
CHAPTER I V  
CVANOBACTERfeK MATS: MICROANBLVSIS OF COIWWNITV HETCSBOLISH 

Prof. Y. Cohen 
L). tierrnudes 
U. Fischer 

R. Haddad 
L. P r u f e r t  

r. Scheul derman 
T. Show 

I n  troduc t i on 

Strowatol i tes. t race  4 ossi  1s o f  mic rob ia l  communi t i e s ,  prov ide 
t h e  o ldest  evidence of l i f e  on earth; they represent the  beginning of  
our 3.5 b i l l i o n  year o l d  record. S t romato l i tes  are by f a r  the  m o s t  
abundant f o s s i l s  +ourid i n  the  Archean and Proterozoic  Eons (3 .5-0.6 
b i l l i o n  years ago) ( R Y A ) .  The other major sedimentary record of the  
Prephanerozoic are Banded I r o n  Formations IbIFs) deposited 2.2-1.8 
BYA. Cyanobacteria are postu la ted t o  p lay  a major r o l e  i n  the  
deposi t ion o f  both s t romato l i t es  and DIFs. Cyanobacteria-l ike f o s s i l s  
have been described from cher t s  i n  many Prephanerozoic and Phanerozoic 
sediments. S o m e  BIFs a r e  asscciated w i t h  stromatol ites. 
Cvarlubacts-ial iron-dependent photosynthesis r e l a t e d  t o  the  deposi t ion 
o f  Banded I r o n  Formations has bean postu la ted (tiartman, 1984). 

Even though s t romato l i t es  are ~ c a r c e  i n  the  Phanerozoic Eon, they 
are s t i l l  found today i n  s p e c i f i c  environments where grazing metazoans 
are e x c l u d e d .  Cyanobacterial mats are p resent ly  found i n  hypersal ine 
lagoons, hot  springs, an,; a1 kal in@ lake5. The study of  mat-forming 
cyanobdctx ia  a i d s  i n  the  understanding of the  environment of  
deposition of Pi-rpharierozoic stromat.ol i t e s  and Randed I r o n  Formations 
AS wel l  as our ! s t ~ i d y  of evo lu t ion  o+ photosynthesis among t h e  most 
ancient qroups! o f  oxygenic phototrophs. 

Cyanobactrrra have l o ~ q  been Lnown as oxyyenic photosynthesizers. 
Other- k i n d s  of  photosynthet i L modes have been dem.onstrated f o r  severcal 
mat-forminq cyanob?cteria, yoss ib lv  i n d i c a t i n g  t h e  a n t i q u i t y  o+ t h i s  
yr'oup. 

Facul t a t i v e  anoxyqenic photosynthesis operat ing photosystem I 
inclependeiit.1 y of photosystem I I and ,the use of hydrogen s u l f i d e  or 
hvdroqen a5 e l e  Lron donors have been 5hukJn i n  some s t r a i n s  of benthic 
cyanobacteria (Padan and Cahen, 1982). Recently o thers demonstrated 
oxygenic photosynt.hesis under hrqh s u l f i d e  concentrat ion (Jorqensen, 
et a l . .  1CiQS). Fe++-dependent carbon dioxide photoass imi la t ion 
has been shown 1.01' cond i t ions  of  in termediate redox p o t e n t i a l ,  

Delta measuremer1t.s o f  thc  cyanobacter ia l  communi t i e r  
i n  recent mats have v ie lded the heaviest  value ever recorded f o r  per 
m i l  orqanic mdt.ter: -4 t o  -El per m i l .  Yet s i m i l a r  measurements i n  
ancient mats show values of 12 per m i l  t o  16 per m i l .  The observed 
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d i s c r e p a n c y  may be t h e  r e s u l t  o+ t h e  appea l - an re  of the,  b i c a r b o n a t e  
pump i n  r e c e n t  c y a n o b a c t e r i a  t h a t  e v o l v e d  i n  r @ s p o n s e  t o  t h e  d e c r e a s e  
i n  a t m o s p h e r i c  C0-a c o n c e n t r a t i o n  s i n c e  t h e  P h a n e r o z o i c  E w .  

T w o  f i e l d  sites w e r e  c h o s e n  f o r  t h e  s t u d y  of c y a n o b a c t e r - i a l  m a t s :  
t h e  s a l t  p o n d s  i n  San F r a n c i s c o  Bay n e a r  the Dumbar-ton b r i d g e  where  
m i c r o b i a l  mats d e v e l o p  u n d e r  v a r y i n g  s a l i n i t i e s ,  and  t h e  A l u m  Hock 
sul I: u r  s p r  i n g s  . 

