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Abstract

The thermal structure of continental crust is a critical factor for geothermal exploration,
hydrocarbon maturation and crustal strength, and yet our understanding of it is limited
by our incomplete knowledge of its geological structure and thermal properties such
as hydrogeologic and thermo-mechanical feedbacks that come into play. One of the
most critical parameters in modelling upper crustal temperature is thermal conductiv-
ity, which itself exhibits strong temperature dependence. In this study, we integrate
new laboratory measurements of the thermal conductivity of Sydney Basin rocks
under varying temperatures, with finite-element geothermal models of the Sydney
Basin using dealll (Bangerth et al. in ACM Trans Math Softw (TOMS) 33:24, 2007). Basin
geometry and structure are adapted from Danis et al. (Aust J Earth Sci 58:517-42,2011),
which quantified the extent of Triassic sediment, Permian coal measures, Carboniferous
volcanics and thickness of the crystalline crust. We find that temperature-dependent
thermal conductivity results in lower lateral variations in temperature compared to
constant thermal conductivity models. However, the average temperatures at depth
are significantly higher when temperature-dependent thermal conductivity effects

are included. A number of regions within the Sydney Basin demonstrate temperatures
above 150 °C at depths of less than 2000 m in these models, for instance NW of Single-
ton, exhibits a strong thermal anomaly, demonstrating the potential for geothermal
prospectivity of the region from experimentally constrained thermal parameters.

Background

In this study, thermal temperature-dependent conductivity measurements are used
to generate thermal models. This is done to constrain the temperature distribution
in the Sydney Basin down to a depth of 12 km. Understanding the thermal struc-
ture of sedimentary basins has worldwide applications, and in this study the Sydney
Basin is used as a proxy. Urban and rural areas could greatly benefit from an alter-
native energy source such as geothermal energy, tapping into heat trapped beneath
coal seams and insulating sediments. The depth of investigation potentially probes
down from 1.5 to 4 km; desirable drilling depths would in turn depend on the use
of the geothermal location, whether it be used for heating or producing electric-
ity. Naturally, the shallower the depth, the more economical the exploration pro-
cess becomes. This depth range generally implicates hot-dry rock systems (HDR),
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rather than porous thermal fields that usually occur at shallower depths. HDR sys-
tems typically require more research and reliable models to ensure safer investments
and drilling successful targets. The large-scale impact of aquifers on heat flow in the
Sydney Basin is not entirely understood; however, its effect can be considered neg-
ligible assuming groundwater systems only have a significant impact within the top
100 m (Danis et al. 2012), as observed by the Sydney Catchment Authority through
groundwater monitoring boreholes located in the Ulan Coal Mines, concluding that
seasonal variations are no longer detected below 100 m.

Variables used to set up the model have been adapted from Danis et al. (2012),
who have produced thermal models of the Sydney Basin, based on constant ther-
mal conductivity values. These thermal models were constrained using equilibrated
borehole temperature measurements from shallow groundwater in the Sydney Basin.
However, large-scale effects of temperature-dependent thermal conductivity have
yet to be implemented in current models regarding the Sydney Basin.

This study aims to assess how much of an effect variable thermal conductivity has
on the large-scale temperature distribution of the Sydney Basin, particularly when
compared against constant thermal conductivity models.

To do this, finite-element simulations were performed which result in a model
of the temperature distributions of the Sydney Basin at depth, incorporating the
effects of the basin stratigraphy, heat-producing values and variations in thermal
conductivity.

The thermal conductivity of Sydney Basin sediments (incorporating sandstone and
coal) and basement (consisting of Lachlan Fold Belt granitoids) have a significant tem-
perature dependence based on the measurements in this study. It is currently thought
that the addition of temperature-dependent thermal conductivity data in geothermal
simulations will result in significantly different temperature distributions at depth.

At temperatures lower than 700 °C, assuming a constant pressure, the main energy
transfer mechanism is thermal conduction within a porous medium such as sand-
stone (Abdulagatova et al. 2009). Therefore, a gradual shift in temperature causing
a subsequent change in thermal conductivity is thought to have rather significant
impacts on the overall thermal structure of our models as temperatures converge to
350 °C at the bottom boundaries. The role of thermal diffusivity in the propagation of
thermal energy is similarly relevant in the scope of cooling rates in granitic plutons
and basaltic sills (Nabelek et al. 2012).

For example, a drop in the thermal conductivity of sediments with increasing tem-
perature could result in greater simulated temperatures at depth. This constitutes
critical information on the distribution of potential high-temperature domains that
may be prospective for geothermal energy. Radiogenic heat production of Carbonifer-
ous granitic batholiths provides substantial heating, and serves as the primary heat
input which is distributed throughout the upper crust. Heat production values were
measured and compiled by Blevin et al. (2010), estimating mean heat-producing val-
ues for Carboniferous granites of the Sydney Basin of 3.0 uWm ™2 as the mean value
for all Carboniferous granites; the value used in this study is slightly higher as a wider
range of values were considered.
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Geological background

The Sydney Basin can be described by a two-phase stratigraphic model for foreland-
basin development. The Sydney Basin formation process consisted of a foreland-basin
deposition component—a result of tectonic loading (the syn-orogenic phase), and a
basin response to thrust-belt erosion (post-orogenic phase) (Heller et al. 1988).

