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ABSTRACT: We p rese n t a novel ap p ro ach  for the  sim ulation of th e  im pacts of finfish aq u acu ltu re  on 
sed im en tary  redox  dynam ics, b a se d  on the  coupling  of a fish farm  w aste  deposition  m odel (DEPO- 
MOD) an d  a k n o w led g e -b ased  reactive  tran sp o rt m odel (RTM) of early  d iagenesis. T he in te g ra te d  
m odel w as ap p lied  to a salm on fish farm  located  in  a Scottish fjordic sealoch. T he m ajor d iagene tic  
processes of the  reac tio n  n e tw ork  w ere  first iden tified  on the  basis of lite ra tu re  inform ation an d  h is 
toric data . N ext, th e  o rgan ic  ca rbon  (OC) flux at a p ristine  site n e a r  th e  farm  w as e s tim a ted  by fitting 
the  vertical profiles of po re  w a te r  an d  so lid-state chem ical species m e asu red  in  th e  field. DEPOM OD 
w as th e n  u se d  to p red ic t the  fluxes of OC d u e  to the  re le a se  of u n e a te n  feed  an d  faeces at various d is 
tan ces aw ay  from  th e  farm . T hese fluxes w ere  ad d e d  to th e  b ac k g ro u n d  'n a tu ra l ' fluxes an d  u sed  as 
forcing functions for the  RTM. C om parison  of th e  sim ulated  tran sien t profiles w ith  d a ta  co llected  at 
an  im pacted  site rev e a le d  th a t th e  RTM m odel satisfactorily  p red ic ted  the  tran sien t dynam ics of the  
system . W e d iscuss th e  u se  of the  m odel for cost-effective env ironm en ta l im pact assessm ents, site 
se lection  an d  the  op tim ization  of h u sb a n d ry  practices.
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INTRODUCTION

In the  last decade , an  inc reasing  availability  of sur- 
ficial m arine  sed im en t d a tase ts  (including pore  w a te r 
an d  so lid -phase  chem istry  data) s tim u la ted  th e  d e 
velopm ent of com plex re a c tio n - tra n sp o rt num erical 
m odels (RTM) of early  d iagenesis . T hese m odels offer 
a  realistic  rep rese n ta tio n  of sed im en t b iogeochem istry  
(e.g. B erg  e t al. 2003, Jo u rab ch i e t al. 2005, T hu llner et 
al. 2005, D ale et al. 2008a) an d  are  particu larly  su itab le 
to sim ulate th e  vertical redox  zonation  coup led  to the 
process of o rgan ic  ca rbon  (OC) oxidation, w h ich  is 
con tro lled  by the  availability  of e lec tro n  acceptors and

the  G ibbs free  en e rg y  associa ted  w ith  each  m etabolic 
p a th w ay  (M orel & H ering  1993). M oreover, th e  in c lu 
sion in  th e  reac tio n  n e tw ork  of re-ox idation  p rocesses 
of the  red u c ed  com pounds p ro d u ced  d u rin g  OC d e 
com position, as w ell as an  accu ra te  p aram ete riza tio n  of 
diffusion an d  advection  processes, en a b le s  the  u n 
rave lling  of sed im en tary  cycles an d  fluxes of redox- 
sensitive species (Thuller e t al. 2007).

In addition , th e  recen t d eve lopm en t of user-friendly  
RTM codes (Regnier et al. 2002, 2003, M eysm an et al. 
2003a,b, A guilera  et al. 2005) has stim ula ted  the ir use  
by an  e x p a n d in g  scientific com m unity. So far, h o w 
ever, early  d iag en e tic  num erical m odels w ere  ca li
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b ra te d  an d /o r  te s te d  by  com paring  m odel ou tpu ts at 
s teady  sta te  w ith  ra te  an d  concen tra tion  profiles 
o bse rved  in  sed im en t (Thullner e t al. 2005), w h ereas  
little w ork  has b e e n  done on ana lysing  th e  p erfo r
m ances of th ese  m odels in  rep ro d u c in g  tran sien t 
states, resp o n d in g  to tim e- or space-variab le  forcing 
conditions (e.g. S oetaert e t al. 1996, Luff & W allm ann 
2003, D ale e t al. 2008a,b). From  a m ethodo- logical 
standpoin t, th is analysis can  be re g a rd e d  as a  test for 
ev a lu a tin g  m odel robustness (sensu G ribb le 2001), i.e. 
th e  ability of a system  to con tinue to o p era te  correctly  
across a  w ide  ran g e  of o p era tin g  conditions.

T he app lica tion  of early  d iagenesic  m odels to p red ic t 
ch an g es in  geochem ica l cycles d u e  to an th ropogen ic  
p ertu rb a tio n s a re  lim ited  (e.g. C an av an  e t al. 2006). 
From  th is perspective , aq u acu ltu re  site se lection  and  
m onitoring  re p re se n t po ten tia l n ew  a reas  of ap p lica 
tion for RTMs. As th e  h u m an  popu la tion  con tinues to 
expand , its re liance  on  farm ed  fish p roduction  as a 
source of p ro te in  is ex p e c ted  to inc rease  (Naylor et 
al. 2000), in  tu rn  inc reasing  th e  d em an d  for aqua tic  
resources. H ow ever, fu rth e r su sta inab le  deve lopm en t 
of aq u a cu ltu re  req u ires  a carefu l assessm ent of the ir 
im pacts, not only on  pelag ic  ecosystem s, b u t also on 
th e  ben th ic  env ironm en t (Black 2001).

T he n ee d  to forecast an d  m onitor o rganic en richm ent 
resu lting  from  in tensive  m arine aq u acu ltu re  has  led  to 
th e  d eve lopm en t of num erical m odels th a t p rov ide an 
estim ate  of th e  response  of th e  m acroben th ic  com m u
nity  to in c reased  O C ra in  (Crom ey e t al. 2002a). In 
these  m odels, the  rep rese n ta tio n  of the  im pact of a q u a 
cu ltu re  is b a se d  on em pirical correla tions b e tw e e n  OC 
fluxes an d  m acroben th ic  com m unity  indices. H ow ever, 
recen t w ork  ind icates th a t geochem ica l m easu res  p e r 
form  b e tte r  th a n  m ethods b ased  on  m acro faunal com 
m unity  analysis d u e  to the ir cost-effectiveness; this has 
consequen tly  in c re ase d  th e  in te res t in  early  d iagenesic  
stud ies (H argrave et al. 1997, W ildish e t al. 1999,

2001). In this reg a rd , early  d iagenesic  m odels could  be 
u sed  for th e  m echan istic  sim ulation  of the  im pacts of 
aq u acu ltu re  on  geochem ica l p rocesses.

In the  p re se n t w ork, a RTM of early  d iag en esis  is 
ap p lied  to sim ulate th e  concen tra tion  profiles of redox  
species in  sed im en ts of a fjordic sea  loch, at sites w hich  
w ere  exposed  to h ig h  OC fluxes from  aquacu ltu re . The 
m odel w as first ca lib ra ted  on po re  w a te r an d  sed im ent 
chem istry  d a ta  co llected  at a  p ristine  site u n d e r steady- 
sta te  conditions. Secondly, the  s teady -sta te  bo u n d ary  
conditions w ere  p e rtu rb e d  by ad d in g  th e  fish farm - 
d erived  O C ra in  ca lcu la ted  by  a p artic le -track ing  
m odel (DEPOMOD). S im ulations w ere  th e n  perfo rm ed  
to ana lyse  the  m odel resp o n se  to the  es tab lishm en t of a 
n ew  fish farm , an d  the  tran sien t profiles p red ic ted  by 
the  m odel w ere  co m p ared  w ith  field da ta . T he ev a lu a 
tion of the  perfo rm ance  of th e  coup led  m odels (DEPO
M OD + RTM) w as p art of a  la rg e r EU re se a rch  in itia 
tive focused on the  deve lopm en t an d  te stin g  of 
num erical m odels for aq u acu ltu re  site se lection  an d  
m onitoring  (w w w .ecasa .o rg .uk ).

MATERIALS AND METHODS

Study site and Held data description. Loch C reran  is 
a  fjordic sea  loch located  on  the  w est coast of Scotland, 
w ith  a surface a re a  of approx im ate ly  10 km 2 an d  a 
m axim um  d ep th  of 50 m (Fig. 1). T he m ean  freshw ate r 
inpu t is 286 x 10® m 3 yr_1, an d  it has  a re la tive ly  short 
flushing tim e of 3 d  (Edw ards & S harp ies 1986). The 
loch has 4 m ain  basins se p a ra te d  by  narro w  sills; the  
study  site is located  in  a b as in  th a t is 9 km  long  an d  has 
a  m axim um  d ep th  of 49 m. T he loch is re la tive ly  sh e l
te re d  from  w ave  action  an d  has a fresh w ate r runoff of 
286 X 10® m 3 yr_1. T he im portan t topograph ical fea tu res 
of Loch C reran  are  th e  2 sills b e tw e en  the  farm  location 
an d  th e  fully m arine F irth  of Lorne. T hese sills have

Fig. 1. M ap of Scot
la n d  show ing  a p o r
tio n  of Loch C re ran  
w ith  sam p lin g  s ta 
tions (♦), b a th y m e 
try  (in m) a n d  fish 
fa rm  loca tion  ( W\\\\ )

Glasgow
Edinburg!

http://www.ecasa.org.uk
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d ep th s  of 7 an d  11m , w ith  d e e p e r  w a te r  on  e ith e r side 
of them . D espite th ese  topograph ic  fea tu res, the  site 
location  is reasonab ly  w ell flushed, w ith  a flushing 
tim e of 3 d  an d  a  m o d era te  cu rren t. T he loch can  be 
therm ally  an d /o r  salinity  stratified  d e p e n d in g  on 
season  an d  rainfall. For a d e ta iled  descrip tion  of the 
loch 's m orphology, cf. Tett & W allis (1978) and  
E dw ards & S harp ies (1986). Salm on farm ing  has b ee n  
p rac ticed  in  this loch for > 10 yr, an d  fish cag es a re  p e r i
odically re -s ited  to m inim ise env ironm en ta l im pacts 
an d  allow  ben th ic  recovery. T he a re a  sam pled  in  the 
p rese n t study  w as im p acted  by o rgan ic  deposits from  
a salm on farm  th a t h a d  b e e n  es tab lish ed  in  M arch  
2006. T he farm  has a m axim um  co n sen ted  b iom ass of 
1.5 X IO6 kg  yr-1. A tlantic salm on Salm o salar  a re  
re a re d  in  6 c ircu lar ne t cages of 22 m  diam eter, w ith  a 
n e t d ep th  of 14 m.