The microbial communi t i e s  i n  t h e s e  s i tes  were s t u d i e d  u s i n g  
s e v e r a l  a p p r o a c h e s :  a) l i g b l t  mic roscopy :  b )  t h e  measurement of 
m i c r o p r o f i l e s  of oxygen arid s u l f i d e  a t  t h e  s u r f a c e  o f  t h e  m i c r o b i a l  
m a t !  c )  t h e  s t u d y  o f  d i u r n a l  v a r i a t i o n  of oxygen  and  s u l f i d e ;  d )  i n  
situ measurement  of p h o t o s y n t h e s i s  and  s u l f a t e  r e d u c t i o n  a n d  s t u d y  
c 3 f  t h e  coup1  i n g  of t h e s e  t w o  p r o c e s s e s :  e) moasurement  o f  g l u t a t h i o n e  
in t h e  u p p e r  l a y e r s  of t h e  m i c r o b i a l  m a t  as a p o s s i b l e  oxygen  
q u e n c h e r ;  f )  measurement  of r e d u c e d  i r o n  as a p o s s i b l e  i n t e r m e d i a t e  
e lectron dunor  a l o n g  t h e  e s t a b l i s h e d  r e d o x c l i n e  i n  t h e  inatst 4. 
, ;leasuremen.t of d i s s o l v e d  p h o s p h a t e  a5 an  i n d i c a t o r  of  p r o c e s s e s  of 
b r e a k  down af o r g a n i c  matter i n  these s y s t e m s :  a n d  h! measurement  of 
c a r b o n  d i o x i d e  i n  t h e  i n t e r s t i t i a l  water a n d  i t=  d e l t a  r.sC i n  
a n  a t t e m p t  to u n d e r s t a n d  t h e  f l o w  of C02 t h r o u g h  t h e  s y s t e m s .  

Using t h e s e  a p p r o a c h e s  w e  h a v e  a n a l y z e d  m i c r o b i a l  p r o c e s s e s  of 
p r i m a r y  p r o d u c t i o n  and  i n i t i a l  d e g r a d a t i o n  a t  t h e  m o s t  a c t i v e  z o n e  of 
t h e  m i c r o b i a l  mat. Our r e s u l t s  c a n  b e  compared  t o  those o b t a i n e d  by 
t h o s e  work ing  on SO4 r e d u c t i o r !  ( C h a p t e r  111)  i n  t h e  d e e p e r  p a r t  
of the s e d i m e n t  column. 

Site  Descriptions 

Dumbarton B r i d g e  Sa l t  Ponds and Marsh 

Sa l t  Ponds  

The study site5 w e r e  t h e  Durrtb6trton S a l t  F o n d s  t s a l i n a s )  
n o r t h  of t h e  Dumbarton B r i d g e  (Map 2). T h e s e  San Francisco Bay 
W i l d l i f e  P rese r -ve  s a l i n a s  r e p r e s e n t  s e v e r a l  e n v i r o n m e n t a l  l v  
d i s t i n c t  m i c r o b i a l  t n a t  communi t i e s .  T h e r e  are s e v e r a l  s a l t  
e v a p o r i t e  p o n d s  i n c r e a s i n g  f rom 42 p e r  m i l  s a l i n i t y  (pond AZ) t o  
90 per m i l  i n  pond 5 t o  150 (145) p e r  m i l  i n  pond 4. S e d i m e n t a r y  
s u r f i c i a l  m i c r o b i a l  mats, collected t r - o m  water at d e p t h s  a+ 10-20 
c m  i n  t h e s e  p o n d s  h a v e  b e e n  m i c r a s c o p i ; a l l y  examined  (see 'Table  
TU--1). 

The o v e r a l l  t r e n d s  o b s e r v e d  i n c l u d e  a g e n e r a l  d e c r e a s e  i n  
t h e  d i v e r s i t y  of c y a n o b a c t e r i a .  P o p u l a t i o n  d e n s i t i e s  a+ 
Oscillstorza and  Anabaena a l so  d e c l i n b d  w i t h  i n c r e a s i n g  
s a l i n i t y .  4c)nabeona a p p e a r e d  i n  the  90 p e r  m i l  pond p r o b a b l y  
because a n i c h e  w a s  c r e a t e d  f o r  i t  d u e  t o  t h e  abur tdancr  w i  
Aphanothccu ha1 o p h y t z c a  which  ~ a u s e s  a d e p l e t i o n  o+ nikv-ogen. 
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Euhiyotrs 
DKtorr: binant 
Cilirtr and non-cilirtr protists: F w r  

42 pU ri) Cyrnobrctwir 
fiscbrrrllr - hrtrocpts: Frwn 
Spirdh (tifihtiy toiled and loou type): F n r r  
Other brctwir 

Eqgirtor: h e r  
tukrr yoto 

Call and lrrpr dirtoar: DorinrrA 
8rrm ripre, httaotrophir protists: FIWW 

90 p a  ril C ymPbrttrr i r 
OsciJlrtorlr 1,s c: F e w  
firchrrrllr: F e w  
SpirrJbr (tiqhtly coiled and loon twrl: F c m  
IhbbWB8 4 1: F W  
hpbrBrthra brlopbftier (planktonic): h n d m t  
Mhr bfic twi r 

Bpirochrts: fmr 
Erggittor: Faarr - AbUndMt 
bku votes 

D i M i n r n  t 

145 per ril Cyrnobrct nl r 
hphrro tkcr brJ oph f tier (pl rnk toni c) : DMi nrnt 
8sciJJrlorir 1,2,4 1: kw8r  
Purplt filrrmtous brctrrir 0.3,l 1: Abundrnt 
0 t h  brctrlr 

BDirothetts, Etppirtor: FEW . .. 

l u  k r  y oter 
JrnrlirJIr Ipimhionic), Diatoms: F w  
Rod-shaped ci 1 i rttd prot i sts: F w n  

Table IV-1. Abundance end v a r i e t y  of organirmo present in narsh 
sites of various salinities. 
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Yet 4phanothece h s l w p h y t i c a  increased as salinity increased. 
Iii atom population densities also appear to decrease as a +unction 
of increasing salinity. lhe occurrence of B e 4 g z a t 0 z a  and 
spirochetes irr all salinity ponds suggests that there is a 
relatively shallow oxyqen/stiif ide interface in these mats. 

