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Abs t rac t

The ability to oodel tie asoociatioo of beavy aetatr aail pbytoptanlcton
r.rithin 8n esLuarine aod coastal uauer rycteiuould furebei iupiovo tbe
uudergtaading of the heavy taetat budgetr of, sucb ryltenr aad lba
envi roooeata l  e f fects .  Thia reporc descr ibes tbe ievelopuent  of  a
uaLheoatical oodel to predicc heavy netal trarsporc by phytoplanktoa
aod fol loes oo froo a l i terature revieu uadertaken auiiag- 1965/6.

Tbe pbytoplaakton biooacs ig the goallegt of the tbree beavy rqetat
reservoiro, rediaest asd uater beiug tbe otbcr tuo. gearoail
variat ioog iu the apecier eoopoeit loo ssal tbe r lzc o! tbc algal
popularioo are sucb that pbytoplanktoa cceurulatioa rad treoiport of
hgavy oetslr ie ooly of laportaace durl,ag tbc rprlag rad ruaoir cbeo
blooos are aPpsreu!. Eouever st ruch tiuer tbe-pbytoplanktou reailtly
adsorb oeLals froo che sater and are tr8nsported sitb uater and tben ae
algae-die, aooetioea c8tsstrophicel ly fol louing a bloonl tbe detri tal
na ler ia l  fa l la  to  the bed t ranaferr ing the adgorbed aeta la to  the
scd ioesE  rese rvo i r r

As a prel inioary pbaae it  uaa tbought uecessary to develop s
satberoalical rqodel ubicb giBulaLes tbe grontb of oue rrepieaeatativel
pbytoplaukcoo apeciea and the uptake and tr8usport of oal aetal.
Beriable data oo tbe uptalce of iinc by B8tursl pbytoplaalctoo
poputal iooe ia available f,roo laborstory ergeriaeotr carrled oug by
Davieg.

since the t ioeocale for the gronth of an algal blooq ir uany dayr tbe
oodel described iu this r€port ig s t ide-av€rsgedr tso-tayerr 2-
dioeagioual uodel. tbe aodel uae applied to Liverpool nay ui iag
res iduals  raken f roa a f iner  gr idded 2D-2 layer  t ida l  nodel  developed
to predic t  the t raoapor l  aad adeorp l ion outo aediuest  o f  beavy rqela lg .





CONTENTS

INTRODUCTION

HEAVY METALS IN THE MARINE EWIRONMENT

2-L Fate of  metals  d ischarged into an estuar ine envi ronment
2 . 2  B i o l o g i c a l  a v a i l a b i l i t y  o f  m e t a l s
2.3 Concentrat ion of  metals  by phytoplankton
2.4 Adsorpr ion of  z inc by phyloplant ion
2.5 Transport  by t ida l  and res idual  currents

MATHE},IATICAL MODEL

3 .1  Two- laye r  t r anspo r t
3 .2  Adso rp t i on  o f  z i nc
3.3 Pr imary product iv i . ty
3 .4  Resp i ra t i on
3.5 Morta l i ty  of  phyroplankron

APPLICATION TO LIVERPOOL BAY

4.1 Tide-averaged f lows
4.2 Nutr ient  and metal  loadings
4 .3  P re l i n i na ry  resu l t s

DISCUSSION AND' CONCLUSIONS

ACKNOWTEDGEMENTS

REFERENCES

TABLES

1 l le ta l  concentrat ion factors
2 Adsorpt ion rates for  z inc
3 Ni t rogen inputs to L iverpool  Bay

