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We applied maximum likelihood estimation to measurements of Th isotopes (2>* 23°Th) in Mediterra-
nean Sea sediment traps that separated particles according to settling velocity. This study contains two
unique aspects. First, it relies on settling velocities that were measured using sediment traps, rather than
on measured particle sizes and an assumed relationship between particle size and sinking velocity.
Second, because of the labor and expense involved in obtaining these data, they were obtained at only a
few depths, and their analysis required constructing a new type of box-like model, which we refer to as a
“two-layer” model, that we then analyzed using likelihood techniques. Likelihood techniques were de-
veloped in the 1930s by statisticians, and form the computational core of both Bayesian and non-
Bayesian statistics. Their use has recently become very popular in ecology, but they are relatively un-
known in geochemistry.

Our model was formulated by assuming steady state and first-order reaction kinetics for thorium
adsorption and desorption, and for particle aggregation, disaggregation, and remineralization. We
adopted a cutoff settling velocity (49 m/d) from Armstrong et al. (2009) to separate particles into fast-
and slow-sinking classes. A unique set of parameters with no dependence on prior values was obtained.
Adsorption rate constants for both slow- and fast-sinking particles are slightly higher in the upper layer
than in the lower layer. Slow-sinking particles have higher adsorption rate constants than fast-sinking
particles. Desorption rate constants are higher in the lower layer (slow-sinking particles: 13.17+1.61, fast-
sinking particles: 13.96 +0.48) than in the upper layer (slow-sinking particles: 7.87 +0.60y~!, fast-
sinking particles: 1.81+0.44 y~!). Aggregation rate constants were higher, 1.88+0.04, in the upper layer
and just 0.07+0.01 y~! in the lower layer. Disaggregation rate constants were just 0.30+0.10 y~! in the
upper layer and higher, 3.01+0.35y "', in the lower layer. For rapid-sinking particles, adsorption of Th
from solution and aggregation of slow-sinking particles are the main source, and particle sinking is the
main sink. For slow-sinking particles, adsorption is also the main source, but radioactive decay (for 234Th)
and desorption are the main sinks. Sinking and aggregation are small compared to adsorption and decay,
and the contribution of disaggregation is negligible.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

planktonic species also use dissolved inorganic carbon to produce
their carbonate shells, which along with organic matter sink after

The atmospheric concentration of CO, has been increasing
since the Industrial Revolution as a result of the combustion of
fossil fuels and land use changes (Siegenthaler and Sarmiento,
1993). The elevated atmospheric CO, concentration has induced
climate changes because of the greenhouse effect (Barnett et al.,
2005), and has resulted in ocean acidification because of dissolu-
tion of CO, in seawater (Doney et al., 2009). In the euphotic zone,
phytoplankton use CO, to synthesize organic matter; some
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the death of organisms due to their density excess over seawater.
Sinking particles play an important role in the “biological
pump”, which transports organic matter and carbonate particles
from the surface water to the deep ocean (Volk and Hoffert, 1985).
However, due to the high efficiency of heterotrophic reminer-
alization, over 90% of the particulate organic carbon formed during
photosynthesis in the surface waters is remineralized to inorganic
forms in the upper ocean; only about 1% of surface-derived or-
ganic matter survives transit from the surface ocean to the deep
sea and sediments (Wakeham and Lee, 1993; Feely et al., 2001).
Particle production, transportation, and remineralization have
profound impacts on biogeochemical cycles of carbon and trace
elements. Paradoxically, a few elements, such as thorium, which
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are strongly particle-reactive, provide an approach to studying
how particles change during their downward transport, including
the rates at which they aggregate and disaggregate (e.g., Nozaki
et al.,, 1981; Honeyman and Santschi, 1989; Murnane et al., 1994,
1996) and the velocity at which they are sinking (e.g., Nozaki et al.,
1981; Bacon and Anderson, 1982; Bourne et al., 2012). This is be-
cause thorium isotopes are easily adsorbed onto particle surfaces;
when a particle experiences a transformation such as reminer-
alization, aggregation, or disaggregation, thorium can be used to
trace these changes.

When thorium isotopes (?>*Th and 23°Th, with half-lives of 24.1
days and 75,380 years (Libes, 1992), respectively) are used to-
gether, they become significantly more valuable. The application of
thorium isotopes to study marine biogeochemistry has evolved
from a “single isotope application” to evaluate sediment trap ef-
ficiency (e.g., Fleisher and Anderson, 2003; Roy-Barman et al.,
2009), and to calculate POC flux from the surface water (e.g.,
Santschi et al., 1979; Coale and Bruland, 1985; Buesseler, 1998), to a
“multiple isotope application” to estimate particle aggregation,
disaggregation, adsorption, desorption, and sinking rates (e.g.,
Cochran et al., 1993, 2000; Murnane, 1994; Murnane et al., 1994,
1996). The “multiple isotope application” has been implemented
by creating box models that include dissolved thorium, plus large
“sinking” and small “non-sinking” particulate thorium. In early
publications (Clegg et al., 1991; Murnane et al., 1990, 1994, 1996;
Cochran et al., 1993, 2000; Murnane, 1994; Marchal and Lam,
2012), a prior value of the sinking rate of large “sinking” particles
was arbitrarily assigned. By contrast, in the MedFlux program that
was conducted at the DYFAMED site (43° 25N, 7° 52E) in the
Mediterranean Sea, in situ particle settling velocities were mea-
sured using an Indented Rotating Sphere (IRS) sediment trap in
Settling Velocity (SV) mode (Peterson et al., 1993, 2009; Armstrong
et al., 2009). With measured particle settling velocities, we can
avoid the assumption that sinking velocity is determined only by
particle size.

