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Abstract7

The high particle reactivity of thorium has resulted in its widespread use in tracing pro-8

cesses impacting marine particles and their chemical constituents. The use of thorium isotopes9

as tracers of particle dynamics, however, largely relies on our understanding of how the ele-10

ment scavenges onto particles. Here, we estimate apparent rate constants of Th adsorption (k1),11

Th desorption (k�1), bulk particle degradation (��1), and bulk particle sinking speed (w) along12

the water column at 11 open-ocean stations occupied during the GEOTRACES North Atlantic13

Section (GA03). First, we provide evidence that the budgets of Th isotopes and particles at14

these stations appear to be generally dominated by sorption reactions, particle degradation, and15

particle sinking. Rate parameters are then estimated by fitting a Th and particle cycling model16

to data of dissolved and particulate 228,230,234Th, 228Ra, particle concentrations , and 234,238U17

estimates based on salinity, using a nonlinear programming technique.18

We find that the adsorption rate constant (k1) generally decreases with depth across the19

section: broadly, the time scale 1/k1 averages 1.0 yr in the upper 1000 m and (1.4-1.5) yr20

*Corresponding Author. Address: Department of Marine Chemistry and Geochemistry, Woods Hole Oceano-
graphic Institution, 266 Woods Hole Road, Clark 448 (MS#25), Woods Hole, MA (Tel:1-508-289-3278)
email address: plerner@whoi.edu

1



below. A positive relationship between k1 and particle concentration (P ) is found, i.e., k1 /21

P b, where b � 1, consistent with the notion that k1 increases with the number of surface22

sites available for adsorption. The rate constant ratio, K = k1/(k�1 + ��1), which measures23

the collective influence of rate parameters on Th scavenging, averages 0.2 for most stations24

and most depths. We clarify the conditions under which K/P is equivalent to the distribution25

coefficient, K
D

, test that the conditions are met at the stations, and find that K/P decreases26

with P , in line with a particle concentration effect (dK
D

/dP < 0). In contrast to the influence27

of colloids as envisioned by the Brownian pumping hypothesis, we provide evidence that the28

particle concentration effect arises from the joint effect of P on the rate constants for thorium29

attachment to, and detachment from, particles.30

Keywords: GEOTRACES;Thorium;Particle Concentration Effect;single-particle class model;Inverse31

Method32

1 Introduction33

One of the major questions in marine biogeochemistry concerns the processes controlling the34

formation, transport, and destruction of marine particles. Thorium can be useful for investigating35

these processes: thorium is highly particle reactive in seawater, with radioactive isotopes charac-36

terized by a wide range of half-lives: t1/2 = 24.101 ± 0.025 days for 234Th (Knight and Macklin,37

1948), 1.910±0.002 yr for 228Th (Kirby et al., 2002), and 75, 584± 110 yr for 230Th (Cheng et al.,38

2013). Additionally, the sources of these isotopes are well known. 234Th, 230Th, and 228Th are39

produced in situ by radioactive decay of 238U, 234U, and 228Ra, respectively. The apparent quasi-40

conservative behavior of uranium (Ku et al., 1977; Delanghe et al., 2002) allows the 234U and 238U41

activities to be estimated from salinity (Chen et al., 1986; Owens et al., 2011), whereas 228Ra is42

generally measured (Henderson et al., 2013). The high particle reactivity, widely different half-43

lives, and relatively well understood sources of thorium isotopes have led to their extensive use in44

tracing processes that affect particles and their chemical constituents such as particulate organic45

carbon.46

The use of thorium isotopes to trace particle dynamics in the North Atlantic has a rich history.47

Brewer et al. (1980) relied on 228,230,234Th (multiple mass numbers written as left superscript denote48
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several isotopes) measurements on particulate material caught in sediment traps deployed between49

414-5332 m in the Sargasso Sea (31�32.50 N, 55�55.40 W) and between 389-5068 m off the coast of50

Barbados (13�30.20 N, 54�00.10 W) to estimate a residence time of Th with respect to scavenging 2251

yr. Bacon et al. (1985) found that radionuclides, particularly 230Th and 231Pa, on particles collected52

in a sediment trap at 3200 m in the Sargasso Sea showed seasonal variations consistent with the53

annual cycle of primary production in the overlying surface water. They concluded that, since54

small particles reside on average for several years in the deep ocean, there must be a continuous55

exchange of material between the small and large size fractions.56

More recently, Murnane (1994a) analyzed thorium isotope and particle concentration data from57

the (i) Nares Abyssal Plain (23�110 N, 63�280 W) , (ii) station 20 (23�170 N, 64�090 W) of the58

Transient Tracers in the Ocean-North Atlantic Study, and (iii) station 31 (27� N, 53�320 W) of the59

Geochemical Oceans Section Study (GEOSECS). By fitting to the water column data models for60

the cycling of inert and biogenic particles in small and large size classes, they estimated depth-61

dependent rate constants for the remineralization of biogenic particles and for the aggregation and62

disaggregation of both biogenic and inert detrital particles. They reported median values between63

2.1 and 3.6 yr�1 for the aggregation rate constant, 135 and 195 yr�1 for the disaggregation rate64

constant, and 0.2 and 75 yr�1 for the remineralization rate constant. However, the errors in the rate65

parameters were large compared to the estimates themselves, and the authors concluded that the66

data do not strongly constrain the particle cycling rate constants. The authors also estimated the67

rate constant for Th adsorption normalized to particle concentration to be 5.0 ± 1.0 ⇥104 m3 kg�1
68

yr�1, and the rate constant for Th desorption to be k�1 = 3.1±1.5 yr�1. In contrast to the other69

model parameters, the rate constants for adsorption and desorption were assumed to be vertically70

uniform in their analysis.71

Colley et al. (1995) collected particulate 230Th and 210Pb intercepted by sediment traps at 310072

m and 4465 m in the Porcupine Abyssal Plain (47� N, 19� W). They found that, below a mass flux of73

120 mg m�2 d�1, the fluxes of these radionuclides were linearly related to the mass flux, and above74

120 mg m�2 d�1, the radionuclide fluxes leveled off. The authors ascribed this lack of correlation at75
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high mass flux values to an incomplete interaction of radionuclides with faster settling particulate76

material. Furthermore, they found that the trap material had the 210Pb/230Th signature of the entire77

water column, suggesting the surface material does not reach the trap unaltered.78

Studies from the JGOFS North Atlantic Bloom Experiment (24 April-30 May, 1989) provided79

insight into various processes affecting particles in the top 300 m in a mid-latitude oceanic envi-80

ronment. These studies used 228,234Th measured on particles intercepted by in-situ pumps outfitted81

with 0.5-µm nominal pore size filters (Buesseler et al., 1992) to determine rate constants for Th82

adsorption (Clegg and Whitfield, 1993), and for particle aggregation, disaggregation, and degrada-83

tion (Cochran et al., 1993; Murnane et al., 1996). A key finding of both Cochran et al. (1993) and84

Murnane et al. (1996) was that, over the course of the bloom, the particle aggregation rate constant85

increased from about 0 to 30 yr�1, while the particle disaggregation rate constant increased from86

about 100 to 500 yr�1.87

More recently, a large amount of measurements of trace elements and isotopes, including tho-88

rium isotopes, have been generated along the US GEOTRACES North Atlantic (GA03) transect89

(Fig. 1). These measurements, concurrently with measurements of particle concentration, provide90

a unique opportunity to study trace metal and particle cycling in a range of environments in the91

North Atlantic. Specifically, the GA03 transect includes stations from near the western margin,92

the Trans-Atlantic Geotraverse (TAG) hydrothermal vent at the Mid-Atlantic Ridge, the subtropi-93

cal gyre interior, the Mauritanian upwelling, and the region influenced by Mediterranean Outflow94

Water near the Iberian Peninsula.95

The collection and analysis of radionuclides from the U-Th decay series at GA03 have already96

been described in several studies. These include studies on the distribution of dissolved and par-97

ticulate 230Th (Hayes et al., 2015a,b), 234Th (Owens et al., 2015a), and dissolved 228Ra (Charette98

et al., 2015). Additionally, Lam et al. (2015) have reported measurements of small (0.8-51µm )99

and large (� 51 µm) bulk particle concentrations as well as particle phase concentrations (partic-100

ulate organic carbon, particulate inorganic carbon, biogenic opal, lithogenic material, MnO2, and101

iron (oxyhydr)oxides obtained along GA03.102
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Particularly relevant to the present study, Hayes et al. (2015b) used 230Th data for the dissolved103

and particulate fractions collected along GA03 to estimate the apparent distribution coefficient104

K
D

= A
p

/(A
d

P ), where A
d

(A
p

) is the activity measured in the dissolved (particulate) phase105

and P is particle concentration. They found that K
D

generally increased with depth and that106

log10(KD

) decreased with log10(P ) (slope = �0.66, r = �0.72). They also noticed that K
D

was107

highest for MnO2 (116.5±54.7⇥107 g/g) and relatively small for particulate organic matter (POM)108

(0.3±0.2⇥107 g/g). A possible reason for the low K
D

values for POM was that the operationally109

defined ”dissolved” phase (0.8 µm) includes colloidal particles, too fine to be caught by con-110

ventional filters but onto which much of the thorium is expected to adsorb (Hayes et al., 2015b).111

Thus, the fraction of thorium that is adsorbed onto particulate material (both colloidal and larger112

particles) may potentially be underestimated.113

A recent study by Lerner et al. (2016) demonstrated that, at open ocean station GT11-22 of114

GA03, a model with vertically varying rate parameters fits Th isotope and particle data significantly115

better than a model with vertically uniform rate parameters. They also found that the adsorption116

rate constant has a significant positive relationship with particle concentration. Outstanding ques-117

tions are (i) whether a similar result holds at other stations along GA03 and, more generally, (ii)118

the extent to which rate parameters of Th and particle cycling vary along this section, and what119

processes are controlling them.120

In this paper, we extend previous studies by documenting the vertical and horizontal variations121

in apparent kinetic parameters of Th sorption reactions and particle processes in the North Atlantic.122

A nonlinear least-squares technique is used to fit a 1-D (vertical) single-particle class model of tho-123

rium and particle cycling to 228,230,234Th isotope activities in the dissolved and particulate phases,124

234,238U activities, 228Ra activities, and particle concentrations, at a number of open-ocean stations125

occupied during GA03. Particular emphasis is placed on the Th adsorption rate constant (k1) and126

on its relationship with particle concentration, thereby complementing the analysis of Hayes et al.127

(2015b): whereas K
D

is a measure of the amount of thorium bound to particles relative to the128

amount of thorium dissolved in seawater, k1 is a measure of the specific rate at which thorium129
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attaches to particles. Both concepts, K
D

and k1, are thus different and provide distinct perspec-130

tives on the scavenging process. Furthermore, our study analyzes jointly three thorium isotopes131

(228,230,234Th) in different size fractions, an effort only previously performed by Murnane (1994a)132

and Murnane et al. (1994b). In this manner, we provide the first look into the spatial variations133

in the kinetics of thorium and particle cycling in the North Atlantic as constrained by multiple134

thorium isotopes, their parents, and particle concentrations.135

This paper is organized as follows. In section 2, we present (i) the data from the two legs of136

GA03, (ii) the vertical interpolation of the data that is assumed in our analysis, (iii) the model of137

particle and Th cycling, (iv) an assessment of the effects of advection, diffusion, and unsteadiness138

(all neglected in the model), and (v) the inverse method used to combine the data and the model.139

In section 3, the model is fitted to the data, the consistency of the model with the data is tested,140

and the rate parameters estimated from the fit are reported. In section 4, the rate parameters are141

interpreted in the context of the different oceanographic environments spanned by our selected142

stations, and the relationship of the rate parameters, particularly k1, with particle concentration, is143

explored. Attention is paid to the implications of our results for the interpretation of K
D

in terms144

of the kinetics of Th sorption reactions. Moreover, we examine the robustness of the estimated rate145

parameters to various assumptions in our analysis. Conclusions follow in section 5.146

