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Abstract
The

flow~

of gloundwater in n1angrove forests is very irllportaIlt to tIle 111allgrovr e trees

and organisms that live within the soil. Groundwater flow is responsible for
preventing salinity of the water around the mangrove roots from reaching lethal levels.

Further the flow of nutrients between the swamp and creeks is important to the
nutrient budget of the swamps.

Groundwater flow in mangrove swamps is complicated by the presence of abundant
animal burrows. These have the effect of greatly increasing the hydraulic conductivity
of the soiL However, using conventional methods, it is difficult to determine the bulk
hydraulic conductivity of the soil when the effect of the burrows is taken into account.
In this work, a simple method is described for determining the hydraulic conductivity
of mangrove sediment, including the effect of macropores such as crab burrows. The
method uses the existing animal burrows as piezometers. Experiments to measure the
hydraulic conductivity of the sediment were carried out in a variety of mangrove
forests. It was found that hydraulic conductivity varied from around 1 mlday to 10
mlday, which is at least 10 times greater than would be expected if there were no
burrows.

In order to check the validity of the method, conventional piezometers were used to
detennine the free water table level in an area of mangroves fringing a creek. From
these measurements, hydraulic conductivity was determined independently and found.
to be consistent with the new methodology.

Tidal groundwater in a mangrove swamp can return to the mangrove creek by one of
two mechanisms: (a) it can either flow through the swamp soil due to the water table
difference between the creek and the groundwater in the swamp; or (b) it can flow via
tidal flushing of animal burrows. The second section of this thesis compares the
magnitude of these two mechanisms for different regions of a mangrove swamp.
Direct groundwater flow rates resulting from water stored in the sediment as a
consequence of infiltration, especially during and after tidal inundation, were
calculated for every square meter in the surface of a mangrove forest from piezometer

iv

data. Flow rates of water due to burrow flushing were detennined based on published
surveys, by estimating the burrow volume and the percentage of the burrow water that
is flushed at each tidal inundation. Although direct groundwater flux was found to
decrease further away from the creek compared to close to the creek, it was also found
to have a similar range as burrow flushing flow. Specifically, direct groundwater flow
ranged from 0.004 to 0.04 m 3/(m2 day), whilst burrow flushing flux ranged from 0.01
to 0.04 m 3/(m2 day). Considering the errors involved in the experiments and
calculations, these ranges can be considered as being the same and none of the two
processes can be considered as negligible compared to the other.

The final section of the thesis is the development of a simple analytical model that
was used to calculate the groundwater flow to the creek. Data from piezometers were
used in the model calculation. It was found that the model results agreed well with,
experimentally detennined calculations of groundwater fluxes. Fluxes ranged from
3

0.007 to 0.026

':
with the lowest fluxes being recorded at the end of the neap
m day

tide period. This model is easily adaptable to most mangrove geometries.
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Chapter 1. Introduction
1. 1. Definitions of wetlands, mangroves and salt-flats
1.1 .1. Wetlands

A wetland is an area that has transitional communities between land and water, and
can be seasonally or continually covered by water.. One definition of wetlands is given
as "areas of marsh, fen, peatland or water, whether natural or artificial, permanent

or temporary, with water that is static or flowing, fresh, bracldsh or salty, including
areas of marine waters, the depth of which at low tide does not exceed six meters
(and) riparian and coastal zones adjacent to the wetlands or islands or bodies of
marine water deeper than six meters at low tide lying within" (Matthews, 1993;
Falconer and Goodwin, 1994). Another definition of wetlands is given by the Fish and
Wildlife Service (United States) as: "lands transitional between terrestrial and

aquatic systems where the water table at or close to the land surface or the land is
covered totally by water" (Roggeri, 1995)..

Saline wetlands are the wetlands that are filled with saline water. The volumes of
saline wetlands and fresh water wetlands in the world are similar, with 124 103 Ian3
and 126 103 Ian3, respectively. These volumes represent 0.008% of all water volume

on earth for saline wetland and 0.009 % for fresh water wetlands, with the largest
volume found in the oceans with 97.61 % of all global water volume (Williams &
Kokkinn, 1988). Economically, saline wetlands are important, as they can become a
source of mineral and organic products, water, energy, etc. Marine wetlands are one
fonn of saline wetlands, and include mangrove swamps and salt flats.

1

1.1.2. Mangroves
lvfangloves are trees and SllI"ubs tliat live

ill

many tropical and some subtropical

wetlands and typically fonn a tidal forest (Taal, 1994). Mangroves exist in relatively
high salinity conditions, but these trees can rapidly die if the environment changes.
These forests can be found along the length of an estUary, in lagoons that have
entrance channels to the sea, between estuaries, creeks and salt flats etc, depending on
the type of mangroves. Mangrove forests are believed to be effective in conserving
nutrients for animal communities around this ecosystem (Taal, 1994).

Mangroves can live in tropical and sub-tropical regions. Their southernmost margin is
at 37°S in Auckland Harbour, New Zealand, and their northermnost margin is in
Bermuda and the Kyushu Island of Japan, approximately 33° N (Taal, 1994). The
optimum geographical area for mangroves to grow appears to be on tropical
shorelines characterized by a large intertidal field with muddy areas produced by
overbank deposition, with a plentiful supply of fine-grained sediment and of
freshwater. However, these trees can also live on sand, volcanic lava and carbonate
sediments and be deprived of freshwater supply for months.

1.1 .3. Salt flats
Tropical tidal salt flats are a type of arid tidal wetlands, which are located in the
highest intertidal zone, have a high evaporation rate and occur in dry areas (Ridd et

al., 1997). These areas rarely experience tidal inundation and receive low rainfall.
Because of these conditions, the groundwater in the salt flats contains a high salt
concentration. A possible hydrological system of a salt flat and mangrove swamp is
shown in Figure 1.1 and a photo of a salt flat and mangrove forest is shown in Figure
1.2.
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Figure 1.2: View of a salt flat and mangrove forest in the upper reaches of Cocoa Creek,
Townsville, North Queensland, Australia at flooding tide. The brown land is salt flat sediment,

which is higher than the mangrove sediment. When the tide rises higher than shown on this
photo, the salt flat sediment may be totally covered by tidal waters.

1.2. Underground processes in wetlands

1.2.1. Evapotranspiration and build up of salt at mangroves roots
Salt concentration in salt flat and mangrove environments changes with time due to
evaporation from the surface and evapotranspiration from mangrove trees.
Evaporation is a process where a liquid (in this case water) is transfonned entirely
into a gas. Transpiration is the same transfonnation process of the water into vapor
(gas) within a plant (Bunnan and Pochop, 1994). The combination of both processes,
evaporation from the surrounding soil and transpiration from the leaves is called
evapotranspiration. Hollins & Ridd (1997) and Wolanski & Ridd (1986) found that
evaporation and evapotranspiration at salt flat and mangrove environment ranged
from 1 to 5 rnm/day and 2 mm/day respectively. When evaporation and
evapotranspiration occur at the sediment level, salt is left at the surface. By inundation
by tidal water, some salt may be entrained by the water that infiltrates into the
sediment and some may flow back to the creek via surface runoff.

Mangroves tend to salinize the soil around their roots by excluding salt from the
seawater that they absorb (Passioura et al., 1992). Typically, roots exclude 90% or
more of the salt present in the absorbed seawater, so that with time, there is the
potential for significant buildup of salt around roots. The removal of the accumulated.
salt is a vital mechanism to the mangrove tree if the groundwater salinity is to remain
below lethal levels. If groundwater salinity is greater than 90, conditions typically
become fatal to mangrove trees (Semeniuk, 1983).

4

1.2.2. Animal burrows, salt diffusion and flushing
Ivlangrove rorest sediments are characterised by the presence of many macropores,
more specifically animal burrows. Stieglitz et al. (2000a) found that the volume of a
crab burrow of Sesarma messa alpheus cf macklay at Gordon Creek is in the order of
0.07 m 3 or about 10 % of the total volume of the surrounding sediment, its depth is ca.
1.2

ill,

and one burrow system may have up to 9 openings. They also found that

burrows are discrete systems (Figure 1.3) that are partly intenningled with each other,
but not interconnected. This is likely to increase the fraction of soil occupied by
burrow galleries.

Burrows that are produced by crabs or other organisms, and by dead roots from
mangrove trees, can modify physical characteristics of the sediment (Ridd, 1996a),
such as its hydraulic conductivity. Sediment hydraulic conductivity is usually
detennined by the sediment particle size distribution (Wilson, 1994), and mangrove
sediment, which has a high clay content, is thus potentially highly impermeable with a
very low hydraulic conductivity (Stieglitz et al., 2000a; Heron, 2001a). Hughes et al.
(1998a) estimated that the surface hydraulic conductivity of intertidal zone sediment
in estuarine wetlands of the Hunter Valley, Australia, based on laboratory
measurements (slug test, Guelph penneameter and falling head penneameter) was
approximately 0.01 mJday. However, in the presence of numerous burrow systems
and smaller macropores in mangrove sediment, which are believed to intenningle
with one another, the soil hydraulic conductivity was estimated to increase by one to
two orders of magnitude (0.1 to 1 mJday) (Hughes et aI., 1998a).

5

Figure 1.3: Resin cast of a Sesarfna fnessa. alpheus cf. ntacklay burrow excavated from Rhizopora
stylosa forest at Gordon Creek mangrove forest area (photo courtesy of T. Stieglitz, 2000).

6

Flushing of burrow water occurs especially during tidal inundation and is caused by a
pressure difference across the numerous openings of the burrow due to the surface
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flushed per tide during that process (Hollins and Ridd, accepted), entraining salt and
other material out of the burrow and into the creek. This proportion depends only on
the area inundated by the tide and on the burrow volume.

This flushing mechanism is particularly important when considering the diffusion
process of salt that occurs in mangrove sediment, i.e. the diffusion of salt from
mangrove root areas (due to evapotranspiration) towards surrounding burrows over
short distances, which is between 0.1 and 0.15

ill

(Heron, 200Ia). If the salt

accumulated around mangrove roots is not removed fann the root zone,
concentrations can limit growth of mangrove trees and lead to fatal hypersaline
conditions (Passioura et al., 1992; Tomlinson, 1986). With diffusion of salt occurring
from mangrove root areas to burrows, the salinity, conductivity and density of the
burrow water increases significantly, before flushing occurs during successive tidal
inundations (Stieglitz et al., 2000b; Hollins et a/., 2000; Heron and Ridd, 2001b).

1.2.3. Infiltration processes
Infiltration in the wetland environment (mangrove and salt flat) depends on the
vegetation cover of the area, the duration of rainfall or inundation of the tide, the
slope of the land surface, the type of soil and especially the soil surface porosity, and
the depth of the zone of saturation and water table (phreatic surface). Vegetation
covering the wetlands or salt flat is very important as it shelters the soiL Initial rainfall
will merely wet the vegetation. If the duration of the rainfall is longer than the time
needed to wet the vegetation or anything covering the wetlands/salt flat, the rainfall
will penetrate the soil if the soil surface is penneable. Once the water can pass the
surface soil, it percolates downwards until it reaches the saturation zone at the
phreatic surface (Wilson, 1994).
7

The infiltration process from inundation and rainfall through the sediment surface,
and especially tbIOllgh mangrove and salt flat sediment slrrfaces, depends on soil
properties and conditions (Ward & Elliot, 1995). Soil properties include soil water
content, texture, density, organic matter content, hydraulic conductivity and porosity,
and in mangrove areas they also include the presence of crab burrows and other
smaller macropores. Conditions of soil surface include compaction, topography, slope
and roughness. As an example of the influence of some soil properties, in this case the
presence of burrows, Hughes et at. (1998a) and Hughes (1998b) measured the
infiltration in an estuarine wetland at Hunter River, Australia, where crab burrows
were present. They found that, because of crab holes and other smaller macropores,
the overall surface infiltration increased 1 to 2 order of magnitude compared to a
situation where there was no hole.

1.3. Significance of hydrology in wetlands
1.3.1. Contribution to nutrient and salt cycling
Groundwater flow in mangrove creeks has attracted a large amount of scientific
research in recent years (Lara and Dittmar, 1999; Cohen et at., 1999; Kitheka et ai.,
1999; Stieglitz et al., 2000a; Heron, 2001a; and Hollins et ai., 2000). Groundwater
flow is a main pathway for nutrient transport from the land or swamp area to the
creek, along with surface flow due to rain runoff or due to tidal inundation (Lara and
Dittmar, 1999). Mazda et al. (1990) and Wolanski (1992) predicted that groundwater
flow through mangrove swamps is an important factor in detennining the nutrient
budget and water properties of the receiving mangrove creek. Kitheka et al. (1999)
found that the contribution of groundwater seepage, including nitrite and nitrate
components, was highest during the dry season in Mida Creek, Kenya. Nevertheless)
groundwater flow typically decreases in absolute volume over the dry season. Lara
and Dittmar (1999) and Cohen et al. (1999) reported that nutrient concentrations in a
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mangrove creek in Brazil had a tendency to decrease towards the end of the dry
season, which may be linked to a reduced groundwater flow dynamics.

This illustrates the fact that groundwater flow in mangrove swamps may be
particularly important in areas where rainfall is limited or highly seasonal and where
surface flow is therefore reduced or non-existent for most of the year. For instance,
groundwater seepage due to the tide passing through mangrove swamps has been
found to maintain mangrove trees during the dry season, although nutrient shortage
and high salinity were occurring in the mangrove forest (Kitheka et al., 1999). Hughes

et al. (1998a) also found that groundwater flow in the Hunter River estuary, Australia,
resulting from tidal forcing was a preferred pathway for the tidal water to return to the
creek during dry periods. By such mechanisms, groundwater flow can potentially
contribute to the nutrient cycle of a mangrove swamp, which is thought to be
important for the ecology of mangrove ecosystems (Wolanski, 1992).

Hence, the hydrology of a wetland is arguably the most important factor in
maintaining the wetland environment. The tidal average hydrological processes,
including

precipitation,

evapotranspiration,

evaporation,

groundwater

flow,

inundation during a high tide, surface runoff, etc, (as shown in Figure 1.4), will
determine the transport of energy and nutrients from and to the wetland, and a change
in the hydrological cycle can change the physical and chemical properties of nutrients
in the wetland (Mitsch and Gosselink, 1993).

9
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Figure 1.4: Hydrological processes in a tidal wetland (after Mitsch and Gosselink, 1993).

1.3.2. Influence of groundwater in mangrove swamps
As mentioned previously, groundwater salinity has a significant influence on the
growth of mangrove trees. Mangroves growing in areas that are frequently inundated
by tide, or in freshwater regions of the estuary, are likely to grow more rapidly than
those living in regions where the swamp is rarely flushed, and where groundwater
salinity is very high (Tomlinson, 1986). In the tropics where rainfall is often highly
seasonal, river flow in the wet season contributes significant quantities of organic
matter, nutrients and sediment particles to the estuaries (Mitchell and Furnas, 1996).
However during the dry season, when there is often little river flow, groundwater is
likely to become the main factor for nutrients cycling between creek and swamp.
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Besides affecting the nutrient cycling and water properties in the mangrove swamp,
groundwater flow swamps also influences the porewater salinity of the soil in these
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root zone. Firstly, it may be dissolved and carried to the mangrove creek by direct
groundwater flow through the sediment. Secondly, it can diffuse through the soil to
nearby crab burrows (Stieglitz et al., 2000a; Hollins et al., 2000), from where it may
be flushed during tidal inundation by the burrow flushing mechanism mentioned
earlier (Ridd, 1996a; Stieglitz et al., 2000a; Heron, 200Ia). These mechanisms are
vital for mangrove trees if salt concentrations are to remain below fatal levels.

1 .3.3.

Factors

influencing

groundwater flow

and

hydraulic

conductivity
The movement of groundwater from a wetland to a place lower than the wetland, e.g.
a creek, depends on soil characteristics (hydraulic conductivity) and water level
between the wetland and the creek. If the hydraulic conductivity is homogeneous and
isotropic, the water table depends on the water level of the creek. The smaller the
hydraulic gradient of the water table, the smaller the seepage velocity of the
groundwater (Raghunath, 1987). Hydraulic conductivity of a soil/layer in a wetland is
influenced by temperature and ionic composition of water. Temperature affects the
viscosity of the water. The higher the temperature the smaller the viscosity, and thus
the easier it is for the water to pass through the soil. As a consequence, increased
temperature will increase the soil hydraulic conductivity. The ionic composition of
water is related to the equilibrium of cations of water, especially if the soil is clay. A
change in ion concentrations may change the condition of the clay particles from a
flocculated to a dispersed condition. This, in tum, can cause a decrease or increase of
the hydraulic conductivity (K). The value of K depends also on the salinity of the
water flowing to the soil. If the salinity of the water increases, the K value of the soil
will decrease. Changes in salt concentration of groundwater can occur when this
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water flows through dense clay. The pores of these clays can be smaller than the ions
in the water and these clays can behave as a filter (Bouwer, 1978).

Other factors influencing the hydraulic conductivity of a soil layer is the presence of
air in the soil itself, particle size and porosity of the soil. Presence of air trapped in dry
soil or aquifer physically blocks the pores and causes difficulty for the water to pass
through the soil. This can cause the hydraulic conductivity to be much smaller than if
the soil was entirely water saturated. Peat, sand pumice and silt, for example, which
are sometime present in wetland enviromnents, have a high penneability, while clay
has a low penneability. Porosity of the soil can determine whether the hydraulic
conductivity of a soil layer is high or low, even though the basic rock or material
composition of the soil may be the same. If the material composing the soil has good
interconnection between particles (i.e. the porosity is low), the hydraulic conductivity
will be lower than that if the material composing the soil has bad interconnection (Le.
the porosity is high). Particle size of the rock or material is also an important factor in
detennining the value of hydraulic conductivity. Generally, the higher the particle size
composing the soil, the higher the value of hydraulic conductivity (De Marsily, 1986).

1.4. Groundwater modeling
1.4.1. Various groundwater flow models
Groundwater flow models in wetlands and in particular in mangrove environments
have attracted several researchers (Bradley 1996 and Thompson & Hollis 1995). Most
of these models involve inputs such as evapotranspiration, rainfall, hydraulic
conductivity of the sediment and inundated area. Bradley (1996) developed a threelayer groundwater model in a floodplain wetland in England using MODFLOW
software. Thompson & Hollis (1995) calculated simulation of water balance model
for each month in Hedejia-Nguru wetlands, Nigeria. The model involved volume of
water in the flood plain, water discharge in each site of observation, weighted mean
rainfall, evaporation etc.
12

1.4.2. Series solution models
Another usable model to calculate groundwater flow uses a series solution. Series
solutions for two-dimensional potential flow problems is a method to calculate
hydraulic potential and stream function of the groundwater flow (Gill and Read 1996,
Read 1993, Read 1996a, Read 1996b). The Laplace equation in the plane for potential
flow is the basis of this fonnulation, i.e. V~cD ( x, y ) == 0 . This equation is solved using
some boundary conditions (bottom, top, right and left) and the separation variable
method is applied for this solution (Gill & Read, 1996). Solutions are sought in the
co

form of a series, i.e. <I> (x,y )=4> +

:L( A" Un (x,y)+ Bilvil (X, y))

(Read, 1996a).