FIGURES

1 Pathways of  metals  in  aquat ic  ecosystems
2 Def ined l imi ts  of  L iverpool  Bay
3a Model  schemat isat ion -  Eastern r r ish sea and L iverpoool  Bay
3b Model  schemat isat ion -  Mersey Estuary
4  T ide  ave raged  res idua l  f l ow  pa t te rns
5 Locat ion of  sewage s ludge and dredged spoi l  d isposal  grounds
6  P resc r i bed  sou rces  o f  z i nc
7 Observed var iat ion of  ch lorophyl l  a
8a Simulated var iat . ion of  ch lor lp i ry l l -a ,  segments g,  22 and 34
8b  s imu la ted  va r i a r i on  o f  ch ro rop tv r r  ; ,  se lmen ts  1 r ,  L7  a , . d  24
8c s inulated var iat ion of  chrorophyl l  i ,  se l rnents 31,  36 a. .d 42
9a s imulated var iat ion of  adsorbed-z inE,  setments g,  22 and 34
9b s imulated var iac ion of  adsorbed z ioc ' ,  se lments 11,  l7  and,  24
9c  S inu la ted  va r i a t i on  o f  adso rbed  z inc ,  

" . t *u . r t s  
31 ,  36  and  42

Page

1

2

6

7
8
9
10
10

10

10
11
11

I2

13

2
3
3
4
5





INTRODT'CTION

Heavy meta ls  en ter  es tuar ies  and coas ta l  waters  by

various routes including fresh lrater and sewage

d ischarges ,  the  d isposa l  o f  senage s ludge,  indus t r ia l

d ischarges ,  min ing  ac t iv i t ies  and subsequent  meta l

re f in ing ,  p rec ip i ta t ion  and f rom the  sea.  The

potent ial  dangers in the uncontrol led discharge of

eff luents containing high levels of heavy metals to

the estuarine and marine environments lrere

demonstrated by the mercury poisoning which occurred

at Minamata in Japan (12).  In order to remove or

min imise  such dangers  i t  i s  necessary  to  ga in  a

knowledge of the aource of heavy metal  inputs and to

understand the processes which govera the transport

and accumulat ion of metals in the marine environment.

The control  of  Pol lut ion Act L974 placed the

respons ib i l i t y  fo r  the  cont ro l  o f  po l lu t ing  d ischarges

to the estuarine environment upon the Water

Authori t ies in England and l{ales. I f  controls are to

be set to l in i t  the ul t inate concentrat ions of heavy

meta ls  in  the  es tuar ine  and coas ta l  waters  i t  i s

necessery to be able to predict  the transport  and

accumula t ion  o f  meta ls .  F igure  1  i l l us t ra tes  some o f

the metal  pathways in aquat ic ecosystems.

Phytoplankton are known to accumulate certain heavy

metals.  Transport  of  phytoplankton by t idal  and

res idua l  cur ren ts  in  sur face  l ra te rs  and the  se t t l ing

o f  de t r i ta l  mater ia l  must  there fore  by  coas idered in

any  rea l i s t i c  p red ic t ion  o f  heavy  meta l  t ranspor t .

Th is  repor t  descr ibes  the  deve lopment  o f  a  p ro to type

mathematical  model to predict  heavy metal  t ransport  by

phy top lank ton  and fo l lows on  f rom a  l i te ra tu re  rev iew

under taken dur ing  198516 (Ref  1 ) .  The mode l  was



appl ied to L iverpool  Bay and pre l iminary resul ts  are

inc luded  i n  t h i s  repo r t .  Spec ia l i s t  adv i ce  on  the

b io log i ca l  aspec ts  o f  t he  wo rk  was  g i ven  by  D r  A

Dav ies  o f  t he  Mar ine  B io log i ca l  Assoc ia t i on  a t

Plymouth.

EEAVY I.IETALS IN

TEB I,iARINE BNVIRONI'IENT

2.1 The fare of  heavy

meta l s  w i t h i n  t he

estuar ine envi ronment

l leavy ueta ls  d i f fer  f rom many contaminants in  that

they are normal  consr i tuents of  the mar ine

envi ronment ,  and therefore t races at  least  are a lways

found in mar ine organisms.  Probably the most

important  feature which d is t inguishes the heavy metals

f roo other  tox ic  pol lu tants is  that  they are not

biogradable, and having entered the environment their

po ten t i a l  t ox i c i t y  i s  con t ro l l ed  t o  a  g rea t  ex ten t  by

b io log i ca l  and  geochemica l  f ac to rs .