A d e ta iled  b iogeochem ical su rvey  w as ca rried  out at 
3 stations, in  o rd er to ca lib ra te /v a lid a te  the  ea rly  d ia 
genesis  m odel. S tation  location, cag e  a rran g e m en t and  
ba th y m etry  of the  a re a  a re  d ep ic ted  in  Fig. 1. Sam ples 
w ere  co llected  on 17 A ugust 2006, approx im ate ly  6 mo 
after th e  estab lishm en t of the  fish farm . T h ree  stations 
w ere  sam pled: B10, situ a ted  10 m  from  th e  ed g e  of the 
cage; B40, aw ay from  th e  cage, b u t still w ith in  the 
depositional footprint; an d  Bc, a n o n -im pacted  control 
site. S am ples w ere  co llected  from  RV 'C alanus ' u sing  a 
Bowers & C onnelly  m egaco re r (core i.d. = 100 mm; 
B arnett et al. 1984). N ickeli e t al. (2003) rep o rted  the 
resu lts from  a video survey, ch arac teris in g  th is a re a  of 
Loch C reran  as soft an d  m uddy  sedim ents.

C ores w ere  p laced  in  stands an d  k ep t u n d e r  ru n n in g  
seaw ater un til re tu rn e d  to th e  laboratory. T he follow 
ing  day, ea ch  10 cm  long sed im en t core w as sliced into 
1 cm  layers in  a glove b a g  u n d e r n itro g en  an d  m a in 
ta in ed  at 4°C, in  o rd er to ob ta in  h ig h  reso lu tion  d a ta  for 
each  chem ical variab le. Slices sub -sam pled  for OC and  
to tal phosphorous w ere  k ep t frozen at -20°C ; pore 
w ate r w as ex trac ted  by  cen trifug ing  slices o b ta in ed  
u n d e r n itrogen , an d  k ep t re frig e ra ted  (4°C) for an a ly 
sis. Porosity w as d e te rm in e d  by  w eig h in g  w et se d i
m ent, freeze  d ry ing  an d  re-w eigh ing . T he spectropho- 
tom etric analysis of po re  w a te r am m onia w as b ased  
on th e  s ta n d a rd  B erthelo t m ethod  ad a p te d  by O 'D ell 
(1993). T he analysis of to ta l (inorganic an d  organic) 
phospho rus in  the  sed im en t w as b ased  on the 
classic m o lybdate /ascorb ic  acid an d  spectropho tom et- 
ric m ethod  d esc rib ed  by S trick land  & Parsons (1972), 
w ith  m odification by  A spila e t al. (1976). O rganic c a r
bon  (CHN) sam ples w ere  lyophilised, g ro u n d  and  
acidified to rem ove inO C  (Tung & T an n er 2003) prior 
to analysis w ith  a  LECO CH N -900 auto  ana lyser 
(LECO C orporation). For po re  w a te r su lp h a te  d e te rm i
nation, aliquots of th e  sam ples w ere  d ilu ted  100 tim es, 
an d  su lp h a te  w as m e asu red  on  a D ionex System  14 ion

ch ro m ato g rap h  (Dionex C orporation) w ith  an  AG4A 
g u a rd  colum n, an  AS4A sep ara to r colum n an d  su p 
p resse d  conductiv ity  detection . A ca lib ra tion  line w as 
construc ted  u sing  know n concen tra tions of a s tan d ard  
su lp h a te  solution, from  w hich  th e  concen tra tions of the  
sam ples w ere  d e te rm in ed  (S. M. H arvey  pers. comm.). 
Iron an d  m a n g an e se  concen tra tions in  po re  w ate r 
w ere  d e te rm in e d  u sing  a PE 4300DV inductively  co u 
p led  p lasm a-atom ic em ission spectrom eter (Perkin 
E lm er Life & A nalytical Sciences, Inc.). C alib rations 
w ere  p re p a re d  from  com m ercially  availab le sin g le
e lem en t s ta n d a rd  solutions (CPI In ternational) an d  
w ere  m atrix  m a tch ed  to seaw ate r w ith  resp ec t to 
sodium , potassium , calcium , m agnesium  an d  stro n 
tium . Pore w a te r solutions w ere  d ilu ted  by a factor of 
20 in  5%  v /v  nitric acid solution an d  d e te rm in ed  in 
axial m ode.

M odel description. T he b e n th ic -p e la g ic  ex ch an g e  
w as sim ulated  u sing  2 m odels (Fig. 2):

(1) A p artic le -track in g  an d  resu sp en sio n  m odel, 
DEPOM OD (Crom ey e t al. 2002a), w h ich  p red ic ts  the  
flux of o rgan ic  m a tte r (OM) to th e  se ab e d  d u e  to the  
re le a se  of w aste  food an d  faeces; an d

(2) A 1-d im ensional early  d iag en esis  m odel, h e re 
afte r te rm ed  EDM, im p lem en ted  by m eans of the  b io 
geochem ica l reac tio n  n e tw ork  sim ulator (BRNS) (Reg
n ie r e t al. 2003, A guilera  e t al. 2005).

Fish
farm

Uneaten food 
and faeces

Current
velocity

DEPOSITION
MODEL

Organic carbon 
flux

EARLY DIAGENESIS 
MODEL

Fig. 2. Schem atic  re p re se n ta tio n  of th e  in te g ra te d  n u m erica l 
m odels
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T he D E PO M O D -derived flux of OC from  u n e a te n  
food an d  faeces re le a se d  by the  fish farm  prov ides the 
bo u n d ary  condition  for th e  EDM.

T he set up  of th e  2 coup led  m odels involved  4 steps:
(1) T he EDM  w as ca lib ra ted  by  com paring  m odel 

o u tpu t at s teady  sta te  w ith  the  set of d a ta  co llected  at a 
site ou tside th e  fish farm  deposition  footprin t (Stn Bc ). 
This step  p rov ided  an  estim ate  of the  b ack g ro u n d  OC 
deposition  fluxes;

(2) O C fluxes at 2 sta tions located  n e a r  th e  fish farm  
w ere  p red ic ted  by DEPOM OD (Stns B10 an d  B40);

(3) O C fluxes p red ic ted  by  DEPOM OD w ere  ad d ed  
to the  b ack g ro u n d  fluxes, an d  the  EDM  w as th e n  run  
for the  tran sien t state;

(4) T ransien t profiles p red ic ted  by th e  m odel w ere  
com pared  w ith  d a ta  co llected  at th e  2 sta tions located  
n ea r  th e  fish farm.

T he study  of th e  tran sien t d iag en esis  involved 2 sim 
ulations: Run 1 for the  'nom inal' conditions an d  Run 2 
for a sensitiv ity  test, ca rried  out by  vary ing  the  OC flux 
at th e  b o u n d ary  of the  EDM.

D eposition  m odel. DEPOM OD is a  local-scale, 
2-d im ensional m odel, w h ich  app lies a L agrang ian  
m ethod  to sim ulate  partic le  m ovem ent th ro u g h o u t the 
w ate r colum n. Particles w ere  ad v ec ted  u sing  as inpu t 
tim e series of w a te r  velocity  at d iffe ren t dep th s, e ith e r 
reco rd ed  u sing  cu rren t m eters or es tim ated  by  m eans 
of a hydrodynam ic m odel. T urbulence w as rep rese n ted  
as a random  w alk . R esuspension  w as re la te d  to critical 
values of cu rren t velocity  at th e  se ab e d  (Crom ey et 
al. 1998, 2002b). As an  outpu t, see  Fig. 2, the  m odel 
p rov ided  2 -d im ensional m aps of OM  flux at the 
seabed . The m odel w as v a lid a ted  for Scottish sea  lochs 
(Crom ey e t al. 2002a,b) an d  is cu rren tly  u se d  for re g u 
latory  p u rposes by the  Scottish E nvironm ent Protection 
A gency (w w w .sepa.org .uk).

DEPOM OD pred ic tions of ca rbon  flux at the  sed i
m e n t-w a te r  in terface (SWI) w ere  ob ta in ed  u sing  a tim e 
series of farm ed  fish b iom ass from  M arch  to A ugust 
2006 (average 40 x IO3 kg). C age  layout an d  h u sb an d ry  
data , p rov ided  by th e  fish farm  com pany (www. 
scottishseafarm s.com /), along  w ith  th e  o th e r p a ra 
m eters u sed  in  the  sim ulation  are  specified  in  T able 1. 
H ydrograph ic d a ta  h a d  b e e n  co llected  at th e  site as 
p a rt of reg u la to ry  requ irem en ts; sum m ary  statistics are 
p re se n te d  in  T able 2. All 3 m eters (surface; m id-w ater; 
near-bed) show ed resid u a l w a te r  m ovem ent to the  
W -NW  or SW, w hich  is seaw ard . T he residua l is m ost 
p ro n o u n ced  on th e  surface layer d u e  to fresh w ate r ru n 
off, an d  th e  tidal cycle is clearly  defined  w ith  th e  n e a r 
b e d  m eter, b u t less c lea r w ith  the  u p p e r m eters.

T he ca rbon  con ten ts of feed  an d  faeces w ere  
es tim a ted  on th e  basis of th e  re feren ces rep o rted  in 
T able 3. T he w ate r con ten t of feed , usually  set to 
the  defau lt value  of 9%  in  DEPOM OD (C rom ey et 
al. 2002a), w as ad ju sted  to 5 .5% , see re fe ren ces in 
T able 3. No inform ation on  d igestib ility  w as available , 
an d  the  defau lt value  of 85 % w as th u s used.

T he loss of ca rbon  m ass b e tw e en  th e  surface an d  sea  
b e d  w as acco u n ted  for by  determ in ing , from  settling  
velocities an d  d ep th  at th e  site (27 m), th e  tim e n e c e s 
sary  for the  feed  (5.4 min) an d  faeces (14.1 min) to se t
tle. C arbon  acco u n ted  for 27.7%  of faecal m ass u sing  
the  10 m in  im m ersion tim e from  C h en  e t al. (2003). A 
3 % m ass loss of ca rbon  w as u sed  for feed  pellets for a 
p re-cond ition ing  tim e of 0 h  (S tew art & G rant 2002). 
This re p re se n te d  an  im m edia te  loss in  m ass of the  food 
pelle t in  th e  m odel an d  sim ulates loss of m ass from 
dust an d  fragm entation .

