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Reinterpretation of oceanic 230Th 
profiles based on decadal export 
productivity (2003–2010)
Yiming Luo1,2

Understanding 230Th distributions in the global ocean is important to support and guide the use of 
this important radioactive nuclide in multiple aspects of oceanographic research, and this issue is 
now revisited. Based on estimates of export productivity (EP) over 2003–2010 and assuming 230Th 
scavenging at equilibrium at seven Pacific stations where linear 230Th profiles are found, an empirical 
equilibrium-state 230Th-scavenging versus EP correlation is established. This correlation demonstrates 
the relationship between 230Th-scavenging intensity and EP in the absence of advection. With this 
correlation, other 230Th profiles from global oceans are reinterpreted. My findings provide alternative 
explanations of signals carried by 230Th distributions with regard to advection, by a reassessment of the 
230Th deficits in deep waters. Such an equilibrium-state 230Th-scavenging versus EP correlation provides 
a basis for convenient parameterization for use in 3D modeling studies of the 230Th distributions.

The naturally occurring uranium-decay series isotopes have been widely used in the oceanographic research. 
Among all the uranium isotopes and their daughters, 230Th (half-life 75.58 kyr), a product by α-decay of 234U, is an 
important one that can be used for multiple purposes1. For instance, 230Th in sediments can be used as a normali-
zation tool to provide a correction to the estimates of paleo-fluxes2 in the ocean, which is important to our under-
standing of paleoceanographic processes, especially dust inputs from continents3–5. Together with 231Pa (half-life 
32.76 kyr), the daughter of 235U, sedimentary 231Pa/230Th (Pa/Th hereafter) ratios can be used as dynamical proxies 
to constrain the rate of deep ocean circulation6, which plays a key role in regulating global climate7. Compared to 
traditional nutrient-like tracers (e.g., carbon isotopes8 (δ13C) and Cd/Ca9), which only assess the distribution of 
water masses6, this advantage led scientists to successfully apply Pa/Th in a variety of reconstruction of Atlantic 
Meridional Overturning Circulation (AMOC) for different periods in the past over the last two decades10–19.

The apparent success in the application of 230Th, despite questions raised about the 230Th normalization20 or 
Pa/Th in AMOC reconstruction21–27, is based on the simple assumption that 230Th produced in the water column 
is mostly scavenged to the local sediments by settling particles2, 28. With a relatively short residence time in the 
water column (generally 20–40 yr)1, 230Th is very particle-reactive and its scavenging in sea water was found to be 
reversible, which is a first order process, best described by the following equation29:

=‐(Th 230) P Z/(KS) (1)t 230Th

where (Th-230)t is the total 230Th activity at a given depth in the ocean, P230Th is the production rate of 230Th in sea 
water, K is the distribution coefficient of 230Th between the particulate phase and the total 230Th, S is the average 
sinking rate of particles, and Z is the water depth.

This simple equation predicts linear profiles of 230Th. Linear vertical distributions of 230Th are found at many 
locations in the Pacific Ocean, which are well described by the reversible scavenging model (Equation 1), assum-
ing equilibrium is reached for 230Th scavenging30–33. However, a recent analysis based on several quasi-linear 
dissolved water-column 230Th profiles in the North Pacific suggests that other parameters, rather than export 
productivity that is considered to be a typical predictor of scavenging particles, must influence the slopes of 
water-column 230Th profiles34.

Moreover, 230Th profiles in the global ocean are sometimes curved because 230Th distributions can also be 
influenced by other factors, e.g., advection and bottom scavenging. For example, in the Northwest subtropical 
Pacific, vertical profiles with 230Th-depletion in the deep water are attributed to having enhanced scavenging by 
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particles re-suspended from the sea floor35. The curvature of 230Th deficits found in the North Atlantic and convex 
shapes found in the Atlantic sector of Southern Ocean used to be interpreted as the result of overturning circula-
tion36–41. Conversely, quasi-linear water-column 230Th profiles found in the Equatorial Atlantic and South Atlantic 
are considered to be the result of water column approaching equilibrium with regard to 230Th scavenging38, which 
is also confirmed by a mass balance calculation42. However, the outcome of recent Geotraces activities in the 
North Atlantic shows that 230Th profiles are also strongly influenced by particle chemistry, especially in the deep 
water43. This suggests 230Th distributions in the ocean are influenced by multiple factors, and even in the Atlantic, 
where advection is strong, interpretation of 230Th signals should be made with caution.

Even if the influence of particle dynamics on 230Th profiles is not considered, numerical description of the 
230Th profiles in the Atlantic as first proposed by Rutgers van der Loeff and Berger37, relies on pre-defining the 
parameters at equilibrium of 230Th scavenging. Large uncertainties would thus exist if these equilibrium parame-
ters of 230Th scavenging cannot be precisely determined, in interpreting convex profiles with regard to the advec-
tion or bottom scavenging effects.

Certainly, multiple factors may influence the 230Th distributions in the ocean and there is no consistent view 
from the community on what factor is dominant. However, a simplified method to analyze 230Th profiles with 
appropriate assumptions is needed, both to test concepts of circulation vs. scavenging from a modeling perspec-
tive and to provide an alternative avenue for parameterization in future modeling research for 230Th.

In this study, I develop a method to constrain the equilibrium state of 230Th scavenging at various locations in 
the ocean, based on export productivity estimates between years 2003 and 2010 at corresponding 230Th-sampling 
sites. Then I re-examine the 230Th distributions at some representative locations based on more appropriate equi-
librium state conditions to reinterpret the information we may obtain from the 230Th data.

Results and Discussion
Equilibrium state of 230Th scavenging. In the absence of circulation or mixing, equilibrium state 230Th 
scavenging is defined by Equation 1 and linear vertical profiles of 230Th can be found in the water column with 
slopes depending on the scavenging intensity Fscav only (Fscav = KS):

=‐Z/(Th 230) F /P (2)t scav 230Th

At the same time, linear 230Th profiles themselves, if deemed to be in equilibrium, indicate the scavenging 
intensity changes little with depth throughout the water column (Eq. 2). In the open ocean, where terrestrial 
particles supplied from rivers or aeolian dusts are very limited, biogenic particles produced in the euphotic zone, 
as represented by export productivity (EP), become possible dominant scavengers of 230Th in the water column. It 
is therefore reasonable to establish an equilibrium-state 230Th-scavenging versus EP, as an alternative to stand for 
all scavenging particles, for stations where advection effects can be neglected.

