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Abstract—Thc upper occan =" Th activity distribution at 77 stations was measured between 12°N
and 10°S and 95°W and 170°W in the spring and autumn of 1992, A regional scavenging model was
used 1o estimate vertical export of particulate **Th. Given the relatively high upwelling rates in
this region. particularly at cquatorial latitudes near 140°W, it was necessary to include upwelling of
2T in our model in order to quantify particulate export. Using this export flux and the measured
organic C or N to **Th ratio on particles. one can empirically determine POC and PON fluxes for
this region. The estimated particulate organic C flux varies spatially and temporally within this
region, ranging from 1 1o 7 mmol C m 2 dav ' with enhanced export oceurring over the equator.
Fluxes arc also enhanced along 95°W coincident with a low temperature/high nutrient peak at 4°S.
Along [40°W _ particulate organic C export from the upper 100 m is on the order of 2 mmol Cm :
day " at latitudes beyond 4°N and 4°S. with an cquatorial peak of 3-5 mmol € m~= dav™! in both
spring and fall. These results suggest that a relatively small per cent of the total production is
exported locally on sinking particles (particle export/primary production <5-10% ). This finding of
low particle export is relatively insensitive to the chosen upwelling rates or particulate organic
C/#¥Th ratios. Given the measured C/N ratio. particulate N fluxes from the upper 100 m would be
6 times lower than tor POC.

INTRODUCTION

Satellite composites of occan color show an extensive band of high surface pigment
concentration in the cquatorial Pacific. These images suggest that the Pacific 1s an
important region of enhanced phytoplankton production and carbon fixation. Previous
studies of primary production and “new™ production (i.c. that fraction of production
supported by nutrient inputs from outside the cuphotic zone) indicate that 18-56% of
global new production occurs in the equatorial Pacific (Chavez and Barber, 1987). Recent
modeling efforts suggest that much of the new production may be removed as dissolved
organic matter (DOM) and not as particulate organic carbon (POC) as previously assumed
(Toggweiler, 1989; Legendre and Gosselin, 1989; Bacastow and Maier-Reimer, 1991).
The surface waters of the equatorial Pacific are characterized by high pCOs levels, which
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lead to the outgassing of 0.8-1.0 x 10” tons of carbon per year during non-El Nifo periods
(Feely er al.. 1995). Quantifying the equatorial Pacific’s role in the global carbon budget
and further understanding the extent to which CO, fixed during primary production is
removed as a POC or DOM flux are two primary goals of the NOAA and NSF-sponsored
JGOFS (Joint Global Ocean Flux Study) EqPac (Equatorial Pacific) program (Murray et
al., 1922.1994).

We report here on our results using thorium-234 (***Th) to quantify the particulate flux
of organic C and N from the upper 100 m in the equatorial Pacific in 1992, Thorium-234is a
naturally occurring particle-reactive radionuclide (7, = 24.1 days) that has been widely
used to study particle scavenging processes in the upper ocean (Bhat ef al., 1969: Santschi
er al.. 1979: Minagawa and Tsunogai. 1980: Kaufman ez a/., 1981; Coale and Bruland,
1985. 1987: Murray er al.. 1989). The use of “**Th to determine organic C and N particle
fluxes is based upon recent work conducted during the JGOFS North Atlantic Bloom
Experiment (NABE. Buesseler e al., 1992a). In the NABE, profiles of ***Th and a
non-steady-state scavenging model were used to quantify particulate >**Th fluxes. Using
the ratio of POC or PON to particulate ***Th, Buesseler er al. (1992a) were able to
empirically determine the export fluxes of POC and PON. Confidence in this approach
was obtained by the close agreement found between the ***Th derived fluxes and
independent estimates of export during the NABE (CO, and nutrient balances).

Our goal for the EqPac program was to obtain an estimate of particulate organic carbon
fluxes on a much larger spatial scale than had been attempted during the NABE. To meet
this goal, we collected samples at a total of 77 stations located between 12°N and 10°S
latitude and 95°W and 170°W longitude during 6 cruises in early and late 1992. To reduce
wire time and the overall sample load, we developed a vertically integrated sampling
approach. whereby the average concentrations of dissolved and particulate ***Th for the
0-100 m layer were determined at each station from in situ pump samples. Also, rather
than relying on sediment trap data or separate bottle casts for the ratio of POC and PON to
particulate “*Th, we measured this ratio directly on the same filters for two size classcs of
particles (>33 ym and >0.7-53 um). Both a traditional vertical scavenging model and a
3-D regional ***Th flux model were used. In the regional model. seasonally adjusted 1992
horizontal and vertical transport velocities plus the measured horizontal and vertical 2**Th
gradients are used to calculate export fluxes. Using the particulate organic C, N and =**Th
data, sinking fluxes of C and N can then be calculated. The sensitivity of these models was
tested by making initial comparisons to estimates of total production and export reported
by other EqPac investigators.

SAMPLING AND ANALYSES

Sampling locations

Samples were collected on 6 legs of the NOAA sponsored JGOFS EqgPac cruises in
1992. Legs 1-3 were conducted aboard the R. V. Malcolm Baldridge during the northern
hemisphere spring, while legs 4-6 were conducted aboard the R.V. Discoverer in the fall/
winter months. In general, transects were made between 10°S and 12°N on four meridional
lines in the region of 95-170°W. NOAA stations were typically separated by 1 degree
latitude beyond 2°N and 2°S, with stations as close as 0.25 degrees latitude near the
equator. We sampled for “*Th at a subset of these stations, with up to 12 stations per
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meridional transect. The spring cruises included transects along 110°W and 125°W (Leg 1,
1-21 March. dates for ***Th sampling). 170°W (Leg 2, 4-14 April), and 140°W (Leg 3, 26
April-5 May). The fall cruises went only as far west as 140°W (Leg 4, 10-17 September)
with additional sampling for **Th at 125°W (Leg 4. 20 September—2 October), 110°W
(Leg 5. 17 October-11 November), and 95°W (Leg 6, 29 November-2 December).

Vertically integrated sampling

To increase our spatial coverage for =7*Th, a novel vertically integrated sampling
strategy was emploved to reduce the total number of samples. relative to traditional
profiling. An in situ pump was lowered and raised on an independent winch at a constant
speed between fixed depths, while maintaining a constant flow rate for the pump.
Typically, we sampled from the surtace to 100 m (measured by an in siru pressure sensor)
by lowering and raising the pump through two cycles between the surface and depth over a
2 h period. With this strategy it was felt that highly stratified features in the “*Th or
particulate C or N profiles would not be missed. and that the data would best represent
average concentrations in the 0-100 m laver. This sampling strategy is in some ways
analogous to the horizontal integrating techniques used by Ledwell er af. (1991) for
following purposcful tracer releases in the oceans. We used a similar vertically integrating
approach during a time-series 3-D sampling study, where multiple ***Th determinations
were required to calibrate upper ocean sediment traps oft Bermuda (Buesseler ef al..
1994).

