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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. 

B o t h  '31Pa [half-llfe (t,, ') = 32,83L1 years] 
and 23"11 ( t l , :  = 75,400 pears), n~hich are 
proLluceil at a constant ratio (24.5, atom/ 
atom) throughout the oceans hy the decay 
of '35-U and "+U, respectively, are removed 
to seiliments on a tlme scale of decades and 
are useful for investigating scavenging ancl 
sedimentation orocesses. Protactin~um-23 1 
has a longer reslilence time than '3'T11 in 
sean-ater. -133 compareil nit11 -20 \-ears, 
and thu? is distributed to a larger extent by 
mislng ancl advection hefore removal ( I  - 
4).  The f lnd~ng of a general pattern of 
greater Pa removal at ocean rnargins anil 
other areas of h ~ g h  particle tlux inspireLl 
efforts to use seilimentarv "'7Th!'31Pa rec- 
ords to reconstruct paleoproductivlty (5) .  
Studies have Llernonstrated that ventilation 
age (4 ,  6 ,  7) and partlcle composition (8)  
also affect the distrlbut~on and removal of 
these isotopes, complicating the interpreta- 
tlon of their ~llodern and paleoceanographlc 
Lllstrlbutions, yet offering the possibility of 
using them to st~ldp ventilation as 11-ell as 
scavenging processes. 

The imprint of bounilary scavenging on 
the distribution of '31Pa and 23'7Th nlav be 
pronounced in the Arctic Ocean because it 
has the greatest proportloll of shelf area 
(-3C0b) of any ocean, and the she11,es are 
seasonally ice free, ahereas the Jeep basins 
are mostly perennially Ice coverecl. The 
large resulting spatial and seasonal contrasts 
in productivity and particle flus in the Arc- 
tic affect geoche11iical cycling, inclucling 
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the removal of carbon to deep n-aters, the 
accumulation of oarticle-reactive species 

(including contaminants), and the export 
of these species to the Atlantic. The shel\-es 
are also sites of intermeiliate- and deep- 
ivater formatlon ( 9 ,  13), though data are 
scarce for the nzestern Arctlc ( 1  1 ) .  Before 
icebreaker ex~7editions, the Canada Bas111 
nas studied largely from isolated Ice camps. 
Earller studies of Th isotopes anil '"Pa in 
the open Arctic Ocean (12-14) have sug- 
gestecl that scavenging rates are ex t remel~  
lo\\ in the nestern Arctic (bfakarov and 
Canada baslns) anil higher, comparable to 
other oceans, in the Eurasian basins. 

We collected unfiltereLl seawater Sam- 
ples in 1995 from tnzo stations in the Beau- 
fort Sea, one on the shelf, one 111 the ice- 
covered deep hasin, aboard the icebreaker 
CCGS LOLLIS S. St. Lati~mr. We used ther- 
mal ionization Illass spectrometry (TILLS) 
to llleasure '3'T11, '3'T11 (7 ,  15), and "'Pa 
('"Pa has not previously been meas~lred hp 
TIhIS in seawater) (16). For all three iso- 
topes, TIMS offers signlficanr improvement 
in sample sire (133- to 1L133-fold), measure- 
lllent precision (roughly 5 to 1096 versus 2L1 

to 409.0). and measurement time (hours ver- 
sus \veeks) over radioche11ilcal (alpha- 
counting) techniques. 

The ""Th and '31Pa concentrations at 
the deep station (Fig. 1 )  Increase nearly 
linearly ~v i th  depth. This 1s typical of '3"h 
profiles and is predicted hy one-dimensional 
reversible exchange 11iodels (17,  18). In 
contrast, the few studies of water column 
'"Pa have sho~vn that concentrations typ- 
lcally are near constant belo\?. 1L133 111 (6 ,  8 ,  
12. 14.  19) .  This has been attributed to the 
long scavenging residence time of '31Pa, 
a l l o ~ v i n ~  11ori:ontal redistribution. Our Llata 

d 

show that this 1s not the case in the western 
Arctic, and that vertlcal (scavenging) pro- 
cesses do~ninate here. The average " T h  
and "'Pa residence tilnes calculateil for the 
deep naters (>900 m) at stxtion A 0 1  are 
1; and 113 years, respectively, similar to 
other ocean llasins. 

