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Inter-4aborat3ry calibration experiments with kkrfa@ial sediments from salmon fam and 
reference locations in ;the Bay of Frmdy were highly va~able for redox potential (Eh), but less so 
for total suifih eemurements. The coefficient of vaiabi1ia-S" for total. sulfide was < 38% ushg a 
sandard mellzcld (1 : 1 vol~irnelri~ smdar$i"sa~~iplie:SAOB, sulfide mti-oxidmt hffer). In 
ageement with published results the high vafiabiliq s f  Eh was due to two factors: probe 
"pooisonhg" "(foranation of coatings of sulfide or oxide on the plathum probe sdace s~hich 
altered tlae elecheal response) m d  an unsltrble elec&ode response 412 poorly poised, oxic 
sediments.. The probe "poisoning" could not be removed by pa l i shg  or chemical &eament with 
aqua regia, We corrclhtde that meawernenls of  total sulfide, made by the standard melhh04 can 
be used to indicate the orgstnic e ~ c h m e n t  stage of each sample, The high va~abi l iq  for Eh. 
precludes its use in d e h h g  sedhenkq  organic e~efirnent stages, Eh might be used semi- 
quane-itatively as an internal validation sf total sulfide concen~tions wbe8;e the sediments are 
araoxie or h ~ o x l c ,  

Witdish, D.J., &agi, N.-M., Hargwe, B.T., and Skain, P.M. 2004. hter-laboratory calibration 
of redox potential a d  total sdfide measurexnellCs in intefiacial maGne sediments and the 
implications for orgaxllc ehlnchent assessment. Can, Tecb. Rep. Fish. Aquat. Sci. 2546: 
lii 3.25 p. 

Les expdrienees d'ktalonrzage ulterli3boratoires sur des skdiments interfaciaux provenant de 
sbtions salmopficoles et ele sites tkmoins dans la baie cle Fundy ant domd des rdsufbts &&s 
vaiaMles en ce qui conceme le poteratiel rCdox, mais morxls v&ables &ns le eas des sulhres. lie 
coeaciennt de %~aria"ol;ltk pour Ies suihres to&-;aux kQit de 5 38 % qumd of;? emplopit me 
mkthode slandard j 1 : 1 Ctrslon vol~klnq~e/~&ant i1~0n : solution bmpon SAOB), 
Gonfomkment aux r&ssal%ts plmbliks, fa forte variabilitk du potentiel rCdox &hit due dem 
facteurs : (4 into~icatlon )> de la sonde (fornation de cowlies de; sulhre su d90xyde sw la s u ~ a c e  
de la sonde de platine, ce q ~ i  alt&re La sipolase dfect~que) et ripmse indable cls: la sonde daJls 
des s6dinrmen"i sxiques peu dqullibrks. II a GtC impossible d"klirJnt3r ii~tc;.xicakion >> de la sonde 
par polissage OU traitement ckmique ;it I'eau rdgale, Nous en csneluons que les meswes des 
sulhes  tobaux, fattes par la mdthode stmdard, peuvent sewk indiquer le degC 
d9efiehissement cprganiqw rle: chaque Ccbantillon, Par can&e, la forte vafiabilitd du potentiel 
rCdox hterdit dktitiser ceae mesme pow d6finir Xe &gC dkarl;~hissement orga~qiue des 
sddimeats. Le potentiel rkdox pounait toutefots servir de h ~ s n  semi-quantiatiw pow me 
validsl;gsn interne des c0~16en&ations de sui%res totam quand les sbdimexmts son$ anoxiques su 
"floxiques- 



Previously we presented a rationale for earviromenkf monito~ng of sediments to detect orgmhc 
efichment based on geochemical methods which was applieable to the salmon mar1cuImre 
inluslry k New Bmnswick (Wildish et al. 1993). The measuz"emes3-t of redox potentials (Eh) and 
total sratfirJes (S=) in sediment pore water has been adopted by the W,B, provkciai repfating 
autho~w for the salmon culftUre indusw j h o n ,  2001) and m operatie protocol has been 
devised (hen. 2002). 

Following t k  publication of Wildish et al, (1 999) we received fee&al=k hnt users, on: potentid 
users, of geochemical metl-~ods for maitcrring sabnoia culture cargisrsi~ ersmchraeot effesb, These 
included Brooks, I(. (pers, 200 1) and Broclh and M a w e n  j2003), who found Eh 
mstsmements to be highly le. Part of efie reason was thought to be that &e large cir~u1ar 
cross section (qpicdly 5.5 amler) of most ~omaerciaI platinum elec&odes was not 
suitable for samplkg s s, especially if lnsefied sidewqs into the c o ~  tube, where Eh 
oaen rapidly changed over a few millinaeters depQ, Soo, A. (pers. co -200 1) questioned the 
chemical conditims in which total sulfide was dete , in pafiicular, whether 
sediment matrix eEects iafauerzced the sulfide results. Because of these and other more informal 
queries, we have smdemken the additional work repofied here to kvestigate the sui"E;a"OijiQ of 
geochemical methds for complaance rnonit_f;ozl;ng p q o s e s  in the Bay of Fundy ma~cralkre 
indasfP-97. The c;en&al p a t  of ibis work was an hter-lalsoratcs~-y calibration experiment isvslvhg 
n n q  of the con&actors and regulatory persomel involved -with the Bay of Fundy mamc-kalwe 
indiustry, Subsequent specific ivestig;alions for Elm involved vawing probe fiuling solution 
eoncent-r:ation, the causes of va9lability among probes and the effect of sediment wata content on 
the detemination. XTP addi"tion to the inter-ealibratim expedment for sulfide we compared 
differeat ";ypes sf sulfide probes, different ratios of  SAOB f sulfide anti-oxidmt buffer) to 
standard Na2S soluillons and the effect of seawater csncenfration on the &te 

As a result of the kkr-taboratory calibration and mkia expedments regofie$ here it became 
clear that redox potential could not be used as a vsrriable to d e f w  the four stages sf the organic 
enrichment gradient used in compliance m o n i t o ~ g .  The reader will Grid the newly 
recommended field sampling and subsmplhg methods in the mTHODS section, The rationale 
for the changes m d e  i s  presented in tbe DISCUSSION section. 

