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Abstract An investigation was conducted at
Astrolabe Park landfill, a decommissioned
municipal landfill in Sydney, Australia, to assess the
physical and chemical processes affecting the
distribution of inorganic constituents in the leachate
plume. The plume is migrating from the landfill
towards a groundwater-fed pond into which
leachate-impacted groundwater discharges.
Borehole geophysical logging and depth-discrete
groundwater sampling were used to delineate the
distribution of the leachate plume along two
groundwater flow paths between the landfill and the
shore of the pond. Borehole geophysical logs
indicate a strong correlation between bulk and fluid
electrical conductivity (EC) values, and help to
identify small-scale heterogeneities that comprise a
major constraint on contaminant transport within
the aquifer. Variations in the distribution of several
indicator parameters (EC, HCO3

), pH, Eh, NH4
+/

NO3
), S2)/SO4

2)) are used to assess the dominant
processes affecting contaminant distribution along
the flow path, including mixing of fresh and
contaminated groundwater, oxidation/reduction
reactions and ion exchange.

Keywords Leachate plume Æ Landfill Æ Hydrogeo-
chemistry Æ Vertical monitoring Æ Geophysics

Introduction

Disposal of waste in landfills is an integral part of waste
management strategies around the world. The production
of leachate as a by-product of organic and inorganic
decomposition in landfills poses a serious threat if released
to the environment (Kimmel and Braids 1974; Baedecker
and Back 1979; Arneth and others 1989; Kjeldsen 1993;
Jankowski 1997). Andreottola and Cannas (1992) describe
leachate pollution as the result of a mass transfer process
between the waste and leaching water that has infiltrated
into the waste layers. Physical, chemical and microbial
processes transfer pollutants from the waste material to
the infiltrating water, resulting in a contaminated liquid
containing high concentrations of organic and inorganic
contaminants. If the leachate is released into the under-
lying aquifer, it forms a complex contaminant plume that
fundamentally alters the chemical properties of the aquifer
(Baedecker and Back 1979; Nicholson and others 1983;
Lyngkilde and Christensen 1992; Bjerg and others 1995;
Jankowski 1997; Jankowski and Acworth 1997; Ludvigsen
and others 1998; Cozzarelli and others 1999; Christensen
and others 2001). For this study, groundwater samples
were collected from four multi-level piezometers that
comprise the endpoints of two parallel groundwater flow
paths between the Astrolabe Park landfill and a ground-
water-fed pond located hydraulically downgradient from
the landfill (Lachlan Pond No.5). Several groundwater
quality parameters and inorganic elements (EC, HCO3

),
pH, Eh, NH4

+/NO3
), S2)/SO4

2)) are examined to assess the
variations in contaminant concentrations and spatial dis-
tribution between the landfill and the pond.

Environmental setting

The Astrolabe Park landfill is approximately 6 km south of
the Sydney central business district (CBD) in the suburb
of Daceyville (Fig. 1). The site is within the northern
portion of the Botany Basin, an erosional depression in the
Triassic Hawkesbury Sandstone bedrock (Albani 1981;
Griffin 1963; Rickwood 1998). The Botany Basin consists of
several deep, steep-sided paleochannels incised into the
Triassic Hawkesbury Sandstone bedrock that were filled
with a sequence of Quaternary sedimentary deposits that
comprise the Botany Sands aquifer (Fig. 1).

Received: 24 August 2003 / Accepted: 16 September 2003
Published online: 24 February 2004
ª Springer-Verlag 2004

L. B. Jorstad (&) Æ J. Jankowski
UNSW Groundwater Group, School of Biological,
Earth and Environmental Sciences, University of New South Wales,
2052 Sydney, N.S.W., Australia
E-mail: lange.jorstad@erm.com
Tel.: +61-2-8584-8888
Fax: +61-2-8584-8800

R. I. Acworth
UNSW Groundwater Group, School of Civil and Environmental
Engineering, Water Research Laboratory, King Street,
2093 Manly Vale, N.S.W., Australia

DOI 10.1007/s00254-004-0978-3 Environmental Geology (2004) 46:263–272 263

Original article



The sedimentary sequence observed in the Botany Sands
aquifer represents depositional environments ranging
from marine to terrestrial. From most recent to oldest, this
sedimentary sequence has been divided into four units
(Albani 1981): recent marine deposits (Unit 1); aeolian
deposits (Unit 2); fresh to brackish lagoon deposits (Unit
3); and marine/estuarine deposits (Unit 4). In the vicinity
of the Astrolabe Park landfill, the aeolian deposits of Unit
2 comprise the most significant water bearing formation.