Aa is a

n=l

constant,

An and

Bn are series coefficients, and

un ( X, Y )

and

vn ( X, Y ) are

trigonometry functions. It is impossible to calculate the series solution with an infinite

number of series coefficient. Hence the solution of this equation uses t1}e calculation

of a finite number of series coefficient (n) that are defined by minimising the error
between free water table, which is recorded and hydraulic potential, which is
calculated. The calculation of the error uses Root Mean Square error method (Gill and
Read, 1996)

1.5 Conclusion
1 .5.1 Focus of the Thesis

From the forgoing discussion it is clear that there has been very little work done on
groundwater issues in mangrove swamps, particularly in Australia. One of the factors
inhibiting this work is the ability to easily and cheaply measure simple hydraulic
parameters such hydraulic conductivity. In this thesis the primary objective is not to
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study a particular area of mangroves but to develop general methods which may have
more general application in many different regions.

This project has three aims, viz.,

1. to develop a new method to determine the hydraulic conductivity of the
mangrove sediment;
2. to calculate the relative magnitude of burrow flushing or direct
groundwater flow to determine which process is most important in
removing groundwater, and;
3. to develop a simple analytical model to calculate groundwater fluxes

The rationale for each of these is given briefly below.

The development of a new method to determine the hydraulic conductivity of the
mangrove sediment;

The hydraulic conductivity of the soil is a key parameter that detennines groundwater
flow. Because of the presence of animal burrows, the hydraulic conductivity is greatly
modified compared with a similar soil with no burrows. Measurement of hydraulic
conductivity of sediments is problematic, often requiring piezometers that are
expensive and difficult to install. There is thus a need to develop a simple and
inexpensive method of detennining the hydraulic conductivity of the mangrove soil
that takes into account of the burrows. Such a method is described in Chapter 4.

Calculation of the relative magnitude of burrow flushing or direct groundwater
flow to determine which process is most important in removing groundwater

Groundwater can return to the mangrove creek by two mechanisms. The first is via
conventional ground water flow down a hydraulic gradient, and the second is via the
14

direct flushing of water from animal burrows. Flushing of burrows occurs during tidal
inundation of the swamp. This poses a question; which of these processes is most
important? This is the sllbject of Chapter 5

The development of a simple analytical model to calculate groundwater fluxes

The ability to predict groundwater flow from the geometry of the location and
measurements of hydraulic conductivity is a useful goal. In chapter 6, a simple
analytical model is developed to model the flow from the mangrove swamps to the
creek. The results of the model are compared with the measured groundwater fluxes
described in Chapter 5

Chapters 2 and 3 describe the geographic locations of the field sites, the sediment and
groundwater characteristics, and the methods used to measure these parameters.

1.5.2. Publication outcome of thesis
Some of the research carried out during this project has been presented in peerreviewed journals and seminars. The status of these manuscripts is as follows

Susilo, A, and P.V. Ridd (in press). The bulk hydraulic conductivity of mangrove soil
perforated with animal burrows. Wetlands Ecology and Management. This manuscript
is in the Chapter 4, page 57

Susilo, A, Ridd, P.V. and Thomas, S. (in press). Comparison between tidally-driven
groundwater flow and flushing of animal burrows in tropical mangrove swamps.

Wetlands Ecology and Management. This manuscript is in the Chapter 5, page 77.
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Susilo, A., Read W. W. and Ridd P. V. (in prep). A simple groundwater model for
flow in mangrove swamps. Wetlands Ecology and Management. This manuscript is in
the Chanter 6. naQe 96a
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Chapter 2: Description of the study areas
2.1 General description of the study area
2.1.1. Physical setting

The Townsville area is located in the central Great Barrier Reef (GBR) area of North
Queensland, Australia, and spreads over ca. 3750 km 2 (Hornby, 2003). The regional
geological setting of Townsville is complex (Trezise and Stephenson, 1990). The
basement (ancient rocks) is ca. 600 million years old and is mostly covered by
younger volcanic rock. This younger layer has been eroded in some areas and is now
covered by sediment resulting from erosion processes. Townsville area comprises
coastal plains fi·om Halifax Bay to Cleveland Bay, which can be divided into 3
regions (Hopley, 1970): Muntalunga Chenier Plain (region I); the BoWe-Ross Plain
(region 2); and the coastal plain North of Townsville (region 3) (see Figure 2.1). We
restrict the scope of this study to region 1 and 2, where field experiments were
conducted.
141'[

A - Regionl
B - Region 1
C - Region 3

19" S

Capc Cleveland

i.

Figure 2.1: Physiography of the Townsville plains.
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Muntalunga Chenier plain (region 1), named after Mount Muntalunga, which rises at
2.28

ill

asl (above sea level), lies from the mouth of F_oss Fj"ver in To,\xlnsville city to

Cape Cleveland. Mount Muntalunga is located South-East from Townsville (see"
Figure 2.1). The plain is bordered by Cleveland Bay and is made of cheniers that lay
over salt marshes and exhibit variations in lithology and height. This plain is typical
of a low to moderate wave energy coastal environment, with mangrove forests
growing along the outer edge of the coast. The lower areas, where the sediment gets
most inundated by tidal waters, are colonized by Rhizophora and Bruguiera, whilst
the most landward areas, which are higher areas and are less often inundated, are
colonized by Ceriops (Hopley, 1970) before turning into a bare flat (also called salt
flat) that is seldom inundated by the tide. These sediments are higWy saline and
therefore can only support algal mats.

The Bohle-Ross Plain (region 2) lies between the Ross River and the Bohle River.
The geomorphology of the area has changed since reclamation operations occurred
throughout the development of Townsville (Hopley, 1970), especially along the lower
Ross River. The reclamation of the port of Townsville in particular could have
changed the distribution of the sediment by blocking the dispersion of the sediment
from Ross River to the north (Rowes Bay) (Aziz, 1992). Three major outcrops outline
the general geomorphology of this area: Castle Hill, Mount Luisa and the Many Peaks
Range. These outcrops, specifically Castle Hill and Many Peaks Range which are
located hinterland of Rowes Bay, represent anchor points for the area (Trezise &
Stephenson, 1990).

2.1.2. Climate and Tides
Townsville lies in the trade wind belt of the southern hemisphere. The weather in this
area is largely influenced by high pressure systems crossing the continent at about 30°
S. for winter and 40° S. for summer seasons (Pomery, 1987). Townsville, which has a
dry tropical climate, is characterised by a bi-seasonal weather pattern, with a clear
difference between dry winter and wet summer seasons. During the dry winter season
18

(April to November), high pressure systems cross Australia and cool southerly wll1ds
produce low winter temperature (around 20°C). Semi pennanent anti-cyclonic cells
that lay in the South Pacific dominate the region. The South-Easterl)' air streams
circulate around this anti-cyclonic cell (Hopley & Murtha, 1975) with speeds from 10
to 30 krn/h (Muller, 2002). During the wet summer season (December to March), the
region is influenced by the North-West monsoon. This brings the period of maximum
rainfall. Hopley & Murtha (1975) stated that during 3 summer months (Jan. - Mar.),

the rainfall can exceed 1100 mm, or ca. 65 % of the annual rainfall. Total annual
rainfall ranges from 853 mm to 2571 mm, where an annual average rainfall of 1136

Under average conditions, wind speeds in Townsville are greater in the afternoon than
in the morning. The annual averages of wind speed from daily reading at 3 pm and 9
am at Townsville airport are 20.4 krn/h and 10.7 krn/h respectively (Connnonwealth

Bureau Of Meteorology, 2003). Daily average temperature varies between 19.7° C
and 28.8° C from winter to summer, with daily maximum and minimum of 25.0
and 13.5

0

C in July (winter) and of 31.4

0

C and 24.0

0

0

C

C in December (summer).

Average daily sunshine peaks in October with 9.7 hours of sunshine per day, is lowest
in February with 7.2 hours of sunshine per day. The annual average is 8.4 hours per
day (Hornby, 2003). Finally, Townsville lies within a cyclone area and 19 cyclones
occurred in this region between 1969 and 1997 (Puotinen et al., 1997). The most
destructive cyclone for Townsville area over that period was "Althea", which hit on
24th December 1971 and was associated with wind speeds up to 203.4 krn/h, recorded,
at Townsville airport (Hopley, 1978). Evapotranspiration rates in the region are 800
mm/year (BOM, 2004).

The Townsville region has a typical spring tidal variation of 3.5 m and the tides are a
mixture of diurnal and semidiumal components.
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2.1.3 Sea level variability.

The most recent sea-level curve proposed for the central Great Barrier Reef regioll
(Figure 2.2) was based upon radiocarbon dating of 364 coastal and marine sediments
samples along the central GBR (Larcombe et al., 1995a; Larcombe, 1995b).
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Figure 2.2: Sea-level curve of Larcombe et al. (1995a) taken for the central GBR shelf region.

Results indicated that sea level rise varied from 20 mm/year or 20 mJkyr for pre 8.2
kyr BP to 30 mm/year or 30 rnlkyr for post 8.2 kyr BP. Evidences for periods of sea
level fall from 8.5 kyr to 8.2 kyr were obtained from Cleveland Bay mangrove
sediment, with younger deposits at depths of -17 m than at - 12m (Larcombe et aI.,
1995a & Larcombe, 1995b). Sea level between ca. 5.5 to 3.7 kyr BP was about +1.7
ill

above its present level, and the present high intertidal areas that are inundated by

seawater only during spring high tides (the salt flats) were probably covered with
mangrove forest during that period (remains of mangrove roots are found in the
sediment, personal observation). A sea level drop by ca. 1.7 m since the sea level
highstand caused the original mangrove forest to die and the areas to become salt
flats. Today, these salt pans are subject to salt accumulation due to evaporation, (by
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ca. 2 mm/day (Hollins and Ridd, 1997)) after spring tide inundation a few times a
year, and salt concentration in the groundwater exceeds 150 gil (Sam & Ridd 1998,
Sam 1996).

2.2 Field study locations

Studies were conducted at tlrree sites of mangrove forest and salt flats in Townsville.
These locations are the upper reaches of Cocoa Creek (region 1) in a mangrove forest
and salt flats environment; the middle of Gordon Creek (region 1) in a mangrove
forest environment; and around, the estuary of Three Mile Creek (region 2) in a
mangrove forest environment as welL The three study locations are shown on Figure
2.3, which are on the small black areas.

AUSTRALIA

N

9lan
Cleveland Bay
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Figure 2.3: Study sites: Cocoa Creek (salt flat and mangrove forest), Gordon Creek mangrove
forest) and Three Mile Creek estuary (mangrove forest).

2.2.1 Cocoa Creek

Cocoa Creek is one of three main tidal mangrove creek systems located in the
southern part of Cleveland Bay, approximately 55 km south of Townsville (Figure 2.4
and Figure 2.5). Cocoa Creek is an undisturbed area within the Cape Bowling Green
National Park with a total length of ca. 7 km and a width that ranges from
approximately 50

ill

at the mouth of the estuary to less than 10

ill

at the head.

Mangrove trees grow along the creek, which mainly is Rhizophora stylosa and the
width of the mangrove fringe varies considerably along its length from a few meters
to 50 ffi. Salt pans occupy about 8 km2 of the high intertidal zone and cheniers or sand
ridges occur above the intertidal zone. Grasses and some trees usually grow on the
chenier ridges, but only algal mats grow on the salt pan.

22

Figure 2.4: Cocoa Creek, one of the field sites, is one of the important creeks that flow into
l.leveland Hay.

Modem sedimentation processes in the C.ocoa C '"eek area have been investigated by
Bry'ce (2001) and Bryce et al. (2003), which showed that suspended s,ediment
concentration and sediment transport were prlmanly controlled. by tidal currents.. The
sediment transport in this creek occurred in a two-way process, i . e.. the net tnovetnent

of gravel and sand is in the seaward direction, wh 1st the net movement of fine
sediment occurs in the landward direction (Bryce, 2001). DU11ng all neap .and
interm'ediate tides, suspended sediment fluxes are oriented andward towards the head
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of the creek, and these fluxes become a local supply of sediment for the overbank
tides to come. During overbank tides, tidal current are strongest during the ebbing
period when SSCs (Suspended Sedim_ent Concentrations) increase significantly all

along the creek with a complex distribution pattern. Bryce et ale (2003) found that
during within-challllel tides, the suspended sediment transport is small (20 to 50 tons
per tidal cycle), mostly landward directed. On the contrary, a significant seaward net
transport of sediment takes place (from 50 up to 200 tons per cycle) during overbank
tides, i.e. for tidal height above 2.9 m above LAT (Lowest Astronomical Tide). This
pattern is accentuated during the largest tides (around 3.25 m LAT).

Besides the study of sedimentation processes, measurements of groundwater salt
concentration were conducted across the mangrove swamps, cheniers, side creeks
(streams that are lower than the surrounding area and that drain tidal waters back to
the creek), salt flat and salt grass areas (Sam & Ridd, 1998; Ridd & Sam, 1996b; Sam,
1996) close to the estuary of Cocoa Creek (area B in Figure 2.5). Groundwater
conductivity was obtained by Sam & Ridd (1998) by measuring the electromagnetic
induction (EMI) and the resistivity of the ground immediately after tidal inundation,
when the sediment was still water saturated. It was found that groundwater salt
concentration depended on depth and area of the sediment. The concentration in the
mangrove forest and near the edges of the salt flats (50 gil) was lower than in the salt
flats area (up to 150 gil). In addition, at a depth greater than 0.8

ill

from the surface in

all areas, salt concentration in the soil was more homogenous than at a depth less than
0.8

ffi.

For example, at a depth ca. 2

ill,

the groundwater salt concentration varied

from 75 gil to 125 gil, while at a depth of ca. 0.4 m, the variation ranged from 75 gil
to 175 giL Despite these differences with depths and environments, the overall pattern.
remained that the highest groundwater salt concentration occurred in the salt flat area,
whilst the lowest salinity was found in the mangrove sediment.
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o
Mangroves

Figure 2.5: Cocoa Creek topography and vegetation. B is the area where electromagnetic
induction and resistivity methods were used to measure groundwater salt concentration and
groundwater salinity by Sam & Ridd (1998), Ridd & Sam (1996b) and Sam (1996). A is the field
area of this study.

The field area, chosen in the upper reaches of Cocoa Creek (A on Figure 2.5),
comprises a thin fringe of mangroves (ca. 9 ill wide), an area of dead mangroves
20

ill

(ca~

wide), and an extensive area of salt flats (ca. 160 m wide). The overall slope of

the area is approximately 1:1200, with a maximum and minimum slope of 1:300
(mangrove area) and 1:1500 (salt flat) respectively. Cheniers occur in the area with
the chenier ridges ca. 25 em higher than the salt flat, and these ridges are therefore
never inundated by tidal waters. Mangroves and salt flats are flooded for tidal range
greater than 3.4 ill above LAT, and the average inundation frequency of the field. site
is ca. 6 inundations/month for the salt flat area, with the maximum number of
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inundation in March (approximately 13 times) and the mInImum number In
November (approximately 2 times) (Queensland Department of Transport, 2001).

2.2.2 Gordon Creek
Gordon Creek, a tributary of the Ross River that flows through Townsville and. into
Cleveland Bay, is a small creek ca. 5 Ian south of Townsville (see Figure 2.6). It is ca.
3 Ian long, and 16

ill

wide at the mouth and 4 ill wide at the head. The entire

catchment of this area is undisturbed with no commercial landuse. This creek is a
mesotidal mangrove creek, has a seasonal freshwater input, and is subject to a
semidiurnal tidal regime with a maximum high tide of ca. 4 ill above LAT and a

minimum high tide of ca. 2 ill above LAT. At low waters, the bed of the creek, which
is fanned of silty sand (Larcombe and Ridd, 1996), is exposed, especially in the
middle and lower reaches of the creek.

Mangrove forests grow along Gordon Creek. Rhizophora stylosa dominate and reach
up to 8 ill high at the edge of the creek. Ceriops are found further landward from the
creek and reach a few meters high before rapidly becoming stunted (1
Beyond this area lies a salt grass area (1 - 3

ill

ill high)~

in width), which finally joins with a
2

bare salt flat. Mangrove forests and salt flats along the creek occupy ca. 1.5 km
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Figul·e 2.6: Gordon Creek area,

ca~

5 kIn south of To,\\rnsville. Mangrove fo ·ests grow along the

creek and salt fiats lie beyond the mangrove forest.

Gordon CreeIc hydrodynalnic regime is ebb-domInated, with Ina imUill_ depth-mean
current velocity' of O~62m1s for flood tide and 0.98 mls for ebb tide (Larcomb·e and
Ridd,. 1995c). T e relative elevation of the mangrove sediment :" fluences

he

sed' ent transport in the creek. The lowe the elevation of the sediment is, the more

otten the sediment will be inundated, and the more sediment Inass will be flushed
dunng flooding and ebbing tIdes. Overbank tides that inundate the mangrove
sediment/flat create strong. ebb currents, flushing bedload to the seaward directio
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with a rate up to 0.3 kg/s per meter of creek width. This rate is the same as the
maximum suspended sediment flux occurring during flood tide in the landward
direction.

The tide in Gordon Creek is asyrrlluetric, tL1.erefore tIle total sediments

flushed during flood and ebb tide is different. During the dry season, annual bedload
discharged seaward is up to 400 tons, which is much higher than at Cocoa Creek (up
to 200 tons) (Larcombe and Ridd, 1996).

The creek margins lie at an elevation of ca. 2.9

ill

above LAT. This causes the entire

mangrove fringe to be inundated during high tides with a range greater than ca. 3.0 m
above LAT. The sediment of this mangrove forest is composed of a thick organic
mud, which is burrowed by crustaceans. The average annual number of inundations is
19/month, with a maximum and minimum in March and November with
approximately 26 and 11 times/month respectively (Queensland Department of
Transport, 2001).

The study area lies in the middle part of Gordon Creek in the mangrove forest (see
Figure 2.7) on the Eastern side of the creek. Rhizophora stylosa is the main mangrove
species growing in this area, from the edge of the creek to ca. 36

ill

to the East, but

Ceriops is also found beyond the field site and continues landward up to a small road~
Burrows in this mangrove forest are mainly inhabited by the crab Sesarma messa

Alpheus cf macklay (Stieglitz et al., 2000a).
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Figure 2.7: Gordon Creek is a tributary of Ross River, flowing into Cleveland Bay. The
experimental site was located in the mangrove forest within the middle section of the creek.

