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Abstract
In te rcom paris ion  o f 234Th measurements in  b o th  water and particu la te  samples was carried o u t between 15 

laboratories w orldw ide , as a part o f GEOTRACES in te r-ca lib ra tion  program . Particulate samples fro m  fou r d if ­
ferent stations nam ely BATS (both  shallow  and deep) and shelf sta tion (shallow) in  A tla n tic  and SAFE (both 
sha llow  and deep) and Santa Barbara sta tion (shallow) in  Pacific were used in  the e ffo rt. Particulate in te rca li­
b ra tion  results ind ica te  good agreement between all the  pa rtic ipa ting  labs w ith  data fro m  all labs fa llin g  w ith ­
in  the 95% confidence in te rva l around the mean fo r m ost instances. F ilter type experim ents ind icate no  s ign if­
ican t differences in  234Th activ ities between filte r types and pore sizes (0.2-0.8 pm ). The o n ly  exception are the
quartz filters, w h ich  are associated w ith  10% to  20% h igher 234Th activ ities a ttribu ted  to  sorp tion  o f dissolved
234Th. Flow rate experim ents showed a trend  o f decreasing 234Th activ ities w ith  increasing flo w  rates (2-9 L m in “ ) 
fo r > 51 p m  size particles, in d ica tin g  partic le  loss d u rin g  the  p u m p in g  process. N o change in  234Th activ ities on 
small particles was observed w ith  increasing flow-rates. 234Th in te rca lib ra tion  results fro m  deep water samples 
at SAFe station ind ica te  a va ria b ility  o f < 3% amongst labs w h ile  dissolved 234Th data fro m  surface water at Santa 
Barbara Station show a less robust agreement, possibly due to  the  loss o f 234Th fro m  decay and large in -g row th  
corrections as a result o f lo n g  gap between sample co llec tion  and processing.
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The GEOTRACES program  is an in te rn a tio n a l sc ientific  co l­
labora tion  focused on im p ro v in g  curren t understanding o f 
b iogeochem ical cycles and large-scale d is tribu tions  o f trace 
elements and th e ir isotopes in  the m arine env ironm en t. In  the 
U n ited  States, the GEOTRACES program  was in itia te d  w ith  a
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pair o f in te rca lib ra tion  cruises in  2008 and 2009. Our scientific  
interests in  th is  e ffo rt centered on  the  de te rm ina tion  and 
in te rca lib ra tion  o f the  short-lived  isotope, Thorium -234. The 
use o f 234Th as a f lu x  p roxy  was recently  reviewed and synthe­
sized at an in te rn a tio n a l w orkshop he ld  in  August 2004 (Ben- 
itez-Nelson and M oore [2006] and o ther m anuscripts in  
Marine Chemistry vo lum e 100[3-4]). In  essence, 234Th is a rela­
tive ly , short-lived  ( t1/2 = 24.1 d) partic le  reactive tracer th a t is 
produced at a constant rate fro m  its conservative and long- 
lived  parent, U ran ium -238 ( t1/2 = 4.5 x IO9 y). In  surface waters 
where the vertica l f lu x  o f 234Th on s ink ing  particles is large, 
there is a 234Th de fic it (i.e., to ta l 234Th < 238U). Conversely, i f  the 
s ink ing  particles are rem ineralized at depth, one can fin d  
"excess" 234Th (i.e., 234Th > 238U) (Bhat et al. 1969; Coale and 
Bru land 1985; Buesseler et al. 1992).

In  m ost applications, 234Th is p rim a rily  used to  q u a n tify  
sha llow  export rates o f s ink ing  particles, however i t  is becom ­
in g  increasing ly ev ident using h igher vertica l reso lu tion  sam­
p lin g  th a t shallow  layers o f excess 234Th m ay be used to  inves­
tigate partic le  rem inera liza tion  rates as w e ll (M a iti et al. 2010). 
Such layers have been observed in  a range o f environm ents, 
in c lu d in g  regions o f lo w  partic le flu x , such as just be low  the 
deep c h lo ro p h y ll m ax im um  layer in  the  Sargasso Sea (Benitez- 
Nelson et al. 2001b; Buesseler et al. 2008; M a iti et al. 2010). 
234Th m ay also be used as a s ink ing  f lu x  p roxy  o f specific ele­
ments. Whereas the m ost com m on app lica tion  is fo r exam in­
in g  the export f lu x  o f particu late organic carbon (POC) 
(reviewed in  Buesseler et al. 2006), o ther uses inc lude the 
export f lu x  o f com pounds such as surface associated organics 
(PAHs; PCBs- Gustafsson et al. 1997a, 1997b) and trace metals 
(W einstein and M oran 2005). W hen used in  th is  m anner, the 
234Th a c tiv ity  balance is in tegrated fro m  the  surface to  a given 
depth, and net export, P, is calculated on a dpm  n r 2 d~4 basis. 
E lem ental fluxes are subsequently de term ined w hen the  234Th 
flu x , Pw  is m u ltip lie d  by  its ra tio  to  o ther elements (E) on 
s ink ing  particles, i.e., F lux PE = Pn  x E/234Th on particles, 
thereby p ro v id in g  d irect in fo rm a tio n  on  the vertica l fluxes 
and rem inera liza tion  rates on  tim e scales o f days/weeks. W hen 
p roperly  applied, comparisons between C f lu x  derived from  
234Th and o ther independent estimates (mass balances, new  
production ) show good agreement w hen integrated over 
appropriate tim e  and space scales (Buesseler et al. 2006).

G iven the widespread and increasing use o f 234Th as a par­
tic le  f lu x  tracer (Benitez-Nelson and M oore 2006, Waples et al.
2006) and the app lica tion  o f 234Th on GEOTRACES cruises to  
estimate fluxes o f d iffe ren t GEOTRACES Trace Elements and 
Isotopes (TEIs), i t  is essential th a t the various groups invo lved  
in  234Th measurements have a com prehensive understanding 
o f ho w  th e ir measurements compare. The add itiona l in fo rm a ­
tio n  th a t we have gathered on the strengths and weaknesses o f 
234T h  analysis th ro u g h o u t th is  m a n u sc rip t w i l l  fu r th e r 
im prove  the w ay 234Th is used to  determ ine vertica l fluxes and 
rem inera liza tion  rates o f b iogeochem ica lly re levant materials 
th a t vary on  tim e  scales o f days to  weeks.

The m a jo r objectives o f the GEOTRACES program  are to  (1) 
determ ine g lobal ocean d is tribu tions  o f selected trace ele­
m ents and isotopes, in c lu d in g  th e ir concentra tion , chem ical 
spéciation, and physical fo rm , and (2) evaluate the  sources, 
sinks, and in te rna l cyc ling  o f these species in  order to  charac­
terize m ore com ple te ly  the  physical, chem ical, and b io log ica l 
processes regu la ting th e ir d is tribu tions  (Henderson et al.
2007). These objectives are be ing m et by  na tiona l and in te r­
n a tiona l sam pling efforts carried o u t along a num ber o f sec­
tions in  all the  m a jo r ocean basins. Since GEOTRACES is an 
in te rn a tio n a l program , m any countries are, or w il l  be, con­
d uc ting  th e ir ow n GEOTRACES cruises. However, before th is  
m ajor e ffo rt can begin in  earnest, i t  is essential th a t in te rca li­
b ra tion  activities take place to  ensure the  accuracy o f a ll the 
collected data.

Materials and procedures
In te rca lib ra tion  is defined by the GEOTRACES Science Plan 

as "The process, procedures, and activities used to  ensure tha t 
the several laboratories engaged in  a m o n ito r in g  program  can 
produce com patib le data. W hen com patib le data outputs are 
achieved and th is  s itua tion  is m ainta ined, the laboratories can 
be said to  be in te rca libra ted" (Taylor 1987). Thus, in te rca lib ra­
tio n  is an active process between laboratories th a t includes all 
steps, from  sam pling to  analyses, w ith  the  goal o f achieving the 
same accurate results regardless o f the m ethod  or lab. The u l t i ­
mate goal fo r the Thorium -234 in te rca lib ra tion  com ponent o f 
GEOTRACES is to  achieve the best precision and accuracy pos­
sible (lowest random  and systematic errors) as a prelude to, and 
co n tin u in g  e ffo rt th roughou t, the sam pling and analysis p ro ­
gram. A n  outcom e o f a re la tive ly  recent w orkshop on "Future 
Applications o f 234Th in  Aquatic Environm ents" (Benitez-Nel­
son and M oore 2006; Waples et al. 2006; Rutgers van der Loeff 
et al. 2006) was an e xp lic it need fo r a particulate 234Th in te r­
ca lib ra tion  and standards. One o p tio n  w ou ld  be to  create an 
a rtific ia l 238U-234Th enriched pa rtic le /filte r m a trix  as a standard, 
b u t the d iff ic u lty  in  m aking  such as standard and the  issues 
associated w ith  correcting 234Th activities fo r absorption o f ß 
particles by  d iffe ring  materials w ou ld  n o t be w e ll addressed. An 
alternative so lu tion  is to  collect evenly d is tribu ted  natura l 
m arine particles on  filters w ith  d iffe ren t load ing  and particle 
characteristics from  surface and deep waters as w e ll as o lig ­
o tro p h a  and m esotrophic regions. The la tter op tio n  was thus 
used in  the GEOTRACES 234Th in te rca lib ra tion  effort.

