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234Th and particle cycling in the central equatorial Pacific

JOHN P. DUNNE,* JAMES W. MURRAY,* JENNIFER YOUNG,*
LAURIE S. BALISTRIERI* and JAMES BISHOP}

Abstract—US JGOFS-EqPac **Th data sets for 1992 boreal spring (Survey I, TT007) and fall
(Survey I1, TT011) cruises from 12°N to 12°S along 140°W were used to determine rates of >*Th and
particle cycling using a thorium sorption model and three coupled particle-thorium models.
Sampling methodology had a large impact on model results — estimates of particulate organic
carbon varied by a factor of 3 between bottle and in-situ filtration techniques. Adsorption rate
constants and residence times from the thorium sorption model showed strong depth, latitudinal and
seasonal variability which we were able to attribute to changes in particle concentration. A re-
evaluation of the ‘particle concentration effect’ on the adsorption rate constant, k,’, showed that our
values of k,’ increased with particle concentration and were consistent with other study sites with
similar particle concentrations. Recycling of particulate organic carbon in the euphotic zone of the
central equatorial Pacific was 2-10 times faster than sites previously studied. Calculations of
adsorption rate constants from the thorium sorption, coupled particle—**Th and phytoplankton
models were extremely dependent on the model treatment of remineralization. Results from the
coupled particle—”"'l"h model, where particles have a constant lability, suggested that **Th recycled
three to four times between the dissolved and particulate phases before being removed from the
euphotic zone. Aggregation rate constants and sinking rates in the central equatorial system were
compared with other sites using the size-fractionated model developed by Clegg and Whitfield (1991,
Deep-Sea Research, 38, 91-120). Removal of particles by sinking from the equatorial euphotic zone
depended on a mechanism of differential recycling of organic matter in the euphotic zone in which
only a fraction of the particles are remineralized and the more refractory particles sink. © 1998
Elsevier Science Ltd. All rights reserved

INTRODUCTION

Importance of studying particle cycling dynamics

Integrated physical, chemical and biological processes control particle cycling in the
upper ocean. The cycle of input of nutrients, production, sinking and remineralization of
particles controls oceanic distributions of organic carbon, major nutrients and a suite of
trace elements. The equatorial oceans are important places to study these processes because
of their large geographical areas and the intensity of particie cycling.

234Th often has been used as an effective tracer of particle cycling to estimate residence
times of trace metals and particulate carbon and to calculate the sinking flux of
particulate organic carbon (Coale and Bruland, 1985; Murray et al., 1989; Buesseler ef al.,
1992; Murray et al., 1996). The most basic particle->>*Th cycling model is a steady-state
mass balance in which the vertical flux of 2**Th equals the difference between the rates
of in-situ production of **Th (¢, 2=24.1 days) from its long-lived, conservative parent
B8y (t12=447 x 10° years) and in-situ radioactive decay of **Th. Conversion of the
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calculated **Th flux into a carbon flux requires the organic carbon:***Th ratio of sinking
particles. Though this model expresses the bulk removal of 2**Th, it does not identify the
specific mechanisms of loss. Studying mechanisms of loss using slightly more complex
models allows a better understanding of processes controlling particle and trace metal

cycling.

Early use of **Th

One-dimensional scavenging models have been used to characterize the magnitude and
variability of **Th adsorption in the water column and establish potential scavenging
mechanisms. Balistrieri er al. (1981) used an equilibrium model of metal sorption to
particle surfaces to describe mechanisms of removal of a variety of trace metals and to
estimate equilibrium constants for metal sorption. Bacon and Anderson (1982) evaluated
irreversible and reversible exchange of thorium isotopes between the dissolved phase and
bulk particulate material, and were able to isolate reverse (desorption) from forward
(adsorption) rates. Coale and Bruland (1985, 1987) and Bruland and Coale (1986)
developed a model of upper ocean cycling in which 2**Th was used as a tracer of the
sinking flux of particulate organic carbon. The mechanism of 23*Th scavenging in this
model was irreversible and consisted of non-selective adsorption of dissolved 2**Th onto
sinking particles. They calculated residence times of dissolved **Th that ranged from 6 to
220 days for a range of ocean environments and found that first-order removal rate
constants of particle sinking correlated well with both primary production (Coale and
Bruland, 1985) and the sinking flux of particulate organic carbon (Bruland and Coale,
1986).

Attempts have been made to extend the reversible thorium sorption model to regimes
with different particle concentrations by incorporating an observed ‘particle concentration
effect’. Bacon and Anderson (1982) observed a correlation between k," and particulate
matter. Honeyman ez al. (1988) also found a good correlation between the log of the
adsorption rate constant, k', and the log of the particulate mass concentration using a
compilation of published data sets that spanned five orders of magnitude of particle
concentrations. Brownian pumping was proposed by Honeyman and Santschi (1989) to
explain this dependency on particle concentration. They postulated that some dissolved
234Th was actually in a colloidal phase. In their model, colloids coagulate into particles so
that particulate 2*Th activities result from colloidal coagulation.

Coupled particle-"**Th models

The models of thorium adsorption discussed above assume that particles have infinite
residence times with respect to remineralization. These models also do not take into account
any alterations of particulate matter that occur during coagulation, food web processing or
particle sinking. The most direct approach for coupling particle cycling to thorium cycling is
to use biological rate parameters to determine a remineralization rate constant. Murnane et
al. (1990) developed a model to express the coupling between thorium cycling (3*Th, 2°Th
and ??!Th) and particle cycling of two particle sizes in the deep ocean and calculated rates of
aggregation and disaggregation while assuming no remineralization. Clegg and Whitfield
(1990, 1991) developed a similar model to express coupling between ***Th cycling and
particle cycling in the surface ocean. In this model, primary production supports a pool of
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background suspended matter composed of small, non-sinking particles. These particles
aggregate reversibly into large, rapidly sinking particles (Clegg and Whitfield, 1990). Clegg
and Whitfield (1991) coupled the >**Th cycle to this particle cycle. They explored spatial
variability between the eastern equatorial and sub-arctic Pacific (Clegg and Whitfield, 1991)
as well as temporal variability during the JGOFS North Atlantic Bloom Experiment
(NABE) (Clegg and Whitfield, 1993). Though Clegg and Whitfield saw large variability in
calculated rate constants between sites, they found their model was able to reproduce
observed changes in 2**Th activities by forcing the model with observed changes in particle
cycling. Recently, Murnane et al., 1996 introduced a model that included size fractionation
and differentiated between organic particles and inert particles such as clays, opal and
carbonate. They then simultaneously evaluated organic carbon and total mass cycling
during the NABE.

Oceanographic setting of study area

In this study we explore 2**Th as a tracer for particle cycling in the central equatorial
Pacific. This region is dominated by upwelling of nutrient-rich water and is characterized
as a high nitrate, low chlorophyll (HNLC) environment where high productivity by small
phytoplankton is matched by intense grazing and recycling of organic matter
predominantly by microzooplankton (Murray ef al., 1994; Barber et al., 1996; Landry
et al., 1995; Landry et al., 1997). The US JGOFS-EqPac 1992 survey cruises from 12°N
to 12°S along 140°W took place during the relatively low nutrient upwelling boreal spring
(Survey I) and high nutrient upwelling boreal fall (Survey II) periods of the equatorial
seasonal cycle. El Nifio conditions were superimposed on this seasonal cycle, which
resulted in lower nutrient upwelling conditions relative to climatology (Kessler and
McPhaden, 1995). Nevertheless, surface nitrate between 2°N and 7°S latitude was above
2 mM during both cruises. Concentrations at the equator were 3 mM during Survey I and
6 mM during Survey II (Murray et al., 1995). Primary productivity extended below
100 m. The depth of the 0.1% light level was 120 m during both cruises. The integrated
production values between 2°N and 2°S were approximately twice as high during Survey
IT (84-155 mmol C m~2 day™") as Survey I (47-85 mmol C m~2 day™"') (Barber er al.,
1996). Increases in integrated chlorophyll and particulate carbon from Survey I to Survey
IT were more modest at 27% and 21%, respectively (Barber et al., 1996; Murray et al.,
1996). Phytoplankton growth rates reached values in excess of 1 day™! (Landry et al.,
1995). A dynamic steady state for ***Th was illustrated in the constancy of **Th
activities in the EqPac Time Series data of Bacon et al. (1996) and in the comparability of
the EqPac data sets of Buesseler ef al. (1995), Bacon ez al. (1996) and Murray et al.
(1996).

Objectives of this work

We wish to assess how biological and chemical cycles are coupled in the central equatorial
Pacific. Specifically, it is our goal to use the extensive data set of the US JGOFS-EqPac
Survey cruises to estimate rate parameters for proposed mechanisms for 2*Th and particle
cycling. This study of particle->**Th cycling is unique because of the completeness of the
complementary data set. As a result, we have been able to make a more extensive evaluation
of existing models and arrive at a more realistic evaluation of particle and 2*Th cycling in
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this region. The objectives are to: (1) review available data from the 1992 US JGOFS-EqPac
Survey Cruises, (2) estimate model rate parameters of adsorption, remineralization and
aggregation using the EqPac data set and thorium sorption and coupled particle-thorium
models, and (3) compare our results with sites previously studied.

