocos Ridge thin and thick Holocene/LGM time slices, total sediment recovery ranged from 81–100% (see % sample return in Table 3). At Carnegie Ridge thin and thick Holocene/LGM time slices,
total sediment recovery ranged from 80–99% (Table 3). It is possible that the cause of the lower recovery yields for the “thick sites,”
8JC (Holocene, LGM) and 17JC (Holocene), was due to the greater
amounts of very ﬁne grained particles which may have been lost
during the washing procedure. Also of note, unfortunately, the
Cocos Ridge thin (4JC) Holocene <20 μm size fraction was unrecoverable due to procedural errors prior to the anion exchange
chromatography portion of the 230 Th separation process (see caption to Fig. 2). We also compared the recovery yields for the bulk
230
Th and grain size separated 230 Th analyses. Roughly 93 to 98%
of the total 230 Th can be accounted for by summing up the 230 Th
in each grain size fraction at both Cocos and Carnegie Ridge thin
and thick sites (Table 3). Only in Holocene sample of 17JC was the
230
Th recovery less than this (i.e., 82%) (Table 3).
7. Results
7.1. Grain size distribution
For the thin sites (4JC—Cocos, 11JC—Carnegie), the coarse

>63 μm fraction dominates, and makes up between 40 and 70
weight % of the bulk sediment (Figs. 2 and 3; Table 5). Thick sites
(8JC—Cocos, 17JC—Carnegie) are dominated by the <20 μm fraction, which ranges between 60 and 76 wt-% of the bulk sediment
(Figs. 2 and 3; Table 5). The ﬁne fraction is approximately equally
split between the <4 μm and the 4–20 μm fractions.
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Table 2
Available Holocene and LGM time slice sample replicates and average percent difference of Th and U isotopes in the >63 μm and 20–63 μm fractions of sediments from the
Cocos and Carnegie Ridge sites.
Core ID
MV1014 01 4JC 13–15 cm
>63 μm
20–63 μm

Sample wt.
(g)

230

Th activity
(dpm g−1 )

232

Th activity
(dpm g−1 )

238

1.43
0.37

2.17
3.39

0.08
0.14

0.16
0.29

1.18
0.27

2.24
4.43

0.08
0.19

0.14
0.30

1.64
0.09

1.04
1.97

0.07
0.25

0.10
0.39

1.6341
0.1416

0.80
1.33

0.06
0.23

0.09
0.30

0.26
0.2

1.76
5.83

0.06
0.27

0.08
0.32

0.36
0.23

2.15
5.65

0.05
0.20

0.11
0.34

0.36
0.23

1.84
4.43

0.04
0.22

0.91
2.27

0.25
0.18

2.31
5.86

0.06
0.17

1.19
3.16

U activity
(dpm g−1 )

Grain size
% difference

MV1014-01 4JC 13–15 cm

>63 μm
20–63 μm

19
31

MV1014-01 4JC 16–18 cm

>63 μm
20–63 μm
MV1014-01 4JC 16–18 cm

>63 μm
20–63 μm

0.4
46

MV1014-01-08JC 20–22 cm

>63 μm
20–63 μm
MV1014-01-08JC 20–22 cm

>63 μm
20–63 μm

32
15

MV1014-01-17JC 60–62 cm

>63 μm
20–63 μm
MV1014-01-17JC 60–62 cm

>63 μm
20–63 μm

36
24

Grain size

Ave. % difference
230
Th

Ave. % difference
232
Th

Ave. % difference
238
Th

Ave. grain size
% difference

>63 μm

18
24

14
24

20
17

22
29

20–63 μm

Table 3
Mass balance of

230

Th in all grain sizes compared to bulk

Time stage

Core ID

Holocene

MV1014-01
MV1014-01
MV1014-02
MV1014-02

LGM

MV1014-01
MV1014-01
MV1014-02
MV1014-02

230

Th analyses.
Bulk 230 Th
(dpm g−1 )

Grain analysis
(dpm g−1 )

04JC
08JC
11JC
17JC

3.56
5.65
3.52
5.09

04JC
08JC
11JC
17JC

2.42
5.62
2.52
5.48

230

Th

Mass balance
yield 230 Th

Sample return
(%)

3.56
5.51
3.84
4.26

100
97.4
91.3
82.2

100
81.5
96.3
80.7

2.37
5.29
2.31
5.28

97.9
93.9
91.5
96.3

93.4
81.1
99.6
95.3

Table 4
Cocos and Carnegie Ridge Holocene and LGM time slice age-model-derived coarse MARs (g cm−2 kyr−1 ),
230
Th-normalized-232 Th MARs (μg m−2 yr−1 ) and 230 Th-derived focusing factors.