To accomplish th is goal, particulate 234Th material was col­
lected using tw o size classes (>51 p m  and 1-51 pm ), as recom­
mended by Rutgers van der Loeff et al. (2006). On the >51 p m  
particles, samples were collected using tw o d ifferent filte r types: 1 
p m  nom ina l quartz depth filters (QMA) filters and 0.45 p m  poly- 
ethersulfone membrane filters (SUPOR). A num ber o f tests were 
also conducted to  understand the variab ility  associated w ith  col­
lection o f large particles. Finally, small volum e water samples (2-8 
L) were also collected for intercalibration o f methods used to 
measure dissolved and to ta l 234Th measurements.
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Fifteen d iffe ren t laboratories from  across the  w o rld  active ly 
invo lved  in  234Th measurements accepted the in v ita tio n  to  
partic ipate in  the in te rca lib ra tion  experim ent (Table 1). To 
preserve the co n fid e n tia lity  o f each lab and so as n o t to  single 
o u t any particu la r lab, each lab was assigned a un ique num ber 
ID . T h roughou t th is  m anuscrip t the  in d iv id u a l labs w il l  be 
referred to  b y  th is  pre-assigned num ber, w h ich  is o n ly  know n  
to  th a t particu la r lab and the coo rd ina ting  lab at the Woods 
Hole Oceanographic In s titu tio n . Each lab was provided w ith  
small vo lum e and particu late 234Th samples described above. 
Sam pling plan

The GEOTRACES In te rca lib ra tion  cruises were organized 
around tw o  cruises w ith  fou r key "Baseline Stations." The firs t 
in te rca lib ra tion  cruise was from  M ay-Jun 2008 from  the 
Bermuda A tla n tic  T im e Series S tation (BATS) to  N orfo lk , V ir­
g in ia. The m a in  objective was to  establish BATS as a Baseline 
S tation fo r repeated sam pling d u ring  o ther phases o f the GEO­
TRACES Program. A second m esotrophic sta tion occurred near 
the  shelf break p rox im a l to  N o rfo lk  (SHELF) w ith  the focus 
be ing on partic le  reactive TEIs in  waters w ith  h igher partic le  
concentrations. In  June 2009, the  second cruise was he ld  in  
the  N o rth  Pacific (H ono lu lu  to  San Diego), to  occupy the SAFe 
(Sampling and Analysis o f Iron) sta tion (30°N 140°W) where a 
p rio r Fe in ter-com parison had recently  been conducted (John­
son et al. 2007). This site was the  second GEOTRACES Baseline 
S tation w ith  re la tive ly  easy access fro m  San Diego. A second 
site in  the Santa Barbara Basin (SBB) was also sampled, where 
the  focus was on coastal sam pling w ith  expected h igher p a rti­
cle loads and b o tto m  hypoxia.

D u rin g  the  2008 A tla n tic  cruise, o n ly  pa rticu la te  samples 
were co llected fo r in te rca lib ra tio n . Samples were collected 
using battery-operated M cLane pum ps deployed using a plas­
t ic  jacketed hyd row ire . To m eet the  large sample requ ire ­
m e n t fo r a ll the  labs, an epoxy-coated a lu m in u m  fram e was 
designed th a t accomm odates up to  8 M cLane pum ps at a

Table  1 . Name o f lead PI and affilia tion fo r the  pa rtic ipa ting  lab

Ken Buesseler 
Kanchan Maiti 
Claudia Benitez-Nelson 
Kirk Cochran 
Minhan Dai 
Pere Masque 
Juan Carlos Miquel 
Lisa Miller 
S. Brad Moran 
Paul Morris 
Florian Peine
Michiei Rutgers van der Loeff 
Peter Santschi 
Robert Turnewitsch 
Jim Waples 
Frank Dehair

tim e  (Fig. 1), the reby enab ling  s im ultaneous sam pling  at one 
dep th  and reduc ing  n a tu ra lly  occu rring  spatial and tem pora l 
v a r ia b ility  com m on  in  m arine  env ironm en ts . S ize-fraction­
ated pa rticu la te  samples were co llected using  142 m m  d ia m ­
eter, acid-cleaned (10% HC1), 51 p m  screen (large particles) 
placed in - lin e  w ith  e ithe r acid leached n o m in a l 1 p m  QM A 
filte r  o r a 0.45 p m  SUPOR filte r  (sm all partic les). The QM A 
filte r  is the  m ost co m m o n ly  used f i lte r  type fo r particu la te  
234Th m easurem ent because i t  a llow s m easurem ent o f 234Th 
and POC/PON on the  same filte r. U n fo rtu n a te ly , the  h igher 
m eta l b lanks associated w ith  Q M A  f ilte r  make i t  a less than  
ideal f ilte r  fo r ana lyz ing  elements like  230T h /231Pa and AÍ. 
Based on previous w o rk  dem onstra ting  the  h ig h  level o f 
recovery, faster f i l t ra t io n  rate, lo w  blanks, and ease o f h a n ­
d lin g  (S m ith  et al. 1993; C u llen  and Sherrell 1999; Kiene and 
L in n  1999) the  TEI c o m m u n ity  had come to  consensus to  
use po lysu lfone  SUPOR filte r  as the  f i lte r  o f choice fo r TEI 
w o rk  d u rin g  GEOTRACES in te rca lib ra tio n  exercise. Because 
234Th can p o te n tia lly  be used to  understand the  cyc lin g  o f 
trace metals in  the  upper ocean, i t  is im pera tive  we test 
SUPOR filte rs  a long w ith  Q M A  filte rs  d u rin g  th is  in te rca li­
b ra tio n  exercise. O n average, 450-600 L w ater was passed 
th ro u g h  Q M A  filte rs  and 200-400 L w ater was passed 
th ro u g h  SUPOR filte rs . The pum ps were program m ed to  
operate w ith in  a range o f 4 -8  L m i r r 1.

A t BATS samples were collected fro m  m u ltip le  casts at -100  
m  and 4000 m  fo r carry ing o u t d iffe ren t sens itiv ity  tests (e.g., 
filte r types, flo w  rates, etc.) as w e ll as fo r in te rca lib ra tion  
between labs. S im ilarly, at the SHELF sta tion repeated sam­
p lin g  was conducted at -1 0 0  m  fo r in te rca lib ra tion  w ork . D ur­
in g  the 2009 Pacific cruise, b o th  particu late and water samples 
were collected and d istribu ted . W ater samples were collected 
from  4000 m  at the SAFE sta tion and from  surface waters at 
the SBB station. Particulate samples were collected fro m  -100  
m  and -  4000 m  at SAFE and fro m  100 m  at SBB.
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Fig. 1. Trace-metal clean 8-pump rosette (A) and PVC template (B) to 
subsample QMA filter (C).

A ll 234Th measurements were made using ß cou n tin g  o f the 
234Th daughter 234mPa (Emax = 2.19 MeV). A 5-pos ition  lo w  back­
g round  ß counter m anufactured b y  RIS0 N a tiona l Laborato­
ries (Roskilde, Denm ark) w ith  10 cm lead shield was used in  
th is  study by  a ll laboratories except one to  coun t the samples. 
One labora tory used gas-flow p ro p o rtion a l counter w ith  anti- 
co incidence c ircu itry  m anufactured by  y Products (M odel 
G542). Samples are counted at the ir earliest fo llow ed  by  a sec­
ond  coun t after 5 -6  ha lf-lives (~ 6 m onths) to  determ ine back­
grounds. In  some laboratories, m u ltip le  cou n tin g  o f samples

was conducted to  determ ine the 234Th decay curve over tim e. 
This a llowed laboratories to  d iscrim inate  between 234Th and 
o ther long -lived  ß em itters o r background a c tiv ity  present in  
the sample. One labora tory carried o u t chem ical p u rifica tio n  
o f samples before cou n tin g  them  on  ß detector.

