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Abstract: Magmatic intrusions affect the basin temperature in their vicinity. Faulting and physical
properties of the basin may influence the magnitudes of their thermal effects and the potential source
rock maturation. We present results from a sensitivity study of the most important factors affecting
the thermal history in structurally complex sedimentary basins with magmatic sill intrusions. These
factors are related to faulting, physical properties, and restoration methods: (1) fault displacement,
(2) time span of faulting and deposition, (3) fault angle, (4) thermal conductivity and specific heat
capacity, (5) basal heat flow and (6) restoration method. All modeling is performed on the same
constructed clastic sedimentary profile containing one normal listric fault with one faulting event.
Sills are modeled to intrude into either side of the fault zone with a temperature of 1000 ◦C. The
results show that transient thermal effects may last up to several million years after fault slip. Thermal
differences up to 40 ◦C could occur for sills intruding at time of fault slip, to sills intruding 10 million
years later. We have shown that omitting the transient thermal effects of structural development
in basins with magmatic intrusions may lead to over- or underestimation of the thermal effects of
magmatic intrusions and ultimately the estimated maturation.

Keywords: normal faulting; sill intrusions; transient thermal effects; steady state; basin modeling;
volcanic basins

1. Introduction

Hydrocarbon discoveries associated with magmatic intrusions are common in many sedimentary
basins throughout the world [1–3], and these intrusions may potentially affect all parts of the petroleum
system [4]. The impact of magmatic intrusions has been studied in several basins worldwide,
e.g., Vøring Basin, Norway (e.g., [5–7]), Karoo Basin, South Africa (e.g., [8–10]), Gunnedah Basin,
Australia [11], Neuquén Basin, Argentina (e.g., [12,13]), Bohai Bay Basin, China (e.g., [14,15]). All these
studies conclude that magmatic intrusions significantly influence the basin thermal history and thus
the maturation of organic material in their vicinity.

Several studies have identified the pre-intrusion temperature of the host rock as an important
variable for the ultimate thermal and maturation levels of sedimentary basins with magmatic
intrusions [8,10,13,16–18]. However, this variable is one of the most difficult parameters to constrain,
as the traces of pre-intrusion temperature and maturation are erased instantly in the thermal aureole
of magmatic intrusions when magmatic emplacement occurs [19] and the basin has been subject to
later geological development. As magmatic intrusions often are emplaced into structurally complex
sedimentary basins, it is crucial to understand how the basin’s structural evolution affects the
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temperature development. With such knowledge it should be possible to discern temperature effects of
the structural development from temperature effects of magmatic intrusions. This is important as the
pre-intrusion temperatures have implications for the magnitude of the thermal effect of sills, i.e., size
and temperatures of the thermal aureole, which eventually will have implications for the estimated
maturation of the basin.

Magmatic intrusions and their effect on temperature and maturation in the surrounding host rocks
have been subject of several studies (e.g., [8,13,19–24]). Only a few studies model sills intruding into
structurally complex basins under development, while taking the temporary host-rock temperature
and maturation into consideration (e.g., [7,25]). Structurally complex basins are characterized by
numerous faults, changing lithologies with different physical properties and area specific heat flow.
To estimate the basin’s thermal development as a function of time, the geohistory of the basin must first
be established by reconstruction. In standard basin modeling, the impact of the structural development
on the temperature history is seldom taken into account and this may give incorrect thermal and
maturation predictions [26].

Several studies exist on temperature modeling in fault zones, but many of these focus on the effects
related to uplift and erosion observed in the footwall part of the fault zone and not on the thermal
transients in the hanging wall section (e.g., [27–34]). To our knowledge no studies includes magmatism
in a fault setting. In our study the main focus is on the transient thermal effects of normal faults with
syn- and post-rift deposits, and the influence such structural development has on the thermal effects of
sills. Possible transient thermal effects due to erosion have not been pursued in this study.

The calculated pre-intrusion temperatures are dependent on the representation of the basin’s
structural development [13,25,26]. The purpose of this study is to quantify the thermal effects of the
most important factors affecting the thermal history in structurally complex sedimentary basins with
magmatic sill intrusions. We do this by running a series of simple models. A more realistic model
would require higher structural resolution with variation of lithological and geometrical properties
in space and time. However, many simultaneously varying factors affecting the thermal evolution
would obscure the magnitude and impact of the individual factors. We therefore first study the
thermal effects on structural complex basin on a simple, synthetic profile followed by analysis of the
subsequent sensitivity sets: (1) fault displacement, (2) time span of faulting and deposition, (3) fault
angle, (4) thermal conductivity and specific heat capacity, (5) basal heat flow and (6) restoration method.
The overall goal is to test the sensitivity of faulting, physical properties of the lithologies and choice of
fault restoration method on the thermal effect of magmatic intrusions in complex sedimentary basins.
We aim for some general conclusions that are applicable to sedimentary basins with normal faults and
magmatic sill intrusions.

2. Methods

Our study investigates the relative effect faulting, different physical properties and choice of
restoration method have on the resulting thermal and maturation history in structurally complex
sedimentary basins intruded by sills. A simple, synthetic profile containing one listric fault and a
number of horizons, including syn- and post-rift deposits, is used as the basis for this study (Figure 1).
Throughout the simulations, one parameter is changed at a time which allows for evaluating the
impact each parameter has on the modeling results. Table 1 shows the different modeling sets, the
tested parameter values and default values of non-changing parameters. Shale and sandstone are the
applied lithologies as these are common in sedimentary basins worldwide.
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Table 1. Input parameters for the modeling. w = with, sh = shale, sst = sandstone, ant = antithetic, inc = inclined, synth = synthetic, kyr = thousand years.

Simulation Set Tested Parameter Tested Values Fault
Displacement

Time Span of
Faulting and
Deposition

Fault Angle
Thermal

Conductivity/
Heat Capacity

Basal Heat
Flow

Restoration
Method

Set 1 Fault displacement

1200 m
500 m

1000 m
2000 m
3000 m

X 10 kyr Original All shale 47 mW·m−2 Vertical shear

Set 2
Time span of
faulting and
deposition

10 kyr
1 Myr
5 Myr

10 Myr
20 Myr

1200 m X Original All shale 47 mW·m−2 Vertical shear

Set 3 Fault angle

Original
Steepest

Less steep
Least steep

1200 m 10 kyr X All shale 47 mW·m−2 Vertical shear

Set 4
Thermal

conductivity/ Heat
capacity

All shale
All sandstone

Sh basin w/sst layer
Sst basin w/sh layer

1200 m 10 kyr Original X 47 mW·m−2 Vertical shear

Set 5 Basal heat flow

47 mW·m−2

40 mW·m−2

60 mW·m−2

80 mW·m−2

1200 m 10 kyr Original All shale X Vertical shear

Set 6 Restoration method

Vertical shear
No fault restoration
10◦ ant. inc. shear
20◦ ant. inc. shear
30◦ ant. inc. shear

10◦ synth. inc. shear

1200 m 10 kyr Original All shale 47 mW·m−2 X
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Figure 1. The synthetic profile with one active, listric fault used in the modeling. The green color
(in this case) represents shale lithology. White squares indicate the blow-up area of following figures.

2.1. Thermal and Maturation Modeling

The geological, structural, thermal, and maturation history of the studied synthetic profile is
performed with BMT (Basin Modelling Toolbox, Tectonor AS), a high-resolution 2D basin modeling
software [26,35,36]. All thermal and maturation modeling simulations starts with present day geometry,
where every horizon is given a specific age and all polygons are assigned a lithology with related
porosity/depth trend, thermal conductivity and specific heat capacity (Table 2, upper part).