Previously published data on the depth distribution of 234Th in
MedFlux SV traps (Szlosek et al., 2009) (Fig. 1), showed that slow-
sinking particles (SV less than <49 m/d) had 23*Th fluxes that
were approximately the same in shallow and deep traps, while
234Th fluxes in fast-sinking particles were higher in deep than in
shallow traps. The box model applied by Szlosek et al. (2009) to
the data suggested two possibilities to explain the pattern: 1)
additional adsorption of 234Th onto the slow-sinking particles at a
rate balanced by radioactive decay, plus additional adsorption of
234Th onto the fast-sinking particles with minimal decay because
of the rapid sinking rate or, 2) aggregation and disaggregation
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Fig. 1. Time-integrated 2>*Th flux density (FD) versus settling velocity (SV) at three
different depths: SV2 at 313 m, mass average of SV1 and SV2 at 524 m and 1918 m.
Note: There were two SV traps at each depth: designated SV1, SV2. At 313 m SV1
did not work, and therefore only data from SV2 are available (Reproduced from
Szlosek et al. (2009)).

between the SV classes that transferred 234Th among them at rates
sufficient to explain the data. Here we present new data on 23°Th
for the same samples and use a maximum likelihood approach to
assess which process(es) is (are) responsible for the pattern.

2. Methods
2.1. Sediment trap operation

In 2005, the MedFlux program deployed a sediment trap array
with Indented Rotating Sphere (IRS) traps operated in the Settling
Velocity (SV) mode (as opposed to the time-series mode) in the
Mediterranean Sea. A full description of IRS-SV sediment trap
operation was presented by Peterson et al. (1993, 2005, 2009).
Briefly, the bottom-tethered sediment trap array was deployed for
55 days in 2005, with actual sampling depths of 313 m, 524 m, and
1918 m. Sinking particles are first captured by a cylindrical particle
interceptor; they then fall onto an indented sphere that rotates on
a programmed time schedule. The rotation of the sphere transfers
the particles into a skewed funnel that leads to a sampling car-
ousel, in which there are 12 sampling tubes. The carousel is pro-
grammed to rotate at particular times, and particles with different
settling velocities settle into different tubes. The first sampling
position has no sampling cup and is open during deployment and
retrieval of the trap; therefore, only 11 settling velocity categories
are measured. The full data set is available online at: http://www.
somassbu.org/research/medflux/. The mass fluxes and settling
velocities of the different fractions are given in Table 1.

2.2. Radionuclide analyses

Two SV traps were deployed at each of three depths (313, 524,
and 1918 m) during the 2005 MedFlux program. Following trap
recovery, samples were split and aliquots for radionuclide mea-
surement were filtered onto single 25-mm 0.4 um Nuclepore fil-
ters. The filters were initially mounted for non-destructive beta
counting to determine 234Th activities, as described in detail by
Szlosek et al. (2009). Following beta counting the filters were
analyzed radiochemically. They were dissolved in 1.5N HCl and
210pg was plated onto silver discs and stored for a second plating of
ingrown 21°Po to determine 2!°Pb. The solution was then evapo-
rated to near dryness and re-dissolved in 8N HNOs then evapo-
rated and re-dissolved in Aqua Regia, and finally evaporated and
re-dissolved in 8N HCI in preparation for radiochemical separation
of Th using Dowex 1-X8 100-200 mesh anion exchange resin.
229Th was used as a yield tracer. Columns were prepared with 5 ml
of resin and conditioned with 8N HCl. The sample was added to
the column and the Th fraction was eluted with 8N HCI. This was
taken to near dryness and re-dissolved in a mixture of HCl and
HNOs before it was evaporated and re-dissolved in 8N HNOs. A
second column with the same resin and conditioned with 8N
HNO3 was used to separate Ra and Th. Th was eluted with 8N HCI
and this solution was taken to dryness and redissolved in 1.5N HCI.

The purified Th fractions were plated onto stainless steel discs
for alpha spectrometry. Sample activities of 232Th, 23°Th, and 2?%Th
were measured. Here we present only the 232 Th and 23°Th data
because we could not precisely determine the contribution to the
228Th peak of 228Th ingrown from any 22®Ra taken up by the par-
ticles (Table 1). Of the two SV traps deployed at each depth, Th
isotope activities were determined on one trap series from 313 m
(SV2; Table 1) and a mass-weighted average of the two trap series
from 524 m (SV1, SV2; Table 1). At 1918 m, the individual sample
solutions from the two trap series were combined because the
relatively low activities required long counting times, and the final
rate was estimated by dividing the measured activities in half
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Table 1
Radionuclide and mass data from MedFlux 2005 settling velocity sediment traps.