Site description

The study site is comprised of the Astrolabe Park landfill
(which was completed as a sports field upon decommis-
sioning), a portion of the adjacent Eastlakes Golf Course,
and a portion of the eastern shore of Lachlan Pond No. 5
(Fig. 2). The site is underlain by an approximately 30-m-
thick deposit of predominantly aeolian quartz sand com-
prising the upper sequence of the Quaternary Botany
Sands aquifer (Unit 2, discussed in the previous section).
The upper portion of the aquifer in this area is unconfined,
while the occurrence of silty, clayey and peaty lenses cre-
ates semi-confined conditions in the lower portion of the
aquifer. On a regional scale these lenses are discontinuous,
but they are locally extensive in the vicinity of Astrolabe
Park and comprise a significant constraint on groundwater
flow and solute transport in the shallow aquifer. The
landfill is located up hydraulic gradient from a series of
groundwater-fed ponds known as the Lachlan Ponds.
Mining of heavy mineral sands occurred at this site using a
floating suction dredge between 1964 and 1973; this is
believed to have extended to a maximum depth of 17 m
below the original ground surface (Hitchcock unpublished
data 1991). Following the conclusion of the mining activ-
ities, the water-filled sand pits were backfilled with solid

wastes of mostly domestic origin. The total volume of
waste deposited was approximately 2.04·105 m3

(Hitchcock unpublished data 1991). The lateral extent of
the landfill was estimated to be 4.7 ha, based upon
examination of a series of aerial photographs, resulting in
a calculated average waste thickness of approximately
4.35 m.
The regional groundwater flow direction within the Botany
Sands aquifer is generally towards the south-southwest.
However, in the vicinity of Astrolabe Park the shallow,
unconfined groundwater flow is controlled by local
topography and flows approximately in a west-southwest
direction, as determined in this and previous investiga-
tions (Jankowski and Knight unpublished data 1991;
Hitchcock unpublished data 1991).

Landfill processes and leachate
production: a brief overview

Degradation and stabilization of waste in landfills has
been observed to occur according to an ordered
succession of physical, chemical and biological processes
over time, as described in detail by Ehrig (1983),
Andreottola and Cannas (1992) and Qasim and Chiang
(1994). These include an initial, short-lived aerobic deg-
radation phase followed by three phases of anaerobic
degradation: (I) acid-fermentation, (II) intermediate
anaerobiosis, and (III) methanogenesis. Each stage
represents a progression in the process and rate of
decomposition of organic matter present in the wastes,
and the resultant leachate produced can be identified by
characteristics indicative of each stage.
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Fig. 1
Site location and extent of the Botany Sands aquifer

Fig. 2
Location of multi-level piezometers in the vicinity of Astrolabe Park
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In general, the organic waste material is ultimately reduced
to CO2(aq), CH4, and H2O (Baedecker and Apgar 1984;
Christensen 1992; Ehrig 1983). In the typical pH range of
6.0–7.0 for methanogenic phase leachate the CO2(aq) is
converted to HCO3

) (Baedecker and Back 1979; Ehrig
1983; Nicholson and others 1983). The amount of HCO3

)

introduced to the groundwater system through the deg-
radation of organic matter can be very large; for leachate
plumes in low salinity aquifers containing a low percent-
age of carbonate material, HCO3

) is an excellent indicator
of the plume location and relative concentration.
The various populations of microbes responsible for the
degradation of organic matter in landfills utilize oxygen, or
other oxygen-bearing species in the absence of free oxy-
gen, to convert organic compounds to the simple end-
members CO2(aq),CH4 and H2O (Baedecker and Apgar
1984; Andreottola and Cannas 1992; Ehrig 1983). Anaer-
obic microbial oxidation of organic matter results in the
depletion of solid and dissolved oxidants in the aquifer
system and accumulation of soluble reduced redox species
in groundwater, along with a resultant decrease in the
redox potential (measured in the field as Eh) of the
groundwater. A comparison of the distribution of oxidised
and reduced redox species provides insight into the spe-
cific redox processes occurring within the landfill and
leachate plume.
It should be noted that while field measurement of Eh
values may provide a relative indication of changing redox
conditions within a groundwater system, they are not
suitable for the determination of the specific redox
processes occurring within the system (Baedecker and
Cozzarelli 1992; Lindberg and Runnells 1984).

