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8. PHOSPHORUS, BARIUM, MANGANESE, 
AND URANIUM CONCENTRATIONS AND 
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SEDIMENTS1

Cecily O.J. Chun2 and Margaret L. Delaney2

ABSTRACT

We determined the sedimentary concentrations of phosphorus (P),
barium (Ba), manganese (Mn), titanium (Ti), aluminum (Al), and ura-
nium (U) for sediment samples from the southeast Pacific Nazca Ridge,
Ocean Drilling Program Site 1237. This unique record extends to 31 Ma
over 360 meters composite depth (mcd), recording depositional history
as the site progressed eastward over its paleohistory. We sampled with a
temporal resolution of ~0.2 m.y. throughout the sequence, equivalent
to an average spacing of 1.63 m/sample. Concentrations of sequentially
extracted components of P (oxide-associated, authigenic, organic, and
detrital) increase toward the modern. Al/Ti ratios indicate that the back-
ground detrital source material is consistent with upper continental
crust. U enrichment factors (UEFs) generally exceed crustal values and in-
dicate slightly reducing environments. However, authigenic U precipi-
tation can also be influenced by the organic carbon rain rate and may
not be solely an indicator of redox conditions. Dramatic changes in
MnEFs at ~162 mcd, from values between 12 and 93 to values <12 after
this depth, and a sharp color contact boundary lead us to believe that a
paleoredox boundary from an oxygenated to a more reducing deposi-
tional environment occurred near this depth. Estimates of biogenic bar-
ite concentrations from a total sediment digestion technique (Baexcess)
are greater than those from a barite extraction (Babarite) for selected sam-
ples across the entire depth range. Applying a range of Ba/Ti ratios from
different source materials to correct for detrital inputs does not change
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the lack of agreement with Babarite concentrations. Reactive P (Preactive)
concentrations (the sum of oxide-associated, authigenic, and organic P
concentrations) increase toward the modern with values typically <12
µmol P/g from the base of our record through ~100 mcd, with a gradual
increase to concentrations >15 µmol P/g. Baexcess follows the same gen-
eral trends as Preactive, with concentrations <14 µmol Ba/g in the lower
portion of the record to values >15 µmol Ba/g. Accumulation rate
records of these proxies will be needed to infer paleoproductivity. Preac-

tive/Baexcess ratios, an indicator of the relative burial of the nutrient P to
organic carbon export, exhibit higher values, similar to modern, from
the base of our record through ~180 mcd. The remainder of the record
exhibits values lower than modern, indicating that organic carbon ex-
port to the sediments was higher relative to nutrient burial.

INTRODUCTION

Ocean Drilling Program (ODP) Leg 202 recovered the longest contin-
uous sediment sequence ever collected from the southeast Pacific at
Nazca Ridge Site 1237 (modern water depth = ~3212 m), extending
from the late Oligocene through the Holocene. Because Nazca Ridge is a
fossil hotspot, its paleoceanographic position can be backtracked. Site
1237 is estimated to have migrated ~20° eastward toward South Amer-
ica over the past 30 m.y. (Mix, Tiedemann, Blum, et al., 2003). Modern
regional changes in surface nutrients and productivity as this site
moved from the open-ocean site to the coast predict a dramatic increase
in productivity. Major tectonic events have also influenced the environ-
ments of the southeast Pacific. Andean uplift, which occurred in the
last 10 m.y., forms a barrier for atmospheric circulation in the South Pa-
cific by forcing low-level high-velocity winds along the coast line. This
results in enhanced coastal upwelling, another forcing factor for poten-
tial increased productivity.

The sediment characteristics of Site 1237 were described on board the
ship and divided into two major lithologic units, Units I and II, divided
at 100 meters composite depth (mcd). Unit I has a greater proportion of
siliceous microfossils (>75 wt% at 5 and 40 mcd) and fewer calcareous
microfossils (CaCO3 wt% ≤ 50%) than Unit II and a greater proportion
of siliciclastics in the upper 30 mcd, based on shipboard smear slide
samples. There are distinct layers of Andean ash in Unit I. These find-
ings are consistent with the paleobacktracking of Nazca Ridge as it
moved closer to the productive upwelling centers near South America.
In addition, sediment color changes abruptly at ~162 mcd, from fairly
homogeneous pale brown (in sediments below ~162 mcd) to a grayish
white, without being associated with any major lithologic change (Mix,
Tiedemann, Blum, et al., 2003). Shipboard interstitial water measure-
ments of manganese (Mn) and sulfate (SO4

2–) indicate no sulfate reduc-
tion or major present-day redox changes at this depth (Mix,
Tiedemann, Blum, et al., 2003).

