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ABSTRACT 

Interstitial waters of the fore-reef and back-reef carbonate sands in the vicinity of Discovery 
Bay, Jamaica, were sampled underwater from interstitial water wells. This new method of interstitial 
water withdrawal is unique in that it is reproducible, does not involve coring or squeezing sediments, 
and enables transfer of samples in hyp0d5~ic syringes back to a-laboratory without oxidation or 
contamination. Chemical analyses of SO , H S + HS-, NO3 , NO , and NH4 indicate that a thermo- 

4 dynamic equilibrium distribution is approache3 by sulfur and ni$rogen species. Sulfate reduction 
is the principal control of hydrogen sulfide generation, whereas deamination can account for the 
ammonia concentrations. Decrease of oxidized reactants and increase of reduced reactants are gen- 
erally not uniform with sediment depth; local maxima and minima occur at intermediate depths between 
the surface and bottom of the wells (0-70 cm). The non-steady state diagenesis of reef sediment 
pore waters is probably due to heterogeneous sediment textures, enormous activity of benthic macro- 
fauna, and erratic distribution of organic carbon with depth. However, diffusion or bioturbation 
are not rapid enough to prevent microbial activities that trend toward thermodynamic equilibrium 
within micro-environments. 
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EARLY DIAGENESIS OF DISSOLVED SULFUR AND NITROGEN SPECIES I N  JAMAICAN REEF SEDIMENTS 
(DETERMINED BY I N  SITU SAMPLING) 

J o h n  D. P i g o t t  

I .  I n t r o d u c t i o n  

The i n v e s t i g a t i o n  of i n t e r s t i t i a l  s o l u t i o n s  
by  numerous worker s  s i n c e  t h e  p i o n e e r i n g  s t u d y  
of Murray and I r v i n e  (1)  h a s  r e v e a l e d  much i n f o r -  
ma t ion  a b o u t  f l u v i a l ,  l a c u s t r i n e ,  e s t u a r i n e ,  and 
o c e a n i c  sed imen t  p o r e  w a t e r s .  However, contamina-  
t i o n  th rough  a n a e r o b i c  c o l l e c t i o n  and a e r o b i c  
a n a l y s e s  and d e g a s s i n g  c a u s e d  by m e c h a n i c a l  a g i t a -  
t i o n  ( i . e . ,  squeez ing  c o r e s )  y i e l d  r e s u l t s  which 
a r e  d i f f i c u l t ,  i f  n o t  i m p o s s i b l e ,  t o  r e l a t e  t o  
t h e  o r i g i n a l  compos i t ion  of t h e  p o r e  w a t e r s  i n  
c o n t a c t  w i t h  t h e  sed imen t s  ( 2 ) .  s i t u  s a m p l e r s  
such  a s  t h e  one d e s i g n e d  by S a y l e s  e t  a l .  (3) 
f o r  c o l l e c t i n g  deep-sea  sed imen t  p o r e  w a t e r s  and 
a n a l y s e s  under  p u r e  n i t r o g e n  s u c h  a s  t h o s e  of 
Emerson (4)  h e l p  t o  min imize  many of t h e s e  
problems.  T h i s  i n v e s t i g a t i o n  employed d i v e r -  
o p e r a t e d  i n t e r s t i t i a l  w a t e r  w e l l s .  These  a r e  
u n i q u e  i n  t h a t  t h e y  r e t r i e v e  r e p r o d u c i b l e  s o l u -  
t i o n  samples  i n  hypodermic s y r i n g e s  back  t o  t h e  
l a b o r a t o r y  w i t h o u t  t h e  a r t i f a c t s  o f  o x i d a t i o n ,  
c o n t a m i n a t i o n ,  o r  e x c e s s i v e  m e c h a n i c a l  a g i t a t i o n .  

I 

JAMAICA 

F i g .  1. Map of t h e  r e e f  o f f  Di scovery  Bay, 
Jamaica .  0 Cores .  0 I n t e r s t i t i a l  w a t e r  w e l l s .  
Shaded a r e a s  i n d i c a t e  c o r a l - c o r a l l i n e  a l g a l  

b i o l i t h i t e s .  C l e a r  a r e a s  i n d i c a t e  c a r b o n a t e  . ,  %I 

s a n d s .  Map a f t e r  Goreau and Land (111,  a e r i a l  
p h o t o g r a p h s ,  and underwa te r  mapping. 

