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Fractal modeling of Baba Ali iron
ore deposit geophysical data in
western Iran for magnetic anomaly
separation in GIS environment

Mirmahdi Seyedrahimi-Niaraq'~! & Hashem Shahsavani?

This research presents a new approach of a fractal model to magnetic data within a Geographic
Information System (GIS) environment. We utilized data acquired by an Iranian-made geophysical
instrument, equipped with both lower and upper sensors, from the Baba-Ali iron ore deposit in
western Iran. The Concentration-Area (C-A) fractal method was employed for data modeling. Initially,
data from the lower and upper sensors were independently interpolated using the indicator kriging
method within the GIS environment, generating respective raster maps. These interpolated datasets
then underwent C-A fractal modeling. This process delineated four distinct classes within the data,
allowing for the determination of their corresponding geophysical threshold values and the creation
of magnetic field intensity maps for each sensor’s data. Subsequently, the discrepancy between
these two magnetic field intensity maps was calculated within the GIS environment to derive the
final dataset. At this stage, a grid of 1.65 x1.65 square meters, comprising 80,925 data points,

was generated. These final data were then subjected to a second round of C-A fractal modeling to
characterize their fractal behavior. This analysis revealed five distinct data clusters in the C-A plot.
The initial three clusters were interpreted as representative of the geophysical background or the first
phase of mineralization. In comparison, the subsequent two clusters were attributed to anomalous
values or a second phase of mineralization. This enabled the determination of a final threshold value.
The resulting geophysical anomaly map demonstrates that fractal modeling of magnetic data in a GIS
environment, by effectively discerning fractal patterns within geophysical datasets, offers a highly
effective approach for optimizing the identification of geophysical anomaly zones and suggesting
exploratory drilling targets. Specifically, a discrepancy in Earth’s magnetic field intensity between the
lower and upper magnetic induction (Ml) sensors equal to or exceeding 15,548 nT was identified as
indicative of an anomaly.

Keywords Geomagnetic anomalous zones, Gradiometry, Concentration-area fractal model, Geographic
information system (GIS), Baba-Ali iron ore deposit

Applying Geographic Information System (GIS) capabilities in the analysis of geophysical data can significantly
enhance the performance of various methods for separating geophysical anomalous zones!. In geophysical
exploration, the core objective is to employ appropriate data analysis techniques to identify drilling targets
effectively. Therefore, selecting the most suitable data analysis method is of paramount importance to reduce
costs in subsequent stages of exploration operations®=. The primary objective of this research is to apply the
Concentration-Area (C-A) fractal model to geomagnetic data with the aid of Geographic Information Systems
(GIS). The C-A fractal method is a structural technique that leverages the fractal properties of exploration data
distribution to separate anomalous zones. This method was initially introduced by Cheng et al. for the separation
of anomalous geochemical samples®8. Fractal or multifractal properties were defined by the self-similarity
of an element’s geochemical distribution in geological units’. Some research work has been done on fractal
modeling of exploration data related to iron ore deposits'®!!. The distribution of geophysical data, particularly
geomagnetic data, may support this. Fractal features may originate from a variety of geological processes,
including mineralization, tectonics, metamorphism, and petrogenesis. These geological occurrences may result
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in an increase in the fractal dimension and the depletion or enrichment of elements within the rock units, which
could alter their geophysical characteristics. Therefore, these changes can be used in the detection and isolation
of geophysical anomalies. Variogram analysis, the Area-Perimeter relation, the Concentration-Area relationship,
and the Concentration-Distance model can all be used to calculate the fractal dimension®'>"'°. In recent
decades, a variety of structural techniques, especially fractal techniques, have been developed for modeling
and interpreting geophysical data to identify potential areas; the majority of this research has been done on
geomagnetic data®>*716-24, Statistical distribution of geophysical data, especially the frequency of values, is taken
into consideration in the majority of the statistical techniques mentioned*?**%23, and®. The core challenge in
these methods lies in effectively utilizing them with two distinct datasets: lower and upper sensor geomagnetic
data. In this project, we have addressed this problem for the first time by using Geographic Information Systems
(GIS) within ArcGIS 10.2 software for the C-A fractal model. This integration has significantly streamlined
the application of the C-A method for analyzing geophysical data. This novel approach allows us to minimize
errors while applying practical methods for separating geophysical anomalies, ultimately improving the results
obtained in metallic prospects.