Early d iagen esic m odel. T he EDM  solves a set of 
p a rtia l d iffe ren tia l equ a tio n s (PDEs) describ ing  the  
conservation  of th e  m ass of solid (Eq. 1) an d  dissolved

T able  1. Inpu t d a ta  u se d  for DEPO M OD m odel

Inpu t d a ta Loch C re ran D ata  source

G rid  cell size (m) -  sq u a re  grid 1 0 -

N u m b er of cages 6 F arm er
C ag e  d im ensions C ircu lar 22 m  diam eter; 14 m  d ep th F arm er
N u m b er of cu rren t velocity  d a ta  se ts u sed 3 Provost (2001)
H eig h t of m oorings above se a  b e d  (m) 25; 14; 2 Provost (2001)
L en g th  of cu rren t velocity  re co rd  (d) ; m odel tim e s tep  (min) 18; 60 Provost (2001)
M onths u se d  for fe ed  in p u t M a r-A u g  2006 -

A v erage  b iom ass (kg) 40 x IO3 F arm er
Specific fe ed in g  ra te  (SFR; % b iom ass d-1) 2.98 F arm er
F eed  in p u t (kg c ag e - 1  d -1): 190 (av erage  v a lu e  M a r-A u g  2006) E stim ated  u s in g  SFR a n d  b iom ass
Food se ttlin g  velocity  (cm s_1; m ean; SD) N orm al d istribu tion  (8.3; 1.5) DEPO M OD d efau lt v a lu e
F aeca l se ttlin g  velocity  (cm s_1; m ean; SD) N orm al d istribu tion  (3.2; 1.1) DEPO M OD d efau lt v a lu e
D ispersion  coefficients k x; k y; k z (m 2 s-1) 0 .1 ; 0 .1 ; 0 . 0 0 1 DEPO M OD d efau lt v a lu e
T rajecto ry  evalu a tio n  accu racy  (s) 60 DEPO M OD d efau lt v a lu e
M ean  tid a l h e ig h t (m) 1 . 8 A dm iralty  tid e  tab les

http://www.sepa.org.uk
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T able  2. Sum m ary  sta tistics for h y d ro g rap h ic  d a ta  for su rface, 
m id -w ater a n d  n e a r-b e d  cu rren t u s in g  In te ro cean  S4 e lec tro 

m ag n e tic  cu rren t m ete rs  (Provost 2001)

In stru m en t
d ep th

M ax. 
sp eed  

(cm s_1)

M ean  
sp e e d  

(cm s_1)

R esidual 
d irec tion  
(° True)

R esidual
sp e e d  

(cm s_1)

Surface 33.0 8 . 2 279 3.5
M id-w ater 24.9 4.5 224 0.3
N ear-b ed 24.8 5.1 285 0 . 6

(Eq. 2) species in  a vertical sed im ent colum n (e.g. 
B erner 1980, B oudreau  1997), such that:

( 1)
9[(1-<|>)C,] 5[co(l-(t))Cs] t d

dz .dt

dt

dz

d(0 (j) Cw.
dz

D( 1 - < |> ) ^  dz _
-(1 - VI R

d
dz

D (|)
dz -QZR (2 )

w h ere  Cs an d  Cy, are, respectively , th e  concen tra tion  
of solid an d  d isso lved  species, t d eno tes the  tim e, z  
deno tes th e  d ep th  below  the  SWI, § is sed im en t p o ro 
sity, D  is the  to ta l m olecu lar d iffusion p lus b io turbation , 
Db, co is th e  sed im en ta tion  rate , an d  Z R  rep re se n ts  the 
n e t ra te  of concen tra tion  ch an g e  d u e  to chem ical and  
biological sources an d  sinks. T he advection  te rm  in 
cludes buria l an d  com paction; the  diffusion te rm  
includes m olecu lar an d  ionic diffusion, as w ell as b io 
turbation .

T he reaction  n e tw ork  inc ludes 15 species an d  17 
reac tion  p a thw ays (see A ppend ix  1) an d  is a  m odified 
version  of the  shelf case scenario  d esc rib ed  by van

T able  3. L ite ra tu re  rev iew  of fe ed  a n d  faecal p ro p e rtie s  from  lab o ra to ry  
experim ents. C arbon  d a ta  a re  on a  d ry  w e ig h t basis

V alue (% ) Source

Feed
C arb o n  con ten t 51.0 S tew art & G ran t (2002), Fig. 5 (control)

51.3 P e te rsen  e t al. (2005), T ab le  13
55.5 H iggs & Stuchi (pers. comm.)
49.6 U sed  as D EPO M OD in p u t d a ta 8

W ater con ten t 5.2 S tew art & G ran t (2002), T ab le  1
5.9 P e te rsen  e t al. (2005), T ab les 1 to 6

5.5 U sed  as D EPO M OD in p u t d a ta
Faeces
C arb o n  con ten t 27.7 C h en  e t al. (2003), T ab le  3b

23.7 H iggs & Stuchi (pers. comm.)
27.6 Ju su p  (pers. com m .)c
27.7 C rom ey et al. (2002a,b)

F eed  w asted 5 C rom ey et al. (2002a,b)
D igestib ility 85 C rom ey et al. (2002a,b)
aU sing  th e  av erag e  of 51.0 an d  51.3 % a n d  ad ju s ted  for 3 % m ass loss on
im m ersion

bS ta n d ard  d iets, 10 m in  im m ersion  tim e
cU sing  a d igestib ility  of 78 %

C ap p e llen  & W ang (1996). M icrobially  m e d ia ted  p r i
m ary  redox  reactions (PRR) account for th e  m ain  p a th 
w ays of OC deg radation , w h ile  secondary  redox  re a c 
tions (SRR) describe  th e  m ost im portan t p rocesses of 
re-ox idation  of the  red u c ed  p roducts g e n e ra te d  du rin g  
OC oxidation.

T he EDM  accoun ted  for all m ajor m etabolic  p a th 
w ays of OC decom position, inc lud ing  m ethanogenesis, 
ev en  th o u g h  no d irec t ev idence, for in stance  the  p re s 
ence  of g as  bubb les, w as found  at our study  site, for the  
ex istence of this pathw ay. This decision  w as b ased  on 
the  consideration  th a t th is is a m ajor m ineralisation  
p a th w ay  in  coasta l env ironm en ts su b jec ted  to a h igh  
OC load  (Dale e t al. 2008a).

A ccording to H arg rav e  e t al. (1993), W ildish e t al. 
(1993) an d  Pitta e t al. (1998), the  m odifications of sed i
m en t geochem istry  in d u ced  by e n h a n ce d  OC d ep o s i
tion are  ev iden t in  d isso lved  n u trien t an d  su lph ide 
concentra tions, p articu la te  OC profiles an d  oxygen  
p en e tra tio n  dep th . For th ese  reasons, w e n eg lec ted  
various p rec ip ita tion /d isso lu tion  an d  adsorp tion  re a c 
tions co nsidered  in  som e prev ious w orks (e.g. Jou rab - 
chi e t al. 2005, D ale e t al. 2009), w hich  w ere  show n to 
h av e  a lim ited  in fluence on  th e  dynam ics of the  
se lec ted  im pacted  geochem ica l indicators. The p re c ip 
ita tion  of FeS w as in c lu d ed  in  the  reac tion  netw ork, 
d u e  to its d irec t in fluence on the  concen tra tion  of d is 
solved sulphides.

As far as phosphorus is concerned , p rocesses of p re 
cip ita tion  of p h o sp h a te  m inerals an d  fast an d  slow 
reversib le  sorption  (recently  m odelled  by Spiteri e t al. 
2007) w ere  not considered . This choice w as b a se d  on 

the  hypothesis th a t th e  ch an g es in  the  
concen tra tion  of th is species u n d e r h igh  
OM  load  a re  m ainly  g o v ern ed  by  the  
m ineralisation  of OC.

OM  m ineralisation  w as m odelled  by 
m eans of a m ulti-G  ap p ro ach  (W estrich 
& B erner 1984). T h ree  pools of OM  w ere  
inc luded  in  th e  m odel, rep re se n tin g  r e 
fractory OM  (OMj), lab ile  O M  (OM2) an d  
the  salm on farm  organ ic  deposit (OM 3), 
respectively. T he contribu tion  of each  m i
crobially m ed ia ted  decom position p a th 
w ay  to the  to tal carbon  oxidation  ra te  w as 
m odu la ted  accord ing  to v an  C ap p e llen  & 
G aillard  (1996), assum ing  a  first-order d e 
p en d en cy  w ith  resp ec t to the  e lec tron  
donor (OM) concen tra tion  an d  a M icha- 
e lis-M en ten  re la tionsh ip  w ith  resp ec t to 
the  te rm inal e lec tro n  accep to r's  co n cen 
tration (Aguilera e t al. 2005; see A ppendix  
2). Rates of th e  SRR follow a first-order d e 
p endency  w ith  respect to each  of the re a c 
tan ts  (e.g. v an  C a p p ellen  & W ang 1996).
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A fixed concen tra tion  w as im posed  at the  u p p e r 
bo u n d ary  for all solutes, w hile  a fixed flux w as u sed  for 
solids. A nu ll-g rad ien t condition  w as specified  at the 
low er bo u n d ary  for all chem ical species. E ven  th ough  
th e  resu lts  p re se n te d  h e re  focus on the  u p p e r 10 cm 
layer, th e  physical dom ain  of th e  m odel ex ten d ed  
dow n to 40 cm  dep th , in  o rd er to m inim ise the  co m p u 
ta tiona l arte facts g e n e ra te d  from  the  n u ll-g rad ien t 
condition  specified  at th e  low er boundary . To our 
know ledge, no d a ta  on O M  fluxes an d  reactive  p a r tic 
u la te  Fe(III) an d  Mn(IV) fluxes at the  u p p e r b oundary  
w ere  availab le at our study  site. T hese  fluxes w ere  
th e re fo re  e s tim a ted  du rin g  the  calib ration  step, a c 
co rd ing  to the  stra tegy  of inverse -u se  of the  m odel p ro 
posed  by v an  C ap p e llen  & W ang (1996) an d  W ang & 
van  C ap p ellen  (1996) by m inim ising a goal function, T:

n var n obs i  y . . — y 
--------------------A i , Jr=ZZ
i = 1 j= l (3)

w h ere  x¡j an d  x¡j are , respectively , p red ic ted  an d  o b 
served  concen tra tions for the  i-variab le  at th e  j-d ep th . 
T he w eight, x, w as in tro d u ced  in  o rd er to norm alise 
th e  contribu tions of sta te  variab les ch a rac te rised  by 
d iffe ren t concen tra tion  ranges.