Some previous interpretation of 230Tht data was based on comparing the profile to the linear fit of the data, 
which is presumed as equilibrium-state baseline (e.g., ref. 35). I first plot scavenging intensities of 230Th based on 
the linear fits at all locations compiled for this study against the average EP between years 2003 and 2010, based 
on NPP from CbPM44, for all the stations (Fig. 1; Table S1 in SI; see also Fig. S1 in SI for the productivity varia-
tions between profiles); the resulting correlation is weak (R2 < 0.1; Fig. 2). Weak correlation suggests that EP does 
not explain the parameters derived from the linear regression on water column 230Th profiles for all the stations. 
On the other hand, if I choose seven Pacific stations that have the best linear profiles (R2 ≥ 0.96; Figs 1, 2 and 3; 
Table S1) for regression, a very strong least-squares linear fit (R2 = 0.916) between the 230Th scavenging intensity 
(Fscav) and corresponding estimated EP is found.

Figure 1. Map for the stations where (230Th)t data are available and compiled in this study. Data are retrieved 
from previous publlications30, 31, 35, 36, 48, 60–62. (The profile location colors and symbols correspond to colors and 
symbols used in Figs 4, 5, 6 and 7.) Figure made with Ocean Data View63.
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Near-linear profiles are not inconsistent with some degree of lateral 230Th transport45, 46, and it is difficult to 
quantify the lateral transport without more information on the surrounding regional-scale distribution of 230Th. 
Near-linear profiles are however more close to equilibrium-state described by equation 2 as strong lateral pro-
cesses would likely disturb the linearity of the water column profiles, if the lateral process is not enacted for all 
depths46.

The equilibrium-state 230Th-scavenging versus EP correlation is established based on the data from seven 
Pacific stations, where 230Th distributions are assumed to be at equilibrium (Figs 2 and 3),

= . + .F 0 9082EP 26 633 (3)scav

where Fscav is in m/yr and EP is in mg C/m2/day.
This simple correlation provides a basis for our re-interpretation of 230Th data at other locations in the world's 

oceans, in order to test concepts of circulation vs. scavenging at different locations. For stations with an indication 
of a nonlinear 230Th profile, the empirical relationship (3) between F and EP is applied, and the 230Th scavenging 
intensity Fscav at those stations is estimated. Then I apply the predicted Fscav at those locations to obtain the arbi-
trary linear 230Th profiles for each station, if the advection is absent and only EP, as an alternative for all scaveng-
ing particles, is responsible for the 230Th distributions at those sites. In subsequent sections, a new approach will 
be explained and used to re-visit published 230Th data in the Atlantic and the Pacific Ocean.

Figure 2. Th-230 scavenging intensity (Fscav) versus EP derived from the CbPM model output for the stations 
shown in Fig. 1. The solid black line is the least square linear regression on all the data and the solid red line is 
the least square linear regression on data from seven Pacific stations, which have the best linearity (R2 ≥ 0.96; 
Table S1).

Figure 3. (Th-230)t data from seven Pacific stations and the least square linear regression on the data, which 
show good linearity of the 230Th profiles.
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Th-230 distributions in the West Atlantic along the NADW pathway. The west Atlantic along the 
NADW pathway is chosen because this is where the NADW influence on 230Th distribution is most prominent 
and thus assessable. Taking published (230Th)t data at five stations from North Atlantic to the South Atlantic 
(Fig. 4; Table S1), there are currently two ways to look at 230Th profiles at those locations.

 1) One can define a universal equilibrium-state for all the stations and look at the evolution of 230Th deficits at 
depth along the NADW pathway36, 38.
With the universal equilibrium-state setting used by Luo et al.36 (Fscav = 61 m/yr), recovery of the 230Th defi-
cit at depth along the NADW pathway from the North Atlantic (station U_MN_93) to the Tropical South 

Figure 4. Data analysis for stations in the West Atlantic Ocean. (230Th)t data at station U_MN_93, IOC-RFZ 
(a), and station IOC-8, KNR06-3, IOC-10 (b) with direct fit of the data using the simple reversible scavenging 
model (Eq. 1)29 and the prediction of (230Th)t based on equation 1 using the parameters by Luo et al.36; (c) 
230Th scavenging intensity at five stations in west Atlantic along the NADW pathway, based on direct fit using 
equation 1 (colored open diamonds) or determined (colored solid diamonds) by their average local annual 
export productivity between 2003 and 2010 (EP) and the empirical relationship (Eq. 3) between Fscav and EP 
(red circles are seven stations used to generate the correlation, see Fig. 2); (230Th)t data at station U_MN_93, 
IOC-RFZ (d), and station IOC-8, KNR06-3, IOC-10 (e) with proposed (solid) linear 230Th distributions 
generated by Fscav from (c), assuming equilibrium conditions are reached at those locations; dash lines are the 
uncertainties associated with estimated Fscav.
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Atlantic (station IOC-8) as suggested by François38 can be clearly identified (Fig. 4a,b). However, problems 
emerge when we look at the Tropical to South Atlantic, e.g., this approach indicates 230Th deficits increase 
from 17°S (station IOC-8) to 33°S (station IOC-10) below 2000 m, contrary to the prediction of the North-
to-South recovery hypothesis. Assuming a universal equilibrium-state for all the stations is equivalent to 
assuming an average EP for all the stations. The EP in the ocean is variable and spans over a large range. 
Therefore, if the actual EP is either too large or too small compared to this ‘average’ number, it will result in 
underestimation or overestimation of Fscav.

