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234Th:238U disequilibria within the California Current!

Kenneth H. Coale and Kenneth W. Bruland

Center for Marine Studies, University of California, Santa Cruz 95064

Abstract

Profiles of dissolved and particulate 2**Th were determined at several stations within the Cali-
fornia Current. Modeling of the disequilibria between the 23*Th and 2*8U within the surface waters
provides for estimates of the residence time of dissolved thorium with respect to particle scavenging
(74 varies from 6 to 50 days), the particle residence time (7, varies from 2 to 20 days), and the
particulate 2*¢Th flux exiting the surface layer. The model-derived, first-order scavenging rate
constant for dissolved thorium is observed to be proportional to the rate of primary production.
Particle residence times seem to be governed by the rate of zooplankton grazing and the types of
zooplankton present. Model-derived particulate 2**Th fluxes are in good agreement with direct

measurements by sediment traps.

234Th (¢, = 24.1 d) is continuously pro-
duced from the alpha decay of 238U (¢, =
4.5 x 10° yr) in seawater. Uranium in sea-
water exists principally as the dissolved
UO,(CO;);* species and is relatively un-
reactive to particulate absorption (<0.1%
of uranium in seawater is particulate: Hodge
et al. 1979). As a result uranium exhibits a
conservative distribution in the open ocean
[28U (dpm liter™!) = 0.07081 X salinity:
Kuetal. 1977]. In contrast, dissolved thori-
um exists as the hydrolysis product
Th(OH),“~"* (Turner et al. 1981)—particle
reactive species that can be removed from
the dissolved state by adsorption onto par-
ticles. The extent of radioactive disequilib-
rium occurring in the water column between
the particle reactive daughter, 234Th, and its
soluble parent, 233U, can be used to quantify
removal rates for thorium.

The use of ?3*Th:2*®U disequilibria to
study the scavenging of thorium from
oceanic surface waters began with the work
of Bhat et al. (1969) and was expanded on
by Matsumoto (1975), Knauss et al. (1978),
and Kaufman et al. (1981). In these studies,
low 23*Th:238U activity ratios (~0.2) were
observed in near-coastal shelf waters, im-
plying intensified scavenging with a mean
residence time of thorium, with respect to
nonradioactive removal, of the order of 10
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days. In open ocean surface waters, activity
ratios were closer to equilibrium (~0.75-
1.0) with mean residence times for thorium
of the order of hundreds of days. Compa-
rable studies on the isotope pair 22Th (¢, =
1.91 yr):2%%Ra (¢, = 5.7 yr) have yielded
similar results (e.g. Broecker et al. 1973; Li
et al. 1979, 1980; Feely et al. 1980). An
important aspect of these studies is that only
total thorium isotopes in seawater are re-
ported; i.e. the thorium isotope content of
unfiltered samples. Hence, these residence
times represent a combination of the time
required for the uptake of dissolved thori-
um by the particulate matter with that for
the removal of the particulate thorium. Bhat
et al. (1969) assumed that essentially all
234Th in seawater was in particulate form,
whereas Matsumoto (1975) assumed par-
ticulate 2**Th to be an insignificant part of
the total 2**Th.

In this paper, we present several profiles
of 2*4Th in both dissolved and particulate
form, This allows a more informative scav-
enging model to be applied to the surface
euphotic layer. Since the decay of 238U
(which exists almost entirely in the dis-
solved form) produces dissolved 2**Th at a
constant rate, the observed dissolved and
particulate disequilibria can yield both the
rate of removal from dissolved to particu-
late form and the rate of removal of partic-
ulate 23*Th. The rate of dissolved thorium
removal onto particles appears to be a func-
tion of primary productivity or particle pro-
duction, whereas the mean life of the par-
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Table 1. Cruise designations and station locations.
Cruise designation RV

MLML Pit cruise-1 Acania

CC I cruise-1 Acania

CC III cruise-2 Scammon

CEROP 1 Wecoma

CEROP 11 Wecoma

MLML Pit cruise-2 Wecoma

CEROP III Wecoma

VERTEX I Wecoma

24 Aug-9 Sep 80

Date Location
31 Mar 77 36°42'N, 122°13'W
31 Mar 77 36°47'N, 122°10'W
8 May 77 36°47'N, 122°10'W
11-17 Nov 78 37°00'N, 124°12'W
9-16 Jul 78 36°52'N, 122°53'W
9-17 Dec 78 36°50'N, 123°00'W
2-20 Mar 79 35°59'N, 125°58'W

36°36'N, 123°48'W

ticles carrying 2**Th in the surface layer is
a function of particle removal processes such
as zooplankton grazing activity and the re-
sultant production of fecal pellets. The half-
life of #**Th is optimal to elucidate such
processes occurring in the euphotic zone on
time scales of one to hundreds of days and
the 234Th:23¥U disequilibrium can rapidly
respond to seasonal changes in the oceano-
graphic regime.

