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Abstract 
A new CO, microelectrode with a tip diameter of 10 pm and a response time (t,,) of -10 s is presented. The 

sensor allows CO, measurements with a detection limit of <3 PM. The microsensor was tested in experimental 
systems of increasing complexity. A diffusion-reaction simulation model was used to calculate CO, profiles in order 
to check the reliability of the measured profiles. Measured CO, and 0, profiles showed that, in highly active layers 
with photosynthetic and respiratory organisms, local equilibrium of the carbcnate system cannot be assumed. In 
such highly active systems, the CO, profiles were determined by the slow CO, hydration rate, the biological 
conversion rates, and the diffusion of all species of the carbonate system. We concluded that measured CO, profiles 
cannot easily be extrapolated to describe the total carbonate concentration profile, because CO, may not be in 
equilibrium with the rest of the carbonate system, and because a very accurate alignment of pH and CO, profiles 
is needed to calculate C,. However, the new CO, microelectrode is useful in research involving biological processes 
directly producing or consuming CO, such as photosynthesis or respiration. 

The carbonate system plays a central role in aquatic bio- 
logical processes, as CO, is released by respiration and con- 
sumed by photosynthesis. Furthermore, the carbonate system 
is involved in the diagenesis of calcite and aragonite. The 
distribution of dissolved inorganic carbon (DIC) species de- 
termines and reflects both the presence and magnitude of 
these processes. Consequently, determination of total DIC 
(CT) profiles has been given considerable attention (Canfield 
et al. 1993; Cai and Reimers 1993). In sediments, C, profiles 
have mostly been determined by pore-water analysis. How- 
ever, in sediments with high rates of CO, production or con- 
sumption, such pore-water analyses may have insufficient 
spatial resolution, and the technique is not practical in bio- 
films (often <l mm in thickness). Furthermore, collection 
of pore water may change its composition (Bender et al. 
1987). In situ determination of the carbonate system with 
microsensors can circumvent these problems. 

Some sensors are presently available for pH, COj2-, and 
CO, Carbonate liquid membrane sensors have been de- 
scribed by Herman and Rechnitz (1974). However, for en- 
vironmental studies detection limits of sensors are a prob- 
lem, and COj2- sensors cannot be used in seawater. The 
concept of CO, sensors is based on a CO,-induced pH 
change of an electrolyte separated from the sample by a gas- 
permeable membrane (Severinghaus and Bradley 1958). Cai 
and Reimers (1993) prepared and used a sturdy CO, sensor 
with a tip size of 300 pm. This size allows profiling of 
relatively gradual CO, profiles, such as in deep-sea sedi- 
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ments. However, in many systems, the most active layers are 
lOO-1,000 pm thick, for which a smaller sensor is needed. 
Our aim was to develop a CO, microsensor with a tip di- 
ameter of a few micrometers. 

Materials and methods 

MicroeZectro&s-pH microsensor. Solidified neutral car- 
rier-based liquid ion-exchange membrane (LIX) pH micro- 
electrodes (Lee and de Beer 1995) were used both as the 
internal sensor in the CO, microsensor and for pH profiling. 
Green soda lime glass tubes (85 16, Schott) were drawn into 
microcapillaries lvith a tip diameter of 3-5 pm by using a 
heating coil. After pulling, the glass surface of the capillaries 
was silanized, according to Amman et al. (1987), however, 
with longer preincubation (3 h 150°C) and reaction times 
(overnight, 200°C). 

Two types of liquid ion-exchange membrane (LIX) solu- 
tions were used. Type 1 was a solution of 6% (wt/wt) 4- 
nonadecylpyridine (H+ Ionophore II, ETH1907) and 1% (wt./ 
wt) potassium tet rakis(4-chlorophenyl)borate in 2-nitrophen- 
yl octyl ether. Tipe 2 was a solution of 3% (wt/wt) N,N- 
dioctadecylmethy lamine (H+ Ionophore III) and 1% (wt/wt) 
sodium tetraphenyl borate in 2-nitrophenyl octyl ether. From 
each type of LIX a portion was taken to which 10% (wt/wt) 
high-MW poly(vjnylchloride) was added. Then, -3 volumes 
of tetrahydrofuran (Fluka, Selectophor quality) were added 
to the mixture to dissolve the PVC. According to the man- 
ufacturer’s specif cations, the usable measuring range of type 
1 is from pH 2 to 9.5, and of type 2 from pH 3 to 11. All 
LIX components and the silanizing agent were obtained from 
Fluka. The silanized capillaries were filled with electrolyte, 
and a solidified membrane was brought in the tip, as de- 
scribed previously (Lee and de Beer 1994). 

The pH sensors for use in CO, sensors were made slender 
with a taper at the tip of -5”, while an angle of - 10” made 
the profiling pH s,ensors more sturdy. In addition, the sensors 
for pH profiling were electrically shielded as described by 
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Fig. 1. Design of the CO, (left) and pH (right) microsensors. 
(A) Silicon membrane, (B) electrolyte 2, (C) reference electrode, 
(D) LIX membrane, (E) electrolyte 1, (F) pH microsensor, (G) 
shielded Ag/AgCl wire, (H) 3 M KCl, and (I) silicon kit to fixate 
shielding. 