Our study uses multiple sedimentary geochemical proxies, including
reactive phosphorus (Preactive), Al/Ti molar ratios, the enrichment factors
(EFs) of Mn and U, and excess Ba. Preactive and excess Ba are tracers of nu-
trient burial and paleoproductivity. Al/Ti molar ratios are used to char-
acterize terrigenous source material rocks. The redox-sensitive trace
metals Mn and U describe the redox conditions during sediment burial.
We examine if a change in paleoredox conditions or source supply in-
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fluenced the dramatic color change at ~162 mcd. Ultimately, with a re-
fined age model that will allow us to take the concentrations of our
proxies into accumulation rates, we will be able to characterize the his-
tory of nutrient burial and paleoredox conditions at Site 1237.

Phosphorus is the ultimate limiting nutrient to oceanic primary pro-
duction on geologic timescales (Tyrrell, 1999). P is delivered to the sedi-
ment-water interface primarily as organic P. Transformations of organic
and oxide-associated P to authigenic P in marine sediments at conti-
nental margins and open-ocean sites occurs during sediment burial
(e.g., Ruttenberg and Berner, 1993; Filippelli and Delaney, 1996; Ander-
son et al., 2001). Therefore, using total reactive P (Preactive, defined as the
sum of organic, oxide-associated, and authigenic P) more accurately de-
scribes the geochemical behavior of sedimentary P rather than using or-
ganic P or bulk total P alone. Our study uses the modified sequential
extraction procedure of Anderson and Delaney (2000) to quantify the
components of P and to separate the bioavailable P, reported as Preactive,
from detrital P.

Another key piece of information to accurately describe paleoenvi-
ronments and to validate the use of other proxies is the sedimentary re-
dox state at or near the time of deposition. Redox-sensitive metal EFs
relative to crustal averages help describe the depositional environments
of the sediments at the time of burial. Al/Ti ratios allow us to identify
source rock characteristics which are needed to calculate EFs. Authi-
genic U enrichments in marine sediments occur in both suboxic to an-
oxic surface sediments and subsurface suboxic to anoxic deposits
underlying bottom water oxic conditions. Furthermore, it has been
demonstrated that the export of organic carbon from the overlying wa-
ter column can also influence authigenic U precipitation (Calvert and
Pedersen, 1993; Rosenthal et al., 1995; Chase et al., 2001; McManus et
al., 2005). Because of the multiple sources for authigenic U formation,
we use the approach that the absence of U enrichment suggests sedi-
mentation under oxygenated bottom water conditions.

When dissolved Mn in sediment interstitial waters diffuses upward
into overlying oxic near-surface interstitial or bottom waters, it repre-
cipitates, forming Mn oxyhydroxides. Authigenic Mn enrichment in
marine sediments is one of the most reliable indicators of oxic bottom
water conditions because the source of excess dissolved Mn in intersti-
tial waters occurs only where the sediment-water interface accumulates
Mn oxyhydroxides. These areas occur only beneath oxygenated bottom
waters (Calvert and Pedersen, 1993); therefore, Mn enrichment (EF > 1)
strongly indicates oxygenated bottom waters at time of sediment burial.

Biogenic barite (BaSO4) found in marine environments is closely as-
sociated with decaying organic matter (Dehairs et al., 1980; Bishop,
1988; Ganeshram et al., 2003). The positive correlations between barite
associated with organic matter, biogenic barite, and organic carbon
fluxes as measured in sediment trap studies (Dymond et al., 1992; Dy-
mond and Collier, 1996; Eagle et al., 2003) suggest that the accumula-
tion of biogenic barite, generally a more refractive chemical species
than organic carbon, can be used as a paleoproductivity proxy of car-
bon export in the oceans (Dymond, et al., 1992; Paytan and Kastner,
1996; Paytan et al., 1996). Two approaches for quantifying biogenic
barite in marine sediments are used in this study: (1) measuring the to-
tal Ba concentration and correcting for detrital inputs, defined here as
Baexcess used in all samples, and (2) barite separated from sediments ac-
cording to a sequential extraction technique (Paytan and Kastner, 1996;
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Paytan et al., 1996; Eagle et al., 2003), defined here as Babarite used in a
small number of samples. We will compare the results of both ap-
proaches and evaluate their strengths and weaknesses.