2 Methods147

2.1 Hydrographic Setting148

We use data collected aboard the R/V Knorr in October 2010 (leg GT10) and November-149

December 2011 (leg GT11; Figure 1). The first leg (GT10) of the transect went from Lisbon150

to Cape Verde, while the second leg (GT11) ran from Woods Hole to Cape Verde. We consider151

only the stations highlighted in red (Figure 1). These stations, situated in the open-ocean, are152

chosen on the assumption that they suffer from a relatively small influence of lateral and vertical153

transport of thorium isotopes and particles. This assumption is tested in section 2.5.154

The hydrography along GA03 is thoroughly described by Jenkins et al. (2015) and briefly sum-155

marized here. Across our selected stations, the main thermocline gradually shoals equatorward to156
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station GT10-10, at which point deep isotherms below the main thermocline rise to about 200157

m in the region of the Mauritanian upwelling (Figure 2a in Jenkins et al. (2015)). Evidence for158

upwelling is also seen by the incursion of deep, low salinity water to the near-surface at stations159

GT10-10 and GT10-09. Additionally, an intrusion of low salinity water at intermediate depths160

(about 1000 m) is apparent in the southeastern part of leg GT11 (Figure 2b in Jenkins et al. (2015)).161

This feature has been ascribed to Antarctic Intermediate Water shoaling to the southeastern part162

of the leg, where the Northern Equatorial Current abuts the Northern Equatorial Counter Current163

(Schmitz and McCartney, 1993; Jenkins et al., 2015). Another noteworthy feature is the presence164

of high salinity water at intermediate depths of stations GT10-01 and GT10-03, presumably asso-165

ciated with the Mediterranean Outflow Water emanating from the Straits of Gibraltar (Bozec et al.,166

2011).167

Jenkins et al. (2015) conducted a multiple regression analysis to estimate the relative contribu-168

tions of various water masses along GA03. They show that most of the thermocline waters (above169

600 m) are comprised of North Atlantic Central Waters. However, a significant proportion (� 40%)170

of thermocline waters in the southeastern segment of leg GT-11 consists of Atlantic Equatorial Wa-171

ter flowing from the south of the subtropical gyre (Schmitz and McCartney, 1993; Stramma et al.,172

2005; Jenkins et al., 2015). The intermediate waters at the stations considered here are estimated173

to include Irminger Sea Water, Antarctic Intermediate Water, Mediterranean Outflow Water, Upper174

Circumpolar Deep Water, and Upper Labrador Sea Water. Stations GT11-22, GT11-24, GT10-10,175

GT10-11, and GT10-12 are dominated (> 50%) by Antarctic Intermediate Water between 600-176

1000 m, and Upper Circumpolar Deep Water between 1000-2000 m. West of the Mid-Atlantic177

Ridge, the intermediate depths are dominated by Irminger Sea Water (between 800-1000 m) and178

Upper Labrador Sea Water (between 1000-2000 m). The deepwater masses at our selected stations179

are Classical Labrador Sea Water, Denmark Strait Overflow Water, Iceland-Scotland Overflow Wa-180

ter, and Antarctic Bottom Water. Throughout both legs, Classical Labrador Sea Water is estimated181

to be the main contributor (� 60%) to the total water mass between 2000-3000 m. Below 3000182

m, Iceland Scotland Overflow water is the main contributor, although Antarctic Bottom Water also183
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constitutes a significant portion of the total water mass (around 30%).184

2.2 Data185

The samples were collected using the following procedures. Particles fractionated into small186

(1-51 µm) and large (>51 µm) size classes were obtained by large volume in-situ filtration using187

a modified dual-flow WTS-LV McLane research pump equipped with 142-mm “mini-MULVFS”188

filter holders (Bishop et al., 2012). Samples for particulate 228Th, dissolved 228Th, and dissolved189

228Ra were collected by large volume in situ filtration. The dissolved 230Th and 234Th samples were190

gathered using 30-L Niskin bottles. Bottles collecting 234Th samples below 1000 m were attached191

individually to the pump wire at the depths of the in situ pumps. Bottles collecting dissolved192

230Th samples at all depths and 234Th samples above 1000 m were mounted on the ODF/SIO193

rosette on a separate cast. These data can be found in the GEOTRACES Intermediate Data Product194

(The GEOTRACES group, 2015).195

In this paper, we use data collected below 85-187 m; data from shallower depths are not used196

because the model considered in this study does not account for particle production. The shallowest197

depth varies with station (85-187 m), and is chosen so that data extrapolation is avoided (Table 1).198

We restrict our analysis to depths below the primary production zone, defined as the upper layer in199

the water column where net primary production (the difference between gross primary production200

and phytoplankton respiration) is positive. Following Owens et al. (2015a), it is defined as the201

depth where in vivo fluorescence, as measured by the CTD, reaches 10% of its maximum value.202

This definition is based on a study by Marra et al. (2014) in the Northwest Atlantic, which found203

that the compensation depth generally occurred at or below the in vivo fluorescence maximum.204

For convenience, the subscript d (p) is used to designate Th isotope activity in dissolved (small205

and large particulate) form, and P designates bulk particle concentration. The following studies206

have reported and discussed methods and (or) data for radionuclide activities and particle concen-207

trations used here: Lam et al. (2015) for particle concentrations, Maiti et al. (2012) and Owens208

et al. (2015b) for total 234Th and 234Th
p

, Anderson et al. (2012), Shen et al. (2012), and Hayes209

et al. (2015a) for 230Th
d,p

, Maiti et al. (2015) for 228Th, and Henderson et al. (2013) and Charette210
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et al. (2015) for 228Ra. The tabulated 228Th
d,p

can be found on BCO-DMO (Charette et al., 2014).211

Finally, 234Th
d

, which was not measured directly, is calculated by subtracting 234Th
p

from total212

234Th, and its error is derived by error propagation neglecting error covariances (Bevington and213

Robinson, 1992).214

The radioactive parents of 234Th and 230Th, which were also not measured, are estimated as215

follows. The parent 238U is estimated from salinity, measured at the Scripps Oceanographic Data216

Facility, using the empirical equation derived by Owens et al. (2011),217

238U = 0.0786(±0.00446)S � 0.315(±0.158), (1)

where 238U is in dpm L�1 and S is on the Practical Salinity Scale of 1978. The uncertainties of218

238U are taken as the root mean square error of the linear regression of 238U against salinity (Owens219

et al., 2011). On the other hand, 234U is estimated from 238U by assuming a 234U/238U ratio of 1.147220

(Andersen et al., 2010), and its uncertainty is obtained by multiplying the uncertainties in 238U by221

1.147.222

Notice that 230Th
p

present in marine particulate material may have two distinct origins: 230Th223

adsorbed in situ onto the surfaces of particles and 230Th locked in the mineral lattices of particles224

(Roy-Barman et al., 2009; Hayes et al., 2013, 2015a). Since we are only interested in the adsorption225

of thorium onto particles, we estimate the fraction of 230Th adsorbed onto particles using equations226

(2-3) in Hayes et al. (2015b). For these estimates, measurements of dissolved and particulate 232Th227

are required. As for 230Th
p

, particulate 232Th was measured on particles collected with a modified228

dual-flow WTS-LV McLane research pump. Subsamples of filters fixed on the pump were acid229

digested, co-precipitated with Fe after dissolution, and subject to inductively coupled plasma mass230

spectrometry (ICP-MS). Dissolved 232Th collected in Niskin bottles was also measured by ICP-231

MS. Within our selected stations and depths (Table 1), these corrections never amount to more than232

30% of total 230Th
p

, the largest correction accounting to 30% near the surface at station GT11-24.233

For simplicity, estimates of 230Th
p

in the adsorbed fraction are simply referred to as 230Th
p

in the234

remainder of this paper.235
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Whereas particle and radionuclide samples were collected in both small (1-51 µm) and large (>236

51 µm) size classes, only data for bulk particles (P ) and bulk particulate radionuclides (228,230,234Th
p

)237

are used in this paper. At some stations, 234Th in the large size fraction is only available above238

about 1000 m (the precise depth varies between stations). 230Th in the large size fraction is only239

available at a few depths at stations GT11-14, GT11-22, GT10-12, and GT10-11. Finally, 228Th240

in the large size fraction is only available at a few depth ranges at stations GT10-10, GT10-11,241

and GT10-12 (samples from multiple depths were combined for better detectability). In order to242

obtain bulk particle data for each Th isotope at a given station, the ratio of large (234Th
p,l

) to small243

particulate 234Th (234Th
p,s

) is calculated from the 234Th
p,l

and 234Th
p,s

data that are available at that244

station. Then, from the measured activities on the small size fraction, this ratio is applied to derive245

(i) 234Th
p,l

at depths where it was not measured and (ii) 228,230Th
p,l

at stations where it was not246

measured. At stations where 230Th
p,l

was measured, the average ratio of 230Th
p,l

to 230Th
p,s

is ap-247

plied to the 230Th activities measured on the small size fraction to derive 230Th
p,l

at depths where it248

was not measured. Similarly, at stations where 228Th
p,l

within certain depth ranges was measured,249

the average ratio of 228Th
p,l

to 228Th
p,s

is used to estimate 228Th
p,l

at all depths. At all stations and250

depths, the measured or calculated 228,230,234Th
p,l

is added to the measured 228,230,234Th
p,s

to obtain251

total particulate Th for each isotope (e.g., 228Th
p

= 228Th
p,s

+ 228Th
p,l

). Errors in 228,230,234Th
p

252

were calculated by error propagation omitting error covariances.253

2.3 Vertical Interpolation254

The depths at which radiochemical and particle data are available do not generally coincide.255

To facilitate our analysis, the measured (or calculated) values of P , 228,230,234Th
d,p

, 234,238U, and256

228Ra are interpolated onto an irregular grid for which each grid point is at a depth where at least257

one measurement is available (see Table 1 for the depth range at each station). The grid is defined258

such that no data extrapolation is needed. That is, at each station, the shallowest depth of the259

grid is chosen such that neither thorium isotope activities nor particle concentrations need to be260

extrapolated beyond that depth (and likewise for the deepest depth).261

We use a minimum variance interpolation technique (e.g., Wunsch (2006)) which is described262
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in detail in Lerner et al. (2016). The parameters of the interpolation procedure are the variance263

of the water property being interpolated, �2
M

, and the length scale characterizing its vertical co-264

variance along the water column, l
z

. The parameter �2
M

is the maximum tolerable variance in the265

gridded (interpolated) data: when the interpolation depth is far from the measurement depth, the266

error in the interpolated value approaches �
M

. On the other hand, l
z

is a length scale that deter-267

mines the property covariance along the water column. Specifically, if the distance between two268

depths increases by l
z

, the property covariance between both depths is reduced by a factor of 1/e.269

Following Lerner et al. (2016), we set �2
M

= 0.5�2
D

and l
z

= 1000 m, where �2
D

is the variance in270

a particular data set (e.g., the variance in the 230Th
d

data) at a given station.271

To assess the vertical interpolation, we interpolate the data at the sampling depths and calculate272

the interpolation residuals normalized to measurement errors for all data used in this study (Figure273

2a). A normalized residual is defined as274

r
i

= (x̂
i

� x
d,i

)/�
d,i

, (2)

where x̂
i

is the gridded value at sampling depth level i, x
d,i

is the measured value at this level,275

and �
d,i

is the error in the measurement at this level. For �2
M

= 0.5�2
D

and l
z

= 1000 m, the276

fraction of normalized residuals less than 2 in absolute magnitude is 0.96 (Figure 2a). Thus, over277

95% of the gridded values agree with the data within 2�
d,i

, which supports the interpolation.278

Table 1: Depth range of the radionuclide and particle concentration data considered in this study
Station Depth range (m)
GT11-10 185-3006
GT11-12 185-5485
GT11-14 135-4000
GT11-16 114-3600
GT11-18 187-4362
GT11-20 186-5420
GT11-22 125-4243
GT11-24 90-3458
GT10-10 100-3200
GT10-11 85-3200
GT10-12 90-3500
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2.4 Model of Thorium and Particle Cycling279