We thank the crew and officers of the RV
Scammon, Acania, and Wecoma, and S.
Johnson and R. Franks for their assistance
with the shipboard collection and radio-
chemical processing of these samples; we

also thank D. DeMaster for reviewing the
manuscript.

Sampling and analysis

Samples were collected within the Cali-
fornia Current off central California during
several different cruises. Cruise designa-
tions, dates, and locations are presented in
Table 1, and cruise locations are shown in
Fig. 1.

Seawater samples were collected with Tef-
lon-coated, 30-liter, General Oceanics Top
Drop or Go-Flo samplers. Upon surfacing,
the sampler was pressurized with filtered
nitrogen and seawater passed via Teflon
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tubing to a Teflon filter sandwich supporting
a preweighed 142-mm Nuclepore mem-
brane filter (0.3-um pore size). Filtrates were
collected in 20-liter Cubitainers and acidi-
fied with 50 ml of concentrated HCI. Filters
(from 55 to 110 liters of seawater) were fold-
ed and stored frozen until analysis. This
processing typically was completed within
30 min from the time the sampler reached
the surface.

Due to the short half-life of 234Th, rapid
separation from its 238U parent is necessary
to avoid significant “ingrowth” corrections.
After acidification, 20 dpm of 23°Th yield
tracer and 100 mg of Fe (as FeCl;) were
added to the dissolved samples. The sam-
ples were thoroughly mixed by bubbling with
filtered nitrogen for 60 min for spike equil-
ibration. Such vigorous mixing of filtered
seawater samples acidified to pH = 1.5 al-
lows spike equilibration to occur within 60
min. The pH was then adjusted to 8 by add-
ing NaOH, and the Fe(OH), precipitate
formed was further mixed for 60 min to
ensure efficient scavenging. The Cubitainers
were inverted and the precipitate allowed
to settle. The precipitate was drained and
collected on 47-mm glass-fiber filters. The
Fe(OH), was dissolved in 40 ml of 8 N HCl
and passed through an anion exchange col-
umn (AG 1 x 8, 100-200 mesh, 7.5 ml of
resin volume). The column efHuent and
rinses (four successive 5-ml portions of 8 N
HCI) containing the Th fraction were col-
lected in polybottles for return to UCSC;
the U and Fe remained on the column.

At UCSC, the 8 N HCl fraction was taken
to dryness. The residue was taken up in ~10
ml of 1.5 N HCl and passed through an
anion exchange column (AG 1 x 8, 100-
200 mesh, 5-ml resin volume) to separate
lead for subsequent 2'°Pb analysis. The col-
umn effluent and rinses containing the Th
fraction were taken to dryness, the residue
was taken up in ~10 ml 7.5 N HNO; and
passed through yet another anion exchange
column (AG 1 x 8, 100-200 mesh, 3-ml
resin volume). Under these conditions Th
adsorbs and the remaining salts are rinsed
from the column. Th is eluted with 25 ml
of 8 N HCI, taken to dryness, taken up in
2 N, pH 2.2 NH,CI solution, and electro-

Coale and Bruland

deposited on Pt planchets (Goldberg and
Koide 1962),

The particulate samples were dried at 55°C
for 48 h, weighed, and transferred to 40-ml
Teflon bombs for spiking and digestion (Eg-
gimann and Betzer 1976). The particulate
samples were taken to dryness, then pro-
cessed like the dissolved samples, except that
no 8 N HCl anion exchange column sepa-
ration was performed.

The samples were alpha-counted with sil-
icon surface barrier detectors to determine
the yield by the 23°Th activity. The plan-
chets were then mounted in a (Delrin) plan-
chet holder, covered with Mylar (6.6 mg
cm~2), and beta-counted using low back-
ground (0.1-0.2 cpm) anticoincidence, gas
flow beta detectors to determine their 2**Th
activity. The alpha detectors were calibrat-
ed with a set of plated 23°Th standards. The
plated 239Th standards yielded alpha detec-
tor efficiencies within 0.5% of those ob-
tained with NBS certified, plated 2**Pu and
21Am standards (corrected for the differ-
ence in source diameter, Wang et al. 1975).
The beta detectors were calibrated with
plated 238U standards with 234Th:234mPa in
secular equilibrium. A small correction was
applied for alpha particles penetrating the
Mylar and contributing to the apparent beta
activity (~0.002 cpm per alpha dpm). For
the dissolved and particulate samples, the
230Th spike added 0.03 cpm per sample. The
seawater samples analyzed required no sig-
nificant correction for any contribution to
the beta count rate from natural alpha-emit-
ting Th isotopes (i.e. 22Th). The resultant
234Th activity was yield-corrected and then
decay-corrected to the time of separation
and collection.

