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ABSTRACT 

Under rhe d ry  t r o p i c a l  c l i m a t e  o f  New Caledonla, fe r rug inous  sediments 
ercdcd from p e r i d o t i t e s  o f  t he  Dumbga dra inage bas in  were deposi ted i n  a Holo- 
ceric d e l t a i c  s t r u c t u r e .  Ilangroves grew i n  t h e  d e l t a i c  marginal  depressions. 
' Ï i iei~ firare separated by a hypersa l i ne  marsh from the  saGanna on top  of the 
I P . V B ~ S .  
The water t a b l e  i n  mangrove soil was Fed by t he  f i r s t  water o f  the  f l ood ,  
w h i ~ h  was brack ish,  and occas iona l l y  by r a i n  a t  low t i d e .  I t  formed a brack- 

ther  i n f i l t r a t i o n  o f  s a l t  water a t  h igh  t i d e .  That brackish-water l ens  per-  
meated s lowly  toward t h e  hypersa l ine  marsh where i t  was concentrated by evapo- 
r a t i o n  up t o  Z.5X t h e  c h l o r i n i t y  o f  sea water. I n f i l t r a t e d  water, d isso lved 
s i l i c a  from diatom and o the r  sources i n  the  c e n t r a l  mangrove swamp, w i t h  the  
help o f  o rgan ic  mat ter ,  up t o  200 ppm, and redeposi ted i t  on the way t o  the 
hypersa l ine  area. In  t h i s  process, quar tz  was synthesized everywhere and 
most ly under Eh cond i t i ons  where i r o n  was l e s s  so lub le :  i .e. ,  a s t r o n g l y  re -  
ducing environiment s u i t a b l e  t o  p y r i t e s  (mangrove s o i l )  o r  o x i d i z i n g  env i ron-  
ments s u i t a b l e  t o  i r o n  hydroxides (hypersal  ¡ne marsh). Under in te rmed ia te  Eh 
condi t  ions such as the f r o n t a l  area between swamp and hypersal ine marsh en- 
vironment, i r o n  was so lub le  and combined w i t h  s i l i c a  t o  form non t ron i te ,  and 
the pore water content  i n  s i l i ç a  was rhen l i m i t e d  t o - 1 3  ppm, 

Diatoni f r u s t u l e s  enr iched t h e  sediments o f  t ire swamps w i t h  s i l  ¡ca. 

a ish-water lens i n  the  s o i l  o f  t h e  c e n t r a l  mangrove swamp and prevented f u r -  : 
i: 

INTRODUCTION 

Mangrove remnants i n  Holocene and P le is tocene sediments from Mew Cale- 
donia a r e  o f t e n  associated w i t h  s m e c t i t i c  c lays  ( ¡ . e o 9  c l a y s  r i c h  i n  silica) 
auid w i t h  quar tz  'deposi ts ,  even i n  'dr'3lnagk bas ins almost complete ly  s i t u a t e d  
on outcrops o f  u l t r a m a f i c  rocks,  o r  on t h e i r  deeply weathered s o i l s .  The 
purpcrsl;: uf- my work was t o  check i f  t h a t  co inc idence i s  a l s o  found i n  very 
recent sed iments. 

seasoïrs o f  subt rop ica l  an t icyc lones  (From JLjne t o  August) and i n t e r t r o p i c a l  

leve1 is 26 C i n  February and 20 C i n  A u g u s t .  R a i n f a l l  i s  approximately 
I ,(ICHJ inin a t  sea   eve^^ and more ti-ian ~ , O O O  utili i n  the mountains. 
r izaires reach the  , i s l a n d  in te rm i t te r r t ' i y .  
miil a di.y, f o r  instance. 

New Caledonia l i e s  between 20" and 22's. I ts  c l i m a t e  a l t e r n a t e s  between 

: lokv" uressures (doldrums) from December t o  March. Mear1 temperature a t  sea 

T rop ica l  tiur- 
They b r i n g  heavy r a i n s  o f  up t o  500 

I Evaporat ion r a t e  i s  1,000 n - d y r  (Giovannel I i 1953) e 

Approxirnate1y 80% o f  the  drainage b a s i n  o f  ciur study l a y  on an u l t r a -  
: inafl i; iaass i f  i n  which u l t r a m a f i c  rocks a r e  found w f t h  some bas ic  f e l d s p a t h i c  

mcku aiid a 1 i t t l c  g r a n i t e  ( G u i l l o n  1973).. Thc rc!maining 20% o f  t he  bas in i s  
o f  lo;.ii h i l l s  ai' :edirnentary and o l d  vo lcan ic  rock:,. 
%!IC:;G~ h i l l s  rece ive  1 : t t l e  r a i n f a l l  and do no t  account apprec iab ly  i n  t h e  

Because they a r e  law, 
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balance of sedimentat ion.  Most sed i i f im ts  m i l e  %roiil t he  u l t r a m a f i c  massi f .  

southern u l t r a m a f i c  massi f  o f  New Caledonia, Weathering d i sso l ves  magnesium 
arid silica o f  p e r i d o t s  and pyroxenes a'nd these elements a r e  found in r u n o f f .  
Consequently, i r o n  hydroxides concentrate (jn the  f i e l d  w i t h  Mn, Co, C r  and A l  
due t o  gabbro, 

The elements o f  these solls are  t ranspor ted  by mechanical e ros ion  
(Ealtzer and Trescases 1971). 
l ess  than 5,000 years ayo, increased the mechanical e ros ion  r a t e  and resu l ted  
i n  r a p i d  f i l l i n g  o f  r i a s  formed dur i r ig  tile prev ious g l a c i a l  Pow sea l e v e l .  A 
se r ies  o f  sinal1 de l tas ,  such a s  the Duinbea River  De l ta ,  i s  a consequence o f  
th i s  recent  movement. The Holocene marine t ransgress ion  i s  a t  present  slow, 
b u t  is recover ing p a r t  o f  the  land exposed dur ing  the  b u i l d i n g  o f  the  de l tas .  
Iha Duiiihea River  De l ta  developed i n  a r i a  whIch l a y  perpend icu la r  t o  the  a x i s  
of the geo log ica l  f o l d ? .  Consequeittly, the  r i a  is a succession o f  wide reaches 
separa ed by narrow passages a t  t he  c ross ing  o f  hard rocks.  The upstream p a r t  