Marsh (33 Per Mil) Site 

In addition to these saline environments a salt marsh with 
salinity around 33 per mil w a 5  studied, Mats from this site were 
callected as described above and examined microscopically (Table 
IV-1) (for site description 588 Chapter 111). 

Alum Rock Park Sulfur Spring Site 

The site chosen at Alum Rock Park (Map 3) w a 5  a 5uiiide 
stream flowing down a rocky bank leading into a larqer fresh 
water stream about 1.5 meters wide. The main sulfide stream 
split into two small streams about 35 cm dcwn from the source and 
continued floriing down the bank. White lilamentous bacteria qrel-r 
along the two branches of the stream while cyanobaiterial mats 
bordered the streams. The source water smelled strongly of 
sulfide. Elemental sulfur wa5 evident along t h e  edge of the 
stream leading from tne source. Sampies of microbial communities 
wera taken along one of the main streams and across the dryer 
section between the streams (Figure I V - 1 ) .  Communities appeared 
to vary significantly from high to law sulfide r . eg ions .  

Hater&als end kthods 

Microelectrode Calibrations and Data Lalculations 

Oxygen Microelectrode Cal ibration 

The oxygen microelectrode (see Cohen, Sulfur 
Transformations, Chapter 1)  was calibrated using three solutions 
of known oxygen concentration. The first consisted of distil led 
water that had equilibrated having Nz ga5 bubbled through 
it. Similarly the second solution was distilled water that had 
had air bubbled throuqh it, and the third was d;rjtil1ed water 
that had been equilibrated with O;, gas. To determine the 
oxygen content of the solutionc in micromoles a Keithlev 486 
picoammeter current meter hooked Lip to an electrode was employed. 
Winkler titrations using the iodometric methar! (Standard 
Methods f o r  the E.uaneinat.ion o f  Plater and b/ast.e Plater, 1 5 t h  ed.) 
were done +or each of the three solutions. I'he values thus 
determined allowed Lhe construction 0.F a calibration curve for 
each electrode. Oxygen microelectv odes were recal i brated 
individually and frequently since in most medis some ayents pa55 
through and poison ?he semipermeable membrane tip, causing a 
nonlinear response to oxygen concentration (Ravsbezh and Ward, 
1 9 8 4 ) .  
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Calculat ion o f  Sample Oxygen Concentrations 

For a given p r o f i l e  and A given electrode the par t i cu lay  
condi t ions at the time o+ p r o f i l e  measurement m u s t  be taken i n t a  
account; otherwise Or concentrations f r o m  the ammeter 
readings may be i nva l id .  A n  ammeter reading i n  the  over ly ing 
water was taken and a corresponding Winkler t i t r a t i o n  done t o  
determine the oxygen concentration of the water. Eventually, 
w i t h  depth in the p r o f i l e ,  a constant basel ine reading was 
achieved. This reading i s  taken as corresponding t o  a zero 
Or concentration value i n  t h i s  medium. T h i s  zero value 
reading is usual ly  not the same as t ha t  in the c a l i b r a t i o n  
(Nz so lu t ion)  since the c a l i b r a t i o n  w a s  done i n  d i s t i l l e d  
water whereas the readings arc done i n  complex i o n i c  natura l  
waters. The electrode s t i l l  has a l i n e a r  response to oxygen 
concentration but i t s  absolute value s h i f t s  i n  response t o  the 
chemical environment. By tak ing the over ly ing water meter 
ceadinq and subtract ing the basel ine reading, a value i s  obtained 
t h a t  corresponds t o  the 02 concentraticm of the over ly ing 
water. D iv id ing  these values i n to  one another y ie lds  a slope 
factor.  Therefore t a  obta in  an oxygen concentrat ion f o r  a given 
reading one must f i r s t  subtract  the  basel ine reading and then 
mu l t i p l y  by the given c a l i b r a t i o n  factor. li’nowinq tha t  the 
elecixode has a l i nea r  response, the e f f e c t  of  the g iven medium 
can be taken i n t o  account. 

