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The traditional gravity anomalies are not able to describe subsurface density anomalies
completely. The gravity aspects provide more detailed information. They are functions of the
disturbing static gravitational potential (assumed to be available in the form of Stokes parameters).
The gravity strike angles belong to a set of gravity aspects. They are surprisingly informatively
rich; they inform about shallowly deposited ground density/ porosity anomalies and existing
stresses. The gravity fields of the Earth, the Moon, and Mars are already known “sufficiently well”
and thus, the gravity aspects have a chance to be successfully applied to study various geological
features. For the Earth, it helped to confirm or discover impact craters, subglacial volcanoes, and
lakes in Antarctica and Greenland or paleolakes in the Sahara. We discovered a correlation
between the combed strike angles (aligned in one direction) and huge oil/gas deposits like Ghawar
(Saudi Arabia) or the Caspian Sea; many other localities were tested later for potential hydrocarbon
or groundwater occurrences. The gravity aspects yield a cheap remote sensing tool for testing

Groundwater, Paleolakes Paleoocean
Hydrocarbon occurrences

various causative bodies (target deposits).

1. INTRODUCTION

The gravity aspects (descriptors) are functions of
the disturbing static gravitational potential (which is
assumed to be expressed in terms of spherical
harmonic expansion). The classic gravity anomaly
belongs among the gravity aspects; the gravity strike
angles also belong to them.

Our motivation to write this summary (not
areview) was the increasing number of our papers
during last ten years about the applications of the
gravity aspects (Kloko¢nik et al., 2010, 2014, 2016,
2017a-c, 2018a, 2019, 2020a-f, 2021a,b, 2022b,c,
2023a-c, 2025a—c; Kostelecky et al., 2024; Mizera et
al., 2022). The gravity aspects proved to be
considerably more powerful in variety of geo-
applications than the traditional gravity anomalies. We
were surprised what the strike angles can disclose
about subsurface structures (Kloko¢nik et al., 2017b,
2018a, 2019, 2020b,f, 2021a, 2022b,c, 2023a,c,
2025a—c). Here we focus on the strike angles for
specific geological features. We have, however, no
ambitions for exhausting geological/geophysical
interpretations, leaving this on specialists.

Our inspiration to introduce and use the gravity
aspects for geo-applications became mainly from
works of Pedersen and Rasmussen (1990), Beiki and
Pedersen (2010), and Kalvoda et al. (2013). We
gathered information from these and other sources and
created a system of the gravity aspects (Kloko¢nik et

al., 2014) and the relevant software for a universal use.
It is assumed that the global gravity field parameters
(harmonic potential coefficients or Stokes parameters)
are given and that they are already known, for
a celestial body in question, with a “sufficient quality”
(this term will be specified below).

The reader is referred to all definitions of the
gravity aspects and various examples to our books
(Kloko¢nik et al., 2017a, 2020a) and to Supplementary
material (SM1, formulae and Table 1) here. In the
main text, we repeat minimum of theory (Sect. 2), but
summarize our findings about the strike angles for
various applications (Sect. 2.2, see also Kloko¢nik et
al., 2023a). The examples of the use of the strike
angles are in Sect. 4.

We work with the following gravity aspects
(SM1): (1) (free-air) gravity anomalies Ag (in fact the
gravity disturbances, see the formula SM1:A2 without
the second term), with (2) the Marussi tensor of the
second derivatives of the disturbing gravity potential,
A3, namely with its radial component T, with (3) the
gravity invariants 1 and I, (A4-5) and (4) their specific
ratio | (A6), a shape indicator of subsurface density
anomaly, variations, of a causative body, energy
resources, target deposit TD). Also, with (5) the virtual
deformations vd and (6) with places having
systematically one-way oriented (“combed”) lines of
the gravity strike angles 9 (A7).
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There are other similar functions like the gravity
aspects (e.g., Pajot et al., 2004; Murphy, 2007,
Murphy and Dickinson, 2009; Andrews-Hanna et al.,
2012). They were used mostly for a local investigation
(not with the harmonic geopotential coefficients of the
global gravity field models). We have tested them
(excluding those from Andrews-Hanna et al., 2012)
and did not find them necessary for our research.

Pitotiak et al. (2017) introduced the third-order
gravitational tensor, but for a practical use it would
unfortunately suffer from a large noise. Ebbing et al.
(2018) tested curvature components, derived from
satellite gravity gradients, based on the GOCE satellite
mission data (Gravity and Ocean Circulation Explorer,
ESA), de facto various combinations of the
components  of  the Marussi  tensor  —
mean/minimum/maximum, and the Gauss curvature.
Maximum and minimum curvature were combined to
compute a shape index, a quantitative description of
the shape of the local morphology. Ebbing et al. (2018)
did not work with the EIGEN 6C4 and did not use the
strike angles (known since 1990) nor the virtual
deformations (known since 2012, defined by us,
Kalvoda et al., 2013; Klokoénik et al., 2014).

All the aspects are usually complicated
non-linear combinations of the harmonic geopotential
coefficients of the gravitational field models of the
studied celestial bodies. The input to our analyses with
the gravity aspects is given solely by the harmonic
coefficients Cim, Sim (Stokes parameters, geopotential
harmonics) to maximum degree/order (d/0), or Lmax, Of
a static, global, comprehensive gravitational field
model. It is computed from a huge number of various
data (remote-satellite as well as terrestrial data in the
case of the Earth, satellite-only for the Moon, Mars,
Venus or Mercury), defining the disturbing
gravitational potential (see SM1). Theory and
software are tailored to this and only this input. We
can, for example, reduce the free-air gravity anomalies
to the Bouguer anomalies. We cannot, however, utilize
such corrected anomalies to compute all other gravity
aspects. We would have to return to the original Cim,
Sim. In fact, we do not need and do not interpret the
gravity anomalies.

The individual gravity aspects are sensitive in
various ways to the underground lithological density
contrasts (variations) and stress field orientation due
to the causative bodies (density variations). Therefore,
all used together provide more complete and thorough
information about the ground density variations than
solely the traditional Ag can do. The set of the gravity
aspects provides information about location, shape,
orientation, the tendency to 2D or 3D patterns of the
causative body. It is remarkable that also stress
tendencies and tensions, concerning various
geological features, can be imprinted in and expressed
by the strike angles, although the input data are always
the same — the harmonic coefficients of a static gravity
field model. Similarly, it applies to the virtual
deformations.

There were and are different ways how to study
the density variations (presence of the causative
bodies) in geophysics. The traditional Ag, mostly
Bouguer type, from gravimetric measurements,
sometimes amended by T, computed from
gravimetric measurements or measured by the
gradiometers, are in use for the local purposes
(exploration geophysics, e.g., Donofrio, 1998; Grieve,
2005; Saad, 2006; Murphy, 2007; Murphy and
Brewster, 2007; Murphy and Dickinson, 2009, and
many more). For more references see Sect. 2 in
Kloko¢nik et al. (2020a). The excess mass and the
depth to the centre of mass are obtained from inversion
of the gravity data along a vertical profile (e.g.,
Castaldo et al., 2014).

The traditional way has increasing competition in
much more general view achievable by means of the
full set of the gravity aspects, used together. The
quantities Ag and T, also belong to the gravity aspects
but are less important for our purposes. The most
important are the strike angles (more in Sect. 2.2).
They come out as remarkable, promising, admirable
tool to study various geological features from the
gravity field models of the celestial bodies (e.g.,
Kloko¢nik et al., 2023a).

For areas of our interest, a combed (one-way
aligned) structure with a parallel course of strike
angles is typical (references above). These structures
on the Earth indicate places where underground
reservoirs or oil traps are not disturbed by later folding
or fault tectonics. We were able to detect also
subglacial volcanoes, trenches, surface and ground
water or paleolakes in Sahara (Kloko¢nik et al.,
2017b,d, 2018a, 2020a,€).

Not to overestimate the role of the strike angles,
we should be aware that in the inverse task as it is
presented here (i.e. to derive density contrasts from the
given Cim, Sim), One cannot achieve a unique result (one
derives the whole integral of Cin, Sim, defining these
coefficients, not directly density inside the integral).
We need to implement further data, like magnetic
anomalies, seismic data, topography, and others.

2. NOTES ON THEORY, DATA, AND METHOD

2.1. THE STRIKE ANGLES AMONG OTHER
GRAVITY ASPECTS

The most important from all gravity aspects for
this study are the gravity strike angles. The strike
angles 6 (strike directions) were defined as follows
(Pedersen and Rasmussen, 1990; Klokoc¢nik et al.,
2017a, 202043, plus references therein; and SM1, with
a special table-review, Table 1, with the information
about significance of the gravity aspects):

— > Txy(Tax+Tyy)+TazTyz (1)

2 2 2 2
T —Thy+T,—TE,

tan 20

ambiguous within a multiple of n/2, meaning that the
angle @ will only be estimated within a multiple of ©/2,
where Tjj are the components of the Marussi tensor T
(see, e.g., Pedersen and Rasmussen, 1990), i.e., the



GRAVITY STRIKE ANGLES TO STUDY VARIOUS GEOLOGICAL FEATURES 153

(a) combed strike angles aligned in the studied area
=one-way oriented strike angles

comb_factor— 1

We learn about the strike angles.

Figs. la—e

Figs. 1a,b
one prevailing direction), and (b) chaotic.

tensor of the gravity gradients or second derivatives of
the disturbing potential (see SM1, formulae Al, A3).
There are 9 components of I', just 5 of them are
independent. These are non-linear combinations of the
harmonic (geo)potential coefficients.

To the coordinate system for eg. (1) in Pedersen
and Rasmussen (1990): let the measurement system be
denoted by X (X, y, z) and let the rotated coordinate
system be denoted by X’. The coordinate system X
needs to be rotated around the z-axis to achieve the
x-axis coinciding with the strike direction 6 so that
elements of the first row and first columns of T" will be
identically equal to zero. In other words (Murphy and
Brewster, 2007): the strike angle indicates “how to
rotate the measurement frame around the z-axis to
align one of the x- and y-axes within the main
directions of the ground structure. The expression for
@1is obtained by rotating the coordinate system around
a vertical axis to minimise the sum of squares of the
three components of the gravity gradient tensor T that
involve a derivative in the x-direction.”

