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Abstract
T he d ry  w eigh t co n cen tra tio n  of suspended  particu la te  m aterial, [SPM] (units: m g  L_1), is m easured  by  pass­

ing  a know n  vo lum e of seaw ater th ro u g h  a prew eighed filter an d  rew eighing th e  filter after drying. This is appar­
en tly  a sim ple procedure, b u t accuracy an d  precision  of [SPM] m easurem ents vary  w idely d ep en d in g  o n  the  
m easu rem en t p ro toco l an d  experience an d  skills of th e  person  filtering. We show  th a t  m easurem ents of tu r ­
bidity, T  (units: FNU), w h ich  are low  cost, sim ple, an d  fast, can  be used to  o p tim ally  set th e  filtra tion  vo lum e, 
to  detec t prob lem s w ith  th e  m ix ing  of th e  sam ple d u ring  subsam pling, an d  to  quality  co n tro l [SPM]. A rela­
tio n sh ip  betw een  T  an d  'o p tim a l filtra tion  vo lum e ', V t, is estab lished  w here V t is th e  vo lum e at w h ich  enough  
m a tte r is re ta in ed  by  th e  filter for precise m easurem ent, b u t n o t so m u c h  th a t th e  filter clogs. This re la tionsh ip  
is based o n  an  assessm ent of procedural uncerta in ties  in  th e  [SPM] m easu rem en t pro toco l, in c lu d in g  salt re te n ­
tio n , filter p repara tion , w eighing, an d  han d lin g , an d  o n  a value for m in im u m  relative precision  for replicates. 
The effect of f iltra tion  vo lum e o n  th e  precision  of [SPM] m easu rem en t is investigated  by  filtering  vo lum es of 
seaw ater rang ing  b etw een  on e  fifth  an d  tw ice V t. It is show n th a t filtra tions at V t m axim ize precision  an d  cost 
effectiveness of [SPM]. Finally, th e  90%  pred ic tion  b o u n d s  of th e  T  versus [SPM] regression allow  th e  quality  
co n tro l o f [SPM] de term in a tio n s. In conclusion  it is recom m ended  th a t ex isting  [SPM] gravim etric m ea­
surem ents be refined  to  include m easu rem en t of tu rb id ity  to  im prove the ir precision an d  quality  contro l.

Suspended particu la te  m atte r (SPM) is opera tionally  defined 
via filtration  of seawater as th e  m aterial re ta ined  o n  a certain  
type of filter w ith  certain  pore size, w hile th e  m atte r th a t passes 
th ro u g h  a small pore size filter is defined  as dissolved m atte r
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(DM). For DM, typically a po lycarbonate m em brane filter w ith  
a 0.2 pm pore size is used, w hereas for SPM, GF/F glass fiber fil­
ters w ith  a n o m in a l pore size of 0.7 pm are com m only  used 
(ISO 1997; van  der Linde 1998; T ilstone et al. 2002), a lthough
0.4 pm pore size po lycarbonate filters m ay also be used (Strick­
land  an d  Parsons 1968; M ueller et al. 2003). We n o te  th a t glass 
fiber filters w ork by  adsorp tion  of particles o n to  th e  fibers at 
th e  surface an d  th ro u g h o u t th e  d ep th  of th e  filter (Feely e t al. 
1991) an d  have n o  w ell-defined pore size. The no m in a l pore 
size of 0.7 pm is ob ta in ed  from  perform ance tests by  th e  m a n ­
ufacturer un d er con tro lled  cond itions an d  indicates a 98%  
re te n tio n  effic iency  for partic les larger th a n  0.7 pm 
(h ttp ://w w w .w hatm an .com ). Particles sm aller th a n  th e  n o m i­
nal pore size m ay be reta ined , how ever, as p o in te d  o u t th e o ­
retically (Logan 1993) an d  experim entally  (Sheldon 1972; Shel­
d o n  an d  Sutcliffe 1969; C havez et al. 1995).

SPM m ay also be referred to  as to ta l suspended  solids (TSS), 
to ta l suspended  m a tte r (TSM), or to ta l particu la te  m atter 
(TPM) an d  inc ludes b o th  o rgan ic  (au to tro p h ic  an d  het- 
ero troph ic  p lan k to n , bacteria , viruses, an d  detritus) an d  m in-
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eral particles (Stramski e t al. 2004). The te rm  'to ta l ' m ay  be 
m isleading, how ever, since very  sm all particles pass th ro u g h  
th e  filter an d  th e ir  d ry  w eigh t is n o t inc luded . We therefore 
adop ted  th e  sym bol SPM.

The dry  w eight co n cen tra tio n  of SPM, [SPM] in  u n its  of m g 
L_1 or g n r 3, is de term in ed  gravim etrically  b y  passing a know n  
vo lum e of seaw ater th ro u g h  a prew eighed filter. The filter is 
th e n  rew eighed after d ry ing  an d  [SPM] is calcu lated  from  th e  
ratio  of th e  d ifference in  filter w eigh t by  th e  vo lum e of th e  fil­
trate . Protocols for [SPM] m easu rem en t vary  w idely in  p roce­
dures for filter p repara tion  an d  trea tm en t, in c lu d in g  w ashing, 
drying, an d  ashing, an d  w ash ing  of sea salt after filtration . 
Also, w hile  th e  m easu rem en t of [SPM] is ap paren tly  a sim ple 
procedure, accuracy an d  precision  of th e  m easurem ents vary 
w idely d ep en d in g  o n  th e  m easu rem en t p ro toco l (m aterials 
used, filter p rep ara tio n  an d  trea tm en t, labo ra to ry  cond itions, 
etc.) an d  th e  experience an d  skills of th e  person  filtering.