Some geophysical studies relevant to groundwater flow dynamics occurring in the
sediment have been conducted in this area by various authors. Heron (200Ia)
measured the dissolved nitrate concentration and salinity of the groundwater at three
burrows and at different depths (5

Cll,

39 cm and 50 cm depth). No significant

variation of the nutrient concentration was found throughout the depth of the burrow,
but the salinity was lower at the top than at the bottom of the burrow. Hollins (2001)
and Hollins and Ridd (accepted) measured the concentration and consumption of
oxygen in the burrow water of Sesarma messa Alpheus cf mac/clay. They found that
the oxygen concentration during neap tides remains close to zero but briefly rises
during spring high tides. Stieglitz et al. (2000a) compared the volume of one burrow
system to the total volume of sediment using resin casts. The volume of the burrow
was ca. 10 % of the total volume of the sediment.

29

2.2.3 Three Mile Creek
Rowes Bay is located between Townsville city and Many Peaks Range, just North of
Townsville and is orientated North-Northwest. The entire catchment of this area is
undisturbed with no commercial landuse. Four streams discharge into Rowes Bay.
The northennnost stream is located at the base of Many Peaks Range (see Figure 2.3
on the sign "N") and is unlikely to deliver sediment to Rowes Bay (Aziz, 1992),
except in the rain season. A second stream, Three Mile Creek (see Figure 2.3, Figure
2.8, and Figu~e 2.9), discharges near the center of the bay and is often responsible for
delivering sediment to the northern sector of the bay. Two more streams (see Figure
2.3 on the sign "8") that discharge in the southern section of the bay are believed to
occasionally contribute to the sediment budget of the bay. There is no infonnation on
whether these streams contribute more to the sediment budget of the beach than Three
Mile Creek does. But during the rain season, when the rain water volume of these two
streams is enough to reach the ocean, the runoff will bring some sediment from
around these creeks to the beach area. These streams are also responsible for canying
large volumes of water from Townsville during storms (Aziz, 1992).
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Figure 2.8: Aerial botograph of hree Mile Creek., located ell. 15 km Northwest of To"rnsville.

Three Mile Creek is the only one of the four streams flowing into Rowes Bay that
flows through the year. The total ength of the creek is ca. 2.5 Ian. The creek flows
through salt flats and mangrove areas (Figure 2.8 and Figure 2.. 9) to t e South and
West of the suburb of Pallarenda. Th·e creek width is ca.> 20

ill

at the mouth and less

than 5 m at the head. The bed is maInly composed of quatiz beach sediment,
especially ear the Inouth of the creek.
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Figure 2.9: Three Mile Creek flows along the mangrove area, salt flat and fmally enters Rowes
Bay. The study area was in the mangrove sediment, on the East side of the road.

Mangrove forest grows on both sides of Three Mile Creek, dominated by Rhizophora
stylosa along the creek edge, and Ceriops forest farther landward where the sediment

surface rises. The Rhizophora forest is inundated by tides of ca. 2.5
LAT and the Ceriops forest is inundated by tides greater than 3

ill

ill.

to 3 m above

The maximum

number of inundation occurs in March and the minimum in November. Unfortunately,
infonnation about Three Mile Creek is very sparse compared to Cocoa and Gordon
Creeks, and the description of this creek is therefore limited.
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Chapter 3: Investigations of physical characteristics

of sediment and groUnd\A/ater in mangrove and salt
flats.

3. 1 Introduction

The difference in sediment type of each area reflects the historical and present
sedimentation processes at work in mangrove forests and salt flats. A difference in
mangrove forest sediment is expected from dead mangrove and salt flat, due to the
presence of live or dead mangrove roots, and due to the presence or absence of
mangrove trees, which will influence the organic content of each type of sediment. As
a consequence of the sediment structure, groundwater characteristics and processes
will also vary from place to place. In salt flat areas, where evaporation is bigh and
macropores are absent, the movement of groundwater is more restricted than in the
mangrove area. The seawater inundating the mangrove forest and salt flat during high
tide has the same salinity, which is ca. 35. However, because physical characteristics
of these sediments such as porosity and hydraulic conductivity are different,
characteristics of the groundwater will also be different. Therefore, the salinity and
density of the groundwater in the mangrove and salt flat sediment are expected to be
different from each other.

In this chapter, we describe investigations that were earned out at Cocoa and Gordon
Creeks to determine the sediment physical characteristics, including its electrical
conductivity. A reconstitution of sedimentation layers was deducted from sediment
cores, using visual and particle size analysis (it is noted that the age of the sediment
was not taken in consideration in this study and there was a compaction when the
vibrocoring occurred). The electrical conductivity of the sediment was measured
using resistivity probe developed by Ridd & Sam (1996b). Salinity and density
variations of the groundwater along mangrove forest, dead mangrove and salt flat
areas were also observed at the Cocoa Creek field site by taking groundwater from
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piezometers at different times. Experiment methods and results are reported here.
Finally, hydraulic conductivity of salt flat sediment from the Gordon Creek study site
was measured in the laboratory using a falling-head penneful1eter

alld

results were

used to explain the characteristics of the groundwater in salt flat area. This survey is
described at the end of the chapter.

3.2 Physical characteristics of the sediment

3.2.1 Method
Physical characteristics of sediment were observed based on vibrocores. This
sampling technique, which consists in driving a tube with a vibrating device (or
"vibrohead"), is used to collect core samples in unconsolidated sediments (Rossfelder,

2000). Vibrocores were collected at Cocoa Creek on 18th and 19th October 2000 along
living mangrove forest, dead mangrove and salt flat areas (see Figure 3.1).
~----~---~-"-~~---~-"'_¥'-"-'-~1

Live mangrove
N

.

t

~ Dead mangrove
_

!

I
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I

Chenier

F
o
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o

100 m

o

Position of , rib rocore

Figure 3.1: Drilling locations in the upper reaches of Cocoa Creek. Two cores were collected at
locations A, D and E at two different depths (2m & 4

ill,

2

ill

& 3.35

ill,

respectively), and one core was collected at 2 m depth at all other locations.
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and 2 m & 2.91

ill,

The drilling device of the Earth Sciences Department of J mnes Cool( University was
used to obtain cores in this field study (see Figure 3.2). An aluminum coretube of
70 lum in radius and 2.3 or 4.3 m in length (for cores of 2 and 4 111, respectively) was
held by a clalnp at the top of this

coretube~

A vibrohead of ca. 25 kg, 30 cn1 and 10

em in weight, lellgth and radius respectively was attached to the clalnp at the top of

the tube. The vibrohead was connected by a thick cable to a HOl1da petrol engine of

ca. 3.5 HP (Horse Power). TIle engine rotation caused the vibrohead to vibrate, and
this vibratillg energy was imparted to the coretube. Two or three people holding and
pushing down the coretube e.nsured a vertical penetration of the coretube (alulninum)
into the sediment. The penetration of the core in the mangrove area was very easy for
the depth of 2 m and 4 tn, because the sediment was soft. However, the penetration of
core in the dead mangrove and salt flat areas was sometimes made difficult by very
hard sediment especially in salt flat area, in which case we poured water around the
coretube whilst shaking and contil1ually pushing the coretube to the Inaximum
possible depth~ The aim was to drill cores down to 2

In

and 4

ill

in depth, w11ich was

possible in the mangrove area, but not in the two other areas due to the very hard
sediment (only 2 ffi, 2.9 In and 3.3

ill

cores were obtained in these types of sedilnent).

Figure 3.2: Vibrocoring conducted on a salt flat in the upper reaches of Cocoa Creek, on October
18 th and 19 th 2000~
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To prevent cores from releasing from the coretube after drilling was completed, the
remaining space in the coretube was filled with water and sealed with a cap, whilst the
tube was still in the sedL111ent. This prevented the sediment core from falling dOv"r/n
when the coretube was lifted from its hole with a tripod. The coretube was lain down,
the sealing cap was removed and the water on top of the coretube was released. The
empty part of the coretube was cut off. Both ends of the coretube were sealed using
caps and tightened with tape before transporting the core from the field to the
laboratory.

During the vibrocoring, friction between the wall of the coretube and the sediment
could cause compaction of the sediment inside the tube, resulting in a difference of
length between the core itself and its hole. The degree of compaction varied for each
core, depending on the sampling location. However, there was no fixed rule as to the
degree of compaction of each area (mangrove, dead mangrove and salt flat). Lengths
of cores and of drilling holes, and compaction factor are presented in Table 3.1.
Site

Depth
sediment

of Length

of Compaction

the core (m)

factor

(m)
A2 (mangrove)

2

0.85

2.4

,A4 (mangrove)

4

3.04

1.3

l?2 (mangrove)

2

1.31

1.5

C2 (mangrove)

2

1.5

1.3

D2 (mix, mangrove and dead mangrove)

2

1.87

1.1

D4 (mix, mangrove and dead mangrove)

3.35

1.60

2.1

E2 (salt flat)

2

0.46

4.3

E4 (salt flat)

2.91

1.76

1.7

F2 (salt flat)

2

1.51

1.3

G2 (salt flat)

2

1.70

1.2

Table 3.1: Depth of core into sediment (column 2) and actual core length (column 3), showing
compaction at the drilling sites of Cocoa Creek. The compaction factor (column 4) was not
constant.
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3.2.1.1 Analysis of sediment cores

Two rjpes of analysis were cfulled out

Oli

tIle sedilYlel1t cores: visual allalysis thra·ugh

observations of sediment contents, colour group and colour photography; and particle
size analysis with a laser particle sizer (McIntyre, 1996).

To this end, each coretube was split in two halves along its vertical axis with a
circular saw, after being cut on a board into I-m long sections maximum (length of
the board). To split the core, a sharp thin steel rod was pulled from the top end to
bottom end of the core between the two halves of the core. One half was used for
visual analysis, whilst the other half was stored in the fridge in a custom-designed
wooden crate for particle size analysis at a later stage.

A. Visual analysis

One half of each core was lain on a bench for visual analysis. The analysis was done
based on the type, colour and presence of organic matter in the core sediment. The
core was divided into several sections based on colour changes and presence of
organic matter, where the length of each section ranged from a few em to over 1 m. If
the difference of visual appearance between two sections was too small, two cores
collected close to each other were laid side by side and were compared to decide on.
the length of each section. This method relied on the fact that between two adjacent
field sites (or cores), the sedimentation process would not be significantly different,
except if there were a spectacular geological process (such as a fault for instance).

B. Colour photography

After visual analysis, the same cores were photographed in colour for comparison
with the visual analysis. A photo was taken of each I-m section of the core by lying a
graduated tape alongside the coretube and illuminating the latter with two halogen
lights (60 watt each) positioned ca. 50 ern above the bottom and top end of the
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coretube. The camera was clamped to the bench above the center of the coretube at

ca. 1 ill high. Each coretube was photographed twice for duplication purposes. After
film processing;7 the processed film were

sC~tl..l1ed vvith

a scar.aner, and sa"ved the result

injpg file.

The pictures composing one core were then assembled thanks to image processing
software (Corel Draw) and the resulting image was stretched to compensate for the
compaction factor as measured in the field. Compaction factor was computed as the
difference between the hole length and the core length (see Table 3.1). This resulted
in an image of what the sediment would have looked like before coring. This method
assumed that the compaction of the core was unifonn in each core, which was not
tested but seems a reasonable assumption.

3.2.1.2 Particle size analysis.
A. Selection ofsediment sample to be analysed.

The second halves of the coretubes (that were not photographed) were kept in a cool
room (2°C) and used for particle size analysis. Samples taken from the core depended.

on the length of the core. All sections of the cores were sampled at the top, middle
and bottom, regardless of the degree of compaction. Therefore, samples for particle
size analysis were collected based on arbitrary positions and not based on the visual
characteristics of the sediment (McIntyre, 1996).

B. Laser Particle sizing processing.

Prior to particle size analysis, each sample was sieved through a 1 nun mesh, then
diluted with tap water in a plastic container. The solution was introduced into the
chamber of a Malvern Mastersizer laser particle size. Before a measurement was
conducted, each sample was submitted to ca. 15 seconds of ultrasound in the Malvern
Mastersizer chamber to disperse any potential floc. The set up of this equipment was a
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lens of 1000 rom focal length that allows particles in the range 7 to 1000 rom to be
measured. The accuracy of this equipment is +/- 2 % of the volume median diameter
fMI'TnhTrP
, ......... _ .................J .... _, 100h\
.... -'-''-'').

3.2.1.3 Bulk electrical conductivity measurement

Bulk soil electrical conductivity was measured uSIng a conventional resistivity
method described by Ridd & Sam (1996b) (see Figure 3.3).

The resistivitymeter consists of a steel pipe (2.10

ill

long, 5 cm diameter), whom top

is a T handle made of steeL The bottom end of the pipe is mounted in a hollow rod
filled with glass-fibre epoxy resin. Prior to mounting, the rod is equipped with four
copper electrodes spaced by 3.5 em from each other. These electrodes are used for
measurement of voltage (two top ones) and current (two bottom ones) through the soil

when the electrical conductivity probe is deployed. Four thin cables fed through the
pipe COlll1ect the electrodes to a control box that consists of an oscillator, a voltmeter
and an ampere meter. An A.C. signal of approximately 1 V RMS (Root Mean Square)
is generated by the oscillator to stimulate the two voltage copper electrodes. The
resulting current I passing through the current electrodes was measured with a
conventional multimeter, like the A.C. signal. The ratio between current and voltage
(IN) was calculated and considered to be equal to the bulk electrical conductivity of
the soil close to the electrodes.
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Figure 3.3: Schematic diagram of the resistivity probe used for measuring electrical conductivity
of the sediment (after Ridd and Sam, 1996b).

In this study, measurements of the bulk electrical conductivity of the sediment were
undertaken 1 to 3 days after spring tide, on 19, 20 and 21 of August 2001 and thus all
the sediment was water saturated and it was assumed that the properties (salinity,
electrical conductivity and density) of the water covering the sediment were uniform
over that period. During these three days, the maximum height of the tide was 3.90 ill,
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3.77 ill and 3.50 ill above LAT, respectively. Measurements were taken between 9 am
and 4 pm.

Over the 3-day period of the experiment, the soil bulk electrical conductivity was
measured along 36 vertical profiles at various distances from the creek. All
measurements were taken every 10 cm from the surface down to 2

ill

deep, which was

the bottom of some of the drilling holes. The spacing between profiles in the
mangrove forest, dead mangrove and salt flat was 1 ill, 3

ill

and 8

ill,

respectively

(some profiles were 10 ill apart in the salt flat area).

The probe was calibrated in the creek water to check for instrument drift before and
after each profile. At the same time, a sample of the creek water was collected in
order to take an electrical conductivity measurement with a laboratory salinitymeter
(Model WP-84, Conductivity-Salinity-Temp.), which was used as a reference. Before
using this salinitymeter to measure electrical conductivity of the creek water, this
salinitymeter was calibrated against the reference water which the salinity was 35.
The conversion factor from field reading electrical conductivity to reference electrical
conductivity was calculated as follows:

v;

(3.1)

k=O'"I -

11
(Hollins, 2001)
where:

Gi = electrical conductivity of creek water measured in the laboratory in
mSiemens

Ie = constant factor (unitless)
11 = current (rnA) during the electrical conductivity measurement of creek
water in the field

V; = voltage (mV) during the electrical conductivity measurement of creek
water in the field
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Based on this calculation, k was obtained as a characteristic of the field electrical
conductivity probe, and the bulk electrical conductivity of the soil was calculated as
follows for eaeh field measurement:
0'2

= k !.l.
V;

(3.2)

Where:
cr2

=

bulk electrical conductivity of soil (mSiemens)

12 == current (rnA) of soil (using conventional resistivity probe)

V; == voltage (mV) of soil (using conventional resistivity probe)
3.2.2 Results
3.2.2.1 Core analysis.

An example of the comparison between visual analysis and colour photographing is
shown in Figure 3.4, whilst the complete set of results is shown in Appendix 1.

Figure 3.4 is the result of three photographs of the core, which all have a middle part
brighter than the top and bottom ends. This may be due to variations in light intensity~
This image shows that the changes in colour are generally smooth. On this
photograph, the colour of the top ca. 1

ill

is quite unifonn with small red dots,

indicating the presence of organic matter in this section. Between 1 ill and ca. 2.8

ill,

the colour is dark grey/black, indicating the presence of clay and smooth sediment.
Below this section, which is the lowest section, the colour is brown again, which is
laminations of sand and clay. As explained above, that results of colour
photographing analysis were also compared to visual analysis.

42

Om

- - -:
1=. -==1
.

~

-----_""'.
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- ------_"'.

Dark graylblack organic clay
2m

Laminated sand and clay
4m
Figure 3.4: Comparisou betweeu colour photographiug aud visual aualysis for core from site A4.
The leugth of the core is 3.04 m, but origiual leugth iu the med is 4 m. The core is stretched to
become 4 m leugth (depth).

3.2.2.2 Particle size distribution

An example of the distribution grain size results is shown on Figure 3.5, whilst the
complete data set is shown in Appendix 2.
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Figure 3.5: Particle size analysis for site A4. A4Top means the sample is taken from the top of the
core, and A65 meaus the sample is taken from 0.65 em depth in the core, etc.

Figure 3.5 shows that grain size distribution is not unimodal but instead all sediment
samples show 3 modes, which are below 10 mm, between 10 and 100 mm, and above
100 mm. Wilson (1994) divided the particle size range of each material; clay « 10
mm), silt (between 10 mm and 60 mm), and sand (between 60 mm and 2 mm).
According to these definitions, Figure 3.5 shows that clay dominates the top layer of
the core, whilst sand dominates the bottom of the core. This pattern is found in almost
all cores and more generally, we can conclude that the deeper sediment layers are, the
less dominant the clay is.

Reconstruction of the in-situ sediment stratigraphy was based on the results of the
visual analysis, the colour photographing and the particle size analysis, as seen in
Figure 3.6.

44

:rvlangrove

Dead Inangrove
)

(

A2

A4

82

(

C')

Salt flat

(

F2

)

02

)

G2

D4

:==~ t~=~=~j ~=~=~J

r - Oln

:~=~=~~ ~~=~~~ ~i~i~ij

P: : .. : : .. :

--

:.~

3 In
~

L-=-_-=j

r_-_l

Red bro\vn organic clay

[IJ

Dark grey/black organic clay

Grey bro\vn clay

LaU1inated sand a11d clay

4 III
Figure 3.6: Reconstruction of in-situ sediment stratigraphy based on visual analysis, colour
photographing and particle size analysis for mangrove area, dead mangrove area and salt flat
areas at upper reaches of Cocoa Creek.

Figure 3.6 shows that the top sediment layer in the mangrove area and dead mangrove
appeared to contain red brown organic clay, with a thicker layer in mangrove area
than in dead mangrove. The top layer of salt flat area was similar to the mangrove and
dead mangrove top layer, though its organic content was lower and it was dominated
by fine silt instead. Sediment below the organic clay in the mangrove and dead
mangrove areas was dark grey/black organic clay. This layer was also found in salt
flat area but a thin layer of grey brown clay was present in between that organic layer
and the top one. Below the greylblack organic clay, a lamination of sand and clay
layer was present for both areas (dead and alive mangroves).
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3w2.2.3 Bulk sediment electrical conductivity.

