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Abstract

Pore water pH distributions are closely coupled to early diagenetic reactions and transport processes in surficial
sediments. In this study, an optical plate fluorosensor for rapid two-dimensional detection of H1 concentration
patterns in sediment pore waters was developed. The dual excitation (405/450 nm) single emission (520 nm) pH
fluorophore HPTS (8-hydroxypyrene 1, 3, 6, trisulfonic acid trisodium salt) was immobilized onto transparent,
supporting sensor foils. Excitation/emission spectra of immobilized HPTS exhibited pH dependent shifts in seawater
standards, and fluorescence excitation ratios were used for two-wavelength, ratiometric detection of pH distributions
in sediment and bottom water close to the sediment–water interface (pH ø 6.5 to 8.5). Sensor foils were fixed to
the inner sides of plastic box corers or glass plate aquaria containing sediment and overlying seawater. Equilibration
with pore water occurred in seconds, and fluorescence response (excitation/emission) was scanned nondestructively
using a monochrome, integrating CCD camera. The two-dimensional sensor system has a vertical and horizontal
resolution of 56 3 54 mm (5 3 5 pixels) applied over an image of 34 3 26 mm. Reproducibility and accuracy
were best when foils were prepared from solutions of similar ionic strength to samples. Optical sensor pH distri-
butions correlated well with high-resolution, vertical distributions measured simultaneously with a minicombination
pH electrode, and two-dimensional pH patterns demonstrated directly the transport-reaction heterogeneity associated
with microtopography and biogenic structures in surface deposits and overlying waters close to the sediment–water
interface. Sensor foils retained calibration characteristics for at least 50 d.

The activity of hydrogen ions (pH) is a master geochem-
ical parameter reflecting the thermodynamic state of acid-
base processes and overall balances between multiple reac-
tion and transport processes within natural environments
(e.g., Sørensen and Palitzsch 1910; Takahashi et al. 1970;
Dickson 1993). Surficial marine sediments, in particular, are
characterized by complex heterogeneity and steep gradients
in reaction rates, concentration distributions, and mass trans-
port efficiency (Revsbech et al. 1980; Reimers et al. 1986;
Revsbech 1989; Glud et al. 1996; Aller et al. 1998). Mea-
surements of pH in surficial sedimentary deposits are typi-
cally made using H1 sensitive glass electrodes (e.g., Revs-
bech and Jørgensen 1986; Cai and Reimers 1993). Although
pH electrodes are ideal for many applications, they are lim-
ited in resolving spatial patterns, are subject to matrix-related
standardization uncertainties (e.g., liquid junction potential
and solution interferences—poisoning), may suffer from
electrical interferences and physical damage, and are in some
formats relatively expensive (Sillén 1967; Revsbech 1989;
Wolfbeis 1991). Spectrophotometric pH measurements offer
an alternative to potentiometric techniques (Byrne and Bre-
land 1989; Dickson 1993; Lakowicz 1999), and optical sen-
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sors are in principle well-suited for resolving both micro and
macro spatial distributions in sedimentary environments.
Optical sensors are usually simpler and less expensive to
construct than electrodes, can be used in remote detection
schemes, and normally have superior long-term stability
(Wolfbeis 1991; Klimant et al. 1995; Lakowicz 1999; Ström-
berg and Hulth 2001). In the present study, we developed
and investigated the use of a planar optical pH sensor, spe-
cifically designed for resolving high-resolution, two-dimen-
sional pH distributions in surface sediments. The pH plate
fluorosensor has the potential to greatly improve understand-
ing of mineralization and general reaction processes during
early diagenesis in surficial sediments.

