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Thorium-230 (230Th) is a fundamental tool for estimating sediment fluxes in the open ocean. Because 
230Th is rapidly scavenged by particles falling through the water column, the flux of 230Th to underlying 
sediments is typically equal to its water column production rate. However, recent surveys suggest 
hydrothermal plumes are unusually efficient scavengers of 230Th. Here we show that hydrothermal 
scavenging on the Southern East Pacific Rise (SEPR) resulted in 230Th fluxes several times higher than 
the water column production rate during the last deglaciation. Elevated fluxes likely require diffusive 
transport of dissolved 230Th from the ridge flanks towards the ridge crest. Depending on the length-
scale of 230Th transport, the resulting deficits in 230Th may yield overestimates of sediment flux to ridge 
flank sediments. We also show that Fe fluxes at 19◦S on the SEPR lag those at 11◦S and 6◦S by several 
thousand years, inconsistent with a signal driven by changes in deep water pH and oxygen levels. Instead, 
variable hydrothermal activity is the simplest explanation of the observed signals in the Pacific, Indian, 
and Atlantic basins.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Estimates of sediment flux are an essential component of 
oceanographic research, forming the basis for long-term estimates 
of biological export production (Kienast et al., 2007; Anderson et 
al., 2009), aeolian dust flux (Albani et al., 2015; McGee et al., 
2016), and mid-ocean ridge hydrothermal activity (Middleton et 
al., 2016; Costa et al., 2017). One of the most common meth-
ods for estimating sediment flux is 230Th-normalization. 230Th 
is produced by radioactive decay of 234U, which is soluble in 
seawater and has a long oceanic residence time. In contrast, dis-
solved 230Th is readily scavenged by particles falling through 
the water column and its residence time is therefore relatively 
short. As a result, the flux of 230Th to the seafloor is typi-
cally equal to its production rate by 234U decay, which is con-
stant and can be easily quantified (Bacon and Anderson, 1982;
Henderson et al., 1999). The measured sedimentary 230Th activity, 
once corrected for decay since deposition, in situ production, and 
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detrital sources, therefore reflects the accumulation of sediment on 
the seafloor (Francois et al., 2004).

While the assumption of constant 230Th flux generally holds in 
the open ocean, areas of anomalously high particle fallout along 
ocean boundaries yield 230Th fluxes in excess of the water col-
umn production rate. In these so-called boundary scavenging re-
gions, rapid 230Th removal creates concentration gradients that 
drive lateral diffusion of 230Th towards areas of high particle flux 
(Bacon, 1988; Bruland and Lohan, 2003). Similar 230Th concentra-
tion gradients are found near mid-ocean ridges, where particle-
laden hydrothermal plumes scavenge 230Th from the water column 
(German et al., 2002; Hayes et al., 2015a; Pavia et al., 2018). The 
bulk distribution coefficient (Kd) of 230Th for hydrothermal parti-
cles, defined as the activity per gram of particles divided by the 
activity per gram of seawater, is an order of magnitude higher 
than other sedimentary components such as calcium carbonate, or-
ganic matter, and continental detritus (Pavia et al., 2018; Anderson 
et al., 1983; Hayes et al., 2015b). Results from the GEOTRACES 
program indicate that hydrothermal scavenging creates deficits in 
dissolved 230Th near the Mid-Atlantic Ridge (MAR) (Hayes et al., 
2015a) and Southern East Pacific Rise (SEPR). In the case of the 
SEPR, elevated metal concentrations and dissolved 230Th deficits 
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Fig. 1. Bathymetry in the vicinity of core OC73-3-20 (19.3◦S, 113.6◦W, 3081 m wa-
ter depth). The core is located approximately 8 km west of the SEPR axis. The 
half-spreading rate along this section of the SEPR is 77 mm/yr (http://www.ldeo .
columbia .edu /users /menke /plates .html). Also shown are the core locations at 1◦N 
(Frank et al., 1994), 6◦S (Lund et al., 2016), 11◦S (Lund et al., 2016), and 39◦S (Lund 
et al., 2018). The water depths for all cores range from 3000 to 3200 m, with the 
exception of KLH068 and KLH093 at 1◦N (2870 m and 3260 m, respectively) and 
OC170-26-159 at 39◦S (2750 m). Map generated using GeoMapApp (Ryan et al., 
2009).

extend up to ∼4000 km west of the ridge axis (Lopez et al., 2015;
Resing et al., 2015; Pavia et al., 2018). Thus, hydrothermal plumes 
may effectively act as boundary scavenging locations in the open 
ocean, where it is typically assumed that such processes are negli-
gible (German et al., 2002).

The SEPR has the fastest spreading rate and highest magmatic 
budget of any mid-ocean ridge on Earth (Baker and German, 2004). 
As a result, the SEPR is characterized by extensive hydrothermal 
plume coverage from 10◦S to 30◦S (Beaulieu et al., 2013), the fall-
out from which yields metal rich sediments spanning hundreds 
of kilometers on either side of the ridge axis (Dymond, 1981). 
Given that hydrothermal Fe oxyhydroxides and Mn oxides readily 
scavenge dissolved 230Th, the flux of 230Th to ridge-crest SEPR sed-
iments is likely elevated relative to the water column production 
rate. While hydrothermal scavenging is known to yield anoma-
lously high 230Th fluxes within a few hundred meters of active 
vents on the northern EPR (German et al., 2002), estimates of 
230Th scavenging on the SEPR remain poorly constrained due to 
a lack of independent flux data. Furthermore, long-term variations 
in the scavenging of 230Th remain unknown, despite evidence for 
variations in hydrothermal activity on the SEPR during the late 
Quaternary (Lund et al., 2016).