Depth (m) Trap ID Mass flux® (g/m?/d) Minimum SV* (m/d) Midpoint SV* (m/d)  2**Th® (dpm/g)  234™ Flux? (dpm/m?/d)  2*°Th (dpm/g) 232Th (dpm/g) 2*°Th, (dpm/g) 2*°Thy flux (dpm/m?/d)
313 SV2 02A 5.96 980 1200 4494 + 576 26.8 299 +0.51 0.99 +0.26 242 0.014
SV2 03A 62.22 490 734.4 2803 + 146 174.4 3.50 +£0.32 3.32+0.32 1.61 0.100
SV2 04A 75.38 326 408.0 2375+ 130 179.0 111 +0.14 0.92+0.13 0.59 0.044
SV2 05A 80.49 196 2611 2511 + 138 202.1 2.09+0.19 227 +0.20 0.80 0.064
SV2 06A 39.30 140 1679 2301 + 199 90.4 1.99 +0.25 2.87+0.32 0.36 0.014
SV2 07A 29.75 98 1189 2517 + 231 749 239+0.27 210+0.27 1.20 0.036
SV2 08A 26.71 49 73.5 3200 £ 252 85.5 444 +0.32 216 +0.22 3.21 0.086
SV2 09A 23.22 22 354 2763 + 273 64.2 2.05+0.22 2.04+0.23 0.88 0.021
SV2 10A 21.83 1 16.4 2517 + 283 55.0 2.28+0.23 1.60 +0.20 1.36 0.030
SV2 11A 2091 5 8.2 2594 + 313 54.2 3.51 +£0.51 0.25+0.10 3.36 0.070
SV2 12A 88.74 0.68 31 3028 + 111 268.7 1.95+0.19 0.74 +£0.12 1.52 0.135
524 SV1 02A 33.79 980 1200 2389 + 86 80.7 2.23+0.18 243 +0.20 0.85 0.029
SV1 03B 127.75 490 7344 2279+ 41 291.2 2.28 +£0.19 2.054+0.18 1.1 0.142
SV1 04B 51.63 326 408.0 2804 +77 144.8 3.13+0.37 2.50+0.34 1.70 0.088
SV1 05A 55.22 196 261.1 2703 + 76 149.2 1.58 + 0.14 215+0.17 0.36 0.020
SV1 06A 22.38 140 167.9 2710 + 122 60.6 3.88+0.32 2.76 +£0.27 231 0.052
SV1 07A 17.74 98 1189 2872+ 153 51.0 191 +£0.26 1.70 +£0.26 0.94 0.017
SV1 08B 18.50 49 73.5 3072 + 149 56.8 4.76 + 0.41 1.98 +0.26 3.63 0.067
SV1 09B 16.05 22 354 3098 + 170 49.7 2.68 +0.29 2.36+0.28 133 0.021
SV110B 16.98 1 164 2835 + 161 48.1 1.83+0.23 2.81+0.32 0.23 0.004
SV111B 22.28 5 8.2 3290 + 163 733 14.60 + 1.09 8.71+0.85 9.63 0.215
SV112B 88.76 0.68 31 2996 + 78 265.9 0.98 +0.14 0.61 +0.11 0.63 0.056
SV2 02B 13.68 980 1200 3308 + 227 453 4.77 +£0.95 5.73 +1.00 1.50 0.021
SV2 03B 100.3 490 7344 2297 + 65 2304 2.08 +0.12 2.06 +0.16 0.91 0.091
SV2 04B 71.64 326 408.0 2527+ 76 181.1 1.68 +0.33 143 +0.35 0.87 0.062
SV2 05B 78.33 196 2611 2336+ 72 183.0 2.62+0.14 1.60 +0.10 1.70 0.134
SV2 06B 48.45 140 167.9 2172 + 90 105.2 3.08 +0.29 1.81 +0.12 2.05 0.099
SV2 07B 32.05 98 118.9 2625 + 136 84.1 1.88 +£0.19 2324018 0.56 0.018
SV2 08B 34.48 49 73.5 3270 + 111 112.7 211 +0.19 191 £0.20 1.02 0.035
SV2 09B 23.65 22 354 3613 +£ 138 854 2.25+0.16 2.26+0.19 0.96 0.023
SV2 10B 19.30 11 16.4 3157 £ 151 60.9 318 +0.23 247 +0.24 1.77 0.034
SV2 11B 11.29 5 8.2 3201 + 177 36.1 11.05 £ 0.18 2.95+0.09 9.37 0.106
SV2 12B 93.25 0.68 31 2901 + 64 270.5 2.27+0.15 2.09 +0.14 1.08 0.101
1918 SV1-+2#2 16.16 980 1200 3131 + 346 50.6 5.69 + 0.56 2.54+0.26 424 0.069
SV+2#3 102.84 490 734.4 3407 + 62 350.4 1.04 +0.11 1.87 +£0.20 —-0.03 —0.003
SV1+-2#4 76.39 326 408.0 3532+ 74 269.8 1.60 + 0.07 1.49 +0.07 0.75 0.057
SV1-+2#5 73.23 196 2611 3758 +75 275.2 125+0.14 1.85+0.30 0.20 0.015
SV1-+2#6 39.83 140 1679 4202 + 110 167.4 1.25+0.22 147 +£0.13 0.41 0.016
SV1-+2#7 30.08 98 1189 4227 + 104 127.2 3.26 +0.38 2.01+0.28 21 0.064
SV1+2#8 2143 49 73.5 4569 + 148 97.9 4.04 + 042 1.90 +0.28 2.96 0.063
SV1-+2#9 13.29 22 354 4254 + 201 56.5 2.87 +£0.55 1.30+0.14 213 0.028
SV1-+2#10 10.21 11 16.4 4349 + 234 44.4 7.95 +0.39 2.88+0.23 6.31 0.064
SV1+2#11 16.24 5 8.2 4435 + 190 72.0 3114032 2.77+0.33 1.53 0.025
SV1-+2#12 53.07 0.68 3.1 4432 + 100 235.2 0.49 +0.12 0.71 £+ 0.09 0.09 0.005

02-19 (9102) 111 I 424033y 0as-daaq / ‘b 39 SUDM T-M

2 Lee et al. (2009) and Armstrong et al. (2009).
b Szlosek et al. (2009).
© Excess 2*°Th, calculated as 23°Thxs=?3Th—(0. 57 x 232Th) (Bacon, 1984).
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(SV1+4SV2; Table 1). Uncertainties presented in Table 1 are
1 standard deviation and were derived from both sample and
background count rates.

2.3. Model of thorium and particle cycling

In previous studies, models used to describe Th-particle cycling
were either based on particulate Th data sampled (i) by large vo-
lume pumps that sort particles according to their size (Nozaki
et al., 1987; Marchal and Lam, 2012), or (ii) a combination of
pumps and sediment traps (Murnane et al., 1990, 1994, 1996). The
model based solely on pump data had three phases: a dissolved
phase, small particles, and large particles. It was assumed that
large particles did not interact with the dissolved phase directly,
but rather through small particles that were assumed to be “non-
sinking”. The model based on both pump and sediment trap data
has nearly the same structure as that based only on pump data,
but the “large” or “sinking” particles were also sampled using
sediment traps.

The previous models had at least three disadvantages. First, the
assumption that small particles do not sink is weak. As reported in
McDonnell and Buesseler (2010), the plots of sinking velocity
versus particle size may sometimes have “U-shaped” distributions;
particle sinking velocity sometimes does not depend on particle
size in a straightforward manner. Therefore, the assumption that
small particles are “non-sinking” may be inappropriate. Second,
particles caught by a large-volume pump may be a combination of
“non-sinking” particles and “sinking” particles, whereas particles
retained on the small pore size filter are deemed “non-sinking”
particles. The third disadvantage is that the prior sinking velocities
that some authors assigned to large particles (100 m/d in Nozaki

et al. (1987), and 150 m/d in other references (Murnane et al.,
1990, 1994, 1996; Marchal and Lam, 2012) might be lower than the
actual particle sinking speed. For example, Armstrong et al. (2009)
reported an average sinking velocity of 353 +76 m/d for the fast-
sinking fraction by modeling data obtained from settling velocity
sediment traps. Using a different method, Xue and Armstrong
(2009) gave added support to values higher than 150 m/d and
reported that particles at the DYFAMED site sank at an average
velocity of 220 m/d. The fact that the likelihood method does not
require prior estimates of sinking velocities eliminates this possi-
ble source of bias.