230

Th-normalized sediment MARs (g cm−2 kyr−1 ),

Time stage

Dry bulk density

% >63 μm

Ave. age
model-derived MAR

Sample age
model-derived >63 μm MAR

Sample
230
Th-derived MAR

Sample
232
Th MAR

Ψ

Holocene
4JC
8JC
11JC
17JC

0.62
0.53
0.56
0.45

60
15
39
28

0.5
1.8
2.9
6.0

0.3
0.3
1.2
1.7

1.2
0.9
1.9
1.5

4.9
13.4
9.0
7.0

0.4
2.3
1.6
4.0

LGM
4JC
8JC
11JC
17JC

0.63
0.45
0.62
0.45

70
20
68
23

0.4
2.5
2.3
6.1

0.3
0.5
1.6
1.7

1.7
1.0
2.9
1.7

6.1
9.5
9.4
11.3

0.2
4.1
0.8
5.1
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Fig. 2. Side-by-side comparison of Cocos Ridge grain size data for Holocene and LGM time slices of thin site (4JC; light red and light blue) and thick site (8JC; dark red and
dark blue). The light red hashed bars for Holocene sample 4JC are estimates and likely represent the distribution of the <4 μm and 4–20 μm size fraction due to loss of
those fractions during separation and analysis. A) Weight % of each grain size fraction. B) Total activity (dpm g−1 ) of 232 Th in each grain size fraction. Holocene thin site (4JC)
<20-μm fraction was calculated assuming 100% sample recovery of the ﬁne fraction. C) xs230 Th % in each grain size fraction. D) Authigenic U % in each grain size fraction.
E) Measured activity (dpm g−1 ) of xs230 Th which has been corrected for detrital and authigenic fractions. F) Measured activity (dpm g−1 ) of authigenic U in each grain size
fraction.
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Fig. 3. Side-by-side comparison of Carnegie Ridge grain size data for Holocene and LGM time slices of thin site (11JC; light red and light blue) and thick site (17JC; dark red
and dark blue). A) Weight-% of each grain size fraction. B) Total activity (dpm g−1 ) of 232 Th in each grain size fraction. C) xs230 Th % in each grain size fraction. D) Authigenic
U % in each various size fraction. E) Measured activity (dpm g−1 ) of xs230 Th which has been corrected for detrital and authigenic fractions F) Measured activity (dpm g−1 ) of
authigenic U in each grain size fraction.
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Table 5
Uranium and thorium activities in various grain size fractions of Panama Basin sediment samples.
Core ID

Bulk Uauth
(dpm g−1 )

Bulk xs230 Th
(dpm)

Size
fraction

Size
fraction

230

Th
(dpm g−1 )

232

Th
(dpm g−1 )

xs230 Th
(dpm g−1 )

xs230 Th(0)
(dpm g−1 )

Bulk %
xs230 Th

Bulk %
xs232 Th

238

U
(dpm g−1 )

Uauthi
(dpm g−1 )

