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С помощью нового подхода к интерпретации аэромагнитных данных по Центрально-Иранскому 
микроконтиненту (ЦИМ), были получены интересные результаты, которые могут быть использованы 
для дальнейших исследований и геологической разведки. В данной работе приведены интерпретация 
результатов различных магнитных анализов и рассчитанная трехмерная модель инверсии, которые дают 
важное представление о площадном распределении магматических пород, погребенных под мощным по-
кровом отложений. Анализ нескольких сотен данных по магнитной восприимчивости и аэромагнитных 
аномалий известных магматических пород в изучаемом районе показал, что основные-ультраосновные 
интрузивные породы обычно имеют высокую магнитную восприимчивость и обусловливают сильный 
магнитный отклик. Кислые и средние интрузивные породы имеют низкую магнитную восприимчивость 
и характеризуются плавным изменением градиента и обычно правильной формой аэромагнитной анома-
лии. Вулканические породы отличаются широким диапазоном значений магнитной восприимчивости, 
поэтому аэромагнитные аномалии в них часто имеют случайный характер или характеризуются высоко-
частотными сигналами с большой амплитудой и быстро устраняются при продолжении электромагнит-
ного поля в верхнее полупространство. Опираясь на результаты анализа различных магнитных карт и 
трехмерной инверсии и используя данные по известным обнажениям вулканических пород, мы выявили 
в изучаемом районе 1215 скрытых интрузивных пород и 528 вулканических пород, а также уточнили гра-
ницы десятков обнаженных магматических пород. Данные по известным и новым закартированным маг-
матическим породам позволяют выделить двенадцать областей (зон) интрузивных пород и четыре обла-
сти вулканических пород. Результаты исследований показывают, что основные—ультраосновные породы 
локализуются в основном в шовной зоне Систан Восточного Ирана вдоль зоны разлома Нехбандан. Они 
также свидетельствуют, что многие части блока Лут, являющегося основной структурой ЦИМ, были под-
вержены магматическим процессам; большинство скрытых магматических пород локализуется в сред-
ней и южной частях блока. Вулканические породы широко распространены в юго-восточной и северной 
частях изучаемого региона, таких как магматическая дуга Урумие-Дохтар, Северный Лут и район Бам.

Аэромагнитные данные, магнитная восприимчивость, трехмерная инверсия, скрытые магмати-
ческие породы, Центральный Иран

New INsIghts INto INterpretatIoN of aeromagNetIc Data  
for DIstrIbutIoN of IgNeous rocks IN ceNtral IraN
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New insights in the aeromagnetic data over the Central Iranian Microcontinent (CIM) have revealed in-

teresting results for future studies and exploration. This work presents the interpretation of different magnetic 
analyses and the calculated 3D inversion model to provide important insights into the distribution of igneous 
rocks in the area that may be traced under significant cover. By analyzing several hundred magnetic susceptibility 
data points and aeromagnetic anomalies of known igneous rocks over the area, it was determined that mafic–ul-
tramafic intrusive rocks generally have a high magnetic susceptibility and produce a strong magnetic response. 
Intermediate–felsic intrusive rocks have a low magnetic susceptibility and show a smooth gradient variation and 
commonly regular shape. Volcanic rocks show a wide range of magnetic susceptibility; therefore, the aeromag-
netic anomalies are often random or show strong amplitude with high frequency signals and are rapidly elimi-
nated when an upward continuation is applied. Based on the results of analysis of different magnetic maps and 
3D inversion of data, and combining this information with known outcropped of igneous rocks, we revealed 1215 
concealed intrusive rocks and 528 volcanic rocks in the area. We also renewed the boundaries of tens outcropped 
igneous rocks. The known and new mapped igneous rocks can be identified as 12 regions (or zones) for intrusive 
rocks and 4 regions for volcanic rocks. The results indicate that the mafic–ultramafic rocks are mainly located 
in the Sistan suture zone of eastern Iran along the Nehbandan fault zone. They also show that the many parts of 
the Lut block as the main structure of CIM have been under magmatic events, so that most of concealed igneous 
rocks are distributed in the middle and southern part of the Lut block. Volcanic rocks are widespread in the south-
eastern and northern parts of the area such as the Urumieh-Dokhtar Magmatic Arc, North Lut, and Bam region.

Aeromagnetic data, magnetic susceptibility, 3D inversion, concealed igneous rocks, Central Iran
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INtroDuctIoN

Resolution of the magmatic history of Central Iran has been hampered by a lack of high-resolution geo-
physical data for the accurate delineation of igneous rocks under significant cover. Recently the Geological 
Survey of Iran (GSI) has been reprocessed historical semi-high resolution aeromagnetic data over the area for 
a better understanding of the subsurface structures. The investigation of igneous rocks is important to develop-
ing a mean for studying tectonic evolution and mineral exploration. The area extends from the south of Birjand 
in the north, to Bazman in the south, through Nehbandan and Nayband, and includes a significant portion of 
Central Iranian Microcontinent (CIM), Urumieh-Dokhtar Magmatic Arc (UDMA), and Sanandaj-Sirjan Zone 
(SSZ) in the southwest (Fig. 1).