Assessment
Particulate 234Th in te rca lib ra tio n

The in te rca lib ra tion  o f particu late samples are carried ou t 
d iffe re n tly  fo r small particles collected using QM A or SUPOR 
filte rs  and large particles collected using 51 p m  screens.
Small particles

Before the in te rca lib ra tion  results can be discussed, i t  is 
im p o rta n t to  understand the  inhe ren t va ria b ility  associated 
w ith  in it ia l sample co llec tion  and processing. The va ria b ility  
in  the  small partic le  size class (1-51 pm ) m ay arise due to  
in te r- filte r va riab ility , i.e., the  va ria b ility  associated w ith  sub­
samples taken fro m  the same filte r, and in te r-pum p  va riab ility , 
i.e, the  va ria b ility  between pum ps even w hen th e y  are operat­
in g  s im ultaneously fo r a fixed  vo lum e w ith  s im ila r flow-rates.

In te r - f ilte r  v a r ia b il ity
The in te r- filte r va ria b ility  is a fu n c tio n  o f several processes, 

such as evenness o f partic le  load ing, w h ich  in  tu rn  is related 
to  p u m p ing  system, partic le  nature, filte r type, and subsam­
p ling . For 234Th subsampling, a PVC tem plate was used (Fig. 1), 
w h ich  had 20 circu lar openings to  punch  o u t 22 m m  diam e­
ter subsamples fro m  a single 142 m m  Q M A or SUPOR filte r. 
The average active f i ltra t io n  area on the QMA/SUPOR filte rs  
was measured to  be 130 m m  in  diam eter (n = 20), w h ich  trans­
lates in to  each 22 m m  subsample accounting fo r 2.86% o f the 
to ta l vo lum e filte red . To test fo r in te r- filte r va riab ility , 20 sub­
samples fro m  the  same filte r was collected at the BATS shallow  
station and analyzed by  a single labora tory (W H O I). The in te r­
filte r va ria b ility  fo r 234Th on Q M A and SUPOR filte r  punches 
was fo u n d  to  be 8.1% and 16.8%, respectively (Table 2). This 
in te r - f i lte r  v a r ia b il ity  represents th e  standard d e v ia tio n  
between the 20 possible sub-samples w ith o u t exc lud ing  any 
particu la r subsample as an outlie r. POC analysis on  the same 
QM A sub-samples had a va ria b ility  o f 9.8%, suggesting th a t 
filte r to  filte r  va ria b ility  is probab ly due to  an uneven d is tr i­
b u tio n  o f particles on  the  o rig ina l 142 m m  filte r. The larger 
va ria b ility  between the  SUPOR sub-samples m ay be a ttribu ted  
to  the nature o f the SUPOR filte r, where filte red  particles are

Table  2 . Com parison o f In te r-pum p and In te r-filte r variab ility  In particulate 234Th activity.

Filter type Station Inter-pump variability Inter-filter variability

QMA BATS Shallow 8.1 % (n = 20)
SAFE Shallow 7.8% (n = 8)

SUPOR BATS Shallow 16.4% (n = 6) 16.8% (n = 20)
SHELF 1 7.9% (n = 6)

SCREEN SAFE Shallow 12.5% (n = 7); 11.7% (n = 6)
SSB 8.3% (n = 8); 8.5% (n = 7)
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fo u n d  to  adhere o n ly  weakly to  the f ilte r  surface, and can thus 
be red istributed d u ring  recovery o f the pumps and open ing  o f 
the  f i ltra t io n  apparatus. I t  is im p o rta n t to  note  th a t extra pre­
cautions were taken to  recover the pum ps at a slower w in ch  
speed o f 20 m /m in . As soon as the  pum ps were secured o n ­
board, the  water in  the headspace o f the  filte r  holders was vac­
uum  pum ped th rough  the filte r  to  prevent red is tr ibu tion  o f 
particles before open ing  the  filte r  housing. A no ther explana­
tio n  fo r the h igher SUPOR in te r- filte r va ria b ility  m ay be in  the 
m ore elastic nature o f the  SUPOR filters, w h ich  makes i t  nec­
essary to  app ly force (ham m ering  w ith  a m alle t) to  the t ita ­
n iu m  punch  to  ob ta in  clean ly cu t subsamples. In  contrast, the 
Q M A filte rs can be subsampled easily by  app ly ing  o n ly  lig h t 
pressure to  the  punch. The size o f the filte r sub-samples m ay 
also be an im p o rta n t issue. W hen com paring  the in te r-filte r 
va ria b ility  between Q M A and SUPOR at the BATS shallow  sta­
tio n , the 234Th va ria b ility  was fo u n d  to  be 2% and 2.5%, 
respectively, fo r larger quarter sub-samples o f the filte r, w h ich  
represents 25% o f the to ta l filte r, as opposed to  the  22 m m  
punches representing o n ly  2.86% o f the to ta l filte r.

Inter-pum p variability
The in te r-pum p  va ria b ility  is like ly  to  be a com bined effect 

o f water mass heterogeneity, to ta l vo lum e filte red , and in te r­
f ilte r  va ria b ility  w hen filte r  subsamples are used fo r analysis. 
The in te r-pum p  va ria b ility  fo r the 1-51 pm  particles on 
SUPOR punches (one from  each pum p analyzed by  one labo­
ratory, W H O I) was fo u n d  to  be 16.4% and 17.9% fo r the BATS 
and SHELF shallow  stations, respectively. A lth o u g h  no  in te r­
pum p va ria b ility  test fo r Q M A filte rs  punches was conducted 
at the  BATS station, in te r-pum p  va ria b ility  on  the  Q M A filte rs 
at the SAFE sta tion (tw o sub-samples fro m  each pum p) was 
7.8% (Table 2). Thus the in te r- filte r and in te r-pum p  va ria b ility  
are s im ilar fo r b o th  the filte r  types, im p ly in g  th a t in te r-filte r 
v a ria b ility  dom inates the to ta l va riab ility .

In tercalibration
For in te rca lib ra tion  purposes, a single 142 m m  filte r  was 

subsampled in to  in d iv id u a l 22 m m  diam eter punches using 
the  above m en tioned  PVC tem plate, dried, m oun ted  on a 
cou n tin g  disk, covered w ith  M y la r and two-layers o f a lu ­
m in u m  fo il (Buesseler et al. 2001) and d is tribu ted  am ong the 
d iffe ren t laboratories fo r 234Th measurement. I t  is im p o rta n t to  
note  th a t the  in te r- filte r va ria b ility  o f 8.1% and 16.8% for 
Q M A and SUPOR filte rs, respectively, lim its  the exten t to  
w h ich  the  results from  the d iffe ren t laboratories w il l  agree 
w ith  one another. The open ocean in te rca lib ra tion  results are 
shown in  Figs. 2 and 3 fo r b o th  the  shallow  and deep water 
stations at BATS and SAFE. The m ean a c tiv ity  fo r 234Th at BATS 
shallow  sta tion was 0.278 ± 0.019 dpm  L_1 and 0.264 ± 0.015 
dpm  L_1 fo r the  QM A and SUPOR filters, respectively (Fig. 2). 
The errors on  the m ean activ ities are reported in  terms o f Stan­
dard Error (SE). A t the SAFE shallow  sta tion the  234Th a c tiv ity  
varied fro m  0.280 ± 0.017 dpm  L_1 and 0.173 ± 0.007 dpm  L_1 
fo r the QM A and SUPOR (Fig. 2). The in te rca lib ra tion  results 
fro m  deep w ater samples also y ie lded  good agreem ent

amongst laboratories, w ith  234Th a c tiv ity  o f 0.077 ± 0.007 dpm  
L_1 and 0.053 ± 0.016 dpm  L_1 fo r QM A and SUPOR filte rs at 
BATS (Fig. 3) and 0.076 ± 0.004 dpm  L 1 and 0.031 ± 0.037dpm  
L_1 fo r QM A and SUPOR filte rs at SAFE (Fig. 3). Samples are 
also collected fro m  h igher partic le  regime stations at SHELF 
and SSB. The m ean a c tiv ity  fo r 234Th at SHELF shallow  station 
were 0.309 ± 0.021 dpm  L_1 and 0.169 ± 0.015 dpm  L_1 fo r 
Q M A and SUPOR filte r w h ile  fo r SSB sta tion they  were 0.586 ± 
0.021 dpm  L 1 and 0.501 ± 0.032 dpm  L 1 fo r Q M A and SUPOR 
filters, respectively (Fig. 4). Overall, the Q M A samples have 
less va ria b ility  than  SUPOR samples, and no  s ign ifican t d iffe r­
ences between sites and water depths were no ted  in  terms o f 
error m agnitude.