%
Uauth

%
Bulk

MIS 1

MV1014-01 04JC
13–15 cm

0.22

3.46

>63 μm
20–63 μm
<20 μm

60
16
24

2.17
3.39
7.11

0.08
0.14
0.14

2.10
3.27
6.95

2.35
3.66
7.78

37
15
49

46
21
33

0.16
0.29
0.61

0.11
0.20
0.51

67
67
84

29
14
57

MV1014-01 8JC
30–32 cm

1.48

5.26

>63 μm
20–63 μm
4–20 μm
<4 μm

15
9
36
40

1.82
5.15
5.73
6.80

0.08
0.25
0.40
0.41

1.72
4.88
5.30
6.26

1.89
5.35
5.81
6.86

5
8
38
49

3
6
41
46

0.44
1.12
1.83
2.88

0.38
0.94
1.55
2.59

87
84
85
90

4
5
38
70

MV1014-02 11JC
30–32 cm

1.99

3.19

>63 μm
20–63 μm
4–20 μm
<4 μm

39
11
27
23

1.55
3.19
5.16
6.58

0.05
0.21
0.23
0.18

1.43
2.86
4.68
5.78

1.60
3.20
5.23
6.46

16
9
36
38

16
20
53
35

0.74
1.66
2.84
5.71

0.71
1.51
2.68
5.58

96
91
94
98

14
9
36
63

MV1014-02 17JC
120–122 cm

3.25

4.68

>63 μm
20–63 μm
4–20 μm
<4 μm

28
12
29
31

1.88
3.76
4.55
6.32

0.04
0.11
0.15
0.17

1.72
3.37
4.02
5.44

1.88
3.68
4.40
5.94

13
10
31
45

9
12
38
46

1.39
3.19
4.28
7.78

1.36
3.11
4.17
7.66

98
97
98
98

12
11
37
73

MV1014-01 04JC
19–21 cm

0.2

2.32

>63 μm
20–63 μm
4–20 μm
<4 μm

70
7
11
12

1.68
3.18
3.28
5.11

0.10
0.16
0.26
0.34

1.60
3.04
3.07
4.75

1.91
3.64
3.67
5.69

50
10
15
25

78
13
30
45

0.16
0.25
0.37
0.86

0.09
0.14
0.19
0.62

56
55
52
72

31
5
10
36

MV1014-01 8JC
90–92 cm

4.73

4.46

>63 μm
20–63 μm
4–20 μm
<4 μm

20
10
34
37

1.97
5.76
5.93
6.34

0.08
0.27
0.35
0.35

1.65
4.79
4.92
4.88

2.02
5.87
6.03
5.98

8
11
39
42

6
11
50
53

1.32
3.89
3.89
6.05

1.27
3.70
3.64
5.81

96
95
94
96

5
8
26
45

MV1014-02 11JC
70–72 cm

3.32

1.78

>63 μm
20–63 μm
4–20 μm
<4 μm

68
10
13
9

2.03
3.56
3.75
4.14

0.06
0.14
0.17
0.17

1.57
2.63
2.58
1.21

1.92
3.21
3.15
1.48

60
14
19
6

55
18
28
21

2.00
4.08
5.13
13.50

1.96
3.98
5.01
13.38

98
98
98
99

40
12
20
37

MV1014-02 17JC
280–282 cm

8.16

3.77

>63 μm
20–63 μm
4–20 μm
<4 μm

23
14
38
26

2.37
4.67
6.20
6.84

0.06
0.13
0.24
0.19

1.92
3.79
4.73
3.76

2.31
4.58
5.71
4.54

12
14
48
26

8
11
54
30

2.22
4.23
7.03
15.60

2.18
4.14
6.86
15.46

98
98
98
99

6
7
32
48

MIS 2
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7.2. Distribution of 230 Th in the various grain size fractions
At thick Carnegie and Cocos Ridge sites (17JC, 8JC, respectively),
the <20 μm ﬁne fraction accounts for 74–87% of the xs230 Th in
the bulk sediment (Fig. 2C, Fig. 3C; Table 5). At thin Carnegie and
Cocos Ridge sites (11JC, 4JC, respectively), the <20 μm ﬁne fraction accounts for 25–50% of bulk sediment xs230 Th. The inventories
of 230 Th seem to, in general, be controlled by the masses of the
various grain size fractions. For example, sediments retrieved from
glacial intervals at both thin sites contain 50–60% of their xs230 Th
in the >63 μm size fraction (Table 5). The high fraction of xs230 Th
in the >63 μm is most likely explained by the dominance of the
>63 μm size fraction (68–70 wt% of total sample) in these samples
(Fig. 2A, Fig. 3A).
Thomson et al. (1993) analyzed 230 Th in four grain size fractions (>400 μm, 400–20 μm, 20–5 μm, <5 μm) from Atlantic
Ocean sediments retrieved from sites ranging in depth from 2300
to 4500 m. Their analysis showed a threefold increase in xs230 Th
with decreasing grain size.
In the Panama Basin, our thorium grain size results (Table 5)
are similar to those observed in Thomson et al. (1993), McGee et
al. (2010), and Kretschmer et al. (2010). At both Carnegie and Cocos thin and thick sites, we see on average a threefold increase
in the speciﬁc activity of xs230 Th with decreasing grain size from
>63 μm to <4 μm. We see this pattern throughout the basin not
only during the Holocene, but during the LGM as well (Fig. 2E,
Fig. 3E). Only for the <4 μm fraction for sediment at the thick
Carnegie site during the LGM is the xs230 Th concentration lower
than that in the 4–20 μm size fraction (Fig. 3E).
7.3. Distribution of authigenic U in various grain size fractions
At the Cocos Ridge thin and thick sites, the majority of the U
found at both thin and thick Cocos sites is authigenic (Fig. 2D,
Table 5). The percent of detrital 238 U found in our samples is
minor. The percentage of authigenic U at thin and thick sites
ranges between 52–96% in each size fraction during the Holocene
and 67–90% during the LGM. At both thin and thick sites during
the Holocene and LGM, the ﬁnest fraction contains the majority
(36–70%) of the total authigenic U found in the samples (Fig. 2D).
This is similar to the study of Kretschmer et al. (2010) in which
it was shown that there is a positive relationship between both
thorium and uranium and grain size speciﬁc surface area which
increases with decreasing grain size.
At the Carnegie Ridge thin and thick sites, the detrital 238 U signal is very low. The majority of the U found at both thin and thick