The a n a l y t i c  r e s u l t s  o b t a i n e d  f rom methods 
o u t l i n e d  below o f f e r  p e r t i n e n t  i n f o r m a t i o n  on  I 
t h e  d i s s o l v e d  s u l f u r  and n i t r o g e n  g e o c h e m i s t r y  
o f  r e e f  s e d i m e n t s ,  a  s e t t i n g  which h a s  been  
g r e a t l y  n e g l e c t e d  i n  pore-water  s t u d i e s .  Though ' I  1 
r e e f  s e d i m e n t s  a r e  of known g e o l o g i c  and b i o l o g i c  ; 
i m p o r t a n c e ,  t h e  phob ia  of c o r i n g  w i t h  oceano- 
g r a p h i c  v e s s e l s  p rox imal  t o  r e e f  c r e s t s  h a s  pre-  :: 
c l u d e d  t h e i r  e f f e c t i v e  s t u d y .  By u s i n g  t h e  
i n t e r s t i t i a l  w a t e r  w e l l s  o n  a  J a m a i c a n  f r i n g i n g  
r e e f  and t h e  f a c i l i t i e s  o f  t h e  n e a r b y  Discovery  
Bay Mar ine  L a b o r a t o r y ,  t h i s  p rob lem was circum- 
v e n t e d  ( s e e  l o c a t i o n  map,Fig. 1 ) .  

11. Methods and M a t e r i a l s  

Economy of  t i m e  and m a t e r i a l s  r e s u l t e d  i n  
t h e  d e s i g n  o f  t h e  i n t e r s t i t i a l  w a t e r  w e l l .  
Shown i n  F i g u r e  2  is  t h e  a s sembled  d e v i c e ,  con- 
s i s t i n g  of a  2.54 cm d i a m e t e r ,  1 . 5 2  m s e c t i o n  of 
r i g i d  P.V.C. t u b i n g .  To t h e  s i d e s  a r e  a t t a c h e d  
a  number (3  o r  more) o f  1 .82  m  l e n g t h s  o f  f l e x -  
i b l e  5  mm d i a m e t e r  p l a s t i c  aquar ium t u b i n g  v i a  
a  b o l t e d  clamp a t  t h e  b a s e  and w a t e r p r o o f  t a p e  
a t  t h e  m i d s e c t i o n  and t o p .  The p l a s t i c  t u b i n g '  
i s  co lo r -coded  and r e s p e c t i v e l y  p u n c t u r e d  a t  
v a r i o u s  i n d i v i d u a l  l e n g t h s .  A f t e r  t h e  w e l l  is  
embedded i n t o  t h e  sed imen t ,  r e q u i r i n g  SCUBA 
and a  s l e d g e  hammer underwa te r ,  w a t e r  s a m p l e s  
may b e  wi thdrawn a t  t h e  d i f f e r i n g  d e p t h s  of 
s u b s t r a t e  p e n e t r a t i o n  i n t o  hypodermic s y r i n g e s  
which ma te  t o  t h e  aquar ium h o s e s .  By d i s c a r d -  
i n g  t h e  f i r s t  50 ml of s o l u t i o n ,  t h e  t u b i n g -  
s t o r e d  w a t e r  i s  e x p e l l e d .  A f t e r  s u b s e q u e n t  
w i t h d r a w a l ,  t h e  hypodermics  a r e  t h e n  capped 
u n d e r w a t e r  and t r a n s p o r t e d  b a c k  t o  t h e  l a b o r a -  
t o r y .  The p l u n g e r  o n  t h e  s y r i n g e  e f f e c t i v e l y  
compensates  f o r  ambient  p r e s s u r e  changes  when 
s u r f a c i n g .  The r e p r o d u c i b i l i t y  was t e s t e d  by 
r e p e a t e d  w i t h d r a w a l s  up t o  a  month a p a r t  from 
t h e  same w e l l s  a t  t h e  same i n t e r s t i t i a l .  d e p t h s .  
The r e s u l t s  were a lways w e l l  w i t h i n  a n a l y t i c  
e r r o r .  For t h i s  s t u d y ,  w e l l  p e n e t r a t i o n  was 
l i m i t e d  t o  a maximum of 70 cm b e c a u s e  o f  sub-  
s u r f a c e  r e e f  d e b r i s  and submar ine  h a r d  g rounds -  

C o r e s  were  t a k e n  by SCUBA-diver-operated 
s l e d g e  hammering of 6 cm d i a m e t e r ,  1 . 5 2  m P.V.C. 
t u b e s .  These  were  e x t r u d e d  i n  t h e  l a b o r a t o r y  
and s t o r e d  a t  -25OC. Samples were  s u b s e q u e n t l y  
a n a l y z e d  f o r  o r g a n i c  c a r b o n  by t h e  i g n i t i o n  
methods of Dean ( 5 ) .  A n a l y t i c  p r e c i s i o n ,  



+ one s t anda rd  d e v i a t i o n ,  i s  f 1.74  weight pe r cen t  
carbon.  
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Fig. 2. I n t e r s t i t i a l  water  we l l  f o r  i n  s i t u  
sampling. 