Here we evaluate hydrothermal scavenging of 230Th using a 
record of metal fluxes from the super-fast section of the SEPR 
(>75 mm/yr half spreading rate). The core (OC73-3-20; 19.25◦S, 
113.58◦W, 3081 m water depth) is located ∼8 km west of the 
ridge axis (Fig. 1). We also present 230Th results for two addi-
tional cores at 6◦S and 11◦S to characterize scavenging on mul-
tiple sections of the SEPR. We estimate 230Th fluxes using the 
3He-normalization technique, which for the first time allows for 
reconstruction of 230Th fluxes in a ridge flank setting on glacial–
interglacial timescales. We show that hydrothermal scavenging re-
sulted in anomalous fluxes of 230Th to the SEPR axis at 6◦S, 11◦S, 
and 19◦S and then discuss the implications of our results for 
230Th-normalization at the SEPR and other ridge locations. Addi-
tionally, we use the results from 19◦S, combined with updated 
records from 6◦S and 11◦S, to demonstrate that variations in hy-
drothermal activity, rather than iron oxidation rate, are the most 
likely driver of the observed metal flux signals.

2. Results

Oxygen isotope and metal flux records for core OC73-3-20 are 
shown in Fig. 2. The oxygen isotope time series outlines the ex-
pected pattern for the past 30 kyr, including the Last Glacial Max-
imum (LGM) (∼26 to 18 kyr BP) (Clark et al., 2009), deglaciation 
(18 to 8 kyr BP) (Fleming et al., 1998), and Holocene (Fig. 2a). At 
19◦S, Fe, Mn, and As fluxes were low from 40 to 15 kyr BP, peaked 
late in the deglaciation (13 to 10 kyr BP), and then returned to 
background levels during the Holocene (Fig. 2b–d). A similar pat-
tern holds for Cu, Zn, and V (see Supplementary Material).

The covariation between Fe and other metals indicates that 
hydrothermal plume fallout is the primary source of metals to 
the core site. The highest correlation occurs for Fe/As and Fe/V 
(r2 = 0.99), consistent with scavenging of these elements from sea-
water by colloidal ferrihydrite (Fig. S5) (Dunk and Mills, 2006). 
Similar down-core patterns in Fe/Cu and Fe/V imply that Cu is 
also associated with Fe-oxyhydroxides (Fig. S6), most likely via 
co-precipitation (Martínez and McBride, 1998; Savenko, 2001). 
While Cu is often associated with iron sulfides in hydrother-
mal settings, sulfide formation typically occurs very close to the 
vent site, with most of the associated deposition occurring dur-
ing the buoyant plume phase (Rudnicki and Elderfield, 1993;
German et al., 2002; German and Seyfried, 2014). The relatively 
low Fe/Mn ratio in OC73-3-20 (3.3 ± 0.4; 1σ ) is inconsistent 
with the presence of iron sulfides because they typically lack ap-
preciable amounts of Mn (German and Seyfried, 2014). Sulfide-
rich plume particles collected in near-field sediment traps have 
Fe/Mn ratios exceeding 150 (German et al., 2002; Dymond and 
Roth, 1988; Khripounoff and Alberic, 1991). The strong correla-
tion between Fe and Mn (r2 = 0.92) in OC73-3-20 (Fig. S5) is 
most likely due to precipitation of Fe and Mn oxides from aged 
neutrally-buoyant hydrothermal plumes (Lilley et al., 1995). The 
mean Fe/Mn ratio is similar to that of metalliferous sediments 
at multiple ridge-flank locations on the SEPR (Dymond, 1981;
Marchig et al., 1986; Shimmield and Price, 1988; Dunk and Mills, 
2006). Additionally, the small down-core variations in Fe/Mn im-
ply there has been little diagenetic remobilization of Mn at 19◦S, 
similar to the pattern observed at 6◦S and 11◦S (Lund et al., 
2016).

Background Fe and Mn fluxes at 19◦S (∼50 μg cm−2 yr−1 and 
15 μg cm−2 yr−1, respectively) are ∼5× higher than the other 
SEPR sites (Fig. 2). The deglacial signal at 19◦S is also larger 
than the signals at 6◦S and 11◦S. Higher fluxes at 19◦S are 
likely due to the proximity of the core site to the SEPR and el-
evated hydrothermal plume incidence in this region (Beaulieu et 
al., 2013). Core OC73-3-20 is located 8 km off-axis, while the 
11◦S and 6◦S sites are located 15 km and 28 km off-axis, re-
spectively (Lund et al., 2016). The timing of deglacial metal flux 
anomalies also varies between sites; at 19◦S, the initial increase 
occurred at ∼12 kyr BP, compared to 14–15 kyr BP at 6◦S and 
17–18 kyr BP at 11◦S (Fig. 2). Thus, the metal flux maxima at 19◦S 
lag those at 11◦S and 6◦S by 2–5 kyr (see Supplementary Mate-
rial). The time offset is larger than the uncertainty for individual 
control points, which have a typical error of ±0.3 kyr (1σ ) (Ta-
bles S2–S4).
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Fig. 2. Oxygen isotope and 3He-normalized flux results for Fe, Mn, and As at three 
EPR sites, including 19◦S (OC73-3-20; solid lines), 11◦S (Y71-07-49; dashed lines) 
and 6◦S (Y71-09-106; dash-dot lines). In all four panels, data for the 19◦S site are 
plotted on the right-hand y-axis, whereas data from 6◦S and 11◦S are plotted on 
the left-hand y-axis. A) Planktonic (G. ruber) δ18O (circles) and radiocarbon ages 
(triangles) for each core, B) Fe fluxes, C) Mn fluxes, and D) As fluxes. Both Fe and 
Mn fluxes have been corrected for detrital inputs (see Methods). Fluxes at 19◦S lag 
those at 6◦S and 11◦S by 3–5 kyr. The records from 6◦S and 11◦S were published 
originally in (Lund et al., 2016) and are presented here with updated age models 
for comparison to the 19◦S results (see Methods).