.of t he  d e l t a  is an a l l u v i a l  p l a i n  which fiPls t he  r i a .  The downstream p a r t  o f  
the de t a  i s  made o f  one channel, except for a d i v i s i o n  by a small i s land.  
Natura levees on each s i d e  o f  the  channel separate i t  from the  marginal  
bas ï i rs  On the  l e f t  bank, t he  marginal  bas in  has been almost complete ly  
filled w i t h  mangrove swamp and s a l t  marsh deposi ts .  A narrow channel d ra ins  
the  depression i n  the  middle.  On t h e  r i g h t  bank, the f i l l i n g  o f  t he  marginal 
bas in  Í S  not  complete and a small lagoon c a l l e d  "Baie Hof f "  is a remnant o f  
the furiner r i a .  I t s  water w i l l  be r e f e r r e d  t o  as "sea water" i n  the  fo l low ing  
pages a l though the  upper ?aye r  i s  brack ish.  

i3etwcen the  Uumbea Chaiinel and Baie H o f f  a r e  a levee, a hypersal irle 
irtarsh, and a rcangrove swamp over  a w i d t h  o f  600 m ( F i g .  I ) *  
pzzui;ix grass and var ious  t rees  (CasuaPina equCsetifoZia L e )  develop on a r im-  
h a l i n e  sa i l . '  The limit o f  the  levee i s  shown by SporoboZus .vi.rginicus L. and 
Lzmnibzera racemosa (L.) Gaertn. SaZicozwia aus tra l i s  Solander ex Fors te r .  
grows o!: the  s a l t  marsh. Patches o f  f l a t  covered w i t h  a l g a l  mats o r  even bare 
pateires a r e  found i n  t h e  m i d d l e  o f  t h e  SaZioornia zone, i n  areas o f  extreme 
sal iraity, Mangrove swamps a r e  populated w i t h  Au&wnnia off?cinaZ<s L .  on 
their  s a l t  marsh s ide,  and by Rhíkophoraceae i'n ' t he  o the r  areas (Rhizophora 
:rritworuta Lamk. and Bruguiera er.yopeka2.u Wight and Arn.). 

Ï rescases (1973) s tud ied  the  weather ing of u l t r a m a f l c  rocks o f  the  

A recent  upheaval o f  t he  i s l a n d  (Bal tmer '1970a), 

,,". 

On t h e  levee, Im- 

PRESENT SEDIMENTATION 

Usual ly ,  sedimentat ion r a t e  i s  very  low. A f t e r  an o r d i n a r y  shower, 
r i ve r .  water becomes red, bu t  no s i g n i f i c a n t  amount o f  sediment i s  c a r r i e d  i n  
:;uspension by the  r i v e r .  On the  c o n t r a r y s  du r ing  hurr icanes,  f l oods  may be 
1,000 m'/sec, w i t h  700 mg/R o f  suspended minera l  mat te r  and the  r i v e r  over-  
F lows the  levees and f i l l s  marginal  b a s i n s .  A f t e r  a hurr icane,  a l a y e r  o f  
ricw!y--laFd fe r rug inous  sand o f  a few cm deep was found on the  levee and a 
layer'  o f  s i l t  a few mm deep and a c l a y  f r a c t i o n  approx imate ly  orle mm deep 
w r e  found on the  swamp. 
::o t k  swamp, as d i d  th ickness,  and the  d e l t a i c  morphology was bui1. t  and main- 
ta ined by hur r i cane  floods. 

'rise maisgrove swamp i s  a lmost  f l ' a t  i n  t h e  i n t e r i o r  bu t  s lopes s teep ly  fo r  
$0 m be fo re  reaching Baie Hoff. 
present a 'ccret ion.  
which a lso  is very f l a t . -  The steep slope o f  t h e  50 ni of t he  ou te r  mangrove 
suggests t h a t  p a r t i c l e s  s e t  i n  suspension by small waves i n  Baie Hoff  s e t t l e  
w k r e  wave a g i t a t i o n  i s  damped by Rhizophora roots .  A lso,  abundant organic  
pr i rduct îon i s  p a r t l y  respons ib le  f o r  t h a t  l o c a l  sedimentat ion.  

Therefore,  mean ' g ra in  s i z e  decreased from the  levee 

There, sediments a r e  a very s o f t  mud from 
It i s  'very s i m i l a r  t o  t h e  mud on the  bottom o f  Baie Cloff, 
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I M P E R ,  

Figure 1 .  Distribution of plants, fron levee t o  bay, and distribution o f  
chloride ions in pore water of sediment. 

STUDY OF SEDiMENTS 

Sedimentary prof i ¡es were cietermined with an  auger at places where an 
accurate measurement of soil level could be made. To keep a.complete record 
of the cores, S I  ices were c u t  lengthwise alolic~ them using'direct current to 
keep the knife b1ade clean. Special samples f o r  ciiemical and mineralogical 
analyses were coliected a t  depths selected e.ither by visual criteria or by 
regular spacing in the case o f  cores w i t h  1 ittle variation. 

Pore water o f  sedinients was obtained with a pressure membrane extractor 
at 30 bars, 
co3H*', I<+, !da+, Mg++, and Ca+*. 

The water was analyzed quantitatively for. Cl-, S i o z ,  S O I + " ,  

Mineralogical analysis was by X-ray diffraction methods. Chemical 
a r i a l y s i s  was carried out on coniplete sediment samples without size fraction- 
ing. R e s i i l t s  are given in percent of total mineral (loss on iynitioii de- 
d u c e d ) .  Samples were treated with hot perchloric acid t o  dissolve secondary 
s i l i ca t e s .  
tion. 'The quantity of silica after dissolution i s  referred to as "soluble 
s i l i c a . ' '  The main si l  ìcates that are unaffected by perchloric attack are 
quartz, pyroxene an3 talc. They are referred to as the "insoluble fraction." 
A comparison with the results o f  anaiysis for t o t a l  silica (by X-ray fluores- 
cence) demonstrated that "soluble s i l  ica" + "insoluble fraction'' nearly 
equalled total sil ¡ca. Most o f  the insoluble fraction was quartz, especially 
when t h i s  fraction was abundant. 

