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Executive summary

Overview

Natural rates of mass loss and biodegradation of light non-aqueous phase liquid
(LNAPL) fuels and oils in soil and groundwater is termed natural source zone depletion
(NSZD). The project ‘Towards national guidance of natural source zone depletion
(NSZD)’ was initiated by the Cooperative Research Centre for Contamination
Assessment and Remediation of the Environment (CRC CARE) to understand the role
of NSZD in management of LNAPL contaminated sites. This report complements the
LNAPL NSZD application guidance document The role of natural source zone
depletion in the management of light non-aqueous phase liquid (LNAPL) contaminated
sites (Technical report 46, CRC CARE 2020) and the LNAPL NSZD measurement
guidance document Technical measurement guidance for LNAPL natural source zone
depletion (Technical report 44, CRC CARE 2018).

Here we provide detailed, Australian-specific measurements and case studies for six
Australian sites and multiple LNAPL product types. For these sites we estimate NSZD
rates for a range of LNAPLs such as crude oil, diesel, jet fuel and gas condensate
(predominantly gasoline range). The NSZD rates are compared to the most
representative active product recovery rates from each of these sites to provide context
to the scale of the NSZD rates.

NSZD in soils and groundwater, especially associated with natural biodegradation,
results in oxygen consumption, carbon dioxide production, increases in temperature,
consumption of other electron acceptors in groundwater, increased microbial
populations, changes in the composition of the LNAPL itself and total LNAPL mass
reduction. Typically, methods used to estimate LNAPL NSZD rates include the
measurement of fluxes of carbon dioxide exiting at ground surface, major gas
composition changes in the subsurface, methane production, biogenic heat production
measured by temperature gradients, and electron acceptor depletion during natural
attenuation in groundwater. Less used are LNAPL compositional changes, and
microbial population numbers and activity.

The six sites across Australia

The six sites investigated in this study had a range of aquifer and hydrogeological
conditions: (site A) calcareous limestone system with strong tidal influences and depth
to water table of 4—15 m; (site B) sandy soil and aquifer system with depth to water
table of 2—4 m; (site C) fractured basalt with a water table between 3—7 mbgl; (site D)
clay overlying fractured basalt; (site E) sand overlying conglomerate and sandstone;
and (site F) clay overlying weathered and fractured phyllite. Additionally, two locations
(and fuel types) were investigated at one site, and seasonal data are presented for two
sites.

Table 1 and Figure 1, provide a summary of the measurement methodologies
employed and outcomes from the investigation. Key data or measurements that were
used to estimate NSZD rates at these sites were: (i) instantaneous measurement of
surface fluxes of carbon dioxide by a chamber LI-COR technique; (ii) measurement of
time averaged surface fluxes of carbon dioxide using E-Flux carbon dioxide sorption
canisters that account for background organic carbon mineralisation via radiometric
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means; (iii) temperature profiles in existing boreholes (manual thermistor and iButton)
and buried thermistors; (iv) major gas composition in existing open boreholes and
buried multiport profiles; and (v) LNAPL composition changes. A general description of
these methods can be found in Technical report 44 (CRC CARE 2018).

Overall, at these sites remediation efforts to recover LNAPL mass ranged from less
than 1 L day™” to >60 L day™ (effectively zero to 17.5 t yr''). These LNAPL mass
recovery operations range in timeframe from weeks to multiple decades.

Results for sites Ato F

At site A, LNAPL mass recovery was estimated as 3.7 t yr', averaged 13.2 L day'over
a three-year period (2015-2017) representing cumulative recovery from all remedial
techniques employed. In the last year product recovery rates have started to plateau.
Compositional changes in the LNAPL from the release period (~2012-2014) to 2018
suggest that estimated mass losses (due to volatilisation, dissolution and
biodegradation) range between 26 and 64% of the initial LNAPL mass released.
Further evidence from 2019 samples indicates that mass loss is still occurring
(increasing to between 52 and 79%). Applying the 2018 composition-based mass
losses to an initial mass estimate from 2018, this might equate to an average mass
loss rate of 250-600 L day™ over the four-year period.

Estimated NSZD rates for site A ranged from zero or low values for some methods up
to 34,000 L LNAPL ha™ yr' based on E-Flux measurements and as high as 36,000 L
LNAPL ha™ yr' based on the gradient method for CO; flux using vapour multiport
monitoring data. The upper estimates of the range of NSZD rates from temperature
data (maximum of 4471 L LNAPL ha™ yr) were, in general, lower than those
determined by other methods. Reasons for the discrepancies between temperature
and other methods could be resolved in future by measuring the subsurface thermal
conductivity of different strata in the profile.

Remedial mass recovery efforts at site B plateaued across a large area at less than
50t yr' (as at 2015). Mass losses (due to volatilisation, dissolution and biodegradation)
up to 65-80% of the initial spill release was estimated for a spill that was perhaps
greater than 50 years old (based on the extent of weathering, Johnston et al (2007)).
NSZD rate estimates from temperature data were consistent across multiple thermistor
strings and measurement periods, but with 3—4 times higher rate estimates for the
diesel location (maximum of 7575 L LNAPL ha™ yr') compared to the crude oil location.
LI-COR carbon dioxide fluxes gave NSZD rate estimates that supported temperature
estimates. Gas-gradient based NSZD rate estimates were higher for both crude oil and
diesel, with estimates up to 17,663 L LNAPL ha™ yr".

For site B, at the diesel location, overall NSZD rates were estimated between 120 and
280 t yr" for an impacted area of 28 ha. When compared with the active diesel
recovery rates of about 17.5 t yr'', NSZD rates were around 7—15 times higher. For the
crude oil location at site B, overall NSZD rates were estimated between 4.4 and

71 t yr' for the impacted area of 6 ha. Very little recovery of crude has been possible at
this location to compare with NSZD rates due to the limited mobility of LNAPL in this
area.

For site C, compositional changes from 2011 to 2019 suggest estimated mass losses
(due to volatilisation, dissolution and biodegradation) of between 3 and 21% over the
eight-year period. Higher estimates of NSZD rates resulted from using temperature and
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surface CO; flux methods. LI-COR surface CO: flux measurements were recorded at
only one monitoring site, and the average NSZD rate was 866 L LNAPL ha™ yr' in May
and 12,700 L LNAPL ha™ yr' in September of the same year. E-Flux estimates ranged
from 1141 to 10,185 L LNAPL ha™ yr', with an average of 3599 L LNAPL ha™ yr.
Temperature estimates were more than three times higher in May 2019 (maximum of
12,531 L LNAPL ha™ yr") compared to September 2019 and the reason for this has not
yet been determined. Across the 18 ha of LNAPL impacted area, these rates provide
overall NSZD rate estimates of 11-69 t y'. The maximum active LNAPL recovery rate
from a range of remedial efforts was 3.8 t y'. Overall the NSZD rate is three to 20
times larger than this maximum active LNAPL recovery rate.

For site D, active remedial efforts recovered around 5.8 t yr' over 6 months of
operation, although these estimates can be variable due to the difficulty of measuring
mass fluxes of volatile compounds at relatively high flow rates. LNAPL compositional
changes (due to volatilisation, dissolution and biodegradation) from 2013 to 2018
suggest estimated relative mass losses of between -1 and 24% over that five-year
period. NSZD rates were determined using temperature profiles, three E-Flux
deployments of 4 traps, and in-well sampling of oxygen. In well oxygen data yielded the
lowest NSZD rates (280 to 1110 L LNAPL ha™ yr'") and an overall NSZD mass
depletion of about 1.4 t yr'". Temperature profiling gave the highest NSZD rates (2837
to 5140 L LNAPL ha™yr'") with an overall NSZD mass depletion of 6.9 t yr" over the
assumed impacted zone at the site. Overall the NSZD rate estimates were
approximately 5 times lower than LNAPL recovery estimates if based on oxygen data
alone, but NSZD rate estimates were similar or higher to LNAPL recovery rates if
based on temperature profile data.

For site E, active remedial efforts removed approximately 0.2 t yr' of LNAPL. Very high
estimates of NSZD rates were determined at this site using the LI-COR and E-Flux
carbon dioxide surface flux methods. The rates ranged from 47,339 to 164,634 L
LNAPL ha”yr' and the ranges of LI-COR and E-Flux results are similar. Overall the
NSZD mass loss estimate for a 175 m? area of the site was 1.1-1.2 t yr”" which is ~7
times the LNAPL recovery rate. If all of the surface flux data across the site within the
plume boundary (0.48 ha) is considered, the mass flux estimates of NSZD are 14 t yr”
for LI-COR and 20 t yr' for E-Flux.

For site F, recent remedial efforts had recovered approximately 1.7 t yr' of LNAPL and
may have resulted in large mass losses (due to volatilisation, dissolution and
biodegradation) of between 28 and 99% (since release) based on LNAPL
compositional changes. In well oxygen data yielded the lowest NSZD rates (0 to 1600 L
LNAPL ha™yr") giving an overall NSZD mass depletion rate of 0.40 to 0.68 t yr.
Temperature profiling gave the highest NSZD rates (0 to 15,000 L LNAPL ha™ yr") with
an overall NSZD mass depletion rate of 3.4 to 4.3 t yr' over the assumed impacted
zone at the site. Overall, NSZD rates from gas gradient analysis were 2.5 to four times
lower than LNAPL recovery rates but estimates from temperature data suggest NSZD
rates were 2.0-2.5 times higher than LNAPL recovery rates. There was good
agreement between manual, short term (60 min) thermistor measurements and longer
term deployed, monthly averaged iButton data.

Synthesis of site data and rates

This study demonstrates different techniques for measuring rates of NSZD, were found
to be variable both spatially and temporally. This is an expected outcome given the
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non-uniform distribution of LNAPL across a source zone and seasonal impacts of
variations in parameters affecting NSZD processes such as water table elevation and
vadose zone moisture contents.

As all sites demonstrated some level of NSZD, zero or very low rates may be real but
may also be the result of the application of an inappropriate method, such as using a
surface flux approach over a heavy clay profile, or the selection of non-representative
background locations for the temperature profiling method for example. For this reason,
multiple approaches should be applied over seasonal cycles and corroborated against
each other and then refined as the understanding of the representative NSZD
processes for that site improves.

Mass loss estimates from changes in LNAPL composition proved very insightful as the
technique involves direct measurement and interpretation of the LNAPL itself and is
therefore more direct than other methods. In addition, it can distinguish different
processes by the relative change in different compounds representing different
properties and this can be correlated with the subsurface conditions encountered on
site. In general, LNAPL composition changes are only reported as relative percent
mass losses and more work is needed to fulfil the potential of this technique. This
requires the coupling of the relative mass loss with the spill mass or a subsequently
measured specific mass, to estimate the absolute mass loss. In this study absolute
mass losses were not calculated as the mass of LNAPL in the subsurface relating to
the relative mass loss period was not known.

The challenge of finding and applying suitable background sites for NSZD rate
correction in all methods except E-Flux was evident across all five out of six sites and
this can have a profound effect on estimated rates. Additionally, having site specific
measurements of relevant parameters needed for NSZD rate calculation (e.g. thermal
properties for temperature methods and diffusion coefficients for gases) increases
confidence in estimates and allows for detailed comparisons to be made between
methods. Additional studies will yield such data.

Despite spatial, temporal and method variability, sites A, B, C and E all measured
NSZD rates that were considerably higher than LNAPL recovery rates (2—80 times
higher). At site D, all in-well soil gas and E-Flux NSZD rates were below LNAPL
recovery rates by two to three times. However, temperature methods were higher than
LNAPL recovery rates. The primary uncertainties in determining these rates are the
thermal conductivity and gas diffusion properties of the subsurface which were
estimated from literature values. For site F, NSZD rates determined from temperature
profiles were well above LNAPL recovery rates, while NSZD rates estimated from in-
well oxygen data were well below LNAPL recovery rates.

Overall the case studies investigated here support the growing body of evidence that in
many instances, especially at mature LNAPL sites, LNAPL mass removal through
NSZD processes exceeds those achieved through active remediation efforts.
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Table 1. Summary of information for each site including NSZD rates for each measurement method. Different historical periods were used for the comparative analysis
and may not refer to current conditions at all sites. NSZD rate estimation methods that were not implemented (grey-shaded cells) are indicated.

o . Site B Site C . . Site F
Description Site A (Two locations) (Two seasons) Site D Site E (Two seasons)
Coastal limestone Alluvial deposits Clay overlying Sand overlying Clay overlying

Surface geology

or lime-cemented
sand

Coastal sand
overlying limestone

overlying fractured,
heavily weathered
basalt

fractured, variably
weathered basalt

conglomerate
and sandstone

weathered and
fractured phyllite

Climate (average annual rainfall in

Arid subtropical

Tropical-arid (100—

Mild temperate

Warm temperate

Cool temperate (600)

mm) (280) Mediterranean (630) 770) (550) (1033)
Diesel Crude oil Multiple (diesel and Multiple (gasoline,
Product type Gas condensate (Location | (Location plube oil) kerosene, diesel Jet fuel Gasoline
D6) D10) and lube oil)
. 65-80
Estimate of mass loss based on 52-79 (since _ 3-21 -1-24 . 28-99
compositional changes (%) (since release) release) (2011 to 2019) (2013 to 2018) (since release)
Estimate of NSZD area (ha) 5.5 28 6 18 2.7 0.018 0.48 1.1
. Overall at site B: 50
Estimate of LNAPL recovery (t yr) 1.7 3.8 5.8 ~0.2 1.7
17.5 no data
66T 161 3.3f 5.9t
iButton 3.7 — — 3.97 —
Temperature (May) | (September) (May) | (September)
gradient 120- 35 11 3.4 4.3
. gat . . .
Thermistor 5.6 170t 4.4-13 (May) | (September) 6.9 (May) | (September)
. . t
_ ool Oz 42-1301 Oé 51_0 Oy 65
Nszp | Major gas o~ CO,: 39-140 2| cop 71t
(tyri)* | concentration po 230
gradient In-well 02: 19 0,: 2607 | O, 291 14 0.40 0.68
CO,: 18 C0,:280 | COy: 3171 : (May) | (September)
E-Flux 16 — — — ‘ 69 1.9 1.2f 20 — —
Surface CO; LI-COR
flux flux 33 1207 241 ## — 1.1t 14 # —
chamber

study but background corrected rates could not be obtained.
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Figure 1. Comparison of NSZD rates in L LNAPL ha™' yr' across the six sites by method
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Abbreviations

AST Aboveground storage tank
C Carbon
CO2 Carbon dioxide

CRC CARE Cooperative Research Centre for Contamination Assessment and
Remediation of the Environment

CSIRO Commonwealth Scientific and Industrial Research Organisation
DPH Dissolved phase hydrocarbon

GC-FID Gas chromatography-flame ionisation detector
GC-MS Gas chromatography-mass spectrometry

ha Hectare

LNAPL Light non-aqueous phase liquid

mAHD meters, Australian height datum

mbg(l) Metres below ground (level)

mBTOC Metres below top of casing

m Metre

MPE Multi-phase extraction

MW Monitoring well

NAPL Non-aqueous phase liquid

NSzZD Natural source zone depletion

02 Oxygen

PFW Process formation water

PSH Phase separated hydrocarbons

SIP Spectral induced polarization

SWL Static water level

SVE Soil vapour extraction

TFP Total fluid pump/pumping

TPH Total petroleum hydrocarbons

UST Underground storage tank

VEP Vacuum enhanced pumping

VER Vacuum enhanced recovery

VOC Volatile organic compound
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1. Introduction

Over the past decade there has been increasing awareness that remediation of sites
contaminated with light non-aqueous phase liquids (LNAPLSs) reach practical limits of
LNAPL recoverability. During the past five years there has also been an improved
understanding that rates of LNAPL mass removal by natural source zone depletion
(NSZD) (or source zone natural depletion (SZND)) can be substantial and often higher
than those achieved by active removal technologies.

To better understand the magnitude of these different mass removal approaches and
technologies, and the role of NSZD in management of LNAPL contaminated sites a
three-year research program ‘Towards national guidance of natural source zone
depletion (NSZD)’ was initiated by CRC CARE and supported by National Energy
Resources Australia (NERA). A key element of the program was to compare LNAPL
recovery approaches at sites across Australia with NSZD rates estimated by a variety
of methods. Sites were to represent typical representative geologies and to encompass
a range of LNAPL types.

The objectives for the research program were:

e estimate and verify NSZD removal rates of subsurface liquid hydrocarbons under
Australian conditions

e develop a technical guidance document on methodologies for monitoring
subsurface liquid hydrocarbon removal rates by NSZD

e develop a guidance document for the management of sites contaminated with
subsurface liquid hydrocarbon-impacted sites, including the use of NSZD as an
accepted remedial technology, and

e involve stakeholders through the life of the project to ensure that methods and
approaches are aligned with expectations for the management of sites
contaminated by subsurface liquid hydrocarbons.

The role of the Commonwealth Scientific and Industrial Research Organisation
(CSIRO) in the project was to:

¢ maintain impartial and anonymous interpretation of information from selected sites

e identify the data collection requirements for both NSZD and conventional
hydrocarbon recovery systems

e collate the data and reports from the representative selected sites

e investigate and augment NSZD rates and data at additional sites where needed
and feasible

¢ interpret the data and report the findings in the context of the project objectives,
and

e assist with delivery of the complementary application and technical guidance
documents (CRC CARE 2018, 2020).

This report complements the LNAPL NSZD application guidance document The role of
natural source zone depletion in the management of light non-aqueous phase liquid
(LNAPL) contaminated sites (Technical report 46, CRC CARE 2020) and the LNAPL
NSZD measurement guidance document Technical measurement guidance for LNAPL
natural source zone depletion (Technical report 44, CRC CARE 2018).
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Here we provide detailed, Australian-specific measurements and case studies for six
Australian sites and multiple LNAPL product types. For these sites we estimate NSZD
rates for a range of LNAPLs such as crude oil, diesel, jet fuel and gas condensate
(predominantly gasoline range). The NSZD rates are compared to the most
representative active product recovery rates from each of these sites to provide context
to the scale of the NSZD rates.

Separate sections outline the information and approaches taken for each of the six
sites. Guidance on the desired level of data and measurements required at selected
sites was previously reported (Donn et al 2017).
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2. Key features, processes, and measurement of LNAPL
behaviour and NSZD

The fate and behaviour of LNAPLs in the subsurface is reported in a number of
technical documents (CL:AIRE 2014; ITRC 2009a; ITRC 2009b). As depicted in Figure
2, the elements of an LNAPL conceptual site model include an understanding of
contaminant fate and transport in the vadose zone including partitioning and vapour
behaviour, the interaction of LNAPL with groundwater at the water table and the
subsequent migration and fate of LNAPL and any dissolved phase in groundwater
within the hydrogeological setting.

Much research and investigation has been undertaken on particular elements of
LNAPL transport, distribution and depletion, but few have integrated all processes at
field scale to consider LNAPL mass loss holistically. Overall, there is a lack of publicly
documented case-studies of NSZD of LNAPLs in Australia.

mmmm
W W
USTSoum—»ﬁ
~— Pooled LNAPL
Partially
ﬁ Residual LNAPL saturated zone
——
———
——— Vapour plume

LNAPL body
Aquifer

Dissolved
phase plume

Groundwater flow

Figure 2. Schematic diagram of LNAPL conceptual model (CL:AIRE 2014)

2.1 LNAPL contamination

LNAPL can be distributed in the saturated and/or unsaturated zone. Under natural
conditions in a homogeneous, unconfined aquifer, if there is sufficient release of a
volume of LNAPL it will migrate toward the groundwater table due to gravity, mound at
the water table and then can continue to migrate primarily laterally via advective flow
(Suthersan et al 2017). If heterogeneities are present in the soil zone, LNAPL can
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become trapped in soil pores as ganglia and lenses during passage through the
vadose zone. If the volume of LNAPL contamination is insufficient, it may not reach the
water table and will remain at residual levels in the vadose zone. As rainfall and other
water sources infiltrate through the vadose zone, the water can dissolve soluble
compounds from the residual LNAPL. This can act as a long-term source of dissolved
contaminants to groundwater (Suthersan et al 2017; Wiedemeier et al 1999). Vertical
redistribution of LNAPL can occur in an aquifer experiencing water level changes due
to seasonal fluctuations or local pumping. In coastal sites, there are also potential tidal
influences affecting water table dynamics and LNAPL behaviour. As the water table
moves down, it can leave behind residual LNAPL in the pore spaces. As the water
table rises, LNAPL and air can become entrapped below the water table (Dobson et al
2007; Kechavarzi et al 2005), forming discrete blobs, which become trapped in
groundwater and only partially remobilised during water table fluctuations (Teramoto &
Chang 2017; Yang et al 1995). A recent publication by Lenhard et al (2017) has
contributed a quantitative model to predict different LNAPL saturations (i.e. free,
residual, and entrapped), which accounts for fluctuating water levels.

2.2 Source zone depletion

Source zone depletion of LNAPL broadly refers to active and passive remedial
technologies, such as hydraulic recovery of LNAPL from the source zone, and
processes of natural mass removal and degradation. LNAPL mass recovery methods
can involve the application of different technologies for varying durations with varying
recovery rates and/or cumulative mass recovered (ITRC 2009b). Examples include the
use of interceptor trenches, skimmer wells, single/dual well total fluids pumping, and
vacuum enhanced recovery. For a description of these methods, see the lllustrated
handbook of LNAPL transport and fate in the subsurface (CL:AIRE 2014).

Despite concerted remedial efforts, some LNAPL remains immobile (residual and
entrapped) in the porous media, while some will exist at saturations above residual, i.e.
mobile LNAPL (ITRC 2009a). The limits to hydraulic recovery of the mobile LNAPL
depends on the type of product, age of the LNAPL plume, and the geological and
hydrogeological conditions (CL:AIRE 2014). A recent publication has sought to
characterise LNAPL recovery endpoints for different scenarios (e.g. skimming,
skimming with drawdown, and vacuum-enhanced skimming with and without water
table drawdown) and for a variety of different aquifer properties and LNAPL plume
architectures (Sookhak Lari et al 2018).

2.3 LNAPL zone depletion processes

The design of effective source zone remediation may require the coupling of LNAPL
recovery and NSZD processes, i.e. the result of volatilization, dissolution, sorption, and
biodegradation processes that leads to mass losses of LNAPL (Eichert et al 2017;
ITRC 2009b; Palaia 2016).

In-situ bioremediation of LNAPL involves the degradation of hydrocarbons by the
activity of soil and water borne microorganisms that use organic compounds as an
energy source and ultimately aid in decontamination of the polluted environment
(Fiorenza and Ward 1997; Franzmann et al 1999; Pandey et al 2009). In order for
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remediation to proceed, microbes require nutrients, electron acceptors, and other
growth-favouring conditions (Yadav and Hassanizadeh 2011). Some of the crucial
factors that affect microbial activity and the rate of contaminant transport/supply to the
microorganisms include soil-water temperatures, salinity, water table dynamics and soil
moisture changes (Kulkarni et al 2017; Yadav and Hassanizadeh 2011). Historically,
electron acceptor-mediated biodegradation was the conceptual model adopted for
hydrocarbon attenuation (Davis et al 1999; Garg et al 2017).

More recently, anaerobic methanogenic degradation of LNAPL sources, whereby
hydrocarbons are converted to methane, carbon dioxide, and traces of hydrogen, has
been highlighted as significant biodegradation process (Garg et al 2017; Kulkarni et al
2017). As with hydrocarbon vapours (Davis et al 2005; Davis et al 2009), methane will
aerobically biodegrade in the vadose zone where oxygen is available, producing
carbon dioxide.

2.4 Estimating rates of NSZD

An expanding area of NSZD research is measuring proxies for microbial respiration
(i.e. biodegradation) and converting this information into rates of LNAPL mass
depletion via biodegradation. Methods for measuring LNAPL degradation include
measuring degradation products, such as carbon dioxide and heat (as temperature)
and their changes through the vadose zone and at the ground surface. Additionally,
changes in LNAPL composition can provide estimates of LNAPL mass loss. CRC
CARE Technical Report 44 (2018) provides details of different methods used to
estimate NSZD. Briefly, several of these methods, which pertain to the sites
investigated in this report, are presented here. The methods used to estimate NSZD at
the six sites investigated in this report are in Table 2.

Three methods can be used to measure the soil gas flux: gradient, passive flux trap
and dynamic closed trap (CRC CARE 2018). Common to all three of the soil gas flux
methods is that stoichiometry is used to determine a mass based NSZD rate based on
assuming a representative hydrocarbon and using soil gas flux data. At an individual
location, a gas flux measurement can be used to estimate the NSZD rate using
Equation 1:

JNszpmMy-MW 86400s
106 da

RNSZD - [

Equation 1

Where:
Ryszp = the total hydrocarbon degraded or NSZD rate (g m2d™),

Jnszp = the background corrected soil gas flux in micromoles per square metre per
second (umol m?2s™),

m, = the stoichiometric molar ratio of hydrocarbon degraded (unitless)
MW = the molecular weight of the representative hydrocarbon (g mol™)

CRC CARE Technical Report 44 (2018) provides a table of representative
hydrocarbons and CO; stoichiometric conversion factors that one can use in Equation
1. As described in CRC CARE report, soil gas flux methods require some element of
data correction and other data processing procedures. In particular, a correction for

CRC CARE Technical Report no. 47 5
Australian case studies of light non-aqueous phase liquid (LNAPL) natural source zone depletion rates compared with conventional
active recovery efforts



natural soil respiration reactions, which are considered background must be quantified
and subtracted from the gas flux associated with NSZD. The exact methods for
implementing background corrections are specific to each of the three soil gas flux
measurement methods as described in more detail in CRC CARE Technical Report 44
(2018).

2.4.1 Gradient method for soil gas flux

This method relies on measuring change in gas concentration with depth at a
monitoring location to estimate the diffusive flux through the vadose zone. Either the
diffusive flux of O, or CO2 can be stoichiometrically related to an NSZD rate. The
gradient method is based on Fick’s first law of diffusion (Equation 2):

J =D (Z—g) Equation 2
Where:
] = the steady-state diffusive flux (g m?(soil) s™)

dC /dZ = the soil gas concentration gradient (g m™)

= the effective vapour diffusion coefficient (m? s) and is specific to the soil and
gas being measured.

To determine the soil gas concentration gradient (dC/dZ), one can use nested soll
vapour monitoring probes or existing monitoring wells.

Refer to CRC CARE Technical Report 44 (2018) for further details about how to
implement the gradient method and the underlying assumptions.

2.4.2 Passive flux trap

This method involves the collection of CO. released from the subsurface to the
atmosphere using a caustic sorbent material. Generally, the method involves the
collection of the gas over two weeks. The company E-Flux, LLC (Fort Collins,

Colorado, USA) commercialised the method and passive flux trap results presented in
this report utilised this method. Appendix A.1 provides details of the equipment used for
E-Flux measurements. Refer to CRC CARE Technical Report 44 (2018) for further
details about how to implement the passive flux method and the underlying
assumptions.

2.4.3 Dynamic closed chamber (DCC) method

The DCC method directly measures soil gas emitted at the ground surface. The
company LI-COR Biosciences, Inc. (Lincoln, Nebraska, USA) commercialised the
method and DCC results presented in this report utilised this method. The LI-COR
system uses a ground-mounted chamber, which collects soil gas. The chamber is
connected to a vapour pump and soil gas analyser. The device measures changes in
the concentration of CO, over time to derive a measure of soil gas efflux. Appendix A.2
provides details of the equipment used for LI-COR measurements. Refer to CRC
CARE Technical Report 44 (2018) for further details about how to implement the
LI-COR method and the underlying assumptions.
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2.4.4 Biogenic heat method

NSZD rate estimate using temperature data relies on the biogenic heat method

(CRC CARE 2018). The heat emitted by biologically mediated, exothermic reactions
can be thermodynamically equated to a NSZD rate. Johnston et al (2008) and Warren
and Bekins (2015) were among the first to measure heat production from microbial
degradation in the field and infer rates of degradation based on temperature data. The
use of soil calorimeters to measure and relate heat production to microbial activity is
well documented (e.g. Braissant et al 2010).

Assuming that heat conduction is the only method of heat transfer and that processes
are largely operating in one-dimension vertically, then the biogenic heat produced
through biodegradation is determined through application of Fourier's Law (Equation
3):

qu = —Kr (AT /Az) Equation 3
where
qy is the heat flux (J m? s™)
Ky is the thermal conductivity of the soil (J m™ K" s™)
AT is the change in background-corrected temperature (K)
Az (m) is the depth interval across which the heat flux is calculated
2.4.5 LNAPL compositional change method

Weathering of LNAPL can result in significant changes to the composition of petroleum
due to physical (volatilisation and dissolution) and biodegradation processes (Brauner
et al 2004). The weathering process may alter the LNAPL properties, such as
increasing the viscosity, and alter the potential transport of LNAPL through the porous
media (Newell et al 1995). Physical losses of the volatile and soluble compounds
generally affect the lighter components <C10, with the aromatic and aliphatic
components both affected by volatilisation and mainly the aromatics affected by
dissolution into water. For example, LNAPL components, such as benzene, toluene,
ethylbenzene, and xylenes, have both lower molecular weights and higher solubilities
compared to other constituents (Vasudevan et al 2016). These are readily volatilised
and partition into groundwater, thus leaving behind heavier molecular weight
constituents in the source zone (Suthersan et al 2017).

Biodegradation of LNAPL results in an apparent stepwise depletion of compounds in a
specific order, based on their susceptibilities to biodegradation (Kaplan et al 1996;
Peters & Moldowan 1993; Volkman et al 1984). For instance, n-alkanes have a high
susceptibility to biodegradation relative to isoprenoids and this has led to the
development of ratios to assess the extent of biodegradation as well as estimate the
spill age of petroleum (Christensen & Larsen 1993; Wade 2001) based on the n-
alkanes being completely removed after approximately 20 years (Christensen & Larsen
1993).

Relative mass losses can be calculated from compositional changes in LNAPLs due to
weathering and biodegradation of some compounds compared with a conservative
tracer, over a specified time. Samples needed to calculate mass losses include either
LNAPL samples from the same location sampled at different times or the actual source

CRC CARE Technical Report no. 47 7
Australian case studies of light non-aqueous phase liquid (LNAPL) natural source zone depletion rates compared with conventional
active recovery efforts



product released at the site for comparison with recovered LNAPL samples. Where the
source or older recovered LNAPL samples are unavailable for the site, an estimate of
mass losses can be obtained by comparison with a generic unweathered product of the
same type. Samples can be taken from monitoring wells or from the extraction of soil
cores.

The selection of a conservative tracer is generally based on it being one of the most
non-volatile, water insoluble and biodegradation resistant components present in the
LNAPL samples in sufficient relative abundances to measure (i.e. the concentration of
the conservative tracer will increase as more soluble, more volatile and less
biodegradation resistant compounds in the LNAPL are depleted). LNAPL constituents
that can be used as a conservative tracer will depend on a number of factors including,
the product type (e.g. gasoline, jet fuel, diesel), extent of weathering and the source
organic matter that formed the crude oil (e.g. algal, land-plants, bacteria) used to refine
into the product type. Concentration increases of the selected conservative tracers in
the LNAPL samples allow losses to be calculated, for example a two-fold increase in
the conservative tracer concentration over time would give an estimated loss of 50%.
LNAPL depletion or losses over time are based on changes in a conservative tracer (H)
concentration, using Equation 4 (Douglas et al 1996).

% oil depletion = (1 — (Ho/H1)) x 100 Equation 4

Where Ho is the concentration of the conservative tracer in the initial LNAPL released
(or the starting period for the mass loss calculation) and H1 is the concentration of the
conservative marker in the depleted LNAPL at a later time on a weight basis (w/w).
This approach has been used to calculate the % losses of LNAPL by number of
researchers (Baedecker et al 2018; Douglas et al 1996; Douglas et al 2012; Johnston
et al 2007).

Table 2. Comparison of NSZD estimation methods applied to the six sites. Methods that were not
implemented (grey-shaded cells) and those that were implemented but did not yield meaningful
results to compare with active recovery (orange-shaded cells) are indicated.

Description of NSZD Site A Site B Site C Site D Site E Site F
estimation method
Soil iButton \/ \/ \/ \/
t t
gradient | Thermistor | N N \
. Soil vapour
Soil gas
concentrati port \/
ongradient | | o \/ \/ \/ \/ \/
E-Flux N N N N
Soil surface
CO- fl LI-COR flux
2T chamber \/ \/ \/ \/

2.5 Total site-wide rate estimation for NSZD and active recovery

A methodology for combining NSZD rate data from various locations around a site to
obtain a site-wide total NSZD rate is briefly described in CRC CARE Technical
Report 44 (2018). A description of the computational tools and a methodology
developed specifically for this study are provided below. For active recovery, a site-
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wide total mass of product recovered in tonnes per year was calculated based on
volumetric recovery data converted to a mass basis using an estimate of the density of
LNAPL. For purposes of comparison, an LNAPL density of 703 kg m™ was used.

2.5.1 Area determination

A geographic information system (GIS)-based approach was used to estimate the area
associated with each NSZD measurement location. The method involves dividing a site
into polygons whereby the sides of each polygon is equidistant from each adjacent
measuring location. A recognised method for this uses Voronoi/Thiessen polygons
(Howarth 2017). The Voronoi polygon tool within the open source GIS desktop
application, QGIS (QGIS Development Team 2019), was used for this purpose. Figure
3 is a schematic diagram depicting the procedure developed for estimating the area
associated with each NSZD measurement location. To compute Voronoi polygons, the
dataset of monitoring locations must have more than two locations.

For each case study, the areal extent of the site for constructing polygons was
constrained by the total, assumed area of the plume (if known) or guided by
background measurement locations indicating no evidence of LNAPL contamination. If
there are insufficient data to delineate an assumed area of the plume, an arbitrary
buffer around the outermost measurement locations can be used (CRC CARE 2018).
The buffer extends the calculated polygon area and assumes that the outer
measurement locations for NSZD are within the LNAPL contaminated area

(CRC CARE 2018).

If approximate dimensions of the LNAPL plume are unknown, a procedure was
developed for constructing a buffer around the outer measurement locations as shown
in Figure 3 (right panel in the diagram). Although the procedure outlined in CRC CARE
Technical Report 44 (2018) considers the measurement locations from each NSZD
estimate method separately, in the case studies where approximate dimensions of the
LNAPL plume were unknown, it was decided to compile all locations across multiple
methods of estimating NSZD (see justification outline below). If there were
measurement locations beyond the boundary of the assumed dimensions of the
LNAPL plume (source zone) that showed substantial NSZD, the outermost
measurement locations were used to delineate the buffer instead of using the plume
dimensions.
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Are approximate dimensions of
the LNAPL plume known?

plume. This examples has 7 measurement
locations.

Step 2: Use QGIS to construct Voronoi polygons
and select a buffer setting that will enclose all of
the plume. The tool for this purpose only has the
option of constructing rectangular buffers,
specified as a % of the length and width of a
rectangle (dashed black line) that connects the
outermost measurement locations in the x- and
y- directions.

This example shows the options of either a 25%,
50% or 75% buffer for extending the Voronoi
polygon areas. Select the 75% buffer as it
encloses the plume entirely.

Step 3: Use QGIS to clip the rectangular Voronoi-
polygoned area + 75% buffer to the assumed plume
dimensions. Save the result as a shapefile and run
the algorithm ($Area) to calculate the areas of each
Voronoi polgon.

y direction >

x direction >

YES NO
) ( centroid
Step 1: Begin with a distribution of measurement Step 1: As the extent of the plume is unknown, a buffer /
locations and delineate the extent of the LNAPL surrounding the outermost measurement locations will P !

be constructed. The buffer is an assumed area of
influence represented by the measurements. A typical
buffer length is a 10% extension relative to the outer
points (CRC Care Technical Report #44, 2018). Begin by
connecting the outermost measurement locations
(dashed blue line). Then compute the centroid (*) of this

area.

Step 2: Determine a 10% extension of each side of this

area relative to the centroid (solid black line).
Construction lines (in red) for determining the 10%
extension of each side are shown for reference.

Step 3: Use QGIS to construct Voronoi polygons and
select a buffer setting that will enclose all of the

measurement locations and the 10% extension (in pink). — ST 2%
As described in the previous case, the QGIS tool for this ~— { * N\
purpose only has the option of constructing rectangular : D VAN

buffers, specified as a % of the length and width of a
rectangle. The 25% buffer on the rectangular grid
encloses the area.

Step 3: Use QGIS to clip the rectangular Voronoi-
polygoned area + 25% buffer to the area represented by
the measurements. Save the result as a shapefile and
run the algorithm ($Area) to calculate the areas of each
Voronoi polgon.

Figure 3. Procedure developed for estimating the area associated with each NSZD measurement location
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Figure 4 depicts an example involving two different datasets of measurement locations
for two methods of estimating NSZD. A couple of the measurement locations are
identical for the two methods, but most of the locations are different and create different
areas delimiting the measurement datasets. Presumably, NSZD extends throughout
both areas; therefore, the union of the two datasets of measurement locations should
be used. The solution involved combining the two datasets of locations and then
constructing Voronoi polygons as described in Figure 3.

Use QGIS to clip calculated Voronoi polygon
areas for each dataset to this outline.

Measurement locations for two methods for Construct an outline that is a 10% extension Voronoi polygon areas
estimating NSZD: Method 1 (e) and Method 2 () surrounding the outer measurement points for Method 1 locations
from both Methods 1 & 2.

e

Py | Measurement locations
for both methods

Voronoi polygon areas l l

for Method 2 locations

Figure 4. Procedure for constructing Voronoi polygons for a site with unknown LNAPL plume
dimensions, showing the measurement locations for method 1 (black dots) and method 2 (open
diamonds) for estimating NSZD. The outer measurement locations for both methods were used to
determine the 10% extension buffer.

2.5.2 Geospatial integration

To obtain an estimate of the site-wide rate of hydrocarbon mass removal by NSZD, a
simple summation of the product of the rate and the respective Voronoi polygon area
was used, using the following equation from CRC CARE Technical Report 44 (2018):

1kg 365d ,
Ryszp-site = (Bi=1 Rnszp—i * Ap) * (1000 g) * ( 1yt ) Equation 5

where Ryszp_site 1S the site-wide total NSZD rate (kg/yr), Ryszp—i is the NSZD rate for

Area i (mid)’ A; is the area of the Voronoi polygon Area i (m?) associated with

Ryszp—i» and n is the number of Voronoi polygon areas. As discussed in CRC
CARE Technical Report 44 (2018), if there are multiple events of site-wide
measurements made throughout the year, one can integrate over the year to obtain an
annual average site-wide rate of hydrocarbon mass removal.

CRC CARE Technical Report no. 47 11
Australian case studies of light non-aqueous phase liquid (LNAPL) natural source zone depletion rates compared with conventional
active recovery efforts



3. Site A

3.1 Introduction

The petroleum in the subsurface at site A was a result of a gas condensate release
estimated to have occurred in 2012. The gas condensate contained C4—C26 carbon
range hydrocarbons dominated by the C6—C10 carbon range components. The gas
condensate contained high relative abundances of aromatic compounds (including,
alkylbenzenes and alkylnaphthalenes) with toluene, methylcyclohexane and m/p-
xylene the highest concentration components in the source condensate (Figure 5).
Density and carbon ranges for the source condensate from site A are shown in Table
3.

Table 3. Density and carbon ranges for the gas condensate source from site A

Petroleum type | Carbonrange' | Density kg m3(15°C)? | Density kg m= (20 °C)"

Gas condensate C4-C26 788 784
'CSIRO data, ?Density calculated using AS 2520-1981 (1981) Petroleum measurement tables.

3.2 Site description

Site A covers an area of 28 ha, is a sparsely vegetated coastal environment, with a
low-elevation (maximum elevation of 18 mAHD) and its surface soils and aquifers are
comprised of limestone or lime-cemented dune sand (SiteA_Ref11 2017). Aeolian sand
dunes are present overlying the limestone in the southern and western parts of the site
(SiteA_Ref6 2016).

The climate is arid subtropical (high humidity summer, warm winter) with an annual
average rainfall of about 280 mm. Groundwater recharge is largely rainfall infiltration,
however, a significant portion of the site area is sealed, resulting in reduced or
negligible infiltration in those areas (SiteA_Ref12 2017). Saturated horizons are mainly
in the limestone and potentially in the overlying sand closer to the coastline
(SiteA_Ref12 2017). There are strong tidal influences on groundwater levels at the site,
though the magnitude varies spatially and is unrelated to the distance from the coast.

LNAPL in the subsurface at site A arises mainly from an uncontrolled historic release of
product from a pipeline, which leaked between 2012 and 2014 with a maximum
estimated extent of 4.5 ha (SiteA_Ref2 2016). The resulting plume is referred to here
as the gas condensate plume. In addition, there is a dissolved phase hydrocarbon
(DPH) plume on the periphery of the gas condensate plume. Estimates of condensate
mass in the subsurface from in well product thickness, approximately one year after the
leak was discovered, are between 1000 and 4000 tonnes (SiteA_Ref3 2016).
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The DPH plume forms a halo around the source area resulting from the dissolution of
the gas condensate, increasing the affected area of groundwater by 4 ha. There is
some evidence to suggest there are concentrations of hydrocarbons within the DPH
plume above the solubility limit, suggesting the presence on non-dissolved
hydrocarbons (or LNAPL bias). This is currently being investigated by filtering to
remove possible non-dissolved hydrocarbons from groundwater sampled (based on
guidance in CRC CARE Technical Report 44 (2018)) within the DPH plume and
comparing this with non-filtered samples. For practical purposes the plumes in this
report are as outlined in Figure 6. The DPH plume is not considered further in the
assessment of NSZD. The DPH plume mass is considered small compared to the
mass of the LNAPL condensate plume, although dissolution from the LNAPL into
groundwater is a strong pathway for mass loss given the high solubility and high
relative abundance of aromatic components in the condensate, and hence a pathway
for biodegradation within groundwater.

3.2.1 Distribution of wells and measurement methods

Figure 6 shows the inferred extent of the gas condensate LNAPL plume and
associated DPH plume as of April 2018 (SiteA_Ref13 2018) and the distribution of
monitoring wells and locations of surface measurements for the following:

e LI-COR (sites labelled FS1 to FS6 and PFWO01) from SiteA_Ref4 (2016)

e soil vapour ports (Summa canisters, sites labelled SV1 and SV1QA) from
SiteA_Ref11 (2017), and

e and E-Flux (site labelled E-Flux near FS5, and sites T1 to T4) from SiteA_Ref13
(2018) and SiteA_Ref14 (2017).

Table 4 summarises the methods applied to the monitoring wells and other supporting
data referred to in this report. Transect A-A’ (Figure 7) shows the stratigraphy and the
typical range of groundwater levels influenced by tides.

