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SUMMARY

Airborne magnetics have found few applications in investigating basalt-trapped areas because
anomaly interferences from deep and shallow sources prevent clear identification of subjacent
dyke systems. The structural positioning of dykes is of major importance in basin studies
due to their role as a heat source for maturing organic matter and plumbing capacity to feed
intrusive bodies and surface lava flows. Aeromagnetic data in such a scenario can outline faults
and the basin framework but faces difficulties in identifying the distribution of dykes seated
at different depth levels. We present a procedure that sequentially combines conventional pro-
cessing techniques to identify and retrieve the magnetic anomaly content with 2-D properties,
as expected from tabular dykes with contrasting magnetic properties with respect to the back-
ground medium. The mean direction of 2-D anomalies is quantitatively evaluated by tracking
the directions in which the horizontal component of the transformed anomaly mostly vanishes.
The observed field is then cosine-direction filtered to retain the anomaly content along this
mean direction. Once isolated, the filtered 2-D content of the anomaly is interpreted with mul-
tiple thin-sheet models to determine the dyke distribution and their respective depths to the top.
The inferred depths are interpreted concerning basin stratigraphic markers to recognize dykes
possibly serving as a heat source for geothermal or petroleum and gas maturation, acting as
compartments to aquifer systems, or determining the location of former conduits once feeding
the lava flow volcanism. The developed procedure is applied to the Ponta Grossa Dyke Swarm,
along its northwestern continuation beneath the basalt-capped sedimentary sequences of the
Palacozoic Parana Basin. The distribution of the dykes recognizes a sequence confined to the
bottom Palaeozoic formations with petroleum and gas potential, a sequence intercepting the
upper layers forming the Guarani aquifer system (GAS) and dykes at different depth levels
within the basalt Serra Geral traps, indicative of at least two feeding events supplying the
Mesozoic surface lava flows.

Key words: South America; Magnetic anomalies: modelling and interpretation; Large ig-
neous provinces; Sedimentary basin processes; Effusive volcanism.

intrusive bodies (Monreal ez al. 2009). As estimated by Aarnes et al.

1. INTRODUCTION (2011) for the Karoo Basin, a single ~15 m thick sill (covering an

Large igneous provinces (LIPs) typically create extensive basalt-
covered areas where modern exploration efforts focus on ground-
water, mineral, geothermal and petroleum-gas resources, as well as
fundamental studies about the architecture of volcanic systems and
crustal evolution. Alongside thick flood-basalt layers, LIP volcan-
ism gives rise to multiple intrusive bodies, including dykes, sills
and plutons, which may occur at different depth levels below the
basalt traps. Intrusive activity can induce petroleum-gas matura-
tion in basins containing organic-rich sediments, with some basins
showing a clear association of generated petroleum resources with

area of ~1000 km?) can generate several gigatons of methane, with
the organic carbon mineralization fully completed close to the in-
trusion. Intrusive activity in coal fields tends to enhance the coal
energy content or induce coal-seam accumulations (Gurba & We-
ber 2001; Cooper et al. 2007; Kalkreuth et al. 2020). The relatively
narrow thermal halos, approximately 1.0—-1.5 times the width of
the dyke (Bica et al. 2022), suggest hydrothermal advection as the
main heat transport mechanism (Cooper et al. 2007). For aquifer
systems, a set of sheeted dykes affects aquifer productivity and wa-
ter quality properties by creating flow barriers compartmentalizing
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a continuous sedimentary aquifer (Dickson ef al. 2015) or affect-
ing surface-groundwater interactions in coastal plains (Comte et al.
2017). Similarly, intrusive dyke structures may affect subsurface
heat transfer and create thermal anomalies which may impact the
exploration of geothermal resources (Burchardt er al. 2022).

Despite being widely recognized as a mature geophysical tool in
many exploratory scenarios, airborne magnetics is still considered
ineffective in identifying the distribution of dyke systems under-
lying basalt-trapped areas. Magnetic anomalies observed in basalt
traps are often very complex, generated from randomly distributed
magnetic sources at different depth levels. Such pattern response is
particularly intriguing considering that most basalt terrains appear
as a succession of gently horizontal slabs, cropping out along incised
valleys or eroded landscapes. If the magnetization is uniformly dis-
tributed, the magnetic anomaly resulting from these horizontal traps
should be zero, which is a well-established magnetostatic response
observed in homogeneous slabs (Blakely 1996, p. 97). According
to this formulation, any tabular model with variable magnetization
M produces the same magnetic field as a slab with magnetization
M + M,, the uniform magnetization M, accounting for a null re-
sponse. Therefore, the presence of complex anomaly patterns over
subhorizontal basalt layers suggests the existence of multiple in-
ternal and/or deeper-seated magnetic structures that generate the
observed complex anomaly at the ground surface. This characteris-
tic is considered in our numerical simulation tests by using synthetic
anomalies generated from bulk and thin-shaped sources, situated at
different depths. Finding the location of the underlying dykes in
such a complex magnetic scenario is particularly challenging be-
cause their response may go unnoticed among the multitude of
interfering anomalies. Few aeromagnetic studies have been con-
ducted to investigate the distribution of dykes in basalt traps. Most
studies, instead, concentrate on mapping regional lineaments and
faults that impact the structural framework of the basin. Notable
studies are reported for the Columbia River Group (Prieto et al.
1985; Blakely ef al. 1995) Deccan Trap (Negi et al. 1986; Anand
& Rajaram 2004; Rajaram et al. 2017; Arora et al. 2018; Sridhar
et al. 2018) and Antrim Lava Group (Cooper et al. 2012; Anderson
et al. 2018). To our knowledge, none of the previous studies were
specifically focused on characterizing the distribution of dyke sys-
tems below basalt traps using aeromagnetic data sets as a primary
tool.

