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Abstract

Mineral exploration is done by different methods. Geophysical and geochemi-
cal studies are two powerful tools in this field. In integrated studies, the re-
sults of each study are used to determine the location of the drilling boreholes.
The purpose of this study is to use field geophysics to calculate the depth of
mineral reserve. The study area is located 38 km from Zarand city called Jala-
labad iron mine. In this study, gravimetric data were measured and mineral
depth was calculated using the Euler method. 1314 readings have been per-
formed in this area. The rocks of the region include volcanic and sedimenta-
ry. The source of the mineralization in the area is hydrothermal processes.
After gravity measuring in the region, the data were corrected, then various
methods such as anomalous map remaining in levels one and two, upward ex-
pansion, first and second-degree vertical derivatives, analytical method, and
analytical signal were drawn, and finally, the depth of the deposit was estimated
by Euler method. As a result, the depth of the mineral deposit was calculated
to be between 20 and 30 meters on average.

Keywords

Geophysical Study, Depth Estimation, Gravimetric Data, Euler Method,
Jalalabad Iron Mine

1. Introduction

Today, mineral exploration involves a variety of methods and techniques [1] [2]
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[3]. These methods include geochemical exploration, geophysical exploration,
satellite image analysis, and remote sensing [4]-[10]. The results of these studies
are evaluated using statistical and analytical methods [11] [12] [13]. Geostatis-
tical methods, intelligent analysis (such as machine learning) is a practical and
important tool in optimizing and increasing the accuracy of results [14] [15] [16].
Part of the study of mineral exploration includes studies of mineral processing.
Because in order to go to the next stages of exploration, the feasibility of mineral
processing must be done to be economical [17] [18] [19] [20]. During the life cycle
of a mine, which begins with exploration and ends with reconstruction, various
studies are performed. One of them is the feasibility of using mineral areas and
geological attractions as geotourism targets [21]. In this research, using geophysi-
cal analysis methods, the depth of mineral reserves has been determined. The basis
of the gravimetric method is to determine the gravitational acceleration changes
between different parts of the Earth, due to changes in gravity acceleration be-
tween different parts of the Earth’s surface. According to the changes in gravity
acceleration, it is possible to determine how the density of rocks is distributed
underground. If a geological deposit or building is located underground in a
particular order and has a significant density difference with its surrounding en-
vironment, it can create a specific gravitational acceleration distribution on the
Earth’s surface. By determining the changes in gravity at the Earth’s surface with
the help of gravimetric methods, it is possible to understand the existence or
non-existence of a geological deposit or structure and how it is located. This
method tries to eliminate all other factors that cause changes in the acceleration
of gravity in the area so that changes in gravity acceleration can be considered
only due to changes in the density of underground buildings. The residual ano-
maly is positive on deposits with a density more significant than the density of
the surrounding rock and negative with a density less than the density of the
rocks within them. By interpreting the residual anomaly data, it is possible to
obtain valuable information about the quantitative and qualitative characteristics
of mineral masses such as location, extent, depth, and slope of the mineral and
an estimate of approximate storage [22].

Gravimetric and magnetometric methods are among the geophysical methods
that play an influential role in exploring and exploring iron ore deposits. The
magnetometric method, in which changes in the Earth’s magnetic field are meas-
ured and studied, is more straightforward and smoother than the gravimetric
method in terms of field and office work. However, the information obtained
from this method is more qualitative, and due to the more complex nature of the
Earth’s magnetic field than the gravitational field, the quantitative interpretation
of its data is not straightforward [23]. In contrast, the gravimetric method is a
method of field extraction that is slower and more difficult, and therefore more
expensive, but less information about the mineral can be obtained from gravi-
metric data. In this study, by combining gravimetric and magnetometric infor-

mation of the study area, the exact location of iron mineralization and the depth
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of mineralization were determined using the power spectrum analysis method.