3.2.1 Profile stratigraphy

For the logged wells, maximum drilled depths range from 12 to 30 mbg based on well
log data and a geological cross-section of the site (Figure 7, SiteA_Ref6 2016). The
wells intersect mainly limestone from the surface to their maximum drilled depths.
There is a greater thickness of sand overlying limestone to the northeast (e.g. 4.5 m in
MW40 and 7.5 m of sand in MW58). Solution cavities are present in the upper portion
of the aquifer. Localised heterogeneous flows may exist due to solution cavities and
fractures in the limestone. Solution channels of up to 50 mm diameter were observed
during historical drilling works (SiteA_Ref6 2016). There are larger cavities, ‘as great as
1.5 m in extent [that] were reported at some locations’ (SiteA_Ref6 2016).
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Figure 6. Generalised map of sampling and monitoring locations and transect for site A
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Table 4. Summary of NSZD methods applied at monitoring wells and other data collected. Note, LI-COR and E-Flux measurements were not conducted at

well locations

NSZD rate methods
Inferred from : :
Monitoring wells Tgmperature-based In-well gas NAPL Comments on other sypportmg data referred to in
(iButton & manual - o this report
. gradient compositional
thermistor)
changes
MW35 — Yes — Well log
MW38 Yes Yes — LNAPL thickness data
MW40 . . Yes LNAPL thlckness daFa,_petrquum density, analysis of
tidal variations in water level
Transmissivity estimate, recovery data, analysis of tidal
MwW41 — — — P :
variations in water level
MW43 Yes Yes — Analysis of tidal variations in water level
Well log, transmissivity estimate, recovery data,
MW46A Yes Yes Yes petroleum density, analysis of tidal variations in water
level
MW57 Yes Yes Yes Well log & recovery data, petroleum density
Well log, transmissivity estimate, recovery data,
MW58 Yes Yes Yes petroleum density, analysis of tidal variations in water
level
MW59 — — Yes LNAPL thickness data, petroleum density
MWG60 Yes Yes Yes Well log, LNAPL thickness data, petroleum density
MW67 Yes Yes — Well log, transmissivity estimate, recovery data
MW69 . . Yes Transm|SS|V|ty e_stlma_te, recovery dgta, petroleum
density, analysis of tidal variations in water level
MW?70 — — Yes Transmissivity estimate, recovery data, petroleum density
MW72 . . Yes Well log, transmissivity estlmat_e, recovery data,
petroleum density
MW?73 Yes Yes Yes Well log & recovery data, petroleum density
MW74 Yes Yes Yes Well log, transmissivity estlmat_e, recovery data;
petroleum density

CRC CARE Technical Report no. 47
Australian case studies of light non-aqueous phase liquid (LNAPL) natural source zone depletion rates compared with conventional active recovery efforts

16




ELEVATION (mAHD |

MW11

MW36 Condensate
MW54a MW32 LeakSource
I "V54tz

A
H
H |
H
H :‘: ] MW73 MW40
H it ; MW72
H b Hd  H e
H i H i SAND
H g b H uls
H Hd H b
H g i B ;I
0 it H i i ~
: H £ LIMESTONE als i o §
H H i i B u - §
5 H i i i H E
= b i s
-------- g;—---------i--.ig--l E- B R R f f s =
- b A " b L =]
: B B 0H NP d - SR
H H i B i 5 5 H ie -
b H 5
_____ - - s 4 :.; - —-— - ______‘.‘?‘,,t-
] H o 5 =
B :x? 5 i
B ::In = i
“He o
b u
K
s

DISTANCE (m)

Figure 7. Transect SW-NE for site A (modified after SiteA_Ref6 2016)

3.3 Data supplied by site owner

Consultancy reports dated from January 2015 to January 2018 (total number = 14), a
file of recovery data (April 2015-September 2018) and selected figures from a report
dated July 2015 were provided. To preserve the confidential nature of these reports,
citations are coded and reference to the file name is provided in Section 12. In addition,
the owner provided CSIRO with field data for interpretation and well logs. Briefly, the
contents of the publications included the following:

CO, sorbent trap (E-Flux) locations and LNAPL degradation rates dated from
sampling in December 2016 and April 2017 (SiteA_Ref15 2017)

skimmer trials from 2015-2016, including enhanced skimmer and total fluids trials
(SiteA_Ref2, 2016; SiteA_Ref7 2016)

multiple and individual multiphase extraction (MPE) trials (SiteA_Ref7 2016)
remedial action plans in 2016 (SiteA_Ref6 2016)

NSZD rates from LI-COR measurements taken in 2015 (SiteA_Ref4 2016) and
from E-Flux measurements taken in 2015 and 2017 (SiteA_Ref14 2017)
estimation of removal of the dissolved hydrocarbon phase based on secondary
indicators of natural attenuation (SiteA_Ref5 2016)

estimation of the mass of LNAPL over the extent of the site (SiteA_Ref5 2016)
estimation of LNAPL transmissivity and porosity (SiteA_Ref2 2016)

LNAPL saturation and hydrocarbon mass (SiteA_Ref3 2016)

differentiation of possible petroleum sources (SiteA_Ref8 2016)

data from soil vapour monitoring (SiteA_Ref11 2017)

groundwater remediation and a mandatory Auditor’s report from 2017
(SiteA_Ref12 2017)

estimates of CO; flux and NSZD rates from E-Flux measurements (SiteA_Ref14
2017)

a schedule of field work to assess NSZD undertaken in 2018 (SiteA_Ref13 2018),
and
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e historical recovery data from April 2015 to the end of September 2018
(SiteA_Ref16 2018).

CSIRO analysed additional field data from the site. This included application of the gas
gradient method to estimate NSZD using soil vapour monitoring data (O, and CO,)
from 2016, and similar calculations based on in-well measurements of O, and CO,
(data collected in 2018). Furthermore, gradient methods were used to estimate NSZD
based on subsurface temperature data (iButton and manual thermistors) from 2018.

LNAPL compositional analysis was undertaken for samples collected from bores and
an assessment of the extent of weathering (i.e. LNAPL loss (% w/w)) relative to source
based on pristane concentration changes in the samples) are presented for samples up
to 2019.

3.3.1 Hydrogeological parameters

Estimates of hydraulic conductivity within the limestone range from 130 to 8000 m day
based on recent measurements from pumping tests (SiteA_Ref6 2016; SiteA_Ref12
2017). The transmissivity of the aquifer has not been estimated.

Limestone can have both primary and secondary porosity. The former is the space
within the cemented limestone matrix, and the latter is fracture or dissolution conduit
pathways through the limestone. Primary porosity values are given for three locations
(Table 5). Estimates of secondary porosity in the limestone were 37% and 25% based
on photographic analysis of rock cuttings from a location in the southeast portion of the
site (Figure 6, SiteA_Ref1 2016). LNAPL was not detected in crushed core material
recovered from depths and locations indicated in Table 5 (Figure 6). This might provide
a line of evidence that LNAPL resides in the secondary porosity, but results are limited.

Table 5. Results of laboratory measured primary porosity from SiteA_Ref3 (2016)

Sample Porosity (%) Density (t m™)
MW44 (5.0-6.0 m) 5.7 2422
MW46A (8.8—-9.8 m) 17.8 1.935
MW57 (8.0-9.0 m) 10.4 2133

3.3.2 Groundwater levels and flows
Well construction logs for site A are in Appendix A.3.

The monitoring wells depicted in Figure 6 are located <220 m from the coast. The
water table is tidally influenced and was found to vary by approximately 1.2 m between
low and high tide (Figure 7). Based on the surveyed ground elevations and depths to
water measured during well logging, the water table is at or near sea level. Due to the
topographic variation across the site, the depth to water varies between 4 and 15 mbg.

The following statements describe the relationship between groundwater flow
directions and tides:

‘when the tide is rising or high, the inferred groundwater flow direction is to
the north; as the tide falls, the inferred groundwater flow direction turns to
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the west rotating anticlockwise; when the tide and groundwater levels are at
their lowest, the predominant groundwater flow direction is to the south;

and groundwater levels then rise in response to a rising tide and the flow
direction returns to the north’ (SiteA_Ref12 2017, p. 50).

3.3.3 Product thicknesses in local wells on the site over time

LNAPL thickness measurements are referred to in the following reports:

Skimmer relocation plan, Jan. 2016 (SiteA_Ref1 2016)

Remedial action plan, April 2016 (SiteA_Ref6 2016)

Skimmer pump and total fluids pump optimisation trials, May 2016 (SiteA_Ref2
2016)

LNAPL Saturation and Hydrocarbon Mass, May 2016 (SiteA_Ref3 2016)
25-day trial MPE event, Sept. 2016 (SiteA_Ref7 2016), and

Source zone natural depletion-field data, April 2018 (SiteA_Ref13 2018).

A summary of these data is in Table 6. Plots showing LNAPL thickness relative to
corrected water table elevation for 13 monitoring wells are in Appendix A.4

Statements given in these reports related to LNAPL thickness are:

‘The greatest LNAPL thickness was observed at the second half of the
falling tide; LNAPL thickness is likely affected by primary porosity and
presence or absence of localised, secondary porosity features’ (SiteA_Ref1
2016, p. 4).

‘...the average apparent thickness of LNAPL across the Condensate Plume
is 0.12 m.’, but this is, ‘likely to underestimate the LNAPL thickness as most
of the monitoring wells used to measure LNAPL are located towards the
perimeter of the LNAPL plume where thickness is expected to be less that
what may be present towards the middle of the plume’ (SiteA_Ref3 2016,

p. 8).
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Table 6. Summary of reported apparent LNAPL thickness variations (mm)

SiteA_Ref7 (2016)* SiteA_Ref13
. . . . 2018)
e . SiteA_Ref1 SiteA_Ref2 SiteA_Ref6 SiteA_Ref3 : (
_ _ _ _ | Post-MPE Trial
Monitoring well (2016)' (2016)° (2016)2 (2016)° Pre-MPE Trial | "0 0™ | collata 16
(9-13 Aug 2016) collected:
Sept 2016) Jan 2018
59-71
MW16 N.D. N.D. (2 Mareh 2016) N.D. 55-70 04 0
MW28 N.D. N.D. N.D. 5 (11 Oct 2015) N.D. N.D. N.D.
MW38 N.D. N.D. N.D. 3 (28 Oct 2015) N.D. N.D. N.D.
5-60 88-101
MW40 (14 0t 2015) N.D. (16 Fob 2016) | 35(280ct2015) N.D. N.D. 74
155; 185 (20 Jan 124-159
MW41 N.D. 2016) (18 Fob 2016) | 107 (28 Oct 2015) N.D. N.D. 3
22-30
MW44 N.D. N.D. 21 Jan 2016) N.D. N.D. N.D. 0
MWA46A N.D 246 (21 Jan 2016) 22-56 302 (28 Oct 2015) 207-225 229-231 54
" (2 Mar 2016)
MW57 N.D N.D 20-57 11 (28 Oct 2015) 19-35 04 21
D D (18 Feb 2016)
68; 178 (31 Oct 196-262
MW58 262 (14 Oct 2015) 2015 (16 Feb 2016) | 188 (28 Oct 2015) N.D. N.D. 38
121; 147 (21 Jan 142-183
MW59 N.D. 2016) (18 Feb2016) | 0 (280ct2015) N.D. N.D. 130
MW60 N.D. N.D. 95‘1231((15;3 Feb | g6 (28 Oct 2015) N.D. N.D. 43
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SiteA_Ref7 (2016)* SiteA_Ref13
i i i i 2018)
e . SiteA_Ref1 SiteA_Ref2 SiteA_Ref6 SiteA_Ref3 : (
- - - - . Post-MPE Trial
Monitoring well (2016)' (2016)° (2016)? (2016)° Pre-MPE Trial | (3G e | et 16
(9-13 Aug 2016) cotlected.
Sept 2016) Jan 2018
204, 197
MW67 N.D. (1 Mar 2016) 103 (1 Mar 2016) | 289 (28 Oct 2015) 93, 125 63-80 1
MW69 N.D. 374 (1 Mar 2016) (21“9'2;23‘116) 78 (28 Oct 2015) 263 261-275 110
262, 290 63-162
MW?70 262 (14 Oct 2015) (11 Oct 2015) (13 Mar 2016) 242 (28 Oct 2015) 160204 207-259 225
380, 481 292-296
MW71 380 (14 Oct 2015) (11 Oct 2015) (2 Mar 2016) 220 (28 Oct 2015) 184-215 100-144 7
71, 163
MW72 N.D. (21 Jan 2016) 115 (2 Mar 2016) | 75 (28 Oct 2015) 122-153 99-101 70
78-98
MW73 N.D. N.D. (18 Feb 2016) 71 (28 Oct 2015 151-163 48-69 20
MW74 N.D. 360 (21 Jan 2016) (23F369b‘g(1)‘116) 270 (28 Oct 2015) 229-239 0-42 58

" Depth to LNAPL and water measured every 30 minutes — a pressure transducer was installed in each well to monitor the change in head of water plus LNAPL above the logger at 5-
minute intervals; ? This report provides these results from an earlier report, which was not provided, and the methods are not described. As both reports were by the same company, it
is assumed similar methods were used as in SiteA_Ref1 (2016); 3 Wells were gauged prior to bail down testing using an LNAPL/water interface probe; * Wells were gauged with an
interface probe for depth to water and LNAPL thickness. Post-MPE, all extraction wells were gauged after the applied vacuum was stopped and then gauged a short time later; N.D. =
no data (not measured).
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3.3.4 Measurements of LNAPL transmissivity

Transmissivity estimates were reported from baildown testing data interpreted using
API LNAPL transmissivity workbooks provided in SiteA_Ref1 (2016) and SiteA_Ref2
(2016, Table 7).

According to SiteA_Ref1 (2016), it remains uncertain whether the aquifer is confined or
unconfined, but the analysis was conducted assuming unconfined conditions and ‘the
API Workbook failed to provide an analytical solution of the data based on a confined
system’. Furthermore, ‘due to tidal effects and aquifer heterogeneity, only the first 10 to
15 minutes of recovery data was found to be suitable for assessment’. Analysis of
diagnostic gauge plots (LNAPL thickness vs potentiometric head) indicates wells
exhibiting both confined and unconfined behaviour.

A follow-up study conducted in April 2016 involved baildown testing of 10 wells
(SiteA_Ref6 2016) and considered recovery data throughout the tidal cycle. According
to this report,

‘...potential variations in LNAPL transmissivity that may be caused by the
tidal cycle are likely insignificant to other potential sources of variability
most likely associated with the heterogeneous secondary porosity of the
site geology’ (SiteA_Ref6 2016, p. 20).

It was also noted that the low transmissivity estimate for MW59 is likely an
underestimate in view of data from remedial trial results.

Table 7. Summary of transmissivity results in m? day-'. Average based on Bower & Rice, Cooper &
Jacob, and Cooper, Bredehoeft & Papadopulos methods

Monitoring well SiteA_Ref1 (January 2016) SiteA_Ref6 (April 2016)
MW41 — 0.08
MW46A — 0.145
MW58 — 0.207
MW59 — 0.004
MW67 — 0.135
MW69 — 0.256
MW70 0.14 0.057
MW71 0.129 0.029
MW72 — 0.054
MW74 — 0.127
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3.3.5 LNAPL sampling and analysis (compositional analyses)

Sampling of LNAPL was carried out by a contractor in 2015, 2018 and 2019. The
analyses of LNAPL, water and LNAPL, water equilibration, and estimates of LNAPL
loss were conducted by CSIRO (see Section 3.4.3).

3.3.6 LNAPL recovery operations

An historical overview of active remediation at site A is shown in Figure 8 (SiteA_Ref9
2017 and SiteA_Ref16 2018). This covers the period from April 2015 to the end of
September 2018. The methods undertaken involved skimming pumps (enhanced
skimmer and long skimmer), a total fluid pump (TFP) and multi-phase extraction (MPE)
equipment. As depicted in Figure 8, there has been a decline in the rate of recovery of
product from wells after late 2017, indicating that recovery has started to plateau.
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Figure 8. Cumulative LNAPL recovery: historical overview of active remediation from SiteA_Ref9
(2017) and SiteA_Ref16 (2018)

3.4 Methods

3.4.1 Active recovery
Type of method used to recover LNAPL

e LNAPL recovery started with skimmer trials (April 2015 to September 2015) in two
wells (MW16 & MW41).

e Enhanced skimmer and total fluids pumping commenced in December 2015 and
continued until March 2016. The trials were conducted in either one or two of the
wells (MW41, MW46A, MW58, MW59, MW69, and MW?70) at different times over
this period. Total fluids pumping was conducted in MW41, MW46A, MW69, and
MW?70.

e Following a period of limited trials (April to end of June 2016), enhanced skimmer
and long skimmer trials commenced in July 2016, with mainly long skimmer
operations conducted in multiple wells (i.e. MW41, MW60, MW69, MW70, MW71,
and MW72) and continuing until the end of September 2018.
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¢ Individual MPE trials were conducted between 16 August and 2 September 2016
in the following wells: MW16, MW46A, MW57, MW67, MW69, MW70, MW71,
MW72, MW73, and MW74.

e  Multiple well MPE trials were conducted 24-31 August 2016 in MW16, MWA46A,
MW57, MW67, MW69, MW70, MW71, MW72, MW73, and MW74.

How recovery data was estimated

The fluid stream was directed into an aboveground storage tank (AST) for each of the
three LNAPL recovery methods used (i.e. skimmer pumps, TFP and MPE; SiteA_Ref9
2017). In the situation where multiple wells directed fluids to a single AST, recovery
performance of a particular well was monitored by taking the depth to fluid at the time
of changeover from well to well (SiteA_Ref9 2017). In the situation where a skimmer
pump was used in particular wells, bucket tests were performed frequently whereby the
delivered fluid stream was diverted into a graduated cylinder and the ratio of LNAPL to
water was recorded (SiteA_Ref9 2017). The latter was mainly used to optimise the
skimmer pump performance and not for quantifying recovery volumes (SiteA_Ref9
2017).

For the skimmer trials conducted between April and September 2015:

‘the active skimmer pumps used on site had a float element incorporating a
hydrophobic membrane at the LNAPL-water interface to preferentially allow
hydrocarbon to pass into the skimmer’s pump bladder whilst excluding
water’ (SiteA_Ref9 2017, p. 9).

Based on a series of optimisation assessments, a refinement was made to the
standard skimmer pump arrangement. Beginning in December 2015:

‘one skimmer pump was fitted with a purpose-designed and built “lifter” that
automatically positioned the down-well skimmer pump inlet throughout the
changes in the SWL due to tidal influence’ (SiteA_Ref9 2017, p. 10).

The MPE system trialled in late August 2016 used:

‘a combination of a mobile containerised MPE system and existing recovery
wells on site. Well drop-tubes (spears) were inserted into nominated
extraction wells at the required depth to extract from the
LNAPL/groundwater interface. Fuel or static rated hose was used to
connect the well head assembly to the pump on the containerised unit’
(SiteA_Ref7 2016, p. 5).

‘Each targeted extraction well [was] pumped under vacuum at pressures of
up to -80 kPa to remove LNAPL and dissolved phase impact in the
groundwater as well as well VOCs in the form of vapour from the sites
subsurface’ (SiteA_Ref7 2016, p. 5).

The vacuum pump provided two duties in this system: (1) initially it provided recovery
of LNAPL, potentially impacted groundwater and associated vapour; and (2) the
vacuum needed for desorption of volatile organic compounds (VOC) from the carbon
after capture in granular activated carbon (GAC) vessels (SiteA_Ref7 2016).

The system cycled between MPE operations and desorption in automatic mode
according to set times (SiteA_Ref7 2016). Furthermore:
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e ‘.liquids removed as part of the process were contained within a 10 kL storage
tank before being transferred through a coalescing plate separator for treatment
where LNAPL was separated from water’ (SiteA_Ref7 2016, p. 6), and

e tank losses were observed due to LNAPL pooling on the surface of biological
growth which inhibited skimming and prompted volatilisation in the vented tank
(SiteA_Ref7 2016, p. 6).

Between December 2015 and March 2016 TFP was conducted (SiteA_Ref9 2017).
The procedure used:

e ‘a modified skimmer pump not reliant on a float mechanism to selectively target an
LNAPL thickness, to direct LNAPL and hydrocarbon impacted groundwater by
positive displacement pumping to the surface’ (SiteA_Ref9 2017, p. 11), and

e ‘asubmersible, pneumatically powered pump, which fills and empties automatically
when the pump bladder is full of fluid’ (SiteA_Ref9 2017, p. 11).

3.4.2 NSZD rate estimation
Subsurface temperature measurement and analysis (iButton and thermistors)

Subsurface temperatures were measured in existing wells using two techniques:
emplacement of temperature loggers at set depths and manual temperature profiling
down boreholes. The brief methodology for these techniques is outlined below. Further
details can be found in the Appendix A.5.

Temperature loggers

Temporal changes in subsurface temperatures were monitored using strings of
temperature loggers (iButtons) emplaced at set depths below ground surface in four
wells, MW35 (background), MW57, MW60 and MW74. Six temperature loggers were
installed in each well with the depth of the loggers determined accounting for the mean
water table elevation (0 mAHD), the tidal fluctuation in the water table elevation and the
depth of the vadose zone. The depths of the temperature loggers are provided in Table
8. The temperature loggers were deployed between 5 December 2017 and 11 January
2018. In addition, a pressure transducer was installed in MW35 to monitor groundwater
levels during the deployment period with barometric correction provided by a second
pressure transducer deployed at the top of the well casing.

Manual temperature profiling

In-well temperature profiles were obtained for ten monitoring wells on 13 and 14
January 2018 (Table 9). The temperature profiling was conducted following the in-well
gas sampling (outlined in Section 0). A single NTC thermistor (10k Ohm Betacurve,
10K3A1B, matched to YSI 44036) was lowered to a depth less than 0.5 m above the
standing water level and resistance measurements recorded at this point and every 0.5
m increments vertically upwards for at least 4.5 m in the lower profile and 1.0 m
increments in the upper profile.
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Table 8. Temperature logger (iButton) string location and depth configuration details

Monitoring well ID
Equipment ID MwW35 MwW57 MW60 MwW74

Units mBTOC | mAHD | mBTOC | mAHD | mBTOC | mAHD | mBTOC | mAHD
Button 1 2.02 11.45 2.08 713 2.03 8.28 4.55 8.57
Button 2 5.51 7.96 412 5.09 4.45 5.86 7.07 6.05
Button 3 9.00 4 .47 6.16 3.05 6.88 3.43 9.59 3.53
Button 4 12.47 1.00 8.21 1.00 9.31 1.00 12.12 1.00
Button 5 13.47 0.00 9.21 0.00 10.31 0.00 13.12 0.00
Button 6 16.03 -2.56 11.58 -2.37 12.53 -2.22 15.25 -2.13
Pressure

transducer 17.02 -3.55 - - - - - -

Table 9. Construction details for monitoring wells for which manual temperature profiles were
measured and in-well gas samples were collected

woito | Srowd | caing | o619 | ol depn | TR
elevation

Units mAHD mAHD mm mBGL mBGL
MW35 12.45 13.38 100 16.5 10.5
MW38 11.05 11.00 100 15.0 9.0
MW43 5.25 5.87 50 7.5 25
MW46a 9.57 10.53 80 13.2 7.2
MW57 8.13 9.21 80 12.0 6.0
MW58 10.45 11.32 80 13.3 7.3
MW60 9.28 10.31 80 12.8 6.8
MWe67 11.66 12.76 80 15.0 9.0
MW73 8.15 9.05 100 12.0 6.0
MW74 12.17 13.12 80 16.0 10.0

Temperature data analysis

In-well resistance measurements were converted to temperatures using the thermistor
manufacturer’s polynomial calibration algorithm while daily average iButton
temperatures were calculated to remove variation related to tidally induced water table
fluctuations. Since the thickness of the vadose zone was generally greater at the
background location (MW35) the temperature was interpolated between the
measurement locations and subtracted from the other profiles at equivalent depths
below ground surface. This background correction method assumes that heat transfer
processes other than those associated with NSZD processes are equivalent between
the background and NSZD test location.

As described in Section 2.4, this method uses Fourier's Law (Equation 3). For this site,
AT was assigned the maximum difference measured and Az is relative to the ground
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surface. It was assumed that the thermal conductivity was 1.0 J m™” K" s since the
thermal conductivity of the profile at Site A was unknown and this lies in the range for
soil (Sweeney and Ririe 2014). The heat flux was converted to a NSZD rate

(L hayr'"), assuming that octane was the LNAPL hydrocarbon undergoing
biodegradation with a AH of 52 kJ g”' (Sweeney and Ririe 2014) and a density of 703
kg m3at 20 °C.

Gas sampling and analyses (soil vapour port and in-well)
Soil vapour gas sampling

Multi-level soil vapour probes had been previously installed at SV21 with screen depths
of 2.0 m, 4.0 m, 6.5 m and 8.5 m. Details of sampling from these is presented in
Appendix A.6.

The gas gradient method for determining NSZD rates was applied to soil vapour data in
the following manner:

e Oz and CO- concentrations with depth data were obtained from SiteA_Ref11
(2017) at sample locations SV1 and SV1_QA (background, Figure 6), which were
measured in December 2016.

e Gas gradient calculations were undertaken by CSIRO (for this study) between 2.0
m and 4.0 m and between 2.0 m and 8.5 m below ground level, using the 2016
data.

In-well gas sampling

Appendix A.7 provides details of in-well gas sampling. Samples were sent to CSIRO for
analysis as outlined below.

Major gas analysis

Analyses were carried out using an Agilent 7890 gas chromatograph (GC) fitted with a
10 port sampling valve, thermal conductivity detector (TCD), a flame ionising detector
(FID), an air actuated heated valve box (containing gas sampling loops, 2 x 0.25 mL), a
packed column (60/80 Carboxen-1000 Supleco, 15’ x 1/8” SS) connected to the TCD
and a capillary column (CA-1 30 m x 0.32 mm ID x 3.0 ym FT) connected to FID.
Helium was used as carrier gas at a constant pressure and the GC oven was initially
held isothermal at 35 °C for 5 min, heated to 225 °C at 6 °C min™ and then held at

225 °C for 5 min. Samples were injected to the GC sample port via an Agilent 7697A
headspace sampler.

NSZD rates were determined between the sampling location and the soil surface for in-
well major gas measurements and depths as indicated above for the soil vapour
samples, using the gradient method described in Section 2.4 and in CRC CARE
Technical Report 44 (2018). To calculate NSZD rates, the gradient method for soil gas
flux was applied using Equation 2 (see Section 2.4). The effective vapour diffusion
coefficient for O, and CO, were assigned the values of 2.59E-06 and 2.37E-06 m? s™,
respectively.
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Soil surface carbon dioxide flux measurements (E-Flux and LI-COR flux
chamber)

An E-Flux CO, trap was installed near the flux sampling location FS5 and deployed
between 29 October 2015 and 3 November 2015 (SiteA_Ref4 2016). Appendix A.1
provides additional details of the E-Flux method. A second set of E-Flux traps were
deployed 8-21 December 2017 (locations T1 to T4 and a background site
(T_BGRND)). Duplicate samples were collected and sent to E-Flux LLC for analysis
(SiteA_Ref4 2016). The total fossil fuel CO- in the sample was corrected based on
results for a travel blank sample. An additional correction was made for background
CO; fluxes using carbon isotope *C analysis (SiteA_Ref4 2016).

A LI-COR 10 cm survey chamber, analyser control unit and application software were
deployed in selected locations. Appendix A.2 provides additional details of the LI-COR
methodology.

Table 10 records the LI-COR flux chamber measurements that were collected for three
sampling dates (SiteA_Ref4 2016). Location (FS07) was used for taking background
measurements to correct all the other measurements (Figure 6). The sample locations
intercepted different portions of the tidal cycle as summarised in Table 11.

Table 10. Summary of LI-COR measurements from SiteA_Ref4 (2016)

Number of measurements at each location
Sampling location
30 Oct 2015 3 Nov 2015 9 Dec 2015
FS1 10 - -
FS2 10 - -
FS3 10 - -
FS4 10 30 -
FS5 10 30 -
FS6 10 - -
FS7 (background) 10 30 30
PFWO1 - - 10
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Table 11. Summary of LI-COR CO; flux sampling locations and conditions from SiteA_Ref4 (2016)

Sampling Date . .
location Start and end time Tidal cycle Surface observations
30 Oct 2015 .
FS1 14-50-1550 Full tide Gravelly sand, very compacted at 0.05 m
29 Oct 2015 Co Trace ground cover, gravelly sand, very
FS2 13:38-14:38 High tide compacted at 0.05 m
Some low-lying dead shrubs, gravelly
FS3 30 Oct 2015 High tide sand, very compacted covered with
12:30-13:30
gravel
Small creepers to east of sample location,
FS4 13?.0000t 1220 :)(5) Incoming tide gravelly sand with very compacted fill
T le underlain, soil covered in gravel
03 Nov 2015
10:40-11:40
03 Nov 2015 N Blue quarry gravel with gravelly sands,
FS4 13:00-14:00 Incoming tide then very compacted fill, gravelly sands
03 Nov 2015
15:25-16:25
30 Oct 2015 . Low shrubs with compacted gravelly sand
FSs 8:02-9:00 Low tide underlain with fil
03 Nov 2015
9:20-10:20
03 Nov 2015 L Gravelly sand, very compacted fill
FSs 11:50-12:50 Incoming tide underiain
03 Nov 2015
14:10-15:10
30 Oct 15 N
FS6 9-50-10:50 Incoming tide Gravelly sand, very compacted at 0.05 m
L Small shrub (some dead, some living),
30 Oct 2015 Outgoing tide gravelly sand, natural stone at 0.06 m
FS7 30 Oct 2015 Low tide, Gravelly sand, very compacted, possible
(background) incoming refusal on natural stone at 0.05 m
9 Dec 2015 . .
Start/end not provided Not provided Not provided
9 Dec 2015 . .
PFWO01 Start/end not provided Not provided Not provided

3.4.3 NSZD: LNAPL sampling and analysis (compositional analyses to
assess the extent of weathering)

Sampling of LNAPL was carried out by a contractor in 2015, 2018 and 2019. The
analyses of LNAPL, water and LNAPL, water equilibration, and estimates of LNAPL
loss were conducted by CSIRO.

LNAPL condensate analysis (C4—-C40) using GC-FID

GC-FID analysis of LNAPL samples was performed at CSIRO, using an HP 6890 GC
fitted with a vaporising injector (operating in split mode), helium carrier gas, an
autosampler and a FID. The GC was equipped with a 60 m x 0.25 mm internal
diameter column coated with a 0.25 pm thick film of dimethyl polysiloxane (DB-1 Ul
J&W).
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LNAPL condensate and water analysis by GC-MS (C7-C24)

Gas chromatography-mass spectroscopy (GC-MS) analysis was performed using an
Agilent 7890 GC fitted with a vaporizing injector (operating in splitless mode), helium as
carrier gas, an auto-sampler and an Agilent 7000 mass spectrometer. The GC-MS was
fitted with a capillary GC column (AT-5MS Alltech, 30 m length, 0.25 mm internal
diameter and 1.0 ym thick film of dimethylpolysiloxane).

Estimating LNAPL mass losses

Estimated percentage mass losses over a time period were based on concentration
increases in the LNAPL of a conservative tracer (one of the most non-volatile, water
insoluble and biodegradation resistant components present in the samples) as a result
of other components decreasing in the LNAPL due to volatilisation, dissolution and
biodegradation. Pristane was selected in this instance as it was unaffected by
volatilisation, dissolution and biodegradation in the LNAPL samples studied (based on
the ratio of pristane to n-heptadecane) as well as being one of few higher molecular
weight components present due to the limited and low molecular weight range of the
gas condensate.

Pristane concentration changes in the LNAPL samples relative to the unweathered
condensate released at the site allowed estimation of LNAPL losses to be calculated,
where a concentration of pristane (w/w) in an LNAPL sample twice that of source
condensate would afford an estimated loss of 50% (w/w). Estimates of LNAPL
depletion or losses over time were based on changes in the pristane concentration
(conservative tracer, H) using Equation 4 (See Section 2.4).

3.5 Results

3.5.1 Estimation of total hydrocarbon mass removal by active recovery
Based on SiteA_Ref16 (2018):
As of 30 September 2018, a total of:

e 6806 L of LNAPL was recovered across the three LNAPL recovery methods
used (i.e. skimmer pumps, TFP and MPE).

¢ Active recovery occurred over an effective period of 1185 days (i.e. combined
duration across the three LNAPL recovery methods used).

e Average LNAPL recovery rates were ~5.1 L day™ for skimming, ~18 L day™ for
TFP and ~16.5 L day™ for MPE’ (Table 12).
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Table 12. Summary of LNAPL recovery by method from SiteA_Ref9 (2017) and SiteA_Ref16 (2018)
between 21 April 2015 and 30 September 2018

LNAPL recovered Effective recovery period Average recovery (L
Method A
(L) (days) day”)

Skimmer 5678.3 1121 5.1
pumping
Total fluids 798.5 44 18.1
pumping

i 1
Multi-phase 3296 20 16.5
extraction

TIndicative vapour concentrations are about 3000 L recovered from MPE during the same time period that
the liquid NAPL was recovered (SiteA_Ref7 2016).

Recovery techniques including skimming, total fluids pumping and multiphase
extraction had an average rate of recovery of 5 L day™”, 18 L day™ and 17 L day”’
respectively from April 2015 to September 2018 (SiteA_Ref16 2018). During this
period, a total of 6806 L was recovered over a total period of 1185 days. Some of the
recovery was limited by operational infrastructure impeding access to the entire extent
of the subsurface LNAPL plume as well as prohibitively high in well vapour
concentrations. Active recovery employing three methods over the last three years has
achieved on average circa 13.2 L day™ (~3.7 t yr'') LNAPL removal, assuming an
LNAPL density of 703 kg m=.

3.5.2 NSZD results: measurements and total site-wide rate estimates
Temperature results

NZSD rate calculations are based on the methods described in Section 2.4 and in
CRC CARE Technical Report 44 (2018).

Interpretation of the recent data by CSIRO (this study), reveals the background
corrected NSZD rates based on the iButton string data range from 0 to 3276 L LNAPL
ha'yr' (Table 13) and the rates based on the manual thermistors range from 200 to
4471 L LNAPL ha™ yr (Table 14). The variability in iButton string NSZD rates for
MW57 and MW?74 reflects increases in the AT observed over the 37-day monitoring
period potentially related to seasonal changes, however longer temperature records
are required to confirm this. The differences observed for the manual thermistor
measurements reflect spatial variability in NSZD rates at this site. It should be noted
that there is no clear spatial pattern and further measurements would be required to
determine the spatial distribution.
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Table 13. Summary of results for iButton string, temperature-based NSZD

Well location Date NSZD (L LNAPL ha'yr)

7 Dec 2017 0

MW57 23 Dec 2017 0
10 Jan 2018 564
7 Dec 2017 3260

MW60 23 Dec 2017 3264
10 Jan 2018 3276
7 Dec 2017 609

MW74 23 Dec 2017 726
10 Jan 2018 908

Table 14. Summary of results for NSZD based on manual thermistors

Well location Date NSZD (L LNAPL ha'yr)
MW38 13 Jan 2018 892
MwW43 14 Jan 2018 1239
MW46a 13 Jan 2018 4471
MW57 13 Jan 2018 971
MW58 14 Jan 2018 1980
MWG60 14 Jan 2018 3610
MWe67 14 Jan 2018 200
MW73 13 Jan 2018 680
MW74 13 Jan 2018 200

The polygon areas used to compute site-wide total NSZD rates for the temperature

results are shown in Figure 9. The site-wide total NSZD rates for the iButton and

manual thermistor-based methods were 3.7 and 5.6 t yr, respectively. The outline
surrounding the measurement locations for NSZD encompasses 54,762 m? (5.5 ha).

Gas sampling results

Based on interpretation of the data by CSIRO (this study), the gas gradient method
applied to soil vapour and in-well measurements of O, and CO; yielded the following

results:

e vapour port data: 10,069 to 35,753 L LNAPL ha™ yr' Table 15), and

e in-well gas data: 34 to 8924 L LNAPL ha™ yr" from O, data and 27 to 8984 L
LNAPL ha™'yr' from CO, data (Table 16).
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Figure 9. Voronoi polygon areas constructed using QGIS for (a) iButton and (b) thermistor measurement locations for site A. The inferred LNAPL plume extent (2018) is
shown for reference (dashed brown line).
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Table 15. Summary of results for NSZD based on gas vapour port data (location SV1)

Location Date Gas NSZD (L LNAPL ha'yr)
SV1 between 2 & 4m 15 Dec 2016 O, 34,776
SV1 between 2 & 8.5m 15 Dec 2016 O, 10,961
SV1 between 2 & 4m 15 Dec 2016 CO, 35,753
SV1 between 2 & 8.5m 15 Dec 2016 CO, 10,069
Table 16. Summary of results for NSZD based on in-well gas data
Location Date/time Gas NSZD (L LNAPL ha'yr)
MW35 14 Jan 2018 16:50 0} 34
background 14 Jan 2018 16:50 o, 27
13 Jan 2018 14:00 0} 90
MW38
13 Jan 2018 14:00 CO; 74
14 Jan 2018 14:00 0} 4153
MW43
14 Jan 2018 14:00 CO; 3350
13 Jan 2018 16:30 0} 8438
MW46a
13 Jan 2018 16:30 CO; 8577
13 Jan 2018 14:50 0} 2425
MW57
13 Jan 2018 14:50 CO; 2251
13 Jan 2018 14:55 0} 7380
MW58
13 Jan 2018 14:55 CO; 8458
14 Jan 2018 14:45 0} 8924
MW60
14 Jan 2018 14:45 CO; 8984
14 Jan 2018 16:00 0} 4661
MW67
14 Jan 2018 16:00 CO; 3943
13 Jan 2018 15:45 0} 6287
MW73
13 Jan 2018 15:45 CO; 5461
13 Jan 2018 17:00 0} 6695
MW74
13 Jan 2018 17:00 CO; 6405

The polygon areas used to compute site-wide total NSZD rates for the gas in-well
sampling results are shown in Figure 10. The site-wide total NSZD rates for the gas in-
well (O2 and CO,) were 19 and 18 t yr, respectively and the site-wide total NSZD rates
for the gas vapour port (O, and CO2) were 42 to 130 t yr' and 39 to 140 t yr’,
respectively. As measurements were taken from only one gas vapour port across
different depth intervals, no polygons were constructed to compute a site-wide total
NSZD rate. Instead, the NSZD rates based on gas gradients at this location were
scaled using the area encompassing the measurement locations for NSZD rate
estimation (54,762 m?) as a multiplier.
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Figure 10. Voronoi polygon areas constructed using QGIS for (a) gas in-well measurement locations for site A, and (b) the single location (SV1) for soil vapour port
measurements at different depths. The inferred LNAPL plume extent (2018) is shown for reference (dashed brown line).
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Soil surface carbon dioxide flux results
E-Flux results

The analytical results for the E-Flux CO- trap sampling near FS5 are shown in Table 17
for traps deployed for the period between 29 October 2015 and 3 November 2015. Also

shown are results from 2017 sampling (Table 17). LNAPL degradation rates derived
from E-Flux CO; traps sampled in December 2016 and April 2017 are summarised in
Table 18 (SiteA_Ref15 2017).

Table 17. Summary of E-Flux CO; trap analytical results from reports (locations are on Figure 3).
Traps deployed in 2015 and 2017

Modern Fossil Equivalent
CO, fuel .
Deployment flux? CO: CO; fossil fuel Source of
Date Sample flux® » | NAPL loss
days (nmol flux data
- (umol rate®
m2s) m2s) (umol (L ha'yr)
m2s™) y
E-Flux .
2015 1 cation near 5.163 1.32 113 0.20 1140 | StteARefld
samples (2016)
FS5
T 13.17 2.7 1.93 0.8 4653
T2 13.16 2.7 1.58 1.07 6261
2017 SiteA_Ref14
samples T3 13.15 7.0 217 4.83 28,210 (2017)
T4 13.14 1.3 1.21 0.09 533
T_Background 13.10 1.5 1.45 0.03 159

a Blank corrected results; ® Blank corrected, "#C analysis results; ° Blank corrected, '#C analysis results that
reported in gal. acre” yr' have been converted to L ha™ yr?.

Table 18. Results from E-Flux CO. trap measurements from sampling in December 2016 and April
2017 as shown on a map provided in SiteA_Ref15 (2017)

LNAPL LNAPL
Date Sample degradation Date Sample degradation
(L ha'yr) (L ha'yr)
Flux 01 2132 Flux 04 3329
Flux 02 954 Flux 07 5760
Flux 03 2768 Flux 08 6919
Flux 04 3301 Flux 09 12,127
Flux 05 1244 April 2017 Flux 10 1935
Dec. 2016 Samp|es
samples Flux 06 1889 Flux 11 34,118
Flux 07 2693 Flux 12 3908
Flux 08 12,651 Flux 13 13,342
Flux 09 7265 Background 1141
02
Background 01 2104
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LI-COR results

The average CO; fluxes for each sampling location are provided in Table 19 from
SiteA_Ref4 (2016). Results for sampling location FS03 are not shown as review of the
data indicated the chamber seal likely failed at this location. Average CO: fluxes have
been corrected for background CO; flux measured at FS07 and the average flux
converted to a volumetric flux (LNAPL loss rate) per mole of octane assuming a
hydrocarbon density of 0.77 (SiteA_Ref4 2016).

Table 19. Summary of LI-COR CO; flux measurements for the gas condensate plume and process
formation water (PFW) plume (locations are in Figure 3)

30 Oct 2015 3 Nov 2015 9 Dec 15

Sample FS1 | FS2 | FS4 | FS5 | FS6 | FS7 | FS4 | FS5 | FS7 | PFW01 | FS7
location

Number of
observations
used to 10 10 8 10 10 10 30 30 30 10 30
compute
average

Average flux

2 0.51 | 0.88 | 0.73 | 1.02 236 | 023|072 | 113 | 022 | 647 |0.55
(umol m*2s)

Average flux
corrected for
background
(umol mZs)

028 | 0.65 | 0.50 | 0.78 213 | 0.00 | 0.50 | 0.90 | 0.00 5.92 0.00

Volumetric

If-ll'fl);g[ 1654 | 3801 | 2910 | 4585 | 12,474 | 0.00 | 2910 | 5288 | 0.00 | 34,620 | 0.00

(L ha'yr)
FS7 results are of background CO: flux

The polygon areas used to compute site-wide total NSZD rates for the soil surface
carbon dioxide flux results are shown in Figure 11. The site-wide total NSZD rates for
the E-Flux and LI-COR methods were 16 and 33 t yr', respectively.