Preactive/Baexcess ratios, when compared to predicted values, have been
proposed to be indicators of the efficiency of nutrient burial at the sedi-
ment-water interface relative to export of organic matter buried in the
sediments (Nilsen et al., 2003). We will compare our results to the ex-
pected Preactive/Baexcess ratios for the modern Atlantic and Pacific, 2–13, as
predicted from Dymond et al. (1992), Anderson and Sarmiento (1994),
and François et al. (1995).

METHODS

This study uses sediments collected from Site 1237. Our sample reso-
lution is ~0.2 m.y., using the smoothed linear sedimentation rate age
model calculated on board the ship (Mix, Tiedemann, Blum, et al.,
2003), throughout the 31-m.y. record. This averages approximately one
sample every 1.63 m. All samples were treated uniformly: freeze-dried,
crushed, and sieved with a 150-µm mesh. P concentrations of marine
sediments were measured on 100-mg samples following treatment with
a four-step extraction (as modified by Anderson and Delaney [2000], af-
ter Ruttenberg [1992]). Quantifiable components of Preactive are opera-
tionally defined as oxide-associated P, authigenic P, and organic P. This
analytical procedure also identifies detrital P, which is not biologically
available in the water column. P concentrations were measured directly
from the extractants by a LaChat Quick Chem 8000 automated spectro-
photometric flow injection analysis system (Anderson and Delaney,
2000). Detection limits and reproducibility of a consistency standard
are reported in Table T1.

Ba, Mn, U, Ti, and Al concentrations were measured according to a
total sediment acid digestion method (Environmental Protection
Agency [EPA] SW-836 Method 3052) on 50-mg samples. Samples were
digested with 5 mL of concentrated nitric acid (16 N) and 1 mL of con-
centrated hydrofluoric acid (28.9 N) overnight in Teflon bombs. They
were then microwaved at 12% power for 90 min and taken to dryness
on a hotplate. Acids (1 mL each of 16-N HNO3, 12-N HCl, and 16-N
HNO3) were sequentially added, with drying on the hotplate between
each addition. Samples were then redissolved in 1 mL of 16-N HNO3,
0.5 mL of 30% H2O2, 0.1 mL of 28.9-N HF, and 5 mL of glass-distilled
water. Analyses for Mn, U, and Ti were performed using a Finnigan Ele-
ment high-resolution inductively coupled plasma (ICP)–mass spectrom-
eter. Al and Ba were measured on a PerkinElmer Optima 4300 DV ICP–
optical emission spectrometer. Detection limits and reproducibility of a
consistency standard are reported in Table T1. Al/Ti molar ratios were
plotted and compared to published values: 38 for upper crust, 34 for
middle crust, 32 for lower crust, and 35 for bulk (total) crust (Rudnick
and Gao, 2004). Trace metal EFs for Mn and U were calculated as EF =
(metal/Ti)sample/(metal/Ti)crust, using the upper crustal ratios Mn/Ti (mol/
mol) = 0.176 and U/Ti (mmol/mol) = 0.142 (Rudnick and Gao, 2004).

Baexcess, representing biogenic barite, was determined by measuring
total Ba and correcting for detrital input and is defined here as 

Baexcess = Ba(total) – [Ti × (Ba/Ti)crust].

T1. Analytical figures of merit, 
p. 17.
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In this study, we used the upper crustal molar ratio of Ba/Ti = 0.057 (Rud-
nick and Gao, 2004). In order to evaluate the error associated with
choosing bulk crustal elemental ratios for our normalization calcula-
tions, we also calculated Baexcess for selected samples with a range of Ba/
Ti ratios from the published literature, with all ratios in molar units: 

Ba/Ti = 0.009 for carbonates (Turekian and Wedepohl, 1961), 
Ba/Ti = 0.037 for bulk crustal (Rudnick and Gao, 2004), 
Ba/Ti = 0.043 for Ca-rich granites (Turekian and Wedepohl, 1961), 
Ba/Ti = 0.057 for the upper crust (Rudnick and Gao, 2004), and 
Ba/Ti = 0.174 for deep-sea clays (Turekian and Wedepohl, 1961).