Materials and methods

Borehole geophysical logging
Borehole geophysical investigation techniques were used
to provide an additional degree of confidence to the
interpretation of groundwater chemistry and site-scale
stratigraphy. The geophysical program consisted of bore-
hole bulk electrical conductivity and gamma emission
logging. The bulk conductivity logs are used to provide a
detailed assessment of the leachate plume location and the
gamma logs are intended to aid in the delineation of the
subsurface stratigraphy.
The field equipment consists of a Geonics EM39 geo-
physical logging system, which includes an electrically
powered variable speed winch with 100 m of cable. The
cable passes over a tripod-mounted pulley system that
comes equipped with a shaft encoder to measure the log-
ging speed. The individual sondes used for performing the
borehole measurements are attached to the end of the
cable and lowered down the borehole at a predetermined
speed. The signal from the sonde is recorded using a DOS
program on a portable computer, which allows for a real
time plot of the data to be generated (McNeill 1990).
The EM-39 sonde used for borehole measurement of bulk
electrical conductivity consists of a three-coil induction

system. A transmitter coil in the sonde induces eddy
currents in the formation surrounding the bore, which in
turn generate a magnetic field that is measured by a
coaxial receiver coil in the sonde. The intensity of the
generated magnetic field is directly proportional to the
electrical conductivity of the formation. A more detailed
discussion is provided by McNeill (1986).
The gamma logs were generated with the same equipment as
the bulk conductivity logs, only using a gamma sonde. The
gamma sonde detects and quantifies gamma emissions from
thedegradationofnaturallyoccurringradioactiveisotopesin
the aquifer, especially Potassium-40. Potassium is an abun-
dantcomponentoffeldspars,whichweathertoproduceclays.
Thus, gamma anomalies are often interpreted as increases in
clay concentration in the subsurface.
The borehole geophysical logging occurred in April 2001,
and fluid EC values measured concurrent to the logging
program are provided for comparison to the bulk EC logs.
The diameter of the central casing for piezometer 30 is too
small to accommodate the geophysical logging equipment,
and the geophysical logs for piezometer 10 were measured
in 1995. Thus, the logs for piezometers 3 and 4A are
provided as the most relevant to this study.

Groundwater sampling and analysis
The data for this investigation were collected from a net-
work of multi-level piezometers: four of these were
installed in two parallel flow path transects (30 fi 4A and
10 fi 3) between the edge of the landfill and the shore of
Lachlan Pond No. 5, approximately 60m downgradient
from the landfill (Fig. 2). Sample points on the multi-level
piezometers were positioned at 0.5-m intervals across the
vertical section that defines the maximum vertical extent
of the leachate plume, and then at 1.0 m intervals for an
additional 5–10 m below the plume in the uncontaminated
regional groundwater. Piezometers 30 and 4A were sam-
pled in February 2002, following the installation of pie-
zometer 30 in December 2001. The results are compared to
the most recent sample data from piezometers 10 and 3,
collected in July 2001; it should be noted that variations in
plume geometry and contaminant concentrations between
the two transects are partially a result of the discordant
timing of the sampling events.
The sample points were purged using a Geopump 2 peri-
staltic pump, and groundwater samples were collected
once the general parameters (pH, Eh, dissolved oxygen
[DO], electrical conductivity [EC] and temperature) had
stabilized. The unstable chemical constituents were anal-
ysed in the field immediately upon sample collection to
minimize the analyte alteration. An alkalinity titration
method was used for the field determination of HCO3

)

using 0.01 M HCl as the titrant and a bromocresol green
indicator (APHA 1998). Analyte fixation and spectropho-
tometric analysis methods were used for the field
determination of Fe2+, S2), NO3