 2) One can also directly fit the data by least squares regression with Equation 1 and compare the real data with 
the fit (assumed equilibrium at each station).
A close look at the 230Th deficits based on this treatment indicates that 230Th deficits in the North Atlantic 

Figure 5. Data analysis for stations in the Southeast Atlantic Ocean. (230Th)t data at station 470, 471 (a), and 
station 472, 474 (b) with direct fit of the data using the simple reversible scavenging model (Eq. 1)29 and the 
prediction of (230Th)t based on equation 1 using the parameters by Luo et al.36; (c) 230Th scavenging intensity at 
four stations in Southeast Atlantic, based on direct fit using equation 1 (colored open triangles) or determined 
(colored solid triangles) by their average local annual export productivity between 2003 and 2010 (EP) and 
the empirical relationship (Eq. 3) between Fscav and EP (red circles are seven stations used to generate the 
correlation, see Fig. 2); (230Th)t data at station 470, 471 (d), and station 472, 474 (e) with proposed linear 230Th 
distributions generated by Fscav from (c), assuming equilibrium conditions are reached at those locations.
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(station U_MN_93) and Equatorial Atlantic (station IOC-RFZ) are small below about 3000 m (Fig. 4a,b). 
In South Atlantic, south of 17°S (station IOC-8), 230Th scavenging in the water column reaches equilibri-
um, which is also the conclusion reached by Deng et al.42.
This second approach, though apparently reasonable, however suggests 230Th-scavenging intensities at some 
stations that are too high with respect to the EP at corresponding locations if the equilibrium-state 230Th-scav-
enging versus EP correlation suggested in section 2.2 is taken as a reference (Figs 2 and 4c). For example, the 
fast 230Th scavenging rates at stations U_MN_93 (North Atlantic) and IOC-RFZ (equatorial Atlantic) with the 
low EP are questionable. Moreover, this approach suggests that the measured 230Th at depth above 2000 m at 
station IOC-8 is double that predicted by the EP at that location, which is difficult to explain.
The above two straightforward ways of interpreting the 230Th data appear to fail to provide consistent and 
reasonable explanations; an alternative approach is therefore needed, which is advanced here:

 3) Use the EP estimates for all the stations to back calculate the equilibrium-state scavenging intensity at 
corresponding stations from Figs 2 and 4c. Then the equilibrium-state linear 230Th profiles for all the 

Figure 6. Data analysis for stations in the North Pacific Ocean. (230Th)t data at station BO-3, BO-6 (a), and 
station BO-5, BO-7 (b) with direct fit used by Okubo et al.35; (c) 230Th scavenging intensity (Fscav) at those 
stations in North Pacific, based on direct fit using equation 1 (colored open squares) or determined (colored 
solid squares) by their average local annual export productivity between 2003 and 2010 (EP) and the empirical 
relationship (Eq. 3) between Fscav and EP (red circles are seven stations used to generate the correlation, 
see Fig. 2); (230Th)t data at station BO-3, BO-6 (d), and station BO-5, BO-7 (e) with proposed linear 230Th 
distributions generated by Fscav from (c), assuming equilibrium conditions are reached at those locations.
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stations can be plotted and used to calculate the deficits based on the difference between the data and these 
equilibrium-state profiles (Fig. 4d,e).

In this way, the 230Th at 30°N exhibits a large deficit and this deficit gradually decreases along the NADW 
pathway. The 230Th deficit can still be clearly identified at 17°S (station IOC-8) (Fig. 2e), but disappears by 
33°S (station IOC-10). This suggests that the water column 230Th profiles quickly recover to equilibrium in the 
Equatorial-South Atlantic regions, as the water mass age of NADW at this location has exceeded the recovery 
time of 230Th with respect to reversible scavenging (Fig. S2 in SI). This evolution of 230Th deficits in the deep 
Atlantic is entirely consistent with the original prediction made by Rutgers van der Loeff and Berger37, but it sug-
gests that equilibrium-state for water column 230Th is reached in the South Atlantic instead of equatorial Atlantic, 
as suggested in earlier publications36, 38.

Recent studies of dissolved and total 230Th43, 47 have also demonstrated that enhanced bottom scavenging 
occurs at some locations. Hayes et al.47 also discuss how bottom scavenging and circulation effects can be very dif-
ficult to disentangle in other locations. My approach based on EP suggests those five total 230Th profiles (Fig. 4d,e) 
show that overturning circulation in the West Atlantic controls the 230Th distributions, but it does not rule out 
bottom scavenging effects. For example, the fast decrease of 230Th from 3000 to 4000 m at station U_MN_93 could 
be explained by bottom scavenging47 (Fig. 4d).

Th-230 distributions in the Cape Basin in the Southeast Atlantic. Four stations in the Cape Basin 
in the Southeast Atlantic48 (Fig. 5) whose EP falls in the range covered by the calibration stations (Fig. 2; Table S1) 
are examined next.

By applying the universal steady-state36, large 230Th deficits at depth below 2000 m at all the stations can be 
identified (Fig. 5a,b). On the other hand, fitting Equation 1 directly to the data suggests a different interpretation 
of data. At stations 471 and 472, small 230Th deficits are found between 3000 m and 4800 m, and below 4800 m 

Figure 7. Data analysis for two stations in the West Equatorial Pacific Ocean. (230Th)t data at station CE-8 (a) 
and CE-13 (b) with direct fit (the black trend lines) of the data using the simple reversible scavenging model 
(Eq. 1)29 and with proposed linear 230Th distributions (the colored trend lines) generated by Fscav from (c), 
assuming equilibrium conditions are reached at those locations; (c) 230Th scavenging intensity at two stations 
in West Equatorial Pacific Ocean, based on direct fit using equation 1 (colored open squares) or determined 
(colored solid squares) by their average local annual export productivity between 2003 and 2010 (EP) and 
the empirical relationship (Eq. 3) between Fscav and EP (red circles are seven stations used to generate the 
correlation, see Fig. 2).
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230Th increases rapidly to produce an excess at 5000 m (Fig. 5a,b). Station 470 still features large 230Th deficits 
below 2000 m, while station 474 displays an equilibrium-state linear 230Th profiles (Fig. 5a,b).

The above data interpretation indicates 230Th deficits at depth in the water column in Cape Basin. The mecha-
nism that would explain the existence of large 230Th deficits in the deep water in Cape Basin is, however, difficult 
to identify. For example, bottom scavenging is not likely to generate these deficits because 230Th increases from 
about 4000 m towards the sea floor.