The Sydney Basin is located between the New England and Lachlan Fold belts and
consists of Permian—Triassic sedimentary sequence of at least 4 km thick (Middleton
and Schmidt 1982). At its thickest point, the Sydney Basin is cross-cut by the north-
easterly dipping frontal thrust fault of the Tamworth Arc of the New England Fold belt,
and gradually thins towards the south (Conaghan et al. 1982). This trend is evident in the
compiled gravity profiles sourced from Danis et al. (2011) used to define basin geometry
at a relatively high spatial resolution. The Sydney Basin is essentially a succession of Per-
mian to Triassic sedimentary and scattered volcanic rocks formed as a result of basin
extension, outcropping in a NW to SE trend.

Fore-arc basin sedimentation and orogenic recession via crustal thinning has resulted
in thermal subsidence, accumulating large coal reserves—among some of the largest
in the world (Casareo 1996). These large coal reserves mostly consist of the Northern
Sydney Basin Permian Coal Measures. Local bioturbations have been found to protrude
the Newcastle coal measures, while the Newcastle coal measures have a predominantly
dominant fluvial signature, containing plant fragments and upward fining sandstone and
overbank sediments such as claystone (Hunt et al. 1984). The Newcastle coal measures
appear as lenses within a large suite of terrigenous sediment (Herbert 1995). Therefore
for the purposes of this work, the Newcastle and Tomago coal measures are grouped as
one major coal layer with their terrigenous components reflected in their bulk thermal
conductivity. The Waratah sandstone sequence denotes a period of extended transgres-
sion and has signs of re-working indicating evidence of basin-wide shoreline re-working
shown by angular disconformities at the contact between the Tomago and Newcastle
coal measures (Conaghan et al. 1982). The Waratah sandstone marks a geological point
separating organic-rich coal sequences and the largely terrigenous Triassic sediments.

Previous thermal modelling

Thermal modelling of the Sydney Basin has recently been undertaken by Danis et al.
(2012), as part of the large-scale study of the Sydney—Bowen—Gunnedah Basin (Danis
and O'Neill 2010). Thermal models of Danis et al. (2012) were developed using a finite-
element code, named “Underworld” designed by Moresi et al. (2007). The model applies
constant top and bottom conditions of 15 and 350 °C, respectively, with reflecting side
conditions. The top temperature of 15 °C was adopted from Cull’s (1979) yearly average
surface temperature measurements of the Gunnedah Basin. The bottom temperature
of 350 °C was constrained through extrapolation of groundwater borehole temperature
measurements, taken across the Sydney Basin, and this boundary condition was modi-
fied to optimise the fit between the steady-state models, and observed geotherms.

There is inherent uncertainty in groundwater temperature measurements. This uncer-
tainty becomes apparent when comparing measured equilibrated borehole tempera-
tures to modelled temperatures from shallower points. Since surface temperature is
highly variable relative to temperature at depth, modelled projections of groundwater
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temperature accommodate for larger uncertainties across modelled geotherms (Danis
et al. 2012) within the shallow crust, such that extrapolated temperatures based on
groundwater borehole temperature measurements have a margin of error substantially
higher than the extrapolated temperature of deep crust (down to 12 km in this case),
mostly due to the absence of groundwater and seasonal effects at such depths (> 100 m).

Numerical models by Danis et al. (2012) incorporate the effects of basin architecture
and geology with measured and extrapolated temperature conditions in order to provide
a more realistic representation of the distribution of temperature of the Sydney Basin. It
was pointed out by Danis et al. (2012) that the refraction of heat around insulating coal
layers would likely have a significant impact on local geotherms with coal seams in their
direct vicinity. As a result, the impact of coal in thermal models warrants further exami-
nation. The thermal models of Danis et al. (2012) also take into account the topography
of thermal profiles, through ground surface elevation measurements. Topographic sur-
face variations result in localised additions or deficiencies of sedimentary cover, which
can have a substantial effect on subsurface temperatures, and shallow heat flow direc-
tions (Danis et al. 2012).

Methods

Thermal conductivity measurements

Thermal conduction is thought to be the dominant heat propagation mechanism in
sedimentary basins, alongside advection of heat through groundwater motion (Clauser
and Huenges 1995). Conduction itself is dependent on the composition of the medium
(thermal conductivity), its temperature (in the case of temperature-dependent thermal
conductivity) and the temperature gradient across a system. Temperature has a more
dominating effect than pressure in crustal settings (Vosteen and Schellschmidt 2003),
and therefore temperature alone will in parallel with thermal conductivity and heat gen-
erating will be accounted for in our models. In addition, thermal conductivity and tem-
perature gradient negatively correlate, where an increase in thermal conductivity results
in a reduction in temperature gradient, highlighting that heat flow is highly dependent
on thermal conductivity (Sass et al. 1992).

The thermal conductivity of a specimen may be measured in situ or in the laboratory.
In situ measurements accounts for a larger volume or rock, while it is easier to control
temperature, pressure and pore-fluid variables with laboratory measurements (Clauser
and Huenges 1995).

In addition to a rock’s isotropy or anisotropy, thermal conductivity is a function of
temperature (Clauser and Huenges 1995). Generally, thermal conductivity reduces with
temperature, as differential expansion can lead to contact resistances between grains
boundaries.