As a check on the accuracy and precision
of the determination of 2>4Th, we analyzed
four equilibrated deep water samples from
the central North Pacific by the techniques
described above (these samples had been
filtered and stored acidified for 1 year). Both
Turekian and Chan (1971) and Ku et al.
(1977) have shown uranium to have a con-
servative distribution in oceanic waters with
the uranium activity, 2°*U (dpm liter™!) =
0.07081 x S%o. Thus, the 23Th activity de-
termined in the equilibrated samples should
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Table 2. Accuracy and precision verification of the
234Th determination. “Old” equilibrated Hawaii-77 (sta.
17) filtered and acidified deep seawater samples.

ZJATht 23!U~f- . .
Depth Activity ratio
(m) (dpm liter™') AdnAy
1,000 2.383+0.006  2.348 1.015°
4,000 2.418+0.079  2.364 1.022¢
5,000 (A) 2.350+£0.087  2.363 0.9943
5,000 (B) 2.364+0.046  2.363 1.0003

X =1.008+0.013
mean precision

of individual
counts = 2.3%
(RSD)

* Each sample counted three times.
+ Based on U:salinity ratio of Ku et al. 1977.

equal the ***U activity calculated by the sa-
linity relationship. The results of this ex-
ercise are presented in Table 2. On the basis
of a single count, analogous to most sample
determinations, the precision is estimated
to be 2.3% (RSD). The four calibration sam-
ples were each counted three times and av-
eraged to obtain a relative precision of 1.3%.
The mean 23#Th:238U activity ratio of the
four samples was 1.008 + 0.013, in excel-
lent agreement with the expected equilib-
rium value.

A surface water scavenging model

Historically, studies of 2**Th in surface
seawater have involved the determination
of total 2*4Th:233U (or 228Th:228Ra) activity
ratios. Neglecting advection and diffusion
terms, the following equation has been used
to describe the change in total **Th activity
in surface waters with respect to time:

0A4*

_5Z—TE = Ayrm, —
where A4, is the activity of 238U, Ay, is the
decay constant of 234Th, A%, is the activity
of total 23*Th, and A, is a first-order scav-
enging rate constant for 234Th. The product
AyA, 1s equal to the rate of production of
234Th, the product A= A, is the rate of ra-
dioactive decay of 23*Th, and the product
A A, is the rate of 2>*Th removal by pro-
cesses other than radioactive decay. At
steady state

AP A — A ), (1)

and the mean life of the total >**Th. 7., in
the surface waters is
1 1/
A, (A /A m) — 1
However, if we determine both the dis-
solved and particulate fractions of 2**Th, we
can apply a more informative scavenging
model to the surface waters. Assuming ad-
vection and diffusion terms to be negligible,
we can express the rate of change in dis-
solved #*#Th activity by the equation

A%,
ot

where 49, is the dissolved 2**Th activity.
Since 238U exists as a dissolved species, its
decay will produce dissolved 2**Th at the
rate of A Ap,. 4%\, is the loss by radio-
active decay of dissolved 2**Th, whereas J.,
is the rate of removal of ***Th from the
dissolved to particulate form. Similarly for
the particulate 23*Th:

0AP
ot

where APy, is the activity of particulate >**Th.
Jrn 18 now a source term, AP Ay, Is the ra-
dioactive decay rate of particulate 2**Th, and
Py, is the rate at which 2**Th is transported
out of the surface layer by the particie flux.

Under steady state conditions the mean
residence time of dissolved **Th in the sur-
face layer with respect to removal onto par-
ticles is

Ty =

= Achp, — A — I (3)

=Ju - APA - Py, (4)

‘4dlh
']'I h
whereas the mean residence time of partic-

ulate 2**Th with respect to removal from
the surface layer is

Ty = . (5)

_4{)] h (6)
Ty = & .
! Plh
When both dissolved and particulate forms
of 234Th are present. the loss of 2**Th due
to radioactive decay on suspended particles
within the surface zone leads to 7, + 7, being
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Fig. 2. Vertical profiles of temperature, nitrate, particulate and dissolved 2**Th activity (4°r, and A49;,) for

VERTEX I and CEROP I, II, and III. 28U activity—O.

less than 7. For example, if A>1,: 4, = 0.5,
with A%.:4,;,=0.3 and A?p,:4y = 0.2,
then7s = 35 days, whereas 74 = 15 daysand
7, = 14 days (i.e. 74 + 7, = 29 days).

