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The measurement of sediment irrigation rates: A
comparison of the BR- tracer and 222RN/226RA

disequilibrium techniques

by W. R. Martini and G. T. Ranta2•3

ABSTRACT
We have carried out a series of experiments designed to allow comparison of sediment

irrigation rates determined simultaneously using two methods: the measurement of 222Rn/
226Ra disequilibrium in pore waters, and the measurement of distributions of a tracer, Br-,
which was added to the water overlying sediments at the start of incubation experiments. The
experiments were carried out on fine-grained sediments from Buzzards Bay, MA. We made
irrigation rate measurements on sediments in their natural state, as well as on sediments that
had been treated to alter macrofaunal abundance and diversity. The range of irrigation rates
measured was similar for both tracers, and was similar to rates measured at the study site
previously by Martin and Sayles (1987). Furthermore, the two tracers gave similar patterns of
irrigation rate variability between cores and with depth below the sediment-water interface.
On the other hand, comparisons of individual cores showed significant differences in the
absolute rates measured using the different tracers; in particular, the 222Rn/226Ra disequilib-
rium method yielded more rapid irrigation rate estimates at depths exceeding 10 cm below the
sediment-water interface. These differences could be due to the inherent limitations on the
sensitivity of the methods, to artifacts in measurement procedures, to differences in the
permeability of burrow walls to the two tracers (Rn and Br-), or to differences in the
time-scales on which the two tracers record irrigation events. Irrigation rates determined by
the Br- tracer method were roughly correlated with the abundance of Nephtys incisa in the
sediments, but were not related to abundances of the other numerically important deposit
feeders, Nucula annulata and Mediomastus ambiseta.

1. Introduction
The burrowing and feeding activities of sediment infauna play an important role in

the early diagenesis of continental margin sediments. By facilitating the exchange of
solutes between pore waters well below the sediment-water interface and overlying
seawater, they influence distributions of dissolved reactants and products of early
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diagenetic reactions (e.g., Aller, 1980a,b; Christensen et al., 1984; Aller and Yingst,
1985; Archer and Devol, 1991) as well as sediment composition. In particular,
sediment irrigation influences the preservation rates of both organic carbon (Chris-
tensen et al., 1984; Archer and Devol, 1990) and CaC03 (Aller, 1982). The measure-
ment of irrigation rates is essential to the use of profiles of pore water solutes to
determine reaction rates and fluxes across the sediment-water interface.

Several methods have been used to determine sediment irrigation rates. The
combination of closed system sediment incubations, which permit the determination
of reaction rates independently of transport processes, with pore water profiles
allows the determination of irrigation rates directly from profiles of the affected
solutes (Aller, 1980a,b; Christensen et al., 1984). Alternatively, irrigation rates have
been estimated from fluxes and pore water profiles of tracers that are believed to be
unreactive or tracers with known reaction rates. The latter experiments have been
carried out using both steady-state distributions of a naturally occurring tracer with a
known reaction rate C22Rn/226Ra disequilibrium: e.g., Key et al., 1979; Smethie et at.,
1981; Christensen et al., 1984; Hammond et al., 1985; Martin and Sayles, 1987), and
transient-state distributions of radioisotopic tracers (e.g., tritiated water: Emerson et
al., 1984; 22Na: Luedtke and Bender, 1979). A different approach is to use the
difference between fluxes of particular solutes measured directly, via benthic flux
chambers, and diffusive fluxes derived from pore water profiles to estimate irrigation
rates (Berelson et al., 1987; Archer and Devol, 1990). While all of these methods
have been useful in establishing the importance of sediment irrigation to early
diagenesis, each method has limitations. The closed system incubation/pore water
profile method is only useful in shallow waters, as the isolation of sediment sections
under in situ conditions is impossible in deep water. The comparison of directly
'measured fluxes to diffusive fluxes requires knowledge about the rates of reactions
occurring too close to the sediment-water interface to be resolved by pore water
profiles. Methods using tracers require knowledge about the relationships between
irrigation rates of different solutes; because the permeability of burrow walls may
vary between different solutes, this information is difficult to obtain (Aller, 1983). It
appears that the most reliable way to determine irrigation rates is to use a variety of
methods.

Monitoring irrigation rates during benthic flux experiments poses special prob-
lems. Tracer techniques are advantageous because they allow the use of indepen-
dently determined irrigation rates to determine the relative importance of diagenetic
reactions at the interface and within the sediment column. The naturally-occurring
irrigation tracer, 222Rnj226Ra disequilibrium in pore waters, yields a signal that is
integrated over a two to three week period (Smethie et al., 1981), longer than most
incubation experiments. In addition, measurement of the Rn flux requires large
samples, and determination of even the vertically-integrated irrigation rate requires
additional information on the production rate of 222Rnin pore waters. Radiotracers
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introduced into the overlying water at the start of incubations require extensive
handling precautions, making their use extremely labor-intensive.

An alternative, artificially introduced tracer is Br-. The Br- /CI- ratio in seawater
is constant, indicating quasi-conservative behavior (Morris and Riley, 1966). Br
undergoes no redox cycling in seawater. Although it is released during the early
diagenesis of organic matter (Price and Calvert, 1977; Pedersen and Price, 1980;
Mayer et at., 1981; Fischer et at., 1986), the rate of release is not rapid enough to
change the Br- concentration in pore waters significantly. Thus, it is potentially
well-suited for use as a transport rate tracer. We have conducted a series of tests
using nearshore sediments from Buzzards Bay, MA, to determine the suitability of
Br- as an irrigation rate tracer during sediment incubations. We have made measure-
ments to verify that natural Br- cycling does not affect its concentration in the pore
waters of the sediments we used for our tests, and to show that the addition of NaBr
to the sediments does not measurably alter sediment respiration or irrigation rates;
and we have compared sediment irrigation parameters determined using the Br-
tracer method to those determined on the same sediment cores using the 222Rn/226Ra
disequilibrium method.