Traditional methods such as field observations and newer methods such as analysis of satellite images are 
the main ways for mapping igneous rocks. These methods are usually useful for outcropped units, whereas the 
other igneous rocks which are concealed by overburden covers or are exposed only in highly inaccessible areas, 
escape detection. Therefore, the airborne magnetic method is the most effective tool for better identification of 
known igneous rocks and detection of concealed ones (Xiong et al., 2016).

Aeromagnetic anomalies are usually caused by magnetic contain of the underlying rocks’ magnetic prop-
erties which are known as magnetic susceptibility. In general, sedimentary and metamorphic rocks have lower 
magnetic susceptibility rather igneous rocks. Mafic minerals such as magnetite have the most magnetic suscep-
tibility. Therefore, with increase of mafic minerals, the magnetic field intensity of the rocks becomes stronger 
(Gunn, 1997). By interpretation of aeromagnetic data over an area especially over a sedimentary basin, it would 
be possible to map magnetic basement (igneous and/or metamorphic) rocks and concealed igneous bodies such 
as intrusive dykes, sills and volcanic rocks (e.g., Finn and Morgan, 2002; Chernicoff et al., 2012; Behrendt, 

fig. 1. study area on structural map of Iran (Nogol-sadat, 1993). 
1, Bisetune structural subzone, 2, Central Alborz geological and structural zone, 3, Central Iran geological and structural zone, 4, Eastern 
Alborz geological and structural zone, 5, Kermanshah radiolarites subzone, 6, Khazar Talesh Ziveh structural subzone, 7, Kopeh Dagh 
geological and structural zone, 8, Lut block, 9, Makran accretionary zone, 10, Ophiolitic zone, 11, Quaternary depressions, 12, Zabol 
block, 13, Zagros structural zone, 14, Zone of metamorphic rocks and intruded granitoids, 15, Western Alborz geological  and structural 
zone, 16, Sistan structural zone, 17, Yazd subzone, 18, Bafq Posht-e Badam structural zone, 19, Tabas structural zone, 20, intrusive rocks 
of Iran, 21, tertiary igneous rocks, 22, sea.
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2013; Galindo-Zaldívar et al., 2013; Anudu et al., 2014; Mietha et al., 2014; Abdelsalam et al., 2016; Xiong et 
al., 2016). These igneous units may play an important role as heat sources of a geothermal system such as Ma-
hallat geothermal system (Mohammadzadeh et al., 2016; Oskooi et al., 2016), responsible for polymetallic and 
porphyry copper deposits (Kheyrollahi et al., 2018) or a hydrocarbon system (Xu et al., 2009) in Iran.

This new interpretation of aeromagnetic data over the CIM provides unprecedented resolution of deep 
magmatic activities that is pivotal to understanding the geological history of Iran and the assembly of adjacent 
Tethyan or Cimmerian areas (Barrier and Vrielynck, 2008). The interpretation was integrated, in a separate 
study, with an extensive suite of other data, including mineral deposits and occurrences in order to develop a 
model-driven, mineralization systems approach and to prioritize areas for different types of mineralization.

geologIcal hIstorY

The Central Iranian Microcontinent (CIM) is situated in the Alpine–Himalayan orogenic system and is 
portion of the large Cimmerian continent, which evolved during the closure of the Paleotethys Ocean (e.g., Stöck-
lin, 1968; Sengör, 1987).

Iran and the surrounding areas are from continental blocks in the Alpine–Himalayan orogenic belt, which 
were distinct by complex fold and thrust belts (Gansser, 1981). Indeed, Iran and the adjacent continents are a 
composite crust of the continental blocks detached from Gondwana supercontinent and continuously attached 
to the southern Eurasia after passing through Tethys Ocean. At commence of the Early Permian, a long narrow 
piece of continental blocks, made up of parts of Turkey and Iran (Cimmerian blocks), detached from northern 
Gondwana (Brunet et al., 2009). Cimmerian continental blocks rapidly drifted northward across of Paleotethys 
during Early Permian to Late Early Triassic (Muttoni et al., 2009). The collision of Cimmerian blocks including 
Iran against southern Asia resulted in the Eo-Cimmerian orogeny (Stille, 1910), which led to the closure of the 
Paleozoic Paleotethys ocean (Berberian and King, 1981; Sengör, 1990; Stampfli and Borel, 2002).