On the first of the six legs, the maximum depth of sampling was based upon the depth of
the euphotic zone (always <100 m). This was determined by the depth of the 1% light
level, or at night, by estimation from previous stations. On all other legs, vertically
integrated samples were taken from cither the surface to 100 m, or as paired samples from
=50 m and S0--100 m at some of the 2°N and 2°S stations. Fixed depth samples also were
collected at about 1/3 of the stations to assess the variation in particulate organic C and N to
*“Th ratios with depth and to establish total **Th activities at the base of the 0~100 m
laver (see below). All original data have been submitted to the NOAA data base (J.
Hendee. Data Manager. NOAA/AOML) and are summarized here in Tables 1 and 2 as
averages for the 0-100 m layer.

In situ pumping

Sample volumes of 300-600 liters were processed at flow rates of 3-5 liters min~'. The
inlet of the pump consisted of a 142 mm diameter PVC filter holder with a 130 mm wide
opening machined out of a single 5 ¢m tall cover plate and penctrated by numerous 1 cm
diameter holes. This design is operationally similar to the baffled filter holder used on the
pumping system designed by Bishop and Edmond (1976). In this manner, the sample was
cvenly distributed across the filter surface and the particles more gently drawn onto the
entire surface of the 142 mm diameter filters. Due to the baffles, the filtered particles were
protected from washing off the prefilter during pump retrieval. The filter holder was
designed so that two filters could be placed in series. separated by a 3 cm spacer and plastic
support grid. We used a 53 um pore Nitex screen as the prefilter, followed by an 0.7 um
pore GFF filter for all particulate samples. We use the terms LPOC and LPON (large
particulate organic C or N) to refer to organic C and N data from those particles retained
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Table 2. POC and PON data for 0-100 m layer
Lat Long GFF POC GFF PON Nitex POC Nitex PON
(degN)  (degW) (umoll™") +ecrror (umoll™!'y +error (umoll™!) *error (umoll™!) = error
12 110 224 0.08 0.355 0.031 0.048 0.029 0.0077 0.0047
10 110 1.71 0.09 0.273 0.023 0.076 0.016 0.0105 0.0012
8 110 2.13 0.11 0.356 0.030 0.141 0.023 0.0233 0.0021
5 110 1.67 0.04 0.227 0.020 0.146 0.021 0.0324 0.0027
2 110 2.22 0.12 0.375 0.032 0.061 0.020 0.0116 0.0014
1 1o 1.90 0.11 0.292 0.026 0.051 0.018 0.0081 0.0030
0 110 1.29 0.04 0.205 0.018 0.081 0.018 0.0200 0.0019
-1 110 1.56 0.09 0.256 0.023 0.060 0.020 0.0095 0.0032
-2 110 1.85 0.10 0.269 0.024 0.082 0.019 0.0121 0.0014
=5 110 2.15 0.11 0.321 0.027 0.071 0.016 0.0127 0.0013
-8 110 2.11 0.05 0.286 0.024 0.068 0.016 0.0114 0.0012
10 125 1.93 0.12 0.337 0.032 0.103 0.030 0.0164 0.0049
8 125 1.78 0.10 0.318 0.027 0.056 0.015 0.0109 0.0012
S 125 1.93 0.10 0.351 0.029 0.042 0.013 0.0066 0.0022
2 125 1.99 0.05 0.304 0.026 0.345 0.041 0.0706 0.0056
1 125 2.02 0.11 .337 0.028 0.094 0.018 0.0191 0.0018
0 125 1.50 0.08 0.293 0.024 0.157 0.020 0.0286 0.0024
~1 125 2.05 0.05 0.301 0.025 0.117 0.019 0.0188 0.0018
-2 125 1.73 0.09 0.280 0.024 0.068 0.015 0.0112 0.0012
-5 125 1.83 0.10 0.266 0.023 0.032 0.014 0.0051 0.0023
-8 125 2.9 0.05 0.267 0.023 0.072 0.018 0.0134 0.0014
10 170 1.35 0.04 0.214 0.023 0.016 0.013 0.0025 0.0021
8 170 1.24 0.07 0.172 0.016 0.017 0.013 0.0027 0.0021
S 170 1.42 0.08 0.221 0.020 0.041 0.015 0.0052 0.0009
2 170 1.61 0.06 0.247 0.018 0.070 0.018 0.0104 0.0025
| 170) 1.84 0.10 0.281 0.023 0.034 0.013 0.0088 0.0010
0 170 1.50 0.08 1.266 0.023 0.066 0.017 0.0107 0.0012
~1 170 2.06 .06 0.327 0.028 0.024 0.020 0.0039 0.0032
=2 170 1.6l 0.07 0.285 0.019 0.073 0.017 0.0124 0.0023
-5 170 1.24 0.07 0.251 (0.023 0.029 0.017 0.0045 0.0027
-8 170 1.29 0.07 0.263 0.022 0.021 0.013 0.0093 0.0011
=10 170 1.70 0.06 0.270 0.023 0.061 0.021 0.0097 0.0034
10 140 .19 0.05 0. 189 0.017 0.036 0.019 0.0057 0.0031
9 140 .26 0.05 1.200 0.018 0.017 0.017 0.0027 0.0027
5 140 I.6R 0.05 0.267 0.023 0.093 0.022 0.0129 0.0015
2 140 [43 0.05 0.226 0.019 0.028 0.017 0.0045 0.0027
1 td0) .67 0.07 0.266 0.024 0.069 0.025 0.0110 0.0041
0 140 1.54 0.04 0.233 0.022 0.157 0.022 0.0273 0.0023
-1 1440 1.7¢ 0.05 0.277 0.024 0.121 0.020 0.0154 0.0016
=2 [40 1.33 0.04 0.212 0.013 0.024 0.009 0.0039 0.0014
-5 140 146 0.05 0.231 0.020 0.033 0.017 0.0053 0.0027
-7 140 1.63 0.03 0.261 0.022 0.052 0.018 0.0082 0.0029
0 [10 1.49 0.09 0.279 0.024 0.108 0.020 0.0155 0.0016
10 140 144 0.02 0.229 0.019 0.002 0.013 0.004 0.0021
9 140 [ 0.04 0n.172 0.016 0.010 0.012 0.0015 0.0020
-5 140 [.62 0.04 0.248 0.021] 0.028 0.014 0.0045 0.0022
-7 {40 .69 0.05 11.269 0.024 0.056 0.016 0.0089 0.0027
10 125 172 0.0 0.201 0.024 0.025 0.018 1.0040 (.0029
9 125 .26 0.2 0.041 0.005 bd bd
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Table 2. Continued

Lat Long  GFFPOC GFF PON Nitex POC Nitex PON
(degN)  (deg W) {(umoll ') +error (umoll™!) #£error (umoll™!) +error (umoll™!) = error

8 125 0.23 0.02 0.036 0.004 bd bd

5 125 0.21 0.02 0.033 0.004 bd bd
2 125 1.70 0.04 0.273 0.022 0.170 0.019 0.0277 0.0032

l 125 0.24 0.02 0.037 0.004 bd bd
0 125 0.87 0.03 0.146 0.013 0.118 0.010 0.0189 0.0016
-1 125 1.69 0.05 0.290 0.025 0.163 0.016 0.0256 0.0023
-2 125 0.77 0.02 0.123 0.009 0.058 (0.010 0.0090 0.0015
-5 125 2.06 0.06 0.321 0.028 0.066 0.020 0.0105 0.0032

