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Abstract of Dissertation

This dissertation has three parts; all concern the behavior of sinking particles in

the ocean; all data come from the MedFlux program.

Sinking particles play an important role in the oceanic biogeochemical cycle,
because they are in the core position of the “biological pump” that is responsible for
transporting photosynthesized organic matter and energy into the deep ocean. On the
one hand, this transportation fuels benthic organisms; on the other hand, it reduces
carbon dioxide partial pressure in the surface water and promotes absorption of

elevated atmospheric carbon dioxide. Particle sinking velocity, which controls particle



residence time in the water column as well as the efficiency of the biological pump.
Particle aggregation and disaggregation can influence particle sinking velocity, because

large particles sink faster than small particles according to Stokes’ law.

Thorium data collected using Indented Rotating Sphere-Settling Velocity (IRS-
SV) sediment traps during the MedFlux program were analyzed using two contrasting
models. In both cases, the 11 settling velocity categories collected by these traps were
optimally divided into two settling velocity classes (“slow” versus “fast”) using maximum
likelihood estimation. In the first analysis, particle aggregation, disaggregation,
remineralization, thorium adsorption, and desorption rate constants were estimated
using likelihood methods; these methods do not require any prior estimates of
parameter values. Estimated adsorption and desorption rate constants of both slow-
and fast-sinking particles were found to increase with depth, while aggregation and
disaggregation rate constants were found to decrease with depth. Process contribution
results showed that radioactive decay loss of slow-sinking particulate 23*Th was
compensated by continuous adsorption of dissolved thorium, resulting in that measured
flux densities at different depths were approximately the same. Continuous supply from
adsorption and aggregation, and negligible radioactive decay loss, explained why 234Th
flux densities of fast-sinking particles at deeper depths were higher than those at

shallower depths.

In contrast, a widely used mathematical method, the total inverse method, which
requires specifying prior estimates of parameter values, was examined by seeding it
with different priors to examine the extent to which its results depend on prior

information. The results indicate that adsorption, remineralization, and slow-sinking



particle desorption rate constants can be relatively well constrained by the total inverse
method, but that disaggregation rate constants are highly dependent on prior parameter
estimates, suggesting that the latter method should be replaced by the simpler

likelihood method.

A conceptual model describing pigment cycling was built. The settling velocity (5
m/d) dividing slow from fast settling particles was much slower than that estimated (98
m/d) using thorium data. Compared with rate constants estimated using thorium,
aggregation rate constants estimated using pigment data were lower, and

disaggregation rate constants were higher.
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Chapter 1 : Introduction and background

1. Introduction

Biogeochemical cycles of carbon are among the most intensively studied areas
in oceanographic research, mainly due to the importance of carbon dioxide (COz2). The
atmospheric CO2 concentration has been increasing since the Industrial Revolution due
to the combustion of fossil fuels (Siegenthaler & Sarmiento, 1993); it has resulted in
global warming due to the greenhouse effect of CO2 (Barnett et al., 2005) and in ocean
acidification (Doney et al., 2009) due to adsorption of CO2 by seawater. In the ocean,
CO2 is used to produce organic matter by phytoplankton; it is also used by many
planktonic species for the production of carbonate shells. Because carbonate and many
components of organic matter are denser than seawater, these shells and associated

organic matter will sink after the death of these organisms (e.g., Armstrong et al., 2002).

Sinking particles connect the surface ocean to the deep sea, and transport
energy and organic matter produced in the euphotic zone to the deep ocean and
sediments. However, due to the high efficiency of heterotrophic remineralization, greater
than 90% of particulate organic carbon formed in the surface water is returned to

inorganic form in the euphotic zone or the upper ocean; only about 1% of organic matter



survives transit from the surface ocean to the sediments (e.g., Wakeham and Lee,

1993; Feely et al., 2001).

Particle aggregation and disaggregation have a great impact on particle sinking
velocity, which determines how much particle remineralization occurs in the water
column, and consequently the efficiency of the “biological pump”. This is because,
according to Stokes’ law, large particles sink faster than smaller particles of the same
density (Mann and Lazier, 1991; Waite et al., 1997); and faster sinking particles have
shorter residence times in the water column. Particle remineralization is also an

important control on nutrient cycling (Murnane et al., 1996).

For these reasons, particle aggregation, disaggregation, and remineralization
have been intensively studied (e.g., Nozaki et al., 1987; Cochran et la., 1993, 2000;
Murnane, 1994; Murnane et al., 1990, 1994, 1996; Kriest and Evans, 2000; Karakas et
al., 2009; Abramson et al., 2010). Because direct study of particle exchange is difficult,
most of the above-cited authors studied particle exchange using geochemical tracers,
among which the thorium isotopes are one of the most useful because it is a particle
reactive element and has multiple isotopes in the ocean (?2Th, 220Th, 232Th, and 2**Th):
these isotopes have the same chemical character, but different sources and decay half-
lives. By using a combination of thorium isotopes, we can obtain more information for

evaluating models than with a single tracer.

In addition to thorium isotopes, pigments are an important geochemical tracer.
Chlorophyll a, an important absorber of light during photosynthesis, is produced in the

euphotic zone, and degraded by either bacteria or zooplankton in the euphotic zone or



deeper in the water column. Chlorophyll a is used to represent biomass of
phytoplankton, which are small in size and sink slowly. However, chlorophyll a
degradation products- pheophorbide, pheophytin, and pyropheophorbide
(pheopigments for short), are present in zooplankton fecal pellets and aggregates,
which are larger in size and sink faster. The distinct origin of chlorophyll a and
pheopigments and their known degradation pathways make these compounds useful

geochemical tracers of surface source and particle remineralization (Lee et al., 2000).

This thesis focuses on estimating particle-thorium adsorption and desorption rate
constants, particle-particle aggregation and disaggregation rate constants, and particle
remineralization rate constants, by using the likelihood method (Edwards, 1992;
Armstrong et al., 2002, 2009) on both thorium tracers and on pigment tracers.
Additionally, the widely used “total inverse” method (e.g., Murnane, 1994; Murnane et
al., 1990, 1994, 1996; Marchal and Lam, 2012) used to estimate particle-thorium rate
constants was evaluated against the likelihood-based results. In the following, |
summarize pertinent background information and bring up questions to be addressed in

this thesis.

2. Background

2.1. The ocean’s response to increased COz2



Since the Industrial Revolution, atmospheric COz2 has increased sharply from
approximately 280 ppmv (parts per million volume) to 384 ppmv in 2007 (Fig. 1.1)
(Solomon et al., 2007) due to fossil fuel combustion and deforestation (Doney and
Schimel, 2007). The elevated CO2 concentration both induces climate change since
CO:2 is a greenhouse gas, and also decreases pH in the ocean, causing ocean

acidification.

The ocean covers approximately 70% of the Earth’s surface, and is the major
sink of anthropogenic CO2. According to Sabine and Feely (2007), about one third of
the anthropogenic COz2 input is absorbed by the ocean; without oceanic uptake

atmospheric CO2 concentration would be even higher.

One mechanism by which the ocean takes up COz is the “biological pump” (Fig.
1.2). In the euphotic zone, which is defined as the depth at which light level equals to
0.1% of the surface light level, phytoplankton synthesize organic matter from CO2
during photosynthesis. Because organic matter is denser than seawater, phytoplankton
as well as other organisms and their waste sink after death. Some phytoplankton are
consumed by zooplankton, and are repackaged into zooplankton fecal pellets. Most
synthesized organic matter returns to inorganic form by degradation. Only about 10% of
OM sinks out of the euphotic zone (Eppley and Peterson, 1979; Bacon et al., 1996); and

only about 1% sinks to the sediment (e.g., Wakeham and Lee, 1993).

Particles are thought to exchange extensively with each other while they are
sinking (Clegg and Whitfield, 1990, 1991; Cochran et al., 1993; Jackson and Burd,
1998); small particles can aggregate to form larger particles, and large particles can

disaggregate into smaller particles.



2.2. The MedFlux project

Due to the vast area of the ocean, it is impossible to sample at every location.
Oceanographers conduct in-situ observations at typical study areas, and then use
models to extrapolate their results to the whole ocean. The MedFlux project is one
example, and was conducted between 2003 and 2005 to study particle fluxes and
exchanges in the “twilight zone” (Lee et al., 2009), which is defined as the depth
between euphotic zone and 1000 meters (Buesseler et al., 2007). Particle samples
were collected using IRS sediment traps (see below) and in-situ large volume pumps at
the French Joint Global Ocean Flux Studies DYFAMED time-series site (43.25 °N, 7.52

°E) in the Mediterranean Sea.

The DYFAMED site has many characteristics that make it ideal for
oceanographic study. Geographically, it is only ~53 km off the coast of Nice in the
Ligurian Sea, yet has many open-ocean characters because surface terrestrial influence
has largely been cut off by the cross-coastal Ligurian current (Marty, 2002). This
location receives periodical dust input, which is well characterized (Buat-Menard et al.,
1989; Migon, 1993; Lee et al., 2009). Geochemically, as a site located in the northern
hemisphere mid-latitudes, it experiences a phytoplankton spring bloom from March to
April followed by stratification and low primary production in summer. The decrease of
stratification in autumn promotes another, smaller phytoplankton bloom, which is
terminated by decreased temperature and intensified mixing in winter (Abramson et al.,

2012).



One technique used in the MedFlux project was the Indented Rotating Sphere
(IRS) sediment trap, which was originally designed to exclude “swimmers” (zooplankters
that swim into a trap) (Peterson et al., 1993 (Fig. 1.3)). The trap has three parts: a mass
interceptor, an indented rotating ball, and a mass collector. Particles are first caught by
the mass interceptor and deposited on the indented ball, which rotates on a
programmed time schedule. Due to the rotation of the sphere, particles fall into the
mass collector. An innovative use of the IRS trap, as used in MedFlux, is to program the
sampling carousel to sort particles based on settling velocity (SV) (Peterson et al.,

2005).

2.3. Geochemical tracers

Particle aggregation, disaggregation, and remineralization impact
biogeochemical cycles of carbon, nutrients, and trace elements. Some trace elements,
such as thorium isotopes, in turn have been used as proxies to study how particles
transform when they sink (e.g., Nozaki et al., 1981; Cochran et al., 1993, 2000; Bacon
and Anderson, 1982; Honeyman and Santschi, 1989; Murnane et al., 1996; Bourne et
al., 2012). This is due to the fact that thorium is a particle-reactive element, which is
easily scavenged onto particle surfaces. When particles aggregate and disaggregate,

thorium can follow these changes.

There are several thorium isotopes commonly used in oceanographic studies: for

example, 234Th, 239Th, and 228Th with half-lives of 24.1days, 75,380 years, and 5.75



years, respectively. Since isotopes have the same chemistry, different decay half-lives
and activities offer modelers more degrees of freedom to evaluate models. In
oceanography, thorium isotopes have been used to evaluate sediment trap efficiency
(e.g., Fleisher and Anderson, 2003; Roy-Barman et al., 2009) and to calculate POC flux
out of the photic zone (e.g., Santschi et al., 1979; Coale and Bruland, 1985; Tsunogai et
al., 1986; Buesseler, 1998); they also have been used to estimate particle aggregation,
disaggregation, adsorption, and desorption (e.g., Murnane, 1994; Murnane et al., 1994,

1996).

In previous box models describing thorium cycling (Murnane, 1994; Murnane et
al., 1994, 1996), particles were separated based on particle size; sinking velocity of
large particles was arbitrarily assigned; and small particles were assumed to be “non-
sinking” particles, which, according to McDonnell and Buesseler (2010), might be
wrong. McDonnell and Buesseler (2010) studied the relationship between particle size
and average sinking velocity for particles with sizes ranging from 70 um to 6 mm; their
results (shown in Fig. 1.4) suggest that particle size and sinking velocity are not linearly
correlated. Instead of separating particles based on their size and assuming small
particles were “non-sinking”, we built a box model that separated particles based on

sinking velocities that were measured using IRS SV traps in the 2005 MedFlux program.

Szlosek et al. (2009) showed that between the depths of 1918 m and 313 m, the
time-integrated 234Th flux densities of slow-settling particles were almost equal (e.g.,
see SV<49 m/d from their data reproduced as Fig. 1.5), whereas 234Th flux densities of
fast-settling particles were higher at deeper depths than at shallower depths.
Considering the decay half-life of 224Th (24.1 days), particles with slower settling

7



velocities will take at least one and a half decay half-lives to finish the transit from 313
m to 1918 m, by which time more than 65% of 234Th will have decayed away. However,
the measured fluxes of slow-settling particles at these two depths were essentially the
same. For fast-settling particles (e.g., SV>=100 m/d), it takes less than 16 days to reach
the deeper depth; during this period of time the radioactive decay loss would be less
than 40%. Therefore, we would expect that 234Th flux densities are similar at the two
depths. However, the measurements presented in Fig. 1.5 suggest that during the
sinking journey particles gain 2%4Th either from dissolved forms by scavenging or from

exchange with other particles.

Szlosek et al. (2009) considered a conceptual model to describe the processes
that could influence thorium activities in each phase. Conceptually, fast-settling particles
can disaggregate to form slow-settling particles; and slow-settling particles also can
aggregate into fast-settling particles. Particles and dissolved phases interact via biotic
and abiotic processes such as adsorption, remineralization, and dissolution. Thorium
isotopes with different decay half-lives but the same chemistry can provide valuable
information on particle interactions (Marchal and Lam, 2012). Because particles were
sorted by settling velocities in MedFlux studies, we are able to determine thorium
distributions on particles with different settling velocities. When we put the activities and
settling velocities into a likelihood model, the particle interaction rate constants can be
calculated. These rate constants are extremely important for understanding particle

dynamics in the ocean.

Chlorophyll a, which is produced in the euphotic zone, degrades during the
sinking of particles from the surface water to the deep sea. Degradation can be caused
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by either photolysis into colorless compounds, or biologically by zooplankton to
pheopigments (pheophorbide, pheophytin, and pyropheophorbide) (Szymczak-Zyla et
al., 2008), which have similar ring structures as Chl a (Sun et al., 1993). Chl a is used
as a proxy to represent biomass of algae, which are small in size and sink slowly.
However, since pheopigments are the products of herbivore grazing, they are inside the
zooplankton or their fecal pellets, which are assumed to sinking faster in the water
column (Welschmeyer and Lorenzen, 1985). During the sinking transit, it is thought that
particles continuously exchange material through aggregation and disaggregation (Hill,
1998). Chl a and pheopigments can be used as proxies to record particle exchange due
to their distinct sources and known degradation pathways. Abramson et al. (2010)

applied these ideas to Medflux data to obtain a qualitative view of particle exchange.

2.4. Mathematical Models

The total inverse method, which was developed by geophysicists to deal with
largely underdetermined problems, was adopted by marine scientists as a routine
method to quantify particle-thorium interactions rate constants (e.g., Murnane, 1994;
Murnane et al., 1994, 1996; Marchel and Lam, 2010). Instead of using single quantities
(for example, means or medians), the total inverse method describes data and
parameters with probability densities. Theoretical relationships connecting data and
parameters are also described with probability densities for incorporation of theoretical
errors, which come from incomplete theoretical knowledge or inappropriate
assumptions. In this method, the posterior estimates are assumed to have normal

9



distributions when both the prior information and the theoretical equations are assumed

to have normal distributions (Tarantola and Valette, 1982a, 1982b).

The total inverse method is designed to deal with linear or weakly non-linear
problems and can deal with both over-determined and under-determined problems
(Tarantola and Valette, 1982a, 1982b). The prior estimates come either from direct
measurements or from the literature. For non-linear problems, results are found by
iteration. In the inverse process, prior estimates adjust themselves based on a least-

square criterion in ranges defined by their variances.