Study area and geology

The study area is situated 35 km northwest of Hamedan, west of Iran’s Sanandaj-Sirjan zone, which includes
the Almagholagh batholith near the Baba-Ali iron ore deposit (Fig. 1). A geological map around the Baba-
Ali iron mine is also shown in Fig. 1. The Limy Oligo-Miocene formations, Schists, and Sonqor series are the
three primary lithological units, with corresponding geological ages of the Jurassic and Triassic-Jurassic. The
Sonqor series includes a volcano-sedimentary sequence. Andesitic tuff, schistose alternation, and limy units with
interbedded metamorphosed spilitic volcanic rocks are all included in this succession?. Between the dioritic
and quartz syenite rocks, the Baba-Ali skarn magnetite deposit is one of two major volcanic-sedimentary and
intrusive sections that make up the Baba-Ali area. Limy formations and the Sonqor Series are both part of the

volcanic-sedimentary sector, which has ages of Oligo-Miocene and Triassic-Jurassic, respectively?’ .

Methodology

Data acquisition

Two MI magnetometer setups and gradiometry sensors were utilized for the magnetic survey. The MI sensor’s
specifications were thoroughly examined by>!. Together with the profile survey, the two sensors were maintained
vertically at a distance of about one meter. Additionally, we aim to maintain the bottom sensor’s distance from
the ground at about one meter. The profile used for this measurement had an offset of roughly 50 m. The MI
magnetometer continually samples at a rate of 1 Hz. As a result, both the profiles and the walking pace affect the
survey’s in-line sampling rate. After correcting for the diurnal impact, the raw data from the two sensors - the
upper and lower sensors - were smoothed. The deposit is being extended in a W-E direction. Therefore, the N-S
direction with the most significant changes is chosen to conduct the survey.

Eight survey profiles, totaling approximately 1.06 km in length, are displayed in Fig. 2. We did not apply the
diurnal correction, as our focus was solely on the discrepancy between the lower and upper sensors. Given the
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Fig. 1. Geological map and geographical location of Baba-Ali exploration area (Modified from®.
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Fig. 2. Geomagnetic measurements in the study area along North-South profiles (covering anomaly and
background).

40 Hz sampling rate, we obtained a sufficient number of data points to remove the noise effectively. Therefore,
we applied a simple low-pass filter using a moving average. There are 8307 measurement samples and profiles in
all. The C-A fractal method is more applicable to data with regular grids, which is consistent with the nature of
magnetic data. To completely eliminate this limitation, interpolation is performed on the raw data.

Concentration-area fractal model

Determining the fractal dimension of geophysical phenomena is the foundation of this model. A smooth
model of the element’s spatial distribution is offered by contour maps. The area shrinks as the concentration or
value of the geomagnetic variable increases if A(p) comprises a contour with a concentration value of p (here
is the geomagnetic variable). The following is the concentration-area model used to define anomalies and the
geophysical background:

Alp )(>p)al)—D (1)

Where A (p ) is the area where the geomagnetic variable value is greater than a contour with p, and D represents
exponential features. By counting the cells in the variables’ raw data, A(p) can be found. The grid and the study
area’s cells overlap in this manner. The number of cells (multiplied by the cell’s area) at values greater than the
area is the A(p) region for a given area. Anomalies (values related to mineralization processes) in geophysical
exploration represent distinct power functions in comparison to the background value.

To put it another way, the anomaly will be distinguished from the background by its distinct fractal
dimension®!2, and*. The fractal dimension of the geophysical variable is increased when geophysical anomaly
values are present. The threshold values for distinguishing anomalous regions from the background were
determined by comparing the fractal dimensions of the background and anomalous dataset. The threshold
values in this research were calculated using the area-concentration fractal approach. The different stages of
fractal modeling of the Earth’s magnetic field data on the Baba-Ali iron ore deposit in the GIS environment are
presented in the form of a flowchart in Fig. 3.
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Fig. 3. The designed flowchart related to C-A fractal modeling of the Earth’s magnetic field in the Baba-Ali
iron ore deposit in the GIS environment.

Fractal dimension
Magnetic field intensity Population 1 | Population 2 | Population 3 | Population 4 | Population 5 | Threshold value (nT)
Lower MI sensor 5.46 19.62 8.07 19.79 - 70,235
Upper MI sensor 9.70 17.59 7.95 35.73 - 58,016
The discrepancy of lower and upper MI sensors | 0.44 6.83 16.14 5.86 25.42 15,548

Table 1. Fractal dimension values of detected populations according to the results of Fig. 3 and Fig. 6.