MODEL DESCRIPTIONS

In this section we discuss the thorium sorption and coupled particle-thorium models that
we used to quantify rates of thorium cycling in the central equatorial Pacific. Four models of
increasing complexity are presented in sequence, the first being the thorium sorption model
of Bacon and Anderson (1982). We then describe a coupled particle-thorium model in
which the particle and ***Th cycles are considered independently assuming a single particle
population. As an alternate method of coupling particle and thorium cycling, we introduce a
phytoplankton model that distinguishes labile and refractory particle pools. Finally, we
discuss aggregation processes between large and small particles in the context of the size-
fractionated model of Clegg and Whitfield (1990, 1991, 1993). In this paper we assume
steady state and ignore zonal advection (e.g. #9Th4/dx) and all diffusion terms (e.g. dKy/
dxdThgy/dx, dKy/dydThy/dy, dKz/dzdThy/dz) while including meridional (e.g. vaThy/dy) and
vertical (e.g. wdThy/3z) advective terms. For simplicity, all advection and diffusion terms are
omitted in the presentation of continuity equations. For reference, all data parameters are
given in Table 1 and all rate parameters in Table 2.

The thorium sorption model is a two-box model of thorium cycling (Fig. 1) in which
dissolved #**Th undergoes first-order, reversible adsorption to become particulate >*Th,
which sinks through the water column (Bacon and Anderson, 1982). The continuity
equations for dissolved and particulate ***Th in this model are:

dThg/dt = U- A — (A +k}) - Thy + k_, - Th, )

dTh,/dt =K, - Thg — (A + k")) - Th, — ¥ )

Table . Summary of data input parameters used for the thorium sorption, coupled particle-thorium and size-
fractionated models

Parameter Definition Units Source

P, primary production mmol Cm~2day™! Barber et al., 1995

P small particles mmol Cm™3 Go-Flo samples (bottles) retained on a GF/F-filter
or MULVFS 1-53 um fraction

P large particles mmol Cm ™3 MULVES > 53 um fraction

P total particles mmol Cm™? P+ P

F sinking particle flux mmol Cm~2day™"  2*Th model carbon fluxes (Murray ef al., 1994)

U 28y dpmm—? CTD data: U =0.0686-Salinity-(1 + 5¢/1000)

Thy dissolved 2**Th dpmm™> Go-Flo samples (bottles) passing a 0.4 pm
nuclepore filter

Thg small particulate **Th  dpmm ™3 Go-Flo samples (bottles) retained on a 0.4 ym
nuclepore filter or MULVFS <1-53 ym

fraction
Th, large particulate **Th  dpmm > MULVFS > 53 um fraction

Th, total particulate *Th  dpmm 3 Th,+ Th
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Table 2. Summary of rate parameters used for the thorium sorption, coupled particle—thorium and size-fractionated

maodels

Parameter Definition Units Associated model, value and source

A 234Th radioactive decay constant ~ day ™’ All models, . =0.02876 day '

k_y 234Th desorption rate constant day ! All models, k_, =0.0068 day ™!, Clegg and
Whitfield (1993)

k' 234Th adsorption rate constant day~! thorium sorption model, calculated

S total particle sinking velocity m day thorium sorption model, calculated

¥ remineralization rate constant day™! coupled particle-thorium models, calculated

my’ 234Th adsorption rate constant day ™! coupled particle-thorium models, calculated

ry aggregation rate constant day ™! size-fractionated model, calculated

r_i disaggregation rate constant day™! size-fractionated model, r_; =5 day ™', Clegg
and Whitfield (1993)

Si large particle sinking velocity mday ™! size-fractionated model, calculated

v meridional velocity °Jat day ! MOM output, Chai (1995)

w vertical velocity m day ! MOM output, Chai (1995)

In equations (1) and (2), A is the decay constant for 2**Th (A =0.02876 day "), k,’ is the
adsorption rate constant, k_ ;" is the desorption rate constant, and ¥ is the removal term for
particle sinking. In this model, radioactive decay of 238(J (U) supports a pool of dissolved
234Th (Thy). Thy adsorbs on particles at a rate of k,"*Thy. Particulate >*Th (Thy,) desorbs at
a rate of k_"*Thy,. No distinction is made between small and large particles. Thy and Th,
are both lost by radioactive decay. The removal flux of 234Th on sinking particles, ¥, has
been defined alternatively as a first-order rate constant for removal of sinking particles
multiplied by the particulate *>*Th activity (ky'*Thy) (Coale and Bruland, 1985) and as
gradient in particulate 234Th with depth multiplied by a sinking rate ($* 0Th,/3z) (Bacon and
Anderson, 1982), giving:

Frn = S-Th, (3

¥ = k) - Thy = 8Fry/dz = S - 3Th, /6z + Th, - 3S/dz (@)

A ki
U5 fihg =t
Ky

Sinking (Fy,)

Vv g
Fig. 1. Flow diagram of the thorium sorption model including reservoirs of dissolved **Th (Thy)

and particulate 23*Th (Thp) and fluxes of radioactive decay (A) of 234Th and **U (U), adsorption
(k\"), desorption (k_ ') and sinking (Fry,).
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where Fry, is the sinking flux of 2**Th, which equals Th,, multiplied by the sinking rate,
S. In order to solve for the rate constants of adsorption, k,’, and removal, k', (or k/
and the sinking rate, S), this model requires data for dissolved 2347, particulate B4Th
and 22U, and requires an assumption of the value of the desorption constant, k_,’. In
this study we assumed k_, =0.0068 day ' from the data compilation of Clegg and
Whitfield (1993), which is also consistent with the laboratory experiments of Quigley et
al. (1996).

This model has the advantage of being conceptually and mathematically simple. In
addition, there are many previously published data sets with which to compare results.
There are two main disadvantages of this model. First, rate constants predicted by the
model are not universal but only apply to specific biological and physical regimes. Second,
the model does not include processes that are known to be important in particle cycling such
as remineralization and aggregation. If **Th is to be used to trace particles, the role of these
processes must be known.

One reason that rate constants vary from site to site is because they depend on particle
concentration. Bacon and Anderson (1982) and Honeyman et a/. (1988) found support for
the following relationship between k)" and particle concentration:

ki =k -P" (5)

where P is the particle concentration, # is an observed exponent, and k; is an inherent
adsorption rate constant independent of particle concentration. Honeyman ez al. (1988)
obtained a value of n=0.6 based on the good correlation (r* = 0.62) between the log of the
adsorption rate constant, k', and the log of the particulate mass concentration for
published data sets extending over five orders of magnitude of particle concentrations.

We introduce the coupled particle—>**Th model in order to describe explicitly both
particle and Th cycling (Fig. 2). This model has a particle cycle that includes

A A

Fig. 2. Flow diagram for the coupled particle-thorium model including reservoirs of particles (P),

dissolved **Th (Thg) and particulate 234Th (Th,) and fluxes of primary production (F),

remineralization (y), radiocative decay () of 2**Th and **®U (U), adsorption (m;"), desorption
(k_,") and sinking of particles (Fp) and **Th (Fy,).
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remineralization but does not distinguish between particles of different sizes. By including
remineralization, this model takes into account the short residence time of particles in the
equatorial euphotic zone. The continuity equations are:

dP/3t =P, —y P~ 3F,/dz (6)

dThg/t =U-A — (A +m))-Thy + (k_, + y) - Thy @)
dThy/0t = m) - Thy — (A + k" + y) - Thy, — 3Fm,/0z (8)
F,=S-P )

Frn = S-Th, (10)

where U, Thy, Thy, k" and A are defined as before. This model requires additional data on
primary production (P;), the total particle concentration (P), and the settling flux of
particles (Fp,). Solution of the particle equation gives the remineralization rate constant (),
which is the same for both particles and >*Th. The removal term (8Fy,/dz) is identical in the
thorium sorption and coupled particle—>**Th models. Though k,’ and m, are both
adsorption rate constants, they do not have the same meaning. Solving equations (1) and
(7) for m,’ gives the relationship between these two estimates of the adsorption rate constant

as:
k| =m, —y - Thy/Thy (1

In the thorium sorption model, loss terms from the particulate **Th pool include
desorption, decay and sinking. In the coupled particle-thorium model, an additional loss
term for remineralization of particulate 234Th is included to account for recycling of
particles. Equation (11) shows that m,’ reflects gross or true adsorption while k,’ reflects
true adsorption minus remineralization. The coupled particle-**Th model has the
advantage of explicitly including information on particle recycling but has the same
disadvantage as the previous models of not differentiating between particles of different
reactivity or size.

If the particle pool is composed of particles with different reactivities, then the coupled
particle-thorium model may overestimate the remineralization of particulate *>*Th and
thus over-estimate the adsorption rate constant, m,". To accommodate this possibility, we
extended the coupled particle-thorium model by explicitly dividing the total particulate
concentration into two compartments: a labile phytoplankton pool and a refractory pool
of heterotrophs and detritus. We call this alternative coupled model the phytoplankton
model (Fig. 3). While Murnane er al. (1996) invoked differing labilities to distinguish
between organic and inorganic particles, we invoke the phytoplankton model to
distinguish between reactive and refractory organic particles. The continuity equations
for this model are:

0Py /0t = Pr — (y/f+r1) - Pphy (12)

OP/3t = ry - Pony — 0F,/0z (13)
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Sinking (Fp, Fr,)

Fig. 3. Flow diagram for the phytoplankton model including the fraction of total particles that is
phytoplankton (f), reservoirs of phytoplankton (Pypy), refractory particles (P), dissolved ***Th (Thy)
and particulate Z4Th (Thy) and fluxes of primary production (P;), remineralization (y), B4Th and
By (U) radiocative decay (A), adsorption ("), desorption (k_,") and sinking of particles (F,,) and

B4Th (Fry).
9Tha/dt = U -k — (A +m)) - Thy + (K_, + y/f) - Thpny + k_, - Th,, (14)
0Thypy /3t = m| - f - Tha — (A + K + y/f+ 1) - Thppy (15)
dTh,/0t = m, - (1 — f) - Thy + ry - Thypy — (A + Kk ;) - Thy, — 8Fm/0z (16)
F,=P-S (17)
Frh=Thy- S (18)

where P, v, F, U, Thy, k_,' and A are defined as before. This model differentiates between
labile, phytoplankton carbon (Ppy) and refractory carbon (P). It also includes 2341
associated with phytoplankton carbon (Thg,) and refractory carbon (Thy). f is the
fraction of total particulate organic carbon (Pyhy + P) that is in the labile, phytoplankton
pool (Pphy). In this model, there is first-order, reversible adsorption of 24Th onto both
particle pools but only the phytoplankton pool can remineralize.