The likelihood method, another optimization method, is similar to the least-square
method when data have normal distributions (Hilborn and Mangel, 1997). A useful
feature of the likelihood method is that it is multipliable, therefore log-likelihoods are
additive, which makes it feasible to combine different types of data into one likelihood
model. This feature is very important when dealing with thorium data, because thorium
isotopes have up to 3-orders of magnitude differences in activity and decay half-life. If
we put them directly into one likelihood model, the one with higher activity will dominate

the results, which will give biased results.

In this thesis, we estimated particle-thorium adsorption and desorption rate
constants, and particle-particle aggregation and disaggregation rate constants by the
likelihood method with both thorium and pigment tracers, and made comparison on the
results estimated with the two tracers. Multiplications of calculated rate constants with
corresponding concentrations gave estimations about process contributions, about

which we discussed their biogeochemical meanings. We also evaluated the total
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inverse method by seeding with different prior estimates to check if this method could

make a constant prediction.

3. Research Questions

Generally, | tried to address the following main research questions in my thesis.

» Can we understand the depth distribution of thorium-234 measured by the
IRS SV sediment traps at three different depths by applying the likelihood

method to thorium tracers?

» |s the “total inverse method,” reliable enough to make useful predictions of

particle interaction rate constants when applied to thorium data?

» Can we obtain “better” estimates of particle exchange rate constants by
using pigment tracers? Or will these estimates always be different

because thorium and pigments trace different properties of particles?

4. Thesis organization

In this thesis, | discuss two mathematical methods, the total inverse method and
the likelihood method, and two geochemical tracers, radioactive elements (thorium) and
chloropigments. Chapter | summarizes background information and poses research

questions. Chapter Il builds two box models describing geochemical cycles of thorium
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isotopes and sinking particles, respectively, and applies the likelihood method to
estimate thorium-particle adsorption and desorption rate constants, and particle-particle
aggregation and disaggregation rate constants, and answers the question posed by
Szlosek et al. (2009). Chapter lll investigates the total inverse method that has been
widely used by the community to estimate particle-thorium interaction rate constants.
Chapter IV uses pigment tracers and the likelihood method to estimate particle
exchange rate constants and makes comparisons to rate constants estimated using

thorium tracers. Chapter V summarizes major findings of the thesis.
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subtropical North Pacific Ocean; (Reproduced from Doney et al., 2009)
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Chapter 2 : Using maximum likelihood estimation to analyze
data from MedFlux settling velocity sediment traps to

investigate particle cycling in the ocean

Abstract

We applied maximum likelihood estimation to MedFlux settling velocity (SV)
sediment trap data; that data include particle settling velocity, particle mass fluxes, and
thorium isotope (?%4Th and 23°Th) fluxes in each settling velocity category. A box model
that describes thorium-particle interactions was formularized by assuming steady state
and first-order reaction kinetics for thorium adsorption and desorption, and for particle
aggregation, disaggregation, and remineralization. The maximum likelihood method
indicates that particles with settling velocities equal to or greater than 98 m/d should be
treated as the fast-sinking class in the box model, and the remaining SV categories as
the slow-sinking class. Adsorption rate constants for both slow- and fast-sinking

particles increase slightly with depth. Desorption rate constants increase with depth

from 0.04 to 15.43 y' for slow-settling particles, and from 0.30 to 52.03 y™' for fast-

settling particles. Aggregation and disaggregation rate constants decrease with depth

from 2.11 t0 0.09 y'!, and from 2.42 to 1.16 y™!, respectively. Production from 238U
radioactive decay is the main source of dissolved 234Th; radioactive decay and
adsorption by particles are the main sinks for dissolved 2*4Th. For rapid-sinking

particles, adsorption is the main source; sinking is the main sink. For slow-sinking
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particles, adsorption is the main source; radioactive decay and desorption are the main
sink. For particulate 23°Th, the contributions from aggregation become more important

compared to the role they play in the 2**Th budget.

1. Introduction

Oceanic carbon cycles have been intensively studied for many decades, due
mainly to the importance of CO2. The atmospheric concentration of CO2 has been
increasing since the Industrial Revolution due to the combustion of fossil fuels
(Siegenthaler & Sarmiento, 1993). The elevated atmospheric CO2 concentration has
induced climate changes because of the greenhouse effect (Barnett et al., 2005), and
has resulted in ocean acidification because of absorption of CO2 by seawater (Doney et
al., 2009). In the euphotic zone, phytoplankton use COz2 to synthesize organic matter;
some planktonic species also utilize CO2 to produce their carbonate shells, which along
with organic matter sink after the death of organisms due to their density excess over

seawater.

Sinking particles play an important role in the “biological pump”, which transports
energy and organic matter from the surface water to the deep ocean and sediments.
However, due to the high efficiency of heterotrophic remineralization, greater than 90%
of particulate organic carbon formed in the surface water is returned to inorganic form in
the euphotic zone or the upper ocean; only about 1% of organic matter survives transit

from the surface ocean to depth (Wakeham and Lee, 1993; Feely et al., 2001).
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Particle production, transportation, and remineralization have profound impacts
on biogeochemical cycles of carbon and trace elements. Paradoxically, a few elements,
such as thorium, which are not biogenic, provide an avenue by which one can study
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 because thorium
isotopes are particle-reactive, and are easily scavenged onto particle surfaces: when a
particle experiences a transformation such as remineralization, aggregation, or

disaggregation, thorium can be used to follow these changes.

When thorium isotopes (2**Th and 23°Th, with half-lives of 24.1 days and 75,380
years, respectively) are used together, they become significantly more valuable. The
application of thorium isotopes, in oceanography history, evolved from a “single isotope
application” to evaluate sediment trap efficiency (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), the sinking

rate of large “sinking” particles was arbitrarily assigned. By contrast, in the MedFlux
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program, in-situ particle settling velocities were measured 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, which was a critical

assumption in previous models.

The objective is to try to explain the depth distribution of 234Th flux that was
observed in the MedFlux program, as reported in Szlosek et al. (2009), in which slow-
sinking (SV less than < 49 m/d) particulate 2**Th flux densities were approximately the
same in shallow as in deep traps, whereas fast-sinking particulate 234Th flux densities in
deep traps were higher than in shallow traps. Our goal here is to assess which
process(es) is (are) responsible for compensating for loss by radioactive decay on slow-
sinking particles and which process(es) is (are) responsible for adding 22*Th to fast-

sinking particles when they are sinking.

2. Methods

2.1. The data
2.1.1. Dissolved ?3U, 24U, 2*Th, and %°Th

The distribution of 238U is essentially uniform in the studied depths (313-1918 m);
a constant value of 2700 dpm/m? was therefore used at all the three trap depths. This
value was measured at the DYFAMED site, and was reported in Cochran et al. (2009);

this value is also consistent with the relationship between salinity and 233U (Owens et al.,
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2011) at a salinity of 38. The activity of 234U was calculated based on the relationship

2341 = 1.14x%3%Y = 1.14x2700=3078 dmp/m? (Marchal and Lam, 2012).

In contrast, thorium (23*Th and 23°Th) activities vary with depth. The activities of
dissolved 234Th activities were from Cochran et al. (2009), in which dissolved 2*4Th were
calculated by taking differences between total thorium 234Th and particulate 23Th; these
quantities were sampled using Niskin bottles and Challenger Oceanic battery-operate
in-situ pumps, respectively. However, there were no dissolved 2**Th data at the exact
trap depths of 313 m, 524 m and 1918 m. At 313 m, dissolved 234Th concentration was
linearly interpolated using the data sampled at 200 m and 400 m on March 13, 2005; at
524 m, 2%4Th concentration was linearly interpolated using the data sampled at 400 m
and 600 m on March 9, 2005; at 1918 m, dissolved 234Th was taken as the data
sampled at 1800 m on March 9, 2005, because no deeper data were available. Based
on this method, the concentration of dissolved 234Th is 2518 dpm/m? at 313 m, 2469
dpm/m?2 at 524 m, and 2520 dpm/m? at 1918 m. The activities of dissolved 23°Th were
taken from Roy-Barman et al. (2002), who sampled at the DYFAMED site. After the unit
transformation from fg/kg (used in Roy-Barman et al., 2002) to dpm/m3, the activity of
dissolved 229Th is 0.13 dpm/m? at 313 m, 0.16 dpm/m?3 at 524 m, and 0.17 dpm/m? at

1918 m.

2.1.2. Sediment trap data

The data used here are from the MedFlux program, specifically from data
sampled using IRS SV traps deployed in 2005 at the DYFAMED site (Fig. 2.1) in the

Mediterranean Sea. A full description of how an IRS SV sediment trap works can be
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found in Peterson et al. (1993, 2005, 2009). Generally, a chain of IRS sediment traps
are bottom-tethered for a fixed interval; in the 2005 MedFlux program, the deployment
time was 55 days, with actual sampling depths at 313 m, 524 m, and 1918 m. As
shown in Fig. 1.3, sinking particles are first captured by a column-shaped particle
interceptor, and fall onto an indented ball that rotates on a programmed time schedule.
The rotation of sphere transfers the particles into a skewed funnel that leads to a
sampling carousel, in which there are 12 sampling tubes. The carousel is programmed
to rotate, and particles with different settling velocities will fall into different tubes. The

full data set is available online at: http://www.msrc.sunysb.edu/MedFlux/. The data related

to the current research are presented in Table 2.1.

2.2. The box model

The box model used to describe thorium cycling here (Fig. 2.2) differs slightly
from models used in other studies (e.g., Murnane, 1994; Murnane et al., 1994, 1996;
Marchal and Lam, 2012). Instead of dividing particles based on their sizes into large and
small classes, we divided particles based on their sinking velocities into fast- and slow-
sinking classes. Even though particles were sorted into 11 SV categories, we combined
them into two classes to limit the number of parameters that are needed to be
estimated. In our model we allow thorium exchange between the dissolved phase and
fast-sinking class via adsorption and desorption, and ignore remineralization of fast-

sinking particles. For particle cycling, the box model we used (Fig. 2.3) is almost
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identical to that used by Murnane (1994), Murnane et al. (1994, 1996), and Marchal and

Lam (2012), except that we divided particles into sinking velocity classes.

Dissolved thorium isotopes, have a source from the radioactive decay of uranium
and a loss from radioactive decay. Dissolved thorium is also lost by adsorption onto
sinking particles, and is added by desorption from particles and from remineralization
from the slow-sinking class. For the slow-sinking class, thorium is lost by radioactive
decay, desorption, particle remineralization, particle aggregation, and sinking, and is
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 interactions are assumed to

have first-order reaction kinetics.

2.3. Mathematical description

The steady state of the box model can be described by the following equation,
0 = flux;, — flux,,: + [internal processes] X Az (1)

where flux;, term is measured by the sediment trap; however, the flux,,; term
is unknown. We approximate the flux terms by assuming that they can be estimated by
a flux gradient term F; multiplied by the depth, Az, of the box. Here comes the following

equation,

0 = F; X Az + [internal processes| X Az (2)
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Finally, we assume that F; can be estimated using the input fluxes to two

successive traps,

— fi,d_fi,s
Zq—Zg

F; 3)

where i represents a specific settling velocity category; z; and z; mean depths of deep
and shallow sediment traps, respectively; f; ; and f; ; are fluxes measured by deep and
shallow sediment traps, respectively. In practice, vertical export at 313 m was calculated
using data sampled at 313 m and 524 m, and at 1918 m using data sampled at 524 m
and 1918 m. Vertical export at 524 m was the average of vertical exports calculated for

313 mand 1918 m.

Thorium and particle concentrations in units of dpm/m? or mg/m? are calculated

via the following equation, which is similar to Eq. 12 in Armstrong et al. (2009):

[Th or Mass] = f—l 4)

Wi
where w; is a mid-point SV for category i. According to the mechanism of the SV
sediment trap, SV calculated for each SV category is the minimum SV that particles
have in this category. A mid-point SV is calculated by taking the mathematical average

of two adjacent minimum sinking velocities.

If there are n settling categories associated with “slow-sinking” particles, the total

vertical export flux by slow-sinking particles should be:

D

R==2 5)

For thorium on slow-settling particles, the equation is:
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Fras = [The] X f_y + [Thy] X ks — [Ths] X (A + k_ys+7+B) +Ts (6)
For thorium on fast-settling particles, the equation is:
Frpp = [Ths] X B+ [Thq] X ky — [The]l X (A+ k_y s+ 1) + TS (7)
where Fry s, Fry f are vertical exports of slow- and fast-sinking particulate thorium,

respectively. [Th,], [Thg], and [Th,] are concentrations of dissolved thorium, slow-

sinking particulate thorium, and fast-sinking particulate thorium, respectively; [_; is
disaggregation rate constant; k; and k; are adsorption rate constants of slow- and fast-
sinking particles, respectively; A is the thorium decay constant; k_; ; and k_, ; are
desorption rate constants of slow- and fast-sinking particles, respectively; g and r are
aggregation and remineralization rate constants; Ts and Tf are sum of advection and
diffusion for slow- and fast-sinking particles, respectively. In following calculations

Tsand Tf are neglected.
The following two equations describe particle cycling,
Fys = [Pr]l X oy — [B] X (r + ) (8)
Fpp = [P] X B = [Pr] X B ©)

E, s and F, ; are vertical export of slow- and fast-sinking particles, respectively; [F;] and

[P¢] are particle concentrations of slow- and fast-sinking particles, respectively.
For dissolved thorium, the equation we used is
Pro = [Thy] X (A + ks + k) — ([Ths] X k_y + [Ths] X k_yf) (10)

where Pro is the production from uranium decay. These relationships are depicted in
Fig. 2.2
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2.4. Theory and algorithm of the likelihood method

Technically, if the error between a data point (y;) and the model prediction (y,) of
that value are normally distributed with variance o2, then for that data point the best

choice of parameters will be those that maximize

1 (i — %)?
L(y) = J2no?) X exp(— T) 11)

If we have n data points and assume constant variance (a?2), the quantity to be

maximized will be

n
1 i = %)? l
L(»y; = 1_[ — X exp(————— 12
Vi yn) | | L/(Zmz) (=2 ) (12)
The natural logarithm of Eq. 10 is
n (i — %)?
log Ly; - yn) = -5 X log[2no?] - ZT (13)

Finally, a standard procedure allows us to eliminate the “nuisance parameter” 2

(Edwards, 1992), leading to

logL = — (g) X log( ?zl(y(izl_ 0 ) (14)

By maximizing likelihood, we are trying to find a set of parameters that has the
highest probability of having produced the data in a sense that minimizes the difference

between model predictions and measurements, thus highest likelihood. That set of
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parameters is called the maximum likelihood estimate (MLE) (Hilborn and Mangel,

1997).

In this particular case, the huge differences in half-lives and concentrations
between 234Th and 23°Th lead to great differences in their variances; for example, the
variance of 2*4Th in the study area is about 9.4x10%; the variance of particle mass is
about 2.8x103, whereas the variance of 2°Th is about 6.1x10-3. The largely different
variances apparently violate the assumption that the variance are constant. However,

since likelihoods are derived from probabilities, likelihoods are multipliable:
L{H|datal,data2,data3, -} = L{H|datal} X L{H|data2} X L{H|data3} X --- , (15)
and logarithms of likelihoods are additive:
log L {H|datal,data2,data3, -}

= log L{H|datal} + log L{H|data2} + log L { H|data3} + - (16)

This feature of likelihood enables us to include different types of data into a
single framework (Hilborn and Mangel, 1997). We calculated log-likelihood separately
for 234Th, 230Th, and particles, allowing each to have its own variance, then adding them
together to get a total log-likelihood, which was maximized using a simulated annealing
algorithm (Metropolis et al., 1953; Press et al., 1986; Armstrong et al., 2002). A half-

million iterations were used to find the best parameter values for the model.