The 230Th- and 3He-normalized bulk sediment flux results for 
OC73-3-20 are shown in Fig. 3. The 3He normalization technique 
is based on the accumulation of extra-terrestrial helium in the 
sediments (Farley et al., 2012). The two methods yield similar 
estimates from 35 to 15 kyr BP (∼0.4 g cm−2 kyr−1) but di-
verge abruptly at ∼13 kyr BP, with 3He-based fluxes peaking at 
2.8 g cm−2 kyr−1 (Fig. 3a). By comparison, the 230Th-based val-
ues peak at 0.6 g cm−2 kyr−1. The difference between the two 
estimates decreases at ∼10 kyr BP, with the 3He-based values re-
maining 50% higher until 8 kyr BP, when the two methods once 
Fig. 3. 230Th and 3He results for core OC73-3-20. A) Bulk sediment flux estimated 
using 230Th (grey circles) and 3He (black circles), both in units of g cm−2 yr−1, 
B) 230Th flux (dpm cm−2 kyr−1) estimated using 3He compared to the 230Th pro-
duction rate for this water depth (dashed line), C) 3He-normalized hydrothermal 
Fe flux (μg cm−2 yr−1), and D) 231Pa/230Th activity ratio showing enhanced 231Pa 
scavenging late in the deglaciation. The dashed line in panel D is the expected wa-
ter column production ratio for Pa/Th. Note the 230Th-normalized bulk sediment 
flux value at 10.47 kyr BP (open circle in panel A) is based on interpolation of two 
adjacent 230Thxs,0 results. The interpolated 230Thxs,0 value and measured 3He con-
centration were used to determine the 230Th flux at 10.47 kyr BP (open circle in 
panel B).

again yield consistent results of ∼0.4 g cm−2 kyr−1. Despite repli-
cate 3He measurements at each core depth, the 3He-based fluxes 
are somewhat noisier than the 230Th results, most likely due to the 
so-called ‘nugget’ effect, where statistical variations in the small 
number of interplanetary dust particles can yield variable extrater-
restrial 3He concentrations and therefore bulk sediment flux esti-
mates (Farley et al., 2012).

The 3He-normalized estimates of 230Th flux for OC73-3-20 
(Fig. 3b) and 231Pa/230Th ratios (Fig. 3d) show a similar pattern 
to the iron flux results. Prior to 14 kyr BP, 3He-normalized 230Th 
fluxes averaged 10 dpm cm−2 kyr−1, elevated by ∼25% relative 
to the water column production rate. The highest 230Th fluxes 
(32 dpm cm−2 kyr−1), which are approximately 4× higher than the 
water column production rate, coincide with the Fe flux maximum 
from 10 to ∼13 kyr BP (Fig. 3c). The 231Pa/230Th results show 



D.C. Lund et al. / Earth and Planetary Science Letters 510 (2019) 64–72 67
Fig. 4. Fe and Mn vs. 230Th fluxes at 19◦S (open circles), 11◦S, and 6◦S (filled cir-
cles). A) Fe flux vs. 230Th flux. The intercept of the regression line for the 19◦S 
results, where Fe fluxes equal zero, is 6.9 dpm cm−2 kyr−1, similar to the 230Th 
water column production rate (∼7.9 dpm cm−2 kyr−1). The slope of the regres-
sion line represents the nominal scavenging rate of 230Th by Fe, equivalent to 
34 dpm per g. For the 11◦S and 6◦S results, the intercept value is 3.1 dpm cm−2

kyr−1 and the 230Th/Fe slope is 294 dpm per g. B) Mn flux vs. 230Th flux. As in 
panel A, the intercept for the 19◦S results (6.8 dpm cm−2 kyr−1) is close to the 
water column production rate but the intercept for the 11◦S and 6◦S results is 
lower (3.0 dpm cm−2 kyr−1). The 230Th/Mn slope of the results from 11◦S and 6◦S 
is 1100 dpm per g, compared to 112 dpm/g at 19◦S.

stable values throughout the LGM before increasing during the 
deglaciation (Fig. 3d). The highest 231Pa/230Th ratios (0.27–0.28) 
coincide with peak Fe fluxes from 10–13 kyr BP. The 231Pa/230Th 
ratios then decreased to 0.20 in the mid-Holocene, the same value 
observed prior to the deglacial peak.

We also measured 230Th and 231Pa during the LGM and 
deglaciation in cores Y71-07-49 at 11◦S and Y71-09-106 at 6◦S. 
The average 3He-normalized 230Th fluxes at the two sites is 
10 dpm cm−2 kyr−1, approximately 25% higher than the water col-
umn production rate (Fig. 4). Peak 230Th fluxes, which coincide 
metal flux maxima at each site (Lund et al., 2016), are twice the 
water column production rate. The 231Pa/230Th activity ratios at 
11◦S and 6◦S are also high, averaging 0.14, or ∼50% greater than 
the production ratio (Table S8). Thus, enhanced scavenging of both 
230Th and 231Pa occurred at 6◦S, 11◦S, and 19◦S, sites that span 
∼1400 km of the SEPR.

3. Discussion

3.1. Hydrothermal scavenging of 230Th

The strong linear correlation between Fe and 230Th fluxes sug-
gests that Fe-oxyhydroxides act as an important sink for 230Th 
(Fig. 4a). The intercept of the regression for the 19◦S results (where 
Fe fluxes equal zero) is 6.9 dpm cm−2 kyr−1, close to the calculated 
water column production rate of 230Th (7.9 dpm cm−2 kyr−1). The 
slope of the regression, or the nominal scavenging rate of 230Th 
per g of Fe, is 34 ± 3 dpm/g. Given that the bulk partition coeffi-
cient (Kd) for Mn-oxides is an order of magnitude larger than for 
Fe-oxyhydroxides (Hayes et al., 2015b), Mn-oxides may also play 
an important role in the scavenging of 230Th. Similar to Fe, there 
is a strong correlation between Mn flux and 230Th flux at 19◦S 
(Fig. 4b). The slope of the regression is 19◦S is 112 ± 9 dpm/g, or 
∼3× greater than that for iron. It is unclear whether this is due 
covariation between Fe and Mn (average Fe/Mn = 3.4) or prefer-
ential 230Th scavenging by Mn.