Thermal conductivity values are based on measurements taken from a thermal con-
ductivity tester (Anter model 2022—guarded heat flow apparatus) (Fig. 1), which are cal-
ibrated using standard calorimeters (stainless steel calorimeter: 19.05 mm thick, small
vespel calorimeter: 3.175 mm thick, medium-sized vespel calorimeter: 9.525 mm thick)
(Fig. 2). The Anter model 2022 has an effective accuracy range of 3—8% as described by
The Anter Manual (2001), and accuracy is said to be largely affected by the thermal resis-
tivity of the sample.



Lemenager et al. Geotherm Energy (2018) 6:6

Pneumatic Load

Top heater

Upper plate (Tu)

Test sample
Lower plate (Tm) Heat flux
transducer
Reference calorimeter
Tl
Top heater
Spacer
Heat sink

Fig. 1 Apparatus used—surrounded by guard heater

At thermal equilibrium, the Fourier heat flow equation applied to the test stack
becomes (Anter Manual 2011)

Tu — Tl
Q

Rs =F — Rint,

where Rs is thermal resistance of the sample, F is the heat flow transducer calibration
factor, Tu is the upper plate surface temperature, Tl is the lower plate surface tempera-
ture, Q is the heat flow transducer output and Rint is the interface thermal resistance.
The sample thermal conductivity, A, is calculated by dividing sample thickness by its

measured thermal resistance from the previous equation.

_a
T Rs

The pneumatic load is set at a constant 20 MPa throughout thermal conductivity

measurements.

Internal precision values and calibration
A set of calorimeters were used in the thermal conductivity measurement process of
sandstone, coal and granite in the laboratory. The most recent calibration done on the
samples measured is shown in the form of a calibration curve in Fig. 3a, b.

Calibration specimens (Additional file 1: Table S1) were repeatedly measured to con-
strain instrument internal precision values. Each calibration specimen was measured a
total of three times, excluding the initial calibration process. These measurements were

compared to initial calibration values, and their deviation from original measurements
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Fig. 3 a Calibration curve for low-temperature measurements (20-100 °C); black, red and purple
lines correspond to 184, 34.0 and 83.6 °C temperature curves, respectively. b Calibration curve for
high-temperature measurements (100-300 °C); black, red, purple, brown and yellow lines correspond to
83.7,1334,183.4, 233.1 and 282.9 °C temperature curves, respectively. This is used to determine thermal
conductivity based on the relationship between thermal resistance and the temperature difference of the
sample and reference calorimeter

was recorded. Internal precision measurements were only done for low-temperature
set points, as the uncertainty in thermal conductivity is highest at low temperatures.
The following plots show thermal conductivity variation of calibration specimens with
repeated measurements.

As the internal precision measurement plots suggest, uncertainty between measure-
ments reduces greatly with temperature, and the uncertainty associated with the 100 °C
temperature set point can be used for high-temperature measurements.

Thermal conductivity tests of samples were done at pre-determined temperature
intervals of 20°, 50° and 100° for low-temperature tests; and 100°, 150°, 200°, 250° and
300° for high-temperature tests. Low- and high-temperature tests are performed sepa-
rately, as they each require different spacers manufactured from copper and polymide,
respectively. Each spacer is selected for its affinity to retain a relatively stable thermal
conductivity within a low- and high-temperature range.

Minimum standard deviations were assigned to each specimen, which were calculated
based on the repeated thermal conductivity measurement of calibration specimens.
Standard deviation values were derived from one calibration only, the same calibration
used for the coal thermal conductivity measurements. Low- and high-temperature cali-
bration plots are shown below. Percentage temperature variation for each temperature
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step (from 20 to 300 °C) varies by 6% for sediment and coal based specimens, and by 5%
for granite-based specimens. This amounts to a significant variation in potential ther-
mal conductivity values when up to seven different temperature steps are conducted per
sample.

Finite-element modelling and thermal modelling

Governing equations

While the target area is a stable basin, the present sedimentation rate is low [approxi-
mately ~65 m/Ma, determined by Gulson et al. (1990)]; in consequence the temporal
evolution and convection effect due to sedimentation can be ignored in this particular
study. Sedimentation may affect convective equilibrium via stable sedimentary recharge
or by extended non-linear deposition Ryskin and Pleiner (2010). As a result, we solve a
stable heat conduction problem as the following form:

V.- [kK(T)VT]+H =0. (1)

Newton method

As thermal conductivity is temperature dependent, a non-linear approach is required to
solve this problem. Convergence may be achievable using direct iteration, when thermal
conductivity is weakly dependent on temperature. However, as the partial derivative of
thermal conductivity is a function of temperature, it is simple to approximate, and in this
study we use a more complicated but faster converging Newton method.

The initial thermal field for the Newton iteration is found by solving Eq. 1 using ther-
mal conductivity calculated from a constant temperature. Then, while the temperature
(7) of the previous Newton step is known, the thermal conductivity expressed as K rela-
tive to the temperature used for the next step, 7 + 8T can be approximated as

k(T +38T)=k(T)+ ¥5T. (2)

The temperature change between steps are solved as

V. ($8TVT> + V- [k(T)VST]+ V- [k(T)-VT]+H =0, 3)

where T is known from the previous Newton step, V is the Laplacian factor, % refers to
the ratio between the partial derivative of thermal conductivity (W/mK) and tempera-
ture (°C), ST VT refers to the difference in temperature between each vertex and H refers
to a heat-producing value in fWm™>. This solving method normally gives convergence
within ~ 10 iterations for an error residual of 2.90655 x 10~° (for thermal profile 1).