Over the past two decades, considerable effort has been
directed toward the development of solute specific chemical
sensors with optical detection (e.g., Harvey 1957; Peterson
et al. 1980; Seitz 1984; Lakowicz 1999). These optical sen-
sors are often called optodes (derived from optod«—the op-
tical way) or optrodes (in analogy to the term electrode).
The first fiber optic pH sensor was developed for in vivo
studies by Peterson et al. (1980) and related pH to the ab-
sorbance of immobilized phenol red (phenolsolfonphtalein).
Owing to the general importance of pH measurements, a
large number of pH optodes have been designed (e.g., Saari
and Seitz 1982; Zhujun and Seitz 1984; Offenbacher et al.
1986; Wolfbeis and Offenbacher 1986; Leiner and Wolfbeis
1991). They all, however, rely on luminescence properties
of the acid/base conjugate pair of the pH indicator. A wide
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Fig. 1. Optical system used for two-dimensional quantification of pH distribution patterns in aquatic sediments. The setup is a custom-
made adaptation of an optical imaging and photometry system originally designed for two-wavelength ratiometric detection of in vivo
calcium concentrations.

range of fluorescent indicators of O2, CO2, Ca21, and pH
have been used in the development of gas and ion-specific
fiber optic sensors in medical and health sciences (e.g., Pe-
terson et al. 1980; Grynkiewicz et al. 1985; Wolfbeis 1985).
However, it was not until recently the technique was intro-
duced to aquatic biogeochemistry by a microfluorosensor for
oxygen (Klimant et al. 1995; Glud et al. 1999a).

Planar optodes, or plate fluorosensors, are similar to fiber
optodes but the solute specific fluorochrome is immobilized
and imaged on a foil sheet instead of a small fiber tip (Glud
et al. 1996). Planar optodes using a Ru-fluorophore have
been used for the detection of two-dimensional oxygen dis-
tribution patterns in surface sediments and in high-resolution
studies of early diagenetic processes and oxygen dynamics
in photosynthetic microbial mats and bacterial biofilms
(Glud et al. 1996, 1998, 1999). In principle, planar sensor
foils of various types can be fixed onto transparent plates
and inserted or otherwise brought into contact with sedi-
ment. After equilibration with sediment pore water, the in-
dicator can be optically scanned (excitation and emission)
nondestructively through the transparent plate to obtain a
two-dimensional ‘‘picture’’ of solute distributions. Photo-
metric detection of fluorescence from plate sensors can either
be done in the laboratory subsequent to removing the sensor
from the sediment or directly in situ using more sophisti-
cated benthic lander technology (Smith et al. 1976; Rhoads
and Germano 1982; Nilsson and Rosenberg 2000). One such
benthic camera system (Hyperspectral REMOTS) is pres-

ently equipped for UV excitation/emission scans for detec-
tion of autofluorescent anthropogenic contaminants (py-
renes), but has not yet been used to determine specific solute
distributions in situ (Rhoads et al. 1994).

Materials and Methods

Two-dimensional optical system—The optical system used
in this study is a custom adaptation of the InCyt Pm2y
imaging and photometry system (Intracellular Imaging),
originally designed for ratiometric fluorophore studies of in-
dividual cells. In this modified version, a liquid light guide
transferred excitation light to the sample (Fig. 1). Light emit-
ted by the plate flurosensor was collected by an eight-bit
COHU 4910 integrating monochrome CCD camera (chip
resolution 753 3 582 pixels). The theoretical individual pix-
el resolution for the COHU camera as set up was 8.5 3 8.2
mm. NIKON standard single lens reflex (SLR) lenses were
used to optimize spatial resolution and size of the image.
Effective image resolution was 56 3 54 mm at the distance
employed between plate sensor and camera (20–40 cm). The
system also included a 300 W Xe UV/VIS arc lamp, a com-
puter controlled dual filter changer (405/450 nm) at the ex-
citation side, and an emission filter (520 nm) mounted be-
tween the lens and camera (Fig. 1). The data acquisition/
analysis software InCytIm2y was controlled by a
Windows-based PII-400 MHz computer. Bitmap images
were evaluated by taking the ratio of fluorescence intensity
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Fig. 2. Excitation spectra of HPTS dissolved in seawater (salin-
ity of 32) at different pH values. HPTS is a dual excitation (405/
450 nm)–single emission (520 nm) fluorochrome with pH depen-
dent excitation and emission maxima.