In an attempt to model aggregation and sinking of particles in the surface ocean, Clegg
and Whitfield (1990, 1991a) developed a size-fractionated model of coupled particle-
thorium cycling (Fig. 4). This model assumes first-order aggregation, disaggregation and
remineralization between large (P)) and small (Ps) particle pools. Small particles are
assumed to be non-sinking while large particles rapidly sink with a settling rate, S. The »**Th
cycle is superimposed on the particle cycle by first-order, reversible adsorption onto small
particles only. The model is defined by the equations of state for two particle pools (small
particles, P, and large particles, P;) and three B4Th pools (dissolved 2**Th, Thg, small
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A

Fig. 4. Flow diagram for the size-fractionated model including reservoirs of small particles (P;),

large particles (Py), dissolved 2**Th (Thg), small particulate >**Th (Th,) and large particulate ***Th

(Thy) and fluxes of primary production (P;), remineralization (y), aggregation (r,), disaggregation

(r—1), 2>*Th and 28U (U) radiocative decay (1), adsorption (m;'), desorption (k_ ') and sinking of
particles (F) and 2*Th (Fyy,).

particulate 234Th, Th,, and large particulate >>*Th, Thy) (equations 19-25). Thy is the same
as in the previous models, but P and Th, in the previous models are equal to P+ P, and
Th, + Th,, respectively, in the size-fractionated model. This model requires the same data
inputs as for the simple coupled model plus additional values for large particle
concentrations and large particulate ***Th activities. The continuity equations for the size-
fractionated model are:

P /ot =P —(y+n) - Ps+r_1- P (19)

POt =r - Py—(y+r_1)- Pl — 0F,/dz (20)

dThe/dt = U - A — (A +m)) - Thy + (K, +y) - Thy + y - Thy 21)
dThy/ot =m)| - Thg+r_; - Thy— (A + k' +y+r)- Thy (22)
9Th)/0t = ry - Thy — (r_1 + A +y) - Thy — 8Fqy/8z (23)
Fy=P -5 (24)

Fro = Th - Si 25)

In the size-fractionated model primary production, P,, supports a pool of small
particulate matter, P, that aggregates at a rate of r,*P; into large particulate matter, P,.
Both small and large particles remineralize with a rate constant vy identical to vy in the
coupled particle—*>*Th model. Large particles disaggregate at a rate of r _* P, or sink as flux
at a rate of 0F,/0z with a sinking rate of .
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In the 2*Th component of the model, radioactive decay of ***U supports a pool of
dissolved 2**Th or Thy. Thy adsorbs onto small particles at a rate of m,"*Thy. 2*Th desorbs
from small particles at a rate of k,'*Th,. Small particulate thorium, Th,, aggregates along
with the small particles into the large particulate fraction at a rate of r,*Th,. Large
particulate 2**Th, Th,, disaggregates back to the small particulate fraction at a rate of
r_1*Th; and sinks at a rate of dFr,/dz with a sinking velocity S;. Both Th, and Th,
remineralize with a rate constant y back to Thy. y is the same for particles and *>*Th. Thy,
Th and Th, are all subject to loss by radioactive decay. The adsorption rate constants in the
coupled particle—mTh model and the size-fractionated model, both defined here as m/’, are
nearly identical. The constant in the size-fractionated model is slightly lower because Th is
slightly smaller than Th,,. The advantage of this model over the coupled particle—***Th
model is in differentiating suspended from sinking particles.

AVAILABLE DATA

In this section we present the input data from the JGOFS EqPac Survey Cruises for the
thorium and particle models (Table 1). Though most previous studies have described the
particle cycle in terms of total mass, we have used organic carbon because our ultimate goal
is to use 2>*Th cycling to trace carbon cycling in the upper ocean. We include particle
calculations based on total mass, however, for ease of comparison with previous studies at
other sites. We concentrate our interpretation on EqPac Survey 11 because the data are more
complete.

2381 activity was calculated from salinity (S) and potential density (o) using the data sets
of Ku et al. (1977) and Chen et al. (1986) to obtain the regression: U=0.0686-5-(1 +o0g/
1000).

Dissolved and small particulate >**Th were measured using the operational definition of
a 0.4 pm Nuclepore filter (Fig. 5(a) and (b)). These samples were obtained by whole bottle
filtration of 301 Go-Flo bottles. We assume that sampling bottles do not catch the large
particulate fraction, so that the >0.4 um data reflects the composition of small particles
(Bishop and Edmond, 1976). We also collected unfiltered, or total 234Th samples, which
are presented in Murray et al. (1996). When comparing our total 234Th data with dissolved
and particulate data from the same station and depth, we found the sum of the dissolved
plus particulate 234Th to be systematically 13% (+13%) lower than the total 24Th data.
Because we do not know the source of the discrepancy, we have chosen to use the dissolved
and particulate data without additional correction. Variability in the dissolved 234Th data
prevented the accurate calculation of horizontal and vertical gradients. Gradients in
dissolved 2**Th were estimated by multiplying the observed gradients in total 234Th from
Murray et al. (1996) by the observed ratio of dissolved to total 234Th (0.71 +0.14). During
Survey II we also collected particulate data using the Multiple Unit Large Volume
Filtration System (MULVFS) (Bishop er al., 1985) (Fig. 5(b)). The MULVFS was
configured with two sequential 1.0 pm quartz filters behind a 53 pm pre-filter for the 1-
53 um fraction. MULVFS 1-53 um particulate 24Th data were systematically
100 dpm m ™2 higher than the whole-bottle filtration (0.4 pm) data (an average of 38%
higher). The origin of these discrepancies is not clear. We use each of the small particulate
234Th data types without modification to calculate ‘bottle’ and ‘MULVFS’ estimates of

rate parameters.
We also have two available data sets for the concentration of organic carbon in small
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suspended particles: those collected using 10 1 Niskin or 30 | Go-Flo bottles, and those from
MULVEFS. The bottle samples were obtained by filtration using glass fiber filters (GF/F)
with a nominal pore size of 0.6 pm. The sampling and analytical procedures including blank
values were presented in Murray et al. (1996). Carbon and “**Th analysis were performed on
the same bottle casts only during Survey II. Total mass also was determined on MULVFS
samples. The bottle and MULVFS sampling methods for organic carbon produced widely
different results. The GF/F bottle data are 3.2+ 1.4 times higher than the MULVFS 1-
53 um fraction. This is opposite to the trend observed between the bottle and MULVFS 1~
53 um particulate **Th data.

The origin of the difference between organic carbon data collected by bottles versus in-
situ filtration techniques is unresolved. The regression for organic carbon versus beam
attenuation shows much more scatter for bottles (+*=0.69) than for MULVFS (> =0.94)
data (Bishop, in press). Similar differences between in-situ filtration and bottles have been
observed elsewhere (Altabet er al., 1992). The disparity between these methods may be
partly due to the presence of a relatively large population of sub-micron phytoplankton
and bacteria (Kirchman et al., 1995; Chung et al., 1996; Barber et al., 1996). As >80% of
the phytoplankton population was smaller than 1.0 pym, the 1.0 pm quartz filters
MULVFS system may not have collected a significant fraction of biomass. During
EqPac Time Series II, Bacon et al. (1996) used an in-situ pumping system similar to
MULVFS, except that they used a GF/F filter behind a single 1.0 um quartz fiber filter. In
the upper 100 m the Bacon et al. (1996) quartz fiber filter caught, on average,
1.3 mmol C m~>. Their GF/F filter caught, on average, 0.67 mmol C m >, or 48% of
the value from the quartz filter. In comparison, the second MULVFS quartz filter only
caught, on average, 30% of the first MULVFS quartz fiber filter. Together, both
MULVFS quartz filters amount to only 0.85 mmol C m ™ at the equator during Survey
IT or 43% of the total value of 2.0 mmol C m > observed by Bacon et al. (1996). This
comparison between in-situ pumping systems suggests that the MULVFS 1-53 um
concentrations in the upper 100 m should be increased by a factor of 1.12-2.32 for
comparison with bottle data. For the small particulate concentration, P, we have used
parallel estimates from bottle GF/F data and the MULVFS 1-53 um data interpolated to
depths at which we have bottle **Th. We utilize these two estimates to calculate upper and
lower estimates of the model rate constants.