Holocene and LGM samples is authigenic (91–99%; Table 5). The
majority of authigenic U resides in the ﬁnest fraction, ranging between 37–73% of the bulk sample (Fig. 3D; Table 5). However, during the LGM, the activity of authigenic U in the <4 μm size fraction is roughly 2–2.5 times greater than that during the Holocene
at both thin and thick sites. Although this adds signiﬁcant ingrown
xs230 Th to this fraction, 230 Th ingrown from authigenic uranium
is subsequently removed to calculate the xs230 Th which originates
only from the water column.
At both thin/thick Carnegie and Cocos sites, authigenic U is
1.5–3 times greater in the LGM than that in the Holocene (Fig. 2F
and Fig. 3F) when excluding the thin Cocos site, which has virtually no authigenic U activities likely due to the large degree of
sediment winnowing that has taken place at 4JC. This is identical to the EEP results of Bradtmiller et al. (2006) who explained
the uranium results by calling upon lower levels of bottom water oxygenation during the glacial compared to those during the
Holocene. Authigenic U concentrations are highest in the ﬁnest
fraction (<4 μm) of the glacial samples from both the thin (11JC)
and thick (17JC) sites at the Carnegie Ridge (13.4 dpm g−1 and
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15.5 dpm g−1 , respectively; Fig. 3F; Table 5). One alternative explanation for the increased authigenic U found throughout the
Panama Basin is focusing of nearby ﬁne-grained organic rich material at this equatorial upwelling site.
8. Discussion
8.1. Sediment focusing factors
At both Cocos and Carnegie Ridge paired thin and thick sites,
Th-derived focusing factors (Ψ ) for sediment deposited during
the Holocene (Table 4) are nearly identical to those focusing factors determined for the paired multicores in Marcantonio et al.
(2014). Speciﬁcally, during the Holocene at the Cocos Ridge, thin
site piston core 4JC has a Ψ of 0.4 (Table 4), while its paired multicore 1MC has a Ψ of 0.3 (Marcantonio et al., 2014). The thick
site piston core 8JC has a Ψ of 2.3 (Table 4), while its paired multicore 7MC has a Ψ of 2.0 (Marcantonio et al., 2014). During the
Holocene at the Carnegie Ridge, thin site piston core 11JC has a
Ψ of 1.6 (Table 4), while its paired multicore 9MC has a Ψ of
1.5 (Marcantonio et al., 2014). The thick site piston core 17JC has
a Ψ of 4.0 (Table 4), while its paired multicore 16MC has a Ψ
of 4.0 (Marcantonio et al., 2014). The near identical values suggest the 230 Th technique for calculating sediment focusing factors
is reproducible, and that these focusing factors have not changed
signiﬁcantly throughout the entire Holocene (i.e., from early to
late Holocene). Furthermore, this sediment focusing analysis corroborates the idea that 230 Th-derived focusing factors are reliable
indicators of sediment redistribution, which has been identiﬁed by
seismically-determined thin versus thick sediment piles. Furthermore, the focusing factors for the focused sites at the Cocos and
the Carnegie Ridges are wholly in agreement with those summarized in Kienast et al. (2007) and Singh et al. (2011).
At the Cocos Ridge, both thin and thick sites display nearly
a 2-fold change in sediment focusing factors (Table 4) from the
Holocene to LGM. The thin site (4JC) experienced enhanced winnowing (Ψ = 0.2) during the LGM as well as lower sedimentation
rates, while the thick site (8JC) during the LGM had focusing (Ψ =
4.1) and an increase of sedimentation rates from 4.5 cm kyr−1 in
the Holocene to 7.5 cm kyr−1 for the LGM. During the LGM at the
Carnegie Ridge, thin and thick sites demonstrate similar sediment
focusing factor relationships as those determined for sediments of
the Cocos Ridge. Although the thin site (11JC) did not show evidence for winnowing during the Holocene (Ψ = 1.6), there is evidence for enhanced winnowing (Ψ = 0.8) for sediment deposited
during the LGM. Correspondingly, there was a subsequent increase
in the sediment focusing factor at the thick site (17JC) during the
LGM, even though the increase was not as large as that determined
for the Cocos Ridge thick site. Overall, the difference between
thick and thin sites is not unexpected given that the thin sites sit
closer to ridge crests where the effects of sediment winnowing are
greater, due to high tidal activity transporting ﬁner grained sediment to the basin where sediments will accumulate at the thick
sites. The greater divergence in the bulk 230 Th-derived focusing
factors during the LGM between the paired sites at both the Cocos and the Carnegie Ridges suggests more pronounced sediment
redistribution from the ridges during this time.
230