In the earkies puMlication (Wildish et al, 1999) we focused on prxtical sampfhg, but here stress 
two goals: 

- the compa~sm of  emichd and reference focatiosts (see Wildish et aJ- 2001). The 
coqahsors m h o d  can be associated with a seientifig; hsotbesis: the null behg that the 
two locations are simila in gesc;n%mical ~haracteristics and the afternative bpothesls 
k i n g  that they have &fferent chaactefisti~s, with respect to orgaric enricheat; and 

- application of geochemical methods to compiiaance nraonsito~ng by eomparhg fama sites 
with an empirically defl-rved organic edchment gadielzt, wEch i s  based on benthic 
malac3rofat1nal chil-ractedsfics. 



FIELD SA%IPLG"dG METHODS AT DEPTHS 4 O M  

The diver should be positioned at the mid-cage qoht for sampling. This can be achieved by 
obsemhg air bubbles ~ o n a  the sulPmerged divers at the swface and eidhg their mvements by 
telephone contact. h approximate position at the t i m  of sampiihg can be obhined by use of a 
handheld GPS or from the aaending vessel. A t- or 0.5-mbeh1 q~a&at is out at the site 
and all replicate samples made fronil w i t k  it. The refereme location is chosen so that it is not 

iate zone of hfluence of organic e ~ c h e n t ,  shares the same serliment a d  
nbI cbaracteristnGS, as much as possible and is close (50-200 m) to C.e f a m  site. 

bt too shoufd have a 1 -d quahat laid out, from wheh an equal nmber of replica?Se samples are 
taken. 

The Magrave corer for ktes"acial sediment samplbg (wildish et a;%. 2003) is deplqed by divers- 
It is an open ended plexiglass box, 47.5 cm x 15 ern x 35 cm with a hinged Iid (Fig. 1) and lower 
end w&ch is cut diagonally with a sliding base to collect mdishrrbed sedhent samples with the 
overly-ing water. The corer has staiptless steel fiahgs and a large snlu&u handle so that the 
diver can carry and position it in se&ments (not shorn in Fig, 3 1, Adtes the diver pwfies the 
corer into the sediment to about half to thee w a ~ e r s  of its depth, the backplate is pshed closed 
and the hkged lid shut for transfer to the sdace.  It is stalred in the upfight position with the 
sehnnent s d a c e  uppernost, on a wooden stand. The volume capaciq of the completely fir11 
corer shorn in Fig. Z is 6.2 T, and the area smpled is 0.0263 m2. The Nargave corer can be 
fabr;icated by Plastic World and Design, Bmside, Damoulh, Nova Scotia (Tel: 902-458-3233). 

FIELD SAiWLING LMETHCgDS AT DEPTHS sl.%@ M 

We have no Wher  suggestions to add .to like earlier report, The areas and volmes (ass 
cm deep s d a c e  layer) smpled for the core hbes and Huxzter-Simpson grab are: 

- 50 ern Iang x 5 cm wide; lube area n 8 = 3.M x 2,s2 cm = 19.63 ce 
Su&ace volme = Area x 2 cm = 39-25 cc 

- Grab, 31 cm x 31 can k e a  = 96 4 i;m2 
Surface volume = Area x 2 cm = I922 66: 

Subsaqles are &ken from the sedhent sudace (that is the top 6L2 cm &om an hbct  sediment 
core). This is done by pushing a cut-off syringe into the sediment at an approximately 45' angle, 
then genfiy wihdrawkg 5 66 of sedhent slurrgr SO as to exclude air spaces. Filled s*nges are 
""cappe&' with a glar;lic lid, which fits tigbtbj over the bane1 sf the s ~ h g e  (to emlude air), 
wmked, and then placed oaz ice in a ~ooler chest. These samples can be stored in a refrigerator 
for a maximan of  72 h befm analysis (WiIdish et al, 1999). We suggest hbng  a mhimum of 
five repficate sampies &om each cordgab sapie .  

To prepare cut-off syP;;nges: obhigl plastic medical syfinges, e-g, Bectoar-Di~kson 5 ce (Fisfier # 
14-823-35). With a sharp, sturdy knife, cm off the Luer lock tip just to the zero mark on the 



"oarsel (thus leaving the syringe barrel open ended). After washing, s-Nnges and caps can be re- 
used. 

The new subsampling method is desimed to allow Eh and S= to be detemiaed on tbe same 
replicate smple. Afier allowing the filled syinges $0 reach ambient temperame, each is 
exmded into a 50-eh: plastic be&er (Fisher cablowe # 02-59 X - 1OA) and the tempearature and Eh 
recorded, Pus& the Eh probe ento the sedlrnzent for a few mm and wait until the mV reading on 
the meter has s&bilize$ (Eh drift < 10 mV/min) before recording it, Once this is cornplet&, add 
a 5 66 vol-unae of SAOB to begin the sulfide detemindion (see below), We seeomend a 
mhimum sf five replicate subsamples be analyzed for both Ela and told szn8E"lda=. 

Ekr is measured as in Witdish et aZ, (1993), except that the filiing solarl.ion to be used is 4 M KC1 
(and not 8.2 M as stated k~ error in Wildish et al, 1999)- Wegdlar ccleanmg of the platintm probe 
swface is rewked by polishing ( h o n ,  188%). We have also undertaken the cleankg of a black 
precmikte which may fom on imer surfaces of the probe, To do this, a small bmsh is used 
against the surfaee oftbe cerslrruc reference until clean, and then auskied with cfe-imked water. 
The probe is re-assembled 3rd kesh filling solution added, allokng 24 h for ehe probe to 
equilibrate. We have also used a more drastic beatmeni, to reconditim the probe @ords&orn and 
wiade 19981, which k-v~olves 1 erslng the tip of the probe in aqua. regise for < I  min, followed 
by flushing with deionized wa qua regia is carefully prepared by mixing I vol, concentrated 
nitric acid with 3 voi. concentrated hydroc;hlodc acid in a &me hood, For shod-term storage (4 
wk) redox poterplial probes are stared in beakers canbinig de-ionized water. For lower periods 
when not in use the filling solution is Bsaked, the probes flushed clean with deionized water and 
stored dry, Tke results are expressed nomd to the hykogen elecbode by the equiation in Wildisfi 
et d. (1989). If ~~P-ulion remperahres are recorded, use equation (I.) or 42) s h o w  below. 
Instmctic~ns were given earlier for the Accurnet ion meter which will not apply to other makes. 
Wcaders should follow the maker" insmetions for their ion meter in selling up and makkg 
detemhatisns . 