For the large particulate concentration, Pj, we used the > 53 um mass and carbon data
from MULVFS. During Survey II we analyzed sub-samples of the MULVFS > 53 pum size
fractions for 2**Th to obtain estimates for Th; (Fig. 5(b)). The shallowest two MULVFS
samples at each station were collected at depths that ranged from 9 to 40 m and 93 to 124 m,
respectively. For each station we have interpolated the MULVFS data points between 0 and
300 m to depths at which total, dissolved and particulate and trap measurements of ***Th
were taken. The concentration (and >**Th activity) of large particles is set equal to zero at
the sea surface (a zero flux boundary condition) consistent with the characteristic low
atmospheric deposition in this region (Duce and Tindale, 1991).

Primary production data are from Barber ez al. (1996), interpolated to depths at which
234Th measurements were conducted. Basing the particle cycle on carbon has the advantage
of removing the uncertainty associated with assuming the carbon to mass ratio for the
particles produced in primary production. Where necessary, however, we convert from
organic carbon to mass using a mass:organic C ratio of 3.04 determined from the MULVFS
1-53 um data from the upper 100 m. Flux estimates for carbon (F},) were obtained from the
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total 2*Th mass balance model from the ***Th flux estimates of Murray et al. (1996)
calculated from the deficiency of ***Th relative to 2**U, incorporating vertical and
meridional advective fluxes from observed gradients in **Th multiplied by advection
velocities from Chai (1995). These ***Th fluxes were converted to organic carbon fluxes
using the organic carbon to ***Th ratio from drifting sediment traps of PIT design. The flux
of carbon used here was thus obtained, not independently from 2**Th, but as an output of
the total 2*Th mass balance model. The trap and model fluxes are similar; however, over
both cruises and for all depths trap fluxes averaged 13 +63% higher than model fluxes. The
data set can be viewed and downloaded from the web-site for the US-JGOFS data system
(http://wwwl.whoi.edu/jgofs.html). Ranges given here are total ranges. Error and
variability estimates are given as + one standard deviation. Probability (P) results are
given for the two-tailed test. Error analysis of the input data used here is given in Murray et
al. (1996).

DISCUSSION

Thorium sorption model

The thorium sorption model is relatively simple and allows the widest comparison with
previous studies. We use this model to calculate an adsorption rate constant, the average
sinking rate of particulate material, the residence times of dissolved 24Th relative to
adsorption (the inverse of the adsorption rate constant), and the residence time of
particulate Z**Th with respect to removal. We also present a re-evaluation of the ‘particle
concentration effect’ on the adsorption rate constant.

Adsorption rate constant, k;' and sinking rates, S. The adsorption rate constant, k', is
calculated from the dissolved 2**Th mass balance equation. Solution of equation (1) for k',
assuming steady state and ignoring zonal advection and horizontal and vertical diffusion,

gives:
. (- (U= The)+&, - Thy — vy 2Th)
-

Thy (26)

where v and w are the meridional and vertical velocities, respectively. Advection terms
generally had very little effect on the value of k', with the exception of the estimates at 75
and 100 m near the equator. The percentage change in k" between 5°N and 5°S due to the
incorporation of advection terms (Fig. 6) averaged +11%. Adsorption rate constant
estimates using bottle Thy, are shown for three depth intervals (0—75 m, 100-150 m and 200~
250 m) as a function of latitude for Survey II in Fig. 7(a)—(c). The least-squares propagated
error for individual values of k" averaged 17%, while total variability at each latitude within
each depth bin averaged 32%. The magnitude of k;" decreased significantly (P <0.001 using
the Mann-Whitney U-test; Sokal and Rohlf, 1995; Rohif and Sokal, 1995) from
0.038+0.014 to 0.01940.010 day ' between 0 and 75 m (Fig. 7(a)) and between 100 and
150 m (Fig. 7(b)). The decrease was also significant (P<0.02) from 100 to 150 m to
0.0099 +0.0046 between 200 and 50 m (Fig. 7(c)). These decreases are concomitant with
significant decreases (P < 0.001 in both cases) in particulate organic carbon, consistent with
the previously observed correlation between k' and particle concentration (Bacon and
Anderson, 1982; Honeyman et al., 1988). The values of ;" showed a significant decrease
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Fig. 6. The percent effect of advection on the adsorption rate constant (k,’, day~') from the
thorium sorption model versus depth for all stations 5°N to 5°S during Survey II.

with depth at all stations except 9°N and 12°N (P < 0.05 using product-moment correlation;
Sokal and Rohlf, 1995; Rohlf and Sokal, 1995). There was also a significant polewardly-
negative meridional decrease in particulate organic carbon from MULVES (P <0.05) and
bottles (P<0.01) away from the equator in the shallowest depth interval (Fig. 7(a)).
Consistent with the correlation between k" and particle concentration, k' showed a similar
polewardly negative decrease (P <0.01).
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depth ranges.
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Estimates of k;’ using bottle and MULVEFS Th,, data agreed, on average, within 4%. This
good agreement is because the fraction of 234Th in the particulate phase in the surface layers
was small (10-40%). The value of k,” was determined by the magnitude of Thy as the
desorption term (k_;*Th,) was small relative to the deficiency term. Values of k,” were
sensitive, however, to the value of Thy.

Sinking velocities (S) are shown for three depth intervals (075 m, 100-150 m and 200~
250 m) as a function of latitude for Survey II using bottle particulate >**Th data in Fig. 7(d)-
(f) and MULVFS particulate ***Th data in Fig. 7(g)-(i). S was obtained by dividing the
234Th flux, obtained from the advection-corrected 2**Th deficiency (e.g. Fr, Murray et al.,
1996) by the particulate 2*Th activity at that depth (S= Fry/Thy). The depth and
meridional trends in sinking rate were similar, regardless of whether Th, was taken from
bottles (Fig. 7(d)-(f)) or MULVFS (Fig. 7(g)-(1)). The least-squares propagated error for
from bottles and MULVFS averaged 23%, while variability at each latitude within each
depth bin averaged 36%. The magnitude of S from bottles increased significantly
(P<0.001) from 3.3+2.5m day ' between 0 and 75 m (Fig. 7(d)) to 9.2+ 5.0 m day '
between 100 and 150 m (Fig. 7(e)). The increase was not significant (P>0.1) from 100 to
150m to 12.34+5.8 m between 200 and 250 m (Fig. 7(f)). The magnitude of S from
MULVFS increased significantly (P<0.001) from 2.2+ 1.6 m day "' between 0 and 75 m
(Fig. 7(g)) to 4.9+ 2.4m day ! between 100 and 150 m (Fig. 7(h)). The increase was also
significant (P <0.001) from 100 to 150 mt0 9.1+4.2m day ! between 200 and 250 m (Fig.
7(1)). The strong increase in the sinking rates with depth was heavily dependent on the
estimate of Fry,. As the radioactive deficiency was generally confined above 150 m, the error
on Fry (and thus on the sinking rate) increased rapidly with depth (Murray ez al., 1996).
Both bottle and MULVEFS estimates of § (Fig. 7(d)—(i)) showed significant meridional
decreases away from the equator (P <0.05).

The sinking rates estimated here are lower than those typically reported for sinking
material (for example, Diercks and Asper, 1997) because this model does not distinguish
between sinking and non-sinking particles. The sinking rate in this model is an average for
the entire particle population. For a heterogeneous particle pool, changes in the observed
value of S can occur either because of an increase in the sinking rate of particles which
actually sink or by an increase in the fraction of the particle population that sinks. These two
possibilities cannot be distinguished using this model.

Th residence times with respect to scavenging. In order to compare our results of 2**Th
cycling with previous studies in this region, we calculated residence times of dissolved
234Th with respect to adsorption and particulate ***Th with respect to removal by sinking.
Our average results for the upper 75 m are compared with those of Bruland and Coale
(1986) from the MC-80 cruise in the boreal fall of 1980 along 160°W (Fig. 8). This cruise
took place during mild El Nifio, moderate cold tongue conditions (Climate Prediction
Center data archive). Their residence times were calculated using a single surface water
value of dissolved and particulate **Th. For this comparison alone we assumed that
desorption is negligible (k_,"=0) to be consistent with the calculations of Bruland and
Coale (1986).

The residence time of dissolved 2*Th with respect to adsorption (tq4) is simply the
inverse of k" (equation (11)). 74 had a maximum value of 90 days at the equator during
Survey I and decreased to 30-50 days at higher latitudes. During Survey II, 74 was
relatively constant at 30 days except for a steady increase to 70 days at 12°N. The values
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Fig. 8. Residence times (days) of dissolved 234Th with respect to net adsorption (a) and particulate
24T residence times with respect to scavenging (b) from the MC-80 cruise (Bruland and Coale,
1986), Survey I and Survey II.

from the MC-80 cruise showed long residence times north of 5°N, similar to Survey II, and
a small maximum at the equator similar to Survey 1. The values from the MC-80 cruise
differed in magnitude in both cases. The relatively large values of 74 at the equator during
Survey I are consistent with the extensive biological recycling observed during the El Nifio
conditions of Survey I and Time Series I cruises (Murray et al., 1994; Landry et al., 1995).
Development of the coupled particle->3*Th model is necessary to explicitly incorporate
changes in food web structure.