Results and discussion

For implementing the concentration-area (C-A) fractal model on the lower and upper MI sensor magnetic field
intensity data, first, a grid net of 1.65x 1.65 m? was considered to estimate the data by the indicator Kriging
method. Data interpolation was performed using methods indicator kriging (IK), and minimum curvature. Very
similar results were obtained. However, since the results of method IK were smoother and more continuous, the
estimated data of this method were ultimately selected for fractal modeling and preparation of final maps. In
order to justify the spatial resolution of the grid in terms of location, it was necessary to select the grid spacing
optimally, and the most optimal spacing was 1.65 x 1.65 m2 Considering the raw data spacing, spacing greater
than 1.65 increased uncertainty and reduced the accuracy of the work, and spacing smaller than that did not
change the resolution and accuracy of the map. There were 7200 grid nets in all, where data interpolation was
done. The aforementioned interpolation approach was used for raw data in order to produce this interpolation.
Then, concentration-area logarithm plots were generated for the estimated data. In this instance, these diagrams
display varying dimensions for various populations. Table 1 displays the separated populations’ fractal dimensions
from Fig. 4. For every MI sensor, the concentration-area fractal graphs display four significant populations. From
lower to higher magnetic field intensity populations, fractal dimensions often grow. The different linear trend
could be interpreted as several fractal dimension or multi-population. Low fractal dimensions are associated
with syngenetic components of geological activities and are not related to the mineralization phase. However,
high fractal dimensions are associated with mineralization and are consistent with epigenetic components. These
changes are seen at the boundary of the second and third populations. Anomalous populations are characterized
by high fractal dimensions and strong magnetic field intensities. The background population, which has not
been impacted or has been less affected by these activities, is considered to have low fractal dimensions.

The C-A fractal model was used for calculating the value of the threshold. The first and second fractal
dimensions (or fractal populations) were considered background populations, while the third and fourth
populations were regarded as geomagnetic anomalies or metal mineralization populations. Therefore, the
boundary between the second and third populations was considered as a threshold value. The estimated
threshold values for each dataset are presented in Table 1.

The contour maps of the iso-magnetic field intensity values showed the anomalous areas. Using ArcGIS
version 10.2, a kriging interpolation technique with the proper pixel size was employed to produce these raster
maps. By considering the distribution of the Earth’s magnetic field intensity, anomalous areas were detected.
This makes it feasible to recommend possible areas for the continuation of exploration activities in addition
to predicting the drilling points. The map of the Earth’s magnetic field intensity for the lower and higher MI
sensors is displayed in Fig. 5a and b, respectively. These statistics also show the extent of the ore body. A color
gradient from dark blue to red represents the strength of the magnetic field in the area. In the research area, blue
denotes the Earth’s magnetic field’s lowest intensity, while red denotes its maximum. The map of the possible
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Fig. 4. Modeling of the magnetic field intensity on C-A fractal plot; a: lower MI sensor, and b: upper MI
SEensor.

geomagnetic regions for the research area was presented based on the threshold values for the readings of the
lower and upper MI sensors that were determined using the C-A fractal model. These regions are displayed in
Fig. 5¢ and d. On the maps, the anomaly area derived from the lower MI sensor is larger than the one derived
from the higher MI sensor.

The gradient of the Earth’s magnetic field is depicted in Fig. 6 after these maps are subtracted using the
ArcGIS program version 10.2. In addition to displaying the interpolated data grid on a section of the raster map
of the study area, this figure illustrates the difference in Earth’s magnetic field intensity as measured by lower
and upper MI sensors. This figure represents the gradient of the values, which was obtained by deducting the
Sensor maps.

To identify geomagnetic anomalous zones, two distinct scenarios were investigated. The first scenario
involved defining the final threshold value for the anomaly map as the difference between two threshold values
obtained from the lower and upper sensors. This approach yielded a final threshold value of 12,219 nT. However,
the potential anomalous areas delineated using this threshold proved to be unreasonable. It accounted for only
9% of the study area as background and over 91% as potential anomalous zones. Consequently, this scenario was
deemed unacceptable.

The second, more robust scenario for identifying anomalous samples employed a C-A fractal model applied
to the discrepancy of the lower and upper MI sensors data. This approach necessitated the extraction of kriging
grid data and the generation of a point layer within an ArcGIS environment from the raster map depicting the
magnetic field intensity distribution in the area. Figure 6 illustrates the kriging data grid generated in the ArcGIS
software, specifically for the northeastern part of the study area. The generated dataset comprised 80,925 points
with a grid cell size of 1.65 mx1.65 m. Following the preparation of the data in an Excel file, the concentration-
area fractal model algorithm was implemented, and the final C-A plot was generated (Fig. 7).

