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There is growing interest in permeable (sandy) sediments
due to their active recycling of organic matter (e.g., Lohse et
al. 1996; Jahnke et al. 2000). Shallow marine sandy sedi-
ments typically have elevated dissolved inorganic nutrient
levels compared with the overlying seawater (e.g., Haber-
stroh and Sansone 1999; Falter and Sansone 2000a,b). How-
ever, there is a lack of corresponding data on the nutrient
content of deeper sands and the possible relationship
between sediment geochemistry and the presence or absence
of macroalgal communities.

We have been studying the extensive macroalgal meadows
found on sands in the deep (40-200 m) coastal euphotic zone
of the main Hawaiian Islands. These recently described assem-
blages of native and introduced species span tens to hundreds
of kilometers along the main Hawaiian Islands (Spalding et al.
2006). The 40-200 m depth range has historically been poorly
studied, primarily because it is too deep for conventional

SCUBA diving, yet shallower than depths typically studied
using manned submersibles or remotely operated vehicles
(ROVs) (see summary by Spalding et al. 2003).

Our efforts to study these environments required the devel-
opment of an inexpensive, self-contained apparatus to collect
porewater from sandy sediments using manned submersibles or
ROVs. The need for a new sampler design was driven by the fact
that porewater in sandy sediments cannot be extracted from
gravity- or piston-cores, as commonly done with fine-grain
sediments (e.g., Reeburgh 1967; Jahnke 1988). This is due to (1)
the inability to use pressure to squeeze porewater from sandy
sediments (the interlocking grains prevent the sediment com-
paction observed with clay minerals), and (2) the difficulty of
obtaining cores in sandy sediments with the porewater intact.
“Peeper” samplers (e.g., Hesslein 1976) have also been used for
porewater analysis of fine-grain sediment, but they are difficult
to insert into sandy sediments and require rapid removal of the
samples after sampler recovery, the latter factor being a major
obstacle for submersible- and ROV-based operations.

Thus, porewater in sandy sediments is commonly sampled
with a “sipper” that uses an external partial vacuum to with-
draw porewater via an inserted probe or well (e.g., Mont-
gomery et al. 1979; Duff et al. 1998; Haberstroh and Sansone
1999; Burdige and Zimmerman 2002). However, such systems
have not heretofore been available for use with manned sub-
mersibles or ROVs, which lead to the development of the sam-
pler described here.
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Abstract
A sampler was developed to collect porewater from permeable (sandy) sediments during manned-submersible

operations. The sampler uses vacuum (or atmospheric-pressure) reservoirs to draw porewater into a sediment
probe and then into inline sample loops. The sampler is relatively inexpensive, easy to construct, and self-
contained, operating without an external power supply. The sample-loop/reservoir system (without the probe)
can also be used to sample wells or other apparatus installed in or on the seafloor, and would be comparative-
ly easy to automate. In addition, the sampler should be adaptable to SCUBA diving operations (including
rebreather or mixed-gas diving). The sampler was used with Pisces submersibles to determine dissolved chemi-
cal profiles in sandy sediments inside and outside the extensive deepwater meadows of macroalgae offshore of
the main Hawaiian Islands. The sampler collected porewater (to 25 cm sediment depth) from sites at 40-200 m
water depth. Porewater inorganic nutrient concentrations were comparable with those in nearshore permeable
sediments, but showed distinct differences between a vegetated and an unvegetated site.
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Materials and procedures

Submersible-operated porewater sampler—We have developed
a porewater “sipper” that uses the enhanced hydrostatic pres-
sure at depth as the force for withdrawing porewater from the
sediment (Fig. 1), with vacuum reservoirs that are either evac-
uated or set to 1-atm pressure at the sea surface before deploy-
ment. The sampler has three sampling ports in the sediment
probe, each port being connected to its own sampling loop,
snubber (flow restrictor), and vacuum reservoir. Each port has
three rectangular sampling slots (Fig. 2): two are 0.7 × 2.5 cm
and one is 0.7 × 3.0 cm, for a total sampling area of ~5.6 cm2.
Reservoirs are either 150 or 300 mL in volume, with 80- or
120-mL sample loops, respectively; the smaller reservoir is
used with the uppermost sampling port.

The sediment probe was constructed of PVC pipe and PVC
flexible tubing (Table 1) using the design of Martin et al. (2003),
modified by the addition of a T-handle to allow insertion into
the sediment using a remotely controlled manipulator. The all-
PVC construction allowed simple fabrication by allowing all
parts to be joined using PVC cement, eliminating the need for
precision machining and complex fabrication. Figure 3 shows
the sampler as it was mounted on the submersible’s sampling
basket, along with the sample’s vacuum reservoirs, snubbers,
and valves, the latter three items replacing the peristaltic
pump used by Martin et al. (2003) for porewater extraction.

