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Abstract

The Vredefort Dome has undergone some geologic processes that result in changes in the
temperature of the rocks. This study contributes to the discussion on the thermal effect of the
impact in the area on a regional scale and also delineates the linear structures around the Dome.
The outcome shows that the center of the Dome is characterized by a low Curie point depth
(CPD), indicating a high-temperature status that agrees with previous temperature reports in
that area. The high-temperature tendency is observed to extend south of the Vredefort dome.
The center-south of the Vredefort structure has a high thermal gradient and heat flow. The
fractal distribution of the Vredefort structure correlates with the multi-ring structure around the
Dome, which is peculiar to a few impact structures on Earth. The trend of the Fractal exponent
contour around the center suggests that the contact of the meteoritic body at that region occurs
at an angle and then pushes southwards. The structural analysis results show linear structures
that are believed to be faults/fractures trending in North-NorthEast (NNE), NorthEast (NE),
EastWest (EW), and NorthSouth (NS) directions whose effects have been explained in previous
works in the area and were also identified on the ground. Some closures are observed at the
center of the multi-ring structure, indicating the melt-dykes around the Vredefort dome. The
Euler depth solutions cluster suggests the lineaments are about 7 km deep.
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I. INTRODUCTION

he Vredefort Dome in South Africa is among the oldest

[1] and the largest [2], [3] of the 190 confirmed impact
structures worldwide. The impact crater is caused by the
hypervelocity impact of a meteorite involving an instant
transfer of kinetic energy in the impacting body. The effect is
a geological process involving extreme strain rates and a huge
amount of energy, causing an instant increase in the
temperature and the pressure producing fracturing, disruption,
and structural transformation of the target materials [4], [5],
[6].

There are controversies on reports of the temperatures
around the center of the Dome and the temperature variation
along the radius of the Vredefort Dome [7], [8]. A progressive
post-impact increase in temperature in the exterior collar rocks
and a local rise in the central core due to the geothermal
gradient before impact-induced uplift and shock heating [9].
The center of the Dome was modeled to be of temperature
exceeding about 1000 °C [10], [11] and within a 15 km radius
of the core was heated above 700 °C [10]. The temperatures
of outcrops within an 8 km radius of the central center of the
Dome were measured to be within the range of 650 — 700 °C,
exceeding the minimum granite solidus [8], [12].
Reference[13] disagreed with the suggestion of [14] that the
temperature of the rock in the core did not rise above 500 -
600 °C for 3 min. or 500 °C for 1 hr. The disagreement was
due to the report of [10] that modeled the nature of the
metamorphism after the impact; after hundreds of thousands
of years, the heat from the effect dissipated.

The controversy on the temperatures around the core of the
impact structure could be evident in the multiple concentric
magnetic patterns, -1400 — 400 nT, without a significant
anomaly at the center [15] unlike in other impact structures
with negative magnetic anomalies[16]. Tiny single-domain
magnetite that was formed under a high pressure (or
temperature) environment, which then crystallized along
PDFs (planar deformation features), is suggested as the most
likely, source of high remanence of magnetism in some drilled
samples of the Vredefort structure [17], [18]. The remanence
of magnetic particles in PDFs was randomized by a plasma
field within a centimeter-scale regime [13], [14], [17]. Apart
from the effects of the impact on the local temperatures of
rocks resulting in the Curie temperatures of magnetite with the
range of 540 — 580 °C [19], [17], [20] and consequently, the
nature of the magnetism of the rocks around the core, regional
faults (transversely cutting the basement, transcending
different geological units and structural orientations) and other
structures such as the rim of semicircular ridges and melt
dykes were the product of the impact event [15], [21]. Despite
controversies about the crater's center temperatures, it still has
the hottest temperatures [19]. The discussion on the thermal
regime of the dome will be expanded, due to evidence on
regional heating near the structure.

This research investigates the regional effect of the impact
on the thermal regime and linear structures around the impact
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structure. For the first time, the Curie point depth (CPD) of the
Vredefort structure was computed from the spectral analysis
of aeromagnetic data of the study area contributing to the
discussion on the impact of the thermal effect in the area on a
regional scale and attempt to delineate the potentially high-
temperature zone(s) in the area. The Fractal-based approach
was used to compute the CPD since magnetic susceptibility,
crustal magnetization in particular, and magnetic field show
fractal behavior [22], [23], [24]. Due to the reported
randomized nature of the magnetic remanence of rocks around
the structure's core, the CPD was also computed using the
centroid method. The method assumes that magnetic
anomalies are characterized by an uncorrelated random
distribution of sources [25], [26], [27], [28]. The linear
structures were delineated through structural analysis by
applying various edge detection methods to the magnetic data.
Delineating these structures is essential to map the extent of
those that have been reported, which are indicators of geologic
transition and signature of thermal and shock effect of the
impact event around the crater and discover others that are
unknown.