Here we consider a model describing the cycling of particles
and thorium in two layers whose interfaces coincide with the
depths of the SV sediment traps deployed in 2005 at the DYFAMED
site. Thus, the upper layer extends from 313 to 524 m, and the
lower layer extends from 524 to 1918 m. We assume that in each
layer the sinking flux of particles or of particulate thorium, fi(z),
varies linearly with depth, z (counted positive downwards):

(Zvot — 2)f; (tOP) + (Z — Zop)f; (bOL)
Zpot — Ztop (])

fi@=

where z,, and z;,, are depths of the bottom and top of the layer,
respectively. We divide each flux, f(z), by its corresponding geo-
metrically averaged settling velocities (Armstrong et al., 2009) to
estimate the concentration of particles, of particulate 23°Th, or of
particulate 234Th

(Zbot — Z)Ctop+(z - Ztop)cbot

G@ =
Zpot — Ztop 2)

The model used in this study (Figs. 2 3) is almost identical to
that used by Murnane (1994), Murnane et al. (1994, 1996), and

Uranium production: pro

Dissolved thorium

W Decay: A * Thy

>
N Aggregation: 8
Slow-sinking particles Fast-sinking particles
. . N .
Disaggregation: §_4
. Decay: A x Thy Vertical
Vertical Decay: 4 * Thy divergence:
divergenc F
e: K 4
- tSs

Fig. 2. “Two-layer” model describing thorium cycling. Dissolved thorium interacts with particulate thorium via adsorption, desorption, and remineralization of slow-sinking
particles. In addition, dissolved thorium has a source from uranium radioactive decay and is lost via radioactive decay. Thorium on different sinking classes is exchanged via
particle aggregation and disaggregation. Particulate thorium is lost through radioactive decay, vertical divergence, and desorption, and is gained by adsorption.
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Fig. 3. “Two-layer” model describing particle cycling. Slow-sinking particles can form fast-sinking particles by aggregation; and fast-sinking particles can disaggregate to
form slow-sinking particles. Slow-sinking particles are also lost by remineralization, which is ignored for fast-sinking particles.

Marchal and Lam (2012), except that we separate particles into
sinking velocity classes. It relies on samples collected using IRS SV
sediment traps and has the advantage that particle sinking velo-
cities were measured directly by the SV traps, avoiding the need to
arbitrarily assign prior values for sinking rates for “large” particles.
Additionally, since particles were separated by sinking speed in-
stead of particle size, we have a direct measure of sinking velocity
for “slow-sinking” particles, and do not need to rely on the as-
sumption that “small” particles are “slow”, and that “slow” means
“non-sinking”.

In applying the two-layer model of Fig. 2, we incorporate
thorium exchange between the dissolved phase and fast- and
slow-sinking via adsorption and desorption, but ignore reminer-
alization of fast-sinking particles. Specifically, dissolved 23°Th and
234Th are produced from the radioactive decay of uranium and
removed by radioactive decay. Dissolved thorium is also lost by
adsorption onto sinking particles, and is added to solution by
desorption from particles and remineralization from the slow-
sinking particles. For these particles, 22°Th and 23*Th are lost by
radioactive decay, desorption, and particle remineralization, ag-
gregation, and sinking (when the sinking flux divergence is ne-
gative), and are added by adsorption and fast-sinking particle
disaggregation. For the fast-sinking class, thorium is lost by
radioactive decay, desorption, and disaggregation, and added by
adsorption and the aggregation of slow-sinking particles. All in-
teractions are assumed to have first-order reaction kinetics. All
rate constants are assumed to be constant in a given layer, but are
allowed to vary between the two layers.

In steady state, the difference in the flux at the top and bottom
of a layer is balanced by the sum of the processes taking place in
the layer,

f;,bot _ﬁ,top = z (QU) 3)

where @;; is the contribution from jth process in the ith SV class.
For example, the contribution of adsorption in the settling velocity
category of i is as follows,

bot

Di,adsorption :f(kl xThg;)dz

top

4

where k; is the adsorption rate constant, and Thy is the dissolved
thorium concentration at depth z. We substitute Thy,, given by Eq.
(2) into Eq. (4) and then integrate Eq. (4) to obtain the following
equation.

Di,adsorption = 0.5x k]X[ (Thd,mp"‘Thd,bot)X(Zbot_ztop)_(Thd,top_Thd,bot)
x zmp]

where Thgp and Thgpe are the dissolved thorium isotope con-
centrations at the top and at the bottom of a layer, respectively. All
the other processes have the same format.

As shown by Armstrong et al. (2009), in this data set there were
4 settling velocity intervals that fell into the slow-sinking classes,

and the other 7 intervals were in the fast-sinking classes. There-
fore, the total contribution of adsorption to slow sinking class is

4
(I)s,adsorption = zi:] Qi,udsorption (5)

Then the balance equation for thorium on slow-settling parti-
cles is:

AF Ths = q)s,adsorption—‘135,desorption"“l)f,disaggregation—(Ds.aggregation—

ch,decay—q)s,remineraization (6)
For thorium on fast-settling particles, the equation is:
AFTh,f = (I)f,adsorption_(Df,desorption+q)s,aggregation_(bf,disaggregation_
‘I)f,decay @)

where AFps, AFpy are the left sides of Eq. (3) for particulate
thorium in slow- and fast-sinking classes, respectively.
For dissolved thorium, the equation is:

®

(I’u,production _‘Dd,decay=q>f+s,adsorption _d>f+s,desorpti0n_¢’s, remineralization

where —®y, reflects contributions from both fast and slow
sinking particles, @, production (4 x U) reflects a source from uranium
decay, and @ggecqy (4 x Th) means a loss from thorium decay. 4 is
the thorium decay constant, and U and Th are observed dissolved
uranium and thorium activity, respectively.