Alternatively, the sediment probe could be constructed from
a set of thin stainless-steel tubing or needles used to collect
porewater from specific depths (e.g., Duff et al. 1998; Berg and
McGlathery 2001; Burdige and Zimmerman 2002). However,
the small sampling ports of such needle probes are prone to
clogging in less than well-sorted sands (i.e., those with an appre-
ciable amount of silt). The much larger areas of the sampling
ports of the PVC probe make it usable in even fairly muddy sed-
iments. Also, steel needles may not have the robustness needed
for submersible or ROV work and eliminate the possibility of
porewater metal analyses. Needle probes, however, may be use-
ful for the collection of samples from well-sorted sands using
SCUBA divers (or possibly very agile submersibles and ROVs),
but only if trace metals are not to be analyzed.

Table 1 lists the parts used in construction of the sampler.
Note that the handle on valve V3 was extended with a 7-cm
long, 6-mm outer diameter (o.d.) piece of stiff stainless steel
tubing to allow easy actuation by the submersible’s manipula-
tor (Fig. 3). The purpose of the stainless steel snubber was to
control the rate at which porewater is withdrawn. The snub-
ber that we used slowed the porewater flow so that it took
5-15 s to fill the sampling loop at 40-200 m depths. A more
restrictive snubber (see Table 1) may be necessary when sam-
pling at greater depths or with more permeable sediments, or
if a slower draw of porewater is desired. Conversely, a less
restrictive snubber may be necessary when sampling at shal-
lower depths or with less permeable sediments.

A T-handle was fabricated from 1-cm diameter stainless steel
rod. It was secured to the probe by hose clamps fed through an
8.3-cm long angle bracket soldered to the T-handle. The cross-
bar of the T-handle was covered with thick-wall vacuum tub-
ing, which was secured with polyethylene tape, to provide a
deformable, semi-rigid cylinder that the submersible’s manip-
ulator could easily grab.

Sampler operation—Prior to sampling (at the sea surface),
each sampling port of the sampler is prepared as follows:
(1) valve V3 is closed; (2) the vacuum reservoir is either equil-
ibrated with atmospheric pressure by momentarily opening
valve V4, or it is evacuated to 60-cm Hg using a hand-operated
vacuum pump (e.g., model 6132, Nalge Nunc); (3) valves V1
and V2 are opened; (4) one of the fittings on valve V2 is dis-
connected, and the loop and probe tubing is filled with deion-
ized water (using a plastic squeeze bottle and a short length of
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Fig. 1. Schematic diagram of the porewater sampler. Only one of three
sampling sub-systems is shown. Details of the sampler’s construction are
given in Table 1.

Fig. 2. Details of the sampling port construction, showing the three sam-
pling slots cut through the thin-wall PVC patch that secures the screening
onto the main body of the probe. Adapted from Martin et al. (2003).



clean tubing); and (5) the fitting on valve V2 is quickly recon-
nected. Evacuation of the reservoir is recommended when
sampling shallower than 100 m water depth.

Samples are collected on the seafloor as follows: (1) the
probe is inserted into the sediment, (2) valve V3 on each port
is opened and porewater is allowed to flush the sample loop,
(3) valve V3 on each port is closed, and (4) the probe is
removed from the sediment. Although it appeared to take
< 15 s to fill the sample loops at our sampling sites (based on
visual observations), 3-4 min were allowed for the sampler to
equilibrate after valve V3 was opened. Visual observations
showed no movement of sediment grains around the top of
the probe when valve V3 was opened, indicating that there
was no significant channelized flow of overlying seawater
down the exterior of the probe.

Ideally, the sampler probe is inserted exactly vertically into
the sediment. However, if it is inserted at an angle, the angle
is estimated visually and used to correct the sediment depths
of the sample ports.

When the sampler is returned to the sea surface, valves V1
and V2 on all sample loops are closed, and then valve V4 is
opened on each reservoir to release the elevated pressure; a
piece of flexible tube is attached to valve V4 to collect any dis-
pelled fluid. The volume of the dispelled fluid is added to the
volume of the fluid remaining in the reservoir to verify that the
sample loop was well flushed during sampling; i.e., significantly
more than 80 mL water should be in each reservoir after sam-
pling. (The efficiency of flushing can also be determined from
the salinity of the fluid in the reservoir and/or the salinity of the
porewater samples, given that the sample loop is filled with
deionized water before deployment.) The sample loops are then
removed and the porewater drained and collected.

