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[1] Variations of the Atlantic Meridional Overturning Cir-
culation (AMOC) are believed to have crucially influenced
Earth’s climate due to its key role in the inter-hemispheric
redistribution of heat and carbon. To assess its past strength,
the sedimentary >*'Pa/**°Th proxy has been developed and
improved but also contested due to its sensitivity to other
factors beyond ocean circulation. In order to provide a better
basis for the understanding of the Atlantic **'Pa/**°Th
system, and therefore to shed light on the controversy, we
compare new measurements of Holocene sediments from the
north Brazilian margin to water column data and the output
of a two-dimensional scavenging-circulation model, based
on modern circulation patterns and reversible scavenging
parameters. We show that sedimentary 2>'Pa/**°Th data
from one specific area of the Atlantic are in very good agree-
ment with model results suggesting that sedimentary
21pa/*39Th is predominantly driven by the AMOC. There-
fore, 2*'Pa/**Th represents an appropriate method to recon-
struct past AMOC at least qualitatively along the western
margin. Citation: Lippold, J., J.-M. Gherardi, and Y. Luo (2011),
Testing the 2*'Pa/**°Th paleocirculation proxy: A data versus
2D model comparison, Geophys. Res. Lett., 38, L20603,
doi:10.1029/2011GL049282.

1. Introduction

[2] The sedimentary 231PaXS,O/BOThXS,O reflects the activity
ratios of **'Pa and 2°Th produced by decay of uranium in
the water column and scavenged to the sea floor. (Pa/Th here-
after). Because U isoto;aes are evenly distributed in the ocean,
the production rate of >*'Pa and **°Th is constant in the oceanic
water column. The usage of sedimentary Pa/Th to reconstruct
past changes in the rate and geometry of the Atlantic Meridional
Overturning Circulation (AMOC) [McManus et al., 2004; Yu
et al., 1996], relies on the fact that >>'Pa has a longer resi-
dence time in the water column than >*°Th [4nderson et al.,
1983; Nozaki and Nakanishi, 1985]. The residence time of
#30Th is short enough to limit severely the extent to which it can
be laterally transported after it is produced by the radioactive
decay of uranium. By contrast, as a result of its longer residence
time, >*'Pa is widely distributed via the ocean’s circulation.

[3] Thus, low Pa/Th in North Atlantic sediments has been
interpreted as an indicator for an active AMOC at the time
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of deposition, while Pa/Th in the range of the production
ratio (activity ratio = 0.093) would be expected in times of
low or even zero circulation strength [Marchal et al., 2000;
McManus et al., 2004].

[4] However, such an approach has been contested based
on the temporal variability of the fractionation between
#31pa and **°Th due to changes in particle fluxes and com-
position [Bradtmiller et al., 2007; Keigwin and Boyle, 2008;
Lippold et al., 2009], inconsistency with water column data
[Anderson et al., 2009], or because of the spatial coverage of
the data set [Gherardi et al., 2010; Peacock, 2010]. Thus, in
order to improve understanding of the Pa/Th system we
compare data from a defined area of the Atlantic Ocean along
the flow path of the western boundary current, temporally
constrained to the late Holocene, to model predictions.

[5] New measurement results and records from the area
available from literature (sediment and water column data)
were compared to results of a 2D box model [Luo et al., 2010]
to test the role of the strength of AMOC in dominating the
sedimentary Pa/Th signal.

2. Study Area

[6] We focus our study on a depth transect from the north
Brazilian margin sector of the Atlantic Ocean. Water column
records of hydrological properties indicate that this sector is
bathed by the main components of the AMOC (Figures 1a
and 1b) and Figure 2 of Schott et al. [2003]. The warm sur-
face waters flowing northward from the Brazilian current are
overlie the Antarctic Intermediate Water (AAIW) covering a
depth range from 500 to 900 meters. Below this, from 900 to
1500 meters, the Circumpolar Deep Water Current (CPDW)
is flowing northward. The North Atlantic Deep Water (NADW)
flows southward between 1500 and 3800 m, constituting the
main component of deep water in this sector. The bottom
water is characterised by a northward flow of cold Antarctic
Bottom Water (AABW) [Schott et al., 2003]. This sector is
ideal to capture the main features of the AMOC and therefore
to identify the influence of water mass export on sedimentary
Pa/Th redistribution.