8.2. xs230 Th-derived MARs compared to age-model-derived coarse
fraction (>63 μm) MARs
At the Carnegie Ridge site, the two most important features observed are that the age-model-derived coarse fraction (>63 μm)
MARs are 1) similar at both the thin (11JC) and thick (17JC)
sites during the same time intervals (i.e., Holocene—45% difference
and LGM—9% difference; Fig. 4A), and 2) are slightly (∼1.3 times)
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Fig. 4. Side-by-side comparison of Cocos and Carnegie Ridge sediment ﬂuxes and focusing factors for Holocene and LGM time slices of thin sites (4JC, 11JC; light red and light
blue) and thick sites (8JC, 17JC; dark red and dark blue) A) Age-model-derived coarse (i.e., 63 μm) sediment MARs (g cm−2 kyr−1 ). B) Bulk sample 230 Th-normalized MARs
(g cm−2 kyr−1 ). C) 230 Th-normalized sediment MARs corrected using the grain size correction model of Kretschmer et al. (2010). The correction model uses the <20 μm size
fraction to calculate the corrections on 230 Th-normalized MARs. The hashed gray bar for Carnegie Ridge Holocene thick site (17JC) uses the ﬁnest fraction (<4 μm) correction.
This correction is shown as a reference as it provided a better ﬁt between thin 11JC and thick 17JC Holocene site than <20 μm correction. D) 230 Th-normalized 232 Th MARs
(μg cm−2 kyr−1 ). E) Bulk sediment 230 Th-derived focusing factors (Ψ ).
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higher during the LGM than during the Holocene (Fig. 4A). The
similar age-model-derived coarse >63 μm content accumulation
rates (i.e., the fraction that is the least likely to be mobilized by
sediment redistribution and likely represent a true minimum vertical ﬂux from the surface ocean) measured at each site during the
same time period are to be expected given the proximity (∼54 km)
of 11JC and 17JC (Fig. 4A). The vertical rain rates estimated by
230
Th are not indicative of signiﬁcantly greater primary production during the LGM in this region of the EEP (average of 230 Th
rain rates from 11 and 17JC), indicating only a modest change in
productivity for the LGM and Holocene time slices analyzed here.
Notably, the 230 Th-derived MARs (Fig. 4B), which are thought
to reﬂect vertical rain rates, share similarities with the patterns
observed in age-model-derived coarse MARs (Fig. 4A vs 4B). For
example, at both 17JC and 11JC during the Holocene, similar 230 Thderived MARs are observed (Table 4), despite a focusing factors
that is 2.5 times greater at 17JC than that at 11JC. At 11JC, the
average 230 Th-derived MAR during the LGM is ∼1.5 times higher
than that derived during the Holocene (Table 4, Fig. 4B). From the
Holocene to LGM, the increase in the age-model-derived coarse
MAR at 11JC is similar to that in the 230 Th-derived MAR. At 17JC,
there is little difference between the 230 Th-derived MARs measured during the Holocene and LGM, and the same can be said
for the age-model-derived >63 μm coarse MARs (Table 4, Fig. 4A).
However, unlike the age-model-derived coarse MARs, the LGM average 230 Th-derived MARs for 17JC are signiﬁcantly lower than
those measured during the same time period for 11JC. Given the
proximity of the two sites, this is an unexpected result given that
the 230 Th-derived MARs should represent vertical rain rates. Grain
size fractionation is likely affecting 230 Th-derived MARs to some
extent in regions that have undergone the greatest degree of sediment redistribution (compare Ψ between 11JC and 17JC in Fig. 4E).
We elaborate on the extent of size fractionation effects in section 8.3.
At the Cocos Ridge, the age-model-derived coarse MARs are
similar at both thin (4JC) and thick (8JC) sites during the Holocene
(Fig. 4A). However, during the LGM, 8JC has coarse accumulation
rates that are ∼1.5 times greater than those of 4JC. At both Cocos
Ridge sites, age-model-derived coarse fraction MARs are not significantly greater during the LGM compared to the Holocene. This is
true for the average 230 Th-normalized MARs as well (Fig. 4B). Note
that these systematics hold up even though there is a 6-fold difference in focusing factor between 4JC and 8JC during the Holocene,
and a 20-fold difference during the LGM. However, 230 Th-derived
MARs are signiﬁcantly greater than the age-model-derived coarse
MARs at 4JC (thin site) during the Holocene (∼5 times) and LGM
(∼4 times). One expects the 230 Th-derived MARs to be greater
than the age-model-derived coarse fraction MARs, because they
represent the bulk, rather than fractional, sediment MAR. But, the
coarse fraction at 4JC makes up the bulk (60–70%) of the sediment,
suggesting that the 230 Th-normalized MARs are being affected during extreme winnowing of the ﬁne-grained material. At the Cocos
Ridge thin site, the winnowing seems to bias our results such that
the 230 Th MARs are being overestimated during the Holocene and
LGM.
At both winnowed and focused Carnegie Ridge sites during both
time periods, age model-derived >63 μm coarse MARs suggest
signiﬁcantly greater vertical rain rates (∼5 times) than those at