If the 230Th scavenging intensities (Fscav) derived by directly fitting data are plotted versus EP for all four sta-
tions in this region, these values are much lower than the predictions calculated from EP based on the empir-
ical relationship (Eq. 3; Fig. 5c). This suggests Fscav values in Fig. 5a and b may be underestimated for high EP. 
Therefore, by applying the empirical relationship (Eq. 3; Fig. 5c), different Fscav values are obtained and suggest 
an alternative interpretation of 230Th data in Cape Basin. The 230Th profiles are found to be almost in equilibrium 
at depth above 4000 m at stations 470, 471 and 472, and they only increase rapidly below 4000 m towards the sea 
floor. There is excess 230Th at 1500–2500 m for stations 472 and 474 that may be controlled by the saline Namib 
Col Current at depths of about 1300–3000 m at these locations, while the excess of 230Th below 3500 m at station 
474 can either be a result of expanded AABW that has 230Th enriched bottom water, or resuspension of enough 
230Th-coated sediment in this location (see Fig. 7 in ref. 48).

Th-230 distributions in the subtropical North Pacific. In the North Pacific, many linear profiles of 
230Th are observed (Fig. 3), especially in the Northeast Pacific Ocean30, 31, 35. However, 230Th profiles with curvature 
shapes are also found there (Fig. 6). By fitting equation 1 directly to the relevant data, Okubo et al.35 found large 
230Th deficits below about 3000 m (Fig. 6a,b) at several stations (BO-3, BO-5, BO-6, and BO-7). They argued that 
bottom scavenging must play an important role in creating those 230Th deficits because deep ventilation alone is 
not sufficient to produce them.

However, the 230Th scavenging intensities they used for their fittings are off the empirical relationship (Eq. 3) 
for stations BO-3 and BO-5 (Fig. 6c), which brings up the question why those stations have such slow 230Th scav-
enging while the local EP is not lower than that at stations BO-6 and BO-7. I re-evaluate the 230Th distributions 
at those stations according to the empirical relationship (Eq. 3) and re-plot the derived linear equilibrium-state 
230Th profiles in Fig. 6d and e.

At stations BO-6 and BO-7, the Fscav values used by Okubo et al.35 are in line with the predictions from equa-
tion 3 (Fig. 6c). This confirms the large deficits below about 3000 m at these two stations (Fig. 6d,e), which can 
be caused by the joint effects of circulation and bottom scavenging35. In fact, stations BO-6 and BO-7 are on the 
pathway of Lower Circumpolar Water (LCPW)35, which was suggested by Fujio and Imasato49 to take only a few 
decades to move from the east of New Zealand to the sub-tropical Northwest Pacific. Modeled deep-water ages 
at 4500–5000 m from the Norwegian earth system model show that aging of water from the South Pacific east of 
New Zealand to the sub-tropical Northwest Pacific is about 150 years (Fig. S2 in SI), which is equivalent to the 
long residence time of 230Th at 4500–5000 m in this particular region with respect to removal to the seafloor (SI).

At stations BO-3 and BO-5 however, the Fscav values generated by equation 3 are much higher than those 
used by Okubo et al.35. As a result, excess 230Th over the entire water column at these two stations is predicted 
(Fig. 5d,e), rather than 230Th deficits at depth (Fig. 5a,b). Deep advection is slow at stations BO-3 and BO-5, due 
to topographic limitations35; therefore, deficits caused by ventilation at depth are less likely to exist at these sta-
tions due to longer residence time of the deep water50. That being said, this reinterpretation of the 230Th profiles at 
these two stations does not conflict with bottom scavenging of 230Th. For example, the fast decrease of 230Th below 
4500 m may still be the result of bottom scavenging35.

Station CE-8 and CE-13, upstream of BO-6 and BO-7 on the route of LCPW35, provide another case for us 
to examine with equation 3. If the 230Th deficits at depth below about 3000 m are partly caused by ventilation of 
LCPW at BO-6 and BO-7, as suggested by Okubo et al.35, the same or even stronger deficits should be expected at 
CE-8 and CE-13. However, these deficits can not be elucidated by fitting linear regressions to the data (Fig. 7a,b). 
The EP at CE-8 and CE-13 are low and outside the range of the EP of the calibration stations. When the empirical 
relationship (Eq. 3) is applied and Fscav values at these sites are calculated (Fig. 7c), the results suggest a deficit in 
230Th at all depths at those locations (Fig. 7a,b).

Implications. I have addressed issues associated with applying a simple universal equilibrium state scaveng-
ing in studying the 230Th distributions in the world's oceans, as done by Luo et al.36. When measured local EP, 
where water column 230Th data are available, is either too high (e.g., >60 mg C/m2/day) or too low (e.g., <30 mg C/
m2/day), it will result in a 230Th scavenging intensity that deviates from the presumed value used by Luo et al.36  
(Figs 4c, 5c, 6c and 7c). Applying the empirical relationship (Eq. 3; Fig. 2) in order to better constrain the scav-
enging intensities at various locations in the ocean is thus highly recommended for future research especially in 
modeling. However allocating accurate scavenging parameters for each water column location (depending on 
the horizontal resolution of a specific model) can be labor-intensive and requires a larger dataset over a long time 
interval, especially for high-resolution 3D models.

On the other hand, applying a universal equilibrium state for 230Th scavenging can capture signals of advection 
from 230Th records in the Atlantic (Fig. 4a,b). When suggested equilibrium-state linear 230Th profiles at all stations were 
plotted together with the universal equilibrium state of 230Th scavenging used36, Fscav values employed by Luo et al.36  
fell in the range derived from all the stations (Fig. 8).

This suggests the parameters used by Luo et al.36 may represent the global average Fscav for 230Th, and suggests 
that these should still be useful in studying the basin-wide 230Th distribution patterns. Extreme cases, such as 
rapid 230Th scavenging at high EP region (e.g., 470, 474 and IOC-RFZ) or slow 230Th scavenging at low EP region 
(e.g., CE-13, CE-8 and BO-4), may however complicate the data interpretation and need to be treated carefully.
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Uncertainties and limitations. Although I have shown that the new relationship between CbPM derived 
EP and 230Th scavenging rates can be used to study 230Th distributions in the ocean, there are still some uncertain-
ties and limitations that need to be addressed.