2. Methods
a. Sampling site. We determined irrigation rates in sediments collected from a site
near the Weepecket Islands in Buzzards Bay, MA. Water column depth at the
sampling site is 15 m. The sediments at the site are about 17% clay, 93% silt/clay
(Moore, 1963). The macrofaunal community is dominated by deposit feeders, which
make up 70-90% of the macrofauna present (Sanders, 1958). The dominant species
are the small polychaete, Mediomastus ambiseta, the bivalve, Nucula annulata, and
the errant polychaete, Nephtys incisa (Sanders, 1958; Sanders, 1960; Grassle and
Grassle, 1984; Whitlatch et aI., unpub!. IDS.). The sediments are rapidly mixed in the
upper 3 cm of the sediment column (Martin and Sayles, 1987), and bioturbation, as
recorded by 210Pband 14Cprofiles, is significant to depths of 30 cm or more
(Farrington et al., 1977; McNichol et at., 1988; Brownawell, 1986). Pore water
irrigation is important during the warm months in at least the upper 20 cm of the
sediment column (Martin and Sayles, 1987). Benthic respiration at the site is rapid
and seasonally variable. The average rate of organic carbon degradation is about 600
/lmol C/cm2/yr (McNichol et al., 1988).

b. Sediment handling and sampling. The sediments analyzed during this study were
collected by SCUBA divers in May, 1988 and in September, 1989. All the 1988 cores
and all but one of the 1989 cores were 15 cm in diameter; the remaining one was a
6.5 cm diameter core that was collected for measurement of 222Rn/226Radisequilib-
rium only. The 7 cores collected in May, 1988 were maintained in a seawater bath at
in situ temperatures until August, 1988. For most of that period, the core tops were
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Table 1. Sediment sampling and manipulation.

A. Sampling and treatment dates
Irrig. Meas. *

Core Collection Manipulation Incubation Rn Br

Nl 25 May, '88 June, '88 16-18 Aug., '88 x x
D1 25 May, '88 June, '88 22-24 Aug., '88 x x
Ml 25 May, '88 June, '88 14-16 Aug., '88 x x
Ul 25 May, '88 None 28-30 Aug., '88 x x
D2 25 May, '88 June, '88 24-26 Aug., '88 x
N2 25 May, '88 June, '88 24-26 Aug., '88 x
U2 Aug., '88 None 30 Aug.-l Sep., '88 x
RFI 11 Sept., '89 None None x
BFl 11 Sept., '89 None None
BF2 11 Sept., '89 None None
L1 11 Sept., '89 None 13-15 Sept., '89 x x
L2 11 Sept., '89 None 11-13 Sept., '89 x x

B. Treatments: 1988 cores
Polychaete addition

Core Defaunated None Mediomastus Nephtys

Nl Yes x
D1 Yes x
Ml Yes x
U1 No x
D2 Yes x
N2 Yes x
U2 No x

Notes: *These columns show (with an x) the methods used to determine irrigation rates for
each core.

open, and pore water solutes could exchange freely with overlying water. Periodi-
cally, the core tops were sealed to monitor sediment oxygen demand. In contrast, the
1989 cores were sealed for benthic flux measurements at the in situ temperature only
once, one (core L2) or two (core Ll) days after their return to the laboratory.

The 1988 cores were subjected to a variety of treatments (Table 1). Five of the
seven cores were manipulated in June, 1988 in order to change macrofaunal
composition. First, the cores were sealed and the O2 concentration in the overlying
water was allowed to drop to low levels. This procedure tends to drive infauna to the
sediment surface (Bishop, 1952). Then, the upper 2-3 em of the sediments were
removed and sieved through 300 /.Lmscreens. The remainder of the sediment core
was allowed to become completely anoxic and was left in that state for 17 days. This
combination of steps removed or killed most of the organisms originally present in
the sediments. Following the defaunation procedure, the sieved surficial sediments
were added back to the cores. Then, O2 was allowed to re-enter the system, and
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Nephtys or Mediomastus were added to some cores (Table 1). After being maintained
in the seawater bath for two months, the manipulated cores were sealed, with
overlying water in place; NaBr was added in order to raise the Br- concentration in
the overlying water to about 10 mM (compared to the ambient concentration of
about 0.8 mM); and the overlying water was stirred during a 1.5 day incubation.

The 15 cm diameter cores were subcored immediately after the final incubations.
Three 6.5 cm i.d. subcores were taken from each. One was sectioned at 1 cm
intervals; pore waters were separated from the sediments by centrifuging and were
used for the determination of Cl- and Br- concentrations. A second 6.5 cm i.d.
subcore was sectioned, and the sediment sections were sealed in gas washing bottles
for determination of the pore water 222Rnactivity and the secular equilibrium value
of the 222Rnactivity (Key et al., 1979). The top 10 cm of the remaining 6.5 cm i.d.
subcore was sieved through a 300 fLmscreen; the material retained on the screen was
preserved in 10% buffered formalin for later characterization of the macrofauna
present. Two smaller subcores (2.5 cm i.d.) were taken. These were used to
determine Br- and Cl- concentrations at 3 mm intervals in the upper 3 cm of the
sediments and to determine sediment porosity.

c. Analytical methods. We measured Br- and Cl- concentrations by ion chromatogra-
phy (Dionex 2010i Ion Chromatograph with AS-3 anion column and anion micromem-
brane suppressor) after diluting samples 500-fold with distilled, deionized water. We
normalized Br- concentrations to a constant CI- concentration, which we deter-
mined separately for the 1988 and 1989 cores by averaging all the Cl- measurements
from each set. We subtracted the in situ Br- concentration from our measured values
to determine excess Br-. The in situ concentration was determined from pore waters
taken from unspiked cores in 1989; we used the Br-:CI- ratio obtained from these
measurements and pore water Cl- measurements to infer the in situ Br- concentra-
tion for the 1988 cores. The relative uncertainty in excess Br- determinations ranged
from ±2.5% in surficial sediment samples to ±0.02 mM in deep samples with small
excess Br- concentrations.

We measured pore water Rn concentrations within 36 hours of sample collection.
Rn was extracted from the samples by circulating He through them, at 1 atm.
pressure, for 45 minutes (Mathieu, 1988). After leaving the sample, the carrier gas
passed through Drierite and Ascarite to remove H20and CO2, and Rn was collected
in a stainless steep trap at liquid nitrogen temperature (Key et al., 1979). The
extracted gas was then transferred to counting cells for 222Rnscintillation counting on
an Applied Techniques model DRC-MK6 Dual Radon Counter. The sediment
samples were transferred to glass bottles for storage. Later, they were returned to gas
washing bottles, the Rn was removed by purging with He for 45 minutes, and the
bottles were sealed. After 1-2 weeks for Rn ingrowth, pore water Rn was extracted
from the sample as outlined above. This measurement gave the value of the 222Rn
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activity that would occur in a closed system, in secular equilibrium with 226Ra(which
we will call Rneq).The uncertainties in pore water 222Rnmeasurements are 5-15% of
the measured values, while Rneqvalues are known to ±3.5%. The resulting uncertain-
ties in pore water Rn deficits (Rneqminus the pore water 222Rnactivity) are shown in
Figure 4.