The sedilnent electrical conductivity was measured at depth intervals of 10

Cln

at

Coco,a Creek. ThIs transect took '3 days to cOlnplete. The resulting electrical
conductivity contour plot is shown in Figure

3~7~
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Figure 3.7: D,epth contolll plots of sedim,eut bulk ele'ctrical conductivitya]on,g the trans,ect that
4

crossed mangrove, d,ead mangrove and salt flat sediments.

The sedIment electrical conductivitypattem shown on Figure 3.7 can be' described in

2 ways: horizontally (based on the distance from the creek), and vertically (based on
th,e depth). Horizontally, the electrical conductivity increased as the distance froln the
creek increased and as the, luangrove forest turned into a salt flat area,. The electrical
l,;UIlductivily

iII

LIlt;

IIlaIlgrUVt:,

deau, mangrove and

~alt

flat area ranged from ca. 30

mS (milliSiemens) to, 40mS:,40 mS to 50 mS) and 50 mS to 70 'mS, respectively,.
V,ertic ally" the deep'eI- the scdil11011t, tIle'lligllcr tIle electrical CQ'11ductivity. However"
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the increase was not linear. In mangrove areas (live and dead), the electrical
conductivity changed from 30 to 40 mS between the surface and 0.5
remained relatively constant below this depth

(O~5

to 2

m)~

ill

deep, but

At the border behveen

dead mangrove and salt flat, the electrical conductivity was homogeneous at

ca~

45

mS for the whole depth. However, the electrical conductivity in the salt flat area
ranged between 45 and 60 mS between the surface and 0.7

ill

at the area close to the

dead mangrove, and between 55 to 70 illS between the surface and 0.4

ill

at the area

farthest from the creek. The electrical conductivity remained relatively constant below
0.7 ill in the dead mangrove area and below 0.4 ill for area farthest from the creek.

3.2.3 Discussion

From the point of view of groundwater hydraulic conductivity, it is unlikely that that
the sediment characteristics between the live, dead mangrove and salt pan areas are
significantly different as all regions have a very high proportion of very fme grained
materiaL Thus while statistical difference between the sediment types may be present,
the hydraulic conductivity, in the absence of macropores is likely to be very small.
Results from visual analysis and colour photographing show that the top layer was
mainly composed of organic clay, although the colour could vary from black to
brown. This result was also supported by particle size analysis of the mangrove and
salt flat sediment, which showed that the top layer was dominated by clay. This
organic matter is probably the result of decay of mangrove roots.

Overall, the deeper the sediment, the coarser the material in every area. The deepest
sections of the cores (more than 2 ill for the mangrove area and ca. 2 m for the salt flat
area) show a laminated pattern of sand and clay. The sandy material could only have
been brought by relatively strong currents, and suggest these layers may have been the
past bed of Cocoa Creek. The modem bed of Cocoa Creek is composed of sand.
Another explanation of sand layer is that they represent stann deposits.

The bulk electrical conductivity of a wet sailor rock depends on several parameters
such as the electrical conductivity of the water present between particles in the soil,
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the percentage of porewater in the sediment, and how water is distributed in the soil
(Keller and Frischknecht, 1996). If the soil is fully saturated, i.e. when the water
content is equal to the porositY3 the blllk electrieal conductivity of the sediment ';XliII

depend on the three above parameters. However, if the soil is dry, and pore spaces are
not interconnected by water, the soil may not conduct electricity. Usually, the drier

the sediment is, the lower the electrical conductivity is, and vice versa.

Field measurements taken over 3 days when the sediment was water saturated by tidal
water show that the sediment electrical conductivity in salt flat area was in general
higher than in the live and dead mangrove areas. One explanation for this observation
is the presence of burrows in the mangrove areas, which were numerous in the live
mangrove area, still present in the dead mangrove areas (although in fewer numbers),
but absent in the salt flat area. A diffusion process of salt from the sediment towards
crab burrows has been documented in the past (Hollins, 2001) and inundation of the
sediment surface during high tide can flush part of the water present in the burrows
(Ridd, 1996a), flushing at the same time some of the salt accumulated from the above
mentioned diffusion process. The end result is that sediment near crab burrows
contains less salt than sediment deprived of burrows. Since sediment salinity and
electrical conductivity are positively correlated (Sam and Ridd, 1996), this explains
the increase in soil electrical conductivity in the salt flat area.

Another cause for the reduction in salinity and electrical conductivity of the sediment
in the mangrove area compared to the salt flat area is a higher groundwater flow,
which is believed to partly flush salt from the sediment. Groundwater flow depends
on the hydraulic conductivity of the sediment. The hydraulic conductivity is likely to
be heavily influenced by macropores such as the crab burrows and thus the
groundwater flow in the salt pans, which has few burrows, will probably give much
less than in the mangrove areas.
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3.3 Salinity and density of the groundwater

3.3.1 Method
During this study, salinity and density of the groundwater were measured using
different equipment. Approximately 1 liter of groundwater was pumped from every
hole, which is 2

ill

depth (we did not include other than 2

ill

depth). Samples were

collected on 24/10/00, 04/01/01, 12/07/01, 09/09/01, 27/09101, and 18/10/01. These
dates were all in the dry season, except the 04/01/01, which was in the wet season.

3.3.1.1 Salinity of the groundwater

Salinity was measured with a conductivity-salinity-temperature sensor (TPS model
WP-84). Before measurement, the sensor was calibrated against a reference water
sample of salinity 35 in the laboratory with a constant temperature (~20o C). If the
sensor gave wrong result (more or less than 35), then it was sat up to be 35.

3.3.1.2 Density of the groundwater

The density of the groundwater was measured using a density hydrometer, which
offers three scales: 1000 to 1050 kg/m3, 1050 to 1100 kg/m3, and 1100 to 1150 kg/m3.
Before measuring the density of the groundwater, the hydrometer was calibrated
against a reference of standard water. Groundwater samples with the lowest salinity
were measured first (for density), followed by the higher salinity samples. The density
measurement was repeated three times for each sample.
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3.3.2 Results
3.3.2.1. Groundwater salinity

Groundwater salinity results are shown in Figure 3.8. The general pattern of the
groundwater salinity can be described in tenns of spatial and temporal variations. The
results on the spatial distribution of salinity showed that the further the distance from
the creek, the higher the salinity of the groundwater. On average the groundwater
salinity at the salt flat was the highest, followed by dead mangrove and the least saline
groundwater was found in the live mangrove area. The increase in salinity per unit of
length from live mangrove to dead mangrove, and from dead mangrove tq salt flat
was ca. I.3/m and O.23/m, respectively. For a given site, there is no significant
variation in salinity with time. The average and standard deviation of groundwater
salinity measurements in the dry season at sites A2, B2, C2, D2, E2, F2 and 02 were
(50.0±2.5),

(60.0±2.4) ,

(73.3±1.6),

(86.5±2.7) ,

(128.2±3.4) ,

(14I.8±4.8) and (146.1±4.8), respectively.
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Figure 3.8: The horizontal variation of groundwater salinity in Cocoa Creek study area. The
data at the 0 m position was taken from water in the creek.

50

3.3.2.2. Groundwater density

Groundwater density results are shown in Figu.re 3.9. The general pattern of
groundwater density can also be described in tenns of spatial and temporal variations.
Spatially, the greater the distance from the creek, the higher the density of the
groundwater and on average, the groundwater density at the salt flat was the highest,
followed by dead mangrove and the least dense water was found in the live mangrove
areas. The increase of the density per unit length between live and dead mangrove
appears to be linear with distance. The increase in density between live mangrove and
dead mangrove, and between dead mangrove and salt flat in two dimensional was ca.
3

1.2 ( kg/ m )
0.24 ( kg/ m 3 )
- - - - and
, respectively. For a given site, there is no significant
m
m
variation in density with time. The average and standard deviation of the groundwater
density at sites A2, B2, C2, D2, E2, F2 and G2 were (1034.0±3.3)kg/m3 ,
3

(1042.3±2.6)kg/m

(1051.7±1.7)kg/m3

,

(1065.8±1.7)kg/m3 ,

,

(1104.7±1.2)kg/m3 , (1122.5±O.8)kg/rn3 and (1129.3±1.5)kg/m3 ,respectively.
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Figure 3.9: The horizontal variation of groundwater density in Cocoa Creek study area. The
data at the 0 m position was taken from water in the creek.
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3.3.3 Discussion
Gro1lTId\vater salirity and density measurements of tIns study show that in general,
salinity and density in salt flat areas were higher than in mangrove and dead
mangrove areas, which was partly explained by the presence of burrows in mangrove
sediment. These burrows allow part of the salt to be flushed from the sediment during
high tide inundation and ebbing tide (Ridd, 1996a). Therefore, the water salinity in the
burrows is lower than if there were no flushing from tidal water (as in salt flat areas
that are deprived from burrows).

Another factor that is likely to emphasize this condition is that evaporation over the
salt flat area during the dry season is about 5 mm/day (Hollins and Ridd, 1997), while
evapotranspiration is only ca. 2 mm/day in the mangrove area (Wolanski and Ridd,
1986).

3.4 Hydraulic conductivity of salt flat sediment: laboratory
measurements

3.4.1 Method
Laboratory measurements of sediment hydraulic conductivity can be conducted using
two basic principles. Firstly, if the hydraulic conductivity of the medium is high
enough, gravity pressure may be used to indicate the hydraulic head of the water. This
teclmique is used by two types of instruments; called a constant-head penneameter
and a falling-head permeameter (De Marsily 1986, Bouwer 1978). For samples such
as sands and gravels with a hydraulic conductivity of (10- 1 - 10-5) mis, a constanthead penneameter is used (Bouwer, 1978). If the hydraulic conductivity of a sample
is less than 10-5 mlsec however, the falling-head penneameter must be used.
Secondly, if the hydraulic conductivity is very low (lower than 10-9 mlsec, De Marsily
1986), pressure pumps are used to create a hydraulic head and induce flow through
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the sediment sample. In this study, gravity-based instruments were used (see Figure
3.10) and the latter method will thus not be discussed.

"'-. atlTIospllere
Tape nlcasure

//

/'
/'
Water

Cotto,n sheet al1d
thill layer of coarse salld

Bentonite gel
/

/

/

//
/

Sediluent

-

/
/

saluple

--

/

,/ L == length o"f tIle salnple

//

:~:::::::::::;:;:::::::::::::::::::::~:::=tz:.::::::::::::::::~;

//~

/

.. ---~
eros

secti~""---........

'...,

Water flow~
out from tIllS
S111all h.oies alld
a bucket to collect water

"Sand layer

Figure 3.10: Sketch of a falling-head permeameter as used in this study, after modification of a
design by De Marsily (1986).

The penneameter was made of a PVC tube of diameter, length and thickness 15 em,
20 em and 1.5 em, respectively (see Figure 3.10). The bottom of the cylinder was
closed with a sheet of PVC, in which small holes were drilled to allow the water to
drain from the sediment sample. A sheet of transparent cotton was placed at the
bottom of the sample to prevent the erosion of the sediment. A cylindrical sediment
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sample was placed in the middle of the PVC tube and jelly bentonite gel was poured
around the sample to prevent the water from infiltrating down around the PVC wall.
Bentonite gel is an impenneable gel that is llsually used in geotecr.Jlical drilling
applications as it can diminish fluid loss and reduce seeping of the fluid into
permeable fonnations. The top of the sediment was covered by a sheet of transparent
cotton and coarse sand to prevent erosion of the sediment. The tube was then closed
using another circle sheet of PVC, which was 1.5 cm thick. A small hole (diameter ==
lcm) was made in the middle of this PVC sheet, and a short siphon (about 7 em
length and the 1 cm diameter) was inserted in this hole. A T shape small tube
(diameter inside 4mm) was connected to the top part of this siphon. Two other
vertical long siphons (diameter 6 mm) were joined to the T tube, and then hung on the
frame from ca. 1.5 ill high. Water was filled through one siphon (inlet pipe, see Figure
3.10). This water flowed down to the sample and some amount flowed up through the
other siphon. Since the siphons were both open to atmospheric pressure, the water
level in both siphons was the same. Calculation of hydraulic conductivity from these
measurements is detailed later on in this section.

Measurements of hydraulic conductivity were conducted in the Wet Laboratory of the
School of Mathematics and Physics Sciences, JCU (James Cook University),
Australia. The samples were taken from the salt flat area at Gordon Creek field

sites~

Three sediment samples were used in total, from depth of 0.25 to 0.5 ill, 0.5 to 0.75 m
and 0.75 to 1m from the surface. Samples were collected by carefully digging around
the sample on sediment surface to avoid disturbing the condition of the soil. This
sampling procedure was preferred to coring to avoid the compaction of the sediment.

Prior to laboratory measurement of the bulk soil hydraulic conductivity of the
samples, it was necessary to ensure that the sample was water saturated. If the sample
was not water saturated, the amount of water that infiltrated into the sample during the
experiment, would not be the same as the water coming out from the sediment. F'irst
of all, one of the two siphons was filled with tap water. Some amount afwater would
flow down and infiltrate to the sample, and some would flow into the other siphon. If
the sediment was not water saturated, the water in the siphon would flow down
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quickly. This operation was repeated about ten times and took ca. 3 to 4 hours for
each sample. By the time the sediment was water saturated, the down flow of water
would remain stable and the amount of water coming into the sediment vias the same

as the water coming out of the sediment.. Finally, water was filled into one siphon
once more and the water level in the other siphon (parallel to a tape measure) was
noted as ho (at the begirming of the experiment) and hI (at the end of the experiment).
The time required for the water to flow down from one level to another level was also

noted (as to and tI, respectively) for every 10 cm increment between h o and hI.
The calculation of the sediment hydraulic conductivity (K) can be calculated based on
equation 3.3 and 3.4 below:

Q=K Ah/L

(3.3)

where:

Q == volume rate of flow
K == hydraulic conductivity of sediment sample
A == cross section area of the sample (the sample is a vertical cylinder)
h == vertical distance between constant water level above sample and water

level outflow cylinder

L = height (length) of the sample

From the Figure 3.10, the volume rate flow of the water (Q) can also be detennined as
follows:

Q=-a~h/~t

(3.4)

where:
a

is the cross section of the siphon

A

is the cross section of the sample

f1h

is the position of the water level from ho to

6.t

is the time needed for the water to flow down for ho to
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~
~

If !:lh and

~t

are small, we can write equation 3.4 to become:
(3.5)

Q==-adh/dt
Equation 3.3 a..l1d 3.5 can be merged into equation 3.6 as follows:
dh

KA dt

(3.6)

-=----

haL

The integration of equation 3.6 between the initial and final time of the experiment (10
and t, respectively, with a corresponding water level ofho and h) gives:

h
AK
In- = - (t-t o )
ho
aL

(3.7)

or

K

==-In(-7h lI

aL
~ (.

(3.8)

\

no ) A\.t-t o )

3.4.2 Result
The parameters used in this measurement were: A == 150 cm2 ; L := 13.5 ern and a = 1
cm2 • The results of the measurement can be seen in the table. 3.1.
-In(hJho)

(t-to) (second)

K (m/day)

1

0.1186

1980

0.004

2

0.1346

1980

0.005

3

0.1557

2040

0.005

4

0.1845

2160

0.006

5

0.2264

2280

0.007

6

0.4139

3000

0.009

No.

Table 3.2 Hydraulic conductivity of salt flat sediment
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Chapter

4.

The

bulk

hydraulic

conductivity

of

mangrove soil perforated with animal burrows!!

4.1 Introduction.

The salinity of the groundwater has a significant influence on the growth of mangrove
trees. Mangroves that grow in areas that are frequently inundated by the tide, or that
grow in lower salinity regions of the estuary, are likely to grow more rapidly than
those living in swamp regions, which are rarely inundated, and where groundwater
salinity is very high (Tomlinson, 1986).

Mangrove trees can increase soil salinity around their roots (Passioura et al., 1992).
Freshwater evaporates at the leafbut, unlike terrestrial plants, the roots are surrounded

by saltwater. The removal of the excluded salt is an important mechanism that must
occur if the groundwater salinity is to remain below lethal levels. Two mechanisms
exist which can remove the salt accumulated within the mangrove soiL The first
process is diffusion of the salt across the short distance from the root to an animal
burrow, where upon it is flushed by lower salinity water during tidal inundation.
(Stieglitz et al. (2000a), Hollins et al. (2000) and Heron and Ridd (2001b)). The other
process that can reduce local groundwater salinity is groundwater flow back to the
creek or estuary. The flow of groundwater back to the creek is also affected by the
presence of animal burrows as they significantly increase the hydraulic conductivity
of the soil (Hughes et al., 1998a).

In this chapter, measuring bulk hydraulic conductivity of the soil is primary
concerned (i.e. the hydraulic conductivity including the influence of burrows and
macropores). Hughes et al. (1998a) found from laboratory experiments that surface
hydraulic conductivity of the sediment in the estuarine wetland without crab holes and
macropores was approximately 0.01 m/day. Because of the presence of crab holes, it
was estimated by Hughes et al. (1998a) that the average hydraulic conductivity
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increased to become 0.1 m/day to 1 m/day or 1 to 2 orders of magnitude bigger than
without crab burrows and macropores~

Animal burrows in mangrove swamps act as low resistance pathways for water flow.
Burrow systems can be deep and occupy a significant fraction of the soil volume. For
example, Stieglitz et al. (2000a) found that the overall depth of burrows to be up to
1 ~2 ill and that the total volume to be about 10 % of the swamp soil volume.

The measurement of hydraulic conductivity including the influence of the burrows,
must ideally be carried out in-situ because it is usually impossible to take a
sufficiently large sample of soil that would include a significant number of burrow
systems. Stieglitz et at. (200Gb) found that burrow systems may have horizontal and
vertical scales of over a meter and a sample significantly bigger than this would need
to be extracted for analysis. In this chapter a new method is presented for measuring
hydraulic conductivity in-situ, that takes account of the animal burrows, and which
does not disturb h1e soiL In addition the method can be applied rapidly and does not
require the use of piezometers that are difficult and costly t'? install in mangrove
swamps.

4.2 Methods
4.2.1 Measurement of the bulk hydraulic conductivity of mangrove
soils using crab burrows.
Bulk hydraulic conductivity was detennined by utilising crab burrows as natural
piezometers. This involved pumping a small quantity of water out of the burrows and
measuring the flow rate back into the burrow from the sediment porewater. This is
similar to the traditional method of pump testing of piezometers (De Marsily, 1986)
but in this case, it uses the natural burrows that are already in the

system~

Pump

testing involves pumping water from a piezometer and noting the rate at which water
returns to some fraction of its original level
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It is common in mangrove swamps that the crab burrow systems overlap and
intermingle with each other as shown in Figure 4.1. Because of this intermingling of
the burrows, the distance through the sediment from one burrow chamber to another

chamber in an adjacent burrow system may be only a few centimeters. Figure 4.1a
shows three separate burrow systems. If water is pumped from burrow B, water will
return through the mangrove soil from the surrounding burrow systems, burrow A and
burrow C. This will occur in a similar manner to the way that water will flow during
natural groundwater flow i.e. due to a pressure gradient (Figure 4.1 b). Although the
adjacent burrow systems intenningle, the water level in each of the burrows will be
slightly different between adjacent burrow systems. Essentially the water flow from
one burrow to another is determined by the sediments with high resistance to flow. It
should be noted that Figure 4.1 b represents the case during neap tides when the
swamps are not inundated by high tides.