The following two equations describe particle cycling:

C)]

AI-;),S = (Df,disaggregation_':I)s,aggregation_q)s,reminemization

AR,y = @ gggregation—Prf, disaggregation (10)

whereAFR,s and AF,; are left-hand sides of Eq. (3) for slow- and
fast-sinking particles, respectively.

2.4. Radionuclide data applied to the model

Estimates of dissolved and particulate activities of 23*Th and 2*°Th
and their respective parents, 22U and 234U, are needed for application
of the model presented in Section 2.3. The distribution of 238U has
been measured at the DYFAMED site, and was reported by Cochran
et al. (2009). 238U was uniformly distributed at the depths studied
here (313-1918 m); and a constant value of 2700 dpm/m?3 is therefore
used. This value is also consistent with the relationship between
salinity and 223U (Owens et al., 2011) at a salinity of 38, typical of the
Mediterranean Sea. The activity of 24U was calculated based on the
relationship 24U=1.14x**%U=1.14x2700=3078 dpm/m3 (Chen et al., 1986).

In contrast to uranium, thorium (>**Th and 23°Th) activities
both in solution and on sinking particles vary with depth. The
activities of dissolved 23*Th are from Cochran et al. (2009), who
calculated dissolved 23**Th during the MedFlux project by taking
the difference between total 234Th and particulate 234Th, as sam-
pled by Niskin bottles and Challenger Oceanic battery-operated in-
situ pumps, respectively. However, dissolved 234Th was not
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measured at the exact trap depths of 313, 524, and 1918 m. At
313 m, dissolved 2>**Th concentration was therefore linearly in-
terpolated using the data sampled at 200 m and 400 m on March
13, 2005; at 524 m, 23*Th concentration was linearly interpolated
using the data sampled at 400 m and 600 m on March 9, 2005; at
1918 m, dissolved 23*Th was taken as the data sampled at 1800 m
on March 9, 2005, because no deeper data were available. Based
on interpolation and extrapolation that are described above, the
activities of dissolved 23*Th are 2518 dpm/m? at 313 m, 2469
dpm/m? at 524 m, and 2520 dpm/m? at 1918 m. The activities of
dissolved 23°Th were taken from measurements reported by Roy-
Barman et al. (2002), who sampled at the DYFAMED site at the end
of the summer of 1996. After unit conversion from fg/kg(used in
Roy-Barman et al. (2002)) to dpm/m?3, the activities of dissolved
230Th are 0.13 dpm/m3 at 313 m (interpolating values at 200 m and
500 m), 0.16 dpm/m3 at 524 m (taken as the value measured at
500 m), and 0.17 dpm/m? at 1918 m (interpolating values at
1500 m and 2000 m). Particulate 23*Th and 23°Th were collected
using the SV sediment traps, therefore, no interpolation or extra-
polation was needed for them.

2.5. Theory and algorithm of the likelihood method

Technically, if the difference between a data point (y;) and the
model prediction ( 3’/}) of that value is normally distributed with
variance o2, then for that data point the best choice of parameters
will be the one that maximizes

i (% -5)
Ly = erxp - #
7o) an
If we have n data points and assume constant variance ( ¢2),
according to Hilborn and Mangel, (1997) the quantity to be max-
imized will be

A\2
nl (v-3)

L= | —=—- _M )

V= LU Jam) P 207 12)

The natural logarithm of Eq. 12 is

AN\2

o (v -9)
InL(y;--y)) = N[ 2762~ S
s 2] ; 207 13)

Finally, we substitute ¢2 in Eq. 13 with (02=%>< DR\ ALS!
and eliminate the “nuisance parameter” (Edwards, 1992), leading
to

n A\2
InL = - (E)xln 4Zi=] (yi _ yi)
2 n
(14
By maximizing likelihood, we are trying to find a set of para-
meters that has the highest probability of having produced the
data in a sense that minimizes the difference between model
predictions ( 3’1}) and measurements ( y;), thus highest likelihood.
That set of parameters is called the maximum likelihood estimate
(MLE) (Hilborn and Mangel, 1997).

In our study, the large differences in concentrations between
234Th and 23°Th lead to great differences in their “error variances”
(52:%x >, (v - ¥p?); these variances were calculated after we

obtained the model prediction (3';,., which are left-sides of (Egs. (6)-
10)). We present them here to prove the necessity of using sepa-
rated likelihoods for particles, 2>*Th, and 23°Th. For example, the
standard deviation (SD, square root of variance) of 2**Th in the

study area is about 3.04 x 10> dpm m~>y~'; the SD of particle
mass is about 60.18 mg m >y~ !, whereas the SD of 23°Th is about
2.83x10"2dpm m~3y~ . The large differences in variances ap-
parently violate the assumption that the variance is constant.
However, since likelihoods (.£) are derived from probabilities and
are proportional to the probability of hypothesis (H) given data
(datal, data2, data3, --*), likelihoods are multipliable:

L{Hdatal,data2,data3, ---}=L{Hdatal}x L {Hdata2}
xL{Hdata3}x---, (15)

and logarithms of likelihoods can be factorized:

Ln L {Hdatal,data2,data3, ---}=In L {Hdata1}+In L {Hdata2}
+In L {Hdata3}+--- (16)

where datal, data2, and data3 in the current study represent dif-
ferences in the fluxes and/or differences in decay production and
loss of particulate 23°Th, particulate 234Th, and particles, respec-
tively. The hypothesis (H) here is defined as the model prediction.
This feature of likelihood enables us to include different types of
data in a single framework (Hilborn and Mangel, 1997). We cal-
culated log-likelihood separately for 234Th, 23°Th, and particles,
allowing each to have its own variance, then added them together
to get a total log-likelihood, which was maximized using a simu-
lated annealing algorithm (Metropolis et al., 1953; Press et al,,
1986; Armstrong et al., 2002). This algorithm finds model para-
meters that maximize the probability that the given data were
obtained. An initial value and a boundary are needed for each
parameter. Parameters are randomly generated within their
boundaries during each iteration. The code is designed to avoid the
possibility that the algorithm is trapped in local minima. The way
that the algorithm is designed enables it to be independent of the
initial guess. A half-million iterations were used to find the best
parameter values for the model.