The first issue is the uncertainties with regard to EP (export of particulate organic carbon, POC, from the 
euphotic zone) estimation. The only method to retrieve the long-term record of net primary production in the 
ocean is based on models that use satellite remote sensing products and whose output is tested by primary pro-
duction rates inferred from C-14. Beyond the uncertainties associated with those remote sensing products, dif-
ferent models44, 51 (e.g., CbPM and VGPM) generate different results in certain regions. Those uncertainties are 
difficult to document and they are further complicated by uncertainties associated with the estimation of the 
depth of the euphotic zone52 (Zeu) and the approach in calculating EP53 from NPP, SST and Zeu. In fact, during 
the process of analyzing those model products, I found that NPP for mid-low latitude regions between 45°N and 
45°S is more stable, while NPP for high latitude regions is highly variable, with some winter time predictions 
even reaching zero44. The process of calculating EP has similar problems, and EP becomes greatly variable at high 
latitude when the SST, NPP and Zeu have large seasonal variability. Therefore, it is probably more reliable to use 
the empirical relationship (Eq. 3) only for mid-low latitude regions between 45°N and 45°S in future research.

Besides the uncertainties with regard to EP, the rationale for using EP as a single predictor to stand for all par-
ticles that are related to 230Th scavenging in the water column (Fscav = KS) is based on the assumption that particles 
scavenge 230Th at constant rate and all the particles’ abundance co-varies with EP. Recent studies have shown that 
thorium has higher affinity to organic matter, as compared to protactinium, and thorium is not as sensitive as 
protactinium to particle composition during adsorption on particles in seawater54, 55. However, the differences in 
adsorbing Thorium on different particles are still evident54, 56. Furthermore, the composition of particles exported 
from the ocean’s euphotic zone shows large regional variations, which means different components may not 
co-vary with EP. These issues bring some uncertainties that are difficult to constrain.

Lastly, spatial coverage of 230Tht is sparse and the determination of empirical correlation between EP and Fsacv 
is based on stations whose EP are in a range between about 29 and 104 mg C/(m2day). Therefore, it would be the 
best to apply the empirical relationship (Eq. 3) in this EP range. EP calculated for ocean regions between 45°N 
and 45°S is generally above 15 mg C/(m2day) and most falls between 29 and 104 mg C/(m2day), excluding some 
marginal and upwelling areas. Therefore, the empirical relationship (Eq. 3) can surely be applied for most ocean 
regions between 45°N and 45°S.

In conclusion, I systematically re-evaluate some of the representative 230Th data from both Atlantic and Pacific 
with an empirical relationship (Eq. 3; Fig. 2) derived by examining 230Th profiles and corresponding average EP 
between years 2003 and 2010 at seven stations which are considered to be at equilibrium with regard to 230Th 
scavenging. My approach provides an alternative way to interpret the 230Th distributions in the ocean, and the 
established empirical equilibrium-state 230Th-scavenging versus EP correlation (Eq. 3) provides a basis for better 
parameterization for use in 3D modeling studies of 230Th distributions. Future research in this field will have to 
centre on improving the computing algorithm for primary productivity, in order to make the method applicable 
to a broader region in the ocean. More 230Th data are also highly desired to both further support the method and 
provide more cases to analyze with the method.

Methods
Justification of using remote sensing products. As a dominant source for settling particles in the open 
ocean, export productivity (EP) plays a key role in 230Th scavenging in the water column57, and it is used as an 
alternative for all scavenging particles. The most accurate approach to derive observational estimates of EP is 
direct measurements of primary production, based on C-14 incubation rates. However, primary production rates 
inferred from C-14 are scarce and do not cover long time periods, as do satellites. Limited EP measurements, and 
especially the lack of long term records at the sites where water column 230Th data are available, make evaluation 
of the effect of EP on 230Th scavenging difficult.

Figure 8. Equilibrium-state linear 230Th profiles for all the stations, dictated from the empirical Fscav versus EP 
correlation (Fig. 2) and local average EP over 2003–2010. Solid black lines are the universal steady-state profiles 
used by Luo et al.36.
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Here, I choose some of the most well-developed algorithms (e.g., ref. 44) to calculate primary productivity, 
because models based on remote sensing products is the only practical way to measure global ocean primary pro-
ductivity, though inconsistencies between satellite-based and in-situ primary productivity data do exist58. Then 
I take a standard approach to estimate long-term EP at chosen sites, using satellites data and relevant computing 
algorithms for net primary productivity44, 51, euphotic depth52 and export ratios53 (ef) between January, 2003 and 
December, 2010. I take the monthly averaged EP and use these results to study the 230Th-scavenging in the ocean.

Data preparation for EP. The Moderate Resolution Imaging Spectroradiometers (MODIS) aboard satellites 
provide data on surface chlorophyll concentrations (Chl), sea surface temperature data (SST), and cloud-corrected 
incident daily photosynthetically active radiation (PAR). Those data were used by the Carbon-based Productivity 
Model (CbPM44) and the Vertically Generalized Production Model (VGPM51) to estimate monthly-averaged 
ocean net primary production in 1/6° × 1/6° resolution. Export production was then calculated between January 
2003 and December 2010 based on the net primary production, SST, and euphotic depths52 using the method 
from Laws et al.53 (See Supplementary Information for details of these calculation).

I take the average EP over the period between 2003 and 2010 because 230Th has a long residence time in the 
water column. (Note that no remote sensing products were available before 2002 for net primary production 
(NPP) calculation) The residence time of 230Th increases with depth in the water column generally to 20–40 
years in the deep ocean1. Thus, ideally the EP during 40 years before the sampling date would need to be taken 
into consideration. On the other hand, most of the EP estimates over 2003–2010 show small annual deviation of 
5–15% (Table S1), so that the average EP values over 2003–2010 should be representative of the long-term (40 
years) situation at different sites, with a limitation of this approach by assuming no significant ecological changes 
have occurred over the past few decades.