Macrofauna were characterized after sieving sediments with a 300 /-Lmscreen and
preserving samples in 10% buffered formalin. Samples were stained with Rose
Bengal to aid in sorting animals from detrital material. Benthic animals were
identified using a dissecting microscope to at least family level; the more important
members of the community were identified to species level.

3. A model of sediment-seawater exchange due to sediment irrigation
a. Basic assumptions about irrigation. Biologically driven sediment irrigation occurs
when the burrows of sediment infauna, which are filled with overlying seawater that
can exchange solutes with pore waters, are flushed frequently due to the animals'
activities. The process is important to the exchange of solutes between sediment pore
waters and overlying seawater because it allows exchange between seawater and pore
waters that are well below the sediment-water interface. The two steps driving this
exchange are diffusive transport of solutes across burrow walls and rapid exchange of
burrow waters with overlying seawater (Aller, 1980a,b). The process can be de-
scribed by a nonlocal exchange parameter, a (dimensions: 1/time), such that the rate
of change over time of the concentration of a pore water solute due to irrigation is
given by (Christensen et al., 1984; Emerson et al., 1984; Boudreau, 1984):

(1)

at each depth below the sediment-water interface. C is the solute concentration in
pore waters and Co1w is its concentration in the overlying water; <I> is porosity. In this
formulation, the factors that determine the value of a are:

(1) The density (number per area of sediment), size, and shape of burrows, all of
which determine the surface area available for solute exchange (Aller, 1980);

(2) The burrow properties that affect the rate of diffusion of solutes across burrow
walls: their thickness, porosity, and reactivity with solutes (Aller, 1983);

(3) The diffusivities of individual solutes;
(4) Deviations from the model affecting the inferred value of a. In particular, if

burrows are sporadically or imperfectly flushed, solute concentrations in burrow
waters will differ from their concentrations in overlying water (Aller et al., 1983).
Since we cannot measure concentrations in burrow waters, these deviations from the
model assumptions will be seen as variations in the value of a (Hammond et at.,
1985).

All of these factors may vary with depth below the sediment-water interface. We
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assume that a varies exponentially with depth in the upper 20 cm of the sediment
column:

(2)

The Br- profile for one core, L2, could not be fit adequately with this simple form for
the depth-variation of a. In this case, we specified a constant a (whose value was
determined by least-squares fit to the data) in the upper 1 cm of the sediments, and
allowed a to decrease smoothly with depth below the upper 1 cm.

b. Application of the irrigation model to Br- tracer profiles. Br- can be used as a tracer
of sediment-seawater exchange in the following way. A known volume of water is
enclosed over a sediment column. The overlying water is well mixed. A few minutes
after sealing the sediments and overlying water, NaBr is added to the overlying water
in an amount that is sufficient to raise its Br- concentration to about ten times the in
situ level. During the course of the incubation, Br- is transferred to pore waters by
diffusion across the sediment-water interface and by non local exchange driven by the
activities of the infauna.

If the volume of the water overlying the sediments is sufficiently great, the
concentration of Br- in it will remain unchanged throughout the experiment. In this
case, since the Br- distribution is not affected by adsorption to sediments (Aller,
1983), the distribution of Br- in pore waters at time t is described by:

with boundary conditions,

C(x = 0, t > 0) = Colw

ac
ax (x = Xmax> t > 0) = 0

C(X' t = 0) = Co

(3)

(3a)

(3b)

(3c)

(<I> is the porosity of the sediments, Ds is the diffusion coefficient for Br- in the
sediments, XOlax is the depth of the bottom of the incubated sediment column, and Co is
the initial distribution of excess Br- in the pore waters). Porosity is constant over
time, but is allowed to vary exponentially with depth (with the parameters in
<I> = a + be-ex determined by least squares fits to measured <I> profiles), and Ds =
DSIV<I>2. At the beginning of the experiment, Co = 0, and COIIV is the concentration of
excess Br- in the overlying water column resulting from the addition of NaBr.

To describe the progress of the experiments accurately, COIIV must be allowed to
vary with time. Thus, Eq. (3) is solved for a very short time period (t = ot), and the
change in COIIV due to Br- transferred to the pore waters during that period is
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(4)

where h is the height of the column of water overlying the sediments. Then, Co is reset
to the current Br- distribution, and the distribution at the end of the next time step is
found using Eq. (3) and the new Co1w' We have solved the differential equation
numerically using the Crank-Nicolson procedure (Crank, 1975), checking the accu-
racy of this approach by comparing solutions for a simple case, with no irrigation and
constant <l> and D" to the analytical solution for that case (Bender et al., 1987). The
two solutions agreed to within a few parts in lOs for the values of 8t and ar (the grid
spacing in the depth coordinate) that we chose for our routine model runs.

For this study, whose primary focus was on sedimentary metabolism (Banta, 1991),
we used short incubations (1-1.5 days long) in order to avoid depletion of dissolved
O2in overlying waters to values below 70 /-Lmol/!.In general, longer incubations can
be carried out by aerating the water overlying the sediments. The short duration of
the incubations has important implications for the interpretation of excess Br-
profiles (Fig. 1). The sensitivity of Br- profiles to variations in irrigation rate
parameters (in particular, to «0 and «I in Eq. (2)) increases steadily as incubation
time increases up to an optimum time beyond which the homogenizing effects of
mixing processes become important. This upper limit in useful incubation time is
determined by irrigation rates, by the height of the column of water overlying the
incubated core, and by the thickness of the sediment layer incubated. For short
incubations, vertically oriented molecular diffusion is the primary mechanism of
tracer transport near the sediment-water interface because of the large concentra-
tion gradient there. Thus, rapid irrigation is needed to produce measurable differ-
ences in excess Br- concentration profiles close to the interface, and the profiles are
most sensitive to variations in irrigation rates at depths of 3-5 em, near the deepest
point to which Br- can penetrate by vertical molecular diffusion (Fig. 1).

c. Application of the irrigation model to 2Z2Rnj226Radisequilibrium profiles. There are
two differences between the measurement of irrigation rates by the Br- tracer and
Rn disequilibrium techniques. First, the source of Br- to the pore waters is the spike
added to overlying water. In contrast, the source of 222Rnis its production within the
sediments due to the decay of 226Ra.Thus, sediment-seawater exchange of solutes
produces an excess of Br- in the sediment pore waters and a deficit of 222Rnrelative
to the amount that would be present in the absence of sediment-seawater exchange.
Second, while the excess Br- profile is by its nature a transient-state phenomenon
and is determined by processes occurring only over the length of the incubation
experiment, the Rn disequilibrium profile averages the effects of processes occurring
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Figure 1. The sensitivity of excess Br- profiles to variations in the irrigation rate parameters,
ao and al• Sensitivity to variations is shown for 4 incubation lengths: I day, 2 days, 5 days, and
20 days. In each graph, the shaded area indicates the profile that would be produced by
molecular diffusion alone for the incubation conditions, and the solid line indicates the
profile resulting from diffusion plus irrigation at the rate specified by the lXo and al values
used. The baseline IXo and al values were the best-fit values for core VI (Table 4).

over a two to three week period, with more recent events weighted more heavily in
the averaging process (the half-life of 222Rnis 3.82 days, compared to 1600 years for
its parent, 226Ra)(Smethie et a!., 1981).

