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Abstract Several new techniques have been developed to
allow the geochemical characterization of shallow pore
waters in reefs. First, a new method was developed for
using non-metallic well-points to sample pore waters
from shallow depths (<1 m) in coral reefs with uncon-
solidated substrates. These PVC well-points can be made
faster and at less expense than well-points made of
stainless steel. They also eliminate metal contamination
and are free from the problems of corrosion in sea water.
Additional improvements in sampling techniques maxi-
mize the spatial resolution of geochemical gradients and
address the problems of atmospheric contamination
associated with the sampling of dissolved gases. Data
taken from Checker Reef, Oahu, Hawaii, illustrate the
application of these methods.
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Introduction

Reef sediments are active sites of organic matter rem-
ineralization (e.g., Sansone 1985; Tribble et al. 1990,
1992), and may be important components in reef bio-
geochemical dynamics by recycling nutrients needed for
reef productivity. The remineralization of organic mat-
ter within reef sediments may also in¯uence the geo-
logical composition and preservation of reef sediments
by indirectly driving carbonate mineral precipitation
and dissolution reactions (Tribble 1993). Oxic and sub-
oxic reactions, such as aerobic respiration of organic

carbon, nitri®cation, denitri®cation, and sul®de oxida-
tion, are important in controlling the ¯uxes of carbon,
nitrogen, and alkalinity from the framework to the reef
surface. However, these reactions are restricted to oxic
and suboxic zones (Froelich et al. 1979) found at depths
as shallow as a few decimeters (Haberstroh 1994; Falter
1998; Haberstroh and Sansone 1999).

The more conventional method of employing rotary
drills and cased wells has proved useful in sampling
the pore water from highly lithi®ed reef frameworks
(Oberdorfer and Buddemeier 1986; Parnell 1986).
However, these methods are less e�ective in poorly
lithi®ed or unconsolidated sediments. First, the use of
drilling rigs is both costly and time consuming. Second,
it is di�cult to prevent hole collapse during well em-
placement in unconsolidated sediments. Sansone et al.
(1988) developed an alternative method of sampling
pore water within unconsolidated reef sediments
through the use of stainless steel well-points approxi-
mately 1±4 m in length. These well-points were con-
structed from stainless steel pipes �3.2 cm in diameter
with pointed ends so they could be driven into the sed-
iment with a sledge or slide hammer. One or more
slotted screens positioned along the well-point provided
inlets by which pore water could be sampled. Later, due
to an interest in the rates of wave-induced dispersion of
pore water at depths less than a meter, scaled-down well-
points were developed (Haberstroh 1994; Haberstroh
and Sansone 1999). These smaller well-points were
constructed from 1/2 in. diameter type-304 stainless steel
tubing.

Continued interest in the geochemical dynamics at
shallow depths within reef sediments, and their potential
connection with the overlying hydrodynamic environ-
ment, has led to further modi®cations of well-point
design and sampling procedure. These modi®cations,
described in this paper, were made to: (1) improve the
ease and economy of well-point construction and in-
stallation, (2) increase the spatial resolution of pore
water sampling, and (3) accurately determine low con-
centrations of dissolved gasses in interstitial pore waters.
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Materials and methods

Well-point construction and installation

Well-points were constructed from 3/16 in. diameter schedule-80
PVC pipe. Eighteen 5/32 in. portholes were drilled over a length of
�1.5 cm at the lower end (Fig. 1a) and the bottom ori®ce was
plugged with a small piece of butyl rubber and sealed with a drop
of PVC cement. Annular grooves �0.2 cm deep were cut at 0.5- to
1.5-cm intervals along the outside of the pipes to retard the
movement of pore water along the side of the well-point. A segment
of 1/4 in. polyethylene (PE) tubing was inserted into the top of the
well so that Tygon tubing (Norton Co., Akron, Ohio) could be
securely mated to the well for sampling. In order to prevent these
wells from being worked out of the sediment by heavy wave action
or strong surface currents, shallower well-points (7- and 15- cm
deep) were given an anchoring extension segment which was at-
tached to the bottom end via a 1 in. segment of 1/4 in. PE tubing
acting as a dowel (Fig. 1b). Small pieces of butyl rubber were
forced inside the dowel and the connection was sealed with two
drops of PVC cement. The joints were tested using air pressure to
make sure there were no leaks. To ®t both the mating and dowel
segments of PE tubing, the PVC pipe was drilled out with a worn
1/4 in. drill bit resulting in a bore size of <1/4 in., and all segments
of PE tubing were scu�ed with sand paper. This gave the PE-PVC
connection frictional strength which only could be undone with
some manual force. These joints never failed in the ®eld.