Cocos Ridge sites (Fig. 4A versus 4B), similar to the ﬁndings of
Marcantonio et al. (2014) for the late Holocene. On the other hand,
the 230 Th-derived MARs at the Carnegie Ridge are either similar to or slightly higher than (less than a factor of 2) than those
at the Cocos Ridge. Furthermore, at both the Carnegie and Cocos
locations, the more focused sites (identiﬁed both seismically and
geochemically) have 230 Th-derived MARs that are lower than their
paired winnowed sites. We believe that some of the disagreement
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between the coarse fraction accumulation rates (which is a partly
function of marine productivity gradients) and the 230 Th-derived
MARs is likely an artifact of winnowing and focusing, such that
there may be an overestimation of 230 Th-derived MARs at winnowed sites and an underestimation at focused sites. We further
investigate the effects of sediment sorting and grain size fractionation on 230 Th-derived MARs below.
8.3. Effect of grain size on the 230 Th normalization method
Due to the particle-reactive nature of 230 Th, ﬁne-grained particles with greater surface area to volume ratios have higher concentrations of 230 Th than coarse-grained particles (Thomson et al.,
1993; Kretschmer et al., 2010; McGee et al., 2010). One would expect, therefore, if there were to be a biasing of grain sizes due
to sediment sorting, it is likely that 230 Th would also be biased
to some extent at thin and thick sites, with the possibility of affecting the 230 Th-derived MARs. Indeed, Kretschmer et al. (2010)
tested the robustness of 230 Th-normalized sediment ﬂuxes at focused sites in the Atlantic Ocean and created a model to make corrections based on measured 230 Th concentrations in ﬁne-grained
fractions of the sediment. Here we test the robustness of the grain
size correction model in Kretschmer et al. (2010) by investigating our Equatorial Paciﬁc sites that have evidence for focusing and
winnowing during the Holocene and LGM.
The model created by Kretschmer et al. (2010) to correct for the
effects of ﬁne-fraction redistribution on focusing factor and 230 Thderived MARs makes a few key assertions, the ﬁrst of which is
that both the vertical and lateral ﬂuxes share the same 230 Th activity in the ﬁne fraction. Such an assertion maximizes the lateral
ﬂux, since the lateral ﬂux should be preferentially ﬁner than the
vertical ﬂux.
Furthermore, since the ﬂux of neither the vertical or lateral
component is known, the model makes the key assumption that
100% of the lateral ﬂux is controlled by the preferential transport
of the ﬁne fraction. This simpliﬁes the model such that the concentration of the 230 Th in the ﬁne fraction is the main control of
xs230 Th MARs. In our study, elevated concentrations of 230 Th were
found not only in the <4 μm size fraction, but in the 4–20 μm
as well (Figs. 2E and 3E). It is possible the particles within the
4–20 μm size fraction could be laterally transported if deep sea
bottom current are strong enough. This could possibly explain why
both of our ﬁnest size fractions show elevated xs230 Th concentrations. However, we apply the model using the entire <20 μm
ﬁne fraction 230 Th concentration, which is obtained by summing
the proportional concentration of 230 Th in each ﬁne fraction (i.e.,
<4 μm + 4–20 μm). We ﬁnd that the model produces a 12–27%
reduction of the focusing factors at the Cocos thick sites during the
Holocene and LGM and a 5–68% reduction at the Carnegie thick
sites during the Holocene and LGM (Table 6). During the Holocene
at the focused (thick) Cocos and Carnegie sites, the focusing factor drops from 2.3 and 4.0 to 2.1 and 3.9, respectively. During the
LGM at the thick sites, focusing factors drops from 4.1 and 5.1 to
3.2 and 3.0, respectively. In conjunction with focusing factors that
are overestimated, there should be an identical magnitude in the
underestimation of the 230 Th-derived MARs (Table 6). The most
signiﬁcant change in MARs is at the focused Carnegie Ridge site
(17JC) during the LGM where MARs increased from 1.7 to about
2.8 g cm−2 kyr−1 . Only in this one case, for which the focusing factor was so high (5.1), was there a greater extent of biasing of the
230
Th-derived MARs, albeit relatively small considering the degree
of focusing. Even with focusing factors as high as 4.1 did the correction amount to no more than about 20%, which agrees with the
general conclusion of Kretschmer et al. (2010).
It is important to note that our 230 Th-derived focusing factors at the Cocos Ridge compare favorably to average focusing
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Table 6
Grain size corrected focusing factors (Ψ ) and 230 Th-normalized sediment MARs using Kretschmer et al. (2010) grain size correction model. Three estimations of corrections
on Ψ and 230 Th-normalized MARs (each correction calculated using either the <4 μm, 4–20 μm, or total ﬁne fraction <20 μm).
MARs (g cm−2 kyr−1 ) potential corrections
using different size fractions