Because [SPM] is defined  operationally , m a n y  m easu rem en t 
p ro toco l specifications have been  eva lua ted  previously. The 
re te n tio n  of salts by  glass fiber filters lead ing  to  overestim a­
tio n  of [SPM] has gained  considerab le a tten tio n , an d  w ashing  
of filters an d  filter edges w ith  deion ized  w ater (or M illiQ  
w ater) after f iltra tion  have been  p roposed  to  rem ove sea salt 
(Strickland an d  Parsons 1968; van  der L inde 1998). D ifferent 
w ash volum es have been  recom m ended , vary ing  betw een  30 
m L (Pearlm an e t al. 1995) an d  250 m L (Sheldon 1972). 
Despite a M illiQ  w ash  of 300 mL, S tavn e t al. (2009) fo u n d  salt 
re te n tio n  by  47 m m  diam eter GF/F filters to  vary  betw een  0.6 
m g  an d  1.1 m g  w ith  increasing  sa lin ity  from  15 to  34 PSU 
(Practical Salinity  U nits, see th e ir  Fig. 1) an d  irrespective of fil­
tra tio n  vo lum e. O rganic m ateria l m ay  be lost from  liv ing cells 
th ro u g h  cell-wall ru p tu re  by  osm otic  g rad ien t after rinsing  
w ith  M illiQ  (G oldm an an d  D en n e tt 1985) an d /o r by  air suc­
tio n  (G oldm an an d  D en n e tt 1985; Kiene an d  L inn 1999). Such 
m ateria l losses are d ep e n d en t o n  species (Booth 1987; Kirst 
1990) an d  filter type (Kiene an d  L inn 1999) an d  are considered  
to  be less im p o rta n t o n  GF/F filters (van der Linde 1998), 
w h ich  w ork  b y  adsorp tion . Some pro tocols state th a t  th e  r in s­
in g  shou ld  be d o n e  w ith  10-20 mL of iso ton ic am m o n iu m  fo r­
m ate  so lu tion  to  m in im ize osm otic  shock (ICES 2004; PML 
a n d  ICES 2004). D rying tim e an d  tem pera tu re  affect final d ry  
w eigh t (Lovegrove 1966). The vacuum  pressure u n d er w hich  
filtra tion  takes place was n o t fo u n d  to  affect th e  m ass re te n ­
tio n  by  th e  filters (Sheldon 1972), even th o u g h  delicate p a rti­
cles m ig h t break  w h en  th e  pressure is to o  h igh . A pressure of 
300-400 m m H g is recom m ended  (Stavn et al. 2009). The effec­
tive pore d iam eter of glass fiber or po lycarbonate  filters is 
kn o w n  to  decrease from  th e  n o m in a l value w ith  increasing  fil­
tra tio n  vo lum e u n til th e  filter is clogged (Sheldon 1972; Shel­
d o n  an d  Sutcliffe 1969).

The filtra tion  vo lum e should  be such th a t th e  m ass reta ined  
by th e  filter is sufficient to  be precisely m easured, b u t n o t so 
m u ch  th a t th e  filter clogs. Despite its im portance, th e  estim a­
tio n  of filtration  vo lum e is som ew hat arbitrary  an d  depends on

th e  experience of th e  person  carry ing o u t th e  filtration . Typi­
cally, th e  person  carrying o u t th e  filtration  determ ines th e  fil­
tra tio n  vo lum e from  visual in spection  of th e  seawater sample. 
In th is  study, we investigate how  low  cost, sim ple, an d  fast 
m easurem ents of turbidity , w hich  is a good proxy  for [SPM] 
(Boss et al. 2009; N eukerm ans et al. 2012), can  be used  to  esti­
m ate  filtra tion  vo lum e objectively an d  hence im prove rep ro ­
ducibility  of m easurem ents. We fu rther investigate [SPM] m ea­
su rem ent uncertain ties associated w ith  filter p repara tion  and  
trea tm en t, salt reten tion , an d  filtration  volum e.

W hereas th e  approach  described in  th is  paper is specific to  
th e  m easu rem en t of m ass co n cen tra tio n  of SPM, th e  concep t 
of pre- an d  post-filtration  tu rb id ity  m easurem ents m ay be 
applicable to  th e  im p ro v em en t of th e  quality  an d  th e  quality  
con tro l of th e  m easu rem en t of m a n y  o th e r  physical or ch e m ­
ical properties of SPM (e.g., G roundw ater e t al. 2012).

Materials and methods
Measurement o f [SPM]

M easurem ent pro tocol
[SPM] is de term in ed  gravim etrically  follow ing th e  pro toco l 

of T ilstone et al. (2002), based o n  van  der Linde (1998), by  fil­
tra tio n  of a know n  vo lum e of sea w ater o n to  47 m m  W h a t­
m an  GFF glass fiber filters w ith  a n o m in a l pore size of 0.7 pm . 
The filters w ere pre-ashed  at 450°C for 1 h  (see step 1 in  the  
flow chart in  Fig. 1), gen tly  w ashed  in  0.5 L of M illiQ  w ater (2) 
to  rem ove friable fractions th a t  can  be d islodged du rin g  filtra­
tion , dried  at 75°C for 1 h  (3), pre-w eighed o n  a Sartorius LE 
2445 analytical balance w ith  an  accuracy of 0.1 m g, d en o ted  
wb (4), sto red  in  a desiccator for use w ith in  2 weeks (5), an d  
transferred  to  clean 50 m m  d iam eter Petri p lates for transport.

Seaw ater sam ples w ere filte red  im m ed ia te ly  after co llec­
tio n  o n  trip lica te  ashed  an d  p rew eighed  filters u sin g  a 250 
mL M illipore ap p ara tu s  w ith  an  app lied  v acu u m  of 300-400 
m m H g. Filter su p p o rts  w ere w ashed  before filtra tio n  w ith  
M illiQ  to  rem ove an y  partic les th a t  h a d  ad h e red  to  th e  glass. 
After p la ce m en t o n  th e  fritted  glass filter suppo rts  (6), filters

Laboratory

1. Pre-ash (450°C, lh )
2. Wash in 0.5L milliQ (5 ')
3. Dry (75°C, lh )
4. Weigh (wb ±0.1 mg)
5. Store in dessicator

1.
, r

15. Dry (75°C, 24h)
16. Weigh (wa ±0.1 mg)

F ig .  1 .  P rocedural flow  for th e  m e a su re m e n t of [SPM] of seaw ater.

At sea

6. Place on filter holder
7. Wet with milliQ
8. Filter volume V o f  seawater
9. Rinse m easuring cylinder 

with m illiQ (3x30mL)
10. Wash with 250 mL o f  milliQ
11. Rinse funnel with milliQ 

(3x30mL)
12. Rem ove funnel
13. Wash filter edge with milliQ
14. Store in freezer (-20°C)
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Table 1 . Overview of types of [SPM] procedural control filters and  trea tm ents .

Filter Filter op era tion s (nrs as in Fiq. 1) V olum e filtered n Sam pled

Dry blank 1-5, 14, 15-16 0 mL 87 2 0 0 8 -2 0 1 0

MilliQ blank 1 -16, rep lacing  sam ples w ith  MilliQ w a te r  in s tep  8 250  mL 96 2 0 0 8 -2 0 1 0

SSW blank 1 -16, rep lacing  sam ples w ith  SSW w a te r  in s te p  8 5 0 0  mL 126 2 0 0 7 -2 0 1 0

Sam ple 1-16 variable 366 2 0 0 7 -2 0 1 0

w ere w etted  w ith  M illiQ  (7), a n d  a k n o w n  vo lu m e of seaw a­
ter, V, w as passed  th ro u g h  th e  filter (8). T he m easu rin g  cy lin ­
der w as rin sed  w ith  3 x 30 m L a liquo ts of M illiQ  w ater to  
flu sh  an y  rem a in in g  particles (9). To rem ove salt, filters w ere 
w ash ed  w ith  250 m L of M illiQ  w ater after f iltra tio n  (10). The 
filter fu n n e l was also rin sed  w ith  3 x 30 m L a liquo ts of 
M illiQ  w ater (11). After rem oval of th e  fu n n e l, th e  filter edge 
w as carefu lly  w ash ed  w ith  M illiQ  to  flu sh  possib le d iffused 
salt (13, S trick land  a n d  Parsons 1968). The to ta l M illiQ  w ash  
v o lu m e per filter is th u s  400-450 mL, m u c h  larger th a n  rec­
o m m e n d e d  by  S heldon  1972, 300 mL; Trees 1978, 50 mL; 
an d  P earlm an  e t al. 1995, 30 mL. T he sam ples w ere sto red  at 
-20°C  u n til fu rth e r  analysis in  M UM M 's M arine C h em istry  
L aboratory  (14), u sua lly  w ith in  a few  m o n th s  after sam pling . 
Filters w ere d ried  for 24 h  a t 75°C (15) a n d  rew eighed  o n  th e  
sam e ba lance  (16), g iv ing  w eig h t w a, from  w h ich  [SPM] is 
o b ta in e d  as (wa -  wb): V.