Sulfide deteminations are made as desc~bed k Wlldhsh et a4, (4998) using at least three paints 
to establish the calibration eume Erorn which unkno'ivn samples can be eletemined. We 

end the use of 0, f M sodium sulfide as a standard for this purpose (to make a 
concennatian range of 100, 1000, 10,800 pM). Readers with ion meters other thm Aecumet 
should f011ow the anstker" ins~c t ions  for their use. The practical lower detection iimlts of the 
Orion sulfide elecbodes that we have used are -50 p M  total sztlfrde. If field smples 4100 pM 
need to be accurately detemirred, then the results SSIICIZIX~ be cali 
S f r -  4 08 pM range, 

STKFISTICm MALYSBS 

The null Izypothe~E~ tested i s  gemrally that two independent, randomly dram goups of samples 
are from the same pctgulatl;n>a- Because of the h o w  contagious dis";iPi;bution of gesehe~eal  
variables in sediments at decimeter scales (WiZbDish, unpublLP;ked), mmpaarne&i~ tests are 

ended. We have used the non-parmekic eqrlivaEent sf the t-test, that is the Mam- 



m i b e y  U-test, to dete bemeen the null and dtemative h ~ o h e s e s ,  It is ;a test of the ra& 
order beween rnedlan of fam and reference samples. The ccsmpsr&tisns involved are 
shorn h Elliot (1 979) md if nl or nz is >%Q the noma1 deviate can be used to calculate the U 
sbtistic. m e r e  nl or nz is <20 .Lhe noranal devlak carnot be used and hdividual UJ and U2 
values must be eafculated. Table 14 in Elliot (1979) gives tests of sigazificance at the 5% leveI for 
sample skes <20. The compuktions can be completed in MS Excel, although this s o ~ a r e  does 
not spec";cally include this test. Student $-tests were used for p b e  compaP7;sons. 

The hternal filling soludon for the redox potential ion probe is supplied as KC1 of st;;*ted 
mola~ty, sattlrated with AgCl (e.g. Orion # 90001 1 i s  4-43 M KCL), We diluted the Fauer solution 
wifl deiozllzed water La the following expe-nments. This resdted in a p~cipitale wfich kva 
rernrsved by ces~fUging. We tested thee ion probes (DW #I, 2 and 3)  all of which were 8 r h  
model 96-78 p la tkm redox electFt3dess against freshb p~pared  ZobeB19s A and I$ solutions, The 
~ s u l t s  are show in Table 4.  m e  Or??cm platinum redox eiecei-sde kshciion manual ( h a n .  
1988) states that solution B should be 4 6  mV geater than solution A, The mean m d  sbndard 
deiiiation, to the nearest mllllvoft at dl molariries tested in Table f is: DW 1 = 56 +4, DW 2 = 55 
k4, DW 3 = 66 k4 mV, These values are witGa the specifications sslggested by Orion (boa,  
1998). 

Table 1. Redox potential as Eh, mV (meonverl;e61) for the same batch of 2o15e1Iis solutions A and 
B. The probes are filled with different molarities of KCI. "Difr" is the difference beDpreen B and 
A readings. The pr&e t i m  hdicates "che p e ~ o d  for equilibration after changhg the filfig 
so%ution. 

KC1 e m .  Probe DW I DW 2 DW 3 
mslarity o n  

L time, h A B D A B Diff A B DiE 



The values for 4.0 M KC1 in Table I can be csnveded to EhNHE by refereme to Table I in 
Mrildish et al. (4899), or for convenience we have expressed the data there as an equation: 

E h N H ~  m'V = 224 - (temperawe, "C) (11 

For other mola~ties based an data an Table 1 vi2dish et aal. 1999) the following multiple 
regession equation can be used: 

The aim was to de t ehne  the vaGabiliQ Lntrodueei-b by different ion pr&es and meters (operated 
by six goups sf analysts) when measuring Eh and total sulEde in the same sediment samples. 
Hargrave cores, sblaiincd by hard hat dlvkg from the Ilgld-point of  net pens in Lime Kiln Bay on 
the 7ih August, 2003, were &ken from five dit-ferernt pens. Cores wei-i? a h  rakm at a reference 
iocation -50m z ~ ~ a y  Erom the pens, with ssamplhg in ~ n x n  area of a few square meters, to yield a 
-total of five reference cores, Precise sampling locations were recorded with the aid ofGA@"S 
technolorn (McKeom ehl . ,  in prep.) and are given I;n P%gpertdix 1, All 18 cores \%re 
transported to the Iab for subsampling as descGbed in the METHODS section. Sllbsampliifg was 
ecimpleted by others, so that each analyst was provided with five replicated, re%igerated, sMnge 
subsamples &om the farm (I;) and five refereme (It) subsamples, Zsbellb A and B solutions 
were all pre-prepared as a single batch and provided to each analyst with a m e ~ w  bur0 
themometer to record reaction temperatures. Six goups of awdlystr; took part; they are riot 
identified, but a complete list of persons involved is given alphabeticalLy h "che 
Achowledgernenls section. Each analyst supplied hisjher o m  ion meter and probes. These 
included the followhg meters: Odon (=%rmoOriron) SA 720,;290A+, Fisher - Accumet AP25, 
M63,  md 7 003, and Hama Insb~ments Hi 9025, Redox potentials in Zobell, solutions at the 
begimkg, du-rng and at the end of the in%er-1&oratoq experiment for each amlyst are givtsn in 
Appendix 2, All of the Zobell results ;ire within the expeeked range for acceptable probe 
responses by this test. Probes used (the fimre in bmekets indicates the probe in Table 2) 
included: Cote Pamer OWE" RedodpH eleceode (I), O ~ o n  96-78 ( 2 ) , 8 ~ o n  96-78 (31, H a m  HI 
3230 (41, Bmon 96-78 (5 )  and Hama HI 3230 (6), All used 4 M KC$ fillixlg solblliom. 