These Llata contrast sharply with the 
only other 'j3Th and L3'Pa proflles from the 
Canada Basin, at the CESAR Ice Statlo11 
on  the Alpha Ridge ( I  2 ) .  At  CESAR, 
\\.here the n.,iter deoth \vas 1600 in, total . ,  
-'.TI1 concentrations were >20 fg per kilo- 
gram of sea\vater at 1533 m, almost four 
tilnes as high as at station A 0 1 ,  and the 
average deep-water Th residence time \?.as 
-43 years, consistent lvith the hypothesis 
that there is very little part~cle flux in the 
~ce-covered Arctic. Concentrations of '3'Pa 
at CESAR were more than twice those 
found at similar iiepths at Station A 0 1 .  .A 
clue to these differences may be found in 
the 23'T11 data. 

Thorium-232 (t,,,  = 1.4 X 1O1"yers) is 
ilellvereil to the oceans from the continents 
largely In riverlne and air-liorne particles 
(22,  21 ), anLl ~ t s  concentration accordingly 
ilecre,lses from the shelf offshore ancl from 
surface to Jeep waters (Fig. 1) .  Although 
station A 0 1  is locateil In an area of perma- 
nent ice cover, as was the CESAR station. 
surface-water '32T11 concentrations (190 to 
200 pg/kg) are much higher than those at 
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Fig. 1. Vel ica profiles of total (dssoved pus  paliicuate) "IPa, '"Th, and '"Th, measured by TIMS 
and the ratios B"h/2mPa and 2sTh;2"Tt1, at statons A01  (72"32,5'N, 143"49.8'W, 3500 m) and 
AM10 (70°28 7'N. 136"55.8'W, 770 m) in the Canada Bas~n (16). Error bars ( 2 ~ ~ 1  represent the 
maximum of counttig statstcs or rut? statstcs, and are generally smaller than the symbols A table of 
the sotope data is a \~a labe at vi~vivi.sc~encemag.org:feature;data~976851 .shl 
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the  Alpha Riclge [<I00 pg/kg (12)l .  In  
addition, the  l3"hP'Th ratios in  the  sur- 
face waters are only sllghtly higher than 
typical crustal values (22) ,  suggesting that 
much of the  23"h as \yell as '3'Th in  the  
upper ivaters is detrital in or~gin.  T h e  tern- 
perature ancl salin~ty structure 111 the  upper 
water column at station A 0 1  1s Identical to 
that a t  station AM10, consistent wlth rapid 
communication of these Ivaters. Shelf par- 
ticulate material advectecl offshore may 
therefore enhance scaven~ine  rates and re- 

'7 - 
active element fluxes hundreds of kilome- 
ters from the  Ice edge. 

Aside from the surface water data, the 
23Vh and '31Pa data at station A 0 1  are fit 
well by a scavenging model (1 7, 18) with 
particle concentrations and  settling rates 
typical of other ocean basins (Fig. 2 ) .  T h e  
good fit of this model is consistent with 
the  suggestion tha t  vertlcal scavenglng is 
the  dominant process affecting both  130Th 
and  '3'Pa a t  station A 0 1 ,  and  tha t  i t  1s as 
efficient in this area of the  Canada Bas111 
as 111 most of the  \vorlcl's oceans. Incorpo- 
rating ven t i l a t~on  along \?>it11 scavenging 
(6 )  has only a small effect o n  the  model 
profiles, because radiocarholl-based esti- 
mates for the  age of Canacla Basm Deep 
Water  ( C B D W )  (23 .  24)  are 5 and  25 
times the  scavenging residence times of Pa 
and Th, respectively. Although our '3"h 
and '31Pa clata are consistent Ivith t h ~ s  age. 
the  similarity between model profiles for 
scavenging alone and scavenging Ivith 
mlxing o n  this time scale means that  the  
'3"h and '31Pa clata cannot  be usecl to 
constrain the  age of CBD\&'. 

Despite the consistency of the  model Pa 

profiles with slow ventilation of CBDW, 
our finding of a linear 231Pa profile a t  sta- 
tion A 0 1  is puzzling. In  the North  Pacific. 
lvhere deep waters are even older and the 
hasin wider, horizontal m ~ x i n g  allo\vs ex- 
change of deep Ivaters with waters a t  the 
margins o n  a time scale comparable to the 
scavenglng residence time of Pa (25), ancl 
231Pa concentrations below 1000 m level off 
or decrease Ivith depth (19) .  Thus, the ob- 
servations a t  station A 0 1  may indicate that 
horizontal mixing as \yell as ventilation is 
slo~v in  the deep Canada Basin. This may 
bolster the  suggestion of hlacdonald and 
Carmack (24)  that CBD\&' is a r e l~c t ,  stag- 
nant  water mass last ventilated -533 years 
ago, rather than  a water mass that  is con- 
tinually, albeit slowly, reneived (23).  Ahove 
the  CBDW, both the  curvature of the  
CESAR profiles ( 1  2 )  and the suggestLon of 
a change In slope of the  A 0 1  profiles a t  
-1500 111 (Fig. I ) ,  near the  sill clepth of the  
Lomonosov Ridge, indicate that mixing is 
more rapld in  intermediate lvaters. 

