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Abstract 
We made stable and rapid-responding pH and pC0, microelectrodes. The pH microelectrode has a 

- 100~pm-diameter half-sphere bulb tip of pH glass, and the pC0, sensor has a 200-300~pm-diameter 
silicone-membrane covered tip. Because the pH microelectrodes have electrical resistances that arc > 1Oro 
ohms, all clcctrical connections arc kept scrupulously clean and dry to prevent current leakage during in 
situ measurements. Suspension effects arc negligible when measuring pH in marine sediments. 

To demonstrate the performance of the pH and pC0, microelectrodes, WC report in situ microprofiles 
of pH and pC0, and contiguous profiles of 0, and the formation factor from coastal sediment in San 
Diego Bay, California. A sharp pH decrease from 7.90 to 7.15 (seawater scale) and a pC0, increase from 
578 to 3,000 patm in the top 1 cm of scdimcnt arc interpreted to be primarily the result of HS , Fe2 I , 
and Mn2 + oxidation by 0, rather than metabolic CO, production. The 02, pH, and pC0, profiles also 
reveal that there was photosynthetic activity in the top 2 mm of sediment which caused an 0, maximum 
and a total dissolved inorganic carbon minimum. 

The early diagenesis of organic C and car- 
bonate C is concentrated at the sediment-wa- 
ter interface. Consequently, considerable effort 
has been expended to obtain reliable porc-wa- 
tcr profiles of inorganic C species across this 
interface. Traditional techniques for extracting 
pore water from cores introduce pressure and 
processing artifacts, such as CaCO, precipi- 
tation and CO,(g) loss (Gicskes 1973; Murray 
ct al. 1980). Harpoon-style in situ samplers 
were designed to remove the pressure artifacts, 
but the vertical spatial resolution of these sam- 
plers is usually poor (3-5 cm), and they may 
disturb the uppermost sediment layer (Say& 
et al. 1976; Murray et al. 1980). Recently, 
whole-core squeezers were developed to pro- 
vide fine-scale pore-water samples, but in situ 
squeezing has not yet been reported, and car- 
bonate equilibria may be changed as pore wa- 
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ter is pushed through the overlying solid 
(Bender et al. 1987). The volume of squeezer, 
core, and harpoon samples is typically small 
(a few cubic centimeters), which limits the an- 
alytical precision of the parameters [total al- 
kalinity (TA) and total COZ (TCO,)] used to 
study the pore-water system (Cai 1992). 

Using pH and pC0, as master variables to 
calculate the concentrations of carbonate spe- 
tics can eliminate most of these problems. In 
situ microelectrode measurements arc free of 
pressure artifacts and sample-volume con- 
straints. In addition, the problems encoun- 
tered in shipboard pH measurcmcnts, such as 
liquid junction change from standard to sam- 
ple and from sample to sample or noise as- 
sociated with ship motion or 60-cycle inter- 
ference, do not exist in the in situ environment. 
Thus, if a +2.3% error in [H+] (0.01 pH unit) 
and pC0, measurements could be realized, the 
maximum error in calculated [COJ2- ] would 
only be &7% (Cai 1992). The main problems 
limiting the accuracy of the in situ electrode 
technique are sensor stability, sensor response, 
and calibration. In this paper, we describe the 
criteria and m&hods for constructing pH and 
pC0, elcctrodcs; then WC discuss procedures 
for recognizing good sensor performance, 
methods for calibration, and the error esti- 
mation of pH and pC0, measurements. 

pH microelectrodes have been used for sev- 
cral decades for physiological studies, and many 
construction techniques exist (Hinkc 1967; 
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Thomas 1982). Revsbech et al. (1983) adapted 
the protruding capillary tip technique to study 
the microbial ecology of shallow-water scdi- 
ments. The tip diameters of their microelec- 
trodes are 30-50 pm and the tip length (i.e. the 
distance between the very tip of the pH bulb 
and the joint of the bulb and the insulating 
glass) is -200 pm. Archer et al. (1989) mea- 
sured deep-sea pore-water pH profiles in situ 
with larger protruding-tip microelectrodes (tip 
diameters, - 750 pm). However, the properties 
of most of these pH electrodes, such as sta- 
bility, response time, pressure effects, and sus- 
pension effects have not been well document- 
ed. 

The pCOz electrode was first conceived by 
Stow et al. (1957) and Severinghaus and Brad- 
ley ( 1958) and was further improved by others 
(Severinghaus 1968; Sicsjo 196 1). Micro-pC0, 
elcctrodcs were also first made for in vivo mea- 
surcmcnts (Sohtell and Karlmark 1976), and, 
in general, the use ofpC0, electrodes has been 
confined to studies of media with high [CO,] 
(where [CO,] = [CO,(aq)] + [H2C03]). The 
[CO,] of most natural surface waters is - 10 
pmol kg-l and is below the detection limit of 
standard commercial pC0, electrodes (Midg- 
Icy 1975). Deep-sea bottom waters have higher 
CO2 levels (30-50 pmol kg-‘), although these 
arc still an order of magnitude lower than the 
recommended working range of commercial 
pC0, electrodes. Sediment pore waters usually 
have CO2 concentrations that are higher than 
the overlying bottom waters. 