3.5.1 NSZD results: LNAPL composition

Recovered LNAPL samples all seemed unaffected by intrinsic biodegradation based on
indicators of biodegradation. The ratios of isoprenoids (pristane, Pr) to n-alkanes (n-
heptadecane, nC17) were used as an indicator of biodegradation (Christensen &
Larsen 1993; Wade 2001) and the recovered LNAPL samples and unweathered gas
condensate had similar ratios of Pr/nC17 (Appendix Table A.8-1) suggesting the
samples were unaffected by biodegradation as biodegradation would generally
preferentially deplete the n-alkanes. Losses to volatilisation that the recovered LNAPL
samples have experienced were minor up to the 2015 with losses largely due to
dissolution. This is based on depletion of the more water-soluble components
(benzene, toluene, xylenes, Appendix Table A.8-1) relative to lighter insoluble
components (low molecular weight alkanes, nC6 Appendix Table A.8-1), compared to
the source condensate. Increases in the lighter insoluble components in the LNAPLs is
likely a result of losses of the water-soluble components increasing the relative
proportion of the non-water-soluble components in the LNAPL.
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Figure 11. Voronoi polygon areas constructed using QGIS for the (a) E-Flux and (b) LI-COR measurement locations for site A. The inferred LNAPL plume extent (2018) is
shown for reference (dashed brown line).
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In 2015, estimated LNAPL losses were from 3% to 24% (based on comparison with the
unweathered condensate, Appendix Table A.8-1 and Figure 12) after the end of the
release in 2014 (so effectively over a one-year period). Whereas losses in 2019 were
larger (52% to 79%) due to both dissolution of the more water-soluble components
(BTEX in 2019 ranging from 0.2% to 4.7%, BTEX in source condensate 16%) and
volatilisation of the lower molecular weight components (over a five-year period). Some
of this increased loss may be due to MPE remediation activities that were carried out in
2016. GC-FID chromatograms (Figure 13) show compositional changes in the
recovered LNAPL from 2015 to 2019 losses (from different locations showing typical
changes observed) compared to the unweathered condensate. These results suggest
that direct biodegradation of the condensate LNAPL has not been a dominant process
as all the changes to the LNAPL up to 2018 have been related to physical changes
(dissolution and volatilisation), although components that have partitioned into the gas
and water phases are undergoing biodegradation in these phases. However, in 2019
some samples (MW58, MW59, MW60, MW67, MW69 and MW73) are showing
indications of the lower molecular n-alkanes undergoing biodegradation (depletion of
nC10 and nC11, Appendix Table A.8-1 and Figure 13).

good relationship was observed with percentage loss and density (Appendix Figure
A.9-1) suggesting density and percent loss data is valid. The relationship with percent
loss and density likely works well in this situation due to the high proportion of lighter
components resulting in significant density changes to the LNAPL when they are lost.
Based on this the relationship with percentage loss and density may be applicable to
gasoline range products. Percentage loss and time also show a relationship (Appendix
Figure A.9-2) suggesting extrapolation of the relationship (assuming a linear
relationship with percent loss and time) may allow a time window to be predicted for the
complete removal of the condensate from the monitoring locations.

While dissolution and volatilisation processes currently dominate the changes to
LNAPL, subsequent biodegradation of these components in groundwater and the
vadose zone, respectively, contributes to the NSZD. Thus, a site-wide estimate of
NSZD based on LNAPL compositional changes was obtained for January 2018, of
between 26 and 64% mass losses since the release occurred. This equates to 35,000
and 87,000 L LNAPL ha™ yr'. No polygons were constructed to compute a site-wide
total NSZD rate. Instead, the NSZD rates were scaled using the area encompassing
the measurement locations for NSZD rate estimation (54,762 m?) as a multiplier to
obtain an estimated range between 110 and 280 t yr.
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Figure 12. LNAPL remaining at selected locations from 2015 to 2019

3.6 Overview of hydrocarbon mass removal — recovery and NSZD

Table 20 provides a review of site-wide total NSZD rates reported in Section 3.5. The
active recovery of LNAPL on site (3.7 t yr") is much lower than the estimated NSZD
rates by between ~5 and ~50 times for temperature methods and vapour port gas
compositions respectively. It is noted that active recovery was restricted by operational
infrastructure limiting access to the entire extent of the subsurface LNAPL plume.

At this site, it appears mass loss processes which do not fall under active recovery or
vadose zone NSZD measurement techniques, have accounted for perhaps two orders
of magnitude more LNAPL removal than what has been quantified in the methods
being compared in this case study. These losses are associated with dissolution into
groundwater, volatilisation into the vadose zone, and subsequent biodegradation
processes. These are the subject of further investigation.

It is recognised that the depletion rate of all these processes will change over time as
both the removal of more biodegradable and lower molecular weight components
through partitioning processes occurs. Thus, while it is recognised that these
processes have occurred based on the LNAPL compositional changes it is unlikely that
the contribution of these processes to mass loss can be retrospectively quantified
without additional fate and transport modelling.

NSZD rates ranged from zero or low values for some methods and locations up to
34,000 L LNAPL hayr' based on E-Flux measurements and as high as 36,000 L
LNAPL ha™'yr' based on the gradient method for CO flux using vapour port monitoring
data. The upper estimates of the range of NSZD rates from temperature data were in
general lower than those determined by other methods.
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Figure 13. GC-FID chromatograms showing the composition of the unweathered condensate
LNAPL from 2015 and changes due to weathering in 2015, 2018 and 2019. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:
toluene, Xyl: xylene.
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Table 20. Tabulation of NSZD rates across methods used, and spatially-weighted mass losses per

time

NSZD methods

Intrinsic rate estimates

Rate mass/time

(L LNAPL ha'! yry* (tyr")™

e E-Flux: 160 to 34,000 e E-Flux: 16

Soil surf: CO:fl ’
ofl surtace L2 Tux « LI-COR: 1700 to 12,000 « LICOR:33

e [Button strlng§: 0 to 3300 e iButton: 3.7

Temperature: e Manual thermistors: 200 to . .
e  Manual thermistor: 5.6
4500

Gas sampling e 0Oy 34 to 8900 o 02:19
(in-well) e COy: 27 to 9000 . CO,: 18

Gas sampling (gas vapour
port data)

e 0O2: 11,000 to 35,000
e CO2: 10,000 to 36,000

o 0O,: 42 t01307
o COo: 39 to 1407

LNAPL compositional
changes

e 35,000 to 87,000

e Based on between 26 and
64% mass loss since
release to January 2018

e 140to 340

* Rates have been determined across a number of locations (except for the vapour port), the range
denotes variability across different locations at the site. Values are rounded to two significant figures. For
the vapour port data the range is estimated by different assumed depth interval concentration gradients.

** A polygon areal weighting approach has been adopted to determine these rates, with the polygon areas
scaled to the LNAPL plume area at the site (5.5 ha), except where noted (7).

NSZD rates from temperature data ranged from zero to 4471 L LNAPL ha™ yr'. There
appears no systematic trend in rates with distance from the LNAPL, since sites like
MW57 and MW74 within the LNAPL plume delineation (Figure 3) have low NSZD rates
(0 to 908 L LNAPL ha™ yr'") compared to others like location MW43 beyond the
boundary of the DPH plume, which have comparable or higher rate estimates (1239 L
LNAPL ha™ yr'"). Further data over longer time frames, and closer monitoring of
ambient conditions, will yield greater certainty around rates determined via the thermal

method.

In contrast at MW74, NSZD rates estimated from in-well gas data give rates nearer
6500 L LNAPL ha™ yr, whilst at MW43 the estimated rates are close to 4000 L LNAPL
ha yr'. The highest rates determined from in-well gas data are close to 9000 L LNAPL
ha yr' (at MW60 and MW46a).

E-Flux estimates in the T transect (Table 17) ranged from 28,210 L LNAPL ha™ yr' at
T3 to 533 L LNAPL ha™ yr' at T4. T4 is located furthest away from the LNAPL source
(see Figure 3) and the T4 rate accords somewhat with the estimate from the
background location (at T_background) which gave an estimate of 159 L LNAPL ha™
yr''. Other E-Flux rates (Table 18) ranged from 1141 L LNAPL ha™ yr" equivalent at a
background location up to 34,118 L LNAPL ha™ yr.

Some measurements of NSZD using different methods were in close proximity to each
other on the northern boundary of the site (Figure 6). MW58 and MWG60 are in the near
vicinity of the E-Flux locations T1, T2, T3, Flux 08 and Flux 09, and the LI-COR
location FS6 (see Figure 6). At MW58 and MW60, NSZD rate estimates from
temperature data were 1980-3610 L LNAPL ha™ yr" and from gas data were 7380-
8984 L LNAPL ha™ yr' — the upper end of the range across all locations for each of
these methods. These are somewhat comparable to the range of E-Flux rate estimates
across T1-T3 of 4653-28,210 L LNAPL ha™ yr' and 6919-12,651 L LNAPL ha™ yr" for
the Flux 08 and Flux 09 locations, albeit lower than the upper end of the range for the
flux canister measurements. The LI-COR estimate from FS6 is also comparable at
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12,474 L LNAPL ha™ yr'. Across these measurement techniques the higher rates
across the range found at the site seem to occur in this location on site (note MW46a
also has high rates but not all methods were used near MW46a). It provides some
confidence that the methods at the higher rates are somewhat in agreement.

Whilst NSZD rate comparisons between methods and locations are promising, some
rates contrast with one another especially at lower or intermediate rate estimates.
Lower NSZD rates yield lower temperature contrasts, lower consumption of oxygen
and production of carbon dioxide — these may lead to subdued changes that are more
difficult to measure and may require longer time series of data or a greater intensity of
data to gain greater surety and consistency. This variability at lower rates creates
challenges in then interpolating data spatially from point and local estimates across
large areas. Application of the NSZD rates across large areas requires considered
understanding of variability across a site and an understanding of the distribution and
the status of LNAPL in the subsurface. Such interpolation of the data will be further
investigated.

3.7 Sources of uncertainty in hydrocarbon mass loss estimation

The largest uncertainty in estimates of mass recovery are quantifying mass vapour
emissions during multiphase extraction activities. This is mainly due to quantifying
extraction fluxes and VOC concentrations in a mixed phase system composed of light
hydrocarbons and saline water.

The main source of uncertainty in the determination of NSZD rates is assigning realistic
physical properties (thermal conductivity and gas diffusion coefficients) to the
subsurface material. The principle fluid conducting pathways are in the secondary
porosity consisting of fractures and voids with varying continuity, whereas the dominant
heat conduction will be through more competent rock. While selected literature values
have been used to derive rates at this site, verification through direct measurement
coupled with inverse modelling would improve the confidence and certainty of
estimates.
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4. Site B

4.1 Introduction

Site B is a large site with multiple LNAPL sources and located in a coastal district. It
has stored a range of petroleum products including crude oil, diesel, gasoline and
aviation fuels. According to maps of contoured LNAPL thickness = 50 mm for 2015, the
distribution of LNAPL was approximately 51 ha in summer (December) and 21 ha in
winter (July). (SiteB_Ref11 2016). It has operated since 1953 and there is subsurface
contamination arising from a variety of product types due to past releases (SiteB_Ref1
2004, Figure 14).

North Legend
B Product recovery tank
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O Recovery trench
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T1950 %6 e 8 e
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Figure 14. Map view of site B and areas of detailed investigation at locations D6 and D10 and
background site, B6. The rectangles marking these sites are shown enlarged in Figure 15-Figure
17. Only recovery operations relevant to sites D6 and D10 are shown.
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4.2 Site description

Three locations were examined on site B, referred to as locations D6, D10 and a
background location B6. The recovery of LNAPL began in the 1980s and is still
continuing (SiteB_Ref1 2004). The three locations in this study are 370 m (D6), 420 m
(D10), and 600 m (B6) from the coastline. The surface geology is mainly sand with
surface elevations generally less than 15 mAHD. The site is comprised of aeolian
sands overlying limestone.

The area has a mediterranean climate characterised by cool wet winters and hot dry
summers. Annual average rainfall is approximately 630 mm (Queensland Government
2019). Groundwater recharge is predominantly from rainfall infiltration. The relatively
permeable surface deposits allow for rapid downward migration of any hydrocarbon
leakage (SiteB_Ref4 2006).

LNAPL contamination at site B has arisen from leaks and spills of different products.
According to a review of product contamination at the site conducted in 2005, location
D6 is mapped as having diesel contamination, whereas near D10, there is crude oil
contamination (SiteB_Ref6 2013).

4.2.1 Distribution of wells and measurement methods

All three study sites (B6, D6 and D10 — Figure 15 to Figure 17) have a similar
distribution of measurement points that include:

e groundwater monitoring wells (for in-well temperature measurements and gas
sampling)

e thermistor strings

e vadose zone gas sampling string, and

e LI-COR measurement locations.

The LI-COR measurements at B6, D6, and 10, referred to as LIO# a, b, c, were about
90 cm from the vadose zone gas sampling string.

4.2.1 Profile stratigraphy

The soil profile and surficial aquifer consists of a sequence of aeolian and littoral
calcareous sands. Sometimes thin carbonate-cemented layers are encountered in the
vadose zone. Often creamy-tan-coloured sands extended to 2-3 mbg, where a change
to grey-coloured sand might occur down to the depth of the bottom of the sand
sequence. The sands typically have low organic matter content with the fraction of
organic carbon less than 0.03%.
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Figure 16. Close-up view of location D6
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Figure 17. Close-up view of location D10

4.3 Data supplied by site owner

The material available for site B consisted of extensive records from more than three
decades of CSIRO involvement in a research capacity. Previous CSIRO reports and
files are cited. To preserve the confidential nature of these reports, citations are coded
and reference to the file name is given in the Section 12.

In addition, additional data collected at site B in 2018 were interpreted by CSIRO and
are presented for the first time in this report. These include estimation of NSZD rates
based on subsurface temperature and soil surface CO- flux measurements (chamber,
LI-COR), and gas sampling to determine major gas composition. In 2004-2005, a
subsurface LNAPL characterisation study was conducted. The characterisation
measured both physical properties (density and viscosity) and chemical composition to
construct a map of the product types comprising the LNAPL source zone.

4.3.1 Hydrogeological parameters

The uppermost sand and limestone layers comprise the superficial aquifers. The
limestone is highly permeable. In eastern portions of the site, a clay aquitard layer
hydraulically isolates the sand and limestone aquifers, such that the latter is confined.
The average porosity of the calcareous sand is around 50%. The sands are
predominantly fine to medium-grained. At a depth of around 3.84 m, the sand is
laminated and has layers of larger grain size materials. The layering is often sub-
horizontal. Thin layers of coarser grain size sands are generally absent below 3.84 m.
The hydraulic conductivity of the sand in this area is 10 to 30 m day™.

4.3.2 Well construction and mean groundwater levels

In June—September 2016 the water table was ~ 4.6 mbg at location D6, but tidally
influenced, and was ~ 3.6 mbg at D10 (SiteB_Ref10 2016). Groundwater levels vary
across the site to 2.5 to 4.0 mbg with an annual fluctuation of around 0.5 m from
seasonal winter rainfall.
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Monitoring wells at each site are 50 mm diameter, class 18 PVC with threaded
couplings. Generally, the screens are between 3 and 4.5 m in length and set from at
least 1 m above and 2 m below the average water table elevation. The screen slot size
is 0.5 mm and gravel pack (1.8 to 3.2 mm in diameter) backfilled to 0.5 m above the top
of the screen. A bentonite seal was placed above this.

Thermistors and vapour sampling ports were installed by coring with a percussion
geoprobe drill rig using a dual tube 37 coring system. The installations were backfilled
with white, washed silica sand of similar grain size to the formation sand (100 to

300 pum).

4.3.3 Product thicknesses in local wells

Product thickness over time is shown for well 182, which is located near D6, and for
well 418, which is near D10, Figure 18 and Figure 19, respectively.

Over a 16-year period LNAPL thicknesses varied from 0 m to close to 1 m, with
decreasing trends over this time period.

4.3.1 Measurements of LNAPL transmissivity

Near D6, measured LNAPL transmissivities ranged from 0.01 to 0.34 m? day™ in 2009
and other estimates from baildown testing in 2015 were 0.01 to 0.5 m? day”', according
to sources cited in SiteB_Ref9 (2016) and SiteB_Ref7 (2016).

No direct measurements were undertaken near D10 (SiteB_Ref7 2016).
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Figure 18. Hydrograph of gauged fluid elevations near site D6 from 1998 to 2014. Zan is air-NAPL
elevation, Znw is NAPL-water elevation and Zaw is the calculated potentiometric surface elevation
and (Bn) is the product thickness for Well 182 (SiteB_Ref9 2016)
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Figure 19. Hydrograph of gauged fluid elevations near site D10. Zan is air-NAPL, Znw is NAPL-
water and Zaw is the calculated potentiometric surface elevation and (Bn) is the product thickness
for Well 418 (SiteB_Ref9 2016)

4.3.2 LNAPL recovery operations

The client provided cumulative and annual recovery data to illustrate trends. Whilst
detailed recovery data per well was not provided, weekly product recovery history data
for 2015 were provided on a cumulative basis for regions serviced by above ground
storage tanks. Cumulative recovered tonnages for tank regions near D6, D10 and B8

were analysed for this report and are based on a previous CSIRO report, referred to
here as SiteB_Ref8 (2016).

4.4 Methods

4.4.1 Active recovery
Type of method used to recover LNAPL

According to Site B LNAPL recovery report (2016), product recovery has been used for
decades and is recovered throughout the whole seasonal cycle (low water table
conditions conducive to recovery), using clusters of LNAPL skimming wells. Within a
200 m radius of site D6, there are about 87 recovery wells and within a 200 m radius of
site D10, there are eight recovery wells.

An inventory of recovery equipment used in 2005 indicates the predominant use of
skimmers for recovering product (Table 21, SiteB_Ref2 2005). A number of the
skimmers remained in a fixed position, and others were moved around different areas
to optimise product recovery (Figure 14, SiteB_Ref3 2006). Figure 14 shows the
locations of trenches as of 2005.
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Table 21. Type of recovery equipment from SiteB_Ref2 (2005)

% of recovery

Method Description (October 2005)

o  Network of about 40 trenches

Passive trenches e Daily to weekly removal of free product by 30%
vacuum truck

Inventory of over 50 single phase skimmers

Single phase skimmer | and associated pneumatic pumps, control

systems and above ground storage tanks

- : 58%
e  Solar units used to power air compressor
Solar systems for pneumatic pumps
e Used to run single phase skimmers
Dual phase +VEP 8 dual phase units with VEP’s connected to a 12%

few

4.4.2 NSZD rate estimation
Subsurface temperature measurement (thermistors)
In-ground temperature profiling

Buried thermistor strings were also used to provide subsurface temperatures. These
consist of a number of NTC thermistors (10k Ohm Betacurve, 10K3A1B, matched to
YSI 44036) positioned at various points along a multi-core cable. The resistance of
each thermistor was measured with a multimeter (Fluke 28 Il EX). At each site
temperature measurements were taken at three thermistor strings approximately 10 m
apart (Figure 15 to Figure 17).

Temperature data analysis

The manual resistance measurements were converted to temperatures using the
thermistor manufacturer’s polynomial calibration. Since the water table was closer to
the surface at the background site (B6) than at the contaminated sites B6 and D10 the
depths were converted to relative depths with the land surface set to 0 m and the depth
to groundwater set to 1 m as outlined by Warren and Bekins (2015). The depth to
groundwater was determined from the closest monitoring bore (see Figure 15 to Figure
17). Background subtraction was performed using the average temperature values for
the three background strings.

The biogenic heat method was used to calculate NSZD rates. As described in Section
2.4, this method uses Fourier's Law (Equation 3). For this site, AT was assigned the
maximum difference measured and Az is relative to the ground surface. It was
assumed that the thermal conductivity was 1.0 J m™ K™ s since the thermal
conductivity of the profile at Site B was unknown and this lies in the range for soil
(Sweeney and Ririe, 2014). The heat flux was converted to a NSZD rate (L ha™ yr),
assuming that octane was the LNAPL hydrocarbon undergoing biodegradation with a
AH of 52 kJ g™ (Sweeney & Ririe 2014) and a density of 703 kg m=at 20 °C.
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Anthropogenic heat at the site

There are sources of anthropogenic heat at the site. These needed to be avoided. A
number of sources were identified:

e ‘steam traps

e oily water sewer

e steam oils around tanks

e il pipes, and

e heat from process units at ground level’ (SiteB_Ref5 2010, p. 7).

Possibly the most significant sources are from, ‘heat arising from leaking steam traps
and oily water sewer junction boxes...losses from a steam trap can be at rates up to 50
kg of steam per hour for a 25 mm steam trap’ (SiteB_Ref5 2010, p. 7).

Gas sampling and analyses (soil vapour port and in-well)

Gas samples were collected from 6—8 vapour sampling points buried in the vadose
zone depending on the site and depth to groundwater for major gas analysis. The first
vapour sampling port was 0.25 m below groundwater level and then at every 0.5 mbg.
Sample lines were purged prior to collection of a 50 mL sample in a 60 mL plastic
syringe connected via three-way taps to the sampling line.

Gas samples were also collected from the closest bore to the vapour sampling location
for major gas analysis. Following purging of the sample line a gas sample was also
collected using a 60 mL syringe: a gas volume of 50 mL was pulled into the syringe. A
3-way stopcock was then closed to prevent sample loss.

The samples were then returned to the CSIRO laboratory for major gas analysis.
Samples were analysed using the same procedure as outlined in Section 3.4.4. NSZD
rates were determined using the gradient method (CRC CARE 2018) between the
sampling location showing greatest degradation (lowest O, and highest CO»
concentration) and the closest vapour sampling point to the surface (0.25 m).

To calculate NSZD rates, the gradient method for soil gas flux was applied using
Equation 2 (Section 2.4). The effective vapour diffusion coefficient for O, and CO, were
assigned the values of 2.59E-06 and 2.37E-06 m? s', respectively.

Soil surface carbon dioxide flux measurements (LI-COR flux chamber)

Soil surface carbon dioxide flux was measured using a LI-COR LI8100A Automated
soil carbon dioxide (CO-) flux system connected to a 20 cm survey chamber (8100-
103) (LI-COR Lincon, NE). At each site three evenly spaced PVC soil collars (20 cm
diameter x 12 cm) were installed ~90 cm from the vadose zone sampling locations
used for gas sampling (Figure 15—-Figure 17). The collars were installed to a depth of
~8.5 cm seven days prior to CO- flux measurements. Three repeat CO; flux
measurements were collected for each collar at two times at each site on 11 April
2018. The raw data was processed using the manufacturer supplied software (LI-8100
file viewer 3.1.1) and either a linear or exponential function fitted to the data to
determine the CO: flux rate. The CO- flux rates were then averaged for the three
replicates. The average background CO; flux rate for the two sampling times were then
used to determine the CO flux rate due to NSZD for corresponding sampling times at
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the LNAPL impacted sites. The CO; flux rates were then converted to a NSZD rate in L
LNAPL ha™yr' using octane as the representative LNAPL (density of 703 kg m™).

4.4.3 NSZD: LNAPL sampling and analysis (compositional analyses to
assess the extent of weathering)

LNAPL sampling involved lowering a 40 mL VOA vial directly into the well on nylon
fishing line to just below the fluid (LNAPL) interface and the vial was retrieved, capped
and sent to the laboratory for analysis.

Core sampling involved driving in a core barrel (DT 37 coring system) via a percussion
drilling rig into clear, polycarbonate tubes. The tubes were sectioned in the field, put
into tins with an airtight seal, placed in an esky of ice and sent to the laboratory. In the
lab, cores were sub-sampled and extracted into solvent. Soil weights, liquid contents
and core dimensions were measured to enable the volumetric calculation of fluids and
sediments.

Laboratory analyses: LNAPL analysis methods (C4—C40)

GC-FID analysis was performed using a HP 6890 GC fitted with an autosampler, a
vaporising injector (operating in split mode), helium carrier gas (flow 1 mL min™'), an
autosampler and a FID. The GC was equipped with a 60 m x 0.25 mm internal
diameter column coated with a 0.25 pm thick film of dimethyl polysiloxane (DB-1 Ul,
J&W). Compound identifications were based on known retention time and mass
spectra characteristics for components present in gasoline and diesel.

Laboratory analyses: core soil sample extraction and analysis from 2006

Soil samples (3-5 g) from cores were extracted using 5 mL of a mixture of diethylether
and acetone (1:1 v/v) containing deuterated internal standards (d6-benzene, d8-
toluene, d710-p-xylene and d8-naphthalene). The soil samples were extracted using a
tumbling method followed by sonication to consolidate the soil at the base of the
extraction tubes. The extract was sub-sampled twice into 2 mL vials providing samples
ready for GC analyses.

GC-MS analysis was performed using a Varian model 3400 gas chromatograph fitted
with an auto-sampler (Varian 8100), used helium as the carrier gas and was coupled to
a Varian Saturn IV mass spectrometer. The GC-MS was fitted with a capillary GC
column (Alltech, AT-5 ms, 30 m length, 0.25 mm internal diameter and 0.25 ym thick
film of dimethyl polysiloxane 5% phenyl/95% dimethyl polysiloxane or equivalent
column). Quantitation of the total petroleum hydrocarbon (TPH) and selected
compounds was performed using external standards containing the same internal
standards used for the samples.

Laboratory analyses: core soil sample extraction and analysis from 2015 to 2017

Soil samples (3-5 g) from cores were extracted using 4 mL of dichloromethane (DCM)
containing deuterated internal standards (d6-benzene, d8-toluene, d10-p-xylene, d§-
naphthalene and d74-p-terphenyl). The soil samples were extracted using a tumbling
method followed by sonication which also allowed the extraction solvent to accumulate
in the base of vials which was removed by pipette. The extracts were placed into tared
5 mL vial and the soil washed with small portions of DCM to provide a total extract
volume of 4.8 mL. The extract was sub-sampled twice into 2 mL vials (each containing
1.9 mL of extract) for GC analyses and the remaining 1.0 mL in the 5 mL vials were
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allowed to evaporate providing a gravimetric determination of TPH for the >C10 carbon
range hydrocarbons in the core samples.

GC-FID analysis of TPH was performed using an Agilent 6890 GC fitted with a
vaporizing injector (operating in split mode), with helium as carrier gas, an auto-
sampler using a FID. The GC-FID was fitted with a capillary GC column (Phenomenex
ZB-1ms, 30 m length, 0.25 mm internal diameter and 0.25 pym thick film of dimethyl
polysiloxane or equivalent column). Quantitation of TPH was performed using external
standards containing the same internal standards used for the samples.

GC-MS analysis of selected components was performed using an Agilent 7890 GC
fitted with a vaporizing injector (operating in split mode), with helium as carrier gas, an
auto-sampler and an Agilent 7000 mass spectrometer. The GC-MS was fitted with a
capillary GC column (Phenomenex, ZB-1ms, 30 m length, 0.25 mm internal diameter
and 0.25 um thick film of dimethyl polysiloxane or equivalent column). The mass
spectrometer was operated with an ionisation energy of 70 eV at 230 °C in scan and
SIM modes. Quantitation of selected compounds was performed using external
standards containing the same internal standards used for the samples.

Estimated LNAPL losses at the D6 site

Estimated percentage mass losses over a time period were based on concentration
increases in the LNAPL of a conservative tracer (one of the most non-volatile, water
insoluble and biodegradation resistant components present in the samples) as a result
of other components decreasing in the LNAPL due to volatilisation, dissolution and
biodegradation. The rearranged drimanes were selected in this instance as they were
unaffected by volatilisation, dissolution and biodegradation in the LNAPL samples from
the D6 location as comparison of the samples after 10 years showed few differences
with only minor depletion of the pristane relative to the other isoprenoids
(pristane/norpristane 1.64 + 0.014 for E3-RW-01 and 1.88 1 0.024 for DBMWS3).
Therefore the drimanes (C15 bicyclic alkanes) are ubiquitous to petroleum and are
generally present at significant relative abundances (Alexander et al 1984) and should
be unaffected by biodegradation at this extent of biodegradation as the isoprenoids are
only at the biodegradation level where they are just being altered (based on scales for
assessing biodegradation of petroleum (Peters & Moldowan 1993; Volkman et al 1983;
Volkman et al 1984)). Therefore, a rearranged drimane (C15 rearranged drimane 1V,
Alexander et al 1984) was selected to use as the conservative tracer for calculating
mass losses and afforded a mass loss of 5% (z 2) for the ~ 10-year period. Estimates
of LNAPL depletion or losses over time were based on changes in the rearranged
drimane relative concentration (conservative tracer, H) using Equation 4 (Section 2.4).

4.5 Results
4.5.1 Estimation of total hydrocarbon mass removal by active recovery

Figure 20 shows the total LNAPL mass removed by active recovery spanning the years
1985 to 2018 from all recovery operations on site. The annual mass recovery ranges
from a maximum of 3600 t in 1988 to a minimum of 21 t in 2018. In general, there has
been a substantial reduction in mass recovery over three decades, with occasional
spikes due to new releases (for example 2004). In 2018 the 21 t recovered comprised
of c. 17.5 t coming from diesel impacted areas, with no recovery from the crude oll
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areas due to limited recoverable LNAPL, with no measurable in-well thickness = 50mm.
This value given above for the maximum LNAPL liquid diesel recovery rates in 2018
(circa 17.5 t) is compared with total site-wide, diesel NSZD rates in Section 4.6.
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Figure 20. Historical LNAPL recovery data for site B

Figure 21 and Figure 22 show product recovery history in 2015 for each of the product
recovery tanks near locations D6 and D10, respectively. Each product recovery tank
may have a variable number of local recovery points providing product to the tank over
different periods of any one year (SiteB_Ref8 2016). Based on maps of site B of
recovery well and tank locations, a rough estimate of the number of wells supplying
each of the recovery tanks was obtained (Table 22). Tanks T1946, T1954 and T1905 in
D6 stored the majority of product recovered in 2015 with approximately 7 to 8 tonnes of
product stored in each of these tanks. The annual totals of product recovered for the
tanks near D10 were lower, <2 tonnes of product for 2015 in each tank.
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Figure 21. Weekly product recovery for 2015 from tanks in the vicinity of D6
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Figure 22. Weekly product recovery for 2015 from tanks in the vicinity of D10

Table 22. Summary of 2015 product recovery near locations D6 and D10

Approximate
Site Tank number number of recovery Product (L) Product (tonnes)
wells per tank
T1946 18 9525 8.3
T1954 23 9225 8.0
T1905 19 8519 74
T1913 12 6284 5.5
D6
T1950 2 4595 4.0
T1908 13 3935 34
T1953 16 2980 2.6
T1955 11 949 0.8
T1916 8 2014 1.8
T1951 7 1627 14
D10 T1918 4 562 0.5
T1917 11 125 0.1
T1948 15 2 <0.002

4.5.2 NSZD rate results: measurements and total site-wide rate estimates

In the following section, intrinsic rate estimates are provided based on the temperature,
gas sampling, and LI-COR methods. No spatial weighting of NSZD rates at
measurement locations was conducted to obtain total site-wide rate estimates. Instead,
the intrinsic rate estimates expressed in terms of L LNAPL ha™ yr' were multiplied by
the product of LNAPL density (an assumed value of 703 kg m™ as octane) and the
areal extent of LNAPL. The areal extent of diesel LNAPL is 28 ha and the areal extent
of crude oil LNAPL is 6 ha. This is based on the 2004 distribution determined by a
combination of LNAPL density, viscosity and whole oil analysis (by GC-FID).
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Temperature results

Based on interpretation of the data by CSIRO (this study), the NSZD rates estimated
from the buried thermistor data range from 1034 to 8799 L LNAPL ha™ yr' (Table 23).
The average NSZD for the two sites, D10 and D6 were quite distinct at 2254 and 7575
L LNAPL hayr", respectively.

Despite this, the NSZD rates at D10 (crude oil location) and D6 (diesel location)
separately yielded a reasonably tight range across the dates and multiple thermistor
strings of 1034 to 3061 L LNAPL ha™yr' (4.4 to 13 t yr'")for D10 and 6018 to 8799 L
LNAPL hayr' (120 to 170 t yr") for D6. The reason for the difference in the
magnitude of the average rates at the two locations is not clear — however the
weathered crude oil at D10 contains components over a larger carbon range and these
may be less biodegradable than the narrower carbon range of components present in
the weathered diesel at D6.

Table 23. Summary of results from buried thermistors, temperature-based NSZD

Well location String Date (Tsl_zr\lllg::::-?t;j))

THO1 19 February 2018 3061

THO1 5 April 2018 2653

THO1 11 April 2018 2283

THO02 19 February 2018 1471

D10 THO2 5 April 2018 1859

(Crude oil

contaminated site) THO2 11 April 2018 1960
THO2 11 April 2018 1034

THO3 19 February 2018 2452

THO3 5 April 2018 2831

THO3 11 April 2018 2935

THO1 19 February 2018 6450

THO1 5 April 2018 6018

THO1 11 April 2018 6090

THO2 19 February 2018 8799

D6 THO2 5 April 2018 8428

(Diesel

contaminated site) THO2 11 April 2018 8614
THO3 19 February 2018 8538

THO3 5 April 2018 7374

THO3 11 April 2018 8589

THO3 11 April 2018 6845

Gas sampling results

As described in the methods section, the gas gradient method applied to soil gas and
in-well measurements of O, and CO; determined by CSIRO yielded the following
results.
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Vapour port multi-depth gas data

Based on the data in Table 24, the average, corrected NSZD rates from gas sampling
(gas vapour port):

e DE6:

- 0210,460 L LNAPL ha™ yr’

- CO0211,607 L LNAPL ha™ yr”
e D10:

- 0215,325 L LNAPL ha™ yr"

- C0.16,858 L LNAPL ha™ yr’

In-well gas data:

Based on the data in Table 25, the average, corrected NSZD rates from gas sampling
(in-well):

o DG6:

- 0213,034 L LNAPL ha™ yr"

- C0213,968 L LNAPL ha™ yr’
e D10:

- 026799 L LNAPL ha™ yr’

- CO27459 L LNAPL ha™ yr’

For both sites and gas methods (in-well or depth profile), there is a high degree of
consistency between the rates calculated based on oxygen data or based on carbon
dioxide data. It is also consistent between the two sampling dates (Table 24 and Table
25). This is to be hoped for, if there is mole for mole production of carbon dioxide
during the consumption of oxygen in the subsurface. Interestingly for the multi-depth
data, location D10 had higher average, corrected rate estimates (15,325-16,858 L
LNAPL ha™ yr'") than location D6 (10,460-11,607 L LNAPL ha™ yr), whereas for the
in-well gas data location D10 had lower average rate estimates (6799—-7459 L LNAPL
ha™ yr') than location D6 (13,034-13,968 L LNAPL ha™ yr'). The explanation for this
reversal of trends is not clear; however, the weathered crude oil at D10 has more lower
carbon range components (or VOCs that are likely more recalcitrant due to weathering)
than the weathered diesel at D6 and the differences in NSZD rates using the different
techniques may be a result of the VOCs from the crude oil at D10 undergoing
degradation in the soil profile further away from the LNAPL. And the narrower carbon
range and therefore lower complexity of the weathered diesel at D6 may afford higher
NSZD of the residual LNAPL at the source. Ongoing monitoring will provide an
expanded data set which will assist. Additionally, oxygen, carbon dioxide and volatile
organic compound probes (Patterson & Davis 2008; Patterson et al 2000; Patterson

et al 2013) are to be placed at these locations to provide real time continuous
monitoring of gases and changes over time for the depth profile. This will provide more
definitive gas data for estimation of NSZD rates.

NSZD rates determined at the background site (B6) are relatively small compared to
the rates determined for the LNAPL impacted sites. No LNAPL has been measured at
site B6 during drilling and coring operations.
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Table 24. Summary of results for NSZD based on gas vapour port data. D6 is the diesel
contaminated site; D10 is the crude oil contaminated site

NSZD (uncorrected) NSZD (corrected)
Location Date (L LNAPL ha'yr) (L LNAPL ha'yr1)

(0} CO; (07} CO;
B6_VZ03 5 April 2018 268 803 - -
D10_Vz02 5 April 2018 15,418 17,149 15,150 16,346
D6_VZ03 5 April 2018 11,262 12,283 10,994 11,480
B6_VZ03 11 April 2018 382 809 - -
D10_VZz02 11 April 2018 15,881 18,178 15,499 17,369
D6_VZ03 11 April 2018 10,308 12,543 9,926 11,734

Table 25. Summary of results for NSZD based on in-well gas data. D6 is the diesel contaminated

site; D10 is the crude oil contaminated site

NSZD (uncorrected) NSZD (corrected)
Location Date (L LNAPL ha'yr1) (L LNAPL hayr1)
0. CO; 0, CO;
B6_MWO01 5 April 2018 1555 238 - -
D10_MWO01 5 April 2018 10,067 9209 8512 8971
D6_MWO01 5 April 2018 16,222 15,527 14,667 15,289
B6_MWO01 11 April 2018 1734 174 - -
D10_MWO01 11 April 2018 6819 6121 5085 5947
D6_MWO01 11 April 2018 13,135 12,821 11,401 12,647

In summary, intrinsic NSZD rates based on the gas sampling (in-well) method, on
average, are of the order of 6800 (O,) L LNAPL ha” yr"and 7500 (CO.) L LNAPL ha™
yr'' for the crude oil contaminated site and 13,000 (O2) L LNAPL ha™yr'and 14,000
(CO2) L LNAPL ha™yr for the diesel contaminated site. This yields total, site-wide

NSZD rates for the crude oil site of 29 and 31 t yr' for O, and CO, respectively, and
260 and 280 t yr' for O, and CO,, respectively, for the diesel contaminated sites based
on the gas in-well method.

Average, intrinsic NSZD rates based on the gas sampling (vapour port) method are of
the order of 15,000 (O2) L LNAPL ha™'yr'and 17,000 (CO.) L LNAPL ha™ yr for the
crude oil contaminated site and 10,000 (O,) L LNAPL ha”yr'and 12,000 (CO,) L
LNAPL ha™yr for the diesel contaminated site. This yields total, site-wide NSZD rates
for the crude oil site of 65 and 71 t yr' for O, and CO,, respectively, and 210 and 230 t
yr'' for O, and CO, respectively, for the diesel contaminated sites based on the gas
vapour port method.

Soil surface carbon dioxide flux results

Measuring the carbon dioxide flux using LI-COR and converting it to average total
LNAPL NSZD rates (or soil respiration results for the background location) for each
location gave:
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e B6:7724 L LNAPL ha'yr' (background)
e D10: 13,774 L LNAPL ha™ yr" (or corrected 5761 L LNAPL ha'yr"), and
e D6: 13,853 L LNAPL ha yr' (or corrected 5931 L LNAPL ha™ yr™).

Average NSZD rates at the two LNAPL locations were effectively the same (Table 26).
However, despite similar average NSZD rates at the two locations, rates for D10 had a
reasonably narrow range (4490-6390 L LNAPL ha™' yr corrected) compared to D6
(3088-8575 L LNAPL ha' yr' corrected). The broader range at D6 may be due to
ground surface variability, product type difference or other effects.

Table 26. LI-COR results for site B

Location Date/time Total soil respiration NSZD (corrected)
(L LNAPL ha'yr1) (L LNAPL ha'yr1)

LI02a 11 April 2018 10:00 7430 -
LI02b 11 April 2018 10:00 7315 -
LI02¢c 11 April 2018 10:00 5636 -

86 LI02a 11 April 2018 13:00 9116 -
LI02b 11 April 2018 13:00 8220 -
LI02¢c 11 April 2018 13:00 8625 -
LI02a 11 April 2018 11:00 11,862 4490
LI02b 11 April 2018 11:00 13,655 6283
LI02¢c 11 April 2018 11:00 13,143 5771

p10 LI02a 11 April 2018 13:00 14,710 6056
LI02b 11 April 2018 13:00 15,052 6398
LI02¢c 11 April 2018 13:00 14,219 5565
LI03a 11 April 2018 9:00 14,821 7449
LI03a 11 April 2018 9:00 15,077 7705
LI03b 11 April 2018 9:00 10,530 3158

D6 | LI03c 11 April 2018 9:00 13,181 5809
LI03a 11 April 2018 13:00 17,229 8575
LI03b 11 April 2018 13:00 11,742 3088
LI03c 11 April 2018 13:00 14,390 5736

Note: Results have been converted to L ha'? yr', assuming octane.

The background LI-COR values representing natural soil respiration on average are
approximately 50% of the rates measured at the LNAPL impacted sites. Corrected
NSZD data are shown in Table 26. It should also be noted that NSZD rates can vary
both over small areas and over the several hours between measurements.

Intrinsic NSZD rates based on the LI-COR method are of the order of 5800 and 6000 L
LNAPL ha™yr for the crude oil and diesel contaminated sites, respectively. This yields
total, site-wide NSZD rates of 24 t yr' and 120 t yr for the crude oil and diesel
contaminated sites, respectively, based on the LI-COR method.

4.5.3 NSZD results: LNAPL composition
Location D6: LNAPL diesel sample (E3-RW-01)

The LNAPL sample (E3-RW-01) from location D6 (Figure 23 and Table 27) was likely
weathered diesel as the relative abundance of hydrocarbon carbon range present is
Gaussian with a limited carbon range (C9 to C28) typically observed in diesel fuels (C8
to C28). Severe weathering has resulted in the removal of n-alkanes and likely altered
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the distribution of methylalkanes and isoprenoids. Biomarker analysis showed the
presence of higher plant markers (cadalene, retene and bicadinanes) suggesting the
diesel was produced from crude oils sourced from South East Asia due to the presence
of bicadinanes (related to extant dammar resin common to South East Asia (van
Aarssen et al 1990)). An LNAPL sample from a nearby well (Figure 24, DBMW3 within
3 m of E3-RW-01) was obtained in 2006 and was consistent with the product obtained
in 2016 (containing the same higher plant markers). Comparison of the samples after
10 years showed few differences with only minor depletion of pristane relative to the
other isoprenoids with a calculated mass loss of 5% (+ 2) for the ~ 10-year period
(based on the rearranged drimanes).

Location D10: LNAPL crude oil samples (55 and 60)

The LNAPL samples (55 and 60, Figure 25, Figure 26 and Table 27) from location D10
were both likely weathered crude oil as the hydrocarbon carbon ranges present seem
uniform and covers an extended range (C7 to C40) larger than typically observed for
single fuel types. Biodegradation has resulted in the removal of n-alkanes and an
altered distribution of methylalkanes and isoprenoids. Both samples are practically
identical with no significant differences (and may be part of the same continuous
release in the subsurface). Biomarker analysis showed the presence of higher plant
markers (cadalene, retene and bicadinanes) suggesting the crude oil was sourced from
South East Asia due to presence of bicadinanes (related to extant dammar resin
common to South East Asia (van Aarssen et al 1990)).