We should note that our likelihood parameter estimates are
best fits, and that their associated variances do not apply to in-
dividual parameters, but only to the three classes of data (>>*Th,
230Th, and particles). The variance values represent not only
counting errors, but also variance introduced by trap or ship po-
sitioning, water movements, seasonality (after all, the traps were
employed for 55 days!), and other factors, and so represent a true
picture of total system variability.

2.6. Parameter sensitivity

To study parameter sensitivity alone, we contaminated the
original data with random errors that were consistent with mea-
surement errors. We used relative errors of 1% for particle mass
and 5% for 23*Th activity. Relative error for 23°The, was estimated
to be 17% based on 22°Th and 232Th measurement errors and the
relationship of 23°Thxs=**Th—(0. 57 x 2**Th). We ran the model a
hundred times, each time with different random errors. We then
calculated standard error as shown in Table 2 based on the total
runs.

3. Results
3.1. Division of fast and slow-sinking classes

To decrease the number of parameters, we divided the 11 SV
categories separated by SV sediment traps into two sinking classes.
The SV division (SVD) we used is obtained from Armstrong et al.
(2009), in which time-averaged mass flux density versus settling
velocity have two sets of clearly different distributions. Fluxes in
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Table 2

Summary of rate constants estimated by thorium isotopes. Remineralization rate constants estimated for slow-sinking particles in this study are 1.74 x 10~ y~" between
313 and 524 and 0.50 y~! between 524 and 1918, respectively. Remineralization is ignored for fast-sinking particles.

References Site

Adsorption (y=1)

Desorption (y~') Aggregation (y~')  Disaggregation ( y-1)

Lavelle et al. (1991) 10-42

Nozaki et al. (1987) particulate data

Puget sound
Western Pacific

0.20+0.27-0.44+1.2

316 50+3-90+20 90+15-630+190
0.88+1.2-1.89+5.1 2.36+5.9-12.3+213 148+370-788+ 1400

Nozaki et al. (1987) total data Western Pacific 0.18 62
0.14+0.01 50+5
Nozaki et al.(1987) total and parti- Western Pacific 0.11+0.03 16+9
culate data

Bacon et al. (1989) Arctic Ocean 0.16-0.47 2.6-9.8

Bacon and Anderson (1982) Panama Basin 0.2-1.3 1.3-6.3

Nozaki et al. (1981) Pacific Ocean 15 6.3

Clegg et al. (1991) Equatorial Pacific 1-4 25+1.0 <0.1-50 < 50-> 365
North Pacific 3-70 25+1.0 <1-~40 ~65
North Pacific, range below 1-3 25+1.0 ~0.7 ~65
100 m

Clegg and Whitfield (1991) 0.2-2.6 18 3.7-640 15-6500

Murnane et al. (1990) North Pacific 0.5+1.0 1.0+0.1 0.2+0.01 0.8+0.2

Cochran et al. (1993) North Atlantic (>3**Th) - - 1.1-33 126-407
North Atlantic (*?Th) - - —0.5 to 20 108-281

Cochran et al. (2000) Ross SEA, S. ocean - - 0.04-0.2 2.4-13.8

This study 313-524 m DYFAMED 0.16+0.004 (f)-1.43+0.04 1.81+0.44(f)-7.87+0.60 1.88+0.04 0.30+0.08

(s) (s)
This study 524-1918 m DYFAMED 0.14+0.001(f)-1.39+0.10  13.17+1.61(s)- 0.07+0.01 3.01+0.35
(s) 13.96+0.48(f)

the four slowest SV categories have an exponential distribution.
Fluxes in the rest of the SV categories have a Gaussian distribution.
These two functions were fit to the data using likelihood (Arm-
strong et al., 2009). All the calculations here are based on this SVD.

3.2. Model parameters (adsorption, desorption, aggregation, dis-
aggregation, and remineralization)

Estimated parameter values were calculated using an annealing
algorithm, which is coded in Matlab. Optimized parameters to-
gether with reference reported values are shown in Table 2. Ad-
sorption rate constants of slow-sinking particles estimated in the

Table 3

upper and lower layers are 1.43+0.04y~! to 1.39+0.10y "', re-

spectively. Adsorption rate constants of the fast-sinking particles
are ~10 times lower than that of slow-sinking particles. Thorium
desorption rate constants estimated in the upper layer are lower
than in the lower layer. An interesting finding is that slow-sinking
particles have both higher desorption and adsorption rate con-
stants compared to fast-sinking particles. Remineralization rate
constants were estimated to be 1.74x10~ 3y~ in the upper layer,
and 0.50+0.01 y~! in the lower. Aggregation rate constants in the
upper layer are higher than in the lower layer, and disaggregation
rate constants show an opposite trend. Generally, disaggregation
and desorption rate constants are more sensitive to data errors

The source and sink terms for 2**Th (upper) and 2*°Th (lower). A negative sign before a number indicates a sink; a positive number indicates a source. (Units: dpm/m?/y)

Top layer (313-524 m)

Bottom layer (524-1918 m)

Dissolved Fast Slow Dissolved Fast Slow
A) For 2*4Th
Decay*® 2556.3 —-424 —1519.6 1851.2 —58.2 —1486.4
Adsorption —3543.1 431.0 31121 —3745.0 3189 3426.1
Desorption 986.6 -0.1 —986.5 1818.4 —42.1 -1776.3
Remineralization 0.2 - -0.2 75.4 - -754
Sinking flux —622.7 —371.6 —208.8 -97.8
Aggregation 2343 —2343 27.0 -270
Disaggregation —0.1 0.1 —36.8 36.8
SUM 0.00 0.00 0.00 0.00 0.00 0.00
B) For 23°Th
Decay*® 0.020 0.000 0.000 -0.012 0.000 0.000
Adsorption —0.278 0.034 0.243 —0.251 0.021 0.230
Desorption 0.257 —0.000 —0.257 0.253 —0.015 -0.238
Remineralization 0.000 - —0.000 0.010 - —-0.010
Sinking flux —0.095 0.074 —0.056 0.036
Aggregation 0.061 —0.061 0.038 —0.038
Disaggregation —0.000 0.000 —0.000 0.000
SUM 0.000 0.000 0.000 0.000 0.000 0.000

