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Protactinium-231 and Thorium-230
Abundances and High Scavenging
Rates in the Western Arctic Ocean

Henrietta N. Edmonds,* S. Bradley Moran, John A. Hoff,t
John N. Smith, R. Lawrence Edwards

The Canadian Basin of the Arctic Ocean, largely ice covered and isolated from deep
contact with the more dynamic Eurasian Basin by the Lomonosov Ridge, has historically
been considered an area of low productivity and particle flux and sluggish circulation.
High-sensitivity mass-spectrometric measurements of the naturally occurring radionu-
clides protactinium-231 and thorium-230 in the deep Canada Basin and on the adjacent
shelf indicate high particle fluxes and scavenging rates in this region. The thorium-232
data suggest that offshore advection of particulate material from the shelves contributes

to scavenging of reactive materials in areas of permanent ice cover.

Both 2'Pa [half-life (ty,) = 32,800 years]
and 2*°Th (t,;, = 75,400 years), which are
produced at a constant ratio (24.5, atom/
atom) throughout the oceans by the decay
of 22°U and #**U, respectively, are removed
to sediments on a time scale of decades and
are useful for investigating scavenging and
sedimentation processes. Protactinium-231
has a longer residence time than 2*°Th in
seawater, ~100 compared with ~20 years,
and thus is distributed to a larger extent by
mixing and advection before removal (-
4). The finding of a general pattern of
greater Pa removal at ocean margins and
other areas of high particle flux inspired
efforts to use sedimentary 2>°Th/?*'Pa rec-
ords to reconstruct paleoproductivity (5).
Studies have demonstrated that ventilation
age (4, 6, 7) and particle composition (8)
also affect the distribution and removal of
these isotopes, complicating the interpreta-
tion of their modern and paleoceanographic
distributions, yet offering the possibility of
using them to study ventilation as well as
scavenging processes.

The imprint of boundary scavenging on
the distribution of 23!'Pa and #*°Th may be
pronounced in the Arctic Ocean because it
has the greatest proportion of shelf area
(~30%) of any ocean, and the shelves are
seasonally ice free, whereas the deep basins
are mostly perennially ice covered. The
large resulting spatial and seasonal contrasts
in productivity and particle flux in the Arc-
tic affect geochemical cycling, including
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the removal of carbon to deep waters, the
accumulation of particle-reactive species
(including contaminants), and the export
of these species to the Atlantic. The shelves
are also sites of intermediate- and deep-
water formation (9, 10), though data are
scarce for the western Arctic (11). Before
icebreaker expeditions, the Canada Basin
was studied largely from isolated ice camps.
Earlier studies of Th isotopes and **'Pa in
the open Arctic Ocean (12-14) have sug-
gested that scavenging rates are extremely
low in the western Arctic (Makarov and
Canada basins) and higher, comparable to
other oceans, in the Eurasian basins.

We collected unfiltered seawater sam-
ples in 1995 from two stations in the Beau-
fort Sea, one on the shelf, one in the ice-
covered deep basin, aboard the icebreaker
CCGS Louis S. St. Laurent. We used ther-
mal ionization mass spectrometry (TIMS)
to measure *>°Th, 2>¢Th (7, 15), and **'Pa
(**'Pa has not previously been measured by
TIMS in seawater) (16). For all three iso-
topes, TIMS offers significant improvement
in sample size (100- to 1000-fold), measure-
ment precision (roughly 5 to 10% versus 20

to 40%), and measurement time (hours ver-
sus weeks) over radiochemical (alpha-
counting) techniques.

The ?*°Th and **'Pa concentrations at
the deep station (Fig. 1) increase nearly
linearly with depth. This is typical of 2*°Th
profiles and is predicted by one-dimensional
reversible exchange models (17, 18). In
contrast, the few studies of water column
21Pa have shown that concentrations typ-
ically are near constant below 1000 m (6, 8,
12, 14, 19). This has been attributed to the
long scavenging residence time of 2*!Pa,
allowing horizontal redistribution. Our data
show that this is not the case in the western
Arctic, and that vertical (scavenging) pro-
cesses dominate here. The average **°Th
and 2*'Pa residence times calculated for the
deep waters (>900 m) at station AOI1 are
17 and 110 years, respectively, similar to
other ocean basins.