Su l f ide  Micrgelectrode Ca l ib ra t ion  

To c a l i b r a t e  s u l f i d e  electrodes readings w e r e  taken ( i n  
m i l l i v o l t s  on a Kei th ley 160 B D i g i t a l  Mult imeter) f o r  newly made 
standard solut ions. A s  a check on the known standards methylene 
blue s u l f i d e  determinations (Pachmayr, 1960, modified by Trueper 
and Schlegel, 1964) were made on the standards. A c a l i h r z t i o n  
curve w a s  drawn or. 3 c y c l e  l og  paper. T h e  microelectrode 
measures S*-, so t o  determine the HzS p r o f i l e  one 
needs t o  take i n t o  account both pH and s a l i n i t y .  A pH p r o f i l e  
should be taken w i t h  each s u l f i d e  p r o f i l e .  However. since the pH 
p r o f i l e s  w 2  took showed t h a t  pH var ies l i t t l e  wi th  dcpth i t  was 
s u f f i c i e n t  t o  determine the pH of the over ly ing water and assume 
constancy wi th  depth. The simplest way t o  take pH and s a l i n i t y  
i n t o  account i s  to fo l low the graphical determinatiDn presented 
i n  the Journal of Marine Research, 23, number 55 (1’?65)a whish 
shaws the re la t ions l i ip  between pH, salinity. and decimal f r a c t i o n  
of undissociated hydrogen s u l f i d e  at 25-C. Readings w e r e  
then taken an the meter ( m V ) ,  converted to S z -  
concentration v i a  the c a l i b r a t i c n  curve and then t o  H2E; 
concentration takinc, s a l i n i t y  and OH i n t o  account. 
Unfortunately, the s u l f i d e  electrodes were not very sens i t i ve  
below about 100 um and so many of our p r o f i l e s  which showed 
d i s t i n c t  t-ends i n  s u l f i d e  w i t h  depth could only be Jescrlbed as 
showing t race amcunks. 
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pH C a i  i bvati on 

pH readings were taken in millivolts on a Beckman Model 3500 
Digital pH Meter for solutions buffered at pH 5, 7, and 9. Good 
linear calibratior, curvar were seen for all the microelectrodes 
althcugh the values varied widely dete t o  differences in the 
making of the electrodes. 

Photosynthetic Rate Determinations 

Light  and Dark  Profiles of Oxygen and Sulfide 

To determine diurnal changes in these mat comctunities both 
dark and light oxygen and sulfide profiles were determined using 
microelectrodes that had been prepared by Cohen as described by 
Revsbech et al. ( 1 9 8 3 ) .  Details may be found in the 
Microelectrode Calibrations and Data Calculations section above. 
The application of these electrodes to sediments and microbial 
mats has been described by Jorgensen et ai. t1983). Revsbech and 
Ward (1984), and by Jorgensen et al.. 1975'. Profiles from the 
sulfur spring were t%kan z n  s i t u ,  whereas those from the 
microbial mats at the salinas were taken on cores brouuht bark to 
the laboratory. The cores were taken by hand using 1 112 inch 
diameter acrylic tubing. These cores were kept in water baths in 
their own pand water and at ambient temperatures of 2 9 ° C .  
and were continuously aerated. Light profiles were taken at d 
light intensity of 1150 microEinste~ns per m e t e r "  pel- sec 
(uE b?--= s-l). In order t o  achieve very tine 
resolution when sampling these cores the microelectr-odes were 
inserted into the mat with the use of micromanipulators 
(Stoel ting Co. ) 

finoxygenic Photosynthesis 

To investigate the questicn of whether the microbial 
communities in the 42 per mil pond ( 0 2 )  arid at the marsh site 
were capable of anoxygenic photosynthesis u s i n q  H2S as an 
electron donor? the core was overlain with a known amount o+ pond 
water- and then covered with paraffin oil aCter the liqht o::y9en 
and sulfide profiles had already been taken. A known amount 0.1 
sulfide bas then inserted under the paraffin cil into the 
overlyinq water. The core was kept in the dark and crmtinuallv 
monitored b y  sulfide and oxygen electrodes inserted at the depth 
of maximum photosynthetic activity before the paraffin was added. 
Once a steady suifide readinq w a s  reached the light w a g  switched 
on and the decrease in sulfide aiong with the increase in oxyaer 
that occurred following illumination were monitored. After a 
steady-state oxygen concentration wa5 reached the phutosvnthetic 
activity of the cmtmunity was compar-ed to that s e e n  b e f o r e  tile 
sulfide was added. Sulfide roncent:r-ations were increased until 
they became toxic tu these micrabial mats. 
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concentration BM 02 photcmynthetic rateumoiOl/min 

Figure IV-4. Marsh site 20 per ail  salinity, l i q W  and dark 
oxygen prdiles and retes of photosynthesis. 

Figure fV-5. Oxygen profile and photosynthaeie 3.f 42 per d l  
pond. 
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42 Per Mi1 Pond 

Several l i g h t  oxygen pr of i les w e r - e  taken a t  t he  4 2  per- m i  .l 
rite  (Fig. i V - 5 ) .  These p r o f : i l e s  show t h a t  t he  0:: :naxirnum 
is r-eirched between 0.4 arid 0.5 mm, and has a val~tc. .jt about 16Cj 
uM 02. 

$0 Per M i l  S i t e  

The l i g h t  Q a  p r o f i l e  showed r e l a t i v e l v  constant 
concentrat ions of about 154 umol Oz/min + r a m  t h e  
surface down t o  a depth of: about 9 C I O  um. Below th is  depth 
t h e  oxygen c:uncentration decreased quic1::ly r -uac l i i r i~  a z e r o  
reading at 1.5 mm. 

150 F'er l y l i  1 S i t e  

The l i g h t  oxygen p r o f i l e  +mi-- tho 15Cj pet- m i l  si te  !i,howS a 
drop i n  o x y g e n  concentrat ion trum t he  h i g h  sur-+ace v a l u e  04 57 
mol O . P i m i n ,  and an appar wit 5sCuiId peak cuncai-ctrat io11 

of 55 umol C l ~ / m i n  a t  5WO um depilr ~.F.L(J. l ! f . - ' J ) .  

