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Construction and calibration of a rapidly 
responding pH mini-electrode: application to 

intertidal sediments*
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ABSTRACT- The  construction and  calibration is described  of a n ew  type of pH  glass e lectrode  with a 
m easur ing  bulb of 1.0 mm in d iam ete r  The  lower one-fourth  zone of the bulb, a 15 to 70 pm thick 
m em b ran e  of pH  glass, contributed  at least 70 % to the final reading, hence  a llowing a spatial  resolution 
down to 100 pm. The  90 % response time d e p e n d e d  on  tem pera tu re  and  varied from 20 s at 0°C to 5 s at 
3 6 °C in buffer solutions and from 5 to 15 s in sed im en t  at 18°C. A m axim al deviation of 4 % resulted  
from the use  of s tandard  buffers for calibration instead  of saline buffers. Over the t em p era tu re  a n d  pH  
range  tes ted  (0 to 36°C  and  pH  7 to 10) the mini-e lectrode sh o w ed  a l inear response.  Responses varied  
from 91 to 98 % of those calculated from the Nernst ian  equation. In m elting ice 75 % of the N ernst ian  
response was still found. The sturdy bulb of the mini-e lectrode allows its use  in m ud d y  as well as sandy 
sediments.  The  short response time and high spatial resolution permit the m easu rem en t  of vertical pH- 
gradients  at microscale, parallel to such gradients  in oxygen, m easu red  with oxygen microelectrodes. 
An exam ple  is given of a combined m easu rem en t  of the photosynthetic  activity of ben th ic  microalgae,  
pH, and oxygen in an  estuarine  sediment.

INTRO DU CTIO N

D u rin g  th e  las t  d e c a d e ,  m ic ro e lec t ro d es  h a v e  b e e n  
d e v e lo p e d  for u s e  in  m a r in e  a n d  e s tu a r in e  s ed im en ts .  
T h e  u s e  of th e s e  e le c t ro d e s  h a s  in c re a s e d  ou r  in s ig h t  
in to  th e  m icrob io log ica l  a n d  g e o c h e m ic a l  p ro ces se s  in 
a v a r ie ty  of b io topes .  E colog ica l  p ro ce s se s  in the  oxic 
lay e r  of in te r t ida l  flats c a n n o t  b e  u n d e r s to o d  w ith o u t  
k n o w le d g e  of th e  f luc tu a t ion s  of o x y g e n  a n d  pH. 
R ecen t  s tu d ie s  h a v e  sh o w n  la rg e  daily  f lu c tu a t io ns  in 
o x y g e n  a n d  p H  d u e  to th e  activity  of b a c te r ia  a n d  
m ic ro a lg a e  (R evsbech  e t  al. 1983, R e v sb ech  & W ard  
1984, J o r g e n s e n  e t  al. 1983, R a sm u s se n  et al. 1983). 
U ltrafine  p H  m ic ro e lec t ro d es  of g lass  d e v e lo p e d  for 
in t ra ce l lu la r  m e a s u r e m e n ts  w e re  d e sc r ib e d  by C a r te r  & 
P u cacco  (1978) a n d  T h o m a s  (1978). T h e  la t te r  d e s c r ip 
tion w a s  u s e d  by  R e v sb e ch  a n d  co w o rk e rs  for th e i r  pH  
m ic roe lec trod es .  T h e  e lec tr ica l  re s is ta n c e  of sca led -  
d o w n  p H  m ic ro e lec tro d es  in c r e a s e d  th e  t im e  n e e d e d  
for s tab il iza t ion  from 15 to 180 s (C ar te r  & Pucacco, 
1978). This  im plies  th a t  a  su i tab le  c o m p ro m ise  h a s  to 
b e  fo u n d  b e tw e e n  tip size a n d  a d e q u a t e  r e s p o n s e  time,
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d e p e n d in g  on  th e  a im  of th e  re se a rch .  A p p lic a t io n  in 
e s tu a r in e  a n d  m a r in e  s e d im e n t s  r e q u i r e s  rap id ly  
r e s p o n d in g  e le c t ro d e s  as p H  m a y  c h a n g e  d u r in g  the  
m e a s u r in g  p ro c e d u re .  T h e  c o n s t ru c t io n  of a rap id ly  
r e s p o n d in g ,  s tu rd y  p H  g lass  m m i- e le c t ro d e  is 
d e sc r ib e d  h e re  as w ell as th e  m e th o d  u s e d  for c a l ib ra 
tion. T h e  p ro p e r t ie s  of this m in i-e le c t ro d e  a re  d is c u s se d  
w ith  r e s p e c t  to sp a t ia l  re so lu t ion  a n d  re s p o n s e  time. A n 
e x a m p le  of in situ  ap p l ic a t io n  in a n  in te r t id a l  f lat is 
p re s e n te d .

