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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 m3 in burrows and creek respectively). From isotope mass balances, a daily
water circulation ﬂux through burrows of 30.4 ± 4.7 L m2 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.
Ó 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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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 terrestrially-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 subsurface (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 subsurface, complex microbial communities rapidly cycle nutrients, 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 ﬁnegrained sediments in mangrove forests makes typical forest
ﬂoors highly impermeable, with bulk diﬀusion coeﬃcients
on the order of 105 m2 day1 (Hollins et al., 2000). Thus,
removal of solutes from the subsurface must be a comparatively 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 biogeochemistry 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 subsurface – where much of the cycling occurs – to tidal surface
waters across the forest-ﬂoor must also be an important driver 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 multiple openings created by macro-fauna in mangrove forests
occurs as part of this exchange process. The extent of burrow recirculation has previously been estimated on the scale
of individual burrows, by monitoring the ﬁlling and draining 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 sediments. 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 (Stieglitz et al., 2000a).
The actual volume of seawater entering the burrows per
unit area of forest depends on a number of factors, including 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 exchange process remains poorly understood on forest scale.
In order to understand the contributions of this burrowscale 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’,
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ultimately contributing signiﬁcantly to the delivery of ecosystem services of mangroves.
The purpose of this study is not to revisit the biogeochemical 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 radium are ideal tracers of groundwater–surface water exchange 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 mangrove 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 solutes. The implications of this recirculation process on burrow and forest scale are discussed.
2. METHODS
2.1. Study site
Coral Creek (18.244°S and 146.228°E; Fig. 1) on Hinchinbrook 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 experiences 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 mangrove 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 particles. 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 season 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

14

T.C. Stieglitz et al. / Geochimica et Cosmochimica Acta 102 (2013) 12–22

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.

distribution in the adjacent Herbert River estuary and Hinchinbrook 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. Tidal range during the 1997 and 2005 study was 2.2 and 3.0 m
respectively.

windows. The spatial distribution of 222Rn in the creek
was recorded by continuously sampling whilst slowly traversing 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 measurement along the vessel track after Stieglitz et al. (2010). Sampling 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 recorded 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 concurrently 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 represent 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

2.2. Surface water sampling
222

Rn 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 continuously pumped seawater. The monitors count a-decays of
222
Rn daughters, and 222Rn activity is determined by discriminating the 222Rn-daughter decays in energy-speciﬁc

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-piezometers (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 scintillant 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 concurrently 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 samples 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 radium (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 within 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 daughters, 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
228
Th and 227Ac, was obtained by re-measuring the ﬁbre
samples three weeks after sample collection. These supported concentration were found to be insigniﬁcant, being
<1% of the total 224Ra and 223Ra water concentrations.
After measurement of short-lives isotopes was completed, 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 determined 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 vesselmounted 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
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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
Rn, 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 sediment–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 surface sediment layers of the forest ﬂoor into overlying surface 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 contains low activities of thorium isotopes (the parents of the
studied radionuclides) with activities of 4–6 Bq kg1 being
measured in similar near-shore sediment collected in the region (Hancock et al., 2006). This is approximately one order 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 assumed to be negligible. Therefore, in calculating the diﬀusive ﬂux from sediment only the forest ﬂoor sediments is
considered.
Ra and Rn are lost from the system by radioactive decay, atmospheric evasion (222Rn only), and tidal mixing
with downstream water masses. Thus the mass balance
for the creek system is
222

Qbur ðC bur  C cr Þ þ F diff ¼ C cr V ðk þ kÞ þ J long

ð1Þ

where Qbur (m3 day1) is the water ﬂux across the forest
ﬂoor, Fdiﬀ (Bq day1) is the total ﬂux of diﬀusion ﬂux of
each radionuclide (Ra and Rn) as a result of diﬀusion from
the forest ﬂoor, Cbur (Bq m3) 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 atmosphere, 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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CcrVk (evasion)

Ocean

Jlong

Tides
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Fdiff

Forest sediment
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Fig. 3. Conceptual box model illustrating the ﬂuxes considered in
the mass balance calculations.