At 6◦S and 11◦S, where peak deglacial Fe fluxes are 20–
40 μg cm−2 yr−1, 3He-normalized 230Th burial fluxes still exceed 
the water column production rate, even though the sites are 
>15 km from the ridge axis. For these locations, the 230Th/Fe 
and 230Th /Mn regression slopes are 293 ± 57 dpm/g and 1097 ±
340 dpm/g, respectively, or ∼10× higher than their respective val-
ues at 19◦S (Fig. 4). The greater sensitivity of 230Th to hydrother-
mal particle flux at these sites may be due to variable entrainment 
of ambient water by hydrothermal plumes. A plume that rapidly 
forms large, sinking Fe particles before encountering a large vol-
ume of seawater would have lower Th/Fe ratios than a plume 
encountering greater volumes of seawater, and thus more 230Th, 
before Fe particles settle to the seafloor. Entrainment is a func-
tion of vertical plume velocity, which in turn depends on heat 
flux and the density stratification of ambient seawater (Speer and 
Rona, 1989). Thus, more intense hydrothermal activity at 19◦S may 
result in lower particulate 230Th/metal ratios. Greater horizontal 
eddy diffusivities at low latitudes (Chiswell, 2013) may also facili-
tate transport of 230Th towards the ridge axis at the sites closer to 
the equator.

Modern observations provide additional perspective on the 
scavenging efficiency of hydrothermal particles. At 15◦S on the 
SEPR, the 230Th/Fe ratio of suspended particles is 75 ± 18 dpm/g 
(Pavia et al., 2018), about twice the value observed in OC73-3-20. 
Further north on the EPR, plume particles corrected for sulfide 
inputs yield a 230Th/Fe slope of 34 ± 14 dpm/g (German et al., 
2002), similar to the slope for OC73-3-20. The 230Th/Mn slope 
for the northern EPR data is much higher (803 ± 140) (German 
et al., 2002), but this is likely due to the proximity of the sed-
iment traps to the hydrothermal plume (<200 m) and the long 
oxidation timescale for Mn2+ (Cowen et al., 1998). In the Atlantic, 
hydrothermal plume particles near the MAR have a 230Th/Fe ra-
tio of 78 ± 12 dpm/g (German et al., 1991; Lam et al., 2015;
Hayes et al., 2015b). Given that the MAR particles have very 
high Fe/Mn ratios (Lam et al., 2015), these data imply that Fe-
oxyhydroxides are the primary scavenging vector for 230Th. Re-
gardless of the exact cause, it is clear that hydrothermal scavenging 
drives the elevated 230Th fluxes we observe at the SEPR core sites.

3.2. Implications for 230Th normalization

Hydrothermal scavenging yields 230Th fluxes higher than the 
water column production rate at all three sites (Fig. 4). In this situ-
ation the underlying premise of 230Th-normalization, i.e. that 230Th 
flux to the seafloor is only a function of 234U decay in the overlying 
water column, no longer holds. While small deviations from the 
production rate have only a minor effect on bulk sediment fluxes, 
the 230Th values reported here are up to 4× greater than expected 
from water column production. As a result, the implied bulk sed-
iment fluxes at 19◦S are spuriously low during the deglaciation 
(Fig. 3). Our results suggest that anomalous 230Th scavenging at 
19◦S occurs when Fe fluxes are >50 μg cm−2 yr−1 (Fig. 4). At 6◦S 
and 11◦S, the threshold is closer to 25 μg cm−2 yr−1. Sediment trap 
fluxes of 230Th on the northern EPR display a similar sensitivity to 
scavenging by hydrothermally-derived iron (German et al., 2002).

Our results may have important implications for off-axis regions 
that supply 230Th to the ridge crest, where lateral export of 230Th 
will create deficits in dissolved 230Th. If this phenomenon reduces 
230Th flux to the seafloor, it would yield artificially high bulk sed-
iment fluxes. To estimate the magnitude of this effect during the 
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Fig. 5. Schematic depicting the influence of near-axis hydrothermal scavenging on off-axis 230Th fluxes. Given nearly continuous plume coverage in this region of the SEPR 
today (Feely et al., 1996) and the likelihood of enhanced hydrothermal flux at multiple sites during the last deglaciation (Lund et al., 2016), we assume that the length scale 
of the hydrothermal sedimentation anomaly along axis is greater than the off-axis boxes depicted in the schematic. As such, the 1 km width of the box is meant to represent 
an arbitrary 1 km along-ridge section of the SEPR, while 20 km is the length-scale constrained by the three cores that show elevated 230Th fluxes during the deglaciation 
(which range in distance from the ridge crest from 8 km to 28 km). Although this dimension is likely larger, we chose 20 km as a conservative estimate of the region over 
which elevated 230Th scavenging likely occurs. Assuming a 230Th flux of 30 dpm cm−2 kyr−1 within 20 km of the ridge axis, 8 dpm cm−2 kyr−1 of which is from water 
column production, the remainder is due to hydrothermal scavenging (22 dpm cm−2 kyr−1). Over an area of 20 km2, this equates to 4.4 × 1012 dpm kyr−1. If the 230Th 
originated from a 100 km × 1 km off-axis area, it would create an average deficit in this region of ∼4.4 dpm cm−2 kyr−1, approximately 50% of the water column production 
rate. If the off-axis area is larger (e.g. 1000 km), the associated 230Th deficits are ∼5% (Fig. S9).
deglaciation, we assume the average 230Th flux from 0–20 km off-
axis was 30 dpm cm−2 kyr−1 (Fig. 5). This value is constrained by 
peak 230Th fluxes at 19◦S (located 8 km from the ridge crest). The 
length scale is constrained by the results from 6◦S, which demon-
strate that elevated 230Th fluxes occur up to 28 km off-axis. To 
simplify the calculations, we assume there was no hydrothermal 
scavenging >20 km off axis, which minimizes the axial 230Th sink. 
If water column production accounts for 8 dpm cm−2 kyr−1 of the 
230Th flux near the ridge axis, the remainder can be attributed to 
hydrothermal scavenging (Fig. 5). Integrating 22 dpm cm−2 kyr−1