M ATERIAL A N D  M ETH O DS

C on struction . T h e  tip of th e  m in i- e le c t ro d e  is m a d e  
of C o rn in g  0150 p H  glass. T h is  g la s s  is c o m p o s e d  of 
S i 0 2 (72 %), N a 20  (22 %) a n d  C a O  ( 6  %), a n d  e xh ib i ts  
a N e rn s t ia n  re s p o n s e  to H + ions  u p  to p H  11 to 12 
(L a k s h m in a r a y a n a ia h  1976). A  tu b e  of C o rn in g  0150 
glass, 2.5 cm  in l e n g th  a n d  2 m m  w ide ,  is p u l l e d  to a 
fine cap il la ry  w i th  a m ic ro p ip e t te  p u l l e r  to a  final o u te r  
d ia m e te r  of 0.2 to 0.5 m m ; th e  th ic k n e s s  of th e  w a ll  is 
t h e n  ca  0.1 m m . T h e  o p e n  e n d  of th e  cap il la ry  is c losed  
b y  h e a t in g  w ith  a  c ircu la r  m ic ro fo rge  h e a t in g  e le m e n t
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H e a lin g  e ïe m e n t

Fig. 1. Construction  of the p H  bulb, (a, b) Pulling of glass capillary with a circular microforge hea t ing  element,  (b, c) Blowing of the 
bulb with N 2 at pressure  2 atm. The  h ea t ing  e lem en t  is first m oved  towards the bulb  to m ak e  one side thinner. Afterwards, the 

e lem en t  is m oved  down and  to one side to move the  partial ly th inned  glass to the lower part  of the bulb

(Fig. la ) .  T h e  t r a n s fo rm a t io n  of th e  c lo sed  e n d  in to  a 
r o u n d e d  b u lb  re su l ts  from th e  in te ra c t io n  of th e  h e a t in g  
a t  th e  tip a n d  th e  b lo w in g  of N 2-gas  in to  th e  o p e n  e n d  
of th e  tu b e  (Fig. lb) .  T h e  h e a t in g  e le m e n t  is first m o v e d  
to w a rd s  o n e  s id e  to c re a te  a t h in n e r  wall.  This  s ide  is 
m o v e d  d o w n w a r d s  by  m o v in g  the  h e a t in g  e le m e n t  
re la t iv e  to th e  b u lb  (Fig. le) . W ith  e x p e r ie n c e ,  pe r fec t  
sp h e r e s  c a n  b e  fo rm e d  w ith  b u lb s  v a ry in g  in  d ia m e te r  
0.1 to 1.0 m m ; w e  p re f e r r e d  0.5 to 1.0 m m  b u lb s  for 
m e a s u r e m e n ts  in  s e d im e n ts  as  will b e  d is c u s se d  la ter .  
T h e  g lass  th ic k n e s s  of th e  s ide  a n d  lo w er  p a r t s  d e p e n d s  
on  th e  d is ta n c e  b e tw e e n  th e  h e a t in g  e le m e n t  a n d  th e  
tip. For a 1 m m  b u lb  it d e c r e a s e d  from  100 pm  in th e  
u p p e r  p a r t  to 15 um in t he  l ow er  par t .  T h e  e le c t ro d e  is 
g lu e d  in to  a p a s t e u r  p ip e t te  (WU, M ainz ,  FRG) w ith  a 
2 -c o m p o n e n t  g lu e  b a s e d  on  e p o x y  re s in s  (U hu /F ism ar ,  
FRG). T h e  c o n n e c t io n  m u s t  be  w a te r t ig h t  to e n s u re  
correc t  m e a s u re m e n ts .  T h e  to ta l  l e n g th  of th e  p r o t r u d 
in g  pFl tip v a r ie s  from  5 to 15 m m .

T h e  e le c t ro d e  is fi lled u n d e r  v a c u u m  to p r e v e n t  for
m a t io n  of m icro  g a s  b u b b le s .  T h e  in te rn a l  e lec tro ly te  is 
a  m ix tu re  of 0.1 M  so d iu m  c i t ra te  a n d  0.1 M  sod ium  
ch loride . To p r e v e n t  m ic ro b ia l  g ro w th  in s id e  th e  e le c 
trode, si lver n i t ra te  is a d d e d  to a f inal c o n c e n t ra t io n  of 
1 %. O n  top  of th e  in te rn a l  so lu tion  a  d ro p  of para f f in  
oil is a d d e d  to close th e  e le c t ro d e  a n d  p r e v e n t  e v a p o r a 
tion.

