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Abstract

Intertidal mangrove forests contribute significantly to biogeochemical solute budgets of tropical and subtropical coastlines.
A significant part of the biogeochemical cycling in mangrove ecosystems occurs within the subsurface of the forest floor. This
subsurface source and the ‘offshore’ sink are linked by the tidally-driven movement of water through the mangrove forest
floor. The tidal circulation through animal macro-burrows in the Coral Creek mangrove forest (area 3 km2) on Hinchinbrook
Island (Australia) is documented by constructing mass balances of isotopes of radium and radon measured in the creek in
1997 and 2005 respectively. Isotope activities in burrows were found to be significantly greater than in the adjacent mangrove
creek (e.g. for 222Rn, 680–1750 and 30–170 Bq m�3 in burrows and creek respectively). From isotope mass balances, a daily
water circulation flux through burrows of 30.4 ± 4.7 L m�2 of forest floor is calculated. This study quantifies the underlying
physical process, i.e. the tidal flushing of burrows, that supports significant and continuous exports of soluble organic and
inorganic matter from mangrove forest floors to the coastal ocean. The potential significance of the circulation flux estimate
is illustrated by up-scaling of the forest-scale estimates to the mangrove forests in the entire central Great Barrier Reef. This
extrapolation indicates that the annual water flux circulated by this tidally-driven ‘mangrove pump’ is equivalent to as much
as 20% (16–22%) of the total annual river discharge along the ca. 400 km long coastline of this region.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Mangrove forests are the dominant intertidal vegetation
of the tropics. They are highly productive and contribute
significantly to near-shore biogeochemical solute budgets
(Scully et al., 2004; Dittmar et al., 2006; Bouillon et al.,
2008). It is well established that outwelling from mangrove
forests represents a major source of carbon to the coastal
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dentale, 29280 Plouzané, France. Tel.: +33 (0)2 98 49 86 54.

E-mail address: thomas.stieglitz@jcu.edu.au (T.C. Stieglitz).
ocean (Boto and Bunt, 1981; Robertson and Alongi,
1995; Bouillon et al., 2007). Although covering only small
portions of the coastlines of the world on a global scale,
mangrove ecosystems account for 10% or more of the ter-
restrially-derived dissolved organic carbon transported to
the ocean (Dittmar et al., 2006).

Tidal inundation of a forest exchanges water and solutes
between forest and coastal zone, and tidal amplitude and
frequency are important controlling factors in the efficiency
of this exchange (Alongi et al., 1989; Ayukai et al., 1998;
Dittmar and Lara, 2001). The forest sediments are one of
the most productive areas of mangrove ecosystems, and
much of the biogeochemical cycling occurs in the subsur-
face (Alongi, 1994). Burrowing animals, notably sesarmid
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crabs, remove up to 75% of the total annual litter fall from
the forest floor (Robertson and Daniel, 1989). In the sub-
surface, complex microbial communities rapidly cycle nutri-
ents, carbon, and other compounds (e.g., Boto et al., 1989;
Holguin et al. 2001; Bouillon et al., 2008; Kristensen et al.,
2008). Given the rapid biogeochemical cycling, the efficient
movement of water through the mangrove forest floor is
critical (e.g., Smith et al., 1991). Yet accumulation of fine-
grained sediments in mangrove forests makes typical forest
floors highly impermeable, with bulk diffusion coefficients
on the order of 10�5 m2 day�1 (Hollins et al., 2000). Thus,
removal of solutes from the subsurface must be a compar-
atively slow process if the primary mechanism is diffusion
into and out of the sediments. Enhancement of bulk
hydraulic permeability associated with burrows built by
animals such as crabs and other crustaceans can therefore
play an important role in the hydrology and biogeochemis-
try of these sediments (Heron and Ridd, 2003; Kristensen
et al., 2008; Smith et al., 2009; Xin et al., 2009).

Whilst tidal range and porewater concentrations are
considered primary driving forces of outwelling of nutrients
and organic matter from mangrove forests (Dittmar and
Lara, 2001), the efficiency of the exchange from the subsur-
face – where much of the cycling occurs – to tidal surface
waters across the forest-floor must also be an important dri-
ver of outwelling. In other words, the hydrological pathway
for mangrove-derived solutes to enter the coastal zone
needs to be considered a two-step process: (1) exchange
across forest-floor into overlying water at high tide and
(2) subsequent tidal exchange from creek to coastal ocean.

Tidally-driven circulation through burrows with multi-
ple openings created by macro-fauna in mangrove forests
occurs as part of this exchange process. The extent of bur-
row recirculation has previously been estimated on the scale
of individual burrows, by monitoring the filling and drain-
ing of discrete burrows during the rise and fall of the tide
(Ridd, 1996; Stieglitz et al., 2000b). Stieglitz et al. (2000b)
estimate that such burrows enhance the effective surface
area of mangrove sediment by a factor of seven, greatly
enhancing the diffusive solute flux from mangrove sedi-
ments. For example, build-up of salt in the root zone as a
result of salt-secretion during water uptake by the trees is
prevented by diffusion of highly saline water into burrows
adjacent to roots, and by the subsequent tidal flushing of
the burrows in the otherwise impermeable forest floor (Stie-
glitz et al., 2000a).

The actual volume of seawater entering the burrows per
unit area of forest depends on a number of factors, includ-
ing the local topography, tidal range and burrow density,
and is thus not constant across a forest. While studies of
individual burrows have provided valuable constraints on
burrow water fluxes, the hydrological efficiency of this ex-
change process remains poorly understood on forest scale.
In order to understand the contributions of this burrow-
scale exchange process to ecosystem-scale fluxes, in this
study, we investigate this process on a whole-of-forest scale,
thereby demonstrating that this tidally-driven ‘mangrove
pump’ is an important link in the chain of key hydrological
exchange processes in mangrove ecosystems, providing a
fundamental link from the sediment to the ‘outside world’,
ultimately contributing significantly to the delivery of eco-
system services of mangroves.

