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SUMMARY

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.
One of the most critical parameters in modelling upper crustal temperature is thermal conductivity, which itself exhibits strong
temperature dependence. In this study, finite-element geothermal models of the Sydney Basin are generated through the use of deal.Il
finite element libraries. Basin geometry and structure is adapted from Danis, et al. (2011), which quantified the extent of Triassic
sediment, Permian coal measure, Carboniferous volcanics and Basement thickness. We find that temperature-dependent thermal
conductivity result in lower lateral variation 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 temperature above 150C at depths of less than 2000m in these models, for instance NW
of Singleton exhibits a strong thermal anomaly, demonstrating the potential for geothermal prospectivity of the region from
experimentally-constrained thermal parameters. Future work will address the repeatability and application of this type of thermal
model in areas of varying geology and stratigraphy, as well as refining the model by adding new variables, such as pressure or fine
tuning existing variables.
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INTRODUCTION

In this study, temperature dependent thermal conductivity measurements are implemented in thermal models to constrain the
temperature distribution in the Sydney Basin at depth. Variables used to set-up the model have been adapted from Danis et al. (2012),
who has produced thermal models of the Sydney Basin, based on constant thermal 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 temperature dependence based on the measurements used 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. For example, a drop in the thermal conductivity of sediments with increasing temperature, 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.

METHOD AND RESULTS

The ultimate aim of this project is to understand how temperature-dependent thermal conductivities, derived from new laboratory
measurements, impact models of the thermal structure of the Sydney Basin. As such this work has two main prongs: i) to introduce
new temperature-dependent conductivity measurements for the Sydney Basin, compile existing measurements, and collate related
data, and ii) develop 2D deal Il finite element models for the thermal state of the Sydney Basin.

A number of datasets have had to be compiled in order to realistically characterise the model. The parameters which have been used
to constrain the model include:
e  Temperature dependent thermal conductivity of the geology and internal precision / standard deviation of thermal
conductivity measurements
Spatial information (large scale geology and elevation at a fine enough resolution)
e  Equilibrated temperature extrapolations (extracted from borehole measurements at various depth)
Heat production values (radiogenic heating)
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Thermal conductivity

A number of thermal conductivity precision test were undertaken on calibrating specimens to assess the instrument’s precision. Each
calibration specimen which consisted of a stainless steel 19.05mm thick cylinder, 3.175mm and 9.525mm vespel cylinders were
tested three times excluding the initial calibration process. These measurements were compared to initial calibration values and their
deviation from original measurements was recorded. Internal precision measurements were only done for low temperature set points.
The uncertainty in thermal conductivity is highest at low temperature due to the fact that instrument equilibration is affected by
ambient temperature at a greater extent, interfering with low temperature thermal conductivity tests. An average of the standard
deviation at each temperature interval (20, 50, 100C) of the calibration specimens was calculated. A percentage of the standard
deviation was then used to apply onto field samples in order to get a bearing on a realistic margin of error for each sample at specific
temperatures.

Finite element modelling

Governing equations
While the target area is a stable basin, the present sedimentation rate is low (approximately ~65m/Ma, determined by Gulson et al.
(1990)), and the temporal evolution and convection effect due to sedimentation is ignored in this study. As a result, we solve a stable
heat conduction problem as the following form:

V- [k(T)VT]+H =0 )
Newton’s Method
As thermal conductivity is temperature dependent, a non-linear scheme has to be implemented to solve this problem. Although
convergence may be achievable using direct iteration, this is the case only while thermal conductivity is weakly dependent on
temperature. In this study, as the partial derivative of thermal conductivity as a function of temperature is simple to approximate, we
use a more complicated but faster converging Newton scheme.
The initial thermal field for the Newton iteration is found by solving Eq. 1 using thermal conductivity calculated from a constant
temperature. Then, while the temperature T of the previous Newton step is known, the thermal conductivity expressed as K relative

to the temperature used for the next step, T =+ OT canbe approximated as:

k(T + 6T) = k(T) + 22 5T @
The temperature change between steps OT are solved as (T is known from the previous Newton step):
V- (Z—:(STVT) + V- [k(T)VST] +V - [k(T)-VT]+H =0 3)

This solving scheme normally give convergence within ~10 iterations for an error residual of 2.90655x10-6 (for thermal profile 1).