Design considerations for pC0, 
microelectrodes 

A pCOz electrode operates by measuring the 
pH in a thin layer of NaHCO, solution trapped 
bctwcen the tip of a flat surface or a microsize 
bulb pH clectrodc and a CO,-pcrmeablc hy- 
drophobic membrane (illustrated schemati- 
cally in Fig. la,c). The [H+] in a NaHCO, 
solution is linearly related to the [CO,] orpC0, 
in the solution; the latter, at equilibrium, equals 
the pC0, in the solution outside of the C02- 
permeable hydrophobic membrane. The EMF 
of a pCOz electrode is 

E = E” + k,log pCOz (1) 
where kN is the Nernst constant (RT In 1 O/nF). 
An effectively constant E* can bc guaranteed 
by using a moderately high [HC03-] (10-S to 

low2 M) in the internal solution (Ross ct al. 
1973; Jensen and Rechnitz 1979). 

Figure la shows schematically the involve- 
mcnt of both the membrane and the layer of 
internal solution in determining the response 
of a pC0, electrode to a change in [CO,] (from 
C, to C,) in a sample solution. In principle, 
the rate of the electrode response depends on 
partitioning and diffusion of CO2 into the sil- 
icone membrane, hydration of CO2 in the 
NaHCO, layer, and diffusion and species in- 
tcrconversions as C02, HC03-, and C032- 
come to equilibrium in the NaHC03 layer. The 
partitioning of CO2 between solution and the 
hydrophobic membrane is usually instanta- 
neous (Ross et al. 1973). When the [CO,] of 
the sample solution changes from Ci to C,, the 
outer surface of the membrane will change in- 
stantly from C, to C,, while the internal surface 
will change from C, to C2 gradually. The dif- 
fusive flux of CO2 through the membrane de- 
tcrmines the total carbon increase in the in- 
ternal NaHCO, solution. 

The internal NaHCO, solution can be scp- 
arated into two reservoirs. Reservoir 1 consists 
of the thin NaHCO, layer between the hydro- 
phobic membrane and the pH sensor. Rescr- 
voir 2 consists of the rest of the bulk NaHCO, 
solution, which fills the space between the in- 
ner pH electrode and the outer glass capillary 
(Fig. 1 c). If we assume an ideal condition such 
that the two reservoirs have no CO2 exchange 
and reservoir 2 only works as a salt bridge, and 
if we assume that the hydration of CO2 and 
the diffusion and equilibration of C02, HCO,-, 
and C032- species in the thin NaHCO, layer 
are fast, no CO2 concentration gradient in the 
NaHCO, layer will ever develop. Then the time 
for the NaHCO, solution adjacent to the pH 
sensor to change from C, to C, only depends 
on diffusion of CO2 through the CO,-perme- 
able hydrophobic membrane, the volume of 
rcscrvoir 1 that must equilibrate with the new 
[CO,] (or the distance between the hydropho- 
bic membrane and the pH sensor), and how 
the total C concentration in reservoir 1 changes 
as a function of [CO,] change (mainly con- 
sumption of CO2 by reaction with C032- in Na 
HC03 solution). 

This delay can be expressed in terms of the 
sensor’s response time, t (Ross et al. 1973). 
When [CO,] in the sample increases or de- 
creases from C1 to C2: 
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Fig. 1. Schematic representations of (a) how a pC0, electrode responds to a change in [CO,] from C, to C, in a 

sample solution, (b) the design of a pH microelectrode, and (c) the design of a pC0, microelectrode. In panel a, time 
passes from t,, to t,. At t, equilibrium is m-established and the [CO,] in the internal solution, C,, has changed from 
c, to c,. 

lmdC,1, cz-G 

t=%? dC I I 

CO,-permeable hydrophobic membrane; c = 

EC2 - c2) 1 C, - C 1 /C, - the fractional approach to equi- 
librium; C-CO2 concentration in the Na 

The terms are defined as follows: I-thickness HC03 thin layer; at t = 0, C = C, , when 100% 
of the NaHCO, thin layer; m - thickness of the response is reached, or c approaches zero, C = 
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Table 1. Time (min) to reach a 95% equilibrium re- 
sponse when bubbling CO, gas mixtures into NaHCO, 
solutions. 