A 24 h p e r io d  of s ta b i l iza t ion  is n e e d e d  for th e  
eq u i l ib ra t io n  of th e  p H  g lass  a n d  its in te rn a l  solution. 
T h e  e le c t ro d e s  a re  s to re d  at 4 °C in a tu b e  c o n ta in in g  
th e  in te rn a l  e lec tro ly te  solution. T h e  l i fe tim e is th e n  
ab o u t  6  mo. For lo n g e r  s to ra g e  th e  e le c t ro d e s  sh o u ld  b e  
left unfilled . B e tw e e n  daily  m e a s u r e m e n t s  th e  p H  m in i 
e le c t ro d e  is k e p t  in  s e a w a te r  of a m b i e n t  t e m p e r a tu r e  
a n d  salinity . In this  w a y  la rg e  p H  c h a n g e s  a re  p r e 

v e n te d ,  p ro lo n g in g  its lifetime. D ec line  of th e  p o ten t ia l  
d i f fe ren ce  p e r  p H -u n i t  or s u d d e n  shifts in p o ten t ia l  
r e a d in g s  ind ica te  m a lfu nc t io n in g .

RESULTS A N D  D ISC U SSIO N  

C alibration

T h e  r e s p o n s e  of e a c h  n e w ly -m a d e  p H  m in i-e le c t ro d e  
is c h e c k e d  for its r e s p o n se  t im e  a t  a p H  in te rva l  of 7 to 
10 b e fo re  use . This  in te rva l  in c lu d es  all p H  va lu e s  
e n c o u n te r e d  in  m e a s u r e m e n ts  in  s e d im e n ts  of th e  Oos- 
te r s c h e ld e  e s tu a ry  (The N e th e r la n d s ) .  E a r l ie r  tes ts  
sh o w e d  re s p o n se s  close to th e o re t ic a l  v a lu e s  b e tw e e n  
p H  4 to 11.

T h e  buffe r  so lu tions  u se d  a re  co m m erc ia l ly  a v a i lab le  
(M erck).  S a l ine  bu ffe r  so lu tions  w e re  m a d e  b y  a d d in g  
so d iu m  ch lo r ide  (M erck  p.a.) to o b ta in  a final sa lin ity  of
3 0  % o .

T h e  e x p e r im e n ta l  se t -u p  con s is te d  of a s tu rd y  m e ta l  
r a ck  w ith  a m o to r -d r iv e n  m ic ro m a n ip u la to r  (Ull/Assler, 
FRG) h o ld in g  th e  p H  m in i-e lec t ro d e .  T h e  m in i-e lec-  
t rod e  w as  l in k e d  to a p H /m V  m e te r  (PH M  82 R a d io m e 
te r  C o p e n h a g e n ,  D e n m a rk )  by  a si lver w ire  c o n n e c t in g  
th e  in te rn a l  so lu tion  w ith  a sh ie ld e d  cab le .  T h e  h igh  
e lec tr ica l  r e s is ta n ce  of th e  m in i-e lec t rod e ,  IO10 to 
IO12 £2, m a k e s  it v e ry  sens it ive  to in te r fe re n c e s  of static 
e lec tr ic ity  or sho r t-c i rcu i t in g  b y  m ois ture .  Therefo re ,  
p ro p e r  in su la t ion  a n d  sh ie ld e d  c ab le s  a re  req u i red .  A 
s in g le  ju n c t io n  re f e re n c e  e le c t ro d e  w ith  ce ram ic  grit 
(R ad io m e te r  C o p e n h a g e n ,  D e n m a rk )  w a s  c o n n e c te d  to 
th e  p H /m V  m ete r ,  w h ich  w as  s to re d  in  a  w a te rp ro o f  
ho u s in g .

W e te s te d  th e  p H  m in i-e le c t ro d e  in  4 s t a n d a rd  buffe r
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solu tions over  a te m p e r a tu r e  r a n g e  of 0 to 36 °C. At 
e a c h  t e m p e ra tu re  th e  c o r r e sp o n d in g  p H  v a lu e s  w e re  
c o rrec ted  a c co rd in g  to th e  m a n u f a c tu r e r ’s in form ation  
or by ad d i t io n a l  c a l ib ra t ion  w ith  a p H  m a c ro -e lec t ro d e  
(GK 2421C, R a d io m e te r  C o p e n h a g e n ,  D e n m ark )  c o u 
p led  to a similar r e f e re n c e  e lec t ro d e  as u se d  for the  
m in i-e lec trode .  L in ea r  re g re s s io n  ana lys is  a lw ays  
s h o w e d  h ig h  co rre la t io n  coeff ic ients  b e tw e e n  p H  an d  
po ten t ia l  d if fe rence ,  r a n g in g  from r = 0.999 a t  0.0 °C to 
r -  1.000 a t  3 5 .6 °C, n = 4. T h e  lo w es t  sens itiv ity  w as  
fou nd  in m e l t in g  ice. T h e  th eo re t ic a l  re la t ion sh ip  
b e tw e e n  s lope  a n d  t e m p e ra tu re  is d e f in e d  by  the  
N e rn s t  eq u a t io n .  T h is  e q u a t io n  p red ic ts  sens it iv it ies  of 
58.2 a n d  60.1 m V  p H - 1  a t  20 a n d  30 °C, re sp ec t iv e ly  
(Fig. 2). M e a s u r e d  s lo pes  w e re  b e tw e e n  95 a n d  98 % of
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Fig. 2. Sensitivity (•; mV p H ~ l) and  90 %  response  time (o; s) 
m easu red  at steps of 1 pH -unit  in S = 30 buffer solutions with 
tem pera ture  rang ing  from 0 to 36 °C. D ashed  line represen ts  
the sensitivity calcula ted  according the N ernst  equation,  slope 
= 0.198. A slope of 0.269 (n = 8, r = 0.988) was calcula ted from 
the m easured  sensitivities (solid line) for the pH m ini-e lec