3. Results

33



3.1. Division of fast and slow-sinking classes

The division SV is defined as the SV at which the 11 SV categories were
separated into two classes: categories with minimum SVs equal to or greater than the
division SV are grouped into the fast-sinking class, otherwise to the slow-sinking class.
Maximum likelihood versus division SV is shown in Fig. 2.4, which shows a distribution
a little flatter than parabola with the peak at 98 m/d and a maximum log-likelihood of -
52.5, which means if particles with settling velocities equal to or greater than 98 m/d are
grouped as fast-sinking class and the rest as slow-sinking class, the data fit the model

best.

3.2. Parameter estimates
3.2.1. Model parameters

Estimated parameter values together with reference reported values are shown

in Table 2.2. Adsorption rate constants of slow-sinking particles increased slightly with

depth from 0.61 y' to 1.04 y'. Adsorption rate constants of the fast-sinking particles are

4-7 times lower than that of slow-sinking particles, and also increase slightly with depth
(0.09 to 0.25 y'"). Thorium desorption rate constants increase dramatically with depth:;
particles. Remineralization rate constants increase from 0.01 y' at 313 m, to 0.54 y' at
1918 m. Aggregation rate constants decrease from 2.11 y' at 313 m, to 1.13 y! at 524
m to 0.09 y' at 1918 m. Disaggregation rate constants decrease from 2.42 y! at 313 m,

to 1.39y"' at 524 m, and to 1.16 y"! at 1918 m.
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3.2.2. Processes that influence the balance of 234Th

Source and sink terms for 234Th are displayed in Table 2.3 (A). The main source
of dissolved 23*Th is radioactive decay of 238U; its main sink is radioactive decay.
Contributions of these two processes are much higher than particle adsorption and
desorption contributions, both of which increase with depth; but their differences remain
relatively constant, which probably indicates that the rate particulate-dissolved thorium
exchange increases with depth. For fast-sinking particulate 2**Th, loss through
radioactive decay is relatively small, which coincides with our expectation because a
large sinking speed leaves little time for radioactive decay. The major loss by vertical
export is compensated by adsorption. For slow-sinking particulate 2**Th, due to its low
sinking speed and long transition time it is mainly lost through radioactive decay, which
is mainly compensated by adsorption. The loss by remineralization increases with
depth, but overall its contribution is small. Aggregation of slow-sinking particles to fast-

sinking particles is significant at 313 m, and decrease with depth.

3.2.3. Processes that dominate the balance of 230Th

The source and sink terms for 23°Th are displayed in Table 2.3 (B). For all three
phases, the loss from radioactive decay is negligible due to its long decay half-life and

low concentrations. For dissolved 23°Th, the source is primarily 23*U radioactive decay;
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the major sink is adsorption by particles. For fast-sinking particulate 2°Th, at two
shallow depths (313 m and 524 m) aggregation and adsorption together compensate
the loss by vertical transport; at 1918 m, the contribution of aggregation becomes small
enough to be neglected. For slow-sinking particulate 23°Th, adsorption is constantly a
major source at all three depths; and aggregation and desorption are major sinks at 313
m and 524 m. As the aggregation contribution becomes small at 1918 m, desorption
becomes the only major sink. The 23°Th data also indicate dissolved and particulate
thorium exchange rates increase with depth. At all three depths, losses via

remineralizaiton are small enough to be ignored.

4. Discussion

4.1. Uniqueness of the current study

In previous studies, the box models were either based on data sampled by large
volume pumps that sort particles based on their size (Nozaki et al., 1987), or based on a
combination of pump and sediment trap data (Murnane et al., 1990, 1994, 1996). The
model based solely on pump data had three phases: a dissolved phase, small particles,
and large particles. Models based on those data 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
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has nearly the same structure, but in this model, the “large” or “sinking” particles were

sampled by sediment traps.

The previous models have three disadvantages. First, the assumption that small
particles do not sink may be wrong. As reported in McDonnell and Buesseler (2010), the
figures of sinking velocity versus particle size (e.g., Fig. 1.4) may sometimes have
saddle shaped distributions; particle sinking velocity sometimes does not depend on
particle size. Therefore, the assumption that small particles are “non-sinking” may be
inappropriate. Second, particles caught by a large-volume pump might 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 last disadvantage is that the
sinking velocity that these 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 fast-
sinking fraction by modeling the data measured by settling velocity sediment traps. Xue
and Armstrong (2009) gave added support and reported that particles at the DYFAMED

site sank at an average velocity of 220 m/d.

The samples used in the current study were collected using IRS SV sediment
traps deployed at 313 m, 524 m, and 1918 m. The advantage of the data set is that
particle sinking velocities were measured directly by the SV traps, avoiding the need to
arbitrarily assign a sinking speed for “large” particles. Additionally, since particles were
separated by sinking speed instead of particle size, we have a direct measure of sinking

velocity for “slow-sinking” particles, and do not need to rely on the indirect assumption
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that “small” particles are “slow”, and that “slow” means “non-sinking”. Finally, the
division between “slow” and “fast” was determined using maximum likelihood

estimation, and was therefore not arbitrary.

4.2. Adsorption rate constants

To our knowledge, this is the first study using a model that separates particles
into fast- and slow-sinking classes instead of large and small classes. It is also the first
study that allows direct interactions between dissolved 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 - 0.47 y' at the Arctic Ocean. Bacon and Anderson (1982) reported estimates of of
0.2 - 1.3 y! at the Panama Basin. Adsorption rate constants for slow-sinking particles in

this paper range from 0.61 — 1.04 y*!, which is in good agreement with these

references. For fast-sinking particles, adsorption rate constants range from 0.09 — 0.25

y!, which are at the lowest 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 two explanations.

First, particle composition could have an impact on thorium adsorption rate. The
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composition of particles collected in the MedFlux project in the slow- and fast-sinking
classes are listed in Table 2.4, which shows that slow-sinking particles have
consistently higher organic matter content than fast-sinking particles at all three depths.
Other components do not show a consistent pattern. Organic matter can enhance
thorium adsorption onto particles (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. Another explanation is that large sinking speeds do not allow enough time for
adsorption to occur. This might also explain why the adsorption rate constants for both
slow- and fast-sinking particles increase with depth, even though the organic matter

composition decreases with depth.

4.3. Desorption rate constants

Desorption rate constants ranged from 0.04 — 15.43 y! for slow-sinking particles,
and from 0.30 — 52.03 y™! for fast-sinking particles. For comparison, Nozaki et al. (1987)
reported desorption rate constants ranging from 0.88 + 1.2 - 1.89 + 5.1 y! in the
western Pacific; Bacon et al. (1989) presented results that ranged from 2.6 - 9.8 y*! for

the Arctic Ocean; and Bacon and Anderson (1982) reported a range of 1.3 - 6.3y at
the Panama Basin. Murnane et al. (1994) estimated desorption rate constants of
3.1+1.5 y' at the northwestern Atlantic Ocean. Our desorption rate constant range is
broader than their previously reported ranges, probably due to the use of different

model structures. In addition, our prediction of a high desorption rate constant of 52.03
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y! for fast-sinking particles at 1918 m indicates that ignoring the interaction between
fast-sinking (“large” in the reference models) particles with the dissolved phase, as has
been done in previous models, might not be appropriate. The higher desorption rate
constants for fast-sinking particles than for slow-sinking particles might also be

attributed to differences in organic matter content, as noted above.

An important feature of desorption rate constants is their depth distribution: the
desorption rate constants for both slow- and fast-sinking particles increase with depth.
The average organic carbon composition of sinking particles in SV traps decreased
from 17 % at 313 m, to 12 % at 524 m, and then to 8.2 % at 1918 m; meanwhile, the
opal composition decreased from 28 % at 313 m, to 18 % at 524 m, and then to 14 % at
1918 m (Lee et al., 2009). Increased desorption rate constants with depth could
possibly be due to the remineralization of organic matter, or opal, or both, since the
laboratory results of Chuang et al. (2014) showed that the presence of organic matter
on particles could enhance the adsorption rate of radionuclides by 1 to 2 orders of

magnitude.

The role that might be played by opal is still in debate. Geibert and Usbeck
(2004) argued that opal is one of scavengers of the dissolved thorium. However, Chase
et al. (2002) concluded that particle affinity for thorium decreases with increasing opal
content. In addition, a recent study by Chuang et al. (2014) showed that silica is not
responsible for enhanced sorption of radionuclide on particles. The relationship between

decreasing opal content and increasing desorption rate constants is still unclear.
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4 4. Remineralizaion

Remineralization rate constants in this study are lower than those reported in

Clegg et al. (1991), who presented a value of 1.64 y! below 200 m and a decreasing

trend with depth. Rather than showing a decreasing trend with depth, our estimates are

0.1y'at313m, 0.2y " at 524 m, and 0.54 y-! at 1918 m. From Fig. 6 in Clegg et al.
(1991), it can be seen that their conclusion that remineralization rate constants
decrease with depth applies only to the upper 200 m, below which rate constants either
increase slightly or keep constant, in good agreement with results from our two
shallower depths. Unfortunately, Clegg et al. (1991) did not include a deep depth in their
study. The reason for the high remineralization rate constant estimated at 1918 m in this

study is not clear.

4.5. Aggregation and disaggregation

In agreement with the results reported in Clegg et al. (1991), aggregation and
disaggregation rate constants in this publication decrease slightly with depth. They are
lower than the average values estimated at 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 sampled at the North Pacific. Comparisons with other studies
(Nozaki et al., 1987; Murnane, 1994) shows that the aggregation rate constants are

comparable; disaggregation rate constants, however, are 2-3 orders of magnitude lower
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than that those in the above citations. The discrepancy between our results and
previous studies may be due to geographical differences, or due to the different
methods used to estimate the parameters (see Chapter IIl). Aggregation and
disaggregation fluxes are calculated by multiplying aggregation and disaggregation rate
constants with slow- and fast-sinking particle concentrations, respectively. As shown in
Table 2.3, particles do exchange via aggregation and disaggregation, which is in
agreement with Abramson et al. (2010), in which the aggregation and disaggregation
were studied by comparing particles’ pigment and amino acid compositions sampled by

large volume pumps and sediment traps in the 2005 MedFlux program.

4.6. Explanations for the depth distributions of 234Th flux density

One inspiration for the current study was to seek an explanation for the flux
density distributions of 24Th as reported in Szlosek et al., (2009) and displayed in Fig.
2.3. 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 234Th (24.1 days), which means more than 97% 23*Th at 313 m will have
been lost by radioactive decay when they reach 1918 m. However, Fig. 2.3 shows that
the 234Th flux densities are almost the same at different depths. For fast-sinking
particles, the transit time is short compared with 234Th decay half-life; we therefore
expect that loss by radioactive decay should be negligible, and flux density variations
with depth should be small. But Fig. 2.3 shows that deeper traps exhibit higher 234Th

flux densities. It is concluded that there are processes adding thorium onto sinking
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particles. Our objective here was to find out which process or processes is (are)

responsible for that.

For sinking particles, there are 7 processes that exert influence on the 234Th
budget as shown in Fig. 2.1: adsorption, desorption, remineralization, aggregation,
disaggregation, vertical export, and radioactive decay. Their contributions to the budget
are shown in Table 2.3. For slow-sinking particulate 2*4Th, loss by radioactive decay is
mainly compensated by adsorption of dissolved 23*Th. Slow-sinking particulate 234Th
also is lost by sinking and aggregation, but two processes together contribute about 15 -
30 % of the amount radioactive decay contributes. We conclude for slow-sinking
particulate 2**Th, adsorption is responsible for compensating the loss by radioactive
decay. For fast-sinking particulate 234Th, the loss by radioactive decay is relatively
small. Vertical export contributes about 80-90 % of the sink. The loss from
disaggregation is negligible. Adsorption accounts for 80 — 90%, and aggregation the
remaining 10 - 15% of 234Th gain on fast-sinking particles. We conclude that
combination of adsorption and aggregation are responsible for adding 2**Th to fast-

sinking particles.

Conclusions

Slow-sinking particles have higher adsorption rate constants but lower desorption
rate constants than fast-sinking particles. Both adsorption and desorption increase with
depth. For the distribution of 23*Th flux density observed in the MedFlux project, our

explanation is that in the transition from the surface ocean to the deep sea, the loss of
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234Th by radioactive decay on slow-settling particles is compensated by adsorption, and
therefore that the 2%4Th flux in slow-settling particles captured by the deep trap are
approximately the same as those in the shallower 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 24Th fluxes on rapidly settling particles.
Interactions among slow- and fast-settling particle classes through aggregation and

disaggregation are low.
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Table 2.1. Original and newly added data. Mass flux was measured using IRS. Data that are in bold are newly added data. Z°Thxs
means excess 2°Th, which is calibrated using %*2Th to correct for terrestrial influence (**°Thxs = 23°Th — 0.57 x %32Th)*.

(@/m2d)  (mid) (m/d) (dpm/e)  (gommzgy  (@PM/G)  (dpm/g)  (dPm/G) o mesd)
313 m SV2 024 5.96 980 1200  4494+576 26.8 2.00:051 099026  2.42 0.014
SV2 03A 62.22 490 7344 2803146 1744  3.50£032 3.32:032  1.61 0.100
SV2 04A 75.38 326 4080  2375¢130 1790  1.41:0.14 092013  0.59 0.044
SV2 05A 80.49 196 2611 2511138 202.1 2.00:019  2.27:0.20  0.80 0.064
SV2 06A 39.30 140 167.9  2301:199 90.4 1.99:0.25 2.87:032  0.36 0.014
SV2 074 29.75 98 1189 2517231 74.9 2.30:027  2.10:0.27  1.20 0.036
SV2 08A 26.71 49 735 32004252 85.5 4.44:032 216:022  3.21 0.086
SV2 094 23.22 22 354  2763+273 64.2 2.05:022  2.04:0.23  0.88 0.021
SV2 10A 21.83 11 164 2517283 55.0 2.28:023  1.60:0.20  1.36 0.030
SV2 11A 20.91 5 82  2504+313 54.2 351:051 0.25:010  3.36 0.070
SV2 12A 88.74 0.68 3.1 3028+111 2687  1.95:019  0.74:012  1.52 0.135
524 m SV1 024 33.79 980 1200  2389+86 80.7 2.23:018 2.43:020  0.85 0.029
SVI03B  127.75 490 7344 2279+41 2912  2.28+019  2.05:0.18  1.11 0.142
SVI04B 5163 326 4080  2804+77 1448  3.43:037 250:034  1.70 0.088
SV1 054 55.22 196 2611 2703176 149.2 158014  2.15:017  0.36 0.020
SV1 06A 22.38 140 167.9  2710+122 60.6 3.88:032 276:027  2.31 0.052
SV1 074 17.74 98 1189 28724153 51.0 1911026  1.70:026  0.94 0.017
SV1 08B 18.50 49 735 3072+149 56.8 476:041 1.98:026  3.63 0.067
SV109B 16.05 22 354  3098+170 49.7 2.68:029 2.36:0.28  1.33 0.021
Sv1 108 16.98 11 164 2835161 48.1 1831023 2.81:032  0.23 0.004
SVi11B 2228 5 82  3200+163 73.3 14.60+1.09 8.71:085  9.63 0.215
SVi12B  88.76 0.68 3.1 2996478 265.9  0.98:0.14 0.61:0.11  0.63 0.056
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SV2 02B
SV2 03B
SV2 04B
SV2 05B
SVv2 06B
SVv2 07B
SVv2 08B
SV2 09B
Sv2 10B
Sv211B
Sv2 12B