), NH4
+ and PO4

3+ con-
centrations using a HACH DR/2010 spectrophotometer
(HACH 2000). One 60-mL sample was filtered using a 0.45-
lm Millipore cellulose acetate membrane filter and
preserved in the field by acidification using 0.4 mL of
concentrated, analytical grade nitric acid for analysis of
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major and minor elements by inductively coupled plasma
atomic emission spectrometry (ICP-AES), and one 120-mL
sample was filtered and used for Cl) determination in the
laboratory using an argentometirc titration method
(APHA 1998).
It should be noted that in environments with elevated
concentrations of dissolved organic material, such as
landfill leachate, ionically charged organic acids can con-
tribute significantly to the total alkalinity (Kehew and
Passero 1990; Baedecker and Cozzarelli 1992). However,
the presence of organic acids in significant concentrations
in leachate is primarily associated with the early aceto-
genic phase of waste decomposition, whereas leachate
from mature landfills in the methanogenic phase is dom-
inated by refractory, non-polar organic compounds (Chian
and DeWalle 1977; Ehrig 1983; Andreottola and Cannas
1992). Taking into consideration the relative age and
maturity of Astrolabe Park Landfill, total alkalinity has
been calculated as HCO3

) with the recognition that an
unidentified minor percentage may be contributed by
organic acid anions.
The accuracy and precision of the ICP analyses were
assessed by analysis of spiked samples, deionized water
blanks, and duplicate sample analyses as per standard
laboratory protocols. All spiked samples, blanks and
duplicates were within ±10% relative percent difference
(RPD), calculated for sample spike recoveries duplicate
analyses. Also, the charge balance error for each sample
was calculated as the percent difference in cation and
anion concentrations (as meq/L); all samples were within
the control range of ±5%.
Duplicate spectrophotometer analyses were performed in
the field following suspect results; the instability of the
analytes following sample collection, as well as budget
constraints, precluded a direct, relevant comparison of the
spectrophotometer results with alternative laboratory
analysis techniques. However, the strong quality control

results, coupled with the correlation in overall data trends
observed across the three different analytical methods
between six sampling events, suggest that these analytical
methods accurately identified spatial and temporal trends
in chemical concentrations as they occurred within the
leachate plume.

Results and discussion

Borehole geophysical logs
The results of the borehole geophysical logging program
for piezometers 3 and 4A are presented in Fig. 3. The plots
include the bulk electrical conductivity logs, the gamma
logs, and fluid EC values measured concurrent to the
geophysical logging for comparison to the bulk EC logs. A
clear electrical anomaly is observed in the upper portion of
the bulk and fluid EC logs for both piezometers. There is a
strong correlation between the bulk and fluid EC profiles
at each piezometer, indicating that the variations in bulk
EC are primarily caused by presence of the leachate plume
in groundwater as opposed to changes in the electrical
properties of the aquifer sediments. The difference in the
bulk and fluid EC values is explained by the additional
electrical resistance of the aquifer sediments that is
included in the bulk EC measurements. The electrical
anomaly created by the presence of a leachate plume with
an elevated solute load within an aquifer otherwise char-
acterised by low conductivity groundwater underscores
the value of bulk EC logging for delineation of the plume.
Small peaks in the gamma logs indicate the presence of
thin clayey horizons within the sandy aquifer. The peak at
approximately 10 m below ground surface (bgs) at
piezometer 4A exhibits a strong correlation with the lower
boundary of the leachate plume. This provides a strong
piece of evidence to suggest that solute transport in the
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Fig. 3
Borehole geophysical logs for
piezometers 3 and 4A
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shallow aquifer is constrained by the presence of thin
layers of low permeability material present in the sandy
aquifer at this location. Several small peaks in the gamma
log are also observed at piezometer 3, although there is no
clear correlation with the changes in the bulk and fluid EC.
However, a clayey horizon was detected at 8 m bgs at this
location during a previous site investigation by cone
penetrometer testing that correlates well with the lower
margin of the leachate plume as defined by the bulk and
fluid EC (Jankowski and Knight unpublished data 1991).
The gamma logging equipment is most useful for detecting
clayey layers that are greater than 1 m thick, and tend to
lose sensitivity for thinner layers.