Data sets 

Airborne magnetic data acquisition is a rapid, cost effective means of identifying geological units under 
cover. From 1976 to 1978, semi-detailed airborne magnetic data were collected at a 1000 m and 2000 m line 
spacing in several flight blocks. A 041o traverse orientation, with 1:10 traverse-to-tie line spacing ratio, was 
employed throughout of the survey. Nominal survey heights of 120 m were used and data were collected using 
a caesium-vapour magnetometer with 0.01 gamma recording sensitivity. After data correction and processing, 
the blocks were merged with a robust leveling and micro-leveling over the data of study area. Data were grid-
ded on a 1:5 cell size vs. line spacing ratio. The IGRF model 1975 was utilized to remove the variation of the 
core field of the earth to prepare the residual Total Magnetic Intensity (TMI) map. Filters and products of this 
data, which form the basis of the interpretation, are Total Magnetic Intensity (TMI), reduction to pole (RTP), 
First and Second Vertical Derivative (VD1, VD2), Tilt Derivative (TDR), Regional and Residual (using spec-

T a b l e  1 .   summary of regional data set

Dataset Data type Data format Actions

Geophysical National Regional Aeromagnetic Data Geosoft grids Stitched individual grids and re-gridded to provide a 
continuous integrated grid 

1:250,000 interpretation of magnetic data 
contour sheets 

Georeferenced 
images

None

Ground-based gravity data processed by BGI Geosoft grid None
Geological 1:1,000,000 Tectonic map of Iran jpg image Georeferenced. Mosaic and spatial join to form an 

integrated coverage
1:1,000,000 Magmatic map of Iran (Emami et 
al., 1993)

jpg image Georeferenced. Mosaic and spatial join to form an 
integrated coverage

1:250,000 Geology map sheets jpg image Georeferenced. Mosaic and spatial join to form an 
integrated coverage

1:100,000 Geology map sheets jpg image Georeferenced. Mosaic and spatial join to form an 
integrated coverage

1:250,000 Vector geology Shapefile Recoded data fields according to 1:250,000 map
sheets

Satellite Landsat (full individual scenes) FST and geotiff
MrSID image .sid (raster file)
SRTM 90m DEM’s ArcGIS format Generated sun-shaded relief images
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tral analysis) and upward continuation. Figure 2 shows reduced to pole (RTP) map of the area which calculated 
by differential reduction-to-the-pole method (Arkani-Hamed, 2007). Unlike the traditional RTP algorithms, 
Baranov (1957) and Fedi et al. (1994) methods, which use a fixed inclination and declination for all data, the 
algorithm proposed by Arkani-Hamed (2007) utilizes the inclination and declination of each data instance 
separately for the application of the RTP filter.

The interested area is located within several regional, historical data sets, which are described in Table 1. 
These comprise regional magnetic data with 7.5 km line spacing from 1970s; the interpretational contour map 
of the regional aeromagnetic survey, Bouguer gravity data of BGI based regional ground gravimetric survey 
from 1970s, satellite images and geological data. SRTM data were obtained from NASA shuttle missions, dur-
ing which a single-pass interferometric radar system was deployed (Farr et al., 2007). Data are available for 
download as degree tiles at http://srtm.csi. cgiar.org/SELECTION/inputCoord.asp (Jarvis et al., 2008), and 
comprise 90m spatial resolution DEMs (Digital Elevation Models). To enhancement of different structural 
trends, a mosaic of SRTM tiles was generated for Iran, whilst shaded relief images, with various sun azimuths.

aNalYsIs aND INterpretatIoN 

magnetic susceptibility of igneous rocks
The magnetic intensity of materials in an external magnetic field is controlled by the proportionality coef-

ficient K, known as magnetic susceptibility. When a substance is placed in the magnetic field H, the magnetism 

fig. 2. aeromagnetic image (tmI) of central Iran.
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induced in the substance M is defined as 
K=M/H. Recognition of the physical properties 
of rocks in an area (such as magnetic suscepti-
bility, density, etc.) is critical in determining the 
geophysical method and data interpretation 
(Clark et al., 1997). Interpretation of aeromag-
netic data must be performing with enough 
knowledge of magnetic susceptibility of the 
rocks in study area. To map igneous rock units 
using aeromagnetic data, we first integrated and 
analyzed hundreds of magnetic susceptibility 
data points that have been measured from differ-
ent types of outcropped igneous units in Central 
Iran and surrounding areas. These data have 
been measured mainly during the last decade in 
various exploration projects, especially iron ex-
ploration projects by mining companies and or-
ganizations in Iran (e.g., Sadeghian and Valiza-
deh, 2008; Alamdar et al., 2012). Most of these 
data has not been made public and has only 
been archived by internal reports of Iranian 
companies and organizations. 