Location D6: Core 67 (weathered diesel)

TPH analyses of the core samples from location D6 (core 67 samples 171-203, Figure
27 and Appendix Table B.1-1) showed the fuel type and extent of biodegradation
(weathered diesel, n-alkanes removed and isoprenoids altered) in the core samples
match well with LNAPL recovered in the same area (E3-RW-01, Figure 23). The
composition of the TPH with depth showed the shallower samples (3.2—3.45 m) were
affected slightly more by biodegradation (fewer peaks and some specific isoprenoids
like pristane more depleted relative to other isoprenoids such as phytane, Pr/Ph Figure
27 and Table B.1-1) compared to the higher concentration samples more central in the
subsurface contamination (core sample 182 3.9-3.95 m, Figure 27 and Table B.1-1),
pristane has been reported to be less resistant to biodegradation than phytane
(Hansen et al 2002; Johnston et al 2007). The deeper samples from 4.05 m (core
sample 185 4.05-4.1 m) had altered distributions of dimethylnaphthalenes (1,6-
dimethylnaphthalene depleted in core sample 185 (4.05-4.1 m) and completely
removed in core samples deeper than sample 186 (4.1-4.15 m, Figure 28) suggesting
these deeper samples have been affected by biodegradation differently compared to
the shallower samples. 1,6-Dimethylnaphthalene has been shown to biodegrade
preferentially to other dimethylnaphthalenes (Fisher et al 1996). Also, the deeper
samples (>4.1 m) unlike the shallower samples did not show changes resulting in fewer
peaks or depletion of pristane relative to the other isoprenoids. The GC analyses of this
core showed that biodegradation is occurring in the shallower and deeper samples and
that the different subsurface conditions are resulting in different components being
preferentially biodegraded.
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Figure 23. GC-FID analysis of LNAPL sample E3-RW-01 from location D6 in 2016. IP: isoprenoid
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Table 27. BTEX (and selected aromatic compound) concentrations and assessments for LNAPL samples from location D6 and D10. Units are % (w/w)

Likely Carbon
Sample 135- 124- 123- Extent of
IDs B T EB m/p-X o-X T™B T™MB T™B Naph 2-MN 1-MN LNAPL range biodegradation
type present
D6 E3- n-Alkanes removed,
RW-01 <0.01 <0.01 0.01 0.02 0.01 0.06 0.11 0.03 0.20 0.68 0.33 Diesel C9-C28 methylalkanes
16018 isoprenoids altered
D6 n-Alkanes removed,
DBMW3 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.04 0.02 0.17 0.39 0.19 Diesel C9-C28 methylalkanes
06105 isoprenoids altered
D10 55 n-Alkanes removed,
16018 <0.01 0.01 0.09 0.06 0.03 0.13 0.24 0.06 0.30 0.51 0.28 Crude Oil C7-C40 methylalkanes
isoprenoids altered
D10 60 n-Alkanes removed,
16018 <0.01 0.01 0.08 0.06 0.02 0.10 0.21 0.04 0.26 0.45 0.26 Crude Oil C7-C40 methylalkanes
isoprenoids altered

B : Benzene, T : Toluene, EB : Ethylbenzene, mpX : m/p- Xylene, oX : o-Xylene, Naph : Naphthalene, 2-MN
Trimethylbenzene
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Figure 28. GC-MS analysis showing selected ion chromatograms (m/z 156) highlighting the
dimethylnaphthalenes (DMN) in selected TPH samples from core 67 (location D6)

Location D10: cores C70 and C71

TPH analyses of samples from the D10 location (two sets of core samples, core C70
261-293 (1.2-5.65 m) and core C71 294-318 (1.3—4.55 m, Figure 29, Appendix Tables
B.1-2 and B.1-3) showed the fuel type and extent of biodegradation in the core samples
(weathered crude oil, with n-alkanes removed and isoprenoids altered) match well with
LNAPL recovered from the same area (55 and 60, Figure 25 and Figure 26). TPH was
detected shallower and deeper (below the water table) in the C70 core (3.1- 4.1 m)
compared to the C71 core (3.2-3.9 m). The higher concentration TPH samples in core
C71 were typically more weathered (fewer peaks) than the higher concentration TPH
samples in core C70. The composition of the TPH with depth showed significant
changes in the shallower samples. The TPH in the shallower core samples (core C70
3.1-3.3 m and core C71 3.2-3.3 m) were extremely weathered, consisting mainly of an
unresolved complex mixture (UCM or hump) with few if any peaks on the UCM (n-
alkanes, methylalkanes and isoprenoids removed). The shallow core samples
immediately after the extremely weathered samples (3.3-3.35 m in both cores) unlike
the shallower core samples now contained isoprenoids and they had more altered
distributions (pristane depleted relative to phytane, Pr/Ph) than subsequent core
samples, suggesting they are more biodegraded than deeper core samples (pristane
has been reported to biodegrade preferentially to phytane (Hansen et al 2002;
Johnston et al 2007)). The GC analyses of these core samples shows that
biodegradation is occurring in the shallower samples.
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Figure 29. GC-FID analysis of TPH extracts from selected core samples from location D10

LNAPL composition changes and mass loss estimates at a nearby diesel release site

Samples of the weathered LNAPL diesel from 28 monitoring wells, along with LNAPL
from cores, in a 2-ha plume were characterised by GC-MS techniques. The relative
extent of biodegradation was assessed using ratios of partially degraded and resistant
compounds including n-alkanes (nC17), pristane and phytane. Age relationships were
also investigated from the LNAPL composition. In a spill thought to be perhaps older
than 50 years (about 300 m from D6), these analyses also identified a range of mass
loss between 65 and 80% of the initial spilled diesel mass (largely losses of n-alkanes)
through biodegradation and other natural attenuation processes.
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4.6 Overview of hydrocarbon mass removal — recovery and NSZD

Remedial mass recovery efforts at site B have plateaued across a large area at less
than 50 t yr' (as at 2015). LNAPL composition changes determined from cores
indicated preferential biodegradation of LNAPL in the vertical profile. Overall mass loss
was not possible to estimate from LNAPL compositional changes, especially because
of the range of product types present at site B. In one area, mass losses up to 65-80%
of the initial spill release was estimated for a spill that was perhaps greater than 50
years. The initial volume of this release is unknown.

Using temperature data, NSZD rate estimates were consistent across three thermistor
strings and three dates for each location D10 (crude oil) and D6 (diesel), but the
locations had distinctly different rates, 2254 L LNAPL ha™ yr" versus 7575 L LNAPL
ha™' yr' respectively, when averaged across the three thermistor strings and dates.

For the gas methods (in-well or depth profile), there was a high degree of consistency
between the rates calculated based on oxygen data or based on carbon dioxide data,
and across different dates. The multi-depth data gave higher average, corrected rate
estimates for location D10 (15,325-16,858 L LNAPL ha™ yr'") than location D6
(10,460-11,607 L LNAPL ha™ yr'"), whereas the in-well gas data gave lower average
rate estimates (6799-7459 L LNAPL ha™ yr) for D10 than location D6 (13,034—13,968
L LNAPL ha™ yr). The explanation for this reversal of trends is not clear — ongoing
manual and on-line monitoring using buried probes is planned to provide an expanded
data set.

Based on LI-COR measurements of carbon dioxide fluxes, the estimated average
NSZD rates at D10 and D6 were effectively the same. The range of rates at location
D10 (4490-6390 L LNAPL ha™yr' — corrected for background) was narrower and
provides greater confidence in the average than at D6. The broader range at D6
(3088-8575 L LNAPL ha'yr' — corrected for background) may be due to ground
surface variability, product type differences or other effects.

Estimates based on temperature were largely lower than those determined by the other
methods, especially at D10. The average estimate at D6 (7575 L LNAPL ha™ yr")
based on temperature is comparable to the corrected LI-COR estimate at D6.

Overall, average NSZD rate estimates at D10 (crude location) varied from 2254 L
LNAPL ha™'yr' based on temperature to 16,858 L LNAPL ha™ yr” based on multi-depth
gas data, with LI-COR carbon dioxide flux providing an estimate between the two (5761
L LNAPL ha™'yr™).

Similarly, for D6 (diesel location), average NSZD rate estimates varied from 7575 L
LNAPL ha'yr' based on temperature to 13,968 L LNAPL ha™ yr' based on in-well gas
data, but in this case the LI-COR carbon dioxide flux provided an estimate comparable
to the temperature estimate (5931 L LNAPL ha™ yr™).

Overall, NSZD rates ranged from a few hundred to ~ 9000 L LNAPL ha™ yr' at the
background site where we know there is no LNAPL present (based on oxygen and
carbon dioxide profiles). Where LNAPL is present, NSZD rates were consistently above
2000 L LNAPL ha™ yr" and more typically 7500-17,000 L LNAPL ha™ yr.

Table 28 and Table 29 provide a review of site-wide total NSZD rates reported in
Section 4.5.
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Table 28. Tabulation of NSZD rates across methods used at D6 (diesel), and total site-wide mass
losses per time

NSZD methods z:tilszgzl_r:taefysrt:;l:ates 2?:1 )r:assltlme
:3)'(' surface CO; e LI-COR: 6000 . 120
Temperature: e Buried thermistors: 6,000 to 8,800 | e 120 to 170
Gas sampling e 02 13,000 o 260
(in-well) e COy: 14,000 ° 280
Gas sampling (gas e 02 10,000 o 210
vapour port data) e CO: 12,000 o 230

* All rates are background corrected. The LI-COR are averages across three replicates at three locations
within 2—-5 m of the central gas sampling locations. NSZD temperature ranges are from three thermistor
strings. Values are rounded to two significant figures. **Assumed an LNAPL density of 703 kg m™ (as
octane), and areal extent of diesel LNAPL (28 ha) from the 2004 distribution determined by a combination
of LNAPL density, viscosity and whole oil analysis (by gas chromatography).

Table 29. Tabulation of NSZD rates across methods used at D10 (crude oil), and total site-wide
mass losses per time

Intrinsic rate estimates Rate mass/time
NSZD methods (L LNAPL ha'' yr')* (tyrty
Soil surface CO; e LI-COR: 5800 . o4
flux
Temperature: e Buried thermistors: 1000 to 3100 . 441013
Gas sampling e 0O, 6800 o 29
(in-well) e CO,: 7500 . 31
Gas sampling (gas e 02 15,000 o 65
vapour port data) e CO2: 17,000 o 7

* All rates are background corrected. The LI-COR are averages across three replicates at three locations
within 2—-5 m of the central gas sampling locations. NSZD temperature ranges are from three thermistor
strings. Values are rounded to two significant figures. **Assumed an LNAPL density of 703 kg m (as
octane), and areal extent of crude oil LNAPL (6.0 ha) from the 2004 distribution determined by a
combination of LNAPL density, viscosity and whole oil analysis (by gas chromatography).

We note that total mass removal rates by NSZD may be reduced if soil gas movement
is inhibited — as it might occur below concreted or asphalt areas within the 28 and 6 ha
areas used for converting intrinsic to total, site wide NSZD rates; or if soils have high
moisture contents. Inhibiting oxygen ingress reduces NSZD biodegradation rates.

For the diesel location, the highest NSZD rates were estimated by major gas analysis.
The oxygen and carbon dioxide in-well and depth profile multilevel data provide similar
rates of 10,000-14,000 L LNAPL ha™ yr (or 210 to 280 t y'). Surface flux and
temperature estimates were comparable to each other in the range 6000-8800 L
LNAPL ha yr'and (or 120 to 170 ty™).

For the crude oil location, intrinsic NSZD rates were highest when estimated by major
gas analysis. However, in contrast to the diesel location, the oxygen and carbon
dioxide depth profile multilevel data at the crude oil location provided two to three times
higher NSZD rate estimates of 15,000-17,000 L LNAPL ha™ yr (or65to 71 ty™)
compared to the in-well major gas method. The temperature method yielded the lowest
NSZD rates of 1000-3000 L LNAPL ha™ yr" (or 4.4 to 13 t y"). Surface flux and in-well
gas sampling methods yielded comparable estimates.
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NSZD rate estimates from temperature data were consistent across multiple thermistor
strings and measurement times. Rate estimates for the diesel location were 3 to 4
times higher compared to the crude oil location. Active LNAPL recovery from the D6
(diesel) location was approximately 17.5 t in 2018. NSZD mass loss is of the order of
120 to 280 t y' across the estimated extent of the diesel LNAPL plume.

At the D10 (crude oil) location, there was no active LNAPL recovery due to limited
recoverable LNAPL, with no measurable in-well thickness = 50 mm. There is a large
range of calculated LNAPL mass removal across all NSZD methods of 4.4 to 71ty
representing the crude oil plume, largely due to low rates derived from temperature
gradient methods. If temperature estimates are excluded, crude oil NSZD mass
estimates were in the narrower range of 24 to 71t y™.

Overall diesel NSZD rates are seven to 15 times higher than the maximum LNAPL
liquid diesel recovery rates in 2018. For crude oil a direct comparison could not be
made in 2018 due to there being no crude oil available for removal via active recovery.
Therefore, mass losses associated with crude oil were solely as a result of NSZD.
Across all methods, NSZD rates for diesel were comparable to those for crude oil, with
differences between methods of up to a factor of two (excluding temperature).
Research into the variability between NSZD methods caused by compositional, spatial
and temporal conditions is the subject of ongoing investigations at this field site.

4.7 Sources of uncertainty in hydrocarbon mass loss estimation

Uncertainty in mass estimates from active recovery operations at this site are mainly
from interference in recovered fluid volumes from water entrained in the LNAPL. This
can be corrected by dipping recovery tanks with an oil/water interface probe, however
when estimated from vacuum tankers recovering from large diameter wells the product
ratio needs to be estimated. Experience and periodic testing over time has improved
the estimation overall.

While the soil profiles are relatively uniform across site B, and hence application of
uniform soil properties when calculating NSZD rates is more applicable, there are still a
few considerations that may influence uncertainty. Firstly, generic soil properties for
sands was used to generate NSZD rates, and secondly, seasonal changes in soll
moisture content and groundwater level are not assessed. The measurement of the
thermal conductivity and gas diffusion coefficient would assist in reducing the
uncertainty with the estimation of NSZD rates using the thermal and major gas gradient
methods.

A second area of uncertainty relates to the assessment of site-wide NSZD rates. The
monitoring program designed for site B was not intended for this purpose. The
monitoring locations have been set up to provide detailed side-by-side comparisons of
different techniques for determining NSZD rates and areas for direct comparison of
mass reduction NSZD and recovery for specific product types. As such the monitoring
design does not provide extensive spatial coverage of site B. The uncertainty is
introduced when these point measurements are extrapolated to determine site-wide
NSZD rates for crude oil and diesel, also noting that for surface cover overlying the
diesel plume is not fully represented by the study locations and this may impact NSZD
rates.
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5. Site C

5.1 Introduction

Site C is a historic refuelling facility, located adjacent to a large site-based workshop
and ancillary services facility. The location is coastal, underlain by alluvial deposits and
a thin veneer of clay overlying ridges of heavily weathered basalt. It is estimated
approximately 1,000 m® of diesel was spilled or leaked into the subsurface at the facility
over a lengthy period, notionally between 1997 and 2000 and potentially later
(SiteC_Ref1 2013). According to this report:

‘A recovery system was installed in 1998 and approximately 50 m? of diesel
was extracted until the system was decommissioned. More recently an
upgraded new recovery system was installed to further abstract PSH.
Anecdotal information from [...] indicates that an insignificant volume has
been removed since June 2012, with commissioning and debottlenecking
process improvements currently underway in order to improve runtime and
extraction performance. Hence, based on estimated spill and leakage
volumes and on remediation system recovery records approximately

950 m® of product potentially remains in the subsurface. This estimate does
not consider any potential biodegradation or volatilisation that may be
occurring’ (SiteC_Ref1 2013, p. 76).

The extent of the LNAPL plume was estimated at 7 ha (SiteC_Ref3 2014). Based on
the contoured plume shown for October 2017 (SiteC_Ref11 2018), the extent of the
LNAPL plume estimated from the appearance of product in wells is about 3.5 ha. The
extent of residual and entrapped LNAPL in the subsurface is likely to be much larger
than this and may be in the order of 18 ha.

Petroleum contamination has likely resulted from multiple historic LNAPL releases as
determined by differences in the product types and extents of weathering observed in
the LNAPL samples from the site including diesel and lube oil range product types.

5.2 Site description

The presence of fractures in the basalt makes for a complex system for the movement
and interaction of multi-phase LNAPL, groundwater and VOCs (SiteC_Ref3 2014). The
vadose zone contains preferential flow paths such that the water table is highly
responsive to infrequent, high intensity storms, typical of the climate at site C. The
overall annual variation in the water table is large, typically around 4 m (Site C_Ref3
2014). Due to the low transmissivity of much of the aquifer, an increase in the water
table elevation following a rainstorm event, tends to persist over an extended recession
period (SiteC_Ref3 2014). Mobility of the LNAPL in the aquifer is dependent on
variation in the water table, which controls whether the LNAPL is isolated from or
connected with conducting fracture systems.

5.2.1 Distribution of wells and measurement methods

Figure 30 indicates the locations of monitoring wells and methods referred to in this
report.
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Figure 30. Distribution of monitoring wells at site C. Note, LI-COR collar locations are approximate and are shown as the nearest monitoring well. Groundwater
potentiometric contours and inferred LNAPL extent from SiteC_Ref11 (2018). Land elevation from survey conducted in 2000 (Geoscience Australia 2019). The inset shows
an enlarged view of CSIRO research well locations (CS01 to CS06) relative to the other wells.
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5.2.2 Profile stratigraphy

Land surface elevations are largely controlled by two northeast-southwest trending
ridges of basalt and an intervening valley (SiteC_Ref9 2016). As depicted in Figure 30,
the topography varies between about 5 and 13 m AHD near the inferred LNAPL extent
(SiteC_Ref9 2016).

Site C is underlain by alluvial and colluvial sediments, and a thin veneer of clay
overlying ridges of heavily weathered basalt (SiteC_Ref1 2013; SiteC_Ref3 2014). Two
stratigraphic cross-sections constructed using well logs from SiteC_Ref1 (2013) and
SiteC_Ref10 (2018) depict the variable thickness of poorly graded sand and weathered
basalt overlying more cohesive, fresh basalt (Figure 31 and Figure 32). The upper
portion of fractured basalt forms an unconfined aquifer system (SiteC_Ref3 2014).

5.3 Data supplied by site owner and other data
5.3.1 Hydrogeological parameters

The porosity of the basalt depends on the extent of weathering. According to
SiteC_Ref1 (2013), the range of porosity is between 3 and 35% and unfractured basalt
is likely to have porosity values less than 3%. The best estimates of porosity at the
location of LNAPL is 10% (range between 1 and 30%, SiteC_Ref1 2013).

SiteC_Ref1 (2013) describes the hydrostratigraphy assigned in a three-layer
groundwater model constructed for site C:

‘Layer 1 is 2.7 m thick and was assigned properties representative of
alluvial and fill deposits with a hydraulic conductivity of 4.0 m/day. Because
depth to water is greater than 2.7 m in some areas of the site a portion of
this layer is simulated to not contain water;

Layer 2 is 3.7 m thick and was assigned properties representative of
weathered basalt with the hydraulic conductivity ranging from 0.001 to 4.0
m/day. The lowest hydraulic conductivities were assigned to the eastern,
up-gradient part of the site and the more permeable units were assigned to
the western part of the site; and

Layer 3 is mostly 10 m to 25 m thick and was assigned properties
representative of fresh basalt. The hydraulic conductivity ranged between
0.001 and 0.1 m/day with the lowest hydraulic conductivity along the
eastern part of the site where the bedrock was assumed less weathered’
(SiteC_Ref1 2013, p. 72).

Aquifer tests results reported in SiteC_Ref3 (2014) provide a range of hydraulic
conductivity (Kw) values, which were estimated from the transmissivity by dividing by
the aquifer thickness (Table 30). Estimates of Ky based on baildown test results were
also provided in SiteC_Ref3 (2014, Table 31). As described in SiteC_Ref3 (2014), p.
60:

‘[t]he range of K. for the wells measured extends over three orders of
magnitude from 0.001 to 1 m day™'. The median value is around 0.037 m
day™ which represents an upper value for basalt and lower value for
permeable basalt (Domenico and Schwartz 1998)’.
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Figure 31. Geological cross-section roughly perpendicular parallel to the coastline. The inset shows a map view and the location of the coastline and inferred LNAPL
extent as of October 2017 (in orange) for reference from SiteC_Ref11 (2018). Stratigraphic cross-section constructed using well logs from SiteC_Ref1 (2013), SiteC_Ref6
(2015), and SiteC_Ref10 (2018). Groundwater level for September 2018 (SiteC_Ref11 2018).
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Table 30. Summary of short-term (2 to 3 h) aquifer pump tests for the six research wells CS01 to
CS06 from SiteC_Ref3 (2014)

i i s Hydraulic

Well Date Aquifer thickness Transmissivity conductivity
(m) (m? day™) (m day")

CSso01 9 May 2012 7.85 8.12 1.03
CS02 5 May 2012 8.05 1.97 0.245
CS03 9 May 2012 7.95 0.543 0.068
CSo04 6 May 2012 9.1 0.789 0.087
CS05 7 May 2012 9.15 0.056 0.0061
CS06 8 May 2012 9.35 0.171 0.018

Table 31. Summary of hydraulic conductivity estimates derived from analysis of baildown test
results from SiteC_Ref3 (2014)

Well Date Hydrau(lrir(: ;ca);\_?)uctivity
MW19 19 August 2011 0.001
MW31 20 August 2011 0.079

MW23A 20 August 2011 0.01
MW157 20 August 2011 0.204
MW139 21 August 2011 0.028
MW171 21 August 2011 0.015
Mw128 21 August 2011 0.005
MwW42 21 August 2011 0.046
MW37 23 August 2011 0.012

CSso02 8 May 2012 0.166
CS05 9 May 2012 0.022
MW157 9 May 2012 0.038
CS06 9 May 2012 0.047
MW171 9 May 2012 0.037
Mw128 10 May 2011 0.009
CS01 19 May 2011 0.996
CSso02 20 May 2011 0.233
CS03 21 May 2011 0.452

5.3.2 Well construction and mean groundwater levels

Well construction logs from six wells (CS01 to CS06) drilled for a research program
conducted by CSIRO are shown in Appendix C.2 (SiteC_Ref3 2014). Their locations
are shown in Figure 30. Well construction and stratigraphic log files were also provided
for sixty additional wells and a selection of these were used to construct the cross-
sections shown in Figure 31 and Figure 32.
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Also shown in Figure 31 and Figure 32 is the interpolated position of the groundwater
level for September 2018, which varied across the site between 3 and 16 mbg and
extended mainly within the basalt. Contours of the potentiometric surface depicted in
Figure 30 are shown for September 2018 (SiteC_Ref11 2018). Interpreted groundwater
flow directions are to the west and to the south-west (Figure 30). Depictions of the
potentiometric surface from earlier reports from November 2013 (SiteC_Ref2 2014),
October 2015 (SiteC_Ref8 2016), September/October 2017 (SiteC_Ref10 2018) and
September 2018 (SiteC_Ref11,2018) were compared. These show groundwater flow
primarily toward the coast in November 2013 and development of a stronger
component of flow to the south in October 2015, and then to the south-west in later
reports (September/October 2017 and September 2018).

The elevation of the water table is strongly controlled by large intense rainfall events,
characteristic of the climate, as well as by pumping and dewatering activities
(SiteC_Ref3 2014). LNAPL corrected groundwater levels are compared with monthly
rainfall data between August 2002 and November 2014 (Figure 33) for a selection of
wells near the LNAPL plume with long term fluid level monitoring data. These indicate
the highly responsive groundwater level to intense rainfall events, depending on the
magnitude of the rainfall event. MW156 showed a 4.9 m increase in groundwater level
in response to the 238 mm storm in June 2013 (SiteC_Ref3 2014).

5.3.1 Product thicknesses in local wells on the site over time

Time series of LNAPL thickness between August 2002 and November 2014 are shown
for a selection of monitoring wells near the inferred extent of the plume (Figure 34). As
of October 2016, apparent LNAPL thicknesses were within historic ranges (SiteC_Ref9
2016). However, in the reports for 2018, observed increase and decrease in LNAPL
thicknesses relative to historic levels were reported (Table 32).
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Figure 33. LNAPL corrected groundwater levels for a selection of wells near the inferred LNAPL extent as of October 2017 from SiteC_Ref11 (2018). Groundwater data up
to July 2011 were provided by the client and data post-August 2011 were measured by CSIRO (SiteC_Ref3 2014). Monthly rainfall is shown for comparison (Queensland

Government 2019).
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Figure 34. LNAPL thickness for a selection of wells near the inferred LNAPL extent as of October 2017 from SiteC_Ref11 (2018). LNAPL thickness data were compiled
from the client and CSIRO as reported in SiteC_Ref3 (2014). Monthly rainfall is shown for comparison (Queensland Government 2019).
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Table 32. Apparent LNAPL thickness monitoring data as reported in SiteC_Ref10 (2018) and
SiteC_Ref11 (2018)

Apparent LNAPL thickness (m)
Well Observations
Oct/Nov | May- | Oct-
Jun-15 2015 16 16 Oct-17 | Sep-18
Approx. 34.5 cm decline
Well not compared to Oct 2016,
MW125 0.074 0.985 | 0.923 | 0.905 | 0.56 noting that groundwater
gauged o
elevation increased by
approx. 23 cm
Well --
MW129 | 1314 | 048 | 075 | 0539 | not | vounot
gauged
gauged
Approx. 4.5 cm decline
Well not compared to Oct 2016,
MW136 0.039 0.515 | 0.168 | 0.065 | 0.02 noting that groundwater
gauged .
elevation decreased by
approx. 1.27 m
Approx. 32 cm decline
Well not compared to Oct 2016,
MW138 0.621 0.523 | 0.765 | 0.417 | 0.095 noting that groundwater
gauged o
elevation increased by
approx. 2.36 m
Approx. 55 cm decline
Well not compared to Oct 2016,
MB14CL052 | 0,012 0.967 | 1.152 | 1.051 | 0.504 augeq | Moting that groundwater
gaug elevation increased by
approx. 40 cm
Approx. 5 cm increase
Well not compared to Oct 2016,
MB14CL064 | 0.098 0.25 0.413 | 0.802 | 0.853 auqed | noting that groundwater
gaug elevation increased by
approx. 42 cm
Approx. 25 cm increase
not Well compared to October
MW163 0.124 | 0.138 | 0.063 not 0.31 2016, noting that
detected .
gauged groundwater increased
by approximately 48 cm.
Approx. 2 cm increase
not not Well compared to October
MB14CL051 0.013 | 0.022 not 0.04 | 2016, noting that
detected | detected .
gauged groundwater increased
by approximately 63 cm.
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5.3.2 Measurements of LNAPL transmissivity

LNAPL transmissivity was estimated based on LNAPL bail down testing at two
monitoring wells (MW138 and MW19, well locations shown in Figure 34).

Table 33. LNAPL transmissivity testing results from SiteC_Ref1 (2013)

. Transmissivity (Tn)
Date Location
(m? day™)
13 Oct 2012 MW138 0.016
13 Oct 2012 MW19 0.015

5.3.3 LNAPL sampling and analysis (compositional analysis and extent of
weathering)

According to SiteC_Ref3 (2014), GC-MS analysis of LNAPL samples from the site
showed that they all contained weathered diesel-range product as well as mixtures
containing weathered diesel-range product and lube-range product. Many of these
samples were re-analysed by CSIRO in 2019 along with additional samples obtained
for this study.

5.3.4 LNAPL recovery operations

The client provided a report containing an approximate volume of total diesel recovered
between 1998 and 2013 (SiteC_Ref1 2013). In addition, recovery operations and test
results from 2013-2013 reported in SiteC_Ref3 (2013) and SiteC_Ref13 (2014).

5.4 Methods

5.4.1 Active recovery
Type of method used to recover LNAPL
As indicated in a report dated October 2013:

‘Remediation to recover the free phase product commenced in May 1998
and since then approximately 50,000 L of diesel has been recovered; this
original system which consisted of recovery wells, bladder pumps
connected to skimmers and operated by a pneumatic control stations, has
been decommissioned’ (SiteC_Ref1 2013, p. 23).

Regarding LNAPL recovery operations conducted as part of the CSIRO research
program in 2012-2013:

‘Testing was conducted on consecutive days to evaluate continued stress
on the aquifer. Continuous over-night operation was not possible...The
length of tests varied due to various factors. It should be noted that the
duration reported in [Table 34] is the total and does not necessarily
represent the total time of actual recovery’ (SiteC_Ref3 2014, p. 69).
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Table 34. Summary of LNAPL recovery tests reported in SiteC_Ref3 (2014)

Test# | Well Technology Start date Duration (min) | Total LNAPL (L)
1 CS02 Drawdown 30 September 2013 350 0
2 CS02 total fluids 1 October 2012 411 9.1
3 CS02 total fluids 2 October 2012 288 3.8
4 CS02 skimmer-drawdown 3 October 2012 485 7.6
5 CS02 skimmer-drawdown 4 October 2012 511 2.5
6 CS01 skimmer-drawdown 20 November 2012 323 5.7
7 CS01 skimmer-drawdown 21 November 2012 433 7.8
8 CS03 | skimmer-drawdown 22 November 2012 565 7.2
9 CS03 Skimmer 27 November 2012 90 2.3
10 | Cso03 VER-skimmer- 1 November 2013 0 0
drawdown

11 CS03 VER-skimmer 2 November 2013 199 0

12 | Cso03 VER-skimmer- 2 November 2013 150 -
drawdown

13 | Cs03 VER-skimmer- 3 November 2013 465 03
drawdown

14 | CS02 VER-skimmer- 4 November 2013 269 2.9
drawdown

15 | CS02 VER-skimmer- 5 November 2013 457 36
drawdown

16 | CS02 VER-skimmer- 6 November 2013 366 1.7
drawdown

17 | CS01 VER-skimmer- 9 November 2013 554 1.8*
drawdown

18 | CS01 VER-skimmer- 10 November 2013 323 0.3*
drawdown

19 CSo03 MPE 11 November 2013 570

20 CSo03 MPE 12 November 2013 192 0.1

21 CS02 MPE 12 November 2013 157 1

22 CS02 MPE 13 November 2013 530 2.7

23 CS01 MPE 14 November 2013 433 1.4

24 CS01 MPE 15 November 2013 517 0.5*

25 Cs04 MPE 17 November 2013 519 0.8

26 Cs04 MPE 18 November 2013 268 0.5

The well test results in Table 34 were used to estimate longer-term LNAPL recovery

rates for each method (total fluids, skimming and drawdown, vacuum enhanced

recovery (VER) and MPE) as described in Section 5.5.1.
How recovery data was estimated

For the 2012-2013 recovery tests, the following details were provided for each test.

Total fluids:

‘Liquid discharge rates were measured using either a digital impeller-type
flow meter, or volumetrically with different size buckets and measuring

cylinders. The relative volumes of groundwater and LNAPL were

determined by timed collection into measuring cylinders where the water
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and LNAPL were allowed to separate and the volumes of each determined’
(SiteC_Ref3 2014, p. 31).

Drawdown and skimming:

‘LNAPL discharge rates were measured by collecting volumes of LNAPL in
a measuring cylinder over timed intervals’ (SiteC_Ref3 2014, p. 32).

VER:

‘Liquids were quantified in the same manner as the drawdown plus
skimming recovery described above’ (SiteC_Ref3 2014, p. 34).

MPE:

‘...all fluids are removed through a common ‘straw’. Groundwater and
LNAPL accumulated in the knockout drum of the SVE unit and were then
transferred to a 200-L drum for quantification and sampling. The liquid
discharge was typically water with a fine dispersed phase of LNAPL. ...The
liquid discharge was then left to settle prior to the next batch of liquid from
the SVE unit. After settling, any LNAPL that had separated under gravity
was retained and bulked up for volumetric measurement over various
periods of the recovery. The total volume of liquid extracted was
determined from flow metering the liquid collected in the drum’ (SiteC_Ref3
2014, p. 34).

5.4.2 NSZD rate estimation
Subsurface temperature measurement and analysis (iButton and thermistor)

Subsurface temperatures were measured using two techniques, instantaneous
measurements using thermistors and longer-term temporal measurements using
iButtons. Both of these methods involved the hanging of the temperature sensors in
existing monitoring wells. Instantaneous temperature measurements were obtained
during two separate sampling campaigns (6—10 May 2019 and 24-25 September
2019) while 4 iButton strings were installed between 10 May 2019 and 22 June 2019
and then again for a short period 24 September 2019 to 25 September 2019. The
monitoring wells in which temperature was measured are shown in Table 35.

For the thermistor method a string of thermistors was hung within the monitoring bore
for at least 1 hour to equilibrate with the subsurface temperature. The thermistor string
was made up of 10 NTC thermistors (10k Ohm Betacurve, 10K3A1B, matched to YSI
44036) spaced at 1 m intervals along a multi-core cable. Electrical residence was
measured using a multimeter (Fluke 28 1l Ex) and converted to temperature using the
thermistor manufacturer’s polynomial calibration algorithm. Background correction and
NSZD calculation was done according to the method outlined for site A.

The iButtons logged temperature at 15 min intervals. This data was assessed and then
averaged over either daily or monthly periods which were then corrected against the
background well (MW169). The temperature differences were then reviewed and the
largest background temperature difference above the water table was used to generate
the thermal gradient. The gradient was then multiplied by the thermal conductivity to
calculate the heat flux, which was then related stoichiometrically to the LNAPL
degradation rate.
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Table 35 Monitoring wells for which manual temperature profiles were recorded and iButtons
temperature loggers installed

Method Well ID
Thermistor

CS01, CS03, CS06, MW19, MW31, MW125, MW128, MW157,

May 2019 | MW169, MW171, MB14CL051, MB14CL052, MB14CL057,
MB14CL063

CS01, CS02, CS06, MW19, MW31, MW42, MW125, MW157, MW169,
MB14CL052, MB14CL063

iButton MW169, MB14CL052, MW157, CS03

September 2019

Gas sampling and analyses (in-well)

Major gas samples were obtained during two separate sampling campaigns (6—10 May
2019 and 24-25 September 2019) from the locations in Table 36. Gas concentrations
were determined in situ using a portable gas analyser and for the May campaign on
gas samples collected and analysed in the laboratory.

Gas sampling was undertaken by lowering a weighted, nylon tube into the well casing
such that the intake was 0.3 m above the fluid-air interface determined previously using
an interface meter (H.OIL, Heron Instruments Inc.). An Eagle Il gas analyser (RKI
Instruments) equipped with oxygen, carbon dioxide and methane sensors, was used to
measure the gas concentrations. Following zeroing with ambient air the Eagle Il was
connected to the nylon tubing and readings taken every 30 s for 3 min. Final oxygen
and carbon dioxide concentrations were used to calculated NSZD rates.

Samples for laboratory analysis were collected following the in-situ readings using a 60
mL plastic syringe and a foil sampling bag. The sampling procedure is outlined in detail
in Appendix A.7. Major gas analysis was performed as outlined in Section 3.4.2 for site
A.

NSZD rates were determined between the sampling location and the soil surface for in-
well major gas using the gradient method described in Section 2.4 and in CRC CARE
Technical Report 44 (2018). To calculate NSZD rates, the gradient method for soil gas
flux was applied using Equation 2 (see Section 2.4). The effective vapour diffusion
coefficient for O, and CO, were assigned the values of 0.41E-06 and 0.37E-06 m? s™,
respectively.

Table 36 Monitoring wells for which major gas samples were measured in situ using a gas analyser
or collected for laboratory analysis

Sampll_ng Gas analysis Well ID
campaign method

CS01, CS02, CS03, CS06, MW31, MW125, MW128,
May 2019 Gas analyser | MW137, MW157, MW169, MW171, MB14CL051,

MB14CL052, MB14CL057, MB14CL063

CS01, CS03, CS06, MW31, MW125, MW128, MW137,
May 2019 Laboratory MW157, MW169, MW171, MB14CL051, MB14CL052,
MB14CL057, MB14CL063

CS01, CS02, CS06, MW19, MW31, MW42, MW125,
September 2019 | Gas analyser MW157, MW169, MB14CL051, MB14CL052,
MB14CL057, MB14CL063
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Soil surface carbon dioxide flux measurements (E-Flux and LI-COR flux
chamber)

Soil surface carbon dioxide flux was measured using a LI-COR LI8100A Automated
Soil Carbon Dioxide (CO-) Flux System connected to a 20 cm survey chamber (8100-
103, LI-COR Lincon, NE) during two sampling campaigns (8—10 May 2019 and 24-25
September 2019). At each monitoring location (Table 37) a PVC soail collar (20 cm
diameter x 12 cm) was installed generally within 1 m of a monitoring bore. Several
locations (MW169, MW157 and MW171) had two collars installed to test the within site
variability during the May 2019 sampling campaign. Three repeat CO- flux
measurements were collected for each collar for between 1 and 3 times in May

(9 times on MW169) and two times in September. The raw data was processed using
the manufacturer supplied software (Soil Flux Pro v4.0.1) and either a linear or
exponential function fitted to the data to determine the CO; flux rate. The CO; flux rates
were then averaged for the three replicates. The average background CO; flux rate
was then used to determine the CO flux rate due to NSZD for corresponding sampling
campaign at the LNAPL impacted sites. The CO; flux rates were then converted to a
NSZD rate in L LNAPL ha™ yr' using octane as the representative LNAPL (density of
703 kg m™).

E-Flux CO- traps were installed at five locations (Table 37) and deployed between 17
and 24 September 2019. Appendix A.1 provides additional details of the E-Flux
method. The total fossil fuel CO; in the sample was corrected based on results for a
travel blank sample. An additional correction was made for background CO; fluxes
using carbon isotope '*C analysis.

Table 37 Locations where surface carbon dioxide flux was measured using LI-COR chamber
method and E-Flux sorbent trap method

Method Sampling campaign | Location

MW169 (background; two locations), CS01,
CS02, CS06, MW31, MW125, MW157 (2
locations), MW128, MW137, MW171 (two
locations), MB14CL051, MB14CL052

LI-COR May 2019

MW169 (background), CS01, CS06, MW31,

LI-COR + E-Flux | September 2019 MWA125

5.4.3 NSZD: LNAPL compositional analyses to assess the extent of
weathering

LNAPL sampling involved lowering a 40 mL VOA vial directly into the well on nylon
fishing line to just below the fluid (LNAPL) interface and the vial was retrieved, capped
and sent to the laboratory for analysis.

LNAPL analysis using GC-FID and GC-MS

GC-FID analysis of LNAPL samples (C4—C40 carbon range) was performed at CSIRO,
using an HP 6890 GC fitted with a vaporising injector (operating in split mode), helium
carrier gas, an autosampler and a FID. The GC was equipped with a 60 m x 0.25 mm
internal diameter column coated with a 0.25 ym m thick film of dimethyl polysiloxane
(DB-1 Ul, J&W).
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GC-MS analysis (C7—C40 carbon range) of selected components was performed using
an Agilent 7890 GC fitted with a vaporizing injector (operating in split mode), with
helium as carrier gas, an auto-sampler and an Agilent 7000 mass spectrometer. The
LNAPL samples (5 uL) were diluted in dichloromethane containing internal standards
(d6-benzene, d8-toluene, d10-p-xylene, d8-naphthalene and d34-hexadecane) to allow
quantitation of selected analytes. The GC-MS was fitted with a capillary GC column
(Phenomenex, ZB-1ms, 30 m length, 0.25 mm internal diameter and 0.25 pm thick film
of dimethyl polysiloxane or equivalent column). The mass spectrometer was operated
with an ionisation energy of 70 eV at 230 °C in scan mode. Quantitation of selected
compounds was performed using external standards containing the same internal
standards used for the samples.

Estimating LNAPL mass losses

Estimated percentage mass losses over a time period were based on concentration
increases in the LNAPL of a conservative tracer (one of the most non-volatile, water
insoluble and biodegradation resistant components present in the samples) as a result
of other components decreasing in the LNAPL due to volatilisation, dissolution and
biodegradation. Pristane was selected in this instance as it was unaffected by
volatilisation, dissolution and biodegradation in the LNAPL samples studied (the ratio of
pristane to phytane is constant at locations over time, suggesting pristane and phytane
are unaffected by biodegradation). Pristane concentration changes in the LNAPL
samples from individual locations over time at the site allowed estimation of LNAPL
losses to be calculated at individual locations, such that where a concentration of
pristane (w/w) in an LNAPL sample twice that of less weathered LNAPL would afford
an estimated loss of 50% (w/w). Estimates of LNAPL depletion or losses over time
were based on changes in the pristane concentration (conservative tracer, H) using
Equation 4 (See Section 2.4).

5.5 Results

5.5.1 Estimation of total hydrocarbon mass removal by active recovery

Table 38 summarises mass recovery data. Recovery ranged from 6 to 13 L day™
(approximately 1.8-3.8 t yr'") with short term LNAPL recovery peaking at 33 L day™.
Recovery rates in these active recovery trials were dominated by the water table
elevation. Between the single and dual phase recovery operations in 2012 and the
more aggressive technologies in 2013, there was a single torrential rainfall event of 226
mm, resulting in a 3 to 4 m water table rise. This caused much of the mobile LNAPL
becoming water occluded, immobile and largely unrecoverable during these
operations.
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Table 38. LNAPL recovery operations at site C over a three-year period (SiteC_Ref13 2014)

Method Relative Average in- | Short term | Long term Water Comments
water table | well LNAPL LNAPL LNAPL made
condition thickness recovery recovery during
(m) rate rate (L/day) | recovery
(L/day) (L/d)
Total fluids/
skimming 2000 to
and Low 0.5 33 6 5000 -
drawdown
0-5m 2250 to LCr\(l)/:anLa :::lees
VER higher than | 0.01 to 0.07 9 3.5 .
. 7300 recovery with
in 1. above
vapour phase
As for VER 43010 | -CSSLNAPL
MPE 0.006 13 recovered in
above 16,600
vapour phase

5.5.2 NSZD rate results: measurements and total site-wide rate estimates

Temperature results

Interpretation of the recent data by CSIRO (this study), reveals the background
corrected NSZD rates based on the manual thermistors range from 0 to 12,531 L
LNAPL ha'yr'and 0 to 3638 L LNAPL ha™' yr for May and September, respectively.
Several NSZD rates derived from iButton data are shown for comparison (Table 39).

The polygon areas used to compute site-wide total NSZD rates for the thermistor
results are shown in Figure 35. The site-wide total NSZD rates for the manual
thermistor-based method are 35 and 11 t yr' for May and September, respectively. The
outline surrounding the measurement locations for NSZD encompasses 175,553 m?

(18 ha).
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Table 39. Summary of results for NSZD based on manual thermistors from May and September
2019 and average NSZD values* based iButton data

Well Manual thermistors iButtons
location Date NSZD (L LNAPL ha'yr) NSZD (L LNAPL ha'yr")
CS01 7 May 2019 3483
CS01 24 Sept 2019 262
CS02 25 Sept 2019 3638
CS03 7 May 2019 11,248 6940*
CS03 24-26 Sept 2019 - 2440*
CS06 7 May 2019 12,531
CS06 25 Sept 2019 2182
MB14CL051 7 May 2019 0
MB14CL052 7 May 2019 0 3460*
MB14CL052 24 Sept 2019 0 1300*
MB14CL057 7 May 2019 2122
MB14CL063 7 May 2019 7773
MB14CL063 25 Sept 2019 1962
MW125 7 May 2019 0
MW125 24 Sept 2019 0
MW128 7 May 2019 4333
MW157 7 May 2019 8325 0*
MW157 24 Sept 2019 1998 0*
MW171 7 May 2019 0
MW19 7 May 2019 0
MW19 24 Sept 2019 0
MW31 8 May 2019 0
MW31 25 Sept 2019 3547
MwW42 10 May 2019 11,441
MW42 25 Sept 2019 2528
(ba,\(/:llllz:]/:(?fnd) May and Sept 2019 0

* Note: iButton data is composed of averages of 15 minute readings for 10-31 May and 24—26 September

2019.
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Figure 35. Voronoi polygon areas constructed using QGIS for thermistor measurement locations
for site C in (a) May 2019 and (b) September 2019. The inferred extent of LNAPL as of October 2017
is shown for reference (in orange).

Gas sampling results

A major rainfall event of ~460 mm occurred at site C 40 days prior to the initial
sampling campaign in May 2019. As discussed in Section 5.2, these intense rainfall
events have a profound effect on the water table elevation. As such groundwater levels
during the May 2019 sampling campaign were at near peak levels and groundwater
levels were above the screened interval of many of the monitoring wells. For the
monitoring wells sampled across both sampling campaigns the depth to the air-
LNAPL/water interface fell by between 0.64 and 3.38 m.

NSZD rates determined from in-well gas measurements were too uncertain to compute
site-wide total rates for comparison with other methods and active recovery. The
method relies on connection between the headspace within the monitoring bore and
the formation via the well screen to measure gases influenced by hydrocarbon
biodegradation. Of the monitoring wells considered for in-well gas measurements,
screened interval details were only available for four of them. In May 2019, only two
wells had exposed screened intervals, while in September 2019 there were four wells
as the water table had dropped over between 2 and 3 m over this time.

Critically for the analysis of the results the groundwater level in the background
(MW169) was above the screened interval in both May and September.