A. Background of the study

The CPD is the point where the magnetism of the magnetite
ceases due to the increase in temperature. Ferromagnetic
minerals are the dominant carriers of magnetism in rocks. The
commonly used Curie temperature of crustal rocks is that of
magnetite, 580 °C [29]. At temperatures above this, the
ferromagnetic mineral becomes non-magnetic.

The thermal structure of the Earth can be understood from
the spatial temperature variation, which can be estimated by
calculating the Curie point depth (CPD) from the spectral
analysis of magnetic anomaly data [30], [31], [32]. Apart from
investigating the thermal structure, CPD helps study global
heat loss, which can be achieved by assuming that the lateral
compositional variation exerts a negligible influence on the
Curie temperature; hence, the Curie point temperature is
generally constant in the world [33].

The variation in the Curie-point temperature between
regions depends on the nature of the rocks area and the mineral
constituents. Hence, shallow Curie point depths are expected
to be recorded in areas with a young volcanic regime,
geothermal activities, and a thin crust. The region of Curie
isotherm can be determined through some spectral magnetic
methods based on the flat layer hypothesis, either a random
uncorrelated magnetization model or fractal (self-similar)
magnetization model [31], [34], [35], [36], [37]. The centroid
and fractal-based methods of computing CPD have been
thoroughly reviewed [37].

B. Geology of the study area

It is widely accepted that the amphibolite—granulite facies
isograd marks the change from middle to lower crustal layers
and is a key boundary inside the crust. Fig. 1 shows a cross-
section of the amphibolite—granulite facies transition across
about 36 km of continental crust [51], [48], [50], [49] exposed
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in the Vredefort crater.
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Fig. 1 Geologic map of the Vredefort meteorite impact crater and a northwest-southeast section across it (adapted [49]).
Horizontal scale of cross-section same as map; vertical scale exaggerated [15].

The rocks of the granulite facies domain to the south are
composed of charnockite and mafic granulite. According to
[52] and [53], metapelites in the granulite facies domain, near
the transition zone, record peak metamorphic conditions of
800-900 °C and 5-6 kbar, which is consistent with the
conclusion that this boundary developed at crustal depths of
about 20 km. Underlying the northern map region are the
amphibolite facies rocks, which are typically massive to
foliated granite-gneiss with coarse grains. The complex
mixture of rocks from both domains forms the boundary zone
between granite-gneiss and granulite.

The granite-gneiss and charnockitic rocks are intruded by
quartz syenites, which usually form elongated bodies that are
sub-parallel to the granite-gneiss to granulite border. These
bodies range in width from meters to tens of meters. The
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quartz syenite and granite-gneiss are crosscut by undisturbed
impact melt dykes. The basement is traversed by regional
impact-related faults contrasting various geological units and
structural orientations. Both rock types are dated at
approximately 2.0 Ga, and the pseudotachylite breccias
originated during the impact event, just as the impact melt
dykes [21].

II. MATERIALS AND METHODS

The aeromagnetic data of the Vredefort Dome sourced from
https://drive.google.com/drive/folders/0B9In9AOnWyDRRjJ
YNIhFRWIidkE was used in this study, with the grid of the
total magnetic intensity of the area displayed in Fig. 2. Sixteen
grids (blocks) with a dimension of about 45 X 45 km were
extracted.
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Fig. 2 Total magnetic intensity of the Vredefort structure.

Trend analysis was carried out on each block using the least
square polynomial regression approach to yield the residual
grid of the study area. Zero-padding and tapering were done
on the residual data of each block to take care of the edge
effect. The grid of each block was transformed into the
frequency domain by performing a Fast Fourier Transform on
them. Then the radial average power spectrum was computed,
yielding the angular frequency in cyc/km and the natural
logarithm of the spectral power of the aeromagnetic data.