1918m SV1+2#2
SV+2#3
SV1+2#4
SV1+2#5
SV1+2#6
SV1+2#7
SV1+2i#8
SV1+2#9
SV1+2#10
SV1+2#11
SV1+2#12

13.68
100.3
71.64
78.33
48.45
32.05
34.48
23.65
19.30
11.29
93.25

16.16
102.84
76.39
73.23
39.83
30.08
21.43
13.29
10.21
16.24
53.07

980
490
326
196
140
98
49
22
11

0.68

980
490
326
196
140
98
49
22
11

0.68

1200
734.4
408.0
261.1
167.9
118.9
73.5
35.4
16.4
8.2
3.1

1200
734.4
408.0
261.1
167.9
118.9
73.5
35.4
16.4
8.2
3.1

3308227
2297+65
2527+76
2336+72
2172+90

2625+136

3270111

3613+138

3157+151

3201177
2901+64

3131+346
3407+62
353274
3758+75
4202+110
4227+104
4569+148
42544201
4349+234
4435190
4432+100

453
230.4
181.1
183.0
105.2

84.1
112.7

85.4

60.9

36.1
270.5

50.6
350.4
269.8
275.2
167.4
127.2

97.9

56.5

44 .4

72.0
235.2

4.77+0.95
2.08+0.12
1.68+0.33
2.62+0.14
3.08+0.29
1.88+0.19
2.11x0.19
2.25+0.16
3.18+0.23
11.05£0.18
2.27+0.15

5.69+0.56
1.04+0.11
1.60+0.07
1.25+0.14
1.25+0.22
3.26+0.38
4.04+0.42
2.87+0.55
7.95+0.39
3.11£0.32
0.49+0.12

5.73+1.00
2.06x0.16
1.43+0.35
1.60+0.10
1.81+0.12
2.32+0.18
1.91+0.20
2.26+0.19
2.47+0.24
2.95+0.09
2.09+0.14

2.54+0.26
1.87+0.20
1.49+0.07
1.85+0.30
1.47+0.13
2.01+0.28
1.90+0.28
1.30+0.14
2.88+0.23
2.77+0.33
0.71+0.09

1.50
0.91
0.87
1.70
2.05
0.56
1.02
0.96
1.77
9.37
1.08

4.24
-0.03
0.75
0.20
0.41

2.11

2.96
213
6.31

1.53
0.09

0.021
0.0909
0.062
0.134
0.099
0.018
0.035
0.023
0.034
0.106
0.101

0.069
-0.003
0.057
0.015
0.016
0.064
0.063
0.028
0.064
0.025
0.005

* Bacon (1984)
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Table 2.2. Summary of rate constants estimated by thorium isotopes.

References Site Adsorption (y!) Desorption(y™') Aggregation (y') Disaggregation(y~*)
Lavelle et al. (1991) Puget Sound 10-42 316 5043 - 90+20 90+15 - 630+190
Nozaki et al.(1987) particulate . 0.20+0.27 - 0.88+1.2—
data Western Pacific 0.4441.2 1.89+5.1 2.36+5.9-12.31+213 148+370-788+1400
Nozaki et al. (1987) total data Western Pacific 0.18 62
0.1440.01 50+5
Nozaki et al.(1987) total and Western Pacific 0.1140.03 16+9
particulate data
Bacon et al. (1989) Arctic Ocean 0.16 — 0.47 26-9.8
Bacon and Anderson (1982) Panama Basin 0.2-1.3 1.3-6.3
Nozaki et al. (1981) Pacific Ocean 1.5 6.3
Clegg et al. (1991) Equatorial Pacific 1-4 2.5+1.0 <0.1~50 <50->365
North Pacific 3-70 2.5+1.0 <1-~40 ~65
North Pacific, range 5 5
below100m 1-3 2.5+1.0 0.7 65
Clegg and Whitfield (1991) 0.2-2.6 1.8 3.7-640 15-6500
Munane et al. (1990) North Pacific 0.5+1.0 1.0+0.1 0.2+0.01 0.810.2
Cochran et al (1993) N°T?3‘@La)“t'° - - 11-33 126-407
North Atlantic
(225Th) - - -0.5-20 108-281
Cochran et al (2000) R“g Sea, S. - - 0.04-0.2 2.4-13.8
cean
This study DYFAMED 0.09-1.04 0.04-52.03 0.09-2.11 1.16-2.42
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Table 2.3. The source and sink terms for 23Th (upper) and Z°Th (lower). A negative sign before a number indicates a sink; a positive
number indicates a source. (Units: dpm/m?3/y)

A). For 2%Th

313m 524m 1918m

dissolved Fast Slow dissolved Fast Slow dissolved Fast Slow
decay” 1736 -27.7 -1043 2024 -94 -982 1586 -104 -866
adsorption -1742 214 1528 -2204 453 1751 -3301 465 2845
desorption 5.08 -0.50 -4.58 179 -7.42 -171 1663 -53.9 -1609
remineralization ~ 1.23 - -1.23 1.19 - -1.19 61.61 - -61.6
Sinking flux -389 -275 -528 -413 -351 -243
aggregation 208 -208 112 -112 8.30 -8.30
disaggregation -4.41 4.41 -2.39 2.39 -23.67 23.7
SuUm -0.03 -0.01 -0.03 -0.07 -66.51  69.55 -8.97 -59.32  80.03

* for the dissolved phase, “decay” means the difference of uranium radioactive decay production and thorium radioactive decay loss; for particulate
thorium, “decay” means loss via radioactive decay.
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B). For 23°Th

313 m 524 m 1918 m

Dissolved Fast Slow Dissolved  Fast Slow Dissolved Fast Slow
decay* 0.025 0.000 -0.000 0.025 0.000 0.000 0.025 0.000 0.000
adsorption -0.090 0.011 0.079 -0.143 0.029 0.114 -0.223 0.031 0.192
desorption 0.003 -0.000  -0.003 0.077 -0.004 -0.073 0.193 -0.011 -0.182
remineralization - -0.001 - -0.001 - -0.007
Sinking flux -0.122  0.035 -0.073  0.007 -0.016  -0.007
aggregation 0.112 -0.112 0.048 -0.048 0.001 -0.001
disaggregation -0.001 0.001 -0.001  0.001 -0.005 0.005
SUM -0.062 0.000 -0.001 -0.041 -0.001  0.000 -0.005 0.000 0.000

* for the dissolved phase, “decay” means the difference of uranium radioactive decay production and thorium radioactive decay loss; for particulate
thorium, “decay” means loss via radioactive decay.
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Table 2.4. Particle compositions for fast- and slow-sinking classes (Reproduced from Lee et al.,
2009).

Organic
Depth matter Lithogenic  Opal.H20 CaCO3
(m) (mg/g) (mg/9) (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
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Figure 2.1. Location of the DYFAMED time-series site (Reproduced from Bourguet et al., 2009).
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Uranium production: pro w Decay: A * Thy
dissolved thorium

>
Aggregation: §
slow-sinking particles fast-sinking particles
Disaggregation: f_4
) Decay: Vertical
Vertical Decay: A * Thy
export: Fr
export: Fg A*Th,

Figure 2.2. A box model describes 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 export, and
desorption; and is gained from adsorption.
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Figure 2.3. A box model describes particle cycling. Slow-sinking particles can turn into fast-
sinking particles by aggregation; and fast-sinking particles can disaggregate to form slow-
sinking particle. Slow-sinking particles are also lost by remineralization, which process is
ignored for fast-sinking particles.

57
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Figure 2.4. Maximum likelihood versus division settling velocity (SV), at which sinking particles
were separated into fast- and slow-sinking classes as shown in the box model. The division SV
means particles with sinking velocity equal to or great than the division SV are grouped in the
fast-sinking class; the rest are grouped into the slow-sinking class.
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Figure 2.5. Time-integrated 2*Th flux density versus settling velocity with depth: SV2 at 313 m,
average of SV1 and SV2 at 524 m and 1918 m. The red line separate different distribution
patterns: on its left 234Th flux densities were the same at different depths; on its wright 24Th flux
density generally increased with depth. (Reproduced from Szlosek et al., 2009).
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Chapter 3 : Systematic investigation of the sensitivity of the

total inverse method to prior parameter values

Abstract

In this study, the total inverse method was examined with the MedFlux thorium
sediment trap data (?**Th & 23°Th) obtained using Indented Rotating Sphere (IRS)
Settling Velocity (SV) sediment traps in 2005 at the French Joint Global Ocean Flux
Studies (DYFAMED) time-series site. By using different sets of prior estimates, prior
estimates from the likelihood method and from a literature, it allows us to evaluate if and
how posterior estimates change with changing prior information. The results indicate
that adsorption, desorption, and remineralization rate constants are relatively well
constrained by the method and the data, but that the posterior disaggregation rate
constants differ widely when different priors are used. We then continued to examine
likelihood sensitivities to changing priors by plotting their likelihood profiles, which
indicate that likelihood is more sensitive to adsorption rate constants of both fast- and
slow-sinking particles, aggregation rate constants, and remineralization rate constants
than to desorption rate constants of slow-sinking particles, and is least sensitive to
disaggregation rate constants and desorption rate constants of fast-sinking particles.
When the whole set of parameters increased or decreased simultaneously by 2 times
and the data were kept constant, the posterior parameters, including the one having the

most sensitive likelihood profile, show different changing patterns, which indicates
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posterior estimations depend on prior estimations, and it is unable to predict which

estimations are less dependent on their prior information.

1. Introduction:

Part of our knowledge about particle cycling in the ocean comes from the study
of thorium distributions due to the fact that thorium has high particle-affinity (Moore and
Millward, 1988). Distributions of thorium isotopes are highly influenced by particle
remineralization, aggregation, and disaggregation, and in turn thorium isotopes are
excellent tracers of particle cycling. Previous researchers have taken advantage of this
property and used thorium tracers to study particle cycling; for example, 22°Th bundled
with 23'Pa have been used to study ocean circulation (e.g., Yu et al., 1996; Marchal, et
al., 2000; Guihou et al., 2010); two or three (*?Th, 23°Th, and 234Th) thorium isotopes
have been used together to infer thorium adsorption and desorption rate constants (e.g.,
Bacon and Arderson, 1982; Nozaki et al., 1987), and particle aggregation,
disaggregation, sinking rates (e.g., Murnane et al., 1990, 1994, 1996; Cochran et al.,

1993, 2000; Murnane, 1994).

Particle-thorium interaction rate constants in the ocean are estimated using box
models that separate particles into two classes (e.g., Tsunogai and Minagawa, 1978;
Murnane et al., 1990, 1994; Murnane, 1994; Marchal and Lam, 2012): a large “sinking”
class and a small “non-sinking” class. Thorium isotopes exchange between these two
classes along with particle aggregation and disaggregation: large particles disaggregate
into smaller particles and small particles aggregate to form larger particles. The box
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model relates dissolved thorium (or other particle-reactive metals) to particulate thorium

via adsorption, desorption, and remineralization.

The total inverse method, based on a least-square criterion, is widely used to
infer parameters for the box model (e.g., Murnane et al., 1994, 1996; Marchal and Lam,
2012). This method was originally developed to deal with largely under-determined
problems (i.e. data points are less than the number of parameters needed to be
estimated; Tarantola and Valette, 1982a). Later developments made it capable to deal
with either over- or under-determined problems (Tarantola and Valette, 1982a). In this
theory, data and parameters are described with probability densities, and both data and
parameters are optimized within ranges defined by their variances. Theoretical
relationships that connect data and parameters are also described with probability
densities for incorporation of theoretical errors that come from inappropriate

assumptions or incomplete knowledge about their relationships.

To apply this method, a set of prior values must be assigned to data and
parameters. Prior information for data comes from measurements; and prior information
for parameters comes from literature values. Considering spatial and temporal
variations, literature-reported parameters usually exhibit large variations; for example,

according to the literature (Nozaki et al., 1981; Bacon and Anderson, 1982; Clegg et al.,
1991; Murnane et al., 1994, 1996) adsorption rate constants range from 0.2 — 70 y' and

disaggregation rate constants range from 0.8 — 6500 y™'. For a given unstudied area, it
is difficult to choose a set of relatively accurate prior values from such a wide range,
which poses a question if the total inverse method can be trusted to yield reliable

parameter estimates.
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In contrast to the total inverse method, the likelihood method treats data points
as coming from a statistical distribution, and deals only with over-determined problems,
which mean the number of parameters must be less than the number of data points,
and determines a unique set of answers without altering original data. An advantage of
the likelihood method is that it can deal with either linear or non-linear problems,
whereas the total inverse method can be only applied to solve linear or weakly non-
linear problems. Specifically in the thorium model, only with the likelihood method could
one test whether better estimations can be obtained if second-order reaction kinetics
rather than first-order reaction kinetics are used. In Chapter Il, particle-thorium and
particle-particle interaction rate constants have been estimated using the likelihood

method.

In this paper, we use the results from the likelihood method (Chapter Il) to divide
the eleven sinking velocity categories, which were sorted by the SV traps based on
particle settling velocities, into two sinking classes--fast- and slow-sinking classes. We
then use prior values from both literature (Nozaki et al., 1987) and likelihood estimation
(Chapter Il) to calculate posterior particle-thorium interaction rate constants, and
compare the posterior results obtained from these two different sets of priors to see how
the posterior results depend on the choice of prior values. We then apply new estimates
that use prior values that are half the likelihood results and twice the likelihood results,

to test systematically the sensitivity of posterior results to changing prior estimates.

Parameter sensitivities have been studied by changing a specific data point, for
example, by decreasing or increasing activity of dissolved 234Th, (Murnane et al., 1990;

Marchal and Lam, 2012) to check whether specific parameter(s) is (are) sensitive to the
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changing data. For these tests, the same prior information for the parameters has been
used. In the present paper, instead of changing one type of data, we test parameter
sensitivity by plotting likelihood profiles. In practice, we systematically change the value
of a parameter and keep others constant, and calculate a maximum likelihood for each
change, then plot the parameter with likelihood. From likelihood profiles, we can assess
how strongly likelihood is sensitive to a parameter, and so how well that parameter can

be estimated.

2. Methods

2.1. Data acquisition and analysis

The data used in this study were sampled in 2005 at the French JGOFS
DYFAMED time series site (water depth 2300m) (Fig. 2.1) at the Mediterranean Sea
with Indented Rotating Sphere (IRS) sediment traps operating in Settling Velocity (SV)
mode. A detailed description of the site is available at Lee et al. (2009), and of the
operating mechanism of an IRS SV trap is available at Peterson et al. (1993; 2005,

2009). A schematic diagram of a SV trap is shown in Fig.1.3.

Traps were deployed at three depths on March 4 and recovered on May 1, 2005
for a total of deployment time of 55 days. The actual deployment depths measured by
pressure sensors were 313 m, 524 m, and 1918 m. At each depth there were two SV

traps and a Time Series (TS) trap. All sampling tubes were poisoned with mercuric
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chloride. Sinking particles were collected and sorted into 11 settling velocity categories
by SV traps, with minimum settling velocities of each category ranging from 0.68 to 980
m/d. After recovery, particles were split for different analyses, including radioisotopes

and organic biomarkers. The data are available online at http://www.bco-dmo.org/.