[NaHCO,] 
(mM) 

0.5 
1 
2 
3 
5 

10 
25 

pCOl change (patm) = 

-350(air) to 1,000 1,000 to 5,000 

7 7-10 
4 7-10 
5 7 

6-7 4 
28 7 
30 7 
50 20 

C2; dC,/dC-changes of total carbon as a func- 
tion of [CO,] change in the NaHCO, layer; 
D-diffusion coefficient of CO2 in the hydro- 
phobic membrane phase; K-partitioning co- 
efficient of CO2 between the aqueous solution 
and the membrane material, K = C/C,,; Cm- 
CO2 concentration in the hydrophobic mcm- 
brane; &-total C. 

The response time is directly proportional 
to the thickness of m and 1. Therefore, in mak- 
ing miniature pC0, electrodes for sediment 
profiling, we have tried to make m and I as 
thin as possible. However, since the electrode 
is designed to be used under the sea, the hy- 
drophobic membrane must be strong enough 
to prevent it from collapsing onto the internal 
pH bulb when a pressure difference occurs bc- 
tween the inside and the outside of the pC02 
electrode. Therefore, neither m nor I can be 
thinner than -50 pm. 

Various materials have been recommended 
for CO,-permeable hydrophobic membranes, 
but it seems that silicone and Teflon are the 
best choices (with the largest DK). We have 
experimented only with silicone membrane 
materials. 

The exact value of dCT/dC is difficult to es- 
timate. It was assumed to be close to one and 
constant in the model of Ross et al. (1973). As 
Jensen and Rechnitz (1979) pointed out, dCT/ 
dC can exceed 1 if [CO,] is low (<O. 1 mM) 
and [HC03-] is high (> 10 mM). In this case, 
the response time will be lengthened. In ad- 
dition, as [HC03-] is changing, although very 
little, a good linear correlation between EMF 
and pC0, with a slope (N) of 59 mV/log pC0, 
at 25°C is difficult to obtain. In pore-water 
systems, where electrodes are used with 
NaHCO, filling solutions that arc between 1 

Table 2. Characteristic [CO,] and pC0, values of 
NaHCO, solutions. K, , K,, and K,, are from Butler (1982). 
CO, is defined as CO,(aq) + H,CO,. In a closed HCO, 

[HCO;-1 KJHCO, ] -k K, 
system, [COJ = 7 x 

I 1 + [HCO, l/K, ’ 

NaHCO, CO>(O*) PC02 C02(0. I”) pco, CO,( I *) PCOl 
WW (PM) (mm) 01M) Otatm) (PM) Olatm) 

50.0 511 16,180 652 20,605 1,021 32,283 
10.0 102 3,236 130 4,121 204 6,454 
5.0 51 1,618 65 2,060 102 3,228 
2.5 26 809 33 1,030 51 1,614 
1.0 10 324 13 412 20 645 
0.5 5 161 6 206 10 323 

* Ionic strength, M. 

and 3 mM (see below), dC,/dCis estimated as 
< 1.2 from the calculation provided by Jensen 
and Rcchnitz (1979). 

According to Eq. 2 the response rate of a 
pC02 electrode is faster when it responds to a 
pC02 increase than when it responds to an 
equal amount of pC0, decrease, but this dif- 
ferencc is small when the pC02 change is small 
(Cai 1992). 

In order to determine a suitable NaHCO, 
filling solution for measuring deep-sea pore- 
water pC02, 100 cm3 of NaHCO, solutions of 
varying concentrations were monitored with a 
pH electrode while bubbling each in turn with 
air, a 0.1% CO2 gas mixture, and a 0.5% CO2 
gas mixture (the balance was N2). Times re- 
quired to reach 95% of the equilibrium value 
are listed in Table 1. The conditions of this 
experiment arc diffcrcnt from those inside a 
pC0, electrode in that the membrane limita- 
tion does not exist and the NaHCO, solution 
is a bulk solution, whereas only a very thin 
liquid layer exists in a pC02 electrode. There- 
fore the results may be only partially relevant. 
However, two useful ideas can be derived from 
Table 1. First, for a certain pC0, range, there 
is a specific NaHCO, concentration that will 
give the shortest response time. Second, the 
higher the value ofpC0, in the measurement, 
the higher this NaHCO, concentration is. This 
phenomenon can be explained as follows. A 
solution of NaHCO, of a certain concentration 
has a characteristic [CO,] or pC0, in a closed 
system (Jensen and Rechnitz 1979). When the 
sample [CO,] is nearly equal to this charac- 
teristic [CO,], the electrode takes minimal time 
to reach equilibrium. These [CO,] and pC0, 
values are calculated (Table 2) from carbonate 
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Fig. 2. Response time of a pH microelectrode to a 

change in pH at 20°C and I atm. The electrode was rinsed 
with water before transfcring it from pH 7 to pH 10 buffer. 

equilibria relationships. The calculated results 
are consistent with the response time expcri- 
ments. Therefore, based on the results in Ta- 
bles 1 and 2, it seems that pC0, electrode fill- 
ing solutions fixed between 1 and 5 mM 
NaHCO, + 0.7 M NaCl are appropriate for 
bottom seawater and pore-water pC0, mea- 
surements. 