Filter blanks
At th e  start an d  th e  en d  of each  sam pling  cam paign , a 

series of filter b lanks, also te rm ed  procedural con tro l filters, 
w ere inc luded , to  assess uncerta in ties  associated w ith  filter 
opera tions in  th e  labo ra to ry  an d  du rin g  filtrations. Three d if­
feren t types of b la n k  m easurem ents have been  m ade w ith  fil­
tra tio n  of a) n o  w ater ("dry  b lank"), b) syn the tic  seawater 
(SSW), p repared  by  dissolving 34 g of NaCl in  10 L of M illiQ  
w ater, an d  c) M illiQ  water. An overview  of these  filter b lanks 
a n d  th e ir  opera tions is given in  Table 1.

The M illiQ  an d  SSW filter b lanks w ere trea ted  exactly  as th e  
sam ple filters (steps 1-16 in  Fig. 1) except th a t 250 m L of 
M illiQ  or 500 m L of SSW was passed th ro u g h  th e  filter in stead  
of a vo lum e V  of sam pled  seaw ater (step 8). N o liqu id  was 
passed th ro u g h  th e  d ry  filter b lanks, w h ich  were subjected 
o n ly  to  freezing (step 14) before fu rthe r analysis in  th e  lab. A 
one-w ay analysis of variance (ANOVA) was carried o u t to  test 
for differences betw een  b lanks (details o f statistical tests are 
described fu rthe r in  th e  text).

Salt retention tests
A labora to ry  experim en t was carried o u t to  test w h eth er 

salts diffused o n to  th e  rim  of th e  filter w ere p roperly  flushed  
by  th e  rim  rinsing  procedure (step 13 in  Fig. 1). First, all steps 
of th e  procedure as described in  Fig. 1 w ere carried o u t filter­
in g  a vo lum e of 250 mL SSW o n to  10 replicate filters. N ext, all 
steps except th e  rim -rinsing  (step 13) w ere carried o u t filtering  
a vo lum e of 250 m L SSW o n to  an o th er set of 10 filters. Differ­
ences betw een  groups w ere th e n  tested  u sing  an  ANOVA test.

To test th e  d ependence  of salt re te n tio n  o n  sam pling  v o l­
um e, d iffe ren t vo lum es of SSW rang ing  betw een  150 an d  2000 
m L were filtered  accord ing  to  th e  procedure in  Fig. 1. Differ­
ences in  wa -  wb betw een  SSW vo lum e groups were te sted  w ith  
an  ANOVA.

To check  w h e th e r salts w ere p roperly  flushed  w ith  the  
M illiQ  w ash of 400-450 mL, on e  u n rin sed  an d  on e  rinsed  fil­
ter th ro u g h  w h ich  500 mL of SSW was passed were analyzed 
using  scann ing  e lectron  m icroscopy (SEM, LEO 438VP tu n g ­
sten  filam en t SEM) w ith  e lec tron  dispersive spectral analysis 
(EDS). Sam ples w ere spu tter-coated  w ith  A u/Pd (Polaron 
SC 7620).
Turbidity measurements

Turbidity, T, defined  by  ISO 1999 as 'th e  reduc tion  of tran s­
parency  of a liqu id  caused b y  th e  presence of und isso lved  m a t­
te r', can  be qu an tified  in  various ways (e.g., Secchi disk, ligh t 
a tten u a tio n , side scatter). The H ach 21 OOP portab le  tu rb id ity  
in s tru m e n t m easures th e  ratio  of Light E m itting  D iode (LED) 
ligh t scattered  at an  angle of 90° ± 2.5° at a w aveleng th  of 860 
n m  ± 60 n m  to  forw ard tran sm itte d  light, as com pared  w ith  
th e  sam e ratio  for a s tandard  suspension  of Form azine. This 
op tical tech n iq u e  for m easu rem en t of T  from  th e  side-scatter­
ing  coefficient is in  accordance w ith  ISO 1999 an d  has signif­
ican t advantages over alternative m easurem ents of tu rb id ity : 
Secchi d ep th  m easurem ents are obviously  h ig h ly  subjective 
an d  th e  use of in s tru m e n ts  w ith  a b ro ad b an d  ligh t source such 
as th e  tu n g sten  lam p suggested by  EPA 1993 m ay be m uch  
m ore sensitive to  spectral varia tions of lam p o u tp u t an d  p arti­
cle absorp tion  properties th a n  for th e  m o n o ch ro m atic  near 
in frared  source used here. T  is expressed in  Form azine N eph­
elom etric  U nits (FNU) an d  in stru m en ts  are calib rated  using  a 
set of Form azine T urbidity  S tandards. At th e  start o f each  sea 
cam paign , in s tru m e n t stability  is ensured  by  record ing  tu rb id ­
ity  of H ach STABLCAL Form azine standards of 0.1, 20, 100, 
an d  800 FNU an d  an  in s tru m e n t recalibra tion  is m ade if n ec ­
essary. Side scattering  signals are averaged over 10 m ea­
surem ents a t 1.2 s in tervals. Glass sam ple cells of 10 mL are 
used to  record  seaw ater T. The glass cell is rinsed  w ith  sam pled 
seaw ater before filling. The ex terior of th e  sam ple cell is rinsed 
w ith  M illiQ  w ater, dried  w ith  paper tissue, sw iped w ith  a soft 
m icrofiber lint-free c lo th  trea ted  w ith  silicon oil, an d  sw iped 
again w ith  a d ry  clo th . Prior to  tu rb id ity  m easurem ent, the  
sam ple cell is visually  inspected  for du st particles, co n d en sa­
tio n  d roplets, or air bubbles. T  was recorded  in  trip licate, gen ­
tly  tu m b lin g  th e  sam ple cell betw een  each  m easurem ent.
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T  is recorded  before an d  after [SPM] filtra tions to  check  ade­
q uate  m ix ing  of th e  w ater sam ple du rin g  subsam pling  for fil­
tra tio n . T  m easu rem en t typ ically  takes abou t 4 m in u tes  to  
com plete  an d  portab le tu rb id ity  m eters can  be purchased  for 
less th a n  1500 US dollars. The 2100P m odel is n o  longer m a n ­
ufac tu red  an d  has been  superseded by  th e  H ach 2100Q  
portab le tu rb id im ete r w ith  im proved  m easurem ents for rap ­
id ly  se ttling  sam ples. C alib ration  standards are available in  
sealed con ta ine rs  an d  are stable for at least 1 year, facilita ting  
use of th e  m e th o d  for scientists w orldw ide w ith  m in im al 
resources an d /o r in  rem ote areas.
Optimal filtration volum e  