The data used in the present paper are particle fluxes, 23*Th fluxes, and 23°Th
fluxes. The two SV traps at 1918 m were combined to ensure measurement accuracy,
since thorium activities were low in each SV trap. We combined the two SV traps at 313
m and 524 m in the same way as was done at 1918 m. The data we used are therefore
particle mass fluxes, 24Th fluxes, and 23°Th fluxes in 11 settling velocity categories at

each of the three depths.

2.2. Box models

The box models used in this study are identical to the box models in Chapter Il
(Fig. 2.2 and Fig. 2.3). We divided particles based on their sinking velocities into fast-
and slow-sinking classes; in contrast to the box model in Murnane, (1994), Murnane et
al. (1994, 1996), and Marchal and Lam, (2012), we allow thorium exchange between
the dissolved phase and the fast-sinking class via adsorption and desorption, and
ignore remineralization of fast-sinking particles due to their short residence time. For
particle cycling, the box model we used is almost identical to that in Murnane (1994),
Murnane et al. (1994, 1996), and Marchal and Lam (2012), except that we used settling
velocity to divide particles into two classes, instead of dividing particles based on their

size and assuming small particles are “non-sinking “ particles. All the interactions
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between particles and between thorium and particles are assumed to follow first-order

kinetics.

2.3. Total inverse method

2.3.1. Theory and algorithm
The basic argument of the total inverse method is that every measurement has

error, and that therefore, instead of using a constant value, data are assumed to have
normal distributions; and that if both prior and theoretical error probability density
functions have normal form, the posterior probability density is also normally distributed
(Tarantola and Valette, 1982a). The limit to where a parameter or a data point can vary
in the inverse process is confined by its variance, which is decided based on the
confidence assigned to the prior estimate: if one has high confidence, then one uses a

relatively small variance, otherwise one uses a large variance.

Equations in Chapter Il have been rewritten in accordance with the form f(x) = 0
used in the total inverse method (Tarantola and Valette, 1982a), where f(x) is a
combination of functions that depicts the system.

Flat oo oo x™)
HOE =0 ™

Equations in Chapter |l were modified by moving all interaction terms to the right
side. On the left side we used “source minus sink (SMS)” terms, which are theoretically

zero if steady states are assumed.
Equation for the dissolved thorium is
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SMS(d) = Ax ([U] — [Thd]) + ([Ths] X k_ys + [Thf] X k_y5) — [Thd] X (ks + ks)  (2)
For slow-sinking particles, it is
SMS(slow) = [Thd] X ks + [Thf] x f_y — [Ths] X (k_ys + B +71+ 1) —Fs 3)
For fast-sinking particles, it is
SMS(fast) = [Thd] X ks + [Ths] X B — [Thf] x (B_1 + k_1 s+ 1) — Ff (4)
Equations for particles are modified in the same way.
For slow-sinking particles, it is
SMSp(slow) = [Pe] X By = [F] X (r + B) = Fys ()
For fast-sinking particle, it is:
SMSp(fast) = [P] X B = [PF] X By = Fpf (6)
where [Thd], [Ths], and [Thf] represent concentrations of dissolved thorium, slow-,
and fast-sinking particulate thorium, respectively; [P] and [Pf] are slow- and fast-sinking

particle concentrations, respectively; Fs and Ff represent vertical exports of slow- and

fast-sinking particulate thorium, respectively; F, ; and F,  represent vertical exports of
slow- and fast-sinking particles, respectively; [U] represents uranium concentration;

ks, k_1 s and r are adsorption rate constant, desorption rate constant, and
remineralization rate constant of slow-sinking particles, respectively; k_; r and k; are
desorption rate constant and adsorption rate constant of fast-sinking particles,
respectively; f_; and g are disaggregation and aggregation rate constants, respectively.

As mentioned above, measurement data are allowed to change in the inverse

method, so data are also treated as “parameters”. Therefore, the vector x in Eq. 1
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includes both rate constants (parameters) and measurement data, and the problem
becomes non-linear because it contains products such as [Thd] X ks. The non-linear
function f(x) = 0 defines a manifold of the system. The normally distributed prior
probability density function (Eq. 7) contains on the manifold a probability density

function that can be treated as posterior density function (Tarantola and Valette, 1982b):

1
p(x) = const.x exp {— 5 (x —x)T x Cyt x (x — xo)} (7)

where x, is prior information of the vector x; T means transpose; C, denotes a
covariance matrix. The way to build C, is discussed below. We are trying to find a vector

X that makes the posterior probability as high as possible, which is equivalent to making

the exponential s(x) = %(x —x9)T X Cyt X (x — x) as small as possible, while
satisfying the condition: f(x) = 0. The solution is found using a fixed-point method by

iterating the following equation (Tarantola and Valette, 1982b):
Xe+1 :xo+Co'Fg'(Fk'CO'FkT)_l'{Fk'(fk_xo)_f(??k)} (8)

where F is a matrix formed by partial derivatives, which are taken at the current point

~

X -

. aft
ik —
F == % %)

The iteration is stopped when all the elements differ by less than 1% from those

of the previous iteration.

However, when a normal distribution is assumed for a parameter, it can go
negative in the inverse process if its value is small and its corresponding variance is
relatively large. Negative values are not acceptable for thorium activities and rate
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constants. To keep them positive, lognormal distributions instead of normal distributions
were assumed as prescribed in Murnane (1994) because lognormal and normal
distributions are approximately equivalent when the standard deviation is small.

Lognormal transformation was done according to the equation:

y' =log(y) (10)
where y are the variables that must be kept positive. Vertical export terms do not need
lognormal transformation, because negative values are acceptable to these terms.

Equations are transformed accordingly to cope with lognormal transformed data and

parameters, for example the dissolved 234Th balance equation becomes:

SMS(dTH) = A x (e'o8UD — glog(ThaD) _ (gloglks) 4 elog(kf)) x elog([Thd])

+ (08Urnsh x gloglk-as) 4 glog(rrD) x glog(lk-1s1)) 1)

2.3.2. Prior information and covariance matrix determinations

Prior estimations used in the total inverse method were assigned as follows: for
particulate thorium activities we used the sediment trap measurements; for thorium
fluxes, uranium concentrations, and dissolved thorium concentrations, we used the
values or calculations as described in Chapter Il. For the adsorption, desorption,
aggregation, and disaggregation rate constants, prior estimations were either from the
likelihood estimations (Chapter Il) or from a literature (Nozaki et al., 1987) (as shown in
Table 3.1). The same prior values were initially assigned to the slow- and fast-sinking

classes.
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A uniform value of 0.05 was assigned as the relative errors for particulate 23*Th,
which falls in the range of Szlosek et al. (2009). For 23°Th, the relative error used was
0.2 that was the same value used in Marchal & Lam (2012). For adsorption, desorption,
aggregation, and disaggregation rate constants, the relative errors used were 1.0. For
dissolved uranium, the relative error was 0.01; and for dissolved thorium, the relative
error was 0.1. Because lognormal distribution has been assumed for thorium and
uranium concentrations, and parameters, the relative errors have to be changed

accordingly to variances as described in Marchal and Lam (2012):

variance; = log(1 + &?) (12)
where ¢ is relative error. For vertical export terms, no lognormal transformation is
needed, their variances were set to equal to the absolute values of the flux terms. The
large variances given to the flux terms are used to counter for the potential theoretical
errors. The covariance matrix (Cy) is a diagonal matrix: the elements on the diagonal

are the variance of the prior estimation; the off-diagonal values are set equal to zero if

we assume the covariance are zero.

2.4. Posterior results and covariance

The calculation of the error covariance is actually an approximation by using an

equation prescribed in Tarantola and Valette (1982b) for linear systems:

C:CO_Co'FT'(F'Co'FT)_l'F'CO (13)
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where C is posterior error covariance matrix; C, is prior error covariance matrix. One
should remember that this error covariance is for lognormal transformed values. To
convert to regular covariance, the formula in Aitchison and Brown (1957) (p.8, Eq. 2.8)

(Marchal and Lam, 2012) was used:
0%, = exp (afn’a»1 + ZHa\l) (exp (aﬁl’a) — 1) (14)

where a, is a specific parameter or data point that has been lognormal transferred; [na,

is the posterior estimation; 031 and Uzzn’al are regular and posterior estimation of error

variance for parameter a,, respectively. Posterior variances are obtained from the
posterior covariance matrix. One needs to pay attention to the fact that the anti-log of a
posterior estimate gives an estimation of median instead of mean (Marchal and Lam,
2012). A posterior mean value for a parameter is calculated via the following equation

(Aitchison and Brown, 1957):

— O-lzﬁ\al
Mean,, =exp|lna; + > (15)

Both median and mean estimations for parameters are presented in Table 3.1.
2.5. Sensitivity tests

Sensitivity tests have been done in three ways. First, the measurement data
were kept constant (including prior values and their variances); the prior parameter
values from the likelihood method prediction and from literature (Nozaki et al., 1987)
were used to test if different prior estimates would produce the same posterior
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predictions. The comparison is shown in Table 3.1. Second, likelihood profiles (Fig. 3.1)
were drawn by systematically varying a specific parameter while keeping data and other
parameters constant. A likelihood profile can tell us how sensitive likelihood is to a
specific parameter, in other words, the ability of the data to estimate the parameter.
Third, the prior parameters from the likelihood estimation were simultaneously reduced
or increased by factors of 2 to check if posterior estimates are influenced by the prior
values of other parameters. Posterior estimate ratios, posterior estimates based on prior
values that were from increased or decreased estimates versus posterior estimates
based on likelihood results, were plotted in Figs. 3.2. In these tests, we supplied
sufficient variances (relative error equal or greater than one) for the parameters to
exclude the possibility that discrepancy of posterior results was caused by narrow
ranges (defined by parameter variances) in which parameters were allowed to vary in

the inverse process.

3. Results

3.1. Total inverse method parameter estimations

Posterior results (both mean and median) based on different sets of prior values
(the likelihood results of Chapter Il and results of Nozaki et al. 1987) are presented in
Table 3.1. As can be seen, in both cases the posterior results are “successfully”

constrained by the prior values and corresponding covariance. For most cases, the
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posterior standard deviations are smaller than the prior ones (Table 3.1), which is a sign

that our knowledge about the parameters is “improving” (Tarantola and Valette, 1982b).

The terms of “successful” and “improving” come from the function of the total
inverse method that is used to improve our knowledge about a system. According to
Tarantola and Valette (1982a, 1982b), for an unstudied system, one can describe it with
information coming from other similar studies (prior information). This information,
however, has large uncertainties (large variances). After applying the total inverse
method, if a parameter has been confined in a narrower range compared with prior
information, one can say our knowledge about this system is improved. The term
“successful”, therefore, means “consistency” with previous studies; whereas, decreased

standard deviations mean “improving”.

According to Table 3.1, the posterior results of remineralization, adsorption, and
desorption rate constants of both slow- and fast-sinking particles agreed relatively well
with each other although different sets of prior values have been used. However, the
posterior disaggregation rate constants have large discrepancies, even though these

parameters were allowed to change in wide ranges.

3.2. Parameter sensitivities to varied priors

Fig. 3.1 shows likelihood profiles, which indicate likelihood is most sensitive to
the adsorption rate constants (both slow- and fast- sinking particles), aggregation, and

remineralization rate constants: small changes of these parameter values can cause
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huge likelihood changes. Likelihood is less sensitive to desorption rate constant of slow-
sinking particles compared to adsorption, aggregation, and remineralization rate
constants, and is least sensitive to desorption rate constants of fast-sinking particles

and disaggregation rate constants. The change of disaggregation rate constant from 0

to 70 y"! causes a change of log-likelihood of only ~6, which is equivalent to a difference
of ~exp(6) between model prediction and measurement. To induce such a change,

adsorption rate constants of slow-sinking particles only need to change from 0.8 to 1.1

y!; adsorption by slow-sinking particles from 3 to 8 y'.

Fig. 3.2 shows posterior estimation ratios at different depths. In general, at
depths of 313 m and 524 m, posterior estimates show almost similar patterns:
adsorption rate constants (of both slow- and fast-sinking classes) and desorption rate
constants of slow-sinking class do not show significant changes when their prior values
change; remineralization rate constants, desorption rate constants of fast-sinking
particle, and aggregation rate constants change in the same ratio as the prior estimates;
disaggregation rate constants show more variations than others. At 1918 m, except for
remineralization rate constants of slow-sinking particles, all the other parameters show

large variances with changing prior parameters with different degrees.

3.3. Posterior estimates of data

One feature of the total inverse method is that it adjusts not only parameters, but

also measurement data. The posterior data along with posterior parameters at three
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trap depths are presented in Tables 3.2 (A, B, C). The posterior estimates fall in ranges
defined by the prior information as can be seen in Tables 3.2 (A, B, C). The most
severe deviation from prior estimates occurred at particle vertical exports (both slow-
and fast-sinking classes) at 313 m and 524 m probably due to the high variances
(variance equal the absolute value of prior values) used, which were assigned to vertical

transport items to account for potential model errors or non-steady state conditions.

4. Discussion

4.1. Uniqueness of posterior estimates

One drawback of the total inverse method is that result uniqueness is not
guaranteed. One reason as described in Tarantola and Valette (1982b) is “sparsely”
distributed data. In this study, the total inverse method predicted posterior values with
up to 2-orders of magnitude differences for some parameters (e.g., disaggregation rate
constant) when it was seeded by different prior information (Table 3.1). Therefore, it is
important to first consider the data. The sediment trap data have two isotopes (?34Th
and 230Th) and particle mass information available at three depths. Compared with the
number of parameters (7 parameters at each depth makes a total of 21 parameters at
three depths) needed to be estimated, the data are relatively sparse. In addition, the
total inverse method treats the measurement data as unknown; and allows them to

alter, which increase the possibility that different answers may exist. What we care
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about is whether these different answers are all acceptable in the current

oceanographic settings.

Due to geographic, seasonal, diurnal, and depth variations, there exist vast
variations for a parameter. For example, according to the literature (Murnane et al.,

1990; Clegg and Whitfield, 1991) disaggregation rate constants can range from 0.8 to

6500 y' as shown in Table 2.2. Both ends of the 2-orders of magnitude difference in
our predictions are covered by the reported range, which gives us false confidence that
both predictions are correct. However, it is not acceptable that the same data predict
such different answers, which motivates us to determine which process is responsible

for this difference, the data? The method? or both?

4.2. Sensitivity tests

In spite of posterior similarity of adsorption rate constants and discrepancy of
disaggregation rate constants found in the current study, we also noticed that
adsorption, desorption, and aggregation rate constants in the literature have relatively

narrow ranges, whereas disaggregation rate constants have a relatively broad range as
shown in Table 2.2. The reported adsorption rate constants range from 0.2 to 70 y*;

and the disaggregation rate constants range from 0.8 to 6500 y' (Nozaki et al., 1987;
Bacon et al., 1989; Murnane et al., 1990; Clegg and Whitfield, 1991; Clegg et al., 1991;

Cochran et al., 1993, 2000).
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We may be able to explain the variation in ranges of the disaggregation,
adsorption, and desorption rate constants. If we go back to the data and balance
functions, taking Eq. (4) as an example, concentration of dissolved 234Th in the studied
location is around 2500 dpm/m?3, whereas particulate 234Th concentrations on fast- or
slow-sinking particles (large “sinking” or small “non-sinking” particles in Murnane (1994))
are two to three orders of magnitude lower than the dissolved 234Th. By assuming first-
order reaction kinetics for adsorption and disaggregation, adsorption contribution is the
product of adsorption rate constant and concentration of the dissolved 234Th; and
disaggregation contribution is the product of disaggregation rate constant and
concentration of fast-sinking particulate 234Th. Due to the huge activity difference
between the dissolved and fast-sinking particulate 234Th, if we assume other parameters
and data are constant, a small change of adsorption rate constant would cause a great
change in disaggregation rate constant. For example, in the current study, if the

contributions of vertical export and slow-sinking 23*Th are kept constant, a 10%
decrease of adsorption rate constant (from 0.4 y! to 0.36 y') will cause a ~5000%
increase of disaggregation rate constant (from 8 y! to 400 y).