The irrigation model, applied to 222Rn/226Radisequilibrium, reflects these differ-
ences from the Br- case. The Rn disequilibrium profile is assumed to be in steady
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state. The 222Rn activity in the overlying water before cores were sealed for flux
measurements was below our detection limit. The activity at the end of the incuba-
tions was still less than 5% of the equilibrium 222Rnactivity in the surficial sediments.
Thus, the change in 222Rnprofiles during the course of the incubations was small, and
the steady state assumption is a reasonable approximation. We also assume that
plugging the bottoms of cores that were incubated immediately after collection
(cores Ll and L2) did not affect the Rn profiles. Thus, we applied an "open system"
bottom boundary condition to these cores (Eq. 5b below). This condition allows a
nonzero gradient at the bottom of the pore water Rn profile. We used a transient-
state model to confirm that sealing the bottoms of cores did not affect the Rn
distribution significantly over the time period of the incubations. For the remainder
of the cores, all of which were kept for several weeks with sealed bottoms, we
adopted a "closed system" bottom boundary condition (Eq. 5c). With these assump-
tions, the pore water Rn profile is described by (Christensen et al., 1984; Emerson et
af., 1984; Hammond et af., 1985; Martin and Sayles, 1987):

d ( dC)dx <l>Ds dx - <I>(A + a)C + A<I>P(X) = O.

At the sediment-water interface,

C(x = 0) = O.

At the base of the incubated sediment column, the open-system condition:

'AP(xm•• )

C(x = xmax) = \ ( )'
1\ + a Xmax

The closed-system condition:

(5)

(5a)

(5b)

(5c)

C is the 222Rnactivity (dpm/cm3
pw)' Ds is the sedimentary diffusion coefficient for Rn.

a, <1>, and Ds vary with depth in the same ways as in the Br- model. A is the radioactive
decay constant for 222Rn.AP(x) is the pore water 222Rnactivity at secular equilibrium
with 226Ra(Key et at., 1979). Eq. 5b is the open-system bottom boundary condition,
and Eq. 5c is the closed-system bottom boundary condition, allowing no exchange
across the plug at the bottom of the core. We solved the differential equation
numerically, with a relaxation technique (Press et at., 1986), using cubic spline
representations of our measured P(x) profiles.

Pore water 222Rnprofiles and Rneq from the cores taken in September, 1989 can be
used to examine the sensitivity of Rn profiles to variations in the irrigation rate
parameter. These 3 cores (cores RF1, Lt, and L2) had very similar Rn profiles, which
we have averaged to produce the data shown in Figure 2. The ranges in Rn activities
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Figure 2. The sensitivity of pore water 222Rn(Fig. 2A) and pore water 222Rndeficit (Fig. 2B)
profiles to variations in the irrigation rate parameter, 0:0, The data in the figure are average
pore water Rn (open symbols in Figure 2A), RnCq(thick solid line in Fig. 2A), and Rn deficit
(open symbols in Fig. 2B) from cores RFl, Ll, and L2. The error bars indicate both
analytical uncertainties and small-scale spatial heterogeneity. The baseline <Xo value is the
best-fit value for the averaged Rn and RnCqprofiles.

shown at each depth represent the ranges in measured activities. Thus, they reflect
small-scale spatial heterogeneity as well as analytical uncertainties. In the figure, we
show the pore water Rn and Rn deficit profiles that would result from factor of 2
deviations from the best-fit av value. With irrigation rates similar to those measured
at this site, Rn profiles are very insensitive to changes in the irrigation rate parameter
in the upper 2-3 cm of the sediment column: vertical molecular diffusion is the
dominant mechanism for exchange of pore water and seawater solutes in this region
of the sediment column. Below this surficial zone, pore water Rn profiles do respond
measurably to variations in irrigation rates. Spatial heterogeneity and measurement
uncertainties appear to limit the resolution of irrigation rates to an uncertainty of
about a factor of two.

d. Irrigation rate parameter estimation procedure. We used a nonlinear least squares
procedure (the Levenberg-Marquardt method) to fit the models of Eqs. 3 and 5 to



136 Journal of Marine Research [50,1

excess Br- and pore water 222Rnactivity and Rneqdata. The procedure follows that of
Press et al. (1986), except that we used numerical solutions to the differential
equations as fitting functions. Except for the Br- profile of core L2, we used two
fitting parameters for each fit, G:o and (XI in equation 2. In the case of core L2, more
rapid irrigation was required in the upper centimeter of the sediments; to allow this,
we introduced a third irrigation rate parameter specifying the rate in the upper
centimeter. Thus, by specifying the form of the depth-variation of the irrigation rate
parameter as well as sediment porosity and diffusivity (Table 2), we constrained the
curvature of model profiles. Within this constraint, the fitting procedure adjusted the
irrigation rate parameters to optimize the fit ofthe model to measured concentration
vs. depth profiles.

4. Results
a. Model fits to excess Br- profiles. Excess Br- profiles measured at the end of each
incubation are shown in Figures 3A, 3B, and 3C. The cores in Figure 3A were not
manipulated. Of these cores, L1 and L2 were taken in September, 1989 and
incubated and sampled immediately, while cores VI and V2were taken in May, 1988
and sampled in August, 1988. The cores in Figure 3B were manipulated for
suppression of macrofauna Iactivity, and no macrofauna were added after the cores
were defaunated. The cores in Figure 3C were also defaunated, but after this
treatment, Nephtys (cores Nl and N2) or Mediomastus (core Ml) were added to
them.