T he RTM sim ulations w ere  ca rried  out by  m eans 
of th e  BRNS, a  flexible m odelling  env ironm en t for 
1-dim ensional sim ulation (Regnier e t al. 2003, A guilera 
et al. 2005). In th e  BRNS, spa tia l dom ain  an d  transpo rt 
coefficients, chem ical species involved, reac tio n  sto i

chiom etries, an d  k inetic  an d  equ ilib rium  param ete rs  
a re  specified  by th e  u se r th ro u g h  a w eb -b ase d  in te r
face, w hich  autom atically  g en e ra te s  a  set of Fortran  
rou tines to solve the  specified rea c tio n -tran sp o rt e q u a 
tion (Regnier e t al. 2002, 2003, A guilera e t al. 2005). A 
d e ta iled  descrip tion  of the  m a them atical fo rm ulation  of 
the  BRNS is g iven  by A guilera e t al. (2005). M odel o u t
pu ts p rov ide concentra tions, reac tion  ra tes  an d  fluxes 
at any grid  point of th e  d isc re tised  spa tia l dom ain.

All reac tio n  ra te  coefficients of the  SRR, the  lim iting 
concen tra tions of elec tron  acceptors involved in  the  
prim ary  redox  reactions an d  the  ap p a re n t equilib rium  
constan t for FeS p rec ip ita tion  w ere  b ased  on those 
found  in  th e  lite ra tu re  (see T able 4). S ite-specific p a ra 
m eters charac terising  the  depositiona l env ironm ent 
w ere  e s tim a ted  on  the  basis of ex p erim en ta l in fo rm a
tion ava ilab le  for the  study  site. T heir values, as w ell as 
the  values of the  pa ram ete rs  defin ing  the  physical 
dom ain , a re  lis ted  in  T able 5. A ccording to Jo u rab ch i 
e t al. (2005), th e  b io tu rba tion  coefficient exponen tia lly  
d ec reases  w ith  dep th . T he v a lue  at SWI an d  the  d ep th  
of the  m ixed  layer w ere  fixed accord ing  to the  ex p e ri
m en ta l values m easu red  by N ickeli e t al. (2003) at 2 
non -im pacted  sta tions located  in  the  vicinity of the  fish 
farm  stud ied  in  this w ork. D ep th -d e p en d en t sed im ent 
porosity  values w ere  d erived  from  th e  in te rpo la tion  of 
field d a ta  co llected  h e re  (Fig. 3). T he av e rag e  sed im ent 
density  w as e s tim a ted  from  a set of field d a ta  co llected  
at d iffe ren t sites n ea rb y  the  fish farm . Burial velocity 
w as set in  acco rdance w ith  w ork  by  Loh e t al. (2002)

Table 4. R eaction-specific p a ram ete rs  in  th e  d iagenesic  m odel. 1: S o u rces— W ang & v an  C ap p ellen  (1996); 2: Jo u rab ch i et al.
(2005); 3: C a n av an  et al. (2006); 4: B erg  et al. (2003)

P aram ete r P aram ete r Units D escrip tion Source
n am e value

C h l i m 16.0 x IO- 6 m ol P 1 Lim iting con cen tra tio n  for 0 2 M ean  v a lu e  from  1 ,2 ,3 ,4
H e i ß -  Hm 4.7 x IO- 6 m ol F 1 Lim iting con cen tra tio n  for N O y M ean  v a lu e  from  1 ,2 ,3 ,4
M n 0 2 l im 13.3 x IO- 6 m ol g - 1 Lim iting con cen tra tio n  for M n 0 2 M ean  v a lu e  from  1 ,2 ,3 ,4
Fe(O H )31im 87.0 x IO- 6 m ol g - 1 Lim iting con cen tra tio n  for Fe(O H ) 3 M ean  v a lu e  from  1 ,2 ,3
S0 42- U m 1180.0 x IO- 6 m ol F 1 Lim iting con cen tra tio n  for S 0 42- M ean  v a lu e  from  1 ,2 ,3
k , 1.2 x IO7 (mol F 1) - 1  y p 1 Kinetic constan t for n itrification M ean  v a lu e  from  1 ,2 ,3 ,4
k 8 3.3 x 10s (mol F 1) - 1 yr_ 1 Kinetic constan t for M n2+ ox idation  b y  0 2 M ean  v a lu e  from  1 ,2 ,3 ,4
k B 4.2 x IO8 (mol F 1) - 1 y p 1 Kinetic constan t for F e2+ ox idation  by  0 2 M ean  v a lu e  from  1 ,2 ,3 ,4
kio 3.7 x IO7 (mol F 1) - 1  y P 1 Kinetic constan t for F e2+ ox idation  by  M n 0 2 

kinetic  constan t
M ean  v a lu e  from  1 ,2 ,3 ,4

k \i 2.7 x IO8 (mol F 1) - 1  y P 1 Kinetic constan t for su lp h id es ox idation  b y  
0 2 k inetic  constan t

M ean  v a lu e  from  1 ,2 ,3 ,4

¿ 1 2 2.3 x IO4 (mol F 1) - 1 y p 1 Kinetic constan t for su lp h id es ox idation  b y  
M n 0 2 k inetic  constan t

M ean  v a lu e  from  1 ,2 ,3 ,4

k ii 1.3 x IO4 (mol F 1) - 1  y p 1 Kinetic constan t for su lp h id es ox idation  b y  
Fe(O H ) 3 k inetic  constan t

M ean  v a lu e  from  1 ,2 ,3 ,4

¿ 1 4 7.1 x IO6 (mol F 1) - 1  y P 1 Kinetic constan t for FeS ox idation  b y  0 2 

kinetic  constan t
M ean  v a lu e  from  1 ,2 ,3 ,4

kis 1 x IO 10 (mol F 1) - 1 y p 1 Kinetic constan t for C H 4 ox idation  b y  0 2 M ean  v a lu e  from  1 ,2 ,3
k is 1 x IO4 (mol F 1) - 1 y p 1 Kinetic constan t for C H 4 ox idation  b y  S 0 42- W ang & v a n  C ap p e llen  (1996)
¿ 1 7 5 x IO- 6 (mol F 1) y p 1 Kinetic constan t for FeS p rec ip ita tio n Jo u rab ch i e t al. (2005)
K  F e S 6.3 x IO- 3 A p p a ren t equ ilib rium  constan t for FeS p rec ip ita tio n Jo u rab ch i e t al. (2005)
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T able  5. D efinition of m odel physical dom ain  an d  site-specific  p a ram ete rs  (from T able  4). T he b io tu rb a tio n  coefficient is a 
function  of d ep th , z, is in  cen tim etres: Db(z ) = A>o ' e*~zA*. OM: organ ic  m atter; SWI: s e d im e n t-w a te r  in te rface

P aram ete r V alue Units R eference

O M ; ra te  constan t, ky 0 . 1
_1yr D erived  from  th e  T rom p et al. (1995) sta tistica l m odel, 

u s in g  a  site-specific  b u ria l velocity
O M 2 ra te  constan t, k 2 0 . 0

_iyr -

O M 3 ra te  constan t, k 3 1
_iyr deB ruyn  & G obas (2004)

A ccelera tion  facto r for oxic p rocesses , i acc 25 - C a n av a n  e t al. (2006)
C:N:P 0 mi, OM2 80:8:1 A nsell et al. (1974), Tett e t al. (1985)
C:N:P OM3 70:8:1 S tew art & G ran t (2002), deB ruyn  & G obas (2004), 

P e te rsen  e t al. (2005)
S ed im en t porosity  at SWI, (p0 0.76 - P resen t study
S ed im en t porosity  at 10 cm  d ep th , (p„ 0 . 6 6 P resen t study
S h ap e  coefficient for porosity , x 0.3 P resen t study
S ed im en t density 1.43 g cm-3 H arv ey  & Phillips (1994), D ean  (2004), SEPA (2005)
Burial velocity, co 0 . 1 cm yr— 1 Loh et al. (2002), D ean  (2004)
B io turbation  coefficient a t SWI, Dbo 78 9 _1cm yr N ickeli e t al. (2003)
A tten u a tio n  coefficient, X 1.5 cm N ickeli e t al. (2003), C a n av a n  e t al. (2006)
T em p era tu re 1 0 . 8 °C P resen t study
Salinity 33.0 P resen t study
Tim e step 5.0 x IO- 3 yr -
M ax. d ep th 40 cm -
N u m b er of n o d es 401 - -

m ents a re  rich in  te rrig en o u s h igh ly  refractory  OM. 
T he C:N:P ratio  for O M t an d  O M 2 w ere  set accord ing  
to lite ra tu re  va lues lis ted  in  T able 5. No d istinction  w as 
m ade  b e tw e en  feed  an d  faeces, b ased  on  th e  a ssu m p 
tion th a t the  e lem en ta l com position of faeces reflects 
th a t of the  in g e s te d  diet. T he O M 3 pool w as co nsidered  
sep ara te ly  in  the  m odel b ecau se  the  d eg ra d a tio n  ra te  
constan t for salm on farm  deposits, k 3, is significantly  
h ig h e r th a n  th a t of th e  O M t pool. k 3 w as set to 1 yr-1, in 
acco rdance w ith  th e  ra tes  of salm on farm -derived  OM 
decom position  rep o rted  by deB ruyn  & G obas (2004).