-8 125 0.54 0.02 0.083 0.009 bd bd

—10 125 (.44 0.02 0.070 0.007 bd bd
10 110 1.28 0.04 0.203 0.017 0.094 0.014 0.0150 0.0025
8 110 1.04 0.03 0.168 0.015 0.061 0.012 0.0097 0.0020

N] 110 1.16 0.03 0.192 0.017 na na
2 110 0.76 0.02 0.121 0.008 0.062 0.008 0.0094 0.0011
1 110 1.51 0.04 0.254 0.013 .254 0.014 0.0404 0.0033
0 110 1.72 0.04 0.276 0.023 0.181 0.014 0.0262 0.0023
-1 110 1.23 0.04 0.211 0.018 0.148 0.012 0.0238 0.0020
-2 110 2.40 0.05 0.381 0.018 0.170 (.016 0.0256 0.0023
=5 110 1.17 0.04 0.203 0.018 0.119 0.012 0.0175 0.0016
-8 110 .45 0.04 0.248 0.022 0.145 0.015 0.0224 0.0020
~10 110 2.05 0.05 0.358 0.029 0.230 (.015 0.0352 0.0030
3 93 1.66 0.05 0.317 0.027 0.054 0.015 0.0085 0.0025
2 95 1.72 0.04 0.307 0.020 0.136 (.011 0.0191 0.0013
I 95 2,48 0.06 0.477 0.039 0.105 0.016 0.0169 0.0017
0 95 0.86 0.05 0.165 0.019 0.030 0.020 (.0048 0.0032
-1 9s 1.69 0.04 0.287 0.024 0.064 0.013 (0.0098 0.0011
=2 95 2.26 0.05 0.424 0.034 0.104 (0.015 0.0166 0.0016
-3 9s 1.69 0.04 0.322 0.027 0.105 0.014 0.0165 0.0016
-5 EN] 213 0.05 0.404 0.033 0.1l 0.015 (.0184 0.0017

POC and PON data provided on a carbonate free basis.
Errors on POC and PON propagated from blank corrections and calibrations
bd = Below detection. na = Not analvzed.

by the Nitex screen: and the standard POC or PON terms to refer to the particles retained
on the GFF filter.

Downstream from the filter holder the water passed through a gear pump powered by a
conducting cable from the surface. Water exiting the pump passed through two MnO,
impregnated cartridges. which were used to collect dissolved ***Th from seawater. As
shown previously (Livingston and Cochran, 1987; Buesseler er al., 1992b), the activity of
dissolved “**Th can be quantified by determining the collection efficiency for dissolved
“*Th from the cquation

Collection efficiency = | — MnB/MnA

where MnA and MnB are the “Th activities of the first and second Mn cartridge in series,
respectively. The overall size of our Mn cartridges was reduced relative to previously
published procedures (Buesseler er al.. 1992b) by impregnating a 11.5 ¢m (3.25 inch) tall
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[vs 25.4 ¢cm (10 inch)], 5 gum pore HYTREX II filter cartridge with MnO, (Hartman and
Buesseler, 1994). The collection efficiencies follow a normal Gaussian distribution, with a
mean collection efficiency of 0.79 £ 9% (n = 103).

Sample handling

The filter holder was drained at the end of each pump cast. All subsequent handling
steps were carried out in a covered area on the work bench to minimize the possibility for
particulate contamination. Since Nitex is an unsuitable matrix for CHN analyses, a
procedure was developed to remove the bulk of the particulate matter from the screen.
The Nitex filter was carefully removed, using gloved hands and tweezers, from the filter
holder and placed into a 100 ml beaker. rinsed with 50 ml of GFF pre-filtered deep water,
and sonified for 30 s. The sample and beaker washes were immediately filtered onto a pre-
combusted 25 mm GFF filter under vacuum. The sample and beaker rinses totalled
approximately 125 ml for this entire process, and DOC analyses of the initial rinse water
and filtrate were conducted to check for loss of organic C during this process. The rinse
water was collected within one week of the pump cast and refrigerated between use. All
glassware was rinsed with 1 N HCI, Milli-Q water and filtered deep water between
samples. In some cases, multiple 25 mm filters were needed to collect all the material
rinsed off of a single 142 mm diameter Nitex screen. The loaded 25 mm filters were placed
in plastic Petri dishes, dried overnight in a 40-50°C oven, and stored in a desiccator for
shore-based analyses.

The 142 mm GFF filters were placed in a holder and two 25 mm diameter sub-samples
were cut from each filter using a sharpened stainless steel pipe. These sub-samples, each
representing 3.6% of the total filter area, were dried overnight and returned to shore for
CHN analyses. The remainder of the GFF filter was folded into a reproducible triangular
gfometry'. placed into a plastic Petri dish, and dried prior to on board gamma counting for
“*Th.

The MnOs cartridges were dried for 24-48 h in the oven prior to counting on board for
*3Th. In order to improve the efficiency of detection of the low energy 2**Th gamma-ray
emissions. we used a hydraulic press and dyc to compress the dried Mn cartridge under 10
tons of pressure for 60 s. This resulted in a reproducible 3 cm tall geometry, which
resembled a hockey “puck™.

Analyses

Thorium 234. The dried and folded GFF filters and Mn “pucks™ were counted directly
on a pure Ge gamma detector. We used a CANBERRA 2000 mm? LEGe style gamma
detector with a J-style 15 liter LN, Dewar with a low background option in the ***Th region
(background count rate = ().024 cpm # 50% at 63.3 ke V). The detector was interfaced to a
Tennelec power supply. amplifier, and an ORTEC multi channel analyzer board installed
in the docking station of a lap-top PC. The entire unit was powered through a UPS power
supply. No detectable shifts in peak energies or background count rates were scen during
the 180+ days of operation at sea. LN> consumption rates of 5-10 liters per week were met
with three 35 liter storage Dewars that had a LN, loss rate of <0.3 liters day '. A plastic
sample holder positioned the samples over the center of the detector window. A single
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layer of 3.8 X 7.6 X 15.2cm (1.5 x 3 X 6inch) lead bricks with a Cu/Cd liner was used for
shielding.

GFF.MnA, and MnB samples were counted for 2 h, 6 h and 12 h, with net count rates of
1-10 ¢cpm, 0.5—4 cpm and <2 cpm, respectively. Each ***Th peak was quantified using our
own peak fitting software. Counting errors of less than 10%, 5% and 15% were common
for the GFF, MnA, and MnB samples, respectively. The calibration of the detector and
initial efficiency was determined by a ***U solution (in equilibrium with **Th) which was
added to blank Mn cartridges and filters. Our final gamma detector efficiencies were
determined from analyses of Mn cartridges and filters returned to the lab for radiochemical
purification and low level beta counting. Relative to gamma counting, beta counting
techniques are much more labor intensive, but have higher counting efficiencies (>50%
for beta vs <20% for gamma detectors). The branching ratio for “**Th gamma is also low
(3.9% at 63 keV). The overall gamma detection efficiency was 0.063 = 8.5% (n = 22) for
the Mn cartridges, and 0.21 £ 10% (n = 10) for the GFF filters (efficiency = net gamma
cpm/(branching ratio X dpm)). In some cases, the Mn cartridges were >3 half-lives old
prior to beta counting, and a small correction for supported ***Th due to ingrowth from
U had to be made. This correction (<<5% of signal at ¢ = 80 days) was either due to ***U
from seawater remaining in the wet cartridge after deployment or due to a small collection
efficiency for dissolved ***U on these Mn cartridges (on the order of 0.5%). Based upon
independent analyses of deep ocean samples where ***Th and ***U are known to be in
equilibrium, we have calibrated our beta counters to better than 2% (Buesseler et al.,
1994).