The fractal-based approach [37] and the centroid method
are used to compute the CPD of the Vredefort Dome. The
magnetization of rocks can be affected due to thermal
anomalies at depth. Fractals are entities that look similar at a
greater variety of scales. Spatial changes in geophysical
parameters like density and susceptibility can be described
using fractals. Real geologic situations are multifractal [28].

The de-fractal method reduces the ambiguity of fractal
parameter selection [37] and provides an estimate of Z,, which
is based on (1).

Pp(ky ky) = Pr(ky ky)2mk]| ™ (1)

All parameters in the equation have been defined by [37];
wavenumber k, in this case, is in cyc/km. To remove the
fractal exponent from the observed power,

Pp(ky ky) = Pe(ky, ky)2mk|* 2)

For 2-D bodies, Py (kx, ky) can be written on account of
[30] and [38] as in (3).

Pe(ky key) = 4m2C2 Dy, (K, oy ) Oy |2] 05| €~212K1Ze (1 —
e—l2ﬂkI(Zb—Zt))2 3)

The parameters in (3) have been explained by [39].
Re-writing (1) after annular averaging yields (5).
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P(k) = Ae—2|27rk|Zt(1 _ e—|2nk|(Zb—Zt))2 @)
Determination of Z, was achieved through (5). The process
that led to (5) has been demonstrated by [30], [31], [39], [35].

In(P(k)) = B-2|2nk|Z, 5)
And A can be calculated using (6).
A=ef ©6)

To compute Z,, (4) can be transformed to:
P(k) = Ce22mkizo (g=I2mkl(ze=20) _ o=l2mkl(Zb=20))* (7)

which can be simplified to
In(P(k)"/?/|2rk|) = D — |27k|Z, (8)
Reference[35] demonstrated the process to estimate Z,, and
calculating Z;, using (9).
Zy=2Zy— Z; )
The flowchart in Fig. 3 demonstrates the step-by-step
procedure of the de-fractal approach for determining the
fractal parameter and estimating the basal depth.
The geothermal gradient of the heat flow was computed using
(10).

Thermal gradient (T) = 580%¢

(10)

Zp

The Curie point of magnetite (580 °C) has been adopted by
researchers such as [26] in computing thermal gradient (T).
The heat flow (q) of the study area is computed using (11).
q=kT an
Where thermal conductivity (k) of granite, 2.18 Wm™'k™! [40],
was adopted to calculate the heat flow of the study area since
thermal conductivity is rock-dependent.

A. Structural Analysis

Linear structures are analyzed using edge detection
techniques (for the review of the methods, see [41], [42], [43],
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[44]. Before applying these techniques, the aeromagnetic data
was upward continued up to 1 km to suppress the noise level
in the data and enhance the anomalies of interest. Euler

deconvolution [45] was implemented to identify the geometry
and depths of the linear structures.
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Fig. 3 Flowchart of the de-fractal approach for estimating the depth to the magnetic bottom [37].

HI. RESULTS AND DISCUSSION

The center of the Vredefort structure is known to be of high
temperature due to the impact of the meteoritic body, which is
evident in the high temperatures modeled in rock samples
within the core [10] and low aeromagnetic anomalies of about
-1400 nT [15] but little is known of the temperature variation
of the entire structure. The computation of the CPD of the
whole structure will provide a good perspective of the
temperature distribution of the Vredefort structure.

The Defractal approach was implemented on the power
spectrum of'the fast Fourier-transformed residual data of block
1. The application of the technique needs no prior knowledge
of the fractal parameter. Firstly, the a value of 0.5 was used to
calculate the de-fractal spectrum of the aeromagnetic data of
block 1. Depths to the top, centroid, and bottom, and the
constant, B, were estimated from the de-fractal data. All the
necessary parameters were then used to compute the model
power spectrum. The de-fractal power spectrum, modeled
power spectrum, and observed power spectrum were plotted
together to observe the match between modeled and de-fractal
power spectrum (Fig. 4a). The fit between the modeled and
de-fractal power spectrum gradually improves as the fractal
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exponent increases to 0.9 (Fig. 4b). A good fit was obtained at
a =1 (see Fig. 4c).