We consider a single-particle class model for thorium and particle cycling that includes balance280

equations for 228,230,234Th
d

, bulk 228,230,234Th
p

, and bulk particles (Figure 3). The model equations281

for the thorium isotopes include the production by their radioactive parents, the radioactive decay,282

the adsorption onto particles, the desorption from particles, the release from particles via particle283

degradation, and the effect of particle sinking. The equations for particle concentration include the284

degradation of particles and the effect of particle sinking. The equations are (Nozaki et al., 1981;285

Bacon and Anderson, 1982):286

T (A
d

) = �A
⇡

+ (k�1 + ��1)Ap

� (k1 + �)A
d

, (3a)

T (A
p

) + w
@A

p

@z
= k1Ad

� (��1 + k�1 + �)A
p

, (3b)

T (P ) + w
@P

@z
= ���1P. (3c)

Here, A
d

(A
p

) represents the thorium isotope activity in the dissolved (particulate) phase (in units287

of dpm m�3), A
⇡

is the activity of the parent isotope (dpm m�3), P is the particle concentration288

(mg m�3), � is the radioactive decay constant (yr�1), and k1, k�1, and ��1 are the rate constants for289

Th adsorption, Th desorption, and particle degradation, respectively (yr�1). The particle sinking290

speed is w (m yr�1), and z is depth (m). Notice that the presence of vertical derivatives require291

boundary conditions, which we take as the values of P and A
p

at the shallowest depth of the grid at292

each station (Table 1). Finally, the term T (·) in each equation represents the effects of unsteadiness,293

advection, and diffusion, i.e.,294

T (A
d

) ⌘ @A
d

@t
+ u ·rA

d

�r · (krA
d

), (4)

where u is the vector velocity and k a diffusion tensor.295

Several assumptions are made in the governing equations (3a-3c). We assume steady state and296
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omit the effects of transport by advection and diffusion, i.e., T (·) = 0. Furthermore, Th sorption297

reactions and particle degradation are described using first order kinetics. Some models also as-298

sume no significant contribution to the dissolved and particulate pools of thorium isotopes from299

lithogenic sources. While this assumption should be reasonable for 228,234Th far from sedimentary300

sources, 230Th may have a sizeable lithogenic contribution in the vicinity of mineral dust sources301

(Hayes et al., 2013). Here, the lithogenic contribution is removed from the data (see section 2.2),302

and our model (equations 3a-3c) only considers the 230Th fraction that takes part in sorption reac-303

tions.304

2.5 Effects of Advection, Diffusion, and Unsteadiness305

In this section, we assess our assumption of a negligible contribution of advection, diffusion,306

and unsteadiness in the Th isotope and particle budgets at our selected stations along GA03. To307

this end, we rely on the Th and particle data along legs GT10 and GT11 together with other308

observational estimates in the North Atlantic. The advection fluxes are estimated from (i) the309

horizontal and vertical velocities inferred for November 2011 from a least-squares fit of an ocean310

general circulation model to oceanic and atmospheric observations (ECCO v4 non-linear inverse311

solution; Forget et al. (2015)), and (ii) the horizontal and vertical concentration gradients measured312

along the two legs. For example, the vertical advection flux of A
d

at depth z of the ECCO grid and313

at station GT11-24 is estimated as u@A
d

/@l, where @A
d

/@l is the concentration gradient evaluated314

using an upstream scheme, A
d

is obtained by vertically interpolating data on the ECCO grid at315

station GT11-24 and its upstream station (GT11-22), l is the geodesic distance between the two316

stations, and u is the magnitude of the horizontal velocity component at depth z, closest to station317

GT11-22, and along the line joining the two stations. Similarly we estimate the vertical advection318

flux of A
d

at a given depth of the ECCO grid and at a given station as !@A
d

/@z, where @A
d

/@z319

is the vertical concentration gradient evaluated from A
d

interpolated at that depth and the depth320

immediately above, and ! is the vertical velocity at that depth. The horizontal diffusion flux of321

A
d

is estimated by evaluating K
h

@2A
d

/@l2 using a 2nd-order central difference scheme, where322

the horizontal diffusivity K
h

= 1000 m2 s�1 is taken from a tracer release experiment in the323
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North Atlantic (Ledwell et al., 1998). Note that our horizontal flux estimates only consider fluxes324

along the transect, and do not take into account fluxes of Th isotopes or particles in cross-transect325

directions. The vertical diffusion of A
d

, K
z

@2A
d

/@z2, where K
z

is the vertical diffusivity, is326

evaluated using a similar scheme. We restrict our estimates of vertical diffusion to stations GT11-327

24, GT10-11, and GT10-10, which are nearby the African continental rise (Figure 1), where Toole328

et al. (1994) reported diffusivities K
z

= 10�5 m2 s�1 using microstructure data. Finally, we assess329

the unsteadiness terms @(·)/@t at the cross-over station of GA03 (station GT10-12 of leg 1 and330

station GT11-24 of leg 2). Specifically, data from these stations are interpolated on the ECCO331

grid, and differences between interpolated values at the same depth are divided by the time interval332

between the two occupations of the cross-over station. Note that our estimates of @(·)/@t have333

limited usefulness, particularly for the short-lived 234Th as this time interval exceeds the 234Th334

half-life by one order of magnitude.335

Figures 4 and 5 show our estimates of the magnitude of the various terms in T (·) for the Th336

isotopes and the particles (depth averages are shown). For reference, these figures also include prior337

estimates of terms that are retained in the balance equations (3a-3c) (horizontal lines in Figures 4338

and 5). These terms are the production flux �A
⇡

for 228,234Th
d

, the adsorption flux k1Ad

for339

230Th
d

and 228,230,234Th
p

, and the degradation flux ��1P for P . They are estimated using the340

interpolated thorium isotope and particle concentrations (234,238U,228Ra,228,230,234Th
d,p

, and P ) and,341

where appropriate, prior estimates of the rate parameters. For the prior adsorption and degradation342

fluxes, we take the smallest and largest values of k1 (0.1 and 1 yr�1) and ��1 (1 and 100 yr�1)343

reported in previous syntheses (Marchal and Lam, 2012; Lerner et al., 2016). A term in T (·) would344

appear negligible, in the depth-average sense, if its vertical average has an order of magnitude345

less than that of the retained term in the same equation. We find that (horizontal and vertical346

) diffusion and advection, as well as the unsteadiness term, appear generally negligible for the347

balance equations of 228,230,234Th
d,p

and P (Figures 4 and 5).348

We illustrate the vertical variations in the missing terms for 230Th
d

at the crossover station349

(Figure 6), the only station for which all terms in the 230Th
d

governing equations can be estimated.350
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Consistent with the vertical averages (Figure 4b), it is seen that the missing terms appear to be351

generally small compared to prior estimates of k230
1 Th

d

. Some of these terms exceed the minimum352

estimate of the adsorption flux in the top 300 m. Between 300 and 500 m, horizontal diffusion353

appears to be significant. Between 500 and 1500 m, the unsteadiness term occasionally exceeds354

the prior estimates of the minimum adsorption rate. Finally, below 1500 m, only the unsteadiness355

term appears significant compared to the minimum adsorption rate.356

In summary, our results show that, at most of our selected stations, advection and diffusion357

fluxes appear to be generally smaller by at least one order of magnitude than retained terms in the358

Th isotope and particle budgets. Likewise, the unsteadiness term appears generally negligible at359

the cross-over station. Although our estimates of missing terms are very crude, they do suggest360

that a 1-D (vertical) model that neglects advection, diffusion, and unsteadiness may provide a361

generally plausible description of Th and particle cycling at our selected stations. As a result, we362

proceed in the remainder of this paper by neglecting T (·) in the model equations (3a-3c). At least363

at some stations and in some depth intervals, the effects of transport and unsteadiness do seem to364

be important, and they will be discussed in Section 4.365

2.6 Inverse method366

We fit the single-particle class model (equations 3a-3c with T (·) = 0) to the radiochemical367

and particle data (interpolated values) at our selected stations (Figure 1) using an inverse method.368

The fit is obtained by adjusting the rate parameters of the model (k1, k�1, ��1, and w) as well as369

the radiochemical and particle concentration data themselves, given the uncertainties in the prior370

estimates of the rate parameters as well as in the data. Prior estimates of k1, k�1, ��1 and w371

are obtained from previous observational estimates of these rate parameters in different oceanic372

environments (Table 2). By allowing the interpolated values to change within a range consistent373

with their uncertainties, this approach aims to prevent, or at least reduce, a possible bias in the rate374

parameter estimates (for a discussion, see Lam and Marchal (2014)).375

The inverse method used to fit the model to the data is a nonlinear programming technique376

(Waltz et al., 2006), which operates as follows. Let x be a vector describing the state of the Th and377
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Table 2: Prior estimates of rate parameters of Th and particle cycling
assumed in this study

parameter prior estimate prior estimate error sources
k1 (y�1) 0.5 5 a, b, c, d, e
k�1 (y�1) 2 5 a, b, c, d, e
��1 (y�1) 1 10 a, b, f ,g
w (m y�1) 700 400 h, i, j, k, l, m

a. Nozaki et al. (1987). b. Bacon and Anderson (1982). c. Murnane
et al. (1990). d. Murnane (1994a). e. Murnane et al. (1994b).
f. Clegg et al. (1991). g. Cochran et al. (1993). h. Krishnaswami
et al. (1976). i. Krishnaswami et al. (1981).
j. Rutgers van der Loeff and Berger (1993). k. Rutgers van der Loeff
and Berger (1993). l.Scholten et al. (1995). m. Venchiarutti et al.
(2008).

particle cycles at a given (selected) station of GA03 according to the model. The elements of x are378

the Th isotope activities in dissolved and particulate forms, the parent activities (234U,238U,228Ra),379

the particle concentration, as well as the rate parameters (k1,k�1,��1,w), at all depths of the in-380

terpolation grid for that station. We seek a vector x that is consistent with the data and the prior381

estimates of the rate parameters given their respective error statistics, while satisfying the model382

equations (3a-3c) perfectly. This vector is found at a minimum of the objective function:383

J(x) = (x� x0)
0
C

�1
0 (x� x0) (5)

subject to the hard constraint f(x) = 0, where f(x) = 0 represents equations (3a-3c) (with384

T (·) = 0) discretized at all depths of the grid (a first-order backward finite-difference scheme is385

used to discretize w@A
p

/@z and w@P/@z). Here, x0 is a vector including prior estimates of the386

elements in x (in our study, x0 includes the interpolated values obtained from the data and prior387

estimates of the rate parameters), C0 is the error covariance matrix for the prior estimates (the388

diagonal elements of C0 are the squared errors in the estimates and the off-diagonal elements of389

C0 are the covariances between the errors), and the prime designates the transpose. The function390

(5) therefore represents the deviation of the state vector from its prior estimate, where C0 plays the391

role of a weighting factor: the elements of x0 with small (large) uncertainties contribute strongly392

(modestly) to the objective function.393

We ensure that the Th and particle equations in f(x) = 0 have a comparable effect in the394
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inversion, independent of the choice of units, by normalizing the elements of x by their prior395

values in x0 before the inversion; C0 is modified accordingly. Additionally, each model equation396

is normalized by the root of the sum of the squared terms in that equation (row scaling; Wunsch397

(2006)). Details about the iterative method used to find a minimum of J(x) subject to f(x) = 0398

and about the estimation of the solution error are reported in appendix A.399

3 Results400

In this section, we present the solution of the inverse problem stated in section 2.6. We first401

describe the goodness of fit of the Th and particle cycling model to the radiochemical and parti-402

cle data at our selected stations along the GA03 transect. Emphasis is then placed on estimated403

radiochemical activities and particle concentrations and on the estimated rate parameters at these404

stations.405

We find that at each station, a converging solution (x̂) is obtained: at the solution point, the406

gradient of J(x) vanishes, and the change in x̂ (normalized values) between subsequent iterations407

has an Euclidean norm of less than 10�10. In order to check whether the model equations are408

reasonably satisfied by the solution x̂, the residual of each equation, f
i

(x̂) = ✏
i

, is calculated409

and compared with the maximum term in the corresponding equation. We find that the residual410