over 20 km2 requires a lateral supply of 4.4 × 1012 dpm kyr−1. If 
the 230Th originated from up to 100 km off axis, it would create 
an average deficit in this region of 4.4 dpm cm−2 kyr−1, or ∼50% 
of the water column production rate, which would in turn would 
yield spuriously high 230Th-normalized fluxes. If instead the 230Th 
originated from up to 1000 km off axis, the deficit would be 5%, 
and the resulting impact would be minimal (Fig. S9). Note that our 
estimate of lateral 230Th transport depends on the assumed 230Th 
flux between the core site and ridge axis. If instead we use an av-
erage scavenging rate of 60 dpm cm−2 kyr−1, the off-axis deficits 
increase by a factor of ∼2 (Fig. S9).

Whether lateral transport of 230Th can materially influence off 
axis sediment fluxes depends on two key factors, including the 
length scale of 230Th diffusion and the along axis extent of hy-
drothermal scavenging. Assuming a 230Th residence time (τ ) of 
10–30 yr (Hayes et al., 2015a) and a horizontal eddy diffusiv-
ity (Kh) of 300 m2 s−1 in the region near 19◦S (Chiswell, 2013;
Katsumata and Yoshinari, 2010), we estimate the diffusive length 
scale for 230Th (�x) ranges from 400 to 700 km (�x = √

2K Hτ ) 
(Hayes et al., 2015a). On the short end of this range, on-axis scav-
enging may create significant off-axis deficits in dissolved 230Th. 
At the longer end, scavenging would have only a minor impact. 
It is also important to note that our estimates assume the extent 
of hydrothermal plume coverage along the SEPR axis is equal to 
or greater than the diffusive length scale for 230Th. If plumes act 
as spatially discrete sinks of 230Th, then we would need to con-
sider the radial area over which 230Th is drawn toward a vent. In 
the case of the SEPR, however, approximately 60% of the ridge axis 
is overlain by hydrothermal plumes, with nearly continuous cover-
age from 17.5◦S to 18.5◦S (Beaulieu et al., 2013). Enhanced metal 
flux at multiple SEPR sites also implies that the overall plume cov-
erage and extent was greater during the deglaciation (Lund et al., 
2016). Given the uncertainties involved in determining the overall 
geochemical footprint of hydrothermal scavenging, there is a clear 
need for 3He-normalized 230Th fluxes from a grid of cores strad-
dling the SEPR, from the ridge crest to 1000 km off axis.

Advection may also play a role in determining dissolved 230Th 
distribution along the SEPR. Float trajectories suggest that near-axis 
flow from ∼25◦S to 15◦S is predominantly to the north (Hautala 
and Riser, 1993). At 15◦S, there is off-axis flow associated with 
the large westward flowing hydrothermal plume inferred from dis-
solved 3He that reflects efflux of mantle-derived helium from the 
SEPR (Lupton and Jenkins, 2017). The dissolved 3He data also re-
veal smaller scale plumes extending from ∼23◦S on the ridge axis 
towards the southwest and southeast (Lupton and Jenkins, 2017). 
Inverse modeling results reveal weak southwesterly flow on the 
western flank of the SEPR at 19◦S (Faure and Speer, 2012), consis-
tent with the 3He tracer field. Inferred flow on the eastern flank 
is more complex; high dissolved 3He values that trend southeast 
from ∼23◦S may be associated with counter-clockwise circulation 
and plume transport from further south on the SEPR (Faure and 
Speer, 2012). Float trajectories near the core sites at 11◦S and 6◦S 
imply the mean flow is to the north and west, similar to the pat-
tern at 19◦S (Hautala and Riser, 1993).

If advection plays a role in controlling dissolved 230Th near the 
SEPR, then deep water flowing from 19◦S to 6◦S should become 
progressively depleted in 230Th due to hydrothermal scavenging 
along axis (Pavia et al., 2019). This would in turn increase the 
lateral off-axis concentration gradient, thereby promoting the dif-
fusive flux of 230Th towards the ridge axis. This may in part explain 
why the 11◦S and 6◦S sites to have greater 230Th flux per unit 
iron flux to the sediments (Fig. 4). Regardless of whether advec-
tion is predominantly northward or southward at the core sites, 
topographically-steered flow of plumes should yield a persistent 
rain of metalliferous particles parallel to the ridge axis (Speer et al., 
2003). We anticipate the resulting hydrothermal scavenging would 
create dissolved 230Th deficits along axis that would promote dif-
fusion of 230Th from the flanks of the SEPR.

3.3. Scavenging of additional metals

The 231Pa/230Th results for OC73-3-20 provide additional in-
sight into the scavenging history on the SEPR. Like 230Th, the scav-
enging residence time of 231Pa is short relative to its radioactive 
half-life (Henderson and Anderson, 2003). Given that the produc-
tion rate of both 231Pa and 230Th is predictable, so too is their 
activity ratio (∼0.093). Deviations from the production ratio in 
sediments is due to variations in particle composition and greater 
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lateral transport of 231Pa, which has a scavenging residence time 
of centuries compared to decades for 230Th (Henderson and Ander-
son, 2003). Dissolved 231Pa is particularly susceptible to scavenging 
by metalliferous particles; near-axis particulate 231Pa/230Th ratios 
at 15◦S on the SEPR average 0.15, well above the production ra-
tio (Pavia et al., 2018). In core OC73-3-20, 231Pa/230Th averaged 
0.20 over the past 40 kyr (Fig. 3c). The ratio peaked at 0.28 late 
in deglaciation, corresponding to the interval of elevated Fe flux 
(Fig. 3d). In cores Y71-07-49 and Y71-09-106, all of 231Pa/230Th 
results are above the production ratio, with peak values (0.14) oc-
curring during the deglaciation (Table S8). The 231Pa/230Th results 
are therefore consistent with anomalous hydrothermal scaveng-
ing. At 19◦S, decreasing 231Pa/230Th from 10 to 5 kyr BP tracks 
the shift in Fe flux, suggesting that declining plume output re-
sulted in reduced scavenging of 231Pa relative to 230Th from bot-
tom waters. The 231Pa/230Th ratios and Fe fluxes for OC73-3-20 are 
anomalously high relative to results from other locations in the Pa-
cific, suggesting that this site is an endmember scavenging case 
(Fig. S7).