[7] We focus on late Holocene sediments only (<2.8 ka, see
Table S1 in the auxiliary material)." Although there might
have been variations of the AMOC during this time period
[Keigwin and Boyle, 2000], these variations are expected to
be minor from a glacial/interglacial perspective and too weak
with respect to the sensitivity (and partly time resolution) of
the Pa/Th proxy. Thus, for this study we presume a steady-
state AMOC for the late Holocene within the last 3 ka. In
support of this assumption, North Atlantic Pa/Th time series
profiles [Bradtmiller et al., 2007; Gherardi et al., 2009; Hall

'Auxiliary materials are available in the HTML. doi:10.1029/
2011GL049282.
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Figure 1. (a) Region of study: sediment samples are marked with white (this study) and black [Bradtmiller et al., 2007];
water column data is indicated in grey [Luo et al., 2010] and brown [Moran et al., 2002]. The red box marks the section from
which data has been extracted to display water masses in Figure 1b. (b) Water depth of sedimentary Pa/Th samples (white (this
study), black [ Bradtmiller et al., 2007]) and water station locations (grey [Luo et al.,2010], brown [Moran et al.,2002]) along a
CARINA bottle data section of total phosphate in the water (mol/kg) as water masses indicator from 12°S to 15°N [Tanhua

et al., 2009].
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Figure 2. Sedimentary Pa/Th (in black, this study) and
Bradtmiller et al.’s [2007] data (white). Production ratio of
0.093 is represented by the dashed line. The good linear
correlation with a correlation coefficient of 0.96 is shown by
the black regression line.

et al., 2006; McManus et al., 2004] have not recorded any
significant variations in their most recent record sections.

[8] We extended available sedimentary Pa/Th data from this
area [Bradtmiller et al., 2007] by measuring recently recovered
core tops from cruise (MD 173/RETRO-3, (Calypso Square
cores MD09-3242CQ, MD09-3253CQ, MD09-3254CQ,
MD09-3256CQ, and calypso piston core MD09-3257) and
late Holocene samples from GeoB3935-2, GeoB3936-1,
GeoB3937-2, GeoB1515-1, GeoB1523-1, and M35003-4
spanning the depth range of 1000 to 4000 m along the western
boundary current [Dengler et al., 2004]. All cores are located
along the north Brazilian margin between 13°N to 4°S
within the pathway of the western boundary current (details
are listed in Table S1). Sedimentary Pa/Th is compared
to dissolved and particulate *>'Pa and **°Th concentrations
derived from published water column measurements [Luo
et al., 2010; Moran et al., 2002] made within the studied
area.

3. Results

3.1. Sedimentary Pa/Th

[9] Measurements were made by ICP-MS enabling high
accuracy and high reproducibility. Two samples have been
measured twice to proof reproducibility (better than 2.5% for
complete Pa/Th replicates) of the applied method (for further
details regarding measurement methods, please see Text S1).

[10] The sedimentary Pa/Th depth profile reveals a
remarkably close correlation with water depth in this
area under the influence of the western boundary current
(Figure 2). The deeper part of the water column below 3000 m
is represented by 8 sedimentary Pa/Th data and shows values
significantly below the production ratio (Pa/Th from 0.042 to
0.062 between 3000 and 4500 m). Shallower cores above
2000 m show significantly higher Pa/Th reaching the pro-
duction ratio level at about 1300 m (5 sedimentary Pa/Th
values ranging from 0.08 to 0.094 between 2000 and 1000 m).
One sedimentary Pa/Th data point between 2000 and 3000 m
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fits well within a linear trend between the shallow and deep
sites (Pa/Th = 0.074). The overall trend closely follows a
linear correlation (Figure 2, R* > 0.9). We do not observe
significant disparities between data of Bradtmiller et al.
[2007] and our new data set.

3.2. Fractionation Factor
[11] The differential removal of »°Th and **'Pa from the
open ocean or the degree to which particle composition may
affect the fractionation of **'Pa and ***Th can be expressed

in terms of a fractionation factor [Anderson et al., 1983].
F = (Pa/Th)g,,/(Pa/Th)

part

where (Pa/Th)g;s is the ratio of dissolved **'Pa and **°Th
concentrations, and (Pa/Th),,, is the ratio of the suspended
particulate 2*'Pa and ***Th concentrations.