2. Geology of the Region

The study area is located 38 km from Zarand city in Kerman province. This area,
known as the Jalalabad iron mine, has several iron anomalies. The rocks of the
area are of the volcanic and sedimentary type of the Rizo series. The mineraliza-
tion of the region is of hydrothermal type and is the result of an intercontinental
rift and uplift of sodium-alkaline magma and melt melting. From geological
evidence, the presence of shaped lens mineralization is predicted to be north-
west-southeast. The geological survey of the area can be seen in Figure 1.
Geologically, the study area is one of the sedimentary units of Central Iran,
which is located between the Kuhbanan fault in the east and the Davaran fault in
the west. In this area, Precambrian deposits called Sri Murad are spread in the
west of the region and Paleozoic, Mesozoic, and Tertiary in the east of the re-
gion. The Rizo series is located on the Murad series with a regular conglomerate
and an angular deformation. The series is a sequence of sedimentary rocks, 30

degrees north-carbonate, destructive and volcanic with an overall slope of 50
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Figure 1. Geological map of Jalal Abad mining district [24].
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degrees east-southwest and located along the anticline. There are greenish-gray,
pink sandstones, and sandstone shales with a heterogeneous composition of se-
diments and glacial rocks and conglomerate fragments of carbonate rocks in the
fine-grained paste in the lower part.

Acidic and basaltic volcanic rocks with split alteration, which indicate bi-medal
magmatism and rift position of the area, are observed along with the mineral’s
hematite and magnetite. In the upper part, there are carbonate rocks, chert do-
lomite, dolomite, along with jasper, which is an indicator of the marine envi-
ronment. The carbonate-dolomite cap, formed in the interglacial-post-glacial age,
after the migration and retreat of glaciers and the advance of the sea, extensively
covers the upper part of the series.

Jalalabad deposit has a reserve of about 200 million tons of iron ore with an
average grade of 55 to 60 percent. The host rock of iron mineralization in the Ja-
lalabad deposit is volcanic-sedimentary rocks of the Rizo series. Mineralization
has taken place in sandstone, siltstone, volcanoclastic rocks, dolomite, and do-
lomitic limestones.

Small igneous masses of micro gabbro type and a number of dykes and floods
with a combination of micro diorite and diabase are exposed in the area. The
primary ore of the deposit is Magnetite and is located in deep parts, and hema-
tite is mainly secondary to the oxidation of magnetite and is abundant in shallow
and shallow parts and fracture sites. Pyrite and chalcopyrite are sulfide ores
found in the Jalalabad deposit.

The major non-metallic minerals are quartz, which, together with dolomite,
talc, chlorite, sericite, ferroactinolite, and calcite from the waste minerals. There
is an alteration in the Jalalabad deposit, and it has created halos around the de-
posit, and its most important types include sodium, chlorite, sericite, and sili-

ceous alteration.

3. Study Method

Before preparing potential maps in the study area, the collected data should be
processed, and the necessary corrections should be made about them. Anomal-
ous maps prepared from potential method impressions are generated from var-
ious objects at different depths with different densities. The values taken include
the effects of the collection of these masses from bottom to top. That is, what is
harvested relates to all anomalies. In the Boge anomaly map, the effects of soft
rock topography and gentle linear changes will show, which are called regional
effects or regional gravity. Computational methods or drawing methods can
eliminate regional effects. For this purpose, by reducing these values, which in-
clude serious effects, Bogge values, surface effects are obtained [25] [26].

Since in field methods Figure 2, the potential distribution of objects causing the
anomaly is not the same, and the effects of a mass are not helpful. Therefore, the
shapes and depths of the anomalous masses are different, and the changes in the

Boge anomaly map will include all the masses in the harvest area [27]. Therefore,
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Figure 2. Gravimetric measurement of the area by the authors.

if there is a uniform distribution potential in the methods or there is no density
change between the objects, there will be no discussion of the contents of the
anomalies and their separation, and the changes will be linear. Infield maps, the
potential of deep masses covers a wide range in anomalous maps instead of the
surface effects of small areas. Therefore, the residual anomaly values will be ex-

pressed according to Equation (1):
Ores = 9 — Yreg (1)

Residual effects = Boge values — Area effects

Interpretation of potential field data is divided into two parts: qualitative in-
terpretations and quantitative interpretations. In the following, first the qualita-
tive interpretations of the data and then the quantitative interpretations will be
discussed [28] [29].

3.1. Qualitative Interpretation

To separate the area anomalies from the Boge values, the trend level analysis
method was used with the 1st and 2nd-degree levels, and the 2nd level, which
was better in line with the data and showed the anomaly more clearly, was used

for the next steps.

3.1.1. Boge Anomaly Map

In the first step, using corrections made on the data, the Boge anomaly map of
the region was drawn according to Figure 3 in Geosoft software. This map shows
the effect of masses causing anomalies at different depths, which have a bottom-up
effect and have caused changes in gravity acceleration in the area.