Results are shorn in Table 2. The median for six probes, each with five replicates i s  for Farm - 
161 mV and for Reference 69 mV. The Mam-mibey  U-test sh-o~vs that Ho can be rejected 
(Ui=L-f), U2=36, pc0.05) and the Hi accepted, that the farm and referenee Eocations differ in 
EhNHE. TWO ofher pedinent results from Table 2 are sat: 

- probes 3 a d  4 (Table 21, which were recently pwchased and used for the first time 
duflng the inter-laboratory calibration expeiment  new" probes), gave sipificantly 
higher values in reference sediments than ""dd probes". This bcluded dl of the other 
probes, which had been used prior to the iter-Baborato~ experiment, often e&austively, 
in both anoxid: and oxic sediments, The differences were >208 mV (%ew's probes 3 and 
4 = 1 89&"3;$.7 and "01r$9' probes 1.2,5 and 6 = -24f 49.8 mV; mean rir: sbndard 
deviation); and 



- the f m  replicates showed less vafiabilie (S-D, ranging from 3-32 mV) than the 
reference replicates (S.D. &om 14'7 1 mV). 

TaMe 2. htei-laboratory calibration expefimeni. EhNWE mV from Lime Kiln Bay on 7& h m s t ,  
2003, as determined by six &dependent analystsiprobes. Five replicaked deteminations were 
made on $he WO, mixed and reference sediments taken r om &e swface &2cm depth. 
S e b e n t  water content (mean k S.D., N = 3) for fam = 70-7 P1.97 and reference .= 63.5 Sii 0.75. 
See Appendix 2 fcsr Zobell values recorded duhg this expefimeat. 

Mean 
%td.Dev 
SLd.Err 

To deternine if the apgmximately 3 h that cores were in ~mansp0l-t to the I& aEected the results, 
Eh and temperature were measused as soon as the cores were brought on deck. 7311s wac~ done by 
hsen"cing the probe ve&ically hto the top few miltimeters s f  the sediment btedaee. Results with 
two prcrbes (both O ~ o n  96-78), DW 2 and DW 3 (probe # 3 in the inter-calibratim expesment) 
gave the following resdts as EhNaE for the mean f standard deviation: DW 2 (""IF probe which 
was not used in Tale  31, Fam = - 1 171 28 ,Reference = - 15 .t 1 2 mV; DW 3 ("'new9' probe as if3 
in Table 31, Fam = -97 * 38, Reference = 142 -+ 22 mV (see Appendix 33). Afier s to~ng  for 24 h 
in the refriageratm subsamples (N = 5) Tram the intenrcaiibratisn expefiment were re-tested with 
BH 5 (::old"" pro% # 5 5 the bier-calibha"iiaan expedmentnl) with the result: BH 5, Farm = -286 *6, 
Refe"ernce = - 48 * 5 mV (i"appendix 33)- Despite did"fe~en13es in prepara~on of &ke sediment the 
resuits are ns"cip1p.ifiemtPy different &om &e mean fsr the same probes in Table 2, fm berth 

ng and storage expe~mesab. 
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atso disassembled the old probes a d  used a fine brcrsla to dean a. black deposit from the imer 
probe swfaces. The results are shorn in Table 4. As found earjier, the Zobell B-A QiSerences 
were satisfa~toq with 4 M E;CI ;as the fiIXkg solution. For oxic sediments the new probes 
responded with Eh values which were >I 00 m y  higher than for "old"" probes. 14 sujfide- 
amended sedhenb this diEerenee disappeamd as expected (due to be#er poising in sulfide rich 
sedimnts, see DISCUSSf6)N). Results with .the KN03KCI filling solutim show t h ~ t  the Zobell 
B-A clitfferen~es are also satisfacto~y (63 my), althougl~ the nu111bers we an average of 14 (range 
2-29) mV Ggher. For the oxic sediment test with the new filk;Ing solution the difference beween 
old and new probes had  sen to >280 m\i, 

Table 4, Compa~son of four Clllon 96-78 probes with "JEerent filling solutions, Top half of table 
fiprlling solution (KCI), bogom half wi& (m03KC1). "Old" pobes reconditionred for the boatom 
half sfthe :able. UIlits are mcomected Eh mV at a kmpera-e of 25% (where C = "-199 rnv, 
The  staadad solutions resufts are single readings and the sedimelPa: readings a mem of  thee 
detemhations (see Appezldix 5). 

""Old"Tr083,es "New" hobes 

- Solution Treahglent DW # 1 Dl# # 2 D W # 3  D W # 4  
FILLFP.I"G SOLUTION 44M KC%) 

Sedirrtent Mixed -322 -348 -208 -239 
Sediment Add NazS* -500 4-45 -5 12 -514 
Zokeli A 228 224 220 232 
Zobell B 292 286 290 296 

Sediment Mixed -63 -65 248 215 
Sediment A& Na$Ss -372 -299 -182 -195 
Zobel t A 227 230 226 229 
ZclbelX B 293 294 29 1 292 