Quantum Y i e l d  (uM Ciz/uE, 

The i n i t i a l  s lope 0.f a p h o t o s v n t i i e ~ i s  \E. irl.Lensi iy I J ~ C J C  is A 
f u n c t i o n  of t h e  l i g h t  photosynthet ic r e a c t i w i .  and, accurciinq Ccr 
Far-sons. e t  a l .  i1972)  , is nut  u s L i i t l l y  inCiuericed b y  other 
fac tors .  Due t o  the nature G f  the samplinc; pr'OCedurtz, w e  d i d  r t d .  

a c t u a l l y  der i ve  the qt-tant.ctm yield iuM O.;+/uE) but 
rather- a v a l u e  d i r e c t l y  re laked t o  i t  iuM 
O.;?/mz'/'crE). O w -  ca lcu la t l o r i s  r,holri t i i a t  the 
greatest  quantum y i e l d  tar e + t i c i e n c : ~ /  w a s  i'cxirid a t  ~ ~ ~ u ( J  um 
depth ( T a b l e  I V - 3 ) .  T h i s  is the s n r n e  depi .h  a t  W h i C - t I  tite niaxiritu(ti 
photosynthet ic r a t e s  were +ound. Ihe ne;:t highest y i e l d  was a t  
75Q urn. Going t o  1viK) urn t he re  w d b  a f a i r l v  sharp clrc3,p 
i n  y i e l d  ( f r o m  .024 t u  .lib17 uM O- , . i 'nF iuE .  
arid by 1253 u m  there w d 5  e s s e n t i a l l y  zero y i e l d  at low l i y i i t  
i r i t ens i  t i e s .  The values a t  t he  5 ~ w + & c e  arid 250 mi depth !2-ier-e 
about the  same as t h a t  a t  1000 urn ( T a b l e  I V - - 4 )  - 

To det.ermi ne these yi e l  Js we measured i n c i  dent 1 1  uh t 
inter i r j i  t y  and the dnlourit r J t  l i g h t  tl-!at could be  detected tl-iroiigh 
E\ 1.5 mtn --;lice o f  t h e  mat. U s i n g  ,Lhesr t w o  po in ts .  and a c , s u m i i . q  
a l i n e a r  r e l a t i u n s h i p  f o r  s i m p l i c i t y ,  t h e  i n t e n s i t i e s  a t  t h e  
i ntermcdi a tr? depths were z s t i  m a  t r d .  

W e  attempted t.0 estdbl  i sh Lt)f? occurrence 0.1: ctrtu:. yq;zrri c: 
photosynthesis in t he  m ic rob ia l  m a t  of the 42 per m i l  pond. Clheii 
t h e  l i g h t  w a 5  s w i t c h e d  on a f t e r  smsl l  afnrxtrt tS a i  ~ . i i l f t d e  ( I t K !  
uM) were added t c r  :.he mat .  the 5 ~ 1 1  ide cuncent:ration detrrt,ace~I 
and t he  oxygen concentrat i c m  increased ac.r:.ar d i  nul v. l- .wqe 
amounts o+ s u l f i d e  ( 1  rnM! seemed ta inh . tbr t -  t-'5 2 siitce \-\rider, 
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these conditionrs it took much longer for oxygen concentration to 
build up again. At low sulfide concentrations oxygenic and 
anoxygenic photosynthesis seemed to occur simultaneously, while 
at high concentrations only anoxygenic pttotosynthesis took place. 
No accurate measurements were possible, but a rough estimate of 
the anoxygenic photosynthetic activity is 5-10 micromoles sulfide 
per minute. Since na control measurement wa5 possible, we are, 
not sure whether the decrease in sulfide concentration was duo to 
anoxygenic photosynthesis by cyanobacteria or to suliide 
oxidation by fhiobecillus-like organisms. 

Photosynthetic activity in the mat of the 42 per mil pond 
was not inhibited by light intensities up to 1150 uE 
m-= r1 (Figure I V - 7 ) .  Inhibition occurred only 
at a depth of 2 mm (a  conclusion based on only one point). 
Therefore the fact that the top layer of the mat has less 
photosynthetically active than the deeper layers cannot be 
ascribed to inhibition by high light intensity unless the light 
intensity encountered in the? normal habitat is much higher. The 
mat reaches a maximum photosynthetic ectivi ty at the highest 
light intensity. With increa-inq depth the light intensity 
decreased (the light intensity values given in the graph are 
those measured at the surface of the mat and no light penetration 
could be detected through a 2 mm slice of the mat). Conclusions 
cannot be drawn from this experiment. 

O i  Level Recovery Experiment Results 

Our results indicace that 2 hours was n o t  enough time to 
achieve a baseline dark profile since the first recovery profile 
taken (after roughly 2 1/2 hours dark and 17 minutes light) 
showed lower O a  levels than the "dark" profile. 
Nevertheless, recovery profile trends were seen. Surface 
01 concentrations dropped from 57 to about 50 uM 
01 but never below this level. In contrast, at 0.1 mm 
depth conce. ,rations fell from 56 to 34 uM 02. At 0.2 
mm depth the 02 level was probably even lower as the dark 
profiles show sharp decrrases with depth in this range. 