The fate of heavy metals such as lead, ziac, cadmium

and mercury in the estuarine environment is of extreme

importance due to thei r  impact  on the ecosystem. This

i s  espec ia l l y  t r ue  i n  u rban  es tua r i es  whe re  the  i npu ts

are d i f fuse and inc lude munic ipal  and industr ia l

d ischarges,  urban runof f ,  a tmospher ic  contr ibut ions

and the presence of  harbour fac i l i t ies wi th heavy ship

t raf f ic .  The metals  in  such an envi ronment  can be

accommodated in three basic  reservoi rs :  rcater ,

sediment  and b iota.  The importance of  the b iota

rese rvo i r  i s  qu i t e  ev iden t  as  o rgan i sms  i n  t he  es tua ry

can be adversely af fected and human heal th hazards can

ar ise through consumpt ion of  the contaminated

o rgan i sms .



2 .2

The biota reservoi r  however,  is  smal l  compared ro the

water ,  which in  turn is  much smal ler  than the sediment

rese rvo i r .  Even  so ,  desp i t e  t he  phy top lank ton

rep resen t i ng  a  sma l l  r ese rvo i r  f o r  me ta l s  i n  re la t i ve

te rms ,  t he  d i sm issa l  o f  t he i r  i n f l uence  on  the  heavy

meta l  budge t  o f  an  es tua r i ne  sys tem cou ld  l ead  to

s ign i f i can t  e r ro rs ,  due  to  t he  concen t ra t i on  e f f ec t  o f

the phytoplankron.

B i o l o g i c a l  a v a i l a b i l i c y

o f  me ta l s

The organic const i tuents of  sewage s ludge general ly

b ind metals  in  such a way that  renders Ehem

biological ly  unavai lable.  This nay occur  through

chelat ion of  the metals  by organic compounds or  by

s imple adsorpt ion.  A h igh organic content  in  the

sediment .s  usual ly  ensures that  the metals  are f i rn ly

f ixed on the suspended sediments and are not  f reely

avai lable to the mar ine b iota in  the l rater  co lumn.

Davies (Ref  2)  has suggested the mass of  d issolved

metal in an active environment is a good approximation

to  t he  mass  o f  me ta l  b i o l og i ca l l y  ava i l ab le .

2 .3  Concen t ra t i on  o f  me ta l s

by phytoplankton

Detai led laboratory exper iments have been undertaken

by a number of  invest igators in  an at tempt to

understand the mechanism of  uptake of  the metals  by

the phytoplankton.  Two mechanisms of  upEake are

general ly  known to occur ,  adsorpt ion onto the external

su r face  o f  t he  ce l l  wa l l s  and  abso rp t i on  whe reby  the

phytoplankton take up metals  f roo solut ion through



t he i r  ce l l  wa l l s  aga ins t  a  concen t ra t i on  g rad ien t .

The  comb ined  e f f ec t  r esu l t s  i n  cons ide rab le

accumu la t i on  o f  heavy  me ta l s  by  che  phy top lank ton ,  as
shown by the concentrat ion factors in  Table 1.

The re  a re  l a rge  d i f f e rences  i n  t he  concen t ra t i on

f a c t o r s  f o r  d i f f e r e n t  e e t a l s .  T h e  a b i l i t y  o f

p lank ton i c  a lgae  to  accuou la te  me ta rs  i s  gene ra r r y  i n

the order :  mercury,  lead,  cadmium (Ref  9)  or  mercury,

s i l ve r ,  zLac ,  cadmiu rn  (Re f  10 ) .  Some d i f f e rences  i n

the  accumu la t i on  o f  me ta l s  by  d ia tons  and  f l age l ra tes
has  a l so  been  obse rved  w i th  f l age l l a tes  hav ing  a

g rea te r  ab i l i t y  t o  accuou la te  me ta l s .