After the initial processing, we classified 
all magnetic susceptibility data into three rock 
types: mafic-ultramafic, intermediate-felsic, and 
volcanic (Table 2). The results show distinct 
magnetic susceptibilities of different types of igneous rocks. Generally mafic-ultramafic rocks have high mag-
netic susceptibility and ranging from 0.02 to 0.6 SI. The average value of these types of igneous rocks is 0.05 
SI. Statistical averages show that after magnetite, ultramafic rock units (such as pyroxenite and peridotite) have 
the highest magnetic susceptibility, whereas magnetic susceptibility of mafic rock units (such as diabase) is 
lower. Magnetic susceptibility of intermediate-felsic rocks is usually lower than mafic-ultramafic rocks. The 
Magnetic susceptibility values of this group range from zero to 0.1 SI with an average of 0.014 SI. The third 
rock type is volcanic rocks that show a wide range of magnetic susceptibility. The results show the magnetic 
properties of volcanic rocks are sharply changed, but the magnetic susceptibilities values are low with an aver-
age of 0.19 SI. 

analysis of VD1 and as data 
After analyzing magnetic susceptibility of different types of igneous rocks, aeromagnetic anomalies have 

been analyzed to determine the significant features of the aeromagnetic anomalies for each type of igneous 
rocks including anomaly shape, size, intensity, and frequency. Because the aeromagnetic anomalies caused by 
igneous rocks are usually mixed with the background fields and cannot be distinguished easily, so the process-
ing methods such as vertical derivative and analytical signal are needed to utilize over the original aeromag-
netic data, to separate different anomalies of the igneous bodies and define their boundaries (Xiong et al., 2016). 
The vertical first order derivative (VD1) and analytical signal (AS) methods are very effective in estimating the 
domain and boundaries of shallow magnetic bodies. In practice, we can consider the value more than zero of 
first order vertical derivative map as the boundaries of the magnetic bodies (Fig. 3). The analytical signal 
method is also effective tool to estimate the boundaries of shallow magnetic fields. With different cutoff of the 
analytical data of Central Iran’s aeromagnetic data, we concluded the values more than 0.05 nT/m have a good 
correlation with the shallow magnetic bodies in the area (Fig. 4). It should be noted that the identification of 
concealed bodies in the study area requires an integrated study of geological and geophysical information; 
therefore, magnetic maps are used as an information layer to detection of concealed igneous bodies.

aeromagnetic anomalies of igneous rocks

Igneous rocks are classified two types: intrusive (plutonic) and extrusive (volcanic) rocks. These two 
types of igneous rocks differ in terms of formation, chemical composition and percentage of magnetic sub-
stances. In this section we are analyzed the magnetic response of these rocks.

T a b l e  2 .     statistics of the magnetic susceptibility  
          of different types of igneous rocks in central Iran

Rock type Lithology
Magnetic susceptibility

(K, 10–3 SI)
Mean 

of each 
typeRange Mean

Mafic-ultramafic 
rock

Ultramafic rocks 25–172 54
48

Magnetite 42–550 189
Peridotite 20–146 76
Pyroxenite 20–115 83
Gabbro 20–105 37
Diabase 30–98 24

Intermediate-
felsic rock

Diorite 7–97 19 14

Syenite 5–79 41
Granite 0–44 5
Granodiorite 0–51 6

Volcanic rock Basalt 12–178 28 19
Trachyte 10–270 9
Andesite 10–188 21
Rhyolite 0–68 12
Tuff 0–130 16
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1. Intrusive rocks

Aeromagnetic anomalies produced by intrusive rocks usually feature an isometric, ellipse or belt shape 
(Xiong et al., 2016). With the presence of mafic minerals the magnetic susceptibility of igneous rocks increases 
gradually from felsic to ultramafic (Table 2). The magnetic response could be different despite the same type of 
intrusions, because of different geological settings and different time of rock formation. Meanwhile, the buried 
depth and the volume of the intrusive rocks is also affected the amplitude of the magnetic anomalies. Different 
chemical compositions of intrusive bodies directly effect on the amplitude of the magnetic signal, therefore 
mafic and ultramafic bodies create a strong magnetic anomaly, whereas intermediate and felsic bodies create a 
weaker magnetic anomaly. Following we are analyzed the magnetic anomalies of different intrusive rocks.

Mafic-ultramafic rocks

Mafic-ultramafic intrusive bodies of rocks are generally ophiolite complexes. These rocks commonly 
show a high magnetic susceptibility ranging from 0.02 to 0.6 SI. For example, the magnetic susceptibility of 
peridotite ranges from 0.02 to 0.15 SI with an average of 0.08 SI, whereas the average value of gabbro is 0.04 
SI. Whether the rock is mafic or ultramafic, the existences of similar magnetic properties make it difficult to 

fig. 3. the values more than zero of the vertical first order derivative data.
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identify from the aeromagnetic data. Therefore, in this study, the strong magnetic anomalies present an aero-
magnetic anomaly zone or linear anomaly belt with high intensity along a deep fault zone are caused by mafic-
ultramafic rocks. The magnetic intensity of these rock units is usually strong and shows an abrupt increase in 
aeromagnetic anomaly to n × 100 or even sometimes to 1000 nT. 