T as proxy for [SPM]
T  an d  [SPM] m easurem ents w ere carried  o u t in  surface 

w aters in  coastal an d  offshore w aters a ro u n d  Europe an d  
F rench G uyana betw een  2007 an d  2010. Sam pling sites are 
described an d  m ap p ed  in  N eukerm ans e t al. 2012. A 'least 
squares cubic ' type II regression (York 1966) is app lied  to  th e  
log transfo rm ed  T  an d  [SPM] data. The least squares cubic 
regression, w h ich  takes in to  accoun t m easu rem en t u n ce rta in ­
ties, is app lied  after rem oval of outliers iden tified  by  th e  MAT­
LAB robustfit.m  rou tine . C orrela tion  coefficients are given 
w ith  th e ir  95%  confidence intervals, o b ta in ed  from  b o o ts tra p ­
ping. Details of these  statistical p rocedures are described in  th e  
w eb ap p en d ix  of N eukerm ans e t al. 2012.

Based o n  th e  [SPM]-T regression, an  estim ate of [SPM] can 
be derived from  m easurem ents of T  prio r to  filtra tion . From 
th is  estim ate of [SPM], th e  vo lum e of seaw ater to  be filtered 
can  th e n  be estim ated  so th a t an  op tim al m ass is re ta in ed  by 
th e  filter as described below.

Determ ining optim al filtration  volume 
T he filtra tion  vo lum e, V, shou ld  be h ig h  en o u g h  so th a t 

th e  dry  m ass of th e  particles re ta ined  by  th e  filter, wa -  wb, is 
sufficient to  be precisely m easured, b u t n o t so m u c h  th a t  th e  
filter clogs. Its es tim ation  requires a q u an tifica tio n  of m in i­
m u m  m easu rem en t u n ce rta in ty  o n  wa -  wb, assessed from  p ro ­
cedural co n tro l filters, an d  a m ax im u m  value for th e  relative 
u n ce rta in ty  o n  [SPM].

For m easurem ents of w eight, th e  de tec tion  lim it (DL) of th e  
balance gives th e  m in im u m  m easu rem en t uncerta in ty . The

m in im u m  u n c e r ta in ty  o n  th e  d iffe rence  b e tw e en  filter 
w eights before an d  after filtra tion , w a -  wb, is th e n  given by  
(ISO 1995):

Awm = V 2 D L  (1)

In  th is  study, DL = 0.1 m g  so th a t  AwM = 0.14 m g. Let Aw  ̂
d en o te  th e  co m b in ed  u n ce rta in ties  o n  th e  d ry  m ass of 
re ta in ed  particles resu lting  from  filter p repara tion  an d  h a n ­
d ling  (including  w eighing) in  th e  labora to ry  an d  at sea, th e n  
Aw  ̂ > Aw m . This estim ate of com b in ed  uncerta in ties , Aw ,̂ is 
p ro toco l d ep e n d en t an d  can  be assessed from  procedural c o n ­
tro l filters. It follow s th a t th e  u n ce rta in ty  o n  [SPM] from  rep li­
cate m easurem ents, A[SPM], is a t best equal to  Aw  ̂ :V  (in m g 
L_1). Further uncerta in ties o n  [SPM] inc lude uncerta in ties  due 
to  sam ple m ix ing  an d  uncerta in ties  in  m easu rem en t of sam ple 
vo lum e. For th e  relative u n ce rta in ty  o n  [SPM], A[SPM] : [SPM], 
we can  w rite:

Aw, , A[SPM]
V [SPM] [SPM]

Let us be th e  m ax im u m  allow able relative u n ce rta in ty  on  
[SPM] from  replicate m easurem ents. T hen

Aw,
V a  r '  n (3)

us [SPM]

The op tim al filtra tion  vo lum e, V t, is th e  sm allest vo lum e 
th a t  satisfies Eq. 3 w ith  a certa in  level of confidence, w here 
[SPM] is es tim ated  from  T  before filtration :

Aw,
V = ------ -—  (4')

opt u, [SPM] 1 ’

Effect o f filtration volum e on  precision o f [SPM] m ea­
surements

To investiga te th e  effect of f iltra tio n  vo lu m e o n  th e  p reci­
sion  of [SPM] m easurem ents, six experim en ts w ere carried  o u t 
in  th e  so u th e rn  N o rth  Sea in  Sep 2009 an d  2011 for clear (T  
< 5 FNU), m o d era te ly  tu rb id  (5 FNU < T  < 20 FNU), an d  tu r ­
b id  w aters (T  > 20 FNU). For each  w ater sam ple lis ted  in  
Table 2, [SPM] m easu rem en ts  w ere perfo rm ed  w ith  filtra tion

Table 2. Overview of w a te r  samples collected in th e  sou thern  North Sea for filtration experim ents  with salinity, tem pera tu re ,  Chi a 
concentra tion , and  turbidity, T, with s tandard  deviation AT.

Sam ple D ate
Time 

(h UTC) Latitude L ongitude
Salinity
(PSU)

c"E 
u

D epth
(m )

Chi a  

(m g m 3)
T

(FNU)
A T

(FNU)

Cl 14 -S e p -1 1 12:12 51° 2 9 .2 5 9 ' N 2° 5 0 .4 9 0 ' E 34 .6 7 17.15 28.81 * 2 .98 0 .32

WGAB 1 7-Sep-09 19:48 51° 5 7 .6 3 0 ' N 2° 0 5 .5 1 0 ' E 34 .89 17 .63 * 0.9 6 .83 0 .1 4

0 9 2 4 A 16-Sep-09 13:59 51° 2 6 .0 1 2 ' N 3o 28 .474 'E 32 .70 17 .39 16 .12 4.5 10 .93 0 .18

M od 15 -S e p -1 1 11:25 51° 2 0 .7 8 1 ' N 2o 5 7 .2 5 4 ' E 34 .63 16 .86 1 2 .64 * 12 .18 0 .42

T 14 -S e p -1 1 7:05 51° 2 2 .6 6 3 ' N 3o 0 2 .1 9 4 ' E 34 .69 16.95 1 0 .77 * 2 5 .53 0.31

MH5 1 7-Sep-09 14:16 51° 5 0 .9 5 4 ' N 1° 3 8 .9 6 5 ' E 34 .73 17 .30 2 2 .65 < 0 .06 5 3 .3 0 1.59

'N o t available
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Fig. 2. D ifference in filter w e ig h t before  an d  after filtration of 250  mL of 
SSW of 34 PSU, w ith  an d  w ith o u t rinsing of th e  filter rim (step  1 3 in p ro ­
tocol in Fig. 1). G ray d ash ed  lines rep re sen t u n certa in ty  on  W D = wa -  wb 
d u e  to  th e  d e tec tio n  limit of th e  b alance , S w bd = 0 .1 4  m g.