Results

Vertical profiles of dissolved and partic-
ulate 23*Th, nitrate (plus nitrite), and tem-
perature in the upper 500 m of the Califor-
nia Current during VERTEX I, CEROP 1,
11, and III are presented in Fig. 2. The tem-
perature and nitrate profiles delineate the
surface mixed layer and the location of the
major thermocline and nutricline. The ni-
trate profiles also indicate the extent of up-
welling; for example, the CEROP II station

has elevated nitrate levels in the surface:

mixed layer. Within the eutrophic and me-
sotrophic California Current the depth of
the photic zone (1% light level) is generally
within this surface layer.

At depths below 100 m, the total 23¢Th
was always near equilibrium with its parent,
238, and continued to be throughout the
rest of the deep water column. For depths
between 1,000 and 4,000 m, the mean 23*Th:

238 activity ratios for dissolved, particu-

late, and total thorium are 0.925 + 0.062,
0.065 £ 0.016, and 0.990 = 0.064, with the
average total 2>*Th within 1% of equilibri-
um with its parent 233U, This was expected
because Th is not removed from the deep
sea on time scales of less than a year. A
detailed discussion of deep water thorium
isotopes in both dissolved and particulate
forms has been presented elsewhere (Bacon
and Anderson 1982).

In contrast, marked deficiencies of both
dissolved and total 2>¢Th exist in the surface
layer. On MLML Pit cruises 1 and 2, as well
as CC III cruises 1 and 2 only near-surface
and mixed layer samples were taken. These
samples also show marked 23*Th deficien-
cies within the surface mixed layer.
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Fig. 2. Continued.

VERTEX I—During the 18 days of VER-
TEX I, there was a well mixed surface layer
down to 25 m, a slight decrease in temper-
ature to 45 m, and then a sharp thermocline
below 50 m (Fig. 2). The surface nitrate con-
centration averaged 0.3 uM. On the basis
of detailed primary productivity measure-
ments (Martin et al. 1984), the depth of the
photic zone is estimated to be 50 m with
an average integrated primary productivity
of 47 £ 7 mmol C m~2 d~'. This zone of
intense biogenic particle production in the
surface 50 m corresponds to the zone of
marked dissolved 2**Th deficiency (Fig. 2).
The activity ratio, 4%p,:4y;, within this sur-
face layer for three separate sampling pe-
riods during the 18 days, was relatively uni-
form at 0.33 + 0.06, implying steady state
conditions. Given this activity ratio, our
model implies a mean Th residence time in
the dissolved state with respect to removal
to particulate form of 17 days.

During VERTEX I there was a relatively
high concentration of suspended particles,
averaging 250 ug liter 7! in the surface layer.

This decreased rapidly through the ther-
mocline to values near 40 ug liter ! at 75
and 100 m. The net zooplankton abun-
dances were relatively low for the California
Current (Tuel and Knauer pers. comm.).
These observations imply a relatively low
zooplankton grazing activity. This is sub-
stantiated by the large amount of 2**Th in
the particulate form; 4°p,:4, = 0.23 + 0.09
in the surface layer. This observed ratio leads
to a mean residence time of particulate 23*Th
of 18 days.

CEROP I—-This 1-week sampling period
was characterized by a 50-m mixed layer
with relatively depleted nitrate levels av-
eraging 0.5 uM. In the surface layer, A%,:
Ay = 0.58 = 0.04 with no significant vari-
ation in 49, during the week. This activity
ratio yields a 74 of 47 days. The suspended
particle concentration averaged only 66 ug
liter™! in the surface layer, and APp,:Ay =
0.028 £+ 0.016. This low particulate 23*Th
activity yields a mean particulate 23*Th res-
idence time, 7,, of only 2.4 days.

An intense swarm of salps (mainly Salpa
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Susiformis and to a lesser extent Pegea socia)
was present in the California Current during
CEROP 1. Salp appearance correlated to the
surfacing of a strong deep scattering layer
observed with the ship’s PDR. Silver and
Bruland (1981) showed that the frequency
of various size classes of food items in fecal
pellets produced by these salps reflected the
sizes available in the water column, indi-
cating that the salps were indiscriminately
packaging the suspended particulate mate-
rial into large fecal pellets (even bacterial
size particles of the order of 0.2-2 um were
seen). The average sinking rates of the salp
fecal pellets were of the order of 1,000 m
day~!, with maximum sinking rates of 2,700
m day™! (Bruland and Silver 1981). The
short particulate 2**Th residence time of 2.4
days reported here and the low suspended
particulate load are consistent with intense
grazing and packaging activity by these an-
imals.