Jensen et al. (1993) (Fig. 1). Because of its higher pH range, 
LIX type 2 was used in photosynthesis experiments. Cali- 
bration of the microelectrodes was performed according to 
Lee and de Beer (1995) or with standard pH solutions. The 
slope of the calibrations was between 54 and 58 mV per pH 

Notations 
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k 1.2 

k 3.4 

Kl.2 
K(H2C03) 

; 
P max 

R 
R max 

x vc 

t 

Concentration (mol m- “) 
Total dissolved inorganic carbon (mol m-3) 
C, calculated with reaction diffusion model (mol 

m- “) 
C, calculated from CO, and pH profiles assuming 

local equilibrium (mol m-3) 
Diffusion coefficient (m* s-‘) 
Dissolved inorganic carbon 
Sensor signal (mV) 
Iteration step index 
Flux (mol m-* s-‘) 
Dimensionless vapor/waterphase distribution coef- 

ficient (-/-) 
Saturation constant (mol m-“) 
Rate constants for hydration reaction 1 (1 s-l) 
Rate constants for reaction 2 (m3 mol-l s-‘) 
Equilibrium constants carbonate system 
Equilibrium constant H,CO, dissociation 
Layer index number 
Volumetric photosynthetic activity (mol rn-? s-l) 
Maximal volumetric photosynthetic activity (mol 

m-3 s-9 
Volumetric respiratory activity (mol m -? s-‘) 
Maximal volumetric respiratory activity (mol m-3 

s-1) 
Net conversion rate of carbon species (mol m-3 

s-1) 
Time (s) 
Position (m) 
Constants used in calibration equation (-) 

Table 1. Numerical values of used constants. 

K, (seawater) 
K2 (seawater) 
K, (freshwater) 
K2 (freshwater) 
kl 
k2 

k3 

k4 
Respiration 

9.33 x lo-‘” 
6.61 x 10-10” 
4.46 X lo-‘? 
5.01 x lo-“‘r 
0.0217 liter s-‘$ 
13.977 liter s-l* 
8.2 X lo3 mol liter-’ s-lo 
8.3 X 1O-4 liter s-‘0 

&(Q) 
Photosynthesis 

0.35 pMI\ 

KSCO2) 

Kn (HCO,-1 

Diffusion coefficients 

0.0019 pM# 
100 pM$** 

HCO, - 
co,-* 
H2C03 

co2 

02 

* Mehrbach et al. 1973. 
-f Stumm and Morgan 1981. 
$ Portielje and Lijklema 1995. 
0 Johnson 1982. 
1) Gerritse et al. 1992. 
# Aizawa and Miyachi 1986. 
T[Ludden et al. 1985. 
** Kaplan et al. 1994. 
tt Li and Gregory 1974. 
$1 Shanagan and Ho 1986. 

9.6 X lo-‘O m* s-‘tt 
7.8 X lo-‘O m* s-‘$$ 
1 X lo-” m* s-’ 
1.75 X lo-” m* s-‘tt 
2 X lo-” m* s-’ 

unit. The response time (t,,, the time needed to reach 90% 
of the end value upon a concentration change) was <5 s 
after a pH step of 3 units. 

CO, microsensor. The CO, microsensor consisted of an 
outer glass casing sealed at the tip with a silicon membrane 
and containing a pH microsensor positioned close to the 
membrane (Fig. 1). Casings were prepared with a tip size of 
- 10 pm from Pasteur pipettes (Revsbech 1989). The tip was 
sealed with a silicon membrane (Dispersion Coating 92-009, 
Dow Corning) that had a maximum thickness of 5 ,um and 
was cured overnight. The silicon used has been reported as 
highly CO, permeable (Goyet et al. 1992). 

The tips of the casings were filled with electrolyte 2, a 
solution of 1 mM NaHCO,, 150 mM NaCl, 0.5% carbonic 
anhydrase (from bovine erythrocytes, Sigma), and 35 mg 
liter-l chloramphenicol (Sigma). The pH sensor was inserted 
into the casing, and the tip was positioned at a distance of 
3-10 pm from the silicon membrane. The pH sensor was 
glued to the outer casing with a drop of cyanoacrylic glue, 
left for 20 min, and further glued with two-component epoxy 
glue (Super Epoxy, AB Hisingeplast), and left for 1 h. The 
epoxy glue shrinks slightly, and if applied without previous 
fixation with cyanoacrylic glue, the pH sensor will be dis- 
placed and broken. Cyanoacrylate is sensitive to moisture; 
thus, without additional application of the two-component 
glue, the pH sensor may loosen. Finally, the casings were 
almost completely filled with electrolyte 2, but contact with 
the glue was avoided. The electrolyte in the pH sensor was 
connected with an Ag/AgCl wire to the input of an amplifier, 
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Fig. 2. (A) Calibration curve of a CO, microsensor with loose fit between the internal pH sensor 
and the outer casing. The signal is plotted vs. the logarithm of the CO, concentration. (B) The same 
for sensors of different design, with the signal plotted directly agains. the CO, concentration. The 
fit between pH sensor and casing was close (U-m), loose (A-A, 0-O); 0-U represents a 
sensor with a loose fit and without carbonic anhydrase. The insert shows a magnification of Fig. 
2B at low CO, concentrations. 

while an agar salt-bridge connected electrolyte 2 with a 
Ag/AgCl reference. After connection, the electrodes were 
left in degassed solution until the signal was constant. 