Table 2. Lithological parameters used in the modeling, based on standard values published in the
literature (e.g., [37,38]).

Porosity-Depth Trend Conductivity (kv) (W·m−1·K−1) Heat Capacity

Lithology Surface
Porosity

Exponential
Constant (km−1) Low Porosity High Porosity (J·kg−1·K−1)

Shale (Default) 0.63 0.51 3.00 (6%) 2.80 (60%) 1190
Sandstone (Default) 0.45 0.27 3.30 (6%) 1.50 (40%) 1080

Basement, metamorphic 3.10 3.10 1100
Magmatic intrusions 3.10 3.10 1100

Asthenosphere 3.50 3.50 1100

Shale, average conductivity 0.63 0.51 1.98 (6%) 1.19 (60%) 1190
Shale, max. conductivity 0.63 0.51 4.08 (6%) 2.08 (60%) 1190

Sandstone, average
conductivity 0.45 0.27 2.36 (6%) 1.72 (40%) 1080

Sandstone, max. conductivity 0.45 0.27 6.24 (6%) 4.20 (40%) 1080

Shale, min. heat capacity 0.63 0.51 3.00 (6%) 2.80 (60%) 840
Shale, max. heat capacity 0.63 0.51 3.00 (6%) 2.80 (60%) 1420

Sandstone, min. heat capacity 0.45 0.27 3.30 (6%) 1.50 (40%) 760
Sandstone, max. heat capacity 0.45 0.27 3.30 (6%) 1.50 (40%) 3350

The first modeling step is a backstripping process, where one horizon at a time is removed, faults
are restored and underlying deposits are decompacted. This process is repeated all the way down to
top basement and in this way the section’s geohistory is built. All elements that characterize the basin,
such as faults, horizons, and lithologies, are parts of the geohistory process, and must be carefully
defined. For the geohistory reconstruction a special type of grid was developed in BMT [26]. The grids
are vertical line segments that are connected to the base of a polygon. A grid is always created at
each digitized point in the present-day polygon. Additional grid columns are added to the section
automatically. The number of inserted grid points can be controlled by the user (the default is 70). The
foundation for thermal and maturation modeling is established during the geohistory process, and it is
therefore important that the geological reconstruction of the basin is accurate.
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The next step in the modeling process is the thermal development of the basin. BMT utilizes
finite difference calculations by conduction with a rectangular finite difference grid of varying sizes
(cf., [7,26]). For every reconstructed timestep in the geohistory, BMT builds a new high-resolution
thermal modeling grid. Where needed, grid lines are automatically inserted so that the geometry
is accurately represented. Around small features, like sills, the grid size is especially fine to ensure
realistic calculations. The finite difference grid in this study consists of minimum 400 × 400 cells of
varying sizes with an average size of 80 m × 30 m (width and height). The spatial variation in rock
properties and possible differences from one timestep to the next are adjusted for so that appropriate
finite difference calculations are maintained.

The finite difference calculation by conduction is controlled by the temperatures from the
previous timestep, thermal conductivity (vertical and horizontal) and specific heat capacity of the
basin’s lithology/lithologies (see Appendix A for details on the numerical temperature model from
Fjeldskaar et al. [7]). Temperature-dependent thermal conductivity is used, which commonly leads
to reduction of the conductivity with increasing temperature. However, compared to conduction
variations derived from differences in porosity and lithology, the temperature dependent variations
are considered to be modest [35]. The lower boundary condition of the temperature calculations is the
basal heat flow from the mantle, and the upper boundary condition is the paleo-surface temperature.
The surface temperature is kept constant at 7 ◦C, and the heat flow is constant over the profile.
Fjeldskaar et al. [7] tested BMT’s numerical model versus an analytical model on the temperature effect
of sill emplacement, and documented good performance for high-resolution modeling, both spatially
and temporally.

Maturity modeling is completed in BMT and all calculations in this study assume kerogen type II,
the most common in marine shales [39]. Classical first-order kinetics for the decomposition reactions is
the basis for the maturation model in BMT (see [7,26]). In this study the whole basin is set as source
rock in order to study the potential maturation effect of magmatic sill intrusions. However, for a case
study, only the potential source rock would be defined as such a sequence.

2.2. Restoration of Faults

Several algorithms exist for restoring the structural evolution of basins. The different algorithms
result in different basin and fault geometries, which again impact the calculated thermal history.
Commonly, basin modeling simplifies the structural reconstruction of basins, e.g., by not reconstructing
the faults through time, regardless the fact that hydrocarbons often accumulate in complex geological
structures associated with faults [26]. According to Dula [40] reconstruction with simple inclined
antithetic shear of 20◦ is one of the methods that best represents the observed fault shape, but all tested
reconstruction methods in that study gave adequate results.

The present study utilizes vertical shear as a standard fault reconstruction method. However,
different segments of simple shear, including inclined antithetic and synthetic shear are explored
(Figure 2). Furthermore, we investigate how the different resulting geometries impact the thermal
history. Because BMT restore faults solely by vertical shear, and the software Move (Petex Ltd.)
does not have the ability to perform thermal and maturation modeling, both Move and BMT were
used to model the structural development of the section. In the restoration process BMT and Move
both use the backstripping process, which removes layers one by one and decompact the underlying
sequences based on the given porosity-depth trend for the assigned lithology/lithologies. The porosity
calculations are based on exponential functions (cf., [37]) and the same values are used in both softwares
(Table 2). Move is a commercial software restoring geological cross sections by kinematic algorithms.
Six algorithms are available for fault restoration, these are: simple shear, fault parallel flow, fault bend
fold, fault propagation fold, trishear, and detachment fold. BMT is a non-commercial basin modeling
software with the ability to perform fault restoration (by vertical simple shear) so that structural effects
on temperature estimates are accounted for (cf., [26]).
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Figure 2. Illustration of the technique of (a) vertical simple shear, (b) antithetic inclined simple shear
and (c) synthetic inclined simple shear. Antithetic simple shear results in a broader basin compared to
for instance synthetic shear. Modified after Fossen [41].

In our study Move was used to restore the fault by antithetic and synthetic inclined shear. The
tested angles for inclined shear are summarized in Table 1. The resulting reconstructions from Move are
replicated in BMT by utilizing a “volume editing” function (cf., [26]). This method enables calculations
of the thermal histories for the different restoration methods. All models have the same starting
geometry. However, through restoration by different algorithms the paleo geometries will differ and
so will the temperature histories.

2.3. Thermal Effects of Sills

On reflection seismic data, upper and lower boundaries of sills can be difficult to discern due to
limited vertical resolution (cf., [42–45]). Many sills may therefore be left out in seismic interpretations
due to sill thicknesses below the detection limit of the data (e.g., [44,45]). Sill thickness, both when
sills intrude individually or as clusters, has a large impact on the temperature and maturation in
sedimentary basins (e.g., [8,25]). The relative timing between sills emplaced as clusters is especially
important if potential source rocks are located between sills [25]. Reported sill thicknesses from the
literature vary from ~10 cm to >400 m (e.g., [44,46–55]). In our study a modest sill thickness of ~50 m
has been chosen for the modeled sills and we assume the sills to intrude during one pulse with a
magma temperature of 1000 ◦C. In BMT this is done by changing the lithology in sill polygon from
shale to sill lithology, with related physical properties at time of intrusion. The sills have been modeled
to intrude at various times relative to fault slip. This is done to study the interaction of two transient
thermal effects simultaneously. As the largest thermal and maturation impact of sill intrusions are
found at 3–5 km depths [25], the sills are modeled to intrude within this depth range. Commonly
magmatic sills observed in the field and on seismic images (e.g., [7,52]) are layer concordant. Therefore,
the sills in the study are modeled accordingly.
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Latent crystallization heat introduces an extra source of heat when magma cools and starts to
crystallize [56,57]. This extra heat source is not taken into account, as it is the relative differences
between scenarios that are of interest in our study. Heat advection by fluids in relation to magmatic
intrusions is common (e.g., [5,58–61]). However, convection is not accounted for in our modeling, as
convection is considered insignificant in low permeability rocks (e.g., [7,8,13,25,62]) and is beyond the
scope of this study.