The PVC well-points were inserted into the reef using a well-
point installation tool (Fig. 2) since direct forcing of the well-point
into the reef would shatter the PVC. The installation tool consisted
of a 1/2 in. diameter, stainless steel rod ground to form a chisel tip
at one end. A sheath made from 5/8 in. OD, 0.049 in. wall stainless
steel tubing ®t closely around the driving rod leaving only about a
0.0135 in. radial gap. A drive cap ®tting over both the driving rod
and the sheath was used to drive the entire assembly into the
framework with the aid of a small sledgehammer. This assembly is

capable of penetrating a surface reef plate, if one is present. Once
the installation tool had been driven to the desired depth, the
driving rod was removed, leaving the sheath chamber vacant. A
PVC well-point for the desired sampling depth was then inserted
into the vacant sheath. A 1-m PVC packing rod was used to hold
the well-point in place while the sheath was slowly removed, leaving
the well-point embedded in the sediment. Once this was done, the
well-point was adjusted to the correct depth and manipulated
gently to ensure the snug collapse of sediment around the well-
point. An 80-cm-long installation tool was used for the installation
of well-points greater than 40 cm in depth while a shorter, 40-cm
tool was used for the installation of well-points less than 40 cm in
length. All well-points were ``developed'' through vigorous pump-
ing in both directions to remove any clogs formed in the inlet holes
during installation. A minimum of 2 weeks were allowed to pass
before sampling a newly installed well-point; this time interval was
based on an estimated pore water residence time at our ®eld site of
�3 days at 1 m (Tribble et al. 1992). The opening on the mating
joint of the well-point was covered with a soft plastic cap when not
being sampled.

Individual well-points were constructed for depths of 7, 15, 25,
35, 50, and 70 cm. A set of wells comprising each of these depths
will be referred to as an array. The arrangement of wells within an
array was designed to minimize the degree of lateral separation of
any two wells within an array without having the physical volume
extracted from one well overlap or interfere with the volume
extracted from a nearby well. This volume was estimated to be
roughly a sphere �6 cm in radius, based upon a total extraction
volume of 250 ml and an estimated framework porosity of �0.3 at
our ®eld site. The array consisted of a square �20 cm on one side,
with the 7-, 15-, 25-, and 35-cm wells at each corner of the square.Fig. 1 Schematic of well-point design

Fig. 2 Design and application of the well-point installation tool.
1Drive rod and sheath are driven into the framework with the aid of a
drive cap and a hand-held sledge-hammer. 2 The drive rod is removed,
leaving the sheath chamber vacant. 3 After inserting a well-point
into the vacant sheath chamber, a packing rod is used to hold the
well-point in place while the sheath is removed from the framework.
4 The well-point is left installed in the framework
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The 50-cm well was positioned between the 7- and 15-cm wells,
while the 70-cm well was placed between the 25- and 35-cm wells.

Pore water sampling

In other studies of reef interstitial geochemistry, the volume of pore
water extracted was of no concern because the desired spatial res-
olution was over the span of meters. However, large changes in the
geochemical composition of pore water within the surface meter of
reef frameworks can occur in the order of centimeters to decimeters.
High resolution sampling of the upper reef sediments therefore re-
quires a minimization of the volume of interstitial water withdrawn.