It is worth mentioning that EP estimated using NPP from CbPM44 and that from VGPM51 are close (Table S1), 
though the two models do generate different NPP output, particularly in the subtropics (http://www.science.
oregonstate.edu/ocean.productivity/custom.php). The reason could be either the chosen sites in this study do not 
fall in the region that predictions of the two models diverge, or the approach to calculate EP from NPP reduces 
the difference between the two NPP outputs as the same SST and euphotic depths52 are used. As a result, the 
correlations between Fscav and EP generated using two models are close (Fig. S1). Considering this consistency in 
calculated EP and that CbPM may provide a more accurate estimate of NPP, rather than the chlorophyll-based 
VGPM59, only EP calculated from NPP generated by CbPM is reported in the main text.

Data preparation for 230Th. Published water column total 230Th data30, 31, 35, 36, 48, 60–62 at 27 locations where 
water depth is greater than 3500 m and with more than 7 data points were compiled (Fig. 1 and Table S1 in SI). 
Dissolved 230Th is more frequently sampled, especially in the ongoing GEOTRACES program, and dissolved 
230Th generally makes 85–90% of total 230Th. Dissolved 230Th data are however excluded from this study because 
the influence of the particulate fraction on the slope of the 230Th profiles (dissolved versus total) can still be very 
significant.

References
 1. Henderson, G. M. & Anderson, R. F. The U-series toolbox for paleoceanography. Uranium-Series Geochemistry 52, 493–531 (2003).
 2. Francois, R., Frank, M., van der Loeff, M. M. & Bacon, M. P. 230Th normalization: An essential tool for interpreting sedimentary 

fluxes during the late Quaternary. Paleoceanography 19, PA1018 (2004).
 3. Winckler, G., Anderson, R. F., Fleisher, M. Q., McGee, D. & Mahowald, N. Covariant Glacial Interglacial dust fluxes in the Equatorial 

Pacific and Antarctica. Science 320, 93–96 (2008).
 4. Hayes, C. T. et al. Quantifying lithogenic inputs to the North Pacific Ocean using the long-lived thorium isotopes. Earth Planet. Sci. 

Lett. 383, 16–25 (2013).
 5. Hayes, C. T., McGee, D., Mukhopadhyay, S., Boyle, E. A. & Maloof, A. C. Helium and thorium isotope constraints on African dust 

transport to the Bahamas over recent millennia. Earth Planet. Sci. Lett. 457, 385–394 (2017).
 6. Lynch-Stieglitz, J. et al. Atlantic meridional overturning circulation during the Last Glacial Maximum. Science 316(5821), 66–69 

(2007).
 7. Ganachaud, A. & Wunsch, C. Improved estimates of global ocean circulation, heat transport and mixing from hydrographic data. 

Nature 408, 453–457 (2000).
 8. Curry, W. B., Duplessy, J. C., Labeyrie, L. D. & Shackleton, N. J. Changes in the distribution of partial derivative C-13 of the deep 

water Sigma CO2 between the last glaciation and the Holocene. Paleoceanography 3(3), 317–341 (1988).
 9. Boyle, E. A. Cadmium: Chemical Tracer of Deepwater Paleoceanography. Paleoceanography 3(4), 471–489 (1988).
 10. Yu, E.-F., Francois, R. & Bacon, M. P. Similar rates of modern and last-glacial ocean thermohaline circulation inferred from 

radiochemical data. Nature 379, 689–694 (1996).
 11. McManus, J., Francois, R., Gherardi, J., Keigwin, L. & Brown-Leger, S. Collapse and rapid resumption of Atlantic meridional 

circulation linked to deglacial climate change. Nature 428, 834–837 (2004).
 12. Hall, I. et al. Accelerated drawdown of meridional overturning in the late-glacial Atlantic triggered by transient pre-H event 

freshwater perturbation. Geophys. Res. Lett. 33, L16616 (2006).
 13. Gherardi, J. et al. Evidence from the Northeastern Atlantic basin for variability in the rate of the meridional overturning circulation 

through the last deglaciation. Earth Planet. Sci. Lett. 240, 710–723 (2005).
 14. Gherardi, J. et al. Glacial-interglacial circulation changes inferred from 231Pa/230Th sedimentary record in the North Atlantic region. 

Paleoceanography 24, PA2204 (2009).
 15. Negre, C. et al. Reversed flow of Atlantic deep water during the Last Glacial Maximum. Nature 468, 84–88 (2010).
 16. Lippold, J. et al. Strength and geometry of the glacial Atlantic Meridional Overturning Circulation. Nature Geosci. 5(11), 813–816 

(2012).
 17. Bradtmiller, L. I., McManus, J. F. & Robinson, L. F. 231Pa/230Th evidence for a weakened but persistent Atlantic meridional 

overturning circulation during Heinrich Stadial 1. Nat. Commun. 5, 5817, doi:10.1038/ncomms6817 (2014).
 18. Boehm, E. et al. Strong and deep Atlantic meridional overturning circulation during the last glacial cycle. Nature 517, 73–76 (2015).
 19. Burckel, P. et al. Changes in the geometry and strength of the Atlantic meridional overturning circulation during the last glacial 

(20–50 ka). Clim. Past 12, 2061–2075 (2016).
 20. Lyle, M. et al. Do geochemical estimates of sediment focusing pass the sediment test in the equatorial Pacific? Paleoceanography 20, 

PA1005, doi:10.1029/2004PA001019 (2005).

http://S1
http://S1
http://www.science.oregonstate.edu/ocean.productivity/custom.php
http://www.science.oregonstate.edu/ocean.productivity/custom.php
http://S1
http://S1
http://dx.doi.org/10.1038/ncomms6817
http://dx.doi.org/10.1029/2004PA001019


www.nature.com/scientificreports/

1 1Scientific RepoRts | 7: 505  | DOI:10.1038/s41598-017-00604-y

 21. Chase, Z., Anderson, R. F., Fleisher, M. Q. & Kubik, P. W. Scavenging of Th-230, Pa-231 and Be-10 in the Southern Ocean (SW 
Pacific sector): the importance of particle flux, particle composition and advection. Deep-Sea Res. Pt. II 50(3–4), 739–768 (2003).