✏
i

amounts to less that 10�4 (in absolute magnitude) of the maximum term for each equation,411

indicating that the model equations are satisfied to at least the 4th order.412

3.1 Goodness of Fit413

Two measures of goodness of fit of the model to the data are considered for each station. One414

measure is the fraction (noted � below) of the fit residuals normalized to the measurement error415

that are lower than 2 in absolute magnitude. A normalized fit residual is defined as416

r
i

=
x̂
i

� x
d,i

�
d,i

, i = 1, 2, ..., n. (6)

Here x̂
i

is the estimated value of the ith variable (228,230,234Th
d,p

, 234,238U, 228Ra, or P ) in the417

vector x̂ that is obtained from the fit, x
d,i

is the measured (not interpolated) value of this variable,418
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�
d,i

is the error in this measured value, and n is the number of measured values. The second419

measure considered is the arithmetic average of the normalized fit residuals:420

B =
1

n

nX

i=1

x̂
i

� x
d,i

�
d,i

. (7)

Note that � and B provide different information about the model fit to the data: � reflects the421

ability of the model to explain the data with no regard for possible over- or under-estimation, while422

B is an indicator of systematic errors in the model.423

We find that the model fits 82% of the data at our selected stations within 2 standard deviations424

(� = 0.82), with an overall bias B = 0.07 (Figure 2b). Among our selected stations, the value425

of � ranges from 0.76 to 0.84, and the value of B ranges from �0.24 to 0.32 (Table 3). Note the426

remarkably small range of � across the stations, which suggests that the model has about the same427

aptitude to explain the data. Moreover, both negative and positive values of B are found, i.e., no428

noticeable bias of the model seems to occur across the stations.429

Table 3: Measures of goodness of
fit of the model to data at selected
stations of GA03.

� B
all stations 0.82 0.07
GT11-10 0.76 –0.1
GT11-12 0.84 0.04
GT11-14 0.81 –0.22
GT11-16 0.81 0.29
GT11-18 0.82 0.19
GT11-20 0.82 0.13
GT11-22 0.82 –0.24
GT11-24 0.82 0.32
GT10-12 0.82 0.06
GT10-11 0.82 0.07
GT10-10 0.82 0.07

3.2 Radiochemical Activities and Particle Concentrations430

In this section we present the interpolated Th isotope activities and particle concentrations as431

well as the residuals between the posterior estimates (x̂
i

) and interpolated values (x
I,i

), normalized432
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to the error in the interpolated values (�
I,i

).433

R
i

=
x̂
i

� x
I,i

�
I,i

, i = 1, 2, ..., n, (8)

where n is the number of estimated or interpolated values. These normalized residuals (Figure434

7a-10a and 7c-10c) are generally less than 2 in absolute magnitude, indicating that the general fea-435

tures in the (interpolated) data (Figure 7b-10b and 7d-10d) are broadly replicated within 2 �
I,i

. For436

230Th
d,p

, these features include the general increase with depth, and the 230Th
d

deficit and 230Th
p

437

excess near the TAG hydrothermal vent at station GT11-16. For 228Th
p

, they include maxima at438

the surface and near the seafloor, and minima at mid-depth. Similarly, the posterior estimates suc-439

cessfully capture the general decrease of 234Th
p

with depth and an excess in deep water at station440

GT11-16. Finally, both the data and posterior estimates show a general decrease of particle concen-441

tration with depth, and a larger concentration of particles near the surface waters at the easternmost442

stations (GT11-24, GT10-10, GT10-11, and GT10-12) relative to other stations.443

Nonetheless, notable differences between the posterior estimates and the interpolated data are444

also apparent. For 228Th
d

, the number of posterior estimates that deviate notably from the interpo-445

lated values is remarkably large compared to the other thorium isotopes. Most of these large de-446

viations occur at stations GT11-22, GT11-24, GT10-10, GT10-11 and GT10-12. At each of these447

stations, over 40% of the posterior estimates exceed the interpolated data by more than 2 standard448

deviations. In addition, at the crossover station GT11-24/GT10-12, over 30% of the 234Th
d

normal-449

ized residuals are greater than 2 in absolute magnitude. These deviations are discussed in section450

4.1. For 228Th
p

, 230Th
d,p

, and 234Th
p

, less than 20% of the normalized residuals are greater than451

2 in absolute magnitude at each station. Thus, despite inconsistencies, both measures of goodness452

of fit (� and B) and the distribution of the normalized residuals (Figure 2b) show that the model453

generally is successful at reproducing the data gathered at our selected stations.454

3.3 Rate Parameters455

In this section we present the posterior estimates of the rate parameters (k1, k�1, ��1, and w) at456

our selected stations (Figure 11). Conspicuously, the adsorption rate constant k1 tends to decrease457
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with depth at most of the stations. Some of the highest values of k1 are estimated above 500 m at458

the four easternmost stations (station GT11-22, GT11-24, GT10-10, and GT10-11). Furthermore,459

k1 displays a spectacular enhancement in deep water near the TAG hydrothermal vent (station460

GT11-16). The desorption rate constant, k�1, on the other hand, does not exhibit a consistent461

vertical trend, except at stations GT11-24, GT10-12, GT10-10, and GT10-11, where k�1 appears to462

decrease with depth. As with k1, near-surface values of k�1 at stations GT11-24, GT10-12, GT10-463

10, and GT10-11 are high relative to the other stations. The rate constant of particle degradation,464

��1, shows generally both higher values and higher vertical variability above 1000 m. Finally,465

estimates of particle sinking speed, w, tend to be larger and display enhanced vertical variability466

below 2000 m. One notable exception is at the TAG hydrothermal vent, where estimates of w are467

low relative to those at the other stations.468

The vertical profiles of estimated k1 at our selected stations (Figure 12) reveal features that are469

more difficult to discern in the section plot (Figure 11). For example, it is seen that stations GT11-470

22, GT11-24, GT10-12, GT10-11, and GT10-10 exhibit the highest values of k1 near the surface.471

These stations also portray the steepest vertical gradients in k1 in the upper 1000 m. Additionally,472

at the easternmost stations GT11-24, GT10-12, GT10-11, and GT10-10, k1 values below 1000 m473

are higher than those below the same depth at all other stations. There is a notable exception to474

this pattern at station GT11-16, where a very large value of k1 (21 yr�1) is estimated below 3000475

m, near the TAG hydrothermal vent.476

4 Discussion477

4.1 Misfit to the interpolated values478

In this section, we discuss the model misfits to the data, with emphasis on 228Th and 234Th.479

Consider first 228Th. Many of the normalized residuals greater than 2 in absolute magnitude stem480

from the misfit to the 228Th
d

data. Particularly, at each station east of GT11-20, over 40% of the481

228Th
d

data are overestimated by more than 2 standard deviations. To examine the depths where482

these large residuals occur, we show the vertical profiles of the interpolated and posterior estimates483

of 228Th
d

in Figure 13. At each of these stations, most of the posterior estimates differ by more484
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than two standard deviations from the interpolated values above 1000 m as well as near the seafloor.485

The greatest misfit between data and model clearly occurs in the top 1000 m at station GT10-10.486

Speculatively, these misfits arise from the missing terms in the 228Th
d

balance equations (Figure487

3), since our estimates of the magnitude of these terms (depth averages) are close to the posterior488

estimates of radioactive production of 228Th
d

by 228Ra. At station GT10-10, where the misfits in489

the top 1000 m are the most pronounced (Figure 13), the largest estimated missing term is vertical490

advection (our missing term estimates are depth-averages, and terms that appear smaller (Figure491

3) may still influence of 228Th
d

at certain depths). That the posterior 228Th values overestimate492

the 228Th
d

data (interpolated values in the upper 1000 m at GT10-10) suggests that a process493

which tends to decrease 228Th
d

is missing in the model. Such a process could be, for example,494

the upwelling of 228Th
d

-poor waters below 1000-2000 m to above 1000 m (as suggested by the495

relatively shallow 228Th
d

maximum at GT10-10), or unsteadiness.496

Consider then 234Th. Figure 14 shows profiles of 238U and total 234Th (234Th
tot

=234Th
d

+234Th
p

)497

at the crossover station GT10-12/GT11-24. These profiles suggest the source of misfits to the498

234Th
d

data. At both stations, the data indicate deviations of total 234Th
tot

from secular equilibrium499

(Owens et al., 2015a). For example, at station GT10-12, 234Th
tot

in the top 700 m exceeds the500

value expected from secular equilibrium, in contrast to the model which produce 234Th
tot

activities501

close to 238U activities. To understand the misfits consider the sum of equations (3a-3b) (section502

2.4):503

T (A
tot

) + w
@A

p

@z
= �(A

⇡

� A
tot

).

Since the model does not consider terms in T (A
tot

), this equation reduces to w
@A

p

@z
= �(A

⇡

�504

A
tot

). If the vertical gradient in 234Th
p

is small, then w must be relatively large in order to allow505

departure from secular equilibrium and hence to allow the model to fit the (interpolated) 234Th
tot

506

(and 238U) data. Yet, the posterior estimates of w are also determined from the other data (e.g.,507

228,230Th
p

and P ). Rather than increase w the posterior estimates of 234Th
d

and 238U are modified508

compared to their prior values, so that secular equilibrium is obtained. This interpretation would509

explain the relatively large misfits to 234Th
tot

(and thus 234Th
d

) and 238U data at the crossover510
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station.511

4.2 Variation in Rate Parameters512

4.2.1 Th Adsorption513

Across all selected stations of GA03, with the exception of station GT11-16, k1 tends to de-514

crease with depth (Figure 11). One possible explanation for this trend is that particle concentration515

also generally decreases with depth (see Figure 10). A decrease in particle concentration reflects a516

decrease in the number of surface sites onto which thorium can adsorb. To describe this process,517

Honeyman et al. (1988) developed a simple kinetic model of the interaction between metals and518

the surface sites of particles. Their model assumes that k1 is proportional to the sum of all surface519

sites not associated with the metal. It also assumes that particle concentration can be taken as a520

surrogate for the number of surface sites. These assumptions suggest the following, more general521

relationship between k1 and P :522

k1 = k1,cP
b, (9)

where k1,c and b are positive constants. Clearly, b = 1 would indicate a linear dependence of k1 on523

particle concentration.524

To test (9), we examine the relationship between the adsorption rate constant and particle con-525

centration at our selected stations. Figure 15a-c shows scatter plots of lnk1 vs. lnP interpolated,526

inverted, or measured. The light dashed lines are 1:1 lines, corresponding to k1 / P (b = 1).527

In Figure 15c, the solid line is the best fit derived by ordinary least squares (OLS), and the dark528

dashed line is the best fit derived by weighted least squares (WLS), which accounts for the error529

(co)variances in the k1 posterior estimates (since our interpolation procedure introduces correla-530

tion among interpolated or inverted P values, we apply OLS and WLS only to the relationship531

between lnk1 and lnP
m

, where P
m

denotes measured particle concentration). We exclude station532

GT11-16 in order to prevent the large values of k1 at that station from influencing the regressions.533