Construction of pH and pC02 
microelectrodes 

Our pH and pC0, microelectrodes for in 
situ measurements are shown diagramatically 
in Fig. lb and c. The pH microelectrode is 
made according to techniques described by 
Hinke (1967) with two unique modifications: 
a half-spheric pH bulb - 100 pm in diameter 
is made and a piece of silicone rubber tubing 
is fitted along the shaft to compensate pressure 
change. A 0.7 M HCl solution saturated with 
AgCl is used as the pH filling solution. The pH 
microelectrode inside the pC0, outer pipet is 
the same as the stand-alone pH microelec- 
trode. The filling solution of the pCO,, elec- 
trode is l-3 mM NaHCO, + 0.7 M NaCl sat- 
urated with AgCl. The CO,-permeable silicone 
membrane is made of Dow Corning 3 145 RTV 
adhesive/sealant (thickness - 50 pm). Silicone 
sheeting that is 125 pm thick is also available 
from Dow Corning (Silastic) and can be 
stretched thinner. 

A pC0, microelectrode is constructed by first 
making an outer pipet by pulling a piece of 
5-mm-diameter (o.d.) soda lime glass tubing 

in two steps to form a tip with a short (- 1 cm) 
taper. The end of the the tip is then ground 
against very fine corundum paper to form a 
smooth edge opening of 200-300-pm diame- 
ter. Next, a pH microelectrode with a pH sen- 
sor tip no longer than 100 pm is inserted into 
the outer pipet. The distance between the tip 
of the pH bulb and the tip of the outer pipet 
is fixed at 50 pm by gluing the two pieces to- 
gether with epoxy at the wide end. A piece of 
silicone membrane (15 x 2 mm) is pulled 
across the pipet tip from one side of the glass 
shaft of the outer pipet to the other. A rub- 
berband is used to hold the membrane in place 
until the membrane is epoxied to the outer wall 
of the pipet. The NaHCO, solution and the 
Ag/AgCl reference electrode are added be- 
tween the outer pipet and the inner pH mi- 
croelcctrode. A thick layer of silicone grease is 
then applied to cap the filling solution reser- 
voir and help separate it from the mineral oil 
used to fill the upper section of the electrode 
(Fig. lc). The signal wire is shielded down to 
the top of the silicone rubber tubing. The sig- 
nal, shield, and reference wires terminate with 
slip-on connectors for mating with the profil- 
ing equipment. 

Properties of pH and pC0, 
microelectrodes 

A good pH microelectrode should meet the 
following requirements: the response should 
be rapid (e.g. for 1 unit pH change, the elec- 
trode should read 99% of the voltage response 
in 2 min); the readings should be stable, with 
low noise and little erratic behavior; and the 
response should be close to the Nernst rc- 
sponsc slope (59.2 mV/pH unit at 25°C). Fig- 
ure 2 illustrates that the pH microelectrodes 
described here can respond to a 3-unit pH 
change in 100 s. In situ measurements show 
that the pH microelectrodes are stable under 
field conditions, with readings in seawater con- 
stant to within 1 mV over 5 h of measurement 
(see be10 w) . 

We have made 200 or so pH microelec- 
trodes and find that the three indices for a good 
pH microelectrode are usually coupled. An 
electrode that responds rapidly almost always 
gives a stable reading and has a near-Nernst 
response slope. Both the response time and the 
noise voltage are controlled at least partly by 
electrode resistance, which is determined by 
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Table 3. Mcmbranc resistance and geometry of pH 
electrodes. 

Membrane 
resistance Area Thickness 

Elcctrodc WW (cm?) (r@ 

RO” 590 3 100-120 
PE” 80 1 80-100 
MET >104 3x10 4 -5 

* Commercial pII electrode. 
j’ Homcmadc pH microelectrode. 

the geometry of the glass membrane. Listed in 
Table 3 are DC resistances of our microclec- 
trodes and two standard size commercial pH 
elcctrodcs at room temperature (-20°C). At 
low temperature and high pressure, DC resis- 
tance may increase substantially (Whitheld 
1970). Our pH microelectrodes have very high 
DC resistances due to the very small surface 
area of their pH bulbs. Therefore, they are sen- 
sitive to electrical noise. This is generally not 
a problem during in situ measurements, how- 
ever, because the microclectrodcs are shielded 
by seawater. Another problem caused by the 
high DC resistance is that it requires very high 
quality electrical insulation. In situ measurc- 
mcnts may be hampered by electrical leakage 
between the pH microelectrode signal wire and 
the reference electrode or the shielding wire. 
This electrical leakage could be due to mois- 
ture within the electrode holder or leakage 
across the electrical feed through to the pro- 
filing instrumentation. It is essential that all 
electrical connections are kept clean and dry. 