CEROP II—During this week-long pe-
riod, upwelling was occurring, with surface
nitrate values of 5-6 uM. There was also a
shallowing of the mixed layer to 20 m. This
was a more transient system with substan-
tial variation in dissolved 23*Th; the 4%,:
Ay =0.39 = 0.11 in the surface 50 m. This
vields a mean 74 of 22 days.

The net phytoplankton was dominated by
diatoms, the net zooplankton by copepods.
The average suspended particulate concen-
tration in the surface layer was 200 ug li-
ter~!. The A4Pp,:Ay = 0.12 £ 0.05 which
yields a mean 7, of 8 days.

CEROP III—-CEROP 111 provided a hor-
izontal transect across the low salinity Cal-
ifornia Current (sta. 1-3) and then, a week
later, the occupation of a station within the
current (sta. 12) for 1 week. The mean sur-
face activity ratios for the horizontal tran-
sect stations in the California Current were
A4y = 0.45 £ 0.10 and APpidy =
0.18 + 0.10. These ratios yield a mean 74
of 28 days and 1, of 17 days. At station 12,
where a detailed vertical profile was ob-
tained, the surface mixed layer was from 60
to 70 m deep with an average nitrate con-
centration of 3 uM. A9,:4y = 0.46 + 0.10,
yielding a mean 74 of 30 days, whereas 4Py:
Ay = 0.14 £ 0.09, yielding a mean 7, of 12
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days. The average suspended particulate
load was 115 pug liter.

MLML Pit, cruise-1—Near-surface sam-
ples were collected from a station 30 km off
Monterey Bay during a period of upwelling
and high primary productivity: 68 mmol C
m~2 d-! (Knauer et al. 1979). The surface
Adp:Ay; averaged 0.31, corresponding to a
dissolved 2**Th residence time of 15 days.

MLML Pit, cruise-2—Samples from this
cruise were collected from a station about
80 km off the Monterey Peninsula. The pri-
mary production was 57 £ 10 mmol C m—2
d-!overa 6-day period (Knauer and Martin
1981) with a 1% light level at 60 m. Mod-
eling of the dissolved 23*Th activity ratio,
Adp:Ay = 0.45 £ 0.04, required a 31-day
residence time for dissolved 23*Th with re-
spect to scavenging onto particles. APp:Ay =
0.095 + 0.005, indicating a particulate 2**Th
residence time of 8 days. The average sus-
pended particulate load was 210 ug liter—1.

CC III, cruise-1— At this coastal upwell-
ing station, only 20 km offshore, in the cen-
ter of Monterey Bay, the surface 4%,:4y
dropped to 0.19 yielding 74 of only 8 days.
The suspended particulate load was 600 ug
liter—'.

CC III, cruise-2—This station provided
one more example of a high-productivity
coastal upwelling region. CC III, cruise-2
was about 20 km from shore in the center
of Monterey Bay. A%,:4; = 0.14 = 0.06,
yielding a mean 74 of 5.7 days, while AP,
Ay = 0.27, yielding a mean 7, of 16 days.
An intense phytoplankton bloom was evi-
dent. The suspended particulate load in the
surface waters was of the order of 2,000 ug
liter! and was dominated by chain dia-
toms.

Discussion

Various studies have demonstrated a ten-
dency for the scavenging rate of thorium to
be greater in coastal surface waters than in
oceanic surface waters. This trend has been
‘accounted for by the increased concentra-
tion of suspended particles encountered as
the continental shelfis approached. Because
direct uptake at the sediment—water bound-
ary could also account for the decreased res-
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idence time in coastal or shelf waters, we
deliberately avoided nearshore shelf waters
with their large terrigenous particulate com-
ponent and, instead, chose as a study area
the California Current in which biological
processes are the predominant source of
particulate material.

Suspended particulate material in the sur-
face waters of the California Current is a
mixture of organisms ranging from pico-
plankton to macroplankton and of detritus,
primarily of biogenic origin. Rates of par-
ticle production in these waters are rela-
tively fast. Phytoplankton assimilates nu-
trients at rates equivalent to a doubling of
its biomass every 1-5 days (Eppley et al.
1983). Yet the particle flux due to sinking
of individual phytoplankters and detrital
particles is too slow (=1 m d!: Bienfang
1980) to account for a significant portion of
steady state particle removal. Herbivorous
copepods and gelatinous zooplankton, in the
course of grazing, can rapidly package this
material into fecal pellets (Dagg and Grill
1980; Madin 1974) with sinking rates from
100 to 1,000 m 47! (Komar et al. 1981;
Bruland and Silver 1981). In this way, par-
ticles are produced and removed from the
surface waters relatively quickly. We inter-
pret the scavenging and remaval of thorium
as a response responding to the intensity of
these biological processes.