Won Stanbrd 214 218 2 1'7 299 
"10 mL 0.3 M Na2S.9Hz0 

RJi= also asted cherrrtcal cleaning with aqua regia Worr;lstrom and Wilde 1998). The sediments 
used were oxic, sandyIsib particles scraped from the ?;&ace of inte&idal deposits at Pottery 
Creek, collected j u t  before use and well mixad with a glass spahIa, The Eh readings s h o w  in 
Appendix 6 were made by placing tbe probes in Zobell" solution A, then B, then sediment, 
followed by repeats in the same sequerrce until 40 readings of each saZiiBeisn and sediment had 



been obtained. Afier each r edkg ,  the probes were rinsed with deionized water and &+eel with 
Gmwipes. All four of the probes used gave rewlts with Zsbell" solutions A and B which are 
.;iri&hk the Orion specifications (A = 234k9 mk" a~id B = 300k9 mV), both before and after the 
aqua regia beatment. The old probes agah gave lower readings in oxic sediment than the newer 
ones (Table 5 )  bol-h in the ""before" and "after" parts of this test, In. the ""bfore9' part of the test 
for sediments each probe gave different readhgs and this persisted insto the ""after" part of the 
test. In oxlc sediments probe # f became mare negative, # 2 less negi7%fiveg #3 was mchilltged and 
# 4 became more negative after acid &eiaherrt, 

Table 5. Goqa9^lson of four Orion 96-78 probes with 4 M KC1 filling solution and beforeiafier 
&earneat for f min with aqua regia (1 vof cone. HN03 : 3 v01 csne.HG1), Units are mconected 
Eh mV (to eosrect to NXE at 25" use c = 199 mV). AD redings are means conected to the 
neasesl mV (* smdard error) of the 10 a"servatioras sklowaz in Appendix 6,  

""Old" Probes "New9' Probes 
SolutonRreatmenl DW# 1 D W # 2  D W # 3  D W # 4  

MTER 
Zobef I A 232(0.&2) 23 7(0.42) 235(0.3 1) 233(0.52) 
Zobell B 29710.54) 299(0,390 299(0- t 9) 300(0.30> 

Sediment, mixed -341(9.79) -129(12.5) 22717.06) 

Effect of water content in oxic sedime~zts 

The aim was to lest the hpothesis that the lower water content of reference sediments, such as 
those from Irfie Lime Kiln Bay interlidaf (see also T&1e 2) aEeci;ed Eb. measurement and i ts  
va~abiliq. The probe filling solutions were 4 M KC1 and these experiments were rum pfior to the 
tests s b w  in Tables 4 and 5. -We changed the water content sf the  xed sediment by adding 
locally avail;tble seawater (PSU = 30 gpt) in bateks of 58 d, followed by slow 

~ 

tested t h e  probes as is s b w  in Table 6. The raw data on which the mews are 
shorn in Append& 4. 

Again mV values measured with ^k0w93r0"cres were Kgher than for the "old"" probes. T tests f ir  
difference beween the means show &at withiis each probe increasing water content had sls effect 
on the Eh, This i s  s h o w  graphicall_y in Fig. 2 and confims that there is ZllCle effect of water 
content for DW 2, BH 5 and for DW 3. 



Table 6. E ~ N R ~ ~  mV at 23' C for Lime a1-n Bay htedidal sedimerP&s (interfacial sample), Means 
are based on N = 5. Percentage water eontent is varied by addition of seawater to the sediment. 
O ~ g k a l  data is in Appendix 4. 

- 
Probe Percent watm 

S~sstistic DW 2 old DW 3 new BH 5 old content 

over time when eorntinuously i rsed in oxie seawa(L&r. T-ical results sf this trealrment are 
shorn in Table 7, Tbe results st a prc;be-specific time to reach m equilibs7uxn, with a clear 
kfluence sf Zobellk ssoiution on the observed potential. From 'Table 7 the two BH probes are 
"old"%d the two DW probes are ""new". 

s measurement. 



I I 

TOT& SULFBE CONTENT OF' SEDIMENT PO= WATER 

Accunzet ion meters (Fisher model M25, see Anon. 1993) were used as prreviously m-ifdish et 
a1 , 1999). Tlse following ion probes were tested: 

1. Bi-;on #96 16 combination silverisuIfide deckode with Orion # 908066. or 900062 
fj'*lllmg solutions. 

2, Oraan ii9416 silverisulfide half cell and O ~ o n  # 80-02 double junction reference 
elecbodes. The- latter i s  filled with &ion # 900002 (AgCI) in the inner, a d  Orism # 
980003 (ma3) in the outer chamber* 'This was the probe used in Table 10 probe 
coqaPgson tests. 

3. OGon iif 9416 sihver/sulfide half cell with Qrzora lii. 98-01 single junction reference 
elee.tro& filled with Orion #900001 solution (contains Na, M, NO3) GI ions saarated 
with AAg). This pmbe was not used in the Table 18 calibration tests, 

4. Thomas canakrination eleekode (gel, does not require filling solution) 
5.  DetectIan codhat ion electrode (gel, does not require 5Elmle solution) 

Probes were compared by measmrixlg the elechode responses in the same freshly prepared 
solution oEMa2S,BH20 (1 000 yM), The sdfide solution was prepared with &-ionized water 
~ouglrt. which nitrogen gas in a fine skcam was bubbled for 10 n~hn (deg;;rssixng). The 
dekemfnalions were xnade by mixing SAOB a d  stan&rd in a 11: ratio. The resu1a-s are show in 
Fig. 3 md suggest that ail four probes tested have a siaraliar sloop response to sulfide, although 
ktercept values are different. Thus at 1000 p% totd sulfide, these. is a spread of -70 m"J with 
Detectjlon showkg the ge;rlest and Orion # 8516 the least, ReproducibiliQ of the maswe seems 
to be hghel- for the liquid filled Onon pmbes (Table 8) and: consequently, we have not pwsued 
the gel-filled probes &fiber. 

Table 8, mV results for thee coacenlraticrns of sulfide sQandard. The second set of measwements 
m s  approximately 15 min a f  er the first. 