We have observed that electrical leakage may 
shift the EMF reading of a pH or pCOz elcc- 
trode to a more positive value (100 or 200 
mV). When this occurs the measured EMF 
change over a profile may still bc in the right 
direction but smaller than the true EMF change. 
The electrode noise will also be reduced pro- 
portionally. It is therefore important to be able 
to judge whether a nicely recorded in situ EMF 
is real or not. For this reason, we chose HCl 
as the internal solution of the pH microelec- 
trode rather than a weak acid buffer such as 
sodium citrate. The H+ activity of HCl is vir- 
tually independent of pressure, while that of 
sodium citrate is not (Dist@che and Disteche 
1965). By comparing in situ records with EMF 
calibrations determined in the laboratory, we 
can eliminate the profiles affected by electrical 
leakage. 
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Fig. 3. Response time of a newly constructed &O, 

microelectrode at 20°C and 1 atm. The clcctrodc was im- 
mcrsed in a 0.7 M NaCl solution that was bubbled se- 
qucntially with air, and 0.1% and 0.5% CO, gas mixture 
(certified standard). 

Figure 3 shows how a newly made pC0, 
microelectrode responds in a solution where 
the pC0, is made to vary over a range that 
includes typical values for seawater and pore 
water. A 0.7 M NaCl solution (150 cm3) was 
bubbled sequentially with air, a O.l%, and a 
0.5% CO, gas mixture. The behavior of the 
microelectrode was as predicted theoretically 
[e.g. AEMF = 59 log(O.5/0.1) = 41 mV]. The 
response time for the pC0, change from 1,000 
to 5,000 patm was <5 min. During in situ 
profiling, we routinely set the time between 
two measurcmcnts (1 mm apart) to be 5-6 
min. Since a pCOZ gradient in sediment is usu- 
ally less than a few hundred microatmospheres 
per millimeter, 5 min should be enough time 
for stable readings wi th a good pC02 micro- 
electrode. 

We recommend that pCOZ microelectrodes 
bc tested by submerging the tips in 0.1 N HCl 
right after they are made. If a pH dccreasc is 
found, it suggests leakage (the membrane is 
damaged or there is not a good seal between 
the membrane and the outer pipet), and the 
electrode should be rejected. Diffusion of H+ 
into the NaHCO, solution through the hydro- 
phobic silicone membrane is impossible. 

pH microelectrode potentials are reasonably 
stable for a few months, although they do drift 
gradually to more positive voltages. The drift 
is most likely caused by alkali introduced by 
dissolution of the pH or lead glasses. pH mi- 
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croelcctrodes usually have response slopes of 
- 55-59 mV/pH unit at room temperature if 
their tips are stored in pH 7 buffer. If the re- 
sponse slope decreases with time, it can be 
improved by soaking the electrode tip in 1 N 
HCl for 30 min. A newly made pC0, micro- 
electrode usually has a response slope > 5 5 mV/ 
log pCOZ. The response speed has been ob- 
served to decrease and the slope may decrease 
within days after construction. Therefore, the 
slopes are measured individually before and 
after use. The useful lifetime of a &O, mi- 
croelectrode is only -2 weeks for unclear rea- 
sons. The l-3 mM NaHCO, filling solution 
should not cause corrosion of the sensor glass. 
Possibly the short life is due to a change in the 
CO* permeability of the silicone membrane or 
an accumulation of interferences. 

Calibration and error assessment 
Electrode potentials measured in situ cannot 

be related directly to potentials measured 
aboard ship in reference solutions, such as pH 
buffers and controlledpC0, solutions, because 
the asymmetry potential of the pH electrode 
changes with pressure. Because of larger mem- 
brane distortion, the asymmetry potential of a 
pH microelectrode is expected to be larger than 
that of a large-size pH electrode studied by 
Disteche (1959) Disteche and Disteche (1965), 
and Whitfield (1970); these asymmetry poten- 
tials are less than a few millivolts. An impor- 
tant finding of Disteche (1959) is that the pH 
response slope (Nernst constant) is invariant 
with respect to pressure change. 

We calibrate in situ EMF values against the 
pH and pC0, of the overlying water, which 
are calculated from the TA and TCO, we have 
measured in C.D. Keeling’s laboratory (Scripps 
Inst. Oceanogr.) with accuracies of +O. 1%. This 
approach avoids the pressure effect and the 
problem of liquid junction change between 
buffer and sample solution in the case of pH. 
In calculating pH and pC0, from TA and 
TC02, all the constants are taken from Ther- 
modynamics of the carbon dioxide system in 
seawater (UNESCO 1987) and all the defini- 
tions are compatible (also see Dickson and 
Miller0 1987). Contributions ofphosphate and 
silica species to TA are included, and pH is 
expressed on the seawater scale. 