2 For the dissolved phase, “decay” means the difference of uranium radioactive decay production and thorium radioactive decay loss; for particulate thorium (fast and

slow sinking particles), “decay” means loss via radioactive decay.
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than adsorption rate constants (Table 2).
3.3. Processes that influence the balance of 2>*Th

Source and sink terms for 2>*Th are displayed in Table 3(A). The
main source of dissolved 23*Th is the production from 238U
radioactive decay; its main sink is radioactive decay. The con-
tributions of these two processes to the 234Th mass balance are
much higher than those from particle adsorption and desorption.
For fast-sinking particulate 234Th, loss through radioactive decay is
relatively small, which is consistent with our expectation that a
fast sinking speed leaves little time for radioactive decay. The
major loss by vertical flux divergence is compensated by adsorp-
tion and aggregation from slow-sinking particles. Slow-sinking
particulate 23Th, due to its low sinking speed and long transition
time, is mainly lost through radioactive decay and desorption,
which are mainly balanced by adsorption. The loss by reminer-
alization increases with depth, but overall its contribution is small.
Aggregation of slow-sinking particles to fast-sinking particles is
significant compared to disaggregation.

3.4. Processes that dominate the balance of 2*°Th

The source and sink terms for 23°Th are displayed in Table 3(B).
For all three phases, the loss from radioactive decay is negligible
due to its long half-life. For dissolved 23°Th, the source is primarily
desorption and the major sink is adsorption onto particles. For
fast-sinking particulate 23°Th, in both layers, aggregation and ad-
sorption together compensate for the loss by vertical transport. For
slow-sinking particulate 23°Th, adsorption is constantly a major
source in both layers, and desorption is the major sink. In both
layers, losses via remineralization are small enough to be ignored.

4. Discussion
4.1. Comparison with prior work

4.1.1. Adsorption rate constants

To our knowledge, this is the first study that applies a model of
multiple thorium isotopes on particles that were separated into
fast- and slow-sinking classes instead of large and small classes. It
is also the first study that allows direct interactions between dis-
solved thorium and fast-sinking particles. Therefore, there is no
reference available for us to make a side-by-side comparison.
However, estimates of adsorption and desorption rate constants
do exist, although different methods were used to obtain them.
For example, Murnane et al. (1990) reported adsorption rate
constants of 0.47 y ! at Station P and 0.19-0.44 y~ ! in the western
Pacific. Bacon et al. (1989) reported adsorption rate constants
ranging from 0.16 to 0.47 y ! at the Arctic Ocean. Bacon and An-
derson (1982) reported estimates of 0.2-1.3y~! at the Panama
Basin. Adsorption rate constants for slow-sinking particles in this
paper range from 1.39+0.10 to 1.43+0.04 y~ !, which is in good
agreement with these studies. For fast-sinking particles, adsorp-
tion rate constants range from 0.14 +0.001 to 0.16 +0.004y~ !,
which are at the lower end of reported values.

Our estimates of adsorption rate constants for fast-sinking
particles are an order of magnitude lower than those for slow-
sinking particles. We offer one explanation. Particle composition
could have an impact on thorium adsorption rate. Analysis of
particles collected in the MedFlux project in the slow- and fast-
sinking classes (Table 4) shows that slow-sinking particles have
consistently higher organic matter content than fast-sinking par-
ticles at all three depths. Other components of the particulate
matter do not show a consistent pattern. Organic matter can

Table 4
Particle compositions for fast- and slow-sinking classes (Reproduced from Lee et al.
(2009)).

Depth (m) Organic matter Lithogenic Opal.H,0 CaCos
(mg/g) (mg/g) (mg/g) (mg/g)
313
Fast 93.71 202.28 188.24 159.86
Slow 108.24 179.89 249.65 141.35
524
Fast 72.94 284.34 152.89 153.48
Slow 83.69 250.42 180.94 179.64
1918
Fast 50.97 268.95 137.94 250.40
Slow 62.22 283.70 114.09 266.71

enhance thorium adsorption onto particles (Quigley et al., 2002;
Santschi et al., 2006; Chuang et al., 2014), so that it is possible that
the lower organic matter content of fast-sinking particles results in
lower adsorption rate constants. Additionally, the predicted pat-
tern that adsorption rate constants are higher in the upper layer
than the lower layer is consistent with the organic matter depth
distribution trend.

4.1.2. Desorption rate constants

Desorption rate constants ranged from 7.87 +0.60 to 13.17 +
1.61 y~! for slow-sinking particles, and from 1.81+0.44 to 13.96+
0.48 y~! for fast-sinking particles. For comparison, Nozaki et al.
(1987) reported desorption rate constants ranging from 0.88 +
1.2y~ 'to 1.89 +5.1 y~ ! in the western Pacific; Bacon et al. (1989)
presented results that ranged from 2.6 to 9.8 y~! for the Arctic
Ocean; and Bacon and Anderson (1982) reported a range of
1.3-6.3 y~ ! at the Panama Basin. Murnane et al. (1994) estimated
desorption rate constants of 3.1 +1.5y~! in the northwestern
Atlantic Ocean. The highest desorption value ever reported is
316y~ ! by Lavelle et al. (1991) at the Puget Sound. Thus, our
desorption rate constants are in good agreement with previous
studies. Our finding that slow-sinking particles have both higher
adsorption and desorption rate constants than fast-sinking parti-
cles suggests that slow-sinking particles have more intense inter-
actions with thorium than fast sinking particles.