The residue was then dissolved i n  dilute sodium hydroxide solu- 

Many quartz g r a i n s  were observed thrcugh a scanning electron microscope 
Ex- eql-lipkied with an X-ray analyzer for  chemical quai itative determinations. 

aminafion of quartz was performed using principles of Le Ribaul t (1974). 
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. S i l t $  ai i ì"c1ayey s m d s  on o f  t i le  levee ( ~ i g .  2) currtain ' a n t i g o r i t e ,  
quar tz ,  g o e t h i t e ,  pyroxene, maghemite, chromi te  and a l i t t l e  olivine. A l l  
these m ine ra l s  o r i g i n a t e d  i n  the  u l t r a m a f i c  rocks. Sedimentary and vo l can ic  
format ions downstream add quar t z  and f e ldspar .  
than 2 pm)  i s  mainly a n t i g o r i t e ,  goe th i te ,  a l i t t l e  t a l c ,  k w l ! n i t e  acd smec- 
t i t e .  Ferruginous g e l s  and amorphous s i l i c a  may account f o r  one - th i rd  of t he  
f i n e  f r a c t i o n .  

The f i n e r  f r a c t i o n  ( m a l  l e r  

O l O O m  i 

2.0m 

1.5 

1 .Om 

0.5 

F igu re  2. D i s t r i b u t i o n  o f  sedi inent, p l a n t  d e b r i s  and roo ts .  

On t he  hypersall i n e  marsh, sediments have a m ine ra log i ca l  composi t ion 
which i s  very s i m i l a r  t o  the  f ine r -  f r a c t i o n .  II 

Tota l  s i l i c a  conten t  o f  the sediments of t h e  levee i s  lower than 50%, 
which i s  low f o r  a d e t r i t a l  sand  (Fig'. 3 ) .  It con ta ins  l e s s  than 20% o f  t h e  
i n s o l u b l e  f r a c t i o n  ( F i g .  4 )  and 2ir t o  252 o f  the  s o l u b l e  s i l i c a .  I n  the  man- 
grove s~vanps, s u p e r f i c i a l  sediment o f  the  niaraginal bas in  con ta ins  much o rgan ic  
mat te r  which g i ves  i t  a peaty aspect. 

The minera1 f r a c t i o n  (non-carbonaceous compounds) ~ a l though sometimes 
mt e a s i l y  seen, i s  always p!-esent as more than 50% o f  t h e  d r y  weight,  even 
i n  the  most peaty so i l s .  A s u p e r f i c i a l  layer o f  c l a y ,  one cm t h i c k ,  i s  often 
present on t o p  0.f sediments of  t he  inner mangrove swamp. 

Total s i l  i c a  conten ts  i n  a l !  the  s u p e r f i c i a l  sediment? o f  t h e  swamps 
were g rea te r  than those on . t h e  leves. T'ne i n s o l u b l e  f r a c t i o n  s t r o n g l y  in -  
creased i n  aniol:nt i n  t h e  ¿ireû of core "Di', due t o  a g r e a t  abundance o f  qua r t z  
g ra ins  ( F i g .  4 ) .  Most g r a i n s  a r e  bipyramided automorphous c r y s t a l s .  Many of 
these c r y s t a l s  a r e  coated w i t h  a f i l m  o f  sil  i ca  ( F i g .  5) .  Approaching the  
hypersal ir le marsh, t he  s i l  i c a  f i l m  becones more constant.  Under t h e  surface 
i n  t h e  h y p e r s a i j n e  marsh? t h e  f i l in i s  so t h i c k  t h a t  o n l y  t he  general c s y s t a l -  
1 i n e  shape i s  reni iniscerrt o f  ti quar t z  g r a i n  ( F i g s .  Sc and d ) .  

1 -' 
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F i g u r e  3. D i s t r i b u t i o n  o f  total s i . 1  ica i n  s e d i r l e c t s .  
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F i g u r e  4. D i s t r i b u t  on of  t h e  insolclble f r a c t i o n  i n  sediniepts. 
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Figure 5. Quartz crystal  s .  a )  authigenet ic crystal  crystal  from mangrove 
swamp ("D" core) ; b) crystal  i n  s i l  i c a  bal 1 (summits of quartz 
pyramides a t  upper l e f t  and  lower r igh t ) ;  c )  crystal  from hyper- 
s a l ine  soi l  under the marsh, covered w i t h  layers o f  s i l i c a ;  
d )  upper portion of  "c" showing detai l  of outer deposition of 
s i l  Ica.  
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be seen. Soluble s i l i c a  conten t  o f  the  sedinient (sof t :  mud) i s  maximal near 
the  B a i e  Hof f .  S c d i m e r > t 4 i  there c o n t a i n  many i n t a c t  (F ig .  6) o r  fragmented 
( F i g .  10)  d iatom f rustules .  l~i.~!o7z.t?1::: -I:nfcz-fiupt.íz, P. o v a l i s ,  D. .smithii ,  
,Vt!?os?uA:r d x b f ~ i ,  and Gyiw,*~~,wz w'ere i d e n t i f i e d  by D r .  Fusey on Scanning Elec- 
t ron M i crog raphs . 

F i g u r e  6. Preserved d ia tom (DipZn- 
neit; ova l i s )  f rom sed iment. 

To sum up, I observed t h a t  n e w l y - l a i d  sediments on t h e  levee are,  as a 
' whole, t h e  poorest  i n  s i l i c a  whatever the  g r a i n  s i z e .  On the c o n t r a r y ,  very  

recent  sediments o f  t h e  mangrove swamp always conta ined more s i l i c a  ( t o t a l  
silica 60-65%). That conten t  i s  due i n  p a r t  t o  d e p o s i t i o n  o f  d ia tom Frus- 
tules  and t a  a l a r g e r  i n s o l u b l e  f r a c t i o n  due t o  q u a r t z  fo rmat ion .  I n d i v i d u a l  
q u a r t z  c r y s t a l s  show f e a t u r e s  t h a t  s t r o n g l y  suggest growth was underway i n  
t h e  sediment (F ig .  7 ) .  Also,  i n d i v i d u a l  c r y s t a l s  a r e  very  small  when t h e  in- 
s o l u b l e  f r a c t i o n  i s  n o t  abundant and a r e  l a r g e  when i t  i s  abundant. 

F i g u r e  7. Small a u t h i g e n e t i c  
q u a r t z  g r a i n  froín the  o u t e r  
p a r t  of t h e  mangrove swamp. 
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Deeper sediments o f  t h e  levee a r e  made of c layey  sand and sandy c lays .  
The f l n e  f r a c t i o n  conta ined very abundant and w e l l - c r y s t a l l i z e d  smect i te.  
D i s t r l b u t l o n  o f  smect i te  i n  t h e  f i n e  f r a c t i o n  appears i n  F ig .  8 as an elon- 
gated isosceles t r l a n g ! e  l y i n g  under t h e  levee, w i t h  the  bases p a r a l l e l  t o  
t h e  b l u f f  o f  t h e  channel bank. 
g ra ins  wer.e present  c l o s e  t o  t h e  channel. They were formed i n  s i t u  ( B a l t z e r  
and Le R i b a u l t  1971). 