The va ria b ility  in  234Th a c tiv ity  between d iffe ren t laborato­
ries and fo r a ll the in te rca lib ra tion  experim ents is w ith in  the 
range o f 10-15% va ria b ility  observed w ith  the  in te r- filte r va ri­
a b ility  test. W ith  few  exceptions, the  m a jo rity  o f the  data fa ll 
w ith in  the  95% confidence in te rva l (dotted lines in  the Figs.). 
The outlie rs do n o t show any consistent trends and are n o t 
associated w ith  specific laboratories. For example, in  the 2008 
data set fro m  A tla n tic  cruise, Lab-9 and Lab-15 have > 50% o f 
the ir data fa llin g  beyond the 95% confidence l im it.  In  con­
trast, fo r the 2009 data set fro m  Pacific cruise Lab-1 and Lab-8 
have > 50% o f the values fa llin g  beyond the 95% confidence 
l im it.  Overall, the  data from  all the  labs compare w e ll, and 
there is no  consistent trend  in  the dev ia tion  fro m  the calcu­
lated mean fo r any particu la r laboratory. O utliers cou ld  be due 
to  va ria b ility  associated w ith  sam pling.
Large particles

The large particles (>51) p m  were collected on screens and 
then  rinsed o n to  25 m m  silver filte rs using 0.1 p m  filte red  sea­
water collected at 1000 m  (Rutgers van der Loeff et al. 2006). 
Since the  am ount o f m ateria l collected on the 51 p m  screen is 
too  small to  be shared between laboratories, discrete samples 
were collected from  back to  back casts (w ith in  2 -6  h  o f one 
another) at 100 m  using the  8-pum p rosette. Each screen was 
then  rinsed o n to  a silver filte r, dried, m oun ted  on coun ting  
disk and d is tribu ted  to  an in d iv id u a l laboratory. Thus each 
labora tory received sample fro m  one o f the e igh t pum ps th a t 
collected samples sim ultaneously. I t  is extrem ely im p o rta n t to  
understand the  in te r-pum p  va ria b ility  fo r these samples, 
w h ich  again lim its  expectations fo r in te r-labo ra to ry  va ria b ility  
fo r these samples.

Inter-pum p variability
Due to  tim e  constraints, in te r-pum p  va ria b ility  test was n o t 

conducted on  the  A tla n tic  cruise. However d u ring  the Pacific 
cruise, tw o  test casts were carried at the SAFE and SBB shallow  
stations to  exam ine th is  issue. Samples fro m  b o th  the  casts 
(seven per cast, since one pum p fa iled in  each cast) were 
processed on  board as o u tlin ed  above and counted by  a single 
labora tory (W H O I). The mean 234Th activ ities on  the large par­
ticles were 0.016 ± 0.002 dpm  L_1 and 0.034 ± 0.004 dpm  L_1 
fo r the  tw o  SAFE shallow  sta tion casts resu lting  in  an in te r­
pum p va ria b ility  o f 12.5% and 11.7%, respectively, fo r each
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Fig. 4. Intercalibration results for near-shore shallow stations. Dotted lines represent 95% confidence interval, and dashed line represents the mean value.

cast. This difference in  234Th activ ities between the tw o  casts 
can be a ttribu ted  to  na tura l va riab ility , as no  obvious change 
in  oceanic cond itions  were observed between the  tw o  casts. A t 
the  coastal SSB station, the  mean 234Th activ ities were 0.145 ± 
0.012 dpm  L_1 and 0.154 ± 0.018 dpm  Lr1 w ith  an in te r-pum p 
v a ria b ility  o f 8.3% and 8.5%, respectively, fo r each cast (Table 
2). Thus, fo r the  large partic le  in te r-ca lib ra tion , a va ria b ility  o f 
up to  13% can occur as a result o f inhe ren t sample to  sample 
va riab ility .

In tercalibration
The pa rtic ipa ting  laboratories received sha llow  samples o f 

large particu late m ateria l from  tw o  casts at BATS collected 
w ith in  2 h  o f each other. The mean 234Th a c tiv ity  was 0.045 ± 
0.002 dpm  L_1 (n = 8) and 0.018 ± 0.002 dpm  L_1 (n = 7) fo r 
each cast (Fig. 5). A t the  SHELF station, three closely spaced 
casts were needed to  collect samples fo r a ll 15 laboratories, due 
to  m u ltip le  pum p failures. The average 234Th activ ities were 
0.061 ± 0.004 dpm  L 1 (n = 6), 0.063 ± 0.004 dpm  L 1 {n = 4), 
and 0.035 ± 0.002 dpm  L_1 (n = 5) fo r each o f the  casts. 
A lth o u g h  care was taken to  collect samples from  d iffe ren t 
casts as close in  tim e  as possible (w ith in  2-6 h  o f each other), 
there is always the poss ib ility  o f tem pora l va ria b ility  in  water 
co lum n  partic le  concentra tions between casts. Thus results 
fro m  laboratories receiving samples from  the same cast were 
o n ly  compared (Fig. 5). The va ria b ility  amongst laboratories in

all instances is -10% , w h ich  is w e ll w ith in  the  na tura l va ri­
a b ility  o f the  co llected samples. The h ighest v a r ia b ility  
amongst laboratories is observed fo r the  SBB station, perhaps 
due to  heterogeneity associated w ith  h ig h  partic le  loading. 
Particle experim ents

In  a d d ition  to  standard in te rca lib ra tion  exercise, we also 
conducted a num ber o f experim ents to  understand the  effects 
on  particu late 234Th a c tiv ity  by  changing variables like  filte r 
type and flo w  rate. The samples collected fo r these tests were 
however analyzed o n ly  at W H O I.

Filter type experiment
The choice o f f ilte r  used to  collect the particu late fraction  

can im pact the  measured particu la te  234Th a c tiv ity  on  the f i l ­
ters. H istorica lly, the m a jo rity  o f studies used glass fiber filte rs  
(GFF, n o m in a l pore size 0.7 pm ) or Q M A filte rs  to  collect par­
ticu la te  234Th. The biggest advantage o f using these filte r types 
is th a t they  can be used to  process re la tive ly  large volum es o f 
water w ith o u t clogging, w h ile  a llow ing  measurements o f 234Th 
and o ther elements such as C and N, on  the exact same filte r. 
The 234Th c o m m u n ity  has m oved in  favor o f using Q M A filte rs  
due to  its low er rad ioac tiv ity  b la n k  w ith  d irect ß coun ting , 
presum ably due to  a decrease in  40K present in  the  f ilte r  m a trix  
(e.g., Buesseler et al. 2001). U n fo rtuna te ly , a num ber o f stud­
ies have shown th a t b o th  GFF and Q M A filte rs  adsorb dis­
solved 234Th in  the  water. Studies carried o u t by  Benitez-Nel-
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son et al. (2001b) and Buesseler et al. (1998) showed th a t th is  
effect was largest w ith  small sample volum es (30-50 L as 
opposed to  300-500 L) and lo w  flo w  rates. M ore recently  Rut­
gers van der Loeff et al. (2006) carried o u t experim ents using 
2-25 L water samples from  N o rth  A tla n tic  to  dem onstrate th a t 
approx im ate ly  10% to  30% o f the  234Th a c tiv ity  on  the filte r 
can be due to  sorption. The present in te rca lib ra tion  results 
presented here consis ten tly  show h igher 234Th a c tiv ity  on 
Q M A filte rs  compared w ith  SUPOR filte rs  even though  sam­
ples fo r b o th  the  filte r  types were collected sim ultaneously 
fro m  the same depth.

In  2008, samples were collected at the BATS and SHELF shal­
lo w  stations where five pumps on the pum p rosette were loaded 
w ith  a QM A filte r o f 1 p m  nom ina l pore size, Nuclepore, track- 
etched polycarbonate membranes filte r o f 1 p m  nom ina l pore 
size and SUPOR filters o f 0.8 p m , 0.45 p m , and 0.2 p m  nom ina l 
pore sizes. The pum p loaded w ith  the 0.8 p m  SUPOR filte r at 
BATS and the one loaded w ith  0.2 p m  SUPOR filte r at SHELF 
failed. The Nuclepore filte r was found  to  be very d iff ic u lt to  sub­
sample in to  22 m m  punches or quarters w ith o u t com prom ising 
the sample in tegrity. The particles were also found  to  adhere 
m uch more loosely to  the Nuclepore filte r than the other filte r 
types tested. Thus in  spite o f Nuclepore filters being very robust 
w ith  lo w  reported blanks fo r 234Th (Rutgers van der Loeff et al.