The calibration of our gamma system can be checked independently by the analyses of
our deepest EqPac samples, where ***Th and U should be approaching secular
equilibrium. We sampled for total ***Th as deep as 167 m on a single cast and found a
*HTh/**MU activity ratio of 1.03 + 0.06. In addition. the ***Th/>*U ratio of all of the
samples =100 m was found to be 1.03 £ 0.08 (n = 23). This is in good agreement with the
EqPac data of Bacon et al. (1995).

The Nitex screens had insufficient >**Th activity to allow us to quantify >**Th using direct
gamma counting procedures. These samples were returned to the lab for low level beta
counting after digestion and radiochemical purification (Buesseler et al., 1992b). In
addition, some of the filters were counted directly on beta detectors at WHOI (***Th is the
highest abundance beta-emitter in these samples) in an attempt to develop procedures for
non-destructive ***Th beta analyses. In every case, we followed the decay of >**Th over 2
half-lives on a single beta detector. A curve fitting procedure was then used to determine
the 1, activity of “**Th with its characteristic 24. 1 day half-life. This improves precision and
reduces uncertainty on the accuracy of the analyses due to slight variations in detector or
sample background.

All of the **Th data are reported on a disintegration/minute basis (dpm) decay
corrected to the mid-point of sample collection. The error on each **Th activity
determination is propagated from the uncertainty of the curve fit to the activity data, the
uncertainty on the detector calibration, and for dissolved ***Th. the error associated with
determining the collection efficiency using Mn cartridges.

Particulate organic carbon and nitrogen. One of the goals of this study was to directly
measure the ratio of organic C and N to **Th in the suspended and sinking particulate
pools. Organic C and N were determined on sub-samples from each filter type using a
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Perkin—Elmer 2400 CHN analyzer. For the >0).7-53 um particles, CHN analyses were
conducted on sub-samples of the 142 mm GFF filter. In the case of the >53 um particles
rinsed from the Nitex screen onto a 25 mm GFF filter, a sub-sample of this GFF filter (10—
20% by weight) was analyzed. Prior to CHN analyses, we used an acid-fuming step to
remove carbonate-C. Thus all data reported here are in units of umol 1" for the organic C
fraction only. A comparison between CHN analyses conducted with and without this acid
fuming step indicated that carbonate-C accounts for <8% of total C for the GFF filters
(n = 27); but for the Nitex screens, the carbonate fraction may be as large as 20% of the
total (n = 13). Other EqPac data suggest that at specific depths an even greater per cent of
the particulate carbon pool in the >53 um size classes may be carbonate (Bacon et al..
1995).

When the Nitex data were first examined. a systematic trend towards higher C/N ratios
for the smallest samples was found. Analyses of field blanks (i.e. field deployments of
filters with zero volume pumped) indicated a highly variable and C-rich blank that could be
as large as some of the Nitex samples (150 + 80 ug C and 18 + 5 ug N per sample). All of the
Nitex CHN data were corrected for this field blank and the error was propagated
throughout the LPOC and LPON calculations. thus increasing the uncertainty signifi-
cantly on the smaller samples. Once this field blank was considered, all Nitex particulate
samples scattered around a mean C/N molar ratio of 6.4 £ 0.6. We suspect that the blank
was either from soot particles or oils that tormed as a shick around the ship and were picked
up by our filters during the deployment. The field blank correction for our GFF filters was
much smaller. and a mean C/N molar ratio of 6.1 = (.6 was found on these samples, with a
field blank correction of <5% (n = 77). The lower limits of detection for C and N are the
same: therefore we were limited by the lower abundance of N in marine particles. If the
particulate C/N ratio error was >33%, we recalculated PON for that sample using the
measured organic C value and a molar C/N ratio of 6.3.

To gain confidence in our LPOC data, we attempted to quantity artifacts related to our
rinsing procedure. In the case of both “**Th and POC/PON, the per cent of the total
concentration found on the Nitex screen was very small, so incomplete collection of farge
particles is not a serious issue for mass balance purposes. Since our primary goal is the
determination of particulate **Th to organic C ratios, both ***Th and POC were measured
on the exact same fractions. To determine the magnitude of the loss of large particles to the
rinse solution. we regularly took separate aliquots of the rinse water and filtrate to
ascertain a measurable increase in DOC in the rinsc solution. Using high temperature
DOC techniques (in collaboration with E. Peltzer). we found a small but highly variable
organic C loss to the rinse solution (25 + 23%. n = 63) during both the spring and fall
cruises. With regard to the opposite artifact. i.e. the retention of particulate material on
the screen. we analyzed 51 rinsed screens for “**Th and found a small but variable >**Th
signal from particles retained on the screens after sontfication and rinsing (median =
30%). As stated above. neither of these effects should have an impact on measured
C/**Th ratio or mass balance results in any significant way. Until we find an appropriate
filter for direct analyses of 2**Th and CHN on the large size classes, we are forced to rely on
some type of procedure for removing the particles off of the Nitex screen prior to analyses.
Ultimately. our in siru filtration and processing procedures are an improvement over
previous studies where organic C to “**Th ratios were determined from separate casts and
different operational collection techniques (comparing traps vs bottle POC vs in situ
pumping).
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RESULTS

The data in this paper arc the average concentrations of ***Th and organic C and N for
the 0—-100 m laver (Tables 1 and 2). We will use the term “spring” to refer to those samples
collected between 21 March and 5 May, and “fall” for those collected between 10
September and 2 December. In an attempt to examine regional trends in the data, all data
were contoured by a software package (SURFER"™ by Golden Software), which uses a
Kriging technique to grid the data. The same grid scale (12 x 25) and weighting factors
(v:x = 1:3) were used to draw all ficlds. The contour intervals were chosen to provide easy
visual comparison between seasons for any given parameter, and station locations are
shown in every case. [n presenting the data in this manner, temporal trends are ignored
within the 2-3 month time period required to sample all transects, and small-scale
concentration gradients associated with individual eddies or other mesoscale features are
averaged. In surface temperature data, one clearly sees the transition in 1992 between the
generally warmer El Nino-like conditions during the spring cruises, and the cooler waters
in the tall indicative of enhanced upwelling at the end of the 1992 El Nifo period (Fig. 1).
Surtace nutrients show a similar pattern. with elevated nutrients associated with cooler
temperatures (Murray et al.. 1994).

