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Abstract Sedimentary proxies used to reconstruct marine productivity suffer from variable preservation and
are sensitive to factors other than productivity. Therefore, proxy calibration is warranted. Here we map the
spatial patterns of two paleoproductivity proxies, biogenic opal and barium ﬂuxes, from a set of core-top
sediments recovered in the Subarctic North Paciﬁc. Comparisons of the proxy data with independent estimates
of primary and export production, surface water macronutrient concentrations, and biological pCO2 drawdown
indicate that neither proxy shows a signiﬁcant correlation with primary or export productivity for the entire
region. Biogenic opal ﬂuxes, when corrected for preservation using 230Th-normalized accumulation rates, show
a good correlation with primary productivity along the volcanic arcs (τ = 0.71, p = 0.0024) and with export
productivity throughout the western Subarctic North Paciﬁc (τ = 0.71, p = 0.0107). Moderate and good
correlations of biogenic barium ﬂux with export production (τ = 0.57, p = 0.0022) and with surface water silicate
concentrations (τ = 0.70, p = 0.0002) are observed for the central and eastern Subarctic North Paciﬁc. For
reasons unknown, however, no correlation is found in the western Subarctic North Paciﬁc between biogenic
barium ﬂux and the reference data. Nonetheless, we show that barite saturation, uncertainty in the lithogenic
barium corrections, and problems with the reference data sets are not responsible for the lack of a signiﬁcant
correlation between biogenic barium ﬂux and the reference data. Further studies evaluating the factors
controlling the variability of the biogenic constituents in the sediments are desirable in this region.

1. Introduction
The Subarctic North Paciﬁc (SNP) is one of the three principal high nutrient-low chlorophyll regions of the
world ocean, characterized by an excess pool of macronutrients that is incompletely consumed by
phytoplankton [Falkowski et al., 1998]. Investigating biogeochemical processes in the SNP will contribute to a
better understanding of the factors regulating the efﬁciency of the biological pump and of its role in climaterelated variability in atmospheric CO2.
Sediment records from the SNP show long-standing discrepancies among different paleoproductivity proxies
[e.g., Kienast et al., 2004; Shigemitsu et al., 2007]. Potential shortcomings in interpreting these proxies are
variable preservation of the biogenic components, multiple environmental factors inﬂuencing the proxy
parameters, and variable responses of organisms to environmental changes [e.g., Dymond et al., 1992; François
et al., 1995; Wefer et al., 1999]. Due to decomposition or dissolution in surface waters and at the bottom watersediment interface, only a small fraction of the original biogenic material is preserved in the sediments. It is
therefore important to study the correlation between modern sedimentation and primary production (PP) as
well as export production (EP, the fraction of primary productivity exported from the euphotic zone).
In this study, we present results from a set of multicorer core-top sediments from the SNP to study strengths
and limitations in the application of two sedimentary proxies commonly used to reconstruct
paleoproductivity changes in this region: biogenic opal and barium (Babio) ﬂuxes. Mass accumulation rates
(MARs) are derived by 230Th normalization [François et al., 2004]. To consider potential preservation effects,
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Figure 1. Location map of the 27 SO202-INOPEX multicorer core-top sites (yellow circles). The sites are divided into four
regions: the Kamchatka Transect (sites 1–9), the Alaska Transect (sites 25–29), the Open Ocean Transect (sites 31–39),
and the Japan Transect (40–45). Red stars indicate the locations of 11 sediment trap stations from which published
biogenic opal ﬂuxes were compared with core-top biogenic opal accumulation rates. Comparisons were made for seven
regions, indicated by red dashed lines, which each include at least one sediment trap and one INOPEX site. The location of
GEOSECS station 217 with barite water column saturation data [Rushdi et al., 2000] is indicated by a pink complex star.
The Subarctic Front (SAF) is indicated by a black solid line and drawn after Bonnet et al. [2012]. The map was created using
Ocean Data View 4.3.10 [Schlitzer, 2011].

we compare sedimentary biogenic opal and Babio ﬂuxes with sediment trap opal ﬂuxes and with barite water
column saturation, respectively. Ultimately, we assess the reliability of the proxies to reconstruct the spatial
patterns of primary and export productivity in the SNP by comparing our proxy data with reference data sets
of PP [Gregg et al., 2003], surface water macronutrient concentrations [Garcia et al., 2010], EP [Laws et al., 2011],
and biological drawdown of pCO2 [Takahashi et al., 2002].