Mathematically, the strike angle 6 eq. (1), (A7),
can be the main direction of the tensor T" (under certain
condition), so it is an important direction. This
direction is general in space, it depends on all three
types of Tij components (X, y, z) as we can see from (1).
Not surprisingly, it can be important also
geo-physically (or better “planeto”-physically). They
provide evidence of the anisotropy, e.g., about the
target material in the case of impact features; they
react on porosity changes, first on shallow layers, and
then on their background (anything), more below in
this section. They are connected with “stresses”. We
can say that I" relates to stress anisotropy. More about
@is in Sect. 2.2. The examples of their applications for
the Earth, the Moon, and Mars are in Sect. 4.

(b) dishevelled strike angles
= strike angles are in diverse directions

comb_factor — 0
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Tutorial figures to Theory, SM1-3, and Table 1: the strike angles & [deg]: (a) combed (here linearly aligned into

Besides T, there are the gravity invariants (SM1:
A4, A5), independent of any rotation. The invariant I,
is the sum of the six products of two tensor coefficient
matrix elements, a nonlinear functional model with
regard to the geopotential harmonics, while I is the
determinant “det” of I'. The invariants are filters
enhancing sources with big volumes (Pedersen and
Rasmussen, 1990); they discriminate major density
anomalies into separate units, spots.

Pedersen and Rasmussen (1990) showed that
a specific ratio | of the invariants 1, and I, (A6) [values
of | being always within the interval <0,1>] has an
interesting geophysical meaning. If the causative body
is flat, theoretically 2D, then | equal zero (T’ = 0). The
higher 1, the more 3D-like source is. A pancake or
a sphere? In the case of the oil/gas deposits we rather
expect flatter (pancake or umbrella-like) than
spherical objects, i.e., rather “smaller” ratio |
(say<0.3) than prevailing high values of | (say>0.9).
For a slope or top/caldera or vicinity of volcano, we
should expect 1—1. The strike angles react on the
density variations in depths from hundred metres to
a few kilometres (in a big contrast to the gravity
anomalies, which may go much deeper). With 1<0.3,
emphasizing flat causative bodies, we “penetrate”
only shallowly beneath the surface, while with 1<0.9
we can “see” a bit deeper (compare Fig. 1c to Fig. 1d).
It is difficult to say “how deep” without additional
information.

Note that (1) the ratio | from Pedersen and
Rasmussen (1990) provides the condition necessary
but not sufficient, and that (2) this criterion is not the
only one possible criterion to detect flat TD bodies; for
another see, e.g., FitzGerald and Holstein (2014).
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We learn about the strike angles. For more figures see SM2: 12, 19-21, and 38.

The strike angles 6 [deg], a comparison between them for the ratios (c) 1<0.3 and for (d) 1<0.9. See theory above

and in SM1. This example is for the hypothetical northern paleo-ocean on Mars near Elysium volcano; from
(Kloko¢nik et al., 2023b). The 3D-shaded topography from the altimeter MOLA [m] is added. With | <0.3,
emphasizing flat causative bodies, we “penetrate” shallow beneath the surface, while with | <0.9 a bit deeper.
With 1 < 1 we would fill the figure with the strike angles everywhere; it would happen on volcanoes, trenches,

and nearby.

There are works about a relationship of
maximum degree Lmax Of the gravity field models and
effective depths of the causative bodies to study the
structure of geological features; the most recent paper
was written by Goossens and Smith (2023), and is
related to Ag. We note (using theory in SM1) that the
relevant effective depth for the gravity strike angles ¢
will be much lower (the causative body is closer to the
surface) than Ag (it follows from the comparison of the
gravity aspects in the model case, see fig. 2.1 in
Kloko¢nik et al. (2017a) and a paragraph about the
simulation tests in Sect. 4).

If the underground density variation source is
close to 2D, then one component of the stress field has
the direction of the strike angle 0, the second is
directed to the centre of the central body and the third
lies in the direction of the gradient of the gravitational
field. However, a reasonable geodynamic
interpretation of the meaning and value of the strike

angle 0 depends on the knowledge of the regional or
local tectonic regime.

The strike angles are generally oriented
chaotically, i.e. in various directions. Sometimes,
however, within a certain area, they are systematically
aligned into one prevailing direction. The alignment
along the studied structure, e.g., fault (along the long
axis of the fault) discloses existing stress trends. Then
we say that strike angles are linearly combed
(Figs. 1a,b). They also can form a circular halo
(“aura”) around the impact craters or other
circular-like features ((Fig. 1le and Figures in Sect. 4).
The alignments have various physical reasons (see
below, Sect. 2.2).

We have developed empirical criteria to
characterize a degree to which 6 are aligned
(Kletetschka et al., 2022; Kloko¢nik et al., 2019). We
defined the Comb factor (Sect. 3), Comb=1 for
perfectly combed strike angles, 0 for not-combed;
more is below and in SM1.
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Figs. la—e We learn about the strike angles. This is the end of the lecture in the main text. For much more examples

Fig. 1e

see SM2-4.

Tutorial for this section, but also for Sect. 4.1.2.1 about Chicxulub, North Yucatan, Mexico: the strike angles 6 are
“combed” into a (semi)circular “halo” around the impact crater (over land only). Yellow: roads. The crater
Chicxulub is not exposed on the surface; it is beneath sediments, and its northern half is in shallow waters. The
EIGEN 6C4 gravity field model used. A large area around the crater with highly aligned 6 is affected by the impact
event generating post-impact changes concerning oil/gas, coal, hydrocarbon deposits, (ground)water or sinkholes
(Mayas’ cenotes) — red dots. Such consequences depend on size of crater (in turn on energy of the impacting
asteroid) and on the regional material in situ before the impact event; Kloko¢nik et al. (2020a, Sect. 6). They can
be far-reaching (thousand kilometres from the impact). About a half of the impact craters known in Northern
America possesses economic minerals (e.g., Donofrio, 1998; Reimold et al., 2005), see also James et al. (2002),

and Sect. 4.1.2.

The following axioms (i, ii), although may seem
trivial, should be mentioned:

(i) Warning against “short-cuts”: The gravity
data only indicate geologic structures (anticlines,
faults, salt domes, etc.), any of which may
occasionally contain concentrations of target deposits
(TD) of various practical minerals, permafrost,
hydrocarbons, ice, or water. The combed 6 are not
directly due to gas, oil, coal, minerals, or water
content.

(ii) Correlation (here between the gravity aspects
and locations of TD) does not imply causation.
Indication is not proof.

Nevertheless, there is so many indications and
examples of the correlation that it cannot be by chance
(our examples are in Sect. 4 and in our works cited
above). The alignment can be related to
(ground)water, faults, river valleys, paleolakes,
sediments and other porous material, or hydrocarbon
occurrences.

2.2. THE STRIKE ANGLES - NOTES TO THEIR
PHYSICAL MEANING AND INTERPRETATION
POSSIBILITIES

The combed (aligned) strike angles 6 bear
information about a higher porosity, about changes of
porosity/density and stress fields connected with
various geological features and processes. There is
aplenty of such observations and applications
discovered till now (for examples see Sect. 4 and
SM2). Here we have a few comments.

Note 1: after the impactor’s explosion and during
the post-impact evolution, the strike angles may have
changed their original pre-impact direction. Due to the
impact event, there is a change revealed by the strike
angles while the other gravity aspects do not react
(e.g., negative Ag or T, inside the crater, both positive
in the rim; fragmented extremes of I, and I, around the
crater, negative vd inside). The strike angles inside and
around the crater become significantly combed,
sometimes providing evidence about the direction of
deformations. They seem to be parallel to the
weakness in the strength of the rock, e.g., direction
schistosity and or presence of faults or micro-fault
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zones. The impact event energy is imprinted into the
gravity aspects. There may be even no crater (but an
airburst). The release of the energy of the impactor
may trigger stress in the rock along the cleavage planes
while the stress perpendicular to these planes is
preserved (probably the cases of Saginaw Bay and
Tunguska events, see the examples in Sect. 4). This
internal anisotropy is what is being detected by the
strike angles.

Diverse post-impact influences and changes may
reach large distance from the source crater. The bigger
impacting body, the more energy and thus the bigger
crater, the more intensive and extensive consequences
which remain written into the strike angles. The
impacts enhance porosity and permeability in rocks of
all parts of the impact structures and around it,
sometimes to large distances (see the strike angles in
SM2, slides 9, 13-14, 16-17, for Mexico, the whole
Yucatan, in the area of Mexican Gulf west of Yucatan,
or Veracruz, also in sea). The consequences can be, for
example, a triggering mechanism to move
rocks/minerals from deeper layers to the surface (e.g.,
Vredefort or Sudbury S2: 27-29). The impacts may
lead to crustal deformation and deposit extensive
blankets of material local-dependent ejecta with
economic minerals and hydrocarbons (e.g., Donofrio,
1998; Reimold et al., 2005; James et al., 2002). The
cenotes/sinkholes (karst features, the case of
Chicxulub in the local limestone, Fig. 1e) may be
sparked off as a good example of post-impact
phenomena. These long-reaching effects should be
studied further on.

Note 2: the combed & can be used as a
preliminary diagnostic tool for further exploration of
sites with TD (Kloko¢nik and Kostelecky, 2014;
Klokoénik et al., 2021a). Important to note that no
specific digging is required to apply this method. The
method helps to decide to exclude or include the
region from more detailed later investigation, based on
the traditional data and procedures, thus potentially
saving money for drilling on the spot.

Note 3: Rivers, canyons, faults, groundwater or
ice, permafrost on the Earth (regolith on the Moon),
paleo-lakes, oil/gas deposits, sedimentary layers, mud
— their appearance is signalled by the combed
(aligned) strike angles 6, and, in a specific way, by the
other gravity aspects. There is not only a reaction to
a higher porosity of that place in comparison with its
surroundings, but also reaction to certain flows, such
as slope movements or land-sliding, tensions, stresses,
forces connected with a genesis and evolution of such
features.

The strike angles are plotted as projections into
the horizontal plane and the strike lines indicate the
deformation patterns associated with mass density
variations. We used @ to investigate stress fields,
generated by geomorphic processes and events
appearing on various localities including the state
during collisional orogeny between the Indian and
Asian lithospheric plates in the Nepal Himalaya here
in (Sect. 4.1.3.9.).