Each excess Br- profile is compared to the diffusive profile that is predicted for the
conditions of the incubation (the shaded area in each plot). Diffusion coefficients
were calculated from the data of Li and Gregory (1974) and corrected for sediment
tortousity and porosity by Dsed== Dw<V Two cores (02 and V2) show no evidence of
enhanced Br- transport by irrigation. We applied the model of equation 3 to cores
D2 and V2 with (X == 0 and the diffusion coefficient for Br- as an adjustable
parameter. The best-fit DBr values were only 17% (core 02) and 7% (core V2)
greater than the calculated values. Irrigation was somewhat more important to the
core Nl Br- distribution, as the best -fit DBr was 27% larger than the calculated value.
Cores VI, N2, and L1 required values 49-69% greater. We did not apply the
diffusion-only model to cores L2, 01, and Ml, whose excess Br- profiles clearly
cannot be explained by diffusion alone.

Fits of the irrigation model to Br- profiles are shown by the solid lines in Figure 3.
In most cases, the model explains the distributions well. The exceptions are two cores
in which subsurface Br- maxima are present: core Ml and core L2. The irrigation
model is based on the assumptions that all burrows are connected to overlying
seawater and that burrow water is exchanged rapidly with overlying water. Vnder
these circumstances, if the properties of burrow walls remain constant with depth
below the sediment-water interface, the principle cause of apparent subsurface
irrigation rate maxima would be spatial heterogeneity. With patchy distributions of
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Table 2. Model input parameters.

A. Porosity: Best-fit, a,b,c in <!> = a + b e-CX

Core a

Nl
D1
Ml
VI
D2"
N2"
U2
RFl**
Ll**
L2**

.707

.665

.645

.645

.665

.707

.652

.707

.707

.707

b

.156

.177

.196

.248

.177

.156

.228

.156

.156

.156

c

.0875

.0411

.0334

.183

.0411

.0875

.0822

.0875

.0875

.0875

D **Rn

Notes: "Porosity was not measured for cores D2 and N2. Profiles from similarly treated
cores were used: from core D1 for core D2; from core N1 for core N2.

**Average values measured in a set of 6 cores sampled at the study site from 1982-1984
(Martin and Sayles, 1987)

B. Incubation Parameters
Thickness of Height of Initial Br- Incubation

Core incubated seds olw concentration length

Nl 15.5 29 8.17 1.51
D1 16 19 10.03 1.48
M1 16 30.5 7.80 1.09
U1 13 31 7.89 1.46
D2 18 19.5 9.38 1.43
N2 16 26.5 8.88 1.44
V2 18 31.5 7.52 1.55
L1 21 25 9.67 1.47
L2 22 26 10.27 0.96

Sediment thickness and overlying water height are in em; initial Br- concentration is in
mmoll1; incubation length is in days.

C. Diffusivities, in water, for Rn and Br- (cmZjday)
Core Do:

N1
D1
M1
VI
D2
N2
V2
RF1
L1
L2

1.66
1.58
1.67
1.59
1.63
1.63
1.63

1.60
1.60

1.11
1.04
1.12
1.05

1.05
1.05
1.06

Notes: "Do, values based on Li and Gregory, 1975.
""DRn values based on Broecker and Peng, 1974.
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Figure 3. Excess Br- profiles, measured at the end of the sediment incubations. In each graph:
excess Br- data are represented by open symbols, circles for the fine-interval samples taken
in the upper 3 cm and triangles for the coarse-interval samples; the profile that would be
produced by vertical molecular diffusion only, under the conditions of the incubation, is
shown by the shaded area; and the best-fit excess Br- profile, given the input data in Table 2
and using ao and 0'-) as fitting parameters, is shown by the solid line. (A) Cores that were not
manipulated; (B) Cores that were treated for suppression of macrofaunal activity, but to
which no animals were added after the treatment; (C) Cores that were treated for
suppression of macrofaunal activity, and to which populations of the indicated polychaete
were added after the treatment.
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burrows, some of which are not vertical, subcores are likely to intersect burrows.
When this happens, as it apparently did in the cases of Cores L2 and Ml, the model
cannot represent accurately the irrigation rate in the region of the maximum. In the
case of core Ml, the subsurface maximum appears to cause the fitting procedure to
underestimate a in the region of the maximum and to overestimate the irrigation rate
below the maximum; whereas the data show no detectable irrigation below 8 em, the
model fit requires that there be measurable excess Br-.

Spatial heterogeneity may also affect the results from cores VI and Ll, but to a
lesser extent. Pore water excess Br- profiles were measured in two subcores for each
core. In most cases, there is little difference between the two subcores, but in the
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cases of cores VI and Ll, one subcore is systematically different from the other. In
both cases, the model fit to the data favors the profile showing smaller excess Br-
concentrations; thus, the model fits may tend to underestimate irrigatiol1 rates for
these cores.

b. Model fits to Rn deficit profiles. A comparison of pore water Rn deficit profiles to
profiles produced by vertical molecular diffusion alone shows that there is significant
irrigation over the entire length of each core (Fig. 4). Rn diffusion coefficients were
estimated from the tabulation of Broecker and Peng (1974), adjusted for sediment
tortuosity and porosity by Ds = D sw(V The cores fall into two groups: the manipulated



1992] Martin & Banta: Measurement of sediment irrigation rates 141

222Rn Deficit (dpm/cm~w)

0.00 0.10 0.20 0.00 0.10 0.20 0.00 0.10 0.20 0.00 0.10 0.20

oooo

10 10 10 10

15 15 15 15,-..., CoreNI

S NephlYs
l) 20 20 20 20

'-"
~.•.... 0.00 0.10 0.20 0.00 0.10 0.20 0.00 0.10 0.20~
Q) 0 0 0
0

10 10 10

15 15 15

20 20 20

Figure 4. Pore water 222Rndeficit profiles. In each graph: the "vertical molecular diffusion
only" profile is shown by the small triangles; the best-fit Rn deficit profile, using au and (Xl as
fitting parameters, is shown by the solid line; and the measured values are shown by the
open circles. The analytical uncertainty is shown by the horizontal error bars; the sampling
interval is indicated by the vertical error bars.

cores (N1, 01, and M1), which have Rn deficits significantly larger than those that
can be explained by vertical molecular diffusion alone throughout their length, and
the unmanipulated cores, which only have deficits greater than those attributable to
diffusion deeper than about 3 cm below the sediment-water interface. This does not
indicate an absence of irrigation near the interface, but rather that pore water /
overlying water exchange due to irrigation in this region is slow relative to that due to
molecular diffusion (see Fig. 2).

Core handling and sampling, as well as analytical techniques, may lead to the
derivation of artificially high irrigation rates from Rn deficit profiles. Loss of Rn
during sampling or overestimation of RnCq may occur. Both types of error would
cause overestimates of pore water Rn deficits.