2. Material and Methods
2.1. Study Area and Material
Samples from the top 1 cm of a multicorer tube from each of 27 sites recovered during the SO202-Innovative
North Paciﬁc Experiment (INOPEX) cruise in 2009 (Figure 1) [Gersonde, 2012] are used in this study. Biogenic
opal, calcium carbonate, and U/Th isotopes, including 230Th-normalized MARs, have been measured at all
INOPEX sites, as part of a spatial reconstruction of eolian dust supply to the SNP [Serno et al., 2014]. The INOPEX
site information and the full data set including barium data presented here for the ﬁrst time are available in Data
Set S1 in the supporting information and through the PANGAEA database (http://doi.pangaea.de/10.1594/
PANGAEA.832293). All concentrations from the INOPEX samples have been salt corrected [see Serno et al., 2014].
We excluded the shallow site 26 from the Patton Seamounts because initial observations indicated loss of
ﬁne-grained sediment from this site by winnowing [Gersonde, 2012]. We further observed MARs higher by
a factor of 1.5–2 compared to neighboring sites at sites 4, 23, and 24, possibly as a result of loss of the surface
sediments due to erosion or slumping and exposure of old sediments, resulting in an overestimation of the
calculated 230Th-normalized MARs due to failure to correct for radioactive decay of excess 230Th [Serno et al., 2014].
We therefore excluded these sites from the discussion as well.
We group the remaining 23 sites into four regions considering speciﬁc environmental conditions: the
Kamchatka Transect (KT, sites 1–9), the Alaska Transect (AT, 25–29), the Open Ocean Transect (OOT, 31–39),
and the Japan Transect (JT, 40–45) (Figure 1).
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2.2. Biogenic Opal
Biogenic opal was measured on freeze-dried and ﬁnely ground bulk sediment from all INOPEX samples by
alkaline extraction and molybdate blue spectrophotometry at the Lamont-Doherty Earth Observatory (LDEO)
following the procedure described in Mortlock and Froelich [1989].
2.3. U/Th Isotopes and 230Th-Normalized Fluxes
Samples were analyzed for U/Th isotopes by isotope dilution on a high-resolution VG Elemental Axiom
inductively coupled plasma–mass spectrometry (ICP-MS) at LDEO after a complete acid digestion [Fleisher
and Anderson, 2003]. The data quality and procedure to calculate 230Th-normalized MARs are described in
Serno et al. [2014].
2.4. Biogenic Barium
Around 100 mg of ﬁnely ground bulk sediment was analyzed from each INOPEX site. In addition, we analyzed
~100 mg aliquots of bulk sediment, as well as 0–4 and 4–8 μm size fractions of the Taklimakan desert
sample TK-083 to represent the eolian dust source endmember composition [Serno et al., 2014]. Ba
concentrations were measured using a VG PQ ExCell Quadrupole ICP-MS at LDEO following a complete acid
digestion after Serno et al. [2014]. Indium was added as an internal standard for drift corrections. Procedural
blank corrections are <0.2%. For nine samples, we performed two to four replicate analyses; the mean
reproducibility is ~6% (1σ). Ba concentrations of processed reference rock samples (W-2, U.S. Geological
Survey, and JA-2, Geological Survey of Japan) fall between 2% and 6% of their reported mean values from the
Geological and Environmental Reference Materials database (GeoReM; Jochum et al. [2005]).
Babio concentrations are estimated by correcting total barium concentrations (Batotal) for the lithogenic
barium contribution (Balithogenic). The common procedure to estimate lithogenic contribution of Ba uses Al or
Ti concentrations normalized to the mean upper continental crust values [e.g., Dehairs et al., 1980; Dymond
et al., 1992; François et al., 1995]. This approach is not suited for complex regions like the SNP since elemental
compositions of lithogenic endmembers, especially of volcanic ash, are variable [Cao et al., 1995a, 1995b;
Serno et al., 2014] and since marine sediments along the arcs are dominated by lithogenic contributions other
than eolian dust [Serno et al., 2014].
We therefore applied a different approach, by using the dust contribution to the lithogenic fraction of the
INOPEX sediments derived from 232Th concentrations (dustTh) [see Serno et al., 2014]:
%Lithogenic ¼ 100%  %biogenic opal  %calcium carbonate

(1)

Balithogenic ¼ ð0:01  %LithogenicÞ  ðdustTh  Badust þ ð1–dustTh Þ  Bavolc Þ

(2)

Volcanic endmember concentrations (Bavolc) used for each of the three volcanic regions, as deﬁned in Serno
et al. [2014] (region 1 = INOPEX sites 1–3 and 31–45, region 2 = sites 4–9, region 3 = sites 23–29), were
compiled from volcanic ash layers in Ocean Drilling Program (ODP) sites 881, 882, and 887 [Cao et al., 1995a,
1995b]. We used Bavolc values with 1σ uncertainties of 453 ± 129 ppm, 560 ± 315 ppm, and 592 ± 188 ppm for
volcanic regions 1–3, respectively. We applied an eolian dust Ba concentration to all INOPEX sites
(Badust = 499 ± 52 ppm), estimated from the mean of concentrations of the 0–4 and 4–8 μm size fractions of
TK-083, following the approach for dust endmember calculation in Serno et al. [2014].
The contribution of Balithogenic to Batotal varies between 5 and 30%, with highest contributions in the western
SNP near the volcanic arcs. Uncertainties for the estimated Babio concentrations vary between 2 and 29%,
averaging 10%.
2.5. Published Productivity and Hydrographic Data
We compare the proxy results with published data sets of productivity and hydrography. A representative
value for each published variable at each INOPEX site was calculated by interpolating the four gridded
reference values nearest to the site (estimated reference values available in Data Set S1). Since we cannot
evaluate spatially dependent errors for the reference data based on modeling approaches, we do not add
error bars to those data but discuss possible uncertainties of the modeling approaches in the following.
Linear relationships between all of the variables are not necessarily expected; therefore, the Kendall τ
coefﬁcient [Kendall and Gibbons, 1990], as a measure of rank correlation, is more reﬂective of the strength of
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Figure 2. Maps of the reference data sets of marine productivity and surface nutrients in the SNP used in this study, with
the data of (a) primary productivity (PP) [Gregg et al., 2003], (b) annual maximum surface silicate concentrations from
the WOA09 [Garcia et al., 2010], (c) biological drawdown of pCO2 [Takahashi et al., 2002], and (d) export production (EP)
[Laws et al., 2011]. Black dots indicate the locations of the 23 selected INOPEX sites. The black dashed regions indicate the
four transects of the INOPEX sites (section 2.1). The black solid line shows the SAF. The maps were created using Ocean Data
View 4.3.10 [Schlitzer, 2011]. For the visualization of Figures 2a, 2b, and 2d, the rectangular gridding method VG was chosen,
with X and Y scale lengths of 45‰. DIVA gridding with X and Y scale lengths of 45‰ was used to visualize Figure 2c
(see section 2.5 for more details about the gridding methods).