There is another “stress tensor” important for
understanding geodynamic processes, such as global
plate tectonics, earthquakes or for the management of
geo-reservoirs and underground storage sites for
energy. A worldwide map of the maximum horizontal
stress is under the auspices of Heidbach et al. (2018).
The theory speaks about three components of the
stress tensor (but this is not “our” Marussi tensor).
Their relationship to the gravity strike angles 6 (which
is a 1D quantity) is not known.

Note 4: Reservoir source rocks are porous and
absorbent, and can be saturated with water, oil and gas
in various combinations. They should thus provide
contrasting (higher) porosity, and relatively lower
density, with the relevant changes in the gravity signal
in a form of the gravity aspects as they are known for
lower density causative bodies on the Earth
(depending on the background beneath the
sedimentary layers). A similar situation can be
expected on Mars (Kloko¢nik et al., 2023b) as for the
ground water or sediments (possibly bearing
hydrocarbons). Potential hydrocarbons are more likely
to be found in places with ordered combed structures,
which probably represent places with linear (uniform)
water flow (as on the Earth) that would carry (water
lift) and concentrate hydrocarbons in suitable places,
e.g., under impermeable clay layers. The examples are
in Sect. 4.3, taken from (Kloko¢nik et al., 2023b,c).
More and more applications are coming (e.g., Kadirov
et al., 2023; Ozs6z and Orug, 2023; Eppelbaum et al.,
2024).

2.3. DATA

Gravity, magnetic, and topography data. The
input data to our analysis are the harmonic
geopotential coefficients (Stokes parameters) of the
spherical harmonic expansion of the disturbing
gravitational potential, nothing else. All the formulae
in Supplement about Theory (SM1) clearly document
the dependence of all the gravity aspects on the
geopotential coefficients, i. e. on the global
gravitational field characteristics. The surface (for
Antarctica subglacial) topography comes from
networks of heights above a reference surface,
gathered from satellite or airplane measurements. The
magnetic anomalies — namely the values of magnetic
induction — as an additional informative source to the
gravity data/aspects are available, were used in our
analyses for the Earth, the Moon, and Mars, but they
are not discussed here.

The Earth: We make use of a high quality, of
the highest accessible precision worldwide and of the
highest resolution combined gravitational models,
based on satellite and terrestrial data; now it is still the
EIGEN 6C4 (European Improved Gravity model of
the Earth by New techniques). It is a global but
detailed gravity field model which includes
gradiometry data from the whole GOCE mission
(Gravity field and steady-state Ocean Circulation
Explorer, ESA); Forste et al. (2014). This model is
expanded to maximum d/o = 2190. It corresponds to
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the ground half-wavelength resolution 5x5’
[arc minutes, arcmin] or equivalently ~9 km on the
Earth’s surface (SM1). We have tested, among others,
also an experimental XGM2019e gravity field model
(Zingerle et al., 2019) but found no profit for our goals,
comparing the XGM to EIGEN 6C4. Precision of
EIGEN 6C4, expressed in terms of 4g, is ~10 mGal,
but in many civilized land areas and over the oceans
and open seas it can be much better (SM1). The
authors of EIGEN 6C4 did not have access to most of
the recent high resolution terrestrial gravity data on the
continents, thus they took a synthesized gravity
anomaly grid based on EGMZ2008 (Pavlis et al.,
2008a,b; 2012). That means that the errors for the high
d/o harmonic coefficients in EIGEN 6C4 are
dominated by the relevant errors in EGM2008. It is
evident that the accuracy varies with latitude and
longitude. The EGM2008 does not contain the GOCE
data. EIGEN 6C4 represents about one order
improvement in the ground resolution and accuracy of
the geoid over EGM 2008, mainly in the polar areas.
The terrestrial data base of EIGEN 6C4 is based on
that in EGM 2008 (with some additional, new data
collected by GFZ, Germany), in turn, on the data
gathered by the National Geospatial-Intelligence
Agency, USA. Pavlis et al. (2008a,b, and private
comm.) presented maps with the accuracy of Ag
(among others), derived from the variance-covariance
matrix from the least-squares adjustment of the
harmonic coefficients (we reproduce example in SM1,
p.10).

Topography data. ETOPO 1 was used (Amante
and Eakins, 2009). It is a part of the global 1° relief
model of the Earth surface that integrates land
topography and ocean bathymetry from a large
number of satellite and other measurements. Its
precision is =10 m in heights (but not everywhere).
[Now we work with its improved version ETOPO 22.]

Bedmap 2 is a basic subglacial topography data
set valid for Antarctica (Fretwell et al., 2013). It
contains the bedrock elevation beneath the grounded
ice sheet. It is given as a 1x1 km grid of heights of the
bedrock above sea level. The actual spatial resolution
is worse, 5x5 km, but often worse.

We also worked with the RET 14 (Hirt et al.,
2016), a degree-2190 gravity field model
SatGravRET2014, given as a set of harmonic
geopotential coefficients, meaningful only for the
continent of Antarctica (not globally!). Roughly
speaking, it combines the global gravity field model
EIGEN 6C4 and the Bedmap 2 topography. More
precisely, the RET 14 combines predecessors of
EIGEN 6C4 to d/0o=180 with other and very important
gravity data sets. These gravity models describe the
long- and medium-wavelength components of the
Earth’s static gravity field from GRACE and GOCE
missions. The “non-gravity” data to RET 14 comes
from the Earth 2014 one arcmin global topography
model (Hirt and Rexer, 2015) which incorporates the
Bedmap 2 bedrock topography and the other data sets;
these are topography from the Shuttle Radar

Topography Mission (SRTM), Greenland Bedrock
Topography v3, and SRTM30_PLUS v9 bathymetry.
A full account of the construction of Earth 2014 and
RET 14 is provided by Hirt and Rexer (2015). RET14
increases resolution of underlying gravity field models
and decreases resolution of Bedmap 2; the spatial
resolution of RET14 should be about 10 km over the
whole Antarctica (excluding the polar gap and a few
areas with no or rare data in Bedmap 2).

As for the independent data, Egyptologists
cooperated with us and provided locations of
archaeological sites, defining the former living places
at playas or lake/river banks. This information was
important to check our estimates of the paleolakes’
locations and extent. The archaeological data were
used for delineating boundaries of the acceptable
living conditions (like the access to potable water)
during specific epochs (Kloko¢nik et al., 2020¢).

We also applied (see, e.g., in Kloko¢nik et al.,
2020d) magnetic intensities from the magnetic field
model EMAG2 (a global 2-arc-min resolution grid)
compiled from satellite, marine, aeromagnetic and
ground magnetic surveys (source: Maus et al., 2009).

The Moon: We use the gravity model
GRGM1200A (Lemoine etal., 2014) to d/o = 600. The
formal precision of GRGM1200A should be
~10 mGal. The surface topography of the Moon comes
from LOLA (Lunar Orbiter Laser Altimeter) on board
of the LRO (Lunar Reconnaissance Orbiter). The
heights are given relative to a reference radius of
1737.4 km. A nominal precision of the LOLA
altimeter heights is ~10 cm.

Mars: We use the gravity model JPL
JGMRO_120 F (Konopliv et al., 2020) to d/o = 80.
The global surface topography is derived from the
MOLA (Mars Orbiter Laser Altimeter) on board of the
MGS (Mars Global Surveyor). The accuracy should be
~1 m radially and ~100 m horizontally.

3. METHOD

We compute all the gravity aspects (as defined in
SM1, A2-A13), magnetic intensities where available,
and topography. We make use of our software (Sebera
et al., 2013), of our co-workers Bucha, Kostelecky,
and Bezd¢k and partly software developed by our
colleagues (Bucha and Janak, 2013). Numerical
stability of computations of all gravity aspects should
be guaranteed to d/o ~ 10 000 (Bucha, priv. commun.,
2020). We used the Mercator-Marine projection for all
pictures excluding the polar zones where we apply the
orthographic projection.

The gravity disturbances are shown always in
milligals [mGal], the second order derivatives in
Eotvos [E]. Recall that 1 mGal = 10° [ms?],
1 E = 1 Edtvos = 10°[s2]. The invariants have units
I [s*] and I, [s®]. Negative values are in all these
cases as well as for surface/subglacial topography in
blue colour, positive in red (may be a bit unusual to
see green colour in the middle of colour scales, i.e., for
the values around zero).
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The strike angles 9 [deg, °] are angles (A7), not
vectors. We plot them as short abscissae of the same
length everywhere, in a regular network. It does not
mean that in the real world something like as a regular
net of tensions exist: geological and geophysical
lineaments are never of a constant or identical length,
and neither are they separated by uniform distances. It
is good to repeat and emphasize that 6 yield 1D
information only, i.e., the horizontal component of the
main direction of Marussi tensor. The strike angles
proved to be very useful in geo-applications (see
above Sect 2,2, or, e.g., Kloko¢nik et al., 2023a).

We plot also pixels with different colours for
different values of the Comb statistical factor to
express a degree of the alignment (the Comb values
are between 0 and 1). We work with the Comb factor
according to (Kletetschka et al., 2022 and SM1). For
the point P in question, we select points Bjaround P.
The “comb coefficient” in P is then equal to the
weighted mean value of the scalar product of the unit
vector in P with the unit vectors in B;. The Comb factor
lies always in the interval <0,1>. For ideally aligned
(combed, correlated, parallel) vectors from the
surroundings of the point P considered in the relevant
analysis, we have Comb = 1. The scalar product
(cosine) is "flat" around zero, thus Comb >0.99 is
selected for a “perfect correlation”.

In order to show the halos around the craters, we
draw @ in the horizontal plane, as an angle rotating
from East towards North. (It means for example that
the SN direction has azimuth 90° to west.) It is
achange from our papers published before 2022,
where the reference direction was North (the local
meridian). It does not mean any change in physics, but
the interpretation must account for this change. For
example: the strike angles are aligned (logically) along
the long axis of a fault not perpendicularly to it; the
strike angles create evident halos (rings) around the
craters, etc. Sometimes we prefer black and white
drawings for all directions of 4. It is a good choice for
example for the craters. For colourful versions of
figures with the strike angles, the following is valid:
red means the direction to the north from east and blue
means the direction to the south from east.

Note also that density of data of the strike angles
can differ. For the Earth, for example, we can use the
default density of 9 km (corresponding exactly to max
d/0=2190 of EIGEN 6C4), but we can emphasize the
structures by using the strike angles using 4 km, or
2 km distances of the lines of 6, depending on the local
conditions and details intended to show.