These data contrast sharply with the
only other 2*°Th and #*!Pa profiles from the
Canada Basin, at the CESAR Ice Station
on the Alpha Ridge (12). At CESAR,
where the water depth was 1600 m, total
239Th concentrations were >20 fg per kilo-
gram of seawater at 1500 m, almost four
times as high as at station AOI, and the
average deep-water Th residence time was
~40 years, consistent with the hypothesis
that there is very little particle flux in the
ice-covered Arctic. Concentrations of >*'Pa
at CESAR were more than twice those
found at similar depths at Station AO1. A
clue to these differences may be found in
the 23’Th data.

Thorium-232 (t,, = 1.4 X 10'® years) is
delivered to the oceans from the continents
largely in riverine and air-borne particles
(20, 21), and its concentration accordingly
decreases from the shelf offshore and from
surface to deep waters (Fig. 1). Although
station AQOL is located in an area of perma-
nent ice cover, as was the CESAR station,
surface-water >*Th concentrations (180 to
200 pg/kg) are much higher than those at
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Fig. 1. Vertical profiles of total (dissolved plus particulate) 23'Pa, 2%9Th, and 2%?Th, measured by TIMS,
and the ratios ?3°Th/?3"Pa and 23°Th/23?Th, at stations AO1 (72°32.5'N, 143°49.8'W, 3500 m) and
AM10 (70°28.7'N, 136°565.8'W, 770 m) in the Canada Basin (76). Error bars (20) represent the
maximum of counting statistics or run statistics, and are generally smaller than the symbols. A table of
the isotope data is available at www.sciencemag.org/feature/data/976851.shl.
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the Alpha Ridge [<100 pg/kg (12)]. In
addition, the #3°Th/#?Th ratios in the sur-
face waters are only slightly higher than
typical crustal values (22), suggesting that
much of the 2°Th as well as 2*?Th in the
upper waters is detrital in origin. The tem-
perature and salinity structure in the upper
water column at station AO1 is identical to
that at station AM10, consistent with rapid
communication of these waters. Shelf par-
ticulate material advected offshore may
therefore enhance scavenging rates and re-
active element fluxes hundreds of kilome-
ters from the ice edge.

Aside from the surface water data, the
20T and #*'Pa data at station AOI are fit
well by a scavenging model (17, 18) with
particle concentrations and settling rates
typical of other ocean basins (Fig. 2). The
good fit of this model is consistent with
the suggestion that vertical scavenging is
the dominant process affecting both 2*°Th
and 2*!Pa at station AO1, and that it is as
efficient in this area of the Canada Basin
as in most of the world’s oceans. Incorpo-
rating ventilation along with scavenging
(6) has only a small effect on the model
profiles, because radiocarbon-based esti-
mates for the age of Canada Basin Deep
Water (CBDW) (23, 24) are 5 and 25
times the scavenging residence times of Pa
and Th, respectively. Although our 2*°Th
and 2>!Pa data are consistent with this age,
the similarity between model profiles for
scavenging alone and scavenging with
mixing on this time scale means that the
29Th and #'Pa data cannot be used to
constrain the age of CBDW.

Despite the consistency of the model Pa

Fig. 2. Model curves for total A
230Th (A) and 23"Pa (B) in the 0 5
deep Canada Basin based on
scavenging alone (models 1 and
2) and scavenging plus ventila-
tion (models 3 and 4), shown
with the 2%9Th and 23'Pa data
from station AO1. Models 1 and
2 are based on the reversible
exchange model (17, 18, 28), in
which the adjustable parame-
ters are the average settling rate
of particulate material (S) and
the concentration of suspended
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profiles with slow ventilation of CBDW,
our finding of a linear 2*'Pa profile at sta-
tion AOI is puzzling. In the North Pacific,
where deep waters are even older and the
basin wider, horizontal mixing allows ex-
change of deep waters with waters at the
margins on a time scale comparable to the
scavenging residence time of Pa (25), and
231Pa concentrations below 1000 m level off
or decrease with depth (19). Thus, the ob-
servations at station AO1 may indicate that
horizontal mixing as well as ventilation is
slow in the deep Canada Basin. This may
bolster the suggestion of Macdonald and
Carmack (24) that CBDW is a relict, stag-
nant water mass last ventilated ~500 years
ago, rather than a water mass that is con-
tinually, albeit slowly, renewed (23). Above
the CBDW, both the curvature of the
CESAR profiles (12) and the suggestion of
a change in slope of the AOI profiles at
~1500 m (Fig. 1), near the sill depth of the
Lomonosov Ridge, indicate that mixing is
more rapid in intermediate waters.