2006), we are unable to  test th is  filte r in  our current setup and 
hence excluded from  the comparison. The rem ain ing  available 
data, however, suggests tha t pore-size does n o t s ign ifican tly  
affect the 234Th ac tiv ity  at e ither station (Fig. 6). The s ligh tly  
h igher 234Th ac tiv ity  on  the QM A filte r at the SHELF station is 
like ly  due to  sorption. D uring  the 2009 cruise, a more compre­
hensive test was conducted by load ing  d iffe ren t pumps in  a sin­
gle cast w ith  tw o  QMAs placed one on top  o f the other or "dou­
b le" QMAs, SUPOR filters (0.2, 0.45, 0.8, and double 0.8 p m ), a 
0.45 p m  M illipo re  nitrocellu lose membrane filte r [HA], and 0.45 
p m  PALL m ixed cellulose ester filte r [GN6]. Two subsamples 
from  each filte r were analyzed fo r 234Th, and in  the case o f the 
double filters, the top  and the bo ttom  filte r were counted as sep­
arate samples. The highest ac tiv ity  was found  on the top  filte r 
o f the double QM A test, w h ile  the lowest was found  fo r the HA 
filter. The rem ain ing had sim ilar 234Th activities (Fig. 6). N egli­
gible 234Th ac tiv ity  was found  on  the bo ttom  filte r o f the 0.8 p m  
double SUPOR filte r configuration. In  contrast, s ignificant 234Th 
ac tiv ity  was found  on the bo ttom  QM A filte r, equivalent to  
-16%  o f the 234Th ac tiv ity  on the top  filter. W hen the 234Th 
ac tiv ity  on  the bo ttom  filte r is subtracted from  the top  filte r, the 
234Th ac tiv ity  falls w ith in  the range o f other filte r types. It must 
be noted here tha t n o t all o f the ac tiv ity  on  the bo ttom  QM A 
filte r can be attributed to  sorption because there is always a
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probab ility  tha t some o f the particles missed by the top  filte r 
could have been caught on the bo ttom  filter. The lower than 
average ac tiv ity  on  the HA filte r is more d iff ic u lt to  explain. The 
HA filte r is the least robust filte r am ong those tested, and i t  is 
possible some cracks m ay have developed du ring  pum ping, 
w h ich  was missed du ring  visual inspection after collection. The 
other possib ility  is tha t the filte r was n o t loaded correctly lead­
in g  to  particle loss du ring  collection.

Flow-rate experiment
The battery-operated McLane pum ps are the m ost com ­

m o n ly  used in  situ  pumps to  co llect size fractionated partic le 
samples fo r 234Th analysis. H istorica lly, Challenger pum ps 
were also used fo r filte r in g  large water volum es fo r 234Th mea­
surements (e.g., JGOFS), b u t they  are no  longer available com ­
m ercially. Hence, we focus solely on  McLane type pumps. One 
im p o rta n t fu n c tio n  o f th is  pum p is th a t i t  allows the operator 
to  pre-define the m in im u m  and m ax im um  flow-rates w ith in  
w h ich  the  pum p w il l  operate. D epending on  the  m odel o f the

pum p, the  lowest rate at w h ich  the pum p can operate is 2 or 
4 L m in -1, whereas the  upper l im it  can be set to  a m ax im um  
o f 8 or 10 L m in -1. To understand w hether flow-rates im pact 
particu late 234Th samples, we to o k  advantage o f the e ight 
pum p rosette. Samples were collected s im ultaneously using all 
the  e igh t pum ps where each pum p was set to  operate w ith in  a 
specific range o f flow-rates (e.g., 2 -3  L m im 1 fo r pum p 1, 3-4  
L m im 1 fo r pum p 2, and so on).

In  2008, samples were collected at the  SHELF shallow  sta­
tio n  where the pum ps were grouped in to  tw o  sets o f fou r 
pum ps each. One set was loaded w ith  QM A filte rs  and set to  
operate at 2-3 , 4-5, 6-7 , or 7-8 L m in -1. The o ther set was 
loaded w ith  SUPOR filte rs  (0.45pm) and operated at 4-5 , 5-6, 
6-7, and 7-8 L m in -1. The goal was to  check w hether there are 
any s ign ifican t differences in  234Th a c tiv ity  on  particles co l­
lected on the  screens (>51 pm ) due to  the  presence o f the tw o  
d iffe ren t k inds o f filte rs  th a t fo llo w  in  sequence, e.g., due to  
subtle changes in  pressure, etc.
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N o sign ifican t change in  particulate 234Th a c tiv ity  was 
observed beyond th a t associated w ith  in te r-pum p va ria b ility  of 
8-16% . The o n ly  exception was fo r the samples collected using 
the 7-8 L m in -1 flo w  rate, where the particulate samples had a 
s ign ifican tly  h igher 234Th a c tiv ity  than  any o ther samples co l­
lected in  the same cast. It is in  fact the highest value recorded 
am ong all casts from  th is  station. We a ttribu te  th is  h igh  value 
to  natura l heterogeneity o f suspended large particles in  the 
water co lum n. The more in teresting outcom e o f th is  flow-rate 
experim ent is the linear dependency (r2 = 0.92) between 234Th 
a c tiv ity  on  > 51 pm  particles and flow -rate (Fig. 7). The 234Th 
a c tiv ity  on  screens was found  to  decrease w ith  increasing flow - 
rates. W h ile  th is  trend can be explained by  the fact th a t rela­
tive ly  fragile larger particles are prone to  breakage w hen filte red  
at h igh  flow-rates, the  re la tive ly  narrow  range o f flow-rates 
(2-8 L m in -1) over w h ich  th is  occurs is surprising.

In  2009, a s im ilar experim ent was conducted at the  SAFe 
shallow  station, where a ll the e igh t pum ps had Q M A filte rs 
downstream  o f the screens. The flo w  range was also expanded 
to  a m ax im um  o f 9 L m in -1. The results again ind icate  a linear
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Fig. 7. Impact of flow rates on 234Th activity in large particles.

decrease (r2 = 0.82) in  large partic le  234Th a c tiv ity  w ith  increas­
in g  flow -ra te  (Fig. 7). W hen com paring  the results between the 
SHELF and SAFe stations, i t  appears th a t the 234Th a c tiv ity  is 
less sensitive to  changes in  flow-rates at SAFe, perhaps due to  
the differences in  the nature o f the  particles present in  the 
water co lum n. For the small particles, no  re la tionsh ip  between 
flow -rate  and 234Th a c tiv ity  was observed at e ither the SHELF 
or SAFe stations.

M a trix  type experiment
One o f the  m a jo r drawbacks o f ß coun ting , o ther than 

ind iscrim ina te  measurement o f a ll ß-emitters present in  a sam­
ple, is the possible self-absorption-induced biases due to  d if ­
ference in  partic le characteristics and load ing  on filte rs  (Rut­
gers van der Loeff and M oore 1999; Rutgers van der Loeff et al. 
2006). To test possible m a trix  effects on  a lte ring  ß coun ting  
efficiencies, partic le  samples fro m  a w ide range o f geographic 
locations (ALOHA, K2, EDDIES, GEOTRACES) were analyzed. 
These filte r samples were run  d irec tly  on  ß detectors in  one 
labora tory to  coun t fo r 234Th. These samples were subse­
q u e n tly  d ism ounted and p u rified  fo r 234Th using co lum n 
chem istry  fo llow ed  by  e lectrop la ting  on  steel p lanchéis. The 
steel p lanchéis were again ru n  on  the  ß detectors fo r 234Th 
measurements. The activ ities o f 234Th were determ ined using 
w e ll established efficiencies o f 234Th on steel p lanchéis (using 
238U standard in  e q u ilib riu m  w ith  234Th) and accounting  fo r 
co lum n  recoveries using a 230Th y ie ld  m on ito r. Instrum enta l 
counts fo r filte rs  measured d irec tly  (CPM) were p lo tted  versus 
the ir activities measured (DPM) on  steel p lanchéis (Fig. 8). The 
re la tionsh ip  between CPM versus DPM, i.e., the slope o f the 
linear f it ,  provides the e ffic iency fo r co u n tin g  filte rs  d irec tly  
on  the detector. The results ind icate  th a t co llec tion  region 
(and thus partic le  type), and filte r  type (Q M A versus SUPOR) 
do n o t s ign ifican tly  affect detector efficiencies. The detectors 
also seem to  be stable over lo n g  tim e  periods given the ~3 y  
tim e  span over w h ich  these samples were processed.
Total 234Th in te r-ca lib ra tion