correlation compared to, for example, the commonly used coefﬁcient of determination (r 2), which presumes a
linear relationship. The Kendall τ coefﬁcient is 1 for a perfect positive monotonic relationship and 1 for a
perfect negative monotonic relationship between the variables. The variables are independent for τ = 0. Here
the strength of the correlation is associated with arbitrary categories: none/poor (±0–0.30), weak (±0.30–0.50),
moderate (±0.50–0.65), good (±0.65–0.80), and very good (±0.80–1). P values are derived from a two-tailed test.
For the visualization of the published data sets, we used the software package Ocean Data View 4.3.10
[Schlitzer, 2011] and the rectangular gridding methods VG (Variable Grid) and DIVA (Data-Interpolating
Variational Analysis). For VG gridding, property estimates are calculated at every point of the constructed
grid, using a simple weighted-averaging scheme; weights decrease exponentially with increasing distance
between the data and grid point. Averaging length scales in X and Y directions are proportional to the
grid spacing and are measured in ‰ of the respective axis range [Schlitzer, 2011]. Compared to VG gridding,
DIVA gridding also takes into account coastlines and bathymetry to subdivide the domain on which the
estimation is performed [Schlitzer, 2011].
Published chlorophyll-based PP data (Figure 2a) [Gregg et al., 2003] are a result of the climatology of satellite
ocean color observations and PP estimates with a 1° × 1° spatial resolution from the Vertically Generalized
Production Model (VGPM) [Behrenfeld and Falkowski, 1997a, 1997b]. Behrenfeld et al. [2001] found an average
difference of <6% between satellite and in situ chlorophyll estimates. The VGPM-based estimates account
for ~86% of the measured PP variability [Behrenfeld and Falkowski, 1997b].
EP data from Laws et al. [2011] are the result of global estimates reconstructed from two equations with sea
surface temperature and PP as independent variables (Figure 2d). PP was estimated from ocean color satellite
data using the VGPM [Behrenfeld and Falkowski, 1997a, 1997b]. The EP data from Laws et al. [2011] is based on
PP data covering the time between October 1997 and September 1998 with a spatial resolution of 1° × 1°.
A global pCO2 database of ~940,000 measurements with an interpolated spatial resolution of 4° × 5° was used
in Takahashi et al. [2002] to estimate the mean annual biological drawdown of pCO2 by correcting for the
portion of pCO2 drawdown driven by changes in temperature and salinity (Figure 2c). Systematic errors
introduced by imperfections of the interpolation sum to ±3 μatm [Takahashi et al., 2002].
SERNO ET AL.
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World Ocean Atlas 2009 (WOA09) data of nutrient concentrations [Garcia et al., 2010] are used in this study
(Figure 2b). The term “silicate” is used in the WOA09 to describe the amount of silicic acid in the seawater
[Garcia et al., 2010] and will be used in the following discussion.
Recent model-model and model-in situ measurement comparisons show that most satellite ocean color-based
models underestimate PP [e.g., Carr et al., 2006]. Models can further be challenged by high nutrient-low
chlorophyll conditions and extreme temperature and chlorophyll concentrations [Carr et al., 2006].

3. Productivity Characteristics in the Subarctic North Paciﬁc
Ship observations [e.g., Takahashi et al., 2002; Wong et al., 2002; Nishioka et al., 2003] and sediment trap data
[e.g., Harrison et al., 1999; Takahashi et al., 2000; Nishioka et al., 2003; Garcia et al., 2010] show that the SNP is
characterized by strong spatial gradients in PP, EP, and macronutrients. A north-south gradient has been
observed between the SNP north of the Subarctic Front (SAF, at ~40°N) [e.g., Dodimead et al., 1963; Wong
et al., 2002] and the Subtropical Gyre region south of the front. These regions represent different biomes
[Longhurst, 1998]. Larger phytoplankton, including diatoms, are prevalent in the SNP, whereas picoplankton
dominate the Subtropical Gyre [Hashioka and Yamanaka, 2007; Alvain et al., 2008]. The contrasting
physicochemical characteristics of these biogeographic provinces can have a strong inﬂuence on the
efﬁciency of export of the biogenic constituents out of the euphotic zone and on their preservation in the
deeper waters, both factors potentially inﬂuencing the reconstruction of productivity and the relationship
between the sediment proxy and reference data.
Highest primary productivity is indicated south of the SAF, corresponding to INOPEX sites 36–45 (Figure 2a)
[Gregg et al., 2003]. Annual maximum surface silicate concentrations show a west-to-east gradient, with
higher concentrations in the western SNP (Figure 2b) [Garcia et al., 2010]. In contrast to the PP data, highest
silicate concentrations are found along the KT and in the western Bering Sea, regions of relatively low PP and
thereby indicating no limitation of PP through the supply of silicate.
Biological drawdown of pCO2 [Takahashi et al., 2002] and export productivity [Laws et al., 2011], two
parameters that are expected a priori to be well correlated, differ in their spatial patterns across the SNP
(τ = 0.38, n = 23, p = 0.0121; Figures 2c and 2d). The calculated biological drawdown of pCO2 indicates a strong
west-to-east gradient, with higher drawdown in the western SNP, whereas the EP data indicate highest
productivity along the volcanic arcs and lower EP in the open ocean region. If the comparison is limited to sites in
the western SNP (sites 1–3 from the KT and all sites from the JT), then the two data sets compare very well (τ = 0.81,
n = 7, p = 0.0107). For the sites in the central and eastern SNP, the correlation is weak (τ = 0.42, n = 16, p = 0.0244).
Comparing either EP or the biological drawdown of pCO2 with PP (not shown, but evident in a visual
comparison of Figures 2c and 2d with Figure 2a) indicates that the ratio of export to primary productivity is
greater in the SNP than in the Subtropical Gyre. This is probably the result of the anticipated reduction of
export efﬁciency with increasing sea surface temperatures [Laws et al., 2011], which, in turn, is a characteristic
of the different biogeographic provinces in the North Paciﬁc [Longhurst, 1998; Hayes et al., 2013, 2014].
The inconsistencies between the biological drawdown of pCO2 and EP must be considered in the
following comparison of paleoproductivity proxies with the reference data sets. The reason for the
disagreement is unknown, and we cannot judge whether biological drawdown of pCO2 or the modeled
EP is a better measure of actual export productivity. Therefore, we will compare our proxy data with
both data sets. Future studies should seek to understand the differences between the estimated EP and
calculated biological drawdown of pCO2.