The flux of water into the burrow domain is given by:

q=KIJ.z
I1r

(4.1)

where
K = bulk hydraulic conductivity of the sediment (to be detennined) (m/day)
~z

= drop in water level compared to adjacent burrows (m)

I1r= characteristic distance between centers of adjacent burrow domains (m)
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~systems

that interlningle with each

The parameter L1r requires some further explanation. As the water naturally flows
through the ground towards the creek, in the direction of th,e h.ydraulic gradient~ it will
pass from one burrow to another (Figure 4.1b). Because flow within the burrow
chambers has effectively zero resistance, the net flow rate is detennined by the
resistance to flow in the sediment between chambers of adjacent burrow

systems~ As

the water flows towards the creek, it experiences a succession of discrete water
pressure drops as it passes from one burrow system to another, i.e., the water level
drops by Llz in the distance between the burrows

(~r).

This value of !1r has a scale

equivalent to the horizontal scale (radius) of the burrow systems (see Figure 4.1c). In
practice this can be easily estimated when the water is removed from the burrow
because the burrow openings will have a lower water level than the surrounding
burrow systems. By noting the positions of the burrow openings where the water level
drops, measurements of the horizontal extent of these burrow can be made, thus,
giving an estimate of flr.

Equation 4.1 allows the calculation K. A small quantity of water is pumped from a
burrow and the drop in water level ~ z (in the order of centimetres) is measured with a
ruler to an accuracy of 1 llTITI. flr can be detennined from the geometry of the burrow,
and can detennine the flux by measuring the time and the amount of the water that
returns to the burrows. The flux of the water q is detennined using the equation

(4.2)

where

~V

is the volume of water that flowed into the burrow in time

~t,

and A is the

area of the curved surface surrounding the burrow domain. This surface is assumed to
be a cylinder of radius Dr and height equal to the burrow depth H The area A is given
by

A = 2;rL1rH

(4.3)
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6.V/6.t is the rate of flow into the burrow. Ideally I1V/lJ"t must be measured

instantaneously but in practice it is measured over some time interval (usually a few

the water to return halfway back to its original position. Dt can not be determined
since the different burrows and type of sediment will be different for the time to
return halfway back to its original position. b.V is thus approximately half the volume
of water removed.

The burrow depth H was detennined using the method described by Stieglitz et al.
(2000b). This involves using a small conductivity sensor mounted on the end of a
glass fibre rod that is progressively inserted into the mangrove soil. When the
conductivity sensor passes through an animal burrow, the conductivity reading rises
by roughly a factor of three. By inserting the sensor into the soil a large number of
times at different locations, a good indication of the burrow depth, typical chamber
dimensions, and inter-burrow spacing, can be made. This methodology was also
corroborated in one of the fieid areas by taking a resin cast of the burrow (Stieglitz ei

al., 2000a).

The procedure for measuring K was carried out 1 or 2 hours after tidal inundation to
ensure that the burrows are full of water and was repeated on numerous burrows in
order to get an average bulk hydraulic conductivity for the region in question.
Because these mangroves are only inundated during spring tides, all measurement
were taken during spring tides. In this work, approximately 5 burrows were used in
each region, each burrow being within a few tens of metres of each other.

4.2.2 Measurement of Bulk Hydraulic Conductivity using a
Piezometer Array.
In order to verify the method described above to measure hydraulic conductivity, an
independent method is required. In our case this is done using an array of piezometers
in a transect perpendicular to a mangrove creek. Piezometers consist of a pipe that is
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inserted into the soil with an opening near the bottom of the pipe (Hughes et al.,
1998a and Hughes, 1998b). Groundwater flows into the pipe and the water level in the
pipe gives a measure of the water pressure. Provided that there are no significant
vertical water flows, or impenneable layers, the water level in the piezometer also
represents the free water table height.

In this work, tlrree piezometers were installed by using a vibro-corer to extract a
cylindrical core of sediment of radius 70 mm. A plastic pipe of radius 50

llliTI

and

length 2 m was then inserted into the cylindrical hole. Near the bottom of the pipe,
slots are put into the plastic to allow water to flow into, or out of the pipe. Around
these slots was placed a linen bag filled with coarse sand. The purpose of the sand is
to allow water to percolate into the pipe without allowing the sediment to block the
slots. Water level fluctuations in the piezometers were measured using pressures
sensors attached to a data logger (Dataflow System PTY LTD, 1999). The data
loggers recorded the water level every 30 minutes with an accuracy of3

llliTI.

Pressure

sensors were calibrated both before and after deployment to achieve this accuracy.

By taking measurements of water table level (from the peizometers) during neap tides
(when there is no surface recharge), conservation of mass can be used to infer the
fluxes of groundwater between each piezometer. In addition, the piezometers also
give measurements of water table surface slope and thus pressure gradient. With flow
rate and slope, equation 4.1 can be used to determine the hydraulic conductivity.

In order to apply the above method to calculate the hydraulic conductivity from the
data from the three piezometers, it is made the assumption that the bulk of the water
flow occurs in the upper zone of the sediment that is perforated by animal burrows
(Figure 4.2). Consider the slab of sediment shown in Figure 4.2 that is (a) above the
impenneable lower layer, (b) between Piezometers A and B, and (c) has a dimension
parallel with the axis of the creek of

~y.

The volume of water in this slab below the

water table is dependent on h, the distance from the water table to the impermeable
layer; p, the porosity of the soil; and Fb , the fraction of this layer that is occupied by
burrows, which are full of water in this zone. It will presume that for small water
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slopes, h will be a constant over the length,

DXj,

of the slab. The volume of water

above the water table will depend upon the degree of saturation of this layer, Fs(t),
and also the fraction of this layer, Fb that is occupied by animal burrows, which are
empty of water in this zone. F s will be equal to 1 for fully saturated soil and equal to
zero for completely dry soil. Hence the volume of water in the slab is given by the
following equation:
V =hf..xl f..y P (l-Fb )+(H -h )f..xl f..yFs (t)p(l-Fb )+hf..xl f..yFb

(4.4)

Figure 4.2: Model of groundwater flow in the mangrove swamp during neap tides.

Equation 4.4 is derived by considering the volume of water contained in the porewater
and in the burrows. The first tenn on the right hand side of equation 4.4 represents the
pore water in the region below the water table surface, the second tenn represents the
pore water in region above the water table, and the third tenn represents the water in
the burrow.

By considering the flux entering and leaving the slab, the rate of change of water
volume in the slab of sediment between piezometer A and B is given by the following
equation:
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(4.5a)

and similarly for the sediment between piezometers Band C

(4.5b)

where E is the evapotranspiration rate. On the right hand side of equations
4~5(b),

4~5(a)

and

the first tenn represents the groundwater flowing out of the sediment matrix

towards the creek, the second tenn represents the flow into the volume, and the third
tenn represents the loss of water due to evapotranspiration. Hollins and Ridd (1997)
found E to range from 1 to 5 mm/day with a typical value for mangroves of around 2
mmJday~

It was assumed in this analysis that the flux qc

=

0 because of field conditions

(discussed later) with presumed low hydraulic conductivity due to the absence of
animal burrows. Equation 4.4 is used to calculate the volume of the stored water in
the sediment between piezometer sites C - B. qb is calculated from equation 4.5b, i.e.

i1y
( ~V)_E~
i1t
2

(4.6)

Using Darcy law, and assuming that the flux midway between piezometers B and C is
the average of the fluxes qc and qb, the value of K between site C and B was
detennined using
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K=~

Ax 2

(4.7)

2 t1h CB

where Dh rR is the water level difference between piezometers C and B.
~

~

However, to calculate qa, the value of qb must be taken into account, I.e..

(4.8)

Finally, the calculation of K value between site B and A is accomplished using

K = (qb +qa) Axl
2
~hBA

(4.9)

where DhBA is the water level difference between piezometers Band A.

In order to use this method it is necessary to detennine F s

,

F b , and p.

This is

described below.

4.2.2.1 Determining degree of saturation Fs

F s is defined as the ratio of the water content of the sediment to the water content
when the sediment is fully saturated. When the sediment is inundated by a spring tide,
the sediment will be fully saturated, and therefore the degree of saturation will be 1.
After the last inundation of the spring tides, the sediment will slowly dry, and
therefore the degree of saturation will decrease. F s was determined experimentally by
measuring the reduction in the wet bulk density of samples of sediment taken from the
unsaturated layer. This was done by digging a small hole in the sediment and
removing a cylindrical sample of sediment of roughly 3 cm in diameter and 3 cm in
length from the walls of the hole. The weight of these samples was determined on an
electronic mass balance and then the sample volume was measured by immersion in a
measuring cylinder of water and noting the change in water leveL The bulk density of
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the sample could thus be calculated and compared with density of fully saturated
samples (Pbw) taken during spring tide inundation. This was perfonned on 15 samples
every second day dllr1...!lg periods \A/hen the mangroves \X/ere not inundated. The
reduction in density of the samples were assumed to be due to the water loss of the
sediment and thus the degree of saturation could be detennined. It was found that on
average, during neap tides the sediment samples were 85% saturated, i.e. F s === 0.85.

4.2.2.2 Determining the fraction occupied by burrows, Fb

Fb was determined from previous experiments conducted by Stieglitz et at. (2000a)
and found to be approximately 0.1 as explained in the Chapter 1, section 1.2.2.

4.2.2.3 Determining porosity p

Porosity (P) of the sediment is detennined based on the equation,

(4.10)

where P g is the average density of the sediment particles,

Pbw

is the saturated bulk

density, and Pr is the water density (Rieke and Chilingarian, 1974). The value of
Pbw

from our measurements was 1.61 ± 0.023 g/em3 . Pr ranges from 1.028 g/em

3

for water of salinity 35 to 1.052 g/em3 for water of salinity 50. The value of these
densities are also dependent on the temperature. The value of P g for most sediments
range from 2 to 2.2 g/cm3 (Allen, 1985). Therefore, porosity of the sediment ranges
from 0.41 to 0.51.
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4.2.3 Description of field sites
The field sites were chosen in the upper reaches of Cocoa Creek, Gordon Creek and
Three mile Creek, which are all small mangrove fringed estuaries in tropical North
Queensland, Australia (see Figure 4.3).
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Figure 4.3: The location of experiments at Cocoa Creek, Gordon Creek and Three mile Creek.
Piezometer experiments were carried out at Cocoa Creek only, while burrow experiment were
at all three locations.
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The first site is Cocoa Creek area (see Figure 2.5 on Chapter 2). The piezometer
transect in Cocoa Creek area passes from the creek through a thin fringe of mangroves
and an area of live mangroves mixed with dead mangroves as shown in Figure 4.4.
The width of the band of mangroves is around 7

ill

from the creek and the width of

live and dead mangroves is around 10 meters. Burrows also occur along this transect

and were pumped to detennine the hydraulic conductivity of mangrove sediment.
Burrow density in this area is about 10 to 13 holes/m2 of sediment surface.

The second site is Gordon creek area (see Figure 2.7 on Chapter 2). At the study site
there are two types of mangrove plants, i.e. Rhizophora sty/osa and Ceriops spp. The

Rhizophora stylosa forest grows close to the creek and its sediment surface is
relatively lower (290 em above LAT) than Ceriops spp. area (300 em LAT). Another
difference between the Rhizophora stylosa and Ceriops spp. forests in this area is that
the Rhizophora stylosa trees are generally taller (ca 8 m) than the Ceriops spp., (1 - 6
m) (Hollins, 2001). The density of the number of crab burrow openings in the

Rhizophora sty/osa forest is about 14 holes per m 2 , which is higher than in the
Ceriops spp. forest which has around 6 holes per m 2 •
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The final experimental area was conducted at Tlrree Mile Creek (see Figure 2.9 on
Chapter 2). Only burrow experiments were conducted. The number of burrows
openings for each burrow system in this area ranges from 5 to 15 holes and the
density is about 25 holes/m2 .

4.3 Results.
4.3.1 Sediment Physical Properties in the field area
Material composing the sediment affects the effective porosity of the sediment and is
a relatively important factor in determining the hydraulic conductivity. Effective
porosity is the porosity of the bulk sediment, which can be less than or the same as
true porosity. For coarse material, such as gravels, effective porosity is not different to
true porosity, but for fine material, effective porosity is less than true porosity.
Particle size analysis of the sediment at each site was detennined using a Malvern
Instruments

~Aastersizer

analyzing the 7 Jim to 1000 pm size fraction. The results

are shown in Figure 4.5. It can be seen that the particle size at Three Mile Creek is
significantly coarser than at the other sites. Cocoa Creek had the finest sediment. The
mean for each site was 10 fl m, 25 f.1 ill, and 53 fl m for Cocoa Creek, Gordon Creek.,
and Three Mile Creek, respectively.
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Figure 4.5: Sediment particle size distribution at the study sites. The samples were taken at the
mangrove forest of Rhizophora sty/osa at Cocoa and Three mile Creeks and Ceriops spp. at
Gordon Creek.

4.3.2. Measurement of hydraulic conductivity of sediment using
animal burrows.
The results of measurement of hydraulic conductivity for the four different field sites
are shown in Table 4.1. The size of the error was detennined from the variability of
individual measurements and is a very large fraction of the measured value.
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Location

Average

Standard

Number of

Hydraulic

error

measurements

Conductivity K

(m/day)

(m/day)
Gordon Creek

7.4

3.5

7

0.8

0.6

4

3.7

2.7

5

9.9

5.4

4

Rhizophora
Gordon Creek
Ceriops spp.
Cocoa Creek
Rhizophora
Three Mile Creek

Rhizophora
Table 4.1: Hydraulic conductivity at different field sites measured by removing water from the
animal burrows.

4.3.3. Calculation of hydraulic conductivity using the piezometer
array.
In order to confinn the accuracy of the results of hydraulic conductivity detennined
from the burrow experiments shown in Table 4.1, hydraulic conductivity was also
detennined using the piezometer array at Cocoa Creek (Figure 4.4). Groundwater
level recordings were used to calculate volumes (V), fluxes (q) and hydraulic
conductivity (K) in the mangrove area (between sites C and B, and A and B).

The water level from the piezometers at the Cocoa creek site from 25 July to 10
August 2001 (Julian day, from 206 to 222) are shown in Figure 4.6. During this
period the neap and spring tides are evident. The neap tides are characterized by a
slow and monotonic reduction in the water level, in this case from days 207 to 210
and from day 218 to 222, except for 218 and 220 for site A. The data from Figure 4.6
gives a measure of the change of h with time.

72

206

208

210

212
214
216
218
220
Time (Julian day)
Site A
Creel\: '\-vater

-

'
p
m--+-1
· · · · · · ~· · · · ·fI· · · · ·~ · · ~1 · · I· · · ·~I· \!· f· · ·I· I· · l· · ·I· ·l· ·I\· · ·I· ·l}T[mi· ._.~ -!\.m_.m~-r---t···_m·-I

j ::~ ]

250 . .

- :; = : .

C1)

....J

.

222

i m

m.. . .

lnrf~r1mm.m.

..

::~~.\y:~ ~ J5UJ.~~.~~]~.~LJ~Jt~.ml:I~~\J~~~~1~~l
.

50

II

.

I

206

I
i

208
-

206

Site B

208
-

210

210

Site C

,I
:
I
'

I

212

214

216

I

i

I

i

I

I;

I

I

j

218

220

222

I

Time (Julian day)
Creek water

212

214
216
218
220
Time (Julian day)
Creek ,vater

222

Figure 4.6: Fluctuation of groundwater and creek water level at site A, Band C at Cocoa creek
recorded using pressure sensors. Of particular note is the water level at the site closer to the
creek (A), shows a very pronounced tidal signature. At site C there is no tidal signature at the
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diurnal and semidiurnal frequency but the spring-neap oscillation is evident the tidal signature is
so small.

Hydraulic conductivity uSIng groundwater level was calculated for data from

piezometer sites A, B and C. Days processed were 208, 218 and 220, i.e. when there
was no inundation due to neap tides except for site A. During each of these days, the
value of K, was estimated over four 6 hour time intervals. In order to give an idea of
the dependence of the calculation on evaporation rate E, calculations were done with
two values of E i.e. 1 mmJday and 2 mmJday, the latter probably representing a
typical value whereas 1 mmJday would be an extremely low value (Hollins and Ridd,
1997).

The results of K from this calculation is shown in Table 4.2
Julian

K CB (m/day)

KcB(m/day)

K BA (m/day)

K BA (m/day)

days

(E == 2 mmJday)

(E= 1 mmJday)

(E=2mmJday

(E == 1 mmJday)

208

1l.~
"'"

(0.24)

1.45

(0.24)

0.28

~u.u

1"\6)

0.32

(0.06)

218

1.29

(1.15)

1.49

(1.17)

0.38

(0.23)

0.40

(0.23)

220

1.58

(0.43)

1.78

(0.43)

0.89

(0.25)

3.74

(0.78)

I

/A

Table 4.2: Average and standard deviation (in brackets) of hydraulic conductivity calculation of
mangrove sediment using Evapotranspiration 1 mm/day and 2 mm/day and porosity, p, of 0.46

±

0.05.

It can be seen that a wide range of values of K calculated from this method using E =
1 mmJday ranges from 1.1 to 3.4 m/day and using E = 2 mmJday ranges from 1.0 to
3.0 m/day. Based on these results the average value of K is K ==(2.5 ±O.8)m/ day and
K ==(2.2±O.7)m/ day for E == ImmJday and E == 2 mmJday, respectively.
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4.4 Discussion
The results of the measurements of the bulk hydraulic conductivity, K, using the new
method indicated that .LT( is rJ.grJ)l vfu-;able spatially· at anyone site. At Gordon Creek
in a Rhizophora stylosa forest, measurements of K varied from 2.5 to 10.5 mJday over
7 sample with an average value of7.4 mJday and a standard deviation of3.5 mJday. In
an adjoining Ceriops spp. forest the calculated values ofK averaged 0.81 mJday with
a standard deviation of 0.61 mJday. This significant reduction in the average value of

K seems reasonable as the burrow density in the ceriops spp. forest is much less than
in the Rhizophora forest (14 and 61m2) respectively. An area of Rhizophora forest in
Cocoa Creek yielded an average K of 3.7 mJday with a standard deviation of 2.7
mJday (5 samples). At Three Mile creek a very high value of K was found (average
9.9 and standard deviation of 5.4 mJday). This may have been the result of the
coarser , and therefore more penneable sediment found at the Three Mile Creek site.
However a more extensive experimental program would need to be carried out to
confinn this with enough samples to do rigorous statistical analysis.