Groundwater chemistry
A statistical summary of the results of groundwater
chemical analyses for selected indicator parameters is
presented in Table 1. Several indicator parameters have
been used to assess the spatial distribution and relative
attenuation of inorganic contaminants in groundwater
between the Astrolabe Park landfill and Lachlan Pond No. 5,
including: EC, HCO3

), pH, Eh, NH4
+/NO3

), and S2)/SO4
2).

Vertical profiles of the concentrations of these indicator
parameters are plotted graphically along groundwater flow
paths according to sample point elevations between piez-
ometers 30 and 4A and piezometers 10 and 3 (Figs. 4 and 5,
respectively). These figures will be used in the following
discussion to make direct comparisons of the relative
concentrations and spatial distribution of the indicator
parameters between the landfill and the pond.

EC and HCO3
)

The relationship between EC and HCO3
) for all samples

associated with this research project (n=498) is plotted in
Fig. 6. This plot indicates that there is an excellent corre-
lation between these two values (r2=0.9645), and that both

can be used to characterise the relative degree of leachate
impact to regional groundwater.
EC and HCO3

) show significant variations in maximum
concentration and spatial distribution between piezometer
30 and 4A (Fig. 4), 50 m downgradient. Maximum EC
values decrease from 1,429 to 1,060 lS/cm, a 26%
decrease, and the elevation of the peak value dropped by
approximately 4.4 m between the piezometers. Likewise,
the maximum HCO3

) concentration decreased from 847 to
622 mg/L, a 27% decrease, with a vertical displacement
nearly identical to that of the EC.
The decrease in EC and HCO3

) concentrations between
these piezometers is most likely due to dilution of the
leachate plume from longitudinal and lateral dispersion.
The decrease in elevation of the centre of mass may be due
to a number of factors, including density differences
between the fresh and contaminated water, the presence of
preferential flow paths in the subsurface, or depression of
the plume from infiltrating precipitation and lawn water-
ing on the golf course between the landfill and the pond.
The observed variation between piezometers 10 and 3 is
slightly different. The maximum EC value decreased from
1,650 to 1,381 lS/cm, a decrease of 16%, while the maxi-
mum concentration of HCO3

) decreased from 1,008 to
816 mg/L, a decrease of 19%. The elevation of the maxi-
mum concentration for both parameters only dropped by
approximately 1 m. Assuming that the effects of disper-
sion and lawn watering infiltration on the leachate plume
are similar in the two closely spaced transects, the most
likely explanation for the discrepancy in variation between
the 30 to 4A and 10 to 3 transects is the timing of the
sampling events (February 2002 and July 2001, respec-
tively) relative to rainfall events. Also, a slight increase in
the fraction of fine sediment present between piezometers
30 and 4A as compared to 10 and 3 may be contributing to
the increased attenuation of the inorganic contaminants.
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Table 1
Statistical parameter values and element concentrations for contaminated and uncontaminated groundwater samples collected from piez-
ometers 10 and 3 (July 2001) and 30 and 4A (February 2002)

EC HCO3
) pH Eh NO3

) NH4
+ SO4

2) S2)

(lS/cm) (mg/L) (mV) (mg/L) (mg/L) (mg/L) (mg/L)

Piezometers 3 and 10,
July 2001 (n=44)

Leachate-impacted groundwater
Maximum 1,650 1,008 6.45 +4.9 92.0 54.2 103 0.163
Mean 783 397 6.02 )157 25.1 15.5 26.7 0.037
Minimum 241 31.7 5.27 )211 8.8 0.1 0.4 0
Uncontaminated groundwater
Maximum 295 92.7 6.05 )85.8 28.2 8.8 43.8 1.315
Mean 220 32.0 5.11 )172 15.4 2.8 22.6 0.178
Minimum 179 4.9 4.12 )225 6.2 0.1 0.5 0.003
Piezometers 30 and 4A,

February 2002 (n=35)
Leachate-impacted groundwater
Maximum 1,429 847 6.71 )46.5 24.2 34.5 19.7 0.116
Mean 931 550 6.46 )82.4 5.8 18.3 9.7 0.021
Minimum 455 220 6.26 )148.4 0 0.3 3.0 0.034
Uncontaminated groundwater
Maximum 301 105 5.88 +51.4 37.0 11.0 32.5 1.065
Mean 199 23.0 5.34 )36.7 14.5 2.6 22.6 0.232
Minimum 165 6.1 5.00 )119 7.9 0 9.9 0.006
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pH and Eh
Both transects display a similar pattern of increased pH
values and decreased Eh values with respect to regional
groundwater within the leachate plume, but the individual
profiles vary significantly.