Despite the inability to correct for background oxygen consumption, the in-well gas
data indicates that degradation is occurring (Table 40). The rate determined for MW157
is consistent between the sampling campaigns and upon the fall in groundwater levels
the September NSZD rates for CS02 and MB14CL063 show a similar magnitude to
MW157. Despite not knowing the screen interval it appears that MW125, MW19 and
MW42 may also be indicative of NSZD. While a substantial decrease in groundwater
level was observed at MW31 (~3 m) it appears from the O, concentrations and
calculated NSZD rates that degradation is low at this location or the screen interval is
deeper than 4.5 m.
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Table 40 Summary of uncorrected NSZD rates based on in-well gas data (O;) and fluid level at the
time of measurement. NSZD rates in bold are reliable readings and those in italics are uncertain
either from lack of screen interval data or fluid levels above the screen interval

Screen Top fluid NSzZD Top fluid NSzZD
Well ID interval elevation elevation
(mbg) (mbg) (L ha' yr) (mbg) (L ha' yr)
May 2019 September 2019
MwW157 20-8.0 3.96 3150 6.52 2300
CS03* 3.0-125 3.68 225 6.32 nd
CSo02* 45-125 3.75 140** 6.35 1630
MB14CL063 | 4.75-8.75 4.50 180** 7.07 2330
Mw125 Unknown 4.29 3120 6.81 2140
Mw137 Unknown 4.64 470 Nd nd
MwW19 Unknown 1.82 nd 4.73 3030
Mw31 Unknown 1.58 190 4.51 49
MWw42 Unknown 2.59 nd 5.90 1130

* Monitoring well open (uncased) over screen interval; ** NSZD rate compromised due to fluid levels above
the screened interval; nd = not determined.

Soil surface carbon dioxide flux results

LI-COR results

The total soil respiration rates (TSR, natural plus contaminant CO; flux) based on
uncorrected LI-COR data for May 2019 range between 750 and 13,400 L ha™ yr' and
for September between 1,660 and 17,600 L ha™ yr'. However, the TSR rate measured
at the background site (MW169, attributable to only natural soil processes) is high
relative to other sites, with an average of 10,200 L ha™ yr (standard deviation = 1,570
L ha” yr', n=9)in May and 4750 L ha™' yr' (standard deviation = 1250 L ha™ yr', n =
2) in September. The high background is likely due to biological activity which
decreases from May to September due to the drying of the landscape (see Figure 36).
Vegetation cover varies spatially and temporally at the other LI-COR sampling
locations (Figure 36), thus would likely have different natural contributions to the TSR.

The only location to record a consistent non-negative background corrected NSZD rate
was MW31 with an average of 866 L ha™ yr' in May and 12,700 L ha™ yr' in
September.
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Figure 36 Examples of LI-COR installations and changes in vegetation between the two sampling
campaigns
E-Flux results

The analytical results for the E-Flux CO- trap sampling are shown in Table 41. The
NSZD rates range from 1141 to 10,185 L LNAPL ha™ yr. The E-Flux NSZD rate for
MW31 compares well with the LI-COR NSZD rate.

Table 41. Summary of E-Flux CO; trap analytical results from client. Traps deployed for seven days

Well location Deployment days NSZD (L LNAPL ha'yr)
CS06 7.1 1749
MW31 7.1 10,185
MW125 7.0 1141
CS01 71 1319
MW169 (background) 71 0

The polygon areas used to compute site-wide total NSZD rates for the soil surface
carbon dioxide flux results are shown in Figure 37. The site-wide total NSZD rates for
the E-Flux method is 69 t yr'. This site-wide NSZD rate is likely to overestimate
considering the site with the highest rate (MW31) represents more than half the area
while the other three locations showed approximately one tenth of the rate (Table 41).
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Figure 37. Voronoi polygon areas constructed using QGIS for the E-Flux measurement locations
for site C.

5.5.3 NSZD results: LNAPL composition

The LNAPL samples from site C spanned up to a ~seven year time period (2011 to
2018) and consisted of weathered diesel (except location MW31 which also contained
lube oil range product) as the relative abundance of hydrocarbon carbon range present
is Gaussian with a limited carbon range (C9 to C28, Appendix Figures C.1-1 to C.1-8)
typically observed in diesel fuels (C8 to C28). Density and analytical results for LNAPL
samples from site C are shown in Appendix Table C.1-1.

The weathering of the samples obtained in 2011 to 2013 has resulted in the depletion
of n-alkanes (except samples MW19, MW31 where n-alkanes were removed).
Whereas weathering has resulted in the complete removal of n-alkanes in the LNAPL
samples obtained in 2018 (except sample MB14CL052 where n-alkanes were still
present and depleted due to biodegradation). Losses to weathering from 2011 (2011 to
2013) to 2018 ranged from 3% to 21% (some samples had plasticizer contamination,
CS02 2013 and MW157 2019).

5.6 Overview of hydrocarbon mass removal — recovery and NSZD

As noted in SiteC_Ref3 (2014), the remediation efforts at site C only achieved modest
LNAPL recovery at best — typically up to 3.8 t y'. This, perhaps, is not surprising given
that observations from the site were that the LNAPL that was encountered in wells
lacked any appreciable transmissivity or significant connection to fracture sets.

In comparison, the range of NSZD rates are provided in Table 42. NSZD rates for the
iButton results (not spatially weighted) are 5200 L LNAPL ha™ yr (average for May
2019) and 1300 L LNAPL ha™ yr' (September 2019). These correspond to 66 and

16 t yr'! for May and September 2019, respectively (based on 18 ha area and

703 kg m™).

Assuming an historical active recovery estimate of 3.8 t y', the NSZD rates are three to
20 times larger (E-Flux method) for Site C.
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Table 42. Tabulation of NSZD rates across methods used and total site-wide mass losses per time

Intrinsic rate estimates Rate mass/time**
NSZD methods (L LNAPL ha'! yr')* (tyr')
Temperature May 2019: 0 to 13,000 May 2019: 35
(thermistors) Sept. 2019: 0 to 3,600 Sept. 2019: 11
E-Flux 1100 to 10,000 69
. May 2019: 5200 66"
iButton Sept. 2019: 1300 16"

* Rates have been determined across a number of locations, the range denotes variability across different
locations at the site. Values are rounded to two significant figures. ** A polygon areal weighting approach
has been adopted to determine these rates, with the polygon areas scaled to the LNAPL plume area at the
site (18 ha), except where noted (7).

5.7 Sources of uncertainty in hydrocarbon mass loss estimation

Uncertainty in determining representative active recovery estimates stem from the high
dependency of recovery rates on water table elevation coupled with phase separation
issues resulting from emulsified LNAPL associated with MPE. During MPE, high
velocities of air, water and LNAPL through the suction straw and extraction manifold
create emulsions which makes accurate quantification of LNAPL mass recoveries
difficult. Regarding NSZD estimates at site C, one of the main uncertainties relate to
the influence of rainfall on soil and groundwater conditions:

e The use of existing infrastructure to measure vadose zone gas concentrations is
reliant on the screen intervals intercepting the vadose zone. However, as a result
of the high groundwater levels across the site and potentially the purpose of the
monitoring wells (e.g. LNAPL or groundwater) this methodology was of limited use
at site C, especially in determining site-wide NSZD rates.

e Enhanced vegetation and associated biological activity were potentially increased
across the site. It is likely that the increase in biological activity was not uniform
being higher at the background, thus the background correction of the LI-COR
data may overestimate the contribution of natural soil respiration to the total soil
respiration reducing the NSZD rate.

¢ The antecedent moisture conditions are likely to influence the soil properties used
to calculated NSZD rate (i.e. thermal conductivity and gas diffusion coefficient).
Literature values for similar soil types were used with no vertical variability which
may over- or under-estimate the NSZD. This may potentially be the reason for the
variability observed between the two sampling campaigns. The only way to
decrease uncertainty is to measure these properties and moisture conditions on-
site.

The stratigraphy at site C is also complex with clays overlying highly weathered basalt
and fresher basalt with different degrees of fracturing. Representing this profile with a
single value for either thermal conductivity or gas diffusion coefficient was a necessary
simplification due to the lack of data on these parameters. This introduces uncertainty
along with the use of literature values.

The site wide NSZD rates have been calculated by different measurement techniques
over two sampling campaigns at accessible locations. Spatial representation of
measurements over the 18 ha area may require some additional analysis due to the
difficulty in accessing some areas due to heavy infrastructure and operations.
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6. Site D

6.1 Introduction

Site D consists of a former petroleum depot (SiteD_Ref1 2011). LNAPL contamination
is due to leaks from storage tanks and pipes and/or surface spills over several decades
(SiteD_Ref1 2000; SiteD_Ref2 2011). The petroleum in the subsurface at site D
contains a mixture of different product types including gasoline, kerosene, diesel and
lube oil range products (C5-C40 carbon range) in various proportions (Appendix Figure
D.1-1 to D.1-6). Density and analytical results for samples from site D are shown in
Appendix Table D.1-1.

6.2 Site description

LNAPL contamination extends from the former petroleum depot into adjacent
residential areas and parkland. The topography slopes gradually to the southeast and a
river is located approximately 500 m from the boxed area shown in Figure 38. The
direction of groundwater flow is to the southeast.

6.2.1 Distribution of wells and measurement methods

Figure 38 indicates the locations of monitoring wells and methods referred to in this
report. Background monitoring wells were OS68 for in-well gases, and OS36 for in-well
gas, thermistor, and iButton measurements.

6.2.2 Profile stratigraphy

According to drilling logs, the area is underlain by between 2 and 4 m of clay and sandy
or silty clay overlying fractured, variably-weathered basalt (SiteD_Ref6 2014;
SiteD_Ref9 2017). Figure 39 and Figure 40 show geologic cross-sections along east—
west and north—south transects, respectively, that were constructed using the drilling
log descriptions.
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Figure 39. Geological cross-section (east-west) based on logs provided in SiteD_Ref6 (2014) and SiteD_Ref9 (2017). LNAPL-corrected groundwater levels for September
2016 (CSIRO 2019 b). The inset shows the well locations in map view.

CRC CARE Technical Report no. 47 97
Australian case studies of light non-aqueous phase liquid (LNAPL) natural source zone depletion rates compared with conventional active recovery efforts



North South
. o
Distance (m) 3 3 2 8
o o wn ~ -~
‘ | | | | | | ‘
MB12 FG5 MPVE11 0S55 MPVE06 FG7 MPVEOQ5 0S46 0841 MPVEO2 0S42
+ + Ty + ¥ ¥ ¥ Tr
9 — | L
s K = N S =
1 B = o B i
7 — - k1 — o = 1
- ’ Al —_ .‘ 0l [ _—
— < L) L & X/ - - [ =
6 — B A 1 [y 3 —_ = 1
: ‘ n A _l = R - - . -
| S 5| 5 = : = F] £ _'
5 B A v — i —| ] —
| ‘ n Al E | - — F [] =
4 s o N 5 L . = 5
1 - b 7 r v ! N o K
4 — ' h A ¢ q kA L] P~ 4
7 3 R ‘s 3 2 n K N Xl
] - A ] L 5 ? N >
o 3 — . N A & 4 i 9 A Z< q
T — S N | a 3 N i >
< b - A 4 v W 2 ; k2
E 7 z " ~ . § A 9 4
c 2 — 3 ‘. 9 K >, > >
iel ] - 3| ] © c " > "
5 , X L R ) h "]
] A
5,4 L4 ? { H ; X X
w — 5 h 4 —— & i~ 5 A >\
4 1 A p ‘ == g N 7‘
] a o N 4 > = x| s
0 - - I v v " > ~ .
: ‘ L,\ ‘ ; i 4 R 8< >
S
- - b 2 v "~ ‘»\\ S
-1 N T >
: L A 7 4 i 4 r K
— : Lj : N > L1 4
B y > >
-2 — , A 4 s 4 £y
— a e K " >,
- 3
3 5 ¥ - [J Basatt In : N
— z " >
33 “ R N (] Fin A K \
] 3 n
. W v [{ Fractured basalt >
] X : R ) X
4 <) 3 [ Weathered basalt ° >
n
— T kd
- ~ / [ clay N )
A
5 ‘s 2 [ sandy clay n >
, w — >
- Al N = silty clay 3 hd
-6 — L]
B Lc] == \Vater level (Sept. 2016) ™

Map view

0s40 &
og2 @é <P o
§ Posst 0z yevens

og33
¥ o34 044
(] .

0556 Py
0s39 MPVEO1
. .

Figure 40. Geological cross-section (north-south) based on logs provided in SiteD_Ref6 (2014) and SiteD_Ref9 (2017). LNAPL-corrected groundwater levels for
September 2016 (CSIRO 2019 b). The inset shows the well locations in map view.
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6.3 Data supplied by site owner and other data
6.3.1 Hydrogeological parameters

None of the reports available contain hydrogeological parameters specifically for site D.
However, pump tests were conducted in the same geological setting approximately
400 m north-east of the site (relative to the centre of the boxed area in Figure 38,
SiteD_Ref8 2014). Estimates of transmissivity (Tw) for six individual wells, located
approximately 400 m north-east of the site, range from 0.21 to 0.49 m? day™' (geometric
mean of 0.31 m? day™") and the specific yield varied from 0.0011 to 0.0021 (SiteD_Ref8
2014).

In view of regional studies of the volcanic strata (SiteD_Ref1 2000) and the geologic
logs for site D (SiteD_Ref6 2014; SiteD_Ref9 2017), it would seem the hydraulic
properties of the basaltic aquifer are highly variable due to the heterogeneous and
anisotropic nature. There may be high permeability joint opening and vesicles in the
basalt, juxtaposed with clayey horizons, weathered zones and dense basalt that may
act as aquitards. The hydraulic parameters are likely highly variable, depending on the
development of secondary porosity. A report referring to the area approximately 400 m
north-east of site D describes groundwater occurring in a discontinuous, perched
aquifer consisting of fill material and silty clay, weathered basalt overlying the fractured
basalt (SiteD_Ref11 2018). A summary of regional hydraulic properties of the basalt
aquifer indicates a range of hydraulic conductivity (0.18-35 m day™), transmissivity
(40-170 m? day™') and porosity 1-5% (SiteD_Ref1 2000).

6.3.2 Well construction and mean groundwater levels

There are 14 well construction and accompanying lithology logs provided in
SiteD_Ref6 (2014) and 123 additional logs provided in SiteD_Ref9 (2017). A
representative selection of eight well construction logs are shown in Appendix D.2.

A large dataset of LNAPL-corrected groundwater level data was available from the
CSIRO fluid levels database for site D from monitoring conducted between 2003 and
2016, with much more frequent monitoring between 2011 and 2016 (mode of 47
measurements conducted per month). Analysis of water levels for 2016 showed
significant differences between water levels in May (lowest) and September (highest)
with seasonal differences of between 24 and 87 cm in groundwater level based on 53
wells used for contouring (Figure 38). Comparison of groundwater contours for May
and September 2016 indicate the seasonal difference in water levels, but generally the
same groundwater flow directions (south to south-east) during 2016. Mean
groundwater levels vary across the site as shown in cross-section, e.g. in September
2016 groundwater depths were generally 6.8 to 9.6 mbg (Figure 39 and Figure 40).
Comparison of groundwater levels for different monitoring wells between 2012 and
2017 (Figure 41) shows similar trends that are likely in response to varying rainfall
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Figure 41. LNAPL-corrected groundwater levels for a selection of wells along north-south and
east-west transects of site D (CSIRO 2019 b). Monthly rainfall is shown for comparison
(Queensland Government 2019).

6.3.3 Product thicknesses in local wells on the site over time

LNAPL thickness data for years 2002 to 2017 are shown in Figure 42 for a selection of
monitoring wells. According to a review conducted in 2014, the LNAPL thickness
greater than 1 m observed in FG5 (September 2006) is likely a mis-observation as it is
inconsistent with other observations from this well (SiteD_Ref7 2014). The LNAPL
thickness measured in OS63 in September 2016 (0.97 m) is also a likely mis-
observation for the same reason. The review considered spatial variations in LNAPL
thickness and noted the following:

‘Spatially, it is difficult to delineate a particular focus for the appearance of
LNAPL in wells. However, the area roughly bounded by wells 0S32, 0S12,
0828, 0S33 and OS41 seems to encompass those wells with most notable
in-well LNAPL thickness’ (SiteD_Ref7 2014, p. 15; Figure 42).

As indicated in Figure 42, the most notable in-well LNAPL thicknesses are in OS63,
0S12, 0OS41 and OS22 as of the latest period of available monitoring (2016-2017).
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Figure 42. LNAPL thicknesses for a selection of wells along north—south and east-west transects
of site D (CSIRO 2019 b).

6.3.4 Measurements of LNAPL transmissivity
There were no LNAPL transmissivity data provided in the reports for site D.
6.3.5 LNAPL compositional analysis and extent of weathering
There are limited historic composition data.

6.3.6 LNAPL recovery operations

An historical overview of active recovery at site D is shown in Figure 43 (SiteD_Ref10
2017). This covers the period from June 2013 to July 2015. The method undertaken
was MPE. Daily VOC vapour recovery (in kg) is shown relative to a daily target of 23
kg. As of July 2015, the total VOC mass recovered over the two-year period was
18,880 kg (~19 t, SiteD_Ref10 2017).
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Figure 43. Daily and cumulative VOC vapour recovery for MPE conducted on 12 extraction wells
(SiteD_Ref10 2017)

6.4 Methods
6.4.1 Active recovery
Type of method used to recover LNAPL

A catalytic oxidation (CatOx) system was used for vapour extraction. As stated in a
review report referring to recovery operations started in June 2013:

‘The MPE system consisted of 12 extraction wells manifolded to a single
collection and treatment system. The extraction wells were arranged in
three ‘fields’ of four connected wells. The lines from the fields are
connected at the treatment system. So far, the system has only operated
with extraction from one field at any time’ (SiteD_Ref7 2014, p. 11).

The fields of extraction wells (four per field) are depicted in Figure 44.
How recovery data was estimated

Daily total VOC vapour recovery (in kg) across the 3 manifolds of connected extraction
wells that were operating at a given time was used to estimate recovery and was
provided as an Excel file (SiteD_Ref10 2017). Estimates of daily VOC recovered were
calculated based on the extraction pump duty and the temperature difference between
the inlet and outlet on the CatOx system applying a conversion factor that accounts for
the calorific value of fuel to produce the temperature change.
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Figure 44. Groups of four extraction wells per field for MPE conducted between June 2013 and July
2015

6.4.2 NSZD rate estimation
Subsurface temperature measurement and analysis (iButton and thermistors)

Subsurface temperatures were measured using two techniques, instantaneous
measurements using thermistors and longer-term temporal measurements using
iButtons. Both of these methods involved the hanging of the temperature sensors in
existing monitoring wells. Instantaneous temperature measurements were obtained
during a sampling campaign on 11 September 2019 while iButtons were installed 5
December 2018-28 February 2019 and for a second period from 11 September 2019
to 1 October 2019. The monitoring wells in which temperature was measured are
shown in Table 43.

For the thermistor method a string of thermistors was hung within the monitoring bore
for at least 1 hour to equilibrate with the subsurface temperature. The thermistor string
was made up of 10 NTC thermistors (10k Ohm Betacurve, 10K3A1B, matched to YSI
44036) spaced at 1 m intervals along a multi-core cable. Electrical residence was
measured using a multimeter (Fluke 28 1l Ex) and converted to temperature using the
thermistor manufacturer’s polynomial calibration algorithm. Background correction and
NSZD calculation was done according to the method outlined for site A.

The iButtons were logged temperature at 15 min intervals. This data was assessed and
then averaged over either daily or monthly periods which were then corrected against
the background well (OS36). The temperature differences were then reviewed and the
largest background temperature difference above the water table was used to generate
the thermal gradient. The gradient was then multiplied by the thermal conductivity to
calculate the heat flux, which was then related stoichiometrically to the LNAPL
degradation rate.
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Table 43 Monitoring wells for which manual temperature profiles were recorded and iButtons
temperature loggers installed

Method Well ID
Thermistor
September 2019 0S08, 0S28, 0S36, 0S41, 0OS63

iButtons 0S08, 0S28, OS36

Gas sampling and analyses (in-well)

Major gas samples were obtained during a sampling campaign conducted on 11
September 2019. Gas concentrations were determined in situ using a portable gas
analyser.

Gas sampling was undertaken by lowering a weighted, nylon tube into the well casing
such that the intake was 0.3 m above the fluid-air interface determined previously using
an interface meter (H.OIL, Heron Instruments Inc.). An Eagle Il gas analyser (RKI
Instruments) equipped with oxygen, carbon dioxide and methane sensors, was used to
measure the gas concentrations. Following zeroing with ambient air the Eagle Il was
connected to the nylon tubing and readings taken every 30 s for 3 min. Final oxygen
and carbon dioxide concentrations were used to calculated NSZD rates.

NSZD rates were determined between the sampling location and the soil surface for in-
well major gas using the gradient method described in Section 2.4 and in CRC CARE
Technical Report 44 (2018). To calculate NSZD rates, the gradient method for soil gas
flux was applied using Equation 2 (see Section 2.4). The effective vapour diffusion
coefficient for O, and CO, were assigned the values of 0.41E-06 and 0.37E-06 m? s™,
respectively.

Soil surface carbon dioxide flux measurements (E-Flux)

E-Flux data was supplied for three deployments April 2018 (20 days), October—
November 2018 (23 days) and April-May 2019 (16 days). The total fossil fuel CO2 in
the sample was corrected based on results for a travel blank sample. An additional
correction was made for background CO; fluxes using carbon isotope *C analysis.

6.4.3 NSZD: LNAPL compositional analyses to assess the extent of
weathering

LNAPL sampling involved lowering a 40 mL VOA vial directly into the well on nylon
fishing line to just below the fluid (LNAPL) interface and the vial was retrieved, capped
and sent to the laboratory for analysis.

LNAPL analysis using GC-FID and GC-MS

GC-FID analysis of LNAPL samples (C4-C40 carbon range) was performed at CSIRO,
using an HP 6890 GC fitted with a vaporising injector (operating in split mode), helium
carrier gas, an autosampler and a FID. The GC was equipped with a 60 m x 0.25 mm
internal diameter column coated with a 0.25 um thick film of dimethyl polysiloxane (DB-
1 Ul, J&W).

GC-MS analysis (C7—C40 carbon range) of selected components was performed using
an Agilent 7890 GC fitted with a vaporizing injector (operating in split mode), with
helium as carrier gas, an auto-sampler and an Agilent 7000 mass spectrometer. The
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LNAPL samples (5 uL) were diluted in dichloromethane containing internal standards
(d6-benzene, d8-toluene, d10-p-xylene, d8-naphthalene and d34-hexadecane) to allow
quantitation of selected analytes. The GC-MS was fitted with a capillary GC column
(Phenomenex, ZB-1ms, 30 m length, 0.25 mm internal diameter and 0.25 pm thick film
of dimethyl polysiloxane or equivalent column). The mass spectrometer was operated
with an ionisation energy of 70 eV at 230 °C in scan mode. Quantitation of selected
compounds was performed using external standards containing the same internal
standards used for the samples.

Estimating LNAPL mass losses

Estimated percentage mass losses over a time period were based on concentration
increases in the LNAPL of a conservative tracer (one of the most non-volatile, water
insoluble and biodegradation resistant components present in the samples) as a result
of other components decreasing in the LNAPL due to volatilisation, dissolution and
biodegradation. Pristane was selected in this instance as it was unaffected by
volatilisation, dissolution and biodegradation in the LNAPL samples studied (based on
the ratio of pristane to phytane remaining constant at locations over time). Pristane
concentration changes in the LNAPL samples from individual locations over time at the
site allowed estimation of LNAPL losses to be calculated, where a concentration of
pristane (w/w) in an LNAPL sample twice that of less weathered LNAPL would afford
an estimated loss of 50% (w/w). Estimates of LNAPL depletion or losses over time
were based on changes in the pristane concentration (conservative tracer, H) using
Equation 4 (Section 2.4).

6.5 Results
6.5.1 Estimation of total hydrocarbon mass removal by active recovery

As described in Section 6.3.6, historical data provides an estimate of total VOC mass
recovered of the order of 21 tons over a two-year period or about 10 t yr™.

6.5.2 NSZD rate results: measurements and total site-wide rate estimates
Temperature results

Interpretation of the recent data by CSIRO (this study), reveals the background
corrected NSZD rates based on the manual thermistors range from 2837 to 5140 L
LNAPL ha™yr' for September (Table 44). The background corrected, monthly average
iButton data was remarkably similar across the months of December 2018, January
2019, February 2019 and September 2019 and is also presented in Table 44. The
iButton NSZD rates are too preliminary for determining site-wide rates using the
polygon method.

The polygon areas used to compute site-wide total NSZD rates for the thermistor
results are shown in Figure 45. The site-wide total NSZD rates for the manual
thermistor-based method is 6.9 t yr' for September. The outline surrounding the
measurement locations for NSZD encompasses 26,783 m? (2.7 ha).
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Table 44. Summary of results for NSZD based on manual thermistors and iButton measurements
from September 2019

Well location Date Manual thermistor iButtons
NSZD (L LNAPL ha"'yr) NSZD (L LNAPL ha"'yr?)
0S08 11 Sept 2019 3414 1720
0828 11 Sept 2019 4413 2410
0841 11 Sept 2019 5140
0863 11 Sept 2019 2837

Os08

Figure 45. Voronoi polygon areas constructed using QGIS for thermistor measurement locations
for site D in September 2019

Gas sampling results

Independent of analysis method and sampling time CO, concentrations measured were
stoichiometrically less than the depletion in O, concentrations associated with
hydrocarbon degradation. This discrepancy between the O, and CO, concentrations
could not be satisfactorily explained by the investigators. Thus, NSZD rates were only
calculated using the measured O concentrations as subsurface concentrations are
related to diffusion of atmospheric oxygen into the subsurface and subsequent
hydrocarbon degradation processes.

Based on interpretation of the data by CSIRO (this study), the in-well measurements of
O yielded NSZD rates that range from 278 to 1110 L LNAPL ha™ yr for September
(Table 45).

Table 45. Summary of results for NSZD based on in-well gas data (O2)

Well location Date NSZD (L LNAPL ha'yr)
0S08 11 Sept 2019 278
0S28 11 Sept 2019 751
0S41 11 Sept 2019 1110
0S63 11 Sept 2019 1079
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To compute site-wide total NSZD rates for the gas in-well sampling results, the polygon
areas used for the thermistor sites were used as the same wells were sampled. The
site-wide total NSZD rates for the gas in well (O,) method is 1.4 t yr™.

Soil surface carbon dioxide flux results

The results provided by the client from three rounds of E-Flux range from 0 to 4436 L
LNAPL ha'yr' (Table 46). Interestingly, rates varied considerably over time. In April
2018 three of the four well locations had some of the highest NSZD rates compared to
other dates, whereas the fourth location CO2-03 gave a zero NSZD rate estimate. This
location also yielded the lowest rate almost a year later in May 2019, and a low rate in
October 2018 but not the minimum across all well locations at this time. The low rates
in October 2018 may be related to the relatively high rainfall (565.2 mm) over the
deployment period relative to the other two periods (7.0 mm in April 2018 and 1.4 mm
in April 2019). Filling of soil pores during wetter periods, especially in finer textured soil
potentially resulted in the lower CO- surface flux.

Table 46. Summary of results for NSZD based on three rounds of E-Flux

NSZD (L LNAPL ha'yr?)
Well location
4 April 2018 23 Oct 2018 31 May 2019 Average
C02-01 4436 1020 3116 2857
C02-02 3837 1525 1142 2168
C02-03 0 833 1095 643
C02-04 2639 374 1114 1376

The polygon areas used to compute site wide total NSZD rates for the soil surface
carbon dioxide flux results are shown in Figure 46. The average NSZD rate from Table
46 was used to compute a site-wide total rate. The site-wide total NSZD rate for the E-
Flux method based on the average of NSZD rates obtained from three sampling events
is1.9tyr".

C02-0| CO2-02
.|

Figure 46. Voronoi polygon areas constructed using QGIS for the E-Flux measurement locations
for site D
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6.5.3 NSZD results: LNAPL composition

0S08, 0S12, 0S28, 0S41, OS70

LNAPL from locations OS08, 0S12, 0S28, OS41 and OS70 consisted of weathered
gasoline, kerosene, diesel and lube oil range products (Appendix Figures D.1-1 to D.1-
5). From 2013 to 2018 mass losses for these samples maximised at 14% (Appendix
Table D.1-1), losses were mainly due to losses of the lighter components in the
gasoline range.

The weathered gasoline range product in these samples was depleted in n-alkanes,
likely containing leaded gasoline (due to the presence of tetraethyllead based on GC-
MS analyses as well as the complexity of the gasoline range product suggesting it was
not highly refined) and unleaded gasoline (due to the presence of isooctane). From
2013 to 2018 the already depleted aromatics in the 2013 samples have been almost
completely removed by 2018. The extent of weathering the diesel and lube oil range
products have experienced in the 2013 samples has resulted in the almost complete
removal of the n-alkanes and a steady decline in n-alkanes over time based on the
pristane/nC17 ratio.

0S63

LNAPL from location OS63 consisted of weathered gasoline, kerosene and diesel
range products, and contained a higher proportion of gasoline range product than the
other samples from the site (Appendix Figures D.1-6). From 2013 to 2018 losses were
estimated to be 24% (Appendix Table D.1-1) with the losses mainly due to losses of
the lighter components as well aromatic components in the gasoline range (with the
more water-soluble components suggesting significant losses to dissolution).

The weathered gasoline range product was depleted in n-alkanes and contained
leaded gasoline (due to the presence of tetraethyllead based on GC-MS analyses as
well as the complexity of the gasoline range product suggesting it was not highly
refined) and a higher proportion of unleaded gasoline than other samples from site D
(due to the higher relative abundance of isooctane). From 2013 to 2018 the already
depleted aromatics in the 2013 LNAPL sample have been almost completely removed
by 2018. The extent of weathering the diesel range product has experienced in 2013
resulted in the depletion of the n-alkanes and shows further depletion of the n-alkanes
in the 2018 LNAPL sample (Pr/nC17 in 2013 1.9 and 6.7 in 2018, Appendix Table D.1-

1),

6.6 Overview of hydrocarbon mass removal — recovery and NSZD

An estimate of the last six months of LNAPL recovery in 2015 is about 5.8 t yr'. In
comparison, the range of NSZD rates are provided in Table 47. The NSZD rate for the
iButton results (not spatially weighted due to insufficient data points) is 2065 L LNAPL
hayr' (average for September 2019), which corresponds to 3.9 t yr' based on 2.7 ha
area and 703 kg m™. Polygon areal weighting yields NSZD rates of 1.4 t0 6.9 t yr’
(Table 47). Overall current NSZD rates range from a factor of 4 lower to around 20 %
higher than LNAPL recovery rates from 2015.
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Table 47. Tabulation of NSZD rates across methods used and total site-wide mass losses per time

NSZD methods

Intrinsic rate estimates
(L LNAPL ha' yr')*

Rate mass/time
(tyrty=

Temperature
(thermistors)

Sept. 2019: 2800 — 5100

Sept. 2019: 6.9

Gas sampling

Sept. 2019: 280 — 1100

Sept. 2019: 1.4

(in-well, Oy)
E-Flux 0 to 4400 1.9
iButton Sept. 2019: 2065 3.97

* Rates have been determined across a number of locations, the range denotes variability across different
locations at the site. Values are rounded to two significant figures. ** A polygon areal weighting approach
has been adopted to determine these rates, with the polygon areas scaled to the LNAPL plume area at the
site (2.7 ha), except where noted ().

6.7 Sources of uncertainty in hydrocarbon mass loss estimation

One of the main uncertainties associated with estimation of NSZD rates for site D is
related to the limited spatial coverage of sampling locations with only 4 within the

2.7 ha zone of highest LNAPL thickness. While limited the existing bore network
(Figure 38) does offer the potential to conduct further NSZD measurements to provide
greater confidence in site-wide NSZD rates.

The stratigraphy at site D is complex with varying thickness of clay and sandy or silty
clay overlying fractured, variably-weathered basalt (Section 6.2.2). Representing this
profile with a single value for either thermal conductivity or gas diffusion coefficient was
a necessary simplification due to the lack of data on these parameters. This introduces
uncertainty along with the use of literature values rather than values either measured
in situ or onsite specific materials. Also depending on the antecedent soil moisture
conditions flux of CO. out of the soil may be limited due to soil water filling the porosity
of the soil.

Site D also consists of two main land uses, parkland and residential. The differences in
covered surfaces (e.g. houses and roads) between the two different areas may result in
different O, diffusion into the soil which may influence the degradation rate, however
with only limited data it is not clear what role this may play. Thermal methods may also
be influenced by the parkland and residential land uses with different heat transfer
resulting from shading and different thermal conductivity of the surface materials (soil,
grass, concrete, etc.). Shading is known to reduce heat transfer to the ground surface
and reduce soil temperatures (Napoli et al 2016). The in-well temperature profiles from
the manual thermistor measurements indicate that shading from buildings and trees
may have resulted in lower temperatures in the upper part of the profile at the selected
background location. This corollary of this, is that when these background
temperatures are applied as corrections to locations within the source area, larger
calculated temperature differences in the vicinity of the ground surface occurs which
are unlikely to be caused by biodegradation processes. Therefore, some of this data
has not been used to determine NSZD rates. Aspects of this warrant further
investigation but reinforce the importance of identifying representative background
locations for all the comparative NSZD methods.
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7. Site E

7.1 Introduction

The petroleum contamination at site E was a result of a jet fuel (Jet A1) release in
2014. Jet A1 is a colourless liquid similar to kerosene range products containing C7 to
C16 carbon range hydrocarbons with n-alkanes the dominant components (Figure 47).
Density and carbon ranges for a typical Jet A1 that is likely similar to that released at
site E are shown in Table 48.

Table 48. Density and carbon ranges for a typical Jet A1

Petroleum type | Carbon range’ Density kg m
(15 °C)? Density kg m (20 °C)3
Jet A1 C7-C16 775-840 771-836

'CSIRO information; 2ASTM D1655-18a (2018); 3Density calculated using AS 2520-1981 (1981)
Petroleum measurement tables.

7.2 Site description

Site E is in an urban, intensively used, coastal site. The contaminated area is from a
leak from a fuel storage facility (SiteE_Ref1 2017). The fuel storage facility covers an
area of about 42 ha and the leak extends beyond the boundary of the facility
(SiteE_Ref2 2017; SiteE_Ref3 2015). Site E refers to the 0.96 ha investigation area
shown as an inset in Figure 48 (SiteE_Ref1 2017).

Site E has a warm temperate climate with an annual average rainfall of about 1033 mm
with occasional intense rainfall due to low pressure events, typically in April and/or
June (Queensland Government 2019).

The historical primary sources, including fuel delivery infrastructure remain on site,
however, impacted soils from the jet fuel leak were considered to have been largely
removed (SiteE_Ref1 2017). The site is about 320 m west of a tidally-influenced creek
and the regional groundwater flow regime is believed to be to the east north east of the
site, towards the creek (SiteE_Ref2 2017).

7.2.1 Distribution of wells and measurement methods

The land use near site E consists of commercial/industrial properties surrounded by
residential or open space (Figure 48). The distribution of wells used for active skimming
and the sample locations for the flux chamber and CO- traps methods are indicted in
Figure 49.
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7.2.2 Profile stratigraphy

The site is located on a low-lying alluvial plain consisting of fluvial, coastal and
estuarine soil types with sand overlying bedrock composed of conglomerate and
sandstone (SiteE_Ref4 2014). The fluvial environment may mean the shallow horizon
is a duplex soil, may have textural contrasts, and may be poorly drained. The soil may
also have elevated concentrations of natural organic carbon which can play a role in
sorption and also in generating carbon dioxide. Such information is currently
unavailable.

The extent of subsurface heterogeneity is not known from the available reports, but
descriptions of the catchment’s depositional history from publicly available sources
indicate fluvial and estuarine processes, which suggests the profile is at least
moderately heterogeneous (SiteE_Ref5 2003; SiteE_Ref4 2014).

7.3 Data supplied by site owner and other data

To preserve the confidential nature of the reports, citations are coded and reference to
the file name is given in the Section 12:

e The primary report is referred to as SiteE_Ref1. It was focused on an assessment
of NSZD dated May 2017. It consists of flux chamber and CO trap results and a
comparison with active skimming data.

e For this reporting, there were no data sets available of subsurface measurements
to determine any NSZD rates from gradient methods (thermal or major gases).

e There was sparse information about the geology and hydrogeology of the location,
therefore general references were consulted to provide the site description based
on the location of the catchment. SiteE_Ref1 covered LNAPL recovery operations
and LNAPL degradation rates from CO- flux measurements (chamber and E-Flux).

General references consulted to provide the site description, included:

e a publicly available document entitled Preliminary site investigation for
contamination in relation to proposed apartment development by an external
contractor (SiteE_Ref2 2017),

e a publicly available document entitled pollution incident response management
plan (SiteE_Ref3 2015),

e a publicly available document on the geology of the coastline (SiteE_Ref4 2014),
and

e a publicly available document on the coast and estuary management (SiteE_Ref5
2003).

7.3.1 Hydrogeological parameters
There were no data provided for this item.

According to SiteE_Ref2 (2017), the depth to the water table is believed to be <2.5 m
below the surface and may be tidally influenced.
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7.3.2 LNAPL recovery operations

Active skimming (see map of locations) to recover LNAPL was undertaken at the site.
Planning for multi-phase vacuum extraction of LNAPL was reported in 2017.

7.4 Methods

7.4.1 Active recovery
Type of method used to recover LNAPL

Skimming for LNAPL recovery occurred between May 2015 and February 2017 (Table
49). SiteE_Ref1 describes planned recovery via multi-phase vacuum extraction due to
have commenced February 2017, but no data or report are available for that activity.

How recovery data was estimated

According to SiteE_Ref1 (2017), active skimming was undertaken using tanks, hoses,
downhole pumps, and telemetry and other test equipment. It was conducted in two
stages with the target wells indicated in Table 49 (locations in Figure 49). Fluid levels
(water and LNAPL) in the tank were measured using a dipstick and confirmed with a
bailer. During skimming, levels were recorded using telemetry. Skimmers were
regularly removed from the wells for maintenance (SiteE_Ref1 2017).

The active skimming removal system consisted of four air supply pumps. During both
stages of operations, there were periods where the system was stopped due to
elevated groundwater levels which reduced the effectiveness of skimming, or the waste
tanks reaching the safe fill level (water and LNAPL mixture, SiteE_Ref1).

Table 49. Details of skimming operations for site E from SiteE_Ref1

Stage Period Target wells
1 13 May 2015 to 30 September 2015 GW2, GW5, GW6, and GW7
2 8 January 2016 to 1 February 2017 GW2, GW5, GW4, GW3, GW1

7.4.2 NSZD rate estimation

Soil surface carbon dioxide flux measurements (E-Flux and LI-COR flux
chamber)

Estimates of NSZD rates were obtained from CO, dynamic flux chamber
measurements at 48 locations within the bund area, using LI-COR equipment (Figure
49). Readings were taken over the course of several minutes at a given location to
estimate the short-term NSZD rates that were then used to determine the most suitable
placement of passive CO: flux traps (SiteE_Ref1 2017).

Six locations were instrumented with passive CO; flux traps, which remained in place
for a total of six days and were subsequently retrieved and submitted to E-Flux, LLC
(E-Flux) for laboratory analysis of total CO. concentration and the C unstable isotope
(SiteE_Ref1 2017).

Each individual flux chamber result was corrected for background to isolate the portion
of the measured CO: flux that is derived from fossil fuel/LNAPL (SiteE_Ref1 2017).
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Two different background correction estimates were calculated, one based on the
maximum, modern (background) carbon flux from the CO. trap results, and another
based on the average of the modern carbon fluxes reported in the CO» trap results
(SiteE_Ref1 2017). The background correction value was subtracted from each flux
chamber result. The corrected flux chamber results were depicted in map view on
contour plots (SiteE_Ref1 2017).

The six laboratory CO; trap results were also shown in map view (not contoured) and
compared with the flux chamber results. SiteE_Ref1 comments that some discrepancy
is expected between methods due to temporal variability in soil gas flow and because
the sample duration is several days for the flux traps versus a few minutes with the flux
chamber.

The following assumptions and calculations were used to estimate NSZD rates from
CO: flux data:

e  For flux chamber:

- A molecular weight of octane (CsH1s) of 114.23 g-mol™ and an LNAPL specific
gravity of 0.77 (upper range for gasolines, SiteE_Ref1 2017).

- Based on the stoichiometry of octane and converting measurement units, this

US gallon Csfig This factor was rounded down to 600 U.S.
acre-yr

equates to 625
gallons of LNAPL degraded per acre per year in the NSZD rate estimates.

- It was also assumed that the estimated NSZD rates were representative of a 5-
metre radius of influence from a given monitoring point to convert rates in units
of volume of LNAPL degraded per unit area per unit time to units of volume of
LNAPL degraded per unit time (SiteE_Ref1 2017).

e For CO; trap:

- The same values as indicated above for the flux chamber method were used,
i.e. the molecular weight of octane (CgH1s) of 114.23 g-mol™ and an LNAPL
specific gravity of 0.77.

- Converting the CO; flux from grams of CO; involved the cross-sectional area of
the trap and the number of days that the trap was deployed in the field
(SiteE_Ref1 2017).

7.5 Results

7.5.1 Estimation of total hydrocarbon mass removal by active recovery

The data supplied for this study only referred to stage 2 of skimming, which involved
the five wells closest to the building indicated in Figure 49. Active recovery took place
over a period of 274 days (SiteE_Ref1 2017). Several lengthy breaks occurred due to
various issues and not all of the five wells were actively skimming simultaneously
(SiteE_Ref1 2017). A total of 208.25 L of LNAPL was recovered. Based on an
assumed density of 0.84 kg L™ for jet fuel, this is equivalent to about 175 kg. This
equates to an average recovery rate of approximately 0.6 kg day™”' or 0.22 t yr™
(SiteE_Ref1 2017).
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7.5.1 NSZD rate results: measurements and total site-wide rate estimates
Soil surface carbon dioxide flux results
LI-COR results

Results for site E depicting estimates of NSZD rate contours using the maximum
background correction and the average background correction based on 48 flux
chamber locations are shown in Figure 51 and Figure 52. Regardless of which method
is used to correct for background carbon fluxes, there are large portions of the study
area with high NSZD rates (SiteE_Ref1 2017).

Table 50 has spot measurements and conversions to L LNAPL ha™ yr for NSZD rates
for the western boundary of the site. NSZD rates determined using the LI-COR flux
chamber method ranged from 47,339 to 164,634 L LNAPL ha™ yr' across six spot
locations. The two rates listed in Table 50 refer to the maximum and average
background corrected rates at each of the five sites were within 10—20% of each other.

E-Flux results

Figure 53 shows a data-posting plot of the six equivalent NSZD rates obtained using
the CO, traps. The average and maximum, modern (background) carbon fluxes from
the CO, trap results used for correcting the flux chamber results are 1.94 and 3.57
umol m?s™, respectively (SiteE_Ref1 2017).

E-Flux carbon dioxide traps provided NSZD rate estimates at two locations of 73,416
and 125,514 L LNAPL ha™ yr". Hence the two carbon dioxide surface flux methods at
this site gave comparable and quite high estimates.