I n  t h e  coarse f r a c t i o n ,  p o l y c r y s t a l  1 ¡ne q u a r t z  

7 5  t o  80°/n 

8 0  t o  8 5  

8510 90 

> Q O  
0.5 

Figure  3. D i s t r i b u t i o n  ol: smect i te  i n  t h e  f i n e  f r a c t i o n  ( l e s s  than 2 p) o f  
sediments. 

- 
I he t o t a l  s i  1 i c a  content  increased from sur face  t o  bottom everywhere i n  

the sediments of  the  levee (F ig.  3) and the maximum concent ra t ion  was found 
under t h e  hypersa l ine  marsh. D i s t r i b u t i o n  o f  s o l u b l e  s i l i c a  was i n  t r i a n g u l a r  
i s o p l e t h  p a t t e r n s  remin iscent  o f  t h e  smect i te  t r i a n g l e .  
t h a t  smect i te  i s  the  minera l  t h a t  conta ined most of t h e  s o l u b l e  s i l i c a  i n  t h a t  
a rea. 

Isop le ths  o f  d i s t r i b u t i o n  o f  t h e  i n s o l u b l e  f r a c t i o n  a r e  g e n e r a l l y  p a r a l -  
l e l  t o  so lub le  s i l i c a  i s o p l e t h s  (F igs.  4 and 9 ) ,  b u t  a r e  o f f s e t  w i t h  respcct  
t o  them. Isop le ths  o f  t h e  i n s o l u b l e  f r a c t i o n  a r e  deeper under  the levee and 
f u r t h e r  i n s i d e  the  mangrove (apar t  f rom t h e  hypersa l ine  marsh) than are  iso- 
p l e t h s  o f  so lub le  s i l i c a .  

I n  the  mangrove swamp, the  sediments under t h e  sur face  were main ly  a 
f e l t  o f  r o o t l e t s  and decaying vegetal  mat te r  w i t h  f i n e  minera l  p a r t i c l e s .  
t h e  midd le  o f  the mangrove, i n t a c t  d iatom f r u s t u l e s  were scarce bu t  remnants 
were numerous (F ig.  10). Near Baie H o f f ,  diatoms were present i n  g rea t  num- 
bers,  e i t h e r  complete or  i n  pieces. The content  o f  t o t a l  s ; l i c a  (F ig .  3 )  i n -  
creased w i t h  depth across t h e  t ransec t .  A t  in te rmed ia te  depth (about 0.50 in) 
t h e  coqtent  o f  t o t a l  s i l i c a  increased g r a d u a l l y  f rom t h e  bay toward the hyper- 
s a l i n e  marsh, except f o r  an area i n  the midd le  o f  t h e  mangrove swamp (under 
c o r i n g  "C") where t o t a l  s i l i c a  content  was low, almost as low as on the levee. 
The i n s o l u b l e  f r a c t i o n  content  increased between Baie H o f f  and t h e  hypersa l ine  

I t  i s  very  l i k e l y  

I n  
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S U R FAC E WATE K #MOVE 
(Figure I I )  

. .  ~ .. 
marsh < F i g .  4 ) .  soli;bj~ .: i i 3 ;L i f '  ~ ! ;:; t i . j + I t . ~ l ;  was f3igbbr$r 
where i n  inangrove so l l s  t t i q r l  w t ne  levee, vias re;narjisbi.j Tuw i n  , the midcl!e 
o f  t h z  mangrove. swamp (lower p a r t  of c o r i t q  "Ci ' )  e 

f r u s t u l e s  were d i sso l v ing ,  i t  i s  very  1 i k e l y  t h a t  tkeir ' d i s s s l u t i d n  was re- 
sponsible f o r  t h e  observed decrease i n  the  so lub le  s i l  ica content  o f  the sedi- 
ment. 
s i l  Ica suggests t h a t  i nco rpo ra t i on  of  frusttrles added a siynlficank ci(iir~un.1: of  
soluble s i l i c a  t o  the mangrove sediments. It a l s o  su~jgcs.ts t h a t  p a r t  c ? f  t h i s  
so lub le  s i l  i ca  d isso lved l a t e r .  Moreover, enrtchment o f  the  sedImerits by 
quar tz  and smect i te  was observed irr the lower p a r t  o f  the levee, under the 

A s  we kiiow t h a t  CI Îatan 

A camparison o f  d ' í sz r i bu t i on  o f  diatom f r u s t u l e s  witii , that  of so lub le  

hypersal ir le marsi:, and i n  t h e  p a r t  s.ï mangrove swariip c'Isse t o  
gests that: silica reieassri by soicrtiori of  dia.';: in frustu!es 

ït. T h i s  sug- 
I n  rieofcr; i s  uset? 

mation of quar tz  and smect i te ,  

i4E EiT S 
, .  

F i gu re  9. D i s t r i b u t i o n  o f  soluble silica i i i  sediments. 
1 

I .  

i 



Figure 10. 
sediment 

M 

Fragments of diatoms 
of the mangrove swamp. 

\ 

E 

l 

i n  

F i g u r e  i 1 .  Sketch CJF surface and so i l  water movements by gravity (black 
arrows) a n d  other- processes (white arrows). 

P O R E  WATER MOVEMENTS 

Infiltration of  . z e d i r i r r l t  by superficial water and movements of pore 
water are controlled b:: the perrneabi I i t y  o f  sediments. 
highly permeable, bu: ~ ~ e 1 - e  iqterpingied with silt and clay which become pre- 
dominant near- t.hz hyper-sa l  ine marsh. 
lower p a r t  of the l e v ~ e  impermeable, making t h e  levee an impermeable body of  
sediments. Conversely, t h e  s m a l l  ?ores a n d  canals between very small grains 
enhaqced the c a p ¡  1 i a r y  f o i  ce\ that moved water through clay layers. 

Sands on the levee were 

A l s o ,  the smectite triangle made the 



Under the  levee $vere b lack  ~ i t l ~ . ~  ~ : i ; ~ : t - ,  c :~~, : .~~ 
roots  (Fig.  2) .  They had a good penneábif I t y .  