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 calculated from activity ratios of concurrently collected samples of radon and radium:
ARn A0Rn
¼
expððkRa  kRn  kÞtÞ
ARa A0Ra

ð2Þ

where A and A0 is the creek and burrow activities respectively for radon and radium, k is the respective decay constant, 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 relative 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
228
Ra pair
A224 A0224
¼
expððk228  k224 ÞtÞ
A228 A0228

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 residence time t can be calculated directly. The uncertainty
associated with the estimation of k is determined by propagation 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 mangrovefringed tidal creek can be expressed as an apparent longitudinal diﬀusion term
J long

DC
¼K
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 s1 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 propagation 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 onedimensional transport equation. Assuming steady state,
the diﬀusive Ra ﬂux fd (Bq m2 day1) across the sediment–water interface is approximated by:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
fd ¼ ðce  ccr Þ kHDs
ð5Þ
(Hancock et al., 2000), where Ds is molecular diﬀusion coefﬁcient of Ra in sediment pore-water, H is a ratio that reﬂects the fraction of total ion-exchangeable Ra in the
pore water that exists in the dissolved form, ce is the equilibrium 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 seawater, which is 7.6  106 m2 day1 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 concentrations (Table 1) were made on a combined surface sediment 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 calculated 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 released from the sediment is dissolved. A 222Rn diﬀusion
coeﬃcient of 1.1  104 m2 day1 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

Table 1
Radionuclide activities in Coral Creek sediments.
226

Ra
Bq kg1

228

Ra
Bq kg1

228

Th
Bq kg1

230

Th
Bq kg1

232

21.2 ± 0.3

34.8 ± 0.26

35.8 ± 0.6

29.9 ± 0.4

51.8 ± 0.9

Th
Bq kg1
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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 associated 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 surface 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
C bur ¼ C bur=meas eðkþkÞ  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).

3.1. 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

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 derived from an apparent diﬀusion approach after Ridd et al.
(1990), which is valid for the upstream section of a creek

(a)

6

Ra (Bq m-3)

150

100

223

Rn (Bq m-3)
222

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 freshwater 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 ﬂushing 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 (Section 3.2.1), radon and radium isotope activities were collected concurrently from the creek in 2005 (Table 2,
bottom section). 226Ra activity sampled concurrently was
on average 2.1 ± 0.2 Bq m3 (not included in Table 2). This
value was used to correct 222Rn activity in the creek for inwater production from 226Ra decay.
3.2. Isotope mass balances
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Fig. 4. Radionuclide and salinity transects in Coral Creek. Radon (a) and salinity (c) data was collected in 2005 and radium data (b + d) was
collected in 1997. Distance on the x-axis corresponds to the locations marked in Fig. 1. The dashed vertical line indicates the location
upstream of which the isotope mass balance was constructed (corresponding to the grey area in Fig. 1).
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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
cm

HRE
CC
Burrow
Burrow
Burrow
Burrow
Burrow
Burrow
Burrow
Burrow

1
2
3
4
1
2
3
4

Creek
Creek
Creek
Creek
Creek
Creek
Creek
Creek

(02:00)
(03:50)
(05:30)
(07:00)
(08:30)
(10:00)
(11:30)
(13:30)