3. Modeling Strategy and Results

A basin not subjected to tectonic deformation undergoes a slow rate of erosion or sedimentation
and has a gradual temperature increase with burial depth. Such a basin is in steady state [63]. On the
other hand, structurally active basins may undergo sudden erosion or high influx of sediments, e.g.,
due to increased accommodation space during faulting, leading to abrupt changes in the geothermal
gradient. When magmatic intrusions are emplaced into such active basins, the temporary, local
change in temperature is not solely an effect of the hot magma intruding the system, but also due
to transient thermal effects caused by structural development. Figure 3 shows the studied synthetic
profile assuming thermal steady state with input parameters as given in Table 2.
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Figure 3. Temperature regime for the modeled basin in steady state solution.

Emplacement of sills and significant structural development may occur within the same timeframe
(e.g., [30,64,65]). Therefore, we want to investigate the combined transient thermal contributions from
the structural development and magmatic intrusions. The results should be considered as trends, not
absolute values, as the study aim to give some general conclusions. The models are considered to have
arrived at steady state when the whole basin show transient temperatures <1 ◦C from the steady state
temperatures. However, for some cases exact steady state conditions are obtained right after reaching
this limit, for other cases several million years (Myr) are required before actual steady state is obtained.

3.1. Thermal Effect of Slip along a Single, Normal Fault

Normal faulting causes downward displacement of sediments and generally deposition of syn-rift
sediments (ref., Figure 1) in the hanging wall section of the fault zone. These down faulted sediments
in the hanging wall are initially colder than the sedimentary rocks at the same depth in the footwall
part, which result in transient thermal effects mostly in the hanging wall part (Figure 4). The basin is
thermally unstable and results in a temperature difference up to 40 ◦C from one side of the fault zone to
the other at the time of fault slip (Figure 4). Post-rift sediments deposited over the whole basin leads
to thermal transient effects also in the foot wall section. However, these temperature differences will
vary depending on physical properties and geometry of the basin. In the event of extension and normal
faulting, the footwall temperatures are hardly influenced at time of fault slip. At 1000 years after the fault
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movement the isotherms in the footwall show a small downward bend towards the fault zone, indicating
a small thermal influence by the neighboring colder sediments in the hanging wall (Figure 4).
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Figure 4. Temperature regime in the uppermost 8 km of the basin 1000 years after fault movement and
sediment deposition. Fault slip is 1200 m.

The main temperature effect of magmatic sills lasts only some thousand years (see e.g., [25]). In
accordance with this, we have here assumed that the syn- and post-rift sediments (Figure 1) of the
timestep with fault movement are deposited over a period of only some thousand years. Deposition of
these sediments leads to thermal instability in the basin. Figure 5 shows the temperature difference
between steady state and transient models for deposition of these sediments at 10,000 years (10 kyr)
and 500 kyr after fault slip. This causes larger parts of the basin to have transient temperatures up to
20 ◦C lower than under steady state conditions even up to 500 kyr after fault slip (Figure 5). Around
10 Myr is required for the basin to reach steady state temperatures.
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3.1.1. Fault Displacement

The original model has a fault displacement of 1200 m with syn-rift deposits of the same thickness
and about 600 m of post-rift deposits, taking place over one timestep (Figure1). These post-rift deposits
are kept unchanged in all tested scenarios. Additional four fault displacement models were tested;
500 m, 1000 m, 2000 m, and 3000 m (Table 1). As expected, temperature differences across the fault
zone increases with the fault displacement. With 3000 m fault slip there is a temperature difference of
more than 50 ◦C across the fault zone immediately after fault slip (Figure 6a). In the footwall part, the
isotherms make a gentle downward bend towards the fault zone. As time passes, a gradual heating of
the sediments in the hanging wall section occurs and the bend of the isotherms from the footwall side
ties with those of the hanging wall (~10 kyr after faulting) creating continuous isotherms (Figure 6b,c).
There is also a slight temperature change in the footwall part due to the deposition of cold post-rift
sediments over that area.
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With increasing fault slip but within the same timeframe, the volume of deposited sediments and
time needed for basin to regain steady state increases. For the modeled basin with 500 m of fault slip,
large parts of the basin differ ~20 ◦C from the steady state basin 10 kyr after displacement (Figure 7a).
Around 9 Myr later the basin obtains steady state. When fault displacement is 3000 m, large parts of
the hanging wall section differ more than 50 ◦C from the steady state basin at 10 kyr after fault slip
(Figure 7b). Steady state is achieved approximately 11 Myr after fault slip. As expected a basin with
larger fault slip and higher influx of sediments requires more time to regain steady state, compared to
a basin with smaller fault slip and less sediment deposits.

Geosciences 2019, 9, 160 11 of 33 

 

 

Figure 7. Temperature difference between steady state and transient temperatures for fault slip of 500 

m (a) and 3000 m (b) at 10 kyr after fault slip. 

3.1.2. Time Span of Faulting and Deposition 

So far the modeling assumes the fault slip to be almost instantaneous (taking place over 10 kyr). 

The next set of models explores four different time spans of faulting and deposition of the same 

amount of sediments: 1, 5, 10, and 20 Myr. The results show that slower faulting and deposition rates, 

as expected, keep the basin closer to a steady-state condition compared to high rates (Figures 8a,b). 

Adding 10 Myr to the faulting and deposition time results in a basin with transient temperatures 

much closer to those of steady state throughout the whole period. For a faulting and deposition rate 

over 20 Myr, the basin is never in a state of thermal instability. The resulting trend show that basins 

with the same amount of sediment input and faulting and deposition time up to 10 Myr regains 

steady state approximately 10 Myr after faulting initiated (Figure 8c). This means that from time of 

faulting and deposition to the process is finalized, more time is required for a basin with rapid fault 

slip and deposition to regain steady state compared to a basin with slow fault slip and deposition. It 

emphasizes how crucial the time relation is for faulting and deposition and basin’s thermal 

development after fault slip. 

Figure 7. Temperature difference between steady state and transient temperatures for fault slip of
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3.1.2. Time Span of Faulting and Deposition

So far the modeling assumes the fault slip to be almost instantaneous (taking place over 10 kyr).
The next set of models explores four different time spans of faulting and deposition of the same
amount of sediments: 1, 5, 10, and 20 Myr. The results show that slower faulting and deposition rates,
as expected, keep the basin closer to a steady-state condition compared to high rates (Figure 8a,b).
Adding 10 Myr to the faulting and deposition time results in a basin with transient temperatures much
closer to those of steady state throughout the whole period. For a faulting and deposition rate over
20 Myr, the basin is never in a state of thermal instability. The resulting trend show that basins with
the same amount of sediment input and faulting and deposition time up to 10 Myr regains steady
state approximately 10 Myr after faulting initiated (Figure 8c). This means that from time of faulting
and deposition to the process is finalized, more time is required for a basin with rapid fault slip and
deposition to regain steady state compared to a basin with slow fault slip and deposition. It emphasizes
how crucial the time relation is for faulting and deposition and basin’s thermal development after
fault slip.
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Figure 8. (a) Temperature difference between steady state and transient temperatures with fault slip
and deposition over 10 kyr. (b) Temperature difference between steady state and transient temperature
with fault slip and deposition over 1 Myr. Temperatures in (a,b) are from the same timestep, 10 kyr and
1.01 Myr respectively after faulting started. The red point in (b) indicates location of point plot in (c).
(c) Resulting temperatures for four tested time spans of deposition of syn- and post-rift sediments.