Thorium-234

The total = Th activitics for the 0100 m layer range between 1.7 and 2.2 dpm 17" in the
spring of 1992 with a trend towards higher values in the east (Fig. 2). Along the 110°W,
125°W and 140°W lines higher activities also occur at the northern and southern extremes.
but the zonal gradients are not large. Within errors (generally around 8-10% for total
“YTh). these activities are significantly lower than the parent ***U activity estimated from
salinity (Chen er al.. 1986). Salinity variations between the spring and fall are minimal
(Table 1). hence the activity of U is similar at all sites. On average, by a depth of 100 m
equilibrium between U and “™Th has been reached.

In the fall, the NOAA sampling program was conducted farther to the cast. In addition,
equipment problems led to very few stations for ***Th along the 140°W line (n = 4). Total
*MTh activities in the 0-100 m layer show a larger range than during the spring, from <1.5
to >2.1dpm |1~ ' (Fig. 2). Higher activities can be found along, or just south of , the equator,
especially in the cast. A low “"Th activity region is seen centered around 5°N along the 125
and 110°W transects.

In the spring, a region of high particulate “*Th (>0.7-53 um) generally occurs along
southern latitudes (0.8 dpm 1) particularly along the 140°W meridian (Fig. 3). The
GFF “"Th represents up to 60% of the total activity (8°N. 140°W), and at its lowest, 20%
(1°S, 125°W). In the fall, overall particulate “*Th activities for the GFF filters are lower,
ranging from <0.2 to =0.6 dpm 17! (10—40% of the total—Table 1).

Thorium-234 activities {or the >33 um particles represent a small percent of the total
(<<1-4%%) and range in activity from <20.02 to >0.12dpm 1" ' (Table 1). In the spring, there
is a clear maximum in the large particle ~*Th activity at 2°N along the 125°W transect,
while in the fall two maxima occur along [10°W centered around the equator and 8°S (Fig.
4). The patterns of both small and large particle size classes differ significantly in both
seasons (compare Figs 3 and 4).

All of our *Th data generally agree with other EqgPac results along 140°W reported by
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Bacon e al. (1995) and Murray et al. (1995); however, a direct intercalibration was never
conducted. Bacon er al. (1995) collected multiple discrete ***Th profiles using in_situ
pumping (surface-4000 m) at the equator at 140°W. Murray et al. (1995) collected Z*Th
from bottle casts (surface—400 m) along the 140°W line. We find no significant difference
among these research groups between the average 34T activities (A>*Th < 0.1dpm 17 ")
for the (0-100 m layer in the spring.

Particulate organic carbon and nitrogen

Organic carbon and nitrogen were measured on two particle size classes: >0.7-53 um
(POC and PON) and >53 um (LPOC and LPON). Because the ratio of C/N on each size
class is constant within our errors (6.3 £ ().5), we contoured only the POC and LPOC data
in which we have higher confidence (Figs 5 and 6). POC concentrations for the 0-100 m
layer in the spring range between 1 and 3 umol 1-' (Fig. 5). In the fall, the range is not
appreciably higher. but some values <1 umol 1™ " are found, particularly along the 125°W
line (Fig. 5). The LPOC concentrations are generally <1-3% of total POC. LPOC
concentrations range widely, from <0.01 to >0.2 umol 1 ™' (Fig. 6). The regional pattern of
LPOC and the large particle ***Th are similar (compare Figs 4 and 6). Our POC and LPOC
concentrations agree in general with EqPac data collected along 140°W from other in situ
pumping programs (Bacon ez al., 1995: Bishop et al., 1995).

DISCUSSION
Flux calculations

The activity balance of total ***Th can be described by the following equation:
(’)A'rh/a[ = ALX/‘\. - A’“\;‘ -P+V (1)

where dA ,/a¢ is the change in 2**Th activity with time. A is the **U activity determined
from salinity (***U (dpm | ~') = 0.07097 salinity: Chen et al.. 1986), Ay is the measured
activity of total ***Th, / is the decay constant for **Th (= 0.0288 day '), P is the net
removal flux of >**Th on particles, and V is the sum of advective and diffusive terms. Other
than in situ >*SU decay. there are no other significant sources of “**Thin the oceans, such as
atmospheric deposition.

We first examine a steady state model that ignores the advective and diffusive terms. It
will be shown that **Th cannot be assumed to be in steady state; however, the physical
supply and loss terms cannot be ignored. We therefore have developed a regional 3-D flux
model that includes seasonal and site specific upwelling and horizontal fluxes in the overall
regional ***Th activity balance. In this case. the particle flux P can be solved from the
following equation

P= (AU - A l’h);" + 11'(”/4'[ h/(’lZ - l((”A']‘h /0x — V&ATh /(:)‘V (2)
where w is the upwelling velocity and 9 A, /dz the vertical gradient in >**Th activity, u is the

zonal velocity and dA-,/dx the activity gradient from west to east, and v is the meridional
velocity and dAq,,/dy the activity gradient from south to north.
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(advection ignored). Fig. 8. Particulate “*“Th flux caleulated for 100 m from 3-D regional model.
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22 Th export: Model No. 1

Using the data for total >**Th from the upper 100 m. the flux of particulate ***Th can be
easily solved using equation (1) assuming steady state and ignoring V. In the study region,
salinity increases slightly towards the south along latitudinal bands, corresponding to a
238U activity range between 2.33 and 2.46 dpm 1~ '. Given that the ***U/salinity relation-
ship has been shown to be accurate to within 1% (Chen eral., 1986), the uncertainty in our
flux estimate is dominated by the overall accuracy and precision of the ***Th analyses.

Using this model the ***Th flux pattern is essentially the inverse of the total ***Th
activity data (compare Figs 2 and 7). In the spring, this approach predicts a trend towards
higher 2**Th fluxes in the west, with relatively small latitudinal trends along any given
transect. In the fall, the >**Th flux trends are more complex, with a maximum at 5°N
between 110 and 125°W and a minimum centered around the equator between 95 and
125°W (Fig. 7).

As pointed out by Coale and Bruland (1987). because the ***Th particle flux is driven by
arelatively small difference between two large numbers (i.e. 238U—2%Th), the error on the
flux estimate increases as the ***Th/?**U ratio approaches unity. The overall uncertainty
on total ***Th is propagated from counting errors and the uncertainty due to detector
calibration and the collection efficiency for dissolved **Th via our Mn cartridge technique
(see Sampling and Analyses). Given uncertainties on total ***Th of 5-8%, our error on P
ranges from around *10% at an activity of 1.5dpm 17! to >50% at activities >2.2dpm I~
(**Th/>*U ratio of >0.90). On average, by 100 m we find a >**Th/>**U ratio of 1.03 = 0.08
(n = 23). Ratios >1 can be found if surface water ***Th fluxes are large and particles are
remineralized at a specific depth at a high rate (i.e. P is negative). During EqPac, we find
P4Th/?3U ratios as high as 1.2 at 100 m, and our deepest total ***Th sample at 167 m has a
ratio indicating secular equilibrium (1.03 £ 0.06). Above the depth of equilibrium, both
adsorption onto particle surfaces and losses due to particle disaggregation and desorption
occur, but using the single thorium isotope, >**Th. only the net rate of **Th particle export
can be determined.