(Ψ ) potential corrections using
different size fractions

MIS 1
MV1014-01
MV1014-01
MV1014-02
MV1014-02
MIS 2
MV1014-01
MV1014-01
MV1014-02
MV1014-02

Uncorrected

<20 μm

4–20 μm

<4 μm

Uncorrected

<20 μm

4–20 μm

<4 μm

04JC
08JC
11JC
17JC

0.4
2.3
1.6
4.0

0.6
2.1
1.3
3.9

–
2.3
1.3
8.1

–
1.9
1.3
2.8

1.2
0.9
1.9
1.5

0.8
1.0
2.3
1.5

–
0.9
2.2
0.7

–
1.1
2.3
2.1

04JC
08JC
11JC
17JC

0.2
4.1
0.8
5.1

0.3
3.2
0.8
3.0

0.2
3.2
0.8
2.8

0.3
3.3
0.7
5.3

1.7
1.0
2.9
1.7

1.1
1.3
2.9
2.8

1.3
1.3
2.7
3.0

1.0
1.2
3.2
1.6

factors estimated by seismic reﬂection surveys that estimate the
distribution of sediments since the Pliocene. Liao and Lyle (2014)
estimated that the average deposition from the crest of the Cocos Ridge to the seamounts bounding the base of the ridge to be
about 1 g cm−2 kyr−1 . The sediment has been redistributed from
the crest of Cocos Ridge around the thin site (4JC) to sediment
basins where the thick site (8JC) was cored. The Holocene MAR
versus the site average ‘seismic’ mass accumulation rate gives an
expected focusing factor of 1.8 for the thick Cocos Site, and 0.5 for
the thin one, as compared to the corrected focusing factors of 2.1
for the thick site and 0.6 for the thin one.
For the ﬁrst time, we have been able to observe and document
the grain size effect on 230 Th systematics in cases where redistribution processes have preferentially removed the ﬁne-grained
sediments (i.e., winnowing) utilizing the Kretschmer et al. (2010)
correction model. In general, we ﬁnd on average a 30% correction (increase) in focusing factors at both Cocos and Carnegie thin
sites during both the Holocene and LGM (Table 6). After applying the Kretschmer et al. (2010) correction at the Cocos thin site,
4JC, we see an increase in focusing factor from 0.4 to 0.6 during
the Holocene, and from 0.2 to 0.3 during the LGM. Similarly, at
the Cocos thin site, 4JC, Holocene 230 Th-derived MARs dropped
from 1.2 to 0.8 g cm−2 kyr−1 , while the estimates dropped from
1.7 to 1.1 g cm−2 kyr−1 during the LGM. The model supports our
hypothesis that at sites where ﬁne grained sediments have been
preferentially removed, there is an overestimation 230 Th-derived
MARs, with a corresponding underestimation of focusing factors,
albeit relatively small.
In Fig. 4C, we plot the corrected 230 Th-derived MARs. The result of the correction is clear—from the LGM to the Holocene the
230
Th-derived MARs have the same pattern of change as the agemodel-derived accumulation rates of the >63 μm fractions for focused and winnowed sites at both the Cocos and Carnegie Ridges.
Our measurements offer support for the model of Kretschmer et
al. (2010). Understanding the grain size distribution in sediments
that have been affected by deep-sea redistribution processes is a
robust way, in conjunction with modeling, to deconvolve preferential sorting effects on 230 Th-derived MARs at sites that are both
focused and winnowed spatially and temporally. The impact on
230
Th-MARs is such that, even in cases of signiﬁcant redistribution (from winnowing factors as low as 0.2, and focusing factors as
high as 4.1) the corrections amount to less than 30%. Only in cases
of extreme (Ψ > 4) focusing (i.e., 5.1 at 17JC) are the corrections
greater (i.e., about 70%). Thus, when using the 230 Th-normalization
method as a paleoceanographic tool to provide ﬂux approximations
in regions that have undergone signiﬁcant sediment redistribution,
an understanding of the grain-size distribution of the 230 Th contents is advised and modest corrections may need to be applied.