Table 4 lists the slope, the linear Pearson correlation coefficient (r) and associated p value for OLS534
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Table 4: Results from ordinary (OLS) and weighted (WLS) least squares
regressions of ln(k1) against ln(Pm)

b̂ ± �b̂ (a) r p for r ⌧ p for ⌧
OLS 1.44 ± 0.18 0.71 < 0.001 0.58 < 0.001
WLS 1.62 ± 0.24 0.70 < 0.001 0.58 < 0.001
OLS w/ smoothing 0.95 ± 0.13 0.69 < 0.001 0.54 < 0.001
WLS w/ smoothing 1.02 ± 0.12 0.69 < 0.001 0.54 < 0.001

a. b̂ is the slope estimate and �b̂ is its standard error

and WLS (r for WLS estimated following Buse (1973)), and the Kendall tau rank correlation co-535

efficient (⌧ ) and associated p value (Kendall and Gibbons, 1990). For both OLS and WLS, the536

slope is significantly greater than 1 by at least 1 standard error, and the coefficient r indicates that537

the (positive) relationship between k1 and P
m

is highly significant (p < 0.001). Similarly, the538

nonparametric coefficient ⌧ and its p-value indicate a significant positive monotonic relationship539

between k1 and P
m

. While Bacon and Anderson (1982) did not report a slope, the positive, linear540

relationship between k1 and P reported here is consistent with that found by these authors using541

data from the Panama and Guatemala basins. On the other hand, our slope estimates contrast with542

the value of 0.58 (r2 = 0.93) found by Honeyman et al. (1988) using field data spanning a large543

range in particle concentration from O(10 mg m�3) to O(109 mg m�3). We speculate on the rea-544

sons for this difference in Section 4.2.5. The effect of the errors in P
m

on the regression of lnk1 vs.545

lnP
m

, which are accounted for neither in OLS nor in WLS, is discussed in Appendix B. We also546

examine the effects of smoothing on the regression of lnk1 vs. lnP
m

in Appendix C.547

Particle composition may also influence k1. For example at the easternmost stations (stations548

GT11-22 and GT11-24 of leg 1, and stations GT10-12, GT10-11, and GT10-10 of leg 2), the549

particles are composed mostly of organic matter above 500 m, whereas nearly equal proportions550

of POM and particulate lithogenic material are observed below 500 m (Lam et al., 2015). Multiple551

studies have suggested that marine POM contains organic ligands for which thorium has a high552

affinity (Hirose and Tanoue, 1998; Quigley et al., 2002; Hirose, 2004). If POM adsorbs Th more553

strongly than lithogenic particles, then the decrease in k1 from near surface waters, where POM is554

highest, to deep waters, where the lithogenic fraction is higher, may even be larger than expected555

from just a decrease in particle concentration (i.e., not taking into account any change in particle556

composition).557
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Another apparent example of an effect of particle composition on k1 arises from the large val-558

ues of k1 in deep waters at station GT11-16 (Figure 12d). This station is located in the vicinity of559

the TAG hydrothermal vent, where the fraction of iron (oxyhydr)oxides in the particles is the high-560

est across the entire GA03 transect (Lam et al., 2015). Thorium has been shown to strongly bind to561

iron oxides. For instance, Quigley et al. (2002) showed that the distribution coefficient for thorium562

bound to Fe2O3, 105.1 L kg�1, was within the range (105-106.8 L kg�1) of the distribution coeffi-563

cients for Th onto colloidal organic matter collected in the Gulf of Mexico (Baskaran et al., 1992),564

Chesapeake and Galveston Bay (Guo et al., 1997), and off the continental shelf of New England565

(Moran and Buesseler, 1993). Similarly, Guo et al. (2002) found that the distribution coefficient566

for 234Th bound to Fe2O3 was 105.83 L kg�1, larger than the coefficients for CaCO3, humic mate-567

rial, chitin, and SiO2, and exceeded only by MnO2 and acid polysaccharides. In experiments with568

natural seawater, Lin et al. (2014) found the distribution coefficient for Fe2O3 to be 105.59 L kg�1,569

greater than the coefficients for CaCO3, Al2O3, TiO2, and SiO2, and comparable to the coefficient570

for colloidal organic matter from the Gulf of Mexico added to natural seawater (105.86 L kg�1). In571

their analysis of samples collected along GA03, Hayes et al. (2015b) found that K
D

for iron (oxy-572

hydr)oxides is two orders of magnitude higher than for POM, CaCO3, opal, or lithogenic particles.573

Fe K-edge-ray absorption spectroscopy of the TAG particles confirmed that the high iron was in574

the form of 6-line ferrihydrite (Ohnemus and Lam, 2015), a poorly crystalline iron oxyhydroxide575

with specific surface area and scavenging capacity 10-20 times higher than for Fe2O3 (Borggaard,576

1983). Therefore, it seems that the large values of k1 near the TAG hydrothermal vent are due to577

the high concentrations of ferrihydrite at this site.578

4.2.2 Th Desorption and Particle Degradation579

In general, the rate constants for Th desorption do not appear to exhibit vertical trends as580

pronounced as k1 (Figures 11), although estimates of k�1 do seem larger near the surface at some581

stations (e.g., GT11-24, GT10-12, GT10-11, and GT10-10; Figure 11). Nonetheless, both the582

mean and standard deviation of k�1 across all stations and depths appear larger in the mesopelagic583
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zone (ca. 100-1000 m) than below (Figure 16b; Table 5). As with k1, a potentially important584

influence on k�1 is particle composition. Speculatively, the large values in k�1 in near-surface585

waters of the easternmost stations (GT10-11 and GT10-10) may be due to the tendency for biogenic586

opal to contribute to a larger fraction of total particle concentration than at other stations (Lam et al.,587

2015): assuming biogenic opal has a smaller affinity for thorium than particulate organic matter588

(Östhols, 1995; Chase et al., 2002; Quigley et al., 2002; Guo et al., 2002; Luo and Ku, 2004;589

Roberts et al., 2009; Chuang et al., 2014; Lin et al., 2014), thorium might more easily desorb from590

biogenic opal than POM.591

The particle degradation rate constant, ��1, shows generally larger values above 1000 m (1.87592

yr�1) than below (0.21 yr�1), although the errors preclude a strong inference (Figure 16c; Table593

5). These values may occur due to increased microbial respiration of particles in the mesopelagic594

zone, where the highest rates of bacterial production and particle degradation rates have been found595

(Reinthaler et al., 2006; Dehairs et al., 2008; Steinberg et al., 2008; McDonnell et al., 2015).596

Zooplankton feeding may also contribute to particle loss, although this process is likely to mostly597

affect aggregates greater that 0.5 mm in size (Lampitt et al., 1993; Dilling et al., 1998; Stemmann598

et al., 2004). Besides, ��1 exhibits increased vertical variability in the top 1000 m: the standard599

deviation of our ��1 estimates amounts to 2.67 yr�1 above 1000 m and 0.40 yr�1 below (Table600

5). Whether this apparent variability is due to variability in microbial activity, particle lability, or601

biases from processes not incorporated in the model remains unclear.602

4.2.3 Rate Constant Ratio603

We describe the collective effect of the rate parameters k1, k�1, and ��1 on Th scavenging604

using the rate constant ratio605

K = k1/(k�1 + ��1). (10)

This ratio reflects the importance of the specific rate at which thorium attaches to particles606

relative to the specific rate at which thorium is removed from particles through Th desorption and607
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particle degradation (Lerner et al., 2016). It is calculated using the estimates of k1, k�1, and ��1608

obtained by inversion at each station, and its error is determined by error propagation considering609

error covariances. To prevent the occurrence of very large K values, we restrict our calculations to610

cases where k�1 + ��1 > 0.1 yr�1. This value is determined from the probability density function611

of our estimates of (k�1 + ��1), which reveals two modes: one mode below 10�2 yr�1 containing612

7% of our estimates, and one mode above 1 yr�1 containing 93% of our estimates (not shown).613

Thus, by retaining cases where k�1 + ��1 > 0.1 yr�1, the majority of (K) values are considered.614

We find that K is generally less than 1 (Figure 17a), suggesting that the specific rate at which615

thorium is attached to particles is generally less than that at which it is lost from particles due to616

desorption and (or) particle degradation. We cannot discern a vertical trend in K and its variability:617

the mean of K in the top 1000 m is 0.20 with a standard deviation of 0.30, while the mean of K618

below 1000 m is 0.19 with a standard deviation of 0.20 (Table 5). To remove the potential influence619

of the few K values larger than 1, we also estimate these means and standard deviations for K < 1620

(Figure 17a). For this subset of values, K has a mean of 0.20 and a standard deviation of 0.11621

above 1000 m, and a mean of 0.15 and standard deviation of 0.06 below 1000 m. In addition, we622

account for the influence of the TAG hydrothermal vent by estimating these means and standard623

deviations excluding station GT11-16. This subset of values yields a mean K of 0.20 and standard624

deviation of 0.31 above 1000 m, and a mean of 0.15 and standard deviation of 0.05 below 1000625

m (Table 5). Considering these two subsets of K, a vertical pattern is suggested, with K in the626

mesopelagic zone being larger and displaying stronger variability than below.627

The choice of whether to apply a smoothing constraint also impacts the estimates of the rate628

parameters and K. The effects of smoothing on the estimates of k�1, ��1, and K are examined in629

Appendix C.630

4.2.4 Relationship to Distribution Coefficient631

The rate constant ratio K, introduced in the previous section, can be related under certain632

circumstances to the distribution coefficient, K
D

= A
p

/(A
d

P ), which is generally used to describe633
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Table 5: Mean and standard deviation (s.d.) of k1, k�1, ��1, K, and w for the inversion without smoothing.
k1 (yr�1) k�1 (yr�1) ��1 (yr�1) K Ka Kb K/Pm (g/g) w (m yr�1)c

mean above 1000 m 1.11 5.10 1.87 0.20 0.18 0.20 2⇥ 107 851
s.d. above 1000 m 0.84 4.57 2.67 0.30 0.08 0.31 1.1⇥ 107 389
mean below 1000 m 0.71 2.45 0.21 0.19 0.15 0.15 3⇥ 107 990
s.d. below 1000 m 2.21 1.81 0.40 0.20 0.06 0.05 8.5⇥ 106 656

a. Excluding K values > 1.
b. Excluding station GT11-16.
c. For w, means and standard deviations are those above and below 2000 m

the partitioning of metals between the particulate and dissolved forms (Section 1). To elucidate634

the conditions under which K and K
D

are related, consider the balance equation for dissolved635

Th (eq. 3a). Assuming that radioactive production, radioactive decay, and T (·) are negligible636

terms (for future reference, the first two assumptions are labeled A1 and A2, respectively), we get637

0 = (k�1 + ��1)Ap

� k1Ad

, i.e.,638

A
p

/A
d

= k1/(k�1 + ��1). (11)

Thus, under assumptions A1, A2, and negligible T (·), the distribution coefficient, K
D

, would639

be equivalent to K normalized to particle concentration, K/P .640

Alternatively, consider the balance equation for particulate Th (eq. 3b). Assuming that the ef-641

fects of particle sinking, radioactive decay, and T (·) are negligible (first two assumptions labeled as642

A3 and A4, respectively), we obtain 0 = k1Ad

� (k�1+��1)Ap

, so K
D

would again be equivalent643

to K/P . Clearly, the approximate expression (11) could only hold when both sets of assumptions,644

(A1-A2) and (A3-A4) (together with negligible T (·)) simultaneously hold (otherwise, a mathe-645

matical inconsistency would arise). Under such circumstances, expression (11) would provide a646

framework for interpreting the partitioning of Th between the solid and dissolved phases in terms647

of the relative importance of kinetic rate constants (for a related discussion see Honeyman et al.648

(1988)).649

Stimulated by this development, we compare K
D

obtained from 230Th and P data (interpo-650

lated values are used since 230Th and P data do not generally occur at the same depth) with K651

normalized by measured particle concentration (K/P
m

). We calculate K
D

values from 230Th
d,p

652

data because (i) Hayes et al. (2015b) estimated K
D

using 230Th
d,p

and P
m

from all stations and653
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depths along GA03, providing a basis for comparison, and (ii) assumptions (A1-A4) are most654

likely to hold for 230Th, since radioactive decay of 230Th
d,p

and production of 230Th by 234U are655

generally small compared to the effects due to 230Th
d

adsorption, 230Th
p

desorption, and (or) par-656

ticle degradation (not shown; Lerner et al. (2016)). Likewise, we estimate K/P
m

at our selected657

stations, where the influences of advection and diffusion appear generally negligible (Section 2.5).658