I n  the  midd le  o f  the mangrove swamps the  felt-like inangrove peat,  which 
was penetrated at: t h e  ilpper p a r t  by i imuinerable crab holes,  was h i g h l y  perme- 
able, The l a y e r  o f  c l a y  on top  o f  i t  contained mariy crab kunnels and w%s not 
e f f i c i e n t  as an impervious screen. Toward t h e  Baie H o f f ,  the s o f t  iiit~d 'VES 
much less  permeable than peaty s o i l .  
amount o f  t he  water i n  the  permeable peaty soil was a b l e  t o  f i l t r a t e  toward 
Baie Hof f  through the  l ess  permeable s o f t  m d ,  It may also have f i l t r a t e d  
under the  levee through the  b lack  sands taward Dumbea Channel. 
sea water from Baie H o f f  reached the  c e n t r a l  riiangrove and added t o  t h e  water 
t a b l e  (Fig. 1 1 ) .  

l earn  the main c o i i t r o l s  o f  movement of pore wacer t h r w u y h  sediments, 
whole, rhe  s o i l s  conta i l ied s a l t y  pore water.  Near Baie H o f f  andl t h e  Durnbea 
River channel c h l o r i n i t y  was ve ry  i t ea r l y  t h a t  of sea water ( a p p r o x i m t e l y  
20 p p t  Cl-), 
t i o n  per-rnanently d r i e d  the  so i  1 sur face (except d ~ l r i t i y  occas ional  r a i n s  and 
r i v e r  f loods) .  
water, Concentrat ion i n  ground water was a l s o  ev ident  i n  the p a r t  of  mangrove 
swamps l y i n g  c l o s e  t o  the  hypersa l ine  marsh. T h e  conrent  of  C 1 -  i n  the  hyper- 
sa l i r ie  areq was h igher  a t  a few dm depth than it was near t h e  surface. 
was due t o  r a p i d  decrease o f  r h e  c h l o r i d e  ion content  near the  sur face  when 
r a i n  o r  f l o o d  ( r i v e r  o r  t i d a l )  covered the  hypersa l ine  marsh, The decrease i n  
c h l o r i d e  content  proceeded f a s t e r  than d i d  t h e  increase i n  water content  
(Ba l tzer  1970b, Smith 1972, V i e i l l e f o n  1974). Sometimes sa l  i n l t y  increased a t  
the sur face o f  t h e  soil 

water ind ica ted  a lens o f  b rack i sh  water i n s i d e  the fe l t -1  i ke  mangrove peat 
and the ?agoon c l a y s  under i t  (F ig.  I ) .  'The l ens  was s l m i l a r  t o  t h e  Ghyben 
Herzberg lens o f  f r e s h  water a long sandy  shores. St \Jas l i m i t e d  t o  the  cene 
t r a l  marrgrove s o i l ,  í : e . $  t o  a s o i l  l y i n g  ur\derGatr ir i lert idal  area. The IOW- 
est  c h l o r i d e  i on  measurement was approx imate ly  '11 p ~ i :  ïn t h i s  t ransec t ,  whereas 
i t  was 8 ppt  i n  the  t ransec t  where we observed the  m in ima l  value .  The lenses 
o f  brack ish  water a r e  c e r t a i n l y  no t  -cransieiit fea tures  because they were found 
i n  a l l  o f  t he  6 t r ansec ts  through the  Dtimbea Delta marigrcfves. Also,  disrribu- 
t i a n  O F  Brztyuienx eriopetaia niatched the areas where the  c h l o r i d e  content  of 
pore water was below 20 ppt.  As B ,  e r iop taZa  i s  known t o  p r e f e r  d i l u t e  sea- 
\water, t h i s  i s  evidence t h a t  t h e  b rack i sh  lens i s  r a t h e r  permanent. 

the hypersal ine marsh and subterranean water rilovement cannot e x p l a i n  i t s  low 
s a l i n i t y .  Therefore,  i t  i s  most l i k e l y  t h a t  r a i n s  and ser ious  r i v e r  f loods, 
when they occurred dur ing  low t i d e s ,  r e f i l l e d  the r e s e r v o i r  c o n s t i t u t e d  by the  
permeable p a t y  soi l  surrounded by much l e s s  perrileable s o i l s  (F ig .  1 ) .  
this WZY, rhe water t a b l e  remained samc&at h igher  at: IOW t i d e  inside the 
peaty s o i l  becairse brack ish  wdter,  which I s  1 ighter.,  res ted  on heavier  s a l t  
water fhsx d i f f e r e n c e  in, he igh t  prevented repIacemt;rtt c;f tkic b rack i sh  Nacer 
lens by s a l r  water a t  h igh  t i d e ,  O i s t r i b u t i o n  o f  chiorinity across our 1:ran- 
seti: suggests a p a t t e r n  o f  moveirierif: o f  pork water xhi-ouyh the  sedirfientsm 
íiler'c weye ( 1 )  an area where pore water ccmce\ i t rated due t o  evaporat ion I n  the? 
hyper-sal i n e  marsh and (2) an area where semalter was d i l u t e d  by r a i n s  arrd 
fresh w a t e r  f l o o d s  i n  the  mangrove swamp. Ï h e  brack ish  water Ieris was neces- 
s a r i l y  a h i g h  p o i n t  on th5  water t a b l e  i r ,  t h e  si,wiipi a t  l e a s t  dur i t ig  low t i d e ,  
From t h a t  h i g h  p o i n t  water permeated sloz.rly tuwara Baie H o f f  on one s ïde  and 
the hypersa l ine  marsh on the  other.. A t  'iaw t i d e ,  water f rom the  brack ish  l ens  
proceeded per descmuzur and per  ZatemZwii. 