Gra in  s i z e  ana ly se s  f o r  5  cm co re  s e c t i o n s  " were determined accord ine  t o  the  methods of  Fol  
s 

(6) .  A f t e r  c a r e f u l  washing t o  reduce aggrega te  
a r t i f a c t s .  t h e  s a m ~ l e s  were drv-sieved on 0.5 0 
i n t e r v a l  s c r eens  us ing  an Endecott Tes t  S ieve  

lh Shaker. 

S u l f a t e  was analyzed t u r b i d i m e t r i c a l l y  us ing  
a  d i l u t i o n  of 0 . 1  m l  of 0.45 v M i l l i p o r e - f i l t e r e d  
sample t o  25 m l  of d i s t i l l e d  water .  i n t r o d u c t i o n  
of ~ a c h  SulfaVer 111 reagent  i n  preweighed amounts 

r of 0.970 g ,  and a g i t a t i o n  f o r  e x a c t l y  30 seconds .  
Af te r  p r e c i s e l y  10  minutes had l ap sed ,  t h i s  so lu -  
t i o n ' s  n e t  absorbance was determined on a  Z e i s s  
PMQ I1 Spectrophotometer  us ing  5  cm c e l l s  a t  
420 mu. The e r r o r ,  2 one s tandard  d e v i a t i o n ,  was 
determined a s  a  s tandard  e r r o r  of t h e  e s t i m a t e  by 
a  l e a s t  squa re s  f i t  t o  a  s u i t e  of s t anda rds  (7 ) .  
For s u l f a t e  t h e  p r e c i s i o n  was determined t o  be 
2 6.87 X 10-6 moles per  l i t e r  of s o l u t i o n .  
Hydrogen s u l f i d e  r epo r t ed  a s  H2S + HS- was 
s i m i l a r l y  determined t u r b i d i m e t r i c a l l y  a s  s u l f a t e  
a f t e r  o x i d a t i o n  of an a l i q u o t  wi th  2 m l  of 30% 
hydrogen peroxide  f o r  exac t l y  30 minutes,  y i e l d i n g  
a  f i n a l  d i l u t i o n  of 0 . 1  m l  of sample i n  27 .1  m l  
of s o l u t i o n .  P r e c i s i o n  of t h i s  method was s l i g h t l y  
l e s s ,  f 3.37 X 10-5 moles per  l i t e r  of s o l u t i o n .  
For bo th  methods, s e n s i t i v i t y  occa s iona l l y  
r e q u i r e d  l e s s  sample d i l u t i o n .  

D i lu t i ons  were no t  requi red  f o r  ana ly se s  
of t h e  n i t r ogen  spec i e s .  Af t e r  s i m i l a r  f i l t r a -  
t i o n ,  n i t r i t e  was determined by mixing pre-  
weighed 0.759 g  amounts of Hach l-naphthyl-  
amine-su l fan i l ic  a c id  f o r  exac t l y  one minute and 
determining t he  n e t  absorbance of 520 mu pre-  
c i s e l y  15 minutes l a t e r  using 1 cm c e l l s  on a  
Beckman DU-2 Spectrophotometer. P r ec i s i on  was 
determined t o  be  + 1.11 X 10-7 moles per  l i t e r  
of s o l u t i o n .  N i t r a t e  was determined a f t e r  
cadmium reduc t ion  wi th  preweighed 0.310 g  of 
Hach NitraVer V I  r eagent  added t o  30 m l  of sample 
and mixed f o r  e x a c t l y  3  minutes.  Af t e r  t h e  
sample was allowed t o  s t and  undisturbed f o r  pre-  
c i s e l y  1 minute,  25 m l  of t h e  supe rna t an t  f l u i d  
were p ipe t t ed  of f  f o r  n i t r i t e  de te rmina t ion  i n  
t h e  previous manner. P r ec i s i on  was determined t o  
be f 4.35 X moles e r  l i t e r  of s o l u t i o n .  
Ammonia r epo r t ed  a s  NH4' was analyzed by oxida- 
t i o n  t o  n i t r i t e  according t o  t h e  methods ou t -  
l i n e d  by S t r i ck l and  and Parsons (8) but  modif ied 
t o  determine n i t r i t e  by t h e  spec t rophotomet r ic  
methods o u t l i n e d  above. P r ec i s i on  was determined 
t o  be f 4.47 X moles per  l i t e r  of s o l u t i o n .  