 22. Siddall, M. et al. 231Pa/230Th fractionation by ocean transport, biogenic particle flux and particle type. Earth Planet. Sci. Lett. 237, 
135–155 (2005).

 23. Siddall, M. et al. Modeling the particle flux effect on distribution of 230Th in the equatorial Pacific. Paleoceanography 23, PA2208 
(2008).

 24. Bradtmiller, L. I., Anderson, R. F., Fleisher, M. Q. & Burckle, L. H. Opal burial in the equatorial Atlantic Ocean over the last 30 ka: 
Implications for glacial-interglacial changes in the ocean silicon cycle. Paleoceanography 22(4), doi:10.1029/2007PA001443 (2007).

 25. Thomas, A. L., Henderson, G. M. & Robinson, L. F. Interpretation of the Pa/Th paleocirculation proxy: New water-column 
measurements from the southwest Indian Ocean. Earth Planet. Sci. Lett. 241, 493–504 (2006).

 26. Siddall, M. et al. Modeling the relationship between 231Pa/230Th distribution in North Atlantic sediment and Atlantic meridional 
overturning circulation. Paleoceanography 22(2), doi:10.1029/2006PA001358 (2007).

 27. Burke, A., Marchal, O., Bradtmiller, L. I., McManus, J. F. & François, R. Application of an inverse method to interpret 231Pa/230Th 
observations from marine sediments. Paleoceanography 26, PA1212, doi:10.1029/2010PA002022 (2011).

 28. Marchal, O., François, R., Stocker, T. F. & Joos, F. Ocean thermohaline circulation and sedimentary Pa-231/Th-230 ratio. 
Paleoceanography 15(6), 625–641 (2000).

 29. Bacon, M. P. & Anderson, R. F. Distribution of Thorium Isotopes between Dissolved and Particulate Forms in the Deep-Sea. J. 
Geophys. Res.-Oceans and Atmospheres 87, 2045–2056 (1982).

 30. Nozaki, Y., Horibe, Y. & Tsubota, H. The Water Column Distributions of Thorium Isotopes in the Western North Pacific. Earth 
Planet. Sci. Lett. 54(2), 203–216 (1981).

 31. Nozaki, Y., Yang, H. S. & Yamada, M. Scavenging of Thorium in the Ocean. J. Geophys. Res.-Oceans 92(C1), 772–778 (1987).
 32. Nozaki, Y. & Nakanishi, T. Pa-231 and Th-230 Profiles in the Open Ocean Water Column. Deep-Sea Res. Pt. A 32(10), 1209–1220 

(1985).
 33. Roy-Barman, M., Chen, J. H. & Wasserburg, G. J. Th-230-Th-232 systematics in the central Pacific Ocean: The sources and the fates 

of thorium. Earth Planet. Sci. Lett. 139(3–4), 351–363 (1996).
 34. Hayes, C. T. et al. A new perspective on boundary scavenging in the North Pacific Ocean. Earth Planet. Sci. Lett. 369–370, 86–97 

(2013).
 35. Okubo, A., Obata, H., Gamo, T. & Yamada, M. Th-230 and Th-232 distributions in mid-latitudes of the North Pacific Ocean: Effect 

of bottom scavenging. Earth Planet. Sci. Lett. 339, 139–150 (2012).
 36. Luo, Y., François, R. & Allen, S. E. Sediment Pa-231/Th-230 as a recorder of the rate of the Atlantic meridional overturning 

circulation: insights from a 2-D model. Ocean Sci. 6(1), 381–400 (2010).
 37. Rutgers van der Loeff, M. M. & Berger, G. W. Scavenging of Th-230 and Pa-231 near the Antarctic Polar Front in the South-Atlantic. 

Deep-Sea Res. Pt. I 40(2), 339–357 (1993).
 38. François, R. Paleoflux and paleocirculation from sediment Th-230 and Pa-231/Th-230, In Proxies in Late Cenozoic 

Paleoceanography, edited by Hillaire-Marcel, C. and de Vernal, A., Elsevier, 681–716 (2007).
 39. Moran, S. B., Charette, M. A., Hoff, J. A., Edwards, R. L. & Landing, W. M. Distribution of 230Th in the Labrador Sea and its relation 

to ventilation. Earth Planet. Sci. Lett. 150, 151–160 (1997).
 40. Vogler, S., Scholten, J., Rutgers van der Loeff, M. M. & Mangini, A. 230Th in the eastern North Atlantic: the importance of water mass 

ventilation in the balance of 230Th. Earth Planet. Sci. Lett. 156, 61–74 (1998).
 41. Marchal O., Francois R. & Scholten J. Contribution of 230Th measurements to the estimation of the abyssal circulation, Deep-Sea Res. 

Pt. I 54, 557–585 (2007)
 42. Deng, F. F., Thomas, A. L., Rijkenberg, M. J. A. & Henderson, G. M. Controls on seawater Pa-231, Th-230 and Th-232 concentrations 

along the flow paths of deep waters in the Southwest Atlantic. Earth Planet. Sci. Lett. 390, 93–102 (2014).
 43. Hayes, C. T. et al. Intensity of Th and Pa scavenging partitioned by particle chemistry in the North Atlantic Ocean. Mar. Chem. 170, 

49–60 (2015).
 44. Westberry, T., Behrenfeld, M. J., Siegel, D. A. & Boss, E. Carbon-based primary productivity modeling with vertically resolved 

photoacclimation. Global Biogeochem. Cycles 22, GB2024, doi:10.1029/2007GB003078 (2008).
 45. Venchiarutti, C., Jeandel, C. & Roy-Barman, M. Particle dynamics study in the wake of Kerguelen Island using thorium isotopes. 

Deep-Sea Res. Pt. I 55, 1343–1363 (2008).
 46. Roy-Barman, M. Modelling the effect of boundary scavenging on thorium and protactinium profiles in the ocean. Biogeosci 6, 

3091–3197 (2009).
 47. Hayes, C. T. et al. 230Th and 231Pa on Geotraces GA03, the U.S. Geotraces North Atlantic transect, and implications for modern and 

paleoceanographic chemical fluxes. Deep-Sea Res. II 116, 29–41 (2015).
 48. Scholten, J. C. et al. Advection and scavenging: Effects on 230Th and 231Pa distribution off Southwest Africa. Earth Planet. Sci. Lett. 