After each deployment, the sampler is disassembled and
then rinsed or washed to remove residue. Particular attention

is paid to the snubbers, which may require brushing to remove
all of the retained sediment.

Analytical methods—Dissolved inorganic nutrients were
measured by automated spectrophotometric analysis (Alpkem
RFA/2) at the University of Washington’s Marine Chemistry
Lab. Salinity was measured using a Guideline Autosal 8400B
(University of Washington Oceanography Technical Services)
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Fig. 3. Photograph of sampler mounted on the sampling basket of Pisces
V. The sediment probe is held during dives in the vertical PVC holster
shown near the top of the photograph.

Table 1. Major parts used in the construction of the sampler (see Figs. 1 and 2)

Part number/Description Supplier

Probe body 3/4-inch PVC schedule-80 pipe, 26 cm long Plumbing supply store

Probe tip 5-cm PVC cone with 2-cm shoulder that fits inside probe body Custom-machined part

Sample-port patch 1-inch thin-wall PVC pipe, 2.5 cm × 2.5 cm Irrigation supply store

Sample-port screen 149 μm polypropylene mesh, CMP-0149-D Small Parts, Miami Lakes, FL

Port-to-loop tubing 1/4-inch o.d. PVC (vinyl) tubing, 14-169-7C Fisher Scientific, Hampton, NH

Loop and loop-to-snubber tubing 1/4-inch o.d. polypropylene tubing, PP-43 Harrington Plastics, Chino, CA

Snubber SS-4-SA-EA Swagelok, Solon, OH

More-restrictive snubber SS-4-SA-EG Swagelok, Solon, OH

Less-restrictive snubber SS-4-SA-EW Swagelok, Solon, OH

Valves V1, V2 PVC ball valve, 1076002 Harrington Plastics, Chino, CA

Adaptors for V1, V2 SS-400-1-4 (x3), SS-4-TA-1-4 (x1) Swagelok, Solon, OH

Valve V3 Ball valve, SS-4P4T2-M1 Swagelok, Solon, OH

Valve V4 (1-atm operation) Bleed valve, SS-BVM4 Swagelok, Solon, O

Valve V4 (vacuum operation) Needle valve, 3852L4Y Hoke, Cresskill, NJ

Vacuum reservoir, 150 mL 316L-HDF4-150 Swagelok, Solon, OH

Vacuum reservoir, 300 mL 316L-HDF4-300 Swagelok, Solon, OH



(September samples) or an Oakton WD-35607-10 conductivity
meter (December samples).

Assessment and discussion
The utility of the sampler is demonstrated by data from

three sites located in the deep coastal euphotic zone in
Hawai’i. The first site was located within an extensive Halimeda
meadow at a depth of 78 m off the western shore of the island
of Kaho’olawe (20°31.6N, 156°44.9W) and was sampled on
7 Sep 2004 using Pisces V. The second was located ~1.5 m out-
side a nearby extensive Halimeda meadow at a depth of 79 m
(20°31.56N, 156°44.92W) and was sampled on 16 Dec 2004
using Pisces IV. The third site was an unvegetated sandy
sediment at a depth of 84 m on Penguin Bank (21°2.69N,
157°21.24W) and was sampled on 17 Nov 2006 using Pisces IV.

Porewater was collected at depths of ca. 5, 12, and 23 cm in
the sediment. Overlying seawater was collected within 1 m of
the sediment using a 5-L Niskin sampler mounted to the sam-
ple basket of the submersible.

Sampler performance—The sampler successfully operated in
all twelve test deployments over a depth range of 40-200 m
using either an evacuated or 1-atm vacuum reservoir. How-
ever, one subsample (outside meadow, 5 cm [Fig. 4]) was
deemed to be compromised, as evidenced by anomalously low
concentrations of all nutrients. We concluded that a leak in a
fitting allowed ambient seawater to enter the sample loop dur-
ing sampling. At the deepest site sampled (203 m water depth,
data not shown), the 23-cm sample had a salinity of only 2.7,
indicating that 92% of the sample came from the deionized
water that filled the loop before sampling (the overlying
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Fig. 4. Sediment depth distributions of dissolved inorganic nutrients inside (A) and outside (B) of Halimeda meadows offshore of Kaho’olawe, Hawai’i,
and in an unvegetated sand (C) on Penguin Bank, Hawai’i. Data plotted at depth = 0 are for overlying seawater.



seawater salinity was 34.73). This was consistent with the
small volume of water (21 mL) in the reservoir after recovery.
It is likely that this sampling failure was due to the fine-
grained sediment at this site, which clogged the snubber and
was found in the sample loop after recovery. In such situa-
tions, a less restrictive snubber (Table 1) should be used.