Concentratim Probe 
rn BAan # 961 6 Thomas O ~ o n  # 9426 Detecl;fon 

First Second First Secmd Fkst Second First Second 
IOQ "31 740 749 772 791% 375 808 827 

1000 374 773 789 807 808 807 843 858 
100430 805 804 8% I 838 840 839 876 888 

All a9eLemlnations of sulfide for testing the effect of v a ~ i n g  the ratio of SABB to shadard were 
made with i n~ l  Orion # "31 6 probe, A new stock of sodium sulfide standard (1000 pM) was made 
in degassed de-ionked water, A deteminatian of total sulfide was then made in the smdard way 



12 

for a I: I volume ratio s f  SAOB: skadard. More SAOB was then added $0 the beaker so that the 
ratios tested were 3: 1,7: 1 , 1 1 : 1, IS: I and 19: 1. This took appmximateay one-half how, afia 
which mother 3 : 1 SAOB:&esh slan&rsl was measured. We have accomted for the dilution by 
the s e ~ a l  addition of SAOB. m e  results axe s h o w  in Fig. 4 and. Appendix 7 and suggest thahas 
Inore SAOB is used with a fxed volume (5 d) of sample, more sulfide is exkracted, with the 
process becoming asniptotie at >"9 1, 

We detemined the effect of possible cayover of seawater in the sediment sample by replackg 
di16tion water (deionized wat@ by seawater (locally avaibabje, filtered, -30 PSU) as show in 
Table 9. The results show that there is no effscr of  s a l i ~ q  on this de t e~na t ion  

Table 9, Effect of seawater concen&ation at a 1: 1 ratio of SAOB: smdard (10,080 p M  
Na2S.9H20) on measwrnent by ion analysis of total sulfide, 
-- -- 

SAOB, Seawater, NazS 9Hz0 (10,000 Deioi.uzed 

ABI of "Ebe pmibes used in this experiment were either 431xIon # 9616 combh&ioa elec&oi;les (with 
either filling solarlion A or B), or Orion # 9414 with a double jmction reference el:lec&ode (Onon 
# 98-02 with imer filling solution s f  Ag671, Orion il998002, arnd surfer &Ilirzg s01ution of m03* 
O ~ o n  # 9000653).Probe Ji 6 resulb sere omiMed from Tabhe 10 below because it transpked that 
they were made without adding SAOB to the sedhent samples, 

For the remhber of the samples, N = 25, the median i s  3266 for the fam- and 705 p M  for the 
reference sbhon. A Mam--Mitney kl test sho~led that total slllfides in fam sedhents are 
si~ificantiik. @eater (U 1 = 0, Uz = 425 p <0,001) and the Ho that the two sets of saq1es are &om 
the same populationg rejected, The overall coefficient of iralation for this data is 38% for fam 
and. 32% fcr mceference saniples. 

A pote91tLal problem with sulfide standards l a  that they may oxidize in air, This iarshbiliQ of 
sulfide sbndards is more prono~need the more dilute the concentration becomes. We 



Table 10. fnter-labmatory calibration expeemen%. Total sulfide in sediment pare water as pM, 
horn Lime Kiln Bay as detembed by six kdepended s~nalystsipsobes (#$ was omiued because 
of a mistake d u r n  amlysis). Five replicated determinations were made on farm m d  reference 
sediments. 

F a m  Probe 
Replicate #I #% if3 3% #5 

I 3000 3266 6150 63 20 2950 
2 2220 25W $170 3420 3020 
3 2028 3266 6180 3510 2530 
4 3000 3490 4650 41 10 2580 
5 2 180 2860 5240 3500 2440 

Mean 2484 3077 5678 4172 2488 
SD 477 393 70 1 1232 234 
SE 213 146 3 13 55 1 123 

Reference 

2 373 709 560 5 16 $030 
3 568 62 1 754 413 "73 
4 4-45 758 1130 563 420 
5 469 709 1248 629 630 

Mean 435; 744 884 625 728 
SD 95 112 288 84 288 
SE 43 5Q 129 3 9 90 

independently check the comen&af on of sulfide s tandds  by tibation with Pb (Cf84)2.6Hz0 
(Orion 948286; Fisher # G13 6-L 1 "973). The =actants are: 

25 mL Q.03M Na2S,9H2(3 
25 mL SAOB 
Lead standad in the burette V e t r o h  545 Multi-Dosim& - Auto-bure"L) 

Near the shaq end-.point ofthe tiwatian the lead standard Is added in Q,I-mL increments. 
CaZcalations are as follows: 

Volume Pb standard added = Vstd mL 
Volume sulfide standard added = Vs mL 
Goncerats:atiort of PIP s;lan&rd = CStd M 

Then concern&ation o f  sbn&rd sulfide = (V, ,di  VS)*Cstd 

D%S.ClUSSION 

mDOX PBTENTML MEASUMBaENTS 

Acenrdng to Sjehtj.hEli" (2000), uexplainable BucWhioris of Eh =k 50 mV can be expected vJhm 
measudg rehctiton potentials in sediment with pjatinum electrodes. Sehdz's results were 



obtaked with well rnainhined and polished eiec&odes and use of a glove box. Thus, sediments 
were examined in an inert atmosphere (nibogen or argon) free of oxygen. All ofthe results 
presented in our shdy were made in air without a glove box, D ~ m g  the hter-lalsorat0a-y 
calibration experiment (Table 2) two probes ($4 3 and # 4) consisterrldy gave higher Eh. gotentids 
(>I00 m%') in reference sedbenls- Bo& probes w r e  recently puschased ( O ~ m  96-78 and 
Hama Tnsmments HI 3231)). Fu&her testkg showed that "newP* and ""old" ~ o b e s  behaved 
differently= Cleaahg ""old" pobes by polishg resulted in small {< 180 mV) ternysorav hcrease 
in potential, although as som as they were placed in sedkents with a big$ sulfide content the 
potentials rapidly became neg;llive agah. Doyle (1968) cmsidered the pedomance of p1atira.m 
redm swfaees in kon-conhlfnmg &esbiaters and described the effect of oxide coathgs w & ~ h  
iafiuewed potentials. "IXSrritfneld ((197.6) an$ E.pz et al- (2630%) mention the fornation of 
oxides on probes in m a h e ,  oxis: sedhellls slnd sulfides in anoxic COIPCI~~~OIZS, which kfluences 
the perfisrmance of these prohes, %us ""alcf9 probes which have repeatedly been expos& to oxic 
and awoxlr= sediments will become "psoisoned"" in tixis way and respond more negatively than 