Slow Rn loss during the time the cores were maintained in the laboratory, for
instance by diffusion through the walls of sediment microcosms, could cause overes-
timates of irrigation-based Rn deficits. We tested for this effect by measuring Rn
profiles in unmanipulated cores that were treated in different ways. Core VI was
maintained in the laboratory for 3 months before the Rn profile was determined.
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Figure 5. Loss of pore water Rn during sampling. The symbols show measurements of
subsamplcs from the same sediment section, after the section had been exposed to air for
varying times. 1 cm thick, 6.5 cm diameter sediment sections were covered with a plastic
sheet between the time of removal of the previous section and sampling. After that, their
tops were left open to the atmosphere while the sections were subsampled several times.
The exposure time is shown on the horizontal axis. Typical exposure time for actual samples
was 3 minutes.

Cores L1 and L2 were incubated in the laboratory immediately after the cores were
collected. Core RF1 was not incubated; the Rn profile was determined immediately
upon return of the core to the laboratory. The Rn-derived irrigation rate parameters
were identical for these 4 cores, indicating that core handling was not a likely cause
of the obselVed Rn deficits. It should be noted, however, that large Rn deficits were
observed in the deepest sample in two of the cores that had been maintained in the
laboratory (D1 and VI; the high deficit observed in the deep sample in core Ml is
explained by the high Rneqobserved in the deepest sample-see Fig. 4). These large
deficits were probably artifacts of the subcoring procedure, when subcores were
pulled out of the microcosms. Since Rn profiles were measured just 2-3 hours after
subcoring, it is unlikely that diffusion of Rn would have allowed this artifact to affect
results at shallower depths. These points were excluded from model fits fOIrcores D1
and VI.

Rn could also be lost during sediment sampling: the sediment sections were
partially open to air for a brief period of time (about 3 minutes) during sampling. We
tested for loss of Rn from pore waters during this exposure. It does occur, at a rate of
about 1% per minute (Fig. 5). The increase in radon deficits due to this loss would be
most important in deeper samples, where deficits are smallest. Below 10 em depth,
the increase in the deficit would be about 0.01 dpm/cm~w' an amount equivalent to
less than 25 ± 10% of the observed deficits.

Finally, it has been reported that the measurement of Rnequsing sediments that
have been slurried previously in order to measure pore water Rn activities leads to
overestimates of RnCqand deficits (Smethie et al., 1981; Berelson et al., 1982). In
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Table 3. Comparison of Rn,q values determined on samples that either had or had not been
slurried previously.

Sample

Sl
S2
S3

Units: dpm/gmwOI sed'

Slurried

0.143 ± .004
0.137 ± .003
0.123 ± .004

Not Slurried

0.132 ± .004
0.129 ± .004
0.123 ± .004

0.011 ± .006
0.008 ± .006
0.000 ± .006

earlier work in Buzzards Bay, we found no evidence for this effect (Martin and
Sayles, 1987). We have carried out additional tests on 3 samples taken during this
study (Table 3). Previously slurried samples gave higher Rneq, by 0-11% of the
measured value. This overestimate, if real, could account for 8-23% of the Rn
deficits observed below 10 cm depth.

In summary, we have measured significant Rn deficits through the entire lengths of
all the cores we have analyzed, but additional experiments showed that sampling and
analytical uncertainties may have led to some overestimate of deep Rn deficits.
However, the effects of possible artifacts would have to be important only deep in the
sediments, as Rn deficits equal to the smallest expected deficits (those caused by
vertical molecular diffusion alone) were often observed in the upper 5 cm of the
sediments. If these overestimates occurred, they could account for up to 50% of the
measured Rn deficits below 10 cm depth.

S. Discussion
a. The in situ Br- profile. Previous studies of the sedimentary geochemistry of Br have
shown that, although Br is quasi-conservative in seawater (Morris and Riley, 1966),
its sedimentary concentration is closely correlated to that of organic carbon (Price
and Calvert, 1977; Pedersen and Price, 1980). Thus, it must be released during
organic matter oxidation. Fischer et af. (1986) have shown, by comparing the rain rate
of Br to the sea floor and Br accumulation rates in sediments of the eastern Pacific,
that less than 2% of the solid phase Br reaching the sea floor is preserved. However,
the BrlC ratio in sedimentary organic matter is less than 2 x 10-3 mol Brlmol C. In
some cases, the Br/Corg ratio in sediments decreases somewhat with depth, but the
decreases that have been observed are always less than a factor of two; thus, Br is
released approximately in constant proportion to Corg• The annually averaged organic
carbon degradation rate at our study site is about 600 /-LmolC/cm2/yr (McNichol et
al., 1988), which implies a Br- flux of only about 1 f.lmol/cm2/yr. Further, observed
increases in dissolved inorganic carbon concentrations in Buzzards Bay pore waters
(McNichol et al., 1988), coupled with the fact that the diffusivity of Br- is about 70%
greater than that of RCO;, indicate that organic matter degradation will increase the
pore water Br- concentration by only about 0.2%. Two in situ Br- profiles, measured
in September, 1989, confirm this reasoning. One profile was measured immediately
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Figure 6. The concentration of Br- in the pore waters of two unspiked cores from the study
site.

after collection of the core, while the other was measured after the core had been
incubated in the laboratory. The profiles show no trend in [Br-] with depth below the
sediment-water interface (Fig. 6); the small variations in concentration are due to
analytical uncertainties, which are important because the in situ Br- concentration is
near the detection limit of the analytical procedure. The Br-:CI- ratio, 0.00158 ±
0.00010 mol Br- Imol Ct-, is identical to the ratio reported for seawater (Morris and
Riley, 1966).

A second potential problem arises from the fact that the Br IC ratio in sedimentary
organic matter is larger than the corresponding ratio in freshly produced organic
matter (Price and Calvert, 1977; Mayer et al., 1981). A possible explanation for this
enrichment is that it is due to the uptake of diagenetically released Br by surficial
sediment organic matter. This mechanism has been invoked to explain iodine
enrichments in surficial sediment organic matter (Price and Calvert, 1977), but,
because Br- is much less readily oxidized than r in seawater, it is not likely to be
important for Br; rather, Br is probably enriched because it is not bound by the most
labile components of organic matter, which are degraded first (Mayer et al., 1981).
Thus, although we cannot rule out the uptake of Br- by sedimentary organic matter
during the course of our experiments, existing data indicate that it is not likely to
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occur. Reversible uptake would lead to apparent diffusion coefficients for Br- that
are smalIer than molecular diffusion coefficients. We did not observe such low
diffusivities; rather, the smallest apparent diffusivities consistent with our data were
7% and 17% larger than estimated molecular diffusivities.

b. NaBr addition and sedimentary respiration rates. In evaluating the Br- tracer
addition method as a means of monitoring solute transport rates in sediments, it is
important to consider whether the addition affects the rates of metabolic processes in
the sediments. To examine this possibility, four cores were incubated within a week
of collection in September, 1989. NaBr was added to three of them, but not to the
fourth. The sedimentary O2 demand in the three cores to which NaBr was added was
19.4 ± 0.2 mmol/m2/day; the dissolved O2 flux into the no-addition core was 23
mmoIlm2/day. The dissolved inorganic nitrogen fluxes from the NaBr-addition cores
were 3.4 ± 0.3 mmol/m2/day, compared to 2.74 from the no-addition core. It is
unlikely that these differences are significant, as they are smalIer than the ranges
observed among sets of cores undergoing similar treatments (Banta, 1991). Although
limited, this test indicates that Br- addition had little or no effect on sedimentary
metabolic rates.