The CO, sensor was calibrated at experimental tempera- 
ture in 50 mM phosphate buffer (pH 7.2). The buffer was 
degassed by boiling and cooling under vacuum and then 
purged with N, for 10 min. The CO, concentration was in- 
creased stepwise by adding aliquots of a carbonate solution, 
consisting of 200 mM Na&O, and 50 n&I phosphate buffer 
(pH 7.2). CO, concentrations were calculated from fresh- 
water equilibrium constants (Table 1) and corrected with ac- 
tivity coefficients from the Guntelberg approximation 
(Stumm and Morgan 1981). Calibrations were made before 
and after each series of experiments, typically every 2 h, and 
this procedure could be completed in as little as 10 min. 

Oxygen microsensor. Clark-type 0, microsensors with in- 
ternal reference and guard cathode were prepared and cali- 
brated as described previously by Revsbech (1989). Their 
stirring sensitivity was <2%. 

The microsensors were mounted on a micromanipulator 
for microprofile measurements. The position relative to the 
solid surface was determined visually using a dissection mi- 
croscope. 

Experimental set-up-Abiotic model system. A diffusion 
cell was used to create nonbiogenic CO, profiles in an agar 
gel. A 3-5-mm-thick agar membrane (2% wt/vol in distilled 
water) was placed between two electrolytes in a 250-ml top 
and a 300~ml bottom chamber. By varying the pH and C., 
concentrations in the top and bottom volumes, different CO, 
profiles developed in the agar slab. Measurements were done 
after 24 h of incubation. The liquid residence time in the 
chambers was 10 min. The bottom chamber was stirred with 
a magnetic stirrer, the top with an impeller. The exchange 
surface was circular and had a diameter of 1 cm. A CO, and 

a pH microeleclsode were mounted in parallel on one mi- 
cromanipulator. The distance between the sensor tips was - 1 
mm. Both tips were adjusted flush with the water surface. 
Profiles were measured within 2 mm of the center of the 
agar membrane. The tips penetrated the agar simultaneously, 
and because of the absence of lateral gradients, the measured 
profiles could be directly compared. 

Biotic model system. Photosynthetic cyanobacteria (Sy- 
nechococcus MPI[SAG1402-1195-l) and respiratory bacteria 
(Comamonas testosteroni DSM 50244) were immobilized in 
an agar gel. The strains were immobilized either in different 
gels or in one gel system, but were spatially separated. A 
culture of C. testosteroni was concentrated by centrifugation 
and immobilized in 1.4% agarose slabs of - l-cm thickness. 
A suspension of the Synechococcus cells in unsolidified aga- 
rose was poured to l-mm thickness on top of the C. testos- 
teroni-containing gels. The gels were left 2 h at 20°C in 
darkness before microprofile measurements were started. 
Profiles in light were recorded after 2 h of illumination. 

Sediments. Silty and sandy sediment cores, with a diam- 
eter of 6 cm, were taken (November 1995) from an intertidal 
mud flat of the Weser Estuary, Germany. The cores were 
covered with 4 cm of water from the same site (salinity 
2.5%0) and incubated in the dark at 20°C. The liquid was 
agitated by blowing a water-saturated airstream over the sur- 
face. After 3 11, 0,, pH, and CO, microprofiles were mea- 
sured. In one of the experiments pore water was extracted 
by a sediment squeezer (Bender et al. 1987) after recording 
the microprofiles. Pore-water samples (0.5 ml) were pre- 
served with 5 ~1 saturated HgCl, and stored at 4°C. C.,. in 
the pore water was determined within 1 week after sampling 
using flow injection analysis (Hall and Aller 1992). 

Modeling profiles-The carbonate system species are re- 
lated by the following reactions: 
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Fig. 3. Effect of H,S (0-O) and NH, (A-A) on the signal 

of a CO, microsensor with a loose fit, as compared to its response 
to co, (m-m). 

h 
CO, + H,O * H,CO, 

kz 
(1) 

K(Ii2C03) 

H,CO, f HCO, + H+ (2) 

K2 

HCO,- * CO,-2 + H+, (3) 

where the lower and upper case ks are kinetic and thermo- 
dynamic constants, respectively. The hydration of CO, (Eq. 
1) is rather slow but can be catalyzed (e.g. by the enzyme 
carbonic anhydrase). Reactions 2 and 3 are fast and equilib- 
rium is usually assumed to be reached instantaneously (Ho 
and Shanahan 1986). CO, can also react with OH- to form 
HCO, - directly: 

CO, + OH- * HCO,-. 
k2 

(4) 

This reaction is of increasing importance at higher pH, and 
above pH 8.7 it is faster than reaction 1. 