2 .4  Adso rp t i on  o f  z i nc

by phytoplankron

Data re lat ing to the adsorpt ion of  z inc by natura l

phytoplankt .on assemblages is  avai lable f rom the work

o f  Dav ies  and  S leep  (ne f  + ) .  The  resu l t s  i nd i ca ted

tha t  t he  me ta l : ch lo rophy l l  a  ra t i os  cou ld  be  re la ted

to che metal  concentrat ions in  the leater  by an

equat ion of  the same form as the Langmuir  adsorpt ion

i so the rm.

z . c
z =  m a x

(  t+g ;

where

z  i s  mera l / ch lo rophy l l  a  ra t i o

i s  t he  max imum me ta l / ch lo rophy l l  a  ra t i omax
c  i s  t he  me ta l  concen t . ra t i oa  i n  so lu t i on  (  f r g / f  )

k  i s  t he  me ta l  concen t ra t i on  i n  wa te r  when

phy top lank ton  ce l l s  reach  ha l f  sa tu ra t i on

(  t€ rneta 1/  1)



The  va lues  o f  z  and  kmax
exper iments are g iven in

obta ined for  several

T a b l e  2 .

The  ac tua l  r a te  o f

spec ies  and  amb ienc

being reached in a

to  a  f ew  hou rs .

2 .5  T ranspo r r  by  t i da l

and res idual  currents

metal  uptake var ies according to

cond i t i ons  w i th  an  equ i l i b r i um

per iod ranging f rou a few minutes

I t  i s  necessa ry  t o  re la te  t he  accumu la t i on  o f  heavy
metals  by phytoplankton to overal l  meta l  t ransport  and
cyc l i ng  i n  an  es tua r i ne  sys tem.  Such  b io log i ca l

mobi l isat ion may resul t  f rom the uptake of  the metal
by an organism fo l l0wed by i ts  re lease into the l rater

column on the death and decay of  an organism, af ter
the physical movement of the organism out of the

sysEem by  t i da l  and  res idua l  cu r ren ts .  A l t e rna t i ve l y

the death and subsequent  set t lement  of  an organism may

transfer  metal  f rom the l rater  co lumn to the bed.

Concentrat ions of  metals  are general ly  h ighest  in

nearshore rcaters where e levated nutr ient

concen t ra t i ons  can  suppo r t  h i gh  l eve l s  o f

phy top lank ton .  seasona l  va r i a t i ons  i n  t he  spec ies

compos i t i on  and  s i ze  o f  t he  a lga l  popu la t i on  a re  such
that  phytoplankton accumulat ion and t ransport  of  heavy

metal  in  UK coasta l  naters is  only  of  importance

dur ing the spr ing and summer.  Ar  th is  t ime a lgal

b looms occur  and the phytoplankEon readi ly  adsorb

metals  f  rom t .he l rater  and are t ransported by t ida l  and

res idua l  cu r ren ts .  As  t he  a lgae  d ie ,  some t imes

c a t a s t r o p h i c a l l y  f o l l o w i n g  a  b l o o m ,  t h e  d e t r i E a l

ma te r i a l  f a l l s  t o  t he  bed  t rans fe r r i ng  t he  adso rbed

meta l  f r om the  wa te r  co lumn  to  t he  bed  sed imen t .



}IATNEUATICAL UODEL

I n  o rde r  Eo  mode l  e f f ec t i ve l y  t he  t r anspo r t  o f  ne ta l s

by  phy top lank ton  i t  i s  necessa ry  Eo  mode l  l r a te r

movement (and hence t ransport ) ,  phytoplankton growEh

and  decay  and  the  adso rp t i on  o f  me ta1 .  The  t imesca le

for  the development  and decay of  an a lgal  b loom is

many days.  Ideal ly  nodel  s inulat ions should cover  the

whole of  the per iod when phytoplankton are l ike ly  to

p lay  a  s i gn i f i can t  ro le  i n  me ta l  t r anspo r t ;  t h i s  wou ld

enta i l  s imulat ions cover ing several  months and

necess i t a tes  t he  use  o f  a  t i de  ave raged  mode l  i f  t he

computat ion t ime is  not  to  become excessive.