An experiment was performed to determined the minimum
amount of water that needed to be collected and discarded before a
reasonably pure pore water sample could be withdrawn from the
well-points described above. Common red food coloring was cho-
sen as a tracer due to its availability and chemically benign com-
position. Absorption of the diluted dye at a wavelength of 494 nm
was determined to be linearly proportional to concentration. The
same sampling equipment used in the ®eld was set up in the labo-
ratory with the well-point connected to an external reservoir. Once
the reservoir and sampling system had been ®lled with water and
cleared of potentially confounding bubbles (as was always done in
the ®eld), approximately eight drops of the dye were dripped into
the reservoir under constant stirring until the reservoir was com-
pletely homogenized prior to the start of sampling. The total vol-
ume of the pump and tubing system was estimated to be �210 ml.
Therefore, 10-ml samples were taken, starting after 200 ml had been
pumped and discarded. The pumping rate was kept constant at
�500 ml per minute, the same rate which was used in the ®eld. This
pumping rate was chosen to minimize the amount of dispersion of
pore water inside the tubing and prevent the dislodging, and sub-
sequent removal, of small grains of sediments from around the well,
while also minimizing the amount of gas contamination. After 260
ml had been pumped out, the subsequent 10-ml sample had an
absorption which was 98.3% that of the reservoir (Table 1).
Therefore, sampling of pore water in the ®eld was initiated after
discarding �260 ml of water. These results are particular to the
individual characteristics of the chosen pumping system (i.e. tubing
length and I.D., pump characteristics, pumping rate, etc.); however,
the procedure is easy to perform with any pumping system.

In addition to being a�ected by the same sorts of dispersion
problems as non-volatile species, the sampling of dissolved gas
species is subject to artifacts that are even more di�cult to control.
An experiment to examine the susceptibility of the sampling system
to the contamination of dissolved gasses was performed as follows.
In the laboratory, the entire pumping system was attached to a
well-point which had been collared with a butyl rubber stopper.
The end of the well-point was placed into a 500-ml glass aspirator
bottle which was sparged with N2 and stirred continuously. The
rubber collar on the well formed a gas-tight seal with the container,
leaving only a small hole from which the sparging N2 could escape.
Previous experimentation had determined a sparging time of
�25 min was more than adequate for the removal of dissolved O2

below detection limits. Therefore, sparging times were varied be-
tween 0 and 25 minutes to create dissolved oxygen concentrations
which ranged from below detection limits (�0% saturation) to
complete saturation. For each of the di�erent sparging times a

60-ml BOD bottle was ®lled directly from the aspirator bottle
(bypassing the pump, tubing, and well-point) to directly measure
the concentration of dissolved O2 in the aspirator bottle. Each of
these samples was allowed to over¯ow by one and a half bottle
volumes before being preserved with standard Winkler reagents for
quantitative titration. Next, approximately 260 ml of water was
extracted from the well-point and tubing with the peristaltic pump
and discarded. Immediately afterward, a separate 60-ml BOD
bottle was ®lled after over¯owing one and a half bottle volumes. A
Clark-type combination electrode (Orion Research, Inc., Beverly,
Mass.) was placed into the bottle and a measurement was taken
using an Orion 820 dissolved oxygen meter while constantly stirring
the sample until a stable value was reached (�10 s). A collar made
from electrical tape wrapped around the electrode provided a seal
between the electrode and the mouth of the bottle. The electrode
was placed in its calibration tube and recalibrated if it did not give a
reading of 100 � 1% air saturation before each measurement was
made. Measurements made in the ®eld using the dissolved oxygen
meter were performed in exactly the same manner.

A plot of meter reading versus actual dissolved O2 concentra-
tion determined by Winkler titration is given in Fig. 3. At low O2

concentrations the meter gave a substantial background (�0.5±
0.7 mg/l), while at concentrations near equilibrium with the at-
mosphere the meter gave a reading which was very close to that
determined by Winkler titration. Thus, the amount of O2 con-
tamination in a given sample was a function of the di�erence be-
tween the dissolved oxygen concentration in the sample, [O2], and
the concentration of dissolved oxygen in equilibrium with the at-
mosphere, [O2]eq, which is a function of temperature and salinity:

�O2�� � �O2� � n��O2�eq�T ; S� ÿ �O2�� ; �1a�
where [O2]* is the observed, or measured, dissolved oxygen con-
centration and n is an empirical constant which represents the
``leakiness'' of the pumping system (primarily the silicone tubing).
Equation (1a) can be rearranged to determine either n from the
calibration experiment (Eq. 1b) or a corrected value of pore water
[O2] from ®eld measurements of [O2]* (Eq. 1c):

n � �O2�� ÿ �O2�
�O2�eq�T ; S� ÿ �O2� ; �1b�

�O2� �
�O2�� ÿ n�O2�eq�T ; S�

1ÿ n
: �1c�

Table 1 Purity of water sampled versus the total volume of water
pumped. See text for more details