As stated above, in this simple calculation we ignore both non-steady state effects and
advective and diffusive transport. Thesc assumptions are made in most studies, as only
single profiles of “**Th are measured and therefore activity gradients in time or space
cannot be assessed. Determining the magnitude of 3***Th/at proved significant during the
NABE, however, where we observed a decrease in 2**Th by 0.5 dpm 17" over three weeks
that paralleled the depletion of surface nitrate beginning with the onset of the spring bloom
(Buesseler er al., 1992a). Even in the NABE, after the initial decrease in ***Th, the
a***Th/at term accounted for <10% of the observed **Th particle flux as determined by
equation (1). Given a mean activity of total ***Th of 1.8 dpm 1 ™! the ***Th activity either 30
days before or after our cruise would need to differ by 0.5dpm 17" in order for the ***Th/at
term to be of similar magnitude to the particle flux term P determined by equation (1).
This temporal change is beyond that observed comparing our ***Th activities with those
determined within a 1 month period before or after our occupation of the 140°W line
(Bacon ef al., 1995; Murray et al., 1995). In addition, four repeat “*Th casts within a
two-week period in both the spring and fall during an occupation of 0°N, 140°W have led
Bacon et al. (1995) to conclude that steady state can be assumed for **Th. For the EqPac
region as a whole, the largest variations in production and export are tied to El Nifio
effects. The measured variations in >**Th activity in 1992, between the spring and fall (El
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Nino and onset of non-El Nino conditions, respectively), are not large enough to
necessitate inclusion of non-steady state terms in the 2**Th activity balance.

Regional 3-D ***Th flux model

A second model of vertical ***Th flux was developed that includes physical transport.
The model is based upon the ***Th activity balance shown by equation (2) and the
assumption of steady state (see above). This analysis requires not only ***Th/**U
disequilibria data, but also the vertical and horizontal gradients of ***Th and an estimate of
appropriate vertical and horizontal velocities. The first step is to use the ***Th data in
Table 1 to calculate the **Th activity on a grid with a resolution of 1 degree latitude by S
degrees longitude between 12°N to 10°S and 90°W to 175°W (the same Kriging technique is
employed—Figs | to 6). Next, assuming the activity gradients are linear, dA,/0x and
dATn/dy are calculated. The vertical 2**Th gradient, dAry,/9z, is estimated from the >**Th
activity of the 0100 m layer and the activity at the base of this layer, 100 m [(ATY —
A%19/50]. Vertical gradients calculated in this manner are similar to those determined
from discrete >**Th profiles as measured by Murray et al. (1995) and Bacon et al. (1995).

Horizontal and vertical velocities are from an ocean general circulation model con-
figured for the tropical Pacific Ocean. This model is not discussed in detail here, since it is
the same physical model used by Chai er al. (1995) in their studies of nitrate cycling.
Velocities are also averaged over the 1 X 5 degree model grid, for the spring (March—
April) and fall (September—October-November) periods in 1992. Zonal and meridional
velocities are averaged over (0—100 m. and the vertical velocity at 100 m is used in the
calculations.

In 1992, the ocean circulation in the equatorial Pacific underwent a series of changes
(McPhaden, 1993; Chai er al., 1995). For example, in Fcbruary the Equatorial Undercur-
rent was reduced to about half its normal strength, and did not return to normal until
October. Such changes are not as pronounced in the depth-averaged horizonal velocities.
The vertical velocity at 100 m increases from spring to fall by 1 to 2 m day ! at 140°W on the
equator, due to strengthening of the westward surface winds (Fig. 9). At all times, the
equatorial upwelling velocities are significantly higher along 140°W relative to other
transects (Fig. 9). Given **Th’s 24 day half-life. its activity distribution at any one time
reflects the ***Th sources and sinks integrated over a period of several months, or 2-3
half-lives. Therefore, despite observation and modeling results that suggest the vertical
velocity near the equator varies significantly on time scales of days to weeks (Weisberg,
1993; Harrison, 1995). it is most appropriate to use the 2-3 month time averaged vertical
velocities for the ***Th flux modeling.

Using cquation (2), our gridded data, and the site specific estimates of u, v, and w, the
particulate export flux of “**Th can be calculated for the entire region. Since upwelling
provides a source of “**Th, it must be balanced by additional vertical export or horizontal
losses. A positive horizontal velocity and an increasing ***Th activity gradient towards the
east result in a net loss of ***Th. Similarly, positive velocities along increasing ***Th
activity gradients in the northward direction result in a net loss of **Th.

The relative importance of each term in equation (2) depends upon the measured
*MTh/***U disequilibria, the magnitude and sign of the local velocity field, and ***Th
activity gradients. In general, the magnitude of the vertical ***Th flux is dominated by the
*MTh/*®U terms except near the equator. This is coincident with the maximum upwelling
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Fig. 9. Upwelling velocitics at 100 m as a function of latitude for spring (upper panel) and fall

(lower panel). These velocities are derived from the model used by Chai and Barber (1995). and

represent the average upwelling rate in units of m day™" determined at 100 m over a 2-3 month
period for the spring and fall of 1992,

rates along 140°W (Fig. 10). The model predicts an increased *** Th flux over the equatorial
upwelling region by as much as 50% near 140°W and is slightly reduced in regions of
downwelling. Zonal and meridional flux terms tend to be insignificant in the overall >**Th
balance, although small negative fluxes related to horizontal transport of ***Th can be seen
near the upwelling maximum (Fig. 10).
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Using this macdel, we see a tongue of high ***Th flux (>2000-2500 dpm m™~* day ') in
the spring, centered around 2°S 170°W, running just north of the equator as far east as
125°W (Fig. 8). At the same time along 140°W, we find the highest fluxes between 2°N and
2°§ (>2500 dpm m > day '), and then a rapid drop to <1500 dpm m~* day ™' at latitudes
7-8°N or S. In the fall, a similar trend is seen, though the pattern is somewhat more
complicated. Higher upwelling velocities along 140°W resuit in some of the highest
predicted ***Th export fluxes (>3000 dpm m~~ day '). We believe that the high equatorial
fluxes in this region are a real feature despite poor “*Th coverage along this transect, since
our extrapolated “Th activities are similar to the results found along 140°W by Murray et
al. (1995) and Bacon et al. (1995). With the inclusion of upwelling, the equatorial export
fluxes are 25-35% higher relative to the non-advective approach along the eastern
transects (compare Figs 7 and 10). The low “*Th activities centered around 5°N between
125-110°W result in locally high particle fluxes in our 3-D model, and the Z*Th fluxes
predicted at latitudes >8°N and 8°S are not significantly different between the non-
advective or advective approaches.

Including advection in the flux calculations therefore resuits in the prediction of
enhanced particulate fluxes over equatorial upwelling regions. This pattern is consistent
with the enhanced sedimentary inventory of ***Th and higher deep sediment trap fluxes
found below the equator along 140°W in 1992 (Pope et al., 1995; Honjo et al., 1995). Also,
long term records of sedimentary carbonate and organic C suggest higher equatorial burial
fluxes (Isern et al.. 1990; Martin et al., 1991). Such evidence supports, at least qualita-
tively, the inclusion of upwelling in any ***Th based model of upper ocean export in this
region.