In te rca lib ra tion  was carried o u t fo r to ta l 234Th in  the  water 
co lum n o n ly  d u ring  2009 cruise. Deep water samples were co l­
lected from  SAFE sta tion (4000m) using trace-metal clean Go­
fio  rosette w h ile  surface water was collected from  SSB station 
using trace-metal clean intake system deployed o ff the  side o f 
the ship. For deep water sta tion water approx im ate ly  200L o f 
u n filte red  water was collected in  a plastic tank, acid ified w ith  
H N 0 3 to  pH ~2 and then  hom ogenized using a rec ircu la ting  
pum p. In  case o f SSB station, water collected th rough  the 
in take system was firs t passed th rough  1 p m  cartridge filte r 
before be ing collected in  the  ta n k  and then  acid ified to  pH  ~2. 
Samples were collected in  tr ip lica te  fo r each labora tory at bo th  
the stations. In  order to  reproduce the co llec tion  p ro toco l fo r 
in d iv id u a l laboratories, samples were collected in  containers 
provided by  each o f the  pa rtic ipa ting  laboratories. Thus sam­
ple vo lum e varied from  2 L to  8 L depending on the co llec tion  
pro toco l o f the particu la r laboratory. Samples were analyzed 
b y  a ll laboratories w ith in  tw o  to  4 weeks o f co llection .
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Laboratories fo llow ed  the ir in d iv id u a l p ro toco l fo r process­
in g  these 234Th water samples and reported the ir data decay and 
in -g row th  corrected to  the tim e  o f co llection . A ll laboratories 
fo llow ed the ir ow n version o f small vo lum e 234Th measurement 
technique (Benitez-Nelson et al. 2001a; Pike et al. 2005). 
Briefly, 234Th was co-precipitated using M nO ,. The M n O , pre­
c ip ita te  was filte red, dried, m ounted, and d irec tly  run  on  low - 
level ß detectors. The process e ffic iency was determ ined by 
using 230Th spike to  q u a n tify  recovery using ICPMS or a  detec­
tor. One laboratory used double co-precip ita tion  technique 
where the samples were co-precipitated a second tim e  to  cross 
check fo r recovery w h ile  another laboratory used an estimated 
recovery estimate from  p rio r experiments. O n ly  one laboratory 
carried ou t co lum n chem istry to  isolate 234Th before counting , 
fo llo w in g  the  m e thod  o u tlin e d  in  Waples et al. (2003). 
Depending on the laboratory, the sample background was 
either determ ined by  recounting  the samples after w a itin g  fo r

QMA & SUPOR•  ALOHA

A  GEO IC1 Supor comb 
O  GEO IC1 QMA comb

8

6

4

2

0
0 10 20 30

dpm  a bso lu te  (a fte r pu rifica tion )

8. Variability in efficiency of RISO counters for different particle

• ALOHA screens
A ALOHA swimmers
V ALOHA trap
O K2 screens
V K2 trap
o EDDIES screens
V EDDIES trap
© GEO IC1 screens

SILVER FILTERS FROM SCREENS & TRAPS
6 m onths or the  samples were period ica lly  counted to  con­
struct the decay curve and extrapolate the background value.

Due to  the tim e  delay between sample co llec tion  and p ro ­
cessing, s ign ifican t corrections had to  be made to  the fin a l 
data to  account fo r in g ro w th  o f 234Th fro m  its parent 238U, 
present in  the  water samples (see Rutgers van der Loeff et al. 
2006 fo r details on  in -g ro w th  corrections). To carry o u t in ­
g row th  corrections, 238U activities were de term ined fro m  sa lin­
i ty  measurements o f 34.6746 ± 0.0038 and 33.9201 ± 0.0103 
from  SAFE and SBB water samples, respectively. The 238U-salin- 
i ty  re la tionsh ip  o f 238U (dpm  L~4) = 0 .0704*sa lin ity  (Chen et al. 
1986) was used by  a ll laboratories to  calculate 238U a c tiv ity  in  
the  water samples. To understand i f  in -g ro w th  correction  had 
any effect on  the fin a l numbers, an add itiona l set o f samples 
were processed using the M n O , technique and counted o n ­
board b y  one labora tory (W H O I), im m ed ia te ly  after co llec tion  
and thus had a re la tive ly  small in -g ro w th  correction  applied to  
it. N o difference in  a c tiv ity  was fo u n d  between the sample set 
analyzed on-board and the  sample set analyzed back in  labo­
ra to ry  after proper decay and in g ro w th  corrections were made 
(Rutgers van der Loeff et al. 2006).

The in te r-ca lib ra tion  results fo r deep water samples show 
good agreement amongst laboratories, i.e., the reported values 
from  all laboratories are w ith in  95% confidence l im it  w ith  
exception o f one laboratory (Fig. 9). I t  m ust be noted, however, 
tha t error bars shown fo r the laboratories represent the stan­
dard devia tion between trip lica te  samples and n o t the absolute 
error, w h ich  is usually be low  5% fo r all deep water samples. 
The mean reported 234Th ac tiv ity  fo r a ll laboratories was 2.433 
± 0.035 dpm  L_1 (dashed lin e  in  Fig. 9). This is statistica lly sim ­
ila r to  the expected value o f 2.4418 ± 0.0003 dpm  L_1, calcu­
lated assuming secular equ ilib riu m  and using the sa lin ity  data 
m entioned above. The in te rca lib ra tion  results fo r the SSB sur­
face water samples indicate an average 234Th a c tiv ity  o f 1.082 ± 
0.042 dpm  L_1 fo r all laboratories (Fig. 9). The error bars shown 
in  Fig. 9 represent the standard devia tion  among the trip lica te  
samples w h ile  the absolute error on  in d iv id u a l samples varied 
between 4% to  10% fo r shallow  water samples. However the 
agreement amongst d iffe ren t laboratories is n o t as robust as 
deep water samples, w ith  results from  tw o  laboratories fa llin g  
beyond the 95% confidence level. In  add ition , results from  
three m ore laboratories fa ll w ith in  the 95% confidence l im it  
o n ly  w hen we take in to  account the ir range in  va ria b ility  from  
the tr ip lica te  analysis. The tw o  m ajor causes fo r th is  h igh  va ri­
a b ility  cou ld  be the lo w  ac tiv ity  o f these samples and the tim e 
lag (2-4 weeks) between sample co llection  and processing, 
w h ich  resulted in  a larger in -g row th  correction and sim ultane­
ous decrease in  in it ia l 234Th a c tiv ity  o f the sample. For the SBB 
samples, we estimated th a t the in -g row th  correction represents 
approxim ate ly 10%, 50%, and 190% o f the in it ia l 234Th activ­
i ty  at co llection  i f  water samples were processed 1 day, 1 week 
or 3 weeks after co llection  respectively. As such, in  the case o f 
water samples w ith  lo w  in it ia l activ ity, the longer the w a it tim e 
between co llection  and processing, the smaller the  difference
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Fig. 9. Intercalibration results for total 234Th. The error bar represents 
the standard deviation for the triplicate analysis carried out by each lab. 
The dotted lines represent 95% confidence interval, and dashed line rep­
resents the mean value.

between the to ta l 234Th a c tiv ity  (sum o f residual 234Th present 
after decay and new  234Th produced from  ing row th ) and the 
234Th in -g row th  correction. Thus the signal fo r in it ia l 234Th 
a c tiv ity  present in  the sample becomes an increasingly smaller 
num ber produced by  difference o f tw o  large numbers, resulting 
in  a large percent error.

Discussion
Given the  in te r-pum p  and in te r- filte r va riab ility , the  in te r­

labora to ry  va ria b ility  fo r bo th  small and large particles appears 
to  be reasonable. Overall, results fro m  no  labora tory was 
fo u n d  to  be consistently d iffe ren t from  the mean 234Th activ ­
i ty  reported fo r the  in te r-ca lib ra tion  exercise conducted on 
samples from  stations w ith  d iffe ren t partic le  types fro m  the 
A tla n tic  (2008) and the Pacific (2009). Whereas in d iv id u a l lab­
oratories sometimes reported data beyond the  95% confidence 
l im it,  these differences were inconsisten t between partic le

type and sam pling cruise. There are at least tw o  possibilities 
th a t can cause such a difference fo r a single labora tory in  d if ­
ferent years (i) the  absolute detector efficiencies changed 
between the 2 y  and /o r (ii) the  changes were due to  d iffe ren t 
partic le  types, w h ich  cou ld  have altered the effective e ffic ien ­
cies o f the detector. However the  poss ib ility  o f partic le  type 
affecting detector efficiencies seems lo w  in  l ig h t o f the  results 
shown above. A th ird  poss ib ility  th a t m ay exp la in  deviations 
from  the mean fo r the tw o  sam pling cruises is the  batch to  
batch va ria b ility  in  thickness o f the  a lu m in u m  fo il used to  pre­
m o u n t these filte rs. A lth o u g h  care was taken to  use the same 
brand o f a lum inum  fo il fo r b o th  years, batch-to-batch va ri­
a b ility  canno t be ru led  out, w ith  the poss ib ility  o f one batch 
o f a lu m in u m  fo il be ing m ore representative o f the  fo ils  used 
b y  the  laboratories in  question fo r ca lib ra tion  in  1 year versus 
the other. A lth o u g h  the exact cause rem ains uncerta in , we 
w o u ld  like  to  recom m end using the same k in d  o f a lu m in u m  
fo il fo r samples to  keep results consistent w ith in  a laboratory.