The visual fit assessment was done, considering all the main
features with special attention at the low wavenumber region
as it constitutes a region of the deep-seated body. To guarantee
possible solutions at higher o are not missed, a fractal value of
a=12,1.8,2,2.1, 3, 4 was used (see Fig. 4d - i). The fractal
exponents and Curie depth that yield a good fit in each block
are listed in Table I, and the contour map of the calculated
Curie depth based on the fractal approach is presented in Fig.
Sa. The Curie depth ranges from 1.1 to 12.5 km and an average
value of 4.4 km. The center of the structure has a shallow CPD
of about 2 km, which implies a high Curie temperature, and it
agrees with the previous report about the center of the Dome
as having the hottest temperatures [13], [14], [8], [10], [11],
[12], [7], [19]. The shallow depth observed at the core of the
Dome decreases south of the center; this could explain the
origin of the negative aeromagnetic anomalies around the
enigmatic crater [15].

The centroid method which assumes that the magnetic
anomaly source is a function of uncorrelated random
magnetization, was used to compute the CPD of the entire
structure. The Z; and Z, of the magnetic field in block 1 were
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estimated as shown in the spectral plot in Fig. 4, and then the
Curie depth was calculated using the estimated depths.
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Fig. 4 Spectral plot at each fractal exponent.

The calculated Curie depths of the entire area (see Table I)
were subsequently used to produce the CPD contour map of
the Vredefort structure (Fig. 6). The Curie of the area ranges
from 5.9 to 15 km with an average depth of 10.7 km. The high
CPD of about 10.5 km observed at the center of the structure
(Fig. 5b) disagrees with the high temperature reported about
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the area. This result also affirms the argument of [15] on the
report of [20]. The shallow result of Curie depth based on the
Centroid approach at the southern and eastern edges of the
study area suggests high temperatures in those regions. In
contrast, the deep Curie depth result in the northern and
western regions suggests low temperatures.
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Table 1. Depth parameters determined from the methods.
De-fractal method  Centroid method

Block A 7b 7b
1 1 7.9403231 9.8727008
2 2.8 1.124313 6.9943294
3 1.5 1.5054757 5.9336695
4 -1 4.4378556 10.7989829
5 1.5 12.4583024 14.4571468
6 3.5 1.1390114 13.3349918
7 2.8856921 10.5401224
8 1 3.7282553 9.9402322
9 0.5 4.2939627 11.3721624
10 0.5 3.9496275 11.4824229
11 0.5 2.972995 11.6701282
12 0.2 2.92835 7.2971815
13 -1 5.9316429 11.5710796
14 0.1 6.5745297 15.0319729
15 -0.5 4.0928435 9.8295267
16 -0.5 4.2814734 11.1554817

As a result of the deviation of the Curie depth result of the
Centroid-based approach from the known temperature
situation at the center of the crater, the Curie depth based on
the De-fractal method is thus used to calculate the area's
thermal gradient and heat flow. The calculated thermal
gradient of the structure ranges between 20 and 500 °C/km,
and the structure's center recorded a gradient of about 500
°C/km (Fig. 6a). The calculated heat flow ranges between
50000 and 550000 mW/m?, and the center recorded a heat
flow of about 550000 mW/m? (see Fig. 6b).

Fractal distribution usually correlates with the geology [46],
[47]. The Vredefort crater is among the few multi-ring craters
known on Earth [15]. The pattern of the fractal distribution of
the Vredefort (Fig. 7a) reveals multiple ring structures around
the Vredefort crater. It correlates with the semicircular pattern
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of the geology of the crater (Fig. 7b). The trend around the
structure's core suggests that the impact occurs at an angular
position, pushing the impacted body southwards.

The melt-dykes, faults, and other linear structures are
evidence of the thermal and shock effects accompanying the
meteoritic impact event at Vredefort. NNE linear feature that
is prominent for having negative anomaly and of an average
amplitude of about 1500 nT, and an NW trending lineament
characterized by a change in magnetic field strength which
roughly follows the transition zone of the geologic units cut
across the entire central part of the crater. The NW trending
lincament correlates with the NW trending fault [15].
Structural analysis through total horizontal derivatives is
essential to delineate linear structures, which are the
manifestation of faults, fractures, and dykes in the study area.
The known NNE and NW trending at the crater's center appear
as part of the multi-ring structure characterized by the high
amplitude of the total horizontal magnetic gradient tapering
towards the south. Some closures are observed at the center of
the multi-ring structure, which could indicate intrusive. East-
North-East (ENE) trending lineaments are prominent in the
south of the study area. An NS trending feature extends from
the north, passing through the eastern edge of the multi-ring
structure at the center and cross-cutting the ENE linear
structures south of the study area. NNE trending lineaments
extending from the north to the southwestern end of the study
area were also observed (see Fig. 8). The linear structures (Fig.
9a) are believed to be manifestations of faults.