In applying the surface water scavenging
model, we assume uniform production of
dissolved 2**Th, with essentially irreversible
scavenging of dissolved 2**Th onto sus-
pended (or fine) particulate material, fol-
lowed by particle packaging and subsequent
large particle removal. In the surface waters
of the California Current the scavenging of
dissolved 2**Th occurs on time scales of 1-
6 weeks. The suspended particulate 2**Th is
then packaged into rapidly sinking large
particles in about 1 week; this time scale is
too short for significant desorption to occur,
and the assumption of irreversible scaveng-
ing is valid to a first approximation. These
surface water conditions are markedly dif-
ferent from those in the deep sea, where fine
particles have residence times in the water
column of 5-10 years, and a reversible ex-
change model best explains the distribu-

tions of the three radiogenic thorium iso-
topes (***Th, >2*Th, ***Th) in dissolved and
particulate form (Nozaki et al. 1981; Bacon
and Anderson 1982). Bacon and Anderson
(1982) suggested that thorium isotopes in
the deep sea are repeatedly exchanged be-
tween seawater and particle surfaces during
the 5-10-year lifetime of the fine particles
in the deep sea. Their model indicated an
adsorption rate constant for thorium of
K., = | yr ! and a desorption rate constant
K_, = 3 yr '. Thorium would spend a mean
life of 4 months on suspended particles be-
fore reversible desorption back into solu-
tion. However, in surface waters of the Cal-
ifornia Current the bulk of the particulate
23¢Th would be removed by large particle
sedimentation rather than by desorption
back into solution. Thorium scavenging
rates calculated by **¥Th:**U and **Th:
228Ra disequilibria should be equivalent only
if the scavenging process 1s primarily irre-
versible. Limited results obtained from these
separate isotope pairs on the same unfiltered
surface samples yield similar scavenging
rates (Knauss et al. 1978; Kaufman et al.
1981). supporting this assumption.

A summary of the results from the Cah-
fornia Current over the temporal and spatial
scales sampled is presented in Table 3. The
mean life of dissolved thorium with respect
to particle removal, 74, varies by close to an
order of magnitude: from 6 days under high-
ly productive coastal upwelling conditions
(CC HI-1) to 47 days under less productive
conditions (CEROP I). Integrated primary
production for the surface photic zone was
determined by '*C uptake at VERTEX I and
MLML Pit cruise-2. For MLML Pit cruise-
1, Knauer et al. (1979) reported an estimate
of primary productivity. We have estimated
primary production at the other stations,
and the assigned values together with the
rationale used in these estimates are also
given in Table 3.

In Fig. 3 the calculated first-order scav-
enging rate constant (1/7,) for dissolved
234Th with respect to removal onto particles
is plotted vs. primary production. Within
the limits of the data, the scavenging rate
appears to be proportional to the primary
productivity. The lowest scavenging rate
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Table 3. Results and model calculated 74, 7, J1n, and Py, for various California Current surface waters.

234Th

Surface sediment Primary
layer Jn P trap flux productivity
Avg Ta Avg T Avg depth (mmol C
Adpy:Ay (days) APy Ay (days) Ag* (m) (dpm m-2d-' x 10-3) m-2d")
VERTEX 1 0.33+0.06 17 0.23+0.09 18 2359 50 2.3 1.5 0.8-2.1 477}
CEROP 1 0.58+0.04 47 0.028+0.016 24 2329 50 1.4 1.3 0.9 23+11%
CEROP 11 0.39+£0.11 22 0.12+0.05 8 2.380 50 2.1 1.7 2.0 68+34§
CEROEIII 0.46+0.10 30 0.14+0.09 12 2.346 65 2.4 1.7 1.3 23+11%
sta.
MLML Pit 0.31£0.01 15 - — 2398 50 23 — - ~68|
cruise-1
MLML Pit 0.47+£0.04 31 0.95+0.005 8 2.374 60 2.2 1.8 2.2 57+10%
cruise-2 -
CCIII 0.19+0.03 8 - - 2.394 35 2.0 - - 150£50#
cruise-1
CCIII 0.14%0.06 5.7 0.27 16 2.393 35 2.1 1.4 — 150+ 50#
cruise-2

* Calculated value, based on the U : salinity relationship of Ku et al. 1977 (units in dpm liter™!),

t Measured; Martin et al. 1984.

} Estimated; based on Ryther 1969, Knauer et al. (1979) assigned this value to coastal nonupwelling waters in this area. This is equivalent to the
values observed by Eppley et al. (1979) for this type of water ofl southern California. It is assigned a +50% error.