This study presents a methodology that integrates existing filter-
ing and data inversion techniques to detect and recover the magnetic
anomaly contributions from dykes situated below or intersecting a
sequence of basalt layers. A rigorous criterion is proposed to iden-
tify the average azimuth of subtle magnetic lineaments, using a
direct-search approach that determines a specific direction where
the horizontal component of the observed field is predominantly
nullified. In the case of homogeneous and elongated sources (as
assumed for tabular, dyke-like bodies), the magnetic field response
of the 2-D structure is cancelled out as the contribution from non-
elongated, bulk sources is preserved. Once the mean direction of
the lineaments is determined, a cosine-direction filter is applied to
the observed magnetic anomaly to extract the magnetic anomaly
content that is strictly associated with the magnetic lineaments. Fi-
nally, by inverting the 2-D anomaly content, the depths to the top for
the tabular sources are estimated and interpreted in terms of known
stratigraphic markers for the sedimentary basin. By correlating the
positions of dykes with these reference markers, it is possible to
identify dykes that are solely confined to the basement of the basin.
These dykes do not directly affect aquifers or reservoir systems.
However, they could have once served as a heat source for maturing

organic-rich sediments or are still acting as barriers to aquifers or
hydrocarbon reservoirs at different depths in the sedimentary se-
quence. The positioning of the dykes relative to the basalt cap helps
infer the locations of dykes that potentially served as feeders to the
extensive lava flow volcanism capping the basin sediments.

2. THEORETICAL ASPECTS

The proposed procedure applies conventional processing and data
inversion schemes in the following order: (i) determination of the
mean directions for subtle or hidden lineaments by processing a
gridded data set; (ii) extraction of the anomaly content along the
lineament direction previously identified and (iii) data inversion
of magnetic fields along a profile transversal to the lineaments to
determine the location and depth to the top for a set of thin-sheet,
2-D models representing the unknown distribution of the subsurface
dykes. Each stage in this sequential processing scheme has its own
theoretical formulation, as described later.

2.1 Lineament identification

The initial step in studying dyke systems beneath basalt traps is to
objectively identify the mean direction of lineaments from available
gridded data sets, a necessary step to extract the directional anomaly
with conventional band-pass directional filtering. The identification
of lineaments can be made by applying the annihilator transform
(Mendonga et al. 2019), based on the principle that a null magnetic
field is produced when evaluating the horizontal component of the
magnetic anomaly along the direction « coincident with the strike of
the associated 2-D homogeneous sources. This component-changed
anomaly nulls the contribution of the associated 2-D homogeneous
structures meanwhile preserving the anomalies generated by 3-D
sources or lineaments with different directions. As formerly applied
(Mendonga et al. 2019), the annihilator transform was used to verify
the homogeneity of different dyke entities composing a dyke swarm
and, by nulling the anomalies caused by the dykes, identify the distri-
bution of nearby 3-D structures. The formulation for the annihilator
transform starts from representing the observed magnetic total field
anomaly (TFA) as T; = T,(x, y, h), assumed as measured at a con-
stant height /2 above the ground plane in a right-hand x—y coordinate
system (x northward-pointing). The TFA can be expressed as the dot
product 7; = t - T, where t represents the unitary vector for the lo-
cal main field with inclination /, and declination D. The anomalous
vector field T = T(x, y, h) such that T = T,e, + T,e, + T.e. is
expressed in terms of its x-, y- and z-components 7, = Ty (x, y, h),
T, =T,(x,y,h) and, T. = T.(x, y, h), for unitary vectors e, e,
and e,, respectively, north, easting and downward-pointing. The
x-, y- and z-components of the anomalous vector field T are not
directly measured in common surveys but can be determined by
applying component-change transforms (Blakely 1996, p. 328) to
the observed TFA. In this context, the annihilator transform simply
consists in obtaining the «-horizontal component, 7, = T, (x, y, h),
of the observed magnetic field, the direction « coincident with the
strike of the elongated bodies causing the magnetic lineaments. In
the Fourier domain, this field-component transform is done (Men-
donca et al. 2019) with filter

i [cos (@) ky + sin (o) &, ]

F (ke k) = i [cos (D) ky + sin(D) k] cos (/) + sin(/) K’

(M

where k, and k, are the wavenumbers in the Fourier domain,

i =+/=land K = (k] + k;)"/>. Mean direction for a set of parallel
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LINEAMENT EXTRACTION PROCESSING LINEAMENT DATA INVERSION

’ (

PROBLEM SOLUTION

Figure 1. Flowchart for obtain the problem solution. The procedure is divided in the main blocks: Lineament extraction, processing and, lineament data
inversion.

Figure 2. (a) Magmatic structures at a basalt covered basin and (b) corresponding magnetization model (darker for formations with higher magnetization
contrast) to interpret the filtered anomaly with minor contributions from 3-D structures (dashed features). Basalt trap with two (T and T;) lava flow sequences,
each one with multiple internal (i) contrasting features; below trap sill-like structures (I) in the sedimentary sequence with a stratigraphic marker (S). Dykes
(d; to ds) at different depth levels. Dyke ds with no contrast with layer T, makes its top as appearing at the bottom of the layer T5.
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Figure 3. Procedure results for three configurations of magnetization vectors. True model positioned on xo = 25 km and zg = 1000 m, including normal
inclination of the magnetization related to the direction of the main field simulated (F). (a), (d) and (g) Adjusts for the AMA, true (yellow circles) calculated
by the AMA-TFA stepped inversion (blue line). (b), (e) and (h) Adjust for the TFA following the same symbology of (a). Finally, (c), (f) and (i) True model
(blue vertical line), solution (blue circle). M (black vector), M; (blue vector) and M, (red vector) with direction for the last two marked in degrees and intensity
values for all of them also marked.
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Figure 4. Comparison between the AMA-TFA stepped inversion and stan-
dard Euler deconvolution. (a) TFA calculated for the model from Fig. 3(f).
(b) True model (black x), 10 solutions from AMA-TFA stepped inversion
(blue circles), four solutions from Euler deconvolution. (c) TFA calculated
for a model with 2 sources with zo = 600 m and zp = 1300 m, sample
rate of 50 m and sources spaced from 20 sample rates. (d) True model, 10
solutions from AMA-TFA stepped inversion and, four solutions from Euler
deconvolution for (c) following the previous symbology. (¢) TFA calculated
for the model present in the Fig. 5(a). (f) True model, 10 solutions from
AMA-TFA stepped inversion and, four solutions from Euler deconvolution
for (e) following the previous symbology.

lineaments can be identified by tracking the anomaly amplitude de-
cay for trial strike directions in the feasibility interval of [0°, 180°).
The lineaments mean direction can be determined (Mendonga et al.
2019) by evaluating the absolute norm

0 () = / f VT, | dxdy @)

at the observation plane XY, of the gradient intensity of the trans-
formed anomaly 7, along trial directions &’ in the feasibility in-
terval of [0°, 180°), the gradient intensity given by

1
AT, \> (9T, \° (3T \°|’
VT, | = . 3
o= (5) (5 ) + (%) ®
Since selectively zeroing the fields from elongated bodies, mean-
while keeping contributions from 3-D sources, the minimum point
of Q(a') in its feasibility range determines the mean direction for

lineaments even in situations where the lineaments are not readily
discernible in the gridded anomaly.