The redox p o t e n t i a l s  of t h e  i n t e r s t i t i a l  
s o l u t i o n s  were determined t o  t h e  n e a r e s t  1 mv 
us ing  a  F i she r  s a t u r a t e d  calomel e l e c t r o d e  f o r  
r e f e r ence .  A Fisher  plat inum e l e c t r o d e  was used 
t o  measure Eh a f t e r  s t a n d a r d i z a t i o n  w i th  + 430 mv 
ZoBell ' s  s o l u t i o n  a t  25OC (9) .  Measurements 
were made immediately a f t e r  sample c o l l e c t i o n  
wi thout  unnecessary a g i t a t i o n .  The advantage of 
us ing  hypodermic t r a n s p o r t a t i o n  of t he  s o l u t i o n  
from t h e  i n t e r s t i t i a l  water  wel l s  was shown by 
t h e  extremely low d r i f t  of read ings  ( s t a b i l i z i n g  
wi th in  5  minutes and wi th  a  d r i f t  u sua l l y  l e s s  
than 5  mv) when compared with Eh measurements 
taken i n  t he  t y p i c a l  f a sh ion  on nearby co re s  wi th  
t h e  e l e c t r o d e s  i n s e r t e d  d i r e c t l y  w i th in  t h e  s e d i -  
ment ( t he se  read ings  were much more p o s i t i v e  and 
d r i f t e d  badly,  sometimes more than  50 mv). The 
Eh read ings  were no t  co r r ec t ed  t o  an a r b i t r a r y  
pH; i n s t ead  they a r e  presen ted  i n  t h e i r  uncor- 
r e c t e d  form a s  propounded by Baas Becking, 
a l .  (10) .  - 

Elec t rode  p o t e n t i a l s  were measured t o  t h e  
n e a r e s t  1 mv wi th  a  Beckman Zeromatic pH meter 
us ing  a  s a t u r a t e d  F i she r  calomel e l e c t r o d e  a s  
r e f e r ence  and a  F i she r  g l a s s  e l e c t rode  t o  d e t e r -  
mine pH. Before and a f t e r  every measurement t h e  
e l e c t r o d e s  were s tandard ized  wi th  Beckman pH = 
4.008 and pH = 7.00 (250C) bu f f e r s .  The sample 
s o l u t i o n s  were s t i r r e d  by a  t e f l o n  coa ted  magnet 
r o t a t e d  by a  magnetic s t i r r e r .  The tempera ture  
v a r i a t i o n s  were monitored and t h e  ph was cor-  
r e c t e d  t o  2 5 ' ~ ~  s l i g h t l y  lower than  t h e  approxi-  
mate average water  temperature f o r  t h e  Ju ly -  
August i n v e s t i g a t i o n  (measurements a t  1 meter 
i n t e r v a l s  from t h e  s u r f a c e  t o  11 m on t h e  f o r e -  
r e e f  above water  we l l  f 5  a t  0800 h r s .  on 5  August 
1976 averaged 27 .94 '~  w i t h  a  s tandard  d e v i a t i o n  
of f 0.050C, and a t  1430 h r s .  on t h e  same day 
t h e  averaged 28.01°C wi th  a  s tandard  d e v i a t i o n  
of $: 0.100C). 



111. Summary of R e s u l t s  found by Bunt, e t  a l .  (13) among s u r f a c e  s ed i -  
ments i n  t h e  Caribbean.  This  l a r g e  v a r i a b i l i t y  

A .  Sediment t ex tu r e s  and o r g a n i c  carbon i n  o rgan i c  ma t t e r  can exp l a in  some of t h e  
observed nonuniform d i s t r i b u t i o n s  w i th  dep th  of 

The l o c i  of cores  and i n t e r s t i t i a l  water  t h e  s u l f u r  and n i t r ogen  spec i e s :  i t  s e r v e s  a s  
w e l l s  a r e  shown i n  F igure  1. Though t h e  sand t h e  e l e c t r o n  donor f o r  s u l f a t e  r educ t i on  and 
channels  of t h e  fore-reef  were of pr imary i n t e r e s t ,  d e n i t r i f i c a t i o n ,  and a s  a  n i t r ogen  sou rce  f o r  
a n c i l l a r y  s t a t i o n s  i n  t h e  back-reef were chosen deaminat ion.  
f o r  comparison. The subaqueous gemorphology and 
a c t i v e  depos i t i ona l  p roce s se s  of  t h e  Discovery B. S u l f a t e  and hydrogen s u l f i d e :  some l i m i t i n g  
Bay f r i n g i n g  reef  have been d i s cus sed  i n  d e t a i l  f a c t o r s  
by Goreau and Land (11);  t h e  pe t rography  has been 
de sc r i bed  by Moore, e t  a l .  (12) .  When t h e  concen t r a t i ons  of s u l f a t e  and 

hydrogen s u l f i d e  a r e  p l o t t e d  a s  a  f u n c t i o n  of 
Grain s i z e  ana lyses  of t h e s e  sediments  taken  dep th  w i t h i n  t h e  sediment a s  i n  F igu re  4 ,  t h e  