1
2
3
4
5
6
7
8

30
30
30
25
70
70
65
70

222

223

Rn
3

Bq m

224

Ra

228

Ra

Bq m

±1r

Bq m3

±1r

90
80
120
120
110
110
130
140

12.8
9.4
8.7
8.7
5.9
5.9
12
13.6
12
13.6

2.8
1.8
1.1
1.1
0.9
0.9
1.7
1.6
1.7
1.6

257
214
189
189
177
177
215
234
215
234

6
3
8
8
5
5
7
7
7
7

107.1
90.2
60
60
61.4
61.4
78.8
83.5
78.8
83.5

2.6
1.9
2.4
2.4
2.7
2.7
4.1
3.8
4.1
3.8

14.0
12.9
12.4
10.9
8.7
13.0
12.9
13.7

5.3
4.3
2.5
2.3
1.2
3.8
4.4
4.3

0.3
0.2
0.2
0.1
0.1
0.2
0.3
0.2

47.5
42.5
33.6
31.2
15.4
34.8
51.5
48.0

1.2
1.1
0.6
0.5
0.7
1.0
1.3
1.6

44.3
35.9
30.8
20.7
9.7
27.4
33.5
31.2

0.7
0.1
0.6
0.4
0.3
0.5
0.7
0.6

Bq m

760
680
1310
1140
1240
1140
1540
1750
109.5
102.4
89.25
65.6
55.75
91.1
95.8
103.8

3

Ra

±1r

±1r

3

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 (day1)

224

3.0 ± 0.2
5.3 ± 0.6
16 ± 1.8

1.3 ± 0.1
2.5 ± 0.3
3.3 ± 0.4

4.2 ± 0.2
4.2 ± 0.2a
4.2 ± 0.2a

–
0.190 ± 0.051
0.189 ± 0.034
0.197 ± 0.300

228

Ra/ Ra
Rn/224Ra
222
Rn/228Ra
Clark et al. (1995)b
222

a

The mean residence time was calculated with the isotope pair 224Ra and 228Ra and used to calculate the gas transfer parameters.
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 s1.
b

only (see Section 2.6.2). The loss terms of atmospheric evasion and tidal mixing and source terms of forest ﬂoor diﬀusion 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 burrows 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-aeration coeﬃcients were determined from Eq. (2) to be 0.190
and 0.189 day1 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-aeration coeﬃcient k is representative for the whole-of-system
loss and accounts for any radon gas loss that may have occurred 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 day1. It can be shown that this re-aeration coefﬁcient 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 s1 (a reasonable estimate for mean wind speed
based on ﬁeld observations) k = 0.197 ± 0.300 day1 is
calculated.
3.2.2. Tidal mixing loss
The tidal mixing loss can be calculated from the longitudinal distribution of the tracers (Fig. 4). The longitudinal gradient of radon activity is determined to be 40 m Bq L1 km1
in the upstream section (dashed line in Fig. 4a). From Eq. (4)
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Table 4
Radium (1997) and radon (2005) isotope mass balance parameters for the forest–creek system. Water ﬂux was calculated using Eq. (1).
223

224

228

222

0.059
0
(1.28 ± 0.06) 106
4.0 ± 0.4
11.1 ± 1.7
10.9 ± 1.7
(3.97 ± 2.28) 105
0.112 ± 0.017
(1.01 ± 0.15) 105
(8.43 ± 4.01) 104
(3.00 ± 0.15) 106
28.1 ± 13.4

0.190
0
(1.28 ± 0.06)
53.7 ± 0.8
235.5 ± 21.5
222.1 ± 20.2
(9.53 ± 0.92)
2.52 ± 0.38
(2.26 ± 0.34)
(1.12 ± 0.16)
(3.00 ± 0.15)
37.3 ± 5.7

0.0003
0
(1.28 ± 0.06) 106
41.9 ± 0.6
98.7 ± 8.5
98.6 ± 8.5
(4.92 ± 0.58) 106
0.390 ± 0.058
(3.50 ± 0.53) 105
(8.08 ± 1.58) 104
(3.00 ± 0.15) 106
27.0 ± 5.5

0.181
0.189 ± 0.034
(1.39 ± 0.07) 106
119 ± 3
973 ± 52
870 ± 46
(2.76 ± 0.27) 107
13.1 ± 2.0
(1.21 ± 0.18) 107
(9.00 ± 1.17) 104
(3.07 ± 0.15) 106
29.3 ± 4.1