The pH of the contaminated groundwater at piezometer 30
(Fig. 4) is tightly constrained between values of 6.4 to 6.7
for approximately 6 m, below which a sharp decrease is
observed between an elevation of 8.5 to 7.5 m above sea
level (a.s.l.). A similar pattern is observed with Eh values,
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Fig. 4
Vertical profiles of groundwater
quality parameters and
contaminants for multi-level
piezometers 30 and 4A, located
along a groundwater flow path
between the Astrolabe Park
landfill and Lachlan Pond No. 5
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which rise dramatically within the same interval. The pH
values at piezometer 4A (Fig. 4) are also constrained
between 6.4 to 6.7 in the contaminated zone, and then
gradually returns to background pH values of 5.0–5.5,
which are characteristic for the uncontaminated part of the

aquifer (Jankowski and Beck 2000), within the 6-m vertical
section between 10 to 4 m a.s.l.
Likewise, the Eh profile at piezometer 4A (Fig. 4) displays
a much narrower vertical section of highly reducing water
with a more gradual transition to fresh water. The
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Fig. 5
Vertical profiles of groundwater
quality parameters and
contaminants for multi-level
piezometers 10 and 3, located
along a groundwater flow path
between the Astrolabe Park
landfill and Lachlan Pond No. 5
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variation in the transitional zones may be due to vertical
mixing between the two piezometers, although the severity
of the transitional zone at piezometer 30 may also indicate
the presence of a laterally discontinuous confining layer at
an elevation of approximately 8 m a.s.l. The maximum Eh
value at piezometer 4A is lower than that of piezometer 30,
this discrepancy is probably due to localized variations in
the sedimentary composition of the aquifer, resulting in
variable rates of microbiological activity.
The pH profiles at piezometers 10 and 3 (Fig. 5) also
exhibit pH values constrained between values of 6.0 to 6.5
within the leachate plume, although this zone appears to
be approximately 1.5–2 m thicker at piezometer 3, most
likely as a function of vertical dispersion of the plume
between the two piezometers. The Eh profiles between the
two piezometers are slightly erratic, although both display
a decrease in Eh values that corresponds to the zone of
increased pH values. The variation in the shapes of the
profiles is likely attributable to the presence of locally
discontinuous peat lenses containing iron sulfides, which
act as substrates for SO4

2)-reducing bacteria. This may be
responsible for the sharp drops in Eh observed at eleva-
tions of 6 and 2 m a.s.l. at piezometer 10 (Jankowski and
Acworth 1997). Comparison of the shape of the Eh profiles
to the S2)/SO4

2)profiles appears to support this assertion.

NH4
+and NO3

)

The profiles of N-species at all four piezometers clearly
display the expected relationship between the redox cou-
ples within and below the leachate plume.
Piezometer 30 (Fig. 4) displays a near absence of NO3

)

within the leachate plume, but then gradually increases
with depth below 9 m a.s.l. NH4

+ concentrations exhibit
the opposite trend, with the highest concentrations
observed within the plume, decreasing along a steep
vertical gradient between the elevations of 10 to 8 m a.s.l.
A similar relationship is observed for piezometer 4A,
although the maximum concentration of NH4

+decreases

from 35 to 24 mg/L, a decrease of 30%. Likewise, the zone
of maximum NH4

+ concentration drops from 12–11 to 10–
9 m a.s.l., and appears to narrow vertically by approxi-
mately 2 m. Also, a spike of high NO3

)concentration is
observed at piezometer 4A at an elevation of 12 m a.s.l.
This is likely due to ammonium oxidation along the edge
of the plume as it reacts with oxygen-enriched recharge
water, and perhaps by the application of nitrogen-based
fertilizers on the golf course.
A much narrower vertical section of elevated NH4

+ con-
centrations is observed in piezometers 10 and 3 (Fig. 5),
although the maximum concentration values are nearly the
same as that of piezometer 30. Surprisingly, the maximum
concentration of NH4

