Groundwater Contamination by Trichloroethene

' Water Down Under '94
Adelaide, Australia, 21-25 November 1994

(TCE) in a

Residential Area of Perth: Distribution, Mobility, and

Implications for Management
E. Benker’, G.B. Davis™, S. Appleyard®, D.A. Barry" and TR. Power"*

* Deparunent of Environmental Engineering, Centre for Water Research, University of Western Australia

** (CSIRO Division of Water Resources, Perth, WA.

# Geological Survey of Western Australia

‘Summary:

Substanual TCE and ammonia contamination was detected in groun:: ater beneath a residential area in Perth. Investigation has
successfully determined broad aspects of the extent of the TCE plume and its impact. The plume extends approximately 900 m in
groundwater downgradient of an industrial area. The contamination is about 300 m wide and 6 - 8 m thick. A peak concentration of
2000 pgl! TCE was measured. The mobility of the plume and the residence time for the contamination in the sand aquifer are
estimated based on the groundwater velocities and retardation factors. Biological or chemical transformation of TCE cannot be
excluded, although no transformation products have been found in a small portion of the plume. Currently no remediation of the
contaminated site is planned. An approach for managing the contamination is presented and important issues for future remediation

options for TCE contaminated sites in Perth are discussed.

1 INTRODUCTION

Chlorinated aliphatic hydrocarbons such as wichloroethene
(richloroethylene or TCE) and tetrachloroethene
(perchloroethylene or PCE) are some of the most commeonly
detected organic coataminants in groundwater. Many of these
compounds are suspected of being carcinogenic. Their
presence in groundwater in North America and Europe has
lead to a large number of water supply bores being shut
down, and necessitated expeasive remediaton programs.
These chemicals are widely used as industrial degreasing
agents, and in some urban areas, almost all water supply or
monitoring bores are contaminated to some extent with
chlorinated solvents (1).

Undl recently, there have been no known major occurrences
of groundwater contamination by chlorinated aliphatic
hydrocarbons in Perth, although there is a large oumber of
industrial areas throughout the Perth metropolitan area which
are potendal sources of contamination (Fig. 1). In 1989,
Atwood and Barber (2) indicated that groundwater
contaminatioa by chlorinated solveats was likely to ocktur in
Perth. By late 1992, widespread TCE contamination was
detected in a residential area adjacent to an industrial estate.
Further investigation of industrial areas of the Swan Coastal
Plain is likely to detect increased instances of TCE
contamination in groundwater. Characterising the distribution
and transport behaviour of TCE in aquifers of the Swan
Coastal Plain is, therefore, of increasing importance to aid
management of groundwater as a potential water resource.

This paper discusses how TCE contamination was detected
beneath a residential area of Perth and the measures that have
been undertaken to manage the potendal public health and
environmental impacts of the groundwater contamination.
The distribution of contamination is shown and preliminary
results of invesdgations regarding the mobility of the plume
are presented. Uncertainties with respect to TCE mobility are
discussed and planned investigations to overcome these

uncertainties are described, as are the implications for
management.
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Figure 1: Regional setting showing the location of industrial

areas on the coastal plain around Perth.



2 HYDROGEOLOGICAL SETTING

The Perth metropolitan area is located to the west of the
Darling Fault, and is predominantly underlain by
unconsolidated sands of Quaternary age which form a
superficial cover to the Perth Basin sequence of sedimeats.
The superficial sediments form an extensive uncoofined
aquifer. Two major groundwater flow systems underlie the
Perth metropolitan area: the Goangara Mound flow system to
the north of the Swan Estuary; and the Jandakot Mound flow
system to the south of the Swan Estary (Fig. 1).

The study area is located near the southern end of the
Goangara Mound flow system. The superficial sediments have
a maximum thickness of about 55 m in this area, consisting
mainly of unconsolidated sand. Interbedded clay is also present
in the soil profile which, although a minor feature, may have
an effect on the contaminant distribution. Siltstone and shale
of Tertary age forms an impermeable base to the unconfined

aquifer.