At equilibrium, the relative concentrations of CO,, H,CO,, 
HCO,-, and C0,2- depend on the pH. The carbonate system 
is in equilibrium if the thermodynamic constants can be used 
to describe the local concentrations of all carbonate species 
at the local pH. Steady state occurs when 
centration changes take place, i.e, 

no temporal con- 
the diffusional transport 

rate equals the local reaction rate of the CO, hydration/de- 
hydration and biological conversions. Because the noncata- 

lyzed hydration of CO, to H,CO, is slow, the carbonate sys- 
tem is out of equilibrium if CO, is rapidly produced or 
consumed. In a steep C, gradient, local CO, concentrations 
may be out of equilibrium, even in a steady-state situation, 
because the diffusivities of the carbonate species are differ- 
ent. If biological reactions also occur, profiles of C02, 
H,CO,, HCO,-, CO; , and 0, are determined by three pro- 
cesses: (1) equilibrium reactions with the carbonate system, 
(2) biological production or consumption, and (3) diffusional 
transport. A reaction-diffusion model is then needed to in- 
terpret measured CO, profiles in relation to the carbonate 
system and local conversions. 

The reactions considered were: respiration, resulting in the 
stoichiometric conversion of oxygen to carbon dioxide; pho- 
tosynthesis, the stoichiometric conversion of carbon dioxide 
and bicarbonate to oxygen; CO, hydration (Eq. 1 and 4) and 
the carbonate equilibria (Eq. 2 and 3). Monod kinetics were 
used for respiration: 

S 
R =R - 

,“K,,, + S’ @a) 

where R is the respiration rate, R,,, the maximal respiration 
rate, and K,, the half-saturation constant for oxygen. Photo- 
synthesis was described as 

S 
P=P - 

mnx K,,, + S’ (W 

where P is the photosynthesis rate, Pm,, the maximal pho- 
tosynthesis rate, and K,,, the half-saturation constant for CO, 
and(or) HCO,-. 

The sediment or mat is divided into a number of hypo- 
thetical layers. In each layer the concentration changes (of 
dissolved inorganic carbon and 0,), during an interval, due 
to diffusion and conversion are calculated from an explicit 
difference scheme (Pearson 1986): 

Ctr-tl,i - C,,i C”,i - Cn-1.i 
Ax - Ax ) 1 - XV, (6) 

and 

C&i k I = Cf,,i + A Cn,i, (7) 

where C is the concentration, n is the layer index, i the time- 
step index, D the diffusion coefficient, AX the position in- 
crement, At the length of the time step, and XV, the net 
conversion, including biological consumption and produc- 
tion, as well as carbonate species interconversions (Pearson 
1986). To ensure stability, the interval was calculated as the 
smallest of 

At = 0.49% (8) 

or 

At = 0.49-+ (9) 
llXlX 

and then divided by 10. If calculated profiles changed upon 
an increase in the number of layers, this number was further 
increased until no change in profiles was observed; however, 
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Fig. 4. (A) CO, (0-O) and pH (m-m) profiles in an agar slab separating a phosphate buffer 
with 1 mM sodium carbonate from an identical buffer that was air eqllilibrated. (B) CO, (0-O) 
and pH (Wm) profiles in an agar slab separating a 4 mM sodium carbonate solution of pH 8.6 
and a 5 mM carbonate solution pH 7.8. The continuous lines represeni the simulated CO, profiles. 

the system could only be divided into a maximum number Measured pH profiles were used in all calculations, and mi- 
of 180 layers. crobial growth was not included. 

For each layer a different set of kinetic parameters can be 
chosen. Maximum volumetric respiration rates (R,,,) were 
estimated by fitting the oxygen profiles with the model. It 
was assumed that respiration produced CO, in stoichiometric 
amounts from 0,. Similarly, in the agar slab with both re- 
spiratory and photosynthetic microorganisms, the net maxi- 
mum volumetric photosynthesis rate (P,,,,,) and R,,, were 
estimated from the oxygen profiles. Pm,, was calculated with 
either CO, or both CO, and HCO,- as substrates for pho- 
tosynthesis. Photosynthesis was assumed to be absent in the 
respiratory zone containing Comamonas, whereas only pho- 
tosynthesis was assumed in the photosynthetic zone contain- 
ing Synechococcus. The hydration reactions (Eq. 1 and 4) 
are slow, while the equilibrium reactions (Eq. 2 and 3) were 
considered instantaneous (Stumm and Morgan 1981). The 
values of constants are listed in Table 1. 

Results 

Figure 2 shows examples of calibration curves for CO, 
microsensors with different tip geometries. The signal vs. 
log[CO,] plot is not log-linear (Fig. 2A). To visualize the 
response in the lower CO, range, the signal was plotted 
against the concentration (Fig. 2B). These data were fit with 
a hyperbolic equ ation: 

E=X,+X,C 
x, + c’ 

where E is the :.ensor signal, C the CO, concentration, and 
X,-, constants. These constants were found by iterative least- 
squares fitting. 

As initial conditions, the gels and sediments were pre- 
sumed to be anaerobic and in equilibrium with the carbonate 
system of the bulk liquid. The calculations were begun by 
initiating photosynthesis and(or) respiration and(or) by im- 
posing a step change in the oxygen interfacial concentration. 
Only the profiles inside the porous medium were calculated. 