Our results suggest that hydrothermal scavenging is an im-
portant contributor to basin-scale 231Pa water column removal 
throughout the last 40 kyr—an effect that is most pronounced 
from 5–15 kyr BP, when 231Pa/230Th ratios were 2–3× higher than 
the production ratio (Fig. 3). Because 231Pa is more slowly scav-
enged by particles falling through the water column than 230Th, it 
is more susceptible to boundary scavenging (Hayes et al., 2015b). 
As a result, the 231Pa/230Th ratio for hydrothermal precipitates is 
typically higher than for other open ocean particles (Pavia et al., 
2018). Elevated 231Pa/230Th ratios imply that hydrothermal fallout 
stripped dissolved 231Pa from the water column, therefore creat-
ing a lateral gradient that facilitated 231Pa diffusion towards the 
ridge crest. Core top 231Pa/230Th ratios in the central Pacific are 
typically lower than the production ratio, balanced by higher val-
ues in the Subarctic, eastern equatorial Pacific, and the Southern 
Ocean, a spatial distribution that has been attributed to boundary 
scavenging (Hayes et al., 2014). Our results support the idea that 
metalliferous sediments act as a boundary sink for 231Pa.

Hydrothermal scavenging also played a key role in controlling 
the fluxes of V, As, Zn, and Cu at 19◦S. The fluxes of these metals 
increased ∼12× late in the deglaciation, likely due to scaveng-
ing by or co-precipitation with Fe-oxyhydroxides (Fig. S6). Results 
from 1◦N, 6◦S and 11◦S show similar but more modest changes 
(3–5×) during T1 (Frank et al., 1994; Lund et al., 2016). These 
results suggest that deglacial scavenging rates on the SEPR were 
at least 3× higher than today, with potentially important impli-
cations for the budget of oxyanions. For example, hydrothermal 
removal accounts for approximately 50% of the oceanic sink for V, 
which has a residence time of ∼100 kyr (Schlesinger et al., 2017). 
If V removal along the global mid-ocean ridge system varies on 
glacial–interglacial timescales, then the underlying assumption of 
steady state conditions for the oceanic V budget would need to be 
revisited.

3.4. Implications for other ridges

We anticipate that scavenging behavior at other mid-ocean 
ridges was similar to the SEPR. Multiple ridges experienced ele-
vated hydrothermal activity during the deglaciation, which likely 
caused anomalous 230Th scavenging and lateral transport of 230Th 
toward ridge axes (Lalou et al., 1998; Lund et al., 2016; Middleton 
et al., 2016; Costa et al., 2017) (Fig. 6). The overall spatial ex-
tent of off-axis 230Th deficits is difficult to constrain a priori
given: 1) uncertainty in the length scale of 230Th diffusion, 2) 
intra- and inter-ridge differences in hydrothermal output, and 3) 
the magnitude of the deglacial metal flux signal. Instead, we 
suggest that bulk sediment fluxes for cores collected within a 
Fig. 6. Reconstructions of hydrothermal activity at six locations, including the EPR at 
19◦S (this study), 11◦S (Lund et al., 2016), and 6◦S (Lund et al., 2016), the JdFR at 
45◦N (Costa et al., 2017), the MAR at 26◦N (Middleton et al., 2016), and the CIR at 
23◦N (Lalou et al., 1998). The EPR and MAR results are 3He-normalized fluxes, while 
the JdFR results are based on 230Th-normalization. The CIR results are presented as 
a histogram of U/Th dated relict sulfide chimneys and mounds. Also shown are the 
time intervals for the LGM (19–26 kyr BP; light grey vertical bar) and deglaciation 
(8–18 kyr BP; darker grey vertical bar) based on sea level and ice sheet reconstruc-
tions (Fleming et al., 1998; Clark et al., 2009).

few hundred kilometers of ridge axes be constrained using both 
230Th and 3He to address the potential influence of hydrother-
mal scavenging. More broadly, our results support the idea that 
mid-ocean ridges are important boundary scavenging locations for 
trace metals in the deep ocean (German et al., 2002). Given that 
reconstructions thus far indicate that the Holocene was an in-
terval of relatively low hydrothermal output (Costa et al., 2017;
Middleton et al., 2016; Lund et al., 2016; Lalou et al., 1998), scav-
enging rates based on modern fluxes will tend to underestimate 
the role of hydrothermal scavenging in trace metal removal from 
the deep ocean.