Particulate organic C/~*Th ratios

While the temporal and spatial distribution of ***This by itself of interest, the derivation
of particulate organic C and N export from the particulate *Th flux is the ultimate goal of
this work. Eppley (1989) proposed that by using the residence time of Z*Th and the
measured POC inventory, one could calculate the rates of new production (i.e. POC flux).
This assumes that >**Th and POC have similar residence times, which, as pointed out by
Murray et al. (1989). is not generally the case. In this study, organic C flux is calculated
using regional particulate >**Th flux model and the empirical relationship between ***Th
and organic C on particles found at each station. This approach does not assume a similar
behavior for particulate organic C and “**Th; rather, it only assumes that the same
particles responsible for the removal of **Th are also removing organic C (and associated
nutrients). Confidence in this approach was first obtained during the NABE (Buesseler et
al., 1992a), where at least in the upper 35-75 m, the predicted organic C and N flux was
similar to that determined by CO, drawdown and budgets of upper ocean nutrients and
oxygen (Goyet and Brewer, 1993; Bender e al., 1992). The advantage of this study over
the NABE is that the ratios of organic C and N to >**Th were determined on the exact same
filters for two particle size classes, not by comparison of in situ pump, bottle POC and trap
particulate ratios.

Since we don’t know a priori if particulate export is driven by large rapidly sinking
particles or by slowly settling material, this ratio is determined on both the 53 4m Nitex
screen (LPOC/**Th) and the 0.7 um GFF filter (POC/>**Th). POC/***Th ratios range
from <2 to >4 yumol dpm ~" in the spring (Fig. 11), with a trend towards higher values in
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the NE. The pattern changes in the fall. Then, the higher values are generally in the east,
with a maximum of 95°W at southern latitudes. LPOC/>**Th ratios range from <0.5 to
>2.5 umol dpm ™ in the spring. Again higher values are seen in the NE corner of the study
region (Fig. 12). The fall LPOC/**Th ratios span a similar range. There is a maximum,
similar to the GFF filters, at 95°W at southern latitudes (Fig. 12).

These results point to two general findings: (i) the organic C to “**Th ratio is higher on
small relative to large particles, and (i1) the patterns of both size classes show clear
regional similarities. This finding of regional similarities in the particle ratios may seem
unexpected, given the widely differing patterns of organic C and ***Th on the GFF filters
(compare Figs 3 and 5) and the similar concentration patterns on the Nitex screen (Figs 4
and 6). Therefore it is worth considering what might drive this ratio in natural systems
before we apply these ratios to our ***Th flux model.

The concentration of sorbed “**Th, like any surface reactive element, depends upon the
number of surface binding sites and its affinity for these sites relative to remaining as a
complex or free ion in solution. In general, the surface area to volume ratio decreases with
increasing size. Therefore. larger particles would have a higher C/***Th ratio for particles
of simitar composition and affinity (i.e. ~**Th follows surface area and C follows volume).
Equal C/**Th ratios between size classes are possible if larger particles are formed
exclusively from the physical aggregation of smaller ones. In order for the ratio of organic
C/*Th to decrease with increasing size (as seen here), one would need to lose organic C
preferentially during the formation of larger particles. Alternatively, the larger particles
would need to have a higher affinity for ***Th adsorption, as proposed by Lee et al.
(1993).

We interpret the observed decrease in the C/*Th ratio with increasing size as largely a
reflection of the utilization of organic C during grazing and trophic transfer of ingested
particles through the food web. In this case, “fresh™ particles produced via biological
production would have the highest C/>**Th ratios. As particles are grazed, organic C is
lost. In this scenario, one would expect decreasing C/***Th ratio with depth, as particles
sink out of the source region and organic C is preterentially remineralized at depth.
Regional or temporal changes in C/***Th could occur as a function of local production and
export balances. Some of the highest C/>**Th ratios have been found for 0.5-1 um particles
during bloom conditions, such as in the North Atlantic (14-23 umol dpm ™~ '—Buesseler et
al.. 1992a), or Bedford basin (>40 umol dpm~'—S. Niven, unpublished data). In the
NABE, a decrease in C/**Th with depth was also found (>20 to <10 between the surface
and 300 m), and the C/***Th ratio was 24 X lower in traps (which collect presumably
large. sinking aggregates) relative to >(.5-1 wm particles at the same depth (Buesseler er
al.. 1992a). These data are consistent with our hypothesis of a dominant role being played
by the biota in determining the C/>**Th ratio. both in the production of fresh particles with
high organic C, and in the grazing cycles which preferentially utilize organic C over *Th,
This preferential utilization of organic C over “*Th is supported by the longer overall
residence times of POC vs particulate >**Th in surface waters (Murray er al., 1989).

During EqPac, a slight increase in C/~*Th is seen between the spring and fall, with the
highest ratios found at 5°S 95°W (Figs 11 and 12). This ratio peak is associated with a low
temperature (Fig. 1) and high nutrient region. Bacon et al. (1995) see a decrease in C/>*Th
with depth in vertical profiles along 140°W. which is similar to NABE. A comparison of
samples collected at 100 m with the value for the 0-100 m layer, reveals a decrease in
C/**Th by 40-50%. The C/>*Th ratio on the Nitex screen is 48% of that on GFF filters
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(using all ratio data with uncertainties <23% for GFF and <50% for Nitex screens). Since
a Redfield organic C/N ratio was observed in the upper 100 m on both particles size classes
(6.1 £ 0.6for GFF, and 6.4 £ 0.6 for Nitex), the mean C/N ratio of 6.3 mol/mol can be used
to convert the particulate flux of organic C to N.

Estimates of particulate organic carbon export

The basis for the quantification of particulate organic C export from ***Th is an
empirical one. It assumes that the same particles which are removing ***Th are also
carrying organic C and associated nutrients to depth. Seasonal and site specific estimates of
both ***Th flux and the local particulate organic C/***Th ratios are therefore required. We
base our best estimate of POC flux upon the regional 3-D model and the organic C/***Th
ratio data from the large particle pool. Overall, it is predicted that POC fluxes are on the
order of 2-4 mmol m ™= day ' in the spring. A band of elevated POC export is seen
stretching from the equatorial region between 170 and 140°W, to somewhat north of the
equator east of 140°W in the direction of the Guatemala basin (Fig. 13). In the fall, the
fluxes are 2t mmol m ~day ~', except along 95°W, where enhanced export >7 mmol m™*
day ™" is found. This is associated with the region of highest C/***Th ratios (and elevated
nutrients). The pattern in the fall is also somewhat more complex. There is enhanced
export associated with elevated ***Th fluxes along 110°W, north of the equator.