2.2 Lineament extraction

The filter expression in eq. (1) is effective for nullifying the anomaly
content along the mean strike of the lineaments but cannot retrieve
them. A simple subtraction of the transformed 7, and observed 7;
fields, for example, does not recover the lineaments since the 3-D
anomaly content in both fields are evaluated along distinct (o and
t) components, as such not kept at the same values. A conventional
bandpass, cosine-directional filtering is then advised to isolate the
anomalies generated by the elongated sources. For mean direction
«, the bandpass cosine-directions filter is

Ly (K) =1~ |eos" (a =6+ )| )

that keeps the spectra content along the direction «, being 6 =
tan~'(k, /k,), the index n typically set to 1 or 2, allowing a narrower
bandwidth when set to n = 2. After filtered, the resulting anomaly,
F, = F,(x, y, h), retrieves the lineaments along the direction «.
The subscript ¢ in F; indicates that the filtered anomaly can still
be regarded as a total field anomaly, as such, conceived as a field
component along the main field direction t.

2.3 Lineament data inversion

In the third step of the interpreting procedure, a method described
in Cavalcante et al. (2020) was applied to profiles perpendicular to
the direction « once determined. This method involves a multiple
thin-sheet data inversion, utilizing a two-step inversion approach
(Tuma & Mendonga 2007; Liu ef al. 2015) first inverting the AMA
(amplitude of the magnetic anomaly) that is less sensitive to the thin
sheet magnetization direction to then invert the TFA. The profile
AMA, |T(x)|, for distances x along transversal profiles is given for
2-D anomalies (Li et al. 2010; Guo et al. 2014) as

ITCOl = /T2 G0+ T2 (0 )

which, by using the thin-sheet model (Ostrowski ez al. 1993) is
Apo

VO = x0) + 202

with top at (xo,z¢), for amplitude factor 4 = 2 M,, accounting
for the product of the total magnetization intensity A and thin

TGOl = (6)
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Figure 5. Determination of mean lineament direction for a pair of (a) east—west parallel tabular prisms; (b) 60° trending prisms and (c) 60° and 90° prisms,

with respective Q(a’) curves with marked true strike directions (red dashed line).

sheet half-width w. The profile TFA is expressed by 7,(x) =
cos I, T.(x) + sin I, T.(x), for angle /p standing for the inclination
of the local main field (/) projected at profile vertical plane,

tan (1)

tan(lp) = mv

(N
D is the local main field declination and y the profile azimuth. The
field components are calculated by
— €08(Zm)zo+8in(Zm)(X —x0)
T (X) = AH«OA (X7x0)2+2?2 (8)
T.(x)= Auo Sln(fm)zo*msz(lm) X=x0)
(x—x0)*+z0?

the angle /,, standing for the inclination of the body magnetization
(i,,) as projected along the profile vertical plane

tan (i,,)

tan([,,,) = m

©

A model with J thin-sheets then requires p = 4J parameters
(X({, zé, A7,i7), j =1:J to be described. The p unknown model
parameters can be determined by non-linear data fitting of the N-
data points for AMA T°(x") and TFA T°(x"), n =1: N. Since
insensitive to the magnetization inclination of the model thin-sheets,
the AMA profile can be inverted firstly to determine parameters
( )((")/ , zé, A7) which then are used as constraints in determining the

magnetization inclinations i/, by fitting the profile TFA. In both non-
linear data fitting stages, the Euclidian norm of the residuals between
the observed data values and model evaluated ones. For the AMA
profile, by representing the p unknown parameters ( X({ , zé, VUSTAR
as a p-dimensional vector p, the residuals Euclidean norm is written
as

N
0() =Y (T (x")I —IT(x", P’ (10)

n=1

the AMA model response |T¢(x”, p)| evaluated from model de-
fined by vector p. Since insensitive to magnetization inclination,
the evaluation of the model response AMA can be done by pre-
scribing a dummy value to the thin-sheets magnetization directions.
The minimization of Q(p) gives model p fitting the AMA profile.
Solution p is then complemented with magnetization inclinations
i/, j = 1: J by fitting the TFA profile, highly sensitive to the thin-
sheet magnetization direction. The TFA data fitting is implemented
by minimizing the Euclidean norm of residuals as in eq. (8) but
changing the observed and calculated terms in this equation by

TP(x" )and T (x", p)

N
U =D (T7(x") — T2 (" b+ Ap))’. (1)
n=1
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Figure 6. Data processing and profile extraction for synthetic data with magnetic lineaments. (a) Total field anomaly (TFA) from two prisms with magnetization
of 10 Am’l, azimuth of 90°, 25 m thick, top at 600 m for the southern prism and 1.3 km for the norther one. Interferences simulated with 200 randomly
positioned sources. (b) Amplitude of the magnetic anomaly (AMA) for the model. (¢) The TFA after filtering with directional cosine along direction & = 90°.
(d) The AMA calculated from filtered TFA. Profile L1 perpendicular to the magnetic lineaments to input filtered AMA and TFA data inversion with a 2-D

model.

the term Ap representing a perturbation on the solution p. This two-
steps inversion exploring the AMA invariance with source magneti-
zation direction simplifies the data inversion approaches by reducing
the number of unknown variables to 3/ and J, respectively invert-
ing the AMA and the TFA profiles. The problem solution p honours
the AMA and TFA data sets, recovering the principal tendencies ob-
served. The acceptance criteria for the solutions is that Q(p) < &;
and U(P) < &, with € and &, determined by the minima observed
on 100 trial AMA-TFA stepped inversions (Cavalcante et al. 2020)
for each data set. Then, 10 solutions that attends these criteria are
selected to calculate uncertainty. The search for model solutions
is always repeated starting from randomly selected initial models.
This approach based on the AMA invariance with the magnetization
direction is particularly valid for widely-separated thin-sheets with
minor interferences of individual anomalies.

2.4 Flowchart for data processing and inversion

Fig. 1 presents the entire procedure to obtains the problem solu-
tion, considering phases of lineament extraction, processing and
lineament data inversion.

Descriptively, the procedure can be summarized in the following
steps:

Step 1: Evaluate Q(«) for trial directions «’ in [0°, 180°) using eq.
2).

Step 2: Determine the mean direction « as the minimum of Q(«’)
in [0°, 180°).

Step 3: Apply cosine-direction filtering to 7, using eq. (4) to obtain
the filtered TFA, F,.