Thus this core shawr a double peak profile with sharp 
0s concentration gradients in the upper half millimeter. 
After 34 minutes in the light this double peak profile is 
replaced by sa smooth profile gently decreasing from the surface 
to about 0.2 mm depth and more rapidly decreasing after that to a 
baseline value of 3 uM at 0.6 mm depth. The shape af the 
profile remained basically the same on further illumination with 
concentrations increasing a1 1 through the profile but sti 1 1  
reaching a baseline of 3 uM 02 by 0.6 mm. An hour of 
illumination was not enough time t.o allow the core o>dygen profile 
to fully recover to the original light profile values. 
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dapth of ruiwr 
pbtorynthrtic rrtr 
hicronol 

sua total  photosynthetic 
rate i n  top 1 n 
rml D n / l  

225 BO 52 

wo 400 250 

064 a w e  than 229 213 

Table IV-3.  Oummary of photorynthomir rate and depth data 
vrrrus 8 a l f n i t y  ( d l  drtefminod a t  i n c i d e n t  l i g h t  i n t m 8 i t y  
of ilS0 uE m-" rec-1). 

Depth 'quantum v i e l d '  
mao!, O1 S/UE 

5 .d14 
253 .3io 
500 ,055 
754 . E 4  
1030 .01: 
1250 0 

uhere Ik is an indwect aeasure ?i the intensrtr a t  l i g h t  saturatigr: 

Table IV-4. Quantum y i r l d  scrtirnates and I &  uJhere f k  is 8n 
indirect measure af th8 inten%aty at  light oaturation. 
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Di scurri on 

D i s c u s s i o n  o f  Oxygen P r o f i l e s  and  P h a t o e y n t h a t i c  Rates  

The 1 i g h t  oxyger! p r o f i l e s  show s imilar  c h a r a c t e r i s t i c s  a t  
a l l  siCes exaniined: a z o n e  i n  t h e  u p p e r  p o r t i o n  o f  t h e i r  p r o f i l e s  
where O2 c o n t e n t  is f a i r l y  c o n s t a n t .  The  w i d t h  o f  t h i s  
z o n e  v a r i e s  s l i g h t l y  f o r  t h e  t h r o e  lower s a l i n i t y  sites, b e t n q  
1.Q a m  at t h e  m a t ,  a p p r u x i m a t e l y  1.2 mm at t h e  42 p e r  m i l  pond,  
and  58.9 mm a t  the SO p e r  m i l  pond. T h i s  z o n e  is o n l y  0.5 mm wide 
at- t h e  150 p c r  m i l  site. Though t h e  p r o f i l e s  are f a i r l y  
homogenous i n  t h e i r  u p p e r  s e c t i o n s  ( F i g u r e s  IV-3-6 or Table I V - 2 )  
t h e  marsh (20 p e r  m i l )  aird t h e  42 p e r  m l l  p r o f i l e s  d o  show some 
e v i d e n c e  Cor t w o  z o n e s  of pea): o::ygenic p h o t o s y n t h e t i c  a c t i v i t y .  
M i c r o s c o p i c  e x a m i n a t i o n  of t h e  42 per m i l  m a t s  showed b o t h  
a b u n d a n t  d i a t o m s  arid c y a n c h a c l e r i a ,  and  i t  is l i k e l y  t h a t  t h e  
a p p a r e n t  d o u b l e  peak  of a c t i v i t y ,  which may be an a r t i f a c t ,  is 
due t o  the p r e s e n c e  of d ia toms a t  t h e  s u r f a c e  and c y a n o b a c t e r i a  
i n  a subsur-.Cacc la\;er. The marsh s i te h a d  c y a n o b a r t e r i a  a n d  
diatoms; Beyyiatoa w a 5  also v e r y  a b u n d a n t .  Osci l  I a t o r i a  
sp. iwre b y  f ' j r  the dominan t  p h o t o s y n t h e t i c  s p e c i e s .  The  
presence a+ a b u n d a n t  3egqiat.oa is i n d i c a t i v e  of  a s h a l l o w  
~ x y g e n / s u I f i d e  i n t e r f a c e  which  c t x i l d  e a s i l y  s h i f t  p o s i t i o n .  
A c t i v i t y  a t  t h e  90 p e r  m i l  s i t e  pedked a t  0.25 mm, p r c h a b l y  d u e  
t o  p i n r i a t e  diatoms s i n c e  t h e y  are  m o s t  a b u n d a n t  a t  t h i s  p o s i t i o n .  
N u  p h o t G s v n t h e t l c  rate d e t e r - m i n d t i o n e  w e r e  made a t  t h e  150 p e r  
TI; 1 pond which wcs domina ted  by A p h a n o t h e c e i  oxygen 
concen t r a t  i ai t 5 ,  tmurevcr . w e r e  1 o w .  