To illustrate the shifts represented by the virtual
deformations vd (A8-Al3), the semi-axes of
deformation ellipse a and b are computed in their
relative size. The vd [-, = dimensionless] is
geometrically expressed by its dilatation (shown
everywhere in our figures in red colour) or
compression, contraction (in blue). The area with
dilatation of the ellipse of deformation have a high
potential energy. Thus, there is a trend to move energy
to areas with contractions, compressions. The

examples about volcanoes or craters with their rings
are in Sect. 4.

The user should not forget to work with all the
gravity aspects for the area of interest. The gravity
aspects are mutually interrelated, especially 6, vd, and
Tz Together they may disclose more than only one of
the aspects. Sometimes the interpretation queries
appear when for example 6 and vd show different
trends, e.g., perpendicular directions of stresses. The
user should know the regional/local geology.

Where it is possible, we compare our results with
independent geological and geophysical data. Further
to the gravitational data (magnetic intensities,
topography...) are always welcome to strengthen our
deductions. It can be, however, problematic. It will be
demonstrated on the maps of terrestrial gravity
anomalies for known deposit sites for oil/gas not used
in EIGEN6C4. The reason for a potential problem is
simple — one cannot fully rely upon these terrestrial
sources. Sometimes a part of data is not published
intentionally, may be classified and unavailable, or out
of the range of such maps (boarders of various state).

4. EXAMPLES

We begin with regions with known geology to
approve our method. We compare what is known from
various terrestrial data to our results. Then we
extrapolate to other places. The results presented here
have, in majority cases, already been presented in our
previous papers. We add Supplements with many
figures, SM2 for the Earth, SM3 for the Moon, and
SM4 for Mars, although the Moon and Mars are nearly
omitted in the main text. We want to document the
universal character of the gravity aspects. Several our
papers and one book deals with the Moon and Mars
(Kloko¢nik et al., 2022 a,c, 2023a-c, 2025c).

The typical gravity signals in terms of the gravity
aspects for various geological features are summarized
in Table 1 (this section). Let us take the impact
craters/basins as an example. The most common and
conspicuous signature is a circular gravity low in the
floor of the crater. For simple bowl-shaped craters,
gravity data indicate that the anomaly is largely due to
the presence of an interior allochthonous breccia lens.
In big complex craters, the main contribution is from
fractured parautochthonous rocks.

The most interesting is the comparison of the
different gravity signals of impact craters on the Earth
and on the Moon or Mars. Craters on the Moon,
generally speaking, have a wide range of signals
because meteorites originally struck the surface of the
still-hot Moon, smashing through it and causing the
crater floor to be flooded with volcanic rocks.
Gradually, as the lunar crust cooled, smaller craters
formed, as well as multi-ring structures and the usual
type of craters that form in already solid rocks. In this
case, we observe especially on the Moon intense
landslide movements and sometimes indications of
another wider ring around the craters. On the Earth,
the impact structures form complex circular and oval
formations that influence tectonic and possibly
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Table 1 A comparison of the gravity aspects typical for crater/basins, mascons, volcanoes, faults or waters, based

on our experience from the Earth, the Moon, and Mars.

feature Ag Tz 6 vd

bottom of crater negative negative combed compression

bottom of basin negative flat combed compression
around zero

around crater/basin halo dilatation

centre of positive positive and no signal dilatation strong

volcano strong

around volcano negative negative and compression
strong

inside mascon positive flat and small combed dilatation

closely around normal normal compression

mascon

faults negative negative combed compression

water,

ground water, negative negative combed compression in,

paleolakes, dilatation nearby

oil/gas

volcanic regime of the entire region including the
formation of long trenches. On Mars and the Moon,
the gravimetric signal helps to distinguish older
circular structures that are now to some extent overlain
by sediments or material ejected from younger
meteorite impacts.

The values of 4g and T,, are negative inside the
crater changing positive and negative values for the
rim(s) and between them. The gravity invariants have
extreme values inside and around the crater and they
are concentrated in the rim(s). The strike angles 6
often exhibit orientation in one prevailing direction
near the crater and encircle the crater as a halo. The
virtual deformations vd inside the crater show
compression; the rim(s) is/are surrounded by dilatation
(and the space between the rims is again compression).
If the crater is large and has a central peak, we can
detect it by positive T; if the crater is huge (crater
basin), the central peak can “grow” to a mascon caused
by upward motion of the regional material. The
magnetic signature of craters is more varied with the
main effect being a magnetic low due to a reduction of
susceptibility after the impact.

Simulation studies. We recall (but will not
repeat) our synthetic (simulation) tests showing the
effectiveness of our method (for technical details see
Kloko¢nik et al., 2010, their Sect. 4.4. about the impact
craters Chicxulub and Popigai; Kloko¢nik et al.,
2017b, fig. 7; Kloko¢nik et al., 2018a, their Sect. 3.6,
or Kloko¢nik et al., 2021a, for the case of paleolakes
in Sahara, Lake Vostok in Antarctica and oil/gas
deposits). We also mention our tests of various and
dangerous artefacts in the gravity field modelling,
a warning against possibility of the false results due to
the imperfect data or their processing (Kloko¢nik et
al., 2021b).

4.1. EXAMPLES FOR THE EARTH
4.1.1. TEST AREAS
4.1.1.1.CZECH REPUBLIC

The relatively small territory of the Czech
Republic (CR) is one of the best geologically explored
territories in the world, mainly due to the long period
of prospecting for mineral resources, including gold
and uranium deposits (Chlupa¢ et al., 2002). In
addition to conventional geological methods, the
territory is also explored by geophysical methods,
including airborne gravimetry at scales of 1:50 000 to
1:200 000. It is, therefore, tempting to compare the
local terrestrial gravimetric measurements with the
gravity anomalies computed from EIGEN 6C4, and to
observe behaviour of the other gravity aspects, what
they can show for such a territory.

Always we should work with the full set of the
gravity aspects; for CR see SM2: 3-6. In terms of strike
angles, our observations follow. Figure 2a combines
the gravity disturbances Ag, together with names of
several cities in CR, with the strike angles 8 and shows
how much they are combed, e.g., in West Bohemia
(western part of CR) in large zones with surface coal
mining and valley (see also item 3. below). Figure 2b
shows vd.

1. The faults in NW-SE direction, roughly parallel
to the Tornquist Zone, are significant. [Note that
The Trans-European Suture Zone is the
lithospheric boundary between the Precambrian
East European Craton and the Phanerozoic
orogens of South-Western Europe]. The faults
probably reflect process of coalescence of Europe
from different micro-blocks. In the northern part
of CR, they are represented by several
approximately parallel lines of the so-called
Sudeten faults. We can there distinguish the long
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Fig. 2b  The virtual deformations vd [-] for the Czech Republic; dilatation (red), compression/contraction (blue).
By comparing Ag, 6 and vd, we get a nice example how the conventional gravity surface measurements
often cannot be sufficient for geological and geophysical aims. For more figures about Czechia see

SM2:3-6.

Lusatia Fault and the Elbe Zone extending
towards Meissen. On the south-western border of
CR, we can see fault zones parallel the
south-western border of CR.

The second major trend is the NE-SW fault
system, which is represented mainly by the
Cenozoic rift structure of the volcanic hills of the
central Ceské Stredohofi. Parallel to this much
younger geological structure is the system of deep
faults of the Carpathian system (Peripieniny
Lineament, northern part of Vienna Basin) in the

easternmost part of the territory and especially in
Slovakia (east of the CR).

In addition to linear structures, we can observe
block structures, which usually correspond to
crystalline, often granitic cores of the protruding
mountain ranges such as the Krkonose
(mountains in the north of CR), the Nizky Jesenik
mountains (east-north), the Kralicky SnéZnik
(east, E), Sumava (hills in the south, S) and parts
of the Waldviertel or the Slavkovsky les.
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4.  The strike angles document homogeneous block
of the Czech Cretaceous Basin in the northwest of
CR and zones parallel to the Alpine and
Carpathian foredeep. The course of the Vltava
(Moldau) river follows the N-S direction quite
closely, which is also more prominently
represented in the more easterly Blanice Furrow
(Blanice is name of ariver). The strike angles here
indicate a deep basement of the Vltava direction
(river Moldau in Czech language), although only
shorter local faults have been found by the
conventional geological mapping.

4.1.1.2. ISRAEL

There is a good knowledge about the gravity and
magnetic fields in Israel from terrestrial sources (e.g.,
Sneh et al., 1998; Eppelbaum., 2018) for a comparison
with remote sensing data. EIGEN 6C4, namely the
virtual deformations derived from it, were used for
regional  tectono-geophysical  zonation  (both
qualitative and semi-quantitative) in the Arabian—-NE
Africa region (Eppelbaum and Katz, 2017; Eppelbaum
et al., 2018). An integrated tectonic map based on the
examination of satellite and terrestrial geophysical-
geological data and containing structural features of
different ages has been constructed. It can serve for
physical-geological models and to search for useful
minerals.

Figure 3a shows Ag and labels for the individual
geological structures known from terrestrial
investigation. We confirm how well EIGEN 6C4
reproduces the known facts, their position and extent.
Figure 3b shows vd in a wider area, including Israel,
NE Egypt, Sinai, and east Mediterranean Sea. The
compression in the Dead and Red seas and dilatation
around are remarkable. Cyprus has significant
dilatation, also positive Ag and T, (see additional
figures in SM2). The strike angles 0 [deg], 1<0.9,
highly combed along the faults, but also on many other
places, including oil/gas mining sites are in Figure 3c.

The strike angles are organized along the long
axes of the faults in a conspicuous way. This zone is
not any exception, it is rather a rule (see Theory, Sect.
2). The same effect has been observed for the Lake
Baikal, Lake Vostok, Great Canyon, trenches east of
Japan, deep part of valley of the river Nile (see SM2:
44, 76, 78) or catenae (chain of craters) on the Moon
(SM3: 22, 27).

At first glance, from Figures 3b,c we can derive
that the choice of calculation methodology strongly
influences the resulting pictures and the possibilities
of geological interpretation. That is, it suppresses or
highlights certain  features and a different
representation may do the same with different
structures. Therefore, we always try to compare
multiple representations. In particular, Figure 3b
shows the very prominent Read Sea and Dead Sea rift
triplet, the outcropping Golan Heights Block, the NE
Jordan Block, and to a lesser extent the Sinai and
Egyptian Eastern Desert. In addition, there is
a continuation of the Anatolian and Aegean faults
around Cyprus and the southern coasts of Turkey and

Greece. If we could see only Figure 3c, we would
probably dismiss it. But Figure 3c shows well stress
fields aligned along the long axis of all the presented
faults. Again, we observe that the individual gravity
aspects yield different views on the same reality due
to their different sensitivity e.g., to depth of causative
bodies.