Deal.ll libraries
To build our own code, an open source finite-element library, developed by Bangerth
et al. (2007), was used. This is compatible with most finite-element codes, and is used

for the handling of grid, degrees of freedom, sparse matrices and provides support for



Lemenager et al. Geotherm Energy (2018) 6:6 Page 9 of 27

different solvers, which helps keep our code manageable. Its dimensionally independ-
ent concept and excellent support for adaptive mesh refinement and massively parallel
architectures give great potential for easier future expansion of our code to more com-
plicated 3D thermal models.

Computation grid

When running simulations, the 2D computation domain is 60-180 km in length,
depending on profile location. Model depth is uniformly set to 12 km, and the top sur-
face is based on topography. Topographic information was retrieved from a compilation
of global grid datasets including gravity and magnetic satellite surveys from the Shut-
tle Radar Topography Mission at the United States Geological Survey website (Shuttle
Radar Topography Mission: United States Geological Survey 2015). Local land-based
datasets were also used in conjunction with the global dataset, consisting of seismic and
borehole surveys of the Sydney Basin (Danis et al. 2011).

This study does not present a 3D model of the geothermal distribution of the Sydney
Basin based on the available 2D models presented here. In reality, 2D and 3D models
may in fact display different thermal characteristics (Noack et al. 2012), for instance, the
addition of a transverse axis which would require an extrapolation method or 3rd order
interpolation between profiles. An additional factor to consider would be whether the
extrapolation of a transverse axis would remain independent of the lateral domain, e.g.
2D thermal profiles. Here, 2D models remain valuable tools for showing the non-linear
relationship of temperature and thermal conductivity within a basin-wide context.

The mesh is built based on a divided rectangular triangulation (divided to make
each mesh cell close to a square), and further globally refined and transformed to fit
the topography of the surface. As a result, a global refinement value defines the model
resolution. Simulations with a global refinement value of 6 have a cell size of approxi-
mately 200 m x 200 m, while simulations with a global refinement of 7 have a cell size of
approximately 100 m x 100 m, effectively quadrupling the resolution, however, requir-
ing more time to compute. In practice, an increased resolution rendered by a global
refinement value of 7 does not seem to have noticeable changes on the results.

Two examples of low global refinements for thermal profile 2, showing the subdivided
grid and its impact on the resolution of the model, are shown in Fig. 4.

b, ot o o, ] i e o i o, o e b o e o o o o i

Fig. 4 Example of global refinement values. a Global refinement of 2 and b global refinement of 4
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Monte Carlo method
Large uncertainties exist in thermal conductivity and heat production rate measure-
ments; a Monte Carlo approach is introduced to study how those uncertainties affect
thermal structure results. The fast computing time for individual model allows us to
carry out more than one thousand Monte Carlo simulations easily for each 2D profile.
Monte Carlo simulations were performed utilising a Python script. An initial script
was written to create directories with respect to the root configuration file and data files
(which contain H and K values, with standard deviations). A total of one thousand direc-
tories were generated, all of which have randomly selected thermal conductivity values,
from a Gaussian distribution with measured means and standard deviations, based on
laboratory measurements for each lithology. Once a simulation suite has completed,
the output from all one thousand directories is compiled into singular plot files. Each
plot file shows the mean, while adding and subtracting one standard deviation to show
the uncertainty range. A geotherm is taken every 10 km along each profile. Extracted
geotherms provide a quantitative temperature range useful for determining the ther-
mal arrangement of each profile. The first iteration benchmark was set to 100; however,
100 iterations lacked the statistical rigour to apply it to all models. Increased iterations
(10,000) per simulations were used to determine whether more iterations necessarily
mean increased accuracy, as large simulations are computationally expensive and time-
consuming process. However, no significant difference was found in the uncertainty
range between 1000 and 10,000 iterations, and as a result 1000 iterations were set for all
Monte Carlo simulations.

Physical model set-up

The full geological model is constructed as a series of 12 geological profiles, which define
the geometry of the major lithological units for all modelled profiles. An aerial map of
the area of study is shown in Fig. 5.

Boundary conditions

A surface temperature of 15 °C is used, as indicated by Danis et al. (2012). This value
is taken from Cull (1979) measurements. A bottom temperature of 350 °C at 12 km is
used, which is the modelled temperature used by Danis et al. (2012) in their models.
Side conditions of the model have no heat flow, meaning that boundary temperatures
are all accounted for at the top and bottom of the model. Excluding heat flow from side
conditions ensures that the model is internally consistent by minimising edge effects. A
3rd order Lagrange interpolating polynomial was used to obtain a complete distribution
between data points for multiple datasets (Liu and Gu 2001).