trode tested, excluding the melting ice' point

the  N e rn s t ia n  s lop es  o ve r  th e  r a n g e  of 9 to 36 °C 
d e c re a s in g  to b e tw e e n  91 a n d  93 % a t  1 to 9°C . In 
m e l t ing  ice 75 % of th e  N e rn s t ia n  r e s p o n s e  w a s  still 
found . T h e  n o n - id e a l  r e s p o n se  a t  t e m p e ra tu re s  low er 
th a n  2°C  is p ro b a b ly  d u e  to r e t a r d e d  d iffusion a n d  the  
p re s e n c e  of ice in  th e  solution. F ield  m e a s u r e m e n ts  in 
ice -co v e red  s e d im e n ts  sh o w e d  u n re l ia b le  a n d  u n s ta b le  
s ignals ,  in d ica t in g  s low  e x c h a n g e  ov e r  the  p H  g lass  
m e m b ra n e .

T h e  a c c u racy  of p H  m e a s u r e m e n ts  is su b je c t  to d is 
cussion. D iffe rences  in  se t -u p  or se ts  of e le c t ro d es  
in t ro d u ce  sev e ra l  so u rces  of error. T h e  m a in  tech n ica l  
e rror  resu l ts  from th e  u se  of d if fe ren t  ju n c t io n s  b e tw e e n

p H  a n d  r e f e re n c e  e lec tro d e .  A l th o u g h  th e  free d if fu
sion l iqu id  ju n c t io n  p ro v id e s  th e  b e s t  a l te rn a t iv e ,  its 
ap p l ic a t io n  c a u s e s  p ro b le m s  in se d im e n t .  W e  u s e d  a 
r e f e re n c e  e le c t ro d e  w ith  a p e r m e a b le  ce ra m ic  gri t  for 
ca lib ra t io n  a n d  in situ  m e a s u re m e n ts .  T h e  d ev ia t io n  
can  b e  r e d u c e d  to 0.01 p H -u n i t  w h e n  th e  s a m e  p a ir  of 
p H  a n d  r e f e re n c e  e le c t ro d e  a re  u s e d  th r o u g h o u t  a 
se r ie s  of m e a s u r e m e n t s  (W hitfie ld  e t  al. 1985).

A se c o n d  so u rce  of e rro rs  a r ise s  from p hy s ica l  factors, 
s u ch  as t e m p e r a tu r e  a n d  salinity . In o u r  tes ts  w e  c a lc u 
la te d  th e  effect of te m p e r a tu r e  to b e  0.27 m V  p H - 1  “C ” 1 

b e tw e e n  1 a n d  36 °C, s o m e w h a t  la rg e r  th a n  th a t  p r e 
d ic ted  from th e  N e rn s t ia n  e q u a t io n ,  0.20 m V  p H - 1  °C _ 1  

(Fig. 2). T h e  effec t  of sa l in i ty  w a s  a shift in th e  r e a d in g  
of th e  p o te n t ia l  of th e  b u ffe r  so lu tions  d u e  to c h a n g e d  
co nd uc tiv i ty  w h ic h  d e c r e a s e d  th e  o r ig ina l  p H  value . 
T h e  p h o s p h a t e - b a s e d  p H  7 bu ffe r  sh i f ted  from  7.0 to 
6.62, w h e r e a s  th e  3 b o r a t e - b a s e d  b u ffe rs  of p H  8 , 9 a n d  
10 e a c h  d e c r e a s e d  0.16 p H -u n it .  H o w ev e r ,  on ly  s l igh t 
c h a n g e s  in sensit iv ity  (1 to 4 %), c o m p a r e d  to s t a n d a rd  
fresh  bu ffe r  so lu tions, w e re  found .  In o th e r  s tu d ie s  salt  
shifts v a r i e d  from 0.01 to 0.09 p H -u n i t  (S c h w a b e  1974, 
B u tle r  et al. 1985, W hitf ie ld  e t  al. 1985, M illero  1986). 
M illero  s ta ted  th a t  for p H  d e te r m in a t io n  o ve r  a salin ity  
r a n g e  of 5 to 40, a n y  se t  of b u ffe rs  at a f ixed sa lin ity  can  
b e  u sed ,  in t ro d u c in g  a shift of 0.01 p H -u n i t  a t  most. T h e  
t rans i t ion  of S = 0 to S =  5, h o w e v e r ,  m a y  c a u se  la rg e r  
errors, u p  to 0.09 pH -u n it .