§ Estimated; based on Ryther 1969, Knauer et al. (1979) assigned this value to upwelling waters in this area. This is midrange for the values Eppley
et al. (1979) observed in similar waters off southern California. It is assigned a +50% error.

|| Estimated; Knauer et al. 1979.
1 Measured; Knauer and Martin 1981.

# Estimated; this value represents the range of primary production for intense coastal upwelling observed by Eppley et al. (1979) off southern California.

constant (0.021 d™!) corresponds to the low
productivity conditions (23 = 11 mmol C
m~2d!) observed at CEROP I during a time
of nutrient depletion and lack of upwelling,.
The highest scavenging rate constant (0.18
d™!) corresponds to the high productivity
conditions observed at CC III (150 % 50
mmol C m~2d~!). The line in Fig. 3 suggests
that the scavenging rate constant is roughly
equivalent to 1 x 1073 times the primary
production.

Eppley and Peterson (1979) estimated the
primary production rate of central gyre sur-
face waters to be of the order of 6 mmol C
m~-2d-!, The extrapolated estimate of a first-
order scavenging rate from Fig. 3 would be
of the order of 0.005 d~! or a mean life of
dissolved 234Th of roughly 200 days in oli-
gotrophic gyres. This estimate is in agree-
ment with earlier work in which total Th
isotopes were used to obtain estimates of
thorium residence times in open ocean sur-
face waters of the order of hundreds of days
and with our own observations in the sur-
face waters of the North and South Pacific
Gyre systems (Bruland and Coale in prep.).

Particle residence times

The mean life of the particulate 23*Th in
the surface waters of the California Current
ranged from 2.4 to 18 days. The low value
of 2.4 days coincided with a period of an
intense salp swarm in the California Cur-
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Fig. 3. Model-derived first-order dissolved ?**Th
scavenging rate constant vs. primary production.
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Table 4. Production terms and fluxes for the 6-day
study on MLML Pit cruise-2. The errors are those
associated with daily variations at the sediment trap
site.

Primary productivity* 57+10
(mmol Cm=—2d)

New productivityt
(mmol Cm2d)

Sediment trap flux*
(mmol C m=2d-Y)

(60 m)
26.5+9.6 (60 m)

12.6-18 (65 m)

Sediment trap mass flux* 1.34 (65 m)
(gm2d™)
Sediment trap flux of 2*4Th 2.2x10% (65 m)
(dpm m=2d)
Py, model calculated flux of 2*Th 1.8 x10% (60 m)
(dpm m—=2d-")

* Knauer and Martin 1981.
1 Eppley et al. 1983.

rent. Salps and doliolids are periodically the
dominant zooplankton in these waters and
salps can swarm at densities of 700-4,200
individuals m~2, with the populations cov-
ering 200,000 to 450,000 km? for a period
of at least several months (Berner 1967). If,
for example, we chose a value of 1,000 ind
m~? as representative of the CEROP I salp
swarm, a conservative filtration rate of 1
liter h ! for an individual salp (Madin 1974;
Harbison and Gilmer 1976) leads to a 50-m
surface layer being completely filtered once
every 2 days. This estimate is consistent
with the observed removal rate of particu-
late thorium. In addition, in sediment trap
material collected at 58 and 580 m at the
CEROP I site >90 percent of the mass flux
was composed of fecal pellets from these
animals. In contrast to the salp-dominated
CEROP 1 cruise, VERTEX I in the same
general area was conspicuously devoid of
salps or other macrozooplankton. Amor-
phous organic detritus dominated the sed-
iment trap contents at all depths during this
period (Martin et al. 1984) and fluxes of
elliptical and cylindrical fecal pellets, as de-
termined by surface layer sediment trap
counts, were 19 and 37 times lower during
VERTEX I than for other times in the same
area (M. Tuel pers. comm.). These obser-
vations are consistent with a lower zoo-
plankton grazing pressure. The relatively
long particle residence time of 18 days fits
with this low grazing pressure.

Table 5. Residence times of particulate phases for
the 6-day study on MLML Pit cruise-2.