I t  was decided co est imate res idual  d ischarges f rom an

exist ing p i lo t  rwo layer  2-d imensional  uodel  (TIDEFLOW

2D2L) of  L iverpool  Bay (Ref  11)  which had been

deve loped  to  s imu la te  t he  t ranspo r t , and  adso rp t i on

onEo mud of heavy metals. The TIDEFLOW-2D2L model had

aDproximately  10r000 couputat ional  e lements and used a

t imestep of  a few seconds to s imulate a per iod of  a

few ,  repea t i ng ,  t i da l  cyc les .

L iverpool  Bay and the l lersey estuery were d iv ided into

54 segments,  ( f igs 2-4) ,  each being an in tegraL number

of elements of tbe TIDEFLOW-ZDZL model. In areas

where  the  wa te r  dep th  nas  g rea te r  t han  7m,  a l l  o f

L iverpool  Bay and the l lersey downstream of  the

narro l rs ,  the model  had 2 layers wi th the lower,  bed

hugging,  layer  having a depth of  7m. Tidal  res idual

f lows f rom TIDEFLOW-2D2L were used to speci fy  the

residual  f  lows for  the present  model ,  TIDEI. {EAN-2D2L.

Some adjustment  was necessary to ensure conservat ion

since although TIDEFLOW-2D2L ll,,ad been run to dynamic

equ i l i b r i um the  sma l l  bu t  i nev i t ab le  d i sc repanc ies  i n

res idual  f lows would have g iven r ise to problems when

app l i ed  t o  a  pe r i od  o f  seve ra l  mon ths .



3 .1  Two  l aye r  t r anspo r t

The  t ranspo r t  mode l  used  the  s to red  res idua l s  and

dispers ive d ischarges f rom TIDEFLOI^I -2D2L and was based

on  the  equa t i ons  desc r i b i ng  the  conse rva t i on  o f  mass

Sur face  l aye r

o (v .c )  +  o  (e_.c)  +  o  (e  .c ) -  e .cx  y  ' z

0t 0x 0y

-  a  ( Q D X . C )  -  a  ( Q D y . C )  -  O  ( Q D Z . C )  =  I S  ( 1 )

& 0 y A

Bed layer

A (v .c )  +  A  (e  . c )  +  A  (0  . c )  +  e  . cx  y  ' z
0t 0x 0y

-  a  (QDX.C)  -  a  (QDy.c )  -  A  (QD .g )  =  Is  Q)

where C = concentrat ion (kg/n3)

a  a  O  =  res idua l  d i scha rges  i n  x ,  y  and  z- x r  ' Y r  - z

d i r e c t i o n s  ( n 3 / s )

QD_- QD-_ QD = d ispers ive d ischarges in  x ,  yx t  -  
Y r  

'  z
a n d  z  d i r e c t i o n s  ( n 3 / s )

i S  =  n e t  e f f e c t  o f  a l l  l o a d i n g s ,

source and s ink

te rms  s imu la ted .

Ax6zdy



3 . 2  A d s o r p t i o n  o f  z i n c

In order  to ensure conservat ion the equat ions

governing t .he conservat ion of  mass of  metal

adsorbed/absorbed by phytoplankton need to be solved

in  t e rms  o f  t he  t o ta l  concen t ra t i on  o f  t a l ga l  me ta l l

C = C . C
P m p

where C is  concentrat ion of  a lgal  carbon (kg/n 3)
P

C i s  me ta l  l aLp ,aL  ca rbon  ra t i omp

Algal  carbon is  used here as the roeasure of

phytoplankton s ince t .h is  is  the parameter  used to

model  pr imary product iv i ty .