The residence time of particulate 234Th with respect to removal (tp) 1s simply the inverse
of the removal rate constant, k' (equation 4). Like 74, 7, had a maximum of 50 days at the
equator during Survey I and decreased to 15-25 days at higher latitudes. 7, during Survey
I1, on the other hand, had a broad minimum at the equator at about 10 days using the
bottle data for Th,,. 7, calculated for Survey II using the MULVFS data and from the MC-
80 data increased to values higher than 50 days at high northern and southern latitudes.
Similarly, values calculated using MULVFS data and from MC-80 also had an equatorial
minimum and increased to higher values (> 50 days) at higher latitudes. The variation in
the residence time of particulate 2*Th with respect to removal during Survey I at the
equator may be due to relatively efficient particle recycling near the equator which is
consistent with meridional changes in the f-ratio (the fraction of total production
supported by nitrate) given in Murray et al. (1996). The shorter particle residence times
observed during Survey II are consistent with a shift in food web structure during the cold
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tongue conditions to include more large diatoms and decreased percent grazing by
microzooplankton (Landry et al., 1995).

These values of the residence times of >**Th with respect to adsorption and removal are
quite long relative to coastal locations with high particulate concentrations. There values
can be less than one day (values of log(k,") > 0). These values are also long relative to the
movement of water in this region. For example, a typical value of meridional advection of
0.4m s~ " in the upper 75 m implies that a water parcel at the equator can move one degree
of latitude in 3 days. The timescales of adsorption and removal in this model suggest that
advection may play a significant role in the mass balances of dissolved and particulate
thorium in spite of the observations discussed earlier that advection terms generally make
only a small contribution to k,". This issue is addressed elsewhere (Dunne and Murray,
submitted).

Comparison of adsorption rate constant, k', with particle concentration. Using previously
published data, we calculated values of the adsorption rate constant, k', for a wide range of
oceanographic conditions. Values range from about fog k;"=0.5 to log k;"= —4. Particle
concentration (P) appears to be a major factor controlling much of this variability. The first
attempt to conceptually and mathematically link the >*Th cycle to the particle cycle was
through the ‘particle concentration effect’ of Honeyman et al. (1988). They plotted log &y’
versus log P for all available data and found the linear correlation with a slope of 0.6
(equation 5). We present a revised version of the log ky'~log P relationship in Fig. 9.
Included are values of k,’ calculated using the ocean water column data sets summarized by
Honeyman et al. (1988). In addition, we included values of k" calculated using more recent
data from Coale and Bruland (1985), Murray et al. (1989), Wei and Murray (1991, 1992),
Baskaran et al. (1992), Buesseler et al. (1992), Moran and Buesseler (1993), Buesseler ef al.
(1995), Bacon et al. (1996) and Liang et al. (submitted). We have omitted the data set of
Cochran et al. (1986) for interstitial pore waters as these conditions do not necessarily reflect
234Th cycling in an open water environment.

Data sets for Survey I and Survey IT using MULVFS particle mass and particulate **Th
are consistent with all other estimates at similar particle concentrations and show a highly
significant correlation between log k" and log P. This revised figure is different from that of
Honeyman et al. (1988) in that k" increases with increasing particle concentration until
particle concentrations (P) of 300 mg m > and is then constant at P> 300 mg m ~>. This
compilation suggests that the adsorption reaction is zero order with respect to particle
concentration at concentrations greater than 300 mg m ~>. This result would be consistent
with the Brownian Pumping model of Honeyman and Santschi (1989) if: (1) the rate of Th,
production is limited by coagulation rates as opposed to adsorption rates, and (2)
coagulation rate constants in high particle regimes do not exceed log(0.5)=3 day ~'. The
regression between the log of the particle concentration and the log of the adsorption rate
constant is discussed further in our comparison between the thorium sorption and coupled
particle-thorium models.

Coupled particle—>*Th model

The thorium sorption model is limited because it does not allow remineralization of the
particles onto which **Th adsorbs. Thus, the value calculated for k,’ is a measure of ‘net’
adsorption (true adsorption minus remineralization (equation 11)). It is necessary to utilize
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the coupled particle->**Th model to explicitly solve the model for remineralization and
distinguish ‘total’ from ‘net’ adsorption. Using the coupled particle->**Th model, we
calculate the remineralization rate constant of particles and particulate thorium and, from
it, an adsorption rate constant that is free from the influence of remineralization. We then
revisit the question of how the adsorption rate constant relates to particle concentration.
Sinking velocities (S) and particulate residence times with respect to removal (t,,) from the
coupled particle-2**Th model are numerically identical to those from the thorium sorption

Fig. 9. Correlation between log particle concentration (log(mg m ™)) and log adsorption constant
constant (log(day ")) using the thorium sorption model. Values are plotted for Survey 1, Survey II
and using data from 14 other published studies.

model.

Remineralization rate constant. We calculate the average remineralization rate constant,

Y, in

the 0-100 m depth interval, by rearranging equation (6):

100
0

Prdz — FlOO)
fowo Pd:z
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Fig. 10. Average remineralization rate constants (day~') based on carbon from bottles and
MULVFS data from the coupled particle-thorium model. Values are plotted for Survey II versus
latitude for the 0—100 m depth range.

where P, is primary production, Fjgo is the sinking flux of carbon at 100 m and P is
the particle concentration expressed in terms of carbon. The meridional variations of
the average remineralization rate constant, y, in the surface layer for Survey II (0-
100 m) are shown in Fig. 10 for both bottle and MULVFS particle concentration data
sets. The average values of y from both data sets showed pronounced maxima about
the equator. As the integrated particle concentrations from bottles did not have a
strong latitudinal trend and the sinking flux of particulate organic carbon was
consistently low (Murray er al., 1996), variability in the value of y using bottle data
mostly reflected changes in primary production. Integrated particle concentrations in
the upper 100 m from bottles were 2.2 times higher than those from MULVFS
samples between 2°N and 2°S and 1.8 times higher than those from MULVFS off the
equator (3°-12°N, S). This led to values of y from bottle data (0.08-0.51 day ') that
were much lower than values calculated using the MULVFS data (0.27-0.70 day™').
Remineralization rate constants estimated from bottle samples at the equator are
comparable to estimates by Walsh er al. (1995) made during the time-series cruises
using changes in the integrated particle load (IPL) measured by mass-calibrated beam
attenuation.

Below the euphotic zone y can only be directly calculated from the gradient in the
sinking particle flux with depth. Unfortunately, the percentage decrease in the *>*Th
calibrated sediment trap flux from 120 m to 250 m was statistically insignificant (Murray
et al., 1996), thus prohibiting direct calculation of y. Previous analysis of depth profiles
of particle flux have utilized both power functions consistent with shallow
remineralization and exponential functions consistent with deep remineralization
(Martin et al., 1987; Pace et al., 1987; Najjar et al., 1992). As the remineralization rate
constant below the euphotic zone is small, but positive, it is necessary to assign a value.
Here we assign values described by a smooth function. Particle fluxes from a five-year
time series at station ALOHA showed an average decrease of 20% in the 100-250 m
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depth interval (Karl ez al., 1996). We chose an exponentially decreasing function for y of
the form:

(Y0-100 * - 2100)  (—nzy0)
¥>100 = 0= eCrem) - gl ram (28)

where yg_1q0 is the value of between 0 and 100 m, z;9o= 100 m and »n was adjusted to a
value of 0.02m ™' to simulate a 20% decrease in flux between 100 m and 250 m. Values
of v for 125-250 m (Y > 100) ranged from 0.01 to 0.06 day ' using this function.

Comparison with other studies shows that these are reasonable estimates. Comparison
between the sinking flux of particulate organic carbon at 120 m (Murray et al., 1996) and
moored trap flux measurements at depths of 1166+ 164 m (Honjo et al., 1995) gives
v=0.005+0.003, assuming a linear decrease in flux, and y=0.009 +0.006, assuming an
exponential decrease in flux. Emerson et a/. (1995) made mass balances for oxygen, nitrogen
and argon at the Hawaii Ocean Time Series (HOT) site. Combining their oxygen respiration
rates with suspended particulate organic carbon data from bottles (Tupas ez al., 1995) gives
y=0.02-0.04 between 100 and 175 m. Williams and Purdie (1991) measured oxygen
consumption in seawater incubations giving y=0.37 at 120 m and y=0.02-0.08 between
150 and 250 m at the HOT site. Jenkins (1987) used tritium, helium and oxygen mass
balances in the North Atlantic gyre to calculate oxygen utilization rates. Combining these
data with suspended particulate organic carbon data from bottles from the Bermuda
Atlantic Time Series (Knap et al., 1994) gives y=0.032 at 111 m to y=10.023 below (138-
392 m). All estimates assume a stoichiometry of O,/C=14 (Laws, 1991; Williams and
Robertson, 1991). Bacon et al. (1996) found that approximately 30% of the carbon sinking
past 120 m remineralized by 200 m during the EqPac Time Series Cruises at the equator,
140°W. This corresponds to a value of y of 0.02 day™', which compares well to our
parameterization of 0.03 day ! in this same depth interval.