4.1.2.IMPACT CRATERS

The strike angles help to understand impact
processes and deformations in the impact craters and
their surroundings. The impact craters often bear
economic minerals, like gold or uranium at Vredefort
(South Africa), diamonds in Popigai, Kara (Russia) or
Ries (Germany), hydrocarbons at Chicxulub
(Campeche Bank, Cantarell oil fields, Mexico), Ames,
Avak, Calvin, (USA), Boltysh (Ukraine), or copper
and nickel in Sudbury (Canada). Quoting from Grieve
(2005, pp. 22-23): “The largest impact structures have
the greatest probability of having significant economic
resources. These are the most energetic events; they
affect the largest volumes of target rocks, have the
largest post-impact hydrothermal systems and form
the largest topographic basins...”. The strike angles
confirm and can indicate new such perspective
localities. James et al. (2002) wrote: ...70 % “of the
60 craters host energy resources such as oil, gas, coal,
uranium, mercury, critical and major minerals as well
as hydropower resources.”

4.1.2.1.CHICXULUB

The literature about Chicxulub impact crater,
Mexico, Yucatan, is rich; we chose a few examples:
from Alvarez et al., 1980; Smit et al., 1980;
Hildebrand etal., 1990, 1995....to Goderis et al., 2021.
The crater Chicxulub is huge, not exposed (diameter
170-250 km) and the effect of this impact on the Earth
was far-reaching, global, as is well-known. Kloko¢nik
et al., (2010, 2025a) argued that Chicxulub may be
a double-crater.

The strike angles combed around Chicxulub to
a halo were shown in Figure 1e. The haloes following
the craters’ rims are strong on land, although the crater
is not exposed on the surface. The ring of cenotes
(sinkholes, originally potable water sources used by
Maya), one of the post-impact effects and
consequences, agrees well with the halo created by the
strike angles along the outer, most compact ring of the
crater. Cenotes then continue in a cluster on the east
edge of the crater (see SM2: 11-12).

We show @ in a wider zone around the crater in
Figure 4 (and in SM2: 8, 9, 11, 13-15, together with
other gravity aspects). Tertiary sedimentary layers of
the flat northern Yucatan outside the crater have, as
expected, linear and also highly combed 6. A contrast
of the density of sediment or a changed porosity (with
respect to surrounding rocks) is high enough to be
gravitationally distinguishable. The cenotes as well as
oil/gas deposits near Yucatan (S2: 16-17), although
epigenetic, are not there by a chance (e.g., Grieve,
2005, p. 21).
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Let us recall Donofrio (1998) who wrote:
“Seventeen confirmed impact structures occur in
petroliferous area of North America, nine of which are
being exploited for commercial hydrocarbons...
Disrupted rocks in proximity to impact structures,
such as Chicxulub in the Gulf of Mexico off Yucatan,
also contain hydrocarbon deposits”. James et al.
(2002), p. 40, wrote: ”...There are several craters that
host fossil fuels, with the submarine Chicxulub impact
crater...” and “A total of 21 craters have
oil/gas/hydrocarbon/coal resources, of which 19 host

Figs. 3 a,b,c
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Israel and eastern Mediterranean Sea:

(a) enlargement for Ag [mGal], with names of various
geological features (credit L. Eppelbaum); see also
SM2:49,

(b) vd [-], negative (compression) inside the faults, see
also enlargements in SM2:49,

(c) the strike angles & [deg] highly combed along the
faults.
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Figure le and further figures in SM2

demonstrate a halo around the central part (min. two
rings). Figure 4 complements Figure le, showing the
strike angles for Chicxulub together with the gravity
anomalies. The strike angles are also strongly linearly
combed far from the crater, mainly SW-NE (due to the
local high porosity around and the cenotes outside the
rims of Chicxulub E of them). The question is whether
this can indicate the direction of incoming impactor/s
(impacting asteroid/s), Kloko¢nik et al., (2020b).
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Fig. 4

The strike angles 6 [deg], 1<0.9, together with the gravity anomalies Ag [mGal] for Chicxulub. Compare

to zoom in Figure 1e which contains also cenotes (sinkholes in the local limestone), one of the post-impact

effects.

The tail of negative anomaly in the SN direction
in the southern edge of the crater and linearly combed
strike angles also in this SN azimuth (Fig. 4 and slides
8-15 in SM2) probably belong to the crater event
(syngenetic feature), but there is no definitive
conclusion attainable via only the gravity data, without
the other data. Together with the impact circular
structures, linear structures, “the impact grabens”, can
be generated. In the case of Chicxulub and Popigai
structures, we studied them in a detail (see our new
paper Kloko¢nik et al., 2025a).

4.1.2.2.VREDEFORT

Vredefort Dome is a huge (250-280 km in
diameter), very old (2023 = 4 million years,
Proterozoic) impact basin in South Africa. The
Vredefort structure represents exploited polymetallic
deposit area (e.g., James et al., 2002, their Table 1,
fig. 1).

We reproduce the strike angles 6 (black)
together with the second radial derivative T, (colour)
from Beiki and Pederson (2010) based on local
airplane measurements. We prefer this older figure to
EIGEN 6C4 which does not show the halo so perfectly
(probably because of poorer terrestrial gravity data
available for that area in EIGEN 6C4).

In Figure 5, we can see: (i) a typical halo from
the combed strike angles around the crater along its
rims, the alignments coinciding with the positive
values of T, (ii) a central peak expressed in both T,
(positive value) and appearance of & (linearly combed
values), (iii) an overall trend of linearly combed 6
(probably indicating the direction of the incoming
impactor).

Moreover, (iv) in the SE direction of the main
crater, there is another, much smaller circular feature
(Fig. 5 right down). It has negative T, inside and
positive around, and a halo from the strike angles
around. It is looking like an actual crater, a simple
crater with a small central peak. It may be an
additional crater. It would not be surprising to have
more than one crater connected with the main and
biggest one. After such a huge impact event as
Vredefort was, hardly can sit there only one crater as
one isolated feature. From astronomical point of view,
it is reasonable to assume a cluster of craters after such
enormous event. Vredefort is very old; the smallest
remainders near the main crater may disappeared from
the surface meantime. It would be a good example that
also the gravity signal is “getting old“, eroding,
abrasion due to course, sometimes being affected by
faulting and plate motions.
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Pedersen (2010). Note the halos around the crater basin, a central peak and linearly combed 6 around it.
4.1.2.3.RIES direction from the Steinheim to Ries. The latter

The prevailing opinion is that the ~30 km-
diameter Nordlinger Ries and the 4-8 km-diameter
Steinheim feature (~40 km SWW of Ries) in limestone
plateau of southern Germany represent a double-
crater. But Buchner et al. (2022) argue (not for the first
time and not without critical voices) that the age of
Ries and Steinheim differs and thus that we deal with
two independent impact events.

Dating impact craters is a problem. The impact
creates mixtures of rocks of different ages and the
impact itself causes major changes, including
evaporation or selective melting of rocks. In the case
of the two impact craters Steinheim and Ries, we
encounter both the original idea that it is a composite
impact (e.g., Sturm et al., 2013) and the model of the
formation of two independent craters (Buchner et al
2022 and their older papers). However, it is unlikely
that two impact structures of different ages would lie
close to each other. In addition to Ries, note the
orderly geological orientation in the northern part of
the image and the more chaotic structure in the lower
half of the image, where the influence of active Alpine
arc is more pronounced (Figs. 6a-c).

Figure 6a shows vd around Ries. One can see
a typical situation: compression inside the crater, in
a contrast to dilatation around it (the rim) and in the

observation may be important for our understanding of
the evolution of the Steinheim — Ries configuration. It
corresponds to the geologic findings that of the
impactor came from SW-NE. It also agrees with ejecta
directions, a wide angle from Ries to E, ES, EN, with
famous tektites (moldavites; vltavins in Czech
language) found mostly in the southern Bohemia
(Czech Republic).

Figure 6b shows the strike angles combed
linearly, roughly in the SW-NE direction, i.e., from
Steinheim to Ries. Around Ries, they are combed into
a halo. The halo is not perfect (being dominated by
something else than the crater’s event on the SE and
NE sides).

In Figure 6¢, we can see again the strike angles,
but computed and plotted with a finer network of
EIGEN6C4 data, trying to show more details (with
a bit higher danger that we show artefacts). Steinheim
is small but detectable — see the change of direction of
the strike angles in its vicinity (Fig. 6c). Further
supportive figures are in SM2: 30-32.

We can say a little about the age of these features
using solely the gravity data; we cannot decide
definitively whether these objects are two separate
craters of different age or one double-crater. The
smaller size and hence a lower impact energy did not
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Fig.6a The virtual deformations (vd)[-] with
EIGEN 6C4.

create the Buntesbreccia rim at Steinheim, and neither
the strike angle schemes indicate a distinct structure.
On the contrary, the predominant features of the
gravimetric record are structures related to the Alpine
arc foredeep and probably a fault parallel to the Rhine
rift strike.

Based on our results, we would say that the
impactor came from SW, created the double-crater,
first Steinheim and then Ries, with that well-known
“fan” of ejecta (vltavins). Thus, we support the
majority opinion.

4.1.2.4.SUDBURY BASIN

Sudbury crater is an old, large, geologically
well-studied impact crater near the Great Lakes
(Ontario, Canada), to which mining of a number of ore
raw materials (copper, platinum, palladium, gold or
impact diamonds) has been bound for several decades.
Nearby (~NE of Sudbury crater), there is a smaller,
younger (independent) crater called Wanapitei, filled
by water. Sudbury is significant polymetallic deposit
area. This is a phenomenon relatively common in
larger craters, related to the deep disturbance of the
underlying rocks that has opened the way for, in some
cases, subvolcanic activity, and in the others,
hydrothermal solutions that leach or precipitate ore
and other minerals. Post-impact tectonic motions are
responsible for its oval shape.