The source/s ink term for  z inc adsorbed by

phy top lank ton  i s

s =  v(z  -  c  )  i r  c  <z
MP MP

D t
S  =  O  o the rw ise

w h e r e Z = Z  . C
lnax.  mq

Z i s  equ i l i b r i um z inc /a1ga1  ca rbon  ra t i o

Z_^__ is  maximuo z inc la lgal  carbon rat iomax

C_  i s  concen t ra t i on  o f  d i sso l ved  z inc  ( kg /n3 )
m

K i s  d i sso l ved  z inc  concen t ra t i on  when

phy top lank ton  ce l l s  reach  ha l f  sa tu ra t i on

( ks /n3 )



3.3  Pr imary  p roduc t iv i t y

Producc i v i t y  i s  ca l cu la ted  f rom the  tempera tu re

dependent  ruaximum product iv i ty  for  the species of

phytoplankton considered.  The maximum product iv i ty  is

then  mod i f i ed  t o  t ake  accoun t  o f  t he  l im i t i ng  e f f ec t s

of  n i t rate concentrat ions us ing I ' l ichael is- l t lenten

re la t i onsh ips .

PROD = PMAX(T) . p1.nin ( t Z, lrg, lrrr)

where

PUA'(T)  is  maximum product iv i ty  for  species

PMAX(T) = exp (2.30259m T + c)  where m and c are

cons tan ts

p l  i s  l im i t a t i on  due  to  l i gh t  i n tens i t y ( 1 )

e  r  ,  T  
- k " b r .  

,  I  - k " bpi  =  
kd2-br)  L""p( -  1 ;  e  *3-2) -exp(-  

fu  . -^3- l )  ]

b2 is  depth of  bot tom face of  e lement  f rom the l racer

sur face (m)

b1 is  depth of  top face of  e lement  f rom the water

su r face  (m)

Im is  l ight  in tensi ty  requi red for  maximum

produc t iv i  ty

k3  i s  an  equ i va len t  ex t i nc t i on  coe f f i c i en t  wh i ch  takes

account  of  turb id i ty  in  the over ly ing water

P2  i s  l i n i t a t i on  due  to  n i t r a te  concen t ra t i on

c
N

v2= cn * t'tolt



Where  C . ,  i s  n i t r a te  concen t ra t i on
N

MoN is ni trate concentrat ion which would permit  5oz of

maximum product iv i ty.

3 . 4  R e s p i r a t i o n

Losses  due  to  resp i ra t i oo  a re  ca l cu la ted  as  a  f unc t i on

o f  t empera tu re  as

R E S P  =  R P l o . Q r o  ( T  _  1 0 ) . C p
l 0

R P l g  i s  r e s p i r a t i o n  r a t e  a t  1 0 " C

Q19  i s  t he  ra te  o f  i nc rease  o f  r esp i ra t i on  f o r  lOoC

r ise in  tenperature.

3 .5  Mor ta l i t y  o f  phy top lank ton

Phytoplankton losses due to natura l  nor ta l i ty ,  graz ing

by zooplankton etc are t reated in  the model  as a

s ing le  no r ta l i t y  f ac to r

I N A K = M  C
p - p

where  M-  i s  rhe  uo r ta l i t y  o f  phy top lan tc ton  (d -1 )p

4 APPLICAIION TO

LIVERPOOL BAY

I n  o rde r  t o  t es t  t he  me thodo logy  desc r i bed  i n

Sec t i on  3  a  mode l  o f  L i ve rpoo l  Bay  was  se t  up  to

s imulaEe t ide averaged f lovs dur ing summer

cond i  t i ons .