3.1.3. Fault Angle

The previous results show that the largest thermal differences between steady state and transient
temperatures are found in the hanging wall part of the basin. For all the tested fault angles the results
are broadly similar, but the temperature effect will change with the fault angle. As the fault angle
is changed, so is the affected area of the hanging wall. With a steeper fault angle a smaller part of
the basin experiences the largest thermal instabilities (Figure 9a). The opposite is the case for lower
fault angles, a larger part of the basin will then experience higher thermal instabilities before the basin
regain steady state (Figure 9b). Five different fault angles have been tested (Figure 9a,b). All scenarios
show temperature differences up to 45 ◦C between transient and steady state models. Around 10 Myr
after fault slip all scenarios regain steady state temperatures.
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Figure 9. Temperature difference between steady state and transient model 10 kyr after fault slip for
the steepest (a) and the least steep (b) studied listric fault.

3.1.4. Thermal Conductivity and Specific Heat Capacity

The thermal conductivity (W·m−1
·K−1) of a lithology relates to the rock’s ability to transfer heat.

Rocks with low thermal conductivity result in warm basins, while high thermal conductivity rocks
give colder basins. A lithology’s specific heat capacity (J·kg−1

·K−1) is the physical property crucial for
the time frame needed to transfer heat through the stratum and thus for the time needed for basins to
regain steady state after sediment deposition or erosion. So far the section has been modeled as all shale
with properties as listed in Table 2. Commonly, basins consist of altering layers of different lithology
types, often shale and sandstone. Therefore, the following four scenarios have been compared: all
shale, all sandstone, all shale with one sandstone layer, and all sandstone with one shale layer.

Thermal conductivities and specific heat capacities of shale and sandstone show a large variation
(e.g., values in Table 2). The default values are given in Table 2 and to illustrate the span of values
within the same lithology segment, we refer to Čermác and Rybach [38]. Their minimum and maximum
specific heat capacities and the average and maximum thermal conductivities of sandstone and shale
are used in this study (Table 2). In order to determine the thermal conductivity values based on the
rock’s porosity, the mixing law arithmetic mean model [66] has been used:

k = Φ·kf + (1 − Φ)ks, (1)

where the thermal conductivity (k) is obtained on the basis of the rock porosity (Φ) by combining the
thermal conductivity of rock matrix (ks) with that of the pore fluid (kf).

Generally, sandstones have higher thermal conductivities than shales, resulting in colder basins
where they are abundant. The results from the homogeneous basins, either all shale or sandstone,
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coincide with this, showing high temperatures in the basin when the thermal conductivity is low, and
lower temperatures when the thermal conductivities are high. A comparison between two basins with
the same fixed specific heat capacity, but with one basin modeled with average shale conductivity, to
another basin modeled with default shale conductivity, shows up to 140 ◦C difference between the
two models shortly after fault slip (Figure 10a). With fixed specific heat and changing conductivity
the results show that the basin needs longer time to regain steady state in basins with low thermal
conductivity values due to the higher temperatures obtained in these basins (Figure 10b). This applies
for both scenarios with all shale and all sandstone of varying thermal conductivity. Steady state is
regained from 3–22 Myr after fault slip and the quickest scenario to regain steady state is the sandstone
basin with maximum thermal conductivity.
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Figure 10. (a) Thermal difference between transient temperatures of basin (10 kyr after fault slip)
modeled with average conductivity to basin modeled with default conductivity. (b) Point plot results
from location of point given in Figure 8b, showing the steady state and transient temperatures for the
three tested conductivities for shale and sandstone. Conductivity values given in Table 2.

In the case where the thermal conductivity is fixed and the specific heat capacities are changed
in the different modeling scenarios (Table 2, lower part), the steady state temperatures for all the
scenarios are, as expected, the same (Figure 11). However, with increasing specific heat, the time
needed for the basin to obtain steady state increases (Figure 11). This is especially visible in the point
plot for sandstone basin in Figure 11, because of large difference in the published heat capacity values
of sandstone, but the effect is also visible for the shale basin. For all tested scenarios steady state is
obtained between 8–18 Myr after fault slip.
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Figure 11. Resulting temperatures for the three tested specific heat capacities for shale and sandstone.
Location of studied point indicated in Figure 8b. Heat capacity values given in Table 2.

To accommodate the fact that basins commonly consists of different lithologies, the polygon with
syn- and post-rift deposits have been changed in the following simulation (Figure 12a). The thermal
conductivity is fixed with values as for the default shale or sandstone (Table 2). However, the specific
heat capacity is changed using default, minimum, and maximum values for the sandstone and shale
(Table 2). With the presence of a sandstone layer in an otherwise shale basin, the results show that the
temperatures in the basin increases. For the opposite case, a layer of shale in an otherwise sandstone
basin, the temperatures in the basin decreases (Figure 12b).
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Figure 12. (a) Shale and sandstone basins with sandstone layer and shale layer respectively. The red
point indicates location for point plot in (b). (b) Results show the temperatures for the three tested
heat capacities for shale basin with one sandstone layer and sandstone basin with one shale layer. For
comparison, temperatures for homogeneous basin are also plotted. For heat capacity values see Table 2.
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The variation of specific heat capacity in a homogeneous basin resulted in quite a time gap
(8–18 Myr) for the sandstone basin to regain steady state (Figure 11). However, the shale basin required
less time to arrive at steady state for the tested specific heat capacities (8–10 Myr). For homogeneous
basins, shale or sandstone, steady state was regained around 10 Myr after fault slip (Figure 12b). The
presence of another lithology influences the basin temperatures and thus the time needed for the basins
to regain steady state. For a shale basin with a sandstone layer, steady state was obtained around
13 Myr after fault slip for all the specific heat capacities. Sandstone basin with a shale layer regains
steady state around 6 Myr after fault slip regardless of the specific heat capacities (Figure 12b). These
results are related to the porosities at the depth at which the different lithology layers are modeled and
the contrasting thermal conductivity for shale and sandstone.

3.1.5. Basal Heat Flow

The basal heat flow, which is the heat sourced from the mantle, transferred through the basin and
constitutes the lower boundary condition in the models, is so far kept constant at 47 mW·m−2. This
basal heat flow value is slightly above one heat flow unit and is typical for some continental shelves,
e.g., parts of the Norwegian Continental Shelf. However, to study the influence of the basal heat
flow on the temperature development in the basin, three additional values were tested: 40 mW·m−2,
60 mW·m−2, and 80 mW·m−2 (Table 1). Figure 13b shows the results for 40 and 80 mW·m−2 together
with the default heat flow (47 mW·m−2). Increased heat flow leads to higher steady-state temperatures
and longer time is therefore needed for the basin to regain steady state (Figure 13b). The resulting
transient temperatures of basins modeled with 80 mW·m−2 and 40 mW·m−2 show thermal differences
up to 140 ◦C (Figure 13a). For the tested values, the models regain steady state approximately between
9 and 12 Myr after the fault slip. Increasing basal heat flow gives higher temperatures in the basin, and
as a consequence, a longer time is needed for the basin to arrive at steady state after fault slip.
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Figure 13. (a) Thermal difference between transient temperatures in basin with basal heat flow of
80 mW·m−2, to basin with basal heat flow of 40 mW·m−2 at 10 kyr after fault slip. (b) Results show the
temperatures for the default and the two extreme values for heat flow: 47 mW·m−2, 40 mW·m−2, and
80 mW·m−2. Location of studied point is indicated in Figure 8b.
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3.2. Restoration Methods