[12] Within our area of examination, two depth profiles
(IOC-6 and IOC-RFZ) [Moran et al., 2002] of dissolved
(Figure 3a, open circles) and particulate Pa/Th and thus F is
available (Figure 3b, open circles). Additionally, water col-
umn data of dissolved Pa/Th is available from three depth
profiles (KNRO7—-1,—2 and —3 [Luo et al., 2010]). To further
examine a potential influence of F on the depth correlation
of Pa/Th we calculated F using the new sedimentary Pa/Th
ratios instead of those on suspended particles. To do so an
interpolation of the combined water column data of Moran
et al. [2002] and Luo et al. [2010] (Figure 3a, open circles)
from this region was generated in order to associate each
sedimentary Pa/Th ratio of our data set (Figure 3a, black
squares) to an interpolated dissolved Pa/Th ratio at the same
depth. This leads us to an alternative estimation of F, even
though it implies larger error bars due to the deviation from
the measurement values to the depth interpolation. For our
data, F varies between 7.7 to 10.3 within the same range
of variation than when F is calculated using dissolved and
particulate ratios from water column stations IOC-RFZ and
10C-6 (from 6.3 to 12.0) [Moran et al., 2001, 2002]. Thus,
both data sets show large variations in F, but no particular
depth dependency can be observed for our studied area.

[13] It has been suggested that >>'Pa and **°Th are scav-
enged to the sea floor from within approximately 1000 m of
the sea floor [Thomas et al., 2006]. When calculating F from
dissolved water column Pa/Th and sedimentary Pa/Th instead
of particulate Pa/Th, this may cause a systematic bias to lower
F when the water is at the same depth as the sediment being
used (because Pa/Th of the water column changes with
depth). To test the significance of this bias we calculate F by
assuming a shift of 500 m (middle of the relevant water
column box above the bottom) of the interpolated dissolved
fraction compared to the sedimentary data (Figure 3b, grey).
This way obtained values are systematically shifted toward
higher F, and show a better agreement to the F calculated by
Moran et al. [2002] for the upper 2500 m. Below, the values
seem to overestimate the fractionation compared to Moran
et al. [2002]. This implies that in shallower water the Pa/Th
signature of surrounding waters is carried down with particles
from more than 1000 m above, while in deeper waters this
range seems to be lower. However, these findings should
be examined and discussed in light of new water column
measurements and do not affect our main finding that F
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Figure 3. (a) Sedimentary Pa/Th (black) from this study and combined dissolved Pa/Th data from Moran et al. [2001, 2002]
(open circles) and Luo et al. [2010] (open triangles) plotted versus depth. Note that the x-scale is different between sedimentary
and dissolved data. (b) Fractionation factor F plotted versus depth. Although F is estimated using a different approach in this
study compared to Moran et al. [2002], very similar results are obtained. Open circles: F-factor from two sites combined from
[Moran et al., 2001, 2002]; black squares: F-Factor from sedimentary Pa/Th (this study) and water column data [Luo et al.,
2010]; grey triangles: F-factor from sedimentary Pa/Th (this study) and water column data [Luo et al., 2010], but by assuming a
shift of 500 m from the interpolated dissolved fraction compared to the sedimentary (see text).

obviously does not systematically change with water depth
in this region.

4. Discussion

4.1. Fractionation or Circulation?

[14] Sedimentary Pa/Th is a function of both the avail-
ability of **'Pa and **°Th in the water column (i.e., the
dissolved Pa/Th ratio) and their fractionation while being
scavenged by particles from the water column. The frac-
tionation is determined by the total flux of particles and the
composition of the particle flux while variable dissolved
ratios can be related to differences in scavenging intensities
or differences in isotope composition of water masses. Thus,
when sedimentary Pa/Th shows depth-dependent variations,
at least one of these parameters is expected to be responsible
for the course of the Pa/Th profiles.