Intermediate-felsic rocks

Intermediate-felsic rocks are mainly including diorite (quartz diorite and diorite porphyrite) and granit-
oids (granodiorite, granite, granite porphyry, biotite granite and leucogranite). These rocks are distributed in 
different geological background and produce magnetic anomalies with a different shapes and intensities. Ac-
cording susceptibility data, the magnetic response of the intermediate-felsic rocks is obviously weaker than the 
mafic-ultramafic rocks. The magnetic susceptibility mainly ranges from zero to 0.02 SI and rarely reaches 0.1 
SI. Moreover, the values of intermediate rocks (average for diorite = 0.02 SI, syenite = 0.04 SI) are higher than 
the felsic rocks (average for granite = 0.005 SI and leucogranite close to zero). The same type of rocks with the 
same lithology may present distinct magnetic susceptibilities, due to the different geological time and back-
ground. By analyzing the aeromagnetic anomalies of known rocks, revealed the magnetic intensity generally 

fig. 4. the values more than 0.05 nt/m of the analytical signal data.
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decreases from diorite to granodiorite to granite. Both diorite and granodiorite can produce significant mag-
netic anomalies; however such anomalies are unclear when the rock volume is smaller. In the aeromagnetic 
map, most of the granites can be identified and feature broad magnetic variation and some of them may be 
nonmagnetic (such as Zarrin Granite and Tut Granite in northwest of the area) and show a negative anomaly on 
the aeromagnetic map. However, due to the enrichment of magnetic minerals by thermal metamorphism in the 
host rock, there is usually a circular anomaly around these non-magnetic granitic massifs. This feature can be 
used to outline the intermediate-felsic rocks with weak or non-magnetic anomalies (Zhu, 2013). Magnetic 
anomalies produced by intermediate and felsic rocks ranges from n × 10 to n × 100 nT with a flat gradient and 
regular shape, either as an ellipse region or a linear belt.

To map the intrusive rocks, it is necessary to eliminate the anomalies produced by volcanic, metamorphic 
and other magnetic rocks and combine them with geological and geophysical data. The boundary of the intru-
sive rocks can be concluded in one of following ways:

• take the gradient zone as the boundary of the rocks on the RTP map;
• take the zones with more than zero values on the map of the vertical first order derivative when the 

aeromagnetic anomaly is smaller or unclear;
• take the inner zone of circle anomalies produced by ring structure;
• take the zone with above the 0.05 nT/m on the analytic signal map.

2. Volcanic rocks

Volcanic rocks, such as basalt, andesite, tuff, lava, volcanic breccia, rhyolite and trachyte, are magneti-
cally heterogeneous with a significant magnetic remanence because of the rapid solidification during the eruption 
of magma to the surface. The volcanic rocks’ susceptibility is changed over a wide range (Table 2). The average 
susceptibility values of volcanic rocks are lower than mafic-ultramafic rocks. The susceptibility data slightly 
decreases from mafic to felsic volcanic rocks; for instance the average values of basalt, andesite and rhyolite are 
0.028, 0.021 and 0.012 SI, respectively.

The anomalies produced by these rocks are featured by an abrupt variation along the survey profile with a 
strong amplitude and higher gradient, and by a ring, semi-ring or irregular belt with a planar sprawling variation 
on the RTP map. The basalts have intense magnetic anomaly with a wide range of variation from n × 10 to n × 

100 or n × 1000 nT, whereas ande site is lower than basalt and ranges from n × 10 to n × 100 nT. These anomalies 
sharply changed in the RTP map and decrease quickly when an upward continuation is applied.

three-dimensional inversion
Three-dimensional susceptibility contrast model was calculated with the UBC-GIF Mag3D software with 

the algorithms of Li and Oldenburg (1996), which has been used often with interesting results (e.g., Oldenburg and 
Pratt, 2007; Louro and Mantovani, 2013; Mohammadzadeh et al., 2016). This algorithm starts from the Eq. 1

 d Gk= , (1)
where d is the vector of real which is extracted in the survey, G is sensitivity matrix and m is the susceptibility 
vectors of the tri-orthogonal mesh to be created for the inversion.

The inverse problem can be formulated as an optimization problem where an objective function of the 
model is minimized subject to the constraints in Eq. 1. The objective function of the density model in Eq. 2 is 
minimized under determined constraints in order to reproduce data inside an error tolerance.
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where m is the magnetic model element, m0  reference model, ws, wx, wy and wz weighting functions, αs, αx, αy 
and αz coefficients which affect relative importance of different components in objective function and w(r) the 
generalized depth weighting function. This function has flexibility to construct many various models. The aim 
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of the objective function is to counteract geometrical decay of the sensitivity with the distance from observation 
location so that the recovered magnetic susceptibility is not concentrated near observation locations. In the next 
step, data misfit is calculated (∅d) between observed data and predicted data using Eq. 3:

 � � �� �d dw Gk d
obs

2 , (3)

where wd is a diagonal matrix in which the ith element is standard deviation of the ith datum, G is the sensitiv-
ity matrix, k the predicted susceptibility vector and dobs is observed data. The inversion objective is minimizing 
of differences between both objective function and data misfit:

 � �� � �d m� , (4)

where μ is a regularization parameter that controls relative importance of the model norm and data misfit. 
The described methodology provides a basic structure for solving 3D magnetic inversion. More solutions 

of Mag3D are available in Li and Oldenburg (1996).
In this method, the speed of implementation of inversion is depended mainly on the number of input data 

and the number of cells (mesh). With choosing of a greater number of input data and smaller size of meshes, 
the inversion time will be increased. Because our study area is very large, we decided to divide the whole area 
into 23 separated blocks with dimensions of 120 × 120 km to overcome the limitations of the algorithm on the 
number of input data points and the number of cell size (Fig. 5). As shown in this figure, a 10 km overlap is 
considered for adjacent blocks to remove edge effects of the inversion. Each block was inverted separately and 
thus 23 recovered models were obtained from the area. In order to create a combined model, all the inverted 
data were merged and integrated. In this inversion, with considering the scale of area and expected resolution, 
the dimension of each mesh were determined with 800 × 800 × 400 m. The inversion process was performed 
by a computer with Core i5, CPU 2.5 GHz, RAM 6GB, and Cash 6M specifications. The inversion time took 
about 7 to 12 hours for each block and a total of about 10 continuous days took the inversion for the whole area.

fig. 5. Dividing of study area into 23 separated blocks with dimension of 120Đ × 120 km. 
The data were inverted separately in each block, and finally the inversion results were combined. To remove edge effects of the inversion, 
a 10 km overlap is considered for adjacent blocks, and initial parameters for modeling were chosen similar in all blocks.
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After merging the inversion data, an integrated model was obtained for the area (Fig. 6a). This model 
shows the magnetic susceptibility of rocks and materials from the surface to a depth of 6 km. As shown in Fig. 
6, the maximum recovered magnetic susceptibility is about 0.2 SI. Using this model, it is possible to analyze all 
zones related to shallow and deep bodies. Due to the importance of magnetic susceptibility of rocks in detecting 
different types of igneous rocks in Central Iran, the recovered model was classified in five groups in terms of 
calculated magnetic susceptibility (Fig. 6b–f). These figures show the recovered magnetic susceptibilities of the 
rocks with the values more than 0.01, 0.02, 0.03, 0.04, 0.05 SI, to the depth of 6 km, respectively. In this model 
the high magnetic susceptibility commonly related to volcanic units or mafic-ultramafic intrusive bodies. It is 
clear the high magnetic susceptibility zone in the SW of the area is related to Urumieh-Dokhtar magmatic belt.

mappINg of IgNeous rocks IN ceNtral IraN

1. Intrusive rocks

Intrusive rocks distributed throughout Iran, including Urumieh-Dokhtar magmatic Arc (UDMA), East 
Iranian Ophiolite Belt, Lut block, Robate-Poshte-Badamn are, and Saqand area. In the map of structural units 
of Iran, UDMA has a higher volume and extent. Rocks from this magmatic belt are considered to be related to 
continental margin magmatic arc. There are different views about the origin of magmatic rocks in Central Iran 
and East Block, such as intra-continental rift, subduction zone and back-arc extension. However, according to 
the structural and geological setting of Iran, rifting event play an important role in magmatic rocks formation. 
The age of the most intrusive rocks was estimated to be the Mesozoic Eocene and Tertiary. But some of them 
such as Khoshumi, Zarigan, Narigan granite in Robate-Poshte-Badam and Saqand blocks are related to the 
Precambrian and Cambrian. 

Based on aeromagnetic data interpretation in the study area a number of 1215 concealed intrusive bodies 
were detected and delineated, which 531 igneous bodies were intermediate-felsic and 684 were mafic-ultramaf-
ic (Fig. 7). These bodies concealed in depth of low (from surface to 300 m), medium (300 to 1000 m) and high 
(more than 1000 m).

Outcropped intrusive bodies and the concealed ones in the study area can be classified in 10 zones based 
on the background geology: 1, UDMA, 2, Baft ophiolite belt, 3, Bazman area, 4, East Iran Ophiolite Belt, 5, 
west of Taftan Mountain, 6, Zahedan Granitoid Belt, 7, Northern Lut zone, 8, Eastern Lut zone, 9, Central Lut 
zone, 10, Southern Lut zone, 11, Poshte-Badam, and 12, Saqand. 

Urumieh-Dokhtar Magmatic Arc

Urumieh-Dokhtar Magmatic Arc (UDMA), located in the active margin of Central Iranian Microconti-
nent, between Sanandaj–Sirjan zone and Central Iran block, is comprised mainly of tholeiite, calc-alkaline, and 
potassium-rich alkaline intrusive and extrusive rocks (Alavi, 1994; Shahabpour, 2007). The structure of UDMA 
is associated Neotethys subduction beneath Central Iran (Berberian and King, 1981). Oblique subduction of 
Neotethys beneath Central Iran developed shear faults in the upper part of the crust and intrusion of granitoidic 
bodies. The type of intrusive rocks in this area is mostly comprised diorite, granite, and granodiorite (intermedi-
ate and acidic), which are related to the Oligocene. Aeromagnetic data interpretation revealed a number of 124 
concealed intrusive bodies. The maximum variation of the magnetic field in study area is related to this belt 
(800 to 1200 nT). The high magnetic susceptibility (more than 0.05 SI) and strong magnetic response caused 
by high thickness of igneous rock units and different lithology in this zone. The large active mines such as 
Sarcheshme and Miduk are located in this zone.