Adsorption rate constant, m; . With these estimates of v, the adsorption rate constant, m’,
of the coupled particle-**Th model can be calculated from equation (7) (including
meridional and vertical advection) as:

, (y-(U—Thd)+(y+k’_1)-Thp——v%‘li—wa—g‘:‘-)

m) = T 29)
Results for m,’ averaged over the 0~75 m depth interval for Survey II are shown in Fig. 11.
The estimates above 100 m increased dramatically in accordance with equation (11):
adsorption constants from the coupled particle—>>*Th model (m,") were 3.2+ 1.1 times
higher than those from the thorium sorption model (k;) using bottle y and Th,, values and
6.8+ 1.5 times higher using MULVFS y and Th;, values. Accordingly, meridional and
vertical advection terms had a much smaller effect on m," (averaging (3%) than on &
(averaging (11%). High values of both y and Th,, in the MULVFS data served to increase
the value of m1;’ over that from the bottle data. The trend toward higher values south of the
equator seen for ki (Fig. 7(a)) was also seen for m,’ using this model (Fig. 11). The
adsorption rate constants (m;") below 100 m were increased very little by the incorporation
of remineralization as remineralization rate constants in this depth region have been
specified as relatively low. Below 100m, adsorption constants from the coupled
particle—“**Th model (m,’) are an average of 7% higher than those from the thorium
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Fig. 11. Average adsorption rate constants (day™") based on carbon data using the thorium
sorption model, the coupled particle—thorium model and the phytoplankton model. Values are
plotted for Survey II versus latitude for the 0—75 m depth range. The values are plotted as a function
of latitude and were calculated using both bottle and MULVFS particulate data. Values for k'
calculated from the thorium sorption model described earlier are also plotted for comparison.

sorption model (k") using bottle y and Th, values and an average of 30% higher using
MULVEFS y and Th,, values.

Both log m," and log k" have a significant linear correlation with log P (Fig. 12). The slope
of the log m,'~log P relationship for the coupled particle—>>*Th model (slope= 2.0 from
either bottles or MULVFS values of m’) is much higher than that observed for the thorium
sorption model (slope=0.88) or that observed by Honeyman et al. (1988) (slope = 0.6).
There are many potential explanations for this larger dependency on particle concentration.
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Fig. 12. Correlation between log particle concentration (log(mg m ~ %)) and log adsorption constant
constant (log(day~')) using the thorium sorption model and coupled particle-thorium model
(bottles and MULVFS). Values are plotted for Survey II.
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Comparison with the data of Bacon et al. (1996), discussed earlier, suggests that a small part
(perhaps 20%) of this dependency may be an artifact of the fact that the MULVFS 1-53 pm
mass data underestimates particulate mass at high particle concentrations. This steeper
slope (2.0) may be a real chemical phenomenon, suggesting that the reaction order of
adsorption is indeed greater than one with respect to particle concentration. This hypothesis
is consistent with the presence of highly adsorptive phytoplankton exudates in the surface
layers observed by Niven et al. (1995), which may be absent in the deeper layers or perhaps
due to the temperature dependence of the adsorption reaction. To explore this latter
possibility, we assumed a first-order reaction with respect to particle concentration to solve
for the inherent adsorption rate constant m; (equation (5), »=1) and then used the
Arrhenius equation (Levine, 1988):

m = A - eE/RD (30)

to compare the natural log of the adsorption constant () with the inverse of temperature
(T, in K). The activation energy (E,) was calculated from the slope of this relation times R,
the universal gas constant, 8.314 J mol ~! K. The resulting values of E, fall in the range of
50-90 kJ mol ' for bottle- and MULVFS-based estimates of m,’. These values compare
favorably with the general range of values of E, for reactions in aqueous solution (8-
150 kJ mol 1) (Levine, 1988). Such a correlation was not observed when this same analysis
was performed with estimates of k;" from the thorium sorption model. This analysis suggests
that a dependence of the adsorption reaction on temperature could play an important role
on influencing distributions with depth in the upper ocean.

The differences in the slopes suggest it is also possible that the coupled particle->**Th
model does not appropriately describe ***Th cycling in the equatorial Pacific. This could
occur in two ways: (1) 2**Th could be immediately re-adsorbed onto particles during
remineralization, or (2) the particle pool could be composed of particles with different
reactivity. Both of these scenarios have the effect that remineralization of particles does not
affect particulate 234Th. We do not have any means of confirming or refuting the first of
these scenarios, the >>*Th cycle of which is equivalent to the simple sorption model. We
explore the second of these scenarios in the next section.

Phytoplankton model. To simulate a particle pool composed of particles with different
reactivity, we have developed the phytoplankton model described above in equations (13)-
(18) and Fig. 3. We assume that phytoplankton compose 50% of the total particulate
carbon concentration (f=0.5) based on the EqPac data sets of Barber et al. (1995) and
Landry et al. (1995). This scenario doubles the rate constant of remineralization for the
phytoplankton pool, Pypy. The refractory particles, P, have an infinite residence time with
respect to remineralization (i.e. y=0). The result of distinguishing between two types of
particles effectively lowers m,;’ to become more consistent with values of k" from the
thorium sorption model (Fig. 11).

There are three lines of evidence that suggest that the phytoplankton model is more
appropriate than the coupled particle->**Th model for the central equatorial Pacific surface
ocean. The first is that on average, only 48 + 11% of the total biomass (Barber et al., 1996,
assuming C:Chl = 58; Kirchman et al., 1995) was found to be composed of phytoplankton.
The second line of evidence is that the average remineralization rate constant for the (-
100 m interval between 2°N and 2°S estimated from the bottle data (y=0.37+0.10) is
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approximately half the average phytoplankton growth rate (. =0.7440.18; Landry et a/.,
1995) for this same latitude and depth region during Survey II. At steady state, y and p
should be close to equal, as the sinking flux of particulate organic carbon has only a small
contribution to the total flux balance (Murray et al., 1996). These two pieces of evidence
independently support the value of f=0.5. The third line of evidence is that a relatively
small amount of chlorophyll and relatively large amount of phaeopigments are caught in
traps suggesting that direct aggregation and sinking is rare (J. Newton, personal
communication). These three lines of evidence all suggest that the phytoplankton model
better describes the fundamental processes behind particle and ?**Th cycling than the
thorium sorption and couple particle->**Th models.

Size-fractionated model

The size-fractionated model is a variation of the coupled particle->**Th model, which
distinguishes between small, suspended particles and large, sinking particles. Reversible,
first-order aggregation couples the two particle pools which remineralize with the rate
constant y described earlier (equations 19-25). We use the comprehensive data set from the
EqPac Survey cruises to calculate sinking rates and aggregation rate constants and compare
our results with values calculated using this model at other sites.

Sinking rates of large particles. The size-fractionated model gives sinking rates, Si, of the
particles actually sinking as opposed to the total particle pool as calculated by the thorium
sorption and simple coupled particle->>*Th models. It assumes that > 53 pm particles sink
at a uniform velocity. Sinking rates were calculated from the advection-corrected sinking
fluxes of 2>*Th (Fry,), calculated from total 2*Th and the activity of >>*Th on large particles
(Thy) (equation 25). The sinking rates from the size-fractionated and thorium sorption
models are compared in Fig. 13. Large particle sinking rates were 1-6 m day ~ ! in the upper
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Fig. 13. Sinking velocities, (m day ') using the thorium sorption model (bottles) and the coupled
particle-thorium model versus depth (m) for Survey II.
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30 m and increased with depth to values of 26-72 m day ' below 200 m. As discussed
earlier, depth trends in S are due, in part, to the decrease in the activities of large particulate
24Th with depth and, in part, due to maintenance of the radioactive deficiency between
234Th and **®U. Though this apparent increase in the sinking rate with depth may be a real
feature in the equatorial Pacific, it is also likely that the large particle pool is differentiated in
sinking velocity such that the fraction of suspended (as opposed to sinking) > 53 pum
material decreased with depth. This hypothesis is consistent with the observation of floating
rhizoselenia mats at the front observed along 2°N (Archer et al., 1997). No significant
meridional trends were observed in large particle sinking rates. Sinking rates determined in a
similar fashion by Bacon et al. (1996) during the JGOFS EqPac Time Series cruises are
comparable with those of this work.

Aggregation and disaggregation. Much has been done to elucidate rates of aggregation
and disaggregation using multiple thorium isotopes (Murnane ez al., 1990; Clegg et al., 1991;
Cochran er al., 1993; Murnane et al., 1994a,b, 1996). Clegg and Whitfield (1991) and
Murnane et al. (1996) included remineralization in these calculations. Here we address the
issue of aggregation and disaggregation in the context of the cycles of organic carbon and
234Th. A convenient method of roughly gauging aggregation is to compare the C:**Th ratio
of small, suspended and large, sinking particles. The size-fractionated model predicts that
large, sinking material will have a C:**Th ratio that is greater than or equal to that of the
small, suspended material; the only source of large particles is small particles and while
remineralization rate constants are equal for large and small particulate carbon and 2**Th,
only 2**Th has the additional loss term of radioactive decay. The timescale of aggregation
and disaggregation can be gauged through the amount of excess 2*Th decay that has
occurred in the large, sinking component. Mean and standard deviations for the C:***Th
ratio observed during EqPac Survey II in bottles, MULVFS 1-53 ym and MULVFS
> 53 um are shown in Table 3 in three depth intervals. All three sample types showed a
significant decrease in the C:***Th ratio with depth (P <0.05 in each case). For comparison,
drifting trap samples had a C:***Th ratio of 3.6+ 1.8 ymol dpm ~ '. The data followed the
order: (Bottles) > (traps) > MULVFS > 53 um)>(MULVFS 1-53 um) (P <0.05 in each
case using the Mann—Whitney U-test). In general, the MULVFS data are consistent with the
size-fractionated model. However, the C:***Th ratios in MULVFS small and large particles
are very similar such that individual calculations of the aggregation rate constant are
swamped by the variability, spanning a range from negative to the infinite. The alternate
assumption that bottle samples represent small particles and either MULVFS or the trap
data represent large particles gives results inconsistent with the size fractionated model
because the C:2>*Th ratio decreases from small to large. These data suggest that either **Th

Table 3. Summary of means and standard deviations for the organic carbon?**Th ratio observed in bottles,
MULVFS 1-53 um and MULVFES > 53 um material in the 0-50, 50-100 and 150-250 m depth ranges

C/Th (umol dpm™") 0-50 m 54-101 m 109-269 m
Bottles 9.0+4.1 (n=26) 6.1+1.4(n=17) 4.5+1.5(n=25)
MULVES 1-53 um 26+1.1(n=19) 14403 (n=5) 0.94+0.27 (n=23)

MULVFS > 53 um 31+1.2(n=8) 17404 (n=4) 0.94+0.28 (n=10)
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is retained on particles during carbon remineralization or that the small, suspended particle
pool is composed of two particle pools of differing C:***Th ratio in which particles with the
low C:2%Th ratio preferentially sink. This second hypothesis is consistent with the
phytoplankton model. The C:***Th ratio of MULVFS 1-53 um particles is much lower
than the C:2**Th ratio of trap material, consistent with the size fractionated model where
aggregation is slow relative to other processes. This comparison gives a 90% confidence
interval (using the Mann—Whitney U-test) for the aggregation rate constant in the upper
100 m of 0.0006-0.09 day ~' assuming a sinking rate, S}, of 100 m day ~'. In summary, there
is a severe inconsistency between sampling methods that prevents an unambiguous
description of the size-fractionated model in the central equatorial Pacific. All aggregation
scenarios are supported by some data comparisons, but none by all.