Barite separated from sediments according to a sequential leaching
procedure (Paytan et al., 1996; Eagle et al., 2003) is defined here as
Babarite. Measurements of Babarite on selected samples were performed by
Paytan at her laboratory at Stanford University, California (USA) and are
reported in Ba micromoles per gram calculated from the weight percent
barite extracted: 

µmol Ba/g sediment = [(weight% barite extracted/100)/
molar weight of barite] × 106.

RESULTS

Authigenic P, which is the dominant form of P in marine sediments,
exhibits concentrations <12 µmol P/g throughout Unit II with values
increasing from the base of Unit I to maximum concentrations of 21
µmol P/g at 15.34 mcd (Fig. F1; Table T2). Organic and oxide-associated
P concentrations are low in Unit II with values <2 µmol P/g and oxide-
associated P below detection limit in most of our samples (Fig. F1; Table
T2). In Unit I, organic P displays highest concentrations at 21.70 mcd
with a value of 4.58 µmol P/g, whereas oxide-bound P displays the
highest concentration of 1.56 µmol P/g at 3.44 mcd. Detrital P values
are generally <1 µmol P/g throughout most of Unit II with increasing
values in Unit I, peaking at 21.70 mcd with a value of 9.33 µmol P/g.

Al and Ti concentrations are correlated in these samples (Fig. F2), in-
dicating a consistent dominant detrital source material. The Al/Ti ratio
of this data set slope of regression line is 38.8 ± 0.4 mol/mol (mean Al/
Ti of all samples is 47.4 ± 18.7 mol/mol) and is consistent with using an
upper crust source rock ratio (38 mol/mol; Rudnick and Gao, 2004).
Therefore, it is appropriate to use elemental ratios of upper crust
throughout our record, for all of our normalization calculations (UEF,
MnEF, and Baexcess). UEFs are generally >1 throughout the sedimentary
record and range between 0.83 and 7.4 (Fig. F3A; Table T2). MnEFs are
generally >15 and as much as 93 below the color change boundary and
decrease to values <10 and as little as 0.63 above ~162 mcd (Fig. F3B;
Table T2).

Selected samples separated for Babarite have values ranging between
10.7 µmol Ba/g at 10.8 mcd and 0.16 µmol Ba/g at 266.91 mcd (Table
T3). The sequential leaching technique to separate biogenic barite crys-
tals confirmed the presence of unaltered marine barite crystals in tested
samples. Baexcess concentrations are consistently higher than Babarite mea-
surements for the same samples (Fig. F4; Table T3). Calculations of Baex-

cess using a range of published Ba/Ti ratios for source materials exhibit
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the greatest variability for those samples containing higher detrital con-
centrations, Babarite >6 µmol Ba/g and <60% CaCO3 wt%, as expected
(Fig. F4; Table T3). Regardless of source material Ba/Ti ratio used in nor-
malization, Baexcess is greater than Babarite, falling above a 1:1 line, with
the exception of the most detrital-rich sample using the deep-sea clay
normalization (Fig. F4). The comparison of Baexcess and Babarite did not
change when we used Ba/Al for normalization (not shown). Because us-
ing different Ba/Ti ratios does not greatly change the overall trends in
our data and our Al/Ti molar ratios are most similar to upper crustal val-
ues, we chose to apply the upper crustal Ba/Ti = 0.057 ratio (Rudnick
and Gao, 2004) in our Baexcess calculations for the downcore records.

Concentrations of Preactive are <12 µmol P/g in Unit II and gradually
increase from the base of Unit I to >6 µmol P/g and a maximum of 25.3
µmol P/g at 15.34 mcd (Fig. F5A; Table T2). Baexcess concentrations cal-
culated relative to an upper crustal source are <14 µmol Ba/g in Unit II
and increase at the transition to Unit I to peak values of 21.24 µmol Ba/
g at 36.90 mcd (Fig. F5A; Table T2). Starting at ~270 mcd, Preactive and
Baexcess concentrations follow the same general trends through the up-
per remaining portion of Unit II and all of Unit I. Preactive/Baexcess ratios
have the highest values between ~360 and 300 mcd, between ~2 and 16
(Fig. F5B; Table T2). There is some variability between 220 and 180 mcd
with ratios >2. The remainder of Unit II and all of Unit I exhibit Preactive/
Baexcess ratios <2.