4. Results and Discussion
4.1. Bioturbation Impact on Biogenic Flux Estimates
Before we compare paleoproductivity proxies (biogenic opal and Babio accumulation rates) with modern
reference data sets, we must ﬁrst consider the time frame represented by the 0–1 cm interval of
sediment. Along the KT and AT, linear sedimentation rates (LSRs) are found to be >4 cm/kyr in modern
marine sediments, based on paleomagnetic data [Opdyke and Foster, 1970] and sediment core
chronology [Keigwin et al., 1992; Gebhardt et al., 2008]. Because of these relatively high LSRs and since
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the sediment-water interface was successfully collected in the multicorer tubes during the INOPEX cruise
[Gersonde, 2012], we assume modern age for the core-top sediments. Independent age constraints for
the surface samples are not available.
LSRs can be lower than 0.5 cm/kyr for the deep sites along the OOT and JT (sites 32, 33, 34, 36, 38, 39, 41, 42,
and 45) [Serno et al., 2014], based on paleomagnetic data [Opdyke and Foster, 1970; L. Korff, University of
Bremen, personal communication, 2013]. At these sites, bioturbation within the sediment column can
result in mixing of pre-Holocene sediments into the surface sediments. Therefore, it is important to
constrain the potential impact of bioturbation on the top 1 cm of sediment from the deep stations along
the OOT and JT before interpreting the data. We estimated the impact of bioturbation on the biogenic
ﬂuxes using a simple bioturbation model described in Serno et al. [2014]. Thorium-230-normalized
biogenic opal ﬂuxes in the SNP are constant during the last ~20 kyr, except during the Bølling/Allerød
(B/A) warm interval (~14.65–12.8 kyr BP) when ﬂuxes were higher by a factor of ~3 [e.g., Brunelle et al.,
2010]. The bioturbation model, with a two-step input signal with ﬂuxes of 3 g/m2/yr during the B/A
and 1 g/m2/yr before and afterward, indicates a deviation from the input signal of <3% in the top 1 cm
of all low-LSR sites. Records of Babio ﬂuxes show a similar time-history to those of biogenic opal in
the SNP over the last ~20 kyr [e.g., Brunelle et al., 2010]. Therefore, we decided to not perform
bioturbation corrections for biogenic opal and Babio ﬂuxes, and the top 1 cm of sediment from the deep
OOT and JT sites is assumed to represent deposition during the Holocene.

4.2. Biogenic Opal Preservation
Diatoms, the main contributor of biogenic opal to marine sediments [e.g., Tréguer and De La Rocha, 2013],
are responsible for ~40% of biological productivity in the modern ocean [Nelson et al., 1995] and are found
to dominate productivity in the SNP [Dymond and Collier, 1996; Honda et al., 2002]. However, biogenic
opal preservation is variable [e.g., DeMaster et al., 1991], with a global average of ~3% [e.g., Tréguer and De La
Rocha, 2013]. In the western Paciﬁc Ocean, higher preservation of 10–13% has been indicated in sediment
trap studies [e.g., Noriki and Tsunogai, 1986], due to a high transfer efﬁciency of diatom frustules out of
the euphotic zone [e.g., Honda et al., 2002].
Variable biogenic opal preservation can be an important factor complicating the application of biogenic
opal ﬂuxes to reconstruct regional and temporal variability in diatom productivity, requiring a correction
[e.g., Nelson et al., 1995; Sayles et al., 2001]. Most of the dissolution of biogenic opal occurs in the upper
1000 m of the water column and at the bottom water-sediment interface, with little dissolution in
between [e.g., Sayles et al., 2001; Tréguer and De La Rocha, 2013]. We compared annual mean biogenic
opal ﬂuxes from deep sediment traps (920–5100 m), derived from at least one full year of observations,
with the sedimentary biogenic opal ﬂuxes from the nearest INOPEX site. This approach provides an
estimate of biogenic opal preservation at the seaﬂoor for seven regions throughout the SNP (Figure 1).
We compared results from trap stations KNOT [Honda et al., 2002] and 4A-6A [Otosaka and Noriki, 2005]
with INOPEX site 1, station 50N [Honda et al., 2002] with site 3, station SA [Takahashi et al., 2000] with
site 9, station OSP [Wong et al., 1999] with site 29, Trap 7 [Kawahata et al., 1998] with site 36, station 40N
[Honda et al., 2002] with site 39, and stations 2A-3A [Otosaka and Noriki, 2005] with site 45 (Figure 1;
sediment trap data available in Data Set S1). For each region, we averaged the annual mean trap data
from all available depths. Uncertainties are represented by the 1σ standard deviation for each set of
averaged annual biogenic opal ﬂuxes. The average trap-derived biogenic opal ﬂux was then compared
with the 230Th-normalized ﬂux for the corresponding INOPEX site. The comparison indicates a good
linear correlation (r 2 = 0.75; n = 7; p = 0.0006; Figure 3a). The difference between the mean trap and
sedimentary ﬂuxes gives an estimate of the biogenic opal preservation at the bottom water-sediment
interface. The estimated biogenic opal preservation shows a very good linear correlation with the
sedimentary 230Th-normalized MARs (r 2 = 0.91, n = 7, p = 0.0047; Figure 3b). Similar observations have
been made elsewhere [Nelson et al., 1995; Frank et al., 2000; Sayles et al., 2001], indicating that exposure
time to undersaturated bottom water is a factor affecting biogenic opal preservation. We are aware that
linear accumulation rates should be used to estimate biogenic opal preservation. However, because
LSRs are not well constrained, we use 230Th-normalized MARs as the next best method to constrain the
effect of accumulation rate on biogenic opal preservation.

SERNO ET AL.

©2014. American Geophysical Union. All Rights Reserved.

443

Paleoceanography

10.1002/2013PA002594

Figure 3. Results illustrating the sensitivity of biogenic opal preservation to sediment accumulation rate and the correction
for biogenic opal preservation. (a) Mean biogenic opal ﬂuxes in the water column trap studies compared to sedimentary
biogenic opal ﬂuxes in the INOPEX samples for the seven regions as described in section 4.2. (b) Thorium-230-normalized
MARs in the INOPEX samples compared to the biogenic opal preservation (%) estimated by dividing the sedimentary
230
Th-normalized biogenic opal ﬂux by the mean trap biogenic opal ﬂux for each of the seven regions. The linear regression ﬁt indicates a coefﬁcient of determination of 0.91 (n = 7, p = 0.0047).