Step 4: Perform a Fourier transform on F; grid to obtain the filtered
TFA and AMA.

Step 5: Extract profiles along « + 90° direction from filtered TFA
and AMA.

Step 6: Invert the extracted profiles using a multiple thin-sheet
procedure.

Step 7: Interpret the inferred position of the dykes with reference
to stratigraphic markers.

3. ELEMENTS FOR GEOLOGICAL
INTERPRETATION

Some aspects must be considered before analysing the depth esti-
mates for a dyke distribution below basalt capped areas because,
despite highly effective in transporting large amounts of magma,
it is possible that many deeper and/or tiny dykes may pass unde-
tected due to subtle magnetic anomalies. Let us start by assuming
that the critical width preventing dyke freezing while ascending
from deeper crustal levels varies between 2 and 20 ms (Petford
et al. 1994; Cruden & Weinberg 2018). According to representative
channelled ascending models (Cruden & Weinberg 2018, p. 33), a
2 m wide dyke can achieve a flow rate of 10 mm s~!, thus delivering
an amount of magma up the surface from the mantle upper levels
(a path of ~40 km) in approximately 46 d; a 10 m wide dyke would
deliver the same amount in about 2 d. By assuming a dyke length-
to-width ratio between 100 and 1000, as observed in out-cropping
dykes, a single 2 m wide dyke for a breadth of 200 m thus has
the potential to deliver a large volume of magma of about 346 000
m3d~!, enough to fill a 1 m thick lava pool with an area of 1 km? in
about 2 d. Such characteristics of mean-sized dykes have significant
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Figure 7. Cosine-directional filtered (blue lines), original (black lines), and the true 2-D anomaly (red dashed) along profile L1. (a) original TFA extracted and
true 2-D from Fig. 6(a) and after lineament recovering in Fig. 6(c). (b) Unfiltered AMA from Fig. 6(b) and after cosine-directional filtered from Fig. 6(d).

implications in searching for dykes beneath basalt traps because rel-
atively narrow dykes functioning as efficient basalt feeders may be
rather small to produce a measurable magnetic anomaly. For exam-
ple, the anomaly amplitude at a flight height of 100 m for a thin
dyke with a width of 2 m and a magnetization of I Am~' located
200 m below the ground surface, is ~17 nT, which may be missed
amongst multiple interfering anomalies from intra trap or subjacent
magnetic structures. A ticker (10 m width) and more magnetized
(3.0 Am™") dyke, as observed in gabbro-norite intrusions, may in-
crease the anomaly amplitude to ~250 nT, certainly providing a
well-recognized feature in gridded magnetic maps. Fig. 2 illustrates
additional structural conditions in which larger dykes can be iden-
tified. As represented in this conceptual representation, regional
markers are assigned for the bottom of basalt layers T, and T,, intra
basin marker S, and the basin basement B. Dyke d;, for example,
being confined to the basement, does not affect the basin systems.
On the other hand, dyke d, affects the sedimentary sequence below
marker S but not necessarily the overlaying layers, thus serving as
a heat source or reservoir barriers for the basin basal unities. Dyke
ds can be considered a potential feeder for lava flow T,, while dyke
d4 could be associated to feeders for younger lava flow T,. Specific
attributes such as magnetization direction or top of dykes bound
by stratigraphic markers can provide additional information about
the volcanism evolution. Post-volcanism fault systems disrupting
the lateral continuity of the basaltic layers also can generate expres-
sive magnetic anomalies. Such anomalies however usually present
variable amplitudes along the strike; a more uniform amplitude is

expected from magnetic lineaments associated to intrusive bodies.
The extensive fields of saucer-shaped intrusive bodies as described
in the Karoo Basin (Polteau et al. 2008; Coetzee & Kisters 2016;
Coetzee et al. 2019) possibly may be a ubiquitous feature below
basalt plateaus since compatible with anomaly patterns prescrib-
ing contributions from deeper-seated sources, further blurring the
contributions from isolated tabular dykes.

4. NUMERICAL SIMULATIONS

4.1 Procedure advantages

The AMA-TFA stepped inversion has some interesting characteris-
tics to deal with the problem of positioning dykes in subsurface. First
of all, as observed in the eqs (6) and (8), the thin-sheet formulation
works with total magnetization, which means that

M= M + M,, (12)

M; the induced magnetization and the M, remanent magnetiza-
tion. Because of that, there is no need to perform a reduction to
pole (RTP) or reduction to equator (RTE) a prior to perform the
proposed procedure. An example of this statement can be observed
in the Fig. 3, where a thin-sheet was positioned on xo = 25 km
and zp = 1000 m. Then, three configurations of M, Mand M, were
tested, with the procedure successfully positioning the sources in
all the cases.
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Another important analysis is evaluating how the proposed AMA-
TFA stepped inversion performs when compared with a well-
established method. In order to do that, we choose to compare the
proposed procedure with the standard Euler deconvolution (Thomp-
son 1982). For this task we evaluated three different models. First,
the model referent to the Figs 3(d)—(f). Secondly, a model with two
thin-sheets with depths to the top of 600 and 1300 m, sample rate
of 50 m and sources spaced from 20 sample rates. Thirdly, a model
considering geological noise as expected in a situation where the
dykes are covered by basalt floods, that is the model explained and
explored in details in the Figs 4-7. For all the cases, the window
size for Euler deconvolution was set to 1300 m following the rec-
ommendations of Reid ef al. (2014) and the Thompson’s criteria for
select solutions set to 20.

Starting by the first case, Fig. 4(b) shows 10 solutions from the
AMA-TFA stepped inversion and, four solutions from Euler de-
convolution. As observed, for this case both solutions overlap the
true model, which validates the proposed procedure at least as so
effective as the standard Euler deconvolution. Looking to Fig. 4(d),
the conclusions are different of the previous on. The 10 solutions
from the AMA-TFA stepped inversion are pretty closer to the true
model, including overlap the shallower source. When we observe
the four solutions from Euler deconvolution, it is possible to note
the characteristic cloud of solutions that difficulties accurate source

positioning and determining a minimum number of sources. In the
third case show on the Fig. 4(f), the proposed procedure maps the
true model with success, again with solutions overlapping the shal-
lower source. The four solutions for standard Euler deconvolution
put the sources a little deeper than the true model. Considering
all the tests made, we understand that for the problem studied, the
AMA-TFA stepped inversion brings some advantages over the stan-
dard Euler deconvolution as better accuracy, better definition of a
minimum number of sources, in addition to provide information
about sources magnetization and inclination of the magnetization.
These are key points to relate the estimated sources with geological
horizons.