Figure 7a shows T, Figure 7b 6, 1<0.9; the crater
is clearly and typically marked. No surprise. The
crater’s bottom has small value of T (in this scale we
cannot observe the central peak), the rim around has
positive T,. The strikes # manifest alignment into
a form of imperfect halo (around Sudbury as well as
Wanapitei). The other gravity aspects show, what is
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expected for a typical impact crater, the depression in
term of vd inside and dilatation around the crater; more
figures can be found in SM2.

4.1.2.5.POPIGAI

This large, proved, exposed impact crater
(diameter about ~100 km) is in Siberia, Russia. The
impact generated the occurrences of minute diamonds.
Nearby, in SSW direction, another, not yet proven
crater, a circular feature known as Kotuykanskaya, is
located (see Kloko¢nik et al., 2020c with further
references in; see SM2).

Popigai may be a multiple crater, a la catena, rare
of the Earth (Figs. 8a,b); it was suggested in Kloko¢nik
etal. (2010) via the analysis of Ag and T, based on the
older US gravity model EGM 2008. The most
interesting feature of the crater structure is the
existence of a long trench-like structure (blue colour
in Fig. 8a) southeast of the crater. In particular, its
northern part, adjacent to the crater, has some features
of another possible crater. It cannot be ruled out that
in this case we are confronted either with a multiple
impact or with an activation of older fault structures.
Figure, 8a shows gravity anomalies from EIGEN 6C4,
recalling the possibility that Popigai (Popigai 1) is
really a multiple crater (Kloko¢nik et al., 2010) and
indicating direction of the impactor (Kloko¢nik et al.
2020b), i.e., SE-NW or vice versa (see also
Khazanovitch-Wulff et al., 2013).

Figure 8b is a zoom for 6 (1<0.9), step 4 km, in
the main crater Popigai with a halo created by the
strike angles, with a mark of the central peak. More
figures can be found in SM2.

Popigai crater is known for occurrences of
aggregates of diamonds, sometimes up 1 c¢cm large.
They tend to retain the appearance of graphite or
original organic aggregates. They are bound to
outcrops of original rocks with an admixture of
graphite or coal substance. It is absent in the central
part of the crater, where the pressure and temperature
were too high for diamonds to form or preserve (see,
e.g., fig. 1 in Masaitis 1998). Vishnevskyy and
Montanari (1999) presented a diamond occurrence
map (their Fig. 6) showing a more or less chaotic
distribution caused by both an irregular admixture of
carbon-rich impacted rocks and a complex, multiphase
crater evolution.

4.1.2.6.SAGINAW BAY EVENT

The impact locality without any crater? The
explosion (of a comet or its part or of porous asteroid)
may happen in the atmosphere (Wittke et al., 2013) or
on the ice cover or both (Wolbach et al., 2018;
Firestone et al., 2001, 2007).

Let us mention the hypothetical impact locality
at the Lake Huron in Michigan (Fig. 9a). There is a
hypothesis that this structure may have been initiated
during the onset of the Younger Dryas period about
12 800 cal years BP [calibrated years before present].
The ice cover, up to 2 km thick, which was there at
that time (majority opinion), together with a few small

craters, might be removed later within the subsequent
deglaciation. The ejecta from the Saginaw Bay event
is deposited, according to Davias and Harris (2015)
mainly in S&N Carolinas.

It is easy to verify independently on the others
that there is no clear sign of the impactor in terms of
all the gravity aspects (see SM2) — meaning no crater.
There is an oddity for the strike angles. If 4 really can
describe pressure trends, then we can read from
Figures 9b,c that there is an arch or two arches or
a semi-halo in W, S to ES from the Bay, similarly (but
not perfectly) as are halos around the actual impact
craters. The geologic data (see references concerning
Saginaw Bay in Kloko¢nik et al., 2019) suggest that
the impactor direction would be NE/SW. It fits to
Figure 9b, too. Figure 9c is a zoom of 9b and is more
convincing about the halo/arcs. It provides more
general view. Figure 9b shows 6 (1<0.9) for a wider
region. There is an extensive area of linearly combed
strike angles in lowa (and nearby). Could such
relatively small crater like Manson (diameter about
35 km, located at 42°35'N, 94°33'W, hidden under
surface) create something large like this belt (in
SW-NE direction) more than 200 km long? This area
is known for anomalous ground water supplies. The
hypothetical impact disrupted granite, gneiss, and
shales as well as sedimentary formations giving the
rest of lowa hard water and anomalous soft old water.

We did not use any geological data in our
analysis for Saginaw, we only added our findings from
the gravity data to already existing discussion, see,
e.g., Davias and Harris (2015, 2022 with many
references) in favour of the impact origin of Saginaw
structure. Boslough et al. (2012) argue against it.
Pinter et al. (2011) even wrote ‘a requiem for the
Younger Dryas impact hypothesis’. Our work
(Kloko¢nik et al., 2019) was criticized by Schaetzl et
al. (2019) but we got a chance to reply (Kloko¢nik et
al., 2020g).

In a big contrast to Ag and T, showing no crater
— this is well-known fact — confirmed by us (SM2), the
strike angles from EIGEN 6C4 brought a new
information. The strike angles may change their
pre-impact orientation due to the explosion, while the
other gravity aspects may remain more or less
untouched. What we show in Figures 9b,c is a trace of
a high pressure due to the impacting body falling
roughly from NE.

Very interesting is to compare our remote
sensing results (Figs. 9a-c) with independent
terrestrial data, fig. 3.3, p. 43 in Wood and Harrison
(1998), as for the geological faults and their
orientation, see S2: 39. They agree well; the direction
of the strike angles south of the Saginaw Bay is nearly
the same as the direction of the faults.

Our results confirm a possibility of extremely
intensive airburst, inwritten into the strike angles, not
detectable by the other gravity aspects! The strike
angles may here reflect a non-typical impact event on
thick layer of ice (that later after the impact had
ebbed). They tell us that the airburst, which would
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drastically affect Northern America — and in fact the
whole world, was possible. The discussion about the
Saginaw Bay event continues (e.g., Davias and Harris,
2022), no requiem.

The Tunguska event might be similar to the
Saginaw case — an airburst, but much less powerful;
thus, a similar effect on the strike angles (their
alignment partly into a halo) is not so convincing for
Tunguska as for Saginaw (more in Kletetschka et al.,
2019).

Several circular structures, not-yet proven
impact craters, were also studied. These are: (i)
Kotuykanskaya  (Siberia), already  mentioned
(Kloko¢nik et al., 2020d); (ii) sub-glacial huge
structure in Wilkes Land (Antarctica) — putative
impact basin (von Frese et al., 2009, 2013; Kloko¢nik
et al., 2018b, 2020a); (iii) hypothetical crater Burckle
on the deep bottom of the Indian Ocean (Kloko¢nik et
al., 2022b); (iv) hypothetical crater in Badain Jaran
Desert (China), possible parent (source) crater for
Australasian ejecta-tektites (Mizera et al., 2022;
Karimi et al., 2022). Always the combed strike angles
were helpful in such studies.

4.1.3.SUBGLACIAL VOLCANOES/LAKES, OIL/GAS

DEPOSITS, PALEOLAKES, GROUND WATER

4.1.3.1. HYPOTHETICAL VOLCANOES AND LAKES
NEAR THE LAKE VOSTOK, ANTARCTICA

The Lake Vostok (LV) is a huge subglacial lake
in east Antarctica with fluid water in about 3.5 km
depth. We reported about LV and our discoveries of
two subglacial volcanoes nearby (Kloko¢nik et al.,
2016, 2017c) and three subglacial lakes (Kloko¢nik et

N QU
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Fig.9c Zoom for @ close to Saginaw
Bay; two lobes of the combed
strikes SW and SE of the Bay.
One may imagine a semi-halo
from SW to SE opposite to
supposed direction of the

hypothetical impactor (from

= @ : NE). For the comparison with
oA the independent terrestrial
“ results see Wood and Harrison

(1998), their fig 3.3., p. 43

278.0°

al., 2018a) between LV and Gamburtsev Subglacial
Mts (GSM; east Antarctica, west of LV, on top in
Figures 10a-10c) by means of the gravity aspects.
Further, on the eastern rim of LV, series of further
possible volcanoes can be located but they escape
confirmation because of insufficient resolution of the
gravito-topography model that was available (RET14,
Hirt et al., 2016; Sect. 2.3.2).

Figure 10a shows the subglacial topography from
Bedmap 2 (Fretwell et al., 2013). The LV is
a depression, oriented NS (left-right on our figures),
about 200 km long, up to 70 km wide, about 1 km deep
(deeper in its southern part). Figure 10b shows the
virtual deformations. LV is a compression zone, the
two possible volcanoes (encircled) have dilatation
“inside” and compression around them (typical for
volcanoes everywhere, see Table 1). Note also “the
lake district” behind the hill in west direction of LV,
then continuing to the high GSM (top of this figure).

Figure 10c is for the strike angles 6, 1<0.3,
(together with the Bedmap 2). The prevailing
alignment in the area is SN and its character inside LV
differs from outside, it is more systematic inside; one
can see that ¢ are perfectly combed. In the northern
part of LV (in this figure on the right side), the
pressure changed direction to NW and then back to N.

There is obvious connection between high GSM,
a lower “lake district” east of it, and topographically
lowest LV. The 6 and vd studied in a detail in
(Kloko¢nik et al.,, 2018a) indicated a possible
connection between GSM, the Lakes and LV
throughout subglacial rivers.
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Fig. 10a inset on left: where is the Lake VVostok
(LV, in east Antarctica), see the arrow.
The subglacial topography of that area
from Bedmap 2 [m];
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Fig. 10b the virtual deformations vd [-],

Northing

-450-

-500

N7
T (NN
Al
// 7Y

&
7

%
#

i
{

\
\ll

\\ N7
Wi
20y
iU
V
= 5

o=
)
;’

\/”“‘;:,_
iy

N

i
%

NY Ny
= 1

S L“\—, :

Easting

Fig. 10c and the strike angles 6 [deg], | < 0.3, with the RET 14 model at LV, plus Bedmap 2. The circles in Fig.
10b show positions of two hypothetical subglacial volcanoes (Klokoé¢nik et al. 2016, 2017¢); typical vd
for any volcano. Note that in Figs. 10 a-c west is up / north on right

Other faults and similar geological features like
Lake Baikal, the Dead Sea, Victoria Lake area, the
Pacific Ocean with volcanoes on the ocean’s bottom,
east of Japan, Great Canyon, etc. show similar
behaviour of the strike angles (and the gravity aspects
in general) as LV here; some examples are in SM2.