+actually increases between piezom-
eters 10 and 3, from 40 to 43 mg/L, an increase of 8%.
There was no observed change in the elevation range of the
maximum NH4

+ concentration. Also, a spike of NO3
) is

observed at the top of the profile at piezometer 3; the most
likely source of this additional nitrogen is from fertilizers
used by the golf course. The high NO3

) concentrations at
the water table at piezometer 3 may be contributing to the
increased NH4

+ concentration within the leachate plume.
It seems likely that any potential contribution of nitrogen
to groundwater from nitrogen-based fertilizers used by the
golf course would be similar for the two transects as they
are relatively close to each other, similar in length and
cross the same portion of the golf course. By this
assumption, the discrepancy between the observed NH4

+

attenuation, or lack thereof, for the two transects may be
due to a significantly increased percentage of fine-grained
silt, clay and peat material present in the upper portion of
the aquifer between piezometers 30 and 4A that is not
present between piezometers 10 and 3. This may cause
some attenuation of the NH4

+ in groundwater due to ion
exchange on the clay surfaces.

S2) and SO4
2)

The SO4
2)concentrations in all profiles display similar

patterns of decreased concentrations within the leachate
plume and elevated concentrations above and below the
leachate plume. The increase in SO4

2) concentrations
below the plume is relatively sharp (10–30 mg/L increase
in the first 2 m below the plume) for all piezometers except
for piezometer 3. The Eh values and the NO3

) and SO4
2)

concentrations all recover much more slowly with depth
beneath the plume at piezometer 3 than is observed in the
other piezometers. It is possible that the presence of lenses
of organic material provide an additional substrate for
microbial activity, which preserves the reducing environ-
ment to a greater depth than is observed in the other
piezometers.
It is interesting to note the elevated SO4

2) concentration
immediately above the plume at piezometer 3. Research by
Ulrich and others (2003) at Norman Landfill in Oklahoma
also observed this phenomenon, and suggested that it was
due to microbial oxidation of iron sulfides in response to
fluctuations in the water table. The water table at piezom-
eter 3 is strongly controlled by the water level of Lachlan
Pond No.5, which is subject to rapid fluctuations in
response to storm events as it receives a significant volume
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Fig. 6
Plot of HCO3

) versus EC in groundwater samples, and subsequent
contamination characterisation
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of stormwater discharge from local drainage networks.
During storm events, the groundwater flow direction has
been observed to temporarily reverse due to elevated water
levels in the pond, causing pond water to infiltrate into the
aquifer (Acworth personal communication 2003). The
infiltration of oxygen-enriched pond water into the nor-
mally reducing zone of the leachate plume at piezometer 3
may instigate a brief period of aerobic oxidation of iron
sulfides, thus generating excessive SO4

2)concentrations.
The groundwater sampling at piezometer 3 occurred
immediately after 10 days of excessive rainfall.
Sulfide is absent within the zone of greatest leachate
contamination as defined by the EC, HCO3

) and NH4
+

profiles. As SO4
2) concentrations appear to be reduced

within the plume, the expected result would be a con-
comitant increase in S2). The most plausible explanation
for the absence of S2) in the plume is that it is rapidly
precipitating as FeS in the presence of elevated concen-
trations of Fe2+ in the leachate plume (Postma and
Jakobsen 1996).
The highest S2) concentrations in all profiles occur
immediately below the leachate plume (Jankowski and
Acworth 1997). This zone also happens to correspond to a
relatively continuous layer of pyrite-bearing peat material
present in the investigation area identified in previous
research. In contrast to the EC, HCO3

) and NH4
+ con-

centrations for piezometers 30 and 4A (Fig. 4), which
appear to decrease in concentration and elevation as they
are transported downgradient from the landfill, the
S2)concentration increases downgradient from the landfill
and does not display any vertical displacement. A similar
trend is also present between piezometers 10 and 3
(Fig. 5). Further, the peaks in S2) concentration occur at
nearly the same elevation in all of the piezometers. This
combined evidence suggests that the pyrite-bearing peat
layer is the most likely source of the increased S2) con-
centrations observed in the profiles (Jankowski and Beck
2000). The excess acidity generated during the oxidation of
these pyritic aquifer sediments is sufficient to overcome
the pH buffering capacity of the leachate plume, and is
likely responsible for the abrupt decrease in pH values
observed at the same depth interval.