In order to compare aggregation for the EqPac surveys with other sites, we calculated
aggregation rate constants by assuming a disaggregation rate constant of 5 day ! from the
Clegg and Whitfield (1993) model of the North Atlantic Bloom Experiment. Solving
equation (19) for r; gives:
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Fig. 14. (a) Average aggregation rate constants (day ') based on carbon from bottles and

MULVFS data from the coupled particle-thorium model. Values are plotted for Survey II versus
latitude for the 0-100 and 125-250 m depth ranges. (b) Average ratio of disaggregation to
aggregation over the entire 0~100 m depth range assuming disaggregation rate constants of r_, =
Sday~'and 10" day~'.
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Results for r; in the 0-100 m and 125-250 m depth ranges are shown in Fig. 14(a) for bottle
and MULVEFS estimates of y and P,. The values of r; from MULVFS were on average three
to four times higher than bottles. In the upper 100 m, both estimates of r; had broad maxima
centered slightly north of the equator at 3.7 day ' for MULVFS and 0.9 day ~ ! for bottles.
Values in the 0-100 m range decreased to values similar to the 125-250 m range (0.6-1.6 for
MULVFS and 0.2-0.5 for bottles) off the equator.

The ratio of _j:ry is shown in Fig. 14(b). Included in Fig. 14(b) are values of the r _:r;
ratio obtained as the disaggregation rate constant approaches infinity (r_; set to 10'°
day ). The similarity of these two values illustrates that an assumed value of r _; =S day ™!
corresponds to a disaggregation rate effectively infinite relative to the processes of
remineralization and sinking implying that the model is insensitive to the value of r_; at
this magnitude. Results using these rate constants describe a scenario in which the C:>**Th is
the same in small and large particles consistent with the small and large particle MULVFS
data sets but not bottles or traps (Table 3).

Carbon and mass as indicators for particle cycle. 24This generally considered to be a non-
specific adsorber and thus a tracer for the cycling of particulate mass. As it is our goal to use
234Th as a tracer of organic carbon, it is important to ascertain differences between the
particle cycling of mass and organic carbon. Most previous modeling studies (for example,
Clegg and Whitfield, 1990, 1991; Clegg et al., 1991; Murnane e al., 1990) described particle
cycles on a mass basis. Murnane et al. (1996) included cycling of particulate organic carbon
and mass to estimate remineralization and aggregation rate constants, respectively, but did
not directly compare the two cycles. Here we provide circumstantial evidence that organic
carbon tracked mass during EqPac. Depth and meridional variations were observed in the
organic carbon to mass ratio in the upper 250 m in the EqPac Survey II data set. In the upper
100 m MULVFS 1-53 um particles were 334 5% organic carbon which is close to the
Redfield value of 37% for soft tissues ((CH,0),9sN;sP; Broeker and Peng, 1982). This
implies that particles in the upper 100 m were composed of approximately 89% organic
matter. Particles in the 100-269 m depth range contained a much lower value of 20+ 5%
organic carbon, suggesting either preferential remineralization of organic material or
preferential sinking of inorganic material or both. There was a statistically significant
decrease in organic carbon content with depth at a given location in the small particulate
material but not in trap samples or the MULVFS > 53 pm fractions. We also observed a
significant decrease in the organic carbon to mass ratio towards the equator in both trap and
MULVFS > 53 um samples but not in the MULVFS 1-53 pm samples. The correlation of
beam attenuation with MULVFS organic carbon (»’=0.96) was stronger than the
correlation with MULVFS mass (+*=0.82) (Bishop, in press), suggesting that beam
attenuation data can be calibrated and used as a proxy for either total particulate mass or
carbon. We conclude that organic carbon and total mass track each other quite well in the
upper 100 m off the equator, but less well below the euphotic zone and at the equator. As
thorium adsorption is thought to track mass not organic carbon, organic carbon-based
remineralization rate constants may be overestimates in these zones, as thorium and organic
carbon cycling may be less coupled.

Average values for the remineralization rate constant (y), adsorption rate constant (r,’),
aggregation rate constant (r,) and sinking velocity (S)) using particulate concentrations
from MULVFS mass, bottle organic carbon and MULVEFS organic carbon data are shown
in Fig. 15 for Survey I and Survey II in equatorial (2°N-2°S) and off-equatorial (12°-3°N,S)
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2°S and 12°-3° N,S), depth range (0-100 m and 125-250 m) and data type (MULVFS mass, bottle
carbon and MULVFS carbon).

bins. Estimates of these rate constants based on organic carbon and total mass from
MULVFS were generally indistinguishable-estimates of y from organic carbon averaged
only 12% higher than estimates from mass. Again, a much larger difference was seen
between bottle and MULVFS estimates, where bottle estimates of y averaged 53% lower
than estimates from MULVFS. Results for Survey I were quite similar to those from Survey
II, on which we have concentrated our discussion. Estimates of y from the equatorial bin
were higher than from the off-equatorial bin during both Survey I and Survey I1.

One large difference between Survey I and Survey II was in the observed sinking
velocities. During Survey I, sinking rates increased only modestly with depth. During
Survey II, there were significant increases in sinking velocities with depth both on and off the
equator. The sinking velocities of mass and carbon for Survey II are significantly higher
than sinking velocities of ***Th shown in Fig. 13. This is because the trap material used to
convert the 2**Th flux to a mass or carbon flux and the MULVFS > 53 um material used for
the large particle concentration have different C:2>*Th ratios.

Comparison with other sites. Average rate constants for adsorption, remineralization, and
aggregation for the 0-100 m and 125-250 m depth ranges of both EqPac Survey Cruises are
shown in Fig. 16 along with previously published results for Vertex 4, Panama Basin and
NABE studies (Clegg and Whitfield, 1991, 1993; Clegg et al., 1991). Remineralization rate
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Fig. 16. Bar summary of average remineralization, adsorption and aggregation rate constants
(day ") determined for the EqPac Survey cruises compared to sites studied by Clegg and Whitfield
(1991a,b, 1993).

constants, v, were calculated by us from primary production, particle concentration and flux
data, except for station P where y was calculated from multiple thorium isotopes (Clegg et
al., 1991). In the 125-250 m depth range, estimates of remineralization and adsorption rate
constants converge to similar, low values. Average EqPac estimates for all three of these rate
parameters in the 0—100 m depth range were, in general, higher than any previously seen
except for the Clegg and Whitfield (1993) analysis of the Panama Basin data set of Murray et
al. (1989), which gave estimates of m," comparable with the bottle estimate of adsorption
during EqPac.

Estimates of aggregation rate constant (r|) in the upper 100 m during EqPac were much
higher than all previous studies. Aggregation rate constant estimates in the 125-250 m depth
range were much higher than all but the NABE site, which, like our study, assumed a
relatively high disaggregation rate constant of »_; =5 day~'. Estimates of the aggregation
rate constant, r;, are much greater than previous studies because the measured values of
large particle concentrations from MULVEFS > 53 um data are an order of magnitude larger
than those estimated using the method of Clegg and Whitfield (1991, 1993) who were forced
to infer P; from a flux estimate and a sinking rate between 100-150 m day ~'. The measured
ratio of large to small particles (P)/P;) from MULVFS organic carbon data taken during
Survey Il in the upper 100 m was 0.41 +0.27.