ones, pafiieularJy in poorly poised sediments. g this study we sought ways to 
remove the poisoning egect and fomd that physical jgslislzing) and chexniical (witb aqua regia) 
treatment did not alter this effect in old probes. %ntemaX cleankg and use of a diRerent fillkg 
solution ( m 0 3 K C l )  also fa"ttied to rejwenate poisoned probes. The rase of sbndad solutions, 
e,g. Zobell's, failed to r;fetect the poisoning effect because in kvell poised solutions (such as 
ZobelB's and anoxic sediments where the HS'ISO; couple is dominant) the response is ritpid, 
because of the single redox collple present, In poorly poised oxic sdace  sediments: where 
~~~acrofaw~at Isislurbatioa has earned dissolved oxygen to a few centheters depth, the probe 
poisming effect becomes noticeable. Thus standard solutions are only- ktsehl in dekcthg 
physical or ePe~Orical damage to the probe and not to probe poisoning, Probe poisoning effects 
could be recognized by obseming potentials after immersion in aerated seawater, Accord& to 
Witfield (1974), oxide coated plathum swfaces are mthg as oxide elec&osles in oxic sediments 
and sbre acluaBly measwhg pH. 

Another finding from the inter-laboratosq. calibration expenmeaat (Table 2) was that vaiatlon 
withm each probe replicate was greater &om sediment reference samples (SD = 14-71 mV) than 
for farm sanrrples (SD = 3-32 mV). This is consistent with the iieqretatioa that oxic sedimeats, 
&me the rerjiox potenljlal continuiq, are poorlg7 poised (Sigg 2080). Possible multiple redox 
potential couples are present including 02m20, NH4WO<, m i m 2  (,I, HS-/SO;, ~ ; e ' ~ / ~ e ~ + ,  
CHqaeB603 (Sigg 2000)- The oxic sedhent is not at equilib~um because of the many redox 
couples present and eleek-rochemieal changes do not react fast enau& to yield a sable redox 
potential endpaint. By eonIrast, highly anoxic sedimeaat~, that is, those below the redox potential 
discontinuiv (WD), where dissolved oxygen is absent (or nearly so) are bep~er poised beea~ise of 
the d o h a n e e  of B e  H S - / S ~ ~ "  couple 

Al&ough itis true that commercialliy available redox potential prhes carnot resolve the 
scale changes of Eh profile in swface sedimenb, this will usually not be a 

problem of such mamimde as probe paisoaiag. One 0977110~~ s o h t l o ~  to this smeari 

expe~merae, 



TFfie evgence Erom the inla-labamtory calibration experiment suggests that rzpmducibiliQ of the 
method is sufGciently goad for it lo be wed to indicate the stages s f  the organis en~chmenl 
gradient shown in Tables i I and 12. 'The coefficient of variability for total sulfide measurements 
in she inter-laboratow cdibratlon wras <38("/0. We have also shov+;r? that some of the sediment 
matrix effects, e.g., by seawater canyover, do not affect the total suliide measurement. Whether 
ions from a aa.ider range of sedirnen-k gyes would affect this measwement remains to be 
deter~ned.  We have also show pre~*~ioudy that sediment samples in cqped, s r i toEs~nges ,  
as desc~bed in the METHODS section can be stored in a aef~gerator for 72 h, without change sf 
total sulfide .concen.fration (Wildish et d. 1998, see Table 4). We have also sbom that by 
varying the hevolumetric progoaions of SAOB: sample, more total sulfide can be exeacted from 
the sampfe. We rmo end; fao";d~:ver, that the v o l ~ ~ m e ~ c  ratio used remains at 1 : I ,  to mahhia 
comparabilily with 

Despite the problems identified with reclox potential, both Eh and tobl sulfide mastaremenls 
show that there are sipificanl dlffewmes bemeex alle fam and reference sediments examhed 
dusjng the inter-laboratorq. calibration experimnt. A negdivc: Eh m d  high. sbtliide value in the 
farm sedimnr confirms that organic ellsicbent is preseM. 

Compliance monltofing fur Ibe Bay of Fundy salmon culture indusm (Bnon. 2001; Anon. 2002) 
i s  not based on co~npa~son of keated versus reference locations, but by c a ~ a r u l g  
measurements of Eh and S= in sedhents with ranges of values for each vahable, empkieab 
derived t-rsrn olssematioas in the Western Isles region sf the Bay sf  Fundy (Tables 11 and 12). 
ln&vi&al fam sites are rated kdependently using E'tr and total sulfide (E. Parker, pers. 
60 .) and the srrtena listed in Table t I ,  In the case of  a disageement in dcsignaLing the 
organic enrjclnmml: grouping bemeen Eh and total sulGde, tbe less emiched goup is the on:: 
selected. 

Table I I. C o ~ e s p o n d e e  beween EhNHE and total sulfi"x8 values for the four classically 
defined srgmic e ~ c h m e n t  stages (Wildish et aX, 200 1). 

A Nomal H l O O  <300 
B+ Oxic &I061 361tk2300 
B- Wpoxic -lo@-@ 130MQ08 
C h o x i c  <- 1430 >6800 

The izler-1aboratoq calibration results obtahed are expressed as organic ed~lnanent lLldex 
goupissgs in Table 12, Consisterr~y among the measured geochemical variables is  peatest for 
total sulfide (all the same) and least for redox potential (Farm: 4 Css,  1 B-; Reference: 2 A%s, 2 
B% sand 2 B-), 1.1 i s  clear &om Table 12 &bat redox potential cannot be used as a reliable and 



reproducible indicator of the organic ennchemt stage of a given sediment sample, pmrticularly 
ia reference sediments where oxic conditions prevail, S= on the other hand provided a eonsisisent 
measw of e f i che I l t  stahs. Hargave et a]. (1997) also found that S= was the single most 
sensitive v ~ a b l e  for detecting differences beween sedimefab at salmon fams and reference 