There is general agreement with the rates obtained from the LI-COR and E-Flux results
(SiteE_Ref1 2017). According to SiteE_Ref1 (2017), discrepancy is expected between
methods due to temporal variability in soil gas flow and because the sample duration is
several days for the flux traps versus a few minutes with the flux chamber. Appendix
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Table E.1-1 contains a table of the soil surface carbon dioxide flux results that are
depicted in these figures (SiteE_Ref1 2017).
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Table 50. Summary of NSZD data used for comparison of hydrocarbon mass removal from
SiteE_Ref1 (2017). The two NSZD rates listed at each LI-COR site refer to results using maximum
and average background corrections, respectively.

-1
Method | Location NSZD rate (gal _I;TAPL acre L LNAPL ha'year"’
year™)
A9 11,363; 12,383 106,244; 115,781
B9 5350; 6371 47,339; 59,569
Average of
C9 7663; 8683 71,649; 81,186 LI-COR
LI-COR
D9 16,588; 17,608 155,098; 164,635
86,508
E9 5063; 6083 47,339; 56,876
F9 6425; 7446 60,074; 69,620
T5 7852 73,416 Average of
E-Flux E-Flux
T6 13,424 125,514 99,465
Average 9,450 88,359

*maximum and average background corrected values are given for the flux chamber method

7.6 Overview of hydrocarbon mass removal — recovery and NSZD

Very high estimates of NSZD rates have been determined at this site using the LI-COR
and E-Flux methods for site E, ranging from 47,339 to 164,635 L LNAPL ha™ yr'1 ina
selected area along the western edge of the study area. The estimated fluxes are
generally consistent between the two methods at the same locations.

According to SiteE_Ref1 (2017), a comparison of methods was undertaken in the area
of the previous active skimming operation — the area of about 175 m? between the
building and the boundary of the fuel storage facility (Figure 54). The average corrected
NSZD rate from the LI-COR and E-Flux results was 9,450gal LNAPL acre™yr' or
88,359 L LNAPL hayr' based on the data in Table 50 for the area along the western
boundary of the study area (SiteE_Ref1 2017). A NSZD rate was reported as
approximately 4 kg day™ (1.5 t yr'') based on the area between the building and the
boundary of the fuel storage facility (175 m?). The average NSZD rates for LI-COR and
E-Flux were 86,508 (1.1 t yr') and 99,465 LNAPL ha™yr' (1.2 t yr"), respectively. This
is considerably higher than the LNAPL recovery rate from active skimming operations
in the same area (0.8 L day™, 0.2 t yr”") (SiteE_Ref1 2017).

According to SiteE_Ref1 (2017):

e LNAPL degradation via NSZD was estimated to be occurring at rates of up to order
of magnitude higher than LNAPL recovery rates from LNAPL skimming.

¢ Significant rates of LNAPL biodegradation, in some cases exceeding 15,000 US
gallons of LNAPL depleted per acre per year (10.5 kg LNAPL per m? per year).

e Estimates of rates of LNAPL degradation obtained using CO- flux chamber are in
general agreement with estimates obtained using the E-Flux method.
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year).

Surface flux estimates for both LI-COR and E-Flux were made using the entire data set
across the site which lies within the plume boundary (0.48 ha). The polygon weighting
method was used to weight each measurement location (Figure 55 and Figure 56) and
these are summed to estimate annualised mass removal rates over the whole plume.

Figure 55. Voronoi polygon areas constructed using QGIS for LI-COR measurement locations for
site E. The inferred extent of LNAPL is shown by the polygon boundary
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Figure 56. Voronoi polygon areas constructed using QGIS for E-Flux measurement locations for
site E. The inferred extent of LNAPL is shown by the polygon boundary

The mass loss estimates derived from these methods is 14 t yr' for LI-COR and
20 t yr for E-Flux. These losses are around two orders of magnitude greater than the

active recovery operation which was based on skimming, bearing in mind this was
concentrated on a small area (175 m?) as described above.

7.7 Sources of uncertainty in hydrocarbon mass loss estimation

Uncertainties in estimating LNAPL NSZD rates may arise from a number of sources.

The CO; flux results may be influenced by soil stratigraphy, surface covers or

compacted layers, edge effects due to the presence of buildings or paving, and
barometric conditions and soil moisture content. At site E the building along the

western boundary of the Fuel Storage Facility may provide such an effect on some of
the CO: flux results, by generating an altered or focussed diffusive flux. More data may
be required to evaluate this possible effect and to determine temporal variability.
Additional sample events were recommended to determine seasonal variations in rates

and annual averages (SiteE_Ref1 2017).
In addition to the CO: flux, verification of the NSZD rates through alternative methods

such as temperature/gas gradients assessment or temporal LNAPL composition
changes would reduce uncertainty especially as the CO; flux measurements appear to

be localised (Figure 52).
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8. Site F

8.1 Introduction

Site F is a fuel depot that is predominantly level and covers an area of 3.2 ha, of which
30% is covered with concrete or bitumen. Extensive investigations have been carried
out at the site (Figure 57) and both MPE and NSZD rates have been determined.
LNAPL on site is designated as motor spirit (gasoline) and diesel — recent analysis
suggests the primary LNAPL in wells resembles weathered winter diesel that may have
resulted from extensive weathering of the gasoline based on comparison with historic
gasoline range product present at the site. The subsurface LNAPL area is estimated to
be approximately 1 ha.

The petroleum in the subsurface at site F was a result of gasoline range product
releases. The gasoline range product present at the site likely contained a mixture of
leaded and unleaded gasolines. The product analysed at the site by CSIRO in 2008
showed the presence of mainly unleaded gasoline (due to the presence of high relative
abundances of isooctane) as well a minor proportion of light diesel. The light diesel
(possibly a similar carbon range as winter diesel) may have been associated with an
underlying leaded gasoline (a less refined product). MPE carried out at the site has
likely removed the gasoline range product leaving behind the light diesel range product.
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Figure 57. Layout of some of the monitoring and recovery wells on site F, along with groundwater
contours and key site features (SiteF_Ref1 2019). Section lines for two geologic cross-sections
refer to Figure 59 and Figure 60.
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8.2 Site description

8.2.1 Distribution of wells and measurement methods

Figure 58 indicates the location of monitoring wells and NSZD methods undertaken at
site F referred to in this report.

8.2.2 Profile stratigraphy

The subsurface strata typically consist of 1 m of clay, overlying weathered phyllite
(metamorphosed siltstone) over the next 3 m depth. Beneath this is a fractured phyllite.
Two cross-sections are provided for site F. Figure 59 indicates the plume extent,
whereas Figure 60 indicates hydraulic conductivity measurements, fracture frequency
and the fracture planes in the upper 15 m of the section, which are also shown in the
well logs for wells MW59, MW60 and MW61 (Appendix F.1, SiteF_Ref2 2007).
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Figure 60. Geological cross section (SiteF_Ref2 2007). Refer to Figure 57 for location.

8.3 Data supplied by site owner and other data
8.3.1 Hydrogeological parameters

The primary permeability is thought to be low. Hydraulic conductivity values depicted in
Figure 60 are of the order of 0.001 to 0.009 m/day (SiteF_Ref2 2007).

8.3.2 Well construction and mean groundwater levels

The water table has been measured as between 3 m and 14 m below ground surface,
with significant inferred groundwater gradient across the site as indicated in Figure 57.
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LNAPL-corrected groundwater levels were obtained from CSIRO fluid levels database
for Site F from monitoring conducted in May 2019 and well construction details from
SiteF_Ref3 (2019).

Groundwater velocities of about 20 m/y have been estimated. Joint and fault system
fractures appear to influence groundwater flows. Dissolved plumes have remained

stable.

8.3.3 Product thicknesses in local wells on the site over time

According to SiteF_Ref1 (2019), MW112 and MW113 were installed during April 2018
with MW113 reporting the greatest apparent thickness (1.560 m) out of all wells (Table

51).
Table 51. LNAPL thickness from SiteF_Ref1 (2019)

Well March 2017 | August 2017 N°Zg:“7ber Fezt’(;:'gry Segt:;'!;ber
MW18 - 0.01 0.02 0.005 0.015
MW22 - - 0.006 - 0.04
MW23 0.015 0.009 0.075 0.01 0.15
MW28 0.005 0.003 0.025 0.041 0.008
MW40 0.009 0.008 0.004 0.007 0.004
MW41 0.04 - 0.003 0.005 0.005
MW42 - 0.006 - - -
MW68 - - 0.003 - -
MW78 - 0.011 - 0.02 0.145
MW79 - - - 0.008 -
MW81 - 0.023 0.185 0.216 0.218
MW82 - 0.089 - 0.585 0.097
MW83 - 0.672 0.58 0.757 0.155
MW84 - 0.055 - 0.118 0.077
MW85 - 0.091 0.086 0.031 0.02
MW87 - 0.205 0.006 - 0.015
MW88 - - - - 0.004
MW95 - - - 0.02 0.025
MW96 - 0.007 0.022 0.008 0.206
MW98 - - 5.077 6.621 0.015
MW99 - - 0.353 0.332 0.096
MW100 - - - 0.016 0.005
MW101 - - 0.074 0.212 0.053
MW103 - - - 0.006 -
MW105 - - 0.013 0.015 0.007
MW112 - - - - 0.181
MW113 - - - - 1.56

8.3.4 Measurements of LNAPL transmissivity

Only one estimate of LNAPL transmissivity was provided 0.1 ft?/day (0.009 m?/day,
SiteF_Ref1 2019).

CRC CARE Technical Report no. 47
Australian case studies of light non-aqueous phase liquid (LNAPL) natural source zone depletion rates compared with conventional

active recovery efforts

126




8.3.5 LNAPL sampling and analysis (compositional analyses)

According to SiteF_Ref1 (2019), no analytical data has been collected for the LNAPL
present underlying the site. See Section 8.4.3 for details of sampling conducted by the
CSIRO.

8.3.6 LNAPL recovery operations

MPE was the main active recovery method used at the site over the period 2012—-2018
from up to 37 well locations. A significant volume of LNAPL has been recovered over
this period (up to 77,500 kg) with the majority in 2013, and a total of ~25,500 kg since
2015 (Table 54). LNAPL mass recovery has largely halved each year up to 2018
(Table 54), disproportionally to reduced run times. Proportional to run times, recovery
rates have dropped from 3.8 kg/hr in 2015 to less than 1.0 kg/hr in 2018.

8.4 Methods

8.4.1 Active recovery

MPE data indicates that more than 99% of hydrocarbons removed has been through
the vapour phase and measurement of vapour emissions are typically the most
problematic to estimate accurately as a metric of MPE mass removal performance.
Despite extensive MPE application, LNAPL still resides in wells local to LNAPL
recovery areas, presumably due to the lack of interconnection between some areas
across the site.

8.4.2 NSZD rate estimation
Subsurface temperature measurement and analysis (thermistor)

Subsurface temperatures were measured using two techniques, instantaneous
measurements using thermistors and longer-term temporal measurements using
iButtons. Both of these methods involved the hanging of the temperature sensors in
existing monitoring wells. Instantaneous temperature measurements were obtained
during two separate sampling campaigns (27-29 May 2019 and 12 September 2019)
where iButtons were installed between 29 May 2019 and 11 July 2019. The monitoring
wells in which temperature was measured are shown in Table 52.

For the thermistor method a string of thermistors was hung within the monitoring bore
for at least 1 hour to equilibrate with the subsurface temperature. The thermistor string
was made up of 10 NTC thermistors (10k Ohm Betacurve, 10K3A1B, matched to YSI
44036) spaced at 1 m intervals along a multi-core cable. Electrical residence was
measured using a multimeter (Fluke 28 1l Ex) and converted to temperature using the
thermistor manufacturer’s polynomial calibration algorithm. Background correction and
NSZD calculation was done according to the method outlined for site A.

The iButtons were logged temperature at 15 min intervals. This data was assessed and
then averaged over either daily or monthly periods which were then corrected against
the background well (MW169). The temperature differences were then reviewed and
the largest background temperature difference above the water table was used to
generate the thermal gradient. The gradient was then multiplied by the thermal
conductivity to calculate the heat flux, which was then related stoichiometrically to the
LNAPL degradation rate.
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Table 52 Monitoring wells for which manual temperature profiles were recorded and iButtons
temperature loggers installed

Method Well ID
MWA17, MW22, MW23, MW28, MW32. MW51, MW65, MW69,
Mav 2010 | MW73, MW74, MW76, MW77, MW81, MW82, MW87, MW95,
_ y MW96, MW98. MW99, MW100, MW102, MW104, MW105,
Thermistor MW112
Se‘;tggber MW23. MW28. MW74, MW100, MW105, MW112
iButton MW77, MW100, MW105, MW112

Gas sampling and analyses (in-well)

Major gas samples were obtained during two separate sampling campaigns (27-29
May 2019 and 12 September 2019) from exiting monitoring wells (Table 53). Gas
concentrations were determined in situ using a portable gas analyser and for the May
campaign on gas samples collected and analysed in the laboratory.

Gas sampling was undertaken by lowering a weighted, nylon tube into the well casing
such that the intake was 0.3 m above the fluid-air interface determined previously using
an interface meter (H.OIL, Heron Instruments Inc.). An Eagle Il gas analyser (RKI
Instruments) equipped with oxygen, carbon dioxide and methane sensors, was used to
measure the gas concentrations. Following zeroing with ambient air the Eagle Il was
connected to the nylon tubing and readings taken every 30 s for 3 min. Final oxygen
and carbon dioxide concentrations were used to calculated NSZD rates.

Samples for laboratory analysis were collected following the in-situ readings using a
60 mL plastic syringe and a foil sampling bag. The sampling procedure is outlined in
detail in Appendix A.7. Major gas analysis was performed as outlined in Section 3.4.2
for site A.

NSZD rates were determined between the sampling location and the soil surface for in-
well major gas using the gradient method described in Section 2.4 and in CRC CARE
Technical Report 44 (2018). To calculate NSZD rates, the gradient method for soil gas
flux was applied using Equation 2 (see Section 2.4). The effective vapour diffusion
coefficient for O, and CO, were assigned the values of 0.41E-06 and 0.37E-06 m? s™,
respectively.

Table 53 Monitoring wells for which major gas samples were measured in situ using a gas analyser
or collected for laboratory analysis

Sampling Gas analysis

campaign method Well ID
MW2, MW17, MW22, MW23, MW32, MW51, MW65,
MW69, MW74, MW76, MW77, MW81, MW82, MW83,
May 2019 Gas analyser

Mw87, MW93, MW95, MW96, MW98, MW99, MW100,
MwW102, MW104, MW105, MW112, MW113

MW17, MW22, MW23, MW69, MW74, MW76, MW77,
May 2019 Laboratory Mw81, MW87, MW95, MW96, MW99, MW100, MW102,
MW105, MW112

MW23, MW28, MW74, MW76, MW83, MW98, MW99,
MW100, MW105, MW112

September 2019 | Gas analyser
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8.4.3 NSZD: LNAPL compositional analyses to assess the extent of
weathering

LNAPL sampling of 2019 samples involved lowering a 40 mL VOA vial directly into the
well on nylon fishing line to just below the fluid (LNAPL) interface and the vial was
retrieved, capped and sent to the laboratory for analysis. LNAPL sampling of pre-2019
samples was carried out by a contractor.

LNAPL analysis using GC-FID and GC-MS

2008 GC-FID analysis of LNAPL samples (C4—C40 carbon range) was performed at
CSIRO, using an HP 5890 GC fitted with a vaporising injector (operating in split mode),
hydrogen carrier gas, an autosampler and a FID. The GC was equipped with a 30 m x
0.25 mm internal diameter column coated with a 0.25 pm thick film of dimethyl
polysiloxane (AT-1ms, Alltech).

2019 GC-FID analysis of LNAPL samples (C4—C40 carbon range) was performed at
CSIRO, using an HP 6890 GC fitted with a vaporising injector (operating in split mode),
helium carrier gas, an autosampler and a FID. The GC was equipped with a 60 m x
0.25 mm internal diameter column coated with a 0.25 pm thick film of dimethyl
polysiloxane (DB-1 Ul, J&W).

GC-MS analysis (C7—C40 carbon range) of selected components was performed using
an Agilent 7890 GC fitted with a vaporizing injector (operating in split mode), with
helium as carrier gas, an auto-sampler and an Agilent 7000 mass spectrometer. The
LNAPL samples (5 uL) were diluted in dichloromethane containing internal standards
(d6-benzene, d8-toluene, d10-p-xylene, d8-naphthalene and d34-hexadecane) to allow
quantitation of selected analytes. The GC-MS was fitted with a capillary GC column
(Phenomenex, ZB-1ms, 30 m length, 0.25 mm internal diameter and 0.25 pm thick film
of dimethyl polysiloxane or equivalent column). The mass spectrometer was operated
with an ionisation energy of 70 eV at 230 °C in scan mode. Quantitation of selected
compounds was performed using external standards containing the same internal
standards used for the samples.

Estimating LNAPL mass losses

Estimated percentage mass losses over a time period were based on concentration
increases in the LNAPL of a conservative tracer (one of the most non-volatile, water
insoluble and biodegradation resistant components present in the samples) as a result
of other components decreasing in the LNAPL due to volatilisation, dissolution and
biodegradation. 1,2,4-trimethylbenzene was selected to assess the relative losses of
the 2008 samples (as well as the MW96 from 2019 containing mainly gasoline range
product) as it was one of the major components present in significant relative
abundances in the GC-FID chromatograms (LNAPL samples were no longer available
however GC-FID chromatograms were available) and one of the components likely
unaffected by volatilisation, dissolution and biodegradation at the extent of weathering
the gasoline range LNAPL samples have experienced. Pristane was selected for 2019
samples (using the least weathered 2008 LNAPL pristane concentration as the
reference for the initial LNAPL released that the site) as the gasoline range product
present 2008 was no longer present in the 2019 samples and pristane was unaffected
by volatilisation, dissolution and biodegradation in the LNAPL samples studied (based
on the ratio of pristane to phytane). Pristane or 1,2,4-trimethylbenzene concentration
changes in the LNAPL samples relative to the least weathered 2008 sample at the site
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allowed estimation of LNAPL losses to be calculated, where a concentration of pristane
or 1,2,4-trimethylbenzene (w/w) in an LNAPL sample twice that of least weathered
2008 sample would afford an estimated loss of 50% (w/w). Estimates of LNAPL
depletion or losses over time were based on changes in the pristane or naphthalene
concentration (conservative tracer, H) using Equation 4 (Section 2.4).

8.5 Results

8.5.1 Estimation of total hydrocarbon mass removal by active recovery

MPE was applied at the site over the period 2012-2018 from up to 37 well locations. A
significant volume of LNAPL has been recovered over this period (up to 77,500 kg) with
the majority in 2013, and a total of ~25,500 kg since 2015 (Table 54). LNAPL mass
recovery has largely halved each year up to 2018 (Table 54), disproportionally to
reduced run times. Proportional to run times, recovery rates have dropped from 3.8
kg/hr in 2015 to less than 1.0 kg/hr in 2018. Whilst seemingly successful, MPE data
indicates that more than 99% of hydrocarbon removed has been through the vapour
phase; and measurement of vapour emissions are typically the most problematic to do
accurately as a metric of MPE mass removal performance. Despite extensive MPE
application, LNAPL still resides in wells local to LNAPL recovery areas, presumably
due to the lack of interconnection between some areas across the site.

Table 54. Mass of LNAPL removed (kg hexane equivalent) by MPE

Total for
LNAPL recovery 2015 2016 2017 2018 2015-2018
LNAPL mass removed (kg hexane) 13,817 6748 3209 1682 25,456
Run hours 3614 4058 2759 1774 12,205
LNAPL mass kg/hr 3.8 1.7 1.2 0.94 2.1

8.5.2 NSZD results: measurements and total site-wide rate estimates
Temperature results

Interpretation of the recent data by CSIRO (this study), reveals the background
corrected NSZD rates based on the manual thermistors range from 0 to 15,151 L
LNAPL ha'yr'and 0 to 8649 L LNAPL ha™'yr' for May and September, respectively
(Table 55). Several NSZD rates derived from iButton data are shown for comparison
but are too preliminary for determining site-wide rates using the polygon method due to
the limited spatial distribution.

The polygon areas used to compute site-wide total NSZD rates for the thermistor
results are shown in Figure 61. The site-wide total NSZD rates for the manual
thermistor-based method are 3.4 and 4.3 t yr' for May and September, respectively.
The outline surrounding the measurement locations for NSZD encompasses 11,204 m?
(1.1 ha).
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Table 55. Summary of results for NSZD based on thermistors from May and September 2019

Well location Date Manual thermistors iButtons
NSZD (L LNAPL ha"'yr") NSZD (L LNAPL ha"'yr?)
MW100 28 May 2019 12,280 5360
MW100 12 Sept 2019 5680
MWwW102 28 May 2019 2707
MW104 27 May 2019 6608
MW105 29 May 2019 2241 3270
MW105 12 Sept 2019 4474
MW112 28 May 2019 12,821
MW112 12 Sept 2019 4320 7580
MW17 29 May 2019 1127
MW22 28 May 2019 1810
MW23 28 May 2019 8118
MW23 12 Sept 2019 4529
MW28 27 May 2019 8479
MW28 12 Sept 2019 8649
MW51 27 May 2019 3945
MW65 27 May 2019 0
MW69 27 May 2019 6912
MW73 27 May 2019 5023
MW74 28 May 2019 0
MW74 12 Sept 2019 0
MW81 28 May 2019 15,151
MwW82 28 May 2019 13,082
Mws87 28 May 2019 1773
MW95 28 May 2019 4176
MW96 29 May 2019 2141
MW98 29 May 2019 7692
MW99 29 May 2019 2283
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Figure 61. Voronoi polygon areas constructed using QGIS for thermistor measurement locations
for site F in (a) May 2019 and (b) September 2019

Gas sampling results

Gas sampling results for the gas analyser and laboratory analysis produced similar
results, thus for the May 2019 data these datasets were combined and averaged for
the purpose of this study. The May and September data were analysed separately as
several factors influence the gas concentrations including seasonal variability, falling
groundwater levels and in-well infrastructure changes (MPE straws in place in May
were removed until the September sampling campaign). In particular wells with MPE
straws deployed in May (MW83, MW98 and MW99), had substantially lower O, and
CO- concentrations (higher NSZD rates) in September than recorded in May.

Independent of analysis method and sampling time CO, concentrations measured were
stoichiometrically less than the depletion in O, concentrations associated with
hydrocarbon degradation. This discrepancy between the O, and CO, concentrations
could not be satisfactorily explained by the investigators. Thus, NSZD rates were only
calculated using the measured O concentrations as subsurface concentrations are
related to diffusion of atmospheric oxygen into the subsurface and subsequent
hydrocarbon degradation processes.

Based on interpretation of the data by CSIRO (this study), the in-well measurements of
O yielded NSZD rates that range from 0 to 1,586 L LNAPL ha™yr' and 401 to 1600 L
LNAPL ha™yr' for May and September, respectively (Table 56).

The polygon areas used to compute site-wide total NSZD rates for the gas in-well
sampling results are shown in Figure 62. The site-wide total NSZD rates for the gas in-
well (O) are 0.40 and 0.68 t yr'' for May and September, respectively.
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Table 56. Summary of results for NSZD based on in-well gas data (O>)

Location Date/time NSZD (L LNAPL ha'yr)
MWO02 27 May 2019 683
MW100 28 May 2019 1586
MW100 12 Sept 2019 1608
MWwW102 28 May 2019 541
MwW104 27 May 2019 860
MW105 28 May 2019 857
MW105 12 Sept 2019 890
MW112 28 May 2019 1483
MW112 12 Sept 2019 409
MW113 29 May 2019 49
MW17 28 May 2019 833
MwW22 28 May 2019 627
MW23 28 May 2019 904
MW23 12 Sept 2019 1189
MW28 12 Sept 2019 447
MW51 27 May 2019 445
MW65 27 May 2019 0
MW69 27 May 2019 98
MW74 28 May 2019 1004
MW74 12 Sept 2019 850
MwW81 28 May 2019 752
MwW82 28 May 2019 0
MW83 28 May 2019 0
MW83 12 Sept 2019 1450
Mw87 28 May 2019 0
MW93 27 May 2019 239
MW95 28 May 2019 265
MW96 28 May 2019 872
MW9a8 29 May 2019 303
MW98 12 Sept 2019 1092
MW99 28 May 2019 14
MW99 12 Sept 2019 401

CRC CARE Technical Report no. 47 133

Australian case studies of light non-aqueous phase liquid (LNAPL) natural source zone depletion rates compared with conventional
active recovery efforts



Figure 62. Voronoi polygon areas constructed using QGIS for gas in-well measurement locations for site F in (a) May 2019, and (b) September 2019.
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8.5.3 NSZD results: LNAPL composition

Recovered LNAPL samples from 2008 contained predominately gasoline range
product consistent with unleaded gasoline (based on the presence of isooctane and
high refining of the product) and were affected by weathering except for LNAPL sample
MW60 which showed no significant effects from weathering. All of the 2008 samples
also contained a minor proportion of light diesel range product (similar to a winter
diesel) and likely associated with the presence of an underlying leaded gasoline at the
site. The unleaded gasoline in the LNAPL samples from the site had benzene
concentrations ranging from 1.82% to 3.58% (w/w) and was therefore likely related to a
spill that occurred prior to 2006 when the Australian National Fuel Quality Standards
Act 2000 required gasoline to contain less than 1% (v/v) benzene by 2006 (previously
gasoline was required to contained <5 % (v/v) benzene). Estimated losses due to
weathering of the 2008 LNAPL samples (assuming no losses for sample MWG60)
ranged from 0% to 35% (Appendix Table F.2-1.)

Most of the 2019 samples now comprise of light diesel range product (or winter diesel)
similar to that observed as a minor component in the 2008 samples (MW69 from 2019
contained a mixture of weathered gasoline and diesel range products; MW96 from
2019 contained weathered unleaded gasoline with estimated mass losses of 28%).
Comparison of the GC-FID chromatograms (and isoprenoid ratios) for the 2008 and
2019 LNAPL samples suggests the diesel range product present in the 2019 samples
was present as a minor contaminant (~1-3%) in the gasoline range product in the 2008
samples. The concentrated diesel range product present in the 2019 samples was
likely due to the removal of the gasoline range product as a result of MPE carried out at
the site. Comparison of the isoprenoid ratios (pristane/phytane, Pr/Ph) shows both the
2008 and 2019 LNAPL samples have similar and not commonly observed values due
to the high relative abundance of pristane than usually observed as well as the C15 to
C27 carbon range present in the 2008 samples matches well with the least
biodegraded sample from 2019 (MW98, Appendix Figures F.2-1 to F.2-4). GC-MS
analyses of the samples showed the presence of tetraethylleads in some samples
(MW23, MW69, MW81, MW83, MW112) suggesting the presence of leaded gasoline
and the presence of isooctane in the samples suggests the presence of unleaded
gasoline, therefore the LNAPL at the site is likely a result of multiple spills including
leaded and unleaded gasoline with the winter diesel range product present in the
samples possibly from the leaded gasoline (leaded gasoline is a less refined product).
Therefore, the pristane concentration in the least weathered 2008 LNAPL sample
(MW60) was used to calculated mass losses from 2008 to 2019 which ranged from
98% to 99% (Appendix Table F.2-1), excluding sample MW96 from 2019 which
contained no diesel range product.

8.6 Overview of hydrocarbon mass removal — recovery and NSZD

As discussed in Section 8.5.1 (Table 54), the most recent LNAPL recovery rate in 2018
was about 1.7 t yr''. In comparison, the range of NSZD rates are provided in Table 57.
In addition, NSZD rates for the iButton results (not spatially weighted) are 4315 L
LNAPL ha™'yr' (average for May 2019) and 7580 L LNAPL ha™ yr' (September 2019).
These correspond to 3.3 and 5.9 t yr'" for May and September 2019, respectively
(based on 1.1 ha area and 703 kg m™).

CRC CARE Technical Report no. 47 135
Australian case studies of light non-aqueous phase liquid (LNAPL) natural source zone depletion rates compared with conventional
active recovery efforts



Table 57. Tabulation of NSZD rates across methods used and total site-wide mass losses per time

NSZD methods

Intrinsic rate estimates
(L LNAPL ha' yr')*

Rate mass/time
(tyrty=

Temperature
(thermistors)

May 2019: 0 to 15,000
Sept. 2019: 0 to 8,700

May 2019: 3.4
Sept. 2019: 4.3

Gas sampling

May 2019: 0 to 1,600

May 2019: 0.40

(in-well) Sept. 2019: 401 to 1,600 Sept. 2019: 0.68
. May 2019: 4300 3.37
iButton Sept. 2019: 7580 5.9t

* Rates have been determined across a number of locations, the range denotes variability across different
locations at the site. Values are rounded to two significant figures. ** A polygon areal weighting approach
has been adopted to determine these rates, with the polygon areas scaled to the LNAPL plume area at the
site (1.1 ha). except where noted ().

Overall NSZD rates from gas analysis are 2.3-3.9 times lower than LNAPL recovery
rates but estimates from temperature data suggest NSZD rates are 2.2-2.8 times
higher than LNAPL recovery rates.

8.7 Sources of uncertainty in hydrocarbon mass loss estimation

MPE was the main mass removal technique used at this site. Discussions with site
operators indicate this was successful with most of the gasoline mass removed through
the vapour phase as would be expected. Uncertainty arises from high flow rates and
varying VOC concentrations making the sum product of these two measurements
problematic.

The stratigraphy at site F is complex with clays and concrete overlying weathered and
fractured phyllite. The moisture profiles are also likely to vary spatially due to the
surface materials, for example evaporation from bare soil will be different from beneath
concrete, and due to the spatial variation in groundwater depth (3 to 14 mbg). Thus, it
would be expected that the thermal conductivity and gas diffusion coefficient to vary
spatially and vertically across the site.

Representing these soil properties with a single value was a necessary simplification
due to the lack of data with which to these parameters. While the best available
literature values were used uncertainty is introduced when calculating the NSZD rates
from the in-well temperature profiles and in-well gas concentrations.

The single location of sampling for in-well gas methodology may also introduce
uncertainty. Should similar gas concentrations be observed at shallower depth then the
concentration gradient will be greater resulting in a higher calculated NSZD rates.
Using a single measurement point will also result in different gradients if there are fluid
level changes between sampling campaigns.

Selection of background location for temperature profile was influenced by shading on
soil temperatures. Shading has the effect of reducing heat transfer to the ground
surface and reducing soil temperatures (Napoli et al 2016). A potential background
location at site F was eliminated after it was observed that it had lower temperatures
throughout the profile as a result of near permanent shading of a nearby tall building.
Use of this background site would have resulted in estimated higher NSZD rates due to
the greater temperature difference. The compromise location was closer to the
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contaminated area and it is unknown whether this was influenced by biodegradation.
This highlights the importance of selecting representative background sites.

While the polygon approach used for the assessment of site-wide NSZD rates was the
best available, it still may introduce uncertainties. The distribution of measurement
locations within the area of interest could potentially skew the results especially if the
distribution of data points poorly represents the area.
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9. Site-specific considerations for estimating rates of
NSZD: observations from this study

In general, more complex sites (in terms of subsurface heterogeneity, layering of
variably textured sediments, sealed surfaces, varying water table elevation, soil
moisture and temporal behaviour) require more rigorous application of NSZD methods
and more comprehensive characterisation of subsurface properties.

Sites C and F are examples of this as they demonstrated some large differences in
NSZD rates for the same methods at two sampling times potentially reflecting seasonal
variability. Sampling times were in May and September 2019. Interpretation of the
differences are not straightforward without further measurements and investigation.
These sites are complex stratigraphically, exhibiting weathered clay overlying fractured
bedrock with large areas that are paved or compacted.

Two of the main seasonal parameters impacting NSZD rates are the fluid elevation and
vadose zone moisture content and these may impact NSZD rates in different ways. An
increase in the fluid elevation can move the aerobic/anaerobic zone higher in the
profile, closer to the ground surface, thereby increasing the major gas gradients.
Similarly, increased soil moisture contents in the vadose zone can lead to a decrease
in oxygen diffusion into the profile and CO: fluxes exiting the subsurface which can also
move the biodegradation reactive zone higher in the profile. In the absence of
additional data regarding the profile physical properties (i.e. the change to gas diffusion
coefficients from increased soil moisture), this may result in higher calculated NSZD
rates for gas gradient methods, and lower calculated results from surface CO- flux
methods. Such seasonal features due to soil moisture changes was previously
reported in Davis et al 2005.

At site C, the additional soil moisture also had the effect of doubling the background
CO:- flux rate, and the underlying assumption is that this background increase is
uniform across the LNAPL source zone. If this assumption does not hold, NSZD rates
will be underestimated due to overcompensation of the background fluxes.

For reasons like these, assessment of the temporal variability in NSZD rates needs to
be incorporated into monitoring programs with repeated measurements required for the
same methodology at the same locations. Where estimated rates from different
methods are contradictory at a significant level, further measurements should be
conducted to determine the source of the discrepancies.

E-Flux traps are prone to the same variability as other surface flux methods. However,
they also have a longer deployment time (7 to 20 days) which can reduce errors from
diurnal or other temporal fluctuations when compared with methods such as LI-COR.
They will not however account for seasonal or local short-term variations without
additional sampling events. Site D is an example of this where three repeated E-Flux
sampling events at 4 sampling locations recorded an average relative standard
deviation of 75%. The main difference in results between readings was caused by
increased soil moisture resulting from a large rainfall event. Since rainfall events are
not predictable and given the relatively long deployment time for E-Flux traps, potential
impacts of such events should be considered when interpreting results especially in
finer textured soils. The main advantage of E-Flux traps is distinguishing between
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modern (<50,000 years) and petrogenic carbon so they are not subject to errors
associated with correction using a background location. This is extremely important as
five out of six sites reviewed in this study (including sites A, C, D, E and F) had difficulty
establishing representative background locations that presented similar surface and
subsurface properties to the average conditions across the site, but with the absence of
LNAPL contamination. Currently, the other main consideration of the E-Flux trap
method is the relatively high cost compared with other methods, which potentially leads
to less spatial and temporal coverage and hence higher variability in site-wide
estimates.

LNAPL compositional analysis provides a good estimate of relative mass loss between
two sampling periods (generally > 1 year in duration depending on the degradation
rate) provided the source zone is stable and there are no unknown contributions of
LNAPL. Like all the other subsurface methods, it also relies on a good connection
between the well or sampling point and the formation, but it has the great advantage
that it directly targets the LNAPL itself and can provide estimates at locations wherever
LNAPL is present in a well. At 5 out of 6 sites, relative mass losses of LNAPL were
estimated by this method, and in most cases, there was a large range of estimated
relative losses (-1 to 99% of initial or changes over a time period for the spilled mass)
reflecting the large variability of degradation rates across the sites and LNAPL types.
Coupled with a mass estimate of the initial spill release or subsequently measured
specific mass, an estimate of absolute mass loss can be calculated. Generally, in this
study the absolute mass losses could not be calculated as the mass of the initial spill or
specific mass estimates in the subsurface were not known.

Major gas and thermal gradient methods have the advantage in that they are relatively
rapid (c. 15 min and 60 min respectively) and can be used in existing subsurface
infrastructure provided the well construction is known and conditions met. In some
cases in this study, construction was not known prior to sampling and samples were
taken in the field where the screen interval was submerged making the readings for
major gas gradients invalid. For the major gas method, this was evident by either fluid
levels rising in the well as vacuum was increased, or by gas concentrations remaining
relatively constant during measurement. Therefore, well construction information and
groundwater elevation data are critical in developing a NSZD monitoring program. This
is particularly the case in determining background locations as inappropriate well
construction could potentially render an entire method invalid. In addition, some sites
had very promising thermal background locations that were continually shaded at the
surface by buildings, which results in thermal differences in the profile compared to a
non-shaded site.

One of the main considerations in determining NSZD rates from gradient methods is
the application of correct soil thermal conductivity and gas diffusion values. In this
study no measured data was available, hence the most appropriate literature values
were used. These values are also highly dependent on the water content and no
allowance was made here for either temporal or spatial variations as no data was
available.

Gradient methods by definition are also reliant on determining the depth at which the
temperature or gas concentration is measured. In the case of in-well major gas
sampling, the measurement depth is predetermined to be 300 mm above the fluid
interface. However, if the same or higher O2 or CO2 concentration occurs higher in the
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profile, then the gradient and therefore the NSZD rate will be higher (assuming gas
diffusion properties are the same). In this way NSZD rates determined from major gas
concentrations are likely to be conservative estimates. The installation of multiport
vapour sampling strings is a way to overcome this in-well limitation, however such
installations were only available at sites A and B and in both cases recorded higher
NSZD rates than in-well based estimates. Comparison of NSZD rates from major
gases sampled from in-well or in-ground multiport is the subject of ongoing research.

In summary, all methods employed here had advantages and disadvantages that were
specific to each site, and in some cases with a level of specificity to the LNAPL type.
Fundamentally all sites should have LNAPL samples collected periodically to provide
an understanding of compositional changes over time as this is core information
describing all the subsurface processes impacting LNAPL source zones. It also
provides relative mass loss estimates. In addition to LNAPL composition, the
application of appropriate NSZD gradient and surface CO- flux measurement methods,
following a multiple lines of evidence approach, gives confidence in the determination
of representative NSZD rates.
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10. Conclusion

Six LNAPL contaminated sites documented in this study provide comparative example
estimates of LNAPL recovery and NSZD rates across Australian climatic and
hydrogeological environments. The sites have different LNAPLs (crude oil, gas
condensate, diesel, gasoline and jet fuel), and different soil/aquifer types (limestone,
sand, fluvial, fractured rock). Water tables reside at depths below ground surface
ranging from around 2 m to 20 m and in some cases seasonal fluctuations were very
little (<0.5 m) or very substantial (>4 m). In the case of site A the water table had daily
fluctuations of about 1 m.

Site remedial efforts have involved conventional skimming, with and without drawdown,
and multi-phase extraction, with some LNAPL recovery programs extending from
months to decades. LNAPL recovery rates varied from less than a litre a day to
perhaps greater than 100 L day™.

NSZD rate estimation methods included carbon dioxide surface fluxes, subsurface
temperature and soil gas, and LNAPL composition. Not all methods were undertaken at
all sites, and in some instances, data was collected but deemed invalid because of
adverse conditions, such as seasonally high water table elevations or inappropriate
well construction. The average range across the six sites was around 2250 to 88,400 L
LNAPL ha™yr', with the upper end of the range measured by surface flux methods at
Site E.

Across the six sites NSZD rate estimates were highly spatially variable. There are
several factors. One factor is the distribution of existing monitoring well locations that
were available to conduct gas and thermal gradient techniques as well as LNAPL
composition assessments. The well distributions and density were not optimised for
NSZD assessment nor LNAPL collection, thus may not provide ideal coverage within a
source area or background locations. Surface flux methods may also provide limited
coverage possible due to infrastructure (concrete covers, buildings), locations suitable
for background correction (LI-COR) or due to budget constraints (E-Flux). Aside from
spatially variable subsurface LNAPL distributions, inherent heterogeneity in subsurface
properties (e.g. thermal conductivity and gas diffusion properties) also plays a role in
the spatial variability of NSZD rate estimates and is exacerbated by the lack of site-
specific measurements of key properties.

For lower NSZD rates, less heat would be produced, and lower consumption of oxygen
and production of carbon dioxide would occur. This may lead to subdued changes in
temperature, and oxygen and carbon dioxide concentrations that are more difficult to
measure and may require longer time series of data or a greater intensity of data to
gain greater surety and consistency of changes imposed by NSZD processes. This
variability at lower rates creates challenges in then interpolating data spatially from
point and local estimates across larger areas.

Temporal changes in NSZD rates are likely to be induced by seasonal variability in
temperature, water table dynamics, soil moisture and microbial activity, for example.
While this was observed at two sites and is not unexpected, the magnitude of the
temporal variation and the impacts on annual rates is difficult to assess based on the
data available in these six case studies. To assess the impacts of temporal variability
on annual NSZD rates more frequent measurement are required over a longer
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timeframe (2 to 3 years) with consideration given to climatic and weather factors that
may influence measurements. In addition, utilising online monitoring of parameters
(e.g. temperature, gas composition, VOCs, soil moisture) will add insight into the main
sources of variability.

Based on mixed results across the sites there appears to be no one NSZD rate
estimation method that is suitable for all sites or even for a particular site (due to spatial
variability). This may reflect the differences between geology/hydrogeology, LNAPL
type and age, season and antecedent conditions encountered during sampling
campaigns. A multiple lines of evidence approach utilising multiple methods that cover
different timescales may be warranted with different methods providing understanding
of different aspects. For example, compositional analysis provides a time-integrated
analysis of LNAPL changes but may be difficult to quantify, while thermal and gas
gradient methods provide instantaneous rates based on vadose zone processes, and
the different surface flux methods can provide rates over different timescales. Critical to
all techniques except E-Flux is reference information, i.e. composition of LNAPL at the
time of the spill (or early in the spill life) for comparison, or background reference
locations for LI-COR and thermal/gas gradient methods.

Despite the variability induced by spatial, temporal and methodological factors NSZD
rates for mature LNAPL sites or where recovery is limited by other factors (e.g.
fractured rock) was generally shown to be equivalent to or indeed higher (up to 20
times) than recovery efforts at the six case study sites.