At the Cocoa Creek site, measurements of K using piezometer data were also carried
out. Assuming an evapotranspiration rate of 1 mm/day, this method yields the result
that K was 2.5 ± 0.8 mJday. If the evapotranspiration was 2 mm/day, the
corresponding value of K was 2.2 ± 0.7 mJday. This compares with the result from
the burrow method of3.7 mJday and standard deviation of2.7 mJday.

It is inevitable that any method for detennining K will have relatively large error bars.
In the burrow method, because of the complicated shape of the burrows, the
dimensions of the burrow system are not exactly known and the geometry used in the
calculation is a simplification of the real geometry. In addition large spatial variations
in K may well be real. Though the error bars in this work are large, natural variations
in the value of K for different material may vary by many orders of magnitude. For
example, for sand (particle size 0.06 to 2 nun), K is in the order of 1 to 100 mJday,
whereas for silt (2 to 60 Jim particle size) K may fall to 0.01 to 0.1 mJday (Wilson,
1994). Relative to such enonnous natural variation in K, the error bars reported here
are modest and the burrow method gives a useful estimate of K.
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The measurement of hydraulic conductivity of sediments is problematic requiring
piezometers which are expensive and difficult to install. This paper presents a new
and innovative method that allows the rapid assessment of hydraulic conductivity
using existing crab burrow networks. Each measurement on one burrow takes
approximately 20 minutes and typically five to 10 burrows should be measured to
allow averaging of a significant area of the swamp. Field results show that the new
method compares well to more traditional estimates using piezometers. Thus
estimation of hydraulic conductivity may be made relatively quickly and with a
minimum of equipment, especially compared with the methods using piezometers.
The method also does not in any way disturb the sediment matrix.

Field measurements of hydraulic conductivity of the mangrove sediment were
considerable higher than would be expected with sediment with no macropores, with
values ranging from 1 mJday to 10 mJday.
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Chapter

5.

Comparison

between

tidally-driven

groundwater flow and flushing of animal burrows in
tropical mangrove swamps.

5.1 Introduction

Groundwater flow processes vary with seasons, in particular in the tropics.
Groundwater flow typically decreases in absolute volume over the dry season, and
nutrient concentrations in a mangrove creek in Brazil were reported to also decrease
towards the end of the dry season (Lara and Dittmar, 1999; Cohen et ai., 1999), which
may be linked to the reduced groundwater flow dynamics. However, Kitheka et aI.
(1999) estimated that the contribution of groundwater seepage, including nitrite and
nitrate components, was highest during the dry season in Mida Creek, Kenya,
showing an increase of the relative importance of groundwater flow in the dry season.
For instance, groundwater seepage due to the tide passing through mangrove swamps
has been found to maintain mangrove trees during the dry season, although nutrient
shortage and high salinity were occurring in the mangrove forest (Kitheka et at.,
1999). Hence groundwater flow can potentially contribute to the nutrient cycle of a
mangrove swamp, which is thought to be important for the ecology of mangrove
ecosystems (Wolanski, 1992).

Besides affecting the nutrient cycling and water properties, groundwater flow in
mangrove swamps also influences the porewater salinity of the soiL Mangrove trees
exclude large quantities of salt at their roots (Hollins et aI., 2000). If accumulated salt
is not removed, hypersaline conditions can be fatal (Passioura et ai., 1992). Two
mechanisms have been identified by which salt can be removed from the root zone.
Firstly, it may be dissolved and canied to the mangrove creek by direct groundwater
flow through the sediment. Secondly, it can diffuse through the soil to nearby crab
burrows (Stieglitz et al., 2000a; Hollins et al., 2000), from where it may be flushed
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during tidal inundation (Ridd, 1996a; Stieglitz et al., 2000a; Heron, 2001a). The latter
mechanism is known as "burrow flushing".

Burrow flushing during inundation may be an important factor in exchanging solutes

(oxygen, nutrients, toxins and salt) between surface water and burrow water (Heron,
2001a), and recent research has investigated the mechanism driving this process
(Aucan & Ridd, 2000) and has attempted to quantify it (Hollins and Ridd, accepted).
Flushing of burrow water occurs during tidal inundation and is caused by a pressure
difference across the numerous openings of the burrow due to the surface water slope
(Aucan & Ridd, 2000). It was estimated that about 30% of burrow water was flushed
per tide during that process (Hollins and Ridd, accepted). This proportion may
represent a significant absolute volume of exchanged water for the swamp since
burrows have an overall depth (Dburrow on Figure 5.1) up to 1.2 ill (Stieglitz et aI.,
2000a). Each burrow is a discrete system that may represent about 10 % of the swamp
soil volume, but because systems intenningle, the actual proportion of burrow volume
in the mangrove soil is thought to be greater than this value, vibich also increases the
volume of flushed water.

Sediment surface

Mangrove forest

water flushed
through burrow

"
.GroundlM
~ ~
Infiltrated ~'dter flow due t
/ al Water
a

Figure 5.1: Groundwater flow paths through a mangrove swamp during tidal inundation, via
direct flow caused by infiltration and via burrow flushing.
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As outlined above, tidal water in a mangrove swamp can flow to the creek by two
mechanisms illustrated on Figure 5.1: (a) groundwater that flows through the
sediment as interstitial pore-water from the swamp to the creek due. This flow is a
consequence of water infiltration, especially during and after tidal inundation, and is
due to the hydraulic gradient between the swamp and the creek. Hereafter it will be
called "direct groundwater flow". And (b) flushing of free water through animal
burrows during tidal inundation, that will be called "burrow flushing flow" hereafter.

In this chapter, we compare the importance of water flow rates due to direct
groundwater flow and due to burrow flushing in mangrove swamps, assuming that
both mechanisms occur. This chapter is the first attempt to compare these processes
quantitatively.

5.2 Methods
5.2.1 Study sites

The two study sites were located in mangrove forest area at the upper reaches of
Cocoa Creek and Gordon Creek (see Figure 2.5 and 2.7 on Chapter 2). These sites
were selected because they contained extensive mangrove conununities and well
developed creek network. Besides, experiments on the hydraulic conductivity of
mangrove sediment had been carried out previously in both areas (see Chapter 4)6
Finally, investigations on the morphology of burrows (using resin casts (Stieglitz et

aI., 2000a)) and on the proportion of burrow water flushed during each inundation
(Hollins and Ridd, accepted) had also been conducted in the Rhizophora stylosa
mangrove forest at Gordon Creek.

The first measurements (Cocoa Creek) were taken along a 16

ill

transect outward

from the creek through a thin fringe of living and dead mangroves. Living mangroves
occur inunediately adjacent to the creek and span over a width of ca. 7 ill, followed by
dead mangroves over a width of ca. 8 m and salt-flat areas.
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The second study site, Gordon Creek (see Figure 2.7 on Chapter 2). The mangrove
forest growing along Gordon Creek is mainly composed of Rhizophora stylosa at the
edge of the creek and Ceriops spp. The latter are found further landward from the
creek and reach a few meters high before rapidly becoming stunted (1

ill

high) at the

fringe with the bare salt flat. The total width of the mangrove forest at the study site is

ca. 36

ill

and it is entirely flooded by tides greater than 3.0 m above LAT. Although

there is some human disturbance of the region around Gordon Ck, the area selected to
carry-out the groundwater flux study was not impacted and one can be confident that
both the groundwater and surface water dynamics at the site have not been altered.

5.2.2 Piezometer arrays
Four piezometers were installed at Cocoa Creek amongst the living and dead
mangrove trees at irregular intervals, at 2 and/or 4 ill depth depending on the site, and
water level was logged continuously from 14 June through to 27 September 2001

(Table 5.1

Sites

&.~d

Figllre 5.2).

Site name

no.

Level
screen

of

the
(PVC)

Distance
Creek (m)

above LAT (em)

from

the Level of the soil
surface above LAT
(em)

Cocoa Creek

1.

A2

104

5

309

2.

A4

-82

6.1

313

3.

B2

114

7.1

319

4.

C2

114

15

319

Gordon Creek

5.

01

190

1

285

6.

02

190

6

257

7.

03

195

13

258

8.

04

197

23

276

9.

05

200

36

287

Table 5.1: Position and name of piezometers used for recording groundwater level..
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Figure 5.2: Piezometers transects as installed: (a) in the upper reaches of Cocoa Creek, with
three instruments amongst live mangroves, and one in a mixed zone of dead and live trees; and,
(b) at Gordon Creek.

A fifth piezometer was deployed in the middle of Cocoa Creek for 2 weeks in order to
compare tidal variations on site with tidal predictions at Townsville. Observations and
predictions appeared to coincide, and predictions were used from then on to determine
tidal elevation at the field site. Each piezometer was deployed by drilling a 70 nun
diameter hole in the mangrove sediment with a vibrocore barrel and placing a 50 mm
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diameter PVC tube in the hole. Dataflow Systems Pty Ltd (Australia) pressure sensors
were then mounted inside the PVC tubes (Figure 5.3) and the data logger was
attached on top of a stand approximately 1.5 m high from the sediment surface to
avoid flooding at high tide.

At Gordon Creek, 5 piezometers were installed from October 2001 to April 2002, at
approximately 1

ill

depth mostly in the Rhizophora stylosa area, except for one

piezometer that was installed at the border between Rhizophora stylosa and Ceriops

spp (Figure 5.2b and Table 5.1). A depth of 1 ill was chosen to position the bottom of
each piezometer in a burrow and to record water level inside burrows. The
deployment site was also the area where Stieglitz et al. (2000a) detennined the depth
and the volume of the burrows to be 1.2 ill and 70 1respectively. With hindsight of the
data recorded, piezometers were positioned inside burrows at sites 03, 04 and 05,
but probably not at sites 01 and 02.

5.2.3 Piezometer description
Approximately 200 holes of2.5 mm diameter were drilled 5 to 20 cm from the bottom
of a PVC tube to create a screen encasing the pressure sensor (Figure 5.3). The screen
was surrounded by a cotton bag filled with coarse sand to allow free groundwater
flow from the surrounding soil into the PVC tube. To ensure that the water flowing
into the PVC tube enters at the level of the screen, an impermeable bentonite gel
banier was placed above the sand screen. This prevented water from flowing down
the side of the piezometer. A second bentonite gel barrier was made around the top 70
cm below the surface to prevent surface water flowing directly to the screens during
tidal inundation or

rainfall~

The piezometer configuration at Gordon Creek was

similar except that no bentonite barrier was placed above the sand screen, since the
intention was to measure water levels inside burrows. It was possible to confinn that
the water level in the PVC tube was the same as in adjacent burrows by removing
water from the tube and watching to see if the water level in the burrows dropped.
Bentonite was placed at the top to avoid surface water from flowing into the
piezometer along the pipe. It should be noted that the free water table in the burrows,
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as measured by the piezometer

IS

likely to be similar to that in the sediment

surrounding the burrows as the burrows are hydraulically in close contact with the
sediment.

PVC pipe, diameter 50 mm

70 em
Wall of the core hole
(70 mm in diameter)
Bentonite gel covered
by cotton cloth

2m or
4m
depth
50 em

Small holes (2.5 mm in
diameter) surrounding
the PVC tube

25 em
Coarse sand
covered by cotton cloth

PVC Cap

Figure 5.3: Schematic view of the PVC tube used to install piezometers in the field at Cocoa
Creek. The same setup was used at Gordon Creek, except that no bentonite barrier was used
above the sand screen.

Each pressure sensor was calibrated in a tank before field deployment. In addition,
further calibration was carried out every 4 weeks in the field. This was done by
inunersing every sensor at 20 eill, 40 em, 60 em, 80 em and 100 em below the
groundwater level in the piezometer holes for 4-minute periods, with a sampling rate
of 30 second. The piezometer response to these known water depths was used to
calibrate depth versus pressure response. The water level in each piezometer was then

recorded at 3D-minute intervals and downloaded every 2 weeks.
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5.2.4 Model description
Upon tidal inundation, a certain amount of tidal creek water with a salinity of ca~ 35
inundates the mangrove forest. Some of this water infiltrates the mangrove sediment
pores and becomes groundwater that will flow back to the creek due to the pressure
gradient difference between mangrove forest sediment and creek. Flushing of salt in
mangrove sediment will affect the salinity of the groundwater, which will be:
S = 35

+ L1S

where LlS is positive, depending on the salt concentration In the sediment. The
infiltration process occurs until the whole sediment is water saturated.

When tidal height is lower than the swamp sediment surface and there is no tidal
inundation, the water table level in the mangrove forest is located below the swamp
sediment surface and infiltration will not occur. However, the tidal influence is still
present in the sediment body, as the water level in the sediment will follow the tidal
signature, up to a certain distance from the creek. Further away from the creek,
groundwater level in the sediment will slowly fall because it will be out of range of
the horizontal pressure caused by tidal fluctuations.

Regardless of the tide height, level with respect to the swamp sediment surface, the
water table level will gradually fall during ebbing periods until the next flooding

tide~

Moreover, in both cases where the water level is lower than the sediment surface (i.e.
at ebbing tide of high tides, and during flooding and ebbing of small high tides), the
rate of groundwater loss from the mangrove sediment pores to the creek over a period
~t

can be calculated from the piezometer water level (see Equation 5.1 referring to

Figure 5.4).
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Figure 5.4: Position of the underground water table during ebb tide. During a few hours (days),
when ebb or small high tides occur, the water table in the sediment body will drop in relation
with the porosity of the sediment.

Based on Figure 5.4, the equation for direct groundwater flow can be defined as:

LlV
!J,.t

=(f..h
-EJAx~Y(l-R
!J,.t

S

(t))p(l-Fb )+(f..h
-EJAx~YFb
~t

(5.1)

IlV
where = rate of change of volume afwater stored in the sediment (m3/day);

!1t

f..h
!J,.t

=

rate of change ofthe water table level (measured with the piezometers)

(m/day);
E = evapotranspiration rate (m/day);
Ilx and !1y are defined in Figure 5.4 (m);

Fs(t) = degree of saturation of the sediment (%);
p = porosity of the sediment (%);

F b= fraction of sediment layer that is occupied by animal burrows (%).
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The first term on the right hand side of equation 5.1 is the rate of change of water
volume stored in the sediment pores, and the second tenn is the volume of free water
that is stored in the burrows. Both tenns refer to a period Llt. Hence Equation 5.1
expresses the total amount of tidal water that is stored in a slab of sediment of surface
area LlxLlY over a period ~t.

The groundwater fluctuations recorded by the piezometers were used to detennine the
value of LlV in equation 5.1 and to calculate the rate of change of water volume
~t

stored in the sediment. The water level was calculated and averaged for each
piezometer over periods of hours or days, depending on the data available. During
times within the spring-neap-tidal cycles that no inundation occurs (neap tides), an
averaging interval of a few days was possible. During periods of daily tidal
inundation, an averaging periods of greater than a few hours is not possible. For
example, the slope at Cocoa Creek site was averaged over a few hours at sites A2 and
A4, and over 3 or 4 days at sites B2 and C2. Such differences in the time period over
which the calculation is done does not introduce any additional error, provided that
the drop in water level over that period is not too small (i.e. greater than ca. 1 cm), so
that i1h is clearly significantly greater than the piezometer resolution. This calculation
was also conducted at Gordon Creek sites, where the slope was averaged over periods
of a few hours at site 02 and a few days at the other sites.

Tidal flushing of the burrow was also modeled for the same slab of surface area I1x~y,
over a period of time I1t, based on the configuration presented on Figure 5.1. The
average volume of water that is removed from the burrows over approximately a lunar
cycle period (Dt = 1 month) was calculated. Since water is removed from the burrows
at each inundation of the swamp, the number of inundations per month (N) was first
detennined. Different mangrove swamps will undergo different numbers of
inundations over a lunar cycle, depending on the level of the swamp sediment surface
and characteristics of the tide. From the physical characteristics of the mangrove
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swamp, the flow rate of the water flushed from a burrow,

Qwf,

can be described as

follows:

(5.2)

where: Db =: depth of the burrow;

F b == fraction of burrow volume compared to sediment volume;

F wi == fraction of burrow water flushed per inundation;
This flow rate is expressed in m 3/day, but it can be reduced to a rate in (m of
depth/day) or in (m of depth / s) by considering 1 m 2 of sediment surface.

5.3 Results

5.3.1 Fluctuations of groundwater levels at Cocoa Creek.
Figure 5.5 shows the results of groundwater fluctuations recorded at Cocoa Creek
over approximately 2 weeks (14 - 28 June 2001) during the dry season (no rainfall
occurred during that period). Although measurements were recorded over 3.5 months
in total, only a 2-week subsample covering a spring-neap cycle is presented here for
clarity. Other spring-neap cycles nor presented in the figures displayed a similar
pattern. Because the swamp sediment surface of the mangrove forest at Cocoa Creek
is relatively high (3.2

ill

above LAT), the sites were rarely inundated with only 9

inundations occurring per month on a yearly average, with the maximum number of
inundations in March (15), and the minimum number in June (5, including the period
shown on Figure 5.5).

Groundwater surface fluctuations in the mangrove area closest to the creek (Figure
5.5a and 5.5b) followed the daily fluctuations of the tide during spring tides.
However, the shallower site (A2, 2 m depth) only shows one fluctuation per day,
whilst the deeper site (A4, 4 ill depth) shows two. Further away from the creek at sites
B2 and C2, water level fluctuations do not follow the daily tidal pattern, but a weak
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spring-neap cycle envelope is visible (Figure 5.5c and 5.5d). This water level cycle is
as follows: a) the water level drops slowly during neap tides; b) the water level
increases up to the swamp sediment surface with the first inundation of the swamp; c)

the water level remains approximately at the swamp sediment surface level during the
spring tides with small daily drops during ebbs; and d) the water level starts dropping
continuously again when the high tide level does not exceed the swamp sediment
surface level anymore. This pattern is also visible at site C2, the site furthest away
from the creek (15 m), although without any daily signal, even during spring tides.

Groundwater levels are generally very close to the sediment surface during the spring
tides and fall gently by about 30 em by the end of neap tides. Groundwater rises
rapidly after rainfall, by an amount detennined by the rainfall. Generally there is little
difference between the wet and dry season data, as the recharge due to rainfall is very
small compared to the tidal inundation

The delay of \-vater level fluctuations in the piezometers over the tidal cycles "vas 3 to

5 hours, depending on the distance of the piezometer from the creek and on the depth
of the piezometer. The greater the distance from the creek, the longer the time lag
between tide height and groundwater response. This happened because the tidal
forcing needed more time to reach the longer distance from the Creek, and tidal water
inundating the sediment needed time to infiltrate the layer of the sediment. In
addition, at sites A4 and A2 which are close to each other but at different depths, the
time lag was the same for both piezometers, but the deepest piezometer (A4) followed
the tidal signature more closely in terms of amplitude of response. Sediment core
analysis showed that the sediment at 4

ill

depth was coarse sand, whilst it was fine

sand at 2 m depth. This difference in hydraulic conductivity may explain the
difference in amplitude of responses at those two depths, as well as the fact that the
record from site A4 shows 2 peaks per day as opposed to one (during spring tides) or
none (during neap tides).
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Figure 5.5: Fluctuations of groundwater level and tides at Cocoa Creek sites with respect to the
sediment surface level. Swamp sediment surface level at each site and tidal levels taken from tide
tables at Townsville are also shown.
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5.3.2 Fluctuations of groundwater levels at Gordon Creek.
There \'laS no period over \vmch reliable data vias recorded simultaneously at all sites
at Gordon Creek, due to battery failure, faulty pressure sensors, and PVC screens not
touching the burrows. Therefore, the data presented in Figure 5.6 covers different
periods for different sites, but there was no rain throughout the duration of the study
and thus conditions were consistent. All sites were inundated by the tide 19 times per
month on average, which is therefore also the frequency at which the crab burrows
were flushed.