locations. Although the causes of E%i vanabili-ty are repode$ in the literame @robe poisoning 
and poor probe perfomance in goorb poised sedhents) and confmed here, we did not fmd a 
way to overcome either problem. Consequent-ly, we r;.ico end that redox potential not be used 
as an indicator of  organic e f i c h e n t  stage, Redox potenriial measwermea may stif1 prove to be 
useful in weif poised sediments, e.g, those where intedace potentials are in the 23- and 6: range. 
Eh can be used as a check on eoiral sulfide concentration (there should be an &verse: relationskip 
ktween Eh on log. tohl sulEnde). Trs"cal sulfide should be the only va~able use43 to defme the 
orgramic efi-ichent stage, 

Table 1%. hter-laboratopy calibration mem values of geocheheal varr;ables expressed as the 
equivalent organic erurchent goup (see Tables 2, 10, and I I). 

-- 
Geochemical AnalystiProbe 

v;bglable #1 #2 #3 #4 #5 #6 

G C C B- C 6: 
B- B- B- B- El- 

Our results for Bay of Fundy sediments show that total sulfide measwements can be used 
quantiktively to define organic e ~ e k e r r t  endpoinls. Additional research is neded to see 
whe&er the e ~ e h e r a t  groups defined "rsy S= measue~nents in the local area apply over a wider 
range of sedhent mess In sedimenb froin other focatilions, there is the pssibgiq that o&er ions 
present might i&rfere with S= detemkations made by e~e~~ocbemieal  analysis, 

rsion and 
monitohg their pejc$omanee aerakd sez&7atr=r, it is not h o w  how to re-condition .them. If 
the process ofpoismhg prwes to be keversible, a method sf r e c o ~ z k g  when the probe 
reaches the Ineversibfe point would be of value in deciding when to CB;;scard it, It is clear from 
the Ziberature and ow o m  results that poorly poised, oxic sedkeml presents an i&erent problem 
in ~ o m p l i m ~ e  mo~~toring with redox potential meawements using ion ana1piical methods. 



Research should also be udefiaken to replace the redox potential method in defH~ng kine organic 
emiclrment gaduent, so tlat an iildependent agpproaelr is available to szrppo~ total sulfide 
measurements in interfacial sediments. Candihte methods inclur4e; pH in interfacial sediments, 
sediment profile imaging ("i,Xi"ildish et al. 2803) and benthic macrofaunal co 
(%lildtsh et al, 2001). 

FkxlaUly the valw of inter-laboraq expekellts in detecting problem w&ch could agect: a 
pa~ictslar methods ablli@ to define the sbges of the organic e ~ c b e n t  gadient are 
demonstrated in the work reported here in h k r e  we reco end that all new s;mdi&te methods 
mdergo an hter-laborato~y calibration test sirxlllar to the one repoded here, 
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Auwst, 2003: Hugh Abgi, Marie Archambault, Mark Chedall, Lisa Douceee, Eric G 
Ghanble Imbeaalt, Deause Joy, h g e l a  M&in, Ed Barker, Georgina Phillips and Susan 
Richardson. Ot;hers who helped organize the intercalibration experiment hcIuded Derek b o x  
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I - open-ended plexiglass box (17.5 cm x 15 crn x 35 cm) 

2 - h g e d  top lid 

3 - ba~om cut diagnnaliy (45 "3 wit11 sliding base 

4 - clear front face for photo@aphy (SPI) 

5 - prr-drilled holes for Eh and sample removal 

Fig. I .  Hagave corer diagram. 

Fig. 2 Effect of sediment water content on observed Eh by three different probes. 



of sulfide probe, 

Fig, 4. "Sine effect of the ratio of SAQB:standard, 

The 



Appendlx 1. GAPS precisely detemined locations sampled on 7th August, 2003. 

ell A and 8 ;appendix 2. Redox potential as Eh, mv, ( u ~ Q I - P " ~ c ~ ~ )  for the same batch of Zob, 
solutions. From inter-laboratory comparison of 7" Auysf, 2003. 

Appendix 3. Enhe from Lime Kiln Bay samples (August 7", 2003). Stored refrigerated for 24 h in 
a s*nge (BH S), or ana&ed i edia~ly  in the field using Wo different probes (DW2 and 
b1sw3). 

Sample # BNS DW2 DW-7 
F 1 -213 -18 5 1 



Appendix 4, E;rboratory srecorded EnNHE (+I99 @ 23OC) for Lime EZpl Bay intedrdatl sediments 
eolle~ted on 2sfh August, 2003. Measweanents made on sa~nples stored irn capped syir~ges in a 
re~gerator for 48 h. The last sedes was eornpleted a k r  e x h  of the pl&inum probe surfacewas 

lished. 

'I"% seawa~f:~ Probe ii Percent water 

Not recorded 
Not recorded 
Mot recorded 
Not record& 
Not recorded 



Appendix 5. Uncorrected Eh mV for sediments campanng "old" and "new" probes in the 
experiments of Table 5. Reaction temperature = 25°C. Three replicated readings were made far 
each ofthe four treatxnents. Sediments came from the htedidal sf Lime Kiln Bay, 

4 hlolas KC1 fillhg solution --- 
Trmment 

D W # 1  DW-#2 DW#3 DWM 
40 mJ, sediment -330 -3'775 -181 -216 

- v~elS rnlxerl -316 -339 -223 -272 
-32.1 -3 30 -22 1 -229 

40 d sdirnent with I 0 mL -500 432 -513 -528 
0.34 NazS added -500 450 -514 -507 

-500 453 -5 10 -504 

40 ml, sediment with 10 mL 
0.3M NazS added 





Appendix 7. Typical data for the SAOR:standard experiment as shown in FigA. The volume (5 
mL) of standard i s  kept constant, SAOB volume varied. Before/after standards are with 5 mL 
each of SAOB:stdaxd taken at the beginning and end of &is, test. Tbi: concen&atims are in pM 
of sulfide, the "adjusted"' col is adjusted for dilution hvsavea in adding SAOB. 

Sulfrdi: be%re SuEde after 

--- 
IN08 2 M O O  -802 10900 -803 

? 0638 1000 -769 1010 -772 
100 100 -737 11 1 -739 