90 % resp o n se  tim e and drift

T h e  90 % r e s p o n s e  t im e  is d e f in e d  as th e  tim e 
n e e d e d  to r e a c h  90 % of th e  s ta b i l iz ed  v a lu e  (R evsbech  
e t  al. 1983). T h e s e  t im es  w e re  e s t im a te d  from the  r e 
c o rd e r  re ad in g s .  A n a v e r a g e  w a s  c a lc u la te d  from e a c h  
se r ie s  of 4 buffers.  T h e  m o s t  ra p id  re s p o n s e s  w e re  
fo u n d  b e tw e e n  15 a n d  2 5 °C (Fig. 2). O v e r  th e  r a n g e  
9 to 36 °C, r e s p o n s e  t im es  v a r ie d  little, 10 to 20 s. At 
te m p e r a tu r e s  lo w e r  th a n  2 °C  th e  t im e  n e e d e d  for 90 % 
s tab i l iza t ion  w a s  s ign if ican tly  longer ,  49 to 67 s, a p p ly 
in g  in  this  c a se  to shifts  of 1 p H -u n i t .  O n  m o v in g  th e  pH  
m in i-e lec t ro d e  to bu ffe r  so lu tions  w i th  s im ila r  pH, 
s tab i l iza t ion  w a s  s e e n  w ith in  a few  seconds .

T h e  90 % r e s p o n s e  t im e  g ives  only  a r o u g h  in d ic a 
tion  of th e  sensitiv ity .  E v e n  a ve ry  sens i t ive  e le c t ro d e  
ex h ib i ts  r e s p o n s e  t im es  of 5 to 50 s d u e  to c h a n g e s  in 
te m p e r a tu r e  a n d  h e n c e  d iffusion  velocities.  W e u s e d  a 
s t a n d a rd  90 % re s p o n s e  t im e  of m a x im a l  10 s a t  20 °C at 
a  shift of 1 p H -u n i t  as a te s t in g  n orm ; e le c t ro d e s  w ith  
s low er  r e s p o n s e  t im es  w e re  n o t  u s e d  as  th e i r  b u lb  w alls  
w e re  to th ick  to a llow  fas t diffusion.

T h e  e lec t ro d e  drift w a s  ve ry  small,  1 to 12 m V  h - 1  at 
20 °C, w h ic h  c o r r e sp o n d s  to a m a x im a l  drift of 0.004 
p H -u n i t  m i n - 1 .
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Fig. 3. Test p rocedure  u sed  to de term inate  
the actual m easuring  zone of the bulb of a 
p H  mini-electrode. The bulb  was separa ted  
from 2 different buffers by a thin parafilm 
with a hole of 50 pm. (a) At time = 0 s a drop 
of buffer solution (pH 9.0) was a d d e d  to the 
u p p e r  side of the parafilm. (b) At time = 180 
s the bulb was p ushed  gradually  through the 
parafilm m em brane .  After 220 s the whole 
bulb  was s i tuated  be low  the parafilm m e m 
brane. (c) At time =  360 s the e lectrode was 
gently moved upwards.  The  situation illus