As the inclusion of NSZD assessment in LNAPL site management increases, additional
case studies across an expanded combination of LNAPL types and geologies will
provide greater certainty around rates and provide direction as to the best methods to
use to estimate them.
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Appendices

Appendix Title Figures and tables
Figure A.1-1 Schematic diagram showing an E-Flux CO»
A Site A methodology for trap installation from SiteA_Ref4 (2016)
' E-Flux Figure A.1-2 A typical deployment of E-Flux CO trap
installations from SiteA_Ref4 (2016)
AD Site A methodology for Figure A.2-1 Collar for connection to CO, chamber from
; LI-COR SiteA_Ref4 (2016)
Site A well construction Well construction logs for MW35, MW44, MW46a, MW57,
A3 loas MW58, MW60, MW67, MW72, MW73, MW74, MWT76,
9 SV1
Site A time series plots of
tc’)\‘rfez';;g'\‘,’v'gt‘gffa(é’lg)’ Time series plots for MW16, MW40, MW41, MW46a,
A4 elevation (Zaw), and MW57, MW58, MW58, MW60, MW67, MW69, MWT0,
LNAPL elevation (Zan) MW71, MW72, MW73, MW74
for selected wells
Site A methodology for
A5 in-well temperature —
monitoring
Site A methodology for
A.6 sampling soil vapour —
from soil vapour probes
A7 Site A methodology for _
) in-well gas sampling
Site A density and
A8 analytical results for Table A.8-1 Density and analytical results for condensate
) condensate LNAPL LNAPL samples
samples
. Figure A.8-1 Plot of % loss (w/w) versus density for site A
Site A LNAPL samples
A9 percentage loss . ) )
relationships Figure A.8-2 Plot of % loss (w/w) versus time for site A
samples
Table B.1-1 Results for selected components for samples
taken from core C67 for the D6 site
Site B methodology for
B 1 gas sampling and CSIRO Table B.1-2 Results for selected cgmponents for samples
. taken from core C70 for the D10 site
analytical methods
Table B.1-3 Results for selected components for samples
taken from core C71 for the D10 site
Figure C.1-1 GC-MS analysis of LNAPL sample CS01
from 2012 and 2019
Figure C.1-2 GC-MS analysis of LNAPL sample CS02
from 2012 and 2019
C1 GC-MS analytical and Figure C.1-3 GC-MS analysis of LNAPL sample CS03
) density results from 2012 and 2019
Figure C.1-4 GC-MS analysis of LNAPL sample MW19
from 2011 and 2019
Figure C.1-5 GC-MS analysis of LNAPL sample MW31
from 2011 and 2019
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Appendix

Title

Figures and tables

Figure C.1-6 GC-MS analysis of LNAPL sample MW125
from 2019

Figure C.1-7. GC-MS analysis of LNAPL sample MW157
from 2011 and 2019

Figure C.1-8 GC-MS analysis of LNAPL sample
MB14CL052 from 2019

Table C.1-1 Density and analytical results for site C
LNAPL samples

C.z2

Site C logs from six wells
drilled for a research
program conducted by
CSIRO (SiteC_Ref3,
2014)

CS01, CS02, CS03, CS04, CS05, and CS06

DA

Site D GC-FID analytical
and density results

Figure D.1-1 GC-FID analysis of LNAPL sample OS08
from 2013 and 2018

Figure D.1-2 GC-FID analysis of LNAPL sample OS12
from 2013 and 2018

Figure D.1-3 GC-FID analysis of LNAPL sample OS28
from 2013 and 2018

Figure D.1-4 GC-FID analysis of LNAPL sample OS41
from 2018

Figure D.1-5 GC-FID analysis of LNAPL sample OS70
from 2018

Figure D.1-6 GC-FID analysis of LNAPL sample OS63
from 2013 and 2018

Table D.1-1 Density and analytical results for site D
LNAPL samples

D.2

Site D well logs

MPVEO03, MPVEO5, MPVE10, 0OS08, 0S12, 0S22, 0S41
and OS63

E.1

Site E natural source
zone depletion rate
estimates

Table E.1-1 NSZD rates from SiteE_Ref1 (2017)

F.1

Site F well logs

BHS59, BH60, and BHG1

F.2

Site F GC-FID analytical
and density results

Figure F.2-1 GC-FID analysis of LNAPL sample MW1
from 2008 as well as comparison of C15-27 components
in LNAPL MW98 from 2019 (the least biodegraded 2019
LNAPL sample)

Figure F.2-2 GC-FID analysis of LNAPL sample MW22
from 2008 as well as comparison of C15-27 components
in LNAPL MW98 from 2019 (the least biodegraded 2019
LNAPL sample)

Figure F.2-3 GC-FID analysis of LNAPL sample MW36
from 2008 as well as comparison of C15-27 components
in LNAPL MW98 from 2019 (the least biodegraded 2019
LNAPL sample)

Figure F.2-4 GC-FID analysis of LNAPL sample MW60
from 2008 as well as comparison of C15-27 components
in LNAPL MW98 from 2019 (the least biodegraded 2019
LNAPL sample)

Figure F.2-5 GC-FID analysis of LNAPL sample MW9S
from 2019 MW9S from 2019

Figure F.2-6 GC-FID analysis of LNAPL sample MW22
from 2019

Figure F.2-7 GC-FID analysis of LNAPL sample MW23
from 2019
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Appendix Title

Figures and tables

Figure F.2-8 GC-FID analysis of LNAPL sample MW28
from 2019

Figure F.2-9 GC-FID analysis of LNAPL sample MW40
from 2019

Figure F.2-10 GC-FID analysis of LNAPL sample MW69
from 2019

Figure F.2-11 GC-FID analysis of LNAPL sample MW81
from 2019

Figure F.2-12 GC-FID analysis of LNAPL sample MW82
from 2019

Figure F.2-13 GC-FID analysis of LNAPL sample MW83
from 2019

Figure F.2-14 GC-FID analysis of LNAPL sample MW85
from 2019

Figure F.2-15 GC-FID analysis of LNAPL sample MW96
from 2019

Figure F.2-16 GC-FID analysis of LNAPL sample M\W98
from 2019

Figure F.2-17 GC-FID analysis of LNAPL sample MW99
from 2019

Figure F.2-18 GC-FID analysis of LNAPL sample MW112
from 2019

Figure F.2-19 GC-FID analysis of LNAPL sample MW113
from 2019

Table F.2-1 Density and analytical results for site F
LNAPL samples
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APPENDIX A.1

Site A methodology for E-Flux

The E-Flux equipment included a receiver pipe, a CO; trap with dual sorbent pucks and
a vented protective cover. The installation of the trap into the sub-surface is shown in
Figure A.1-1 and Figure A.1-2. The trap was deployed for the period between 29
October 2015 and 3 November 2015 at one sample location (FS5) (SiteA_Ref4 2016).
An additional CO- trap was assessed on the site at a background location consistent
with location FS7. The trap was retained on site to establish background CO.. E-Flux
CO2traps were sent to the manufacturer (E-Flux LLC) for analysis. The chemical
analysis is based on methods ASTM 4373-02 (Rapid determination of carbonate
content in soils (ASTM 2002)) and ASTM D6686-12 (Determining the biobased content
of solids, liquids and gases using radiocarbon analysis (ASTM 2012)) as stated in
SiteA_Ref4 (2016).

o Vented Cover

CO2 Trap Body

(6" dia PVC, O-Rings)

~11"
<——— Casing (8" dia PVC Pipe)

T ST Bentonite
Receiver (4" dia PVC) Native Soil
~ R 8“ ”~

Figure A.1-1 Schematic diagram showing an E-Flux CO; trap installation from SiteA_Ref4 (2016)

Figure A.1-2 A typical deployment of E-Flux CO; trap installations from SiteA_Ref4 (2016)

CRC CARE Technical Report - Appendices 153

Australian Case Studies of LNAPL Natural Source Zone Depletion (NSZD) Rates Compared with Conventional Active Recovery
Efforts



APPENDIX A.2

Site A methodology for LI-COR

According to SiteA_Ref4 (2016), a10-cm LI-COR chamber was sealed with the ground
and the equipment connected consistent with the manufacturer’s specification.
Moreover:

‘...to ensure connectivity with the ground surface, a collar [Figure A.2-1]
having a diameter consistent with the survey chamber, was set into the
ground with the chamber then positioned in this collar. The collars were set
below the depth of vegetation (approximately 5-8 cm into the ground
surface) (SiteA_Ref4 2016, p. 4).

Figure A.2-1 Collar for connection to CO, chamber from SiteA_Ref4 (2016)

Additional notes on the LI-COR methodology are as follows:

‘Measurements of CO, concentration versus time were then recorded. The
slope of the CO; concentration is the efflux of CO, from the sub-surface. A
minimum of ten sample measurements, of approximately 3 minutes
duration each in accordance with the manufacturer’s operating instructions,
were made at each location. Only data where a stable slope was observed
in the measurement was used to assess CO flux.

A total of six sampling locations (FS1 to FS6) were undertaken across the
extent of the condensate plume in accessible locations...The precise
location of each sample was not critical, instead sampling locations were
distributed to include various locations across the extent of impact,
including the edge and middle of the Condensate LNAPL Plume. It is noted
that the locations chosen for collar placement were devoid of vegetation,
although the surrounding ground surface may have included vegetation’
(SiteA_Ref4 2016, p. 4).
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APPENDIX A.3

Site A well construction logs

MW35

Ground level mAHD: 12.56

Drilling method: Diamond Core/Mud Rotary 160 mm
Casing Diameter: 100 mm

DEPTH
DEPTH DEPTH | GRAPHIC MOISTURE WELL
(mBGL) | (mAHD) | LoG | P'D (pPm) LITHOLOGICAL DESCRIPTION CONTENT |\, 10 CONSTRUCTION
-a— Steel standpipe
0 —_- 0.00m: SAND, cream, fine to coarse grained. Loose Dry
—12 uncosolidated limestone thorughout.
1T
—11
- 1.50m: LIMESTONE, light orange, fine grained. Many Dry
24 Y solution channels up to 20 mm. Very large
- cavity encountered 3.0 - 4.5 m.
—10
3+ | 0
- |
—__9 } — Cement
4—
—_
8
—+ 0 4.50m: SAND, cream, medium to coarse grained. Dry
S—— Loosley cemented calcarious sand with
- intermittent moderatelty cemented rock
7 sections.
T 0.2
6T
-6
T 0.1
T
_._—5 Bentonite
] 0.2
8§—
—4
T 0.1
9—
23
-+ 0 9.50m: SAND, orange, fine grained. Some coarse Dry
10—+ shell throughout. Very loosley cemented.
——
2
- 10.50m: LIMESTONE, white, fine to medium grained. Dry
11—+ 0 Very loosley cemented limestone with coarse
- shell throughout. Large void noted between
—-—1 11.5-13.5. Lost circulation @ 11.5 m.
12— -
—_r—O v ki Gravel pack
13— -
T 0.1 )
1 - .| Slotted screen
14— 01 13.90m: LIMESTONE, light orange, fine to medium Dry
1 2 | grained. Multiple solution channels (20 mm)
mi | throughout.
15— . 0
—-3
T 0
16—
4
Total Bore Depth: 16.50 mBGL
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MW44 Ground level mAHD: 4.78
SUBSURFACE PROFILE SAMPLING
B8
=
@ — o =
= £ 2|, Description 2| g| Sampling Well Construction Details s
= o) £ (=% 5 8 =
T =l &3 3 o
5|2l 8|53 2@ a@
™ W—Hole diameter 150mm.
PVC Riser
SAND o .
) [ Bentonite
Pale brown, fine to coarse grained, trace of fine gravels, | 50mm Casi
shell fragments present, roots on fop 0.1m. 2 mm L-asing
LIMESTONE |
Weathered on surface, hard. [=—2.2mbgl.
g
3
From 4.5 to 7.2m, black staining (smear zone), slight 50mm Screen
hydrocgrbon odour in black stained areas. More stainjng 1 Water level at 5.09 28
odour in the more porous sectors of the profile and within mbal. (14:20/25.08.15)
solution channels. PID readings taken through profile by Gl (1%:20/25.86.19)
placing probe tip into solution holes and cavities. [=— Sand
End Capat72mbgl. |
Groundwater well terminated at 7.2m. ’ ’
Legend: D - Dry SW - Soil/Coarse SP - SoilFine GW - Gravel/Course GC - Gravel/Clays
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MW46a Ground level mAHD: 9.57
SUBSURFACE PROFILE SAMPLING
B8
=
= . —
= S inti o| = ; : i £
= 12l Description Sle Sampling Well Construction Details =
S |2 5188 2|3 o
S |=| &8 |o|5 = o
E ™ %— Hole diameter 150mm.
A1 é PVC Riser
FILL
Gravelly SAND, red-brown, fine to coarse grained sand, fine
o medium gravels.
LIMESTONE
No sample recovery, flat drill bit used. .
2 1= Bentonite
A
N — 80mm Casing
= ;
E Pale brown to red-brown, hard, minor solutions cavities
83 throughout.
= N
= h--] - .
957 Staining from 8.5 to 9.5m. Slight to moderate hydrocarbon
Jr odour. ) N
E i — Water level at 9 60 ‘
N E_U No sample recovery, flat drill bit used. No notable odours or mbgl. (17:15/17.10.15)
" 3 m- groundwater colour change e Sand
;—H' San
E,_J_l
125 — 80mm Screen
E i)
133
E Groundwater well terminated at 13.2m. End Cap at 13.2mbg.
14 E
153
165
175
185
193
205
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MW&7 Ground level mAHD: 8.13
SUBSURFACE PROFILE SAMPLING
8
=
Ko = - 2
= Ele Description 25| Sampling Well Construction Details I
cls|l = |8« 2 3 =
= | = |8 8 S|la o
ao|=| o |e|l5 = | o
E ™ %*—Hole diameter 150mm
-15 PVC Riser
FILL o
Gravelly SAND, pale brown, fine to coarse grained sand,
| _fine to coarse gravels, trace of silt. N
LIMESTONE f
Pale brown with red-brown mottling. Gravels are fine to SeniofCrout
coarse. Pores are small and frequent. Rare dissolution
caveties to 7.5m.
t— Bentonite
':%’ — 80mm Casing
[ f— 6.0mbgl
Pale grey staining from 7.5 to 8.0m. 35
— Water level at 8.4 276
Heavy dark staining from 8.0 to 8.9m throughout core profile mbgl. (16:20/24.09.15)
with moderate hydrocarbon odour.
Below 8.9m staining is pale grey to predominantly within |
dissolution channels. Mottled staining all the way to 12.0m. 80mm Screen 14
f— Sand
E i)
= I
12 E Groundwater well terminated at 12.0m. End Cap at 12.0mbg.
133
143
155
165
175
185
195
203
Legend: D - Dry SW - Soil/Coarse SP - SoilFine GW - Gravel/Course GC - Gravel/Clays
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MW58

Ground level mAHD: 10.45

SUBSURFACE PROFILE SAMPLING
B
=
@ — - =
i E 2., Description g o} Sampling Well Construction Details S
S| E 5|58 2|8 o
S|zl 8|63 = | o
E *— Hole diameter 150mm.
A é PVC Riser
05— & D
E : Gravelly SAND
1 3 Medium brown, fine to coarse grained sand, fine to coarse 0.0
E| gravels, trace of silt, gravel content reducing with depth. :
,3 S| sanD b
E Medium brown, fine to coarse grained, trace of fine gravels
35 and sit ¥ Bentonite 0.1
15— o D
3 : Gravelly SAND
5 E Medium brown, fine to coarse grained sand, fine to coarse 0.1
g gravels. — 80mm Casing
2 5 é
3 E
73 0.1
3 -—7.3mbgl.
LIMESTONE 0.1
Pale brown to red-brown, weathered on top of limestone,
f{ ; Zard. ZO‘rie; zre smsl[ an(di in-fretq;gnt. SMtaining with ’ — Water level at 9.02 0.1
T T legraded hydrocarbon odour at 8.8m. More pores an .20 )
10 ETTH larger pores at 9.0m. Black staining and hydrocarbon odour mbgl. (15:30/02.09.15) 199
EN in cavities.
I
115 — 80mm Screen
E N 29
12 EZE Dark black band at 11.5m, mild hydrocarbon odour, [*— Sand
Eie weathered.
135
E “+— End Cap at 13.3mbgl.
143 Groundwater well terminated at 13.5m.
155
16
175
185
195
205
Legend: D-Dry SW - Soil/Coarse SP - Soil/Fine GW - Gravel/Course GC - Gravel/Clays
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MW60 Ground level mAHD: 9.28

SUBSURFACE PROFILE SAMPLING
£
= Ele Description 2| & samplin Well Construction Details E
2|s| = 2 9 p E u§> pling g
= | 2| & k] =
52| &8|5|3 2|e g
™% Hole diameter 150mm
-1 eyt PVC Riser
0=
== LIMESTONE
1 ﬁ Drilled with flat bit, no sample.
B
2 % Bentonite
3 ‘ﬁ 80mm Casing
e
4
5 %
o
g 63
4
7 % 6.8mbgl.
CEs
—:ﬁ Water level at 8.73
93 mbyl. (17:40/02.09.15
AAI-E Grey water returns with hydrocarbon odour at 9.5m.
10 80mm Screen
_ﬁ Loss of water return at 10.5 to 11.0m.
1 ~§E Sand
12 IE%
s
13 3= End Cap at 12.8mbgl.
3 Groundwater well terminated at 13.0m.
14
15
164
17
18
19
E
+ Legend: D-Dry SW - Soil/Coarse SP - Soil/Fine GW - Gravel/Course GC - Gravel/Clays
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MW67 Ground level mAHD: 11.66

SUBSURFACE PROFILE SAMPLING
B8
=
-‘g = > ’E\
= E 2|, Description 2 3| Sampling Well Construction Details s
= > = = R
= 8| §|8|8 8|8 2
O |=| o oD = |2 o
™ *—Hole diameter 150mm.
PVC Riser
LIMESTONE
No sample recovery, flat drill bit used.
Bentonite/Grout
)
c
A — Bentonite
— 80mm Casing
—9.0mbgl
Water level at 11.45
) mbgl. (18:00/19.10.15)
Moderate to strong hydrocarbon and hydrogen sulfide odour
from 12.0 to 15.0m. No notable groundwater colour change.
— 80mm Screen
}— Sand
Groundwater well terminated at 15.0m. —End Gap at 15.0mbgl.
Legend: D - Dry SW - Soil/Coarse SP - Soil/Fine GW - Gravel/Course GC - Gravel/Clays
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MW72 Ground level mAHD: 8.25

SUBSURFACE PROFILE SAMPLING
B8
£
= . —
= £ inti o | = H . . =
= =12, Description Sla Sampling Well Construction Details =1
c > — = =
|2 5183 2|8 o
o|=| 0o |o|D =2 o
™ *—Hole diameter 150mm
PVC Riser
LIMESTONE
No sample returns, flat drill bit used.
Bento/Grout
Bentonite
2 100mm Casing
3 ]
]+—6.3mbgl.
Dark grey to black return water at 8.7m with hydrocarbon — Water Level at 8.75
odour. mbagl. (16:45/26.09.15)
— 100mm Screen
[+— Sand
End Cap at 12.3mbgl.
Groundwater well terminated at 12.5m.
Legend: D -Dry SW - Soil/Coarse SP - Soil/Fine GW - Gravel/Course GC - Gravel/Clays
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MW73 Ground level mAHD: 8.15

SUBSURFACE PROFILE SAMPLING
B8
r—
3 = . =
= = 2., Description g 3 Sampling Well Construction Details s
= bt — = RS
|8 5|88 2|8 o
o |=| o |olD = o
*— Hole diameter 150mm
PVC Riser
LIMESTONE
No sample returns, flat drill bit used.
Bento/Grout
+— Bentonite
'(%’ K 100mm Casing
4+ 6.0mbgl
Dark grey to black return water at 8.5m. Strong hydrocarbon
odour. — Water Level at 8.8
mbgl. (15:00/27.09.15)
— 100mm Screen
Groundwater well terminated at 12.0m. End Cap at 12.0mbgl.
Legend: D-Dry SW - Soil/Coarse SP - Soil/Fine GW - Gravel/Course GC - Gravel/Clays
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MW74 Ground level mAHD: 12.17
SUBSURFACE PROFILE SAMPLING
B8
=
E = > E
= Elo Description 2| 3| Sampling Well Construction Details a
c|ls| € |5« 2 3 =
E|=| 3|8 3|3 o
o= o |o|D = | o
*— Hole diameter 150mm
PVC Riser
LIMESTONE
No sample recovery, flat drill bit used.
Grout
o
S
w
}=— Bentonite
— 80mm Casing
 — 10.0mbgl.
— Water level at 11.93
mbgl. (16:00/18.10.15)
— 80mm Screen
Slight hydrocarbon odour from 14.5 to 16.0m. No notable — Sand
groundwater colour change.
Groundwater well terminated at 16.0m. End Cap at 16.0mbl.
Legend: D - Dry SW - Soil/Coarse SP - Soil/Fine GW - Gravel/Course GC - Gravel/Clays
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MW76 Ground level mAHD: 7.96

SUBSURFACE PROFILE SAMPLING
B8
=
5 -~ £
= Description 2 @| Sampling Well Construction Details =1
S |3 8] %8 =
= | = D S| & =]
o | = > = | o
—"*—Hole diameter 80mm.
f+«— Stickup 0.35m
LIMESTONE
No sample recovery, flat drill bit used. No notable odours or
groundwater colour change.
Grout
[=— Bentonite
K<) — 50mm Casing
c
A
— Water level at 8.48m.
— 50mm Screen
Groundwater well terminated at 12.2m. End Cap at 12.2m.
Legend: D - Dry SW - Soil/Coarse SP - SoillFine GW - Gravel/Course GC - Gravel/Clays
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SV1 R.L. Top of Casing mAHD: 11.5

SUBSURFACE PROFILE SAMPLING
=4
o
3 — _
;:; E o Description 2 213 Sampling Well Construction Details g
£ |3l £|88 |2 =
= | & B R%) S| 8 o
a|=|a|o|> = | o
) Fi M Gatic )
3 LIMESTONE C Flush ount Gatic | 0.0
:3$ No sample recovery, flat drill but used. No notable odours
= Teflon Tube
:$ ID: 0.317mm.
1 :ﬁ OD: 1/4 inch.
E% Bentonite
—SL 1
EE Dry Bentonite
2E$ Probe
3{§
.éEE Probe
5 1
< Fr=
5=
6
EEE Probe
:ﬁ
.7:E
8{%
;EEE — Probe
:ﬁ +— Sand
7
9 . | Vapour probe terminated at 8.0m. End of hole 8.0m
Legend: VD-VeryDry D-Dry M- Moist ID - Inner Daimeter ~ OD - Outer Daimeter SW - Soil/Coarse
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APPENDIX A.4

Site A time series plots of LNAPL thickness (bn), corrected
water table elevation (Zaw), and LNAPL elevation (Zan) for

selected wells
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MW41
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APPENDIX A.5
Site A methodology for in-well temperature monitoring

According to SiteA_Ref13 (2018), the temperature profiling was undertaken according
to the following procedure:

e ‘The thermistor was lowered to less than 0.5 m above the SWL. The foam plug
was replaced into the top of the well to create a seal.

e Resistance measurements used to calculate temperature were taken near the
SWL, and then at discrete intervals progressively up the well. The distance
between the ToC and SWL was measured, and measurements were recorded at
every 0.5 m interval for the lower half of the sample column, and 1.0 m for the
upper portion of the sample column. The thermistor was allowed to stabilise for
approximately two minutes at each depth, before moving the probe to the next
depth.

e The time, depth (in relation to the ToC) and resistance was recorded for each
reading’ (SiteA_Ref13 2018, p. 19).
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APPENDIX A.6

Site A methodology for sampling soil vapour from soil vapour
probes

According to SiteA_Ref11 (2017):

‘Sample collection via Summa canister was generally undertaken in accordance with
the Cooperative Research Centre for Contamination Assessment and Remediation of
the Environment (2013) document”:

A flow restrictor with a flow rate of 13.3 mL/minute was utilised for a sample collection
period of one hour. The sample train comprised 0.25 inch teflon tubing and swagelock
stainless steel or brass fittings. Prior to sample collection the vacuum in each canister
was assessed with a pressure gauge to confirm there had been no vacuum loss during
transport. The pre-sample canister pressure was recorded on the sample collection log.

The sample collection methodology involved:
e Shut-in test:

- The flow restrictor, teflon tubing and Swagelok fittings were all connected to
the canister.

- The sample inlet tube was sealed and a shut in test array comprising a
pressure gauge, ball valve and syringe was connected to the ‘T’ piece on top
of the flow restrictor.

- The syringe was pulled to create a vacuum, the ball valve closed and the
pressure monitored for 30 seconds.

- If the vacuum remained unchanged, the system was considered to be free of
leaks. If the vacuum decreased, the fittings were tightened or adjusted and the
test repeated until the vacuum held steady.

e Purging:

- The soil vapour probe was purged using a GA5000 portable landfill gas
analyser (LGA) with a flow rate of 550 ml/min.

- A H2S/VOC filter was fitted to the LGA and field gas parameters including CHa,
COz2, O, HoS and CO results were recorded at two minute intervals until they
had stabilised within 10% of the previous reading.

e  Sample collection:

- The Summa canister was connected to the soil vapour probe after the
completion of a successful shut in test and purging.

- A 20 mL portion of 100% isopropanol was poured onto a rag and placed
around the Teflon tubing where it protruded from the ground surface.

TCRC CARE 2013, Petroleum hydrocarbon vapour intrusion assessment: Australian guidance, Technical
Report no. 23, Cooperative Research Centre for Contamination Assessment and Remediation of the
Environment. Adelaide, Australia.
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- A shroud was placed over the soil vapour probe and isopropanol rag.

- The Summa canister was placed outside of the shroud and opened for
sampling.

- After one hour, the canister pressure was recorded from the flow restrictor and
the canister closed.

e Following sample collection, an additional set of field gas readings was collected
with the LGA’ (SiteA_Ref11 2017, p. 20).
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APPENDIX A.7

Site A methodology for in-well gas sampling

SiteA_Ref13 (2018) provides the following sampling methodology for in-well soil vapour
sampling:

‘The depth to groundwater in relation to the well top of casing (ToC) was gauged
using an interface probe, and the presence and thickness of LNAPL (if any) was
recorded.

A stainless steel weight was attached to the end of the sample tube to ensure that
the sample tube was positioned correctly within the well.

The sample tubing was lowered into the well until the end of the tubing was less
than 0.5 m above the SWL, but ensuring that the tubing did not come into contact
with groundwater. Once this position was achieved, the tubing was secured to
maintain the position and a foam plug was inserted into the top of the well to create
a seal.

The tubing was connected to the landfill gas analyser (LFGA).

The LFGA was turned on and vapour purging from the well commenced. The
LFGA was set to run for approximately five minutes, or until the field readings
stabilised, and the final vapour measurements were recorded.

The LFGA was disconnected from the tubing and a three-way tap was connected
to the tubing. A 60 mL plastic syringe was connected to the second port of the tap,
and a foil sampling bag (with the valve open) was connected to the third port of the
tap.

The tap was set to allow flow between the tubing and the syringe. The syringe was
used to purge any fresh air that may have entered the tubing between
disconnecting the LFGA and connecting the tap.

Once the tubing had been purged of fresh air, vapour was collected in the syringe.
The tap was set to allow flow between the syringe and the sample bag, and the
contents of the syringe were discharged into the sample bag. The tap was
immediately set back to its original position and this process was repeated until the
sample bag was approximately 80% full.

The valve on the foil vapour sample bag was closed after the completion of sample
collection, and the sample cap also replaced.

This process was repeated for a second vapour sample bag.

The sample bags were placed in an esky with no preservation required’
(SiteA_Ref13 2018, p. 18).
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APPENDIX A.8

Site A density and analytical results for condensate LNAPL
samples
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Table A.8-1. Density and analytical results for site A condensate LNAPL samples

S:;nn?;e Date D:E?:y "I/:)vsvgv (I)Efvti)ciisggg- PrinC17 nCé Benzene | Toluene BE;:ZLe Xr;llie pr;e Xycl)e-ne ':':ASB- ':':A4B- ':':A3B- Naph Pristane
gmL”’ Ratio Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo (W/w)
coig(l;:;te Apr-15 | 0.784 0 0.35 1.90 1.34 6.37 0.66 5.96 1.63 0.87 1.70 0.37 0.40 0.08
MW40 Jan-18 0.798 50 0.33 0.50 0.02 0.03 0.08 2.22 0.31 0.87 1.59 0.37 0.12 0.16
MW40 Mar-19 0.823 73 0.31 0.04 <0.01 <0.01 0.03 0.80 0.07 0.65 1.13 0.28 0.08 0.31
MW40 Apr-19 0.811 71 0.32 0.15 <0.01 <0.01 0.06 1.26 0.13 0.93 1.54 0.39 0.09 0.29
MW46a Oct-15 0.777 3 0.31 2.40 0.46 3.1 0.53 4.70 1.24 0.78 1.49 0.32 0.29 0.09
MW46a Jan-18 0.807 60 0.34 0.20 0.01 0.05 0.05 2.06 0.64 0.82 1.32 0.36 0.14 0.21
MW46a Oct-18 0.803 55 0.32 0.18 <0.01 0.13 0.13 2.49 0.68 0.88 1.36 0.34 0.17 0.19
MW46a Mar-19 0.810 62 0.31 0.16 <0.01 0.03 0.06 2.15 0.57 0.92 1.31 0.36 0.13 0.22
MW46a Apr-19 0.808 65 0.31 0.18 <0.01 0.03 0.09 2.47 0.66 1.09 1.51 0.42 0.14 0.24
MW57 Jan-18 0.818 64 0.31 <0.01 <0.01 <0.01 <0.01 0.19 0.01 0.04 1.06 0.27 0.01 0.23
MW58 Oct-15 0.780 15 0.32 2.20 0.20 1.52 0.47 4.09 1.05 0.80 1.54 0.33 0.28 0.10
MW58 Jan-18 0.794 38 0.33 0.60 <0.01 0.27 0.39 3.94 0.94 0.92 1.79 0.38 0.30 0.13
MW58 Apr-19 0.813 75 Y 0.32 0.02 <0.01 0.02 0.11 1.59 0.32 0.71 1.32 0.31 0.18 0.33
MW59 Oct-15 0.782 16 0.31 1.80 0.13 0.97 0.44 4.14 1.01 0.82 1.59 0.34 0.28 0.10
MW59 Jan-18 0.799 44 0.33 0.20 <0.01 0.01 0.16 2.47 0.47 1.00 1.80 0.40 0.23 0.15
MW59 Mar-19 0.826 75 Y 0.32 <0.01 <0.01 <0.01 0.04 0.42 0.07 0.82 1.15 0.34 0.12 0.33
MW59 Apr-19 0.822 73 Y 0.32 <0.01 <0.01 <0.01 0.01 0.42 0.09 0.93 1.14 0.38 0.11 0.31
MW60 Oct-15 0.784 24 0.32 1.70 0.05 0.45 0.33 3.88 0.89 0.85 1.59 0.34 0.28 0.11
MW60 Jan-18 0.808 54 0.32 <0.01 <0.01 <0.01 0.01 0.99 0.15 0.97 1.46 0.38 0.18 0.18
MW60 Mar-19 0.822 74 0.32 0.06 <0.01 0.01 0.03 1.02 0.28 0.72 0.88 0.31 0.11 0.31
MW60 Apr-19 0.822 79 0.33 <0.01 <0.01 <0.01 <0.01 0.15 0.04 0.75 0.54 0.32 0.07 0.39
MW67 Mar-19 0.822 77 0.33 <0.01 <0.01 <0.01 0.04 0.60 0.13 0.67 1.19 0.32 0.15 0.36
MW67 Apr-19 0.813 63 0.31 0.17 <0.01 0.09 0.23 3.08 0.66 0.88 1.61 0.36 0.23 0.23
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S:;nn?;e Date D:E?:y "I/(o)vsvgv ;v[i)?sg::. Pr/inC17 nC6 Benzene | Toluene B:rtl:ZLe Xr;llie pr;e Xycl)e-ne _’II_:’ISB- ':' :n4B- ':':II:;B- Naph Pristane
gmL”’ Ratio Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo(W/w) Yo (W/w)
MW69 Oct-15 0.783 23 0.32 1.90 0.05 0.02 0.31 3.23 0.56 0.86 1.58 0.33 0.28 0.11
MW69 Jan-18 0.806 51 0.29 <0.01 <0.01 <0.01 0.07 0.74 0.21 0.91 1.42 0.41 0.11 0.17
MW69 Oct-18 0.818 66 0.32 <0.01 <0.01 <0.01 0.06 0.41 0.11 0.72 1.28 0.35 0.08 0.24
MW69 Mar-19 0.822 71 0.32 <0.01 <0.01 <0.01 0.03 0.20 0.05 0.58 1.23 0.34 0.07 0.29
MW69 Apr-19 0.821 73 0.33 <0.01 <0.01 <0.01 0.03 0.18 0.04 0.65 1.13 0.36 0.07 0.31
MW?70 Oct-15 0.781 23 0.32 2.10 0.04 0.02 0.36 2.90 0.70 0.80 1.57 0.32 0.25 0.11
MW?70 Jan-18 0.796 47 0.32 0.30 <0.01 <0.01 0.11 1.03 0.27 0.61 1.69 0.35 0.11 0.15
MW70 Oct-18 0.814 65 0.32 0.03 <0.01 <0.01 0.04 0.42 0.10 0.36 1.36 0.30 0.04 0.24
MW?70 Mar-19 0.817 69 0.31 0.01 <0.01 <0.01 0.02 0.30 0.07 0.27 1.23 0.28 0.03 0.27
MW?70 Apr-19 0.814 70 0.32 0.01 <0.01 <0.01 0.02 0.29 0.07 0.28 1.25 0.29 0.02 0.27
MW?71 Oct-18 0.802 55 0.31 0.36 <0.01 <0.01 0.09 1.07 0.22 0.59 1.47 0.32 0.08 0.18
MW?71 Mar-19 0.813 67 0.32 0.06 <0.01 <0.01 0.04 0.71 0.06 0.56 1.48 0.33 0.10 0.25
MW?71 Apr-19 0.808 66 0.31 0.13 <0.01 <0.01 0.05 0.77 0.08 0.56 1.45 0.33 0.10 0.24
MW72 Jan-18 0.786 29 0.33 1.20 0.03 0.01 0.37 3.31 0.82 0.83 1.66 0.34 0.25 0.12
MW72 Oct-18 0.797 46 0.30 0.83 <0.01 <0.01 0.19 2.61 0.65 0.79 1.54 0.33 0.21 0.16
MW72 Mar-19 0.805 56 0.30 0.46 <0.01 <0.01 0.23 2.32 0.58 0.76 1.51 0.33 0.20 0.19
MW72 Apr-19 0.800 54 0.31 0.55 <0.01 <0.01 0.18 2.45 0.61 0.80 1.51 0.33 0.20 0.18
MW73 Jan-18 0.798 38 0.31 0.40 0.01 0.01 0.18 243 0.71 0.89 1.79 0.40 0.20 0.13
MW73 Mar-19 0.822 71 0.31 0.05 <0.01 <0.01 0.06 0.89 0.30 0.79 1.53 0.38 0.15 0.29
MW73 Apr-19 0.822 79 Y 0.34 <0.01 <0.01 <0.01 0.02 0.28 0.10 0.63 1.14 0.34 0.09 0.39
MW74 Jan-18 0.784 26 0.32 1.50 0.04 0.30 0.33 4.01 0.96 0.83 1.64 0.35 0.29 0.11
MW74 Oct-18 0.790 36 0.34 1.46 0.02 0.21 0.35 3.45 0.82 0.79 1.57 0.34 0.23 0.13
MW74 Mar-19 0.799 50 0.30 0.58 0.02 0.15 0.31 3.52 0.76 0.86 1.61 0.35 0.20 0.17
MW74 Apr-19 0.796 52 0.31 0.67 0.02 0.15 0.27 3.43 0.71 0.84 1.52 0.33 0.20 0.17
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* % Loss (w/w) relative to source based on pristane, Pr/nC17: ratio of pristane/n-heptadecane, Naph: naphthalene, nC6: n-hexane, TMB: trimethylbenzene.




APPENDIX A.9

Site A LNAPL percentage loss relationships
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APPENDIX B.1

Site B methodology for gas sampling and CSIRO analytical
methods

Major Gas Analysis

Analyses were carried out using an Agilent 7890 gas chromatograph (GC) fitted with a
10 port sampling valve, thermal conductivity detector (TCD), a flame ionising detector
(FID), an air actuated heated (75 °C) valve box (containing a gas sampling loops, 2 x
0.25 mL), a packed column (60/80 Carboxen-1000 Supleco, 15" x 1/8” SS) connected
to the TCD a capillary column (0.53mm ID) connected to FID. Helium was used as
carrier gas at a constant pressure of 40 psi and the GC oven was initially held
isothermal at 35 °C for 5 minutes, heated to 225 °C at 6 °C min™" and then held at

225 °C for 5 minutes. Samples were injected to the GC sample port via an Agilent
7697A headspace sampler.
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Table B.1-1 Results for selected components of samples taken from core C67 for the D6 site

Samele | pepth | PriPh | Benz Tol | EBenz | mipXyl | oXyl | e | 120 | 123 | Naph | 2MN | 1MN | Phen | TPH
(m) Ratio mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg g/kg
171 1.1-1.15 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
172 1.5-1.55 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
173 2-2.05 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
174 2.6-2.65 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
175 2.95-3 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
176 3.2-3.25 1.3 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 1.1
177 3.35-3.4 1.8 <1 <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 4.6
178 3.4-3.45 1.8 <1 <1 <1 1 <1 <1 <1 <1 1 2 2 <1 15
179 3.45-3.8 1.9 <1 <1 <1 <1 <1 <1 <1 <1 2 10 10 <1 31
180 3.8-3.85 1.8 <1 <1 <1 <1 <1 <1 <1 <1 3 14 15 2 41
181 3.85-3.9 1.8 <1 <1 <1 <1 <1 <1 <1 <1 4 16 17 <1 57
182 3.9-3.95 1.9 <1 <1 1 1 <1 <1 <1 <1 14 48 56 9 188
183 3.95-4 1.8 <1 <1 1 1 <1 <1 <1 <1 8 34 45 <1 128
184 4-4.05 1.8 <1 <1 <1 <1 <1 <1 <1 <1 4 17 19 <1 44
185 4.05-4.1 1.9 <1 <1 <1 1 <1 <1 <1 <1 6 26 40 3 48
186 4.1-4.15 1.9 <1 <1 <1 1 <1 <1 <1 <1 7 11 49 10 44
187 4.15-4.2 2.0 <1 <1 <1 1 <1 <1 <1 <1 6 2 29 6 30
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Sa';p'e Depth | PriPh | Benz Tol | EBenz | mipXyl | oXyl | 13 2 12> | Naph | 2MN | 1-MN | Phen | TPH
(m) Ratio mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg g/kg
188 4.2-4.25 1.9 <1 <1 <1 <1 <1 <1 <1 <1 2 <1 10 0 22
189 4.25-4.3 1.9 <1 <1 1 1 <1 <1 <1 <1 2 5 18 9 16
190 4.3-4.35 1.7 <1 <1 <1 <1 <1 <1 <1 <1 4 1 16 8 7.2
191 4.35-4.4 1.8 <1 <1 1 1 <1 <1 <1 <1 12 24 23 9 13
192 4.4-4.45 1.7 <1 <1 1 1 <1 <1 <1 <1 3 25 22 4 11
193 445-45 1.6 <1 <1 <1 1 <1 <1 <1 <1 12 13 12 3 13
194 4.5-4.55 1.6 <1 <1 <1 2 <1 <1 <1 <1 5 5 10 <1 9.0
195 4.55-4.6 1.5 <1 <1 <1 <1 <1 <1 <1 <1 <1 3 14 4 8.6
196 4.6-4.67 14 <1 <1 <1 <1 <1 <1 <1 <1 1 <1 12 5 9.2
197 4.95-5 1.7 <1 <1 <1 <1 <1 <1 <1 <1 <1 1 3 <1 34
198 5-5.05 1.8 <1 <1 <1 <1 <1 <1 <1 <1 <1 1 2 <1 3.6
199 5.05-5.1 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
200 5.1-5.15 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
201 5.15-5.2 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
202 5.4-5.45 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
203 5.6-6.65 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1

Benz: benzene, E: ethyl, MN: methylnaphthalene, Naph: naphthalene TMB: trimethylbenzene, Tol: toluene, Xyl: xylene, Phen: phenanthrene
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Table B.1-2 Results for selected components of samples taken from core C70 for the D10 site

Sa';p'e Depth | PriPh | Benz Tol | EBenz | mipXyl | oXyl | 13 2 125 | Naph | 2MN | 1-MN | Phen | TPH
(m) Ratio mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg g/kg
261 1.2-1.25 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
262 1.5-1.55 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
263 2-2.05 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
264 2.65-2.7 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
265 3-3.05 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
266 3.05-3.1 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
267 3.1-3.15 - <1 <1 <1 2 1 <1 <1 <1 <1 <1 <1 <1 1.14
268 3.15-3.2 - <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 39
269 3.2-3.25 - <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 2.28
270 3.25-3.3 - <1 <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 4.14
271 3.3-3.35 2.8 <1 <1 <1 1 <1 <1 <1 <1 6 28 19 4 17.31
272 3.35-3.4 3.3 <1 <1 <1 1 <1 <1 <1 <1 14 78 43 9 24.57
273 3.4-3.45 34 <1 <1 2 <1 <1 <1 <1 <1 8 46 27 5 13.36
274 3.45-3.49 3.3 <1 <1 1 1 <1 <1 <1 <1 6 35 22 3 8.69
275 3.7-3.75 34 <1 <1 2 <1 <1 <1 <1 <1 18 77 49 10 21.11
276 3.75-3.8 3.6 <1 <1 12 <1 <1 <1 1 <1 40 167 94 17 47.01
277 3.8-3.85 34 <1 <1 18 <1 <1 <1 <1 <1 54 199 114 23 56.35
278 3.85-3.9 35 <1 1 1 <1 <1 <1 <1 <1 19 78 44 8 20.3
279 3.9-3.95 3.7 <1 <1 4 1 <1 <1 <1 <1 13 66 42 8 15.95
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Sa';p'e Depth Pr/Ph Benz Tol EBenz | m/p-Xyl | o-Xyl ;ﬁ; ;ﬁé ;ﬁ’é Naph 2-MN 1-MN Phen TPH

(m) Ratio mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg g/kg

280 3.95-4 35 <1 <1 9 <1 <1 <1 <1 <1 15 77 42 9 21.75

281 4-4.05 3.9 <1 <1 4 1 <1 <1 <1 <1 7 38 21 5 8.74
282 4.05-4.1 3.8 <1 <1 1 2 <1 <1 <1 <1 <1 7 4 1 2.31
283 4.1-4.15 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
284 4.15-4.2 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
285 4.2-4.25 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
286 4.25-4.3 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
287 4.3-4.35 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
288 4.35-4.4 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
289 4.4-4.45 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
290 445-45 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
291 4.65-4.71 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
292 5.1-5.15 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
293 5.6-5.65 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1

Benz: benzene, E: ethyl, MN:
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Table B.1-3 Results for selected components for samples taken from core C71 for the D10 site

Samele | Depth | PrPh | Benz Tol | EBenz | mipXyl | oXyl | o= | 12| 1231 Naph | 2MN | 1-MN | Phen | TPH
(m) Ratio mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg g/kg
294 1.3-1.35 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
295 1.7-1.75 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
296 2.05-2.1 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
297 2.6-2.65 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
298 2.9-2.95 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
299 2.95-3 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
300 3-3.05 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
301 3.05-3.1 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
302 3.1-3.15 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
303 3.15-3.2 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
304 3.2-3.25 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 3.61
305 3.25-3.3 24 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 1 <1 21.34
306 3.3-3.35 3.3 <1 <1 <1 1 1 <1 <1 <1 5 38 25 7 41.18
307 3.35-3.4 3.7 <1 <1 <1 1 <1 <1 <1 <1 11 70 47 11 55.92
308 3.4-3.45 3.9 <1 <1 1 1 <1 <1 <1 <1 2 17 11 4 11.64
309 3.45-3.5 3.9 <1 <1 <1 <1 <1 <1 <1 <1 2 15 12 3 15.96
310 3.7-3.75 3.9 <1 <1 <1 <1 <1 <1 <1 <1 1 7 6 1 7.07
311 3.75-3.8 3.9 <1 <1 1 1 <1 <1 <1 <1 4 22 14 2 17.39
312 3.8-3.85 3.8 <1 <1 1 1 1 <1 <1 <1 5 25 17 3 21.48
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Sa“;p'e Depth Pr/Ph Benz Tol EBenz | mip-Xyl | o-Xyl ;:n‘r’é ;ﬁn“é ;ﬁn"‘é Naph 2-MN 1-MN Phen TPH

(m) Ratio mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg g/kg

313 3.85-3.9 3.8 <1 <1 <1 1 <1 <1 <1 <1 5 31 21 4 27.15
314 3.9-3.95 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
315 3.954 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
316 4-4.05 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
317 4.05-4.1 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1
318 4.1-4.55 - <1 <1 <1 1 <1 <1 <1 <1 <1 <1 <1 <1 <1

Benz: benzene, E: ethyl, MN:
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methylnaphthalene, Naph: naphthalene TMB: trimethylbenzene, Tol: toluene, Xyl: xylene, Phen: phenanthrene




APPENDIX C.1.
Site C GC-MS analytical and density results
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Figure C.1-1 GC-MS analysis of LNAPL sample CS01 from 2012 and 2019. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:
toluene, Xyl: xylene
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Figure C.1-2 GC-MS analysis of LNAPL sample CS02 from 2012 and 2019. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Figure C.1-3 GC-MS analysis of LNAPL sample CS03 from 2012 and 2019. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Figure C.1-4 GC-MS analysis of LNAPL sample MW19 from 2011 and 2019. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:
toluene, Xyl: xylene
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Figure C.1-5 GC-MS analysis of LNAPL sample MW31 from 2011 and 2019. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Figure C.1-6 GC-MS analysis of LNAPL sample MW125 from 2019. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:
toluene, Xyl: xylene
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Figure C.1-7. GC-MS analysis of LNAPL sample MW157 from 2011 and 2019. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:
toluene, Xyl: xylene

CRC CARE Technical Report no. 47 194
Australian case studies of light non-aqueous phase liquid (LNAPL) natural source zone depletion rates compared with conventional
active recovery efforts



TiC

nC14

Relative Abundance

nC17

P18

Pristane

Phytane

nCc20

2019

4 5 6 7 ] 9 » n 12

Retention Time (min)

Figure C.1-8 GC-MS analysis of LNAPL sample MB14CL052 from 2019. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Table C.1-1 Density and analytical results for site C LNAPL samples

S:::rﬂe Year D:’? cz?)t Y ‘;/gfizv Pr/inC17 | Pr/Ph | Benzene | Toluene B:;:ZLG X?/?I/epr;e Xy‘IJe-ne ;&53' ;§II4B- ;fnsé Naph | nC17 | Pristane
g mL" Ratio Ratio | %(w/w) % (W/w) % (w/w) %(w/w) | %(w/w) | %(ww) | %B(w/w) | %Bww) | %(ww) | %(ww) | %(ww)
CS01 2012 | 0.849 0 0.85 2.7 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.07 1.15 0.98
CS01 2013 | 0.856 12 0.91 2.6 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 1.21 1.11
CS01 2019 | 0.865 8 4.48 2.5 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.05 0.24 1.07
CS02 2015 | 0.850 0 0.81 2.6 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.06 1.21 0.98
CS02 2012 | 0.850 2 0.82 2.7 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.05 1.22 1.01
CS02 2012 | 0.851 2 0.83 2.7 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.06 1.21 1.00
CS02 2013 | 0.859 19 0.91 2.6 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 1.34 1.22
CS02 2019 | 0.864 6 4.22 2.6 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.04 0.25 1.04
CSo03 2012 | 0.851 0 0.80 2.7 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.06 1.25 0.99
CSo03 2013 | 0.854 8 0.84 2.6 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 1.28 1.08
CSo03 2019 | 0.863 8 4.28 2.6 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.04 0.25 1.08
MW19 2011 0.860 0 13 21 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.07 0.98
MW19 2015 | 0.862 -5 17 2.1 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.05 0.93
MW19 2012 | 0.862 -4 20 21 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.05 0.94
MW19 2019 | 0.872 3 33 21 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.03 1.01
MW31 2011 0.871 0 20 1.9 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 0.03 0.52
MW31 2011 0.874 -3 20 2.1 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 0.02 0.50
MW31 2015 | 0.873 9 24 2.1 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.02 0.57
MW31 2019 | 0.874 16 25 2.1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.03 0.61
MW125 2019 | 0.865 0 4.56 2.2 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.20 0.91
MW157 2011 0.861 0 1.06 2.1 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.82 0.87
MW157 2015 | 0.862 22 3.66 2.5 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03 0.31 1.12
MW157 2019 | 0.874 21 3.51 2.4 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.32 1.11
MB14CL052 | 2019 | 0.854 0 1.15 2.0 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 0.67 0.77

*%w/w losses relative to source based on pristane; Pr/nC17: ratio of pristane/n-heptadecane; Pr/Ph: ratio of pristane/phytane; Naph:
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naphthalene; TMB: trimethylbenzene.