Different fault restoration methods cause different basin geometries. It is of interest to explore
what effect these different geometries have on the resulting basin temperatures. In addition to vertical
shear, we have therefore tested the basin reconstruction for 10◦ antithetic and synthetic shear, 20◦ and
30◦ antithetic shear and a case without fault reconstruction (Table 1). Basin reconstruction without
fault restoration was done by moving the hanging wall section vertically up such that the timeline
split by the fault zone is horizontally connected. This process gives no lateral mass movements of the
basin. Vertical simple shear modeling was, as mentioned in the method section, done by BMT, while
the alternative fault reconstructions were performed with Move. Antithetic simple shear results in a
wider basin (Figure 2) and the larger the angle, the wider the basin. Synthetic simple shear results in a
narrower basin (Figures 2 and 14) relative to the other methods. Vertical simple shear falls in between
these two, while basin reconstruction without fault restoration results in a geometry which is quite
different from the other restored scenarios. Figure 14 shows the resulting geometries of the fault plane
and top and bottom basement after fault slip of the six tested reconstruction methods. The basins with
non-restored fault and restored by 10◦ synthetic inclined shear (purple and green line respectively,
Figure 14) result in the shallowest hanging wall and top basement.
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Figure 14. Resulting basin geometries after fault slip with the tested fault restoration methods. The
different colored lines represent the resulting geometry of fault plane and Top and Bottom Basement
after fault is restored by the six tested restoration methods. dg = degrees.

The geometry variations resulting from the tested restoration methods involve varying footwall
and hanging wall area and burial depth, which result in differences in the thermal calculations,
especially in the footwall section. Therefore, the thermal differences between them are concentrated in
the footwall part of the basin at the time of fault slip (Figure 15). Figure 15c shows that the temperatures
prior to fault slip show a larger difference on the footwall side compared to the hanging wall side.
The comparison between the non-restored basin to basin restored by 30◦ antithetic shear, shows the
largest area with thermal differences (Figure 15a), while the thermal differences between vertically-
and non-restored basins are the most pronounced (Figure 15b). Although the thermal differences do
not last long, ~1 Myr, such temperature differences might play a role concerning timing of generation
and ultimately migration of hydrocarbons. For this particular case, the modeled thermal differences
result in up to 40% maturation difference of the potential organic matter in a limited time and area
of the footwall section (not shown here). All the tested restoration methods require approximately
10 Myr to achieve a steady state after fault slip. We therefore conclude that the tested restoration
methods do not lead to large differences in time needed for the basins to achieve steady state. However,
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temperature differences due to different restoration methods may lead to temperature variations that
might influence the maturation calculations.
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Figure 15. (a) Temperature difference between a scenario restored with 30 degrees antithetic inclined
shear, compared to a scenario with non-restored fault. (b) Temperature difference for a scenario restored
with vertical shear compared to a scenario with non-restored fault. (c) Temperature point plot from
foot wall (left) and hanging wall (right) in the two points indicated in (b).

3.3. Sill Intrusions in the Basin

As mentioned above, earlier studies have pointed out the importance of host-rock temperatures
at time of emplacement for the resulting thermal effects of intrusions [8,13,16–18]. In our study two
sills, ~50 m thick, one in the hanging wall and one in the footwall, have been modeled to intrude the
basin with increasing time lapse after fault slip. Figure 16 shows the results for sills intruding at time
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of fault slip, 1 Myr and 10 Myr after fault slip. There is a clear thermal instability on both sides of the
fault zone. However, due to the masses of faulted rock and larger deposits of sediments in the hanging
wall section, the thermal effects of the fault displacement are more pronounced here. Therefore, the
largest differences in the thermal effects of the sills as time passes are expected to be found here.
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At the time of intrusion, the temperatures in the close proximity of the sills increases dramatically
(cf., [25]). As time passes the area with increased temperatures grow and consequently the temperatures
starts to fall. The thermal effect of sills has a quick rise and fall within the first 1 Myr after intrusion.

Modeling results at 1000 years after fault slip show that there is a temperature difference up to
40 ◦C on either side of the fault zone (Figure 4). Results also show that as time passes the basin regains
steady state (Figure 6a–c), which for most scenarios in this study occur somewhere between 3 and
22 Myr after fault slip. For sills intruding at time of fault slip the host-rock temperature effects are lower
compared to sills intruding into a basin with a time lapse after fault slip, which have temperatures
closer to that of a basin in steady state. A consequence is that sills intruding with a time lapse in relation
to fault slip have higher background temperatures and the thermal effects will be more prominent
(Figure 16). These thermal differences are still present 100 kyr after sill intrusion. In the hanging wall
there is a temperature difference around 40 ◦C between the cases where the sills intrude at time of
fault slip and 10 Myr after fault slip (Figure 16). The highest potential host-rock temperature effect of
intruding sills will be in a steady state basin.

The largest thermal differences between basins with faults restored in different ways, was found
between basin with fault restored by vertical shear to basin with non-restored fault (Figure 15b).
Therefore, we have tested the possible influence of a non-restored fault basin with sills on the calculated
thermal effects. As the thermal differences between a basin restored by vertical shear to a basin with a
non-restored fault was found in the footwall part of the fault zone (Figure 15b), this is also the area
where it is expected that possible differences in thermal effects of sills will be found (Figure 17a).
However, the thermal results of the basin with sills and non-restored fault show very small thermal
differences from basin with sills and fault restored by vertical shear (Figures 16 and 17a). The most
pronounced thermal difference is found between the scenarios where sills intrude 1 Myr after fault slip.
These small temperature differences will not significantly influence the maturation calculations for the
two scenarios.

Sedimentary basins worldwide normally consist of changing layers of different lithologies with
contrasting properties. A homogeneous shale basin with a lower thermal conductivity, such as
the average conductivity used in this study (Table 2), result in a warmer basin (Figure 10a,b) and
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consequently gives a higher host-rock temperature effect for intruding sills. This emphasizes that the
basin lithologies and their thermal conductivities have large influence on the temperatures in the basin.
We have here tested a case where the sills intrude into a shale basin with a sandstone layer (Figure 12a).
The results show no differences for the sills intruding into the basin at time of fault slip (Figure 17b).
However, as time passes (1 Myr and 10 Myr after fault slip) the presence of the sandstone layer makes
a difference in the resulting thermal effects of the sill intrusions. Sills intruding 10 Myr after fault slip
cause thermal differences in some areas up to 20 ◦C in both the footwall and hanging wall 10 kyr after
sill intrusion (Figures 16 and 17b).
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As the results in Figures 16 and 17 show, the thermal impact of sill intrusions are more pronounced
when emplaced into a basin closer to thermal steady state. This more pronounced thermal impact also
influences to a small degree the maturation levels around the sills, especially the area above the sills in
the hanging wall (Figure 18a). Reports from onshore and offshore sedimentary basins with magmatic
intrusions show that sills often occur in clusters (e.g., [6,9,52,67]). It is considered that multiple sills
intruding at different levels within a certain time frame thermally impacts a larger rock volume of the
basin compared to one single intrusion (e.g., [8,21,68]). To replicate a basin with clusters of sills, two
more sills have been added to the model, one on either side of the fault zone. The thermal effect of sill
swarms intruding with different timing relative to fault slip have a large impact on the matured organic
material, particularly in the area between the sills on both sides of the fault zone (Figure 18b). In the
heterogeneous basin, the warmer host-rock temperatures compared to the homogeneous basin, result
in more transformed organic material on both sides of the fault zone for sills intruding at time of fault
slip, as well as for sills intruding 10 Myr after fault slip. However, the maturation differences between
the homogeneous and heterogeneous basins are more prominent when the sills intrude 10 Myr after
fault slip (Figure 18b).
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4. Discussion

The purpose of this work was to study the transient thermal effects in structurally complex
basins with normal faults and sill intrusions. To uncover trends of several parameters transient
thermal effects in sedimentary basins, both extreme and realistic values were tested. Three specific
cases were addressed: the transient thermal effects of normal faulting, the ultimate effect of fault
restoration method on thermal modeling, and the impact of sill intrusions in structurally complex
basins. Interesting effects were discovered and are discussed separately in the following.