4.2 Lineament mean-direction determination

To simulate a complex anomaly as observed in basalt covered ar-
eas, a mosaic of tabular and bulk structures was composed with
3-D magnetic prisms (Plouff 1976). Intratrap and underlaying sill-
like structures were simulated by generating a random distribution
of prisms with magnetization intensity of 0.5 Am~'. The intratrap
inhomogeneities were represented by a set of 20, 1 km wide cubic
prisms with depth to the top randomly distributed in the interval
of 800 £ 500 m, as confined to a 1 km thick basalt layer with top
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300 m deep. The underlying sill system were simulated with 180, 8
x 8 km wide and 200 m thick prisms, randomly distributed in the
interval 1900 £ 600 m. Such deeper-seated prisms were necessary
to produce a synthetic anomaly featuring the same anomaly pattern
observed in real data sets. A pair of 25 m wide tabular prisms with
infinite depth extension and tops at 600 m (in the middle of the
basalt layer) and 1300 m (at the bottom of the basalt layer) was

used to simulate a highly magnetized dykes with a magnetization
intensity of 10 Am™!. To simulate dykes with normal and reversal
magnetization, the magnetization inclination for the prisms was set
to 30° and —30°, regarding a local main field with an inclination
of —30°, and declination of 0°. By keeping the same background
inhomogeneities, the pair of tabular bodies were evaluated for three
strike conditions. As shown in Figs 5(a) and (b) by simulating a
pair of parallel dykes with directions of 90° and 60°, respectively,
and a pair of non-parallel dykes (Fig. 5c). For all cases the TFA
model response was evaluated at 100 x 100 km data window, at a
regular separation of 250 m, at the height of 100 m above the ground
surface. As shown in Figs 5(b), (d) and (f), the true directions for
the tabular prisms were clearly identified by the amplitude decrease
in the Q(a’) curve, with well-defined points of minimum for the
models with parallel tabular prisms. A minimum point at 60° still is
observed for the model with two non-parallel prisms, the associated
E-W (90°) lineament from the deeper prisms only causing a curve
inflection. These results suggest that a well-behaved Q(«’) curves
with no-inflections or local minima can be regarded as indicative
of a set of subparallel dykes, with local minima or curve inflections
as expressions of non-parallel lineaments. For non-parallel linea-
ments the mean direction in the Q(«’) curve is mostly conditioned
by the distribution of the higher amplitude lineaments. The mean
direction from multiple intercepting lineaments is mostly affected
by the shallow sources mean direction, minor accounting for the
lineaments from sources at deeper levels.

4.3 Lineament extraction

For the sake of simplicity, only the filtering results for the E-W
lineaments in Fig. 5(a) will be presented by cosine-directional fil-
tering the observed TFA anomaly to extract their E-W anomaly
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Lineament removed AMA better outlining the breadth and the continuity of specific lineaments.

content (¢ = 90° as in Fig. 5b). Despite of that, a case like Fig. 5(e)
would be addressed by the proposed procedure taking at least two
separated profiles, each one perpendicular to the main directions
identified. To compare the input and the output magnetic fields, the
original (Figs 6a and b) and filtered (Figs 6¢ and d) TFA and AMA
anomalies are presented. The filtered TFA was obtained directly
after applying the cosine-directional filtering, the filtered AMA by
applying component change transformations on the filtered TFA,
to then evaluate the AMA (square-root of the squared components
sum) from the filtered TFA. As shown in the original and filtered
outputs in Fig. 6, the filtered products better enhance the continuity
of the lineaments by removing local distortions caused by interfer-
ing 3-D sources. Due to partial superposition of the spectral content
of 2-D and 3-D sources, part of the contributions from the 3-D bulk
sources still can be recognized in the filtered maps.

The efficiency in recovering the true 2-D field contribution from
applying the cosine-directions filtering is better visualized (Fig. 7)
by plotting the TFA and AMA fields along the N-S profile L1.
As in Fig. 7, the true 2-D anomaly (directly evaluated from the
tabular bodies) is presented to serve as reference to analyse the
capacity of the filtering process in recovering the true 2-D field.
In general, the anomaly peak and its flank decay are well recov-
ered by the directional filtering despite the persistence of partially
removed anomaly trends from 3-D sources in some parts of the
profile. The filtered AMA in Fig. 7(a) better recognizes the bell-
shaped response from the dyke-like prisms and its base line de-
cay towards zero, which are key anomaly attributes for an accu-
rate data modelling. Note that directly modelling on crude input
data, with distorted anomaly peaks and asymmetrical flanks, would
lead to inaccurate depth inferences, compromising the geological
interpretation.

4.4 Profile data inversion

The filtered TFA and AMA profiles in Fig. 7 were inverted to illus-
trate the capacity of the inversion approach in recovering the true
position for the top of the tabular bodies. For this testing model
with only two (J = 2) thin sheet models a set of p = 8 model
parameters are necessary, namely the parameters ( X({ , zé, A7),
j =1:2. The AMA profile was firstly inverted to determine the
location parameters x, and z, and the anomaly amplitude factor A4,
these parameters were then frozen in fitting the filtered TFA profile
to determine the thin-sheets magnetization directions. The data fit-
ting procedure was repeated 10 times to find alternative solutions,
all solutions satisfying data fitting with Q(p) < 30 nT. As shown
in Fig. 8, for the tabular body at the depth of 1300 m, the inferred
depth was 1345 =+ 3 m, for the body at 600 m, it was 584 & 1 m. The
error in xo location was below the grid-space distance of 250 m.
For true amplitude factors of 300 A and 250 A, the estimated values
were 291 £+ 4 A and 236 £ 6 A, respectively about 1 and 3 per
cent of the true value. The magnetization inclination parameters
were accurately determined —37 £ 0° and 35 £ 0° for true —30°
and 30° inclinations, successfully identifying the reverse polarity
of the deeper prisms and the normal polarity of the shallower one.
Data inversion directly applied to the unfiltered data set failed to
provide comparable data fitting quality and accurate model param-
eter estimates because the incapacity of simple thin-sheet model in
representing the complex interferences caused by 3-D structures.
As a promising result, this inversion simulation test suggests that
key depth to the top and magnetization direction parameters can
be accurately determined when inverting the filtered data set. Such
parameters are particularly important in positioning the top of the
dykes within the basin stratigraphic markers and accounting for
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normal-and-reversal magnetization indicative of distinct episodes
of intrusion. Higher accuracy observed for shallower dykes is of
particular importance to identify dyke systems contributing to su-
perficial lava flows. Deeper dykes, despite being determined under
a higher depth uncertainty, still can provide valuable results depend-
ing on how wide the gaps between stratigraphic markers in the basin
are.