RESULTS 

D eposition  m odel

Fig. 4 show s the  fluxes of farm -derived  organic 
m aterial, p red ic ted  by  DEPOM OD. T he m odel w as 
forced u sing  th e  va lues of fish biom ass in  the  cages 
p rov ided  by th e  farm er for th e  period  from  M arch  to 
A ugust 2006 (Table 6). M ass b a lan ce  calcu lations for 
the  en tire  sim ulation  rev ea led  th a t 8 8 % of O M 3 
rem ains in  th e  com putational dom ain  (400 m x 300 m) 
an d  12%  is exported . The deposition  footprint is 
approx im ate ly  ellip tical an d  ex ten d s in  a w esterly  
d irec tion  from  th e  salm on cages, w h ich  is consisten t 
w ith  th e  strong  surface resid u a l cu rren ts . T he p re 
d ic ted  deposition  fluxes of O M 3 at S tns B10 an d  B40 are 
also rep o rted  in  T able 6 an d  show  th a t this flux is 
rem ark ab ly  h ig h e r in  the  sum m er m onths, as a resu lt of 
the  rap id  in c rease  in  fish biom ass.

an d  D ean  (2004). T he OM  d eg rad a tio n  ra te  constan t ky 
(0.1 y u 1) of th e  lab ile  O M 4 pool w as d e te rm in e d  by 
app ly ing  th e  g lobal re la tionsh ip  p ro p o sed  by Trom p et 
al. (1995). T he v a lue  of th e  acce lera tion  factor for a e ro 
bic decom position , i acc, w as set in  acco rdance w ith  the 
value  m e asu red  by C an av an  e t al. (2006) in  a coastal 
freshw ate r lake. T he ratio  b e tw e en  th e  fluxes of O M t 
an d  O M 2 pools w as set to 2:1, b ased  on  the  ev idence, 
rep o rted  by  Loh e t al. (2002), th a t Loch C reran  sedi-

S e d im e n t  p o ro sity  
0.60 0.65 0.70 0.75 0.80

E 4 -

CL

Fig. 3. O b serv ed  (solid dots) a n d  m o d elled  (solid line) dep th- 
d e p en d e n t porosity  profile. T he line  w as com p u ted  acco rd ing  
to: (p(z) = (p„ + (cpo -  (p„) • e*~x % P aram e te r v a lu es a re  lis ted  
in  T ab le  5, z  is in  cen tim etres, an d  w h iskers re p re se n t th e  

m in im um  to m ax im um  ra n g e  of o b se rv ed  v a lu e
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Fig. 4. Spatia l d istribu tion  of carb o n  deposition  flux p re d ic te d  b y  DEPO M OD for th e  p e rio d  from  M arch  to A u g u st 2006.
OM: o rgan ic  m atter; SWI: s e d im e n t-w a te r  in te rface

EDM calibration

T he m odel w as ca lib ra ted  u n d e r  stead y -sta te  co n d i
tions by m inim ising th e  goal function, Eq. (3), aga inst 
d a ta  co llected  at the  p ristine  site, Bc . T he optim al v a l
ues for the  solid deposition  fluxes [OMx = O M t + O M 2, 
Mn(IV) an d  Fe(III)] w ere  found  by  com paring  sim u
la ted  an d  m e asu red  profiles of O CT (OC! + O C 2), N H 4+, 
S 0 42~, DIP (dissolved inorgan ic  phosphorus), M n2+ and  
Fe2+. T he goal function  w as m inim ised over a ran g e  of 
OM x fluxes com prised  b e tw e e n  50 an d  400 pm ol C 
c n r 2 y r 1, in  ag re em e n t w ith  va lues rep o rted  by  A nsell 
(1974) an d  C ron in  & Tyler (1980) for Scottish sea  lochs. 
As far as th e  fluxes of Fe(III) an d  Mn(IV) a re  co n 
cerned , no re fe ren ce  values w ere  found  for the  study 
area; therefo re , a b ro ad e r  ran g e  of va lues w as e x 
p lored , from  0.01 to 100 pm ol c n r 2 y r 1. F luxes of O M x, 
Fe(III) an d  Mn(IV) resu lting  from  th e  m odel calib ration  
are  rep o rted  in  T able 7, w h ile  the  ob se rv ed  an d  fitted 
m odel profiles a re  show n in Fig. 5. T he 3 rep lica tes 
show  a significant variability, especially  th e  nu trien ts. 
S im ulated  profiles of N H 4+, DIP, S 0 42~ an d  Fe2+ con-

T able  6 . F ish  b iom asses a n d  O M 3 fluxes at Stns B 10 a n d  B40. 
OM: o rgan ic  m atter; SWI: se d im e n t-w a te r  in te rface

Fish O M 3 flux at th e  SWI
biom ass (pmol C c rrr 2 yr-1)

(kg) Bio B40

M a r-A p r 6500 2 0 0 0  2 0

A p r-J u l 32400 1 0 0 0 0  1 0 0

J u l-A u g a 1 0 0 0 0 0 30000 300
a 2 0  d

cen tra tions a re  in  overall ag re em e n t w ith  field data , 
and , generally , w ith in  the  ran g e  of observations. OC 
concen tra tions d ec rease  only slightly  w ith  dep th , co r
robo ra ting  th e  hypo thesis  th a t a substan tia l p a rt of the  
OM  is refractory. As far as th e  OC is concerned , the  
m odel slightly  u n d e re s tim a te d  th e  concen tra tion  in  the  
u pperm ost sed im en t layer. T he m odel also large ly  
u n d eres tim a te s  M n2+ in th e  u p p e r layers of the  sed i
m ent.

T able  7. U pper b o u n d a ry  conditions for th e  early  d iag en esis 
m odel. V alues for so lu tes w e re  constra in ed  from  observations. 
Solid flux v a lu es w e re  estim a ted  by  fitting  th e  m odel to 
th e  field  d a ta  co llected  at S tn Bc . TS: to ta l su lph ides; DIP: 

d isso lved  in o rgan ic  phosphorus; OM: o rgan ic  m atte r

S pecies U pper
b o u n d a ry
condition

D ata  source

Solu te concentrations (pm ol 1 ')
o2 189 R abouille pers. comm.
n o 3- 4.7 P resen t study
n h 4+ 1 . 8 P resen t study
SO 42- 28 x IO3 P resen t study
M n 2+ 3.34 P resen t study
F e2+ 1 . 0 P resen t study
TS (H2S + HS 1  o R abouille pers. comm.
DIP 0.4 P resen t study
c h 4 0 P resen t study
Solid  fluxes
O M ; + O M 2 1 2 0  (pmol c rrr 2 y r 1) M odel calib ra tion
O M !/O M 2 2  (-) D erived  from  Loh et al.

(2 0 0 2 )
M n 0 2 1 . 0  (pm ol c n r 2 y r 1) M odel calib ra tion
F e(O H ) 3 7.5 (pm ol c n r 2 y r 1) M odel calib ra tion
FeS 0  (pm ol c n r 2 y r 1) -
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Fig. 5. M odel calib ra tion  at S tn  Bc . (a) O rgan ic  carb o n  (OC), (b) N H +4; (c) d is
so lved  in o rgan ic  p h o sp h o ru s (DIP); (d) S 0 42fi (e) Fe2+, (f) M n2+; (g) to ta l su lp h id es 
(TS). Solid dots re p re se n t th e  av erag e  of field  d a ta  from  3 rep lica tes , an d  
w h iskers, th e  m in im um  to m axim um  ra n g e  of o b se rv ed  va lues. T he stead y -s ta te  
profiles p re d ic te d  by  th e  early  d iag en sis m odel a re  also sh o w n  (lines). Solute 

concen tra tions a re  ex p ressed  in  m oles p e r  litre  p o re  w a te r

D ep th -in teg ra ted  ra tes  of ca rbon  m ineralisation  in 
th e  u p p e r 40 cm  of sed im en t a re  rep o rted  in  T able 8 ; 
40%  of the  ca rbon  m ineralisation  occurs aerobically, 
th e  rem ain in g  b e in g  a ttr ib u ted  to m ainly  su lp h a te  r e 
duction . T he d ep th -in teg ra ted  oxic m ineralisation  ra te  
rep o rted  h e re  falls w ith in  th e  ran g e  of 15 to 77 pm ol C 
c n r 2 y r 1, deriv ed  by C anfield  e t al. (1993) from  in c u 
bation  experim en ts in  coasta l m arine  sed im ents. The 
ra te  of dissim ilatory  iron  reduc tion  is also sim ilar to 
th a t found  by  C an av an  e t al. (2006).

EDM transient sim ulations

At S tn  B40, the  av e rag e  O M 3 flux p red ic ted  by  D EPO 
M OD (Fig. 4) is 0.1 m m ol C c n r 2 y r 1, very  close to the 
0.12 m m ol C c n r 2 y r 1 of the  n a tu ra l O M x flux rep o rted

in T able 7 for Stn Bc . T herefore, it is not su rp rising  tha t 
the  m e asu red  OC, N H 4+, DIP an d  S 0 42~ concen tra tion  
profiles a re  sim ilar to those  of th e  contro l sta tion  Bc 
(Fig. 6). Stn B40 is th u s w eak ly  im p acted  by  th e  fish 
farm  o rgan ic  activities, an d  the  varia tions in  co n c en tra 
tions could  th u s also be d u e  to the  n a tu ra l variab ility  in 
sed im en t com position in  the  area . T he tran sien t evo lu 
tion of concen tra tion  profiles tr ig g e re d  by fish farm ing  
are  consequen tly  only m odelled  at S tn B10, w h ere  the  
av e rag e  O M 3 flux is m uch  la rg e r (10 m m ol C c n r 2 y r 1) 
an d  significant p e rtu rb a tio n s of th e  p ristine  b io g eo 
chem ical conditions can, therefo re , b e  expected .

To se t-up  N om inal Run 1, the  follow ing steps w ere  
ca rried  out:

(1) T he O M 3 flux p red ic ted  by DEPOM OD at Stn B10 
w as im posed as an  additional source of labile OM  for the 
EDM  in addition  to the  deposition  flux of O M 4 an d  O M 2;
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T able  8 . S im u la ted  d e p th -in teg ra te d  ra te s  of o rgan ic  carbon  
(OC) m in eralisa tio n  th ro u g h  th e  various m etabolic  p a th w ay s 
at S tn Bc . See 'R esults—EDM  calib ra tion ' for th e  fu rth er 

deta ils

P a thw ay O C  m in era lisa tio n  ra te  
(pm ol C c rrr 2 y r 1)

Oxic resp ira tio n 32.1
D énitrification 1 . 2

Mn(IV) re d u c tio n 0 . 0 2

Fe(III) red u ctio n 2.7
S u lp h a te  red u ctio n 44.0
M eth an o g en esis 0

Total 80.02

(2) T he initial conditions of th e  system  w ere  set 
accord ing  to the  stead y -sta te  resu lts o b ta in ed  at S tn  Bc 
(Fig. 5);

(3) T he m odel w as ru n  u n d e r tran sien t conditions for 
3 yr, an d  a snapsho t w as ex trac ted  at 0.5 yr, c o rre 
spond ing  to a tim e for w hich  field d a ta  w ere  available.