The purpose of this study is not to revisit the biogeo-
chemical cycling in mangrove forests, but to document
the primary hydrological connection that facilitates solute
exchange from forest floor to creek (and subsequently to
the ocean). For this purpose, conservative radiochemical
tracer techniques previously established for quantifying
submarine groundwater discharge are employed (Burnett
et al., 2006). Naturally-occurring isotopes of radon and ra-
dium are ideal tracers of groundwater–surface water ex-
change because their activity in groundwater (in this case,
burrow water) is typically greater than in surface water
by two orders of magnitude or more (Burnett et al., 2006;
Moore, 2010). In this study, fluxes of radon (222Rn) and
three radium isotopes (223Ra, 224Ra and 228Ra) from a man-
grove forest floor to a creek were determined using a mass
balance approach, allowing an estimation of burrow water
fluxes across the forest floor. These radionuclide tracers can
be considered conservative proxies for fluxes of other sol-
utes. The implications of this recirculation process on bur-
row and forest scale are discussed.

2. METHODS

2.1. Study site

Coral Creek (18.244�S and 146.228�E; Fig. 1) on Hin-
chinbrook Island on the Great Barrier Reef (GBR) coast
is a typical northern Australian mangrove creek (e.g.
Wolanski et al., 1980). It is about 7 km long and experi-
ences semi-diurnal tides with a mean and maximum tidal
range of 2.2 and 3.4 m respectively.

Coral Creek drains a forest dominated by the red man-
grove Rhizophora stylosa (Bunt and Bunt, 1999), and,
importantly, does not have a riverine head. It thus does
not receive any freshwater input – neither by surface nor
ground water – except by direct rainfall which generally
only occurs during the tropical wet season (January to
April), resulting in an inverse salinity gradient during the
tropical dry season, which is typical for such ‘dry’ estuaries
(e.g. Wolanski et al., 1980).

The height of the creek bank corresponds to the mean
tidal water level. Thus at water levels greater than mean tide
the adjacent forests are inundated, and at levels below mean
tide water flow is confined to the creek. Sediment in the
mangrove forest consists of fine-grained silt and clay parti-
cles. The forest floor shows a high density of surface burrow
openings, typical of other mangrove forest in the region
(Fig. 2). Typically, individual burrows in such Rhizophora

dominated forests have a tunnel diameter in the order of
5–10 cm, extend to >1 m below the forest floor and have
a volume of 60–70 L (Stieglitz et al., 2000b). Within the
creek, the sediment is comprised of mainly quartz-rich
coarse-grained sand.

Data was collected in April 1997 and in mid-December
2005. The latter sampling occurred during the late dry sea-
son prior to wet season rainfall, and was focused on radon
(222Rn) measurement, whereas the 1997 collection was part
of a broader regional study measuring the radium isotope



Fig. 1. Location map of Coral Creek. The forest topography contours after Wolanski et al (1980) are shown in 0.5 m steps. Distance (km)
along the creek axis is marked. Note that the creek has no riverine head. Isotope mass balances were constructed for the dark-shaded
upstream section of the creek–forest system. The inset maps show the location of Coral Creek on Hinchinbrook Island (dark grey areas are
mangrove forests) and its proximity to Hinchinbrook Channel, which lies between the island and mainland and Herbert River.

Fig. 2. Openings of animal burrows on the mangrove forest floor.
The oblique-angle image shows approximately 5 � 5 m of forest
floor.
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distribution in the adjacent Herbert River estuary and Hin-
chinbrook channel. Radionuclide activities in burrow and
creek water were sampled during both campaigns, and these
two data sets represent two independent measures of the
radionuclide distribution in the creek at different times. Ti-
dal range during the 1997 and 2005 study was 2.2 and 3.0 m
respectively.

2.2. Surface water sampling

222Rn was continuously sampled and counted in situ
using three electronic radon-in-air monitors (Durridge
RAD-7) in parallel (Stieglitz et al., 2010). Surface water
from the mangrove creek was pumped directly through an
air–water equilibrator, purging dissolved radon in seawater
into air. The 222Rn-enriched air was circulated in a closed
air-loop, which passes through the monitors, to establish
equilibrium between the circulating air and the continu-
ously pumped seawater. The monitors count a-decays of
222Rn daughters, and 222Rn activity is determined by dis-
criminating the 222Rn-daughter decays in energy-specific
windows. The spatial distribution of 222Rn in the creek
was recorded by continuously sampling whilst slowly tra-
versing the length of the creek during low tide on 12
December 2005. The boat was driven along a sinuous route
that extended across the entire channel width. Laboratory
experiments have shown that this radon extraction using
in situ equilibration introduces a lag time of �10 min,
which was corrected for by adjusting the time of measure-
ment along the vessel track after Stieglitz et al. (2010). Sam-
pling interval was five minutes, which resulted in a spatial
resolution of better than 500 m, depending on boat speed.
Concurrently with radon, surface water salinity was re-
corded at 5 min intervals. For analysis of radium isotopes,
40 L samples of creek surface water were collected at
1–2 km intervals along the length of Coral Creek in 1997.
In 2005, surface water radium samples were collected con-
currently with selected radon samples at different times at
one location approximately midway upstream. The 2005
radium data is used to support radon-derived calculations
(residence time and gas loss calculations) – it does not rep-
resent the radium distribution of the complete creek and
thus does not allow for a separate radium mass balance
reconstruction in the 2005 data set. One sigma uncertainties
based on counting statistics are reported for radionuclide
activities.