Profile geometry

All profiles have four layers consisting of a Triassic sedimentary layer, a Permian coal
layer, a Carboniferous volcanics layer and a Carboniferous Basement layer. Profiles 1-6
have the most complex geometry with one additional ‘Greta’ coal layer overlain by the
Permian coal layer. The base of the sedimentary layer is defined down to the top of the
volcanics layer, and coal layer(s) intermittently reside within the sedimentary layer. The
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bottom of the basement is not depicted in the following profiles; however, simulations
assume a basement limit of 12 km—as shown in the following figures (Profiles 1-12)
which have an E-W orientation (Lemenager and O’Neill 2016) (Fig. 6).

Heat production values

Heat production values have been taken from two prominent sources. Facer et al. (1980)
provides a short list of packages from the Southern Coalfields in NSW and Blevin et al.
(2010). Vila et al. (2010) offers a range of heat production values for common lithological
groups, but does not offer site-specific values that are provided by Facer et al. (1980) and
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Fig. 6 Crustal structure of the Sydney Basin, from the model of Danis et al. (2012). Latitudes and longitudes
of each profile are labelled, and correspond to the lines shown in Fig. 5. Cyan region: Sediment layer, dark
blue region: permian coal layer, purple region: greta coal layer, dark green region: volcanics layer, bordeaux
region: basement layer. Basement layer extends down to 12 km in thermal models

Blevin et al. (2010). Approximated heat production values of Triassic sedimentary rocks,
igneous intrusions/dykes that have been identified as intrusions of coal measures, and
Permian coal measure sedimentary rocks were sampled by Facer et al. (1980). A number
of the Permian samples have been recognised as inter-seam clastic rocks with varying
heat production values; as a result, this represents an average between the organic and
non-organic component of Permian sedimentary packages.

Although reported values are based on a limited number of samples and that it is
assumed that heat production values remain constant within defined layers or packages,
they provide a general idea of the large-scale heat production of pre-defined lithological
packages studied in this project. Heat production values were collected via XRF (X-ray
fluorescence) analysis of K and Th and U via NAA (neutron activation analysis).

A large compilation of heat production measurements were provided by Vila et al.
(2010), showing a mean and percentile difference of heat production values. Reported
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values vary significantly with standard deviations in some instances exceeding the mean.
It was shown by Vila et al. (2010) that it is difficult to approximate and nominate specific
values to a group of lithologies. Heat production values vary with location, and in order
to keep value distributions manageable—taking the mean is established to be the most
effective approximation, and provides a relatively realistic representation of true values.
This method was then applied to the following study.

Blevin et al. (2010) provides a compiled dataset of heat production values of the Syd-
ney Basin Gulgong, Bathurst and Oberon Granites representing a large number of
the Lachlan Fold Belt Carboniferous Granitoids. At the current resolution of simula-
tions, heat production values cited in papers above were averaged across all layers for
simplicity.

Facer et al. (1980) referenced specimens are close to our area of interest, so we adopt
these estimates, taking into account the uncertainty in the measurements. As a result,
the following values were used, in conjunction with Blevin et al. (2010) basement esti-
mates (Table 1).

Results

Thermal conductivity measurements

Thermal conductivity values used for this study are shown in Tables 2 and 3. These
include basement thermal conductivities, compiled from Evans’s (2013) Lachlan Fold
Belt Granites measurements (Additional file 1: Tables S2 and S5), and new measure-
ments on Sydney Basin sediments (Additional file 1: Tables S3, S4 and S6). The Lachlan
Belt Granites are representative of a number of granitic bodies which extend down to
the Sydney Basin basement (Evans 2013). The thermal conductivity of each profile was
calculated by taking the average of surrounding granites corresponding to the latitude
of each thermal profile. The granites follow the same trend in thermal conductivity as
depicted by Sass et al. (1992), roughly following a near-linear trend-line reducing in
value, which can be useful in providing approximations as long as at least one tempera-
ture-specific thermal conductivity is known, by simply applying a gradient. The thermal

Table 1 Heat production values used for geothermal models and geotherms

Geological layer Thermal
conductivity (W/
mK)

Layer O (sediment) 20

Layer 1 (volcanics) 3.0

Layer 2 (basement) 3.0

Coal layer 1 03

Coal layer 2 03

Geological layer Heat production

value (Wm—3)

Layer O (sediment) 1.10
Layer 1 (volcanics) 0.87
Layer 2 (basement) 3.30
Coal layer 1 2.10

Coal layer 2 3.10
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Table 2 Constant thermal conductivity values used for geothermal models

Geological layer Thermal
conductivity
(W/mK)

Layer O (sediment) 2.0

Layer 1 (volcanics) 3.0

Layer 2 (basement) 30

Coal layer 1 03

Coal layer 2 0.3

conductivity, for a given temperature, of the Triassic sediment, coal measures and vol-
canics were grouped as one unit type across all thermal profiles as these measurements
do not possess the same degree of coverage as the granites.

Temperature-dependent thermal conductivity of sediment and coal measures meas-
urements were taken in 2014 as part of this study (Lemenager and O’Neill 2016). Vol-
canics thermal conductivities are recommended temperature-dependent estimates
taken from Danis et al. (2012). Constant thermal conductivity values were taken from
Facer et al. (1980), and basement value from Danis et al. (2012) (Figs. 7, 8).