(excitation 405/450 nm; emission 520 nm) in each pixel us-
ing the geographical information system (GIS) software pro-
gram IDRISIy (version I32.11; ClarkLabs). After pixel ra-
tioing and pH calibration, 5 3 5 adjacent pixels regions were
Gauss filtered to reduce noise. Owing to the properties of
Gauss filtering, final image resolution remained at 56 3 54
mm.

When pH values obtained using the plate flurosensor were
compared with profiles obtained with a minicombination pH
electrode, flurosensor values at corresponding profile depths
were taken as the average within discrete 1 3 60 mm (ver-
tical 3 horizontal) layers and assigned to the depth interval
midpoints. Replicate flurosensor distributions were recorded
by horizontally adjusting the camera position 2–3 cm, while
electrode distributions were recorded approximately 1 cm
apart.

HPTS—A number of fluorescent pH indicators are known,
but relatively few meet the requirements of excitation/emis-
sion in the visible spectrum. A visible response region al-
lows the use of inexpensive optics and light guides, as well
as inexpensive light sources such as halogen lamps. In ad-
dition, a large Stokes’ shift is advantageous to separate in-
cident excitation from emission. Further desired require-
ments are photostability, lack of toxicity, and presence of
functional groups suitable for immobilization onto supports
(Wolfbeis 1991).

HPTS (8-hydroxypyrene 1, 3, 6, trisulfonic acid trisodium
salt) is one of the most widely used fluorescence pH indi-
cators (e.g., Wolfbeis et al. 1983; Wolfbeis 1985). HPTS is
a weak organic acid that has different fluorescence spectra
in the dissociated (deprotonated) and associated (protonated)
form. It is a dual excitation (405 and 450 nm) single emis-
sion (520 nm) fluoroprobe with ratiometric properties (Fig.
2). Visible excitation/emission response allows the use of
less expensive optical setups. A pKa value close to neutral
(Wolfbeis et al. 1983) makes it almost ideal for pH studies
in cells and living materials, as sensor dynamic range nor-
mally covers a pH range of pKa 6 1 pH unit (Bishop 1972).

HPTS trisodium salt is known to have excellent water sol-
ubility, have a quantum yield close to 1, lack toxicity, and
hold appropriate functional chemical groups (sulfonate) suit-
able for covalent immobilization onto, for example, cellulose
acetate. Lack of toxicity makes it advantageous to use plate
fluorosensors in the sediment also for extended time periods
(weeks to months).

Preparation of sensing foil—The optical pH-sensitive foil
contains a two layer polymeric support onto which the pH
fluorochrome HPTS was immobilized. A prefabricated,
transparent plotter foil (Hewlett Packard, HP C3835A) made
from a 100-mm polyester layer covered on one side with a
10-mm layer of cellulose acetate was found appropriate for
HPTS immobilization. Cellulose and cellulose acetate are
polymeric supports well-suited for immobilizing solute spe-
cific indicators. They can be optically transparent and have
good permeability for ions, including protons (e.g., Kostov
et al. 1993; Werner and Wolfbeis 1993). Various pH indi-
cators can be either covalently incorporated (Kostov et al.
1993) or physically entrapped by hydrophobic interactions
into these supports (Cardwell et al. 1993). In this study, the
fluorochrome HPTS was linked to the cellulose acetate sim-
ply by immersing the OH foil overnight into a solution of 4
mM HPTS. The HPTS solution was made up from filtered
(0.3 mm) seawater or artificial seawater (Hansson 1973) di-
luted to appropriate salinity using Milli-Q water. New sensor
foils were rinsed in filtered (0.3 mm) seawater for at least
24 h. Prior to use, foils were additionally soaked in a solu-
tion of ionic strength corresponding to that of samples. Al-
though the exact mechanism of dye incorporation and nature
of interactions between sensor foil and HPTS are not yet
fully understood, our data indicate that high ionic strength
and pH above neutral result in irreversible HPTS immobi-
lization. Sensor foils were transparent after immobilization,
and sampled sediment and sediment structures could there-
fore be visually inspected as well as photometrically ana-
lyzed using the CCD camera and the IDRISIy software.
Although transparent sensor membranes may seem advan-
tageous, fluorescence response from such membranes also
includes interactions normally associated with the physical
structure of the sediment matrix (e.g., light scattering from
sand grains and absorption of light in burrows and holes).
Part of this drawback can be compensated for by subtracting
background images from obtained fluorescence patterns.
Background fluorescence from sensor foils was found insig-
nificant.