The o ther im p o rta n t exercise in  the 234Th in te r-ca lib ra tion  
was to  evaluate the variables associated w ith  co llec ting  large 
vo lum e particu late samples. The results from  filte r-type  exper­
im ents reiterate the  fact th a t QM A filte rs  suffer from  sorption 
blanks, w h ich  need to  be inc luded  w hen m easuring 234Th 
a c tiv ity  on  small particles. One possible so lu tion  is to  pum p 
large volum es o f water th rough  the  f ilte r  such th a t 234Th 
adsorbed on particles is reduced to  a neglig ib le  frac tion  rela­
tive  to  the to ta l 234Th on the filte r. However ava ilab ility  o f 
w ire -tim e fo r p u m p ing  fo r extended periods m ay n o t be an 
op tion . A no ther possible so lu tion  therefore is to  use tw o  QM A 
filte rs  placed on top  o f one another, where the b o tto m  QM A 
can be considered an sorp tion  b lank. A lth o u g h  i t  should  be 
noted th a t the  pore size on  these filte rs are nom ina l, and there 
is always a poss ib ility  th a t some particles n o t caught on  the 
top  f ilte r  m ay be captured by  the b o tto m  filte r. A nother 
im p o rta n t factor to  keep in  m in d  before using such a correc­
tio n  factor is the inhe ren t assum ption in  th is  approach th a t 
assumes dissolved th o r iu m  is a ll in  the  same chem ical fo rm  
and so the frac tion  absorbed on the filte r  is same in  b o th  cases, 
as w e ll as the  fact th a t particles on  the top  filte r  do n o t in te r­
fere w ith  the sorption. Despite the  sorp tion  issues w ith  the 
QM A filters, we f in d  i t  d iff ic u lt to  recom m end any o ther filte r 
type because o f the  advantages associated w ith  QM A, viz., 
sim ultaneous measurement o f d iffe ren t elements (C, N) on 
the same filte r, f i lte r in g  capab ility  fo r large volum es o f water 
(w ith o u t clogging), and ease o f hand ling , subsampling, and 
hom ogeneous d is tr ib u tio n  o f m a te ria l across the  filte r. 
Nonetheless, i f  o n ly  particu late 234Th a c tiv ity  needs to  be mea­
sured, b o th  SUPOR and GN6 filte rs  p rov ide viable op tions 
w ith  PALL m ixed  cellulose ester filte r  be ing the easier o f the 
tw o  in  terms o f subsam pling fo r punches. However in  terms o f 
trace m etal analysis the SUPOR filte rs are fo u n d  to  be m ost 
appropriate because o f its  h igh  level o f recovery, faster f i lt ra ­
t io n  rate, lo w  blanks, and ease o f h a n d lin g  (Sm ith et al. 1993; 
C ullen and Sherrell 1999; Kiene and L in n  1999). Thus we rec­
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om m end using Q M A filte rs w hen 234Th is applied as a tracer o f 
POC f lu x  in  the  water co lum n  and to  use SUPOR filte rs  w hen 
234Th is be ing applied as a tracer o f trace m etal f lu x  and cyc ling  
in  the water co lum n. In  studies where 234Th needs to  be 
applied as a tracer fo r b o th  POC and trace metals, the choice 
o f f ilte r  can be solved by  m o d ify in g  the  single f ilte r  ho lder 
McLane pum ps in to  dual filte r-ho lde r pum ps where one filte r 
ho lder is loaded w ith  QM A filte r and the o ther filte r  ho lder is 
loaded w ith  SUPOR filte r. In  the recently concluded A tla n tic  
GEOTRACES section, th is  approach was successfully applied to  
sim ultaneous collect large vo lum e partic le  samples fo r POC 
and TEI analysis using Q M A and SUPOR filters, respectively. 
Apart from  filte r  type, we fo u n d  pum p flow-rates im pacting  
the  co llec tion  o f large particles. I f  p u m p ing  rates are lowered, 
the  like lih o o d  o f re ta in ing  large particles on  the  screen 
increases, a lthough  sample volum es typ ica lly  rang ing  from  
400-800 L w il l  take m uch longer tim e  to  filte r. However i t  
m ust be no ted  th a t m ost o f the  McLane in  s itu  pum ps 
presently in  opera tion  are fitte d  w ith  a 4-8 L m in -1 pum p 
head, and setting the  m ax im um  allowable flo w  rate o f the 
pum p close to  its operationa l lower l im it  o f 4 L m in -1 can 
cause the pum p to  shut o ff prem aturely. In  th is  regard, m a x i­
m u m  p u m p ing  rates between 5 -6  L m in -1 appear to  be a rea­
sonable com prom ise between tim e  and m ateria l loss. Thus 
under ideal cond itions, the recom m ended flo w  rate is 5 L 
m in -1. In  situations where tim e  and/or vo lum e filte red  is an 
issue, i t  is recom m ended n o t to  go beyond 6 L m in -1 flo w  rate 
to  preserve the sample in teg rity . I t  m ust be no ted  here th a t 5 
L m in -1 flo w  rate is equ iva len t to  vacuum  filte r in g  (in  terms o f 
vo lum e filte red  per u n it  area o f filte r per u n it  tim e), a typ ica l 
3 L b o ttle  POC sample in  25 m in  whereas 6 L m in -1 flo w  rate 
is equivalent to  filte r in g  the  same in  20 m in  using a 25 m m  f i l ­
ter (assumed active area o f 21 m m ).

Total 234Th in te r-ca lib ra tion  results fo r deep water samples 
showed good agreement amongst laboratories. The mean 
234Th a c tiv ity  o f 2.433 ± 0.035 dpm  L-1 fo r a ll laboratories was 
also fo u n d  to  be in  ve ry  good agreement w ith  the  sa lin ity  
derived expected 234Th a c tiv ity  o f 2.442 ± 0.0003 dpm  L_1, 
assuming secular eq u ilib riu m . However in  com parison, the 
234Th activities from  SBB surface water had m uch  m ore va ri­
a b ility  because o f lower in it ia l a c tiv ity  and large in g ro w th  cor­
rections from  238U. I t  is thus recom m ended to  keep the tim e 
between co llec tion  and filte r in g  to  a m in im u m  in  order to  
keep in -g ro w th  corrections to  a m in im u m . This also reduces 
the  error associated w ith  the  uncerta inties in  b o th  sa lin ity  
measurements and the  238U -sa lin ity  re la tionsh ip  as the  error is 
propagated w hen in g ro w th  corrections are made. Recent re- 
eva luation o f the  238U -sa lin ity  re la tionsh ip  (Owens et al. 2011) 
indicates a difference o f 1.3% w ith  respect to  the  m ore estab­
lished re la tionsh ip  by  Chen et al. 1986, w h ich  used a smaller 
dataset than  the recent w ork. This difference o f 1.3% m ay 
appear ins ign ifican t, b u t in  rea lity  can translate to  greater 
than  5% change in  234Th fluxes i f  234T h /238U ~ 1. Thus, i t  is 
im p o rta n t to  understand the  lim ita t io n  o f th is  re la tion  and

propagate the  associated errors appropriately.
Overall, results from  the  curren t in te rca lib ra tion  e ffo rt in d i­

cate th a t m ax im um  va ria b ility  can be expected in  a h igh  par­
tic le  env ironm en t, w h ich  in  th is  study is at the SBB station 
where the  a standard error fo r the mean o f the  results from  all 
laboratories is 4% o f to ta l 234Th a c tiv ity  and 8% fo r 234Th activ­
i ty  on  large particles. To use 234Th as a p roxy  fo r POC export, 
we have to  m u lt ip ly  the depth  in tegrated 234Th d e fic it w ith  the 
C /234Th ra tio  on  large particles. Thus, fo r a station like  SBB, 
where fluxes can be measured fro m  a typ ica l six p o in t p ro file  
in  the  upper 150 m  o f the  water co lum n, we can expect a m ax­
im u m  o f 15% va ria b ility  in  the  estimates between d iffe ren t 
laboratories based on our in te r-ca lib ra tion  results. In  com par­
ison, we can expect good agreement in  f lu x  measurements 
amongst laboratories in  an open ocean setting w ith  lower 
234Th deficiency.

Acknowledgments
We w ou ld  like  to  th a n k  the captain and crew o f R/V Knorr. 