Thermal modelling

Non-temperature-dependent thermal profiles are much more susceptible to temperature
variation with depth than temperature-dependent thermal profiles. Here, non-tempera-
ture dependent refers to thermal conductivity remaining constant at all temperatures.
Each geological layer is attributed a single thermal conductivity value which remains
constant with temperature and therefore depth. As a result, geology and profile geom-
etry are the main controls of temperature variation in non-temperature-dependent ther-
mal profiles. The 150 °C isotherm shown in temperature-dependent thermal profiles
(Fig. 9) are much more linear and instead gradually respond to geology and geometry.
The temperature distribution in temperature-dependent thermal profiles is by com-
parison smoother. Non-temperature-dependent thermal profiles (Fig. 10) persistently
have thermal anomalies in close proximity to the surface as demonstrated by the 150 °C
isotherm, most considerably in profiles 1-6. Thermal anomalies in profiles 1-6 may be
due to the nature of the coal measures, where they are thickest in the north and reduce
in thickness as it progresses south. The highly thermally resistive nature of the Greta
coal could also significantly contribute to this in non-temperature-dependent thermal
profiles.

Additionally, approximately ~ 35 km along thermal profile 3, the effect of topography
can be seen where a local increase in sedimentary cover, as well as coal, provides further
insulation. The top of the basement in the western half of thermal profile 3 is very shal-
low in comparison with the eastern half. Although as seen in profile 2, high tempera-
tures are associated with sediment and coal thickness, but also distance to the top of the
basement from heat generation through radioactive decay of heat-producing elements.
Although there is prominent topographic variation in profile 3, the resulting incongru-
ence in topography, sedimentary cover, coal thickness and distance to basement ensues
little disparity in temperature laterally, across the thermal profile. This profile is an
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Fig. 7 Thermal conductivity measurements of basement rocks. Basement layer numbers correspond to
their respective profile, layers 1-5 are composed of the Gulgong Granite, layers 6-10 are composed of the
Bathurst and Oberon Granite, and layers 11-12 are composed of the Wyangala and Oberon Granite. Thermal
conductivities consistently decrease at higher temperatures. Error margin remains relatively low, with higher
uncertainty at lower temperatures

example of the effect of complex geometry on the thermal structure of the Sydney Basin,
and highlights the requirement for the understanding of large-scale geology.

It can be concluded that temperature-dependent and non-temperature-dependent
thermal profiles distinctively vary from each other. Geothermal gradients between the
two sets of models (temperature dependent and non-temperature dependent) at times
exhibit rather large temperature discrepancies; for example, profile 4 point 9 (80 km
along the profile) has up to 50 °C difference in temperature, and in geothermal explora-
tion this is a substantial temperature gap. In sum, temperature field variation between
temperature-dependent and non-temperature-dependent thermal profiles are suf-
ficiently significant to infer that temperature-dependent thermal conductivity has an
important impact in the way heat is distributed in the Sydney Basin (Lemenager and
O’Neill 2016).
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medium-grained sandstone. Permian coal layer is an average of the Whittingham, Tomago and Newcastle

coal measures (Volcanics layer is an artificial value adapted from Danis et al. (2012) models, values are listed in
Table 2)
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Fig. 9 Temperature-dependent thermal conductivity models for profiles 1-12. Temperature is given
in degrees Kelvin (range from 288 to 623 K). K-TD refers to K thermal conductivity and TD Temperature
dependent. White dashed lines refer to local geothermal gradients showcased in Fig. 11

268 Kelvin

Geotherms

In order to assess the uncertainty in our calculated downhole temperature, we utilised
a Monte Carlo approach. We assigned Gaussian distributions to our temperature-
dependent conductivity, based on the means and standard deviations of the tempera-
ture-dependent conductivity curves shown in “Thermal conductivity measurements”
section.

The output statistical variation is shown on geotherm plots, extracted from tempera-
ture-dependent thermal profiles. A series of geotherms at 1000 iterations were plotted
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Fig. 10 Non-temperature-dependent (constant) thermal conductivity models for profiles 1-12. Temperature
is given in degrees Kelvin (range from 288 to 623 K). K-NTD refers to K thermal conductivity and NTD
non-temperature dependent

showing uncertainties in temperature with depth (Fig. 11). It can be noted that each plot
converges to 0 uncertainties as they meet the default boundary conditions.

The 150 °C isotherm occurs between depths of 1500 and 4303 m across all profiles
(Table 3). Bold markers show minimum uncertainties within 2 km from the surface and
may be areas of interest regarding the potential for geothermal energy in the Sydney
Basin.

Geothermal gradients by Danis et al. (2012) are based on measured equilibrated bore-
hole groundwater from approximately 500 m downhole. The extrapolated temperature
uncertainty from these measurements is shown in Fig. 12 as purple polygons. In con-
trast, the geothermal gradients produced in this study are based on non-linear temper-
ature-dependent thermal conductivity measurements and their associated uncertainties
based on variations in thermal conductivity.

The projected temperatures presented here (Fig. 11) exhibit a consistent incongruity
in relation to borehole temperature data shown as purple polygons, which apply to shal-
low depths based on Danis et al. (2012) measurements. However, the polygons and trend
lines in Fig. 11 do not correspond to the same exact location, as thermal models were
designed based on known topography cross cutting the Sydney Basin, and therefore are
only within proximal range of dedicated groundwater borehole data points. Therefore,
the level of correlation between each dataset can be inferred to be relatively low. Never-
theless, this apparent divergence can be used as diagnostic for establishing a comparison
between simulations and measurements (Table 4).