DISCUSSION

Our geochemical observations of sedimentary P show that the aver-
age fraction of total reactive P that is authigenic, 95% ± 2%, agrees well
with other published marine sediment P records (e.g., Filippelli and
Delaney, 1995, 1996; Delaney and Anderson, 1997, 2000; Faul and
Delaney, 2000; Anderson, et al., 2001; Faul et al., 2003; Nilsen et al.,
2003). In our samples, the remaining components of total reactive sedi-
mentary P on average, over the entire record, are much lower because
the sediments are diagenetically more mature with 1% ± 2% in oxide-
associated P and 4% ± 0.3% in organic P (Fig. F1; Table T2). The fraction
of total P composed of organic and oxide-associated P is <10% in Unit II
and highest in Unit I, ranging from ~2% to 20%. Authigenic P makes
up a greater fraction of total P with increasing depth and age, with
>80% in Unit II compared with ~60%–80% in Unit I.

Detrital P concentrations, which are not a component of reactive P,
are greatest in Unit I (Fig. F1; Table T2), consistent with Site 1237 mov-
ing closer to the South American continent and increased volcanic ac-
tivity in the Andes. Increases in detrital P are not necessarily coupled
with increases in detrital barite. If there is an increase in detrital barite,
our Ba/Ti ratio in the Baexcess calculations should correct for this.

Although it is difficult to confirm that mass balance is maintained
during the transformations from organic and oxide-associated P into
authigenic P, we can compare the interstitial water P profile to a calcu-
lated “communication length for diffusion” (Gieskes, 1981). This is de-
fined as the depth at which sediments are in diffusive communication
with the overlying water column, zc (meters), which is related by the
porosity-corrected diffusion coefficient in sediments, pDb, divided by
the sedimentation rate, u (cm/1000 yr). Site 1237 has linear sedimenta-
tion rates ranging from 6.2 to 25.3 mcd/m.y. (Mix, Tiedemann, Blum, et
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al., 2003). The communication length for P diffusion, calculated using
these two extreme sedimentation rates and a diffusion coefficient of 2 ×
10–6 cm2/s (McDuff, 1978), is between ~250 and ~10,200 m. However,
below the depth of maximum P concentration in the interstitial waters,
authigenic P mineralization works to prevent P release into the overly-
ing water column. The maximum interstitial water P concentration, 8.9
µM, is achieved at 6.37 mcd (Mix, Tiedemann, Blum, et al., 2003).
Therefore, P release to the overlying water column is limited to the up-
per ~6 m of our record.

The redox state at the time of sediment burial is also of major con-
cern, not only for P remobilization, but also for Baexcess and Babarite. Un-
der sulfate-reducing conditions (SO4

2– < 20 mM), Ba can be remobilized,
leading to barite loss (e.g., Faul et al., 2003). The majority of our UEFs are
above crustal values, suggesting potentially reducing depositional envi-
ronments. In sediments below the color contact boundary (~162 mcd),
UEFs indicate less reducing conditions compared to the upper portion of
Unit II and all of Unit I (Fig. F3A). However, authigenic U formation is
not only influenced by changing redox conditions, it can be related to
changes in productivity and organic carbon burial (Rosenthal et al.,
1995; Chase et al., 2001; McManus et al., 2005). Therefore, above the
color contact boundary and through Unit I, where we measure UEFs be-
tween ~3 and 13, this could be related to increases in carbon export and
burial in these sediments, associated with possibly more reducing con-
ditions.

MnEFs are above the crustal average in all of Unit II and from the base
of Unit I to ~50 mcd, suggesting oxygenated conditions in this portion
of our record (Fig. F3B). Where we measured MnEFs < 1, above 50 mcd in
Unit I, this indicates less oxygenated conditions. The sharp decrease in
MnEFs coincides with the color contact boundary at ~162 mcd (Mix,
Tiedemann, Blum, et al., 2003). The sudden decrease in MnEFs and the
observed sharp color change from pale brown (below 162 mcd) to gray-
ish white (above 162 mcd) suggest that a change of paleoredox condi-
tions from more oxygenated to slightly reducing burial of sediments are
driving this event.