from co re s  a t  t h e  wel l  s t a t i o n s  f 2 ,  f 5 ,  b l ,  and wel l -def ined  concave downward curves  of s u l f a t e  
b8 show t e x t u r a l  v a r i a t i o n s  w i th  depth .  The c h a r a c t e r i s t i c  of s teady  s t a t e  d i a g e n e s i s  (14) 
average  of t h e  19 fore-reef  samples of 5 cm c o r e  a r e  l a c k i n g .  I n s t ead ,  a s  w i th  o rg an i c  carbon,  
s e c t i o n s  inc luding  f one s t anda rd  d e v i a t i o n  can  a l a r g e  s c a t t e r  is  observed. However, by com- 
be  descr ibed  according t o  t h e  terminology of pa r i ng  s u l f u t  s p e c i e s  one may n o t i c e  t h a t  maxim 
Folk (6) a s  poorly s o r t e d  (01 = 1 . 2  0 ,  * 0.5 01,  i n  s u l f a t e  o f t e n  c o r r e l a t e  t o  minima i n  hydrogen 
n e a r  symmetrical (Sk1 = 0.09, f 0.32) ,  mesokurt ic  s u l f i d e  and v i c e  ve r s a .  I n  F igure  5 t h i s  i n v e r s e  

= 1.03,  f 0.21), s l i g h t l y  g r a v e l l y  coa r s e  r e l a t i o n s h i p  becomes r e a d i l y  apparen t .  The 
sands  (Mz = 0.34 0 ,  f 1.14  $) . By c o n t r a s t ,  t h e  c o r r e l a t i o n  c o e f f i c i e n t  is  -0.67, h igh ly  s i gn i -  
14  back-reef Samples can be  de sc r i bed  a s  poor ly  f i c a n t  (p < 0.01).  From t h i s  r e g r e s s i o n  t h e  
s o r t e d  (01 = 1.73 $, f 0.95 $), s t r o n g l y  coa r s e  i n c r e a s e  i n  hydrogen s u l f i d e  and dec r ea se  i n  s u l  
skewed (Sk1 = -0.35, f 0.25), l e p t o k u r t i c  (KG = f a t e  is  45% mutual ly accounted f o r  ( r 2  = 0.45). 
1 . 31 ,  + 0.58) s l i g h t l y  g r a v e l l y  medium sands I n t e r e s t i n g l y ,  t h i s  shows a nons to i ch iome t r i c  
(M, = 1.36 0 ,  + 0.95 0 ) .  These sediments  a r e  product ion  of hydrogen s u l f i d e ,  about  two o rde r s  
made up predominantly of  Halimeda s p e c i e s ,  mol lusc ,  of magnitude l e s s  than t h e o r e t i c a l l y  p r ed i c t ed  
foram, c o r a l l i n e  a l g a l ,  and c o r a l  fragments  ( i f  ( s ee  t h e  fo l lowing  equa t ion) .  This  might be 
l i t h i f i e d ,  could become unsor ted  b i o s p a r i t e s ) .  expla ined  by any of t h e  fo l lowing:  1 )  a n a l y t i c  
The heterogeneous t e x t u r e s  observed w i t h i n  t h e  e r r o r ,  2)  a c t i v e  b io syn the s i s  of e l emen ta l  
co r e s  a r e  l a r g e l y  due t o  t h e  mechanical  a g i t a t i o n  s u l f u r  o r  of su l fur -conta in ing  o rgan i c  molecules 
of t h e  sands by i n t e n s e  a c t i v i t y  of ben th i c  macro- from hydrogen s u l f i d e ,  3) d i f f e r e n c e s  i n  d i f -  
fauna.  This  t e x t u r a l  v a r i a b i l i t y  may c o n t r o l  some f u s i o n  r a t e s ,  o r  4 )  formation of s u l f i d e  
of  t h e  e r r a t i c  o rganic  carbon d i s t r i b u t i o n s  w i t h i n  mine ra l s .  L .  S. Land (persona l  communication, 
t h e s e  sediments. 1976) has recorded 860 p.p.m. t o t a l  i r o n  i n  

t h e s e  back-reef sediments ,  o r  about  1 .54  X 
When 1 0 1  samples taken a t  5  cm i n t e r v a l s  moles pe r  kg of wet sediment. I f  t h i s  i r o n  i s  

from 24 fore-reef  co r e s  were analyzed f o r  weight assumed t o  e x i s t  f o r  t h e  minimum case  of s u l f i d e  
pe r cen t  o rganic  carbon, t h e  d i s t r i b u t i o n  shown minera l  format ion  e n t i r e l y  a s  FeS ( i . e . ,  
i n  F igu re  3 r e s u l t e d .  The extreme v a r i a b i l i t y  mackinawite) ,  i t  could account  f o r  a t  most about 
w i t h i n  and among t h e  co re s  is s i m i l a r  t o  t h a t  t h r e e  o r d e r s  of magnitude more hydrogen s u l f i d e  