Ra

1

k (day )
k (day 1)
V (m3)
Ccr (Bq m3)
Cbur/meas (Bq m3)
Cbur (Bq m3)
Jlong (Bq day1)
fd (Bq m2 day1)
Fdiﬀ (Bq day1)
Qbur (m3 day1)
Aforest (m2)
Water ﬂux (L m2 day1)

Ra

the tidal mixing loss from the upstream section of the creek is
therefore 2.76  107 Bq day1, using an apparent diﬀusion
coeﬃcient K = 10 m2 s1 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 diﬀusion coeﬃcient K = 10 m2 s1 as derived by Ridd et al. (1990)
which is used here can be veriﬁed independently by considering 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 evapotranspiration (Wolanski et al., 1980; Ridd and Stieglitz,
2002). In steady state, the loss of salt by mixing to the lower-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 day1. 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 s1 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 similar to those calculated and measured in ﬁne-grained nearshore 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 magnitude of the diﬀusive ﬂux estimates for these tracers is correct. The value of fd is multiplied with the inundated
forest surface area and the inundation factor i (see Section 2.6.4) to give the total diﬀusive ﬂux of Ra and Rn emanating from the forest ﬂoor, Fdiﬀ (units Bq day1; 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

Ra

106

106
106
105
106

Rn

an appropriate source term: the observed systematic radionuclide activity gradients with depth in the burrows as evident 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 characterization 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, together 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 recorded 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 diﬀerent 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 error in the mass balance calculations (Eq. (1)). Therefore,
throughout the calculation of the water ﬂux, the uncertainties 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 m2 day1 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 m2 day1 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 approximately 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
222
Rn 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 burrows typical of those shown in Fig. 2 dominates the radionuclide 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 (diameter 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 therefore 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 m2 (Stieglitz et al., 2000b), and the
best estimates of the water ﬂux of 30.4 ± 4.7 L m2 day1,
12 ± 2% of the total burrow volume is ﬂushed each tidal cycle (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 representative 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 distance 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 located further away from the creek are ﬂushed less eﬃciently.
The apparent discrepancies between upscaling and downscaling approaches could be resolved in the future by recording creek-normal transects of burrow ﬂushing rate. In
contrast to previously published single-burrow calculations,
the radiochemical methods employed herein provide a forest-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 assessed by upscaling the results of this study from a representative 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 approximately 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 m2 of forest
ﬂoor, a total water volume of 1.5 ± 0.2 km3 year1 is exchanged between burrows and creeks, and subsequently exported into the coastal zone (with a typical residence time
of 4 days in the creek, as calculated from radium isotope ratios). 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 year1 (Furnas and Mitchell, 2000). Thus, the volume of seawater circulation 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 export from mangroves in the Brazilian Caete estuary exceeded that of the hinterland, despite mangroves only
occupying 6% of the catchment (1–3% of the Amazon river’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 release. Aside from the signiﬁcant comparative magnitude of
this water ﬂux, its biogeochemical implications must be
considered signiﬁcant also from a temporal aspect: the tidally-driven seawater recirculation occurs all-year round,
whereas river discharge is highly seasonal.
Finally, it is instructive to upscale further to the mangrove 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 m2 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 year1 (2.8 ± 0.5 km3 year1). Compared with an
annual average freshwater inﬂux from the region’s rivers
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of 14.5 km3 year1 (Furnas and Mitchell, 2000), the mangrove 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 entire Wet Tropics coastline, especially when the enhanced
solute (e.g. carbon) concentration of burrow water is considered. Finally, in other regions along the tropical coastline 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 signiﬁcantly larger, this study indicates that the annual water
circulation through mangrove forest ﬂoors could exceed annual 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 tidal ‘mangrove pump’ is an important and eﬃcient hydrological 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 residence time of 4.2 ± 0.2 days for water in Coral Creek indicates eﬃcient tidal ﬂushing of creek water to the coastal
ocean. In conclusion, it is suggested that seawater recirculation through mangrove burrows is an important route for
land–ocean solute exchange in the tropics, with tidal ﬂushing of burrows being the ‘motor’ of water and solute exchange 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 annual 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.
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