Errors in pH and pC0, profiles will depend 
on the stability and slope of individual elec- 

trodes as they are used in fieldwork. Errors can 
usually be estimated from the stability of the 
electrode potential in the overlying water and 
on the electrode readings in the overlying water 
before and after profiling (duration is usually 
-5 h). For pH measurements we are close to 
an error of kO.01 pH units. On average, errors 
associated with our pC0, measurements are 
estimated as f. 5% with a good pCOz electrode. 

Suspension efect 
One problem that may jeopardize correct 

interpretation of pH values measured in sed- 
iments or slurries is the so-called suspension 
effect, defined as the EMF difference, measured 
by introducing a pH electrode and a reference 
electrode into a sediment from an overlying 
solution that is in equilibrium with the solid 
(Overbeek 1953). Figure 4 illustrates four dif- 
ferent ways to measure pH in a sediment-wa- 
ter system. The suspension effect is defined as 

E suspension = E,,, - E,. (3) 
There is no consensus on the theoretical ex- 
planation of the suspension effect (Jenny et al. 
1950; Garrels and Christ 1965; Brezinski 1983; 
Yang et al. 1989). However, this phenomenon 
has been suggested to cause a pH offset of 0.1 
to 0.2 units when the electrodes are introduced 
into soil-water systems, or several pH units if 
the electrodes are introduced into H+-form 
cation-exchange resins. 

We have experimented with different ma- 
rine sediments and found little or no suspen- 
sion effect. A sample of hemipelagic mud from 
San Clcmente basin (California) was soaked in 
seawater for several days and stirred occasion- 
ally. Borax solid had been added to the sea- 
water to make it well buffered. The slurry was 
then centrifuged to separate sediment and su- 
pernatant. EMF values were measured before 
and after centrifugation by a cell consisting of 
a pH microelectrode and an Ag/AgCl (with 
saturated KC1 salt bridge) reference electrode. 
The results were as follows: EI = -273.2 mV, 
J% = -271.8 mV, EI,, = -271.5 mV, and EIv 
= -272.3 mV, and then again El = -273.2 
mV. The measured changes were only slightly 
larger than normal electrode noise in a labo- 
ratory environment. The same system was also 
measured by two Ag/AgCl (with saturated KC1 
salt bridge) and two saturated calomel rcfer- 
ence electrodes. The EMF differences among 
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Fig. 4. Schematic reprcscntation of four different ways to measure pH in a sediment-water system. The suspension 
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electrode) since usually E,, = E, and E,, = E,,, (Brczinski 1983). 

the four different positions (similar to the ar- 
rangement shown in Fig. 4, but with two rcf- 
erencc electrodes) were all within 0.2 mV. Thus, 
we conclude there is no (or only -0.2 mV) 
artifact caused by any difference in the position 
of the reference electrode. A similar expcri- 
ment was run with an Indian Ocean Red Clay 
(collected below the calcite compensation 
depth). EMFs were measured with two cells. 
Cell I was the pH microelectrode-Ag/AgCl 
(saturated KCl) system. Cell 2 was a Corning 
pH electrode and a Corning saturated calomel 
reference electrode. The results indicated there 
is no or negligible (-0.2 mV) suspension effect. 
Details of this work are given by Cai (1992). 

In situ mea&rements in San Diego Bay 
In May 199 1, we made in situ measurements 

of resistivity, 02, pH, and pCOz in San Diego 
Bay with our microelectrodes at a site off Shel- 
ter Island. The water depth was -4 m. Water 
temperature was 16”C, and the day was sunny. 

Three 02, two pH, one pCO,, one resistivity, 
and two Ag/AgCl reference electrodes (one for 
O2 and one for pH) were mounted on a mi- 
croprofiling instrument attached to an alumi- 
num tripodal frame. The microprofiler was es- 
sentially the same as that described by Reimers 
(1987); however, the analog circuitry was 
modified to accept potentiometric measure- 
ments. Each Ag/AgCl reference electrode was 
immersed in saturated KC1 solution, and an 
agar plug saturated with KC1 provided contact 

with seawater. The reference electrodes were 
10 cm shorter than the sensing electrodes so 
that the references never entered the sediment 
during the profiling. O2 microelectrodes were 
the same cathode-style made before in this lab- 
oratory with tip diameters < 10 pm (Reimers 
et al. 1992). The four-wire resistivity electrode 
(Andrews and Bennett 198 1) had a wire spac- 
ing (between 0.1 -mm-o.d. Pt wires) of < 1 mm 
(Cai 1992). 

The resistivity electrode was made to be 0.5 
to 1 cm longer than the other sensors when 
mounted on the profiler. The profiler was pro- 
grammed to read the resistivity electrode every 
1 mm and all the other electrodes every 10 
mm of downward travel until the sediment- 
water interface was detected by an increase in 
resistivity. After the resistivity electrode sensed 
the sediment-water interface, resistivity and 
0, were read every 0.25 mm, while pH and 
pCO,, were read every 1 mm near the interface. 
At the horizons where all the sensors were read, 
resistivity and O2 channels were read first (three 
times each). The pH and pCOz channels were 
read 30 s later. Three other sets of pH and 
pC0, readings were then made with a 30-s 
delay between each set, and three readings were 
taken each time for each channel. The total 
time between two sets of pH and pC0, read- 
ings at two depths was - 5.5 min. 