Local to the plume site (see Fig. 2), soil samples are
characterised as medium grained, well sorted sand, with a Dso
range of 0.30 - 0.42 mm, with a uniformity coefficient range
of 2.25 - 2.94, Groundwater levels at the site are 6 to 10 m
below ground surface, with annual fluctuations of 0.6 to 1.0
m. The groundwater flow direction and gradient are
approximately 240 degrees (south westerly), and 0.0018,
respectvely. Hydraulic conductivities of the surficial sands
estmated according to the Hazen method (3) from the grain
size analysis (Do range: 0.14 - 0.20 mm) are 2.83 x 10
ms-! (24.5 md!). Assuming an effective aquifer porosity of
0.3 the groundwater velocity would therefore be about 54
myr!. A small-scale tracer test carried out within the plume
confirmed the local groundwater direction, but estimated
groundwater velocities up to 80 myr'.
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Figure 2: Local test site showing the location of piezometers
and the multiport borehole JM1, as well as local
water table contours.
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3 DETECTION OF CONTAMINATION AND
INITIAL RESPONSE

[n October 1992, complaints were received from residents
adjacent to an industrial area about odorous smells emanating
from a residendal bore. The odour was determined to be
hydrogen sulphide. Field testing indicated that groundwater
from the bore also contained high concentrations of ammoaia.
As the bore was located downgradient of an industrial area, a
range of inorganic analyses, and a GC-MS scan for organic
constituents was carried out. As a result, TCE was detected.
Subsequent resampling and quantitative analysis indicated
TCE conceatradons in groundwater up to 2000 pgl-!,

[n December State Government agencies coordinated the
sampling of an addidonal 16 private bores, finding that the
contamination was severe and extensive enough to warrant
further investigations. Subsequently, additional bores were
sampled, and soil gas investigations were carried out. These
investigations indicated the lateral extent of conotamination,
but the vertical distribution of contamination was poorly
understood due to limited information about the screened
depth of many bores.

The major routes of exposure of the public to the TCE
contamination are likely to be through drinking contaminated
groundwater, and possibly through consumption of produce
irrigated from household bores. To prevent exposure to
volatile and gaseous emissions, preliminary information
about the groundwater contamination problem was
communicated to local residents via the media. Information
leaflets warning residents that local groundwater was oot
potable and that local produce should not be consumed were
distributed. Residents were also kept informed about
subsequent investigations. Air sampling was carried out,
indicating that hydrogen sulphide and TCE conceantrations
were well below levels of health concern near the pumping
bore. A range of local produce was also sampled. It contained
less than 20 pgkg! of TCE, which was censidered safe for
consumpton.

4 DISTRIBUTION OF CONTAMINATION

In total, 20 bores from private households, a school and the
shire were sampled in the initial survey. The results of the
analyses indicate that the plume extends for about 900 m to
the south-west from the Jolimont industrial area beneath:
residential areas (Fig. 3). The width of the plume is about
300 m. As meationed, because of insufficient bore
information, the vertical distribution of the TCE plume could
not be inferred. The maximum TCE conceatration of 2000
pgl-! exceeds considerably the current Australian drinking
water guideline for TCE of 30 pgL! (4).

| To study the mobility of TCE and to determine its vertical

distribution a small site within the plume and approximately
500 m downgradient of the industrial area (see Fig. 2 and 3)
was selected for more detailed investigation. At the site a
number of shallow short-screened piezometers and a mulaport
bore (JM1) consisting of a bundle of 12 small-diameter
piezometers, each spaced 2 m apart vertically, were installed
in August 1993 (see Fig. 2 for location). The multiport bore
enabled water samples to be taken from the water table down
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Figure 3: TCE plume extension based on sampling of private bores in December 1992

to 20 m below the water table. Groundwater samples were
collected using 50 mL syringes. The syringes were
immediately transferred to the laboratory and TCE was
extracted, using ether, for subsequent analyses by gas

chromatography.

Figure 4 illustrates TCE concentration profiles for samples
recovered from JM1 oo 18 October, 8 November, and 23
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December 1993. The maximum peak concentration of about
75 pgL! TCE was found on 18 October. The peak
concentration dropped to about 30 to 40 pgl-! in later
samplings. The vertical extent of the plume (6 to 8 m)
remained fairly constant with TCE contamination present in
three ports between 14.5 and 18.5 m. The maximum
concentration was found at 16.5 m below ground (about 10 m
below the water table) in each of the three sampling

sessions.
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Figure 4: TCE concentration depth profiles sampled from JM]1 in October, November and December 1993.
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Figure 5: Verucal profiles of TCE and selected inorganic species concentratons in groundwater, sampled from JM1
on 18 Ocrober 1993.

Figure 5 shows the distribution of some major ions in
groundwater sampled from JM1. Unusually high ammonia
concentradons indicate perhaps a second contaminant plume,
possibly arising from co-disposal of effluent waters into
waste lagoons in the industrial area upgradient. Also, the
ammonia plume has peak concentrations at depths below
those of the TCE plume, indicadng different ransport and
retenton characteristics, if co-disposal did occur.