It is assumed that negative magnetic anomaly is caused by
the uniformly magnetized body of intrusive melt rock that was
emplaced at a depth of 1 — 7 km at the subsurface at the time
of the impact [48]. The only good reason for this is the
evidence of ~2 Ga intrusive rocks in the form of impact melt
dykes and pseudotachylite [15]. The Euler depth solutions of
dyke at the center of the crater where melt- dykes have been
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identified on the ground show a depth result of 1.5 — 7 km (Fig.
9b). The NNE trending structure which forms a multi-ring
structure at the center, has a depth solution of ~100 m. The
shallow depth solution could explain the negative anomaly
reported along its path. The NS trending passing from north to

6700000.00

Northing (meters)

$50000.00 920000.00

6700000.00

Northing (meters)

$50000.00 920000.00 960000.00

960000.00
Easting (meters)

south is expected to be exposed at the north end and close to
the middle of the study area as the dyke solutions around the
region are <100 m deep. The NNE trending lineament appears
deep up to 7 km but is expected to be exposed at the northern
end of the study area.
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Fig. 6 Curie point depth of the Vredefort structure using (a) Fractal-based method (b) Centroid-based method.
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Fig. 7 (a)The geothermal gradient map (b) the heat-flow map of the Vredefort structure.
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Fig. 9 (a)Total horizontal derivative map of the Vredefort structure. (b) Euler depth solution of dykes within the Vredefort
structure.

The depth parameters determined from the De-fractal and scaling behavior of the setting. The a value affects the spatial
Centroid methods are shown in Table I. The De-fractal method ~ distribution of the depth parameters, allowing the
uses the value of a as the fractal exponent, which controls the characterization of the subsoil layer to be described. For
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example, in block 1, the De-fractal method gives a depth
parameter (Zb) of 7.9403231, which indicates the estimated
depth of underground structures. On the other hand, the
Centroid method does not require a values and provides depth
parameter values without relying on fractal analysis. In block
1, the Centroid method calculates a depth parameter of
9.8727008, suggesting a different view of the subsurface
structure. Comparing the results of the two methods shows
that the depth parameters show variation in the study area. The
range of depth parameter values obtained from the De-fractal
method extends from 1.124313 to 12.4583024, while the
Centroid method gives the range from 5.9336695 to
15.0319729.

These variations reveal subsurface structural and
compositional heterogeneity in the Vredefort Dome region.
To fully understand the implications of these depth
parameters, it is important to consider the geological context
and the specific objectives of the study. Interpreting these
values may involve correlating them with known geological
features, such as fault systems or lithological boundaries, to
understand subsurface architecture better. In addition,
comparisons with previous studies or theoretical models can
help confirm and refine the results. The depth parameters
obtained from both methods contribute to a better
understanding of depth variation in the study area. They may
guide future investigations of the Vredefort Dome area,
elucidating its history, geological history, and potential
geological resources.

IV. CONCLUSION

This study provides an update to the discussion on the
temperature of the Vredefort structure through the
computation of the Curie point depth. Shallow CPD is
observed at the center of the structure, indicating high-
temperature status, which agrees with previous temperature
reports in that area. The high-temperature tendency is
observed to extend south of the Vredefort dome. A high
thermal gradient and heat flow also characterize the Vredefort
structure's center-south. It is recommended that the
temperature of outcrops at the shallow Curie point depth
region south of the study be investigated. The fractal
distribution of the Vredefort structure correlates with the
multi-ring structure around the Dome, which is peculiar to few
impact structures on Earth. The trend of the Fractal exponent
contour around the center suggests that the contact of the
meteoritic body at that region occurs at an angle and then
pushes southwards.

The structural analysis results show linear structures that are
believed to be faults/fractures trending in NNE, NE, EW, and
NS directions whose impacts are explained in previous works
in the area and were also identified on the ground. It also
delineates the melt-dyke around the Vredefort dome. The
Euler depth solutions cluster around the study area's linear
structures, suggesting they are about 7 km deep. The linear
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structures delineated are recommended to be identified on the
ground to understand their morphology further.
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