Deal 1l libraries

To build our own code, an open source finite-element library — deal.ii (https://www.dealii.org) is used. It takes care of the details of
most finite element codes, such as handling of grid, degrees of freedom, sparse matrices and provides support for different solvers,
which helps keep our code manageable. Its dimensionally independent concept and excellent support for adaptive mesh refinement
and massively parallel architectures gives great potential for easier future expansion of our code to more complicated 3D thermal
models.

Computation grid

When running simulations, the 2D computation domain is 60-180km in length, depending on profile location. Model depth is
uniformly set to 12km, and the top surface is based on topography. The mesh is build 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.
So a global refinement value defines the model resolution. Through trial and error, a global refinement value of 6 (4,096 cells) to 7
(16,384 cells) was decided as it provided an effective compromise for simulation speed and resolution. Simulations with a global
refinement value of 6 have a cell size of approximately 200mx200m, while simulations with a global refinement of 7 have a cell size
of approximately 100mx100m, effectively quadrupling the resolution, however requiring more time to compute. In practice, an
increased resolution rendered by a global refinement value of 7 doesn’t seem to have noticeable changes on the results. Simulation
time for a global refinement of 6 is very rapid may only take a few seconds, the same goes for a global refinement of 7, usually
taking a minute to solve.

Monte Carlo Method

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
directories were generated, all of which have randomly selected thermal conductivity values, from a Gaussian distribution with
measured means, and standard deviations. 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 10km along each profile. Extracted geotherms provide a quantitative temperature range
useful for determining the thermal arrangement of each profile. Increased iterations (10,000) per simulations are used to determine
whether more iterations necessarily mean increased accuracy, as large simulations are computationally expensive and are a time
consuming process.
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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. Heat production values, and variable conductivity are provided for each layer used in the individual
models.

Boundary conditions

A surface temperature of 15°C is used, as indicated by Danis et al. (2012). This value is taken from Cull (1989) measurements. A
bottom temperature of 350°C at 12km 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 minimizing edge effects.
Interpolation method

The Lagrange interpolation helps finding the exact value between known data points. Assuming a global refinement value of 6 is
used for all simulations, the mesh would be defined by an approximately 200x200m cell size, while a global refinement of 7 would
mean a cell size of approximately 100x100m, slight variations would depend on initial profile dimensions. In order to reliably predict
fine resolution basin geometry with an adequate lateral resolution, an interpolation method was required. The Lagrange high order
interpolating polynomial is used in this case to get a complete distribution between data points for multiple datasets. As a result, the
‘void’ between real data points is reduced by estimating intermediate data points through 3rd order Lagrange interpolation. A
polynomial that passes through and interpolates n+1 coordinates is constructed for all following data points (x0, yO0),
(x1,y1)...(x3,y3). A sequential list of values (x0, x1, x2, x3) starting from the beginning of the profile are used to define interpolating
polynomials, where for instance:

y=ix’+k+mx+c

In this case: j, k, m, and ¢ are constants associated with initial values the polynomial was calculated from. This polynomial would
intersect all points defined by the interpolating functions.

Spatial information

The basin geometry used to characterise the geothermal models generated in this study has been taken from the raw data component
of the gravity modelling undertaken by Danis et al. (2011). The model is divided into a total of 12 profiles, which extend laterally W-
E along the length of the Sydney Basin. As a result, all profiles vary in size. This method was opted for as it retains consistency with
models constructed by Danis et al. (2011/2012) and serves as a useful platform for direct comparison. The traverse length of each
profile was extracted from published figures in Danis et al. (2011/2012) by digitizing each respective longitude and latitude. Once the
traverse length is established, the following equation is used to provide the distance in meters from the western most point of the
Sydney Basin to the eastern most point, which would be determined by its coastal outline.