trated  was r e ach ed  after 450 s

Spatia l reso lu tio n

A specif ic  tes t  w a s  ca r r ie d  ou t  to d e te r m in e  th e  ac tu a l  
m e a s u r in g  zo n e  of th e  tip a n d  th e r e b y  its sp a t ia l  r e s o lu 
tion. T h e  m e th o d  u s e d  a l lo w e d  d is c r im in a t io n  b e tw e e n  
slow- a n d  ra p id - r e s p o n d in g  a r e a s  of th e  bu lb .  W e  took 
a 1 m m  b u lb - s iz e d  e le c t ro d e  ex h ib i t in g  m ax im a l  
re s p o n s e  t im e  at 20 “C in  o rd e r  to m a k e  a m a x im a l  
e s t im a t io n  of th e  m e a s u n n g  e r ro r  in v o lv ed  in  m e a s u r 
ing  su b -m il l im e te r  in tervals .  T h e  e le c t ro d e  w a s  h e ld  
w ith  th e  tip to u c h in g  a s t r e tc h e d  p a ra f i lm  m e m b r a n e  
(Fig. 3a). T h is  m e m b r a n e  s e p a r a t e d  2 b u ffe r  so lu tions 
of p H  8.0 a n d  9.0. A h o le  of a p p ro x im a te ly  50 pm  w as  
m a d e  to p ro v id e  c o n ta c t  b e tw e e n  e le c t ro d e  a n d  u n d e r 
ly ing  solu tion. T h e  Liquid co n tac t  th r o u g h  th e  sm all  
c o n n e c t in g  h o le  w a s  suff ic ien t to e s ta b l i sh  a  s tab le  
rec o rd in g  signal.  W h e n  a d ro p  of p H  9 bu ffe r  w a s  
a d d e d  th e  e lec t ro d e  s ig n a l  s h o w e d  a shift  of 55 m V  
w ith in  10 s. T h e  e le c t ro d e  w a s  th e n  m o v e d  th r o u g h  the  
m e m b r a n e  w h ile  re c o rd in g  th e  s ig n a l  con t in u o u s ly  
to g e th e r  w ith  m ic ro sco p ic  o bse rv a t io n .  A  g ra d u a l  
d e c re a s e  of th e  e le c t ro d e  s ig n a l  w a s  s e e n  as th e  b u lb  
m o v e d  d o w n w a r d s  th ro u g h  th e  m e m b r a n e  (Fig. 3b). As 
soon  as ha lf  of th e  b u lb  h a d  p a s s e d  th e  m e m b r a n e ,  the  
m e m b r a n e  c losed  a t  the  n e c k  a n d  th e  s ig n a l  d ro p p e d  
a lm o st  in s tan t ly  to th e  o rig ina l p H  8.0 va lue .  This 
m e a n s  th a t  th e  p H  is m e a s u r e d  by  th e  b u lb - fo rm e d  tip 
of th e  m in i-e lec t ro de .  M o v in g  th e  tip u p w a r d s  g av e  
fu r th e r  in fo rm at ion  a b o u t  th e  ac tu a l  m e a s u n n g  zone  
(Fig. 3c). A sm all  d n f t  of 2 m V  w a s  m e a s u r e d  w h e n  % 
of th e  b u lb  h a d  p a s s e d  th e  m e m b ra n e .  A d d it io n a l  m i 
c roscopic  s tud y  of th e  b u lb  s h o w e d  th a t  th e  th ic k n e s s  of 
the  g lass  m e m b r a n e  n a r r o w e d  from  70 to 15 pm in the  
lo w e r  Vi part .  O v e r  th e  lo w es t  100 pm z o n e  th e  15 to 
25 pm th ick  g lass  f a v o u re d  e x c h a n g e  of H + ions in  a 5:2 
ra tio  re la t ive  to the  a d ja c e n t  200 pm z o n e  ab ov e .  This 
m e a n s  th a t  at le a s t  70 % of th e  r e s p o n s e  w as  o b ta in e d

via th e  th in n e s t  p a r t  of th e  bu lb .  It a lso im p l ie d  a 
m in im a l  spa t ia l  reso lu t ion  of 1 0 0  pm  at 1 m m  bulb-s ize .

A p p lica tion  to in tertidal sed im en ts

An in situ m e a s u r e m e n t  in  e s tu a r in e  s e d im e n t  w as  
ca r r ied  ou t w ith  an  o x y g e n  m ic ro e lec tro d e  a n d  a p H  
m in i-e lec t ro d e .  T h e  o x y g e n  m ic ro e lec tro d es  w e re  c o n 
s t ru c te d  ac c o rd in g  to th e  d esc r ip t io n  g iv e n  by 
R ev sb e ch  (1983). P h o to sy n th es is  w a s  m e a s u r e d  in 
50 pm  in te rva ls  a t  in situ  i r rad ia n ce  (1180 pE m - 2  s - 1 ) 
a n d  t e m p e r a t u r e  (18 .2°C), u s in g  th e  d a r k e n in g  t e c h 
n iq u e  d e s c r ib e d  b y  R e v sb ech  & J o r g e n s e n  (1983). C a l i 
b ra t io n  of the  o x y g e n  m ic ro e le c t ro d e  w as  d o n e  in  s e a 
w a te r  of a m b ie n t  te m p e r a tu r e  by  W in k le r  ti tra tion  
d irec t  af ter  th e  m e a s u re m e n t .  C a l ib ra t io n  of th e  p H  
m in i-e lec t ro d e  took  p lac e  d irec tly  a f te r  m e a s u r in g  in 
3 b u ffe rs  co v e r in g  the  p H  r a n g e  m e a s u re d ,  7 to 9. T he  
b u ffe rs  w e re  k e p t  a t  a m b ie n t  t e m p e r a tu r e  w i th o u t  
e x p o s u re  to d irec t  sun ligh t .  A s e d im e n t  s a m p le  w as  
t a k e n  w ith  a p lex ig la s s  co re r  of 2 0  cm  le n g th  a n d  6  cm 
w id th  from an  e m e r s e d  in te r t ida l  sa n d f la t  in th e  Oos- 
te r s c h e ld e  es tuary ,  so u th w e s te rn  N e th e r la n d s ,  on 11 
J u n e  1986. O x y g e n  a n d  p h o to s y n th e s i s  p rofiles  w e re  
m e a s u r e d  w ith in  1 0  m in  af ter  s a m p l in g  u n d e r  in situ 
cond it ions  of i r r a d ia n c e  a n d  t e m p e ra tu re  at th e  s a m 
p lin g  site; this  took  10 m in  for 2 profiles. T h e  first 
m e a s u r e d  profile of p h o to s y n th e s is  a n d  o x y g e n  is 
s h o w n  in Fig. 4. T h e  pH  profile w as  m e a s u r e d  im m e d i 
a te ly  af ter  the  p h o to s y n th e s is  m e a s u re m e n ts .  In tervals  
of 0.1 m m  w e re  m e a s u r e d  u p  to 1.5 m m  d e p th ,  an d  
0.5 m m  in te rv a ls  to a d e p th  of 5.0 m m  (Fig. 4). T he  
w h o le  profile  w a s  c o m p le te d  in 8  mm.