Nevertheless,  at: low t i d e ,  a sFgnI f ' icant  

A t  h igh  t i d e ,  

D i s t r i b u t i o n  o f  c h l o r i d e  ions ( F i g .  I )  i n  the pore water was used t o  
As a 

I n  the  areas r a r e l y  covered by sea water a t  h igh  t i d e ,  evapora- 

I t  concentrated the  ground water up TC) 2.5 t imes t h a t  o f  sea- 

This  

I 

I n  the midd le  o f  t h e  mangrove swamps, d i s t r i b u t i o n  o f  c h l o r i d e  in pore 

The b rack i sh  water lens was insu la ted  between sea water o f  Ba ie  Hoff and 

I n  
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When d r y  wea the r  3re:vai l e d ,  the  moverïienL \,as c e r t a i r ! Ì y  dccd. lerated by 
evaporat ion i n  t h e  hypersal  ¡ne marsh. Eep ! j cewn t  o f  evz!porat.ec! v ~ a t e r  i n  t h e  
a r e a  o f  c o r e  "F" induced two :onverging pore w a f e r  f1:M: wkiib.! :ne: under " F . "  
@ n e  f loi., came from tt.:e b r a c k i s t i  l e r ? s ,  t he  c~th::i.. :!-cm the @\!r*;ci>cj channe! .  Bc,ct i  
c u r r e n t s  were 1 i k e l y ,  t o  be nore  e f r ' c c c i v e  i n  t h e  b1dc.k sand ¡ a y e r .  

t e r n  o f  water movement occurred.  Yhere organic m a t t e r  i s  zkri:ibant, a s  ¡il 
water logged soi l ; ,  b a c t e r i a l  a c t i v i t y  c a u s e s  reduciny c o n d i t i o n s  (esas Bec4inr; 
e t  a l .  1360). D i s t r i u u r i o n  o f  Eh i n  the c ross  sec t ion  ( F i q .  1 2 )  deronst r .? tes 
t h a t  m n g r w e  soils. as a whole, z r e  strc,ngiy reducing. Thc c r a s s  rection 
a l s o  demonstrates t h a t  every p o s s i b l e  or:icl,+tion process i s  v e r y  e f f e c t i v e  i n  
i n c r e a s l n s  t h e  E h ' i n s i d e  th!: seciiicenI:: even t h a t  i : i  contac t  w i t h  m ~ ~ c i i  o rgan ic  
mat te r .  Among these processes i s  the  p e r c o l a t i o n  o:' viacer w h i c h  weis ?re-  
v i o u s l y  i n  contac t  w i t h  t h e  at- ic?spiere throurjh pernier7.hIe s e d i n e r t s ,  For i n -  
stance, contac t  o f  t h e  ,,Jater t a b l e  uf tt-ie manyrove v J i t : h  cpzr! seawater  sharp ly  
reversed the reducinc, cond i t i c j f i s  near B a i e  H o f i l ,  S i v ! i l a r l . / ,  p e r c r . l a t l o n  of 
water  f rom the  Dumbea R iver  Channel toward the  i!yoe.i-sai ¡ne ci;?rsh !.Lirough t h e  
b l a c k  sands r e s u l t e d  i n  hiqhe1-. Eh f i g u i - e s  :han would be ex;zected base.? on o r -  
gan i c  m a t t e r  c o n t e n t ,  

E lect rochemical  rrieasuremenrs prov ided LIC a means cc the::;. i ï khat p a t -  

FEqure l î .  

I n  the m i d d l e  o f  
f r e s h  water  occas ional  
Eh was s i g n i f i c a n t l y  h 
p o r t s  the  idea t h a t  ox 
a rea. 

I n  areas where c 

I s i t u  measurements o f  E h  o f  sedir?ents. 

t h e  mangrove swamp, i n  the  a r e s  w h e r e  we showed t h a t  
y f i l t r a t e d  t o  feed t h e  water t a b l e ,  we observed t h a t  
gher i n  the  ne ighbor ing  p a r t s  o f  the swamp. T h i s  sup- 
d ized  water permeated t h e  so i l  of t h e  swamp i n  t h i 5  

r c u l a t i o n  o f  pore kdater i s  impeded, reducing c o n d i t i o n s  
a r e  enhanceâ and induce very  low Eh va lues i n  sediments w i t h  much oryar , ic  
mat te r .  For ins tance,  t h e  b r a c k i s h  water lens  permeated very slowly ( th raugh 
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s o f t  nud) toward Baie Hoff.  T h i s  caused the lowest Eh found on t h e  t ransec t .  
A lso,  under the  hypersa l Íne  marsh t h e r e  was a p o l n t  o f  convergence o f  pore 
water from t h e  swamp on one hand and from the  channel on t h e  o t h e r  hand. I n  
t h i s  area, water probably  stayed a long t ime b e f o r e  i t  e v e n t u a l l y  evaporated 
causing low Eh. 

marshes, were o x i d i z i n g .  
and c o n t a i n i n g  s l i g h t l y  more organ ic  m a t t e r  near the  sur face,  had lower Eh 's  
as t h e  sur face  than a t  depth. 
m i t t e d  through the  levee and s a l t  marsh from t h e  b l u f f  o f  t h e  bank on t h e  
r i v e r  channel. 

ment pa t  te rn .  

d i s t r i b u t i o n .  The water logged s o i l s  r i c h  i n  o r g a n i c  mat te r  o f  t h e  mangrove 
were t y p i c a l l y  sl i g h t l y  a c i d  ( 6 . 8 ) .  Dry areas c o n t a i n i n g  1 i t t l e  o rgan ic  mat- 
t e r  ( levee and s a l t  marsh) were t y p i c a l l y  h igher  than 7 ( f rom 7.0 t o  8 .2 )  and 
were s i m i l a r  t o  bo th  seawater and Dumbea R iver  water.  The h igher  f i g u r e s  were 
found i n  t h e  most hypersa l ine  c o n d i t i o n s .  k f e h  o t h e r  processes made pH d i s -  
t r i b u t i o n  more complex. She1 1 d e b r i s  reaching equi  1 i b r i u m  w i t h  pore water 
g i v e s  h i g h  l o c a l  pH measurements and mar ine water d i f f u s i o n  has a s i m i l a r  e f -  
f e c t .  Ox ida t ion  o f  s u l f i d e s  o f  mangrove ç o i l s  by p e r c o l a t i n g  water lowers pH 
values.  The low pH area ( 6 . 4 )  o f  the  c e n t r a l  mangrove i n  the  area o f  the  
b r a c k i s h  water lens  i s  a new c o n f i r m a t i o n  t h a t  o x i d i z i n g  water c o n t r i b u t e d  t o  
th!! lens i n  t h i s  reg ion .  Another i n t e r e s t i n g  area was the f r o n t i e r  between 
t h e  l evee body o f  o x i d i z e d  sediments and t h e  o l d  mangrove s o i l  o f  the  b l a c k  
sand l a y e r .  There, l o w  (6 .4 )  pH values marked t h e  l i m i t  between o x i d i z i n g  and 
reducing environments. 