APPENDIX C.2

Site C logs from six wells drilled for a research program
conducted by CSIRO (SiteC_Ref3 2014)
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Drill Model: Gemo-trailer mounted
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Drill Model: Gemo-trailer mounted
Hole Diameter: 100mm

Drilling and Sampling Information  [Material and Substance
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Analytical Soil
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Lithologic Description

Depth (m)
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Moisture Condtion
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Ground Surface
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Drill Model: Gemo-trailer mounted
Hole Diameter: 100mm

Drilling and Sampling Information  |Material and Substance
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Drill Model: Gemo-trailer mounted
Hole Diameter: 100mm

Drilling and Sampling Information  |Material and Substance

CS05

Penetration

Analytical Soil

PID

Depth (m)
Graphical Log

Lithologic Description

Groundwater Bore
Installation

Moisture Condtion

Ground Surface

crete Backfill

SC
Clayey SAND, medium grained, dark reddish brown, gravels
to 15cm throughout, 0-2 mbgl potholed by AFM

40 5550

45- S5%

100 _50%5C

105-4°2%

o
|

Y
D
a

)
o
™

14

15 Eg 4

Rock
Rock, blue-grey, basalt, some evidence of weathered and
oxidised material.

Diesel odour detected at 3.5 mbgl

Strong diesel odour detected at 5 mbgl

Flushmount|Gattic

E

— Class 18 100 mm PVC Blank Casing

Concrete/Bentonite Mix Backiill 7]

Open borehole’

End of Log
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Drill Model: Gemo-trailer mounted
Hole Diameter: 100mm CSOG
Drilling and Sampling Information  [Material and Substance
[~
L
Penetration 3 g g G
@ S . o roundwater Bore
3 o z 3 Lithologic Description ; Installation
5 | B2 s | 5 2
*® © E a o 3 2 o
1234|223 & | & | & 2 e g
S I N I Y I Ground Surface E :
¢ ;
Clayey SAND, medium grained, dark reddish brown, gravels
to 15cm throughout, 0-2 mbgl potholed by AFM
c :
-] a
g :
Rock b 5
Rock, blue-grey, basalt, some evidence of weathered and g
oxidised material. 3
D
Diesel odour detected at 3.5 mbgl
—
3
]
2
Strong diesel odour detected at 5 mbgl g
M
End of Log
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APPENDIX D.1

Site D GC-FID analytical and density results

FID

Relative Abundance

L]

P13

P15

P16

P16

Priyane

2013

138
1C39

2018

Retention Time (min)

Figure D.1-1 GC-FID analysis of LNAPL sample OS08 from 2013 and 2018. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:

isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:
toluene, Xyl: xylene
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FID

2013

8

»

IMHex

130
l}
1Cx2
1C33
134
135
36

1C40

38
39

2018

Relative Abundance

40

33
34
35
4

38
39

Retention Time (min)

Figure D.1-2 GC-FID analysis of LNAPL sample 0OS12 from 2013 and 2018. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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FID

MCHX

P13

8

P13

Relative Abundance

P15

16

P16

P18

1”18

Paytane

Priysane

1C24

C25

o7
28
29

2

30
1C3

1C33

32

2013

134
135
¥

Cc37
38
39

2018

33
C35
136

C34

137
138

C4

Retention Time (min)

Figure D.1-3 GC-FID analysis of LNAPL sample 0S28 from 2013 and 2018. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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FID

P18

2018

P13
P15
e

P18
Pryy

3
32
1C38
¥

Relative Abundance

Retention Time (min)

Figure D.1-4 GC-FID analysis of LNAPL sample OS41 from 2018. Benz: benzene, CHX: cyclohexane,
Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP: isoprenoid, M:
methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol: toluene, Xyl: xylene

FID

2018

16

1
Priysane

P18

P13

cas
-

Ca7
ok}
c»

140

Relative Abundance

Retention Time (min)

Figure D.1-5 GC-FID analysis of LNAPL sample OS70 from 2018. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:
toluene, Xyl: xylene
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FID

. ;
= 2013
s . :
2 " : 95_1“;;,,;,";.5:.;::4::1;;; 3 2 ]
( § FUOO0ORYERY L L R LR ¥ @ @ Q@
3 2018
e Q
=
2
3
[}
o
s #8 3 5 3 B4 S
Retention Time (min)
Figure D.1-6 GC-FID analysis of LNAPL sample OS63 from 2013 and 2018. Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:
toluene, Xyl: xylene
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Table D.1-1 Density and analytical results for Site D LNAPL samples

S:;nnzlae Year gte gg !,tg "I/E:vssllsw PrinC17 | Pr/Ph | Benzene | Toluene BE;ZZ:\e X?Ig)r;e Xy(l)e-ne ':':ASI; ':':II% ::.ﬁ; Naph nC17 | Pristane
g mL! Ratio Ratio | %(w/w) % (w/w) %(ww) | %(ww) | %(ww) | %(ww) | %ww) | %(ww) | %ww) | %Bww) | %(ww)
0Ss08 | 2013 0.837 0 30 22 0.08 <0.01 0.30 0.13 0.02 0.18 0.22 0.12 0.14 0.02 0.71
0s08 | 2017 0.858 11 29 22 <0.01 <0.01 0.03 0.02 0.01 0.07 0.06 0.08 0.08 0.03 0.80
0s08 | 2018 0.862 14 40 22 <0.01 <0.01 <0.01 <0.01 <0.01 0.05 0.01 0.05 0.01 0.02 0.82
0S12 | 2013 0.834 0 31 2.1 0.06 0.01 0.29 0.40 0.06 0.14 0.48 0.18 0.12 0.02 0.65
0s12 | 2017 0.836 4 26 0.0 0.02 <0.01 0.09 0.15 0.02 0.08 0.20 0.11 0.10 0.03 0.68
0S12 | 2018 0.842 2 27 2.0 0.05 <0.01 0.20 0.24 0.04 0.12 0.30 0.15 0.12 0.02 0.67
OS70 | 2018 0.857 0 31 22 <0.01 <0.01 <0.01 0.01 <0.01 0.03 0.02 0.03 0.01 0.03 0.88
0S28 | 2013 0.846 0 37 2.1 0.01 <0.01 0.02 0.08 0.01 0.06 0.14 0.08 0.06 0.02 0.78
0Ss28 | 2018 0.848 -1 36 22 <0.01 <0.01 0.07 0.02 <0.01 0.02 0.02 0.03 0.06 0.02 0.78
0S41 2018 0.850 0 47 25 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 0.02 0.88
0S63 | 2013 0.784 0 24 6.7 0.14 0.03 0.80 3.57 0.87 0.89 2.04 0.53 0.28 0.23 0.54
0s63 | 2017 0.780 -1 6.3 7.0 0.16 0.02 1.08 3.21 0.24 0.87 2.02 0.52 0.31 0.08 0.53
0S63 | 2018 0.789 24 13 6.7 0.01 <0.01 0.14 0.80 0.03 0.55 1.64 0.39 0.13 0.05 0.71

*%w/W losses relative to source based on pristane; Pr/nC17: ratio of pristane/n-heptadecane; Pr/Ph: ratio of pristane/phytane; Naph: naphthalene; TMB: trimethylbenzene.
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APPENDIX D.2

Site D well logs for MPVE03, MPVE0S5, MPVE10, OS08, 0S12,
0S22, 0S41 and 0S63

Drill Start Date: 06/12/08

Total Depth (m): 15.0

Water Level (Final): -

MPVEO3

Drill Finish Date: 06/12/08 Hole Diam. / Width (mm): 200 RL Ground: 7.85
Casing Type: PVC RL Case: 7.73
. Casing Diam. (mm): 100
Drill Method: AK 0-2, SA 2-4, DHH 4-15 Surface Completion: Gatic
Hole Type: MPVE Bore Water Strike: 7.0mbgl ERM Australia Pty Ltd
, - E || e g | & )
Lithology 2| _ § § 2o = e Sample Details Remarks
El 3| 5 |8|5e| E |
17 = (=} x| o~ a o
Ground Surface g
Grass ] AK 09 02
CLAY H _ AK 32 0.5
Sandy gravely silt, brown, dry, no plasticity, gravel to 1— ) 10
10mm inclusions (root) / | . -
CLAY -
grey/orown, dry, very siiff, no plasticity, moist for 2
1.3mbg, with moderate plasticity ] SA 40 22
3]
4]
BASALT -
Grey, weathered, highly fractured B
5]
some red and grey clay deposits within basalt Gj
7
8]
9]
10
1]
12.]
13
147
i 15
Borehole Terminated at 15mbgl 4
End of L e
* 16—
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Drill Start Date: 06/12/07
Drill Finish Date: 19/112/07

Drill Method: AK 0-2, SA 2-4.8, DHH 4.8-15
Hole Type: MPVE Bore

Total Depth (m): 14.5 Water Level (Final): -
Hole Diam. / Width (mm): 200 RL Ground: -
Casing Type: PVC RL Case: -

Casing Diam. (mm): 100
Surface Completion: Gatic
Water Strike: 7.5mbgl

MPVEO05

|2 & s 5
. = o o o .
Lithology 2 & 3 = = g Sample Details Remarks
El 3| 8|8 5| E |2
@ = a (3 0 a a
Ground Surface n
Grass - AK 45 02
Sandy CLAY ] AK 24 05
Sandy silty CLAY, brown, dry, very stiff, low plasticity, 14— ..+ 1
some root inclusions - AK 32 10
2
becoming orange/light brown at 3.0mbagl AK 38 20
becoming moist with high plasticity at 4 Ombgl 3:
some minor basalt fragments at 4 Smbgl ]
4]
BASALT ] SA 0.5 45
Grey 5
—. 5+
1= ]
N 4
N — ]
— 7-
—_— .
= ]
— |
N — -
Bl
N — ]
/|"/ — 1
N | 9]
P s B .
(I Y -
Yan=E ]
-/.\- " —_— -
= 10
U — —
N = —
/|'/ S — -
e 1
PN =
1 =T -
e — | i
P == A
= -
oA 4
’ ]
= =
', —1 13-
Ry B — -
P —
il O 7
J S -1
Fq - 14 sand collapsed
- —_— - -
. — ] mtovwell thus
Borehole terminated at 14 5mbgl bringing the well
154 depth to 14 Smbgl
End of Log i
16
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Drill Start Date: 07/12/07

Total Depth (m): 15.0

Water Level (Final): -

MPVE10

Drill Finish Date: 07/12/07 Hole Diam. / Width (mm): 200 RL Ground: 7.92
Casing Type: PVC RL Case: 7.835
Casing Diam. (mm): 100
Drill Method: HA 0-2, SA 2-4.8, DHH4.8-15  Surface Completion: Gatic
Hole Type: MPVE Bore Water Strike: 7.5mbgl
, = E |5 e g | & )
Lithology 2 g 2l 2o = e Sample Details Remarks
El 3| S |8| 8| 5| e
| = [=] x| B a a
Ground Surface o
CORASS ] 1T [ ha 40 02
Silty CLAY [ . HA 24 0.5
Silty, brown, dry, stiff, low plasticity, minor organic N 1—
maer ] HA 36 1.0
CLAY i
Brownlgrey, very stff, damp 2+ HA 42 2.0
CLAY i
Greylorangefred mottled, damp, high plasticity, -
moderately dense, no inclusions 3+
T SA 30 35
4
- SA 20 45
BASALT 5 SA 29 48
Grey, weathered ]
6
7]
3
9]
10]
1]
12.]
becoming highly weathered at 13mbgl ]
13
147
_ 15
Borehole terminated at 15mbgl i
End of L -
o 16—
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0S08

Surface Elev. . Tolal Hole Depth 2.5m Diameler COMMENTS:

Top of Casing .. Water Level Initiat £0m __ Static .

Screen: Dia _90mm Length 3.0m Type/Size —_ |logs ere based on obsexvations of otk

Casing: Oia Length 6.0 Type Boverte vidhach o ST
Rig/Core

Method Seolid Auger/Air Hammer
Date 27/04/98  permit #

5 R
s 2% |ogle 2 8l Ea]® Description
S5l 2o |=8f2 ° 8l83la
& g Ele x o} ) (Color, Texture, Structure)
S B 8w | @ o Trace < 10%, Little 10% to 20%, Some 20% to 36%, And 36% to 60%
- 1]
L 0
L GRASS/TOPSOIL
CLAY: brown; hard; stiff; MC<PL; dry.
-1 205 f1o ™~ As above.

As above: some fine gravel,
cL

As above: some red/brown and yellow bands; very stiff; layering
evident; damp.

As above: red/brown to brown; layering evident.

N

L8 CLAY: weathered Basalt,

_i }8;% 3;3 <r~v‘v< BASALT: grey; fine dust to small chips; hard; dry.
r Ry
- 6 207 [8.0 < v <
1 VY, As above: slight hydrocarbon odour; moist.
- 7 ] 840 (7.0 2 PV"\,< o As above: slight hydrocarbon odour; becoming moist.
3
N N r‘v v
- 8 268 [8.0 1had ¥ As above: moist to wet.
i PR
] e
- 9 240 8.0 <Vie
N N
N N
10 E Monitoring Well 0S8 terminated at 9.5 metres, as required.
- 11 —_
{2 ]
CRC CARE Technical Report no. 47 213

Australian case studies of light non-aqueous phase liquid (LNAPL) natural source zone depletion rates compared with conventional
active recovery efforts



Surface Elev.
Top of Casing
Screen: Dia 50mm____
Casing: Dia £0mm____

0S12

Total Hole Depth 80.m ___ Diameter COMMENTS:

Haler Level Initiat Z.5m___ Static

Length 30m_____ _ Type/Size Logs ave based on observabons of Gk

Length 55 m Type Llass 18 PVC cutlings. Finished belo g/ound
Rig/Core

Method Sofid Auger/Air Hammer
Date 27/04/88_ permit # __

wel
Compietion
PID
(opm)

o 3 > 4
L -1 (3] .
e 3 H Lald Description
o
g e § (] 9 (Caolar, Texture, Structure) -
B & x| |8 Trace < 10%, Little 10% to 20%, Some 20% ta 35%, And 35% to 60%

GRASS/TOPSOIL

CLAY: brown hard; stif; MC<PL; dry.

CLAY: brown some red/brown and yeliow bands; very stiff; damp.
Calcitic CLAY: light grey; friable; MC<PL; dry.

N

F,rv-‘v BASALT: grey; fine dust; small particles; dry.
i
<r")< As above: minor clay bands.
Y
"’:v Y As above.
R .

r
L
N
<Y<
A As above: hydrocarbon odour.

v
<, { -
2 Vel ¥ Asabover hydrocarbon odour: moist.
R As above: moist
AR : .

N
v

it

Monitoring Well 0S12 terminated at 9.0 metres, as required.
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0S22

Surtace Eley. . Total Hole Depth 0/ ___ Dismeter 50 mm COMMENTS:
Top of Casing Water Level Initist 808 Static
Sereen: Dis 50.MM____ Length 4500 Type/Size O8mn | Sesoks taxen with S spoon sezpk
Casing: Dia 50.mn . Length 84m Type Glass 18PVE Basoiionci o 000 saevles. B
e Rig/Core Eox Mobil
" Method Hond Auger/Holow Rolory Hemmer
- Date £B/01/99 _ permit &
AT
o - v o .
fe | =8 CHE E 5| &2 g Oescription
& gé efll g y g PAfw (Color, Texture, Structure)
e 3 8% & § Trace < 10%, Little 10% to 20%, Some 20% ta 356%, And 35% ta 50
=g
.
i }/4 g X FILL: SILT/SAND/GRAVEL: brown, fne to medium angular gravel,
é fine to coarse grained sand, dry.
S| FILL .
.
- g osang // Silty CLAY: Drown, stiff, low plasticity, sightly moist.
- % é As gbove: firm to stift, moderate to high plasticity, moist.
? oL
| ? %
[ ;ﬁ 7
?j [T]hwe ] Ciayey SILT: orange/urown, medium density, siightly moist.
B g oszelae "’ﬁ: CLIF~__ Silty CLAY: brown/grey, fitm, high plasticity, moist.
1 ;5-’ A BASALT: brown, extremely weathered, sighily moist.
v "~
} ? v
i v As above: grey, fresh, dey.
K:"v v
< <
e
: < V_‘<
.l a0 F{:Pv“‘ T
N A
v ‘"v v
DRAFT
v "V v e X .
< _‘<
s qoswm ey
< <
9 "V"v
o
i 28.8 [ies/e0 NN B As Above: dark grey,
; % V:c
R
‘b _‘C
123 [wseo v<r":< ¥ as avove: wet.
WAy
N "v v ff 8r
< )<
v v
2.8 [osz/n0 < "_‘<
Vv
< "‘\c
r
L
v v
0.0 Monitoring Well 0522 terminateq at 110 meties Delow qrade, as
raquired.
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Date Finishzd:  07-04-03
\

Bore Size: 100 mm Refalive Levad: mRL
Totad Depth 10,00 m Coordinates:  mN
Date Started: 07-04-03 Casing Siza: 60 mm mE

O0S41

Dill Typ2:  Push Tube/Solid Stem Auger/Alr Hammer

Dril Model: Jacro
Oxid Fivid:  Envirolube

g 8 USC DESCRIPTION OF STRATA WELL CONSTRUCTION DETAILS
£E 8 E
) § SampleiD | 2| & Type, plasticity / particie size, colour, § =
£o pl A mmmimbeneses e | § | £
a8 3 and additional observations ' =
" FILL | eandy GRAVEL (FILL), brown/grey, moist Gravel Mt 0
FONG is coarsa, angular, £
o 0844_{0.5-0.8) LN :"
s oG F
-, 0S4 (L0 foud e 1
- ko] F
2 (/7] | CIAY. Browm, medium o igh pasiicly, sot o W |-
/ firm, moistiwet . - . E
b 4 5 (0544_(20210) 77 -2
777 chic gravely GLAY, brow, igh pastcy, so o e, W F
2 CH s{q‘?\!, greyiorowm, high plasticity, moist, firm to [N
ha g |0544.(203.) % .
/ ST % mm diameter so
. % grading brownzr with depth uPVG cal
0544_(4.04.1 /.
=75 AN T EREALT, gy wealhared, brown, vesicuiar
; BASALT, grey, fresh, very hard D Bantonlte seal

L AR NI SRR RARA

ST
gl
ol

BASALT, prey, fractured, moderaliey hard

A

T

End of Holz @ 10m

BASALT, grey, fresh, very hard, moist M F
- N -7 | Sandfiter pack
E \il‘ slight hydrocarbon odour 3
g A 3
= N -8
3 NA E SWL @ 8.35 mBTC
3 N rocarbon odour. 2 15704703
F ,)’ BASALT, brown, highly weathered, sof, moisthwatl | MAW |
= )/6 =9 60 mm diameater
- /& F shotfed uPVC scres
; ))5; E Collapse
- =10
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Drill Start Date: 28108109
Drill Finish Date: 28/08/09

Total Depth (m): 11.5
Hole Diam. / Width (mm): 150

Casing Type: PVC
Casing Diam. (mm): 50

Drill Method: NDD (1.3 m), DC (11.5 m)
Hole Type: Monitoring well

Surface Completion: Gatic cover
Water Strike (m bgl): nia

Final Water Level (m bgl): 9.868

Elevation (Ground): n/a
Elevation (Case): nla

0S63

Lithology

Symbol

Well
Depth (m)

Recovery

Sample Type

Analysed

PPT (kPa)

PID (ppm)

Sample Details

Remarks

Ground Surface

Sandy SILT
Brown, dry, loose, sand; fine to medium grained,
poorly sorted, fine root inclusions.

cLAy
Black with orange mottiing, dry, very soff.

Sandy CLAY

Grey with hard black lumps, dry, dense, sand; loose,
fine grained, well sorted.

Slightly weathered BASALT

Light bluish grey, hard, many vesicles 2 - 3 mm, few
vesicles 4 mm, some vesicles 1 mm, trace calcite
deposits in vesicles.

Fracture from 1.22 - 1.34 m, 70 degrees, narrow to
wide, rough, clay; brown, soft, high plasticity.

Moderately weathered BASALT

Light bluish grey, hard, many vesicles 2 - 3 mm, few
vesicles 4 mm, some vesicles 1 mm, red/orange
staining.

Fracture from 1.62 - 1.74 m, very wide (20 mm),
medium rough, clay; brown, moist, soft, high
plasticity, contains fine roots.

x Fracture from 1.74 - 1.76 m, very wide (20 mm),
umedvum rough, clay; brown, moist, soft, high
\plasticity, contains fine basaltic gravel.

continued

HA

0.0

0863_02

PID readings

possibly faulty.
NDD refusal at 0.3
mbgs.

HA

0.0

086305

HA

0.0

0863_1.0

Hand auger
refusal at 1.0

mbgl.

Moderate
hyrdrocarbon
odour
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0S63

continued

Lithology Sample Defails Remarks

Sample Type
PPT (kPa)
PID (ppm)

Depth (m)
Recovery

Analysed

Slightly weathered BASALT

Light bluish grey, hard, many vesicles 2 - 3 mm, clay
in vesicles; light brown, soft, high plastcity. Trace
calcite in vesicles

Fracture from 2.08 - 2.09 m, fiat, wide (7 mm), clay;
light brown, soft, high plasticity.

Fracture from 2.15 - 2.22 m, 45 degrees, narrow,
medium rough, black staining, clay, light brown, soft,
high plasticity

Fracture from 2.36 - 2.44 m, 45 degrees, narrow,
medium rough, orange staining.

Few vesicles up fo 10 mm from 2.65 m. Thick calcite
crystals in large vesicles.

Many vesicles 1 - 2 mm, few vesicles 4 - 5 mm trace
vesicles 10 - 12 mm from 3.05 m.

Many vesicles < 1 mm, few vesicles 3 - 4 mm and
calcite deposits from 3.55 m.

Fracture from 4.29 - 4.31 m, fiat, narrow, smooth,
orange and green staining.

Many vesicles < 1 mm, trace vesicles 3 - 4 mm from
432m.

Fracture from 4.46 - 4.56 m, 90 degrees, narrow,
medium rough, orange/red staining.

continued
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0S63

continued

Lithology

Depth (m)

Recovery

Sample Type

Analysed

PPT (kPa)

PID (ppm)

Sample Details

Remarks

Few vesicles 3 -4 mm from 4.65-4.90 m.

Calcite at4.87 m.

Fracture from 5.15 - 5.24 m, 70 degrees, narrow.
medium rough, orange staining.

Fracture from 5.31 - 5.68 m, 80 degrees, wide (2-3

mm), medium rough, clay; ight brown, soft, high
plasticity, orange staining.

Many vesicles < 1 mm from 5.8 m, black staining,
trace orange staining

Fracture from 5.90 - 5.92 m, 10 degrees, narrow,
medium rough, orange, red, black staining

Few vesicles 3 -4 mm from 6.04 - 642 m.

Trace calcite from 6.30 - 6.42 m.

Fracture zone from 6.70 - 6.95 m.

No black staining from 6.95 m.

continued
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0S63

Light bluish grey, hard, few vesicles < 1 mm.

Fracture zone from 7.17 - 8.0 m, narrow, orange,
white and black staining.

Slightly weathered BASALT
Light bluish grey, hard, many vesicles < 1 mm, trace
orange staining.

Fracture zone from 7.8 - 8.2 m, flat, narrow, medium
rough, orange and green staining.

Fracture at 8.37 m, fiat, narrow, medium rough, dark
red, white and black staining.

Fracture from 8.5 - 8.52 m, fiat, narrow, rough, black
staining.

Highly weathered BASALT
Dark brown, hard, no vesicles, horizontal layers, frace
orange staining.

Moderately weathered BASALT

Light bluish grey, hard, trace vesicles 1 mm, trace
orange staining, highly fractured, flat, narrow,
medium rough, green and white staining.

Slightly weathered BASALT
Light bluish grey, hard, some vesicles 1 mm, some
orange staining.

Fracture at 8.98 m, fiat, wide (2 - 5 mm), smooth,
green staining.

Fracture at 9.04 m, fiat, wide (2 mm), smooth, green
staining.

continued

g -
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Lithology = g %g 2= B Sample Details Remarks
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Moderate

Moderately weathered BASALT nydrocarbon odour

Strong
hydrocarbon odour

Strong
hydrocarbon odour
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continued

Lithology Sample Details Remarks

Sample Type
PPT (kPa)
PID (ppm)

Depth (m)
Recovery

Analysed

Mederately weathered BASALT
Dark brown, hard, no vesicles, orange staining.

Fracture from 10.65 - 10.70 m, 45 degrees, wide (3
mm), orange staining.

Highly weathered BASALT
Dark brown, hard, no vesicles, orange staining, many
very narrow fractures, flat.

Moderately weathered BASALT
Light bluish grey, hard, no vesicles, orange staining.

Highly weathered BASALT
Dark brown, hard, no vesicles, orange staining, many
very narrow fractures, flat.

Borehole terminated at 11.50 mbgl.

End of Log -

continued
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Site E natural source zone depletion rate estimates
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Table E.1-1 NSZD rates provided by industry partner

Flux Chamber Results CO, Trap Results
Location M“fu‘:jj,;?; )Flux Uncorrected CO, Flux |  Corrected CO, Flux® Corrected CO, Flux” | Corrected NSZD Rate® | Corrected NSZD Rate® | Corrected NSZD Rate® Sample ID M°dcecr)'; Fclf'l;b"" ngsz"}:f:: ! Equivalent NSZD Rate
/m*/ 2 m2 2, J i 1
— Viaximam Thean T Standard Deviation (umol/m®/s) (umol/m*/s) (umol/im?/s) (gal LNAPL/acre/year) | (gal LNAPL/acre/year) (litres LNAPL/year) (umolim?s) (umolin?is) (gal LNAPL/acre/year)

A1l 417 4.90 447 0.31 447 0.90 253 563 1,583 833

A2 3.27 374 344 0.21 344 0.00 1.50 0 940 0

A3 212 248 225 0.16 225 0.00 0.31 0 196 0

Ag* 3424 38.73 37.04 2.00 37.04 3347 35.10 20,919 21,940 1537

A6 26.05 26.94 26.64 0.41 26.64 23.07 24.70 14,419 15,440 1059 T2 1.80 249 15,565
A7 5.75 6.20 593 0.19 5.93 2.36 3.99 1,475 2,496 108

A8 1.72 271 213 0.44 213 0.00 0.19 0 121 0

A9 20.73 23.50 2175 124 21.75 18.18 19.81 11,363 12,383 835 T6 230 215 13,424
B1 4.09 4.50 4.35 0.19 4.35 0.78 241 488 1,508 36

B3 28.91 3547 3253 2.72 3253 28.96 30.59 18,100 19,121 1330 T1 1.06 36 2,266
B6 1.38 1.92 1.64 0.22 1.64 0.00 0.00 0 0 0

B7 1.54 2.50 1.91 042 1.91 0.00 0.00 0 0 0 T3 1.53 1.7 1.050
B8 3.69 4.09 3.87 0.16 3.87 0.30 1.93 188 1,208 14

B9 10.97 12.71 12.13 0.82 12.13 8.56 10.19 5.350 6.371 393

C1 577 6.05 5.88 0.12 5.88 2.31 394 1.444 2465 106

c2 3.69 467 4.23 0.41 4.23 0.66 229 413 1.433 30

C3 1.20 1.47 133 0.11 1.33 0.00 0.00 0 0 0

Cc4 6.57 7.02 6.78 0.19 6.78 3.21 484 2,006 3,027 147

C5 4.58 4.90 470 0.14 470 1.13 276 706 1,727 52

C6 373 412 3.91 0.16 3.91 0.34 1.97 213 1.233 16

c7 4.10 4.33 4.19 0.10 4.19 0.62 225 388 1.408 28

c8 2.00 2.50 222 0.21 222 0.00 0.28 0 177 0

c9 15.45 16.44 15.83 0.43 15.83 12.26 13.89 7,663 8,683 563

D2 1.50 1.75 1.64 0.10 1.64 0.00 0.00 0 0 0

D3 1.07 1.24 1.16 0.07 1.16 0.00 0.00 0 0 0

D6 9.93 10.26 10.09 0.14 10.09 6.52 8.15 4,075 5,096 299

D7 11.50 11.77 11.61 0.12 11.61 8.04 9.67 5,025 6,046 369 T4 1.36 33 2,033
D8 417 440 4.25 0.11 4.25 0.68 2.31 425 1,446 31

D9 27.50 3251 30.11 2.05 30.11 26.54 28.17 16,588 17,608 1218 T5 3.57 12.6 7.852
E3 2.05 4.49 2387 1.15 2.87 0.00 0.93 0 583 0

E4 1.36 1.64 147 0.12 1.47 0.00 0.00 0 0 0

E5* 2.89 3.17 3.04 0.11 3.04 0.00 1.10 0 690 0

E6 1.13 1.21 117 0.04 117 0.00 0.00 0 0 0

E7 7.49 8.45 8.05 0.41 8.05 448 6.11 2,800 3.821 206

E8 8.28 8.55 8.39 0.12 8.39 4.82 6.45 3,013 4,033 221

E9 10.92 12.98 11.67 0.93 11.67 8.10 973 5,063 6,083 372

F5 1.42 1.62 1.52 0.08 1.52 0.00 0.00 0 0 0

F6 2.08 2.24 217 0.07 217 0.00 023 0 146 0

F7 203 2.14 2.10 0.05 2.10 0.00 0.16 0 102 0

F8 2.66 2.80 271 0.06 2.71 0.00 0.77 0 483 0

F9 13.26 14.74 13.85 0.64 13.85 10.28 11.91 6,425 7.446 472

G9 3.18 3.79 345 0.25 345 0.00 1.51 0 946 0

Z3 511 7.20 5.94 0.90 5.94 2.37 4.00 1.481 2,502 109

Z4 5.06 8.12 6.61 125 6.61 3.04 467 1,900 2,921 140

Z5 16.08 20.64 19.00 207 19.00 1543 17.06 9.644 10.665 708

Z6 29.05 30.84 29.70 0.81 29.70 26.13 27.76 16,331 17.352 1200

Z8 5.37 6.44 5.98 045 5.98 241 4.04 1.506 2,527 11

z9 8.06 8.98 8.49 0.38 849 492 6.55 3,075 4,096 226

@ The maximum of the modern CO: fluxes from the CO trap results is subtracted from the mean reading for each respective Flux Chamber. Where the reading for an impacted zone
location is less than the maximum background value, the corrected CO; flux is reported as zero.® The average of the modern CO; fluxes from the CO, trap results is subtracted from
the mean reading for each respective Flux Chamber. Where the reading for an impacted zone location is less than the average background value, the corrected CO; flux is reported
as zero. ° Assumes that 1umol m? s CO; flux represents approximately 625 gallons of LNAPL naturally degraded per acre per year (gal LNAPL acre”'year’), maximum background
correction. ¢ Assumes that 1umol m? s CO; flux represents approximately 625 gallons of LNAPL naturally degraded per acre per year (gal LNAPL acre”'year?), average background
correction. ¢ Assumes the respective NSZD rate applies radially to a distance of 5 metres from each monitoring point. The distance between monitoring points is approximately 10
metres. Maximum background correction
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Site F well logs
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BOREHOLE LOG NO: BH61
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LEGEND : % Material recovery = percentage of
RQO% = percentage of core greater than 0.1m long per core run.
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fractures per mater of length of core,

Borehole terminated at 20.0 m
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APPENDIX F.2
Site F GC-FID analytical and density results
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- MW98 2019
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Figure F.2-1 GC-FID analysis of LNAPL sample MW1 from 2008 as well as comparison of C15-27
components in LNAPL MW98 from 2019 (the least biodegraded 2019 LNAPL sample) Benz:
benzene, CHX: cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl,
i: iso, IP: isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene,
Tol: toluene, Xyl: xylene
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Figure F.2-2 GC-FID analysis of LNAPL sample MW22 from 2008 as well as comparison of C15-27
components in LNAPL MW98 from 2019 (the least biodegraded 2019 LNAPL sample) Benz:
benzene, CHX: cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl,
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i: iso, IP: isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene,
Tol: toluene, Xyl: xylene
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Figure F.2-3 GC-FID analysis of LNAPL sample MW36 from 2008 as well as comparison of C15-27
components in LNAPL MW98 from 2019 (the least biodegraded 2019 LNAPL sample) Benz:
benzene, CHX: cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl,
i: iso, IP: isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene,
Tol: toluene, Xyl: xylene
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Figure F.2-4 GC-FID analysis of LNAPL sample MW60 from 2008 as well as comparison of C15-27
components in LNAPL MW98 from 2019 (the least biodegraded 2019 LNAPL sample) Benz:
benzene, CHX: cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl,
i: iso, IP: isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene,
Tol: toluene, Xyl: xylene
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Figure F.2-5 GC-FID analysis of LNAPL sample MW9S from 2019 MW9S from 2019 Benz: benzene,
CHX: cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Figure F.2-6 GC-FID analysis of LNAPL sample MW22 from 2019 Benz: benzene, CHX: cyclohexane,
Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP: isoprenoid, M:
methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol: toluene, Xyl: xylene
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Figure F.2-7 GC-FID analysis of LNAPL sample MW23 from 2019 Benz: benzene, CHX: cyclohexane,
Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP: isoprenoid, M:
methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol: toluene, Xyl: xylene
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Figure F.2-8 GC-FID analysis of LNAPL sample MW28 from 2019 Benz: benzene, CHX: cyclohexane,
Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP: isoprenoid, M:
methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol: toluene, Xyl: xylene
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Figure F.2-9 GC-FID analysis of LNAPL sample MW40 from 2019 Benz: benzene, CHX: cyclohexane,
Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP: isoprenoid, M:
methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol: toluene, Xyl: xylene
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Figure F.2-10 GC-FID analysis of LNAPL sample MW69 from 2019 Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Figure F.2-11 GC-FID analysis of LNAPL sample MW81 from 2019 Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Figure F.2-12 GC-FID analysis of LNAPL sample MW82 from 2019 Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:

isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Figure F.2-13 GC-FID analysis of LNAPL sample MW83 from 2019 Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Figure F.2-14 GC-FID analysis of LNAPL sample MW85 from 2019 Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene

CRC CARE Technical Report no. 47 234
Australian case studies of light non-aqueous phase liquid (LNAPL) natural source zone depletion rates compared with conventional

active recovery efforts



FID

Lt

Isooctane

2019

12478

Relative Abundance

o0

i

T 3 7

Retention Time (min)

I

Figure F.2-15 GC-FID analysis of LNAPL sample MW96 from 2019 Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Figure F.2-16 GC-FID analysis of LNAPL sample MW98 from 2019 Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:

isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Figure F.2-17 GC-FID analysis of LNAPL sample MW99 from 2019 Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Figure F.2-18 GC-FID analysis of LNAPL sample MW112 from 2019 Benz: benzene, CHX:
cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:

toluene, Xyl: xylene
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Figure F.2-19 GC-FID analysis of LNAPL sample MW113 from 2019 Benz: benzene, CHX:

cyclohexane, Cx: straight or branched alkane containing x carbons, D: di, E: ethyl, i: iso, IP:
isoprenoid, M: methyl, n: normal, Naph: naphthalene, P: pentane, TMB: trimethylbenzene, Tol:
toluene, Xyl: xylene
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Table F.2-1 Density and analytical results for site F LNAPL samples

S:;nn?;e Year gte gg !,tg °/I.:)v;l;v PrinC17 | PriPh | Benzene | Toluene BEI::ZLe X?Ilepr;e Xy(I)e-ne ;&53' ;fll‘tB- ;fllsB- Naph | nC17 | Pristane
g mL! Ratio Ratio % (w/w) % (w/w) %(w/w) | %(ww) | %(w/w) | %w/w) | %B(ww) | %(ww) | %(ww) | %Bww) | %(w/w)

Gasoline range product containing minor diesel range product

Analysis GCFID* | GCFID | GCFID | GCFID GCFID GCFID | GCFID | GCFID | GCFID | GCFID | GCFID | GCFID | GCFID | GCFID
MWA1 2008 NR 35 0.59 4.6 1.82 10.7 222 11.0 3.93 NR 3.65 NR 0.32 0.04 0.02
MW22 2008 NR 2 0.74 6.4 2.14 9.69 1.97 8.60 2.90 NR 2.41 NR 0.17 0.12 0.09
MW36 2008 NR 20 0.51 4.1 2.64 12.5 2.18 9.95 3.63 NR 2.94 NR 0.26 0.03 0.01
MW60 2008 NR 0 0.51 4.0 3.58 11.4 1.79 8.00 2.92 NR 2.36 NR 0.22 0.04 0.02

Analysis GCMS* | GCMS | GCMS | GCMS GCMS GCMS | GCMS | GCMS | GCMS | GCMS | GCMS | GCMS | GCMS | GCMS
MW96 2019 0.759 28 1.2 6.6 0.05 0.71 1.26 5.51 0.65 0.95 3.25 0.80 0.35 0.01 0.01

Mixture of gasoline and diesel range products

Analysis GCMS" | GCMS | GCMS | GCMS GCMS GCMS | GCMS | GCMS | GCMS | GCMS | GCMS | GCMS | GCMS | GCMS

MW69 2019 0.816 98 49 4.6 0.07 <0.01 0.07 0.01 <0.01 0.01 0.01 0.04 0.16 0.02 1.10
Diesel range product

MW9S 2019 0.847 99 2.1 5.8 <0.01 <0.01 0.01 0.02 <0.01 0.04 0.11 0.05 0.03 1.07 2.23
MW22 2019 0.832 99 1.3 5.8 0.01 0.06 0.06 0.46 0.28 0.28 0.72 0.23 0.08 1.46 1.83
MW23 2019 0.850 99 22 5.6 <0.01 <0.01 0.04 0.07 <0.01 0.13 0.33 0.08 0.15 0.09 1.98
MW28 2019 0.853 99 21 5.1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.01 0.01 0.11 2.39
MW40 2019 0.853 99 54 4.6 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.05 2.58
MW81 2019 0.842 99 48 5.7 <0.01 <0.01 0.02 0.05 0.04 0.15 0.30 0.14 0.06 0.38 1.81
MwW82 2019 0.847 99 6.7 5.2 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.02 <0.01 0.36 240
MW83 2019 0.835 99 1.2 5.5 <0.01 0.01 0.10 0.37 0.18 0.28 0.86 0.23 0.13 1.31 1.53

CRC CARE Technical Report no. 47 238

Australian case studies of light non-aqueous phase liquid (LNAPL) natural source zone depletion rates compared with conventional active recovery efforts




S:;nn?;e Year gte gg !,tg "/I.:)v;l;v PrinC17 | PriPh | Benzene | Toluene BEI:ZZLe Xr;llepr;e Xy(I)e-ne ;&53' ;:II4B- ;:IlsB- Naph | nC17 | Pristane
MW85 2019 0.853 99 25 54 <0.01 <0.01 0.01 0.01 <0.01 0.03 0.12 0.04 0.05 0.09 2.10
MW98 2019 0.838 99 1.7 5.7 <0.01 <0.01 0.07 0.15 0.08 0.21 0.63 0.18 0.09 1.09 1.86
MW99 2019 0.851 99 13 54 <0.01 <0.01 0.03 0.06 0.01 0.12 0.54 0.15 0.08 0.15 1.88
MW112 2019 0.825 99 0.9 6.0 0.01 0.04 0.13 0.55 0.33 0.25 0.95 0.25 0.14 1.59 1.45
MW113 2019 0.844 99 2.1 5.6 0.01 0.01 0.18 0.44 0.12 0.35 1.04 0.27 0.18 0.79 1.66

*%w/w losses relative to source based on 1,2,4-trimethylbenzene; " %w/w losses relative to source based on pristane; Pr/nC17: ratio of pristane/n-heptadecane; Pr/Ph: ratio of
pristane/phytane; Naph: naphthalene; TMB: trimethylbenzene; NR: not reported.
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