The sediment-water interface at the site may 
have been uneven or the lander was not per- 
fectly horizontal on the sea floor, because two 



1770 Cai and Reimers 

Formation Factor 

-iO 

0 
0 

-R 

-320 -310 -300 -290 -280 -270 -260 

iiJ~/ 

-30 

1 

1:: 
Al 4J 0 
8 10 
n 20 

30 

40 

50 

60 

70 ~ 

-510 -500 -490 -480 -470 -460 -450 

-70 ‘1. 1. 1 .‘. ‘7 
0 

1 

-6O- 0 
-50’ 

0 
-40 - 

0 
-3o- 

Fig. 5. Microelectrode profiles measured in situ in San Diego Bay. The parameters measured were resistivity 
(reported as formation factor, R,,,/R W.,c.T), oxygen (pm01 kg-‘), pH (mV), and pC0, (mV). Data points 20 mm above 
the interface (arrows) rcprcsent readings taken after profiling when the sensors were retracted to the overlying water. 
The insets enlarge the critical portions of the oxygen profile. The pH and pC0, sensors were read four times at each 
horizon after the resistivity electrode signaled that the interface had been found. The first of these readings (0) was 
made -2.5 min after stepping from the previous depth position. The second (x), third (+), and fourth (0) followed at 
30-s intervals. 

of the oxygen and one pH microelectrode 
“missed” recording profiles across the inter- 
face when they entered the scdimcnt before the 
resistivity probe. Figure 5 illustrates the in situ 
formation factor (the ratio of resistivity in the 
sediment to that in water) and single complete 
02, pH, and pC02 (in millivolts) profiles mea- 
sured in San Diego Bay. All the data points 
arc averages of three readings. Data points at 
20 mm above the interface represent readings 
taken when the electrodes were retracted back 
to the overlying water after profiling. 

Both pH and pC0, microelectrode records 

(Fig. 5) were highly stable while these sensors 
profiled through the water column. The drift 
was < I .6 mV in the case of the pH sensor and 
~0.2 mV in the case of’pCO,, probably, in the 
case of pH, reflecting the fact that the micro- 
electrode had not fully equilibrated with the 
seawater. When the elcctrodcs were retracted 
to the bottom water after profiling the sedi- 
ments, the pH readings returned to within 0.8 
mV of the final water-column readings re- 
corded before profiling the sediment. The&O, 
microelectrode gave readings between the last 
sediment pore-water value and the initial bot- 
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Fig. 6. Profiles of pH and pC0, in San Diego Bay sediments calibrated against bottom-water values. 

tom-water value. However, during 10 more 
minutes of monitoring, the pCOz electrode 
continued to approach the overlying water val- 
ue (Fig. 5). There could bc three reasons why 
the pC0, readings did not come back to the 
bottom-water value rapidly. First, there is a 
large pC0, decrease (2,400 patm) between the 
last point in the sediment and the bottom wa- 
ter. According to Eq. 2, the response time will 
be substantially longer than for a correspond- 
ing increase. Second, the steady state model 
only considers the NaHCO, as a thin layer 
(reservoir 1). In the real situation, when sam- 
ple [CO,] decreases, the backing bulk NaHCO, 
solution (reservoir 2), which may have accu- 
mulated a high concentration of C02, could 
release COZ continuously to the thin NaHCO, 
layer and cause a hysteresis effect. This prob- 
lem might bc solved by isolating the thin 
NaHCO, layer from the bulk NaHCO, solu- 
tion as much as possible. Finally, as pointed 
out earlier, the rcsponsc speed of a pC0, elec- 
trode decreases within days of construction. 

The pC0, microelectrode was also seen to 
respond incompletely at points between 1- and 
5-mm depth in the sediment where pC0, in- 
creased dramatically (Fig. 5). In this depth 
range, the electrode potential continued to in- 
crease from the first to the fourth reading (each, 
30 s apart). In contrast, the pH readings varied 
much less during 2 min of monitoring. As we 
discussed earlier, a good, newly made pC0, 
electrode can respond to a pC02 change from 
1,000 to 5,000 ppm in 5 min. Unfortunately, 
the response time tends to increase just days 

after the electrode is made, as was the case 
here. 