The performance of the CO, microsensor was influenced 
strongly by the sensor-tip geometry. The response time (t,,) 
varied between 10 s and a few minutes. All sensors respond- 
ed -5 times slower to a decrease than to an increase in CO, 
concentration. IV the pH sensor fitted precisely in its casing, 
high sensitivities (steep calibration slopes) and long response 
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Fig. 5. (A) CO, (0-O) and 0, (A-A) in an agar slab containing Comumonas testosteroni. 
Continuous lines indicate modeled profiles for CO, and 0,. (B) Local fluxes of CO, (e-0) and 
0, (A-A). Continuous lines indicate modeled fluxes. 

times (>5 min) were observed. The best response times and 
stabilities were observed for sensors with a loose fit, i.e. with 
a conical casing and a pH sensor having a tip taper of - 1” 
over 2 mm. With this tip geometry, the detection limit for 
CO, of a freshly prepared electrode was always <3 PM, the 
smallest step change used in the calibration procedure. Fresh 
sensors usually exhibited an initial negative drift that leveled 
off within 1 h to <3 mV h-l. The experiments reported here 
were performed with sensors drifting <2 mV h-l. The drift 
during profiling was estimated by comparing the signal in 
the bulk solution with its known CO, concentration. The 
drift decreased at lower concentrations: during a 24-h period 
the signal of an electrode changed 18 mV for 0 mM CO, 
and 45 mV for 1.5 mM CO,. The drift was not influenced 
by the measurements themselves. 

Omission of carbonic anhydrase led to extremely long re- 
sponse times (> 15 min) and reduced detection limits (Fig. 
2B). Omission of chloramphenicol led to bacterial growth 
and deterioration of the sensor response. Good sensors were 
made with both types of pH LIX. The best results in terms 
of stability and response times were obtained with pH sen- 
sors based on LIX type 1. Upon aging, the sensitivity de- 
creased, while the detection limit and the response time in- 
creased. The sensor can be used at least 24 h for CO, 
determinations with a detection limit of <lo PM. 

The sensor is rather fragile, as can be expected from a 
microsensor with a membrane of 5-pm thickness and a tip 
diameter of 10 pm. However, breakage was rare, and the 
sensor is sufficiently sturdy for use in sediments, even in 
coarse sand (data not shown). A damaged silicone membrane 
can be recognized by a higher sensor signal in degassed 
water than in air. The electrical resistance of an intact mem- 
brane is > 100 Gfi; that of a broken membrane decreases to 

l-5 Ma. The electrode was not very sensitive to electrical 
noise. The signal is sensitive to temperature. A sensor im- 
mersed in a 50 mM NaHCO, solution pH 8.0 (0.112 mM 
CO,) showed a signal increase of 0.4 mV per “C between 
15 and 41°C (data not shown). No stirring sensitivity was 
observed. The electrode is in principle sensitive to all gases 
that have a pH effect upon solution and that can pass the 
silicon membrane. Indeed, the sensor is very sensitive to H,S 
(Fig. 3). However, 45 mM ammonium chloride (pH 8, 2.4 
mM NH,) decreased the signal by only 1 mV. 

Microprofile measurements and calculations-h the ar- 
tificial gradient systems, CO, gradients were created by 
changing the pH and(or) the carbonate concentrations on 
both sides of an agar slab. The simplest experiment was done 
with 50 mM phosphate buffer of pH 7.07 to prevent devel- 
opment of a pH gradient. The top chamber was brought in 
equilibrium with air; the bottom chamber contained 1 mM 
C,. No pH gradient developed, and a CO, profile could be 
measured that was almost linear (Fig. 4A). The model results 
agreed reasonably with the measured values. 

In a slightly more complex situation, both pH and C, gra- 
dients were created (Fig. 4B) by placing a 4 mM C, solution 
of pH 8.6 on the upper side of the agar membrane and a 5 
mM C, solution of pH 7.7 on the lower side. The pH gra- 
dient was measured and used in the reaction-diffusion model 
to calculate the CO, profile, and a good fit was obtained to 
the measurements. 

In agar gels with immobilized microorganisms, both 0, 
and CO, gradients developed (Fig. 5). 0, penetrated 250 pm 
into gels containing C. testosteroni. The CO, profiles showed 
a peak in the zone of respiratory activity (Fig. 5A). The 
interfacial fluxes of CO, and 0,, calculated from their pro- 
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Fig. 6. (A) CO, (0-O) and 0, (A-A) in an agar slab. The bottom part contained Comamonas 

testosteroni; the top layer contained Synechococcus spp. Continuous lirles indicate modeled profiles 
for CO, and 0, assuming that both CO, and HCO,- were substrates fo1 photosynthesis. The dashed 
line was calculated assuming only CO, as carbon source for photos:lmthesis. (B) Measured and 
modeled local fluxes of CO, (0-O) and 0, (A-A), modeled profiles are represented by contin- 
uous lines. For modeling, both CO, and HCO, were assumed substrales for photosynthesis. 

files, are of the same order of magnitude but in the opposite 
direction (Fig. 5B). The pH gradients were not very steep in 
this system, i.e. a gradual pH decrease was observed of -0.1 
pH unit. 