Fig. 3. D ifference in filter w e ig h t before  an d  after filtration versus filtered 
vo lum e of SSW of 34 PSU. N u m b er of o b se rvations for each  v o lu m e are 
2, 6, 15, 95 , 5, an d  3, respectively.

vo lum es of 0.2, 0.5, 1, an d  2 tim es V t an d  every  filtra tion  
was d o n e  o n  five rep licate  filters. T  was c o n tin u o u sly  m o n i­
to red  d u rin g  th e  course of each  filtra tio n  experim en t, to  
ensure  good  m ix in g  of th e  sam pled  seawater. Table 2 lists th e  
sam pling  tim e an d  location , salinity, tem pera tu re , d ep th , 
[C hlo rophy ll a], an d  th e  m ean  an d  s tan d ard  d ev ia tion  of T  
for each  sam ple.
Statistical analysis

B etw een  g ro u p  d iffe rences are in v e s tig a ted  b y  o ne-w ay  
analysis  o f v a rian ce  (ANOVA), c o m p a rin g  th e  m e an s  of sev­
eral g roups to  te s t th e  h y p o th e s is  th a t  th e y  are all th e  sam e, 
ag a in s t th e  a l te rn a tiv e  th a t  th e y  are n o t  all th e  sam e. To 
te s t w h ich  pairs  o f m e an s  are s ig n ific an tly  d iffe ren t, paired - 
sam p le  t  te s ts  w ere d o n e  a t th e  5%  sign ificance level. A naly ­
ses w ere ca rried  o u t u s in g  th e  s ta tis tics  to o lb o x  of MATLAB, 
v. R2011b.

The d is trib u tio n  of observations is illu stra ted  graphically  
w ith  boxplo ts . The edges of th e  box  ind icate  th e  25 th  an d  
75 th  percentiles, w hereas th e  m idd le line represen ts th e  sam ­
ple m ed ian . The le n g th  of th e  box  is called th e  in te rquartile  
range (IQR). O bservations fu rthe r th a n  1.5 IQR from  th e  25 th  
an d  75 th  percentiles are m arked  as ou tliers an d  ind ica ted  by 
crosses. This range corresponds to  ± 2.7 s tandard  dev iations 
an d  99.3%  d ata  coverage if n o rm ally  d istribu ted . The w hiskers 
ex ten d  to  m in im u m  an d  m ax im u m  observations th a t  are n o t 
m arked  as outliers.

Results and discussion

Uncertainties in  [SPM] m easurem ent
S a lt re ten tion  tests
Results from  lab experim en ts w ith  SSW show  significantly  

h igher residual w eigh t (P = 0.003, F = 11.76, d.f. = 17, ANOVA) 
w h en  th e  rim  is n o t rinsed  (see Fig. 2), com pared  w ith  w hen  
th e  filter rim  is rinsed. This is in  accordance w ith  previous 
w orks th a t  stressed th e  im portance  of rin sing  of th e  filter rim  
to  flush  o u t diffused salts (Strickland an d  Parsons 1968; van  
der Linde 1998).

The vo lum e of SSW filtered  was n o t fo u n d  to  affect SSW 
b lan k  residual w eights (P = 0.72, F = 0.57, ANOVA, see Fig. 3), 
w h ich  were n o t significantly  d iffe ren t from  zero. This suggests 
th a t salts are w ashed  o u t u sing  a w ash vo lum e of 400-450 mL 
of M illiQ, in d e p en d e n t o f th e  vo lum e of SSW filtered. The 
ind ep en d en ce  of residual w eigh t to  SSW vo lum e is in  accor­
dance w ith  Stavn et al. 2009 w h o  fo u n d  salt re te n tio n  of 1.1 
mg, in d e p e n d e n t of vo lum e of seaw ater filtered for a sa lin ity  
of 34 PSU an d  a w ash vo lum e of 300 m L (see the ir Table 1).

The rinsed  an d  u n rin sed  filter for SEM/EDS analysis h a d  a 
W D of 0 an d  1.8 m g, respectively. SEM p h o to g rap h s  of a rec­
tangu lar area of 1.72 x 2.29 m m 2 near th e  cen te r of th e  rinsed  
an d  u n rin sed  filters are show n  in  Fig. 4a,d. Patches w ith  h ig h  
c o n c en tra tio n s  of sea salt are clearly  visible in  th e  u n rin sed  
filter (Fig. 4a) an d  absen t in  th e  rin sed  filter (Fig. 4d). An
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Fig. 4. SEM im ages of d ried  GFF filters after filtration o f 5 0 0  mL of SSW w ith o u t MilliQ w ash  (a, b, c) an d  w ith  a MilliQ w ash  of 4 5 0  mL (d, e, f). G rayscale 
levels d e p ic t a to m ic  w eig h t. Patches w ith  h igh  c o n cen tra tio n s  of sea salt (exam ple  show n  in im ag e  b) are  clearly visible in im ag e  a an d  a b se n t in im age 
d . A few  sea salt particles (w hite  circles) w ere  identified in ran d o m ly  se lec ted  zo n es (e, f).

exam ple of such a sea salt p a tch  (123 x 164 p m 2) is show n in  
Fig. 4b. A ran d o m  zone of th e  sam e size (123 x 164 p m 2) is 
show n  in  Fig. 4c. Fig. 4e, f show  ran d o m  123 x 164 p m 2 zones 
o n  th e  rin sed  filter, o n  w h ich  1 an d  2 m icrocrystals of sea salt 
w ere iden tified , respectively. This analysis show s th a t  a 
M illiQ  w ash  vo lum e of 400-450 m L properly  flushed  diffused 
salts (Fig. 4).

Filter b lanks
Fig. 5 show s th e  differences in  filter w eigh t before an d  after 

filtra tion , W D = w a -  w b for dry, M illiQ, an d  SSW blanks. A bout 
46%  of th e  b lan k  w eight differences w ere fo u n d  w ith in  th e  
u n ce rta in ty  o n  W D due to  th e  de tec tion  lim it of th e  balance, 
Aw hal = 0 .14 m g (see Fig. 3). The m ed ian  absolute value of W Ds 
for all b lanks is 0.2 m g, w ith  90%  of th e  values below  0.6 mg.

W Ds w ere n o t significantly  d ifferen t betw een  b lan k  types (P = 
0.21, F = 1.55, d.f. = 2, ANOVA), in d ica tin g  th a t  salt is p roperly  
w ashed  out.