For the  tran sien t sim ulation, the  b o u n d ary  co n d i
tions w ere  constra ined  as follows. B ased on the 
DEPOM OD results, the  O M 3 flux w as assum ed  to 
inc rease  in  3 steps, accord ing  to Fig. 7b, an d  to

rem ain  constan t thereafte r. A tim e variab le  b io tu rb a 
tion coefficient, linearly  d ec reas in g  to zero  w ith in  the  
5 mo period  w as also im posed  (Fig. 7), in  ag reem en t 
w ith  th e  observa tions th a t sed im ents a re  azoic at 
Stn Bio. D uring th e  tran sien t period, th e  buria l ra te  
w as in c reased  p roportionally  to th e  O M 3 fluxes. The 
effects of very  h ig h  su lp h a te  reduc tion  ra tes  on su l
p h a te  concen tra tion  w ith in  the  topm ost few  m illi
m etres of th e  sed im ent w ere  accoun ted  for by  im pos
ing  a d ec reas in g  su lp h a te  concen tra tion  at the  u p p e r 
boundary .

T he tran sien t resu lts from  the  nom inal ru n  genera lly  
cap tu re  the  m ain  tren d s  of th e  field d a ta  co llected  
afte r 0.5 yr, w ith  la rg e  inc reases in  OC, N H 4+ an d  DIP 
concentra tions, an d  a m a rk e d  drop  in  S 0 42~ co n cen 
trations (Fig. 8a to d). OC concen tra tions in  th e  top 
2 cm  of the  sed im en t rea ch  va lues 8 tim es h ig h e r th a n  
at Bc , w h erea s  th e  concen tra tions d e e p e r  in  th e  sed i
m en t rem a in  of com parab le  m agn itude . D ue to the  
m ineralisation  of la rg e  am ounts of fish farm -derived  
lab ile  OM, N H 4+ an d  DIP concen tra tions at Stn B10 
w ere  approx im ate ly  10 tim es h ig h e r th a n  those  at Stn 
Bc (Fig. 5). S ub-surface  m axim a in  n u trien t co n c en tra 
tions w ere  localised  at a ro u n d  5 cm  dep th , concom i
tan t w ith  a zone of sub-m illim olar d isso lved  su lpha te
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Fig. 6 . M e a su red  (a) o rgan ic  carbon  
(OC), (b) N H 4+, ( c )  disso lved  in o r
g an ic  p h o sp h o ru s (DIP) a n d  (d) 
S 0 42~ con cen tra tio n  profiles, at Stns 
Bc (grey) a n d  B40 (black). Points 
re p re se n t av erag e  va lues, an d  
w hiskers, th e  m in im um  to m ax i
m um  ra n g e  of o b se rv ed  values. 
Solute concen tra tions a re  ex p ressed  

in  m oles p e r  litre  p o re  w a te r
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Fig. 7. T ransien t dynam ics at S tn 
O M 3 flux an d

concentra tions. T he d ep th s  of n u trien t m axim a p re 
d ic ted  by  the  m odel w ere  in  good ag re em e n t w ith  the 
field data , ev e n  th o u g h  th e  DIP profile an d  N H 4+ co n 
cen tra tions below  6 cm  w ere  slightly  un d erestim ated . 
M easu red  d isso lved  Fe2+ an d  M n2+ concen tra tions 
w ere  alw ays very  low, w ithou t any  visib le distinction  
b e tw e en  d iffe ren t rep licates. T he ab sen ce  of d is 
solved Fe2+ w as also p red ic ted  by th e  m odel, w hile 
m ode l-p red ic ted  M n2+ w ere  slightly  o v erestim ated  
com pared  to field data , m ost likely b ecau se  M n C 0 3 
p rec ip ita tion  w as not inc luded  in  th e  reac tio n  netw ork  
(see A ppend ix  1).

In Sensitivity  Run 2, a varia tion  of the  O M 3 flux of 
± 50%  w as applied , accord ing  to th e  ran g e  of u n c e r
ta in ty  of th e  DEPOM OD pred ic tions (Crom ey e t al. 
2002a). T he g rey  lines in  Fig. 8 show  th a t th e  b oundary  
condition  varia tions in d u ced  rem ark ab le  ch a n g es  in 
concen tra tion  profiles, especially  for N H 4+ an d  DIP. For 
these  species, th e  m odel variability  w as h ig h e r th an  
th e  variab ility  in  field data , as in d ica ted  by th e  b lack  
w hiskers. Fig. 8d  show s th a t S 0 42~ w as also affec ted  by 
ch an g es in  O M 3 fluxes an d  w as totally  consum ed  in  the 
+ 50%  O M 3 ru n  at d ep th s  b e tw e en  2 an d  5 cm. In this 
case, th e  m ost im portan t OM  m ineralisation  pa thw ay  
at 0.5 yr w as no longer su lphate reduction, bu t m ethano- 
genesis.

T he m odel w as u se d  for p rognostic  purposes, and  
th e  b iogeochem ical dynam ics in v estig a ted  over a 
m uch  longer period  of 3 yr un til a n ew  steady-sta te , 
consisten t w ith  an  O M 3 flux of 30 m m ol C c n r 2 yr-1, 
w as reach ed . In th is sim ulation, th e  O M 3 b oundary  
flux w as first set accord ing  to Fig. 7b, an d  th en  
assum ed  to b e  constan t in  tim e, since no d a ta  on  fish

OM3

14—1

1 2 -

1 0 -

_Q

T T T T T
0 0.1 0.2 0.3 0.4

Time (yr)

, (a) T im e evolution  of th e  b io tu rb a tio n  coefficient a n d  (b) th e
S 0 42~ co ncen tra tion  at th e  u p p e r  b o u n d a ry

biom ass in  th e  cag es w ere  ava ilab le  afte r 0.4 yr. 
T able 9 show s the  evolu tion  in  d ep th -in teg ra ted  p a th 
w ays of OM  oxidation. A fter 2 yr, the  to tal dep th - 
in te g ra te d  ra te  of O M  d eg ra d a tio n  re a c h e d  30 m m ol 
C c n r 2 yr-1, co rrespond ing  to th e  im posed  O M 4 + 
O M 3 fluxes at the  SWI. At this stage, stead y -sta te  co n 
ditions w ere  es tab lish ed  w ith  resp ec t to th e  m axim um  
deposition  flux of O M 3. First, oxic d eg rad a tio n  in 
c re ase d  sharply, concom itant w ith  th e  en h a n ce d  
deposition  of O M 3, th e n  d ec reased  slightly  afte r 6 mo, 
d u e  to th e  in ten se  com petition  of SRR for oxygen  by 
secondary  redox  reactions. S u lphate  reduc tion  ra tes 
show ed  also a rap id  in itial increase , w hich  levels off 
afte r 6 mo. In re la tive  term s, th ese  2 pa thw ays co n 
trib u ted  rough ly  equally  to th e  to ta l m ineralisation  
ra te  d u ring  the  in c reasin g  stages of O M 3 deposition. 
H ow ever, afte r 6 mo, m eth an o g en esis  becam e rap id ly  
the  m ost im portan t p a th w ay  of OM  decom position  
and, afte r 2 yr, con tribu ted  89 % of th e  to ta l m inera li
sation, su lpha te  reduction  reach in g  bare ly  8 % an d  
oxic resp ira tion  3% . T he TS (total su lphides; H2S + 
HS~) flux th ro u g h  the  SWI in c reased  stead ily  an d  
rea c h e d  va lues as h ig h  as 1.5 m m ol S c n r 2 y r 1. The 
p rog ressive  in c rease  in  th e  O M  load  an d  m in era lisa
tion also led  to e n h a n ce d  fluxes of DIP an d  am m o
nium  th ro u g h  th e  SWI. This is in  ag re em e n t w ith  
observa tions by  H arg rav e  et al. (1993). T he oxygen  
p en e tra tio n  d e p th  (not show n) an d  th e  oxygen  flux 
th ro u g h  the  SWI d id  not ch a n g e  d u rin g  th e  transien t 
sim ulation  period. T he oxygen  flux, on  average, 
1166 pm ol 0 2 c n r 2 y r 1, fell w ith in  th e  ra n g e  recen tly  
m e asu red  by  D ed ieu  et al. (2007) for a F rench  lagoon  
(730 to 2190 pm ol 0 2 c n r 2 y r 1).
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Fig. 8 . T ransien t dynam ics at S tn  B10. T ransien t co ncen tra tion  profiles of: (a) o rganic 
carb o n  (OC), (b) N H +4l (c) d isso lved  in o rg an ic  p h o sp h o ru s (DIP), (d) S 0 42~, (e) F e2+, 
(f) M n2+, (g) to ta l su lp h id es (TS), sim u la ted  0.5 yr a fte r th e  im p lem en ta tio n  of th e  fish 
fa rm  for N om inal R un 1 (b lack  lines) a n d  Sensitiv ity  Runs 2 (grey  lines). F ield  d a ta  
a re  also rep o rted ; solid  dots re p re se n t av erag e  v a lues, an d  w h iskers, th e  m in im um  to 
m axim um  ra n g e  of o b se rv ed  va lues. Solute concen tra tions a re  ex p ressed  in  m oles
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T able  9. T im e evolution  (in yr) of o rgan ic  m atte r  (OM) deposition  flux, to ta l d e p th -in teg ra te d  ra te s  of o rgan ic  carbon  oxidation, 
re la tiv e  con tribu tion  of aerob ic  resp ira tion , su lp h a te  re d u c tio n  a n d  m eth an o g en esis  at S tn  B10. T he fluxes of TS (total su lph ides, 
H 2S + HS~), n u tr ien ts  (dissolved ino rg an ic  p h o sp h o ru s [DIP], N H 4+) a n d  oxygen  are  also rep o rted . T he fluxes w e re  com p u ted  by  

m ean s of a  th ird -o rd e r-accu ra te  ap p rox im ation  of th e  con cen tra tio n  g rad ien t (B oudreau 1997)

0 0.25 0.5 1 2 3

OM  flux (O M 4 + O M 3) [pm ol C c n r 2 y r 1] 80 10080 30080 30080 30080 30080
In teg ra te d  ra te  [pmol C c n r 2 y r 1] 80 2559 8223 17698 30055 30070
A erobic  re sp ira tio n  [%] 40 61 33 1 1 4 3
S u lp h a te  re d u c tio n  [%] 55 39 29 13 8 8

M eth an o g en esis  [%] 0 0 38 76 8 8 89
TS flux [pmol c n r 2 y r 1] 19 333 1 0 0 2 1131 1307 1464
DIP [pmol c n r 2 y r 1] 4 19 45 96 184 271
N H 4+ [pmol c n r 2 y r 1] 79 253 478 921 1690 2739
0 2 [pmol c n r 2 y r 1] -1163 -1153 -1171 -1 1 7 6 -1177 -1 1 7 8
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DISCUSSION  

Calibration of the EDM

T he calibration  p ro ced u re  p rov ided  estim ates of the 
deposition  fluxes of OM, Fe(O H )3 an d  M n 0 2 at th e  SWI 
of S tn BCr for w hich  field d a ta  w ere  not available. A 
sim ilar ap p ro ach  w as prev iously  ad o p ted  by W ang & 
van  C ap p ellen  (1996) an d  C an av an  e t al. (2006). H ere, 
how ever, the  ca lib ra tion  w as p erfo rm ed  u sing  a goal 
function, in s tead  of ca rry ing  out th e  ad ju stm en t of 
these  forcings by v isual inspection  only. T he sy stem 
atic exploration  of the  en tire  space of possib le b o u n d 
ary  condition  va lues rep rese n ts  a m uch  m ore robust 
an d  rep roducib le  w ay  to ca lib ra te  a  m odel.