The results enable us to estimate the preservation for each INOPEX site to derive preservation-corrected
biogenic opal ﬂuxes using the equation of the regression line in Figure 3b and 230Th-normalized MAR in g/m2/yr:
Opal preservation ð%Þ ¼ ð1:147 ± 0:185Þ  MAR þ ð1:142 ± 1:015Þ

(3)

Preservation-corrected opal flux ¼ Opal flux=ðOpal preservation  0:01Þ

(4)

Biogenic opal preservation varies between 4 and 22%, averaging 10%. Preservation is low for the sites
from the OOT and JT (4–11%) characterized by low MARs. Biogenic opal preservation (equation (3)) has an
absolute uncertainty of ~30%, based primarily on propagating the standard deviation of the annual sediment
trap biogenic opal ﬂuxes that were averaged to calculate preservation at each site. However, uncertainties in
the relative difference in corrected biogenic opal ﬂux among sites are less than this (i.e., errors are not
random). A larger array of surface sediment-sediment trap comparisons from the same locations is necessary
to better constrain biogenic opal preservation in the North Paciﬁc.
4.3. Application of Biogenic Opal Fluxes as a Paleoproductivity Proxy
Preservation-corrected biogenic opal ﬂuxes vary between 6 and 26 g/m2/yr and are slightly higher in the
western compared to the central and eastern SNP (Figure 4a).
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Figure 4. Results of the 23 selected INOPEX samples for (a) preservation-corrected biogenic opal ﬂuxes, (b) Babio ﬂuxes,
sat
and (c) Babio ﬂuxes. Black dots indicate the locations of the INOPEX sites. The black dashed regions indicate the four
transects of the INOPEX samples. The black solid line indicates the SAF. The maps were created using Ocean Data View
4.3.10 [Schlitzer, 2011]. Numerical data for the results shown here are presented in Data Set S1.

Comparing the biogenic opal ﬂuxes with the PP data for the entire region indicates no signiﬁcant correlation
(τ = 0.21, n = 23, p = 0.1616; Table 1). The ratio of biogenic opal ﬂux to PP is much smaller south of the SAF
(stations 36–45; Figure 5a), consistent with the view that diatoms constitute a smaller fraction of the total
phytoplankton population in the Subtropical Gyre [Hashioka and Yamanaka, 2007; Alvain et al., 2008]. Among
the northern sites (sites 1–34), where diatoms constitute a larger fraction of PP, we ﬁnd a moderate
correlation between PP and biogenic opal ﬂux (τ = 0.62, n = 15, p = 0.0013; Table 1). This is especially true for
the margin transects (KT and AT; τ = 0.71, n = 11, p = 0.0024; Table 1) which show the strongest correlation.
Similar to PP, the comparison of the biogenic opal ﬂuxes with the annual maximum surface silicate
concentrations indicates no signiﬁcant correlation for the entire region (τ = 0.30, n = 23, p = 0.0476; Table 1).
However, a moderate correlation is observed for the sites from the western SNP (1–3 and 40–45; τ = 0.62,
n = 7, p = 0.0509; Table 1 and Figure 5b). This observation may reﬂect a stronger silicate limitation of diatom
productivity in the western SNP compared to the central and eastern SNP. Other factors may play a more
important role in controlling diatom productivity in the central and eastern SNP, for example iron limitation
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Table 1. Correlation Coefﬁcients for the Comparison of Proxy Data (Preservation-Corrected Biogenic Opal Fluxes, Babio
a
sat
and Babio Fluxes) With Reference Data for the Modern Ocean
b

Reference

Transect

c

Babio

sat

n

Biogenic Opal Flux

Babio Flux

Flux

PP

All
KT
AT
OOT
JT
KT + AT
OOT + JT
N of SAF
S of SAF
W SNP
Rest of SNP

23
7
4
8
4
11
12
15
8
7
16

0.21 (0.1616)
0.71 (0.0243)
0.67 (0.1742)
0.00 (1.0000)
0.00 (1.0000)
0.71 (0.0024)
0.18 (0.4106)
0.62 (0.0013)
0.43 (0.1376)
0.05 (1.1194)
0.20 (0.2799)

0.23 (1.8808)
0.52 (1.9015)
0.00 (1.0000)
0.14 (1.3793)
0.33 (0.4969)
0.42 (1.9266)
0.00 (1.0000)
0.09 (0.6560)
0.07 (1.1954)
0.24 (1.5473)
0.13 (1.5287)

0.15 (1.6970)
0.24 (1.5473)
0.33 (0.4969)
0.21 (1.5421)
0.33 (0.4969)
0.06 (0.8153)
0.03 (1.1091)
0.31 (0.1025)
0.21 (0.4579)
0.33 (1.7069)
0.07 (1.2813)

Silicate

All
KT
AT
OOT
JT
KT + AT
OOT + JT
N of SAF
S of SAF
W SNP
Rest of SNP

23
7
4
8
4
11
12
15
8
7
16

0.30 (0.0476)
0.24 (1.5473)
0.00 (1.0000)
0.36 (1.7840)
1.00 (0.0415)
0.38 (0.1021)
0.12 (1.4167)
0.39 (0.0425)
0.07 (0.8046)
0.62 (0.0509)
0.23 (0.2074)

0.55 (0.0002)
0.43 (0.1765)
0.67 (0.1742)
0.29 (0.3223)
0.00 (1.0000)
0.13 (0.5858)
0.18 (0.4106)
0.51 (0.0087)
0.14 (0.6207)
0.24 (0.4527)
0.70 (0.0002)

0.64 (0.0000)
0.33 (0.2931)
0.33 (0.6794)
0.50 (0.0833)
0.00 (1.0000)
0.31 (0.1857)
0.24 (0.2726)
0.62 (0.0013)
0.29 (0.3223)
0.33 (0.2931)
0.77 (0.0000)

DD

All
KT
AT
OOT
JT
KT + AT
OOT + JT
N of SAF
S of SAF
W SNP
Rest of SNP

23
7
4
8
4
11
12
15
8
7
16

0.39 (0.0089)
0.05 (0.8806)
0.67 (0.1742)
0.21 (0.4579)
0.67 (0.1742)
0.46 (0.0516)
0.18 (0.4106)
0.45 (0.0200)
0.43 (0.1376)
0.81 (0.0107)
0.32 (0.0871)

0.17 (0.2471)
0.43 (1.8235)
0.00 (1.0000)
0.14 (1.3793)
0.33 (1.5031)
0.16 (1.5165)
0.06 (1.2161)
0.30 (0.1250)
0.21 (1.5421)
0.05 (0.8806)
0.45 (0.0150)