Even th o u g h  n o t statistically  significant, negative W D are 
fo u n d  m ore frequen tly  for M illiQ  an d  SSW blanks th a n  for dry  
b lanks, suggesting th a t  friable fractions of glass fiber filters 
m ay have d islodged du rin g  filtra tion , w hile  these  shou ld  have 
been  w ashed  o u t before filtra tion  (step 2 in  Fig. 1). This 
process m ay be m itigated  by  repeating  th e  pre-ashing, w ash­
ing, an d  d ry ing  of th e  filters in  th e  p rep ara tio n  phase (steps 1- 
4 in  Fig. 1) several tim es u n til a co n s tan t w eigh t is achieved. 
S tavn et al. (2009) recom m end  3-4 repeat cycles to  b e tte r c o n ­
tro l loss o f filter mass, b u t th is  m ay  n o t en tire ly  e lim inate  th is  
p rob lem  (Feely et al. 1991).
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Fig. 5. D ifference in filter w e ig h t b efo re  an d  after filtration, W D = wa -  
wb, for d ifferen t blanks co llected  a t  th e  s ta rt an d  th e  en d  of each  c a m ­
paign  b e tw een  2 0 0 7  an d  2 010 . G ray d ash ed  lines re p re se n t u n certa in ties 
on  W D d u e  to  th e  d e tec tio n  limit of th e  b a lance  (w lxil = 0 .1 4  m g).

N o significant differences in  W Ds of SSW blanks were found  
betw een  cam paigns in  2007-2010 (P = 0.11, F = 1.41, d.f. = 27, 
ANOVA), ind icating  stability  of h u m id ity  an d  tem peratu re co n ­
d itions in  th e  laboratory  an d  of sam ple trea tm en t.

SSW b lan k  W Ds are th o u g h t to  best reflect p rocedural 
uncerta in ties  associated w ith  filtra tion  of saline w aters. T here­
fore, estim ates o f Awp a t th e  50%  an d  90%  confidence level are 
o b ta in ed  from  th e  5 0 th  an d  9 0 th  percentiles of absolute W Ds 
for SSW, equal to  0.2 m g  an d  0.9 m g, respectively. These are 
fu rth e r used  in  th e  ca lcu lation  of th e  op tim al filtra tion  v o l­
um e from  Eq. 4.

Sam ple m ixing
Fig. 6a show s th e  com parison  betw een  T  recorded before 

a n d  after filtra tion . These m easurem ents m ay  be separated  by 
abou t 30 m in  an d  m ay  be affected by  nu m ero u s subsam pling  
opera tions by  d iffe ren t p ersonne l tak ing  w ater for m ea­
su rem en t of SPM, ch lo rophy ll an d /o r o th e r  param eters. The 
m ean  bias (= (T^T^-.T ^  is close to  zero (-2% ) an d  sym m etri­
cally d istribu ted  w ith  90%  of th e  values betw een  -28%  an d  
23%. P rediction  error, PE = ITa-Th\:Th, is generally  betw een  1% 
an d  39%  w ith  a m ed ian  of 6%. In clear w aters (Tb < 5 FNU) 
b o th  bias an d  p red ic tion  error, d en o ted  w ith  'c ' subscript, 
show  h igher variability, due to  h igher m easu rem en t u n ce r­
ta in ties. Also show n in  Fig. 6a are observations recorded 
before Ju n e  2008 w h en  seaw ater sam ples w ere stirred  up  w ith  
a m easuring  cy linder an d  th e n  subsam pled using  a 1-L con-

10

10

10'

10“

10

n=345 (n=184)

PE=[1,6,39]%, PEc=[2,12,45]% 
bias=[-28,-2,23]%, biasc=[-35,-6,40]%

n=146 (n = 7 2 )
PE=[0,6,76]% , PEc=[ 1,12,144]% 

b ias=[-12,3,76]%, bias =[-12,9,144]%

hand mix 
tumble mix 
1:1

10 10 10'
T (FNU)

10

10

10

10

c.
t/3
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10"

log10[SPM]=0.97(±0.01 )log1()T+-0.01 (±0.01) 

r=0.997(+0.001), n=357, nx=33 

RMSE=6.0 FNU , M PE=11%

log10T=0.88(±0.01)log10[SPM ]+0.14(±0.02) 
r=0.993(±0.003), n=96, n = 5  

RM SE=4 .0 F N U , M PE=8%

• hand mix
• tumble mix 
x outlier 
 90% PB

10 10 10 '

T (FNU)
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Fig. 6. (a) C om parison  of T befo re  an d  after filtration , w ith  statistics 
g iven using h an d  m ixing an d  tu m b le  m ixing for all o b se rvations an d  in 
clear w ate rs  (Tb < 5 FNU) an d  (b) relationsh ip  b e tw een  T an d  [SPM] w ith 
ty p e  II regression  an d  statistics using h an d  m ixing an d  tu m b le  m ixing. 
The 9 0 %  p red ic tion  b o u n d s  of th e  regression  are  also show n . Error bars 
in (a) an d  (b) are  show n  for 5 %  of th e  o b se rvations an d  rep re sen t th e  
s ta n d ard  dev iation  from  rep licate  m easu rem en ts  of T an d  [SPM].
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ta iner, te rm ed  'h a n d  m ix ing '. C om parison  of Ta an d  Tb for th is  
datase t is especially poor in  clear w ater (Tb < 5 FNU) w here th e  
d is trib u tio n  of th e  bias is strongly  positive (90% of th e  obser­
vations betw een  -12%  an d  144%  w ith  a m ed ian  of 9%). This 
suggests co n tam in a tio n  of th e  w ater sam ple du rin g  th e  m ix ­
ing  procedure, possibly by  co n tac t w ith  th e  glove w orn  by  th e  
person  filtering. From Ju n e  2008 onw ards, seaw ater sam ples 
w ere m ixed  by  g en tly  tu m b lin g  a closed 10 L co n ta in e r a round  
several tim es before subsam pling, te rm ed  'tu m b le  m ix ing '. 
This illustrates th e  use of T  m easurem ents to  detec t p roblem s 
w ith  sam ple m ixing.
Uncertainties in [SPM] measurement from filtration volume

Determ ining optim al filtration volume
A  to ta l of 366 m easurem ents of T  (= m ean  of T  m ea­

su rem ents before an d  after filtration) an d  [SPM] were done. 
O bservations w here on ly  on e  [SPM] replicate rem ained  were 
rejected  (n = 9). Least squares cubic regression gives:

log10 [SPM] = 0.97(±0.01)log10 T  -  0.01(±0.01) (5)

The regression statistics an d  its 90%  pred ic tion  b o u n d s are 
show n in  Fig. 6b. The offset of th e  regression line is n o t sig­
n ifican tly  d ifferen t from  zero for th e  tum ble  m ix ing  dataset, 
w hereas a sign ifican tly  positive offset (0.14 ± 0.02) was fo u n d  
for th e  h an d -m ix in g  dataset, suggesting sam ple c o n ta m in a ­
tio n  by  h a n d  m ixing. The m odel for [SPM] in  Eq. 5 perform s 
well w ith  a m ed ian  p red ic tion  error (MPE) of 11% an d  w ith  
p red ic tion  errors below  40%  in  95%  of th e  cases. The 90%  p re ­
d ic tion  b o u n d s of th e  regression line, show n Fig. 6b, can  be 
used to  quality  co n tro l [SPM] by  flagging data  ou tside these 
boundaries as suspect.