There is little evidence for the degradation of TCE in situ, as
no degradation products, such as dichloroethylene (DCE) or
vinyl chloride (VC), were detected, despite the abundance of
nutrients (e.g., ammonia) and electron acceptors (e.z nil:rar.e
and sulphate) within the zope of TCE contamination. TCF is
known to be degradable under both aerobic and anacrﬂbn:
(methanogenic) redox conditions (5,6). Unfortupately, the
reductive dechlorination of TCE, if it were to occur, may
result in an accumulaton of more hazardous compounds (e.g.,

VC) than the parent compound.

5 MOBILITY

L

Due to variable climatic and hydrogeologic factors, there
exists no single “standard” approach for assessing the
mobility of TCE and other contamipants in groundwater that
would be applicable in all cases. Often a simple approach is
applied, relying for instance on literature values regarding the

partitioning of chemicals and the local equilibrium -

assumption (LEA), and assuming a simplified one or two
dimeansional transport description. There is, however,
increasing evidence that an idealised modelling approach often
fails to descnibe adequately the mobility of contaminants.
Mass tansfer resistance is often suggested to delay the
establishment of equilibrium within time periods typically
considered (7). A more sophisticated approach may require site
specific investigation of the partitioning and would
incorporate recent research findings.
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The complexity of the approach adopted for assessment and
modelling depends mainly on the aim of the investgation and
the degree of uncertainty that is considered to be acceptable.
The more sophisticated approach reduces the degree of
uncertainty and serves to test existing research results. Also if
clean-up, recovery or management of TCE-coataminated
groundwater is required, site specific investigation provides a
cost-effective means of evaluatng remediaton strategies and
for planning.

Quanufying the factors affecting the tramsport behaviour is
essental for assessing containinated sites and remediation
methods. Advection is the main transport mechanism in the
saturated zooe. Assuming that TCE at the site is not
degrading or adsorbing (i.e., it is moviag at the advective
velocity of groundwater; about 55 - 80 myr!) then the extent
of the plume implies a travel time of about 7.5 t6 11 years
for the advective front to travel the 600 m to its approximate
preseat location. Sorption/desorpdion mechanisms, and
chemucal and/or biological wansformation, however, cause the
contaminants to be retarded with respect to the appareat
average groundwater velocity. Sorption is expected to be the
main mechanism responsible for the retardation of chlnnnateq_
aliphatics at the Jolimont site since no transformation

products were found.

A relatively simple approach in assessing the sorption of
TCE is based on the octanol-water partition coefficient (Kow)
of the sorbate and the organic carbon content of the sorbent,
which have evolved as the two parameters commoanly used for
estimating sorption of neutral organic compounds (8). The
literature contains a oumber of regression models describing
the reladonship between sorption coefficients and X,. values
(9,10,11). The retardation R of a solute, which is the ratio
between the average linear groundwater velocity ( V¢ ) and the
average veloaity of the retarded compound ( v, ), is given by

R=1+2x,=2 (1)

n L



where p [gcmr3] is the bulk deasity of the porous medium, n
is the effective porosity and K, [cm3g"!] is the partition
coefficient. Note that K, is a valid representation of the
partitioning between liquid and solids only if the reacuons
that cause the partitoning are fast and reversible and oaly if
the isotherm is linear over the range of concentrations
present. The partition coefficient is related to the organic
carbon content fraction by

K, = Koc X fo, (2)

where K. (Lkg™!] is the adsorptdon constant based on organic
carbon content, and f» is the fraction of total organic
carbon 1o the soil.

Comparison of various correlation equations for TCE shows
that a rule of thumb can be established, where the numerical
value for K, [Lkg!] is about the same (in consistent units) as
the value for the organic carbono content. Since the average
organic carbon content at the site is 0.14%, the K, value 1s
estimated to be 0.14 Lkg'. Assuming an average bulk
deasity of 1.7 gcm-? and an effectve porosity of 0.3, a
retardation factor of 1.8 can be calculated. Thus indicates that
the velocity of TCE may be assumed to be about one-half of
the average groundwater velocity, and indicates that the
residence dme for TCE in the aquifer to cavel 600 m may be
closer to 14 to 20 years.

Note that a retardadon factor based oo the Koe-foc cOnCept 15
proge to uncertainty. An increasing number of research
studies shows this simplified concept to fail (e.g., 12,13,14).
These research results indicate that there are limits where
physical partitioning between the aqueous solution and the
organic marter seems to be no longer dominant. The average
organic carbon coatent at the Jolimont site of 0.14% 1is near
the lower limit commonly cited in the literature (e.g., 15).