2.3. Burrow water sampling

Burrow (source) water was sampled on 16 December
2005 by first locating burrow chambers at approximately
30 and 70 cm depth below the forest floor with a geoelectric
sensor after Stieglitz et al. (2000a), then installing mini-piez-
ometers (100 cm long stainless steel tubes with a diameter of
0.6 cm, and with small perforations at the bottom end) in
the burrow chambers. At the time of sampling (ca. 1 h prior
to tidal inundation), the water level in the burrows was
15–20 cm below the sediment surface. In order to avoid
gas loss during sampling for radon, a two-syringe setup
was used, whereby one syringe (100 ml) was used to slowly
and continuously draw water from the burrow, while the
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second syringe (30 ml) was used to collect the sample from
the flushed piezometer. This was accomplished by attaching
a needle to the small syringe and inserting the needle
through a piece of tubing that connected the large syringe
to the top of the piezometer. After flushing the piezometer
and syringe, ca. 30 ml of burrow water was collected in the
small syringe and then transferred through a filter into a
25 ml vial that contained about 10 ml of an oil-based scin-
tillant for 222Rn analysis. The vial was sealed, and the 222Rn
activity was determined by liquid scintillation counting at
CSIRO Land and Water, Adelaide (Cook et al., 2003).

In 1997 water draining slowly from burrows in the creek
banks during low tide was collected for radium analysis.
One sample each was collected from the Coral Creek forest
and the nearby Herbert River mangrove forest respectively.
In 2005, radium burrow water samples were collected con-
currently with the radon samples by slowly drawing water
from the burrows with 100 ml syringes until a total of 1 L
was collected. Radium was extracted from the water sam-
ples using the procedures detailed below.

2.4. Radium analysis

Radium isotopes were extracted from all samples by
slowly passing filtered water through MnO2-coated acrylic
fibres (Mn-fibre), which adsorb and collect the dissolved ra-
dium (Moore, 1976). Samples of burrow water collected in
2005 from similar depths were combined to increase sample
volume and to improve radium isotope count rates. For
samples collected in 1997, the activities of the short-lived
isotopes, 223Ra and 224Ra, were measured on the ship with-
in 12 h of collection using a counting system (RaDeCC)
consisting of photomultiplier tubes and delayed coincidence
circuit for the identification of the short-lived radon daugh-
ters, 219Rn and 220Rn (Moore and Arnold, 1996). Samples
collected in 2005 (surface and burrow water) were measured
using a similar system at CSIRO Canberra 2–3 days after
sample collection. The Mn-fibre samples were partially
dried, and placed in a closed-loop air circulation system
connected to the counters. Supported 224Ra and 223Ra
activity, corresponding to the water concentrations of
228Th and 227Ac, was obtained by re-measuring the fibre
samples three weeks after sample collection. These sup-
ported concentration were found to be insignificant, being
<1% of the total 224Ra and 223Ra water concentrations.

After measurement of short-lives isotopes was com-
pleted, the Mn-fibre was ashed at 400 �C and the activities
of the long-lived isotopes, 226Ra (used for radon in-growth
corrections for the 2005 collection) and 228Ra, were deter-
mined by c-ray spectrometry following the methods of
Murray et al. (1987). All radium isotope measurements
were corrected for radioactive decay, and activities quoted
pertain to the time of sample collection.

2.5. Creek bathymetry and forest topography

The creek bathymetry was recorded with a vessel-
mounted echosounder and GPS recorder. Raw depth data
was corrected for tidal variations as measured by tide
gauges installed at the mouth and close to the head of the
creek during the surveys. Cross-sections of the creek were
extracted, and creek volume was calculated by multiplying
its surface area with its average depth. The original raw
data of an extensive topographic survey of the Coral Creek
mangrove forest as reported in Wolanski et al. (1980) was
digitally reprocessed and used to calculate inundation areas
at different tidal water levels. The uncertainty of volume
and area calculation is estimated at 5%.

2.6. Radon and radium mass balances

Individual mass balances for each of the four isotopes
222Rn, 223Ra, 224Ra and 228Ra were constructed, using
methods similar to those described in Hancock et al.
(2000) and Crusius et al. (2005). Assuming steady-state,
the source of each isotope must be balanced by its loss.
Ra and Rn produced in the sediment by radioactive decay
of the parent nuclide accumulate in the dissolved form in
sediment pore water, subsequently migrating across the sed-
iment–water interface. In the absence of hydraulic heads
associated with fresh, terrestrial groundwater (as is the case
in Coral Creek), two distinct processes of tracer migration
need to be considered: (a) diffusion of Ra and Rn from sur-
face sediment layers of the forest floor into overlying sur-
face water during periods of forest inundation and (b)
migration across the burrow wall into burrow water (also
by diffusion), and subsequent tidal flushing of burrows.
Thus two distinct source terms are calculated: (a) the Ra
and Rn diffusive flux from the forest floor and (b) export
of Ra and Rn from burrows by tidally-induced flushing.

The sandy quartz-rich sediment of the creek bed con-
tains low activities of thorium isotopes (the parents of the
studied radionuclides) with activities of 4–6 Bq kg�1 being
measured in similar near-shore sediment collected in the re-
gion (Hancock et al., 2006). This is approximately one or-
der of magnitude lower than the activity of the mangrove
sediment. Given the low capacity of this creek sediment
to generate Ra and Rn, together with the comparatively
small surface area of the creek (<15% of the creek drainage
area), the flux of Ra and 222Rn from the creek bed is as-
sumed to be negligible. Therefore, in calculating the diffu-
sive flux from sediment only the forest floor sediments is
considered.