T he m ain  ob jective of m odel calib ration  w as to p ro 
v ide w ell constra ined  initial concen tra tion  profiles for 
th e  tran sien t sim ulation  co rrespond ing  to p ristine  co n 
ditions. We chose to com pare  th e  m odel resu lts w ith  
th e  m ean  o bserved  values, thus ignoring  the  variability  
b e tw e en  the  3 rep licates. T herefore, m odel resu lts are 
in te n d ed  to prov ide an  overall p ic tu re  of th e  steady- 
sta te  d iagenesic  p rocesses an d  not to exp lain  th e  o b 
served  d isc repanc ies at each  site. T he d isso lved  fe r
rous iron, w h ich  w as p ro d u ced  m ain ly  by dissim ilatory 
Fe3+ reduc tion  (Reaction 4 in  A ppend ix  1) w as co n 
sum ed  by  re-ox idation  an d  FeS p rec ip ita tion  (Reac
tions 8 , 9 an d  12 in  A ppend ix  1). W ithin th e  d ep th  
ran g e  of 6 to 10 cm, FeS p rec ip ita tion  dom ina ted  
(results not shown) an d  m ight have b ee n  overestim ated. 
The u n d eres tim a ted  superficial concen tra tion  of M n2+ 
p red ic ted  by th e  m odel could  b e  d u e  to ra te s  of reox i
dation  th ro u g h  the  o v erestim ated  aerob ic pa thw ay  
(Process 7 in  A ppend ix  1), w h ich  o u tcom peted  p ro d u c 
tion, by  Mn(IV) reduction , Fe2+ an d  TS reoxidation  
(Processes 3, 9 an d  11 in  A ppend ix  1). E ven  th o u g h  the 
lack  of fit in  som e portions of th e  profile for the  trace 
m etals is a po ten tia l d raw b ack  of se tting  th e  k inetic 
constan ts on th e  basis of lite ra tu re  values, the ir fu rthe r 
calib ration  w ou ld  b e  difficult w ithout additional, re li
ab le field inform ation on th e  in  situ  k inetic rates, as w ell 
as on  th e  concen tra tions of solid Mn(IV) an d  Fe(III) 
oxides.

Transient sim ulations

S oetaert e t al. (1996) s tud ied  th e  d iag en e tic  response 
of sed im ents subject to seasonally  vary ing  carbon  
deposition  fluxes by  m eans of a dynam ic m odel. The 
m odel w as ru n  for 3 yr u sing  as inpu t th e  sam e annua l 
tim e series of da ta , in  o rd er to ach ieve a periodic 
reg im e at the  in te ran n u a l tim e scale. A sim ilar 
ap p ro ach  w as recen tly  u sed  by D ale e t al. (2008b) in 
anoxic sed im en ts in  A arhus Bay, D enm ark. In the

study  by S oetaert e t al. (1996), th e  m odel param ete rs  
w ere  ca lib ra ted  to p ro d u ce  profiles th a t b es t fitted  the  
experim en ta l d a ta  co llected  at the  sam e location  in  2 
su b seq u en t years. H ere, w e p ropose a  d iffe ren t s tra t
egy, ca lib ra ting  first the  m odel at one location  u n d e r 
stead y -sta te  conditions and, then , u sing  an o th er in d e 
p en d e n t da tase t, te s tin g  th e  dynam ic resp o n se  of the  
system  tr ig g e re d  by  pertu rbation . This p ro ced u re  can  
b e  reg a rd e d  as an  efficient w ay  to assess m odel ro b u st
ness, since it ind icates th a t the  m odel prov ides rea so n 
ab le  resu lts  in  response  to ch a n g es  in  the  bo u n d ary  
conditions. This is a  d es irab le  p ro p erty  for a dynam ic 
m odel, in  p articu la r if it is u se d  to sim ulate transien t 
scenarios (C anavan  e t al. 2006, D ale e t al. 2008b).

T he dynam ic response  of th e  EDM, im porting  from 
the  stead y -sta te  conditions p reva iling  at Stn Bc , w as 
in v estig a ted  by ad d in g  the  O M 3 deposition  fluxes 
quan tified  by DEPOM OD to th e  n a tu ra l contribution . 
T he reliab ility  of the  tran sien t resu lts d ep e n d s  on the  
reliab ility  of th e  m o d e l-p red ic ted  OC rain  rates. The 
resu lts from  DEPOM OD w ere  v a lid a ted  by m eans of 
sed im en t trap  da ta , w hich  w ere  co llected  in  sim ilar 
sea  loch env ironm en ts (Crom ey e t al. 2002a); an d  the  
m odel is now  u sed  for reg u la to ry  purposes th ro u g h 
out Scotland. In addition , the  resu lts p re se n te d  h ere  
(Stn B10; Fig. 8) ind ica te  th a t the  coup led  DEPOM OD 
an d  EDM  m odels led  to a  reaso n ab le  descrip tion  of the  
dynam ics of early  d iag en esis  u n d e r tran sien t cond i
tions, p rov id ing  su p p lem en tary  ev idence  th a t th e  e s ti
m ate  of the  deposition  flux is robust. T he sensitivity  
test of EDM  resu lts to the  ch an g es in  O M 3 deposition  
fluxes, fu rtherm ore , rev e a le d  th a t the  d iag en e tic  p ro 
files w ere  h igh ly  sensitive to this flux.

T he field d a ta  co llec ted  at Stns Bc an d  B40 ind ica ted  
sim ilar concen tra tions of OC, S 0 42~, DIP an d  N H 4+ 
(Fig. 6). M odification in  sed im en t geochem istry  in 
d u ced  by  e n h a n ce d  O C deposition  w as m uch  m ore 
obvious at Stn B10, a resu lt in  ag reem en t w ith  prev ious 
stud ies (H argrave e t al. 1993, W ildish e t al. 1993, P itta 
e t al. 1998). T he tran sien t sim ulation  of OM  deposition  
an d  d iag en e tic  response  ca p tu red  the  dom inan t v a ria 
tions of OC, DIP, N H 4+, S 0 42~ an d  d isso lved  m etal co n 
cen tra tions m easu red  in  the  field. T he coup led  m odel 
also p rov ided  v a luab le  in form ation  abou t th e  m a g n i
tu d e  of fluxes of d isso lved  n u trien ts  an d  TSs, w h ich  are 
req u ired  d a ta  for the  im p lem en ta tion  of su sta inab le  
aq u acu ltu re  facilities. As reg a rd s  m odel lim itations, in 
cases of w a te r  bod ies ch a rac te rised  by  rela tively  h igh  
resid en ce  tim es, th e  tran sien ce  of th e  SWI fluxes of 
oxygen  an d  d isso lved  nu trien ts  could, in  princip le, be 
sim ulated  m ore accurate ly  b ased  on tim e-vary ing  
b o u n d ary  conditions. This req u ires  tim e series of data , 
from  in  situ  on-line p robes or from  forecasts o b ta in ed  
by m eans of pelag ic  b iogeochem ical m odels. T he u n 
ce rta in ty  associa ted  w ith  th is d a ta  may, in  turn , d e 
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crease  the  robustness of the  p red ic tions of the  d ia g e 
netic  m odel. For this reason , th e  trade-o ff b e tw e en  
costs an d  benefits associa ted  w ith  the  in troduction  of 
tim e-variab le  b o u n d ary  conditions should  b e  carefully  
ev a lu a ted  for each  species considered .

A quaculture-related m odel application

W ith resp ec t to th e  aq u a cu ltu re  industry , th e  in te 
g ra te d  m odel is useful: (1) to help  support en v iro n m en 
ta l im pact assessm en t (EIA) an d  site se lection  studies, 
an d  (2 ) for th e  op tim isation  of farm ing  d ensities and  
h u sb an d ry  practices.

W ildish et al. (2001) in v estig a ted  the  cost-effective- 
ness of m ethods based , on  th e  one hand , on  m acro- 
faunal com m unity  structu re , and, on th e  o ther hand , 
on redox  po ten tia l (Eh) an d  TS m easu rem en ts. They 
concluded  th a t the  la tte r  ap p ro ach  w as superio r to 
m onitor th e  im pact of fish farm ing. E ven  th ough  
m acro faunal m e asu rem en ts  a re  cu rren tly  ad o p ted  in 
m ost m onitoring  program s, th ese  au thors su g g ested  
th a t rapidity , ea se  an d  transferab ility  w ere  3 m ajor 
ad v an tag es of th e  geochem ica l approach . From  a

prognostic  perspective , th e  m odels p re se n te d  h ere  
com plem ent jud ic iously  th e  sed im en tary  m onitoring 
program m es, especially  in  th e  contex t of EIA an d  
aq u acu ltu re  site selection. For instance, H arg rav e  et 
al. (1997) ran k e d  th e  sensitivity  of 20 d iffe ren t in d ic a 
tors of o rgan ic  en richm en t u n d e r salm on n e t-p e n s  in 
the  Bay of F undy  (C anada) an d  p roposed  th a t TS flux, 
to ta l C 0 2 re lease  an d  to ta l 0 2 u p ta k e  w ere  the  m ost 
sensitive indicators. In the  fu ture , th e  coup led  m odel 
d ev e lo p ed  in  th e  p rese n t study  could  help  refine the  
choice of th e  m ost cost-effective ind icators of o rganic 
en richm ent.