Water level fluctuations at Gordon Creek show a similar pattern at sites 03, 04 and

05 (Figure 5.6c, 5.6d and 5.6e). This pattern is that the water level fluctuations
followed the tidal signature when the tide was higher than the swamp sediment
surface. In contrast, fluctuations disappeared when the tide did not reach the swamp
sediment surface. There was no delay between tidal height and groundwater level
peaks, which indicates that the piezometers were well connected to burrows.

At site 01, groundwater fluctuations followed tidal variations only for the highest
tides, and without a time lag. A lag occurred only when the tide was below the swamp
sediment surface, with a ca. 1 hour lag. During the rest of the study period, water
height fluctuations display only one oscillation per day with a sharp rise and a slow
fall, which were least pronounced at the end of the neap period. Site 02 showed two
oscillation per day, on Julian days 318 and 320, and the rest were only one oscillation
per day, which also tended to disappear at the end of the neap period. The time lag in
groundwater level for this site was ca. 1 hour, similar to site 01. This lag suggests
that sites 01 and 02 were not connected to a burrow.
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Figure 5.6: Fluctuations of groundwater level (from piezometer records) and tides (from tide
table) at the Gordon Creek sites.
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5.3.3 Direct groundwater flow.
Calculation results based on Eq. 5.1 for direct groundv/ater flo\"X1 and for rate of
change of water volume stored in the sediment are shown in Table 5.2. At both field
sites, the area closest to the creek has a higher rate of change in water volume than the
area farther from the creek. The only exception is at site 01 in Gordon Creek area,
where the infiltration is less than site 02. This may be explained by the fact that the
swamp sediment surface at site 01 was rising locally and caused the sediment surface
to be higher than at 02 (285 cm above LAT at 01 and 257 above LAT at 02).

Sites

Rate of change of the

Rate of change of water volume stored

water

in the sediment per unit of sediment

~h/ f1t

table

level

surface area m 3/(m2 day)

in (m/day)

A2 (Cocoa Ck)

0.13 ± 0.03

O.02± 0.004

B2 (Cocoa Ck)

0.05±0.01

0.007 ± 0.002

C2 (Cocoa Ck)

0.03 ± 0.01

0.005 ± 0.001

01 (Gordon Ck)

O.12± 0.09

O.O2±O.OO4

02 (Gordon Ck)

0.18± 0.02

0.03 ± 0.005

03 (Gordon Ck)

0.09± 0.02

0.015 ± 0.003

04 (Gordon Ck)

0.11 ± 0.02

0.017 ± 0.003

05 (Gordon Ck)

O.10± 0.02

O.016± 0.003

Table 5.. 2: Average and standard deviation of speed of infiltration obtained from each piezometer
in two areas (Cocoa and Gordon Creeks, column 2), and volume of infIltrated water at each site

(column 3).

From the above result, the average rate of change of water volume stored in a slab of
sediment per unit area is 0.016 ± 0.003 m 3j(m2 day). The maximum rate of
groundwater stored in the sediment body per unit area is 0.02 ± 0.004 m 3/(m2 day)
2

and 0.03 ± 0.005 m 3/(m day) for Cocoa and Gordon Creek area respectively, and
both occur at ca. 5 m from the creek. Further away from the creek, the rate is about
half of these values and seems to stabilise after the maximum point.
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5.3.4 Calculation of burrow flushing during tidal inundation
The burrow flushing flow was calculated based on equation 5.2 with the following

parameters: the average monthly number of tides that inundate the sediment surface in
our field experiment at Cocoa Creek and Gordon Creek is 9 and 19 respectively; Db =
0.9 -1.3

and F b = 0.05 - 0.15 (Stieglitz et al., 2000a); and Fwf= 0.25 - 0.35 (Hollins

ill

& Ridd, accepted). Hence, the average amount of water flushed per day through

burrows, per 1 m 2 , is 0.01 - 0.04 m 3j(m2 day). We assume in this calculation that
parameters are constant for the entire swamp area. From the results above, we can
draw the comparison between direct groundwater flow and burrow flushing flow rates
in both areas, as is in Figure 5.7.
Direct groundwater flow
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Figure 5.7: Comparison of direct groundwater flow and burrow flushing flow rates.

93

40

5.4 Discussion

Direct groundwater flow to the creek occurs evelyday atid tIle arnplitude of this flow
depends on the physical characteristics of the sediment including porosity, burrow
fraction, evapotranspiration, degree of saturation of the sediment, and slope of the
water level. Burrow flushing flow occurs only during tidal inundation of the swamp,

and it depends on the fraction of burrows in the soil, the depth of the burrows, the
number of tidal inundations, and the fraction of water in the burrow flushed for each
inundation.

Using data from this and previous experiments in the same field areas (Susilo & Ridd,
in press.; Stieglitz et al., 2000a and b; Hollins & Ridd, accepted), both mechanisms
were compared. More specifically, the amount of groundwater returning to the creek
appeared to decrease by half at a distance of ca. 5 to 10 ill from the creek compared to
the section within the frrst 5 m from the creek. This decrease in flux with distance
from the creek is perhaps expected as this is the region where water table slopes are
the highest. In comparison to the groundwater flux range (0.007 - 0.03 m 3f(m2 day)),
the burrow flushing flux was found to have a similar range of flux (0.01 - 0.04
2

m 3 /(m day). Considering the errors involved in the experiments and calculations,
which are considered to introduce and error margin in the order of 50-100%, these
ranges can be considered as being similar, and neither process can be considered
dominant. Instead, both seem to be significant in tenns of flow, and as a consequence
in tenns of their potential contribution to the flushing of salt and nutrient from the
swamp sediment to the creek.

This result suggests that a new approach to studies of groundwater processes in
mangrove swamps is required. In the past, direct groundwater flow has been
considered the most important factor in transporting nutrients and flushing salt in
mangrove environments (Wolanski & Gardiner, 1981; Cohen et aI., 1999; Kitheka et
aI., 1999). However most researchers (Lara & Dittmar, 1999; Mazda et al., 1990;

Wolanski, 1992) have drawn this conclusion qualitatively rather than quantitatively.
One exception is a study by Hughes et al. (1998a) that provides calculation from
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piezometer measurements of groundwater flux caused by tidal water. This earlier
study shows that the groundwater flux was dependent on the rainfall and therefore
season, with a variation by a factor three between dry and wet season.

Over recent years, studies have revealed that tidal water flushes some water in and out
of animal burrows (Ridd, 1996a) that contain high salt concentration, as a
consequence of a diffusion process from the mangrove sediment to crab burrows
(Hollins, 2001). Burrow flushing processes are therefore also very important in the
mangrove environment and Stieglitz et al. (2000a) stated that this process was an
efficient mechanism for removing salt accumulated in the mangrove soiL The authors
suggested from their experiment of conductivity measurements of burrow water that
the burrow water was flushed completely in one hour (during a single tidal event)
whilst Hollins and Ridd (accepted) found from oxygen concentration measurements
that approximately 30 % of the burrow water was flushed during one tidal inundation.
Hence flushing of burrows, whether complete or partial only, is increasingly
recogrised as an important process to flush salt from bUITo\vs.

In this chapter, we quantify both ~echanisms (groundwater flow and burrow flushing)
in two areas, and compare their relative importance for the first time. It appears that
both have the same order of magnitude, with burrow flushing showing a slightly
wider range than groundwater flow. As a consequence, surveys of groundwater
processes in mangrove areas, and more generally in swamp and tidal areas where
animal burrows are present, will need to consider both mechanisms. Investigations of
the influence over flushing mechanisms of different residence times of the water in
burrows and in the sediment body would also be recommended in order to establish
salt and nutrient budget in mangrove swamps.

95

Chapter 6: Groundwater flow model in the mangrove

.

fnr~c:.t
. -~

--

6.1 Introduction

The ability to predict groundwater fluxes with a minimum of effort and measurement
is an important objective. Numerical modeling is one approach to obtain such a
prediction. Predictions of groundwater fluxes can be used to determine fluxes of other
materials such as salt and nutrients provided the concentrations of these materials are
known independently.In this chapter an analytical model is developed to predict the
flow of groundwater from the mangrove forest to the creek. The model will make use
of the geometry and hydraulic conductivity detennined in previous chapters. The
model will be validated by comparing the model results of net flow rate of the
groundwater with data collected from Gordon and Cocoa creeks, as described in
Chapter 5.

The model used will follow a similar methodology to that used by Gill and Read
(1996). The solution for the groundwater flow is written in tenns of an analytic series
solution, based on two dimensional potential flow. The approach is basically to solve
the hydraulic potential flow for steady state conditions using the Laplace equation.
The advantages of this method are that it is simple but accurate, and the error in the
computation can be readily calculated.

The model is a steady state model and thus it carmot predict the time evolution of the
groundwater levels. Although this is a weakness of the model, it allows a much
simpler numerical scheme to be applied. The geometry to which the model will be
applied is shown in Figure 6. 1. The sediment in the mangrove forest is composed of
two layers, the upper layer of which has a very high hydraulic conductivity due to the
presence of animal burrows. The lower layer is effectively impermeable. The
presence of a relatively impenneable salt flat adjacent to the mangrove swamp is also
taken into account by forcing a no flow boundary condition at this interface.
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6.2 Methods
6.2.1 Laplace equation

The general equation of steady state flow in the groundwater flow is (Rushton &
Redshaw, 1979):

~(k

ax

8<1»

xax

+~[k 8<1»+~(k
Oy

YOy

oz

8<1»=0

zoz

(6.1)

where:
kx ' ky , kz are hydraulic conductivity of the sediment to the x, y and z direction

<!> is hydraulic potential of the groundwater, which is the groundwater level
(Wilson, 1994).
If the soil of the sediment is homogeneous and isotropic, equation 6.1 can be written

as:

(6.2)

Equation 6.2 is well known for steady state flow, and is called the Laplace equation. If
the geometry is two dimensional vertically with flow only in the x and y direction,
equation 6.2 becomes (Strack 1989, Bouwer 1978):

(6.3)

Equation 6.3 will be used to solve the problem of groundwater flow from the
mangrove forest sediment to the creek.
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6.2.2 Boundary conditions
,,,...

y='Ir(x,y)

ir

Figure 6. 1: Model of the groundwater seepage to the creek. In this model, h z is 0 m.

The symbols in Figure 6. 1 have the following definitions.

7J ( x ) represents the groundwater free surface.
ft ( x ) represents the sediment surface

'I' ( x, y ) is the stream function of the groundwater

In order to solve the Laplace equation, the following boundary conditions are applied.
1. No flow across the vertical boundaries at x=:O and x == s.

oeD (x,y)

ax

==0

8cD(x,y)

(6.4)

==0

ax

The above equations are velocity potential to the x direction.

2. No flow into the lower impenneable layer aty ==
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o.

oeI> (x, y)
oy

(6.5)

=0

y=o

3. The water level in the creek takes its tidally averaged value, i.e.

<r>(x,y)==~

6.2.3

==0

Solution

(6.6)
for

the

hydraulic

potential,

<I> (x,y),

of the

groundwater
The method used to solve Laplace equation is separation of variables i.e. the hydraulic
potential is written in the form (Gill & Read, 1996, Liggett & Philip, 1983):

<r>(x,y)==X(x) Y(y)

(6.7)

Using the Laplace equation, equation (6.7) can be written as:

X" y+x y"==o

(6.8)

The solution of equation (6.8) is:

X" y"
- + - =0 then
X
y

X"

y"

X

y

-=--=-CY

2

(6.9)

Equation (6.9) can be rewritten as:

2

X" ( x ) + 0- X ( x ) == 0

(6.10a)

Y" (y) -

(6.10b)

CJ2y

(y) == 0

Applying the boundary condition in equation (6.4), where there is no flow at x=O and
x=s, the solution of equation (6.10a) becomes:
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X n (x)==cos(nJrx/s) and, n=O,1,2, ...

(6.11)

Applying the bottom boundary condition (equation 6.5), the solution of equation
(6. lOb) is:

a o,

n==O

Y;,(y)= { an cosh (mry/s) ,

n ~1

(6.12)

The general equation can be written as (Gill and Read, 1996):

n==oo

<t>(x,y)= I[ an un (x,y)]

(6.13)

ll==O

where:

Un

(x, y) ==cosh (nJrY/s) cos (nJrx/s)

(6.14)

Equation (6.14) is a time independent function, and represents the steady hydraulic
head (or hydraulic potential) throughout the saturated part of the soil beneath the
mangrove forest.

6.2.4 The stream function,

'¥(X,y) , of the groundwater

In this model, where the sediment is homogeneous and isotropic, the direction of the
flow will be normal to the equipotentials (Bouwer, 1978), and therefore the
streamlines of the groundwater flow must be orthogonal to the equipotential or water
table. The stream function 'I' ( x, y) is thus defined as:

8'¥

v =-x

8y

8'f'

(6.15)

v=y

ox
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where

Vx

and v y are velocities of flow (Rushton & Redshaw, 1979) in the x and y

....:l.:_............ -4..: . . . ~ ....

Ul1 Civ II V 11~.

The equation of continuity is defined as:

Ov

av

ax

ay

y
_X+_==Q

(6.16)

Substituting equation (6.15) to (6.16), yields:

(6.17)

In homogeneous isotropic soil, where the hydraulic conductivity of the sediment is
constant,

Vx

and vy are (Rushton and Redshaw, 1979):

a<D

Bel>

v ==--

v ==--

ax

x

y

(6.18)

ay

Therefore, the relationship between the hydraulic potential and stream function
(Strack, 1989 page 222) is:

8<D

ax

==

8\f'
8y

8<I>

==

8y

80/

ax

(6.19)

Equation 6.19 is well-known Chauchy - Riemann equation.
Using equation (6.19), which is applied to equation (6.14), the stream function of the
groundwater will be:

Y ) sin (nffX)
Ian sinh (nff
--

'I'(x,y)==c+ n=co
n=l

S

S
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(6.20)

Where c is an arbitrary constant. In this model, c is zero along the impenneable
boundary.
The dimension of the stream function is [L2T- 1]

6.2.5 Solving for '¥(x,y)
6.2.5.1 Calculation of an coefficient

When the sediment is water saturated, the free water table will be the sediment
surface itself,

1] (

x)= II (

(6.21)

X)

If variable y in equation (6.14) is replaced by the function of the sediment surface,

f' (X ), then the equation will

only have 1 variable, i.e. x. The hydraulic potential,

<l> (x, y ), will also only vary in

x.

<I>I

(x)

is introduced as a hydraulic potential,

equation (6.14) becomes:

<1>1

n=oo

(x)= ~all cosh

(n JrII(X))
(nJrx)
s
cos
-8-

(6.22)

To solve the equation (6.22), it is needed to calculate the coefficients an. It will use
the least square method to calculate the

4z, the least squares approximation to

an. e

The series after n == N-l tenns needs to be truncated, so equation (6.22) is rewritten as:

N-I

cI>~ (x) =

LAn
U: (X),
o

(6.23)

1

where u~ (x)= cosh (

n1C jls (x)) cos (n1CX)
-s102

The hydraulic potential along the upper saturation boundary is:

hi (x)=

(6.24)

Equation (6~24) assumes that the location of water table, TJ( x) is known. Therefore

hi (x)~

n=N-l

L

An U:z(x)

n=O

The hydraulic potential along the saturated boundary must satisfy:

hi (X)~

n=N-l

L

An u:Z (x)

(6.25)

n=O

The least square method is used to calculate the coefficient An from equation (6.25),

(6.26)

(6.27)

The first step in this process is to calculate:

s

[u Ij =(u: ,u~ )= Ju: (x) u~ (x) dx
t

(6.28)

o

where,
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IlC
u:(x)=cosh ( . Its

u~ (x )=cosh

()J cos (i:rrx )
X

/l

}1Clt(x)J'
s
cos

-8-

(6.29)

(i

(6.30)

1CX )
-8-

Note, i andj are integers, which are 1, 2, 3 .. a,n

In the second step

s

[u~l =( u: ,h ;= fu: (x) hi (x) dx
l

(6.31 )

o

is calculated, where

u; (x)

is calculated from equation (6.29) and ht (x) is taken from

equation (6a26).
The value of An are obtained by solving numerically the matrix equation (6.27). These
values are then used to calculate hydraulic potential (equation (6.14)) and stream
function (equation (6.20)).

6a2a5a2 Error analysis

The root mean-square error (RMS error) is defined by the error between the
approximate measurement of Ai and the true value ofTi (Scheid, 1968)a For discrete
data, the RMS error is defined as:

1

2]2

IN
8= -I(~-Ai)
[
N

(6.32)

i=O

where Ti are known values and Ai are approximate values.
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In this model, both the fixed value of hydraulic potential hi (x) and the approximate
value of hydraulic potential cI> ( x, y ), resulting from the calculation of the series
solution are continuous. Therefore, the RMS error is defined:

1

2 2

1
E: = -;

S

A

J(I (x) - IN (X )

(6.33)

J

where: I(x) is a true value
/\

fN

( X)

is a calculated value.

With larger values ofn, the error tends to zero (Scheid, 1968)

6.2.6 Calculation of the flux (q)
The flux per unit length nonnal to the plane of flow of the groundwater can be
calculated using the result of the stream function (Rushton & Redshaw, 1979), i.e.:

(6.34a)
YI

'¥z

= f d'¥='¥2 -'¥]

(6.34b)

"PI

From equation (6.20) and (6.34b), the flux between two points of the stream values
can be calculated. Because the stream value is flux per unit length, the unit is square
length/time or m 2/day.
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6.2.7 Programming
6.2.7.1 Determination of the sediment surface, water table and free surface
water.

The upper saturated soil boundary consists of the soil surface when the aquifer is fully
saturated, and the water table when it is partially saturated. The approximation of the
saturated boundary is a series of three spline segments. The creek bank is
approximated using a cubic, and a linear function is used for the upstream section.

The function from the creek bank to the (linear) forest sediment is approximated using
a quadratic. In this model, the water level in the creek is assumed to be zero or h 2 = o.