Sensor calibration and pH pore water distributions—In
order to increase reproducibility and accuracy of pH mea-
surements in marine environments, an alternative convention
has been proposed to define pH standards in terms of their
total H1 concentrations in seawater (Dyrssen and Sillén
1967; Sillén 1967; Hansson 1973). On this ionic medium
scale (as opposed to infinite dilution), the activity coeffi-
cients are dominated by the bulk electrolyte and therefore
become unity as the solution approaches the pure ionic me-
dium. No extrapolation or extrathermodynamic assumptions
are generally necessary for pH determinations on the ionic
medium scale in marine systems. Therefore, foils were pre-
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pared, handled, and standardized in solution matrices similar
to those of the target samples. Buffers were solutions pre-
pared in synthetic seawater as described by Hansson (1973).
Fluorosensor response was compared with microcombina-
tion glass pH electrodes with Ag/AgCl reference (Micro-
electrodes), also calibrated according to the ionic medium
standard state (Dyrssen and Sillén 1967; Hansson 1973;
Dickson 1990). During standardization, the sensor foil was
attached to one side of a specially designed glass aquarium
(20 3 8 3 8 cm) containing ordinary seawater (salinity 32;
alkalinity 2250 mM) of different pH values simultaneously
monitored with the electrode. Working standards for pH
were achieved by the addition of 10 mM HCl or 0.1 M
NaOH, diluted with NaCl of appropriate concentration to
match sample ionic strength.

Sediment subsamples (the Gullmars Fjord, western Swe-
den) were taken from boxcores (25 3 25 cm) by gently
inserting a specially designed 15 3 15 cm Plexiglas con-
tainer into the sediment. The container was open at both
ends. Prior to insertion, all four sides of the container were
covered with ready-to-use pH fluorosensor foils. Sensors
were protected from light to minimize eventual photobleach-
ing of the indicator. Subsequent to subsampling, the con-
tainer filled with water and sediment was transferred to the
laboratory for photometric analysis using the optical setup
(Fig. 1). In between sampling and fluorescence detection,
overlying water was aerated and the container kept at in situ
temperature.

In addition to detection of two-dimensional distributions
in intact sediment cores, surface (0–2 cm) sediment was re-
moved, sieved (1 mm), and homogenized for quantification
of pH distributions in reactive surface sediments. The sedi-
ment was carefully transferred to a glass aquarium (30 3 30
3 25 cm), after which bottom water from the sampling site
was added. Care was taken to keep the sediment–water sys-
tem in the dark and maintain overlying water aerated. During
actual photometric analysis there was no aeration or stirring
of the overlying water. Two-dimensional pH distribution pat-
terns were also observed in a microcosm containing initially
homogenized surface (0–2 cm) sediment from Flax Pond
(Long Island Sound, USA) using a comparable optical sys-
tem with a peltier cooled 14 bit camera.

Results and discussion

Sensing foil synthesis and properties—One of the most
common problems with optical sensors, besides photo-
bleaching of the indicator, is related to the binding stability
and association of fluorophores with the carrier (Wolfbeis
1991). Indicator immobilization can in fact largely determine
characteristics and performance of the sensor (Lin 2000).
HPTS has previously been immobilized electrostatically on
anion exchange membranes (Zhujun and Seitz 1984) and
covalently bound to glass and cellulose (Offenbacher et al.
1986; Kostov et al. 1993). Although the indicator layer in
some of these sensors was found not stable to strong bases
or acids, covalent binding is normally quite reliable, and the
indicator does not significantly leach out from sensor mem-
branes.