4 .1  T ide  ave raged  f l ows

The  t i de  ave raged  res idua l  f l ows  used  to  d r i ve  t he

model  were obta ined f rom a previous two layer  2

d imens iona l  node l  o f  L i ve rpoo l  Bay .  The  gene ra l

t0



p a t t e r n  o f  f l o w s  i s  i l l u s t r a t e d

to  ad jus t  t he  res idua l  f l ows  to

resu l t ed  i n  a  f ew  l oca l  edd ies

may  no t  be  rea l i s t i c .

4 .2  Nu t r i en t  and  me ta l  l oad ings

in Figure 4. The need

ensure conservat ion

being produced which

The inputs of  z inc in to L iverpool  Bay were taken f rom

a previous study of  the t ransport  of  heavy metals  and

adsorpt ion onto mud par t ic les (Ref  11)  and are shown

io  F igu re  6 .

The only nutr ient  model led was n i t rogen and inputs of

arnmoniacal and oxidised nitrogen were provideil by Dr p

C llead of North West Water Authority and are shown in

Table 3.  The n i t rogen avai lable for  phytoplankton

grolrth was considered to be the sum of aumoniacal and

ox id i sed  n i t r ogen .

4 .3  P re l im ina ry  resu l t s

l lodel  s inulat ions of  phytoplankton product ion in

Liverpool  Bay over  a per iod of  30 days were in  fa i r

agreeoent  wi th observed levels ( f igs 7,  8) .  The z inc

adsorbed by the phytoplankton mass is  lost  through

norta l i ty  and grazing by phytoplankton and the

resu l t i ng  de t r i t us  se t t l es  t o  t he  bed .

The model  ind icated that  wi th an assumed nor ta l i ty

rate of  102 per  day the equivalenr  of  aoproxinate ly  50

tonnes of  ch lorophyl l  a  was deposi ted onto the bed of

L iverpool  Bay.  The maximum concentrat ion of  z inc

adsorbed onto the phytoplankton was 0.359 Zn/g Chla so

that  about  17 tonnes of  z inc (or  102 of  the input  of

d issolved z inc)  r i las f ransferred to the bed v ia

phy top lank ton .  Th i s  f i gu re  i s  on l y  an  i nd i ca t i on

s ince  the  mode l  was  sens i t i ve  t o  res idua l  f l ow

pa t t . e rns  wh i ch  o f  necess i t y  we re  app rox ima te .  I t  i s

1 1



DISCUSSTON AtrD

CONCLUSIONS

thought  however that  these pre l i rn inary resul ts

i nd i ca te  t ha t  phy top lank ton  can  p lay  a  s i gn i f i can t ,

a l t hough  no t  ma jo r ,  r o l e  i n  t he  t r anspo r t  o f  me ta l s .

A mathemat ica l  model l ing method was developed to

s imulate the uptake and t ransport  of  heavy neta l  by

phytoplankton in  t ida l  waters.  The adsorpt ion of

metals  was descr ibed by a Langmuir  adsorpt ion isotherm

based on laboratory exper iments by Davies (1979,

1 9 8 0 ) .

The  theo ry r  i n  t he  f o ro  o f  pa r t i a l  d i f f e ren t i a l

equat ions and empir ica l  re lat ionships was foroulated

to descr ibe the t ransport  of  d issolved and adsorbed

meta l ,  n i t r a te ,  and  the  g row th ,  t r anspo r t ,  se t t l i ng

and oor ta l i ty  of  phytoplankton in  a res idual  coasta l

current .

The methodology hras tested by set t ing up a p i lo t  model

of  par t  of  the I r ish Sea.  The t ransport  model  was

dr iven by resul ts  f rom an ear l ier  p i lo t  model  of

L iverpool  Bay.

The model  s imulated fa i r ly  wel l  an a lgal  b loom in the

near shore,  nutr ient  r ich waters and demonstrated the

uptake of  d issolved z inc d ischarged into L iverpool

Bay .  The  phy top lank ton ,  w i t h  t he  adso rbed  oe ta l s ,

were carr ied nor thward wi th the res idual  coasta l

cu r ren t ,  wh i ch  a l so  ca r r i ed  d i sso l ved  me ta l  ou t  o f

t iverpool  Bay.  l lowever,  the dead phytoplankton

set t led to the bed thereby provid ing a pathway for

d i sso l ved  me ta l s  t ' o  en te r  t he  ben tha l  l aye r .