Some constraints can be placed on these POC flux estimates by examining the two
factors which are used to calculate this flux, namely the ***Th flux and the C/***Th ratio.
As stated in the modeling section, the magnitude of the 2**Th flux is dominated by the
measured “*Th/**®U ratio at any given site and time. When upwelling is included, it is
clear that at some sites along the equator, the flux is sensitive to the chosen valuc of w. This
sensitivity can be examined by recalculating the organic C fluxes with an upwelling rate
that is a factor of two higher or lower than that used by Chai ez al. (1995). In this sensitivity
analysis, u and v are ignored given their relatively small influence on the ***Th models
(Fig. 10). This analysis suggests that except near the equator, close to 140°W, a variation in
w by a factor of two has a small effect on the estimate of the particulate organic C flux (Fig.
14). At the equator, along 140°W, a doubling of w increases organic C fluxes by up t0 50%.
while a reduction in w by a factor of two decreases the predicted flux by 25%. One might
argue that the estimates of w are less well constrained than + a factor of two. However,
even if upwelling rates were five times larger, the predicted organic C flux would increase
by less than a factor of three. Furthermore, this difference would only be significant near
the equator and 140°W, and not at those sites further north or south, or more distant from
this upwelling maximum.

The second constraint on the export prediction is related to how well we can measure the
particulate organic C/***Th ratio, which is representative of the sinking particle pool. A
change in this ratio will directly affect the predicted flux by the same magnitude. In the
analysis shown in Fig. 13, the LPOC/***Th ratio is used. As stated previously, if the
POC/**Th ratio is used, the fluxes would be a factor of two higher, and if the same ratios
from 100 m are used (rather than the average of the 0~100 m layer), the flux would
decrease by a factor of two. With these data, we can therefore place bounds on the export
flux. The ratios of C/***Th in the different pools vary systematically, so the regional
pattern of organic C export would not differ dramatically if a different C/***Th ratio was
used, only the overall magnitude would change.
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Relationship to other studies. A wide variety of scientists are working to constrain the
budgets of inorganic and organic carbon and associated nutrients in the EqPac program.
Many of these results are being published for the first time in this volume and an evaluation
of the entire carbon budget for this experiment will then be possible. However, a
preliminary assessment of the carbon balance can already be made.

Focusing on the spring data at 140°W at the equator, Feely ez al. (1995) estimate from
DIC data that on the order of 14 + 6 mmol m ~*day ~ ' of total C are lost from the upper 100
m by all processes. These loss processes include gas exchange, DOC/POC advection, and
vertical settling of POC. Gas exchange is thought to account for 2-3 mmol C m 2 day '
(Feely et al., 1995) and is a relatively small term in the C balance. Peltzer and Hayward
(1995) used DOC data to suggest that 4-8 mmol C m~? day ' is lost due to advection of
total organic C (DOC and POC). Our estimate of the sinking flux of POC at 100 m is 34
mmol C m~*day ™' from 2**Th for this site and time. Bacon ez al. (1995) estimate the POC
flux at 120 m to be 2 mmol C m ~*day ~' using **Th data collected one month prior to ours.
While the uncertainty in any of these estimates is high, due in part to the uncertainty in the
chosen upwelling velocities and the 1-D approach taken by most of these studies, there isa
general agreement that the export flux of sinking particles is not the major loss term for
carbon during the EqPac study.

The net source of organic C in surface waters is primary production. Carbon-14 and '*C
estimates of total primary production are on the order of 50-80 mmol m™? day ! at the
equator along 140°W, dropping off by roughly 50% towards latitudes >8°N and 8°S
(Barber et al., 1995; Chavez et al., personal communication). Along 140°W, there is a
range of new production estimates using '°N techniques, but all of these values are
significantly larger (10-20 mmol m ™2 day ™~ '—McCarthy, 1995) than the ***Th derived
particle export fluxes. The general conclusion is that a significant fraction of total
production leaves the equator as a horizonal advective DOM flux, rather than a vertical
POC flux. Since we do not see any specific site of increased particle export off of the
cquator in our “*Th data, we must speculate that surface water production that is fueled
by upwelling at the equator is ultimately removed far afield, possibly along the eastern
margins of this basin.

The final point to be made is that all of the production and export estimates indicate
elevated fluxes over the equator, at least along 140°W. This pattern also is reflected in the
deep water traps and sedimentary signals. For example, our spring time particulate
organic C fluxes at 100 m peak along 140°W at 3-4 mmol m > day ™', and decrease to 1
mmol m ™ day ™' by 5-7°N or S. The >2000 m sediment trap data from Honjo er al. (1995)
for the same season also show an equatorial peak in particle flux; however, by 2200 m, the
organic C flux is reduced to approximately 0.5 mmol m ~# day ! at the equator, to
<0.1-0.2 mmol m * day ™' further north and south. In the sediments, EqPac investigators
have found peak **Th inventories underlying the equator (Pope et al., 1995), and benthic
respiration rates which are enhanced between 2°N and 2°S (Berelson, personal communi-
cation). When making this comparison it is worth noting that all of these flux estimates
average over time scales of 1-3 months. The magnitude of, and latitudinal patterns in the
long term benthic accumulation rates may differ depending upon seasonal and inter-
annual variations in production and local diagenetic effects.
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CONCLUSIONS

We have been able to estimate the flux of particulate organic C and N from the upper 100
m during the spring and fall of 1992 for a large region of the equatorial Pacific. To make this
estimate, >*Th data are used to constrain the **Th particle fiux and the empirical ratio of
organic C and N to ?*Th on both large and small particles is used to estimate particulate
organic C and N export. The 234Th flux estimates are obtained from a regional 3-D model
that includes site specific estimates of upwelling and horizontal advection which are used
with the measured 2**Th activity gradients to calculate the >**Th flux. We find that the
234Th flux does not change dramatically between the spring and fall, and that particle
fluxes are higher in general over the upwelling regions. Export fluxes of particulate organic
C range between 2 and 7 mmol C m ™2 day~!. Along 140°W, an equatorial peak of 34
mmol m~2 day ! is found in the spring that is 2-3 X higher than the flux at latitudes >8
degrees north or south. The highest export fluxes are centered around 5°S 95°W in the fall,
where significantly lower temperatures and higher nutrients are found.

The magnitude of the particulate organic C flux is determined by three factors: the
measured **Th and POC/PON concentrations; the specific estimates of upwelling
included in the ***Th model; and whether we use the small or large particle organic
C/?*Th ratio to convert from 23*Th export to C flux. In our final analysis, we assume that
the POC/***Th ratio of the larger and (presumably) rapidly settling particles is the most
appropriate for estimating organic C export. The POC/***Th ratio is constrained better
than a factor of two, which is the difference between the smaller 0.7 um particles which
have higher ratios, and the filters collected at the 100 m layer which have 50% lower ratios
than the 0-100 m average. If upwelling rates are increased by a factor of two, the POC flux
would increase over the equator by 50% along 140°W; however, the sensitivity of the
predicted fluxes to the chosen value of w is much smaller elsewhere in this region.

Our conclusion is that during the EqPac study, particle export from the upper 100 m is
small. These data suggest that only a small percentage of the carbon fixed during
production is being exported locally on sinking particles, and much of the export may be
occurring as advective transport of DOM. We feel that the ?**Th approach is a relatively
simple and robust procedure for determining quantitative particle export fluxes for
organic C and associated nutrients over large spatial scales. However, future studies aimed
at further understanding the relationship between organic C and **Th on sinking particles
are warranted.
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