Membrane preparation as developed in this investigation
was simple and effective; however, certain conditions were
found necessary for optimal performance. For example, ex-
cessive concentration of HPTS on sensor foils can promote
inner-filter effects (Lakowicz 1999), alter apparent pKa

(Wolfbeis 1991), and promote desorption during deploy-
ment. Sensor membranes were in this study therefore pre-
pared from solutions of 4 mM HPTS. Using this procedure,
there were no signs of inner-filter effects or dye leaching
from sensor foils once treated with HPTS and soaked in
seawater (data not shown). Observed maximal change in
fluorescence ratio for the HPTS concentrations tested (0–25
mM) corresponds to a pH shift of less than 0.1 pH unit.

It is important to note that although incorporation of
HPTS on the foil may not be exactly uniform, the use of
ratiometric wavelength detection largely eliminates concen-
tration dependent effects within a foil over the immobiliza-
tion range used and minimizes any variation in response be-
tween foils (e.g., Leiner and Wolfbeis 1991). It was beyond
the scope of the present study to investigate the complex
nature of interactions between sensor foil and HPTS or its
exact concentration distribution on the foil surface.

Stability of optical sensors is normally excellent (Wolfbeis
1991; Klimant et al. 1995), as was also the case for the
HPTS pH fluorosensor. After extended periods, HPTS sensor
membranes showed no significant change in calibration (data
not shown). Sensors inserted into the sediment for more than
50 d still retained fluorescence characteristics, and one-point
calibrations performed in the overlying water confirmed that
sensors could be used for detection of two-dimensional pH
distributions in sediments also after extended periods of de-
ployment. This stability implies that HPTS pH fluorosensors
can be used during sediment monitoring, although artifacts
associated with, e.g., biofouling may become a problem. Ob-
served long-term stability further suggests that the HPTS
membranes are resistant to alteration by diagenetically pro-
duced solutes such as HS2 and Fe21.

Owing to the thin reactive cellulose acetate layer, the acid-
base equilibrium of the pH indicator is established within
seconds. Sensor response time was estimated to be less than
5 s. Response time of a plate flurosensor should be depen-
dent on stirring of surrounding water and existence of a dif-
fusive layer covering the sensor surface. It is assumed that
thin membranes and efficient mixing give the shortest sensor
response times, but no detailed evaluation of these factors
was made.

HPTS pH fluorescence response—HPTS immobilized on
the cellulose acetate–polyester support did not change basic
spectral properties compared to HPTS in free solution (Figs.
2 and 3). Immobilized HPTS retained both its Stokes’ shift
and general excitation/emission response as a function of
pH. Maximum excitation was slightly shifted to longer
wavelengths, and fluorescence at 405 nm increased relative
to 450 nm for immobilized HPTS. However, these changes
did not significantly affect overall sensor response to sample
pH. The ratio of excitation at 405 and 450 nm (emission 520
nm) was a sensitive but nonlinear measure of pH, with a
sigmoidal change of fluorescence ratio with increasing sam-
ple pH reflecting the titration of immobilized HPTS (Fig.
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Fig. 3. Excitation spectra of HPTS immobilized on the sensor
foil immersed in seawater at different pH values. Compared to
HPTS dissolved in seawater, excitation maxima for the pH plate
flurosensor were slightly shifted to longer wavelengths and fluores-
cence intensity at 405 nm favored compared to 450 nm.

Fig. 4. (A) Fluorescence ratio 405 nm over 450 nm (emission 520 nm) as a function of pH in
seawater (salinity 32 and alkalinity 2250 mM). The pH electrode used for standardization was
calibrated according to the ionic medium scale (Hansson 1973). At high pH values, HPTS is mainly
in the dissociated form (Ind2), while at low pH it is mainly in the associated (H-Ind) form. From
the pH dependence, an apparent dissociation constant of approximately 1026.4 (i.e., pK 5 6.4) could9a
be calculated for HPTS immobilized onto cellulose acetate. (B) Sensor response was highly depen-
dent on ionic strength of the sample, and the seawater caused a negative shift in apparent pKa

compared to a buffer solution (Itot ø 0.1 mM). Total ionic strength was kept constant within the
two treatments during the experiment.