Another proxy related to carbon export and burial in sediments is
biogenic barite. The comparison of two analytical methods of measur-
ing biogenic barite, Baexcess and Babarite, found that in these samples Baex-

cess calculations resulted in higher estimates of biogenic Ba than did
Babarite extractions (Fig. F4; Table T3). We demonstrated that changing
our Ba/Ti ratio used in the normalization calculations for Baexcess with
published Ba/Ti ratios of varying source material does not dramatically
change the comparison between the two methods of biogenic Ba mea-
surements. In fact, for our samples compared here, there is no single Ba/
Ti correction that will allow all of our Baexcess concentrations to be equal
to the Babarite estimates. Furthermore, these correction ratios are not
within the range of Ba/Ti ratios found in common source materials.

Eagle et al. (2003) did a more extensive comparison between Baexcess

and Babarite using sediment core-top samples and varying the detrital
component correction ratios (in their case using Ba/Al) for detrital Ba.
The range of our data, ~0–11 µmol Ba/g in Babarite and ~0–22 µmol Ba/g
in Baexcess, is within their range of published concentrations, ~0–19 in
Babarite and ~0–25 in Baexcess. They found that calculating Baexcess values
with different Ba/Al correction ratios resulted in Baexcess consistently
greater than Babarite and that there was no single Ba/Al ratio that would
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result in Baexcess and Babarite agreeing, and our results are consistent with
these observations. Averyt and Paytan (2004) extended these results to
comparisons of the calculated carbon export, molar ratios, and accumu-
lation rates and found conflicting results among their biogenic barite
proxies using the same core-top samples.

There are cautions in assuming that Babarite from sequential extrac-
tions is the absolute tracer for biogenic barite. Because our comparison
(and that of Eagle et al., 2003), using different source materials to cor-
rect for detrital barite does not dramatically change the relationship be-
tween Babarite and Baexcess, we believe there could be potential loss of
biogenic barite during the sequential extraction procedure, thus ac-
counting for consistently lower Babarite measurements. The two methods
of measuring biogenic barite show that on long timescales (millions of
years), the general trends in biogenic barite concentration are reflected
in both, but the absolute values do not agree. This finding is similar to
what other authors have found on shorter timescales (thousands of
years) (Eagle et al., 2003; Averyt and Paytan, 2004). This implies that
any quantitative conversions to carbon export should be made with
caution, while understanding the assumptions made when interpreting
each proxy. Future work should continue to explore this proxy compar-
ison. Ideally, it would be best to measure biogenic barite by both meth-
ods to confirm the presence of barite crystals (Babarite) and measure the
range of total barium (Baexcess) that may be overlooked in the extraction
procedure.

To determine if Site 1237 became more biologically productive
throughout Unit I, we need to calculate accumulation rates of Preactive

and Baexcess. Some authors have shown that determining concentrations
on a CaCO3-free basis provides an estimate of trends in mass accumula-
tion rates by accounting for CaCO3 dilution (e.g., Averyt and Paytan,
2004; Faul and Paytan, 2005). This would work at Site 1237 in Unit II
(predominantly composed of CaCO3-rich sediments), but not in Unit I
(predominantly siliceous sediments, also CaCO3 and detrital material).
Therefore, we do not make these calculations and present all our results
in either concentration or molar ratios. This does not allow us to make
firm conclusions about nutrient burial and carbon export and will re-
quire accumulation rate records.