4.1.3.2. OIL/GAS DEPOSITS — GENERAL COMMENT

The spatial distribution of the combed strike
angles indicates oil/gas deposits, water, ground water,
paleolakes and similar features — it was discovered by

Kloko¢nik and Kostelecky (2014) on the case of
famous, large deposits of oil/gas in Ghawar (Saudi
Arabia) and the Caspian Sea (Russia, Azerbaijan,
Turkmenistan, and Iran). More localities were
discussed in Klokoc¢nik et al. (2020a, 2021a), and they
are the sources of majority of information for this part
of our review.

Where the large TD (Target Deposits)
concerning water, oil, gas, coal, hydrocarbons,
sediments, or their various combinations or other very
porous material (in a contrast to surroundings) are
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Persian Gulf. ETOPO1 added [m].

known, there are ALWAYS seen (linearly) combed
strike angles. Often the strike angles are combed not
only there but also around, depending on many factors
not yet well understood. But we can observe the
combed @ also on other places without known oil/gas
platforms; it can be due to not yet discovered TD.

The spatial distribution of the combed strike
angles may indicate a new, cheap, accessible empirical
geological/geophysical tool for recognition of
potential hydrocarbon occurrences or water or both
(but see the warning axioms in Sect. 2.1.) The method
represents the first approximation for less accessible
regions to decide to include or exclude them from
more detailed investigations, thus potentially saving
money before digging and drilling (Kloko¢nik et al.,
2020e, 2021c). However, recalling as a warning
against too optimistic visions and repeating the axioms
(Sect. 2.1): (i) the combed strike angles are not directly
due TD or to gas, oil, coal, minerals, or water
contained within the TD. (ii) the correlation (between
the gravity aspects and locations of TD) does not
imply causation.

We show examples for large, known deposits and
mining sites at Ghawar, Gulf of Mexico, the Caspian
Sea, Egypt/Israel, or hypothetical Doggerland (east-
north of the Atlantic Ocean near Europe) and more in
(Kloko¢nik et al., 2021a). The ground water or
paleolakes will be reminded by two samples of
paleolakes in Sahara (in Egypt, see Sects. 4.1.3.7 and
4.1.3.8).

4.1.3.3.GHAWAR

Ghawar (in Saudi Arabia) is a large Hercynian
basement horst, about 230 km long and 30 km wide,
reactivated episodically. Ghawar is still the world’s
largest oil reserve (e.g., Afifi 2005, SM2:41-43). We
present Figure 11 with the strike angles 0; they are
combed in the NS-NE direction along the “TD line”
~200 km long (observe a change in the direction of
alignment in its northern part). Interesting is that the
combed 6 continue N and SE out of that line. It
corresponds to anticlinal structural evolution, where
a part of the original source area for the natural gas
palpably is located.

The orientation of strike angles around the
Ghawar oil field is unusual. It is mainly the interface
or contact zone of two large areas with different strike
angles orientation. To the east of the Ghawar anticline
we observe a rather chaotic arrangement. The roughly
NS structure of Ghawar itself is made up of mostly
parallel NS strike angles, such as usually correspond
to compression conditions. These in turn led to
formation of a long-developing horst and a long,
narrow anticline that represents an oil trap. However,
a compression zone with a similar strike angle
orientation continues farther north, where we can
expect similar pressure conditions but apparently
degraded conditions for hydrocarbon deposition.

Of equal interest is the Arabian Basin, west of the
Ghawar anticline. From a geotectonic point of view, it
represents a quiet, almost uniformly arranged area,
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Fig. 12 The combed strikes angles (1<0.9) together with the dots for oil and gas platforms (according to ArcGIS

data). More figures in SM2.

where hydrocarbon resource areas tend to be. These
leak in tectonically fractured terrains into faulted and
crushed zones. A closer look reveals a number of other
features, such as similar quiet arrangement of the
strike angles at the Khurais oil field, or the smaller
east-west transverse structure south of Haradh that
continues to probably tectonically based valley.

4.1.3.4.GULF OF MEXICO

The Gulf of Mexico Basin is a complex
petroleum province covering parts of the sea shore.
The source rocks have formed as Upper Jurassic
limestones, Cretaceous marls and Palaeogene
mudstones. These Jurassic sediments were quickly
buried by almost 2 km thick Cretaceous sandstone and
claystone. Some of the oil circulation structures may
have been influenced by Chicxulub impact tectonics.

The well-known regional TD, oil/gas platforms,
are superimposed over the combed 6 (Fig. 12). We can
see a good agreement. Note possible further promising
TD in the Mexican Gulf in the direction to Florida, in
a deeper sea (without the red dots in Fig. 12).

4.1.3.5.CASPIAN SEA

In Figures 13 a,b, we show the strike angles in
the Caspian Sea together with positions of known
hydrocarbon sources. Figure 13a shows a fair
correlation between the places with the combed 6 and
the TD positions. See also the comments in Sects.
4.1.3.2.and 4.1.3.3.

We need, however, to warn the readers before
a literal use of such comparisons (as for the correlation
between the red dots and abscissae for @ about the
alignment). The reason is that such maps as in
Figure 13b can be not complete, with gaps, due to
various reasons (missing or secret data), so a direct
comparison between the strikes and the dots may be
misleading. The same is valid for the Mediterranean
Sea, now submerged Doggerland, for the Mexican
Gulf, and many other places. But one can also
speculate whether the combed strike angles zones, like
the oval in Figure 13b, may signalize existence of

further, not yet known deposits (recalling Sect. 2.1 and
Kloko¢nik et al., 2021a), or it is “something else”.

4.1.3.6.EAST/SOUTH OF THE MEDITERRANEAN SEA
AND NORTH EGYPT

Oil and gas deposits in this area are characteristic
by huge thickness of mostly Mesozoic and Cenozoic
sediments, by presence of salt diapers, several types of
source and host rocks. The prominent tectonic feature
is represented by the Dead Sea Rift, the Nile
paleo-delta and Mediterranean  micro-blocks,
Sect. 4.1.1.2.

Figure 14 presents the combed strike angles in
eastern/southern Mediterranean Sea together with
positions of known hydrocarbon sources (the larges
are Zohr and Leviathan). Again, a fair correlation
between these two components exists. But we know
that such maps can well be non-complete, as already
mentioned, so a direct comparison between the strikes
and the dots may be misleading (see above).
Nevertheless, we confirm a fair correlation of the
known TD sites and the reader can think about the
other perspective locations.

4.1.3.7.EGYPT, WEST DESERT — GSS HYPOTHETICAL
PALEOLAKE

When the river water or lake is filled with
asediment (sand, silt, clay), the density of the
combined body of fluid (pool) and sediment becomes
lower than before but still may contrast with respect to
surrounding rocks (due to porosity contrast); this is
what we detect (if the contrast is sufficiently large).
Then the pre-existing body of water shows negative
Ag and T, and specific values of the other gravity
aspects (namely the strike angles & which are there
highly combed). This is observed, for example, at the
Libyan-Egyptian border in the Great Sand Sea (GSS)
— investigated in Kloko¢nik et al. (2020¢) or between
town Kharga in the Western Desert of Egypt and
Toshka near the river Nile (Kloko¢nik et al., 2020f).
Such signals may preserve for a long time, but
endogenous and exogenous forces are transporting
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(Eppelbaum, 2023, priv. commun.; Kadirov et al., 2023). More figures in SM2.
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masses and, in course of time, they inevitably
transform the gravity signal.

We have tested several localities with
hypothetical paleolakes in Sahara, namely the Lake
MegaChad, Fazzan, Chotts, Tamanrasett river system
or Kufrah Basin and confirmed their existence
independently on the other investigators (Kloko¢nik et
al., 2017b). Moreover, we predicted one more
hypothetical paleolake and paleorivers in Western
Desert of Egypt (GSS), in the SN direction along the
border of Egypt with Libya, (Kloko¢nik et al., 2020e),
running from the hills of Gilf Kebir (south) to the Siwa
depression (north).

Figure 15a shows the strike angles and gravity
disturbances in Egypt. The strike angles are perfectly
combed in the zone of possible GSS paleolake(s),
Western Desert. There might be several lakes from
south to north, connected by rivers with waterfalls and
rapids (Fig. 15b). The GSS hypothetical paleolake
contained volume of cubic kilometres of clay and
bound water. After desiccation, it was filled up with
sediments and covered by a thick sand layer, up to
200 m thick (coming from north), as we know and can
observe now. Often the dry out lakes (playa) have
surrounding topography allowing existence of
intermittent lakes and streams, that allow partial water
filling during the occasional storms. While other
localities support our conclusions by means of evident
existence of archaeolocalities, here in the GSS along
the border the past settlements if any may be hidden
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beneath those thick layers of sand (Kloko¢nik et al.,
2020e).

The profiles of present-day surface topography
according to the ETOPO 1 and from 4g (from EIGEN
6C4) along the border (Fig. 10b) differ significantly. It
indicates possible locations of the paleolake(s). The
distance “zero” on the x-axis is at the Gilf Kebir hills
on south and is counted to north roughly along the
meridian (100 km ~ 19).

Also, the hidden hypothetical impact crater (the
Silica region, latitude 25°15‘-25°30‘N, longitude
~25%30’E; not the Gilf Kebir crater’ field!), the
probable source of the famous ejecta known as
“yellow glasses” (Libyan Desert Glass), can be located
there (circular-like @ at the location).

4.1.3.8.EGYPT, KHARGA-TOSHKA

While the GSS in north-western Egypt (previous
subsection) looks at first glance improbably as
a (paleo)lake or a river system or a combination of
both, the depression south of Kharga (Charga) looks
as a very logical candidate (Figs. 16a,b).
Archaeologists predicted that there was a lake. Its
southern part is known for archaeolocalities (see
references in Klokoénik et al., 2020f).

There is evidently a great space for a lake/inner
sea/river system some time ago when the Sahara was
green; the lowland was filled, probably repeatedly, by
water. Kloko¢nik et al., (2020f) reconstructed the
“Kharga-Toschka” paleolake and suggested its
approximate mean extent using archaeological sites as
external constraints (Fig. 16a).