Whereas assumptions A1, A2, and A4 also hold at all these stations, the effect of 230Th
p

sinking659

(A3) may not be negligible below 3000 m at station GT11-16 (not shown). Therefore, we restrict660

our estimation of K/P
m

to all our selected stations except GT11-16. With this restriction, we find661

that values of K
D

and K/P
m

are generally not significantly different given their respective error662

estimates (Figure 18a-b). Although our estimates of K
D

and K/P
m

are not independent (both are663

constrained from the same 230Th
d,p

and P data), the comparison is encouraging.664

Previous studies were also able to successfully relate a rate constant ratio to K
D

for thorium.665

Jannasch et al. (1988), using 230Th from Puget Sound, found a strong correlation between k1/P666

and K
D

(r2 = 0.88). Honeyman and Santschi (1989) expressed K
D

as k1,cP b/(k�1P ), and found667

that this relationship holds for a constant k�1, with b varying from 1 at low particle concentration668

(< 102 mg m�3) to 0.3 at high particle concentration (> 104 mg m�3).669

We examine the potential differences in K/P
m

between the mesopelagic zone and below across670

our selected stations, except GT11-16 (Table 5; Figure 17(c)). The mean K/P
m

in the top 1000671

m is 2⇥107 g/g with a standard deviation of 1.1⇥107 g/g, while the mean K/P
m

below 1000 m672

is 3⇥107g/g with a standard deviation of 8.5⇥106 g/g. These values, combined with the vertical673

profile in Figures 17 (c), do no appear to suggest consistent vertical patterns in K/P
m

and its674

variance.675

4.2.5 Particle Concentration Effect676

The particle concentration effect usually refers to a negative relationship between the distribu-677

tion coefficient, K
D

, and particle concentration, P (e.g., Honeyman et al. (1988)). For our selected678

stations, we find a rank correlation coefficient ⌧ = �0.64 with p < 0.001 for the relationship be-679
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tween K
D

and P
m

(Figure 18c). A comparable result holds for the relationship between K/P
m

and680

P
m

(⌧ = �0.51, p < 0.001, Figure 18d). These negative relationships are qualitatively consistent681

with the negative correlation r = �0.72 between K
D

and P found by Hayes et al. (2015b) using682

230Th
d,p

and P data from all GA03 stations and depths, excluding samples (i) with >60% POM,683

(ii) with significant Fe and Mn (oxyhydr)oxide content, and (ii) from benthic nepheloid layers684

(note that ⌧ and r cannot be easily compared; we refrain from calculating a value of r here given685

the indication of a variable relationship between log10KD

and log10Pm

for P
m

< 9 mg m�3 and686

P
m

> 9 mg m�3; Figure 18c).687

Thus, both K
D

and K/P
m

exhibit a significantly negative relationship with particle concentra-688

tion at open-ocean stations of GA03. A proposed explanation for the particle concentration effect689

is that the rate of adsorption of trace metals onto filterable particles depends on the rate of coagu-690

lation of colloidal (e.g., <0.8 µm) particles (Honeyman and Santschi, 1989; Baskaran et al., 1992,691

1996; Hayes et al., 2015b). This hypothesis posits that k1 / P b with b < 1 and that Th desorption692

and particle degradation are independent of particle concentration. That is, if colloidal coagulation693

limits the rate of thorium adsorption onto particles, then a given increase in particle concentration694

would result in an increase in k1 that is less than that expected from a linear relationship between695

k1 and P (Honeyman et al., 1988). However, our results suggest that k1 / P b with b � 1 (section696

4.2.1), although K/P
m

decreases with P . The cause of this conundrum obviously lies in the fact697

that the specific rate of Th loss from particles due to Th desorption and particle degradation is698

not independent of particle concentration, as previously postulated (e.g., Honeyman et al. (1988)),699

but may also vary, in this case increase, with particle concentration. To test this possibility, we700

examine the relationship between ln(k�1 + ��1) and lnP
m

, neglecting again values of (k�1 + ��1)701

less than 0.1 yr�1 (Figure 19). A positive relationship is apparent, with a slope of 0.99 ± 0.18 for702

OLS and 1.21 ± 0.13 for WLS, confirming that the specific rate of Th loss from particles due to703

Th desorption and particle degradation tends to increase with particle abundance.704

Thus, although we observe a particle concentration effect at our selected stations, we find that705

this effect may not strictly comply to the Brownian-pumping model (Honeyman and Santschi,706
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1989). Rather, the variation of K
D

or K/P with P would arise from two distinct relationships.707

The first relationship, k1 / P b with b � 1, contradicts (i) the proposal by Honeyman et al. (1988)708

that b < 1 if there is a particle concentration effect due to colloidal coagulation limiting the rate at709

which thorium appears on filterable (> 0.8 µm) particles, as well as (ii) their value b = 0.51 derived710

from oceanic field data corresponding to P � 10 mg m�3. Recall that their proposal relies on the711

notion that the number of surface sites available for metal attachment can be approximated by the712

particle concentration (section 4.2.1). This assumption may not hold universally as, for example,713

particles with the same concentration may be characterized by different surface-to-volume ratios714

or different shapes. The lack of a particle concentration effect in the relationship between k1715

and measured P (i.e., b � 1) may suggest a low abundance of colloids, relatively low colloidal716

reactivity of Th compared to its filterable particle reactivity, or a short residence time of colloids717

with respect to aggregation, such that colloidal aggregation does not limit the rate of appearance718

of thorium onto filterable particles (Moran and Buesseler, 1993). In fact, Honeyman and Santschi719

(1989) suggested that a particle concentration effect should not exist for particle concentration720

below 102 mg m�3, a concentration level which is much larger than those considered in this study721

(Figure 10).722

While Th isotope measurements on the colloidal fraction are not available for the GA03 tran-723

sect, Hayes et al. (2017) found that colloidal 230Th was a small portion (< 6%) of “dissolved”724

230Th and 232Th in the upper 1000 m at 27�120 N, 62�580 W, about 500 km south of Bermuda.725

The presence of small concentrations of colloidal 230,232Th appears consistent with the relationship726

between k1 and P found in our study, which does not require an influence of colloids as described727

in the Brownian-pumping model. However, it is unclear whether the low colloidal 230,232Th ac-728

tivities reported by Hayes et al. (2017) are due to a low abundance of colloids, or to a relatively729

small affinity of Th for colloids compared to filterable particles. Furthermore, extrapolation of730

their results to the entire set of stations considered here may be inappropriate.731

The second relationship is (k�1 + ��1) / P d (Figure 19) with d > 0, again contrasting with732

the assumption of Honeyman et al. (1988) that the rate constant for Th loss from particles is in-733
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dependent of P . This apparent association of (k�1 + ��1) with P
m

pertains to 93% of the rate734

constants estimated in this paper, as it relies on (k�1 + ��1) estimates higher than 0.1 yr�1. A735

positive relationship between (k�1 + ��1) and P
m

is somewhat surprising, given that neither of736

these rate parameters is expected to be directly influenced by particle concentration. For example,737

Honeyman et al. (1988) proposed that the apparent desorption rate constant of a particle-reactive738

metal could be expressed as739

k�1 = k�1,c[X], (12)

where k�1,c is a positive constant and [X] is the seawater concentration of the ion with which740

thorium is exchanging on the surface of a particle. In this proposed relationship (and in contrast to741

k1), k�1 is independent of particle concentration.742

The apparent relationship between (k�1 + ��1) and particle concentration found in this study743

may reflect the covariance of particle concentration with particle composition in the upper 1000744

m. For example, it has been shown that the fraction of total particulate matter composed of labile745

POM rapidly attenuates with depth in the mesopelagic zone, which mimics the downward decrease746

of particle concentration (Wakeham et al., 1997; Hedges et al., 2000; Lutz et al., 2002; Sheridan747

et al., 2002; Collins et al., 2015). A decrease with depth in the relative abundance of labile POM748

would then result in a corresponding decrease in ��1. However such reasoning is speculative, and749

the apparent relationship between (k�1 + ��1) and particle concentration remains an intriguing750

result of this study.751

4.3 Importance of Missing Terms752

In section 2.4, we assessed the influence of (lateral and vertical) advection and diffusion (as753

well as non-steady state conditions for the cross-over station) on the Th isotope and particle bud-754

gets at our selected stations along GA03. Here we revisit this assessment based on the dominant755

posterior flux in the corresponding balance equation as obtained by inversion (section 3). As for756

the prior fluxes, the posterior fluxes are the adsorption rate of thorium onto particles, the production757

rate from the radioactive parent, and the degradation rate of particles (Figures 4-5). Reassuringly,758
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the posterior fluxes are always larger than the estimates of the missing terms. At some stations,759

horizontal diffusion and unsteadiness terms are within or close to within 1 standard deviation of the760

posterior estimates of radioactive 228Th
d

production. These missing terms, then, may contribute to761

the budget of 228Th
d

.762

One should probably re-iterate that the rate parameters reported in this study are estimated763

under the assumption that the effects of advection, diffusion, and unsteadiness are all negligible.764

Hence, these parameters may suffer from some bias due to the exclusion of these terms. While765

our results, with the possible exception of 228Th
d

, suggest that the neglected processes do not, to766

the first-order, influence thorium isotopes and particles at our selected stations (Figures 4-5), a767

significant impact of these terms cannot be ruled out with complete confidence.768

5 Conclusion769

Radiochemical and particle data from the GEOTRACES section GA03 are combined with a770

single-particle class model in order to estimate the lateral and vertical distributions of (k1, k�1,771

��1, w) in the open North Atlantic. We provide evidence that advection by the mean flow, turbu-772

lent diffusion, and unsteadiness have generally a small influence on the Th and particle budgets773

at the stations considered in this paper. The model displays a good fit to the data (� = 0.82,774

B = 0.07), and the posterior estimates of the radiochemical activities and particle concentrations775

generally replicate the (vertically interpolated) data. The rate parameters exhibit some discernible776

spatial patterns. Most notably, k1, the adsorption rate constant, tends to decrease with depth, and777

many of its highest values occur in the top 500 m of the water column at the easternmost stations778

(GT11-24, GT10-12, GT10-11, and GT10-10). One exception is at station GT11-16 near the TAG779

hydrothermal vent, where k1 reaches its absolute maximum of 21 yr�1. Notable features in the780

distributions of the other rate parameters include (i) larger values of k�1 in the top 500 m of the781

easternmost stations and (ii) larger variability of ��1 in the top 1000 m. We speculate on a number782

of processes that may influence k�1 and ��1, including microbial activity and changes in particle783

composition.784

We find a positive relationship between k1 and particle concentration, P , k1 = k1,cP
b with785
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b � 1, supporting the notion that k1 increases with the number of surface sites available for ad-786

sorption, but opposing the assertion that colloids affect the apparent rate at which Th attaches to787

filterable particles as envisioned by the Brownian-pumping model (Honeyman and Santschi, 1989).788

We also find a negative relationship between the distribution coefficient for 230Th, K
D

, and par-789

ticle concentration, indicative of a particle concentration effect. We clarify the conditions under790

which K
D

is equivalent to the rate constant ratio, K = k1/(k�1 + ��1), normalized to particle791

concentration, and find that these conditions are met at all our selected stations except GT11-16.792

We think that this result is significant, for it suggests that a kinetic interpretation of K
D

is generally793

warranted at these stations. Interestingly, the relationship between K/P and P appears to be partly794

driven by a positive relationship between (k�1 + ��1) and P , in contrast with a previous interpre-795

tation of the particle concentration effect (e.g. Honeyman et al. (1988); Honeyman and Santschi796