Finally, although the differences in 2*°Th
and #'Pa concentrations in the southern

Beaufort Sea and at the Alpha Ridge dem--

onstrate that there are wide variations in
scavenging intensity in the Canada Basin as
well as between the Canada and Eurasian
basins, water column 23°Th/?*!Pa ratios at
these stations provide no evidence for large-
scale fractionation of the two nuclides in the
Arctic [see also (14)]. Recent work has dem-
onstrated that particle composition plays a
key role in the large-scale oceanic fraction-
ation of Th and Pa (8). If this is the case, and
a primary source of particles to the interior
Arctic basins is by advection from the
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particulate material (SPM). For model curve 1, values of S = 1000 m/year and SPM = 10 pg/liter were
used, whereas in model 2, the values used were S = 500 m/year and SPM = 20 pg/liter. The
solid/solution partition coefficients (K's) used were 1.7 X 107 ml/g for Thand 2 X 108 ml/g for Pa. Model
curves 3 and 4 are based on a mixing-scavenging model (6), in which the adjusted parameters are 7,,,,
the water renewal time, and T, the scavenging residence time of Th or Pa. For simplicity, it is assumed
that the entire water column is renewed with the same water mass at the same rate, in this case shelf
water (the concentrations chosen were the average concentrations observed at station AM10), with a
water renewal time of 500 years (23, 24). For model curve 3, the average Th and Pa residence times as
determined from the AO1 data below 900 m were used for t: 17 and 110 years, respectively. For model
curve 4, ashorter , for Th of 12 years, which is on the lower end of those determined from the data, was
used. The poor match between the curves and the surface water Th data results in part from the
absence in the models of vertical mixing and of rapid lateral advection of upper waters between the
shelves and basin. The importance of the latter is apparent from the 232Th data.
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shelves, as indicated by the 2>*Th data, frac-
tionation of Th and Pa might be less than
hypothesized from the variation in particle
fluxes alone.
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Is GRO J1744-28 a Strange Star?
K. S. Cheng,* Z. G. Dai, D. M. Wei, T. Lu

The unusual hard x-ray burster GRO J1744-28 recently discovered by the Compton
Gamma-Ray Observatory can be modeled as a strange star with a dipolar magnetic field
of =10"" gauss. According to this model, when the accreted mass of the star exceeds
some critical mass, its crust breaks, resulting in the conversion of the accreted matter
into strange matter and a release of energy. Subsequently, a fireball forms and expands
relativistically outward. The expanding fireball interacts with the surrounding interstellar
medium, causing its kinetic energy to be radiated in shock waves and producing a burst
of x-ray radiation. The burst energy, duration, interval, and spectrum derived from such
a model are consistent with the observations of GRO J1744-28.

GroO J1744-28 is a previously unknown
type of x-ray transient source that was dis-
covered on 2 December 1995 by the Burst
and Transient Source Experiment (BATSE)
on the Compton Gamma-Ray Observatory
(GRO) (1). The bursts were detected up to
energies of ~75 keV with intervals between
bursts of ~200 s initially. After 2 days, the
burst rate dropped to ~1 per hour (2). How-
ever, by 15 January 1996 the burst rate had
increased to ~40 per day. The burst dura-
tions were ~10 s. The burst fluences (25 to
60 keV) ranged from 1.7 X 1077 to 6.8 X
1077 ergs cm™?; the average fluence S = 2.7
(£0.9) X 1077 ergs cm~*. The position of
the source is near the galactic center. For a
distance of ~7.5 kpc, the average peak lu-
minosity was ~2 X 103 ergs s~ !, with a flux
of ~3 X 10 %rgs cm 2 s~ L.