If we use our redox-sensitive trace metal observations, interstitial wa-
ter geochemistry, and the presence of pristine marine barite crystals to
infer that both Preactive and Baexcess can be used as valid paleoproductivity
proxies, we can then attempt to compare and contrast both records to
decipher possible changes in relative nutrient burial to carbon export
burial at the sediment-water interface. We observe Preactive/Baexcess ratios
similar to expected modern values (Atlantic and Pacific = 2–13, as pre-
dicted from Dymond et al., 1992; Anderson and Sarmiento, 1994; and
François et al., 1995) from the base of our record to ~180 mcd. This may
suggest higher nutrient burial and lower export production (or lower
barite preservation). The upper 180 mcd of our record falls below the
expected range for modern sediments, and we suggest that this portion
of the record could imply higher export production relative to nutrient
burial. Low nutrient burial could suggest preferential Preactive regenera-
tion that could fuel higher export productivity. Preactive/Baexcess results are
in agreement with the paleobacktracking of Site 1237. This site was
~20° farther west relative to the present location during the late Oli-
gocene (Mix, Tiedemann, Blum, et al., 2003), placing Site 1237 away
from the productive upwelling centers of Peru, the modern condition,
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and into the edges of the oligotrophic subtropical gyre where carbon
export is low and nutrient burial in the sediments should be low. Then,
as the site approaches the chlorophyll-rich waters off Peru, carbon ex-
port to the sediments increases.

CONCLUSIONS

Our work has been to investigate and validate the geochemical prox-
ies recording nutrient burial and primary productivity at Site 1237,
which has been influenced by major tectonic and climatic changes dur-
ing the evolution of the South Pacific. Until we have a confident age
model with accurate sedimentation rates to calculate mass accumula-
tion rates across time, we cannot provide firm conclusions about nutri-
ent burial and paleoproductivity at this site. Trace metal EFs for U
suggest possible reducing conditions during sediment burial. However,
Mn enrichment data do not support a reducing environment. The
sharp color change observed at ~162 mcd that coincides with the dra-
matic increase in MnEFs suggests that this event reflects a paleoredox
boundary which changes from oxygenated to slightly reducing after the
color change. Comparisons on selected samples of two methods of mea-
suring biogenic barite, Baexcess and Babarite, indicate that Baexcess concen-
trations are greater than biogenic barite from sequential extractions.
Using different Ba/Ti corrections for detrital Ba does not dramatically
change these results. Caution must be used when using either proxy.
We have shown that concentrations of Preactive are low in Unit II and in-
crease in Unit I. Our other productivity proxy, Baexcess, also shows gener-
ally lower concentrations in Unit II and increasing concentrations in
Unit I. Preactive/Baexcess ratios below ~180 mcd suggest nutrient burial is
higher relative to organic carbon export to the sediments (ratios = 2–
16). Throughout the upper 180 mcd, organic carbon export to the sedi-
ments was higher and nutrient burial was relatively low (ratios < 2),
based on lower Preactive/Baexcess ratios. 
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Figure F1. Operationally defined components of total phosphorus vs. depth: oxide-associated, authigenic,
organic, and detrital P. Solid vertical line at 100 mcd divides the two main lithologic units described on
board the ship, Unit I (<100 mcd) and Unit II (>100 mcd). The sediment color changes abruptly at ~162
mcd, dashed vertical line, from a fairly homogeneous pale brown (below 162 mcd) to grayish white (above
162 mcd) (Mix, Tiedemann, Blum, et al., 2003).
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Figure F2. Al and Ti crossplot. Dashed regression line is y = 38.7x + 28.6, R2 = 0.97, n = 220.
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Figure F3. A. U enrichment factors (UEFs) calculated from measured U concentrations and using the crustal
U/Ti of 0.142 mmol/mol (Rudnick and Gao, 2004) vs. depth.  B. Mn enrichment factors (MnEFs) calculated
from measured Mn concentrations and using the crustal molar Mn/Ti of 0.176 (Rudnick and Gao, 2004)
vs. depth. Solid horizontal line is EF = 1 (no enrichment or depletion relative to presumed crustal source).
Solid vertical line at 100 mcd divides the two main lithologic units described on board the ship, Unit I
(<100 mcd) and Unit II (>100 mcd). Dashed vertical line at 162 mcd is depth of observed color contact
boundary.
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Figure F4. Comparison of Baexcess and Babarite, Ba in biogenic barite as determined by total acid digestion
(Baexcess) using the molar Ba/Ti = 0.009 for carbonates (Turekian and Wedepohl, 1961), Ba/Ti = 0.037 for
bulk crustal (Rudnick and Gao, 2004), Ba/Ti = 0.043 for Ca-rich granites (Turekian and Wedepohl, 1961),
Ba/Ti = 0.057 for the upper crust (Rudnick and Gao, 2004), and Ba/Ti = 0.174 for deep-sea clays (Turekian
and Wedepohl, 1961) for selected samples vs. Ba in biogenic barite determined by sequential extraction
(Babarite). Solid line is linear regression for upper crust values: y = 1.24x + 3.91, R2 = 0.79, n = 8. Dashed line
is 1:1. See also data in Table T3, p. 19.
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Figure F5. A. Preactive and Baexcess concentrations vs. depth. Preactive (µmol P/g) is the sum of oxide-associated,
authigenic, and organic P; Baexcess (µmol Ba/g), is defined as total Ba corrected for detrital inputs using the
molar Ba/Ti upper crustal ratio of 0.057 (Rudnick and Gao, 2004) and measured Ti concentrations. Black
circles indicate samples that were used for the Babarite comparison (see Fig. F4, p. 15). B. Preactive/Baexcess ratio
vs. depth. Solid vertical line at 100 mcd divides the two main lithologic units described on board the ship,
Unit I (<100 mcd) and Unit II (>100 mcd). Dashed vertical line at 162 mcd is depth of observed color con-
tact boundary.
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Table T1. Analytical figures of merit.