4A). The inflection point is determined by the dissociation
constant of the indicator, with the most sensitive response of
the fluorosensor at a pH close to the apparent pKa (pK ) of9a
the immobilized indicator. These response patterns were re-
tained in the presence of common pore water constituents
(NH , Fe21, Mn21, HS2) as demonstrated by standardization1

4

experiments in both oxic and anoxic pore water of varied
composition (data not shown).

Sensitivity and effects of ionic strength—One important
consideration of optical pH measurements is that concentra-
tions of an indicator dye in either its acid or base form are
determined rather than concentrations of H1 directly. Rela-
tive spectral absorbance or fluorescence of the indicator dye

conjugate pair (H-Ind/Ind2) is governed by the dissociation
constant (Ka) of the organic molecule and pH of the sample.
Ka is defined from the acid/base equilibrium:

2 1H-Ind 1 H O ⇔ Ind 1 H O (1)2 3

2 1{Ind }{H O }3K 5a {H-Ind}{H O}2

2 1g g Ind H O2 1  T,Ind T,H O 335 (2)
g [H-Ind]T,H-Ind

Rearranging Eq. 2 gives the Hendersson-Hasselbach equa-
tion

2 g g2 1[Ind ] T,Ind T,H O3pH 5 pK 1 log 1 log (3)a [H-Ind] gT,H-Ind

where {Xi} is the activity of component i, [Xi] is the total
concentration of i, and gT,i the solute total activity coefficient
of ion Xi in solution (or lT,i on the solid surface).

It is clear from Eq. 3 that changes in ionic strength and
solution composition will produce changes in indicator spe-
ciation and thus influence fluorescence response as a func-
tion of pH. Total activity coefficients depend on both non-
specific (ionic strength) and more specific interactions such
as complex formation (e.g., Stumm and Morgan 1996). De-
creases in activity coefficients, particularly of charged spe-
cies, due to nonspecific interactions with increased ionic
strength should shift the ratiometric response curve of Fig.
4A to a lower pH range (Kostov et al. 1993). In the present
case, seawater with a total ionic strength of about 0.6 mM
indeed caused a negative shift in apparent pKa compared to
a buffer solution (Itot ø 0.1 mM; Fig. 4B). Eventual loss of
free Ind2 from sensor surface or a change in fluorescence
behavior of either indicator species would superimpose ef-
fects caused by increasing ionic strength.
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Fig. 5. Pore water distributions of pH in homogenized surface
(0–2) sediments measured with the pH plate flurosensor (open sym-
bols) and a minicombination pH glass electrode (filled squares)
(measured on seawater ionic medium scale). When comparing pH
in the Gullmar Fjord sediment, flurosensor point values at a certain
sediment depth were evaluated as the average distribution within a
1 3 60 mm (vertical 3 horizontal) layer of the sediment.

Sensor response and apparent pK a of immobilized
HPTS—Apparent (or effective) pKa of an immobilized in-
dicator (pK ) is a primary factor to consider when identi-9a
fying a suitable indicator for a particular application. The
dissociation constant of an immobilized indicator can be
quite different from that thermodynamically predicted, de-
pending, e.g., on physical and chemical properties of the
surface and the solution–surface interface (e.g., Bates 1973;
Figs. 2, 3, and 4). The responses of pH optodes based on
conventional pH indicators immobilized on sensor surfaces
were thoroughly elucidated by Janata (1987). Overall errors
in pH determinations were found mainly associated with
changes in ionic strength of the solution. Ionic strength in-
fluenced both the solute activity coefficient of the indicator
as well as the surface potential. The surface itself partially
determines local acid-base properties and surface pH.