0.23 (0.1192)
0.33 (1.7069)
0.33 (0.4969)
0.21 (1.5421)
0.33 (1.5031)
0.02 (0.9379)
0.09 (1.3192)
0.41 (0.0333)
0.07 (1.1954)
0.33 (0.2931)
0.40 (0.0307)

EP

All
KT
AT
OOT
JT
KT + AT
OOT + JT
N of SAF
S of SAF
W SNP
Rest of SNP

23
7
4
8
4
11
12
15
8
7
16

0.22 (0.1463)
0.52 (0.0985)
0.67 (0.1742)
0.43 (1.8624)
0.67 (0.1742)
0.13 (1.4142)
0.15 (1.5071)
0.11 (0.5862)
0.07 (0.8046)
0.71 (0.0243)
0.03 (0.8571)

0.45 (0.0028)
0.24 (1.5473)
0.00 (1.0000)
0.36 (0.2160)
0.33 (1.5031)
0.06 (0.8153)
0.12 (0.2916)
0.45 (0.0200)
0.14 (1.3793)
0.24 (1.5473)
0.57 (0.0022)

0.45 (0.0028)
0.14 (0.6523)
0.33 (0.4969)
0.14 (0.6207)
0.33 (1.5031)
0.02 (0.9379)
0.03 (0.8909)
0.41 (0.0333)
0.00 (1.0000)
0.05 (0.8806)
0.50 (0.0069)

a

Correlation coefﬁcients are Kendall τ coefﬁcients [Kendall and Gibbons, 1990], with the p value in brackets. Correlation
coefﬁcients are shown for different transects. The number of sites for the correlation is shown in column n. Correlations
discussed in the text are bold, with good and very good correlations being bold and italicized.
b
Primary productivity (PP) [Gregg et al., 2003]; annual maximum surface silicate concentration (Silicate) [Garcia et al.,
2010]; biological drawdown of pCO2 (DD) [Takahashi et al., 2002]; export productivity (EP) [Laws et al., 2011].
c
All = all 23 INOPEX sites; KT + AT = combination of KT and AT samples; OOT + JT = combination of OOT and JT samples;
N of SAF = sites 1–34 located north of the Subarctic Front (SAF); S of SAF = sites 36–45 south of the SAF; W SNP = sites 1–3
and 40–45 in the western SNP; Rest of SNP = sites in the central and eastern SNP (5–39).

through eolian dust supply. Higher dust supply from East Asia is indicated in the western compared to the
central and eastern SNP [Serno et al., 2014].
Biogenic opal ﬂuxes throughout the entire study area show weak and poor correlations with the biological
drawdown of pCO2 (τ = 0.39, n = 23, p = 0.0089) and with EP (τ = 0.22, n = 23, p = 0.1463), respectively (Table 1).
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Figure 5. Biogenic opal ﬂuxes corrected for preservation using equations (3) and (4) (section 4.2) in comparison with the reference data, for (a) primary productivity
[Gregg et al., 2003], (b) annual maximum surface silicate concentrations from the WOA09 [Garcia et al., 2010], (c) biological drawdown of pCO2 [Takahashi et al., 2002],
and (d) export productivity [Laws et al., 2011]. Samples from the KT are indicated with squares, the samples from the AT with circles, the OOT samples with
triangles and the samples from the JT with pentagons. In all plots, we differentiate the sites from the western SNP (1–3 and 40–45; ﬁlled symbols) from the sites in
the central and eastern SNP (5–39; open symbols). In Figure 5a, we additionally differentiate the sites from north of the SAF (1–34; red) from the sites south of the
SAF (36–45; black).

Also, the individual correlations for the SNP and Subtropical Gyre are weak (Table 1). However, similar to the
silicate concentrations, good and very good correlations are observed between biogenic opal ﬂux and EP
and with biological drawdown of pCO2 for the western SNP (τ = 0.71, n = 7, p = 0.0243, and τ = 0.81,
p = 0.0107, respectively; Table 1 and Figures 5c and 5d). This ﬁnding is consistent with the view that
diatoms are a large fraction of the total export productivity due to an efﬁcient transfer of their frustules
out of the euphotic zone in this region [e.g., Honda et al., 2002]. The correlations for the central and
eastern SNP are poor (Table 1).
To summarize, preservation-corrected biogenic opal ﬂuxes show a moderate correlation with PP along the
volcanic arcs in the SNP and good-to-very good correlations with reference data of EP in the western SNP. For
all reference data sets, a poor correlation is observed in the OOT, possibly indicating uncertainties in the
correction for biogenic opal preservation at these low-LSR sites.

SERNO ET AL.

©2014. American Geophysical Union. All Rights Reserved.

447

Paleoceanography

10.1002/2013PA002594

Figure 6. (a) Thorium-230-normalized MARs (squares) and Babio ﬂuxes (triangles) from the 23 selected INOPEX samples as well as barite water column saturation
(hexagons) from GEOSECS station 217 in the SNP (44.60°N, 176.83°W) [Rushdi et al., 2000] plotted over water depth. The grey bar indicates the depth range of
barite saturation or supersaturation based on the GEOSECS data. (b) Comparison of the barite water column saturation interpolated from the data from GEOSECS
230
station 217 for the water depths of the INOPEX sites with Babio ﬂuxes from the 23 INOPEX samples. (c) Comparison of the
Th-normalized MARs and Babio ﬂuxes.
In Figures 6b and 6c, samples from the KT are indicated with squares, the samples from the AT with circles, the OOT station samples with triangles and the JT samples
with pentagons.

