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TABLE 4. Summary of Pore Water Drainage in Six Marshes
Sediment Hydraulic Specifica Drainage
Thickness, Conductivity, Yield Flux
cm 10°* em/s L/m-day

Belle Isle (Massachusetts) 170 1.4 0.11-0.16 30
this study 96°

Rhode River (Maryland) 35 T2 - 56
Jordan and Correll 30b
[1985]

Carter Creek (Virginia) 80 7.4 0.032 22.4
Harvey et al. (0.76-38)° 27.64
[1987]

0.8°

unnamed creek (North Carolina) 130 3.0 - 76.6
Yelverton and (1.0—4.3)c
Hackney [1986]

Goat Island (South Carolina) 100 0.33 - 10
Gardner [1976] (0.022-3.4)°

Bread and Butter Creek - - 0.025-0.27 15.2-168

(South Carolina)
Agosta [1985]

or storage coefficient

[~ ]

amplitude of tidally driven flux

a0

directly measured

confounded by (1) differences in methods
used, (2) differences in the relative
magnitude of net creekward drainage from
the marsh interior and tidally driven
fluxes, and (3) differences in creek bank
morphology. Of the studies summarized in
Table 4, only Harvey et al. [1987]
provided estimates of drainage fluxes
based on direct measurement of the rate of
water leaving the sediment; all other
estimates are based on hydrological models
and observations of hydraulic head.

Jordan and Correll [1985] and Yelverton
and Hackney [1986] base their estimates on
observed head gradients and estimates of
the bulk hydraulic conductivity of the
sediment, using Darcy's law (equation
(3)). Agosta [1985], Harvey et al.
[1987], and the present study base their
drainage estimates, in part, on estimates
of a storage coefficient of the sediment.

range of measured hydraulic conductivities

The latter approach is inherently more
accurate than using Darcy’s law alone
because estimates of the sediment
properties are the largest sources of
error in these calculations, and the
coefficient of variability of hydraulic
conductivity is larger than that for the
storage coefficient.

Long-term drainage of water from the
interior of the marsh and tidallydriven
fluxes both contibute to the movement of
water through the creek bank but they have
different effects on solute export. Most
water moving as long-term drainage enters
the sediment as infiltration within 10 m
and 15 m of the bank. Water moves
vertically downward then horizontally
toward the creek, with a decreasing
proportion of the total infiltration lost
by drainage as distance from the creek
increases. Fluctuations in creek level
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drive water fluxes horizontally, first
into then out of the creek bank. Near the
creek bank, the instantaneous amplitude of
this flux can be large compared to the
net, long-term fluxes [Jordan and Correll,
1985: this study, Figure 9] although it is
small where the creek bank has a shallow
slope [Harvey et al., 1987]. Long-term
drainage results in the advective
transport of solutes through the sediment,
in which the mass flux of solute is equal
to the product of the pore water flux
velocity and the solute concentration.

The oscillating tidallydriven water fluxes
drive a dispersive transport of solute
whose mass flux is proportional to the
rate of change of concentration with
distance from the creek. The constant of
proportionality will be related to the
amplitude of the oscillating water fluxes
and the frequency of oscillation. The
combined transport by advective and
dispersive mechanisms is similar to the
transport of solutes in an estuary
[Imberger et al., 1983]. .

The extent of the area in which
horizontal fluxes of pore water are
significant is controlled by the
morphology of the marsh sediment. Little
informa'tion exists on which to base an
intermarsh comparison of creek bank
morphology. Both the thickness of the
sediment and the slope of the surface
affect the volume of water draining
through the sediment. Creek banks can be
steep (this study) or shallow [Harvey et
al., 1987], and the presence of a
pronounced berm can induce water movement
in the sediment away from as well as into
the creek [Yelverton and Hackney, 1986].
The water flux per unit length of the
creek is the product of the flux velocity
and the thickness of the deposit, assuming
the marsh sediment is underlain by
impermeable material and interaction with
groundwater is unimportant.

The Salt Balance
Our present understanding of the
sediment water balance leads us to
reaffirm Gardner's [1975, 1976] conclusion
that most of the export of solutes from
the sediment occurs across the marsh
surface during tidal inundation or runoff
of precipitation. The evaporative loss of
seawater from the sediments of Belle Isle
marsh presumably concentrates salts in the
sediments. Evaporation from moist
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environments in the Boston area is
approximately 66 cm per year [Kohler et
al., 1959]. If this is balanced by equal
parts precipitation and infiltration of
tidal water, at a salinity of 32 ppt, then
an annual influx of 10 kg m~ 2 of salt must
be balanced by some mechanism of salt
export. If 10% of the water loss from
interior regions of the sediment is
actually lost through pore water drainage
to the creek (rather than
evapotranspiration), then salinities on
the order of 160 ppt would be needed for
the annual influx of salt to be balanced
by advection in the sediment. However,
the salinity of water pumped from the
piezometers was about 40 ppt and was
nearly uniform over all of the
piezometers. Clearly, some other
mechanism is responsible for exporting
salt from the sediment.