4.1. Transient Thermal Effects in Relation to Normal Fault Slip

Figure 4 shows that the geothermal gradient, especially in the hanging wall, changes abruptly
after fault displacement and with time the basin arrives at a thermal steady state (Figure 6). The
isotherms in the footwall are somewhat affected by down-faulted colder rocks and deposition of colder
sediments in the hanging wall, which is in accordance with the work by ter Voorde and Bertotti [29]. By
preserving a constant heat flow from the basement the model has been simplified which is acceptable
as it does not change the relative differences between compared scenarios. A constructed synthetic
profile has been used to uncover the thermal effects of normal faulting in structurally complex basins.
Steady state is regained 3–22 Myr after the fault slip, but the time elapsed for the tested parameters and
model runs to achieve this varies considerably: for fault displacement 9–11 Myr, thermal conductivity
3–22 Myr, specific heat capacity 8–18 Myr and basal heat flow 9–12 Myr. For the remaining tested
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parameters (Table 1) the variation of time needed to restore steady state is much smaller between the
tested values, only some 100 kyr.

The syn- and post-rift deposits (Figure 1) in the studied section are 1800 m thick. These sediments
are modeled to be deposited over five different time spans (Table 1); 20, 10, 5, and 1 Myr and 10 kyr,
which correspond to a sedimentation rate of 0.09–180 mm·year−1. The sedimentation rate roughly
overlaps the reported sedimentation rates (0.4–100 mm·year−1 for the referenced papers) (e.g., [69–75]).
ter Voorde and Bertotti [29] suggest that the extension rate somewhat controls the thermal effect
of sediment deposition. They argue that high sedimentation rates will temporarily cool the basin
while low sedimentation rates lead to heating. According to their study the “turning points” are at
sedimentation rates of 2.0, 2.2, and 1.4 mm·year−1 for shale, siltstone, and sandstone, respectively.
Our results show that sedimentation rates > 0.18 mm·year−1 for shale result in basins with transient
thermal effects, in agreement with results reported by Ehlers et al. [34]. The numerical temperature
model is different in the two studies. Additionally, the resolution of the finite difference grid is much
finer in our study as the focus is on a smaller part of the basin compared to the work by ter Voorde and
Bertotti [29]. These elements may possibly be the reason for the different results.

All the tested deposition time spans ≤10 Myr for the syn- and post-rift sediments regain steady
state approximately 10 Myr after fault slip. However, there is a difference of 600 kyr for regaining
steady state between the modeled scenarios. When faulting and deposition occur over a time span of
10 Myr, steady state is restored 200 kyr after the fault slip ceased. Basins with faulting and deposition
over a time span of 10 kyr and 1 Myr, regains steady state after 9.6 and 9.7 Myr, respectively. Although
the compared models keep the basin in an unstable thermal condition over approximately the same
time span, the slow rate of faulting and deposition makes the thermal instability less prominent as
opposed to basins with a high rate of faulting and deposition (Figure 8). This coincides with the result
for the models were the fault displacements are varied. The larger the fault slip, the larger the thermal
differences on either side of the fault zone (Figure 7), which results in longer time required for the basin
to regain steady state. For basins with faulting and deposition occurring over >10 Myr, the basin is
close to, or in, steady state throughout the whole deposition process; this is in accordance with Bertotti
and ter Voorde [30] and ter Voorde and Bertotti [29].

In addition, our calculations show that there is a 40 ºC difference after fault slip from one side of
the fault zone to the other. Larger temperature differences have been reported in the literature, e.g.,
by Graseman and Mancktelow [76] (and references therein) who observed differences above 100 ◦C
on either side of the Simplon Fault Zone in Switzerland. Although such a high difference may not
be enough to cause regional disturbances in the geothermal field [30], it can lead to significant local
maturation differences of deposited organic material if such thermal differences occurred in basins
of sedimentary rocks. Since the oil window typically lies between 80 and 150 ◦C [77], some tens of
degrees difference in temperature may thus lead to different stages of organic maturation on either
side of a fault zone. The maturation calculations in BMT follow the Arrhenius equation, which ties the
reaction rates of kerogen to the temperature differences and the activation energies of the kerogen type.
For given activations energies and temperatures, the reaction rates of kerogen are roughly doubled
for every 10 ◦C rise (e.g., [39]). This indicates that a 10 ◦C difference will have implications for the
estimated maturation in the basin.

Figure 10 demonstrates the importance of the thermal conductivity for the obtained temperature
levels in the basin. Worldwide basins show a variety of alternating lithologies, and consequently
differences in thermal conductivities [38,63]). Our modeling shows that thermal conductivity, as
well as the fault movement, influence both the steady state and the transient temperatures in the
basin (Figure 12), and therefore the time needed to regain steady state. This is in keeping with
results reported by Fjeldskaar et al. [78] who demonstrated the need for an accurate description of
the thermal-conductivity variation to obtain a correct thermal history, on which the prediction of
maturation is based.
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The thermal conductivity of lithologies, amount of fault slip, time span of faulting and deposition,
angle of fault zone, and basal heat flow will influence both the size of the affected area and level of the
thermal imbalance. Specific heat capacity will determine the time needed for a basin to regain steady
state (Figure 11) [26,35].

4.2. Fault Restoration and Its Effect on Thermal Modeling

Hydrocarbons are often trapped in structurally complex basins, yet structural reconstruction is
often over-simplified in traditional basin modeling [26]. We have shown that the tested restoration
methods do not lead to substantial differences in the thermal estimates. Dula [40] concludes that 20
degrees antithetic simple shear result in a geometry resembling the natural basin the most. However,
resulting thermal calculations for vertical shear and 20 degrees antithetic shear show negligible
differences. We therefore conclude that thermal estimates of transects restored by vertical shear give
reasonable results.

The largest thermal differences are found between basins with the greatest deviation in restored
geometry and, consequently, deviation in burial depth. Thermal differences up to 35 ◦C are found when
the temperatures obtained for basin restored by vertical shear are compared to basin with non-restored
fault. Fjeldskaar et al. [26] demonstrated the importance of fault reconstruction for the temperature
modeling on a 2D section from the Gulf of Mexico. Up to 70 ◦C in temperature differences were
observed in the footwall part of the basin between model with reconstructed faults versus model
with no fault reconstruction. This strongly suggests that accounting for the structural evolution in
sedimentary basins is essential for a reliable thermal and maturation modeling. The results from
this study along with those of Fjeldskaar et al. [26] emphasize the importance of proper structural
reconstruction of sedimentary basins and highlights the need to study the transient thermal effects that
occur in a basin proceeding a fault slip in order to make good thermal and maturation estimates.