I f  r equ i red ,  i t  shou ld  be  poss ib le  t o  use  the  me thod

to  s imu la te  t he  t ranspo r t  o f  me ta l s  by  phy top lank ton

in any par t  of  the UK coasta l  waters i f  the res idual

cu r ren ts  a re  p red i c ted  w i th  su f f i c i en t  accu racy .

t 2
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TABLES.





Organisms Type

Phytoplankton Assorted

Prasinecladus greeo
subas ia  f l age l l a t ed

TABLE I

l l e ta l  Concen t ra t i on  Fac to rs

Habi ta r He ta l  Type

ARSENlC

Ecologica I

CADI,IIOM

B a s i s Researcher

t'letLake t { ichigan

lab cul ture
(l{arine)

ldarioe

Lake l{ichigan

Uonterey Bay

Lab culture

Lab culture
(l{arine)

Lab cul ture
(uar ine)

Lake l{ichigan

l{onterey Bay

Lab cul ture
(Har ioe)

Honterey Bay

Hooterey Bay

Stable
isotope

Stable
isocope

COPPER

Ecological

Ecological

Stable
isotope

LEAD

Stable
isotope

Scab Ie
isotope

UERCURY

Ecological

Ecologica I

Radio
isotop€

NICKEL

Ecological

ZINC

Ecologica I

C o n c e n c r a t i o n
fac  co r

1 . 5  x  1 0 3

6 . 7  x  1 0 3

4  x  1 0 3

1 0 3

x  1 0 3

x  1 0 3

Copeland &
Aye rs  ( 1972 )

Kerfooc &
Jacobs  ( f 976 )

Kerfooc
Jacobe

&
( re76 )CJrieotoceres ssp

Phytoplankton

Phytoplankton

Scenedesous

Phytoplanktoo

Phytoplankton

Phaeodacty lurn
tifd;utuo E Diaroos

1 . 2  x

2-a

3 .7 -4 .0

Dry

Dry

Dry

Dry

Dry

Dry

Dry

I,{et

Wet

llet

Assorted

Assorted

green
colooia l

Diatoc

gfe€n
f lagel  lared

Assorted

Assorted

Diatom

2  x  1 0 3

1 x  1 0 3

5 . 9  x  1 0 3

2-2 x IO2

1 - 3  x  l 0 {

Copeland &
Ayers (1972)

l{artin & Kneuer
(tg'r2)

Stokes  (19?5)

Schu lz -Bo ldeg

Ler in (1976)

Schul  z-Ba ldes
Lesio (1976)

Copeland &
Ayera (19?2)

Knauer E l,lartio
( t972)

[.aonon et al
(  1973 )

Knauer & l,tartin
(L972)

Hartin & Knsuer
( 1 9 7 2 )

?hytoplankton As6orted

Phytoplankcon Asaotted

5 . 7 x  1 0 2 Dry

5 . 5 x  1 O 3 Dry



TABLE 2

Adsorp t ion  ra tes  fo r  Z inc  (a f te r  Dav ies)

sarnple z- * (ffi+fif+) r ( pg metat/ t)

a

b

c

0 . 4 2

0 . 2 8

0 . 4 0

1 4 . 7

LL.4

L9.4



ModeI
Segment
number

5

t7

18

25

31

43

44

45

46

47

48

49

50

51

52

53

TABLE 3

N i t rogen  i npu ts  t o

N H g
( rg  H  a -  r ;

34

240

530

r575

1450

410

L250

1  130

1400

20250

1400

6330

560

5000

19000

8

Liverpool Bay

Noa
(re x  a-  t )

630

2L35

4450

t667 5

3100

3390

6150

4900

800

4900

12000

75
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