The process level analysis method was used to obtain the remaining anoma-
lies. This method is such that a page with different degrees is passed on the cap-
tured information. Therefore, the basis of this method is based on the surface
that has the most suitability, in other words, the best agreement with the ob-

served values. In the trend level method, this level is selected for geophysical
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Figure 3. Map of Boge anomalous changes.

information as the effects of regions, and after passing this level on the practical
information, the remaining geophysical information will be obtained [27]. There-
fore, if G, is the practical information and 7;is the surface information, R, is the

remaining information will be obtained from Equation (2):

R =G, -T, (2)
The local effects are:
T(X)= A+ AX+AX +-+ AX, (3)
In two-dimensional mode:
T(XY)= A+ AcX+ AnY + A + A XY+ + AL XY, )

Furthermore, this is if the sum of the remainder should be close to zero [30].

That is mean:
2: Ri;: 0 (5)

In which case, the remaining information squares. That is, the square of the
difference between the observed information and the surface trend information
should have the most negligible value (least-squares method):

n

SR =>(G -T, )2 = the lessest value (6)

i=:

The higher the degree of the surface trend, the greater the possibility of ac-
cessing the most appropriate surface or consistent with the observed values, so
the ideal trend for a separation process is an anomaly. Figure 4 and Figure 5
show the residual map obtained from the Ist- and 2nd-degree levels. Because
Level 2 is a better indication of the anomaly, this map was used as a benchmark

for later interpretations.

3.1.2. Upward Expansion Map
One of the methods of separating the field anomaly is the potential for upward
expansion. By using this method, surface effects are eliminated, and profound
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Figure 5. Residual anomaly map obtained from 2nd-degree level.

effects are identified. In this method, potential field data is mathematically
represented from a base surface on alignment surfaces above the main base sur-
face. Upward expansion is smoothing.

In upward expansion maps, the farther away we are from the earth’s surface,
the smaller and smaller the anomalies become, leaving only regional anomalies.
This method eliminates anomalies with shorter wavelengths, weakens the ano-
malies’ amplitude, and reduces noise. So, this method works like a low-pass me-
thod. In this method, the Boge anomaly is imaged by the following relation from
the data collection surface on the alignment levels above the harvesting surface
[31] [32].

1 hA

Oen = || 981 % +| g2 ¥

N 2[R}

hy A

X—— 7
211R;, @)

BN

A
211R}

where (gz, gm» -> and gi,) the Boge anomaly is networked at (V) points on area
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(A) of the map. (R) The distance of points on the grid to the desired point is at
height A. Continuous maps are one of the most critical indicators in obtaining a
fast finger depth estimate as efficient methods in potential field perceptions [33]
[34]. Upward expansion maps were drawn from 20 to 140 m. Moreover, since
the anomaly did not change much from 100 to 120, the depth of the anomaly is
about 100 meters. Figures 6-11 show the anomalous changes during the trans-

verse process from 20 to 140.
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Figure 7. Map extends upwards with a height of 40 meters.

3.1.3. First and Second-Order Vertical Derivative Map
One standard method for distinguishing surface anomalies from the strong ef-

fects of the first and second derivative methods is:
dg/dzand d’g/d 7

In derivative maps, the regional and deep effects are very weakened or elimi-

nated due to their linearity, in which case the surface effects will be shown more
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Figure 10. Map extends upwards with a height of 100 meters.
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Figure 11. Map extends upwards with a height of 120 meters.

clearly. The second derivative is used to obtain surface effects very close to the
ground, and the first derivative is used to obtain more profound surface effects.
Different equations are used to calculate the derivative, which is generally pre-
sented in the following two ways [32] [35].