A site-specific investigation of the partitioning, therefore, is
necessary to allow reliable assessment of the transport
bebaviour of TCE at the Jolimoat site. Batch sorption studies
as well as flow-through experiments are planned to address
these issues. Miscible displacement experiments will
elucidate the effect of flow velocity on the sorption/desorpton
bebaviour. Nonequilibrium sorption/desorption will also be
evaluated, since this could significantly effect all remediation
strategies currently considered in the cleanup of sites
contaminated with chlorinated hydrocarbons. A natural
eradient tracer test using labelled TCE will be carried out to
evaluate in siru  sorption/desorption and perhaps the
degradation behaviour of TCE. Assessing the field, scale
behaviour of the TCE will allow evaluaton of the usefulness
of small-scale laboratory batch and column data for
applicagon to plume scale. '

6 IMPLICATIONS FOR MANAGEMENT

There is currently no specific legislation in Western Australia
for dealing with contaminated sites and associated groundwater
contaminatdon, although such legislaton is being drafted at
present. This factor, combined with the large size of the TCE
plume, the fact that there could be multiple sources of
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contaminauon and noa-aqueous phase liquids (NAPLs)
entrained 1n the aquifer, and the fact that groundwater is not
used for potable supply in the area, make it unlikelv that a
large scale groundwater remediation program will be
attempted in Jolimont in the foreseeable furure.

Currently, the only practical way of managing groundwater
contamination in this area is by informing nearby residents
about the contamination problem through information leaflets
or public meetings, and by maintaining strict controls on
groundwater use by appropriate licensing. The limited data
from this study suggest that TCE has a long residence time in
the aquifer, and so controls on groundwater use may have to
be maintained for long periods. It is important that the
sources of contamination are identified and to determine
whether NAPLs are present to ensure that there is not a
contunuing contamination problem. Long term monitoring
will be required to observe any changes in TCE concentration.

The 1ovestigation and regulation of groundwater
contamination in Western Australia is currently carried out by
a number of State Government Agencies. There is often poor
coordination between agencies, and investigations of
occurrences of groundwater contamination are often poorly
funded, and carried out in a reactive way. However, proposed
contaminated sites legislation will coordinate State
Government activities through an inter-departmental
management committee, and there will be increased resources
for investigation programs.

As part of this process, it is important that proactive
investigations are also undertaken. The TCE plume in
Jolimont was only detected because groundwater also
contained high levels of hydrogen sulphide. There are many
industrial areas in Perth where chlorinated solvents may have
been used (Fig. 1), and it 1s likely that there are other
contamination plumes containing solvents extending beneath
adjacent residental areas. It is important that these plumes are
identfied by specific investigation programs to ensure that
there are no adverse public health effects on nearby residents.
It is also important to rescarch the physical and chemical
behaviour of chlorinated solvénts in the unconfined aquifers
underlying Perth, as this information will be essental for
management of contamination instances and for remediation
design, if carried out in-the future. |

7 CONCLUSIONS AND RECOMMENDATIONS .-

Substantial TCE and ammonia contamination of shallow
groundwater, emanating from a light industnal area, was,
accidentally discovered underlying a residential area of Perth.
The maximum TCE concentration, measured close to the
suspected source area, exceeded the current Australian
guideline for drinking water by nearly two orders of

magnitude.

The TCE plume is longitudinally extensive - extending
approximately 900 m in groundwater downgradient of the
industrial area, is approximately 300 m wide and 6 - 8 m
thick. At the local test site, about 500 m along the plume,
the peak concentrations are approximately 10 m below the
water table.



The TCE plume is moving about 30 to 45 myr' based on
preliminary estumates of TCE retardation oa aquifer
sedimeats. The average residence time for the TCE in the
aquifer 1s, therefore, approximately 16 years. Although,
subsurface geochemustry suggests that biodegradation may be
possible, no transformation products have been found. This
issue, however, needs further investigation, since reductive
dechlorination of TCE may result in an accumulation of more
hazardous compounds than the parent compound.

The groundwater at the site is not used for potable supply. It
is, therefore, unlikely that a remediation program will be
initated. The current approach for managing the TCE
contamination in groundwater is based on informing nearby
residents and applying strict controls on groundwater use.
Routine monitoring of further development of the plume, of
produce grown in the area, or vapour emissions from
reaculation boreholes, although desirable, is not planned.

More groundwater contamination by chlorinated aliphatics is
likely beneath other industrial areas in Perth. Specific
investigation programs would be needed to identify these
sites. If remediation is an option in the future, the
sorption/desorpdon of TCE is likely to play a significant role
and needs to be investigated. For relatively slow desorption,
the quanades of TCE sorbed onto the aquifer sands may not
be inconsequential. For example, if all the dissolved phase
TCE was successfully removed from the aquifer via
groundwater abstraction, then consequent desorption of TCE
from the sediments may lead to groundwater concentrations
still well above drinking water standards.
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