The sample salinities at the ten sites for which salinity data
were available, excepting the one sample described above,
were an average of 84% of that of ambient seawater values
(range = 38%-100%) (data not shown). These values reflect the
amount of dilution of the samples by deionized water in the
sample loops that had not been completely flushed out by
porewater, and can be used to correct the measured concen-
trations for the imperfect flushing of the sample loops. For all
ten sites, the mean salinities were 92%, 86%, and 75% for the
upper, middle, and deep porewater samples, respectively,
presumably reflecting finer grain sizes with increasing depth
in these sediments.

If this degree of porewater dilution is not acceptable,
smaller loops or larger vacuum reservoirs could be used to
increase the flushing efficiency, or the vacuum reservoir could
be evacuated prior to deployment. Later tests of the sampler,
using evacuated reservoirs, demonstrated that evacuation
noticeably increased the volume of porewater extracted, par-
ticularly from the deepest sampling port (data not shown). We
now use evacuated reservoirs routinely when sampling shal-
lower than 100 m, or at sites with relatively fine sediment.

One limitation of this method is its relatively coarse vertical
resolution, which results from the relatively large size of the
sample ports (Fig. 2). The large ports were chosen to reduce the
sampler’s susceptibility to clogging and to reduce the required
porewater sampling time. The vertical sampling interval can be
roughly estimated by assuming each sampling port consists of
a single rectangular screen, and that each port draws porewater
from a sector of an annulus (Beyer 1987) above the screen, with
additional lateral flow along the four edges of the screen (mod-
eled as coming from a quarter-cylindrical volume along each
edge). The volume (V) of porewater collected from a port dur-
ing a single sampling is assumed to be a function of the radial
and axial distance (d) from surface of the screen to the outer
edge of the region of porewater sampled:

V = ([1/2 Θ h d (2r + d)] + [2h π d2 / 4] + [2w π d2 / 4]) / ϕ (1)

where Θ is the included angle in radians of the sampling port
(1.57 radians [90°] for this sampler design); h and w are the
height (3 cm) and width (~2.1 cm), respectively, of the sam-
pling port; r is the radius of the sampler (1.35 cm); and ϕ is the
sediment porosity (assumed to be 0.5).

Solved numerically, Eq. 1 gives values of d = 2.4 cm for a
150-cm3 draw of porewater, and d = 3.5 cm for a 300-cm3 draw
of porewater. This indicates a total vertical sampling interval
(= 2d + h) of 7.8 cm for the smaller draw of porewater, and
10 cm for the larger draw. However, these estimates should
significantly overestimate the true vertical sampling interval,

as horizontal flow into the center of the port would be
expected to dominate over vertical flow due to frictional
effects along the outer regions of the flow field (e.g., Douglas
et al. 1995; Reddi 2003).

Moreover, the vertical resolution of the sampling is likely to
be an important factor only in the uppermost sediment,
where chemical gradients are typically steepest. However, the
accurate measurement of such gradients is not usually needed
in sandy sediments, as diffusional chemical fluxes (commonly
calculated from chemical gradients) are small compared with
fluxes driven by other sediment-seawater mixing processes
(e.g., Shum and Sundby 1996; Lohse et al. 1996; Precht and
Huettel 2004).

Finally, it should be noted that the surface-area of a port
determines its sampling speed, resistance to clogging, and ver-
tical resolution. Thus, one promising approach to improve
vertical resolution would be to use shorter but wider ports
than used here, thereby maintaining the large port surface
area of the present design and its attendant benefits.

Nutrient profiles—A comparison of sediment nutrient distri-
butions at the sampling sites inside (Fig. 4A) and outside
(Fig. 4B) of Halimeda meadows shows similar effects of organic
matter diagenesis (e.g., Tribble et al. 1990) at the two sites, as
evidenced by the similar phosphate and silicate profiles. How-
ever, there were significant differences in the dissolved inor-
ganic nitrogen speciation in the upper 25 cm. The upper sedi-
ments were apparently more oxidizing in the presence of algae,
as evidenced by the predominance of nitrate in the Halimeda
meadow and the predominance of ammonium (NH4

+) in the
outside-of-meadow site. This, in turn, suggests that the algae
(or its associated community) may be increasing the oxidation
state of the sediment. The much lower levels of dissolved inor-
ganic nitrogen (DIN = nitrate + nitrite + ammonium) inside
the meadow (maximum observed DIN [DINmax] = 1.5 μM), as
compared to outside (DINmax = 25 μM), suggests that either the
algae are removing DIN or that they are promoting denitrifi-
cation. However, the latter is unlikely because of the appar-
ently oxidized conditions in the vegetated sediment.