S i i i c e  ttiere w e r e  d i s t i n c t  areas of peak a c t i v i t y  i n  p r o i i l e s  
itrhich &IObJ€?d m u c h  u n i f o r m i t y  i n  t h t .  u p p e r  zanec, i t  is p r o b a b l e  
t t t a t  b r o t u r h a t i m  is a s r g n i f i c a n t  m o d i f i e r  o f  p r o f i l e s  in t h e s e  
m t a t s .  The s h a p e s  of: t h e s e  p r o f i  le5 suppor  t a n  i n t e r p r e t a t i o r r  of 
the p r ~ 5 e n c e  of b i o t u r b a t i o n  r a t h e r  t h a n  d i + f u t s i o n  a l o n e  as. the 
mechani.sni m o d i f y i n y  t h e  p r o f i l e s .  B i o t u r b a t i o n  w a s  q u i t e  e v i d e n t  
at the 42 p e r  m i l  s i te  where  t h e - b u i l d i n q  p o l y c h e t e s  ( a n n e l i d  
worms) were t3bt.indant. Because of t h e i r  h ,gh s a l i n i t y  to le rances ,  
i t  is l i k e l y  t h a t  p o l y c h e t e c j  a n d / o r  n e m a t o d e s  w e r e  t h e  
b i o t u r b a t i n g  a q e n t s  a t  t h e  marsh.  w h e r p a s  nematodes  a l o n e  w e r e  
pr-obably  t h e  m a i n  a g e n t  a t  t h e  90 a n d  15U p e r  m i l  sites. 
Pr ' -o toc t i s t c , ,  ciliates. and m o t i l e  c h l o r o p h v t e s .  f o u n d  a t  a l l  
9 1  tet,, co~rld a1c.o b e  c o n t r i b u t i n g  t o  t h e  b i o t u r b a t i o n .  The  
p t t o t i c  Z O i i e  i r i  a11 case5 is less t h a n  2 mm t h i c k  in t h e s e  mats. 
I n  yerieral t h e  w i d t h  of this zone  decreases w i t h  i n c r e a s i n g  
5 ~ 1  i n i  t v  lsce p h o t . o s y n t h e t i c  r a t e  p r o f  i les) .  

VIS dep t t i  n f  t h e  m a x i m u 1 1 1  rate of p h o t o s v n t h e t i c  a c t i v i t y  
t endr j  t o  S b i l i t  closer to the o u r f a t e  w i t h  i n c r e a s i n g  s a l i n i t y .  
b o t h  peak p h o t o s y n t h e t i r  ra tes  and  Qa p r a d u c t i o n  i n  t h e  
' L G ~  1 rnm ut t h e s e  cores d e c r e a s e d  w i t h  i n c r e a s i n g  s a l i n i t y .  
5::ate.s of p r o d u c t i o n  f e l l  s h a r p l y  f r o m  t h e  marsh  s i te  (2U per m i l l  
t o  the 42  per  m i l  s i t e .  Between 42 p e r  m i l  and  90 p e r  m i l  t h e  
product  i v i  t v  shawed a much more gr a d u a l  d e c r e a s e .  Though t h e r e  
ari? r i g  phct :c : synt . i~c t i c  r a t e  d a t a  f o r  the h i q h e s t  s a l i n i t y  pond. 
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Figure IV-8 ,  Photosynthesis at various depths df  the sediment 
core and calculation of f k  values at the 42 per mil sits. 
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t h e  fac t  t h a t  i ts peak c o n c e n t r a t i o n  p r o f i l e  was o n l y  5 7  clM 

UZC a5 cumpared  to 150--17C) UP, at t h e  o t h e r  s i tes,  
s u q q s s t s  t h a t  a n a t h e r  shar-p d r o p  i n  p r  o d i . i c t i v i t y  occur-s i n  g o i n g  
ta t h i s  h i g h  o a l i n i t y .  

Su1 f i d e  Pr -o t  i 1 es 

The s u l f i d e  pi-of i l e s  sr~uwed s u l f i d e  c o n c e n t r a t i o n  below 
e x p e c t e d  v a i u e e ,  i n d e e d  be low t h e  r e s o l u t i u n  c a p a b i l i t i e s  at our 
m i c r o e l e c t r o d e s .  The o n l y  e h c e p t i o n  w a s  the p r o f i l e  O+ t h e  150 
per mil !site. where  r e l a t i v e l y  hxqh c o n c e n t r - a t i o n s  w e r e  f ound .  

The l i q h t  marsh p r o f i l e  shows e s s e n t i a l l y  cia f r e e  s u l f i d e  
u n t i l  a depth of 1.75 mm. where  t h e  c o n c e n t r a t i o n  s h a r p l y  
i n c r e a s e s ,  I t w e l i n g  o f f  a t  3.5 m a .  The f i n a l  c o n c e n t r a t i o n  at 
t h i s  d e p t h  w a s  a p p r o x i m a t e l y  3:) uil. t4 d a r k  p r o f i l e  t a k e n  L 
h o u r s  a f t e r -  i n c u b a t i o n  showed s u r f  ace c a n c e n t r a t i o n s  of a b o u t  
uly tor abaut what  t h e  s t e a d v  base 1rue . l  w a s  i n  the l i q h t  
core) w i t h  c o n c e n t r - a t i o n  i n c r - e a s i n g  . : l i g h t l y  w i t h  d e p t h  acid 
levelirg o f f  by a d e p t h  of  2.75 inln \ F i g .  I 'd -12) .  Ti3e 42 p e r  mi! 
s e d i m e n t  c o r c  ( F i g .  i V - - l Z )  l i g h t  s u l f i d e  p r o f i l e  showed o n l y  a 
gr-adu-1 increaee i n  c o n c e n t r a t i o n  between 3 and  14 mm. Liy 10 min 

the cu i i cen t t - a t iun  w a s  p r o b a b l y  s t i l i  u n d e r  i0 uM. A p r u i i l e  
taken a f t . e r  ? h o u r s  i n  t h e  dar-k showed s u l i i d e  i n c r - e a s i n g  ntucrh 
inure qu ic i . i y ,  b e q i n r l i n g  ntar-krd chariye about ~b.25  mnt t o  r e a c h  a n  
appro : : i lna te  s t d b l c  c a n c e n t r a t i o n  t p r - o t a b l \  a b o u t  lit uM> a t  
2 .5  mm. L f t e r  4 h o u r s  i n  t h e  d a r k  t h e  42 per- m i l  cure had s i 3 m ~  