The existence of a mechanism for solute
transport that is decoupled from
horizontal bulk water movement in the
sediment is significant to geochemical
budgets. Ironically, no one has studied
the salt balance in salt marshes, in spite
of the recognized influence on plant
productivity [Phleger, 1971; Nestler,
1977a]. Gardner [1976] finds that
molecular diffusion alone cannot explain
the flux of silica out of the sediment and
into overlying water. We have noted the
formation of a salt crust on the sediment
surface and dead vegetation by evaporation
from the sediment during long nonflooding
periods. This material is available for
dissolution and export on the next
flooding tide. To the extent that the
marsh grasses exclude ions at the root
surface, there should be a localized
buildup of solutes in the sediment
although it might not be evident without
high-resolution measurements. Significant
transport by the grasses cannot be
discounted at this time. Spartina
alterniflora is known to excrete salts
from its leaves [McGovern et al., 1979];
we are aware of no published data
documenting the magnitude of plant
mediated salt transport under field
conditions.

Implications for Gas Emissions

Pore water movement controls the
advective and diffusive transport of gases
into and out of salt marsh sediment, both
in solution (above) and in the gaseous



Nuttle and Hemond: Salt Marsh Hydrology

phase. Gases are driven from the pores by
the infiltration of water during
precipitation and tidal inundation [Morris
and Whiting, 1985}, and gases are drawn
into the pores as a result of a net water
loss by evapotranspiration and drainage.
If the sediment is fully saturated when
the water loss begins, then desaturation
is delayed until the water table drops
below a threshold sufficient to overcome
the capillarity of the pores. This
threshold is essentially coincident with
the sediment surface for animal burrows
and the largest pores. Evidence from
pressure plate experiments [Chen, 1986]
and Pt electrodes [Howes et al., 1986]
suggests that desaturation and gas entry
does not occur on a large scale until the
water table is 10 to 20 cm below the
sediment surface.

Desaturation of the sediment also has a
large effect on the rate of diffusive
transport of gases. The coefficient of
molecular diffusion for gases in
air-filled pores is about 4 orders of
magnitude greater than its diffusion
coefficient in water-filled pores. Thus,
a few percent desaturation may increase
mass transport of volatile compounds by 2
or 3 orders of magnitude. Harriss and
Sebacher [1982] have observed a pulse of
methane released as the water table
dropped below the sediment surface; this
is consistent with the idea that
desaturation of the sediment increased the
effective diffusion coefficient of the
sediment and released methane that had
been stored while the sediment was
saturated and the diffusive flux was
small.

Conditions for desaturation of the
sediment and enhanced gas diffusion in
Belle Isle marsh depend on the cycle of
flooding and nonflooding periods and on
differences in inundation from site to
site (Figure 2). This has implications
for any program to measure gas emissions
from salt marshes. Gas emission
experiments have been typically based on
the assumption that only diurnal or
seasonal events influence gas emission
rates [for example, Hill et al., 1978;
Steudler and Peterson, 1985; Bartlett et
al., 1987]. Measurements made at a fixed
date every calendar month to control for
seasonal effects could produce an aliasing
effect, as the spring-neap cycle shifts in
phase with respect to the measurement
program. Our data strongly suggest that
measurements of gas emissions be made
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systematically throughout the spring-neap
cycle, with consideration of other
influences, such as precipitation, that
may also alter the water status of the
sediment.

The hydrology of marsh sediments must
also have indirect effects on gas emission
and solute transport via interactions with
primary production and microbial processes
responsible for the production of gases.
Hydrological effects on primary production
act through plant response to salinity,
the availability of oxygen in the
sediments (see review by Howes et al.
[1986]), and high concentrations of
hydrogen sulfide [King et al., 1982]. The
lowest salinities and highest redox
potentials in the sediment [Teal and
Kanwisher, 1961] are found near the creek
bank, and the productivity of the grasses
is frequently highest there as well. The
turnover rate of pore water is highest
near the creek bank where water loss from
the sediment is accelerated by drainage,
also leading to more extensive
desaturation and aeration of the sediment.
Smith et al. [1983] hypothesized that
rates of nitrification and denitrification
would be maximized by frequent cycles of
flooding and draining of the sediment,
suggesting that the highest rates of
denitrifictation may occur near the creek
bank. Recent data [Brosemer et al., 1987]
suggest that denitrification rates at the
crest of a creek bank are more than 2
orders of magnitude greater than
denitrification rates only 4 m away.

In conclusion, gas and solute fluxes in
salt marsh sediments respond to temporal
scales imposed by tides, including
harmonics associated with the spring-neap
cycle, and spatial scales controlled by
the topography of the sediment,
particularly the morphology of the creek
bank. In general, these scales of
variation have not been completely
controlled for in studies in which
biogeochemical fluxes have been
extrapolated to marsh-wide and global
scales. Little information exists on the
variability and effects of marsh
geomorphology. An unique geochemical
environment exists near the creek banks,
because of short residence times of pore
water and alternating conditions of
saturation and aeration. More needs to be
known about the proportion of the total
marsh area that falls within this zone and
how different marshes compare in this
respect.
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