Discussion
Importance of temperature-dependent thermal conductivity
Constant and temperature-dependent thermal profiles indicate that thermal conductiv-

ity has an important impact on subsurface temperature distributions. Thermal profiles
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Fig. 11 Geothermal gradient of selected locations exhibiting relatively elevated near surface temperatures
(>150 °C within 2000 m or less) across profiles 2,6, 7,8,9,10, 11 and 12. Location of each geothermal
gradient is depicted in conjunction with Fig. 9. Gradients shown are depicted with a standard deviation
uncertainty range governed by the uncertainty in thermal conductivity from calibration tests

using constant thermal conductivity respond very closely to basin geometry, while tem-
perature-dependent thermal profiles display a gradual change in geothermal gradient

with depth.
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Fig. 12 Geothermal plot comparison between temperature-dependent thermal model and extrapolated
temperature range untaken by Danis et al. (2012) shown by the purple outline. The temperatures reported
by Danis et al. (2012) are based on measured equilibrated temperatures at specific borehole locations. Our
models show the effect of coal measures on the local geothermal gradient, but are not able to replicate the
same measured temperatures reported by Danis et al. (2012). The large-scale blanketing effect of coal seams
result in a net increase in modelled temperatures at depth, despite both models starting at the same surface
temperature

While the effect of additional variables such as pressure and pore size is not accounted
for in our thermal models, the effect of thermal conductivity in geothermal model-
ling looks to be of great importance (Abdulagatova et al. 2009); Triassic sediments are
assumed to exhibit sufficient compaction. However, in the case of high porosity, this fea-
ture can be deemed more significant than solid thermal conductivity, as fluid thermal
conductivity will begin to play an increasingly important role.

Crustal thermal modelling at relatively extensive depths (e.g. down to the Moho dis-
continuity, approximately 35 km) would benefit from representative thermal conduc-
tivity values (Vosteen and Schellschmidt 2003), and given the sensitivity we have seen
in the range of 20-300 °C, representative values may not currently exist. The crust is
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host to a large variety of rock types which all have very different thermal conductivities
(Clauser and Huenges 1995), mineralogical and structural complexities which can lead
to anisotropy in thermal conductivity (Goff and Holliger 2012).

Temperature-dependent thermal profile 2 exhibits a very distinct temperature distri-
bution mainly caused by the insulating thermal properties of the Permian and Greta coal
measures, as confirmed by Sass et al. (1992) interpretations of the negative correlation
between thermal conductivity and thermal gradient. While constant thermal conductiv-
ity thermal profiles have irregular temperature distributions and shallower 150 °C iso-
therms, as portrayed in Fig. 10, incorporating constant thermal conductivities in thermal
models has highlighted the disparity between constant and temperature-dependent ther-
mal models. Thermal anomalies associated with constant thermal conductivity thermal
models could lead to misleading interpretations of the thermal structure of the Sydney
Basin. Figure 13 demonstrates the temperature difference between constant and tem-
perature-dependent thermal profiles, beneath a thick sequence of the Greta coal meas-
ures. The constant thermal conductivity curve (in black) infers a temperature 150 °C at
less than 1 km, whereas the temperature-dependent thermal conductivity curve infers a
temperature of 150 °C at approximately 4 km. This large offset is a strong example of the
relevance of temperature-dependent thermal conductivity. It should be noted that while

250 K 300 350 400 450 500 550 600 650
Om - . 1 )
2000 -
4000
6000
8000
10000
12000 -
i §
14000- =1
Fig. 13 Geotherm comparison for temperature-dependent and non-temperature-dependent thermal
conductivity values. Black line represents non-temperature-dependent thermal conductivity while the red
line represents temperature-dependent thermal conductivity for profile 3, 110 km along the x-axis (Figs. 9
and 10). The ends of each line meet as they share the same boundary conditions of 15 °C at the surface and
350 °C at the bottom
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there are very limited freely available thermal conductivity data (McKenna et al. 1996),
much less for location-specific temperature-dependent measurements, it should be
noted that reliable prognostics to verify the real-world applications of TP-TC are scarce.
To verify the potential usefulness of such thermal models would require probing the
temperatures at depth at specific locations matching that of geotherms presented here.

Importance of coal

The quantitative impact of coal measures in basin thermal structure is not entirely
understood; however, it is known to some degree that sediments generally act as ther-
mal insulators or ‘thermal blankets’ (Lucazeau and Le Douaran 1985). Danis et al. (2012)
and Danis (2014) capitulate that coal-bearing sedimentary basins have largely been over-
looked in their ability to provide sufficient insulation as to be considered precursors for
geothermal resources. The presence of thick coal measures in the Sydney basin (Jones
et al. 1987) has a noticeable impact on the thermal structure of the Sydney Basin as sug-
gested by the discrepancy in thermal fields in TD and non-TD thermal conductivities
(Fig. 9) in the shallow crust (within 3—4 km). Relatively elevated geotherms coincide with
areas of thick coal measures and the proximity of those coal measures to the surface. The
apparent effect of thermal insulation caused by the Sydney Basin coal measures results
in an overall rise in the temperature field underneath those coal measures, despite exhib-
iting relatively low surface heat flux (Rawling et al. 2014).