A constant pH value was assumed throughout the agar for 
modeling CO, distribution. The 0, profile could be fitted 
with an R,,, of 0.007 mol rn-? s-l, and using this conversion 
rate, the CO, profiles were calculated (Fig. 5A). Only the 
top 2.5 mm of the l-cm-thick slab was modeled in order to 
achieve sufficient spatial resolution in the respiratory zone. 
According to the model, the oxygen profiles are constant 
within 20 min; however, steady state for the carbonate sys- 
tem is reached only after 6 h. During this transient state, the 
agar fills up with C,, which due to the large size of the pool 
takes considerable time. According to the model, a CO, peak 
will develop. 

The transient profiles calculated after 120 min, approxi- 
mately the incubation time before the profile measurements 
started, were in reasonable agreement with the measure- 
ments; the main difference was that the observed peak was 
narrower and shifted upward over a distance of 200 pm. 
Also the local fluxes predicted with the model show reason- 

able correspondence with the fluxes calculated from the mea- 
sured profiles (Fig. 5B). 

More complex profiles developed if the C. testosteron- 
containing gels were covered with a l-mm gel containing 
Synechococcus and incubated in light (500 PEinst me2 s-l). 
Photosynthesis induced an 0, peak in the top layer (Fig. 6A). 
CO, penetrated into the photosynthetic zone from the bulk 
liquid and from the gel containing the respiring C. testos- 
teroni culture. ThI= respiring culture in turn used the 0, pro- 
duced by photosynthetic activity in the top layer. CO, was 
depleted in the middle of the gel layer containing Synecho- 
coccus. 

The whole agar slab of 1.1 -cm thickness could not be 
simulated with our model. The maximum number of 180 
layers was not sufficient to predict accurately the profiles in 
the most active zones. Therefore, only the top 3.5 mm was 
modeled. According to the model, steady state should have 
been achieved after 6 h for a 3.5-mm-thick slab (Fig. 7). Of 
course, in the 1. l-cm-thick slab used in the experiment, the 
time to reach stea<ZIy state was much longer. The buildup of 
the large C,. pool in the respiratory zone was the main cause 
of the long time needed to reach steady state. The actual 
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Fig. 7. Transient profiles of CO, (dashed line), 0, (solid line), 
and C, (dotted line) calculated with the model for the agar slab as 
described for Fig. 6. Numbers in the graphs indicate the time in 
hours after start of the simulation. 

illumination time was -2 h; thus, the measurements were 
most likely not done during steady state. The 0, profile 
could be modeled assuming photosynthetic activity through- 
out the Synechococcus containing zone with a P,,, of 0.002 
mol m-” s-l and respiratory activity in the C. testosteroni- 
containing layer with an R,,,, of 0.001 mol m-3 s-l. In Fig. 
6, the modeled values are given after 2.5 h of incubation. A 
fit for the 0, profile could only be obtained if it was assumed 
that both CO, and HCO,- were used for photosynthesis. If 
CO, was assumed to be the sole substrate, photosynthesis 
became CO, limited and the oxygen peak in the photosyn- 
thetic zone was too small; even if a P,,, of 0.01 mol mm3 
s -I was assumed, which is among the highest rates recorded 
(Jorgensen et al. 1983; Revsbech and Ward 1984), no fit with 
the oxygen profile could be obtained (data not shown). The 
shape of calculated CO, profiles was similar to the measured 
profiles, showing a CO, peak near the top of the respiratory 
zone and CO, depletion in the photosynthetic zone. How- 
ever, there was no quantitative agreement. The calculated 
CO, concentration in the respiratory zone was always higher 
than measured. 

The local fluxes of 0, were 3-4 times higher- than those 
of CO, (Fig. 6B). Fluxes calculated from measured and sim- 
ulated profiles were close, although a precise overlay of the 
measured and calculated peaks was not achieved. 

Finally, the CO, microsensor was tested in sediments. In 
silty sediment, the most prominent changes in 02, C02, and 

pH profiles occurred in the top 3 mm (Fig. 8A). 0, pene- 
trated 3 mm, while the CO, profile showed an increase over 
the same depth interval, below which the profile leveled off. 
The pH decreased from a value of 8.6 in the water to 7.8 at 
3 mm depth, below which it was more or less constant. 

Pore-water analysis showed an increase of C, from 4.25 
to -5.25 mM at a depth of 9 mm, below which it leveled 
off (Fig. 8B). Using the pH and CO, microprofiles and as- 
suming equilibrium, a CT increase from 3.8 to 5.6 mM was 
calculated (Fig. 8B). The profiles obtained from pore-water 
analysis were much less steep than were those obtained with 
CO, and pH microelectrodes. From the measured 0, profile. 
R,,, was calculated (0.0002 mol m-3 s-l), and this value was 
used in the model to calculate the CO, profile. For the model 
calculations the sediment was assumed initially to be anaer- 
obic with a CO, concentration equal to that of the overlying 
waterphase. H,CO,, HCO,, and COj2- were assumed to be 
in equilibrium with the local pH and the CO, concentration. 
CaCO, dissolution and precipitation were not considered. 
Only the top 5 mm of the sediment was modeled. The model 
predicted that a steady state with respect to the CO, profile 
was achieved only after 16 h (data not shown). The calcu- 
lated C,. concentration inside the sediment reached 4.2 mM. 