4.4. Application of Biogenic Barium Fluxes as a Paleoproductivity Proxy
Previous studies have reported good correlations between Babio (or barite) and the ﬂux of either organic carbon
or of biogenic opal [e.g., Dehairs et al., 1980; Bishop, 1988; Dymond et al., 1992; François et al., 1995; Dymond and
Collier, 1996; Paytan and Grifﬁth, 2007]. Some controversy exists about the relationship of barite and Babio
[Eagle et al., 2003; Robin et al., 2003], but recent studies have conﬁrmed that Babio consists mainly of barite [e.g.,
Hernandez-Sanchez et al., 2011]. Barite is formed in the oxic microenvironments of decaying organic-rich
particulate aggregates within the upper thermocline [e.g., Dehairs et al., 1980; Bishop, 1988; Dymond et al., 1992;
François et al., 1995; Dymond and Collier, 1996; Paytan and Grifﬁth, 2007]. The formation of barite in association
with decaying organic matter has been suggested to result in a more direct relationship to EP than PP [François
et al., 1995; Paytan and Grifﬁth, 2007]. Barite can be remobilized in reducing sediments. Depletion of pore water
sulfate by sulfate reduction in highly productive coastal and upwelling environments results in undersaturation of
interstitial waters with respect to barite [e.g., Dymond et al., 1992; François et al., 1995; McManus et al., 1998].
Consequently, barite preservation in marine sediments can be sensitive to the barite rain rate, to total MAR, and
to barite saturation state. It is important to test the dependency of the Babio ﬂux variability on these factors.
Among the INOPEX sites, Babio ﬂuxes vary between 5 and 25 mg/m2/yr, with highest ﬂuxes in the northern part
of the KT and along the AT (Figure 4b). Babio ﬂuxes show a weak correlation with the 230Th-normalized MARs
(τ = 0.49, n = 23, p = 0.0010; Figure 6c). The p value indicates statistical signiﬁcance for this correlation, but a
correction of Babio ﬂuxes for changes in MARs is not performed due to the weak correlation coefﬁcient.
A study of barite water column saturation in the SNP at Geochemical Ocean Sections Study (GEOSECS) station
217 (44.60°N, 176.83°W; Figure 1) [Rushdi et al., 2000] reported undersaturation above 1000 m and below
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3000 m water depth, with saturation and supersaturation between ~1000 and 3000 m (Figure 6a). Similar
trends have been observed at other sites in the central and North Paciﬁc [Monnin et al., 1999; Rushdi et al.,
2000]. Babio ﬂuxes at the INOPEX sites show a depth trend similar to that of barite saturation (Figure 6a). In
fact, the correlation of Babio ﬂux and barite water column saturation (Basat), interpolated for the water depths
of the INOPEX sites from the GEOSECS station 217 data, is moderate (τ = 0.63, n = 23, p < 0.0001; Figure 6b).
Consequently, there appears to be an inﬂuence of barite water column saturation on the sedimentary Babio
ﬂuxes. It remains to be tested if this inﬂuence prevents its application to reconstruct productivity changes.
We applied a simple algorithm that empirically eliminates the depth trend in 230Th-normalized Babio ﬂuxes to
calculate “saturation-corrected” Babio (Babiosat) ﬂuxes (results shown in Figure 4c) using
Babio sat fluxes ¼ Babio fluxes=ðBasat  0:01Þ

(5)

This empirical relationship is based on the results shown in Figure 6b, and it is not meant to imply a
mechanistic relationship between thermodynamic undersaturation and the kinetics of barite dissolution.
With this simple approach, we can now compare the Babio and Babiosat ﬂuxes to the reference data to quantify
their correlations. As a result of the generation of barite in decaying particulate matter, as expected, there is a
rather indirect relationship with PP. We actually observe a negative correlation of Babio and Babiosat ﬂuxes
with PP for the entire study area (τ = 0.23, n = 23, p = 1.8808, and τ = 0.15, p = 1.6970, respectively; Table 1).
A moderate correlation of Babio and Babiosat ﬂuxes is observed with the annual maximum surface silicate
concentrations for the entire region (τ = 0.55, n = 23, p = 0.0002, and τ = 0.64, p = 0.0000, respectively; Table 1).
The correlation is better when considering the sites from the central and eastern SNP alone (stations 5–39;
τ = 0.70, n = 16, p = 0.0002 and τ = 0.77, p = 0.0000, respectively; Table 1 and Figures 7a and 7d). The
correlations are weak in the western SNP (τ = 0.24, n = 7, p = 0.4527, and τ = 0.33, p = 0.2931, respectively;
Table 1 and Figures 7a and 7d).
Due to the formation of barite in association with decaying exported organic matter, we would expect to
observe a stronger correlation of Babio ﬂuxes with EP. However, both Babio and Babiosat ﬂuxes show no
signiﬁcant correlations with biological drawdown of pCO2 (τ = 0.17, n = 23, p = 0.2471, and τ = 0.23, p = 0.1192,
respectively) and weak correlations with EP (both τ = 0.45, n = 23, p = 0.0028) for the entire region (Table 1 and
Figures 7b, 7c, 7e and 7f). Stronger, albeit moderate, correlations are observed for biological drawdown of
pCO2 (τ = 0.45, n = 16, p = 0.0150, and τ = 0.40, p = 0.0307, respectively) and EP (τ = 0.57, n = 16, p = 0.0022, and
τ = 0.50, p = 0.0069, respectively) for the central and eastern SNP (Table 1). Poor correlations are indicated for
the western SNP (Table 1 and Figures 7b, 7c, 7e and 7f).
The poor correlation of Babio ﬂux with the reference data, especially in the western SNP, could be explained by
one or more of the following: (a) inaccuracy in the correction for lithogenic Ba, (b) uncertainties in the
correction for barite preservation, (c) problems with the reference data, or (d) other factors. The largest
corrections for the lithogenic contribution to Batotal concentrations occur in the western SNP, the region with
the poorest correlation between Babio ﬂux and the reference data sets. Therefore, one might expect that
uncertainties in the correction for Balithogenic can be responsible for the poor correlation. However, the
maximum lithogenic correction is ~30% of the Batotal concentration for the INOPEX samples, and the
maximum uncertainty in the Ba concentration in the lithogenic endmembers is also ~30% (section 2.4).
Consequently, the maximum contribution to the overall uncertainty in the Babio concentration due to
uncertainty in the lithogenic correction is ~10%, which is not large enough to account for the poor
correlation between Babio ﬂux and reference data in the western SNP. Furthermore, the fact that Babiosat
ﬂuxes exhibit no better correlation with all reference data than Babio ﬂuxes (Figure 7) indicates that spatial
variability in barite water column saturation is not the principal factor responsible for the poor correlation of
Babio ﬂux with the reference data, despite the evidence for some inﬂuence of barite saturation on Babio ﬂux
(see above).
Similarly, problems with the reference data sets cannot be invoked as the sole explanation for the poor
correlation between Babio ﬂux and the reference data. We ﬁnd a good-to-very good correlation between
preservation-corrected biogenic opal ﬂux and EP in the western SNP (Figures 5c and 5d), where the correlation
between Babio ﬂux and EP is the poorest. Therefore, we infer that the poor correlation of Babio ﬂux with the
reference data is unlikely to be due to problems with the reference data. Other factors must be involved, and we
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Figure 7. Comparison of the Babio ﬂuxes with reference data of (a) annual maximum surface silicate concentrations from the WOA09 [Garcia et al., 2010], (b) biolosat
gical drawdown of pCO2 [Takahashi et al., 2002], and (c) export productivity [Laws et al., 2011], and comparison of Babio ﬂuxes (after equation (5)) with (d) annual
maximum surface water silicate concentrations, (e) biological drawdown of pCO2, and (f) export productivity data. Samples from the KT are indicated with squares,
the samples from the AT with circles, the OOT station samples with triangles and the samples from the JT with pentagons. In all plots, we differentiate the sites from
the western SNP (1–3 and 40–45; ﬁlled symbols) from the sites in the central and eastern SNP (5–39; open symbols).