The ETOPOL1 topography and Ag of the area
mainly between Kharga (town) and Toshka
(depression, lakes) are shown in Figure 16a. A Middle
Pleistocene (approx. 0.5 Ma) overflow of the Nile to
the west through Wadi Toshka was proposed to
account for the findings of lake remnants, fossil fish
and paleochannel terminations at ~250 m to the south
(Selima) and west (Bir Tarfawi, Bir Sahara) of this
research area.

Figure 16b shows the strike angles for the same
area. They are aligned, as expected, but it is not so
intensive as in craters (probably the energy of the
stresses on the local material was not so high).
Figure 16b also indicates (due to their large-space NS
alignment) a possibility that after the paleolake, in the
direction N and NE of Kharga, a paleoriver continued,
with possible waterfalls and cataracts. [This is only
a speculation based on the gravity data].

In recent years, the local groundwater began to
be exploited for agricultural reclamation projects,
clearly visible on ©Google Earth, with circular fields
watered by sprinklers using water pumped from the
aquifer (e.g., EI Oweinat project) or watermelon
cultivation fields relying on near-surface water
sources. The groundwater is not so deep and the
paleolake and paleoriver system is well possible also
from the gravity signal viewpoint.
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Fig. 15a The strike angles @ [deg] and Ag [mGal] for Egypt and hypothetical paleolakes in the Egyptian Western
Desert, along the border with Libya, from the most southern point of Gilf Kebir hills to north to the Siwa
depression-oasis, left black arrow, and between Toschka and Kharga (southern Egypt), blue arrow.
Zooms and more figures are in S2. Note conspicuous negative Ag (blue) along the Libyan-Egyptian
border where 6 are highly aligned in the SN direction.
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Fig. 15b The profiles of present surface topography from the global model ETOPO 1 and from gravity
disturbances 4g derived from EIGEN 6C4 along the trace shown in Figure 15a (brown arrow) from south
to north in western Egypt, indicating possible locations of the paleolake(s) including also the
Eocene-Miocene impact crater, a putative source of LDG. The distance “zero” on the x-axis is at Gilf
Kebir and is counted to north roughly along the meridian. Roughly it holds that 100 km = 1°
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414. OTHER GEOLOGICAL FEATURES
4.1.4.1. LOMONOSQV RIDGE, THE ARCTIC OCEAN

The Lomonosov Ridge (LR) is one of the most
prominent topographic features in the Arctic Ocean.
The Arctic Ocean (AO) is rich in hydrocarbon
resources, including the LR. We investigated AO with
the gravity aspects to detect zones on land and in the
sea with conditions favourable for hydrocarbon
occurrences (Kloko¢nik et al., 2025b). We found that
LR fulfils the requirements for possible hydrocarbons
bearing sediments along its both sides; we observed
highly combed strike angles along the long axis of LR
(Fig. 17b). The strike angles indicate a great potential
for petroliferous layers and not only in LR. Huge West
Siberian basin and Yamal peninsula nearby, with
known and large oil/gas resources, were used as
a testbed demonstrating that our method works well.

Our results can also be used for speculations
about further untapped places in the AO with
prospective hydrocarbon resources. The exploring of
oil and gas and a future production in the Arctic would
be financially very demanding; we can help to
minimize fails, reduce costs and environmental
damages. There are conflicting aspects of the
hydrocarbon drilling in the AO such as tension
between Arctic environmental protection and offshore
oil and gas development. The best would be not to drill
there at all, because there are still sufficient, less risky,
and cheaper sources on land.

4.1.4.2. HIMALAYA

The strike angles have been used in
morphological studies of processes and events being
under way of collisional orogeny between the Indian
and Asian lithospheric plates in the Nepal Himalaya
(Kostelecky et al., 2024). The leading regional driving
forces determining directions of 6 are thrust faulting
stress forces approximately to the north and its
subduction under southern part of the Asian
continental plate. The density and arrangement of the
mass in interior of the subducted plate operating in the
zone of collisional orogeny is dominated by
compression tectonic regimes controlled above all by
the course of slab pull. Figure 18 presents the strike
lines of @ (1<0.9). A series of the relevant figures is in
SM2: 118-127.

4.2. NOTES ABOUT THE MOON AND MARS

We only shortly outline our studies of the Moon
and Mars via the gravity aspects. Many figures are in
S3 and S4. We work with the gravity model
GRGM1200A (Lemoine et al., 2014) for the Moon
and the JPL JGMRO_120 F (Konopliv et al., 2020) for
Mars (Sect.2.3) with the ground resolutions 10 km and
130 km, respectively.

Kletetschka et al., (2022) suggested a new
hypothesis how the oxygen ions from the Earth’s
atmosphere can be transferred via the magnetosphere
to the Moon to create ground water. Recently,
Kloko¢nik et al (2025¢) contributed to search for the
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ground water at the southern pole of the Moon for the
forthcoming permanent lunar human missions.
Kloko¢nik et al. (2022a) investigated how the gravity
signal in terms of the gravity aspects look like for the
impact craters, mascons (mass concentrations) or
maria (S3). Our Atlas of the Gravity and Magnetic
Fields of the Moon (Kloko¢nik et al., 2022c¢) presents
all the gravity aspects, LOLA topography and
magnetic intensities for the Moon, divided into
segments.

The gravity aspects were used to study various
features (volcanoes, trenches, craters, hypothetical
Northern Martian Paleoocean) on Mars (Kloko¢nik et
al., 2023b). The strike angles, namely in the
paleoocean, create very large areas with highly
combed signal. They look like the known, large oil/gas
deposits on the Earth; thus we speculate about
possibility of the hydrocarbon occurrences on Mars
(Kloko¢nik et al., 2023c¢).

5. CONCLUSION

All the gravity/gravitational aspects — the gravity
disturbances (anomalies) Ag, Marussi tensor I', the
gravity invariants I; and I, and their specific ratio I, the
virtual deformations vd and the gravity strike angles 8
— (for the formulae see SM1), used together, yield
more comprehensive, far more complete information
(but more complicated to compute) about the ground
density anomalies comparing with the traditional
approach when only locally measured gravity
anomalies (sometimes amended by the radial
component of the Marussi tensor or the full Marussi
tensor) are at disposal.

The gravity aspects in our approach are global-
based values, non-linear combinations of the harmonic
geopotential coefficients (Stokes parameters) Cim, Sim
of the static global gravity/gravitational field models
of the studied celestial bodies. With the gravitational
aspects, derived from the present-day gravity models
of the Earth, the Moon, and Mars (the best what is
available now for this purpose), already sufficiently
precise and with a reasonable ground resolution, we
can begin with the actual “gravitational tomography”.

The combed strike angles (the strike angles
aligned into one direction along or ordered around the
feature in question) were proved to be very efficient
for wvarious geological, geophysical and other
interpretations, provided that not only the gravity data
are available.

Craters: The impact energy is imprinted into the
gravity aspects. The strike angles are combed into
circular halos around the craters, along the rims. The
release of the energy of the impactor triggers the stress
in the rock along the cleavage planes. Traces after the
energy can be detected by the combed strike angles.
Rivers, canyons, faults, groundwater or ice,
permafrost (on the Earth), regolith (on the Moon),
paleo-lakes, hydrocarbon  occurrences, and
sedimentary layers: they are typical of linearly
combed strike angles. Such an alignment is not only a

reaction to a higher porosity/lower density, but also an
answer to stress, a force connected with genesis and
evolution of such features.

The impact craters as well as uncertain
(hypothetical) and impact-related phenomena have
been studied. Chicxulub (Sect. 4.1.2.1.) exhibits
combed strike angles to halos around the subsurface
(land) part of the crater. Chicxulub can be a double
crater. The strike angles at VVredefort show halos (two
conspicuous plus one fragmented), a central peak, and
probably one additional smaller crater, in the SE
direction of the main crater (Sect. 4.1.2.2.). Ries
structure (and even its small companion Steinheim) is
identified by the combed strike angles. In good
agreement with findings by geologists, the strike
angles predict the direction of the falling impactor
from SW (Sect. 4.1.2.3).

Sudbury basin, rich in economical minerals, also
depicts the expected effects (Sect. 4.1.2.4). Popigai
structure appears as a multiple crater, with the
impactor direction from SE/NW or NW/SE (Sect.
4.125). Saginaw Bay event can well be
a consequence of an impact (on ice), without any big
crater, because the explosion may take place in the
atmosphere and/or subsequent deglaciation removed
smaller original craters on the ice cover. Our further
findings concern the Hiawatha crater in Greenland,
Kotuykanskaya in Siberia near Popigai, Badain in
China, Burckle in the Indian ocean or Tunguska.

Subglacial volcanoes, lakes and impact craters
have been discovered or their discovery independently
confirmed. Near Lake Vostok, east Antarctica, we
discovered two possible subglacial volcanoes and
three lakes, and in Wilkes Land, our results support the
hypothesis about a huge impact basin with a mascon
(1, Sect. 4.1.3.1).

The areas with a lower density (higher porosity)
material (than in surrounds) have been studied. The
strike angles in the zones with low density background
are typically highly combed and create large “plates”
with  specific orientations. We speak about
paleolake/river systems, oil/gas deposits or possible
ground water reservoirs, already known or
prospective. Hydrocarbon deposits in Ghawar, the
Persian Gulf, the Gulf of Mexico, west/south of
Chicxulub, the Caspian Sea, north Egypt, and west
Israel (in the sea), and many more places have been
tested (Sects. 4.1.3.3 — 4.1.3.6). Several known
paleolakes on the Sahara were confirmed (Lake
MegaChad, MegaFazzan, Chotts, Kufrah Basin or
Tamanraset) and two more were suggested. These
should be in west Egypt (Sect. 4.1.3.7) and in south
Egypt (Sect. 4.1.3.8).

The spatial distribution of the combed strike
angles may indicate a new cheap and accessible
empirical remote sensing geophysical tool for
recognition of some potential hydrocarbon
occurrences or water or both. The method put forward
“a zero approximation” for less accessible regions to
decide to include or exclude them from more detailed
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subsequent investigation, thus potentially saving
money. The strike angles can be useful before drilling,
as a diagnostic tool, in combination with traditional
terrestrial methods, various  mineralogical-
petrological analyses, and others.

The gravity aspects can be applied universally to
all terrestrial planets — of course accounting for their
diverse geology, and provided that their gravity field
is already known with sufficient reliability and ground
resolution (now it is true for the Earth, the Moon, and
Mars).
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