Finally, although the differences in 23"h 
and '31Pa concentrations in the southern 
Beaufort Sea and a t  the Alpha Ridge dem- 
onstrate that there are \vde variations in 
scavenging intensity in the Canacla Basin as 
\yell as het\veen the Canada and Euras~an 
basins, \later column '3Vh/231Pa ratios a t  
these stations provide n o  evidence for large- 
scale fractionatlon of the t ~ v o  nuclides in the 
Arctic [see also (14)]. Recent \?ark has dem- 
onstrateel that partlcle 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 interlor 
Arctic basins is by advection from the 

Fig. 2. Model curves for total 
A 0 
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230Th (A) and 231Pa (B) in the 
deep Canada Basin based on 
scavenging alone (models 1 and 
2) and scavenging plus ventia- 
tion with from (models the station 230Th A01.  3 and and Models 231Pa 4), shown 1 data and El500 g 500K .. ' , \  \ \ - L : o o ~ O  E 1500 

a 
2 are based on the reversible 8 .,. , \ rn 
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exchange model (1 7, 18, 28), in 2500 ,, &\ 1 \ 
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which the adjustable parame- ,, \ \ 
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ters are the average settling rate 4'. 
of pariicuate material (S) and 3500 3500 

the concentraton of suspended 
pariiculate material (SPM). For model cutve 1,  values of S = 1000 m/year and SPM = 10 +g/liter were 
used, whereas in model 2, the values used were S = 500 m/year and SPM = 20 ~g/ l i ter .  The 
soid/solution partition coefflcents (K,'s) used were 1.7 x 1 O7 ml/g forTh and 2 x 10" m /g  for Pa. Model 
cutves 3 and 4 are based on a mixing-scavenging model (6), In which the adjusted parameters are T,, 
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 AMIO), 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 A01 data below 900 m were used for T,: 17 and 11 0 years, respectively. For model 
curve 4, a shorter T~ 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. 

shelves, as indicated hy the '3'T11 clata, frac- 
t ionat~on of T h  and Pa might he less than 
hypothesized from the variation 111 particle 
fluxes alone. 
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Is GRO 11 744-28 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 ~ 1 0 ' '  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. 

GRO J1744-28 is a previously   unknown 
type of x-ray transient source that was dls- 
co\~ered o n  2 December 1995 by the B~lrst 
and Transient Source Experiment (BXTSE) 
o n  the  Co~l lpton Gamma-Ray Observatory 
(GRO)  (1).  The  hursts were detected up to 
energies of -75 keV Ivitlh intervals betiyeen 
l~ursts of -200 s initially. After 2 Jays, the 

rate dropped to - 1 per hour (2) .  HOLY- 
ever, hy 15 January 1996 the burst rate haci 
increased to -40 per day. T h e  hurst dura- 
tions \Yere -10 s. T h e  hurst f l ~ ~ e n c e s  (25 to 
60 keV) ranged from 1.7 x l C P '  to 6.8 X - 
loP7 ergs cmP2; the average flllellce S = 2.7 
( t 0 . 9 )  X lCP' ergs cmP'. T h e  position of 
the  source is near the galactic center. For a 
distance of -7.5 kpc, the  average peak lu- 
nlinosity \vas -2 x l0-'%rgs s ' ,  with a flus 
o t  -3 x 10P'ergs cm--' sP1. 