Sedirctents c o n t a i n i n g  l i t t l e  o rgan ic  m a t t e r ,  i n  t h e  area o f  t h e  levee and 
The s a l t  marsh, being covered p e r i o d i c a l l y  by t i d e s  

The o x i d i z i n c j  c o n d i t i o n s  were o b v i o u s l y  t rans-  

The d i s t r i b u t i o n  o f  Eh i s  i n  p e r f e c t  agreement w i t h  the  pore water move- 

D i s t r i b u t i o n  o f  pH (F ig .  13 )  obeys t h e  same general r u l e s  as does Eh 

7 t o  7.25 

1.25 to  1 . 5 O P H  1.35 IO 7 .50  

a.soto 0 . 1 ~  7.50 10 7.75 

1.15 to 7 - > 7.15 

D 
I 

F i g u r e  1 . I n  s i t u  measurements o f  pH i n  sediments. 

494 



Pc r - i imb  i 1 i t y c; *; se3 i riis1-i t 5 ~ . t i  í a ï  i iitJ i ~ ~ r i  if i 5. i' r E ~:II-!$. I G ~ I  i: a i ~ !  e 1 ec t roc heni i - 
With the k.rinwledgc o f  t h a t  movernent, we cari 

ca l  cond! t fons a r e  a i l  i n  good agreemi i t  w i t h  t he  scheme by which we propose 
to describe pare water inovenlent. 
now deal w i t h  the  s i l  i ca  content  of pore water .  

The i sop le ths  o f  s i l i c a  content  o f  pore water (F ig .  14) match the pat -  
t e r n  o f  c h l o r i d e  ion  d i s t r i b u t i o n  i n  the  a rea  u f  the brack ïsh  water lerts, but 
the gi-adients a r e  oppos i te :  the silica ccintent a f  pare water was iiiaxiiiial 
when t h e  c h l o r i d e  content  was mini inal .  
water  movement, t h e  h i g h  s i l  i c a  content  of the brack i sh  water lens nec.assor*ily 
r e s u l t e d  .fimin sylutioil o f  a l u c a l  l y  a v a i l a b l e  soilrce. As t he  inmimal value  of 
s i l i c a  i n  pore water was found i n  approximate co inc idence w i t h  the area where 
diatom f r u s t u l e s  were sub.jected solution, Fe i s  very l i k e l y  t h a t  they were the  
source o f  t h e  l a r g e  amount of s i l i c a  i n  t he  brack ish  water lens. 

Acc.fit-diïiy t o  what we know about pore 

L d  
I O O m  

2.0 in 

'1 
-I 

1.5 - i 
q*oml I 

0.5 - j 

I 

-- 

F igure  14. D i s t r i b u t i o n  o f  silica i r ~  pore water of sediments. 

Lewin (1960) s tud ied  solution o f  di'aewiii f r u s t u l e s  under c a r e f u l l y  coil- 
tri31 l e d  cond i t ions .  
a l g a  i s  al ive ,  f a s t e r  when i t  i s  killed, ai76 m u d i  f a s t e r  when the f r u s t u l e  is 
c l c a r i 4  i n  n ï t r i c  a c i d  or  yherr t he  experiment i h  c a r r i e d  out: i n  t h e  presence 
cnf ED?'t\. lie slywed t h a t  A l  and Fe ca t i ons  considerably  reduced s o l u t i o n  of' 
f rustules  except when EDTA was present.  
o f  frustules by i n h i b i t i n g  r e a c t i o n  of: c a ~ . i o n  w i t h  ?:he amorphous s i l  Ica 2nd 
product  iot; o f  i l1501 ubl e cOllrpOutldS. 

H e  showed tha.! s o l u t i o n  proceeds very s lowly  wher? the 

'The che'lot Inc~ agent 'favored so l  u t  iori 

i n  i!?angrove sediinents, h i g h l y  corriplL%>c,iny organ ic  a c i d s  such a s  hwilic 
a c i d s  a r e  present i n  g r e a t  abundance. It i s  1 iice4y t h a t  t h e y  a c t  as chelatoi-s 
i n  mangr'we stwanps. , 
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I 
/youtigar and t h a t  i n  a '¡ i v i n g  population of diatoiris, soine i n d i v i d u a l s  could in -  
[ h e r i t  . f a i r l y  old h a i f - f r u s t u l e s .  Th is  could exp la in  why t he  lowest content  of 
I soluble s i t  i ca  sediment was S I  i g h t l y  o f f s g t  w i t h  respect t o  t h e  h ighes t  con- 
i t e n t  o f  s i l i c a  i n  pore water. When f r u s t u l e s  a r e  leached by water a t ime 
; cornss when on'ly the l ess  so lub le  a r e  l e f t  and the concent ra t ion  of  s i l i c a  i n  
1 water i 5 i-edticed. 

L w i n  (1960) ais:, si.!jv,-Cf t hz t  i ~ ' ! < j e r  f i * ~ ~ s t ~ . i ~ c s  \ ~ r t  l ess  S Q ~ L I I I ! ~  rhan 

I 
The hiytiest concent o f  s i l i c a  i n  s o l u t i o n  i a  pvre wa te r  o f  rriangrove 

1 sediments g r e d x l y  exceeded those usuaì l y  recognized fo r  s a t u r a t i o n  o f  water 1 w i t h  ariiorphoris s i  1 i ca .  
e t  a l .  (Ug62: !IS pprvl i s  s a t u r a t i n g  f o r  water a t  25 C. i t  i s  d i f f i c u l t  t o  
i m a y i  fie evaporat iqe concent ra t ion  o f  b r a c k i s h  water r e s u l t i n g  i n  such a high 

We found more than 200 ppin, rdhereas accord ing t o  Morey 

concentrat ion.  Therefore,  i t  i s  more 1i i k e l y  t h a t  orgarric mat te r  enhanced the  
soi \J i j i l i ty  or' s i l i c a  o f  the  f r u s t u l e s  by adding oligosilicic a c i d  t o  t h e  ortho- 
silicic a c i d  i n  the water. 