ORGANIC CARBON, w t X  

301 I 0 I I t I 1 I I 
F ig .  3. D i s t r i b u t i o n  of o rgan i c  carbon w i th  depth  i n  Jamaican reef  sediments .  



than  t h e  maximum observed i n  t h e s e  sediment  pore  
wa t e r s  (1.22 X 10-4 moles H2S + HS- per  l i t e r  of 
s o l u t i o n  X 0.252 l i t e r s  of s o l u t i o n  per  kg of wet 
r e e f  sediment  of 50% p o r o s i t y  = 3.07 X 10-5 moles 
H2S + HS- per  kg of wet sed iment ) .  Thus, i t  
appears  t h a t  t h e  format ion  of i r o n  s u l f i d e s  i s  
more than  s u f f i c i e n t  t o  account f o r  t h e  observed 
nons to ich iomet r ic  amounts of hydrogen s u l f i d e  
due t o  s u l f a t e  r educ t i on .  

about  two o rde r s  of magnitude l e s s  t han  t h e  4.55 
X 10-I moles of s u l f a t e  needed f o r  complete 

F ig .  4. Dissolved hydrogen s u l f i d e  (a )  and 
s u l f a t e  (b)  v s .  dep th  i n  Jamaican r ee f  sediment 
pore  waters .  
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Fig .  5. Disso lved  hydrogen s u l f i d e  v s .  d i s so lved  
s u l f a t e  i n  Jamaican r ee f  sediment  pore waters .  

The b a c t e r i a l  r educ t i on  of s u l f a t e  w i t h i n  
t h e s e  sediments  by Desul fovibr io  spec i e s  can be 
r ep r e sen t ed  by t h e  fol lowing equa t ion  w i th  
organic  carbon approximated a s  carbohydra te ,  
CH20: 

2- 
2CH20 + SO 

4 
2 ~ ~ 0 )  + HS- + H'. (I) 

Therefore ,  one mole of s u l f a t e  is  r equ i r ed  t o  
ox id i ze  two moles of carbohydrate by s u l f a t e  r e -  
duc t i on .  These reef  sediments can con t a in  up t o  
129 t imes a s  many moles of carbohydrate a s  s u l -  
f a t e ,  much i n  excess of t h a t  requi red  t o  com- 
p l e t e l y  reduce t h e  s u l f a t e  w i th in  t h e  i n t e r s t i -  
t , i a l  waters .  I f  1 kg of wet r e e f  sediment w i th  
50% p o r o s i t y  con t a in s  252 cm3 of a r a g o n i t e  sand 
and 252 cm3 of seawater ,  then  organic  carbon is 
a t  most 3.66 weight percent  (maximum v a l u e  
observed) X 743 g (P a r a g o n i t e  = 2.95 g/cm3) 
= 27 g o r  about  0.91 moles of c H ~ O  per  kg of yet sediment. S t i l l ,  d i s so lved  s u l f a t e  i s  252 cm 
pe r  kg of wet sediment X 0.028 moles of s u l f a t e  
pe r  1000 cm3 (maximum va lue  observed) = 7 .1  X 
10-3 moles per  kg of w e t  sediment. This  i s  

ox ida t i on  of t h e  carbohydrate by s u l f a t e  reduc- 
t i o n .  Thus, i f  a  c losed  system, s u l f a t e  i s  t h e  
l i m i t i n g  r e a c t a n t .  However, i f  t h e  system is  
p a r t i a l l y  open t o  seawater ,  a s  suggested by 
i n t e n s e  b i o t u r b a t i o n ,  n o n s t r a t i f i e d  sediments ,  
and non-steady s t a t e  d i agenes i s ,  o rganic  carbon 
could become l i m i t i n g .  As t h e  open seawater  
r a t i o  of s u l f a t e  t o  carbohydra te  i s  about  1 . 3  
X 107 (da ta  of p a r t i c u l a t e  carbon from Reiswig, 
15 ,  f o r  t h e s e  fore-reef  waters  i s  63.9 mg pe r  
cub i c  meter o r  about  2.13 X moles per  l i t e r ) ,  
t h e  p a r t i c u l a t e  carbon could become completely 
ox id ized  by s u l f a t e  r educ t i on  i f  seawater  is  
f l u shed  through i n  g r e a t  enough amounts. An 
i n t e rmed ia t e  c a se  appears  t o  apply he r e  a s  t he  
minimum amount of o rganic  carbon found i n  t h e s e  
su l f a t e - r educ ing  sediments  i s  1.218 weight pe r c  
c e n t  o r  0.426 moles of carbohydrate per  kg of 
wet sediment .  This  i n d i c a t e s  t h a t  t h e  organic  
m a t e r i a l  w i t h i n  t h e s e  r ee f  sediments i s  g r e a t l y  
i n  excess  of t h e  a b i l i t y  of su l fa te - reduc ing  
b a c t e r i a  t o  completely ox id i ze  it. Therefore ,  
on ly  i n  marine environments where organic  carbon 
con t en t  i s  much l e s s  o r  pore water c i r c u l a t i o n  
i s  g r e a t e r  i s  s u l f a t e  no t  a  l i m i t i n g  f a c t o r .  