C. NaBr addition and irrigation rates. Irrigation rate parameters from different cores
and different measurement methods are compared in Figures 7A and 7B. We have
noted several sources of uncertainty in the irrigation rate parameters derived from
our excess Br- and Rn deficit profiles. The sensitivity of the Br- profiles to variations
in ~ and al (Fig. 1) is limited by the short durations of the incubations, made
necessary by the rapid respiration rates in these nearshore sediments. The limita-
tions of the Rn deficit profiles are due to sampling and analytical uncertainties, which
may cause overestimates of irrigation rate parameters. In addition, the ~ and al

values derived from model fits to the data may not be entirely independent of each
other: in the region of our greatest sampling density (0-5 cm below the sediment-
water interface), variations in ~ and at cause qualitatively similar variations in
concentration vs. depth profiles. For these reasons, we probably only know ~ and a1

values (Table 4) to within a factor of 2. Therefore, in order to compare irrigation rate
parameters from different cores and different measurement methods, we have
averaged a values over 5 cm intervals of the sediment column.

Irrigation rates were determined using Rn deficit profiles in three cores taken in
September, 1989. NaBr was added to two of these cores, which were then incubated
(cores L1 and L2). No NaBr was added to the third core; it was sampled for pore
water Rn as soon as it was returned to the laboratory (core RF1). The irrigation rates
measured using Rn deficit profiles in these three cores are identical. Thus, in this
limited test, there was no evidence for an effect of NaBr addition on sediment
irrigation rates.
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Figure 7. Irrigation rates, integrated over 5 cm intervals of the sediment column, based on the

best-fit ao and al values. (A) Irrigation rates derived from pore water Rn deficit profiles. The
figure includes results from this study (filled bars) and from the study of Martin and Sayles
(1987) (open bars). (B) Irrigation rates derived from pore water excess Br- profiles,
measured at the end of 1-1.5 day sediment incubations. Note that the value for core L2,
0-5 cm, is well off scale.

There is also some, less direct evidence that NaBr additions did not affect
irrigation rates. We measured irrigation rates using Rn deficit data in cores taken
from the same site in Buzzards Bay from 1982-1984 (Martin and Sayles, 1987). The
range of rates measured, and their variability with depth below the sediment-water
interface, were very similar to the ranges observed during this study (Fig. 7A). With
the exception of core L2, whose excess Br- profile implies an extremely rapid
irrigation rate in the surficial sediments (ex = 2 day-I: Fig. 7B), the range of irrigation
rates in the upper 5 cm is about 0.03-0.25 day-I for both studies. In general, the
irrigation rate parameters based on both studies decrease with increasing depth
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Tablc 4. Best-fit values of the irrigation parameters, lXo and <XI

Corc

(A) Fits to Br- profiles
Nl 0.051
Dl Q~
Ml 0.023
Ul 0.14
N2 0.82
L1 0.13
L2* 0.23
(B) Fits to 222Rndeficit profiles
Nl 0.22
D1 0.28
Ml 0.17
Ul 0.041
RFI 0.021
L1 0.033
L2 0.019

0.21
0.54
0.018
0.21
0.97
0.24
0.14

0.17
0.18
0.057
0.054

-0.037
-0.002
-0.012

*For this core, au applies at depthx = 1cm. Above x = 1cm, <X is constant at 6.86 day-I.

below the sediment-water interface; very little irrigation is apparent from the excess
Br- profiles below 10 cm depth. The exceptions to the general trend of decreasing (X

with increasing depth are the Rn-based values from the unmanipulated cores (U1,
RFl, Ll, and L2) and from one of the cores from the earlier study (the 6/84 core).
These Rn deficit profiles are consistent with relatively slow irrigation rates that are
constant with depth.

d. Comparison of irrigation rate parameters from excess Br- and Rn deficit profiles. In
comparing values of the irrigation rate parameters determined from profiles of the
two tracers, differences in their diffusion coefficients must be taken into account:
according to the irrigation model, the step which limits solute exchange between
seawater and pore water via burrows is diffusion across the burrow walls. The
diffusion coefficient of Br- in water is 50% larger than that of Rn. Thus, to compare (X

values in Figure 7A (derived from Rn deficits) to those in Figure 7B, the Rn values
should be increased by 50%. The range of values in the 0-5 cm interval of the
sediment column is similar for the two tracers; below that depth, most of the values
derived from Rn deficit profiles are significantly larger than those based on excess
Br- profiles. There are several possible explanations for these differences. First, Rn
deficits below 5 em may be overestimated by amounts of a few % up to 50%. If the
higher estimates of the uncertainty are correct, then uncertainties in the Rn analysis
could explain a large amount of the differences. Second, the Rn and Br- profiles are
determined by events occurring over quite different time scales: the 1.5 day length of
the incubations for Br-, two to three weeks for Rn. If the incubating procedure
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causes a change in the activities of infauna or if their activities vary sporadically with
time for other reasons, this change would be reflected in differences between
irrigation rates derived from Rn deficits and excess Br- profiles. Finally, it has been
shown that the diffusion of Br- through the linings of animal burrows is hindered
relative to that of small cations such as NH; (Aller, 1983). As we will show below, it is
likely that, among the more abundant infauna in our experimental system, Nephtys
incisa was most important in influencing irrigation rates. Nephtys does not have lined
burrows. Nonetheless, if a significant fraction of the burrows in the sediments we
have analyzed are lined, the resultant hindrance to diffusion of anions would help to
explain the observed differences between irrigation rates based on Br- and Rn deficit
profiles.