can only speculate about these factors. Could the relationship between Babio ﬂux and EP vary with the
dominant phytoplankton assemblage? Could the relationship be sensitive to the seasonality, or duration, of EP?
Dymond and Collier [1996] and McManus et al. [2002] suggested that high primary production leads to relatively
less cycling of large aggregates of organic carbon due to rapid settling, resulting in less barite formation. Could
this difference in the ratio of organic carbon to Babio be responsible for the poor correlation of Babio ﬂux and the
reference data in the productive western SNP? These questions are important topics to be resolved in future
studies, desirably by comparing sediment trap and surface sediment Babio ﬂuxes from the same locations.
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5. Summary and Prospects
We present results of a core-top survey in the SNP to evaluate two sedimentary proxies, biogenic opal and
Babio ﬂuxes, commonly used to reconstruct paleoproductivity changes. Each proxy, as well as a barite
saturation-normalized Babio ﬂux, is compared against four modern reference data sets: primary productivity,
export productivity, surface water silicate concentration, and biological drawdown of pCO2.
For the application of biogenic opal ﬂuxes as a paleoproductivity proxy, it is important to correct for biogenic
opal preservation at the bottom water-sediment interface, which is correlated with the 230Th-normalized
mass accumulation rate (Figure 3b). Preservation-corrected biogenic opal ﬂuxes show a good correlation
with PP along the volcanic arcs in the SNP, and good-to-very good correlations with EP in the western SNP.
However, the correlation breaks down when considering the study region as a whole. The poor correlation of
biogenic opal ﬂuxes with EP in the central and eastern SNP cannot be conclusively explained with the
available data, but potential reasons include (1) uncertainties in the preservation correction or (2) inefﬁciency
in the transfer of diatom frustules out of the euphotic zone, possibly related to iron limitation rather than
silicate limitation of diatom productivity in this region.
Babio ﬂuxes show weak correlations with each reference data set when evaluated over the entire region,
although Babio ﬂuxes in the central and eastern SNP exhibit good and moderate correlations, respectively, with
annual maximum surface silicate concentrations and with EP. Appropriate sediment trap data are not available
to evaluate Babio preservation at the bottom water-sediment interface, but throughout the complete data set,
Babio ﬂux is correlated with 230Th-normalized mass accumulation rate and with water column barite saturation
at the depth of the core site. However, the correlation between Babio ﬂux and MAR is weak, and our empirical
correction for barite saturation does not improve the correlation between Babio ﬂux and the reference data
(Figure 7). Therefore, we infer that it is unlikely that the poor correlation between Babio ﬂux and the reference
data is mainly a consequence of variable preservation, although this possibility warrants further study.
In light of these ﬁndings, Babio ﬂuxes are not well suited to quantitatively reconstruct spatial patterns
of either PP or EP during speciﬁc time intervals in the past when considering a large region like the
entire SNP. The reason for the weak correlation is unknown, but we recommend that future studies
examine the sensitivity of the relationship between Babio ﬂux and EP to changes in the ratio of organic
carbon to Babio, to phytoplankton assemblages, to the seasonality and duration of EP, and to factors
inﬂuencing Babio preservation.
The moderate correlation between Babio ﬂux and EP in the central and eastern SNP is consistent with
previous studies showing a positive correlation between the ﬂux of Babio and the ﬂux of either organic carbon
or biogenic opal. Thus, our results do not preclude the application of Babio ﬂux as a proxy for qualitative
assessment of past changes in export production at a single location. Quantitative reconstruction of past
changes in EP, on the other hand, will require a more rigorous evaluation of Babio preservation and of the
factors regulating it. Unfortunately, there are only a limited number of studies of barite saturation in the
modern ocean [Monnin et al., 1999; Rushdi et al., 2000], and we have essentially no information about the
barite saturation state of seawater and its inﬂuence on Babio preservation in sediments in the past. The
distribution of dissolved Ba in the modern ocean is inﬂuenced by the global pattern of export production and
by ocean circulation. Each of these factors changed in the past, so they should be considered in any future
study that attempts to interpret Babio accumulation. Ultimately, it would be desirable to model the global
pattern of barite saturation, its sensitivity to export production and ocean circulation, and the potential
implications for paleoproductivity reconstructions.
Neither biogenic opal nor Babio ﬂux is well correlated with the modern pattern of PP and EP throughout our
study area. If the poor correlation is due to unknown problems with the proxy, then further proxy
development is needed to identify and correct for the factors that lead to a poor correlation. However, given
that we cannot explain the weak correlation between two reference data sets that one expects to be related
(EP and biological drawdown of pCO2), it remains possible that the poor correlations between the
paleoproductivity proxies and the reference data are partly attributable to unknown problems with one or
both reference data sets. This study provides important information about limitations in the application of
each proxy. These limitations should be considered when applying these proxies to assess paleoproductivity,
and they can also serve as guidelines for future calibration studies to improve proxy performance.
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