Thanks to  the Café T ho rium  members—Sharmila Pai and 
Kelsey Collasius—fo r the ir help w ith  sample co llection  and 
processing. Geoff Sm ith and Ken B ruland deserve special 
thanks fo r a llow ing  us to  use the ir m ix in g  tanks and fish  sur­
face sample co llection  setup. Phoebe Lam and Robert Sherrell 
provided some im p o rta n t suggestions and insights du ring  the 
p lann ing  phase o f th is  project. The W H O I m etal shop deserves 
special m en tion  fo r transla ting  our idea o f a pum p rosette in to  
reality. This research is funded by  NSF Chem ical Oceanography 
program. LM  w il l  like  to  th a n k  Fisheries and Oceans Canada 
fo r support. PM is supported th rough  ICREA Academia funded 
by Generalität de Catalunya. The In te rna tiona l A tom ic  Energy 
Agency is grateful to  the G overnm ent o f the P rinc ipa lity  o f 
M onaco fo r the support p rovided to  its Environm ent Labora­
tories. This paper is part o f the In te rca lib ra tion  in  Chemical 
Oceanography special issue o f Limnology and Oceanography: 
Methods th a t was supported by  fu n d in g  from  the U.S. N ational 
Science Foundation, Chem ical Oceanography Program.

References
Benitez-Nelson, C. R., and others. 2001a. Testing a new  small- 

vo lum e technique fo r de te rm in ing  tho rium -234  in  seawa­
ter. J. R adioanal. N uc l. C hem . 248(3):795-799 
[doi:10.1023/A:1010621618652],

 , K. O. Buesseler, D. M . Karl, and J. E. Andrews. 2001b.
A time-series study o f particu la te  m atter export in  the 
N o rth  Pacific Subtropical Gyre based on 234T h :238U d isequi­
lib r iu m . Deep-Sea Res. I 48:2595-2611 [doi:10.1016/S0967- 
0637(01)00032-2],

 , and W. S. Moore. 2006. Future applications o f 234Th in
aquatic ecosystems. Mar. Chem. 100:163-165 [doi:10.1016/ 
j.marchem .2005.10.010].

Bhat, S. G., and others. 1969.234T h /238U ratios in  the ocean. Earth 
Planet. Sei. Lett. 5:483-491 [doi:10.1016/S0012-821X
(68)80083-4],

643



M a iti et ai. Intercalibration studies o f Thorium-234

Buesseler, K., and others. 1992. Carbon and n itrogen  export 
d u ring  the  JGOFS N o rth  A tla n tic  B loom  E xperim ent esti­
mated from  234Th:238U d isequilib ria . Deep-Sea Res. I 
39:1115-1137 [doi:10.1016/0198-0149(92)90060-7]. 

Buesseler, K. O., L. Ball, J. Andrews, C. Benitez-Nelson, R. Bela- 
stock, E Chai, and Y. Chao. 1998. Upper ocean export o f 
particu la te  organic carbon in  the  Arabian Sea derived from  
tho rium -234 . Deep-Sea Res. II, A rabian Sea 45:2461-2487.

 , and others. 2001. A n  in tercom parison o f small- and
large-volum e techniques fo r tho rium -234  in  seawater. Mar. 
Chem. 74:15-28 [doi:10.1016/S0304-4203(00)00092-X],

 , and others. 2006. A n  assessment o f particu late organic
carbon to  tho rium -234  ratios in  the ocean and th e ir im pact 
on  the app lica tion  o f 234Th as a POC flu x  proxy. Mar. 
Chem . 100(3-4):213-233 [do i:10 .1016 /
j.m archem .2005.10.013].

 , and others. 2008. Particle fluxes associated w ith
mesoscale eddies in  the Sargasso Sea. Deep-Sea Res. II 
55:1426-1444.

Chen, J. H., and others. 1 9 8 6 .238U, 234U and 232Th in  seawater. 
Earth Planet. Sei. Lett. 80:241-251 [do i:10.1016/0012- 
821X(86)90108-1],

Coale, K. H., and K. W. Bruland. 1985. 234T h :238U d isequilib ria  
w ith in  the  C a lifo rn ia  C urrent. L im no l. Oceanogr. 30:22-33 
[do i:10 .4319 /lo .l985 .30.1.0022].

C ullen, J. T., and R. M . Sherrell. 1999. Techniques fo r de te rm i­
n a tio n  o f trace metals in  small samples o f size-fractionated 
particu la te  m atter: p h y to p la n k to n  metals o ff centra l C a li­
fo rn ia . M ar. C hem . 67:233-247 [do i:10.1016/S0304- 
4203(99)00060-2],

Gustafsson, Ö., P. M . Gschwend, and K. O. Buessler. 1997a. 
Settling rem oval rates o f PCBs in to  the N orthw estern 
A tla n tic  derived from  238U-234Th d isequilib ria . Env. Sei. 
Technol. 31:3544-3550 [doi:10.1021/es970299u],

 , ----------, a n d ---------- . 1997b. Using 234Th d isequilib ria  to
estimate the vertica l rem oval rates o f po lycyc lic  arom atic 
hydrocarbons fro m  the surface ocean. Mar. C hem .57:11-23 
[doi:10.1016/S0304-4203(9 7)00011-X].

Henderson, G., and others. 2007. GEOTRACES— An in te rn a ­
tio n a l study o f the g lobal m arine biogeochem ical cycles o f 
trace elements and th e ir isotopes. Chem. Erde Geochem. 
67:85-131 [doi:10.1016/j.chem er.2007.02.001].

Johnson, K. S., and others. 2007. D evelop ing standards fo r dis­
solved iro n  in  seawater. EOS Trans. 88:131-132.

Kiene, R. P., and L. L inn . 1999. F ilter-type and sample han ­

d lin g  affect de te rm ina tion  o f organic substrate uptake by 
b a c te r io p la n k to n . A qua t. M ic ro b . Ecol. 19:311-321 
[doi:10.3354/am e017311],

M a iti, K., C. and others. 2010. Insights in to  partic le fo rm a tion  
and rem inera liza tion  using the short-lived  rad ionuclide, 
T h o ru im -2 3 4 . Geophys. Res. Lett. 37(L15608) 
[doi: 10.1029/2010GL044063].

Owens, S. A., K. O. Buesseler, and K. W. W. Sims. 2011. Re-eval­
ua ting  the 238U -sa lin ity  re la tionsh ip  in  seawater: Im p lica ­
tions fo r the 238U -234Th d isequ ilib rium  m ethod. Mar. Chem. 
127:31-39 [doi:10.1016/j.m archem .2011.07.005].

Pike, S. M ., and others. 2005. Q u a n tifica tion  o f 234Th recovery 
in  small vo lum e sea water samples by  in d u c tive ly  coupled 
plasma-mass spectrom etry. J. Radioanal. N ucl. Chem. 
263(2):355-360.

Rutgers van der Loeff, M . M ., and W. S. M oore. 1999. Deter­
m in a tio n  o f na tura l radioactive tracers, Chapter 13, p. 
365-397. In  K. Grasshoff, M . Ehrhardt, and K. K rem ling  
[Eds.], M ethods o f seawater analysis, th ird  ed. Verlag 
Chemie [doi:10.1002/9783527613984.ch l3 ],

Rutgers van der Loeff, M . R., M . M . Sarin, and others. 2006. A 
review  o f present techniques and m ethodo log ica l advances 
in  analyzing 234Th in  aquatic systems. Mar. Chem. 100(3- 
4):190-212 [doi:10.1016/j.m archem .2005.10.012],

Sm ith , L., and others. 1993. C om parison o f m em brane filte rs  
fo r recovery o f Legionellae from  water samples. A pp l. Env­
iron . M ic rob io l. 59(l):344-346.

Taylor, J. K. 1987. Q u a lity  assurance o f chem ica l mea­
surements. Lewis Publishers.

Waples, J. T, K. A. O rland in i, and others. 2003. Measuring low  
concentrations o f Th-234 in  water and sediment. Mar. Chem. 
80(4): 265-281 [doi:10.1016/S0304-4203(02)00118-4],

 , C. R. Benitez-Nelson, N. Savoye, M . Rutgers van der Loeff,
M . Baskaran, and Ö. Gustafsson. 2006. An in troduction  to  the 
application and future use o f 234Th in  aquatic systems. Mar. 
Chem. 100:166-189 [doi:10.1016/j.m archem .2005.10.011], 

W einste in, S. E., and S. B. M oran. 2005. Vertical f lu x  o f pa rtic ­
ulate A l, Fe, Pb, and Ba from  the  upper ocean estimated 
from  Th-234/U -238 d isequilib ria . Deep-Sea Res. I 52:1477- 
1488 [doi: 10.1016/j.dsr.2005.03.008].

Submitted 9 September 2011 

Revised 4 A p ril 2012  

Accepted 6 M ay 2012

644