C .  N i t r a t e ,  n i t r i t e  and ammonia 

When n i t r a c e ,  n i t r i t e ,  and a m o n i a  a r e  
graphed a s  a  f unc t i on  of depth  i n  t h e  i n t e r s t i -  
t i a l  water  w e l l s  a s  shown i n  Figure 6,  extreme 
v a r i a b i l i t y  w i th in  and among t he  water w e l l s  i s  
apparen t .  Again, a s  wi th  t h e  s u l f u r  s p e c i e s ,  
maxima and minima occur spo rad i ca l l y  throughout  
t h e  we l l s .  But i n  c o n t r a s t ,  c o r r e l a t i o n s  among 
t h e  observed n i t r ogen  spec i e s  a r e  i n s i g n i f i c a n t  
(p >>0.05) .  Thus, a  l o s s  of n i t r a t e  and n i t r i t e  
by d e n i t r i f i c a t i o n  cannot exp l a in  t he  g a i n  i n  
ammonia. The ammonia concent ra t ions  can,  i n s t ead ,  



be  expla ined  by t h e  b a c t e r i a l  deamination of 
n i t rogenous  o rgan i c  ma t t e r .  

Organic n i t r ogen  w i th in  t h e  top  2.5 cm of 
t h e s e  r ee f  sediments  a t  1 6  m water  dep ths  averaged 
1.14 X 10-4 g  ~ / c m ~  (da t a  i n t e r p r e t e d  from Bunt, 
e t  a l . ,  1 3 ) .  I f  1 kg of wet sediment has  2  2  cm3 
pe r  kg of wet sediment X 1 .14 I g N/cm3 = 

2.87 X g  N per  kg of wet sediment ,  then  about  
2.04 X 10-I  moles of p o t e n t i a l  N a r e  a v a i l a b l e  
f o r  a  one-to-one mole deamination t o  ammonia. 
Th i s  is g r e a t l y  i n  excess  of t h e  252 cm3 per  kg 
of  wet sediment X 2.22 X moles N03-/l 
(maximum observed) = 5.59 X moles NO3 per  
kg of wet sediment a v a i l a b l e  f o r  a  one-to-one 
mole conversion of n i t r a t e  t o  ammonia by d e n i t r i -  
f i c a t i o n .  Thus, o rgan i c  mat te r  is  i n  s u f f i c i e n t  
concen t r a t i on  t o  p o t e n t i a l l y  y i e l d  by deaminat ion 
t h e  excess  ammonia observed i n  t he se  r ee f  s ed i -  
ment pore  waters .  

I V .  Discuss ion  of thermodynamic e q u i l i b r i a  

The preceding d a t a  demonstrate t h a t  t h e  
e a r l y  d i agenes i s  w i t h i n  t he se  r ee f  sediment pore  
wa t e r s  do no t  e x h i b i t  t h e  f e a t u r e s  r e p r e s e n t a t i v e  
of  t h e  s teady  s t a t e  models found i n  many o t h e r  
environments ( s ee  1 6 ) .  This non-steady s t a t e  
d i agenes i s  may s t i l l  be checked f o r  i n t e r n a l  
thermodynamic equ i l i b r i um f o r  s u l f u r  and n i t r o g e n  
s p e c i e s  by c a l c u l a t i n g  and comparing t h e  pe f o r  t h e  
r e s p e c t i v e  ox ida t ion- reduc t ion  couples (17) .  The 
pe may be def ined  a s :  

Eh i s  t he  r e v e r s i b l e  redox p o t e n t i a l ,  F  is t h e  
fa raday  (23.06 k c a l  per  volt-gram e q u i v a l e n t ) ,  
R  is  t h e  gas  cons t an t  (0.987 cal/deg-mole), and 
T is  t h e  a b s o l u t e  temperature. The fo l lowing  
equa t i ons  f o r  t h e  c a l c u l a t i o n  of pes and peN a r e  
from t h e  s tudy  of Thorstenson (17):  

2- 
m SO, 

peS = 4.6 - 1.125 pH + 0.125 l o g  . (111) 
m HS- 

Z 
peN = 5.25 - 1.333 pH + 0.167 l o g  2 . (IV) 