Analysis of the BATSE data indicated 
that the  source is a binary pulsar [vith a 
pulsation period of 0.467 b ,  a conlpanion 
with a mass of 0.22 to  1.0 M ,  (n.lhere M5 is 
the  Inass of the  sun) and a binary orbital 
period of 11.8 days (3) .  Because the  x-ray 
mass function is small ( -  1.3 1 X 1CP4 M,?), 
the system must he nearly face-on to a n  
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observer from Earth, mith a n  inclination 
angle of -18" (3-5). Furthermore, for the  
lneas~lred rotation nerioci derivative to be 
consistent with standard accretion torque 
theory (6 ) ,  the  persistent luminosity of the  
source a t  its peak should he close to  the  
Eddington limit (4 )  anci the  surface dipole 
magnetic field of the  pulsar should he 
5 10" G 13-5). From the  observed oulsed 
fraction and the  pulsar's x-ray spectrum, the  
strellirth of the  local surface ~uagnet ic  field 
is estimated to be s e ~ ~ e r a l  teragauss (4) .  In 
addition, the  proportional counter array 
( P C A )  experiment (2 to  60 keV) o n  the  
Rossi X-ray Timing Explorer (RXTE) (7) 
haci cietected G R O  J1744-28 during the 
perioci 18 J a n ~ ~ a r y  to 10 May 1996. T h e  
observations showed that after the  earlier 
large l~ursts, the  flux dipped helow the  pre- 
burst level by as much as 25 to 30% and 
then made a slo\v quasi-exponential recoy- 
erv back to\vard the  prehurst lel~el.  T h e  
ohserved recovery period lasted up to  
-1000 s for some hursts, hut most bursts 
recovered in  a fe\v hundred seconds. 

T h e  properties of the hard x-ray bllrsts 
(HXRBs) from G R O  Jl744-28 differ fro111 
those of other knon.11 high-energy hursts- 
x-ray bursts, soft y-ray bursts, and y-ray 
hllrsts. First, the  HXRBs are probably not 
type I s-ray bursts (8). Thus, thermonl~clear 
flashes in matter accreted onto  the  surface 
of a neutron star lnay not produce HXRBs. 
Second, the durations of the  HXRBs are 
several hundred times those of the  three 
soft y-ray repeaters, e\-en though these two 
kincis of bursts have sinlllar repeat times and 

spectra. Third, the  HXRBs are different 
from y-ray bursts, hecause y-ray bursts do 
not  have fast repeat times and their spectra 
are rnl~ch harder. On the other hand, the  
repeat tilues and spectra of the  HXRBs are 
some\vhat similar to those of type I1 x-ray 
hursts from the  rauid burster ( 2 ,  8). This 
suggests that some accretion instability may 
be a mechanism for producing HXRBs. 
Cannizso (9 )  st~ldied the  global, time-de- 
pendent evolution of the  Liglhtman-Eardley 
instability, \vhich might account for some 
observational features of the  HXRBs. Here, 
\ve propose an alternative lllodel in  which a 
strange star accretes matter from its Ion-- 
lllass comoanion. 

Strange matter (bulk quark matter) is 
coniectured to he more stahle than  hac3- 
sonic matter (10) .  T h e  existence of strange 
matter is allowable \vithin uncertainties in- 
herent in  a strong-interaction calculat~on 
(1 1 ) ;  thus, strallge stars may exlst in  the  
universe. Strange stars have crusts with 
masses of -1CP5M, 112). Ho\ve\~er,  the  
postglitch hehavior of p~llsars can he de- 
scriheci hv the  neutron-superfluid vortex 
creep theory (13) ,  mhich requires a crustal 
Inass of 1 > 1 0 ~ ' M , .  T h e  conversion of a 
neutron star to a strange star may require 
the  forlnation of a strange matter seed, 
which is produced through the  deconfine- 
merit of neutron ~ n a t t e r  at a density of -7 
t o  9 p, (mlhere p, is the  nuclear matter 
~lensity),  much larger than  the  central den- 
sity of a 1.4M,-, neutron star with a moder- 
ately stiff to stiff equation of state (14) .  
These tmo features suggest that strange stars 
may he forllled in lo\v-mass x-ray binaries 
115) hecause when the  neutron star in a , , 

lo\v-mass x-ray hinary accretes sufficient 
Inass (perhaps 20.4M,) ,  its central density 
can reach the  deconfinelnent density and 
the  \vhole star mill then undereo a t~hase  - .  
transition to become a strange star. T h e  
phase transition from nuclear matter to 
strange matter under the  condition of con- 
served charge rather than constant pressure 
may occur a t  a density as lorn as 2 to  3 p? 
(16).  If so, strange stars may he fi~rmed 
during the  evolution of protoneutron stars 
(1 7). Some argunlents against the  existence 
of strange stars sho~l ld  he kept in mind; for 
example, the  disruption of a single strange 
star may conta~ninate  the  entire galaxy, and 
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