Five distinct fractal populations were identified on this plot. The fractal dimensions for each population are
presented in Table 1. Within this model, populations one to three were classified as the background population,
while populations four and five were designated as the anomalous populations. Therefore, the boundary between
the third and fourth populations was identified as the final threshold value. Subsequent calculations determined

Scientific Reports|  (2025) 15:42949 | https://doi.org/10.1038/s41598-025-21197-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

- <
3870630 a 387630 > b

Magnetic field

dentisity (nT)

(The upper MI sensor)

B <6.371-50.157
50,157 - 580,16

[ 53016 - 69,084

[ ]69,084-76655

B 76,655 84,225

Magnetic field
dentisity (nT)
(The lower MI sensor)
4 I se.362-64.429

[ 64.429- 70235
[ 70235 - 80,555
[ ] 80555-94,888

B 54889115495

P{WGS 84 UTM zone 39N

3870100 3870100 8 — "
3870100 3570100

3870630 3870630 3870630
N N

“;::f_nf‘:f(:;')ﬂ Magnetic field

(The Lower MI sensor) :‘le::cm u::;u(: l\,;]l sensor)
Bl <7oess || < 58016
[ 70235 - 80,555 [ 58016 - 69,084
[]s0555-94889 69.084 - 76,655
B 54.889-115.495

PYWGS 84 UTM zone 39N '

£ —
L 3870100 3870100 3870100 3870100

Fig. 5. (aand b) Distribution map of the magnetic field intensity for the lower and upper MI sensors,
respectively; (c and d) Anomaly areas map of the geomagnetic data introduced by the C-A fractal model for
the lower and upper sensors, respectively.
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of the lower and upper MI sensors on the Ali-baba ore deposit, along with displaying the interpolated data grid
on a portion of the raster map of the study area.

this value to be 15,548 nT. The resulting map illustrating the geomagnetic anomalous zones in the region is
presented in Fig. 8. Notably, a significant anomaly is observed in the central part of the study area, exhibiting a
northwest-southeast trend. This scenario considered about 10% of the total geomagnetic data collected from the
region as anomalous values.
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Fig. 7. Modeling of the gradient of the Earth’s magnetic field obtained by subtracting the lower and upper MI
sensors data on the C-A fractal plot.
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Fig. 8. Anomaly areas map of the Earth’s magnetic field gradient identified by the C-A fractal model.

Validation of the model
The method was validated by comparing its results with the results of the geomagnetic surveys of the ground

Baba-Ali iron deposit in 199878 (Fig. 9a), Shahsavani and Vafaei’s magnetic gradiometry results in 2020° (Fig.
9b), and one other anomaly separation method (U-spatial statistics) published by Seyedrahimi-Niaraq et al.,
2022! (Fig. 9¢). The C-A fractal model is presented alongside these findings in Fig. 9d for improved validation.
The findings indicate a possible zone in the study area’s west and center, which then continued to the NW-SE
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Fig. 9. Maps of the gradient of the Earth’s magnetic field above the Baba-Ali iron ore deposit (a) The findings
of the 1998 magnetic surveys®®; (b) Shahsavani and Vafaei, 2020%; (c) U-spatial statistics method’; (d) C-A
fractal model in GIS environment.

trend with less unusual intensity. On this same mineralization trend, two exploration trenches with a northeast-
southwest trend were proposed in local surveys. The findings of magnetic gradiometry investigations have also
verified the location of these anomalies. These results are in perfect agreement with the anomalous zone derived
from the C-A fractal model. In addition, the mineralization process is also clearly detected by the proposed
method (Fig. 9d). Compared to the U-spatial statistic method, the proposed model shows the same trend in the
center and northwest of the region. However, the mineralization trend introduced in the southeast of the region
by the U-statistic method is eliminated by the C-A fractal method, which is more consistent with field realities.
In other words, the C-A model has shown the definite anomaly zones with greater clarity.

Figure 10 illustrates the methodology for identifying magnetic anomaly values, as presented in Figs. 8 and
9c. This chart was generated using the output data from the NW-SE mineralization trend depicted in Fig. 9c.
These zones are characterized by values exceeding 15,548 nT. Values above this threshold line are considered
anomalous and are delineated by these values. This method involves calculating a magnetic threshold value for
the study area. By doing so, it not only highlights variations in magnetic field intensity but also more definitively
identifies anomalous zones on the anomaly map (Fig. 8) where further exploration is warranted. This approach,
using the proposed approach, can thus help prevent unnecessary expenses in subsequent stages of exploration.

Conclusions

A Concentration-Area fractal model was applied to Earth’s magnetic field intensity data from the Alibala iron-ore
deposit within a GIS environment. This novel approach yielded significant improvements over previous results.
By modeling the output of the raster map data using the fractal C-A fractal model, a magnetic anomaly zone
trending northwest-southeast was identified in the center of the study area. This model designated approximately
10% of the surveyed data as magnetic anomalous values. Validation of the model with prior results demonstrated
that this new approach, by examining the fractal patterns of geophysical data and suggesting exploratory drilling
targets, can be highly effective in optimizing the identification of geophysical anomaly zones (Discrepancy of the
Earth’s magnetic field intensity of the lower and upper MI sensors > 15548 nT).
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Discrepancy of upper and lower Ml sensors data (nT): NW-SE trend (Fig.8)
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Fig. 10. Methodology of identifying magnetic anomaly values by modeled threshold value.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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