Notes: * = nmol/g sediment. † = defined as three times the standard deviation of replicate measures of a blank (which is of the same
matrix as each extractant or digestion) and expressed in equivalent concentration for a sediment sample; Al and Ba were measured on
the ICP-OES; Ti, Mn, and U were measured on the ICP-MS. ‡ = consistency standard is composed of a homogenized mixture of Site
1237 samples and was included in each run to evaluate between-run analytical reproducibility. BDL = below detection limit.

Phosphorus concentration 
(µmol P/g sediment)

Oxide-
associated Authigenic Organic Detrital

Trace metal concentration (µmol/g sediment)

Al Ti Mn U* Ba

Detection limits† 0.27 0.17 0.02 0.01 0.01 0.49 0.02 0.04 0.12
Consistency standard‡ BDL 5.95 ± 0.76 0.21 ± 0.03 0.28 ± 0.09 159 ± 17.1 2.71 ± 0.33 6.61 ± 0.57 1.29 ± 0.07 6.23 ± 0.91
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Table T2. Concentrations of phosphorus components and trace metals from Leg 202, Site 1237 sediments.
(This table is available in an oversized format.) 
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Table T3. Babarite and Baexcess comparison.

Notes: * = Baexcess = Batotal – [Ti * Ba/Tisource material]. † = total sediment digestion. ‡ = barite extraction. ** = Turekian and Wedepohl (1961).
†† = Rudnick and Gao (2004).

Core, section, 
interval (cm)

Depth 
(mbsf)

Depth 
(mcd)

CaCO3 
(wt%)

Baexcess (µmol/g sediment)*

(µmol/g sediment) Carbonates
Ba/Ti = 0.009**

Bulk crustal
Ba/Ti = 0.037††

Ca-rich 
granites

Ba/Ti = 0.043**
Upper crust

Ba/Ti = 0.057††
Deep-sea clay

Ba/Ti = 0.174**Ba† Ti† Babarite
‡

202-1237C-
2H-2, 113–115 11.94 10.84 37.0 15.8 40.0 10.7 15.5 14.4 14.1 13.6 9.0
5H-2, 113–115 40.44 43.31 59.0 20.5 36.3 9.28 20.2 19.2 18.9 18.4 14.3

202-1237D-
7H-5, 17–19 96.00 104.02 91.1 6.13 3.07 1.08 6.10 6.02 6.00 5.96 5.61

202-1237B-
16H-3, 113–115 142.64 155.34 86.8 11.2 4.06 3.38 11.2 11.1 11.1 11.0 10.6
17H-5, 113–115 155.16 169.96 88.3 10.6 2.67 5.23 10.6 10.5 10.5 10.5 10.2

202-1237C-
23H-2, 113–115 213.44 235.04 94.2 7.43 1.16 1.38 7.42 7.38 7.38 7.36 7.23

202-1237D-
10H-6, 46–48 242.01 266.91 95.6 3.21 0.57 0.16 3.20 3.19 3.18 3.17 3.11

202-1237C-
31H-4, 73–75 292.07 326.93 94.9 0.74 1.37 0.45 0.72 0.69 0.68 0.66 0.50
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