[15] The Pa/Th close to or higher than the production rate
of 0.093 are often associated with preferential scavenging of
21pa compared to **°Th caused by high opal abundance.
However, if this was the case, this should be reflected in lower

F-factors. In our context, we do not observe such a decrease
of the F-factor in shallower waters. In addition, in the late
Holocene the western equatorial Atlantic is characterized
by low productivity resulting in minima in biogenic opal
fluxes [Bradtmiller et al., 2007]. Preserved fluxes of biogenic
opal available for GeoB1515-1, Geob1523-1, GeoB3935-2,
GeoB3937-2, GeoB3936-1 (this study) and RC13-189,
RC16-66 and V30-40 [Bradtmiller et al., 2007] do not
exceed 0.05 g/cm?/ka (see Table S1) and are therefore in
strong agreement with the low productivity context. Thus,
it is very unlikely that local impacts of biogenic opal may
bias the shallowest core-top’s sedimentary Pa/Th signal
concerned in this study. More generally, the fact that the
F-factor is not correlated to water depth over the entire water
column (Figure 3b) suggests that changes in the particle
composition (e.g., caused by preferential dissolution of bio-
genic opal in deep waters [Scholten et al., 2008]) are not
responsible for the decrease of sedimentary Pa/Th with depth.

[16] The dissolved Pa/Th signal that reflects NADW export
in the water column can be transferred to the sedimentary
Pa/Th provided that the fractionation between **'Pa and
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Figure 4. (a) Lateral water transport in the Atlantic Ocean at the Equator as assumed as model input. The NADW strength
assumed here is 20.5 Sv [Luo et al., 2010]. To adapt the basin-wide model to the specific situation (narrower basin) at the
northern Brazilian margin, NADW strength can be modified (and herewith the northward compensatory surface currents.
(b) Model output at the latitude 1.25° N for varying NADW strength (factors of 1/3, 1, 2 and 3 of 20.5 Sv) compared to

measured sedimentary Pa/Th (black squares).

29T} in the water column is not depth-dependent, as just
demonstrated. Thus, we conclude that the new sedimentary
Pa/Th presented here mirrors the contribution of the dissolved
phase, which is a function of AMOC.

[17] Such a distribution of high Pa/Th in shallower waters
and low Pa/Th in deep water is predicted for a vigorous export
of *'Pa with an advection of deep waters to the Southern
Ocean [Francois, 2007; Gherardi et al., 2010; Luo et al.,
2010].

[18] In absence of lateral transport by currents, particulate
transport balances the in situ production. In this case, the
vertical profiles of both *°Th and **'Pa are expected to
increase linearly with depth, as predicted by reversible
scavenging models [Bacon and Anderson, 1982; Roy-Barman,
2009]. Deviations from a linear profile indicate that oceanic
currents carry significant amounts of **°Th and **'Pa away
from their production site [Coppola et al., 2006; Marchal
et al., 2000; Roy-Barman et al., 2002; Rutgers van der
Loeff and Berger, 1993]. The linearity of the increase in
concentration with water depth is disturbed by the formation
of NADW, which transports low concentrated surface
waters to the deep. Furthermore, scavenged 2*'Pa desorbs
again from particles in the deep and can be exported with the
southward flow path of NADW more readily than the more
particle-reactive Th. On the way to the south, **Th regains
linearity faster than **'Pa because of its shorter steady state
residence time in the water column. Therefore, even though
there is a significant shallow (<2500 m) southward flow in
the North Atlantic today [Gherardi et al., 2010; Schott et al.,
2004; Smethie and Fine, 2001], it is not strong enough to

produce a significant >'Pa export and, as a consequence,
sediments deposited above that depth do not exhibit a >*'Pa
deficit relative to the overlying production [Francois, 2007;
Gherardi et al., 2010; Luo et al., 2010]. On the other hand,
the same overturning rate at greater depth produces a mea-
surable deficit in deep sediments because of the longer
residence time of 2*'Pa in deep water [see also Gherardi
et al., 2010, Figure 1].