Vol. of water pumped (ml) Sample purity (%)

200 29.7
220 73.2
230 85.9
240 94.6
250 96.9
260 98.3

Fig. 3 Dissolved oxygen meter reading versus the concentration of
dissolved O2 determined by Winkler titration for nitrogen-sparged
sea water
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The laboratory experiment originally determined n to be 0.058.
However, it was noted that on some days the apparent pore water
O2 concentration converged asymptotically with depth towards a
value of n greater than 0.058. This could be related to mechanical
fatigue of the silicone tubing in the pump head; replacement of the
tubing result fed in the value of n returning to �0.058, apparently
due to a reduction in the amount of contamination. The value of n
can also be a�ected by the concentration of the pore water occu-
pying the tubing immediately prior to sampling, due to the ability
of the tubing to store gases. This potential source of variability is
much smaller, and can easily be alleviated by consistently rinsing
the tubing with clean, aerated sea water prior to pore water sam-
pling. Furthermore, similar experiments performed with N2O
showed that di�erent gas species can have di�erent values of n,
perhaps due to varying gas mobilities (data not shown). Sensitivity
of the model to the temperature and salinity used in calculating the
equilibrium O2 concentration was less than 0.2% per °C and 0.2%
per psu, respectively.

Results and discussion

Concentrations of dissolved inorganic phosphorus
(DIP), NOÿ3 , NH�4 , and O2 in pore waters were mea-
sured using the above methods from the sediments of
Checker Reef, a patch reef located in Kaneohe Bay,
Oahu, Hawaii, USA. The surface meter of Checker Reef
sediments consists primarily of biogenic, calcareous
sediment (Sansone et al. 1990) whose particle sizes range
from ®ne sand to broken pieces of dead coral tens
of centimeters across. A more detailed description of
Checker Reef is given by Tribble et al. (1990).

The pro®les of DIP, NOÿ3 , and NH�4 concentrations
in pore water obtained using the methods described here
(Fig. 4) are very close to values published previously
using well-points constructed from stainless steel
(Haberstroh and Sansone 1999). In that study, NOÿ3
concentrations typically reached maximum values
between 2 and 4 lM at depths of around 15 cm, while
DIP and NH�4 concentrations reached values of 1±2 lM

and 30±40 lM, respectively, at depths of around 50 cm.
Dissolved O2 had not been measured prior to the
development of these methods; however, the corrected
pro®le of dissolved oxygen versus depth is consistent
with both the vertical distribution of NOÿ3 and NH�4 .
The uncorrected data erroneously suggest that dissolved
O2 concentrations decline with depth only to an
asymptotic value of �20 lM, despite the anoxic char-
acter shown by the NOÿ3 and NH�4 pro®les as well as the
sul®dic odor observed when sampling the 50- and 70-cm
wells. The ability to resolve such di�erences in dis-
solved O2 concentrations is important to correctly
assess whether sediment conditions can support oxic or
suboxic respiration (Seitzenger 1988).

The near-surface zone of reef structures may be an
important component in the biogeochemical cycles of
reefs for many reasons. One is that this zone is an active
site of diagenesis (Sansone et al. 1990; Haberstroh and
Sansone 1999). Another is that the wave- and current-
driven transport rates of dissolved and particulate ma-
terials within the shallow sediment layers are greater
than for layers deeper in the structure (Tribble et al.

1992; Haberstroh and Sansone 1999). Finally, as the
hydrodynamic forces driving material transport vary in
space and time over a reef (Hearn and Parker 1988;
Symonds et al. 1995), so do the geochemical conditions
within the shallow sediment layers of the reef (Falter and
Sansone, 2000). Consequently, intense sampling of the
near-surface reef sediments may be required to accu-
rately assess the nature of material exchange between the
sediments and the surrounding environment. E�cient
and cost-e�ective methods, such as those presented here,
provide the means for more thorough investigations of
reef sediment geochemistry.
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