(1989)).797

Importantly, if these relationships between k1 and (k�1+�1) on the one hand and P on the other798

hand are robust, then they suggest that Th adsorption onto particles and Th release from particles,799

due to the combined effects of desorption and particle degradation, are not first order processes with800

respect to particle concentration. Notice that these findings do not challenge the model considered801

in this study (which systematically relies on first order kinetics), since the specific rate constants802

for sorption and particle processes inferred here are apparent ones (e.g. Honeyman et al. (1988)).803

In our study, they are allowed to vary with both location and depth. A dependence of k1 on804

P , for example, is not formally incorporated into the model but emerges from the quantitative805

combination of the model and the data. It is established a posteriori, not posited a priori.806

While we emphasize relationships between rate parameters and particle concentration, we807

stress that these parameters may also be influenced by other properties. Future studies should focus808

on (i) quantifying the effects of particle composition on rate parameters for thorium and particle809

cycling, and (ii) examining the effect of microbial and zooplankton activities on these rate param-810

eters. Finally, the approach of data analysis used in this study should be applicable to study the811

geochemical behavior of other particle-reactive metals in the ocean, such as protactinium, whose812
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long-lived isotope 231Pa, paired with 230Th and measured on sediment samples, is taken as as an813

indicator of paleo-productivity or paleo-circulation(Henderson and Anderson, 2003). A better un-814

derstanding of the scavenging of both radionuclides is needed in order to properly interpret bulk815

sediment 231Pa/230Th records in terms of palaeoceanographic phenomena (e.g., Burke et al. (2011);816

Hayes et al. (2015a)) and to improve their representation in ocean circulation-biogeochemistry817

models (e.g., Siddall et al. (2005); Dutay et al. (2009)).818
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6 Appendix A829

This appendix provides further details about our method of data inversion. The vector x that830

yields a minimum of J(x) subject to f(x) = 0 is derived as follows (Byrd et al., 2000; Waltz831

et al., 2006). Equation (5) is replaced by a sequence of subproblems of the form:832

J
µ

(x, s) = J(x)� µ
mX

i=1

ln(s
i

). (A.1)

Here, µ > 0 is a barrier parameter, ln is the natural logarithm, and s > 0 is a vector of ”slack”833

variables. The function (A.1) is minimized subject to the equality constraints f(x) = 0 and the834

inequality constrains g(x) � 0. In our study, f(x) = 0 represents the model equations, whereas835

g(x) = x represents our desire to avoid the inference of negative values for the radiochemical836

activities, the particle concentrations, and the rate parameters. The slack variables are used to837

replace the inequality constraints with equality constraints, i.e., g(x) + s = 0. A solution is then838

obtained by finding a stationary point of the following function:839

L(x, s,�) = J
µ

(x, s) + �

0
f

f(x)+ �

0
g

(g(x)+ s). (A.2)

Here, L(x, s,�) is the Lagrangian associated with (A.1), and � = [�0
f

,�0
h

]0 is a vector of Lagrange840

multipliers. The solution is found using an Interior Point algorithm, which relies on one of two841

methods. The first method is the ”direct step” (Waltz et al., 2006), whereby a solution is found842

by linearizing equation (A.2) at some reference point (x
k

, s
k

), where k is an iterate index. This843

method may fail due to nonconvexity or rank deficiencies in the (i) Jacobians (matrices of first-844

order partial derivatives of f(x) and g(x) with respect to x) or (ii) the Hessian (matrix of second-845

order partial derivatives of L(x, s,�) with respect to x). In this case, the Interior Point algorithm846

relies on a second method, which involves a trust region. For details regarding these methods, we847

refer the reader to the relevant literature (Byrd et al., 1999, 2000; Waltz et al., 2006).848

We apply the Interior Point algorithm using the constrained nonlinear programming solver849

FMINCON, which is part of Matlab’s optimization toolbox (Matlab, 2016). Among the optional850
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inputs to the algorithm is the gradient of the objective function (5), which we provide as:851

r
x

J(x) = 2C�1
0 (x� x0). (A.3)

852

The other user-defined inputs are listed in table A.1. These options are used for all inversions853

discussed in this paper.854

The posterior uncertainties in x are estimated from the square root of the diagonal elements of855

the posterior error covariance matrix (Tarantola and Valette, 1982)856

C

k+1 = C0 �C0F
0
k

(F
k

C0F
0
k

)�1
F

k

C0. (A.4)

857

Here, F
k

is a matrix whose elements are the partial derivatives of the model equations with858

respect to the elements of x at the solution point, i.e., the element in the ith row and jth column of859

F

k

is @f
i

/@x
j

evaluated at x = x̂

k

, where x̂

k

denotes the solution (subscript k is dropped in the860

text). The matrix inversions in (A.3-A.4) are performed using LU decomposition.861

7 Appendix B862

The OLS and WLS regressions of lnk1 against lnP
m

do not account for the uncertainties in the863

measurements of particle concentration. Specifically, in the regression problem,864

ln(k1) = a+ b ln(P
m

) + ✏, (B.1)

both b and P
m

should be treated as unknowns. Here, a = lnk1,c is the intercept, b is the slope,865

and ✏ is a regression error. In order to estimate (a, b) taking uncertainties in P
m

into account, we866

use the Algorithm of Total Inversion (ATI; Tarantola and Valette (1982)). Thus, we construct a867

prior estimate of a vector x of unknowns, which is x0. The elements of x0 contain measurements868

of P
m

(more specifically, ln(P
m

)) and prior estimates of a and b. We then minimize the objective869
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Table A1: Optional Inputs for Matlab’s Constrained Nonlinear programming solver FMINCON
Input

Maximum iterations 10,000
Maximum Objective Function Evaluations 40,000,000
User supplied objective function gradient On
Objective Function Tolerance 10�3

Tolerance on hard constraint 10�4

CheckGradients False
DiffMaxChange Inf
DiffMinChange 0
FiniteDifferenceStepSize (

p
2�52)

FiniteDifferenceType forward
OptimalityTolerance 10�6

SpecifyConstraintGradient false
StepTolerance 10�10

TypicalX a vector [1....1] with length equal to the number of elements in x

UseParallel false
Hessian Approximation BroydenFletcherGoldfarbShanno algorithm
HonorBounds true
Initial Barrier Parameter 0.1
Initial Trust Region Radius

p
N , where N is the number of elements in x

Maximum Projected Conjugate Gradients 2⇥ (N � E), where E is the number of inequality constraints
Subproblem Algorithm factorization
Tolerance for Projected Conjugate Gradient 10�10

Relative Tolerance for Projected Conjugate Gradient 0.01

function870

J(x) = (x� x0)
0
C

�1
0 (x� x0) + f(x)0C�1

f

f(x). (B.2)

Here, the error covariance matrix C0 is taken as diagonal, and its diagonal elements are based871

on the variances in the measurements of P (Aitchison and Brown, 1957) and in the prior estimates872

of a and b. The vector f(x) contains the regression equations (B.1), and C

f

is a matrix whose873

elements are based on the posterior error statistics of lnk1 derived by inversion (section 2.5).874

The prior estimates of a and b are taken from Honeyman et al. (1988): a0 = �9.2 ± 9.2 and875

b0 = 0.51±0.51, where we subjectively assumed 100% relative error for both coefficients. We find876

that the slope of lnk1 vs. lnP
m

is b̂ = 3.1 ± 0.1 (Figure B.1). Although this value is significantly877

larger than the slopes derived from OLS and WLS (Table 4), the slopes estimated from the three878

regression methods (OLS, WLS, and ATI) are all O(1).879
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8 Appendix C880

C.1 Effect of Smoothing881

In our recent study (Lerner et al., 2016), a vertical smoothing constraint on the rate parameters,882

�x0
S

�1
x, was added to the objective function (5). The motivation for adding a vertical smoothing883

constraint was twofold: (i) to reduce the occurrence of negative values in the solution, since the884

method used to fit the model to the data did not prevent inference of negative values, and (ii) to885

reduce large variations of the rate parameters on small vertical scales, which do not appear geo-886

chemically plausible. In this section, we describe the influence of smoothing on the rate parameter887

estimates at our selected stations.888

Adsorption Rate Constant We consider the results of regressing lnk1 against lnP
m

for the889

case where �x0
S

�1
x (with � = 1) is added to the objective function (5) (Figure 15d-f). Table 4890

lists the slopes of OLS and WLS, as well as the Pearson and Kendall correlation coefficients.891

The regressions of lnk1 obtained by inversion with smoothing vs. lnP
m

consistently yield892

smaller slopes compared with the corresponding regressions based on lnk1 obtained by inversion893

without smoothing. Given that vertical smoothing tends to reduce the vertical variations in the rate894

parameters, this result is not surprising. On the other hand, the regressions based on lnk1 obtained895

by inversion with and without smoothing are comparable in that all slopes are on the order of 1896

(Table 4).897

Other Rate Parameters Figure 16e-h show k�1, ��1 and w estimates at all depths and all898

selected stations obtained by inversion with the smoothing constraint (� = 1). Compared with899

the solution without smoothing, the vertical variability in ��1 and w is drastically reduced. With-900

out smoothing, the standard deviation of our posterior estimates of k�1, ��1, and w (all selected901

stations and all depths) is 3.76 yr�1, 2.12 yr�1, and 548 m yr�1, respectively. With smoothing,902

these values amount to 1.81 yr�1, 0.15 yr�1, and 383 m yr�1, respectively. The large vertical vari-903

ations of ��1 apparent in the upper 1000 m inferred from the inversion without smoothing (2.67904

yr�1; Table 5) are reduced for the inversion with smoothing (0.15 yr�1; Table C.1). Similarly, the905
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large vertical variations of w below 2000 m inferred without smoothing (656 m yr�1; Table 5) are906

smaller for the inversion with smoothing (465 m yr�1; Table C.1).907

We consider the effect of smoothing on the rate constant ratio K (Figure 17b). With smoothing,908

the standard deviation of K decreases from 0.25 to 0.13 (all selected stations and depths). Interest-909

ingly, the mean values of K above and below 1000 m estimated without smoothing (respectively,910

0.20 and 0.19 for K; Table 5) show little change from those estimated with smoothing (respec-911

tively, 0.21 and 0.17; Table C.1). In our previous analysis of station GT11-22 data (Lerner et al.,912

2016), we found that K exhibits a mean of 0.27 (standard deviation of 0.09) above 1000 m, and913

a mean of 0.14 (standard deviation of 0.02) below 1000 m. We compare these values with those914

obtained from our inversion without smoothing. We find that K averages 0.18 (standard deviation915

of 0.10) above 1000 m, and 0.12 (standard deviation of 0.02) below 1000 m. These results show916

that our previous inference of higher K in the mesopelagic zone than below at GT11-22 (Lerner917

et al., 2016) was due, at least in part, to the effects of smoothing. Finally, notice that the absence a918

of clear vertical pattern in K/P
m

persist with smoothing (Fig 17d), as expected.919

The decision to apply vertical smoothing (or not) in field data inversion is largely driven by920

prior knowledge of the property gradients along the water column. Presumably, the availabil-921

ity of measurements with high vertical resolution (e.g., tens of meters) would preclude the need922

for smoothing, since in this scenario the sampling would be dense enough that adding further923

assumptions about vertical property gradients would be superfluous. Trace metal and particle mea-924

surements at stations occupied along GEOTRACES transects are O(100� 1000)m apart along the925

water column. Absent prior knowledge about thorium isotope activity or particle concentration926

gradients on shorter spatial scales, it is difficult to recommend whether or not to use smoothing in927

the analysis of GEOTRACES data.928

C.2 Effect of Algorithm929

Previous studies have reported that estimates of rate constants of Th and particle cycling may930

depend on the specific method used to fit the model to the data (Murnane, 1994a; Athias et al.,931

2000a,b). Lerner et al. (2016) combined Th isotope and particle data at station GT11-22 with the932
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Table C.1: Mean and standard deviation (s.d.) of k1, k�1, ��1, K, and w for the inversion with smoothing
k1 (yr�1) k�1 (yr�1) ��1 (yr�1) K Ka Kb K/Pm (g/g) w (m yr�1)b

mean above 1000 m 0.73 3.22 0.33 0.21 0.21 0.21 2.3⇥107 942
s.d. above 1000 m 0.39 1.87 0.15 0.08 0.08 0.08 9.5⇥106 274
mean below 1000 m 0.46 2.76 0.24 0.17 0.17 0.14 2.8⇥107 1051
s.d. below 1000 m 0.33 1.73 0.13 0.16 0.08 0.04 7.5⇥106 465

a. Excluding K values > 1.
a. Excluding station GT11-16
c. For w, means and standard deviations are those above and below 2000 m.