Ra and Rn are lost from the system by radioactive de-
cay, atmospheric evasion (222Rn only), and tidal mixing
with downstream water masses. Thus the mass balance
for the creek system is

QburðCbur � CcrÞ þ F diff ¼ CcrV ðkþ kÞ þ Jlong ð1Þ

where Qbur (m3 day�1) is the water flux across the forest
floor, Fdiff (Bq day�1) is the total flux of diffusion flux of
each radionuclide (Ra and Rn) as a result of diffusion from
the forest floor, Cbur (Bq m�3) the radionuclide activity in
the burrow (source) water, Ccr is the mean unsupported
activity in the upstream section of the creek (see below),
V is the low tide volume, k is the decay constant, k is the
re-aeration coefficient for gas loss of radon to the atmo-
sphere, and Jlong is the longitudinal mixing loss from the
creek, as illustrated in Fig. 3. The mass balance equation
for each of the individual radium isotopes is the same as
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Fig. 3. Conceptual box model illustrating the fluxes considered in
the mass balance calculations.

Table 1
Radionuclide activities in Coral Creek sediments.

226Ra 228Ra 228Th 230Th 232Th
Bq kg�1 Bq kg�1 Bq kg�1 Bq kg�1 Bq kg�1

21.2 ± 0.3 34.8 ± 0.26 35.8 ± 0.6 29.9 ± 0.4 51.8 ± 0.9
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for radon, except that radium is not lost to the atmosphere
and therefore k in Eq. (1) is zero. Below, the calculation of
each parameter in the mass balance equation is described in
detail, beginning with the loss terms.

2.6.1. Atmospheric radon loss

A two-tracer approach is used to directly determine the
gas loss from the upper reach of the creek–forest system
(e.g. Dulaiova and Burnett, 2006). Radium is not lost to
the atmosphere, and therefore the loss of radon can be cal-
culated from activity ratios of concurrently collected sam-
ples of radon and radium:

ARn

ARa

¼ A0
Rn

A0
Ra

expððkRa � kRn � kÞtÞ ð2Þ

where A and A0 is the creek and burrow activities respec-
tively for radon and radium, k is the respective decay con-
stant, k is the re-aeration coefficient, and t is the mean
residence time in the creek. The value of t can be estimated
by calculating the decay of the short-lived 224Ra isotope rel-
ative the longer-lived 228Ra isotope during transport from
its source (burrow water) to the creek. The assumption of
a burrow water source is reasonable given that this is where
the highest 224Ra/228Ra ratio is found. Using the 224Ra and
228Ra pair

A224

A228

¼ A0
224

A0
228

expððk228 � k224ÞtÞ ð3Þ

where A and A0 are the creek and burrow activities and k is
the radium isotope decay for the different radium isotopes
(identified by subscripts). From this equation, the mean res-
idence time t can be calculated directly. The uncertainty
associated with the estimation of k is determined by prop-
agation of uncertainties associated with the measured
parameters t and the respective activity ratios.

2.6.2. Tidal mixing loss

The tidal mixing loss Jlong of a solute from a mangrove-
fringed tidal creek can be expressed as an apparent longitu-
dinal diffusion term

J long ¼ K
DC
Dx

ð4Þ

where Jlong is the downstream mixing loss of a solute with
the concentration gradient DC/Dx (Ridd et al., 1990). The
tidally-averaged apparent diffusion coefficient K, has been
calculated for Coral Creek by Ridd et al. (1990) to be
10.0 ± 1.5 m2 s�1 approximately halfway along Coral
Creek. Note that this apparent diffusion approach is valid
only for the upstream section of a creek (Ridd et al.,
1990). The uncertainty of Jlong is determined by propaga-
tion of the uncertainty in the measured concentration
gradient.

2.6.3. Diffusive flux from forest sediment during tidal

inundation

Following methods by Hancock et al. (2000), the areal
diffusive flux of 224Ra, 223Ra and 228Ra during forest
inundation is determined by modelling the distribution of
ion-exchangeable Ra in the sediment column with a one-
dimensional transport equation. Assuming steady state,
the diffusive Ra flux fd (Bq m�2 day�1) across the sedi-
ment–water interface is approximated by:

fd ¼ ðce � ccrÞ
ffiffiffiffiffiffiffiffiffiffiffiffi
kHDs

p
ð5Þ

(Hancock et al., 2000), where Ds is molecular diffusion coef-
ficient of Ra in sediment pore-water, H is a ratio that re-
flects the fraction of total ion-exchangeable Ra in the
pore water that exists in the dissolved form, ce is the equi-
librium ion-exchangeable Ra concentration per unit volume
of wet sediment produced in the sediment by the decay of
sediment-bound Th isotopes, and ccr is the creek activity.
Ds is derived from the molecular diffusion coefficient in sea-
water, which is 7.6 � 10�6 m�2 day�1 at 25 �C (Li and
Gregory, 1974) and is determined by dividing the seawater
coefficient by the square of the sediment tortuosity
(Boudreau, 1996).

In deriving fd for this study, measurements made by
Hancock et al. (2006) were used, who estimated Ra diffusive
fluxes from similar near-shore bottom sediments in nearby
regions of the Great Barrier Reef Lagoon. Measurements
of sediment porosity (0.73) and Ra and Th isotope concen-
trations (Table 1) were made on a combined surface sedi-
ment sample collected from representative locations in the
Coral Creek mangrove tidal zone and found to be similar
(within ±15%) to values measured in near-shore sediment
samples reported by Hancock et al. (2006). It is therefore
assumed that other parameters needed for the calculation
of fd (H and ce) are also similar, and diffusive fluxes are cal-
culated accordingly.

For 222Rn, fd is estimated using the same procedure as
for Ra except that H = 1 in Eq. (2); i.e. all the 222Rn re-
leased from the sediment is dissolved. A 222Rn diffusion
coefficient of 1.1 � 10�4 m�2 day�1 is used (derived from
data in Jähne et al. (1987)). The value of ce is estimated
by measurement of dissolved 222Rn purged from a slurry
of mangrove sediment previously equilibrated for 21 days
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in a sealed glass container, as described by Berelson et al.
(1987). Values of fd for Ra isotopes and 222Rn are given
in Table 4. Uncertainties associated with the estimation of
fd are determined by propagation of uncertainties associ-
ated with the measurement of sediment source terms (ce,ccr)
and that of H.