W [ I V >  uf ir:iorpÍmi.is s i l  i ca ,  loss might  be d u e  t a  autocondensation of s i l  i ca  
!IEat.wnfi, ipoted by Pascal 1965). Increase i n  Cl- cwrcen t ra t i on  i n  s o l u t i o n  
dxt?leraees furmatiun o f  g e l  5 by autocondensation. Increase of pi i  has the 
:;:me e.;i '?~xt arid a l s o  enhances the  e f f e c t  o f  Cl-. Br" is even more effective, 
bu t  i ,  pi-eser't i t i  mach srna1 lei- aniouiits. Ch lor ide  d i s t r i b u t i o n  I n  pore water 
arid PEI d i s t r i b u t i o n  a re  i n  good agreement w i t h  the  requirements f o r  an ¡ r i -  
cs.eds3ed autucondensat ion process. However, the  very coniplex i o n i c  compos! t ion 
or  pore water and the  grea t  amount o f  var ious  organ ic  compounds I n  i t  make 
t h i s  h igh l y  specu la t i ve .  

cwterii: i s  maxima'i we observed (F ig .  14) t h a t  s i l  i ca  content  con t i rwous ly  de- 
creased cliiring eiie p e r c o l a t i o n  o f  t h e  water . tab le toward the  sea o r  toward the 
hypersal irle marsh. When we reach va l l ies  below s a t u r a t i o n  w i t h  respect t o  
airlot-phous si 1 i ca,  t i l e  prc3cess o f  autocondensation of g e l s  cannot operate and 
we ~IIIVC-: tu conc'iwde t h a t  a process o f  depos i t i on  o f  si l  ica probably  operated 
every~ihere, i n  trie mangrove swamp. Srnal 1 quar tz  crystals between mangrove 
r o o t l e ~ s  a r e  very 'I i i t e l y  t o  be neogenet ic and Wou1 d have t h a t  o r i g i n .  

inc ?rea where t h e  s i l  ¡ea conten t  of pore water was minimal (13  ppm) was 
a belt w i t i d ï  l a y  where t h e  rnaxir~~tin; t ' ~ ~ l i ~ ~ l e  s i l i c a "  content  i n  sediment over-  
lapped cIie !riaxI!ïii.rm content  o f  the  " i nso lub le  f r a c t i o n . "  Therefore, i t  i s  
probable t ha t  sc'auble and i n s o l u b l e  f r a c t i o n s  were i nc i xas îng  due t o  a d d i t i o n  
from i!icoming wster. Neoforniation of quar tz  i n  t h a t  erivironirient i s  puzzl  ing. 
Qi.jiii*tz c r y s t a l  s foroietl i n  t h e  environment where rnuch s i  1 i ca  I n  sol u t  ion was 
present were c leanr  whereas quar tz  c r y s t a l s  forrned i r r  t he  area where $here was 
t:;n!y 13 gpni i n  s o l u t i o n  were coated w i t h  l aye rs  o f  "aniorptious si l  ica.' '  
i s  r io t  Fil agreeinent w i t h  l abo ra to ry  experiments arid probably  r e s u l t e d  from 
secoritiary e f f e c t s  o f  o rgan ic  mat te r  i n  the  swamp and o f  îon hydroxides I n  the  
ma r si1 " 

Ir! sticyl areas where s i l i c a  Concentrat ion was h igher  than the  s a t u r a t i o n  

Froin the cent ra1  p a r t  of  the  lens of brack ish  water, where the s i l i c a  

.". . 

Th is  

CONCLUSION 

We knew t h a t  the water of the  Utirnbea k i v e r  c a r r i e d  enough s i l i c a  t o  pru- 
U t : : - : :  : j 1 ~ C ~ O L I S  iiiInera1 s under the  banks o f  the channel (Ba l  t z e r  1971 Bal t i re r  
and hi R l b n u S t  1971). We found here t h a t  rriatigrove swanip i s  probably even more 
s f f e c t i g e  i n  accLimularitrg s i l  i c a  Froiii the f l u v i a l  discharge. 
aiid cte ' l ta ic ei'tvirorim(r3nt:j under t r o p i c a l  co: id i t ions favor  active growth of d i a -  
torcti; ¡ ï \  na;inyrrsve siwamps becaqse s i  1 i ca,  n i t r a t e s ,  phosphates, and i r o n  are  
a b t m l a n t  ( P a t r i c k  1967j.  Moreover, diatom growth ir; 1 i k e l y  t o  be S t î m U l a t d  ,, 

tu; humic a c i d s  i n  inangrove swamps (Frakash and Kashid 1969). 

The es tua r ine  



3iZ iw  etirichtiiant w t  svmnp  s d i r 1 1 ~ i 1 ~ 5  i s  not based uwTy on a v a i l a b i l i t y  
of diatoit1 f r u s t u l e s .  Tne special hydrogeolugica l  cond i t i ons  preva i  1 i ng  under 
d r y  t r o p i c a l  c i  imate i i iduce nioverilent o f  pore water through sediments o f  the  
proper composi t ion,  Diatom frustules d i s s o l v e  i n  the midd le  of t h e  mangrove 
swamp, perhaps genera t ion  a f t e r  generat ion,  because the  aniount o f  s i l  i ca  i n  
the  enr iched sediments exceeds the  amount i n  1 i v i n g  diatom f r u s t u l e s .  

The s i l  i c a - r i c h  b rack i sh  water o f  tire c e n t r a l  swamp permeated s low ly  
toward more s a i  ine waters.  117 t h e  meanwhile, i t s  s i  1 i ca  content  gradually de- 
creased tu a minimum o f  approx imate ly  15 ppin. 'This cou ld  be due t o  conibina- 
t i o n  w i t h  ca t i ons  a t  t he  bottom o f  recent  sediments o f  t he  levee and s a l t  
marsh adjacent  t o  the  swamp. I t  i s  l i k e l y  t h a t  t h e  contents  of s o l u b l e  s i l i c a  
and s i l lec t i te  ( r i o n t r o n i t e j  i n  the sedinient a r e  a r e s u l t  o f  t h a t  mechanism. In 
Che sediments below the  levee or che s a l t  marsh, o r  c l o s e r  t o  the  c e n t r a l  p a r t  
o f  rhe  mangrove swamp, minera l  p a r t i c l e s  were not  abundant and i r o n  was 

c r y s t a l s  d i d .  trapped i n  p y r i t e .  There, no nontronîte cou ld  form, bu t  quar tz  

Thus, the s i l i c a  o f  t h e  f r u s t u l e s ,  which was a very  solub 
very  permeable environment, recrystal 1 i zed  as much less so lub le  
under the  marsh, i n  a less  permeable eiivironment. 

e form i n  a 
forms and, 
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