E e j y z a t . o a  s c C t t t r c d  art its s u r i a c s .  , / e r i f y i n q  t n e  profile's 
f iilclii-iy of a s u l + i i i e  s i r i i . .  a t  t h e  sur.tace'ai?ci i n d i c a t i n u  t h a t  t h i s  
w a 5  the ic ,_c. t ic jn  of t h e  o : ; y q e n i r u l f  i d e  i n t e r f a c e .  I n  c o n t r a s t .  
the marsh cut es were c o r n p i e t e l y  co*,er-ed b y  B r g p : d t o a  af te r  
cmly aboi-ci 2Ll t n i n c i t c s  i n  the Clark arta b,,, L hours tlad yont t g L d l i y  
ani~>;ic.  lJu p r u - t ' i l e r  w e r e  d o n e  for .  t h e  Y i j  per m i i  site. The 151.) 
per- m r l  l i g h t  s u l  i ; d r  p i - i i t i l c  show-, a qradual thcikigh e r r a t i c  
i r i c r  ease i ri ciii i f i de cui-lcxl t.r-at -1 01 I w i  t tl  dep t t-1 I The ma?: i mum 
cLJrItentraC1un -3Ptm 1 1 )  this  i i o r . e  was i3:) &l t125 at. .7.b 
mfll ! C  r q .  I!-'--::) . 
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O#UQ&IAL PAGE' 15' 
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Depth urn Photosynthesis rate luM 02) 
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~ i g w m  IV-9. Photorynthrnim rat- a t  thm v u i w r  dmpthm of smdirnnt 
core 8t rvrriour l ight  int8nritic.r (the 42 p w  m i l  pond). 
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Figure IV-11. W.h 8 i t m  sulfide profilms i n  the fight (1SOO 
P E  m-" H C - ~ )  m d  dark. Values are given in mV since, being 
smaller than 50 uM, they were a l l  below the linear range of 
the  sulfide electrode. pH = 8.83. 
( 1  cm)  
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Figure IV-12. 9ulfiddo p r o f i l m  i n  the light (1500 rrE 
m-2 rmcB-1) and thm dark (42 per mil 
pond) 
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r e p r e s e n t  t w o  e x t r e m e s :  t h e  marsh site, open t o  mixing  w i t h  bay 
w a t e r s ,  is s u r r o u n d e d  by d e n s e  v e g e t a t i o n  w h i l e  t h o  150 p e r  m i l  
s i te  is i s o l a t e d  a t  t h e  end  of a series of c o n n e c t e d  s a l i n e  ponds  
w i t h  no  s u r r o u n d i n g  v e g e t a t i o n  growing  on t h e  e v a p o r i t e ,  
mineral- laden soil  ( abundan t  Aphenothece are p r e s e n t  i n  t h e  
water column).  

Another l i n e  of e x p l a n a t i o n  f o r  t h e  anomolour ly  l o w  s u l f i d e  
c o n c e n t r a t i o n s  at t h e  42 per- m i l  s i t e  is t h e  e x i s t e n c e  of a 
s u l f i d e  " s i n k z "  s u c h  as f e r r o u s  i r o n ,  t h a t  d o e s  n o t  o p e r a t e  a t  
t h e  o t h e r  sites. f e r r o u s  i r o n  r e a c t i n g  w i t h  s u l f i d e  may f o r m  
i r o n  ntonosulf i d e s  and e v e n t u a l l y  p y r i t e .  Roqer F r a n q o i s  found  
s i g n i f i c a n t  p y r i t e  f o r m a t i o n  i n  t h e  s e d i m e n t s  of t h e  42 p e r  m i l  
pond. t h e  h i g h e s t  r a t e s  o f  f o r m a t i o n  b e i n g  i n  t h e  t o p  c e n t i m e t e r .  
O the r  e x p e r i m e n t s  by t h e  Klug g roup  i n d i c a t e  h i g h  rates of 
s u l f a t e  r e d u c t i o n ;  s u l f i d e  must be t a k e n  up i n  some way s i n c e  
v e r y  l i t t l e  free s u l f i d e  w a 5  measured. The 42 p e r  m i l  oond is 
l o c a t e d  immedia t e ly  a d j a c e n t  t o  t h e  s p i l l w a y  pond whereas  the  150 
p e r  m i l  pond i5  removed f rom d i r e c t  5ea w a t e r  c o n t a c . t  ( r i g .  
IU-1). Thus t h e  42 p e r  m i l  pond may r e c e i v e  i r o n  v i a  its closer 
c o n t a c t  w i t h  t h e  bay water. 
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