High values of m;’ (equation (29)) in EqPac are partially a result of differences in the
magnitude of the 2*Th deficiency. Over the month-long NABE, the dissolved 234Th activity
decreased dramatically, and, as a result, the 2**Th deficiency increased by a factor of 4 over
the course of the study (Buesseler ez al., 1992). The Vertex 4 site had a negligible >*Th
deficiency, giving low values of m;’. In the Panama Basin, **Th deficiencies resembled those
observed during EqPac.
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Table 4. Summary of averaged data on integrated primary production ( fP,, mmol Cm™2 day™?), integrated
particle load ( fP, mmol C m™2) in the upper 100 m, the sinking particle flux past 100 m (F, mmol C m~2 day™ ! from
previously published work and the resulting value of y

P iP F y

(mmol Cm~™? (mmol (mmolCm™2 (day™!)
Site day™") Cm™3 day™h Source
Oligotrophic
VERTEX IV 33 244 2 0.13  Coale and Bruland, 1987; Knauer ef al., 1984
BATS 30 233 2 0.12  Michaels et al., 1994; Knap et al., 1994
HOT 34 207 2 0.15 Karletal, 1995, Winn et al., 1993
Subsurface nitrate
VERTEX 11 63 373 3 0.16 Coale and Bruland, 1987; Knauer et al., 1984
Panama Basin 31 350 7 0.07 Murray et al., 1989
EqPac-I 12°-3° 39 213 3 0.17 Murray et al., 1996
EqPac-II 12°-3° 38 232 6 0.14 Murray et al., 1996
Surface nitrate
MLMLP.C.-2 57 452 15 0.09 Coale and Bruland, 1985
Stn. P (Super) 59 707 6 0.08 Welschmeyer et al., 1993; Wheeler, 1993
NABE 101 668 24 0.11  Lochte et al., 1993; Buesseler et al., 1992
EqPac-I 2°-2° 63 222 3 0.27 Murray et al., 1996
EqPac-11 2°-2° 116 285 10 0.37 Murray et al., 1996

Note: Wheeler (1993) estimates of '*N production at Station P are used for Fand PON as particle concentration
(both converted to carbon using the mole ratio of 6.6 of Broeker and Peng, 1982). All other estimates of F are
directly from sediment traps, except for the Panama Basin, EqPac and NABE estimates which are **Th-corrected.
The nearest available estimate of the sinking flux of particulate organic carbon at 100 m is used directly (e.g. MLML
P.C.-2 at 65 m and BATS, HOT, NABE at 150 m).

An important factor for EqPac was that the high values of vy resulted in high values of
my’ relative to other sites. Average values of integrated primary production ({P,),
integrated particle load from bottles ([P) and sinking flux (F) in the upper 100 m are
shown in Table 4 for three oligotrophic sites: VERTEX IV (~900 km north of Oahu, HI;
Knauer et al., 1984; Coale and Bruland, 1987), BATS (~50 km south of Bermuda;
Michaels et al., 1994; Knap et al., 1994), HOT (~ 100 km north of Oahu, HI; Winn et al.,
1993; Karl et al., 1995), four study sites with consistently present sub-surface nitrate:
VERTEX II (300 km SW of central Mexico; Knauer ez al., 1984; Coale and Bruland,
1987), Panama Basin (Murray et al., 1989), EqPac I 2°-2°(Murray et al., 1996) and EqPac
II 12°-3°(Murray et al., 1996), as well as five eutrophic study sites with consistently present
surface nitrate: the Moss Landing Marine Labs PIT cruise 2 (~ 100 km west of Santa
Cruz, CA; Coale and Bruland, 1985), Station P (the SUPER program-50°N, 145°W;
Welschmeyer et al., 1993; Wheeler, 1993), NABE (47°N, 20°W; Buesseler et al., 1992;
Lochte et al., 1993), EqPac I 12°-3°(Murray et al., 1996) and EqPac II 2°-2°(Murray et al.,
1996). We also show the resulting remineralization rate constant (y) calculated from these
data. The three oligotrophic sites had low and very consistent values of integrated primary
production, integrated particle load and sinking flux. Combined with the sites with
consistent subsurface nitrate gives a remarkably constant value of y=0.13+0.03 day ~' in
the upper 100 m. The eutrophic sites can be divided into two categories: coastal and high
latitude sites with high particle concentration and lower y (e.g. MLML P.C. 2; Stn P;
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NABE) versus equatorial sites (e.g. EqPac Survey I and Survey II) with low particle
concentration and higher y. Comparison of the central equatorial Pacific with other sites
emphasizes the relatively intense biological cycling between 2°N and 2°S. In the presence
of macronutrients and abundant solar irradiance and absence of atmospheric inputs,
specific growth rates of small phytoplankton are large (Coale er al., 1996; Landry ef al.,
1997). In the absence of allochthonous fluxes from wind or sediment transport, the result is
a nutrient-rich euphotic zone dominated by a rapidly recycling microbial loop from which
it is rare that particles escape (Murray et al., 1996).

SUMMARY AND CONCLUSIONS

Dissolved and particulate 2**Th data taken during the US JGOFS-EqPac Survey cruises
from 12°N to 12°S along 140°W were used to evaluate 2**Th and particle cycling in the
central equatorial Pacific. Rate constants of 2*Th and particle cycling were derived using a
sequence of particle and 23%Th cycling models of increasing complexity. We found that
sampling methodology, MULVFS versus bottle, had a large impact on model results and
recommend further efforts towards understanding the causes of these differences.
Particulate organic carbon and 2**Th data sets collected by in-situ pump (MULVFS) and
bottle approaches were carried through in parallel calculations.

Using the thorium sorption model, we observed a strong seasonal difference in the
latitudinal trend of adsorption rate constants, k;’. Values of k' ranged from 0.02 to 0.04
day ™ 'in the upper 75 m to 0.01 day ~ ! below 200 m. Sinking rates for the total particle pool
ranged from 1 to 7m day ' at 0-75 m to 10 to 23 m day ~' below 200 m. There was a good
correlation between k" and particle concentration. These results were consistent with other
studies at similar particle concentrations. The relationship between k," and particle
concentration suggested that the effect of particle concentration on thorium adsorption

rate constants may reach a plateau value at particle concentrations greater than

300 mg m~>.

Results from the coupled particle->**Th model suggested that the central equatorial
Pacific had more rapid particle recycling than any other region previously studied using this
model. Though the absolute value of 24Th recycling remains uncertain due to different
results using bottle and MULVFS sampling techniques, values of the remineralization rate
constant, y, were at least 0.3 day ' in the upper 0~100 m from 2°N to 2°S during Survey II.
Values of y at higher latitudes than 2°N, S were roughly half these values. The values of the
adsorption rate constant, m,’, derived from the coupled particle—>**Th model were two to
six times higher than those from the thorium sorption model and had a very strong
correlation with particle concentration and depth. Future studies should test the
temperature effect on 2>*Th adsorption.

A second coupled model, the phytoplankton model, was introduced to distinguish
between rapidly-recycling phytoplankton and more refractory pools of carbon. Our results
suggested that the coupled particle->**Th model over-estimates adsorption rates. We
suggest that the phytoplankton model is a more appropriate model for this region. This is
because the particles which remineralize do not have long enough residence times to adsorb
significant amounts of >*Th. As a result, remineralization and adsorption are effectively de-
coupled.

Our results from a third coupled model, size-fractionated model, showed that unique
aggregation scenarios are difficult to determine because of the conflicting data sets from
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sediment trap, MULVFS and bottle sampling approaches. Large particle sinking rates, S,
were quite low in the upper 30 m with values of 1-6 m day ! and increased dramatically
with depth to values of 26-72 m day ~' below 200 m. High 2**Th activities in the > 53 um
MULVFES fraction resulted in lower sinking rates and lower values of the aggregation to
disaggregation ratio than those found by Clegg and Whitfield (1991, 1993) and Clegg er al.
(1991). However, large particles (> 53 um MULVFS) and particles caught in sediment traps
were found to have significantly different organic carbon to 2**Th ratios.
From this study we conclude the following.

(1) Scavenging (net adsorption of >**Th and removal of particles by sinking) is faster in
the central equatorial Pacific than in the oligotrophic Pacific (Bruland and Coale, 1986), but
slower than in coastal and shelf mesotrophic regions (Coale and Bruland, 1985, 1987).
Adsorption rate constants (k,’) increase with increasing particle concentrations up to about
300 mg m > and then remain constant. This result is in contrast to the results of Honeyman
et al. (1988).

(2) Recycling of particulate organic carbon in the euphotic zone of the central equatorial
Pacific was two to ten times greater than sites previously studied. This is due to the relative
importance of remineralization in the food web of the equatorial Pacific illustrating the
dominance and efficiency of the microbial loop, wherein microzooplankton grazing nearly
balance the high specific rates of primary production by small cells (Frost and Franzen,
1992; Murray et al., 1995; Landry et al., 1997). As a consequence of this, organic matter
cycling dominates mass cycling in the upper 100 m, and ***Th cycling traces mass and
carbon almost equally.

(3) Adsorption rate constants from the thorium sorption, coupled particle~>**Th and
phytoplankton models were extremely sensitive to the model-treatment of remineralization.
Net adsorption from the thorium sorption model (k) was only a small fraction of total
adsorption from the coupled particle->**Th model (m,’). The coupled particle—>**Th model,
assuming a homogeneously recycling particle pool, suggested that 2**Th recycles three to
four times between the dissolved and particulate phases before being removed on particles.
As values of &y’ do not reflect total adsorption but are the result of the competing processes
of adsorption and remineralization, comparisons of k|’ between sites made here and in the
literature may be inappropriate and should be re-evaluated.

(4) The phytoplankton model, assuming that particle cycling is differential with respect
to remineralization, suggested that the adsorption was grossly over-estimated by the
coupled particle->**Th model and under-estimated by the simple sorption model. This
model should be investigated further in future studies.

Considering the dominance of the microbial loop on the particle cycle and the variability
of the C:***Th ratio, we suggest that the particle removal depends on a mechanism of
differential remineralization of particles in the euphotic zone and sinking of relatively
refractory particles. As the C:***Th ratio in sinking particles is a crucial measurement for
234Th estimates of the sinking flux of organic carbon, future work should address causes for
variability in this ratio and specifically attempt to identify when > 53 um material can be
considered representative of sinking material.
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