8.4. 232 Th distribution in various grain size fractions and its use as a
detrital ﬂux proxy
In the open ocean, far from the inﬂuence of continental margins (i.e. ∼300 km; Singh et al., 2011), the detrital fraction consists mainly of wind-blown particles. Closer to the margin the
detrital fraction consists of both wind-blown and ﬂuvially-derived
(hemipelagic) material. The accumulation rates of wind-blown dust
particles in the open ocean provides crucial information about past
wind circulation patterns and how changes in these patterns relate to climate. As long as the 232 Th concentration in the detrital
material delivered to a singular site has not changed signiﬁcantly
through time, 232 Th ﬂuxes can be used as a proxy for dust ﬂux.
Quantifying the dust ﬂux, however, can be diﬃcult because 232 Th
in the detrital material reaching the deep ocean at any one site can
vary between about 10 and 15 ppm (McGee et al., 2016). Patterns
of relative change can be ascertained by simply using the 232 Th
ﬂuxes, rather than attempting to quantify speciﬁc rates of dust deposition without information about the concentration of 232 Th in
the detrital material. In conjunction with 230 Th-normalized MARs,
and with an understanding of how focusing has affected these estimates (here and Marcantonio et al., 2014), we can attempt to
reconstruct past detrital ﬂuxes to our paired Panama Basin sites.
We compare grain-size-corrected 230 Th-normalized 232 Th MARs
(i.e., using the 230 Th-normalized MAR and multiplying it by the
232
Th concentration) at Carnegie Ridge thin and thick paired sites
(Fig. 4), which are approximately 600 km from the continental margin. We ﬁnd similar MARs (∼40% difference) at the two
sites during the Holocene (11JC = 1.10 μg cm−2 kyr−1 , 17JC =
0.73 μg cm−2 kyr−1 ), but signiﬁcantly different MARs (∼70% difference) during the LGM (11JC = 0.91 μg cm−2 kyr−1 , 17JC =
1.91 μg cm−2 kyr−1 ). This result is surprising because of the proximity of the sites within a basin which should receive the same
detrital ﬂux. The apparent difference in detrital ﬂux between the
two sites during the LGM is likely due to the differences in ages
of the LGM time slices. As noted above, the LGM sample for 11JC
is closer to the start of the deglacial than is the LGM sample for
17JC. There very well may be a difference in detrital ﬂux at the
two sites because of the slight temporal offset. Concentrating on
17JC, which has better age control, we ﬁnd a ∼2.6-fold higher
detrital ﬂux during the LGM compared to that in the Holocene.
This is in agreement with other studies of sediments throughout the equatorial Paciﬁc Ocean that show 230 Th-derived detrital ﬂuxes (representative of dust ﬂuxes) during the LGM that are
at least double those in the Holocene (Anderson et al., 2006;
Bista et al., 2016; McGee et al., 2007; Winckler et al., 2008, 2016;
Costa et al., 2016; Jacobel et al., 2016, 2017; Kienast et al., 2013;
Singh et al., 2011).
Comparing Cocos Ridge thin and thick paired sites (∼350 km
from the continental margin), grain size corrected 230 Th-normali-
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zed 232 Th detrital MARs are 3–4.5 times greater at the focused
site (8JC) than those at the winnowed site (4JC) during both the
Holocene and LGM (Table 4, Fig. 4D). This result is surprising because it is expected that the total detrital ﬂux at the Cocos Ridge
sites during each time period would be similar due to the sites’
proximity to each other. Also of note, is that the focused site
(8JC) has a detrital ﬂux that is ∼1.5 times greater during the
Holocene than at the LGM. We have two hypotheses to explain
these data. First, the patterns of variability in detrital ﬂux at the
Cocos sites could be related to a pronounced ﬂuvial (hemipelagic)
component from Central America, which is closer to the inﬂuence of the continental margin than the Carnegie sites. If this
were true, then the cause of the greater detrital ﬂuxes during
the Holocene may be higher riverine discharge that supplies more
detrital particles to sediments close to the continental margin. Indeed, several terrigenous records from Central America point to a
wetter Holocene (Mollier-Vogel et al., 2013; Pahnke et al., 2007;
Rincón-Martínez et al., 2010; Seillès et al., 2016), which could
lead to greater riverine discharge, and potentially higher and more
variable detrital ﬂuxes during the Holocene at the Cocos Ridge.
Alternatively, the Holocene increase in detrital ﬂux may relate to
ITCZ movement. The Cocos Ridge is beneath average modern ITCZ
position today. In contrast, there is evidence (Koutavas and LynchStieglitz, 2004) that the ITCZ may have been located in a more
southerly position during the LGM, when the region north of the
ITCZ is drier, thus delivering fewer ﬂuvial particles from the margin.
In an area such as the equatorial Paciﬁc Ocean where differences in the dust ﬂux over glacial-interglacial timescales is
relatively well known, we can use the ratio of the glacial/interglacial detrital ﬂux as a determinant of whether the detrital
material has a ﬂuvial or an eolian input. In the EEP, the closer
this glacial/interglacial detrital ﬂux ratio is to 2 (the value determined for the equatorial Paciﬁc open ocean, Anderson et al., 2006;
Bista et al., 2016; McGee et al., 2007; Winckler et al., 2008, 2016;
Costa et al., 2016; Jacobel et al., 2016, 2017; Kienast et al., 2013;
Singh et al., 2011), the more likely the detrital material is derived
from eolian sources. Somewhere between 350 km (the Cocos sites)
and 600 km (the Carnegie sites) from the continental margin there
is a point where an eolian detrital signal is overtaken by a ﬂuvial
detrital signal. One should expect different grain size endmembers
for the different detrital components, so that a statistical frequency
distribution analysis of the ﬁne grains would likely shed light on
this hypothesis. Our suggestion that sites close to the continental
margin can be inﬂuenced by detrital ﬂuvial signals places important constraints on the use of 232 Th as a dust ﬂux versus ﬂuvial
ﬂux indicator.
9. Conclusions
In the Panama Basin, during both the Holocene and LGM at
both winnowed and focused sites, the ﬁnest grain size fractions
contain the majority of xs230 Th, 232 Th, and authigenic U. At focused sites, the bulk inventory (i.e. >70%) of xs230 Th is found in
the <20 μm size fraction. At winnowed sites, even due to the
partial removal of the ﬁne fraction, ∼40% of the bulk inventory
of xs230 Th is found in the <20 μm size fraction. 232 Th is also
mainly found in the ﬁnest fraction. Using the model constructed by
Kretschmer et al. (2010), we compare grain-size-corrected 230 Thderived MARs to the age-model derived MARs of the >63-μm
fraction and ﬁnd that the patterns of change are in agreement
both spatially and temporally at our Panama Basin sites. This provides strong support for the use of a grain-size correction model
(Kretschmer et al., 2010). At sites with 230 Th-derived sediment
focusing factors less than ∼4, 230 Th-derived MARs are underestimated by about 20%, with focusing factors overestimated by the
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same amount. For sites that have experienced winnowing, 230 Thderived MARs are overestimated by less than ∼50%, with focusing
factors underestimated by the same amount. A 230 Th-derived focusing factor of ∼5 observed at one site requires a greater correction (about 70%). Grain-size discrepancies notwithstanding, 230 Thnormalization remains an important paleoceanographic tool for
reconstructing sediment ﬂuxes in regions of the ocean that have
undergone signiﬁcant sediment focusing, provided there is an understanding of the grain size distribution of 230 Th contents.
We hypothesize that, based on our 232 Th ﬂux results, the likely
boundary between hemipelagically- and pelagically-derived sediments, speciﬁc to our studied EEP Panama Basin sites, falls between 350 and 600 km. Our ﬁndings suggest that 232 Th detrital
ﬂuxes within several hundred km of the margin (<400 km) can
be used as a proxy for riverine discharge and, hence, continental
hydroclimate. However, this is a relative approximation which requires further investigation.
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