NH4 

The p e  f o r  a l l  p a i r s  should be t h e  same i f  t h e r e  
i s  homogenous s o l u t i o n  equi l ib r ium.  The m o l a l i t y  
of t h e  d i s so lved  s u l f i d e  anion i s  c a l c u l a t e d  
us ing  t h e  apparen t  d i s s o c i a t i o n  cons t an t  K t 1  (H2S) 
= 10-6m79 (18). The mo la l i t y  of d i s so lved  n i t r o -  
gen is  assumed t o  be 3.96 X based on s a tu r a -  
t i o n  of seawater  wi th  a i r  a t  25OC ( i n t e r p r e t e  
from t h e  d a t a  of Rakestraw and Emmel, 19 ) .  The 
assumption of cons t an t  d i sso lved  n i t r ogen  i n t r o -  
duces a t  most an e r r o r  of f 0.2 i n  t h e  pe u n i t s  
(17) . 

When t h e  p e ~  i s  compared t o  t h e  p e ~  f o r  t h e s e  

NO;, p mole/lller NO;, r,mole/Illor 

Fig.  6.  Dissolved n i t r a t e  ( a ) ,  n i t r i t e  (b) ,  
and ammonia (c )  vs .  dep th  i n  Jamaican r e e f  sed i -  
ment pore  waters .  

r e e f  sediment pore  waters  a s  shown i n  F igu re  7, 
a  s i g n i f i c a n t  c o r r e l a t i o n  r e s u l t s  ( r  = 0.59, 
p  < 0.05) . The thermodynamic e q u i l i b r i a  of t h e  
s u l f u r  s p e c i e s  c o r r e l a t e  t o  t h e  n i t r o g e n  spec i e s .  
But though t h e  da t a  i n d i c a t e  an approach t o  
i n t e r n a l  equ i l i b r i um,  equi l ib r ium i s  n o t  complet 
This  might r e s u l t  because of t h e  n i t r ogen  o r  
s u l f u r  s p e c i e s  no t  r e a d i l y  exchanging e l e c t r o n s  
w i th  one another  i no rgan i ca l l y  a t  t h e s e  tempera- 
t u r e s  (14) .  However, t h e s e  redox couples  tend 
t o  be  c o n s i s t e n t l y  below t h e  l i n e  r ep r e sen t i ng  
i n t e r n a l  equi l ib r ium.  This  could be  due t o  
e i t h e r  a  p e r s i s t e n t  excess  of s u l f i d e  i o n  or  
i n s u f f i c i e n t  ammonia f o r  complete equ i l i b r i um.  
Pos s ib l e  exp l ana t i ons  f o r  t h i s  problem a r e  
d i f f e r e n c e s  i n  r e a c t i o n  k i n e t i c s  or  e r r o r s  i n  
t h e  ana ly se s ,  t h e  thermodynamic c a l c u l a t i o n s ,  o r  
t h e  assumed thermodynamic cons t an t s .  I f  
a n a l y t i c  and computat ional  e r r o r s  a r e  i n s i g n i f i -  
c an t ,  then  a n  i n t e r e s t i n g  unsolved thermodynamic 
problem e x i s t s .  

The observed Eh does no t  r e f l e c t  t h e  Eh 
expected f o r  any of t h e s e  h a l f - c e l l  couples  
because t h e s e  s p e c i e s  a r e  no t  r a p i d l y  r e a c t i v e  
a t  a n  e l e c t r o d e  s u r f a c e  (14) .  An Eh-pH diagram 
can ,  however, a ccu ra t e ly  po r t r ay  t h e  i n t e r s t i t i a l  
environments f o r  t h e s e  r ee f  sediments .  F igure  8 
i n d i c a t e s  t h a t  t h e  ox ida t i on  and e l e c t r o d e  
p o t e n t i a l s  of both t h e  sampled back-reef and 
fore- reef  i n t e r s t i t i a l  environments occur  wi th in  
a  narrow range.  The back-reef sediment pore 
waters  appear  t o  be s i g n i f i c a n t l y  more a c i d i c  



Fig. 7. Correlation of peS and peN for Jamaican 
reef sediment pore waters. 

Though the intense bioturbation of these 
reef sediments inhibits steady state diagenesis, 
microbial activities are rapid enough to bring 
the system within small microenvironments close 
to thermodynamic equilibrium. 
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(t = 2.18, p < 0.05), but no more reducing (t = 
0.032, p >> 0.05). Microbially, these reef sedi- 

- ments are well within the combined activity limits 
of the ubiquitous deaminating heterotrophic, the 
denitrifying, and the sulfate reducing bacteria, 
between +I15 and -205 mv (10). These activities 
additionally have been indicated by our diagenetic 
observations. 
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