All profiles have known latitudes, which is transformed into 2D Cartesian form. We calculate the horizontal coordinate as:

R lat ) lon1 — lon0

X = CoS ¥T ) ¥ —————— * T

¢ 180 180

Re is the radius of the earth, lat is the latitude of the profile, lon0 and lonl are the longitude of the target and starting points
respectively.

Profile geometry

All profiles have been designed with 4 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 sedimentary layer is defined down to the basal volcanics layer, and a coal layer/s
intermittently within this unit. Bottom of the basement is not depicted in following profiles; however simulations assume a basement
limit of 12 km, profiles are all orientated in an E-W fashion.
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Map 1: Plan view of the Sydney Basin with coordinates, showing location of profile lines 1 to 12, adapted from Danis et al.
(2012). Blue, yellow and green lines show the outline of different basement types, including Gulgong, Bathurst and Wyangala
respectively. Red circles show coal sampling locations, and the red line shows the sediments sampling locations.
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Profile 5 extracts. Red line represents sediments, purple lines represent the Permian coal measures, orange lines represent the
Greta coal measures, the green line represents the Carboniferous volcanics, and the blue line represents the top of the
basement. This collage shows the effect of the thick Greta coal measures on subsurface temperatures. A) Lithological model,
as described in chapter 3, top topography is 1050m and deepest point for top of basement is 5605m B) Subsurface
temperatures for temperature dependent thermal conductivity within each geological unit, from table 4.1. C) Subsurface
temperature for constant thermal conductivity within each geological unit.
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Detailed figure of profile 5 with unit names and specific elevations in meters.
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Profile 3 extracts. Red line represents sediments, purple lines represent the Permian coal measures, orange lines represent the
Greta coal measures, the green line represents the Carboniferous volcanics, and the blue line represents the top of the
basement. Effect of topography and thick Permian coal measures on subsurface temperatures. A) Lithological model, as
described in chapter 3, top topography is 1113m and deepest point for top of basement is 3027m B) Subsurface temperatures
for temperature dependent thermal conductivity within each geological unit, from table 4.1. C) Subsurface temperature for
constant thermal conductivity within each geological unit.
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Detailed figure of profile 3 with unit names and specific elevations in meters.

CONCLUSIONS

The initial aims of this study have been to compile and incorporate the basin geometry 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 primarily thought to be due to the presence of coal measures, insulating heat generating basement, as well as
the reduction in thermal conductivity of the sediments with temperature. Basement architecture and proximity to surface also impacts
the results, where the lack of sediment in some cases leads to thermal refraction patterns. Geotherm plots were used to show the
uncertainty range of thermal gradients in order to confidently estimate temperatures at depth. However, the main findings of this
research consist of the highly temperature dependent nature of thermal models and the impact of thermal conductivity variation on
the thermal structure of the Sydney Basin.
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Geotherm plots indicate the apparent viability for geothermal potential in the Sydney Basin. 1D geotherm plots suggesting the
appearance of 150°C isotherms at relatively shallow depths, which are ideal as exploration targets. The range of potential sites
include the North West Singleton, Wollemi National Park, Central Blue Mountains, South Katoomba and Stanwell Park vicinity,
showing potential at 2km or less. North West of Singleton is thought to be the most appropriate site for possible geothermal
exploration, localised thermal models would help to further constrain geothermal potential.

New understanding of the Sydney Basin thermal structure could lead to new research targets regarding geothermal potential of the
Sydney Basin. The Sydney Basin may be used as a proxy for the understanding of other sites that share similar geology. This could
also perhaps prompt future interest in investing in geothermal energy both in Australia and elsewhere.
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