To continue to test the total inverse method, sensitivity tests have been done by
plotting likelihood profiles. In the tests, we calculated a series of maximum likelihoods
by systematically changing a parameter while fixing other parameters and data at

constant values. Then likelihood was plotted against the changing parameter. The

results are presented in Fig. 3.1, which shows parameters have different impacts on

likelihood. For example, the change of disaggregation rate constants from 0 to 16y’

induced a change of log-likelihood of only ~0.5 (a difference of exp(0.5) between model
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prediction and measurement). However, the change of adsorption rate constant from

0.1to 0.8 y' caused a log-likelihood change of 14 (a difference of exp(14) between
model prediction and measurement). The sensitivity tests indicate that the combination
of thorium isotopes is good at estimating adsorption rate constants, but not at
disaggregation rate constants. The reason why there is a huge range for disaggregation
rate constant reported in the literature could partially be attributed to the inverse method

and the inappropriate prior estimates used.

Since likelihood profiles revealed how well a parameter can be estimated by
data, it is still unclear about the extent to which a posterior parameter estimate can be
influenced by prior values of other parameters. Another set of sensitivity tests, therefore,
were conducted by simultaneously decreasing or increasing the whole set of likelihood
estimates while keeping the data constant. The results are presented in Fig. 3.2, which
indicates at 313 m and 524 m the posterior adsorption (of both slow- and fast-sinking
classes) and desorption (of slow-sinking particles) rate constants are not influenced by
the changing prior values; the other parameters show almost the same changing pattern
with their prior values; at 1918 m only posterior remineralization rate constants do not
change with prior information. The results, on one hand, prove the statement that the
total inverse method does not guarantee a unique set of results, on the other hand they
indicate that although likelihood values are highly sensitive to some parameters, they

can also be influenced by the choice of prior values of other parameters.

4 3. Posterior estimates of data and model error

78



It has been noticed that the predicted particle vertical exports at 313 m and 524
m deviate from their prior values severely, whereas, at 1918 m, the prediction agreed
very well with the prior value. As mentioned above large variances have been assigned
to the export terms to counteract theoretical relationship errors. The severe posterior
export deviations at the first two shallow depths probably indicate that the models at
those depths had large errors. As pointed out in Marchal and Lam (2012), the box
model is only a crude description of particle dynamics in the ocean. Instead of
specifying a specific model error term as had been done in Marchal and Lam (2012), we
assigned large variances to the vertical export flux terms for two reasons: first, nobody
knows how large the model errors are, arbitrary assignments might have impacts on
parameter predictions; second, vertical transport terms in our models are separated with
parameters; assigning large variances has the same function as specifying separated

model errors, which has been done in Marchal and Lam (2012).

Conclusions

The total inverse method is not a reliable method to make consistent predictions
on particle-thorium interaction rate constants, at least with the current data: posterior
estimations have large discrepancies when different sets of prior information were used.
Posterior estimations are not only dependent on their prior information, but also

influenced by the choice of prior estimates for other parameters.
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Table 3.1. Posterior result comparisons at the depth of 313 m. Two sets of prior information were used in the total inverse method:
one set was from the likelihood results; the other was from Nozaki et al. (1987), the results of which was frequently cited as prior

information in similar studies. All units are y™'.

Likelihood Posterior Posterior Nozaki, (87) Posterior mean  Posterior

Prior mean median Prior Median
Adsorption(s) 0.6110.61 0.4210.004 0.42 0.2040.20 0.4310.01 0.43
Desorption(s) 0.04+0.04  0.44+0.054 0.44 0.88+0.88 0.74+0.08 0.74
Remineralization(s)  0.01+0.01 0.01+0.009 0.01 0.10+0.10 0.05+0.04 0.04
Desorption(f) 0.30+0.30  0.39+0.300 0.31 0.88+0.88 1.1310.88 0.89
Adsorption(f) 0.09+0.09  0.06+0.001 0.06 0.20+0.20 0.09+0.02 0.09
Aggregation 2.11+£2.11 0.36+0.100 0.35 12.25+12.25 13.91+3.98 13.33
Disaggregation 242+2.42  9.71+5.060 8.61 785.00+785.00 522.19+148.22  500.55
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Table 3.2. Result of the total inverse method at three trap depths with prior parameter
information from the likelihood method. The units of adsorption, desorption, remineralization,

aggregation, and disaggregation rate constants are y'. Thorium activities, both 2*Th and 2°Th,
have the same unit of dpm/m?® with uranium (**8U and #*U); particle concentration has mg/m?;
thorium vertical export has dpm/m?®/y; and particle vertical export has a unit of mg/m®/y.

A).
Prior information from likelihood results
313 m 524 m 1918 m
parameters Prior Estimate Prior Estimate prior Estimate
Adsorption(s) 0.61 0.42 0.71 0.48 1.04 0.80
Desorption(s) 0.04 0.44 1.73 1.36 15.43 10.32
Remineralization 0.01 0.01 0.02 0.01 0.54 0.93
Desorption(f) 0.30 0.31 1.61 1.64 52.03 44.43
Adsorption(f) 0.09 0.06 0.18 0.06 0.25 0.14
Aggregation 2.1 0.35 1.13 0.22 0.09 0.06
Disaggregation 2.42 8.61 1.39 719 1.16 2.55
Z4Th (s) 99.42 97.84 100.39 100.67 90.14 91.22
Z0Th (s) 0.05 0.06 0.04 0.04 0.01 0.01
Z4Th (f) 2.64 2.64 2.62 2.63 4.30 4.31
20Th (f) 0.00 0.00 0.00 0.00 0.00 0.00
Conc. Particle (s) 32.68 32.44 33.66 33.44 20.36 20.37
Conc. Particle (f) 0.91 0.92 1.07 1.07 1.11 1.11
Z4Th flux (s) 35.87 35.66 12.42 12.43 -11.03 -11.00
Z4Th flux(f) 147.95 147.41 127.30 128.64 106.65 107.17
20Th flux(s) 0.11 0.01 0.03 0.02 -0.05 0.04
20T h flux(f) 0.27 0.02 0.11 0.01 -0.05 -0.01
Particle flux(s) 17.58 -3.60 0.53 -0.15 -16.52 -15.88
Particle flux(f) 150.26 3.31 74.57 -0.25 -1.12 -0.73
=8y 2700 2766 2700 2619 2700 2580
=4y 3078 3207 3078 3071 3078 3051
Dissolved #°Th 0.130 0.120 0.160 0.161 0.170 0.179
Dissolved ?*Th 2525 2648 2500 2502 2520 2475
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Prior information is 2* likelihood results

parameters
Adsorption(s)
Desorption(s)
Remineralization
Desorption(f)
Adsorption(f)
Aggregation
Disaggregation
24T (s)

Z0Th (s)

24T (f)

Z0Th (f)

Conc. Particle (s)
Conc. Particle (f)
Z4Th flux (s)
Z4Th flux(f)
20T h flux(s)
Z0Th flux(f)
Particle flux(s)
Particle flux(f)
238U

By

Dissolved 2*°Th

Dissolved *Th

Prior
1.21
0.07
0.02
0.60
0.17
4.22
4.85
99.42
0.05
2.64
0.00
32.68
0.91
35.87
147.95
0.11
0.27
17.58
150.26
2700
3078
0.130
2525

313m
Estimate
0.43
0.51
0.02
0.62
0.07
0.74
25.39
98.42
0.06
2.64
0.00
32.47
0.92
35.75
148.44
0.00
0.03
-1.37
0.86
2712
3166
0.123
2593

Prior
1.42
3.47
0.03
3.22
0.36
2.25
2.77
100.39
0.04
2.62
0.00
33.66
1.07
12.42
127.30
0.03
0.11
0.53
74.57
2700
3078
0.160
2500

524 m
Estimate
0.50
1.50
0.02
3.28
0.06
0.43
14.13
101.22
0.04
2.63
0.00
33.45
1.07
12.46
129.56
0.02
0.01
-0.07
-0.60
2571
3054
0.164
2453

Prior
2.08
30.86
1.08
104.05
0.51
0.17
2.33
90.14
0.01
4.30
0.00
20.36
1.1
-11.03
106.65
-0.05
-0.05
-16.52
-1.12
2700
3078
0.170
2520

1918 m
Estimate
1.45
26.54
0.88
80.85
0.21
0.13
3.30
92.21
0.01
4.32
0.00
20.32
1.1
-11.00
107.22
0.06
-0.03
-16.79
-1.00
2515
3050
0.187
2409
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Prior information is 0.5* likelihood results

313 m 524 m 1918 m
parameters Prior Estimate Prior Estimate Prior Estimate
Adsorption(s) 0.30 0.41 0.36 0.47 0.5 0.63
Desorption(s) 0.02 0.38 0.87 1.22 7.71 6.57
Remineralization 0.01 0.00 0.01 0.01 0.27 0.75
Desorption(f) 0.15 0.15 0.80 0.81 26.01 26.47
Adsorption(f) 0.04 0.06 0.09 0.06 0.13 0.10
Aggregation 1.06 0.21 0.56 0.1 0.04 0.03
Disaggregation 1.21 1.77 0.69 3.35 0.58 0.89
Z4Th (s) 99.42 97.1 100.4 100.1 90.2 99.4
20Th (s) 0.05 0.06 0.04 0.04 0.01 0.05
Z4Th (f) 2.64 2.64 2.62 2.62 4.30 2.64
20Th (f) 0.00 0.00 0.00 0.00 0.00 0.00
Conc. Particle (s) 32.68 32.47 33.66 33.44 20.41 32.68
Conc. Particle (f) 0.91 0.91 1.07 1.07 1.11 0.91
Z4Th flux (s) 35.87 35.55 12.42 12.41 -11.03 -11.02
Z4Th flux(f) 147.9 146.3 127.3 127.7 106.7 106.8
20Th flux(s) 0.11 0.01 0.03 0.02 -0.05 0.03
20Th flux(f) 0.27 0.02 0.11 0.01 -0.05 -0.01
Particle flux(s) 17.58 -5.43 0.53 -0.33 -16.52 -14.90
Particle flux(f) 150 5.27 74.57 0.11 -1.12 -0.33
28y 2700 2826 2700 2666 2700 2652
=4y 3078 3262 3078 3088 3078 3072
Dissolved 2°Th 0.130 0.117 0.160 0.158 0.170 0.171
Dissolved #*Th 2525 2709 2500 2550 2520 2547
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Figure 3.1. Likelihood sensitivity tests. These tests were done by systematically changing a
parameter at the same time fixing data and other parameters. A maximum likelihood was
calculated for each change, and then was plotted with the changing parameter.
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Figure 3.2. Posterior parameter ratios at 313 m, 524 m, and 1918 m. The red dots are the ratios
of posterior parameter results calculated based likelihood results versus themselves. The green
square represent the ratios of posterior parameter values based on half the likelihood results as
versus corresponding posterior parameter values based on likelihood results. The blue triangles
represent the ratios of posterior parameter values based on twice the likelihood results versus

corresponding posterior parameter values based on likelihood results.
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Chapter 4 : Using maximum likelihood method and MedFlux
pigment data to constrain particle exchange and organic

matter remineralization rate constants

Abstract

Here we constructed a box model to describe chloropigment and organic matter
(OM) cycling. The box model was fit to chloropigment data sampled in the 2005
MedFlux project using Indented Rotating Sphere (IRS) sediment traps operating in
Settling Velocity (SV) mode. Maximum likelihood was used to estimate particle
aggregation, disaggregation, and organic matter remineralization rate constants. The 11
settling velocity categories collected by SV sediment traps were grouped into two
sinking velocity classes (fast-sinking and slow-sinking classes) to decrease the number
of parameters that needed to be estimated. The cutoff SV of 5 m/d for chloropigments is
much less than that (98 m/d) obtained when thorium activities from the same samples

were compared. Organic matter degradation rate constants were estimated to be 1.16,
1.55, and 1.11 y'', which are equivalent to degradation half-lives of 0.60, 0.45, and 0.62
years, at 313 m, 524 m, and 1918 m, respectively. Rate constants of chlorophyll a
degradation to pheopigments (pheophorbide, pheophytin, and pyropheophorbide) were

estimated to be 0.88, 0.93, and 1.17 y', at 313 m, 524 m, and 1918 m, respectively.

Aggregation rate constants are almost constant through depth with the highest value of
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0.07 y! at 524 m. Disaggregation rate constants are highest at 524 m and lowest at

1918 m, with values of 13.82 y' and 9.60 y!, respectively.

1. Introduction

Sinking particles play a pivotal role in the oceanic “biological pump” that transfers
photosynthesized products and energy from the euphotic zone into the deep ocean
(McCave, 1975; Honjo, 1980). However, the transfer efficiency is low: only a small
portion of organic matter survives transit through the water column (Hedges, 1992).
Particle sinking velocity, a factor that controls particle residence time, plays an important
role in regulating transfer efficiency. Where Stokes’ Law holds, larger particles sink
faster, and aggregation of small particles into large particles increases transfer

efficiency.

The extent to which particles aggregate and disaggregate has been estimated
with radiochemical tracers (e.g., Nozaki et al., 1987; Murnane et al., 1990, 1994; Clegg
et al., 1991; Cochran et al., 1993; 2000). However, parameters estimated using

radionuclides sometimes have wide ranges. For example, the range of disaggregation
rate constants estimated by Clegg and Whitfield (1991) were 15 - 6500 y'; and
Murnane et al. (1990; and Chapter Il) estimated disaggregation rate constants of 0.8 y’

and ~2 y!, respectively. In spite of geographical, seasonal, and depth influences, as
pointed out in Chapter Il the widely varied disaggregation rate constants were caused

partially by the use of radionuclide tracers. Instead of using radionuclide data, we
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applied the likelihood method to chloropigment tracers to seek better results. In contrast
to radionuclides, pigment tracers are themselves an integral part of particles, and

therefore should more accurately record gross particle cycling.

Chlorophyll a (Chl a), an important light absorber found in all phytoplankton,
undergoes degradation during particle transit from surface water into the deep sea. The
degradation can be caused either by photolysis to colorless compounds, or by
zooplankton degradation to pheopigments (pheophorbide, pheophytin, and
pyropheophorbide; Szymczak-Zyla et al., 2008), which have ring structures similar to
that of Chl a (Sun et al., 1993a). Chl a is used as a proxy to represent biomass of algae,
which are small in size and sink slowly, whereas pheopigments are the products of
herbivore grazing, and are therefore inside zooplankton fecal pellets, which are
assumed to sink fast in the water column (Welschmeyer and Lorenzen, 1985). During
their transit through the water column, particles are thought to continuously exchange
their compositions through aggregation and disaggregation (Hill, 1998). Thus, Chl a and
pheopigments can be used as proxies to record particle exchanges, because they have

very distinct sources.

The purpose of this paper is to estimate particle aggregation and disaggregation
rate constants, and organic carbon degradation rate constants, using pigment data
obtained at the French JGOFS DYFAMED time-series (TS) site (Fig. 2.1) in 2005
during the MedFlux Program. The present modeling study was motivated by the findings
of Abramson et al. (2010), in which pigment compositions were compared between
particles sampled by in-situ large volume pumps, which are assumed to sample both
“sinking” and “non-sinking” particles indiscriminately, and particles sampled by Time
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Series (TS) sediment traps that sampled passively “sinking” particles. Abramson et al.
(2010) showed that there were distinct differences in pigment composition between
particles sampled by pumps and by sediment traps during the high-productivity spring
bloom period, and that pigment composition differences became less apparent during
the low-productivity summer period. These observations suggested that during the
spring bloom, particle exchanges were limited, while during the low-productive summer

period particle exchanges were extensive.