Table C.2: Regression of lnk1 against lnP , with k1 estimated from four different inversions
at GT11-22

b̂ ± �b̂ r p for r ⌧ p for ⌧
ATI w/ smoothing, total 230Thp 0.60 ± 0.05 0.80 < 0.001 0.73 < 0.001
ATI w/ smoothing, adsorbed 230Thp 0.58 ± 0.06 0.81 < 0.001 0.71 < 0.001
FMINCON w/ smoothing 0.58 ± 0.06 0.84 < 0.001 0.68 < 0.001
FMINCON no smoothing 1.6 ± 0.09 0.78 < 0.001 0.62 < 0.001

Th and particle cycling model (3) (with T (·) = 0) using a different algorithm (Algorithm of Total933

Inversion, or ATI) than implemented here (FMINCON; Appendix A). In order to document the934

effect of the nature of the algorithm, we compare the results of regressing lnk1 vs. lnP (P obtained935

from the inversion) for the case where k1 (as well as other variables in x for station GT11-22)936

are estimated from ATI and FMINCON, both with smoothing (Figure C.1; Table C.2). Whereas937

the present study uses adsorbed 230Th, Lerner et al. (2016) used particulate 230Th (which also938

comprises 230Th locked in the mineral lattices of lithogenic particles). Thus, for this comparison,939

we run the inversion using FMINCON with particulate 230Th as well as adsorbed 230Th, so that940

changes in the regression results due to changes in the data used may also be documented.941

For the results with smoothing, the slopes of lnk1 vs. lnP are not significantly different at942

the level of 1 standard error (Table 7). The result obtained using FMINCON without smoothing943

(section 3) is also included for reference. These findings suggest that the nature of the algorithm944

used to invert the data does not significantly influence our inference about a dependence of k1 upon945

particle concentration.946
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Figure 1: Stations occupied by the R/V Knorr during the GEOTRACES North
Atlantic section (GA03). The grey dots show the stations occupied during the first
leg (October 2010) and the black dots show the stations occupied during the second
leg (November-December 2011). The open circle is both station GT10-12 of the first
leg and station GT11-24 of the second leg. The data analyzed in this paper occur at
stations marked by red asterisks. The solid lines show the coastline (black) and the
3000-m isobath (grey).
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Figure 2: Distribution function of residuals normalized to the errors in the data. The
gray circles are the normalized residuals, and the black curve is the standard normal
distribution. Panel (a) shows the residuals for the interpolation (Section 2.3), and
panel (b) shows the residuals for the inversion (Section 3.1).
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Figure 3: Schematic diagram of the single-particle class model of Th cycling (a) and
particle cycling (b). ’A’ and ’P’ represent, respectively, the Th isotope activity and the
particle concentration. Subscript ’d’ designates the dissolved fraction and subscript ’p’
designates the particulate fraction. A

⇡

is the activity of the parent isotope. The other
symbols represent the rate parameters of solid-solution exchange (k1 for adsorption,
k�1 for desorption) and particle processes (��1 for particle degradation, and w for
particle sinking). � is the radioactive decay constant.
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Figure 4: Estimates of the magnitude of the terms missing in the 228,230,234Th dis-
solved (a-c) and particulate (d-f) balance equations (vertical averages). The x-axis
is longitude, and the y-axis is the base-10 logarithm of the magnitude of the missing
term. The legends in panel (a) apply to all panels. In panels (a, e), the dashed lines
are the prior estimates of the radioactive production rates, and the open circles are
the posterior estimates of these rates (± 1 standard deviation). Note that in (a), prior
and posterior estimates of production rates are barely distinguishable. In panel (b, c,
d, f), the dashed lines are prior estimates of the adsorption rate, and the open circles
are posterior estimates of the adsorption rate (± 1 standard deviation). In all panels,
the following abbreviations are used:“H ADV” for horizontal advection,“V ADV” for
vertical advection,“H DIF” for horizontal di↵usion, “V DIF” for vertical di↵usion, and
“d/dt” for the unsteadiness.
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Figure 5: Same as Figure 4, but for P . The dashed lines are prior estimates of particle
degradation rates, and the open cirlces are the posterior estimates of these rates ( ± 1
standard deviation).
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Figure 6: Estimates of the magnitude of the missing terms in the 230Th
d

balance
equations for station GT11-24. In the legend, the following abbreviations are used:
“H ADV” for horizontal advection (dark blue circles), “V DIF” for vertical di↵usion
(light blue crosses), “H DIF” for horizontal di↵usion (green squares), “V ADV” for
vertical advection (orange triangles), and “d/dt” for unsteadiness (brown crosses). For
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Figure 7: Section plots of 234Th
d,p

. In panels (a, c), the colors show the di↵erence of
the posterior estimates and interpolated values, normalized to the interpolated values.
Note that the minimum and maximum of the colorbar represent all values  3 and all
values � 3, respectively. In panels (b, d), the colors show the activities of interpolated
234Th in dpm m�3. The third and fourth stations from the right of each panel (GT10-
12 and GT11-24, respectively) are actually at the same geographic location (17�230 N,
24�300 W).
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Figure 8: Same as Figure 7, but for 230Th (dpm m�3).
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Figure 9: Same as Figure 7, but for 228Th (dpm m�3).
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Figure 10: Same as Figure 7, but for P (mg m�3).
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Figure 11: Posterior estimates of the rate parameters of Th and particle cycling along
GA03 (legs 1-2). The rate constants for Th adsorption (k1), Th desorption (k�1), and
particle degradation (��1) are in yr�1, and the particle sinking speed (w) is in m yr�1.
Notice that the largest value inferred for k1 (21 yr�1 at 3200 m at station GT11-16) is
not shown so that individual values of k1 are more easily distinguished. The third and
fourth stations from the right of each panel (GT10-12 and GT11-24, respectively) are
actually at the same geographic location (17�230 N, 24�300 W).
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Figure 12: Vertical profile of the Th adsorption rate constant, k1, in yr�1 (solid circles, error bars indicate
± 1 standard deviation) at our selected stations along GA03:(a) GT11-10, (b) GT11-12, (c) GT11-14, (d)
GT11-16, (e) GT11-18, (f) GT11-20, (g) GT11-22, (h) GT11-24, (i) GT10-12, (j) GT10-11, and (k) GT10-10.
The grey asterisks show the prior estimate of k1 = 0.5± 5 yr�1.
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Figure 13: 228Th
d

profiles at the five easternmost stations. The open circles represent
the interpolated values, and the solid circles represent the posterior estimates (error
bars are ± 1 standard deviation).
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and 238U profiles at the crossover station GT11-24/GT10-12.
The open circles represent the interpolated values, and the solid circles represent the
posterior estimates (error bars are ± 1 standard deviation).
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Figure 15: Variation of Th adsorption rate constant with particle concentration. Pan-
els (a-c) show plots of lnk1 estimated by inversion vs. lnP obtained from interpolation
(a), inversion (b), and measurements (c). The error bars are ± 1 standard deviation,
and the light dashed line is the 1:1 line. In panel (c), the solid (dark dashed) line is
the best fit obtained by OLS (WLS). Panels (d-f) are the same as panels (a-c), except
that k1 is estimated from an inversion that assumes a smooth vertical distribution of
the rate parameters (� = 1; see text). Note that none of the panels include the very
large k1 values from station GT11-16.
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Figure 16: Posterior estimates of k1, k�1, ��1, and w at all selected stations of
GA03 obtained from the inversion without smoothing (panels a-d) and with smoothing
with � = 1 (panels e-h). Panels (a,e) do not include k1 values from station GT11-16,
which include extremely large values of k1 present near the TAG hydrothermal vent.
Di↵erent colors are used to denote the estimates (orange) and their errors (blue; ± 1
standard deviation). The separate cluster of large k�1 values in panel (f) (around 8
yr�1) includes values mostly from stations GT11-24, GT10-12, GT10-11, and GT10-10.

16



K

de
pt

h 
(m

)

K/Pm (g/g)

de
pt

h 
(m

)

K/Pm (g/g)

K
0 0.2 0.4 0.6 0.8 1

K

0

1000

2000

3000

4000

5000

6000

de
pt

h 
(m

)

1 2 3 4 5
 

 

 

 

 

 

 
b

-2 0 2 4 6 8 10
KD (g/g) 107

0

1000

2000

3000

4000

5000

6000

de
pt

h 
(m

)

-2 0 2 4 6 8 10
KD (mg/ 107

0

1000

2000

3000

4000

5000

6000

de
pt

h 
(m

)

0 0.2 0.4 0.6 0.8 1
K

0

1000

2000

3000

4000

5000

6000

de
pt

h 
(m

)

1 2 3 4 5
 

 

 

 

 

 

 
a

c d

Figure 17: Panels (a,b): posterior estimates of the rate constant ratio K derived from
the inversion (a) without smoothing and (b) with smoothing (� = 1), at all selected
stations and all depths where k�1 +��1 > 0.1 yr�1. Two scales are used to isolate the
large values of K > 1 and better show the vertical structure of K. The black circles
(top axis) show K values > 1, while the grey circles (bottom axis) show the K values 
1. Panels (c,d): Estimates of K/P

m

, where K is derived from the inversion (a) without
smoothing and (b) with smoothing (� = 1), at all selected stations and depths where
P is measured and where k�1 + ��1 > 0.1 yr�1. None of the panels include values
estimated at station GT11-16.
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Figure 18: (a) log10(K/P
m

) vs. log10KD

. The dashed line is the 1:1 line. (b) Same
as (a), except excluding (K

D

,K/P
m

) pairs for which P
m

< 9 mg m�3. (c) log10KD

vs.
log10P for interpolated 230Th and P . The grey circles show values for which P

m

� 9 mg
m�3, and the black circles show values for which P

m

< 9 mg m�3. (d) log10(K/P
m

) vs.
log10Pm

, where K is estimated by inversion and P
m

is measured particle concentration.
For panels (c) and (d), the dashed line is the slope expected in the absence of a particle
concentration e↵ect (slope is 0). In all panels, error bars are ± 1 standard deviation,
and values of K

D

and K/P
m

at station GT11-16 are not included.

18



ln
(k

-1
+β

-1
 (y

r-1
))

ln(P (mg m-3))
0.5 1 1.5 2 2.5 3

ln(measured P(mg/m3))

-4

-2

0

2

4

ln
(k

-1
+

-1
 (y

r-1
))

Figure 19: ln(k�1 + ��1) estimated by inversion vs. lnP
m

, excluding (k�1 + ��1, P )
pairs for which k�1 + ��1 < 0.1 yr �1. The error bars are ± 1 standard deviation and
the solid (dashed) line is the best fit using OLS (WLS).
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Figure B.1: lnk1 estimated by inversion vs. lnP
m

. The error bars are ± 1 standard
deviation and the solid line is the best fit obtained from the ATI. The figure does
include very large k1 values from station GT11-16.
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Figure C.1: lnk1 vs. lnP for station GT11-22 using (a) ATI with smoothing and total 230Th
p

(adsorbed + 230Th locked in
mineral lattices; Lerner et al. (2016)), (b) ATI with smoothing and adsorbed 230Th

p

, (c) FMINCON with smoothing, and (d)
FMINCON without smoothing. In each panel, the solid line is the best fit using OLS, the dashed line is the 1:1 line (no particle
concentration e↵ect), and error bars are ± 1 standard deviation.
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