2.6.4. Source activity

Unlike the typical case of groundwater discharge to sur-
face water, where groundwater directly enters the receiving
water body, in this case the source water activity has to be
corrected for the small but non-negligible loss of activity
due to gas loss (for radon only) and decay during the period
of inundation of the forest (i.e. for the time it takes for the
burrow water to enter the creek). Thus the corrected source
activity is

Cbur ¼ Cbur=mease�ðkþkÞ � i ð6Þ

where Cbur/meas is the measured burrow activity, and i is the
time during which the forest is inundated (k = 0 for radium
isotopes). If the entire forest was inundated for the entire
time of the high tide portion of the tidal cycle, i would be
0.5 days. Here, i is set at 0.3 days to account for the average
inundation time of the forest (as determined by the integral
of a typical tidal curve).

3. RESULTS

3.1. Creek and burrow water

Radon and radium activities in the creek increased
monotonically with distance from the mouth, indicating a
supply of radon and radium from the forest being diluted
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Fig. 4. Radionuclide and salinity transects in Coral Creek. Radon (a) and
collected in 1997. Distance on the x-axis corresponds to the locations
upstream of which the isotope mass balance was constructed (correspon
as a result of mixing with low-activity ocean water
(Fig. 4). The low Rn and Ra values observed close to the
mouth of the creek were typical for coastal waters in
the GBR lagoon (Stieglitz, 2005; Hancock et al., 2006).
The salinity distribution in 2005 shows an increase inland
from the creek mouth (Fig. 4b). This behaviour is typical
of inverse estuaries, which form at the absence of freshwa-
ter input during the dry season when evapotranspiration in
mangrove forests exceeds tidal flushing (Wolanski et al.,
1980; Ridd and Stieglitz, 2002).

Radionuclide activities in animal burrows showed little
difference between burrows, but were generally greater in
deeper parts of the burrows, indicating an incomplete flush-
ing of the burrows (Table 2). Radium isotope activities of
mangrove forest drainage water collected in 1997 are within
the range of activities of burrow water samples collected in
2005 for all radium isotopes (Table 2) indicating relative
constancy of the burrow source term.

In order to calculate atmospheric loss of 222Rn (Sec-
tion 3.2.1), radon and radium isotope activities were col-
lected concurrently from the creek in 2005 (Table 2,
bottom section). 226Ra activity sampled concurrently was
on average 2.1 ± 0.2 Bq m�3 (not included in Table 2). This
value was used to correct 222Rn activity in the creek for in-
water production from 226Ra decay.

3.2. Isotope mass balances

Radon and radium mass balances are constructed for
the upstream section of the creek (dashed line in Figs. 1
and 4). This way, the mixing loss of Ra and Rn can be de-
rived from an apparent diffusion approach after Ridd et al.
(1990), which is valid for the upstream section of a creek
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Table 2
Radionuclide activities in mangrove forest drainage water collected in 1997 (HRE & CC) and burrow water (burrows 1–4) collected in 2005.
Radium burrow samples from similar depths were combined to improve counting efficiencies. Burrow depths refer to the vertical depth below
the forest floor from which the water sample was recovered. The bottom part of the table shows radionuclide activities measured during a 12 h
time series on 13 December 2005 in creek water at one location approximately midway upstream. Collection time is in indicated. This data is
used for the calculation of atmospheric loss of radon in Section 3.2.1.

Sample Depth 222Rn 223Ra 224Ra 228Ra

cm Bq m�3 ±1r Bq m�3 ±1r Bq m�3 ±1r Bq m�3 ±1r

HRE 12.8 2.8 257 6 107.1 2.6
CC 9.4 1.8 214 3 90.2 1.9
Burrow 1 30 760 90 8.7 1.1 189 8 60 2.4
Burrow 2 30 680 80 8.7 1.1 189 8 60 2.4
Burrow 3 30 1310 120 5.9 0.9 177 5 61.4 2.7
Burrow 4 25 1140 120 5.9 0.9 177 5 61.4 2.7
Burrow 1 70 1240 110 12 1.7 215 7 78.8 4.1
Burrow 2 70 1140 110 13.6 1.6 234 7 83.5 3.8
Burrow 3 65 1540 130 12 1.7 215 7 78.8 4.1
Burrow 4 70 1750 140 13.6 1.6 234 7 83.5 3.8

Creek 1 (02:00) 109.5 14.0 5.3 0.3 47.5 1.2 44.3 0.7
Creek 2 (03:50) 102.4 12.9 4.3 0.2 42.5 1.1 35.9 0.1
Creek 3 (05:30) 89.25 12.4 2.5 0.2 33.6 0.6 30.8 0.6
Creek 4 (07:00) 65.6 10.9 2.3 0.1 31.2 0.5 20.7 0.4
Creek 5 (08:30) 55.75 8.7 1.2 0.1 15.4 0.7 9.7 0.3
Creek 6 (10:00) 91.1 13.0 3.8 0.2 34.8 1.0 27.4 0.5
Creek 7 (11:30) 95.8 12.9 4.4 0.3 51.5 1.3 33.5 0.7
Creek 8 (13:30) 103.8 13.7 4.3 0.2 48.0 1.6 31.2 0.6

Table 3
Summary of radon gas loss calculations. The columns ‘burrows’ and ‘creek’ contain the mean activity ratios of the respective radionuclides (as
calculated from values in Table 1). t is the radium mean residence time, and k is the re-aeration coefficient. The bottom row includes an
alternative empirical calculation for comparison.