Analysis of the BATSE data indicated
that the source is a binary pulsar with a
pulsation period of 0.467 s, a companion
with a mass of 0.22 to 1.0 M, (where M is
the mass of the sun) and a binary orbital
period of 11.8 days (3). Because the x-ray
mass function is small (~1.31 X 1074 Mp),
the system must be nearly face-on to an
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observer from Earth, with an inclination
angle of ~18° (3-5). Furthermore, for the
measured rotation period derivative to be
consistent with standard accretion torque
theory (6), the persistent luminosity of the
source at its peak should be close to the
Eddington limit (4) and the surface dipole
magnetic field of the pulsar should be
=10'"" G (3-5). From the observed pulsed
fraction and the pulsar’s x-ray spectrum, the
strength of the local surface magnetic field
is estimated to be several teragauss (4). In
addition, the proportional counter array
(PCA) experiment (2 to 60 keV) on the
Rossi X-ray Timing Explorer (RXTE) (7)
had detected GRO J1744-28 during the
period 18 January to 10 May 1996. The
observations showed that after the earlier
large bursts, the flux dipped below the pre-
burst level by as much as 25 to 30% and
then made a slow quasi-exponential recov-
ery back toward the preburst level. The
observed recovery period lasted up to
~1000 s for some bursts, but most bursts
recovered in a few hundred seconds.

The properties of the hard x-ray bursts
(HXRBs) from GRO J1744-28 differ from
those of other known high-energy bursts—
x-ray bursts, soft y-ray bursts, and +y-ray
bursts. First, the HXRBs are probably not
type I x-ray bursts (8). Thus, thermonuclear
flashes in matter accreted onto the surface
of a neutron star may not produce HXRBs.
Second, the durations of the HXRBs are
several hundred times those of the three
soft y-ray repeaters, even though these two
kinds of bursts have similar repeat times and
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spectra. Third, the HXRBs are different
from +-ray bursts, because y-ray bursts do
not have fast repeat times and their spectra
are much harder. On the other hand, the
repeat times and spectra of the HXRBs are
somewhat similar to those of type Il x-ray
bursts from the rapid burster (2, 8). This
suggests that some accretion instability may
be a mechanism for producing HXRBs.
Cannizzo (9) studied the global, time-de-
pendent evolution of the Lightman-Eardley
instability, which might account for some
observational features of the HXRBs. Here,
we propose an alternative model in which a
strange star accretes matter from its low-
mass companion.

Strange matter (bulk quark matter) is
conjectured to be more stable than had-
ronic matter (10). The existence of strange
matter is allowable within uncertainties in-
herent in a strong-interaction calculation
(11); thus, strange stars may exist in the
universe. Strange stars have crusts with
masses of ~107°Mg, (12). However, the
postglitch behavior of pulsars can be de-
scribed by the neutron-superfluid vortex
creep theory (13), which requires a crustal
mass of =107°Mg,. The conversion of a
neutron star to a strange star may require
the formation of a strange matter seed,
which is produced through the deconfine-
ment of neutron matter at a density of ~7
to 9 py (where p, is the nuclear matter
density), much larger than the central den-
sity of a 1.4Mg, neutron star with a moder-
ately stiff to stiff equation of state (14).
These two features suggest that strange stars
may be formed in low-mass x-ray binaries
(15) because when the neutron star in a
low-mass x-ray binary accretes sufficient
mass (perhaps =0.4M), its central density
can reach the deconfinement density and
the whole star will then undergo a phase
transition to become a strange star. The
phase transition from nuclear matter to
strange matter under the condition of con-
served charge rather than constant pressure
may occur at a density as low as 2 to 3 p,
(16). If so, strange stars may be formed
during the evolution of protoneutron stars
(17). Some arguments against the existence
of strange stars should be kept in mind; for
example, the disruption of a single strange
star may contaminate the entire galaxy, and
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