However, Abramson et al. (2010) were not able to estimate quantitatively the rate
at which rate particles exchange. In this paper, we study particle exchange from a
quantitative view by estimating particle exchange rate constants. Rather than using TS
sediment trap and pump data, the present paper uses settling velocity (SV) sediment
trap data, which include pigment and organic matter fluxes in 11 settling velocity

categories.

2. Methods

2.1. Sampling location and sampling methods

Sinking particles were collected using Indented Rotating Sphere (IRS) SV
sediment traps, which were deployed at the French JGOFS DYFAMED site (43° 20°N,
7° 40’E) (Fig. 2.1) in 2005 (Lee et al., 2009a). The sampling site, though only ~53 km off
the coast of Nice in the Ligurian Sea, has many open-ocean characteristics because the

terrestrial influence is largely cut off by the cross-coastal Ligurian current (Marty, 2002).
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As a site located in the northern hemisphere mid-latitude, it experiences a
phytoplankton spring bloom from March to April followed by stratification and a period of
low primary production in summer. The decrease of stratification in autumn promotes
another, smaller phytoplankton bloom, which is terminated by decreased temperature

and intensified mixing in winter.

The IRS sediment trap was originally invented to exclude swimmers (Peterson et
al., 1993); this innovation was later exploited to allow it to sort sinking particles based on
particle settling velocity (Peterson et al., 1993, 2005, 2009). The operating mechanism
has been detailed in Peterson et al. (1993, 2005, 2009). Generally, as shown in Fig.
1.3, sinking particles are first caught by a cylindrical particle interceptor; they then
deposit on an indented sphere that is programmed to rotate. The rotation of the ball
dumps the particles deposited on its surface into a skewed funnel that leads to a 12-
chamber sampling carousel, on which there are 11 sampling tubes, filled with filtered
sea water sampled at trap depths, and poisoned with HgClz. The first sampling chamber
is an open drain to prevent loss of sample in an open tube during trap deployment and
recovery. Different rotation schedules of the rotating sphere and of the sampling
carousel can separate particles based on either collection date (time-series [TS] mode)

or particle settling velocity (SV mode).

Total particulate organic carbon (TPC) and particulate organic carbon (POC)
analyses were performed as described in Hedges and Stern (1984), and were
summarized in Lee et al. (2009b) and Abramson et al. (2010). TPC was determined
using a Carlo Erba EA-1100 CHN analyzer. POC was determined after removing
inorganic carbon by fuming POC samples in HCI vapor for 2 hours. Analytical error was
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~2%. Chloropigments were extracted in acetone, and quantified with high performance

chromatography as described by Wakeham et al. (2009).

2.2. The box model

In building a box model that describes chloropigment cycling, we made the
following assumptions over the time scale of sinking particles. (1), primary production at
our study depths, which were below the euphotic zone (313 m -1918 m), was ignored;
(2), steady state was assumed; (3), particle aggregation, disaggregation, Chl a
degradation, and organic matter degradation were all assumed to have first-order
reaction kinetics in agreement with Murnane et al. (1994, 1996) and Stephens et al.
(1997); (4), Chl a was assumed to degrade into pheopigments only in slow-sinking
particles; and the amount of Chl a lost by degradation was assumed to equal to the
amount of pheopigments gained (Shuman and Lorenzen, 1975); (5), pheopigments
were assumed to have the same degradation rate constants as total organic matter; (6),
Chl a and organic matter degradation in fast-sinking particles were neglected due to

their short residence time in the water column.

The box model is shown in Fig. 4.1 that describes the exchanges between fast-
and slow-sinking classes through aggregation and disaggregation: slow-sinking
particles can contribute to the mass of fast-sinking particles by aggregation; and fast-
sinking particles can disaggregate to form slow-sinking particles. Pigments are

exchanged between the two classes along with particle aggregation and disaggregation.
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Chl a in slow-sinking particles degrades into pheopigments. Organic carbon and

pheopigments in slow-sinking particles remineralize into inorganic carbon.

2.3. Mathematical description of the box model

With the assumptions stated above, we can assign mathematical functions to the
various terms in the box model. Net vertical export (g m3y'), as shown in Fig. 4.1, is

obtained by dividing flux (g m2y") differences into depth differences.

Zgil fz R
Fipeezy = TZ: €]

where F; , _, means vertical export (g m-3y1) of sinking velocity category i from depth

zs to depth zq; f,,; and f,_; mean particle sinking fluxes (g m2y') measured by the

sediment traps (presented in Table 4.1) at depth zy and zs, respectively.

Pigment (and organic matter) concentration in a SV category is calculated via an
equation that is similar to Eqg. (12) in Armstrong et al. (2009). For example,

concentration of Chl a is calculated as follow:

; -m~2-4°1
[ChL.al, (ug - m~%) = (55 e ) @

where fiand SV, represent Chl-a flux and particle settling velocity of SV category i,
respectively. Instead of using minimum sinking velocities as measured by SV traps, we

use mid-SVs, which are calculated by averaging two adjacent minimum SVs. Flux and
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SV data are summarized in Table 4.1. As stated in Armstrong et al. (2009),

concentration calculated in this way represents concentration outside a sediment trap.

The 11 SV categories were combined into two classes to decrease the number of
parameters to be estimated. If there are u SV categories that have been group into
slow- or fast-sinking class, its total Chl-a concentration ([Chl a],) is a summation of Chl-

a concentration in each SV category:

(Chl a], = Z;[cm al; 3)

Total vertical export are calculated similarly:

Frpezdu = Y syl )

In practice, vertical export at 313 m was the average of vertical exports F(313-524)
and F13-1918); at 524 m was the average of F(313-524) and Fs24.1915; and at 1918 m was

the average of F(313.1918) and F(s24-1918).
The mathematical equation for Chl a in slow-sinking particles is
FMe = [Chla]; x k_y — [Chla ]y X ky — [Chla]; X dy (5)
For pheopigments ([pheo]) in slow-sinking particles, the equation we used is
FP"° = [Chl a ], X dy + [pheo]; X k_, — [pheo]s x d; — [pheo], X k; (6)
For Chl a in fast-sinking particles, the equation we used is
Ff"e =[Chla]s X ky — [Chlals X k_; (7)
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For pheopigments ([pheo]) in fast-sinking particles, the equation we used is
FP"° = [pheo ]; x ky — [pheo] X k_; (8)
For organic matter ((OM]) in slow-sinking particles, the equation we used is
F™ =[0M]; x k_y — [OM s X ky — [OM ] % d, (9
For organic matter ([OM]) in fast-sinking particles, the equation we used is
F™ = [OM]s x ky — [OM] X k_, (10)

where items in square parenthesis represent item concentrations (ug/m? for pigments
and mg/m? for OM); k1, k.1, and d2 represent aggregation, disaggregation, and OM
degradation rate constants, respectively; ds represents the rate constant, at which Chl a

degrades into pheopigments.

Particle interaction rate constants were found by maximizing a likelihood statistic
with Gaussian error (Edwards, 1992; Hilborn and Mangel, 1997; Armstrong, et al., 2002;
2009). The estimator equation used is as follow:

w3 (PO -FO)
log L = -3 X log( - ) (11)

where £ is the likelihood that we try to maximize; n is the number of data points; F (i)
represents model predicted vertical export flux; and F (i) is vertical flux calculated from

sediment trap measurements.
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3. Results

3.1. Division SV

Fig. 4.2 shows maximum likelihood versus different division SVs, A division SV is
defined as a settling velocity at which the 11 settling velocity categories are separated
into “slow-“ and “fast-sinking” classes: settling velocities equal to or greater than the
division SV are grouped into fast-sinking class, the rest are grouped into slow-sinking
class. Maximum likelihood shows a generally decreasing trend with increasing division
SV. Maximum likelihood is highest at division SV of 5 m/d, which indicates particles with
SV equal to or greater than 5 m/d should be grouped in the fast-sinking class in the box

model.

3.2. Rate constants.

Estimated rate constants are reported in Table 4.2. Aggregation rate constants
are almost constant with depth. Disaggregation rate constants peak at 524 m, and are
approximately the same at 313 m and 1918 m. Chl-a degradation rate constants, which
are defined as a rate constant of Chl-a degradation into pheopigments (pheophorbide,
pheophytin, and pyropheophorbide), increase slightly with depth from 0.88 y' at 313 m
to 1.18 y! at 1918 m. Organic-matter degradation rate constants, the rate constant of
OM remineralizing into inorganic carbon, are highest at 524 m with a value of 1.55 y*;

they are 1.16 y' and 1.11 y" at 313 m and 1918 m, respectively.
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Parameter sensitivity tests are shown in Fig. 4.3. When compared with similar
tests that were performed with thorium data (Chapter Ill), tests in this paper indicate that
changes in maximum likelihood versus parameter values are more sensitive with

pigment data than tests with thorium data.

4. Discussion

When compared with the thorium tracers 234Th and 23°Th that have been used in
Chapter Il, the pigment tracers used in this paper have the following characteristics. Chl
a and its degraded products are an integral part of the particles; they therefore can
more accurately record particle exchange than thorium tracers can. In contrast, thorium
isotopes are particle-reactive tracers (Moore and Millward, 1988), which are constantly
adsorbed onto particles and desorb off particles. Adsorption and desorption processes
can dominate particle-thorium interactions, which may result in less accurate
estimations of aggregation and disaggregation rate constants. This is because when
first-order reaction kinetics were assumed, the contributions of adsorption and
desorption are much higher than those of aggregation and disaggregation, which makes
the weights of aggregation and disaggregation in the balance equation small.
Additionally, compared to the box model describing thorium cycling, the box model of
pigment cycling is simpler, which means that fewer parameters must be estimated,

allowing more data per parameter for more accurate estimation.
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4 1. Division SV

In the 2005 MedFlux program, IRS SV sediment traps separated particles into 11
settling velocity categories with minimum particle settling velocities of 980 m/d, 490 m/d,
326 m/d, 196 m/d, 140 m/d, 98 m/d, 49 m/d, 22 m/d, 11 m/d, 5 m/d, and 0.68 m/d,
respectively. Compared to the division SV separating the thorium data (98 m/d, Chapter
I), the division SV dividing the pigment data in the present paper is lower at 5 m/d. The
different division SVs might be due to the different characters of thorium and pigments
as discussed above. It could also be caused by the different model structures, because
the pigment model excludes adsorption and desorption; only particulate pigment and
organic matter concentration could influence the results. Fig. 4.4 shows Chl-a
concentration at different settling velocity categories, from which it is apparent that
concentration of Chl a in the slowest sinking velocity category (>0.68 m/d) (slow-sinking
class in the box model) is much higher than in any other SV categories. This
concentration distribution further supports the appropriateness of the 5 m/d division SV

determined by the likelihood method.

4.2. Aggregation and disaggregation rate constants

In Chapter Il, aggregation and disaggregation rate constants were estimated
using the maximum likelihood method and thorium data sampled in the 2005 MedFlux
program. For comparison, aggregation rate constants calculated with pigment data are

lower at all three depths than those estimated with thorium data, whereas
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disaggregation rate constants are higher in the current study than in Chapter Il. One
possible reason could be the different division SVs. This is because there are fewer
sources that contribute to aggregation, but more sources that contribute to
disaggregation, when “slow” and “fast” particles are divided at 5 m/d SV instead of at 98

m/d.

To check the above explanation, the division SV prediction in this paper (5 m/d)
was applied to the 2005 Medflux 234Th and 239Th data. Particle mass information was
used in the thorium model, because other particle components rather than OM were
thought also to be responsible for thorium adsorption (Geibert and Usbeck 2004). To
allow a fair comparison, the particle mass data used in the thorium model (Chapter II)
were substituted with OM data used in this chapter. The results along with results cited
from Chapter Il are shown in Table 4.3. As can be seen, aggregation decreased and
disaggregation increased when division SV 5 m/d were used, which is consistent with
the above explanation. Comparisons between Table 4.2 and Table 4.3 show that when
the same division SV was used, aggregation, disaggregation, and OM degradation rate

constants predicted by thorium and pigment tracers are in relatively good agreement.

Comparisons with other studies (Nozaki et al., 1987; Clegg et al., 1991; Cochran
et al., 1993, 2000; Murnane, 1994; Munane et al., 1990) indicate that the aggregation
rate constants estimated in this study are at the lower end of the reference ranges.
Possible reasons could be due to (1) different tracers: in the above references thorium
tracers were used; (2) geographical or seasonal variation: the area of this study was in
the Mediterranean Sea and the areas studied in the references were in the Pacific or

western Atlantic. According to Murnane (1994), aggregation rate constants estimated at
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different locations could differ by 2 orders of magnitude. According to Abramson et al.
(2010), the extent of particle exchange could be distinctly different if sampling seasons

are different.

4.3. Chl a and OM degradation rate constants

Sun et al. (1993b) studied Chl-a degradation by applying a “Multi-G” model, in
which organic matter are assumed to have different pools with different lability and
different decomposition rate constants (Whelan and Farrington, 2013). Sun et al.

(1993b) concluded that first-order degradation rate constants of labile Chl a, which was
quantitatively about 75% of total Chl a, were 0.25 q’ (90 y'"), and of refractory Chl a

were about 0.03 - 0.09 d” (10 - 30 y') for oxic sediments. Stephens et al. (1997) also

reported first-order reaction rate constants that ranged from 1 to 75 y-! in sediment
sampled at four abyssal sites in the equatorial Pacific. The rate constants found in this
study are at the lower end of the reported range. Considering the different studied
environments: water column in this study versus sediment environment in cited
references, it is reasonable for us to get lower degradation rate constants, since there
are less organisms in the water column than in sediments. Additionally, Chl-a
degradation defined in this study was degraded into pheopigments. Pigments can also
be degraded into colorless products and thus our degradation rate constant should be

smaller than when degradation is defined as total degradation.

Westrich and Berner (1984) reported that degradation rate constants of labile

organic carbon were 24+ 4 y', while those of less reactive POC or TOC were 1.4+ 0.7
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y!. Our estimation that POC degradation rate constants range from 1.11-1.55 y'is in
good agreement with previous results, since at the depth of 313 m, most labile POC is
supposed to have degraded; our estimated rate constant should be for less reactive

POC.

4.4. Parameter value sensitivity tests

Sensitivity tests (Fig. 4.3) show that likelihood in this paper is more sensitive to

the parameter values compared with the thorium sensitivities found in Chapter Ill. For

example, in Chapter Ill the change of disaggregation rate constants from 0 - 70 y’
caused a log-likelihood change of only ~ 6, which means a difference of ~exp(6)

between model prediction and measurement, whereas by using the chloropigment data

the change of disaggregation rate constant from 0 - 10 y' induced a log-likelihood
change of ~40 (~exp(40) ) difference between model prediction and measurement). The
other parameters all show sensitivity improvements at different degrees. The
comparisons indicate that aggregation and disaggregation rate constants estimated

using pigment data may more accurate than those estimated using thorium data.