Method Burrows Creek t (day) k (day�1)

224Ra/228Ra 3.0 ± 0.2 1.3 ± 0.1 4.2 ± 0.2 –
222Rn/224Ra 5.3 ± 0.6 2.5 ± 0.3 4.2 ± 0.2a 0.190 ± 0.051
222Rn/228Ra 16 ± 1.8 3.3 ± 0.4 4.2 ± 0.2a 0.189 ± 0.034
Clark et al. (1995)b 0.197 ± 0.300

a The mean residence time was calculated with the isotope pair 224Ra and 228Ra and used to calculate the gas transfer parameters.
b Calculated from empirical relationship of gas transfer and wind after Clark et al. (1995), using the estimated mean wind speed of

1.5 ± 0.5 m s�1.
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only (see Section 2.6.2). The loss terms of atmospheric eva-
sion and tidal mixing and source terms of forest floor diffu-
sion and burrow water are quantified first; subsequently,
the mass balance is constructed.

3.2.1. Atmospheric loss

Using Eq. (3) and the mean activity ratios from the bur-
rows and the creek (Table 2) for A0 and A respectively, the
mean residence time in the creek was calculated to be
4.2 ± 0.2 days (Table 3). Using mean activity ratios, re-aer-
ation coefficients were determined from Eq. (2) to be 0.190
and 0.189 day�1 using 222Rn/224Ra and 222Rn/228Ra,
respectively (Table 3). By using the activity ratios of the
source (burrows) and the sink (creek), the calculated re-aer-
ation coefficient k is representative for the whole-of-system
loss and accounts for any radon gas loss that may have oc-
curred within the forest as well as within the creek. The re-
sults indicate that loss of Rn by atmospheric evasion is very
similar to the loss of 222Rn by radioactive decay, where
k = 0.181 day�1. It can be shown that this re-aeration coef-
ficient obtained with the two-tracer method is similar to
that calculated from empirical relationships based on gas
transfer velocity and wind speed, where surface turbulence
and gas transfer is forced by both wind and tidal currents.
Following Clark et al. (1995), at an estimated wind speed of
1.5 ± 0.5 m s�1 (a reasonable estimate for mean wind speed
based on field observations) k = 0.197 ± 0.300 day�1 is
calculated.

3.2.2. Tidal mixing loss

The tidal mixing loss can be calculated from the longitudi-
nal distribution of the tracers (Fig. 4). The longitudinal gra-
dient of radon activity is determined to be 40 m Bq L�1 km�1

in the upstream section (dashed line in Fig. 4a). From Eq. (4)



Table 4
Radium (1997) and radon (2005) isotope mass balance parameters for the forest–creek system. Water flux was calculated using Eq. (1).

223Ra 224Ra 228Ra 222Rn

k (day�1) 0.059 0.190 0.0003 0.181
k (day �1) 0 0 0 0.189 ± 0.034
V (m3) (1.28 ± 0.06) 106 (1.28 ± 0.06) 106 (1.28 ± 0.06) 106 (1.39 ± 0.07) 106

Ccr (Bq m�3) 4.0 ± 0.4 53.7 ± 0.8 41.9 ± 0.6 119 ± 3
Cbur/meas (Bq m�3) 11.1 ± 1.7 235.5 ± 21.5 98.7 ± 8.5 973 ± 52
Cbur (Bq m�3) 10.9 ± 1.7 222.1 ± 20.2 98.6 ± 8.5 870 ± 46
Jlong (Bq day�1) (3.97 ± 2.28) 105 (9.53 ± 0.92) 106 (4.92 ± 0.58) 106 (2.76 ± 0.27) 107

fd (Bq m�2 day�1) 0.112 ± 0.017 2.52 ± 0.38 0.390 ± 0.058 13.1 ± 2.0
Fdiff (Bq day�1) (1.01 ± 0.15) 105 (2.26 ± 0.34) 106 (3.50 ± 0.53) 105 (1.21 ± 0.18) 107

Qbur (m3 day�1) (8.43 ± 4.01) 104 (1.12 ± 0.16) 105 (8.08 ± 1.58) 104 (9.00 ± 1.17) 104

Aforest (m2) (3.00 ± 0.15) 106 (3.00 ± 0.15) 106 (3.00 ± 0.15) 106 (3.07 ± 0.15) 106

Water flux (L m�2 day�1) 28.1 ± 13.4 37.3 ± 5.7 27.0 ± 5.5 29.3 ± 4.1
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the tidal mixing loss from the upstream section of the creek is
therefore 2.76 � 107 Bq day�1, using an apparent diffusion
coefficient K = 10 m2 s�1 as derived for this creek by Ridd
et al. (1990). Similarly, values for tidal loss of radium are
determined from the 1997 transects (Fig. 4b and d; Table 4).
It is interesting to note, that the value for the apparent diffu-
sion coefficient K = 10 m2 s�1 as derived by Ridd et al. (1990)
which is used here can be verified independently by consider-
ing the salinity gradient measured in the upstream section of
Coral Creek in 2005 (Fig. 4). The creek has an inverse salinity
distribution as a result of a lack of freshwater input to the
creek during the dry season and loss of water due to evapo-
transpiration (Wolanski et al., 1980; Ridd and Stieglitz,
2002). In steady state, the loss of salt by mixing to the low-
er-salinity offshore waters must be balanced by the increase
in salt concentration due to this evapotranspiration, and an
evapotranspiration rate required to balance the loss of salt
due to mixing is calculated to be 1.6 mm day�1. This value
is consistent with previously modelled estimates for a
close-canopy mangrove forest (e.g. Ridd and Stieglitz,
2002), indicating that K = 10 m2 s�1 adequately describes
solute mixing loss.