Mixed

depth

layer

Residence time of Days {m)

Total particles (from suspended

particulate load and trap flux) 9.3 65
Particulate 2**Th, 7, (from model) 8 60
Particulate **Th, 7, (from trap flux) 6.5 65
POC, 7poc (from new production) 13 60
POC, 7poc (from sediment traps) 19-28 65

POC turnover time (from regen-

erated production) 15 60
POC loss with respect to sinking

loss and regeneration (from

total production) 7 60

Eppley et al. (1983) suggested that new
production and sinking of organic particles
are coupled and that it is possible to cal-
culate the residence time of organic particles
and their recycling time via consumption
and decomposition in the surface layer. The
MLML Pit cruise-2 is one of the sites to
which Eppley and coworkers have applied
their model. Table 4 presents the various
production terms and fluxes determined
during this 6-day study. Table 5 presents
the residence times within the surface zone
of the different particulate phases with re-
spect to their inputs or outputs. The resi-
dence time of POC is estimated as either
the quotient (POC concentration)/(new pro-
duction rate) or as the quotient (POC con-
centration)/(sediment trap flux). The rate of
POC turnover is estimated as the quotient
(POC concentration)/(regenerated produc-
tion rate) where regenerated production =
(total — new production).

The residence time of particulate 234Th at
this site is 6.5 days calculated from the sed-
iment trap flux or 8 days from the water
column 2**Th disequilibria model. These
values are only half of the residence time of
POC with respect to new production or of
the turnover time of POC. However, if we
calculate the residence time of POC with
respect to total productivity (i.e. new plus
regenerated production), we get a value of
7 days. This is similar to that observed for
particulate >**Th and is consistent with the
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greater degree of recycling of organic carbon
than of particulate 234Th, which does not
appear to be appreciably regenerated within
the surface layer. The residence time of total
particles in the surface zone as measured by
suspended particulate load relative to the
measured trap flux is intermediate between
the 234Th and POC-derived flux estimates,
since the “total” particles include both or-
ganic matter and more refractory phases
such as biogenic opal, calcium carbonate,
etc.

Jrw and Py,

Our estimates for J1y,, the rate of removal
of dissolved 22*Th to particulate form in the
surface zone, vary from 1.4 to 2.3 x 10°
dpm m~2 d-!. Py, the rate at which 234Th
is transported out of the surface layer by
particle flux, varies from 1.3 to 1.8 x 10°
dpm m~2 d-! (these values are 40-60% of
the dissolved 23*Th production rate from
238 decay in the surface layer). During
VERTEX 1, Jp, was 2.27 x 103 dpm m™2
d~! whereas P, was 1.50 x 103. In this case
339% of the initial dissolved 234Th produced
was lost by radioactive decay during its life
in the dissolved form, with 67% removed
to the particulate form; 34% of the 2**Th
scavenged to the suspended particulate form
was then lost by radioactive decay during
the 18-day mean life of the particles before
their transport out of the surface layer. Thus,
44% of the dissolved 23*Th produced in the
surface water was removed from the surface
zone by particulate transport. During CER-
OPI1, J, wasonly 1.41 x 10°dpm m—2d™!
and P;, was 1.31 x 103. In this case, with
efficient filtering and packaging by the salps,
only 7% of the 23*Th scavenged onto par-
ticles was lost by radioactive decay before
it was removed from the surface layer.

The model-derived P, values can be
compared with direct measurements of the
particulate flux of 2**Th from sediment trap
collections located beneath the surface zone
of intense scavenging and packaging activ-
ity. Available water column and sediment
trap data are compared in Table 3. In gen-
eral, the two approaches agree within 20—
40%. This agreement puts an added degree
of confidence on both the 2**Th model ap-
proach and the sediment trap studies.

The Py, valuesof 1.3-1.8 x 103dpm m—2
d-! are orders of magnitude greater than
those of any other radionuclide. As an ex-
ample, activities of 2**Th on particles col-
lected at the base of the euphotic zone dur-
ing the MLML Pit cruise-2 were 1,600 dpm
g, compared to 38 for 2'°Pb and 48 for
210pg, Activities of other thorium or ura-
nium isotopes were no more than a few dpm
g~ ! at most.

Conclusions

The naturally occurring radiogenic pair
234Th:238U is a powerful tracer of scavenging
and particulate transport processes occur-
ring in oceanic surface waters. By modeling
the 234Th:238U disequilibrium in dissolved
and particulate phases, we were able to de-
termine scavenging rates and particulate
234Th residence times and draw the follow-
ing conclusions.

The first-order scavenging rate constant
of thorium from dissolved to particulate
phase varies as a function of primary pro-
ductivity from 0.005 d-! in oligotrophic
gyres to ~0.2 d~! in areas of high primary
production. These scavenging rate con-
stants correspond to 74 of 200 to 5 days.

The residence time of the particles is a
function of grazing pressure by herbivorous
zooplankton and varies from ~2 days under
intense grazing by gelatinous zooplankton
to ~20 days where zooplankton popula-
tions are relatively sparse.

Model-derived estimates of particulate
thorium fluxes can be made. These esti-
mates agree to within 20—40% with partic-
ulate thorium fluxes measured directly with
sediment traps located beneath the surface
euphotic zone.
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