4.1.3. Remineralization

Remineralization rate constants in this study are lower than
those reported in Clegg et al. (1991), who presented a value of
1.64y~! below 200m and a decreasing trend with depth. Our
estimate for the lower layer (0.51 y~ 1) is consistent with the value
reported by Clegg et al. while the value at the upper layer (1.74x
103y~ ') may be low. The counter-intuitive distribution could be
owing to the nature of the data. The particle mass collected in the
slow-sinking class at 313 m is similar to that at 524 m, but there is
a decrease between 524 m and 1918 m.

4.14. Aggregation and disaggregation

In contrast to the results reported by Clegg et al. (1991) that
showed aggregation and disaggregation rate constants decreasing
with depth, our results show that aggregation rate constants are
indeed higher in the upper layer than the lower layer, but dis-
aggregation rate constant are lower in the upper layer than the
lower layer. The distribution pattern of aggregation rate constants
could be due to the fact that decomposition of organic matter
(Table 4) makes particles less sticky in the lower layer than the
upper layer, thus the lower layer would have lower aggregation
rate constants. The high disaggregation rate constant in the lower
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layer could also be explained by decomposition of organic matter:
decomposition of the “glue” holding particles together (Armstrong
et al., 2002), would leave them vulnerable to breakdown.

For comparison, aggregation and disaggregation rate constants
estimated here are lower than the average values estimated in the
northwest Atlantic by Murnane et al. (1994), but are comparable
with Murnane et al. (1990), in which the rate constants were
modeled with data from the North Pacific. Comparisons with other
studies (Nozaki et al., 1987; Murnane, 1994) also show comparable
aggregation rate constants. Disaggregation rate constants, how-
ever, are 2-3 orders of magnitude lower than those in the above
citations. The discrepancy between our results and previous stu-
dies may be due to geographical differences, or due to the different
methods used to estimate the parameters (Wang, 2015). Ag-
gregation and disaggregation fluxes are calculated by multiplying
aggregation and disaggregation rate constants with slow- and fast-
sinking particle concentrations, respectively. As shown in Table 3,
particles do exchange via aggregation, which is in agreement with
Abramson et al. (2010), in which aggregation and disaggregation
were studied by comparing pigment and amino acid compositions
of particles sampled by large volume pumps and sediment traps
during the 2005 MedFlux program.

4.1.5. Explanations for the depth distributions of 2>*Th flux density

One inspiration for the current study was to seek an explana-
tion for the flux density distributions of 234Th as reported in
Szlosek et al. (2009) and displayed in Fig. 1. For particles that sink
very slowly (e.g., 10 m/d), the time for completing the journey
from 313 m to 1918 m (depths of the shallowest and the deepest
traps) is more than 5 half-lives of 23Th (24.1 days), which means
that more than 97% of the 23>*Th scavenged at 313 m will have been
lost by radioactive decay when the particles reach 1918 m. How-
ever, Fig. 1 shows that the 2**Th flux densities are almost the same
at different depths. For fast-sinking particles, the transit time is
short compared with the 22*Th half-life; we therefore expect that
loss by radioactive decay should be negligible, and flux density
variations with depth should be small. But Fig. 1 shows that deeper
traps exhibit higher 23*Th flux densities. Szlosek et al. (2009)
concluded that there must be processes that add thorium onto fast
sinking particles. Our objective here was to find out which process
or processes is (are) responsible.

For sinking particles, there are seven processes that influence
the 23*Th budget as shown in Fig. 3: adsorption, desorption, re-
mineralization, aggregation, disaggregation, sinking flux diver-
gence, and radioactive decay. Their contributions to the budget are
shown in Table 3. For slow-sinking particulate 23*Th, loss by
radioactive decay and desorption are mainly compensated by ad-
sorption of dissolved 23Th. Slow-sinking particulate 23Th is also
lost by particle sinking and aggregation, but the two processes
together contribute only about 10-20% of the loss by radioactive
decay and desorption. We conclude that, for slow-sinking parti-
culate 23*Th, adsorption is the major process responsible for
compensating the loss by radioactive decay. For fast-sinking par-
ticulate 23“Th, the loss by radioactive decay is relatively small.
Vertical flux contributes about 50-90% of the sink. The loss from
disaggregation is negligible at the upper layer, and accounts for
~10% of the total loss at the lower layer. Adsorption accounts for
~60%, and aggregation contributes the remaining ~40% of the
gain in 23*Th on fast-sinking particles. We conclude that a com-
bination of adsorption and aggregation is responsible for adding
234Th to the fast-sinking particles (Fig. 1).

These results have significance for understanding the controls
on the ratio of particulate organic carbon to 234Th (POC/Th) that is
used commonly to calculate POC fluxes from 23*Th deficits in the
water column. Cai et al. (2006) proposed that decay of 2>*Th on
sinking particles could alter the POC/Th ratio and produce

erroneous POC fluxes. In contrast, our results show that, at least at
the DYFAMED site, 234Th decay on sinking particles is not a factor
in producing the changes in POC/Th observed there, as described
in detail by Szlosek et al. (2009). Instead, other processes such as
remineralization, aggregation, and disaggregation are controlling
the POC flux on sinking particles (Table 3).

5. Conclusions

By using maximum likelihood estimation, we avoid prescribing
prior information that is highly objective, thus we obtain a unique
set of estimates that are totally determined by the data. Slow-
sinking particles have higher adsorption and desorption rate
constants compared to fast-sinking particles. Both adsorption and
desorption increase slightly with depth. For the distribution of
234Th flux density observed in the MedFlux project, our explana-
tion is that during the transit of particulate material from the
surface ocean to the deep sea, the loss of 2>4Th by radioactive
decay on slow-settling particles is compensated by adsorption, and
therefore that the 234Th flux in slow-settling particles captured by
the deep trap are approximately the same as those in the shal-
lower traps. In contrast, fast-sinking particles also absorb thorium
during sinking, but the loss from radioactive decay is low, which
explains why the deep trap has higher 2>*Th fluxes on rapidly
settling particles. Interactions among slow- and fast-settling par-
ticle classes through disaggregation are low.
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