3.2.3. Forest floor diffusive flux

The calculated values of fd for Ra isotopes and 222Rn are
presented in Table 4. The fd values for Ra isotopes are sim-
ilar to those calculated and measured in fine-grained near-
shore and estuarine sediment by Hancock et al. (2000,
2006) and in other locations (summarized by Moore
(2007)). Notably, the 222Rn/224Ra activity ratio of diffusive
fluxes calculated here (4.5) is similar to that measured in the
burrows (5.3, Table 3), indicating that the relative magni-
tude of the diffusive flux estimates for these tracers is cor-
rect. The value of fd is multiplied with the inundated
forest surface area and the inundation factor i (see Sec-
tion 2.6.4) to give the total diffusive flux of Ra and Rn ema-
nating from the forest floor, Fdiff (units Bq day�1; Table 4).

3.2.4. Source activity

In the radium mass balance calculations, water draining
from burrows in the creek wall collected during the same
campaign as surface water (1997) is used as source activity.
For the radon mass balance, the mean activities in the
upper parts of the burrows measured in 2005 is considered
an appropriate source term: the observed systematic radio-
nuclide activity gradients with depth in the burrows as evi-
dent from Table 2 indicate that the burrows are not
completely flushed. This suggests that the radon activity
in the upper burrow parts is a more representative charac-
terization of the source term, rather than the often applied
approach in mass balance calculations of indiscriminately
averaging all source activity measurements.

3.2.5. Isotope mass balance results

The results of the isotope mass balance estimates, to-
gether with the parameters used, are summarized in Table 4.
Mean measured unsupported creek water activity Cck

(weighted by creek cross section) was extracted from the re-
corded transects (Fig. 4); V was calculated from the creek
surface area and mean depth at low tide at time of sampling
(as determined from bathymetry survey), and subsequently
Qbur was calculated using Eq. (1). Finally, the area of forest
floor Aforest at high tide level was determined from the forest
topographic data (different in 1997 and 2005 due to differ-
ent tidal ranges at the time of sampling), and the average
water flux across the forest floor per unit area was obtained
by dividing the total flux Qbur by the inundated forest area
Aforest. The measured activity ratios of radon in creek and
burrow water are considered to be the greatest source of er-
ror in the mass balance calculations (Eq. (1)). Therefore,
throughout the calculation of the water flux, the uncertain-
ties in water flux are estimated by propagating these major
uncertainties of creek and source water estimates.

The resulting water flux estimates are 29.3 ± 4.1,
28.1 ± 13.4, 37.3 ± 5.7 and 27.0 ± 5.5 L m�2 day�1 for,
respectively, 222Rn (2005), 223Ra, 224Ra, and 228Ra (1997).
Overall, the results obtained during two independent field
studies in 1997 and 2005 are consistent with each other.
The mean water flux and its standard deviation of
30.4 ± 4.7 L m�2 day�1 is considered a robust estimate of
the flushing process.

It is interesting to note that the loss terms of radioactive
decay, atmospheric evasion, and tidal mixing make approx-
imately equal contributions to the overall radon loss from
the system, i.e. one-third each. Overall, diffusion constitutes
only a minor fraction of the total radionuclide flux, ranging
from 7% of the total flux for 228Ra to 15% for 223Ra and
222Rn estimates.
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4. DISCUSSION

4.1. Efficiency of burrow flushing

The best estimate of the water flux through burrows is
based on the assumption that flushing of the macro bur-
rows typical of those shown in Fig. 2 dominates the radio-
nuclide flux from forest sediment. Aller (1980) showed that
enhanced diffusion of solutes from muddy marine sediment
can also be caused by bioirrigation of micro burrows (diam-
eter �0.1 cm) potentially present within the surface 15 cm
of sediment. We have no data to quantify the extent of this
effect but we saw no visual evidence for the presence of
small burrows. High densities of these burrows would likely
be reflected by high sediment porosity but our value of 0.73
is not high for wetted fine-grained sediment. In addition,
the sediment inundation period (i) of 0.3 day would restrict
bioirrigation to just 30% of values observed in permanently
inundated coastal sediment. Finally, enhanced diffusion via
irrigation of small burrows would enhance the sediment
flux of short-lived Ra isotopes, 224Ra and 223Ra, relative
to 228Ra. Yet we find that flux enhancement from the Coral
Creek forest is greatest for 228Ra (Section 3.2.5). We there-
fore conclude that flushing of macro burrows rather than
micro burrows dominates radionuclide fluxes.

At a representative burrow volume of 70 L and a burrow
density of 1.8 burrows m�2 (Stieglitz et al., 2000b), and the
best estimates of the water flux of 30.4 ± 4.7 L m�2 day�1,
12 ± 2% of the total burrow volume is flushed each tidal cy-
cle (at 2 tidal cycles per day). This is lower than previous
estimates of 100%, <30% and 25–30% by Stieglitz et al.
(2000b), Hollins and Ridd (unpubl.) and Heron and Ridd
(2003) respectively. In these previous works, the flushing
rate of individual burrows was estimated using electrical
conductivity, oxygen, and a combination of dye tracing
and modelling. Individual burrow estimates may not be rep-
resentative for all burrows in a forest, and indeed, the results
of this study indicate that the average flushing efficiency in a
forest is lower. Burrow flushing is driven by the water level
difference across multiple openings (Ridd, 1996), and this
water level difference is not necessarily constant with dis-
tance from the creek given the topographic variations of
the forest and friction effects on the sub-aerial mangrove
roots (Mazda et al., 1997). Thus it is likely that burrows lo-
cated further away from the creek are flushed less efficiently.
The apparent discrepancies between upscaling and down-
scaling approaches could be resolved in the future by record-
ing creek-normal transects of burrow flushing rate. In
contrast to previously published single-burrow calculations,
the radiochemical methods employed herein provide a for-
est-scale estimate of the extent animal burrows can influence
the flux of solutes from intertidal sediment into seawater.
Such creek/forest-scale estimates provide a more reliable
estimate of large-scale mangrove forest solute export, where
estimates over 10’s to 100’s of km of coastline are required.