T h e  90 % re s p o n se  t im e  w as  m ax im a l ly  5 s w h e n  
m o v in g  over  100 ,um in te rv a ls  w ith  a p H  c h a n g e  of 0.05 
to 0.50. At g r e a t e r  d e p th  in te rv a ls  lo n g e r  re s p o n se
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Fig. 4. Depth  profiles of pH  (o), oxygen (•; pmol d m - '1 in te r
stitial water) and photosynthetic  rate  (bars; mmol d m “'1 wet 
sed im ent h _ l ) m easu red  in a sandy  em ersed  intertidal flat, 11 
Ju n e  1986, M easu rem en ts  took place  at in situ conditions of 
irradiance (1180 pE m -2 s -1 ), tem pera tu re  (18.2°C), and  salin
ity (S = 34.8) immediately  after sampling ( 10:50 h ) Calib ra
tion was done with 3 s tandard  buffers (7,0, 8.0 and 9.0) with a 

calculated sensitivity of 54.2 mV pH -1 (n = 3, r = 1.000)

t im es  w e re  r e c o rd ed ,  10 to 15 s a t  c o r re sp o n d in g ly  
h ig h e r  p H  c h a n g e s .  T h e  in  situ re s p o n se  times, 
co r rec ted  to 1 p H -u n i t  c h a n g e ,  w e re  similar to those  
m e a s u r e d  in bu ffe r  so lu tions  a t  20 °C.

As can  b e  se e n  from th e  s e d im e n t  profile, pH  
c h a n g e s  a re  less  e x t r e m e  th a n  tho se  in the  o x y g e n  
profile. A m a x im u m  p H  of 8.9 w a s  r e a c h e d  at 1.3 m m  
d ep th ,  w h ile  a t  th e  su r fa ce  a p H  v a lu e  of 8.2 w as  
reco rd ed .  B elow  th e  oxic z o n e  th e  p H  s tab i l ized  at 7.5. 
P h o to sy n th e t ic  activity  of b e n th ic  d ia tom s,  w h ic h  d o m i
n a te d  in th e s e  sed im e n ts ,  w a s  m e a s u re d  to a d e p th  of 
0.85 m m  w ith  m a x im a l  v a lu e s  a t  0.3 mm.

An in situ  p H  profile  r e c o rd s  th e  C O 2 / H C O 3 / C O 3  

eq u il ib r iu m . This  ch e m ic a l  e q u i l ib r iu m  shifts d u e  to 
p h o to s y n th e t ic  ac tiv ity  of b e n th ic  m ic ro a lg a e  (Fig. 4). 
T h ere fo re ,  m e a s u r in g  sh o u ld  t a k e  p lace  u n d e r  in  situ  
co n d it io ns  a n d  sh o u ld  av o id  s u d d e n  c h a n g e s  in 
i r r a d ia n c e  or t e m p e r a tu r e  so th a t  the  m ic ro a lg a e  m a i n 
ta in  th e i r  s t e a d y  s ta te .  C o u p l in g  of p h o to s y n th e t ic  
activity  to p H  g ra d i e n ts  c a n  b e  a c h ie v e d  by  s i m u l ta n e 
ous m e a s u r e m e n t s  or by  a v e ry  sh o r t  t im e  lap se  r e q u i r 
in g  e le c t ro d e s  w ith  sh o r t  r e s p o n s e  times.