6.2.7.2 Steps in the program

The programming tool used in this modeling is Matlab Release 6 version 12. The
following steps are used in the model:

Three polynomials are used to represent the true value of sediment surface as
measured with field data. The same approximation is used for the field data, when a
water table is present.
Calculating of An by:
s

fu; (x) u~ (x) dx (from equation 6.28)

- Calculation of

o
s

- Calculation of

f

Ui ( X )

hi ( X ) dx (from equation 6.31)

o

- Calculation of An, u l a01== hI01 .
When An has been found, the calculation of <!> ( x, y) and \f' ( x, y ) is undertaken.
Both the water table, hI (x) , and hydraulic potential of the groundwater, <I> ( x, y ), are
plotted together along the saturated boundary. Basically, both of these functions must

have the same value. However, because the value of n for the calculation is not
infinite, there is an error, which is explained in the subsection 6.2.5.2.
N (capital n) is chosen, so that the RMS error is less than 10-3 . This ensures three
figures accuracy in the solution for the stream function.
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Using equation 6.38b, it will be calculated the flux of the groundwater of this model.
The result of this model calculation will be compared to the flux of the groundwater

from field measurem_ent a.nd calclllation in Chapter 5.

6.3 Results

The model was applied to calculate the groundwater flow at the Cocoa Creek
peizometer transect described in Chapter 5 and shown in detail in Figure 5.6. The
distance between the impermeable salt flat to the creek is 11

ill,

and the slope of the

creek bank is 45°. The elevation of the sediment at the salt flat is 1.1

ill,

and at the

creek bank is 1 m. The slope of the mangrove sediment model is 0.6° or 0.01.
Calculations were perfonned for neap tides i.e. when there was no tidal inundation of
the swamps. From the peizometer data, the position of the free water table is mown
over this period and was used as an input to the model.

Because the model is not a time dependent model it is not possible to calculate the
evolution of the free water table and water fluxes over the period of the neap tides. It
is however possible to calculate the fluxes at particular times provided the position of
the water table is mown. The neap tide period, which will be defined as the period
when no inundation of the mangroves occurs, usually lasts 5 days. In the analysis
below, the fluxes are calculated on each of the 5 days of the neap tide period. Because
the water table during spring tides is effectively at the sediment surface, the model
can also predict the spring tide situation. The net flux of groundwater from the
sediment is calculated by nmnerically integrating the flux of water passing into the
creek. Therefore, the model of six days after inundation is the same as the day zero,
i.e. the sediment is water saturated.
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Figure 6. 2: The condition of the sediment, free water table and stream line, when sediment is
water saturated or day zero.

Figure 6. 2 shows the results of the stream function immediately after the last tidal
inundation of the spring tides, day 0, i.e. when the free water table was at the sediment
surface. It should be noted that the result shown in figure 6.2 is also applicable for
spring tides as the time of inundation is generally only a few hours per day even
during spring tides. The water table for the rest of the period is at the sediment
surface. Using piezometer data from successive days, the stream lines were calculated
from day 1 to 5, after the last tidal inundation. These results are shown in Figure 6.3
to 6.7.
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Figure 6.3: The condition of the sediment, free water table and stream line, when one day after
inundation.

Figure 6.3 shows the condition of the model one day after inundation, where the slope
of the water table increases, from 0.01 on the day zero to become 0.015 on the day
one. The water table level is down by 0.065 m at the beginning of the sediment, to
1.035 m at the salt flat.
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Figure 6.4: The condition of the sediment, free water table and stream line, on two days after
inundation.

Figure 6.4 shows the condition of the model two days after inundation (day two),
where the slope of the water table increases, from 0.015 on the day one to become
0.02 on the day two. The water table level is down by 0.14 m from the day zero at the
beginning of the sediment, to 0.96 m at the salt flat.
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JO

inundation.

Figure 6.5 shows the conditIon of the model three days after inundation (day tlrree),
where the slope of the. water table increases, from OJ)2, on the day two to beeD.me
0.025 on the day thre.e., The water table level is down by 0.16 In from the ,day zero at
the beginning of the. sediment,. to 0.94 ill at the salt flat,
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Figur,e 6.6: The condition of the s,edbneuf, free water table and strealD line" 011 four days afiel'"
inundation

Figure 6.6 shows tIle condition of the rno,del four days after inun,dation (day' four),
where the s10pe of the w'ater table

in(~"eases,

froln 0.025 on the day three. to become·

0.03 on the ,day four., The. water table level is down by O' 19 ill from th'e day zero at the

beginning of the se,diInent, to 0.,91 m at the salt flat.
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Figure 6.. 7 shows the condition of the rno"del five days after inundatiol1 (day five),
where the slope of the water table increases, from 0,.03 on the day three to' become
0.04 on the day five~ The "water table level s down by 0.26

ill

from the day zero at the

beginning of the sedime t, which is 0.84 ffi.

One of the results of stream calcu arion is shown in Figure 6.8, where the condition is
water saturated. he rest are sho'wn in App1endlx 3.
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Figure 6.8: Stream value for each distance from the end of the sediment to the creek bank at the
sediment is water saturated (as a condition on Figure 2)

From Chapter 4 and 5, it was found that the porosity of the sediment was ca. 0.45 (45
%), and the water that fills the burrows was ca. 0.1 (10%) from the total volume of the
sediment. Therefore, the water volume is 55 % of the total volume of the sediment.
The calculation of the fluxes for all conditions is multiplied by 0.55. The fluxes

calculated for each of the 6 days are shown in Table 6.1 and Figure 6.9.
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Day number

Flux calculated by model
3

2

Flux inferred from

m /(m day)

piezometer data m 3/(m2 day)

0

0.026 ± 0.002

0.030 ± 0.021

I

0.029 ± 0.002

0.028 ± 0.017

2

0.021 ± 0.002

0.026 ± 0.013

3

0.016 ± 0.001

0.021 ±0.010

4

0.012 ± 0.001

0.016 ± 0.008

5

0.007 ± 0.001

0.013 ± 0.005

Table 6.1: The comparison between the resnlt of the flnx calcnlated from the model (stream
function) and from the field measurement.
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Figure 6.9: Visualisation of Table 6.1

From Table 6.1 and Figure 6.9, they can be seen that the model gives a reliable
estimate ofthe groundwater flux.
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6.4 Discussion

The success oftne model is in part due to the extensive use of high quality water table
data. Although in many applications such data may not be available, due to the
absence of piezometers, calculations can still be perfonned in periods when the tides
inundate the Creek, as this is when the water table is the same as the sediment surface.
It is a relatively simple matter to survey the height of the sediment surface, and thus
the model can be applied to many locations with a minimum of effort.

The model is applicable to spring tides as well as neap tides in many locations. In
most places, because the average period of inundation during the spring tides is only a
few hours per day. For this short time groundwater flow will be zero as there will be
no significant pressure gradient. For the rest of the day the water table will be at the
sediment surface and the results for figure 6.2 will apply.

It should be noted that this model is limited because it is not a genuine time dependent
model, however useful results of groundwater fluxes can still be obtained and used in
a variety of applications.
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Chapter 7. Conclusions and Recommendations
7.1 Introduction

This thesis is mainly divided into three parts i.e.
(1) the development of a new method to detennine the hydraulic conductivity of
mangrove sediment;
(2) the calculation of the relative magnitude ofbuITOW flushing or direct groundwater
flow to detennine which process is most important in removing groundwater and
salt from mangrove soils, and ;
(3) the development of a simple analytical model to calculate groundwater fluxes.

7.2 Practical and Academic significance of the study

(1) The new method of measurement of hydraulic conductivity of mangrove soils
outlined in chapter 4 will allow for the first time the ability of researchers to quickly
and cheaply determine hydraulic conductivity. Generally hydraulic conductivity is a
difficult parameter to detennine. Conventional methods of taking samples for analysis
in the laboratory are usually unsuitable because the process of taking the sample
changes the hydraulic properties of the soil. Unless extremely large samples are taken,
the influence of macropores such as crab burrows can not be considered.
Conventional in-situ methods of determining hydraulic conductivity usually involve
placing piezometers in the soil. This is a usually a difficult and costly process in
mangrove swamps.

The method of determining the hydraulic conductivity developed in this thesis uses
the crab burrows as natural piezometers. Measurements of hydraulic conductivity can
be made quickly (within a few hours) and with a minimum of equipment.

(2) There are two major pathways by which groundwater in mangrove swamps can be
returned to a mangrove creek. These are (a) by direct groundwater flow, and (b) by
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flushing of water in the animal burrows. The work described in chapter 5 is the first
attempt to assess the relative magnitudes of these two affects. Measurements were
taken in two pristine creek systems an_d indicated that both pathways are important.
Although the results are specific to the two particular locations studied, the techniques
developed can be applied by other researchers different mangrove swamps.

(3) The simple analytical model developed in Chapter 6 used to predict the
groundwater flow from mangrove swamps and the results were compared with
measurements. It was found that the model gave very encouraging results and
indicating that the model should be able to be applied to a wide range of mangrove
swamp geometries.

7.3 Recommendations for future research work.
This research has shown the importance of the burrow flushing and groundwater flow
in the mangrove forest sediment. There are however many avenues for future
research. Below are some suggestions.

1. The effect of burrow morphology on flushing rates and groundwater flow may
be important. The bulk hydraulic conductivity of the soil depends upon the
size and degree of intermingling of the burrows. It is likely that locations with
burrowing species with different burrow morphologies will have different
hydraulic conductivity's.
2. The role of groundwater flow in the nutrient and salt budget of the mangrove
swamp/creek system is poorly understood. The method of determining
hydraulic conductivity, as outlined in this thesis, with observations of
groundwater salt and nutrient concentrations could be used to develop such
budgets.
3. The groundwater fluxes associated with salt pans have yet to be fully

investigated. These salt pans often occupy a much larger area than mangroves
and the groundwater in the salt pans has very high concentrations of salt. It is
improbable that the horizontal fluxes in the salt pans are significant due to low
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hydraulic conductivity, however, vertical flow into lower layers of sand,
where present, may be an efficient mechanism to transfer large quantities of
groundwater to the creek.

7.4 Conclusions.
The conclusion of this study can be divided into 3 parts:
1. The development of a new method to determine the hydraulic conductivity of

the mangrove sediment;

The measurement of hydraulic conductivity of sediments is problematic· requiring
piezometers which are expensive and difficult to install. In this thesis a new and
innovative method is described that allows the rapid assessment of hydraulic
conductivity using existing crab burrow networks. Each measurement on one burrow
takes approximately 20 minutes and typically five to 10 burrows should be measured
to allow averaging of a significant area of the swamp. Field results show that the new
method compares well to more traditional estimates using piezometers. Thus
estimation of hydraulic conductivity may be made relatively quickly and with a
minimum of equipment, especially compared with the methods using piezometers.
The method also does not in any way disturb the sediment matrix.

Field measurements of hydraulic conductivity of the mangrove sediment were
considerable higher than would be expected with sediment with no macropores, with
values ranging from 1 m/day to 10 m/day.

2.

Calculation of the relative magnitude of burrow flushing or direct

groundwater flow to determine which process is most important in removing
groundwater

It was found that at the field sites where measurements were taken, these two
processes are of similar magnitude. The groundwater flux range (0.005 - 0.03 m 3 j(m2
2

day), was similar to the burrow flushing flux (0.01 - 0.04 m 3/(m day». Considering
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the errors involved in the experiments and calculations, which are considered to
introduce and error margin in the order of 50-1 00%, these ranges can be considered as
being similar, and neither process can be considered dominant.

This result suggests that a new approach to studies of groundwater processes in
mangrove swamps is required. In the past, direct groundwater flow has been
considered the most important factor in transporting nutrients and flushing salt in
mangrove environments (Wolanski & Gardiner, 1981; Cohen et al., 1999; Kitheka et
al., 1999). However most researchers (Lara & Dittmar, 1999; Mazda et al., 1990;

Wolanski, 1992) have drawn this conclusion qualitatively rather than quantitatively.
One exception is a study by Hughes et ale (1998) that provides calculation from
piezometer measurements of groundwater flux caused by tidal water.

3. The development of a simple analytical model to calculate groundwater fluxes

Modeling of the groundwater flow in the mangrove forest area was also undertaken.
This model uses a series solution to calculate the flux of the groundwater to the creek
bank. It assumes that the mangrove soil is comprised of two layers, the top layer being
highly permeable due to the presence of animal burrows, and a lower impenneable
layer. The model was driven using water table data taken from piezometers. The flux
estimates derived from the model compared favorably with experimental estimates
with fluxes ranging from 0.007 to 0.026 m 3j(m2 day). Depending upon the time since
tidal inundation of the swamp. The model is easily adaptable to a range of swamp
geometry's 'and can thus be applied to a range of geographic locations.
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Appendix 1
Visual analysis and colour photographing of the core
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Site description

-Mangrove forest at upper reaches of Cocoa ICreek

Core length

,.O,.85m

S,ediment deptl1

: 200m

Compaction

: 2.4

1..;.-_-_-_-_

Red brown organic. clay

1:;":-:-:-:

1m

Dark, grey/black organic clay

2m

Decay ofmangrove Toot
(Teddy brown)
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Core for
Site description

t. -e

·te '2

: Mangrove forest at upper reaches of Co"Coa Creek

,Core length
Sedinlent d,epth

': 2.00 lTI

COlnpaction

: 1.5

Om

Red brown organic ,clay

1m

Dark grey/black organic clay
.':'"":.:-.:.:

Decay ofmangrove root (red brown)
2m
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Core for' -tie · e C2
Site description

: Mangrove forest at upper re"aches of Cocoa Creek~

C:OTe lengtll

: 1.50'ffi

Sediment depth

:200m

Compaction

: 1.3

Om

Red bro\VIl organic clay

•• "

1m

•

~

., I

'.

'I

~ : : : : : : : :1

Dark greylblack organic clay

Decay ·of111aIlgrove root (red browJl)
21n
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Co'e for he si e D2
Site descriptIon

: Mix, Mangrove and dead mangrove. at upper reaches: of Cocoa

Creek
Core length

: 1.·87 In

Sediment depth

:.2.0.0m

Compa-cti<on

.1.1

Om

Red brown org,amc clay

1m
: : : :. : : ~. : : :'

IH)/ Darkgreylblack organic clay

= ~ : ' : ~< =.~

:-

2m
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Co
Site description

0

he site

4

: Mix, Mangrove and· dead mallgrove at ~pper Teaches of Cocoa
Creek

Co"e length

.1.60m

Sediment depth

: 3..35 m

'Comp,action

: 2.1

Om

Red brown organic clay

Dark greylblack orgaIUc clay
2m

Laminated sand and clay

4m
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Site description

: Salt flat at upper reaches of Cocoa 'Creek:

'Core length

: O.46m

Sediment depth

: 2.00' 1U

Compaction

.4.3

Om

u_ ._ rOlvn c'11"",
ay
M--db.'

1m

,Gt'ey bro"Wll 'clay

Dark grey/black organic clay

Decay 0.[ mangrove .root (red brown)

Laminated sand and clay
2m
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17

n

I

I

.7

2

36

: 1.7

Mud 'bro"Wll 1

,ark grey/b ack . . . . . . . . ."........
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'1•• ....,.

clay

Core for the site G2
Site description

: Salt flat at upper reaches of Cocoa Creek

Core length

: 1.70 m

Sediment depth

: 2.00m

Compaction

: 1.2

Om

Mud brown clay
Grey brown clay

1m

Dark greylblack organic clay

Laminated sand and clay
2m
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Reconstruction of the sediment from mangrove forest to salt flat areas, left to right

1m

,,
1.1

-

2m

4m
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Appendix 2
Grain Size Analysis of the Cores

140

CoreA2
Site description

: Mangrove forest at upper reaches of Cocoa Creek

Sediment depth

: 2.00m

Analysis at depth

: 0, 1.00,2.00 meters
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Core B2
Site description

: Mangrove forest at upper reaches of Cocoa Creek

Sediment depth

: 2.00m

Analysis at depth

: 0, 0.75, 1.50,2.00 meters
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Core C2
Site description

: Mangrove forest at upper reaches of Cocoa Creek

Sediment depth

: 2.00m

Analysis at depth

: 0, 1.00,2.00 meters
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CoreD2
Site description

: Mix, mangrove and dead mangrove at upper reaches of Cocoa
Creek

Sediment depth

: 2.00m

Analysis at depth

: 0, 0.55,1.10, 1.65,2.00 meters
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--DI65

D200

CoreD4
Site description

: Mix, mangrove and dead mangrove at upper reaches of Cocoa
Creek

Sediment depth

: 3.35 m

Analysis at the depth: 0,1.05,2.10,3.35 meters

20 , - - - - - - - - - - - - - - - - - - - - - - - - - ,

.,

IS
I

5

o+--------,---------==-r-----::...=....,.......:!"'----------j
I

- - - 'D4TOP

10
100
Particle Diameter (micro meter)

--0105

--D210

145

1000
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Core E2
Site description

: Salt Flat

Sediment depth

: 2.00m

Analysis at depth

: 0, 1.00, 2.00 meters
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Core E4
Site description

: Salt Flat

Sediment depth

: 2.91 m

Analysis at depth

: 0, 0.58, 1.16, 1.74,2.91 meters
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Core F2
Site description

: Salt Flat

Sediment depth

: 2.00 m

Analysis at depth

: 0, 0.65, 1.30,2.00 meters
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1000
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Core G2
Site description

: Salt Flat

Sediment depth

: 2.00m

Analysis at depth

: 0, 0.60, 1.20,2.00 meters
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Appendix 3
Calculation of stream values of the groundwater flow
modelling

150

Model for Day 1
Model description

: Mangrove forest sediment
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Salt flat
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Model for Day 2
Model description

: Mangrove forest sediment
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Model for Day 3
Model description

: Mangrove forest sediment
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Model for Day 4
Model description

: Mangrove forest sediment

Creek

Salt flat
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154

Model for Day 5
Model description

: Mangrove forest sediment
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Salt flat
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Appendix 4
Calculation of the porosity, equation 4.10 on Chapter 4
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Saturated bulk density of the sediment in the different days
after inundation and different depth from the surface
Density (gr/cm3) one day
after inundation
Depth (10 em)

Depth (20 em)

Depth (30 em)

1.62
1.63

1.59
1.59

1.59
1.59

1.63

1.60

1.60

1.57

1.59

1.69

1.59
Density

(gr/cm3)

three

days after inundation
Depth (10 em)

Depth (20 em)

Depth (30 em)

1.61
1.63

1.60
1.60

1.59
1.59

1~60

1.63

1.59

1~63

1.63

1.60

Density (gr/em3) five days
after inundation
Depth (10 em)

Depth (20 em)

Depth (30 em)

1.62
1.63

1.63
1.63

1.60
1.63

1.63

1.60

1.53

1.62

1.63

1.63
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Density (gr/cm3) ten days
after inundation
Depth (10 em)

Depth (20 em)

Depth (30 em)

1.61
1.63

1.61
1.61

1.59
1.61

1.61

1.59

1.60

1.63

1.59

1.60

From these above results, the porosity of the sediment can be calculated using

equation p= Pg

-

Pbw and the result ranges from 0.41 to 0.51.

Pg-Pf
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