For our purposes, a m ax im u m  u n ce rta in ty  of us = 15% on  
[SPM] is desired. The filtra tion  vo lum e is o p tim ally  set by  
m easuring  T  before filtra tion  an d  using  th e  regression m odel 
in  Eq. 5 to  p red ic t [SPM]. From Eq. 4, it follow s th a t  A[SPM] is 
expected  to  be below  15% in  50%  (90%) of th e  cases for a fil­
tra tio n  vo lum e V50 (V90) of

5̂0 =
Awp ,  50

0.15[SPM]
and V90 =

Awp,  90

0.15[SPM] (6)

w here Awp50 an d  Awp90 are th e  5 0 th  an d  9 0 th  percentiles of 
w eigh t differences for SSW blanks, i.e., 0.2 m g  an d  0.9 mg, 
respectively. Table 3 lists V50 an d  V90 for T  betw een  0.5 FNU 
a n d  140 FNU. For practical use, vo lum es are ro u n d ed  to  give 
R(U50) an d  R(V90), respectively.

M e asu rem en ts  of b eam  a t te n u a tio n  h av e  b ee n  used  
recen tly  in  a sim ilar w ay to  estim ate filtra tion  vo lum e so th a t 
particle m ass re ta in ed  by  po lycarbonate  filters was op tim al for 
scann ing  e lectron  m icroscopy im age analysis (G roundw ater et 
al. 2012). We no te , how ever, th a t side scatter largely o u tp e r­
form s beam  a tten u a tio n  as a proxy  for [SPM] (N eukerm ans et 
al. 2012) because of low er sensitiv ity  to  particle ap p aren t d e n ­
sity. As a consequence, [SPM] an d  hence  op tim al V  can  be esti­
m a ted  w ith  h igher precision  from  side scatter.

Effect o f  filtration  volume on precision o f  [SPM] m ea­
surem ent

The filtra tion  vo lum e was o p tim ally  set based o n  T  m e a­
surem ents before each  filtra tion  experim en t u sing  R(V90) in  
Table 3. An overview  of experim en tal results is given in  
Table 4, w h ich  also show s th e  tim e requ ired  to  pass a given 
vo lum e of sam ple th ro u g h  five replicate filters. N o significant 
changes in  T  were fo u n d  before an d  after each  filtra tion  exper­
im e n t (P > 0.05, ANOVA), in d ica tin g  good sam ple m ix ing  
th ro u g h o u t th e  experim ents.

The coefficient of varia tion , c.v. (= s tandard  deviation: 
m ean  from  five [SPM] replicates), is p lo tted  as fu n c tio n  of fil­
tra tio n  vo lum e norm alized  by  V  t in  Fig. 7. Results suggest 
th a t filtering  m ore or less th a n  th e  op tim al vo lum e gives a 
low er precision  in  th e  [SPM] m easurem ent, except for the  
m ost tu rb id  w ater sam ple, MH5, w here c.v. is low est at tw ice 
Vopt. It can  be seen from  filtra tion  tim es in  Table 4 th a t  passing 
tw ice V  t was n o t p rob lem atic  for th e  m ost tu rb id  sam ples, 
MH5 an d  T, w hereas for o th e r sam ples, filtra tion  tim e at least 
trip led , to  exceeding 1 h. It is th o u g h t th a t filter clogging m ay 
be m ore likely in  th e  presence of o rganic particles.

Differences betw een  c.v.'s for d ifferen t filtra tion  volum es 
were tested  for significance by  co m p u tin g  c.v.'s for a ran d o m  
selection of th ree  o u t of five replicates w ith o u t rep lacem ent 
an d  repeating  th is  procedure 100 tim es. The m ed ian , 10th, an d  
90th percentiles of each  c.v. datase t are also show n in  Fig. 7. 
ANOVA tests show  th a t th e  c.v. is significantly  higher, an d  
often  h igher th a n  th e  desired precision  of 15%, w h en  on e  fifth  
of th e  op tim al vo lum e is filtered  th a n  w h en  larger vo lum es are 
filtered. C.v. decreases significantly  w h en  filtra tion  vo lum e is 
increased to  half V t, except for sam ple CL. Further decrease 
of c.v. w h en  filtra tion  vo lum e is increased  to  V  t is significant 
a t s ta tions CL, WGAB, 0924A, an d  T. A sign ifican t increase in  
c.v. is observed w h en  filtering  m ore th a n  V  t for sam ples 
WGAB, 0924A, MOD, an d  T. These sligh t increases in  in ter- 
replicate variab ility  m ay be caused by  th e  h igher like lihood  of 
spraying off particles du rin g  rim  rin sing  (step 13 in  Fig. 1) 
w h en  filters are sa tu ra ted  w ith  particles (see Figure 2.8 in  
N eukerm ans 2012).

[SPM] m eans w ere in d e p en d e n t of filtra tion  volum e, as 
show n in  Fig. 8, w ith  th e  excep tion  of significantly  lower 
[SPM] for th e  sm allest filtra tion  vo lum e for sam ples 0924A 
an d  MH5. This could  be an  effect o f th e  reduc tion  of th e  effec­
tive pore size w ith  increasing  vo lum e. This p h e n o m e n o n  is 
know n  to  be som ew hat unp red ic tab le  an d  to  d ep e n d  o n  the  
particle size d is trib u tio n  an d  th e  shape of th e  particles in  sus­
p en sio n  (Sheldon an d  Sutcliffe 1969; S heldon 1972) as well as 
p o ten tia lly  particle com position  ("stickiness").

Least-squares regressions of W D versus filtered  vo lum e of 
seaw ater are show n in  Fig. 9. The offsets of th e  regression lines 
for all sam ples are n o t significantly  d ifferen t from  zero, again 
ind ica ting  th a t salts are p roperly  w ashed  from  th e  filters. It has 
been  n o te d  by  Trees 1978 th a t  th e  re la tionsh ip  betw een  filtra­
tio n  vo lum e an d  re ta in ed  m ass is linear on ly  w h en  salts are
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Table 3. Example of a lookup tab le  for reco m m en d ed  filtration vo lum e as function  of tu rb id ity  so th a t relative uncerta in ty  on [SPM] 
replicates Is w ithin 15%  In 50%  of th e  cases [R(1/50)] and In 90%  of th e  cases [R(Vpo)].