Baft ophiolite belt

Baft ophiolite belt is part of northwest-southeast trending Central Iran ophiolite belt, where is surrounded 
by UDMA in the north and Sanandaj–Sirjan metamorphic zone in the south. Baft ophiolite belt is mainly formed 
by closing of Naein–Baft oceanic basin (as a branch of Neotethys) during the Late Cretaceous (Arvin and Rob-
inson, 1994). This ophiolite complex is a typical sequence including gabbro, serpentinized harzburgite, pillow 
lavas, dolerite dykes, limestone, tuff, keratophyre, and chert. In this belt, magnetic bodies are chiefly massive 
gabbro. Although, the most of this area is covered by recent deposits but the high magnetic susceptibility of 
buried mafic-ultramafic rocks caused to detect the concealed one easily. Aeromagnetic data interpretation de-
tected and delineated a number of 66 concealed mafic-ultramafic intrusive bodies with dimension of about 
492 km2. Obviously, the magnetic field intensity is high with the average of 600 and maximum of 1500 nT, in 
the area. Magnetic data interpretation revealed the depth of the upper surface of detected concealed bodies is 
about low to medium.
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fig. 6. 3D inversion of data from the surface to depth of 6 km using li–oldenburg algorithm (1998). 
a, The combined inverted magnetic susceptibility cells; b, magnetic susceptibility cutoff at more than 0.01 SI; c, 0.02 SI; d, 0.03 SI; e, 0.04 
SI; f, 0.05 SI.
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Bazman area

Bazman granitic body is located in the southern margin of Lut block along UDMA. This belt is the prod-
uct of the closing of the neo-Tethys ocean in the south, beneath the southern margin of Lut block (Eurasia) in 
the north, in late cretaceous. Igneous rocks of the region are identified as I-type granitoids and volcanic island 
arc are indicated an active continental margin (Shahabpur, 2010). Aeromagnetic data interpretation and igneous 
units mapping revealed that there are many smaller intrusive bodies in NW of Bazman batholith, which is re-
lated to the magmatic activities of Bazman batholith. This region is characterized by a set of 99 isolated and 
discontinuous magnetic anomalies of the approximately 60–140 nT with regular shape of ellipses or linear. All 
of detected intrusive bodies are concealed and classified in the depth of low to medium. 

East Iran Ophiolite Belt

This belt strikes N–S along Sistan suture zone in the east of Iran. There are different ophiolitic comp lexes 
along the Sistan suture zone which form a discontinuous N–S trending belt from East of Bazman in the south 

fig. 7. map of outcropped and inferred intrusive igneous rocks by aeromagnetic data. 
1, Urumieh-Dokhtar Magmatic Arc (UDMA), 2, Baft ophiolite belt, 3, Bazman area, 4, East Iran Ophiolite Belt, 5, west of Taftan Mountain, 
6, Zahedan Granitoid Belt, 7, Northern Lut zone, 8, Eastern Lut zone, 9, Central Lut zone, 10, Southern Lut zone, 11, Poshte-Badam, 12, 
Saqand.
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to Birjand in the north indicating that the zone is the remains of an oceanic crust. It is believed the subduction 
of the oceanic crust between Lut and Afghan blocks during the late cretaceous played a major role in the tec-
tonic evolution of this area (Tirrul et al., 1983; Arjmandzadeh et al., 2011). Ophiolite massifs emerged into 
surface mainly through main faults, especially Nehbandan fault group. The northern terminal of this belt is di-
vided into the branches, as a result of strike-slip fault activities. In the southern border the N–S trends also in-
clined to the SW and continue to Pakistan. The composition of the outcropped ophiolite is mafic-ultramafic and 
mainly consists of peridotite, harzburgite, serpentinite, and other basic rocks. These rocks are easily detectable 
in the covered area, regarding the high magnetic susceptibility of mafic-ultramafic rocks. This belt corresponds 
to mainly N–S aeromagnetic anomaly zone along which there are about 300–400 nT linear anomalies with a 
gradient of 100–300 and 150–300 nT/km on the vertical first derivative and analytical signal map, respectively. 
A number of 133 concealed mafic-ultramafic intrusive bodies were detected and mapped in this belt.

West of Taftan Mountain

The ophiolite massifs of the west of Taftan are the base of batholithic massif of Taftan volcano. Accord-
ing to the map of magnetic field, magmatic belt of Taftan region is 75 km in length and 30 km in width, extends 
from the west of Taftan Mountain to a couple of kilometers inside the study area. The zone has an east-west 

fig. 8. the distribution map of volcanic rocks based on the field observation and aeromagnetic data. 
1, Urumieh-Dokhtar volcanic belt, 2, Bazman volcanic zone, 3, Northern Lut volcanic zone, 4, Bam Volcanic zone.
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trend, although magnetic anomalies show NW–SE trend. Only the western part of this magmatic belt is located 
inside the study area. The age of the massif like the other ophiolite massifs of Sistan block is related to the 
Cretaceous. Magnetic field variation in this zone is about 150–250 nT. Magnetic susceptibility of ophiolite mas-
sifs in the zone sound to be low, therefore just one concealed body is detected by aeromagnetic data in the depth 
of around 200–300 m.