1247
5. REAL DATA APPLICATION

5.1 Database and background geology

The proposed procedure was experimentally applied to locate the
distribution of dykes below a basalt covered area at the Phanerozoic
Parana basin, in Southern Brazil. The available data set identified as
aeromagnetic project 28 058 was acquired in 2009 by the Brazilian
National Petroleum Agency (ANP), covering an area of 217 000
km? with north-south flight lines 6 km spaced, at an altitude of
1800 m above the terrain. The inclination of the magnetic field at
the time of the magnetic survey was —30°, its declination —18°.
The magnetic data was gridded with minimum curvature algorithm
(Taylor & Mason 1971) and freely distributed by the ANP ata 1500
x 1500 m cell size. For the present study, a specific window of the
Ponta Grossa Dyke Swarm (PGDS) was selected, to evaluate the
continuity of the dyke system towards the basin depocenter, from
the areas of outcropping dykes in the Precambrian basement at
the basin’s eastern border. These magnetic lineaments may suggest
the presence of subsurface sources not explicitly recognized from
surface geology but possibly compartmentalizing the GAS with
impermeable dykes acting as barriers and as such affecting the well
productivity and groundwater quality (Cavalcante et al. 2020). For
the deeper, organic-rich Devonian formation, the distribution of
dykes and interconnected sills and plutons may serve as heat source
to mature petroleum systems (dos Santos et al. 2016; Teixeira et al.
2020).

Fig. 9 shows the location of the study area and the observed TFA
in the selected window. The geological features and magnetic lin-
eaments associated with the PGDS are indicated in the schematic
geological map for the northwestern portion of the Parand Basin
(Fig. 9a). The outcropping geology in the work window consists
of Triassic—Jurassic sandstones (Botucatu/Piramboia Formations)
forming the Guarani Aquifer System (GAS), early Cretaceous basalt
layers (Serra Geral Formation) and Cretaceous post-volcanic sili-
ciclastic formations (Bauru-Caiua Group). The GAS has a mean
thickness of 250 m, varying from 500 600 m along the basin, with
groundwater storage of about 3 x 10* km?® (Hirata & Foster 2021).
The Serra Geral Formation is part of the Parana-Etendeka Large
Igneous Province (LIP), responsible for the extensive lava flow and
suites of intrusive bodies both in Africa and South America. Accord-
ing to a recent re-evaluation of available radiometric dating (Gomes
& Vasconcelos 2021), the Parana-Etendeka LIP eruptions started at
135.0 & 0.6 Ma, the flood volcanism peaking at 134.4 £ 0.1 Ma
and practically ceasing about 132.0 £ 0.2 Ma. Well-marked NE
magnetic lineaments (Fig. 9b) suggest the continuity of the PGDS
basin-inward, either below or across the sedimentary and volcanic
layers of the Parand basin. The PGDS is accepted as representing
a main feeder system (Almeida et al. 2018) for the high-titanium
(high-Ti) lava flows capping the northern portion of the Parana
basin.

5.2 Lineament identification

Following the proposed steps, the Q(«’) function was evaluated at a
regular interval of 2° in the interval of [0°, 180”) thus requiring 90
operations of component changing and subsequent gradient evalua-
tion. As shown in Fig. 10, the Q(«") for the study area shows a sharp
minimum at « = 125° without curve inflections suggesting the ex-
istence of a secondary lineament direction. The inferred strike for
the magnetic lineaments coincides with the PGDS mean strike as
determined at the edge of the Parana basin (Mendonga et al. 2019),
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Figure 14. Results of the inversion with the thin-sheet procedure for the profile LB: (a) TFA profile extracted from filtered data (yellow circles) and data
fitting from 10 alternative solutions starting from random initial solutions (blue curves). (b) AMA calculated from filtered TFA (yellow circles) and data
fitting for the alternative solutions (blue). (¢) Thin-sheet solution showing dykes with normal (black) and reverse (blue) polarities, depth to the top elevations
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(blue), Palacozoic sequence (light brown) and the basin basement (red).
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Figure 15. Results of the inversion with the thin-sheet procedure for the profile LC: (a) TFA profile extracted from filtered data (yellow circles) and data
fitting from 10 alternative solutions starting from random initial solutions (blue curves). (b) AMA calculated from filtered TFA (yellow circles) and data
fitting for the alternative solutions (blue). (¢) Thin-sheet solution showing dykes with normal (black) and reverse (blue) polarities, depth to the top elevations
and respective standard deviations from 10 alternative solutions. Background geological formations from borehole data: Serra Geral Formation (green), GAS

(blue), Palacozoic sequence (light brown) and the basin basement (red).

thus supporting the evidence of a northwestern continuation of the
PGDS basin inward. At the point of minimum, the absolute norm
of the gradient intensity is about 13.3 nT m~!, which expresses the
effect of bulk 3-D sources not nulled with the annihilation trans-
form. The loss of amplitude at « = 125° is about 7.1 nTm™" with
respect to the maximum amplitude at 35° of the lineaments along
the transversal direction, thus with an amplitude loss of 7.1/13.2 ~
0.54.

5.3 Lineament extraction

As recognized in the study area, the mean direction of @ = 125° was
used to filter the input TFA anomaly with cosine-directional, band-
pass filtering. To narrow the range of the bandpass filter an exponent
n = 0.5 was applied. Fig. 11 with the original (Figs 11a and b) and
lineament removed (Figs 11c and d) TFA and AMA anomalies,
shows that map crenulations due to multiple 3-D sources were sub-
stantially attenuated after the lineament extraction, better enhancing
the continuity of the lineaments already identified as well as reveal-
ing subtle lineaments trends that barely could be recognized in the
original maps. Also, better outlined is the breadth of specific linea-
ments, as revealed by segments with uniform crests with constant
AMA values (Fig. 11d). The transects LA, LB and LC were se-
lectively positioned looking to intercept the continuous portions of

these segments, avoiding the lineaments terminations, a necessary
condition to apply a data inversion approach based on 2-D (thin-
sheet) model representations. Three profiles were selected looking
to intercept the PGDS along its SE-N'W extension.