4.3. Fault Slip and Magmatic Intrusions

As mentioned above, the pre-intrusion host-rock temperatures are acknowledged to be important
for the thermal effect of magmatic intrusions and the size of the thermal aureole (e.g., [8]). Fault slip
and magmatic intrusions may occur within the same timeframe (e.g., [30,64,65]). Results in this study
show that the thermal effects of magmatic intrusions are sensitive to the timing of the fault slip relative
to the timing of the sill emplacement (Figures 16–18). The basin with no sills shows that millions of
years are required to restore steady state after fault movement (Figures 5 and 6). Before fault slip,
sediments in the hanging wall are buried at shallower depths in the basin compared to after fault slip.
The cold sediments in the hanging wall will gradually experience a temperature increase up to 40 ◦C
over a time span of ~10 Myr. With warmer host-rock temperatures the thermal effect of intrusions
is higher. Figures 8 and 10–12 show temperature histories as a function of various parameters with
time to equilibrium of several Myr. However, temperatures rebound within 1 Myr or less to only a
few degrees from steady state temperatures. Sedimentary basins in general would possibly not show
variation in maturation due to transient thermal effects over ~1 Myr. Unless, the thermal differences
were of a certain magnitude, as the reaction rates of kerogen is doubled for every 10 ◦C rise (e.g., [39]) as
mentioned above. Sydnes et al. [25] show that the main thermal effect of magmatic sill intrusions occurs
within the first 1 Myr after intrusion. This indicates that if faulting and sill intrusion occurs within the
same timeframe, two transient thermal effects operate simultaneously in the basin. Disregarding these
transient thermal effects could possibly lead to over- or underestimation of the basin maturation.

Sills intruding around the time of fault slip are emplaced into a basin with lower background
temperatures than sills intruding 10 Myr after fault displacement. However, these differences in
host-rock temperatures lead to larger thermal effects (Figure 16), as mentioned above, but do not
result in large differences in maturation of organic material when one sill intrudes on both sides of the
fault zone (Figure 18a). This is in contrast to the results of Aarnes et al. [8] who concluded that the
host-rock temperature is an important parameter in relation to aureole thickness and thus the amount
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of generated gas after intrusion of one sill. They found that increasing the host-rock temperature by
50 ◦C has a larger impact on the aureole thickness than both the option of increasing the temperature
of the intruding magma by 50 ◦C or by increasing the sill thickness by 50 m. They also found that
thinner sills have smaller thermal aureoles than thicker sills [8]. In this study ~50 m thick sills have
been used as opposed to the work by Aarnes et al. [8], who studied a 100 m thick sill. This difference in
sill thickness might possibly be the reason for the different conclusions in these two studies.

As for sill clusters, a 40 ◦C difference in background temperature results in a larger area
with matured organic material around the intruded sills (Figure 18b). This is in agreement with
Aarnes et al. [21] and Sydnes et al. [25] who showed that the thermal aureole of sill clusters at multiple
levels thermally impacts a larger volume of surrounding rocks than single sills. Both these studies
also show that sill thickness plays a role in the thermal and maturation effects. A 100 m thick sill will
mature organic material in a larger rock volume than a thinner sill [21,25].

Figure 10 shows clearly that the thermal conductivity plays a significant role for the obtained basin
temperatures. The results of sills intruding into a heterogeneous shale basin with a sandstone layer
has a greater thermal effect on the surrounding host rocks, and is especially visible for sills intruding
10 Myr after fault slip (Figure 17). With the presence of higher thermal conductivity lithologies the
host-rock temperatures increases and the thermal and maturation effect of magmatic intrusions are
enhanced (Figure 18a,b), a conclusion supported by others (e.g., [8,16,21]).

4.4. Limitations of the Study

4.4.1. Assumptions

A simple model with one listric fault and one faulting event has been used in this study. The layers
end horizontally in the fault zone and most of the tested scenarios assume a homogeneous lithology.
Deposited sediments are modeled to reach the surface in every timestep, meaning that there are no
constraints on the sediment supply and sea level is not accounted for. The magmatic sill intrusions are
modeled to be horizontal and concordant to the layering with a constant sill thickness. Natural basins
commonly consist of several faults, several faulting events, and different fault dips possibly dipping
in various directions. Furthermore, layers often show a bending downwards towards the fault zone
of a listric fault and they commonly show a large lithological heterogeneity, which might lead to a
variation in physical properties. All these factors may result in variations in the estimated transient
thermal effects and the time needed for the basin to regain steady state after fault slip, and contribute
to contrasting host-rock temperatures. The occurrence of salt in the vicinity of sills will in particular
influence the thermal situation in basins. Including all the above mentioned factors is possible and will
turn the model into a more realistic example. However, doing so will limit the general conclusions
that can be drawn from our study. By keeping the model simple the study is focused on fundamental
questions related to transient thermal effects in basins with normal faults and magmatic sills. Revealed
trends in this study are therefore applicable for basins in general with such features, as the relative
differences between the tested parameters will remain more or less the same.

Sills vary normally in thickness and shape, e.g., saucer-shaped, v-shaped, and transgressive
sills (cf., [67,79,80]). Sill thickness influences the temperature effects in the surrounding area; a thick
magmatic sill has a wider thermal influence on the surroundings than a thin sill. It influences the size
of the thermal aureole surrounding it (e.g., [8,25]) and an uneven sill thickness could possibly lead to
an uneven thermal aureole. In a 2D model, the intrusion is extended infinitely in the 3rd direction.
This is a good approximation as sills commonly have much larger horizontal dimensions compared
to the vertical dimension. The sills are often several km in lengths and widths, while possibly only
50–100 m thick. For typical sill dimensions, the 2D modeling is sufficient for realistic temperature
calculations. Fjeldskaar et al. [7] studied the 3D effect of magmatic sill intrusions and investigated
what length/width ratio of the sill that requires a 3D calculation to give realistic temperature results.
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In the temperature modeling the initial temperature of the intruding magma is set to 1000 ◦C
and latent crystallization heat is not accounted for. Most magmas have temperatures ranging from
700 to 1300 ◦C (cf., [81] and references therein) making the chosen temperature in this study a mean
value. Higher magma temperatures will increase the thermal effects of the sills, whilst a lower magma
temperature will have the opposite effect. However, the relative differences between the compared
models in this study will stay the same, as the intruding magma initial temperature is constant in
all models.

Magmatic sills are often fed by dykes in magmatic upwelling zones. These near vertical features
will contribute with additional heat to the thermal history of basins with sills. However, magmatic
sills can also be fed by other sills over relatively large distances which has been observed in the field
(e.g., [52]).

Latent heat of crystallization is thermal energy released when the sill undergoes a phase transition
from liquid to solid. The composition of the magma may differ, which may lead to different timing of
the emissions of latent heat as components have different crystallization temperatures. Peace et al. [62]
have estimated the additional latent heat to be 488 ◦C, which is a substantial thermal contribution.
Heat due to solidification of the magma will be released as long as the sill contains liquids and until
the sill has solidified completely. However, introducing this additional heat as one pulse, either by
increasing the starting temperature of the magma or introducing it as an additional heat when the sills
start to cool, may result in an overestimation of the effect of sills [20].

4.4.2. Temperature Model

The temperature calculations are done by a finite difference scheme. The grid resolution is very
high around magmatic sills and in areas of irregular structures. Fjeldskaar et al. [7] showed that
the numerical temperature results for magmatic sills match the analytical solutions quite well, both
spatially and temporally. On this basis, we argue that the uncertainty of the conduction-temperature
calculations is of minor importance.