D issolved oxygen  an d  TS w ere  2 cost-effective v a ri
ab les in c lu d ed  in  th e  m odel. T he TS concen tra tion  at 
Site B10 in c re ase d  dram atically  from  sub-m illim ole lev 
els to concen tra tions >5 m m ol F 1 w ith in  a few  m onths 
(Figs. 5g  & 8g), a level po ten tia lly  toxic to ben th ic  
in fauna. T he p red ic ted  concen tra tions are, how ever, 
low er th a n  th e  values of >100 m m ol F 1 rep o rted  by 
H arg rav e  e t al. (1993) at a salm on farm  in the  Bay of 
F undy (C anada). T he levels rep o rted  h e re  a re  of the  
sam e o rd er of m ag n itu d e  as those  m e asu red  in  S ep 
tem b er 2006 by m icroelectrode profiling at a Loch 
C reran  recovery  site w h ere  salm on w ere  re a re d  until
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D ecem ber 2005 (Rabouille pers. comm.). T he low  oxy
g en  p en e tra tio n  d ep th  p red ic ted  by th e  m odel, ap p ro x 
im ately  1 mm, is also in  ag re em e n t w ith  oxygen  m icro - 
profiles rep o rted  e lsew h ere  (see w w w .cobo .o rg .uk ). In 
th e  fu ture , the  set of variab les com m only m e asu red  in 
th e  field of aq uacu ltu re , e.g. OC an d  nu trien ts, could 
thus b e  ex ten d e d  to o the r geochem ically  b ased  m e a 
surem ents, such as dissolved oxygen  an d  su lphide 
m icroprofiles.

T he coup led  m odel can  also support th e  estim ation  
of h u sb a n d ry  practices. In th is context, DEPOM OD 
w as ru n  ag a in  by  assum ing  a low er p e rc en ta g e  of 
fish food w asted , 2%  in stead  of 5% , see  d a ta  in 
T able 3; this low ered  th e  O M 3 deposition  fluxes at 
Stn B10, from  an  av erag e  v a lue  of 10 to 8.5 m m ol C 
c n r 2 y r 1. T he EDM  tran sien t sim ulation  w as th en  
re p e a te d  by  im posing  the  lo w ered  O M 3 flux at the 
u p p e r boundary . Fig. 9 com pares th e  resu ltin g  v e r ti
cal profiles to those  o b ta in ed  u n d e r th e  assum ption  
of a 5%  of food w astage . T he resu lts rev ea l th a t d is 
solved n u trien ts  an d  TS a re  the  m ost sensitive v a r i
ables, w hile  OC an d  0 2 profiles rem ain  essen tially  
u n alte red . T he in te g ra te d  m odel can  th u s help  id e n 
tify w hich  geochem ica l variab les a re  th e  m ost su it
ab le to assess th e  im pact of fish farm ing  on  the 
environm ent. It also prov ides a  qualita tive  m eans to 
ev a lu a te  th e  effects of im proved  h u sb a n d ry  p rac tices 
on w ate r quality.

CONCLUSIONS

A m odel in te g ra tin g  deposition  an d  early  d ia g e n e 
sis of ca rbon  h as b e e n  d ev e lo p ed  an d  u se d  in  the 
contex t of aq u acu ltu re  site selection, EIA an d  m oni
toring. O n the  basis of the  m odel results, w e have 
show n th a t th e  m odel prov ides a qualita tive , robust 
m eans to ev a lu a te  th e  a lte ra tion  of env ironm en ta l 
conditions (nutrients, toxic com pounds) as a resu lt of 
fish farm ing  activities. W e advocate  its u se  in  com bi
nation  w ith  classical geochem ica l m easu res  (e.g. 
N H 4+, DIP) as a cost-effective m eans of EIA, b u t also 
to g e th er w ith  a lte rna tive  indicators, such  as pore 
w ate r oxygen  an d  su lph ide concentra tions.

A ck n o w led g e m e n ts . T he au tho rs g ra te fu lly  ack n o w led g e  
th e  a ssistan ce  of Ms. S. M cK inlay w ith  core slicing, Mrs. H. 
O rr w ith  C H N  analysis, Ms. C. H a id o n  w ith  m eta ls  analysis, 
Mr. T. B rand  for p h o sp h a te  analysis a n d  Mr. M. H arvey  
w ith  su lp h a te  analysis. This w o rk  h as  b e e n  financia lly  su p 
p o rted  b y  EU P roject No. 006540 (ECASA), by  th e  N e th e r
lan d s O rgan iza tio n  for Scientific R esearch  (NWO) (VIDI 
A w ard  864.05.007 to P.R.) a n d  by  th e  go v ern m en t of th e  
B russels-C ap ita l re g io n  ('B rains B ack to  B russels ' aw ard  to 
P.R.). This w o rk  b e n e fite d  from  th e  use fu l com m ents b y  3 
anonym ous re fe rees .
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A ppendix 1. R eaction  n e tw o rk  im p lem en ted  in  th e  early  d iag en esis  m odel. T he n e tw o rk  is a  sim plified  version  of th e  one p ro 
p o sed  by  v a n  C a p p e llen  & W ang (1996). R eactions 1 to 5 w e re  im p lem en ted  sep a ra te ly  for e ach  o rgan ic  m atte r  fraction

(a) Primary redox reactions
1. Oxic re sp ira tio n
(CH20 ) x(N H 3)y(H3P 0 4)z + x 0 2 + (-y+ 2z)H C 03- — (x-y+2z)C 02 + yN H 4++ zDIP + (x+2y+2z)H20

2. D enitrification
(CH20 ) x(NH3)y(H3P 0 4)z + ( Í ^ ) n 0 3- (jx + 4 y ) + ( X~3Y + 1Qz)C ° 2 + | 4x + 3 y -1 0 z j H a v  + zDIp +j3x  + 6 |+ 1 0 z j  n^Q

3. Mn(IV) re d u c tio n
(CH20 ) x(N H 3)y(H3P 0 4)z + 2 x M n 0 2 + (3x + y -2 z )C 0 2 + (x + y-2z)H 20  — 2 x Mn 2++ (4x + y -2 z )H C 0 3~ + yN H 4+ + zDIP

4. Fe(III)reduction
(CH20 ) x(N H 3)y(H3P 0 4)z + 4 x F e(0 H )3 + (7x + y -2 z )C 0 2 R* > 4xFe2+ + (8x + y -2z)H C < V  + y N H 4+ + zDIP + ( 3 x - y  + 2z)H20

5. S u lp h a te  red u ctio n
(CH20 ) x(N H 3)y(H3P 0 4)z + F - j - S 0 42- + (y -2 z )C 0 2 + (y -2 z)H 20  — | - TS  + (x + y-2z)- H C 0 3“ + y N H 4++ zD IP

6. M eth an o g en esis
(CH20 ) x(N H 3)y(H3P 0 4)z + (y -2 z)H 20  — ^  f C H 4 + ( | - Y + 2z) C 0 2 + (y -2 z )  H C 0 3- + yN H 4+ + zDIP

(b) Secondary redox reactions
7. N itrification

i

8. M n2* ox idation  by  0 2

M n2* + ^ 0 2 + 2 H C 0 3“ ^  > M n 0 2 + 2 C 0 2 + H 20

9. F e2+ ox idation  by  0 2

Fe2+ + ^ 0 2 + 2H C C V  + - | h 20  — ^  Fe(OH )3 + 2 C 0 2

10. F e2+ ox idation  b y  M n 0 2
2Fe2+ + M n 0 2 + 2H C C V  + 2H20  R*° > 2Fe(OH )3 + M n 2* + 2 C 0 2

11. S u lph ide ox idation  b y  0 2 
TS + 2 0 2 + 2 H C 0 3- Rn > S 0 42+ + 2 C 0 2 + 2H20

12. S u lph ide ox idation  b y  M n 0 2
TS + 6 C 0 2 + 4 M n 0 2 + 2H20  Ru > 4M n2* + S 0 42- + 6 H C 0 3-

13. S u lph ide ox idation  b y  Fe(O H )3 
TS + 1 4 C 0 2 + 8Fe(OH)3 ■

14. FeS ox idation  b y  0 2 
FeS + 2 0 2 Ru > Fe2+ + S 0 42~

15. C H 4 oxidation  by  0 2
C H 4 + 0 2 Rls > c o 2 + h 2o

16. C H 4 oxidation  by  S 0 42~
c h 4 + s o 42- + C 0 2 R*6 > H 2S + 2h c o 3-

(c) M ineral precipitation
17. FeS p rec ip ita tio n
Fe2+ + TS + 2 H C 0 3- Rl? > FeS + 2H+ + C 0 2
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A ppendix 2. R ate law s u se d  in  th e  early  d iag en esis  m odel. 
R ates re fe r  to th e  reac tio n s lis ted  in  A p p en d ix  1. f¡ va lues 
w e re  com p u ted  acco rd in g  to th e  fo rm ula tion  re p o rte d  in  
A gu ilera  et al. (2005). [H+] co n cen tra tio n  w as assu m ed  
constan t in  tim e a n d  fixed in  acco rd an ce  w ith  th e  profiles

re p o rte d  b y  Jo u rab ch i et al. (2005).

« i = fo r k o M f  [OM k] -k acc, w ith  k  = 1 ,2 ,3  

R2 = Íno2' k o M f  [OM k] - k acc, w ith  k  = 1 ,2 ,3  

« 3  = 4in02 ' ko h li  • [ O M k], w ith  k  = 1 ,2 ,3  

R4 = 4e(OH)3' k o h it ' [OM t ], w ith  k  = 1 ,2 ,3  

R5 = 4 o 4 • ko h li  ' [ O M k], w ith  k  = 1 ,2 ,3  

Re = 4 h 4 • ko h li  • [ O M k], w ith  k  = 1 ,2 ,3  
R? = k ? ■ [ATH4+] • [ 0 2]

R8 = k 8-{M n2+] -{ 0 2]

« 9  = kg-[Fe2+] ■ [ 0 2]

Rio = «io' [Fe2+] • [M n 0 2] 
Rn = k i r {T S ]-{0 2]

«12 =¿12-[TS]- [Mn02]
R13= k 13-[TS]-[Fe{OH)3]
Ru = k u -{F eS]-{02]

R15= i 15-[CH 4] - [ 0 2]

R16= i 16-[CH 4] - [ S 0 42-]

« 1 7  =  «17 * Xl7* [ i^ F e S -  1]

[Fe2+]-[TS] 
FeS_ [H+]-K'FeS

^ F e S  > 1  Xl7 _  1 

^ F e S  -  1 Xl7 =  0
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