T (FNU) [SPM]50 (m g/L ) V50 (mL) V90 (mL) R(V50) (mL) R(V90) (mL)

0.5 0.50 2673 12027 3000 12000
1 0.98 1364 6140 1000 6000
2 1.91 697 3134 500 3000
3 2.84 470 2115 500 2000
4 3.75 356 1600 350 1500
5 4.66 286 1289 250 1250
6 5.56 240 1080 250 1000
7 6.45 207 930 200 1000
8 7.35 182 817 200 800
9 8.23 162 729 150 750
10 9.12 146 658 150 600
11 10.00 133 600 150 600
13 11.76 113 510 100 500
14 12.64 105 475 100 500
15 13.51 99 444 100 400
16 14.39 93 417 100 400
18 16.13 83 372 100 400
19 17.00 78 353 75 375
21 18.73 71 320 75 300
22 19.60 68 306 75 300
26 23.04 58 260 50 250
27 23.90 56 251 50 250
32 28.18 47 213 50 200
33 29.04 46 207 50 200
37 32.45 41 185 50 200
38 33.30 40 180 50 200
40 34.99 38 171 50 175
45 39.23 34 153 25 150
50 43.45 31 138 25 150
55 47.66 28 126 25 125
65 56.04 24 107 20 110
70 60.22 22 100 20 100
75 64.39 21 93 20 90
80 68.55 19 88 20 90
85 72.70 18 83 20 80
95 80.98 16 74 20 70
100 85.11 16 70 20 70
110 93.36 14 64 10 60
115 97.47 14 62 10 60
140 117.96 11 51 10 50

Table 4. O verview  of turbidity , T, w ith  standard  deviation AT, optim al filtration volum e ob ta ined  from  R(V ) In Table 3, and tim e
required  to  pass seaw ater th ro u g h  five replicate filters.

Filtration tim e (m in)

sam ple T (FNU) AT (FNU) Vopt (mL) 0 .2  V ntopt 0 5 Vnntopt Vopt 2 Vopt

Cl 2.98 0.32 1500 17 20 29 94
WGAB 6.83 0.14 1000 13 10 24 64
0924A 10.93 0.18 500 19 12 15 78
Mod 12.18 0.42 500 10 11 16 48
T 25.53 0.31 250 20 12 30 25
MH5 53.30 1.59 150 6 8 21 18
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Fig. 7. Coefficient o f variation , c.v. (in % ) of [SPM], o b ta in ed  from  five rep licates versus filtration vo lum e, norm alized  to  th e  op tim al filtration volum e, 
V . Show n in g ray  are  th e  m ed ian , 10 th, an d  9 0 th percen tiles o f c.v. o b ta in e d  from  100 resam plings w ith o u t re p lacem en t of 3 [SPM] rep licates o u t of 5.

w ashed  out.

Conclusion
This s tudy  show s th a t  sim ple, fast, an d  low -cost m ea­

surem ents of turbid ity , T, can  be used to  op tim ize [SPM] m ea­
surem ents. M ore specifically, tu rb id ity  m easurem ents can  be 
used to  o p tim ally  set th e  filtra tion  volum e, to  detec t p roblem s 
w ith  th e  m ix ing  of th e  sam ple du rin g  subsam pling  for filtra­
tio n , an d  for th e  quality  co n tro l of [SPM]. The re la tionsh ip  
b etw een  T  an d  op tim al f iltra tion  vo lum e is set up  using  esti­
m ates of [SPM] m easu rem en t procedural uncerta in ties  from  
b la n k  m easurem ents an d  a value for m ax im u m  allow able 
u n ce rta in ty  o n  [SPM]. Procedural uncerta in ties  w ere assessed 
from  filter b lanks w here syn the tic  seaw ater of a typical sa lin ­
ity  is passed th ro u g h , rep resen ting  uncerta in ties  due to  filter 
p repara tion , han d lin g , an d  rin sing  of sea salt. The use of vari­
ous types of filter b lanks subjected  to  d iffe ren t steps in  the  
m easu rem en t procedure m ay help  reveal sources of u n ce r­
ta in ty . In th is  study, for exam ple, differences in  w eights of d ry

an d  w et filter b lanks suggest th a t  friable fractions of glass fiber 
filters m ay have d islodged d u ring  filtra tion . This fiber loss 
m ay be m itigated  in  th e  fu tu re by  repeating  th e  pre-ashing, 
w ashing, an d  d ry ing  steps of filters in  th e  p rep ara tio n  phase 
u n til co n s tan t w eigh t is achieved. B lank filters an d  regressions 
of residual w eight versus filtra tion  vo lum e suggest th a t salts 
are p roperly  flushed  using  a w ash vo lum e of 400-450 mL of 
M illiQ  for w ater sam ples w ith  salinities of 33-35 PSU, w hile  a 
w ash vo lum e of 300 m L has been  show n to  be insufficien t 
(Stavn e t al. 2009).

We fu rthe r investigated  th e  role of filtra tion  vo lum e o n  th e  
precision  of [SPM] m easu rem en t by  filtering  vo lum es of sea­
w ater rang ing  betw een  one-fifth  an d  tw ice th e  op tim al filtra­
tio n  volum e. It is show n th a t  if th e  op tim al vo lum e is filtered, 
[SPM] m easurem ents are m ost precise an d  cost effective. In 
m ost cases filtering  tw ice th e  op tim al vo lum e caused clogging 
an d  trip led  filtra tion  tim es to  over 1 h , w h ich  is im practical 
an d  p rob lem atic  in  lim ited  sh ip  tim e.

It is recom m ended  th a t  each research group  establishes
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Fig. 8. Boxplot of [SPM] o b ta in e d  th ro u g h  filtration o f d ifferen t vo lum es of sam p led  seaw ate r a t six d ifferen t sta tions.

th e ir  ow n re la tionsh ip  betw een  tu rb id ity  an d  op tim al filtra­
tio n  vo lum e, w h ich  is specific to  th e  type of tu rb id ity  in s tru ­
m e n t (w avelength  an d  angular response), th e  uncerta in ties  of 
th e  [SPM] m easu rem en t p rocedure, w h ich  can  be assessed 
from  procedural co n tro l filters, th e  desired m ax im u m  relative 
variab ility  betw een  replicates, an d  th e  com position  of th e  p ar­
ticles (organic, inorganic).

The idea of estim ating  op tim al filtra tion  vo lum e from  tu r ­
b id ity  (or an o th er su itab ly  chosen  optical proxy) an d  of check­
in g  tu rb id ity  before an d  after all filtra tion  opera tions has been  
illu stra ted  specifically for th e  m ass co n c en tra tio n  of [SPM] in  
th is  article. However, th is  idea cou ld  have m ore general app li­
ca tion  to  im prov ing  th e  q uality  an d  th e  quality  co n tro l for 
o th e r  physical or chem ical properties of [SPM] (e.g., G ro u n d ­
w ater e t al. 2012).
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