In our model we assume that the sills cool by conduction, but it is possible that the process could
be accelerated by convection. Water convecting in the vicinity of sill intrusions could significantly
modify the temperature and maturity effect of intrusions. Convection of hot fluids from the magma, the
host-rock water, and decomposition products of kerogen is dependent on the permeability of porous
host rocks or hydrofracturing in less porous host rocks (cf., [60,61,82–84]. How the fluids from magma
and host rock affect the fluid pressure and flow is determined by the host-rock porosity, permeability,
and amount of fluids present [85]. Wang and Manga [83] showed that for rocks with low permeability
(<10 mD) symmetrical contact aureoles are produced, implying that conduction is the favorable cooling
method for sills and host rocks after emplacement. On the other hand, rocks of high permeability
(>50 mD) show maturation asymmetry above the sill, implying occurrence of convection-influenced
maturation [83]. Annen [84] studied the maximum temperatures of three rocks of different water
saturations: dry, hydrated and total water saturated, and found that in close proximity to an intrusion
(~10 m) there were no differences in the temperatures, whereas at a distance of 50 m there was a ~50 ◦C
maximum temperature difference. Dry rock has the highest temperature and water saturated rock the
lowest. This means that convection of water lowered the temperature by ~50 ◦C. It was concluded that
diffusivity contrasts between magma and host rock and incremental sill emplacement had more effect
on the aureole thickness than host-rock water content [84]. For the present study this implies that
for highly porous and permeable lithologies (e.g., sandstone) the predicted time for cooling might be
overestimated. However, for less porous and permeable lithologies (e.g., shale) the estimated cooling
rates would be adequate. This was also shown by temperature and maturity modeling on data from
offshore Norway [7].

Another aspect of convection, is the possible increased permeability that occurs when sills are
emplaced. Sill emplacement may potentially induce stresses high enough on the surrounding host
rocks to reactivate or produce new shear fractures or open up tensile fractures (e.g., [86,87]), allowing
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for increased permeability and possibly increased convection. However, accumulation of stresses and
reactivation and/or production of faults and fractures are highly area specific and dependent on, e.g.,
the lithology, deformation features and existing weakness zones. Although increased convection due
to emplacement of sills have been identified on seismic images (e.g., [67]) it is too area specific to be
included in a study aiming for some general conclusions.

Radioactive decay within the sedimentary section itself can generate heat, but is not accounted for
in this study. Rybach [88] found, however, that the contribution of radioactivity in the sedimentary
section was generally no more than a few percent of the overall heat budget, which support that the
errors by not accounting for radioactive heat, is insignificant. Others have concluded for the opposite
and advocate for including radiogenic heat production in the thermal history modeling (e.g., [89,90]),
but also emphasize the large area-variations in radiogenic heat production for the same lithologies [90].

Frictional heating from fault displacement may potentially have implications for the thermal
history in a basin. ter Voorde and Bertotti [29] calculated for shear stress of 100 MPa and an extension
rate of 2 mm·year−1 that the thermal contribution from frictional heat would be 2.5 ◦C. They concluded
that this could not influence the thermal situation in the basin to a significant degree. However, with
higher extensional rates and larger shear stress the frictional heating may become important.

4.4.3. Kerogen Type

Simulations of kerogen maturation can only be as good as the kinetic parameters used in the
model. The parameters are derived from laboratory experiments, and are assumed to be applicable to
geological processes although the scales are different by orders of magnitude. Thus the uncertainty in
the calculated maturity can be significant.

As mentioned above, the maturation modeling in our study assumes kerogen type II, which is
considered to be the most abundant among marine shales [39]. Kerogen degradation is temperature
dependent following the Arrhenius law (e.g., [39,63]). Due to kerogen types having different activation
energies, reaction rates of other kerogen types in the models presented here, could result in different
maturity effects in the modeled scenarios.

5. Concluding Remarks

We have studied the transient thermal effects in a constructed basin with magmatic sill intrusions
and one normal faulting event. Several factors related to faulting, physical properties, and fault
restoration methods have been tested to study possible differences in resulting calculated temperature
regimes over time. Sills of modest sill thickness (50 m) have been modeled to intrude before the basin
has regained steady state after fault slip, enabling the study of two transient thermal effects acting
simultaneously in the basin.

From the results in this study, the following conclusions can be drawn:

• After fault slip, the basin is thermally unstable and is influenced by transient thermal effects
that may last up to several million years. This implies that transient thermal effects should be
accounted for if sills are emplaced after the structural events, as they might affect the pre-intrusion
host-rock temperatures.

• With increasing fault displacement, the temperature effects of fault slip on either side of the fault
zone increases, as does the time the basin is thermally unstable.

• For faulting and deposition occurring over a time span of more than 10 Myr, the basin is in, or close
to, a steady state throughout the entire period. However, for the same basin, but with faulting
and deposition occurring over less than 10 Myr, the basin is thermally unstable for ~10 Myr. This
means that the shorter the time used on faulting and deposition, the longer is the time the basin is
thermally unstable.

• Different fault angles barely influence the time the basin is in a transient state. All tested angles
lead to steady state ~10 Myr after fault slip. However, different fault angles cause changes in
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the foot wall and hanging wall areas and thus affect the host-rock temperature and therefore the
temperature effect of potential sills.

• Thermal conductivity is the parameter influencing pre-intrusion host-rock temperatures in the
basin the most. As temperatures increase, so does the time needed for the basin to regain steady
state after fault slip. For basins with identical temperature regimes, the specific heat capacity is
the important property determining the time needed for the basin to regain steady state.

• The obtained temperatures in the basin increase with increasing basal heat flow, thereby increasing
the time needed to arrive at a steady state after fault slip.

• Different restoration methods result in basins of different geometries, leading to temporary thermal
differences mainly in the footwall part of the basin. The largest thermal differences are found
between basins with fault restored to basin with non-restored fault.

• Disregarding transient thermal effects proceeding normal fault slip may lead to both under- or
overestimation of pre-intrusion host-rock temperature. This will influence the calculated effects
of intruded sills and has implications for the estimate of how magmatic intrusions influence
hydrocarbon maturation and is particularly the case for sills intruding as clusters at multiple levels.

• A basin that has regained steady state after normal faulting has the highest potential
host-rock temperature.

Emplacement of magmatic intrusions may possibly affect the reservoir quality and the fault
and fracture permeability in their vicinity. Future work should evolve around the effects magmatic
intrusions have on the diagenetic processes in its surroundings.
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Appendix A

Numerical temperature model,
The following equation is discretizised,

∂
∂x

Kh
∂T
∂x

+
∂
∂z

Kv
∂T
∂z

=
∂
∂t
(cT) (A1)

where T is the temperature, Kh is the horizontal conductivity, and Kv is the vertical conductivity. Finite
differences and a cell-centered grid are used. In the block with indices (ij) the expression

∂
∂z

Kh
∂T
∂z

(A2)

is evaluated by the following formula [91]:
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Khi+ 1
2 , j is the value of Kh at the boundary between the blocks (i,j) and (i + 1,j). It is computed as the

harmonic mean of Khi,j and Khi + 1,j.
The expression ∂

∂z Kv∂T
∂z is treated analogously.

This gives M · N equations to find the Ti,j, unknowns, where i = 1,2, . . . ,M, j =1,2, . . . ,N. Here, M
and N are the number of blocks in x-direction and z-direction, respectively.

We use both Dirichlet and Neumann boundary conditions for the temperature model. For Dirichlet
boundary conditions the temperature, T, at the boundary is given whereas for Neumann conditions
the heat flux, Kh∂T

∂x and Kv∂T
∂z , is given. A Neumann boundary condition with a heat flux of zero is

used for the basin edges.
An iterative method is used to solve the linear system. Conjugate gradients are used as

an acceleration method [92,93]. The conjugate gradient method is preconditioned by nested
factorization [94].
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