How to use Laplace equations:

d’g d’g d’g
d—[d—a ®

3.1.4. Analytical Method
By the analytical method, the exact value of the derivative can be calculated. To
this end, geophysical researchers have proposed various relationships. These
methods draw several concentric circles with different radii to the center of the
point on which the calculation is performed. In this case, the value of the second
derivative of the following relation is specified [36]:
d’g ¢ - = —
?zs_z(wogo"'wlgf"wzgz+"'+ann) )
where (g,) is the center of gravity of the circles, (g;, &, --) are the mean values of
gravity on successive circles, and (w,, w;, etc.) are weight coefficients, so that we

can write:
>W, =0 (10)

(Q) is a fixed value, and (s) is the length of the square grid. The radius of the
circles varies according to the methods presented by different forms according to
the sizes of the square grid. Metamorphic rocks of igneous origin with different
self-susceptibility and the effect of the fault system have caused various interac-
tions that have affected the complexity of the area. The vertical derivative filter is
used to amplify surface anomalies (high frequency, low wavelength) and weaken

deep anomalies, including the foundation stone of the area. Therefore, this filter
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is used to determine the anomaly’s boundary and eliminate the effect of the sur-
face trend. Before applying the vertical derivatives filter, the data should be ex-
amined for noise, and the data that cause the disturbance in this filter should be
identified and removed or replaced from the data using statistical methods. After
performing this step, the mentioned filter applies [37] [38].

The first and second-order vertical derivative maps were calculated and plot-
ted as above and derived filters because they show outcrops, faults, and surface
noise. In these maps, the noises are identified. An outcrop was not seen accord-
ing to these maps and limited visits, and finally, no line is seen on the map. Fig-
ure 12 and Figure 13 show the study area’s first and second derivative maps
[39].

Analytic signal map

The analytical signal is a function of the quadratic power of the horizontal and

vertical derivatives. Therefore, maps based on analytical signals show the turning
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points of field change diagrams, and changes in potential field diagrams around
the figures in this map reach their maximum and can be used to determine the
boundaries of abnormal figures to some extent. Mathematical analysis, on the
other hand, shows that higher values in analytical signal maps can be close to the
center of anomalies, and in the case of severe anomalies due to small bodies, the
maximum values can correspond to the center of the body [40] [41]. But in prac-
tice, this is not the case, and errors usually accompany these estimates.
Equation (11) shows the analytical signal equation:

2 2 2
J(a_g) (3] (3 an
OX oy oz

Analytical signal mapping is widely used as an efficient and basic filter in

transferring the anomaly location to its original location [42]. Analytical signal
mapping in magnetic data is the only filter that can be applied to non-polarized
data. Figure 14 shows the map of the analytical signal filter.

3.2. Quantitative Interpretation

The Euler Deconvolution method was first proposed by Hood (1965). Thomp-
son (1982) then applied this method to artificial and accurate data [43]. Reed
(1990) used this method as a grid analysis. Euler’s homogeneous equation is in

relation (12):

(x—xo)%wy—yo)

(N) is a structural index defined as the field deflection rate in terms of dis-

O0AG
oz

OAG

_(Z_ZO)F

=-NAG(X,Y) (12)

tance from the source and is selected based on previous information from the
source geometry [14] [15]. (for gravimetric data (N = 0) for dykes, (N = 1) for
horizontal cylinders and Vertical and (V= 2) for butter) [44].

(G) The gravitational field measured in (x; y; 2) is generated by a point or li-

near source (X, Vi %). The Euler equation is solved by considering the four
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Figure 14. Analytical signal map.
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Figure 15. Depth estimation using Euler analysis.

measured points. Then, by moving the window from one point to another, the
Euler equation is solved for the real anomaly of the whole field. One of the dis-
advantages of the Euler method is that it considers simple geometric models for
the potential field source. Another disadvantage of the Euler method is that the
structural index is determined based on previous information. However, Thomp-
son (1982) and Reed (1990) determined the optimal structural indices for dif-
ferent structures. Nevertheless, the Euler method satisfactorily estimates the po-

sition and depth of potential sources (Figure 15).

4., Conclusions

e According to the Bouguer map, which shows the effect of masses causing ano-
malies at depth, changes in gravity acceleration have occurred in the region
from bottom to top.

o The remaining anomaly map was drawn from the 1st- and 2nd-degree levels.
Because the Level 2 map is a better confirmation of the anomaly, this map
became the basis for interpretation.

e Upward expansion maps were drawn from 20 to 140 m, and since the ano-
maly did not change much from 100 to 120 m, the depth of the anomaly was
considered to be about 100 m.

e First- and second-order vertical derivative maps were drawn to identify out-
crops, faults, and surface noise. In these maps, only the noises are clearly vis-
ible, while no outcrops or faults were seen.

e Finally, based on the analysis performed using the Euler method, the depth of

the deposit was estimated at an average of 20 to 30 meters.
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