4.2. Model Versus Experimental Data

4.2.1. Model Description

[19] These complex interactions between genesis and
reversible scavenging of **'Pa and **°Th and circulation
strength in different water depths and latitudes respectively
can be approximated using a simple 2D model [Luo et al.,
2010]. This model is based on a two-dimensional parameter
set for >*'Pa and **°Th adsorption and desorption derived
from water column data and a modern depth distribution of
lateral transport. The model results indicate that the rela-
tionship between Pa/Th at any given depth and the over-
turning circulation is very complex, as also noted by [Siddall
et al., 2005, 2007]. It reproduces many of the features
observed in the distribution of dissolved and sedimentary
Pa/Th and provides a tool to assess the relative importance
of circulation and particle scavenging in controlling the dis-
tribution pattern of Pa/Th in the Atlantic. The most robust
signals generated by the model are the vertical and horizontal
sediment Pa/Th gradients, which change systematically with
the rate and geometry of the AMOC [Luo et al., 2010].
However, the model is proposed to simply reflect an averaged
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longitudinal two-dimensional Pa/Th pattern, thus not capable
of displaying west-east differences in circulation strength.
Furthermore, the width of the Atlantic basin in the western
equatorial region is the shortest, while a constant width for the
entire Atlantic is assumed in the original model. Thus, the
model underestimates the flow speed for the area of our
examination. Hence, we modified the assumed circulation
strength for NADW in the model and tested its general impact
on the Pa/Th distribution in order to better mirror the specific
situation of the western equatorial Atlantic. We note that
although model circulation strengths higher than 20.5 Sv
yield a better fit to the data, it does not imply higher circu-
lation rates in reality. This rather results from the limitations
of the 2D model to a 3D ocean (e.g., the reduced Atlantic
basin width in the equatorial region). Below 1/3 of the
assumed NADW strength of 20.5 Sv (Figure 4a) [Macdonald,
1998; Talley et al., 2003], the Pa/Th—to-water depth con-
nection collapses (for more details, see Figure S1). These
sensitivity tests document the main impact on the depth dis-
tribution of Pa/Th, which is given by the assumed circulation
strength in the depth range from approx. 1000 m to 4000 m.
4.2.2. Model Data Comparison

[20] The direct comparison of the model output at the
equatorial section of the Atlantic Ocean to the observed Pa/Th
profiles from this study shows generally a good agreement
(Figure 4b) reflecting the depth dependence of Pa/Th. Sedi-
mentary Pa/Th ratios are slightly lower than the model out-
puts, especially above 2500 m depth and below 4000 m where
diverging results can also be observed. One potential bias of
the model might be given by the flow path of NADW, which
is not exclusive meridionally directed from North to South,
as assumed by the 2D model. Thus, latitudes given by the
model may slightly differ from the latitudes of the sediment
core locations (see Figure S2).

[21] Further offsets between model and data are most likely
caused by the variability and uncertainties of parameters used
to constrain the model. Sinking rates as well as adsorption
and desorption rate constants for *°Th and **'Pa have been
chosen to be broadly consistent with field observation. Tak-
ing that into account, the similarity in the shape of the profiles
is a positive result. Around the equator, the deeper waters may
be influenced by the AABW [Lynch-Stieglitz et al., 2007].
AABW is implemented in the 2D box model by Luo et al.
[2010], but the discrepancy may point to an expansion of
this water mass not fitted in a realistic way in the model.

[22] Nonetheless, within a reasonable range of model
parameters, the very good agreement of theoretical and
experimental data leads us to conclude that the 2D-box model
by Luo et al. [2010] is capable of reflecting the Pa/Th system
of the Atlantic Ocean in good agreement with measurement
results. From this we conclude that the strong dependence
of Pa/Th to water depth is caused by the AMOC, as predicted
by the model and as actually observed.

[23] Thus, we propose that an inverse approach of tuning
the model’s depth distribution of lateral water transport based
on Pa/Th data from time periods older than the Holocene may
provide a promising way of reconstructing past AMOC.

5. Conclusion

[24] Here we compare depth-dependent sedimentary Pa/Th
from one distinct oceanographic setting to predictions of a
simple box model, which examined the behaviour of Pa/Th
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under recent circulation strength and particle flux conditions
in the Atlantic Ocean.

[25] Our results fully support the Atlantic Pa/Th distribu-
tion described by Luo et al. [2010], displaying high values
in shallow water (due to the longer residence time of **'Pa
compared to *°Th) and low values in the deep (due to the
export of *'Pa with southward flowing NADW).

[26] Due to the very good agreement of experimental data
and model results - and according to the sensitivity test made
by Luo et al. [2010] - we conclude that ocean circulation is
a main driver of the Pa/Th proxy. Therefore, its application
for reconstruction of past AMOC seems reasonable and very
promising, as long as changes in particle regimes are con-
sidered, and carefully reconstructed.
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