The calculated bottom-water pH (seawater 
scale) and pC0, at the San Diego Bay site were 
7.90 and 578.8 patm from TA and TC02 mca- 
surements of 2,240 and 2,085 pmol kg-‘, rc- 
spcctively. Pore-water pH and pC0, profiles 
calibrated against bottom-water values arc il- 
lustrated in Fig. 6. Between 1- and 5-mm depth, 
the pC0, profile was calculated by assuming 
that the change in EMF bctwccn the first read- 
ing and the equilibrium value would have been 
twice that observed bctwcen the first and fourth 
reading (Fig. 5). (This does not mean WC are 
assuming that the microelectrode had reached 
only a 50% response, because the greatest 
changes were seen before the first reading.) 

San Diego Bay sediments are sandy muds, 
but they have a fine-graincd surface layer con- 
taining benthic diatoms and other organisms. 
At our study site the formation factor (r;3 in- 
creased to 2 (Fig. 5) in < l-cm depth, corre- 
sponding to a decrease in porosity ((a) from 1 .O 
to ~0.7, assuming that F = +-2 (Archie’s law; 
Andrews and Bennett 198 1). The oxygen con- 
centration increased within the first 1.75-2 mm 
of the sediment and then dccrcased abruptly 
to reach zero by 6-mm depth. 

From the scdimcnt-water interface to a depth 
of only 5 mm, pC0, increased from 578 patm 
to a maximum of 3,000, while pH decreased 
from 7.90 to 7.15. The sharp pH decrease and 
the sharp pC02 increase in the oxic layer may 
indicate the introduction of metabolic CO2 by 
organic matter degradation. But several lines 
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Fig. 7. TCO, vs. depth in San Diego Bay sediments. 
TCO, was calculated from in situ pH and pC0, measurc- 
ments. 

of evidence suggest that the sharp pH decrease 
is mainly a result of the oxidation of reduced 
inorganic species such as HS-, Fe2+, and Mn2+ 
through reactions such as 

HS- + 202-SO;- + H+, (4) 

4Fe2+ + O2 + 6H2O + 4FeOOH 

+ 8H+, (5) 

and 

4Mn2+ -t 20, -I 4H20 + 4MnO 2 

+ 8H+. (6) 

The 0, profile between 2- and 4-mm depth is 
nearly linear, indicating that it is mainly de- 
termined by diffusion and that the major con- 
sumption of O2 happens below 4-mm depth. 
This observation suggests that either there is 
not much O2 reduction by labile organics, 
which should be more abundant near the sed- 
iment surface, or that the respiration signature 
is canceled by the 0, introduced by photosyn- 
thesis. The absence of a TC02 increase in the 
first 5 mm (see below) also supports this view. 
Jorgensen and Revsbech (1983) used micro- 
electrodes to measure 02, H,S, and pH profiles 
in a Beggiatoa mat where sulfide oxidation is 
intense. Our pH profile is very similar to theirs 
in the shape and size of the change, except that 

their profile developed over a much thinner 
layer. 

The TC02 profile was calculated from pH 
and pC02 profiles (Fig. 7). The TC02 mini- 
mum at the sediment-water interface might be 
explained by photosynthetic consumption of 
TCO,. At steady state, the diffusional loss of 
O2 should be balanced by net O2 production 
at the O2 maximum (at 1.75-2 mm). A simple 
calculation of the diffusive flux away from the 
maximum with Fick’s first law indicates an O2 
flux to the underlying sediments of between 
230 and 360 pmol cm-2 yr-I. The higher value 
is derived by calculating the flux based on the 
greatest gradient observed in the O2 profile be- 
tween 2 and 4 mm. The lower value is derived 
from an average gradient between 2- and 4-mm 
depth. 

The true size of the TC02 minimum at the 
sediment-water interface during this experi- 
ment cannot be defined exactly because the 
response rate of the pC0, electrode was not 
rapid enough to completely record the dra- 
matic pC02 increase between l- and 5-mm 
depth. Response rate was not a problem below 
5 mm and should not have been a problem at 
all with a newly made electrode, such as the 
one whose laboratory response is shown in Fig. 
3. In other environments where the pC0, in- 
crcasc is smaller, the response rate may not be 
a major problem even with a relatively slow 
electrode (Cai 1992). 

Another complication in deriving a TC02 
profile over such fine scales is that there may 
be inadvertent mismatching of the pH and 
pC0, profiles. One or two millimeters depth 
mismatching is possible due to incorrect as- 
signment of depths to the profiles. As indicated 
above, spatial heterogeneity on the scale of the 
spacing between the microelectrodes (centi- 
meters) could also be significant. A combined 
pH and pC0, sensor could eliminate this prob- 
lem. 

We conclude that the major tasks to be ac- 
complished before pH and pC0, microelec- 
trodes can bc used routinely and reliably to 
study the carbonate chemistry of deep-sea pore 
waters arc to make pC0, microelectrodes that 
respond faster and do not lose their response 
characteristics over a reasonably long time, to 
eliminate sources of electrical leakage which 
now frequently plague in situ measurements, 
and to combine the sensors so that measure- 
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ments arc made within the scale of patchiness 
on the sea floor. 
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