As shown in Fig. 12, for this real data application the original and
the filtered AMA and TFA anomalies are rather different along the
three profiles. The filtered anomalies suppress some of the anomaly
content indicative of shallow sources (the anomaly high-frequency
content in Fig. 12f, for example), or long wavelength content in-
dicative of regional contributions (the NE portion of the LB profile,
in Fig. 12¢). A common point in all cases is a better positioning
of the anomaly base line close to a near-zero flat level, a necessary
condition to accurately modelling the associated AMA and TFA
anomalies. Better bell-shaped features are observed in the filtered
AMA, in all cases modifying their respective amplitude range after
repositioned by the reference base level correction and suppression
of local anomalies without 2-D properties.

5.4 Profiles data inversion

The filtered AMA and TFA fields along profiles LA, LB, and LC
were extracted from the gridded data set and served as input for 2-D
data inversion. Similar to the numerical simulation, a random search
procedure (Cavalcante ef al. 2020) was applied to the real data. The
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search was performed 10 times for each profile, starting from ran-
domly selected initial solutions, with parameter values satisfying
the geological and magnetization constraints for the region. Based
on the number of identifiable peaks in the AMA profiles, profiles
LA, LB and LC were respectively modelled with 7, 14 and 8 thin
sheets, resulting in 28, 56 and 32 unknown model parameters to be
inverted. The average computational time for data inversion with 10
alternative solutions was about 50 min for profiles LA and LC, and
1.5 hr for profile LB. The data fitting provided by the alternative
solutions is shown as enveloping curves that, in general, capture the
main tendencies of the data. To establish a correlation between the
depths obtained from the inversion process and basin stratigraphic
markers, a data set with 1614 wells from CPRM-SIAGAS (Brazilian
Geological Survey and Underground Water Survey) and Petrobras
S/A was interpolated and evaluated throughout the study area. The
borehole data set was effective in outlining key stratigraphic mark-
ers, such as the bottom of the Serra Geral Formation, the GAS
interval spanned by the Botucatu and Pirambdia Formations, and
the Parana basement depth itself.

Fig. 13 shows the results for profile LA, with all alternative solu-
tions fitting the same data set with an error level below 20 nT for the
AMA profile and 35 nT for the TFA profile. In terms of the profile
extension, the inference of 7 dikes along this profile gives a dyke
linear density of about 0.07 dykeskm~'. As shown in Fig. 13(c),
most (4 of 7) are located near the bottom of the Serra Geral For-
mation, with the depth-to-the-top uncertainty ranging from 106 to
322 m. This is a relatively wide range considering that the GAS
mean thickness along this profile is 182 m. Nevertheless, these
dykes are certainly positioned at the bottom of the basalt layers and
possibly served as potential feeders of the earlier stages of the basalt
flows. They may also potentially disrupt the GAS continuity, creat-
ing barriers to groundwater flow. Two deeper dykes, despite having
higher depth uncertainty, still seem well-positioned below the GAS,

thus bypassing the sedimentary sequences only at the bottom of the
basin. A single dyke at the southern edge of the profile seems to
reach the upper levels of the stratigraphic sequence, intercepting the
lower levels of the Serra Geral basalts. Along this profile, all sheets
in the model show normal polarity.

Fig. 14 shows the results for the 200 km long profile LB in the
central portion of the study area. The data fitting for 10 alternative
solutions is below 20 and 30 nT, respectively, for the AMA and TFA
profiles. Since 14 thin sheets were identified, the linear density of
0.07 dykeskm™' persists in this portion of the PGDS. Even with
a higher depth uncertainty (250-573 m), a set of 5 dykes (out of
14) seems to be well positioned below the GAS or down to the
basin basement or Palacozoic sequences at the bottom. The dykes
toppled at the GAS are not precisely depth located (errors ranging
from 400 392 m) concerning the thinner mean thickness (148 m)
of the aquifer in this portion of the basin. Two intra-trap dykes are
inferred, one of them with an accurate depth location (alternative
solutions with a standard deviation of 38 m) at a shallow level. The
other dyke is positioned at the southern edge of the profile, better
located at the bottom of the basalt layers. These two dykes serve as
candidates for supplying lava flows at the Serra Geral upper basalt
sequence. Curiously, two dykes gently touching the GAS-basalt in-
terface show reverse magnetization, possibly suggesting early lava
flows under a reverse paleomagnetic condition. The combination of
depth locations and alternation in magnetization polarity indicates
the occurrence of at least three episodes of basalt outpouring, build-
ing up the layers of the Serra Geral Formation. For this profile, 4
dykes (~71 per cent) are inferred to embody reverse magnetization
(marked in blue as shown in Fig. 14(c).

Fig. 15 shows the results for profile LC, with 10 alternative
solutions fitting the data below 40 and 45 nT for the AMA and the
TFA profiles, the linear density of 0.07 dykes km™" still persisting.
For this profile, the sources seem more evenly distributed, with at
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Figure 17. Mean depth estimates (in meters) along profiles LA, LB and LC with background elevation for the Parana Basin basement and CPRM (Brazilian
Geological Survey) regional fault systems (black lines) (a). Thin-sheet depth estimates (circles) are based on the schematics in ‘b’. Basement elevation is
interpolated using the minimum curvature algorithm for wells from the CPRM-SIAGAS (Brazilian Geological Survey and Underground Water Survey) and

Petrobras S/A databases.

least two dykes confined to the GAS horizon (accuracy depth of
2 and 21 m) regarding a GAS mean thickness of 181 m at this
portion of the basin. If compared with profiles LA and LB, at this
portion of the basin, the GAS is rather compartmentalized at the
southern portion with three well-mapped dykes. Intertrap dykes are
accurately inferred at the northern portion of the profile, possibly
suggesting the existence of dykes feeding a second main stage of
the Serra Geral basal outpouring. Since Profile LC is located closer
to the southeastern edge of the Parand Basin, the basin basement
is found at a shallower level, all of the inferred dykes penetrating
the sedimentary sequences, at least of them well below the GAS
horizon. A predominance of normally magnetized dykes is inferred,
but two dykes at the southern portion show reverse magnetization.