Discussion 

The response of the CO, microsensor was not log-linear 
like that of macrosensors. It is speculated that this is caused 
by its special tip geometry. Macrosensors are flat plate sen- 
sors with a limited internal volume that equilibrates with the 
CO2 concentration at the silicon membrane; thus, the proton 
concentration of the internal electrolyte is directly related to 
the CO, concentration of the sample solution. In contrast, 
the rnicrosensor is tapered; the internal volume is very large 
compared to the exchange surface and can be considered 
infinite. Internally, the microsensor tip approximates a radial 
diffusion system, with the silicon membrane as a point 
source or sink for CO,. The pH in the microsensor tip is 
then a function of the CO, diffusion rate through the mem- 
brane, the hydration reaction rate, and the diffusion of pro- 
tons and CO, from the tip into the electrolyte compartment 
of the electrode casing. It is likely that this dynamic balance 
leads to the fast response. If the diffusion from the tip to the 
back of the sensor is limited (sensors with a close fit), a 
memory effect could be observed. Upon an increase in CO,, 
C, tends to accumulate in the tip with a concomitant large 
change in pH. A subsequent CO, decrease in the sample 
leads to a slow pH change, because C, diffusion out of the 
tip region is restricted. Space between the pH sensor and the 
casing was needed to allow diffusive exchange of the vol- 
ume in the very tip of the sensor with the bulk of the elec- 
trolyte in the sensor. 

The microsensor described here is much faster than the 
design of Cai and Reimers (1993). This is probably due to 
the small size, the different tip geometry, and the use of 
carbonic anhydrase. The addition of carbonic anhydrase to 
the sensor electrolyte not only decreased the response time 
significantly, but it also considerably increased the sensitiv- 
ity and lowered the detection limit. The volumetric activity 
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Fig. 8. (A) CO, (O-O), 0, (A-A), and pH profiles (M-W) in silty sediment. (B) C, profiles 

from the same sediments, calculated from the CO, and pH microprofiles assuming equilibrium (n- 
Cl) and measured by pore-water analysis (0-O). 

of carbonic anhydrase solution reaches a plateau at 1 mg 
ml-’ (Ho and Shanahan 1986). We chose a concentration of 
5 mg ml-l to compensate for the decrease in enzyme activ- 
ity. 

Ammonia had little effect on the sensor signal. This can 
be understood from the notion that the sensor responds to 
the partial pressures of the solutes. At equal concentrations 
in water the partial pressure of NH, is only 0.00059 times 
that of CO, (see Stumm and Morgan 1981), which explains 
the very small response to ammonium solutions. At equal 
concentrations the partial pressure of CO, is 3 times that of 
H,S; therefore, the presence of sulfide will significantly af- 
fect the response. 

Of importance is whether the measured CO, and pH pro- 
files can be used to calculate the other species of the car- 
bonate system. Such a calculation requires an accurate over- 
lay of the pH and the CO, profiles. Because the pH profiles 
are measured separately, the system must be homogeneous 
in the lateral direction, or the same position must be used 
for both profile measurements. The determination of the sol- 
id-liquid interface may well have an uncertainty of 100 pm. 
In addition, the pH measurement must be accurate within 
0.01 pH unit (Cai and Reimers 1993). Such accuracy is pos- 
sible with pH microsensors; however, our pH profiles in the 
agar slabs with microorganisms and sediments varied within 
0.1 pH unit. If the overlay between CO, and pH profiles is 
off by 100 pm, the error in the local pH determination may 
well be 0.1 unit. The calculation of C, from CO, and pH is 
very sensitive to uncertainties in pH. If, for example, a 0.15 
mM CO, solution has a pH of 7.8 with an uncertainty of 

0.05 units (7.8 + 0.05), then the calculated C, will be be- 
tween 3.9 and 4.9 mM. Thus, the uncertainty is about as 
large as the maximum DIC difference between water and 
sediment measured with pore-water extraction. Also in deep- 
sea studies the p.roblem of lateral variation in pH profiles 
must be considered; Archer et al. (1989) reported deep-sea 
profiles measured at one station differing by 0.05 unit. Mil- 
lero (1995) concluded that calculation of C, from the CO, 
concentration and pH is the least accurate of all combina- 
tions . 