Normal response of an optical pH sensor with increasing
pH corresponds to the titration of the immobilized dye, with
a classical sigmoidal calibration having an inflection at the
pK of the immobilized indicator. The sensitivity of the sen-9a
sor is most pronounced close to this pK , where the deriv-9a
ative (d(signal)/d(pH)) is maximized. For the plate flurosen-
sor, an apparent dissociation constant of 1026.4 (i.e., pK 59a
6.4) was observed for HPTS immobilized onto cellulose ac-
etate (Fig. 4A). The dependence between the associated and
dissociated form of the indicator, and limits inherent to in-
strumentation, set the dynamic range of optical and electro-
chemical pH sensors. For colorimetry and a two-color in-
dicator, one color has been considered undetectable in the
presence of the other when relative color intensity is less
than one-tenth (Bishop 1972). These traditional limits fix
optical sensor dynamic range to pK 6 1 pH unit.9a

Given a dynamic range of approximately pK 6 1 pH unit,9a
the HPTS plate flurosensor should be most accurate for 5.4
# pH # 7.4. This range is somewhat lower than the pH
range often found in marine systems (Figs. 5 and 6), but can
be significantly extended if signal processing allows accurate
detection of low concentrations of indicator species. For ex-
ample, sensor dynamic range would cover 4 pH units (pK9a
6 2 pH units) if either of the two species in the indicator
acid/base conjugate pair could be measured at a relative con-
centration of 1%. We found that extrapolation to pH above
7.5 is possible with our system, although uncertainty increas-
es gradually at increasing pH due to reduced signal to noise
ratios. For example, at pH 7.5 the emission ratio (405/450
nm) was 0.9 6 0.1, while at pH 8.0 this ratio was 0.4 6 0.1
(Fig. 4A). The good correlation between pore water pH ob-
tained using more conventional pH electrodes and pH de-
tected using the plate flurosensor further indicated that the
HPTS flurosensor also could be used for fine resolution mea-
surements of pH distribution patterns at values commonly
found in marine environments (Figs. 5 and 6).

Two-dimensional pore water distribution patterns of pH—
Owing to a range of proteolytic and hydrolytic reactions dur-
ing early diagenesis, there is normally a sharp drop in pH at
and just below the sediment water interface. In addition to
a well-established pH gradient between overlying water and
sediment, there is also typically a pH minimum at the sub-
surface oxic/anoxic boundary, related in large part to reox-

idation of reduced compounds diffusing from below (Rev-
sbech et al. 1980). In the present experiments, vertical
distribution patterns of pH consistent with these expectations
were observed for both a minicombination pH electrode and
the plate fluorosensor in homogenized surface sediment from
Long Island Sound and the Gullmar Fjord (Figs. 5 and 6).
Five vertical recordings of pH distributions using the plate
sensor were spread about 0.5 pH units in the overlying water
from the Gullmar Fjord (Fig. 5). The relatively large dis-
crepancy between pseudoreplicates may be caused by over-
lying water pH (7.9–8.5) approaching the limit for optimal
range of the sensor. Also, small-scale heterogeneity was
probably enhanced in the overlying water due to a lack of
stirring or aeration during analysis. Stagnant conditions may
have promoted the formation of concentration gradients in
the water and in surficial sediment layers. The expected pH
minimum just below the sediment water interface, along
with progressively more constant pH conditions with depth
in the sediment, were evident both in Gullmar Fjord and
Long Island Sound sediments (Figs. 5 and 6). Below the
oxic/anoxic boundary, differences between different plate
sensor recordings were quite small, as was the pH difference
relative the electrode. A relatively small difference between
pore water replicate readings was expected as the sediment
was initially homogenized and animals larger than 1 mm
were removed. Below the surface redox boundary, sediment
was anoxic and more or less independent of oxygen condi-
tions in the overlying water.