3.5. Drivers of the Fe and Mn flux anomalies

In addition to hydrothermal activity, several factors can influ-
ence metal fluxes to ridge flank sediments, including variations 
in sediment focusing, diagenetic remobilization, and the oxidation 
rate of reduced Fe emanating from vents. Sediment focusing is 
an implausible explanation of our results given the similar pat-
tern at multiple EPR locations. 3He-based estimates of focusing 
factors at 6◦S and 11◦S are also inconsistent with lateral focus-
ing of hydrothermal particles (Lund et al., 2016). Diagenetic re-
mobilization of metals after deposition is an equally unlikely ex-
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planation of the SEPR results for several reasons. First, organic 
carbon (Corg) levels at 19◦S are too low to remobilize the quan-
tity of Fe observed during Termination 1 (T1). Fe concentrations 
reach 25% by weight from 8 to 12 kyr BP (Fig. S4). If the required 
Corg originated from this interval, the quantity necessary for re-
ducing Fe would be approximately 1.3% (Froelich et al., 1979), or 
3–4 times the Corg estimates for this interval (Fig. S2). A similar 
pattern occurs at 11◦S, where organic carbon levels of 0.1–0.2% 
are too low to mobilize the quantity of Fe observed (Lund et 
al., 2016). Second, diagenetic remobilization would likely create 
metal peaks that are offset in depth within each core (Froelich 
et al., 1979), yet the Fe and Mn at 19◦S are synchronous, simi-
lar to the pattern at 6◦S and 11◦S (Fig. 2). Third, the mean down 
core Fe/Mn ratio at 19◦S (3.4 ± 0.4) is similar to the inferred 
hydrothermal endmember for the SEPR (3.45) (Dymond, 1981;
Dunk and Mills, 2006). Taken together, these results imply that hy-
drothermal sedimentation was the primary driver of the signal at 
19◦S.

Given that the SEPR data are incompatible with sediment focus-
ing and diagenetic overprinting, the flux maxima must be related 
to either hydrothermal output or changes in Fe oxidation rate. As 
deep water flows from the Atlantic to the Pacific, respiration of or-
ganic matter drives the consumption of oxygen, the accumulation 
of dissolved inorganic carbon, and hence a decrease in pH. As a re-
sult, the oxidation rate half-life of Fe2+ is slower at the EPR (∼3 h) 
than the MAR (∼30 min) (Field and Sherrell, 2000). Cullen and 
Coogan (2017) suggest that enhanced ventilation of the deep Pa-
cific during glacial terminations resulted in higher pH and oxygen 
levels, which in turn caused enhanced fallout of Fe-rich hydrother-
mal particles near ridge axes.

Several features of the SEPR records are inconsistent with the 
oxidation rate hypothesis. Hydrothermal Fe2+ is oxidized in min-
utes to hours while Mn2+ is oxidized in weeks to months (Cowen 
et al., 1998). The contrasting timescales allow Mn2+ to be used as 
conservative tracer of vent fluid dilution as Fe2+ is oxidized (Field 
and Sherrell, 2000). It is therefore highly unlikely that variations 
in deep Pacific oxygen and pH levels would drive synchronous 
changes in Fe and Mn flux to ridge flank sediments. Cullen and 
Coogan (2017) speculate that global deposition of Mn from bot-
tom waters could account for coherent Fe and Mn signals, but such 
a mechanism cannot explain the factor of three difference in Mn 
flux to the eastern and western flanks of the SEPR during Termi-
nations 1 and 2 (Lund et al., 2016) or the much larger Mn fluxes 
at 19◦S (Fig. 2). The relative timing of SEPR signals is also incon-
sistent with the oxidation rate hypothesis; at 19◦S, the flux of Fe 
began to increase at ∼13 kyr BP, approximately 3–5 kyr later than 
at 6◦S and 11◦S. If the signals were driven by variable deep Pacific 
pH and oxygen levels, they should align within age model uncer-
tainty.

The oxidation rate mechanism is also unable to account for hy-
drothermal reconstructions from the Mid-Atlantic Ridge (MAR) and 
Central Indian Ridge (CIR). On the MAR, iron fluxes increased early 
in the deglaciation (Middleton et al., 2016), similar to the pattern 
at 6◦S and 11◦S on the SEPR (Fig. 6). Given that ventilation of the 
deep Atlantic slowed during Heinrich Stadial 1 (14.5–17.5 kyr BP) 
(McManus et al., 2004), the residence time of deep water would 
have increased, resulting in generally lower pH and oxygen lev-
els (Schmittner and Lund, 2015). This would in turn yield slower 
Fe2+ oxidation rates, which should minimize iron fluxes to ridge 
flank sediments, opposite the observed pattern. U/Th-dated relict 
sulfide chimneys and mounds from the CIR also show a peak in 
sample frequency from 10 to 25 kyr BP (Fig. 6) (Lalou et al., 
1998). Given that the formation of sulfide deposits should oc-
cur independently of ambient deep ocean conditions, these data 
imply there was enhanced hydrothermal output on the CIR dur-
ing the LGM and deglaciation. Variations in hydrothermal activity, 
rather than deep ocean oxidation rates, is therefore the simplest 
explanation of the results from the Atlantic, Pacific, and Indian 
basins.

The timing offset between hydrothermal flux maxima on the 
SEPR and between the SEPR and other ridges is most likely due to 
geological factors. If the records reflect glacially-driven variations 
in magmatic flux to ridge axes, the signal should lag sea level forc-
ing by thousands of years due to slow melt extraction velocities in 
the upper mantle (Lund and Asimow, 2011). However, these veloc-
ities are uncertain and it is unclear how they vary from one ridge 
segment to another. Besides obvious sources of difference like the 
depth of the major melting regime, which is thought to depend 
primarily on mantle potential temperature (Klein and Langmuir, 
1987), there are asymmetrically spreading ridges where the most 
productive part of the melting regime is shifted horizontally from 
the axis (Forsyth et al., 1998). Additionally, all theories of melt 
migration presently have free parameters such as a reference per-
meability that allow for considerable variation in the arrival time 
of melt at the ridge axis. In general, therefore, the theory that hy-
drothermal output reflects modulation of melt production by sea 
level naturally predicts that different ridge segments will display 
flux peaks at somewhat different times after a major sea level 
fall, but we do not yet have a theoretical understanding of which 
segments should peak earlier or later. In fact, as we have argued 
previously (Lund et al., 2016) the timing of sea level-modulated 
magmatic variations on ridge segments may provide the best avail-
able tool with which to refine our highly uncertain models of melt 
migration at mid-ocean ridges, including using variations in the lag 
time to identify which segment-scale parameters promote faster or 
slower melt migration.