Despite the differences in absolute irrigation rates from the two methods, there
are several important similarities. The cores for which rates were determined using
both tracers are Nl, Dl, Ml, and Ul in 1988, and L1 and L2 in 1989. Both methods
show that, among the 1988 cores, core Dl had the most rapid irrigation rate in the
surface interval, and the rate which decreased most sharply with increasing depth.
Cores Nl and Ml gave quite different absolute rates for the two tracers. For each
tracer, they yielded similar rates in the surface interval, but, while core Ml showed
little decrease in irrigation rate with depth, the rate for core N1 decreased markedly.
It should be noted, however, that because of the subsurface maximum in the excess
Br- profile for core Ml, the irrigation model underestimates the rate in the 5-10 cm
interval and overestimates the rate below 10 cm (see the model fit to the data in
Figure 3C). If this overestimate is taken into account, then the unmanipllliated core
(#Ul) shows the smallest decrease in irrigation rate with depth, based on both the
Rn and Br- measurements. In 1989, the Br- profile for core L2 shows much more
rapid irrigation in the surface interval than does Rn deficit. The difference is
considerably larger than can be accounted for by any of the uncertainties we have
discussed: it must be due to spatial heterogeneity. Nonetheless, the unmanipulated
cores of the 1988-89 study, taken together, have a common feature. With the
exception of the overestimated irrigation rate below 10 cm for core Ml, the
unmanipulated cores show the smallest decreases in irrigation rates from 5-15 cm,
based on both the Rn deficit and Br- tracer methods.

e. Irrigation rates and macrofaunal abundance. The defaunation procedure used to
treat the manipulated cores during the 1988 study was effective at removing animals
living near the sediment surface. While Mediomastus and Nucula were abundant in
unmanipulated cores, they were almost completely absent in all the treated cores
except #Ml, to which Mediomastus were added after the defaunation procedure.
The result of the treatment was that the unmanipulated cores had the most abundant
and diverse macrofauna (Fig. 8). We have noted that there are differences in
irrigation rates between the manipulated and unmanipulated cores. The Br- results
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Figure 8. Macrofaunal abundances. The subcores for determination of macrofauna represent
one-sixth of the area of the sediment core from which they were taken. Thus, the numbers
on the vertical axis are 6 times the actual number identified. The surface area of the
sediment subcores was 0,00312 m2, that of the microcosms themselves 0.0191 m2• In 1989,
maerofaunal abundances were not determined on the incubated cores, Ll and L2. Cores Fl
and F2 were taken from the study site at the same time as L1 and L2.

show that the unmanipulated cores had the most rapid irrigation rates below the
surface 5 cm interval (as we noted above, core M1 is an exception to this generaliza-
tion). The Rn results do not show this difference in irrigation rates, but they do yield
irrigation rates that decrease much more slowly with increasing depth in the
unmanipulated cores than in the manipulated ones.

Nephtys is the largest animal and the most active and deepest burrower among the
abundant infauna in the fine-grained sediments of Buzzards Bay. Adult Nephtys at
the study site were generally 1-3 cm in length, occasionally reaching 5 em. The size
range of juveniles was generally 0.2-1 em. Mediomastus were considerably smaller,
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Figure 9. Correlations between the irrigation rate parameter measured in the 0-5 em interval
using the Br- tracer method and macrofauna) abundances. Figure 9A: a vs. Nephtys
abundance; Figure 9B: a vs. Mediomastus abundance; Figure 9C: a VS. Nucula abundance.
The line in Figure 9A is the best-fit, if core D1 is excluded (core D1 is the point at
#Nephtys = 12, a = 0.208). The correlation coefficient for the a vs. Nephtys data is .84 if
core Dl is excluded, and .35 if core D1 is included.

with juveniles less than 0.2 em in length and adults only reaching a maximum size of
1 em. Nucula were generally 0.05-0.2 em across. The populations examined during
this study were dominated by animals at the smaller end of the size spectrum.

It is not surprising, given Nephtys' greater size and activity, that Nephtys numbers
are more closely correlated to measured irrigation rates than are the numbers of the
other macrofauna studied (Fig. 9). The most rapid rate was measured in core L2,
which was taken during September, 1989 and incubated immediately after core
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recovery: at this time, field measurements (F1 and F2) showed Nephtys abundances
greater than in any of the other incubated cores. Cores D2 and U2 showed no
evidence of irrigation in their Br- profiles. Only a single Nephtys was counted in the
subcores used for macrofaunal abundance measurements in each of these cores
(extrapolating to 6 individuals per microcosm). Cores with intermediate irrigation
rates-U1, N1, N2, and D1-had intermediate Nephtys abundances. No other
correlations of irrigation rates with macrofaunal abundance are visible. The correla-
tions of irrigation rates with Nephtys abundance are not apparent in the results from
Rn deficit profiles, but it should be noted that the range of Nephtys abundances in
cores for which Rn deficits were determined was smaller than that in cores for which
excess Br- profiles were measured. The rapid irrigation rate in the 0-5 cm interval in
core L2 was not recorded in the Rn deficit profile; and Rn profiles were not
measured in the two cores with low Nephtys abundances and no discernible irrigation
(cores D2 and U2).

6. Conclusions
We have used two methods to determine sediment irrigation rates in a set of cores

taken from the fine-grained sediments of Buzzards Bay, MA. The most important
difference between the methods is that, while the Br- tracer method requires a
sediment incubation and averages irrigation rates over time and space scales that are
determined by the length of the incubation, the Rn deficit method averages events
occurring over a two to three week period. This characteristic of the Br- tracer
method may be particularly important for the measurement of irrigation rates during
benthic flux chamber deployments, as the derived rates apply specifically to the
conditions of the experiment.

Our experiments indicate that NaBr meets several essential criteria for an
irrigation rate tracer. Pore water profiles of Br- indicate that natural Br cycling does
not alter concentrations enough to affect tracer experiments, at least in the near-
shore sediments where we carried out our experiments. Neither sedimentary meta-
bolic activities nor irrigation rates appeared to be affected by the addition of NaBr,
which elevated the Br- concentration in the water overlying the sediments by a factor
often.

There were significant differences between the irrigation rates determined on the
same cores using the two methods: rates determined from Rn deficits were faster at
depths greater than 5 cm below the sediment-water interface. These differences
could be caused by several factors: by the different scales of spatial and temporal
averaging; by differences in the permeability of burrow walls to Br- and Rn; or by
uncertainties in pore water Rn sampling and analysis that may lead to overestimates
of irrigation rates. Despite these differences in rates, the patterns of variation of
rates with depth below the sediment-water interface in individual cores and between
cores were generally similar for both measurement techniques.
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