Burrows, tubes, and fecal structures formed by benthic
fauna superimpose various microenvironmental patterns of
mineralization pathways onto the more traditional stratified
reaction sequence (e.g., Froelich et al. 1979; Aller 1982;
Aller and Aller 1998; Aller et al. 1998). Examples of small-
scale heterogeneity and microniches associated with reactive
organic material and locally enhanced mineralization of or-
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Fig. 6. (A) Example of two-dimensional pH distribution patterns in a sediment microcosm (from Long Island Sound) as elucidated by
the HPTS fluorosensor. The plate fluorosensor pH values compared well with electrode readings (Ag/AgCl) from the same collection site
(not shown). Both sensor types were in this example standardized on the NIST scale (infinite dilution). (B) The vertical profile plotted in
this case represents the calculated one-dimensional average of the measured two-dimensional pattern (horizontally averaged across ;4.5
cm at each pixel depth). There was a sharp drop in pH at and just below the sediment water interface due to acid production during early
diagenesis of organic matter. In addition to the strong pH gradient between overlying water and sediment, there was also a pronounced pH
minimum at the subsurface oxic/anoxic boundary. A small U-shaped burrow is present in the upper right-hand side of the figure (A), the
wall of which has a lower pH than ambient sediment. Such minima are in large part related to reoxidation of reduced compounds diffusing
from below and oxidation of solid phase sulfides. Lateral deepening, shoaling, and expansion of iso-pH contours can be readily seen. This
image has not been filtered in any way. (C) and (D) Examples of two-dimensional pore water distribution patterns of pH in intact sediment
cores detected using the pH plate flurosensor. The sediment cores were taken at a site with pronounced bioturbating and bioirrigating
activities in the Gullmar Fjord (northeastern North Sea). (C) High-resolution two-dimensional distributions of pH at the sediment–water
interface. The distribution indicated pronounced pH gradients just below the interface, most likely due to the reoxidation of reduced
compounds diffusing from below. Visualized are also strong gradients adjacent to burrow structures from macrofaunal (Nemertea) reworking.
Close to burrow linings there are pronounced drop in pH over relatively short distances, indicating enhanced mineralization of organic
matter and reoxidation of reduced metabolites. (D) A close-up of pH distributions adjacent to an abandoned macrofaunal construction,
where enhanced bacterial activity close to burrows and fecal aggregates causes a localized decrease in pH.
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ganic matter were clearly demonstrated in the intact sedi-
ment cores from the Gullmar Fjord (Fig. 6). Pronounced
two-dimensional pH gradients were observed at the sedi-
ment–water interface, as well as further down in the sedi-
ment adjacent to macrofaunal (Nemertea) burrows and fecal
material. For example, just below the interface, pH de-
creased about 0.25 pH units over a distance of 4 mm (Fig.
6C). Moreover, an active (visual inspection of worm activity)
Nemertea burrow had a drop of 1.5 pH units across wall
lining sections of approximately 1.1 mm. A pH ; 6.5 inside
the burrow compared to ;8.0 in the bottom water implied
substantial acid production (CO2, HNO3, H2SO4). Heterotro-
phic and chemoautotrophic bacterial activity is normally en-
hanced close to sites of redox gradients and reactive organic
material such as burrows and fecal aggregates, and presum-
ably drives the observed localized decreases in pH. A close-
up of an abandoned worm burrow further supported elevated
pH gradients associated with macrofaunal constructions,
with or without active macrofauna (Fig. 6D). A large frac-
tion of surface sediment is continually passed through ani-
mal guts or incorporated into biogenic structures. The planar
optode allows a two-dimensional snapshot of such reaction
centers and a method of readily quantifying their importance
as a function of time.

Taken in conjunction with two-dimensional O2 distribu-
tions (Glud et al. 1996b, 1998, 1999), the pH fluorosensor
should allow strong constraints on conceptualization and
quantification of early diagenetic reactions in surface sedi-
ments. Eventual future ability to simultaneously scan two-
dimensional distribution patterns of diagenetically important
solutes like oxygen, SCO2, nutrients, calcium, and pH would
provide a basis for substantially improved conceptual and
quantitative models of early diagenetic reactions, particularly
processes related to carbon and nutrient cycling in the com-
plex bioturbated zone of aquatic sediments.
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