4. Conclusions

Hydrothermal plume particles are highly efficient at scavenging 
dissolved 230Th and 231Pa from the deep ocean. While this effect 
has long been known to occur near mid-ocean ridges (German et 
al., 1991, 2002), results from the GEOTRACES program show that 
the spatial imprint of hydrothermal scavenging is larger than pre-
viously assumed (Hayes et al., 2015a; Pavia et al., 2018). Emerg-
ing evidence from multiple ridges also suggests that hydrother-
mal activity varies on glacial–interglacial timescales, with peak 
metal fluxes occurring during terminations (Lund et al., 2016;
Middleton et al., 2016; Costa et al., 2017). Together, these obser-
vations suggest that scavenging of trace metals should be most 
pronounced during glacial terminations, with potentially important 
implications for oceanic trace metal budgets and the use of 230Th 
as a constant flux proxy.

Here we evaluate hydrothermal fluxes and trace metal scaveng-
ing using a core from 19◦S on the super-fast section of the SEPR, 
one of the most hydrothermally active ridges on Earth. The fluxes 
of Fe, Mn, Cu, Zn, As, and V peak late in the deglaciation, reaching 
∼12× higher than background levels. The maxima in Fe and Mn 
flux are an order of magnitude greater than other SEPR locations 
and higher than any ridge crest metal fluxes in the published liter-
ature. Low sedimentary organic carbon concentrations preclude the 
possibility that the Fe and Mn signals are a byproduct of diagene-
sis. Our results are also inconsistent with metal deposition driven 
by variable bottom water redox conditions because Fe fluxes at 
19◦S lag those at 6◦S and 11◦S by several thousand years and the 
downcore Fe/Mn ratio at 19◦S is in excellent agreement with the 
hydrothermal endmember Fe/Mn ratio for this region. Instead, the 
simplest explanation of the 19◦S results is enhanced hydrothermal 
activity.

We estimate the flux of 230Th to ridge flank sediments us-
ing 3He-normalized bulk sediment accumulation rates. Overall, the 
reconstructed 230Th fluxes are similar to the water column pro-
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duction rate, with the exception of 8–13 kyr BP, when Fe and Mn 
accumulation rates were anomalously high. In this interval, 230Th 
fluxes are up to 4× greater than predicted by water column pro-
duction. 231Pa/230Th ratios are higher than the production ratio 
throughout the record and peak from 8–13 kyr BP, which is con-
sistent with the preferential scavenging of 231Pa by hydrothermal 
particles (Hayes et al., 2015a; Pavia et al., 2018). We report similar 
results for sites at 6◦S and 11◦S on the SEPR. The data therefore 
suggest that the SEPR acts as a boundary scavenging location in 
the open ocean. The effect varies on glacial–interglacial timescales 
and was the most pronounced during the last deglaciation.

The combination of 3He, 230Th, and Fe analyses in several SEPR 
cores allows us to assess the threshold above which hydrother-
mal particle fallout causes anomalous 230Th scavenging. Our results 
suggest that 230Th fluxes exceed the water column production rate 
when Fe fluxes are greater than ∼25 μg cm−2 yr−1. The surplus in 
sedimentary 230Th yields bulk fluxes derived by traditional 230Th-
normalization that are spuriously low; we find that 230Th-based 
bulk sediment mass fluxes are up to 4× lower than those esti-
mated using 3He. Lateral diffusion of 230Th towards the ridge axis 
may produce off-axis deficits in dissolved 230Th, which would in 
turn decrease 230Th flux to ridge flank sediments and yield artifi-
cially high 230Th-normalized accumulation rates. On the SEPR, we 
estimate this could bias bulk sediment fluxes by 5–50%, depending 
on the length scale of 230Th diffusion and the along axis extent of 
hydrothermal scavenging. A full quantification of the effect will re-
quire estimates of 230Th flux from a cross-axis transect of sediment 
cores. High-resolution water column sampling is also necessary to 
map spatial gradient is dissolved 230Th. In the interim, we suggest 
that hydrothermal fluxes in ridge settings be constrained using 
both 3He and 230Th.

If changes in 230Th burial create biased estimates of sedimen-
tary mass flux in ridge flank settings, the fluxes of many con-
stituents (e.g. opal, CaCO3, productivity proxies, dust, etc.) would 
be expected to co-vary. Additionally, temporal changes in these 
variables can be compared to nearby records that are further 
off axis to assess for anomalous scavenging effects. For exam-
ple, if a deglacial peak in dust flux were identified in a core on 
the EPR ridge flank, this would be at odds with previous dust 
records showing peak dust fluxes during glacial periods from lo-
cations spanning the latitudinal range of the Pacific (Anderson et 
al., 2006).

In combination with published EPR records from 1◦N, 6◦S, and 
11◦S, the results presented here suggest the last deglaciation was 
broadly characterized by enhanced hydrothermal sedimentation 
from the equator to 19◦S, a distance of ∼2200 km. Hydrothermal 
records from the Mid-Atlantic Ridge, Central Indian Ridge, and Juan 
de Fuca Ridge also show maxima from ∼10 to 20 kyr BP. Given 
opposing circulation changes in the Atlantic and Pacific during the 
last deglaciation, it is highly unlikely that variations in deep ocean 
pH and oxygen were the primary driver of the hydrothermal time 
series. We instead suggest the most likely cause is enhanced hy-
drothermal activity mediated by glacial–interglacial changes in sea 
level. Given the correspondence between magmatic budget and hy-
drothermal plume incidence today (Baker and German, 2004), the 
hydrothermal reconstructions suggest that magmatic activity in-
creased as sea level was rising, which at face value appears to 
contradict the sea level hypothesis. However, the magmatic ex-
pression of sea level variability at mid-ocean ridges should lag the 
initial forcing by thousands of years due to the slow rate of melt 
migration in the upper mantle (Lund and Asimow, 2011). Thus, 
enhanced hydrothermal activity during the last deglaciation may 
reflect falling sea level during intervals of ice sheet growth, such 
as the Last Glacial Maximum or Marine Isotope Stage 4.
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