271(1–4), 159–169 (2008).
 49. Fujio, S. Z. & Imasato, N. Diagnostic Calculation for Circulation and Water Mass Movement in the Deep Pacific. J. Geophys. Res.-

Oceans 96(C1), 759–774 (1991).
 50. Kawabe, M. & Fujio, S. Pacific Ocean Circulation Based on Observation. J. Oceanogr. 66(3), 389–403 (2010).
 51. Behrenfeld, M. J. & Falkowski, P. G. Photosynthetic rates derived from satellite-based chlorophyll concentration. Limnol. Oceanogr. 

42(1), 1–20 (1997).
 52. Morel, A. & Berthon, J. F. Surface Pigments, Algal Biomass Profiles, and Potential Production of the Euphotic Layer - Relationships 

Reinvestigated in View of Remote-Sensing Applications. Limnol. Oceanogr. 34(8), 1545–1562 (1989).
 53. Laws, E. A., Falkowski, P. G., Smith, W. O., Ducklow, H. & McCarthy, J. J. Temperature effects on export production in the open 

ocean. Global Biogeochem. Cycles 14(4), 1231–1246 (2000).
 54. Lin, P., Guo, L. & Chen, M. Adsorption and fractionation of thorium and protactinium on nanoparticles in seawater. Mar. Chem. 

162, 50–59 (2014).
 55. Lin, P., Guo, L. & Chen, M. Effect of natural organic matter on the adsorption and fractionation of thorium and protactinium on 

nanoparticles in seawater. Mar. Chem. 173, 291–301 (2015).
 56. Geibert, W. & Usbeck, R. Adsorption of thorium and protactinium onto different particle types: Experimental findings. Geochim. 

Cosmochim. Ac 68(7), 1489–1501 (2004).
 57. Hayes, C. T. et al. Biogeography in 231Pa/230Th ratios and a balanced 231Pa budget for the Pacific Ocean. Earth Planet. Sci. Lett 391, 

307–318 (2014).
 58. Lee, Z., Marra, J., Perry, M. J. & Kahru, M. Estimating oceanic primary productivity from ocean color remote sensing: A strategic 

assessment. J. Mar. Syst. 149, 50–59, doi:10.1016/j.jmarsys.2014.11.015 (2015).
 59. Emerson, S. Annual net community production and the biological carbon flux in the ocean. Global Biogeochem. Cycles 28, 

doi:10.1002/2013GB004680 (2014).
 60. Anderson, R. F. et al. GEOTRACES intercalibration of 230Th, 232Th, 231Pa, and prospects for 10Be. Limnol. Oceanogr. Methods 10, 

179–213 (2012).
 61. Moran, S. B. et al. Constraints on deep water age and particle flux in the Equatorial and South Atlantic Ocean based on seawater 

Pa-231 and Th-230 data. Geophys. Res. Lett. 28(18), 3437–3440 (2001).

http://dx.doi.org/10.1029/2007PA001443
http://dx.doi.org/10.1029/2006PA001358
http://dx.doi.org/10.1029/2010PA002022
http://dx.doi.org/10.1029/2007GB003078
http://dx.doi.org/10.1016/j.jmarsys.2014.11.015
http://dx.doi.org/10.1002/2013GB004680


www.nature.com/scientificreports/

1 2Scientific RepoRts | 7: 505  | DOI:10.1038/s41598-017-00604-y

 62. Moran, S. B. et al. Dissolved and particulate Pa-231 and Th-230 in the Atlantic Ocean: constraints on intermediate/deep water age, 
boundary scavenging, and Pa-231/Th-230 fractionation. Earth Planet. Sci. Lett. 203(3–4), 999–1014 (2002).

 63. Schlitzer, R. Ocean Data View, http://odv.awi.de (2009).

Acknowledgements
The research was supported by project BIGCHANGE funded by the Centre for Climate Dynamics at the Bjerknes 
Centre. The author wants to thank Jerry Tjiputra (University of Bergen), Are Olsen (University of Bergen), 
Bernard P. Boudreau (Dalhousie University) for their financial support. This paper benefits from discussion with 
Roger François (University of British Columbia) on the research idea, and Joerg Lippold (University of Bern) and 
Bernard P. Boudreau on an earlier version of this manuscript. Language assistance was provided by Bernard P. 
Boudreau and Fangyuan Song (Shandong University).

Author Contributions
Y.L. is solely responsible for conceiving the project, conducting the numerical calculations, analyzing the results 
and writing the paper.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00604-y
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://odv.awi.de
http://dx.doi.org/10.1038/s41598-017-00604-y
http://creativecommons.org/licenses/by/4.0/

	Reinterpretation of oceanic 230Th profiles based on decadal export productivity (2003–2010)
	Results and Discussion
	Equilibrium state of 230Th scavenging. 
	Th-230 distributions in the West Atlantic along the NADW pathway. 
	Th-230 distributions in the Cape Basin in the Southeast Atlantic. 
	Th-230 distributions in the subtropical North Pacific. 
	Implications. 
	Uncertainties and limitations. 

	Methods
	Justification of using remote sensing products. 
	Data preparation for EP. 
	Data preparation for 230Th. 

	Acknowledgements
	Figure 1 Map for the stations where (230Th)t data are available and compiled in this study.
	Figure 2 Th-230 scavenging intensity (Fscav) versus EP derived from the CbPM model output for the stations shown in Fig.
	Figure 3 (Th-230)t data from seven Pacific stations and the least square linear regression on the data, which show good linearity of the 230Th profiles.
	Figure 4 Data analysis for stations in the West Atlantic Ocean.
	Figure 5 Data analysis for stations in the Southeast Atlantic Ocean.
	Figure 6 Data analysis for stations in the North Pacific Ocean.
	Figure 7 Data analysis for two stations in the West Equatorial Pacific Ocean.
	Figure 8 Equilibrium-state linear 230Th profiles for all the stations, dictated from the empirical Fscav versus EP correlation (Fig.