Conclusions

In general, a decrease in the maximum value/concentration
of EC and HCO3

) was observed between the Astrolabe Park
landfill and Lachlan Pond No. 5, as well as a decrease in the
elevation at which the maxima were detected, although this
was most pronounced in the piezometer 30 to 4A transect.
As the groundwater flows away from the landfill, and thus
away from the source of the HCO3

) production, it is as-
sumed that EC values and HCO3

) concentrations decrease
as a result of dispersion along the flow path and mixing
with fresh regional groundwater. The relative differences in
the concentration decreases is likely due to differences in
precipitation at the time of the two sampling events.
The pH profiles for both transects display well buffered
values within the leachate plume (Kehew and Passero

1990; Jankowski and Acworth 1997), which recover to
background values below the plume. Once again, there is a
greater observable change in the thickness of the buffered
zone along the 30 to 4A transect than along the 10 to 3
transect, most likely attributable to different weather pat-
terns due to the discordant timing of the sampling events.
While generally displaying depressed values within the
leachate plume, the Eh profiles varied significantly
between each piezometer. Local variations in the sedi-
mentary composition of the aquifer appear to have a sig-
nificant impact on the variability of redox potentials with
depth at each piezometer, which makes Eh values a diffi-
cult parameter from which to draw any significant con-
clusions regarding the specific effects of transport on
leachate contaminants.
The profile for each piezometer displayed the expected
relationship between NH4

+ and NO3
) within and below

the leachate plume. The 30 to 4A transect showed a sig-
nificant decrease in the maximum concentration of
NH4

+along the flow path, most likely due to a combina-
tion of dispersion/dilution and attenuation of NH4

+ on
exchange site surfaces within the geological material of the
aquifer. Unexpectedly, the maximum NH4

+ concentration
was increased between piezometers 10 and 3. The only
possible cause for this occurrence is an additional influx
of nitrogen along the flow path. The extremely high
NO3

)concentration immediately above the plume in pie-
zometer 3 suggests that nitrogen may be flushed into the
groundwater system from nitrogen-based fertilizers used
on the golf course; and nitrate-reducing bacteria may have
reduced a portion of the NO3

)to NH4
+, accounting for the

observed increase in concentration along the flow path.
Once again, the difference in the timing of the sampling
events may explain why this phenomena was not observed
along the 30 to 4A transect.
The SO4

2)concentrations followed a similar pattern to
NO3

): decreased concentrations within the leachate
plume with an observed recovery below the plume. The
expected concomitant increase in S2)concentrations
within the plume was not observed; any S2) produced
within the plume as a result of SO4

2) reduction is most
likely precipitated as FeS in the Fe2+-enriched plume
(Postma and Jakobsen 1996). Elevated SO4

2) concentra-
tions at piezometer 3 are likely due to aerobic oxidation
of iron sulfides in response to water table fluctuations
following a significant storm event (Ulrich and others
2003).
In contrast, the highest concentrations of S2) were
observed immediately below the plume, where previous
research has identified a locally extensive, pyrite-bearing
peat layer (Jankowski and Acworth 1997). The fact that the
elevated S2) concentrations occurred at approximately the
same elevation in each profile, and the maximum
concentrations increased along the flow path, suggests that
the S2) is produced naturally within the aquifer as a
by-product of microbial degradation occurring within the
peaty horizon where oxidation of FeS2 followed by
subsequent reduction of SO4

2) is occurring (Jankowski
and Beck 2000). The excess acidity generated during the
oxidation of the pyritic aquifer sediments may be

Environmental Geology (2004) 46:263–272 271

Original article



responsible for the abrupt decrease in pH values observed
at the same depth intervals.
While dispersion, dilution and sorption processes along
groundwater flow paths appear to be responsible for the
decrease in concentrations of some components of the
leachate plume, the influence of precipitation needs
further investigation to determine whether the relative
variations observed between the transects are indeed due
to weather variations as a result of the discordant timing of
the sampling events. Also, the relative nitrogen contribu-
tion from fertilizer along the flow path use needs to be
investigated to explain the unexpected increase in NH4

+

concentration between piezometers 10 and 3.
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