6. DISCUSSION

Fig. 16 summarizes the distribution of the inferred dykes along
profiles LA, LB and LC as they appear when plotted against the
filtered TFA as a background. A colour code is used to locate the
depth to the top inferences in terms of stratigraphic markers for the
basin. The depth inferences are ranked into three groups accord-
ing to their proximity to different geological horizons. Due to the
uncertainty in dyke depth estimates with respect to the GAS mean
thickness, the groups were qualitatively defined as (1) closer to the
upper portions of the Serra Geral Formation, (2) closer to the base
of the Serra Geral Formation and/or encompassing the GAS and
(3) confined to Palacozoic formations or the basin basement. The
depth to the top with respect to mean sea level is marked in Fig. 16,
showing that shallower dykes are inferred in the southeastern por-
tion of the study area. The reference line AC, an approximation for
the northern limit of the most intense and continuous lineaments in
the region, outlines the distribution of blue points assigning dykes
with depths to the top nearing the GAS horizon, certainly of interest

to groundwater flow modelling and water resources management.
Also, these dykes could be related to feeding the first stages of the
basalt floods from the Serra Geral Formation. The distribution of
deeper dykes confined to the Palacozoic shows no regular pattern,
with occurrences either in the southern or northern portions of the
profiles. Their precise location, nevertheless, can be useful in eval-
uating petroleum and gas resources, in relation to their intersections
with occurrences of organic-rich sediments. More specifically, the
inferred purple-marked dykes can impact the shales of the Irati
Formation and the Ponta Grossa Formation, where the generation
of oil and gas occurs due to thermal effects related to magmatic
intrusions. Diabase dykes and faults are also responsible for block-
ing the hydrocarbon migration process towards main reservoirs in
the sandstones of the Itararé Group and the Rio Bonito and Pi-
ramboia Formations. There are records of sealing rocks associated
with shales of the Sdo Domingos member and even volcanic rocks
of the Serra Geral Formation (Morelatto 2017).

The study area is located in the north-western extension of the
PGDS, towards the Parana Basin depocenter, where the sediments
are entirely capped by basalt layers. By analysing the depth of
the dykes, it is possible to infer the distribution of dykes poten-
tially impacting the petroleum and gas systems in the lower Palaeo-
zoic sequence of the basin, the sandstone formations that form the
continental-wide Guarani Aquifer System (GAS), as well as those
positioned within the basalt traps of the Serra Geral Formation. Out
of 29 depth estimates to the top, 12 of them (41 per cent) seem to be
located within the deeper Palaeozoic formations or the basin base-
ment itself. The GAS seems to be the upper bound for another 13
of the mapped dykes. Despite the limited number of occurrences,
their existence has the potential to significantly impact the GAS
groundwater flow architecture by creating obstacles to the free lat-
eral flow. As a result, this can affect management initiatives aimed
at utilizing groundwater and geothermal resources. The abundance
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of deeper-seated dykes suggests the presence of extensive intru-
sive bodies, such as sills and batholiths, formed as the ascending
magma, guided by the dykes, encounters obstructions. Only 4 dykes
are mapped within the basalt traps and are interpreted as potential
conduits for the basaltic lava that emerges at the surface.

The mean elevation (—704 m) for the depth estimates of the dykes
along the LC profile is approximately 50 per cent lower than the
mean depth (—1401 m) along the LA profile and approximately 58
per cent lower than the mean depth (—1671 m) along the LB profile.
This finding highlights a significant difference in the average value
for the dykes along the LC profile, which can be explained by the
steep variation in the sedimentary thickness towards the eastern
edge of the basin. As depicted in Fig. 17, an NE-oriented fault,
as documented by Soares ef al. (2007), is present in the study
area, resulting in significant displacement between neighbouring
structural blocks. Consequently, the LC profile is located in close
proximity to a structural high, which accounts for the comparatively
shallower depths observed for the dykes along this profile.

7. CONCLUSION

We have developed a procedure for the depth positioning of dykes
in basalt-covered areas and interpretation based on previously iden-
tified stratigraphic markers for the basin. This analysis requires
identifying the mean direction of magnetic lineaments and subse-
quently extracting them using directional filtering. We have used
either direct or inverse data modelling with thin-sheet 2-D models
to represent the dyke system. When comparing thin-sheet depth de-
termination with the standard Euler deconvolution in all profiles, it
has been observed that the thin-sheet model proves to be more effec-
tive in delineating adjacent tabular sources. The thin-sheet model
stands out in interpreting multiple adjacent dykes because it not only
provides estimates for the depth to the tops of the dykes but also for
the magnetization properties of each individual unit. By analysing
the inclination of magnetization, it becomes possible to identify
dykes with normal and reverse polarities, which are crucial in dis-
tinguishing dykes from different magmatic pulses. This valuable
information cannot be obtained from Euler deconvolution, which
relies on models that do not explicitly take into account magnetiza-
tion properties. The combination of thin-sheet depth estimates and
basin markers, indicate the existence of distinctive intrusive events
reaching different levels of the Parana basin. In particular, it was
possible to locate dykes at the bottom or in the middle of the basalt
layers, thus contributing to different feeding stages of the Parand
Basin, Serra Geral Formation basalt floods. The shallower dykes,
which may have served as conduits for the basalt lava flows during
the later stages of volcanic activity, seem to be concentrated in the
central region of the PGDS, where magnetic lineaments are more
densely distributed. Based on their respective magnetic polarities
and depths toppled by stratigraphic markers at least three genera-
tions of dykes can be inferred. A group of dykes with the potential
to compartmentalize the Guarani Aquifer System was marked, in-
dicating that the southwest and deeper portion of the basin in the
studied area is more prone to suffering from the compartmentaliza-
tion effect of the aquifer. Additionally, dykes that could contribute
as a heat source to at least two petroleum systems in the bottom lev-
els of the basin were identified. The deeper dykes observed within
the Palacozoic sequence potentially have a significant impact on the
maturation process of the organic shales found in the Irati and Ponta
Grossa formations.

To tackle the challenges posed by the depths and the geological
and geophysical complexity of the Parand Basin, future research
may benefit from acquiring high-resolution magnetics data, deeper

borehole data and improving techniques to be developed. Continu-
ing to advance this area of investigation will help to gain a better
understanding of the dykes in the region and their significance in
the geological processes of the basin and in its resources. The in-
terpretation model with thin sheets spares the interpretation based
on dyke width since the anomaly amplitude factor is expressed by
the product of the magnetization intensity and dyke width. Further
studies on representative magnetization intensity for deeper-seated
dykes may allow the use of the inferred amplitude factor to evaluate
the width for the inferred dykes and, with this, a better evaluation
of their plumbing capacity. As previously discussed, the inferred
dyke systems do not exclude the existence of thinner dyke bodies,
already effective in magma transportation but unable to generate a
detectable magnetic anomaly.
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