Due to the high spatial resolution of the CO, rnicrosensor, 
steep CO, gradients can be measured in systems where the 
carbonate system is out of equilibrium. In those highly active 
systems, interpretation of the CO, profiles is possible only 
with a reaction-di Ffusion simulation model. This is illustrated 
by comparing the model-calculated C, profiles (the sum of 
CO,, H,CO,, HCO,-, and COs2-), CTd, and the C, profiles 
derived from the CO, profiles assuming local equilibrium 
(C,,). The ratio ol’ these C., values is an estimate of the error 
made in calculating the C, profiles from measured CO, pro- 
files by assuming local equilibrium. As can be seen from 
Fig. 9, the error made in Exp. 1 (4-mm-thick agar slab with 
a C-,. profile) is negligible, because the gradients are quite 
gradual. In Exp. ‘2 (pH and C, profiles in an agar slab), the 
error is still small, amounting to <2%. In Exp. 3 (respiratory 
organism immob:.lized in agar gel), the gradients are much 
steeper and the error can be as much as 50%. In Exp. 4, the 
assumption of local equilibrium leads to a 20-fold underes- 
timation of C, in the photosynthetic zone and a 40% over- 
estimation in the respiratory zone. Consequently, besides the 
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Fig. 9. Estimation of how far the carbonate system was out of 
equilibrium, using the ratio C-JC,,. C,, is the total carbonate as 
determined from the CO, and the pH profiles assuming equilibrium, 
CT, is the total carbonate calculated with the reaction-diffusion mod- 
el. Given are the estimations for Exp. 1 (Fig. 4A), 2 (Fig. 4B), 3 
(Fig. 5), and 4 (Fig. 6). 

equilibrium constants and local pH, the kinetics of the hy- 
dration reaction must be known and implemented in a dif- 
fusion-reaction model in order to calculate carbonate species 
correctly. The rate constants in water are known; however, 
in sediments and mats the reaction may be catalyzed to an 
unknown extent by minerals, biopolymers, and carbonic an- 
hydrase (Sturnm and Morgan 198 1). Due to the uncertainty 
of the local pH and the CO, hydration kinetics in sediments 
and microbial mats, extrapolation of CO, and pH profiles to 
C, profiles must be done with caution. 

The presented model was used to examine whether the 
measured CO, profiles were plausible. The program is sim- 
ple and has limitations. Nevertheless, the model does predict 
the trends in the CO, profiles, even in biological systems. In 
the experiment with only respiring microorganisms, the mea- 
sured CO, peak was correctly calculated with the model. The 
correspondence between model and measurement shows that 
the microsensor is small enough not to disturb the CO, pro- 
files. 

In the agar slabs with both respiring and photosynthetic 
organisms, the model predicted the measured local fluxes. 
However, the modeled CO, concentration in the respiratory 
zone was overestimated. The measured CO, profile reflected 
a situation after 2-4 h of illumination. This transient state 
was modeled, although the starting conditions after immo- 
bilization are not well known. Moreover, the system was in 
transient state during the profile measurements; thus, the pro- 
files of the different compounds (O,, C02, pH) must be com- 
pared with caution. This suggests that a careful analysis of 
equilibration times of the carbonate system in natural respi- 
ratory-photosynthetic communities is needed. 

The CO, concentrations measured in sediments were high- 
er than could be expected from aerobic respiration. Accord- 
ing to the model, respiration increased the C, in the sediment 
by 200 PM. Thus, the measured C, difference of -1 mM 
between the sediment and the overlying water cannot be the 
result of respiration by oxygen only, as is assumed in the 
model. In this case, anaerobic mineralization processes prob- 
ably contribute to the C, pool. However, Canfield et al. 
(1993) argued that during aerobic oxidation of products of 
anaerobic respiration (such as sulfide and methane), the ox- 
ygen flux should be close to the CT flux; thus the C, gra- 
dients should approximately mirror the 0, gradients. How- 
ever, a discrepancy between CO, and 0, fluxes has been 
reported before (Hargrave and Phillips 198 1; Rich 1975). 
Additionally, dissolution of calcium carbonate may have 
contributed to the large accumulation of dissolved carbon- 
ates (Archer et al. 1989; Boudreau 1987). From the com- 
parison of the microelectrode measurements and the pore- 
water analysis, the spatial resolution of the latter seems not 
sufficient for the highly active sediments. The pore-water 
analysis showed a gradient stretching over 9 mm. All mea- 
sured microprofiles showed major changes in the top 3 mm 
of the sediment. It must be noted that the steepness of the 
CO, profile in the top 3 mm is caused mainly by the decrease 
in pH, and much less by an increase in C,. It is unlikely that 
all C, is formed in the aerobic zone; thus, the C, micropro- 
files derived from CO, and pH profiles may not be reliable. 

Due to the slow hydration reaction, the CO, gradients be- 
come much steeper than they would be if CO, instantane- 
ously equilibrated with the much larger C, pool. Therefore, 
the slow kinetics of the CO, conversion that frustrate the 
translation of CO, profiles to the total carbonate system fa- 
cilitate visualization of CO, converting spots. Although an 
exact quantification is difficult, conclusions on the state of 
the carbonate system can be drawn from CO, and 0, profiles 
in combination with modeling. Photosynthesis in the absence 
of CO, within a microbial mat or algal floc can only be 
confirmed by direct measurements with the CO, microsensor. 
For example, from a comparison of the 0, and the CO, pro- 
file it was concluded that CO, could not be the only substrate 
for photosynthesis in the cyanobacterial biofilm, as 0, was 
produced in areas where CO, was absent or at least far below 
Km for CO, uptake (Aizawa and Miyachi 1986). This was 
also confirmed by modeling the 0, gradient from the CO, 
and the HCO,- gradients. Use of HCO, - for photosynthesis 
is well known in the case of Synechococcus and other cy- 
anobacteria (Aizawa and Miyachi 1986), but the new CO, 
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microsensor can be used in photosynthetic systems where 
this is not certain. 
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