Levels of phosphate and silica were distinctly lower in the
unvegetated Penguin Bank sand (Fig. 4C) compared with the
other two sites, likely reflecting a lower rate of organic matter
input from nearby benthic macrophytes and/or enhanced pore-
water-seawater mixing. Similarly, DIN levels were also much
lower than in the sand outside the Halimeda meadow (Fig. 4B).
In contrast, the Penguin Bank site had DIN levels above those
observed within the Halimeda meadow (Fig. 4A), consistent
with the above-described apparent loss of DIN in the meadow.

Overall, the deepwater nutrient depth profiles reported
here are quite similar to those found in nearby shallow-water
sandy carbonate sediments. For example, nutrient profiles in
shallow (water depth = 0.5-1 m) unvegetated nearshore reef
sediments on Oahu reach similar maximum nutrient concen-
trations (DINmax ≈ 40 μM, DIPmax ≈ 2.5 μM, Simax ≈ 60 μM;
Haberstroh and Sansone 1999; Falter and Sansone 2000a,b).
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Future applications—The ability to easily sample porewater
in deepwater sands will aid understanding of the sediment
biogeochemistry of these active and important (e.g., Shum
and Sundby 1996; Jahnke et al. 2000), but poorly understood,
systems. As an example, we are conducting additional field
surveys to study the distribution of deepwater algal meadows
and to further evaluate the relationship between porewater
properties and algal abundance and species-composition. As
an extension to our ongoing submersible-based sampling, we
are considering using the sampler described here with deep
SCUBA diving operations (e.g., closed-circuit diving), although
the sampler would need to be packaged as compactly as possi-
ble to aid handling by divers. Such a system would greatly
increase the numbers of sites that could be studied, both by
increasing the number of sample missions that could be con-
ducted (given the limitations of submersible availability), and
by making available sites that are not reachable by submersible.

Note that the sample-loop/reservoir system (without the
probe) can also be used to sample wells installed in the
seafloor or other in-situ devices such as incubation or benthic-
flux chambers. Similarly, the sampler should be relatively easy
to automate, given that sample collection requires only that
valve V3 be opened and closed.

Comments and recommendations
We were drawn to the sediment porewater probe design

of Martin et al. (2003) because its PVC construction solved
the most problematical part of probe design: developing a
rugged sample-port/connecting-tubing assembly that was
easy to fabricate. The main limitations of the materials used
are (1) the relatively low strength of PVC limits the possi-
ble length of the probe, and (2) the materials may be inap-
propriate for some trace analyses. However, the probe has
proven to be quite durable: our initial probe has been used
on a dozen submersible dives to date with little perceptible
wear or damage. Moreover, the large sampling area of the
probe’s ports makes the sampler suitable for use even with
muddy sands.

The sampler described here has been used successfully at water
depths of 40-200 m (using both evacuated and atmospheric-
pressure reservoirs), but should be useful for sampling perme-
able sediments over a wide range of depths. For shallow-water
sampling, the sampler should be used with evacuated reser-
voirs, thereby strengthening the reservoir-ambient pressure
differential during sampling and, thus, increasing the flushing
of the sample loops. Note, however, that the reservoirs and
valves V3 and V4 need to be selected so that they are adequate
for both this pressure differential and also the ambient hydro-
static pressure at sampling depth.

Porewater collection volumes can be increased by using
larger reservoirs with larger sample loops. However, increasing
the volume of porewater collected will also increase the depth
interval sampled by drawing porewater from larger sections of
sediment (see discussion under Sampler performance).

Up to four sampling ports can be installed in the probe
described here, the limitation being the space available in the
probe body for the flexible tubing that connects the ports to
their sample loops. Additional ports would require using a
larger diameter PVC probe body and/or the use of smaller diam-
eter flexible PVC tubing. However, the former approach would
increase the difficulty of inserting the probe into sandy sedi-
ments. This difficulty could perhaps be overcome by developing
a drop-weight insertion device (similar to fence-post pounders)
that would not rely on the limited downward force available
from a vehicle or diver to drive the probe into the sediment.
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