The second thermal profile (in Fig. 9) is a great example of the disparity in temperature
distribution between a region of very low sedimentary cover with no coal (west side) and
a region of very thick sedimentary cover (East side—up to 3000 m) with thick Permian
coal layers and a very thick Greta coal layer which has extremely insulating thermal con-
ductivities (~0.3 W/mK). Thermal profile 2 provides a direct correlation between thick
sedimentary cover and coal measures, and a shallow 150 °C isotherm. The lack of sedi-
mentary cover at the beginning of the profile (up to 80 km along the profile line) results
in basement heat being refracted up to this low-conductivity pathway. Thermal profile
4 exhibits two comparatively low-temperature geotherms (at 80 and 145 km along the
profile line), which correlate with reduced coal thickness and increased distance to top
of basement.

The 150 °C isotherm is elevated beneath thick coal measures, as demonstrated in
Fig. 9. However, another significant effect is the thickness of the basin sediments and
the relative depth to the top of the basement. Profile 5 has especially high geotherm
temperatures beneath the coal (600 m beneath surface) at 140 km along the profile line,
where the Greta coal measure is at its thickest (approximately ~ 750 m thick). This ther-
mal anomaly is directly caused by the presence of insulating coal, where the temperature
profile is otherwise relatively linear.

However, in the model with temperature-dependent conductivities, the insulating
effect of the coal is mitigated by its increasing conductivity for temperatures beyond
150 °C. The decreasing thermal conductivity of sediments (Figs. 9 and 10) over this tem-
perature range contrasts markedly with this behaviour of coal, and the net effect is a
much more subdued contrast at depth.
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Effect of basin and basement geometry on thermal model

The model is defined by basin and basement geometry, and the physical properties
bound to the geology. Variation of top basement geometry in turn affects the subsur-
face variation in thermal conductivity itself as a function of depth and temperature.
Therefore geometry, and topography, has a significant effect on the thermal structure
of the Sydney Basin (Danis et al. 2012).

Thermal profile 3 addresses the importance of basin geometry through topography,
where at approximately ~ 35 km along the profile line, high topography has resulted
in a local increase in sedimentary cover, together with coal providing additional insu-
lation. The top of the basement within the western half of thermal profile 3 is very
shallow in comparison with the eastern half of the profile. Again, elevated 150 °C
isotherms are associated with both sediment and coal thickness, and distance to the
top of the basement. The latter effect is a function of both the high concentration of
radiogenic elements in the basement rocks, generating significant heat (Blevin et al.
2010), and the relatively high conductivity of crystalline basement.

Although there is prominent topographic variation in profile 3, the competing
effects of topography, sedimentary cover, coal thickness and distance to basement
ensue little disparity in temperature laterally, across the thermal profile. This profile
is an example of the effect of complex geometry on the thermal structure of the Syd-
ney Basin, and highlights the importance of understanding of large-scale geology of a

basin.

Conclusions

The initial aims of this study have been to compile and incorporate the basin geom-
etry and temperature-dependent thermal conductivity measurements and constant
thermal conductivity values in thermal models of the Sydney Basin, and assess their
relevance in terms of their effect on thermal structure.

It was found that temperature-dependent thermal models have much more
restrained isotherms than non-temperature-dependent thermal models. This is pri-
marily thought to be due to the presence of coal measures, insulating heat-generat-
ing basement, as well as the reduction in thermal conductivity of the sediments with
temperature. Basement architecture and proximity to surface also impact the results,
where the lack of sediment in some cases leads to thermal refraction patterns found
in profile 7 (Figs. 9 and 10). Geotherm plots in Fig. 11 were used to show the uncer-
tainty range of thermal gradients in order to confidently estimate temperatures at
depth. Geotherm plots indicate significant geothermal potential in the Sydney Basin.
1D geotherm plots suggest 150 °C isotherms at relatively shallow depths in some parts
(ranging from 1500 to 4303 m beneath the surface), which are ideal as exploration tar-
gets. The range of potential sites include the North West Singleton, Wollemi National
Park, Central Blue Mountains, South Katoomba and Stanwell Park vicinity, showing
150 °C isotherms at 2 km (1823-2339 m) or less. Northwest of Singleton is thought to
be the most appropriate site for possible geothermal exploration, and localised ther-
mal models would help to further constrain geothermal potential.
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Additional file

Additional file 1: Table S1. Calibration of thermal conductivity tester. spec/ref refers to specimen/reference temper-
ature difference. SS stands for stainless steel and VP stands for vespel calorimeters. Table S2. Basement sample ther-
mal conductivity. Line # corresponds to profile lines as shown in Fig. 5. Values measured by Evans (2013). Table S3.
Listed are the thermal conductivities of samples collected from Newcastle, Terrigal, Whittingham and Greta coal
measures. Table S4. Listed are the thermal conductivities of samples collected from Swansea Head, Catherine Hill
Bay, Norah Head and Terrigal coastal sedimentary outcrops. *Note: the highly weathered state of the basaltic dyke
sample explains its low thermal conductivity values, which limits its use as a representative sample of the volcanics
layer. Table S5. GPS coordinates of samples representative of Sydney Basin basement. Table S6. GPS coordinates of
Sydney Basin coal and sediments. Samples represent bulk coal and sediment layers of the Sydney Basin.
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