4.2. Regional impacts – the ‘mangrove pump’

The regional importance of the tidally-driven circulation
of seawater through burrows in a mangrove forest relative
to riverine freshwater fluxes along a coastline can be as-
sessed by upscaling the results of this study from a represen-
tative mangrove forest–creek system. Mangrove forests in
the Hinchinbrook Island region cover a total area of
210 km2 (www.ozcoast.org.au). This area is completely
inundated only at the highest annual tides of approximately
1.7 m AHD. The yearly average tidal height is approxi-
mately 1.1 m (cf. tide tables by Australian Hydrographic
Office), and thus the annually averaged area of inundated
mangrove forest in the Hinchinbrook region is estimated
at 136 km2. At a daily flux of 30.4 ± 4.7 L m�2 of forest
floor, a total water volume of 1.5 ± 0.2 km3 year�1 is ex-
changed between burrows and creeks, and subsequently ex-
ported into the coastal zone (with a typical residence time
of 4 days in the creek, as calculated from radium isotope ra-
tios). In comparison, the major river in the Hinchinbrook
region, the Herbert River (Fig. 1), is the second largest river
in the central Great Barrier Reef catchment, with an annual
average freshwater river discharge of 4.0 km3 year�1 (Fur-
nas and Mitchell, 2000). Thus, the volume of seawater cir-
culation through mangrove forest sediments in the
Hinchinbrook region is equivalent to between 31% and
43% of the annual average river flow of one of the largest
rivers in the region.

Dittmar and Lara (2001) showed that the nutrient ex-
port from mangroves in the Brazilian Caete estuary ex-
ceeded that of the hinterland, despite mangroves only
occupying 6% of the catchment (1–3% of the Amazon riv-
er’s discharge). In addition, previous detailed evaluation
of the carbon flux into the Hinchinbrook Channel showed
that mangrove forests contributed nearly twice the flux as
the river (Alongi et al., 1998). In analogy to the vertically
operating ‘biological pump’ of carbon in the ocean (e.g.
De La Rocha, 2007), the results of the study presented here
illustrate well the hydrological mechanism of the tidal
‘mangrove pump’, pumping water through animal burrows,
which is suggested here to play a key role in this carbon re-
lease. Aside from the significant comparative magnitude of
this water flux, its biogeochemical implications must be
considered significant also from a temporal aspect: the tid-
ally-driven seawater recirculation occurs all-year round,
whereas river discharge is highly seasonal.

Finally, it is instructive to upscale further to the man-
grove forests of the entire Wet Tropics region, which covers
the central Great Barrier Reef between 15.5�S and 18.8�S
and is the region of the continent with the highest rainfall
(and thus greatest river discharge). Whilst there are
differences in factors such as forest structure, sediment
characteristics or burrow density, it is likely that the
flushing of the forest floor via burrows remains the
dominant sediment–water interaction in the mangrove
forests throughout the region. Assuming the daily water
flux value of 30.4 ± 4.7 L m�2 is representative for the
mangrove forests of the Australian Wet Tropics (central
Great Barrier Reef) region, with a total forest area of
390 km2 and an inundation-effective area of 252 km2,
the total annual water exchange through animal
burrows in mangroves is estimated to be between 2.3 and
3.3 km3 year�1 (2.8 ± 0.5 km3 year�1). Compared with an
annual average freshwater influx from the region’s rivers

http://www.ozcoast.org.au
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of 14.5 km3 year�1 (Furnas and Mitchell, 2000), the man-
grove pump thus may constitute between 16% and 22% of
the river discharge on a coastal scale of many hundreds
of kilometres. In summary, the mangrove pump should
be considered a significant hydrological process supporting
water fluxes – and associated solute fluxes – across the en-
tire Wet Tropics coastline, especially when the enhanced
solute (e.g. carbon) concentration of burrow water is con-
sidered. Finally, in other regions along the tropical coast-
line of Australia (e.g. the Gulf of Carpentaria) or
elsewhere, where annual average river flows are significantly
smaller than in the Wet Tropics, and mangrove forests sig-
nificantly larger, this study indicates that the annual water
circulation through mangrove forest floors could exceed an-
nual river flows.

5. CONCLUSIONS

Significant export of radionuclides from the forest to
Coral Creek demonstrates tidally-driven water circulation
through burrows. The flushing of animal burrows by this ti-
dal ‘mangrove pump’ is an important and efficient hydro-
logical pathway for the export of solutes from the
productive subsurface on mangrove forest floors to the
creek, and subsequently to the near-shore ocean. A resi-
dence time of 4.2 ± 0.2 days for water in Coral Creek indi-
cates efficient tidal flushing of creek water to the coastal
ocean. In conclusion, it is suggested that seawater recircula-
tion through mangrove burrows is an important route for
land–ocean solute exchange in the tropics, with tidal flush-
ing of burrows being the ‘motor’ of water and solute ex-
change in and from mangrove forests, supporting
continuous exports of soluble organic and inorganic matter
from mangrove forests to the coastal ocean. Importantly,
on regional scale of the central Great Barrier Reef, the an-
nual water flux circulated by this tidally-driven ‘mangrove
pump’ through animal burrows is on the order of 20% of
total annual river discharge in the region.

ACKNOWLEDGMENTS

Peter V. Ridd (James Cook University) advised on mixing
loss calculations. Peter G. Cook (CSIRO Land and Water Ade-
laide) provided liquid scintillation measurements of radon bur-
row samples, and Gregg Brunskill and John Pfitzner
(Australian Institute of Marine Science) helped with the collec-
tion of radium data in 1997. Clwedd Burns and Peter Arthofer
(JCU) provided field support, and Clive Grant, Jeff Cavanagh
and Paul Givney (JCU) provided logistical and technical sup-
port. Eric Wolanski (Australian Institute of Marine Science) is
thanked for making original Coral Creek forest topography
data available, which Sarah Searson (JCU) converted to digital
format. We thank Sebastien Hervé for artwork support. The
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