T h e  co n tr ib u t io n  of a d ja c e n t  lay e r s  to th e  p H  is 
m a x im al ly  30 % a t a b u lb - s ize  of a 1 m m  d ia m e te r  
w h e n  m e a s u r in g  0.1 m m  in te rva ls .  At this  sp a t ia l  r e s o 
lu t ion  th e  p H  m e a s u r e d  is a n  a v e r a g e  o ve r  th e  pH  
g r a d i e n t  ex is t in g  in  this  in terval .  P e a k  v a lu e s  of p H  
te n d  to b e  sl igh t ly  u n d e r e s t im a te d  as b o th  th e  u p p e r  
a n d  lo w e r  a d ja c e n t  0 . 1  m m  la y e r  will af f ec t  th e  
s tab i l ized  va lu e .  In a n  in c r e a s in g  o r  d e c re a s in g  p H  
g ra d ie n ts  this  e rro r  will b e  m u c h  sm a lle r  as  th e  effects 
of th e  u p p e r  a n d  lo w e r  a d ja c e n t  lay e r s  will t e n d  to 
c an ce l  out.

T a b le  1 s u m m a r iz e s  the  specif ic  p ro p e r t ie s  of the  
d e s c r ib e d  p H  m in i- e le c t ro d e  c o m p a r e d  w ith  2 ty p e s  of 
p H -m ic ro e le c t ro d e s  a n d  1 ty p e  of co m m erc ia l ly  a v a i l 
a b le  p H  m in i-e lec t ro d e .  E x c e p t  for th e  c o m m erc ia l  p H  
m in i-e lec t rod e ,  all ty p es  s h o w e d  h ig h  sensitivity , low  
drift, a n d  m in im a l  r e s p o n s e  t im e s  of 5 to 15 s. T h e  
cho ice  of th e  e le c t ro d e  typ e  d e p e n d s  s trong ly  on  the  
s t ru c tu re  of th e  s e d im e n t  a n d  its in fau n a .  Until now , 
m e a s u r in g  s u b -m il l im e te r  p H  c h a n g e s  w a s  re s tr ic te d  to 
f in e -g ra in e d  s e d im e n t s  w h e r e  m ic ro e le c tro d e s  cou ld  
b e  u s e d  a t  a r e d u c e d  r isk  of b r e a k i n g  (R evsbech  1983, 
R ev sb ech  e t  al. 1983, 1984, J o r g e n s e n  e t  al. 1983). 
M ey e rs  e t  al. (1987) w e re  u n a b le  to u se  p H  m ic ro e le c 
tro d e s  in th e i r  s tu d y  of m ic ro d is tr ib u t io n  of in te rs t i t ia l  
f a u n a  in  s a n d y  s e d im e n ts .  T h e  l a rg e r - s iz e d  a n d  m o re  
s tu rd y  p H  m in i- e le c t ro d e s  p e r f o rm e d  very  w e ll  in 
s a n d y  s e d im e n t s  w i th o u t  b r e a k in g  (F isher  & M atisoff  
1981, this  study).  W e  u s e d  th e  s a m e  e le c t ro d e  ty p e  in 
r iver  s e d im e n ts  w ith  sa l in i t ies  b e lo w  3 % 0 a n d  fou nd  
v a lu e s  close to N e rn s t ia n  v a lu e s  u p  to pH  = 1 1 .  T h e r e 
fore, th is  ra p id ly  r e s p o n d in g  p H  m in i-e le c t ro d e  ca n

Table  1. Comparison of specific propert ies  of 4 pH electrodes

M im -electrodes M icroelectrodes
Electrode This study Fisher & Matisoff C arte r  & Pucacco Revsbech et al.
characteristic (1981) (1978) (1983)

Tip size 500-1000  pm 800 pm 3 -1 5 0  pm 50 pm
Sensitivity 9 5 -9 8  % 97.5% >  97 % >  95 %
Response time 5 -15  s 30-60  s 15-180 s 10-60  s
Drift < 1  % -  1 % < 1 0 % U nknow n
Resolution 5= 100 pm ==800 pm S I O  pm 5= 100 pm

t .'-’-■y ; s sj/'f7 ryr-.r:.

300 Oxygen ( jjmol 
12 Production (mmol

O pH  
•  O x y g e n  

22 P r o d u c t i o n  r a te
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m a k e  a use fu l  con tr ib u t io n  to w a rd  th e  u n d e r s ta n d in g  
of th e  b io lo g ica l  a n d  ch e m ic a l  p ro c e s se s  o c c u r r in g  in  
s a n d y  s e d im en ts .

A c k n o w le d g e m e n ts . We express  our gra ti tude  for the 
thoughtfu l com m ents  ob ta ined  from W Admiraal,  F. Colijn, 
W. Helder,  J. G. Kuenen, H. J. Laanbroek, P. H. N ienhuis  and 
B. Vanheel.
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