An interesting feature about Fig. 4.3 is that maximum log-likelihood in the
aggregation and OM degradation sensitivity tests peaks at around -15, which is different
from the maximum log-likelihood (around -7) at which all parameters are at their
optimum values. The reason for the difference is due to the method with which we did

the sensitivity tests. For example, if we were testing sensitivity of disaggregation rate
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constants, we kept data constant and parameters other than disaggregation rate
constants at their optimized values, while at the same time, we varied the
disaggregation rate constant, which was the same at all the three depths. A maximum
likelihood was calculated for every changed disaggregation rate constant. Because
optimized disaggregation rate constants were depth dependent, by using the same
value at all three depths in the test, we did not allow the system to reach optimum
maximum log-likelihood. The deviation of highest maximum likelihood from the optimum
maximum likelihood when depth specific disaggregation rate constants were used
indicates that disaggregation rate constant and OM degradation rate constant were

sensitive to depth.

The sensitivity tests of rate constants of Chl-a degradation into pheopigments

and aggregation tell different stories. Maximum log-likelihood peaked at around -7 at 0.9
y! in the sensitivity test of the Chl-a degradation rate constant, at about 0.05 y' of the
test of the aggregation rate constant. The results indicate that if we applied 0.9 y' as

the Chl-a degradation rate constant and 0.05 y! as the aggregation rate constant at all
three depths, the highest maximum likelihood was almost the same as the optimum
maximum likelihood when all the parameter values were at optimum values. This is

easy to understand for the Chl-a degradation rate constant, because the average value
of the three depths is almost 0.9 y'. For the aggregation rate constant, maximum

likelihood shows a plateau at values between 0 and 0.1 y™', and then decreases sharply
as the value increases, which means aggregation rate constant should be constrained

in the range of 0-0.1 y', and not be depth-sensitive.
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4.5. Process contributions

To compare our results to those of Abramson et al. (2010), we first made an
assumption that particles in the slow-sinking class (0.68 m/d) of our box model were
equivalent to the particles sampled by large volume in-situ pumps in Abramson et al.
(2010); particles in the fast-sinking class (>5.44 m/d) were equivalent to the particles
sampled by TS sediment traps. We then calculated process contributions by multiplying
rate constants with corresponding concentrations. The results are shown in Table 4.4.
As can been seen, although aggregation rate constants are as low as 0.02 y-' as shown
in Table 4.2, particles did exchange their components by aggregation and
disaggregation, which is in good agreement with the results in Abramson et al. (2010)
(Fig. 6). However, we cannot conclude how aggregation and disaggregation change
seasonally as was done by Abramson et al. (2010), because SV sediment traps

integrated particles during the entire deployment period.

As can be seen in Table 4.4, all sinking particle contributions are positive, which
means, by definition, sinking serves as a source. The “source” here does not mean
tracers were supplied by upwelling or advection; instead it means the amount of tracers
coming into the box from the upper layer is greater than the amount of tracers leaving
the box at the lower layer as shown in Fig. 4.5. This explanation is in agreement with

Eq. 5.

5. Conclusions
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This study confirms that pigments may have characteristics that differ from those
of thorium, as reflected by the optimum division SVs. By using pigment tracers, we can
obtain more accurate estimations than by using thorium tracers, as reflected by the
sensitivity tests: likelihoods are more sensitive to parameters when the pigment data are
used than when the thorium data are used. Multiple tracers should be used to get a

comprehensive picture about particle exchange dynamics.
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Table 4.1. Settling velocity fluxes (ug/m?/d) for 2005 of composite pigments and organic matter.
In 2005 deployment, there were two SV traps at each depth. Data in two SV traps are
combined via the following equation: feomposite= SV 1mass/(SV 1masstSV2mass)*SV1(f)+
SV2mass/(SV 1masstSV2mass) *SV2(f).

mid-SV  composite Chl  composite ppb* composite pyro* composite pptn*  composite OM

(m/d) a (ug/m?/d) (ug/m?/d) (ug/m?/ d) (ug/m?/d) (mg/m?/ d)
Depth: 313 m
1200 0.174 0.322 0.707 0.444 1.968
734 .4 1.041 2.113 5.328 1.038 6.654
408.0 1.773 2.775 9.696 1.589 4.593
261.1 2.290 3.548 16.018 2.010 5.535
167.9 1.026 1.765 5.827 0.852 3.059
118.9 1.384 1.837 6.503 0.917 2.573
73.4 1.229 2.122 9.121 1.094 3.603
35.4 0.997 1.616 5.205 0.807 2.405
16.3 0.682 1.442 4.153 0.732 3.271
8.16 0.763 1.326 5.096 0.617 2.535
3.1 2.851 4.889 16.436 2.716 8.092
Depth: 524 m
1200 2.469 1.653 5.377 0.491 2.971
734.4 1.728 2.941 6.550 3.992 8.053
408.0 1.334 1.801 5.889 0.710 3.798
261.1 1.447 2.883 7.974 1.351 3.560
167.9 0.561 1.006 3.902 0.596 1.755
118.9 0.749 1.059 2.527 0.650 1.506
73.4 0.631 1.032 2.235 0.449 1.496
35.4 0.568 0.966 2.259 0.482 1.624
16.3 0.447 0.784 2.455 0.394 1.641
8.16 0.666 1.224 4.436 0.618 2.763
3.11 2.123 4.400 8.878 2.342 6.533
Depth: 1918 m
1200 0.154 0.177 0.934 0.389 0.844
734.4 1.616 2.593 6.729 2.046 4,262
408.0 0.874 1.623 2.717 1.002 3.120
261.1 1.121 2.161 4.561 1.536 3.052
167.9 0.547 1.000 2.614 0.572 1.642
118.9 0.519 0.892 2.840 0.444 0.988
73.4 0.463 0.872 2.883 0.777 1.603
35.4 0.283 0.546 1.656 0.499 0.990
16.3 0.218 0.343 1.352 0.434 0.812
8.16 0.313 0.397 1.217 0.214 1.158
3.1 0.874 1.489 5.175 1.102 3.103

* ppb is an abbreviation for pheophorbide; pyro is an abbreviation for pyropheophorbide; pptn is an
abbreviation for pheophyftin.
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Table 4.2. Parameters estimated by the pigment data and the maximum likelihood method at a
division settling velocity of 5 m/d. (unit: y')

Parameters 313 m 524 m 1918 m
Aggregation (k1) 0.02 0.07 0.02
Disaggregation (k-1) 10.47 13.82 9.60
Chl a degradation (d1) 0.88 0.93 1.17
OC degradation (d2) 1.16 1.55 1.11

112



Table 4.3. Rate constants (y') calculated with thorium data at division SVs of 5 m/d and 98 m/d.
Values at division SV of 98 m/d are those cited from Chapter Il, in which total particle mass
rather than organic matter was used (see text for further explanations).

Division SV=5 m/d

Division SV=98m/d

Parameters 313m  524m 1918m

Aggregation 0.01 0.02 0.02
Disaggregation 7.69 6.05 7.86
OC degradation 0.83 0.70 0.34

313m 524m 1918m

2.1 1.13 0.09
2.42 1.39 1.16
0.01* 0.02* 0.54*

* total particle remineralization rate constants.
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Table 4.4. Contribution of each process. Negative values indicate sinks. Positive values are sources (units: mg/m3/y for OM, ug/m?dy
for chloropigments).

313 m 524 m 1918 m
Process Fast-sinking Slow-sinking Fast-sinking Slow-sinking Fast-sinking  Slow-sinking

Aggregation (Chl a) 1.68 -1.68 1.25 -1.25 0.51 -0.51
Disaggregation (Chl a) -3.31 3.31 -3.27 3.27 -1.16 1.16
Chl-a degradation - -3.70 - -2.89 - -1.51
Sinking (Chl a) 1.63 2.06 2.02 0.87 0.65 0.86
Aggregation (pheo-) 14.14 -14.14 9.19 -9.19 4.57 -4.57
Disaggregation (pheo-) -29.51 29.51 -27.43 27.43 -8.69 8.69
Degradation (pheo-) - -41.11 - -35.63 - -12.61
Chl-a degradation - 3.70 - 2.89 - 1.51
Sinking (pheo-) 15.36 22.05 18.24 14.50 412 11.61
Aggregation (OM) 4.76 -4.76 3.84 -3.84 1.83 -1.83
Disaggregation (OM) -11.12 11.12 -11.87 11.87 -4.06 4.06
Degradation (OM) - -13.84 - -14.90 - -5.04
Sinking (OM) 6.36 7.48 8.03 6.87 2.23 2.81
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Figure 4.1. A conceptual model describing particulate pigment cycling. Slow- and fast-sinking
particle sinking rates were measured using IRS Settling Velocity (SV) sediment traps. Since the
shallowest trap depth was 313 m, primary production is neglected. Aggregation and
disaggregation describe particle exchange between the two groups: slow-sinking particles
aggregate to form faster sinking particles, and fast-sinking particles disaggregate into slower
sinking particles. Chl-a degradation products (pheophorbide, pheophytin, and
pyropheophorbide) in slow-sinking particles have two sources: in-situ degradation of Chl a and
disaggregation of fast-sinking particles containing the pheopigments. Chl a in fast-sinking
particles can increase due to aggregation of slow-sinking particles, and can be lost by
disaggregation (degradation is neglected since much of the pheopigment production occurs
during grazing process in the euphotic zone). d, is defined as the rate constant of Chl-a
degradation into pheophorbide, pheophytin, and pyropheophorbide, and we assume this is the
only way that Chl ais lost. To account for Chl a lost in other reactions, we make the assumption
that the rate of loss is similar to that of total organic matter; this gives us a minimum loss rate,
as we might expect pigment loss to be somewhat faster than total OM. Therefore. d, is defined
as the degradation rate constant of organic matter including all the chloropigments. Degradation
loss of both Chl a and organic matter in fast-sinking particles is assumed to be slow enough to
be neglected. Chl a and organic matter degradation, aggregation, and disaggregation are
assumed to have first-order reaction kinetics.
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Figure 4.2. Maximum likelihood versus division SV. The division SV means that particles with
SVs equal to or greater than the division SV will be grouped into the fast-sinking class, and
particles with lower SV than the division SV will be grouped into slow-sinking class in the box
model. We tentatively divided the 11 SV categories separated by the IRS SV traps into two
classes at every possible SV, and maximum likelihoods were calculated at each division SV,
then were plotted versus division SV.
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Maximum likelihood VS degradation rate constant of Chl.a to pheopigments
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Figure 4.3. Parameter sensitivity tests. The sensitivity tests were done by progressively
changing the tested parameter, which were set the same for all the three depths, while keeping
other parameters at their optimized values and data constant.
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Figure 4.5. Cartoon explanation of sinking flux. According to Eq. 1, sinking flux is the difference
between flux-in and flux-out. If flux-in is greater than flux-out, the sinking flux is positive and

server as a source, and vice versa.
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Chapter 5 : Conclusions

Conclusions:

Particle aggregation and disaggregation have an important influence on the
efficiency of the “biological pump”, which is responsible for transporting
photosynthesized organic matter into the deep ocean and fueling the benthic
organisms. Particle remineralization is another important oceanographic factor, which
has an influence on carbon and nutrient cycling, and is also important to marine
pollutions. In this thesis, | used both thorium and pigment tracers sampled using IRS SV
sediment traps at the French JGOFS DYFAMED site in the Mediterranean Sea to
estimate particle aggregation, disaggregation, and particle remineralization rate
constants. The mathematical method used was the likelihood method. The total inverse
method was evaluated by seeding it with different sets of prior estimates. All the data

used were sampled using IRS SV sediment traps in the 2005 MedFlux project.

| constructed a new conceptual model describing particle-thorium interactions in
the ocean. Compared with previous models (Murnane, 1994; Murnane, et al., 1990,
1994; Marchel and Lam, 2010), the new model had the following features: (1), this
model for the first time allowed the direct interactions between fast-sinking particles and
the dissolved thorium; (2), this model permitted slow-sinking particles to have a finite
sinking velocity, which was measured using SV sediment traps; (3), particles were

separated based on particle sinking velocity instead of particle size, which avoided the
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assumption that small particles sank slower than big particles, which, based on

McDonnell and Buesseler,(2010) might be wrong.

The 11 settling velocity categories sorted by SV sediment traps were separated
into two sinking classes to decrease the number of parameters needed to be estimated,
and to fit the conceptual model. Particle-thorium adsorption and desorption rate
constants, particle-particle aggregation and disaggregation rate constants, and particle
remineralization rate constants were estimated by the likelihood method. Generally,
fast-sinking particles had higher desorption rate constants, and lower adsorption rate
constants than slow-sinking particles, which was probably caused by their different
chemical compositions. This is because slow-sinking particles had higher organic
contents than fast-sinking particles. According to Chuang et al. (2014) organic matter

could enhance thorium adsorption.

Multiplication of a calculated rate constant with the corresponding concentration
gives an estimation about a process contribution, with which the 234Th depth distribution
(reported in Szlosek et al., 2009) was explained; for slow-sinking particles, radioactive
decay loss of 224Th was compensated mainly by adsorption, thus flux densities at deep
traps were quantitatively similar to that in shallower traps; for fast-sinking particles
adsorption and aggregation added 234Th onto sinking particles and radioactive decay
loss was negligible, which explained why deep traps had higher 234Th flux densities than

shallower traps.

The total inverse method was evaluated by using different sets of prior estimates,

prior information from the likelihood method results and from a previous study (Nozaki
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et al., 1987). Comparisons of the posterior estimates indicated the adsorption,
remineralization, and aggregation rate constants agreed relatively well; and
disaggregation rate constants had large variations when different prior estimates were

used.

| continued to test the total inverse method by plotting likelihood profiles, which
indicated that likelihood was extremely sensitive to the adsorption rate constants (both
slow- and fast-sinking particles) and slow-sinking particle remineralization rate
constants, less sensitive to the slow-sinking particle desorption rate constants and
aggregation rate constants, and least sensitive to the disaggregation rate constants.
The sensitive tests illustrated that disaggregation rate constants predicted using thorium
data and the total inverse method might be inaccurate, which also explained why

literature reported disaggregation rate constants had a wide range.

The test was continued by comparing posterior estimates based on prior
information obtained by simultaneously increasing or decreasing all likelihood
estimations by 2 times. The results showed that at 313 m and 524 m adsorption rate
constants (of both the slow- and fast-sinking classes) and desorption rate constants (of
the slow-sinking class) did not change apparently when prior estimates increased or
decreased, whereas at 1918 m only remineralization rate constants kept constant; and
other posterior parameters decreased or increased in the same direction as prior
estimates. This test indicated that posterior parameters were not only influenced by the

data, but also impacted by the choice of prior values for other parameters.
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In Abramson et al. (2010), chloropigment were used to study particles
aggregation and disaggregation by comparing pigment compositions between particles
sampled by in-situ large volume pumps and TS sediment traps. However, Abramson et

al. (2010) were not able to reach qualitative conclusions.

| constructed a conceptual box model to describe chloropigment cycles in the
ocean and fit the model with chloropigment data sampled using SV sediment traps. The
likelihood method was used to estimate particle aggregation and disaggregation rate
constants, and organic matter and Chl-a degradation rate constants. Results showed
that the division SV that was used to divide the 11 settling velocity categories into two
sinking classes was lower than that when thorium data were considered. The division
SV was consistent with pigment concentration distributions, because particles with
settling velocities below and above the division SV had distinctly different
concentrations (Chapter IV). Aggregation rate constants estimated using chloropigment
data were lower, and disaggregation rate constants were higher, than those using
thorium data. The differences were probably caused by either the different division SVs

or by different tracers.

Process contributions indicated that there were particle aggregation and
disaggregation happened in the sampling period, which was in agreement with
Abramson et al. (2010). Likelihood sensitivity tests showed that likelihood was much
more sensitive to parameter values when pigment data rather than thorium data were

used.
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