Zahedan Granitoid Belt

Zahedan Granitoid Belt is located in the southwest of Zahedan and extends about 100 km toward SE 
direction. This complex is included granite, granodiorite, and diorite rocks which is intruded into flysch sedi-
mentary host rocks, during Eocene. Therefore, Zahedan granitiod is not product of the subduction of Lut or 
Afghan blocks. This belt is non-magnetic in RTP map. According to the magnetic susceptibility measured by 
Sadeghian and Valizadeh (2008) on 590 samp les from this granitic complex, granite rocks are paramagnetic 
with average susceptibility below 0.0005 SI, whereas diorite rocks are ferromagnetic with average susceptibil-
ity more than 0.0005 SI.

North of Lut zone

Lut block is placed between two N–S main faults of Nayband and Nehbandan. The pressures were ap-
plied on the area have caused the strike-slip and shear types of displacements along these faults. In such sys-
tems, the volcanic eruption was intense and continuous, and younger lavas have successively covered the for-
mer rocks and formed extensive volcanic rocks of the block (Nogol-Sadat, 1993). This zone is characterized by 
short wavelength and strong amplitude magnetic anomalies of approximately 500–1000 nT. The outcropped 
intrusive rocks of the zone are less than the volcanic rocks; so the magnetic field response is wide and varied. 
Magmatic activities started from 77 Ma during the Late Cretaceous and lasted for five years. Magmatic rocks 
litho logy is basaltic, andesitic, dacitic, and rhyolitic lavas, as well as less semi-deep intrusive rocks. 

A number of 176 concealed mafic-ultramafic, and intermediate to acidic intrusive rocks were detected 
and delineated in Northern Lut zone. With exception of a few cases, aeromagnetic anomalies spread irregularly 
with no distinctive trend. Aeromagnetic anomalies, affected by Sistan suture branches, rotated counterclockwise 
from NW–SE trend to NE–SW in the east part of the zone. Anomalies trend is NS, close to Nayband Fault in 
the west part of the zone; trend of this faulted zone caused strong aeromagnetic ano malies extended to tens of 
kilometers on the surface. Gene rally, low anomalies from the shallow depth in the crust are detectable in this 
zone. Detected concealed rock bodies have dimension of 1128 km. Since magnetic volcanic rocks spread ex-
tensively throughout the area, are superimposed on the background of intrusive rocks, make it difficult to iden-
tify them. In such cases application of upward continuation (100 to 1000 m upward) are weakening the surficial 
anomalies. Aeromagnetic map and 3D inversion data revealed that the most of concealed rock bodies are shal-
low and moderate (less than 1000 m). Main mines like Ghale Zari copper mine formation is related to such 
magmatic activities.

Eastern Lut zone

As it mentioned earlier, shear movements of both faults of Nehbandan in the east and Nayband in the 
west prevail an extensional condition in Lut block provided the possibility of intrusion for igneous rocks. De-
tected many concealed intrusive rocks in the area are evidences of this claim. The intrusive rocks in the Eastern 
Lut Zone are featured by irregular variations on the magnetic map from 100 to 300 nT and with some up to 
800 nT. By analyzing the magnetic data, the strikes of newly mapped intrusive rocks are NW trending, which 
were strictly controlled by regional structure. A total number of 158 mafic to acidic intrusive rocks with dimen-
sion of more than 900 km2 have been detected. According to the inversion of data, the depth of the intrusive 
bodies is mainly medium (300 to 1000 m) and some of them are estimated to be deep (more than 1000 m).

Central Lut zone

Central Lut zone is covered by the recent sediment; therefore the geophysical data is the only way to 
study the zone. Magnetic data optimally delineate the buried magnetic rocks. The map of magnetic field shows 
long wavelength and medium amplitude anomalies probably originated from deep magnetic rocks. The main 
difference between Central and Eastern Lut zone is the deeper burial depth of igneous rocks in the former. The 
general trend of anomalies is relatively NW–SE with 100 to 200 nT. A total number of 67 intrusive rocks with 
dimension of 3130 km2 is detected and delineated there. Aeromagnetic data interpretation revealed the burial 
depth of more than 1000 m for the most of concealed magnetic intrusives. The northern and southern have of 
intrusive rocks are classified compositionally into intermediate-felsic and mafic-ultramafic respectively.
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Southern Lut zone

In the southwestern margin of Lut block in the north of Bazman, there are a magmatic belt with remark-
able anomaly and a unique trending which neither similar to ophiolite complex of Nehbandan Fault nor with the 
magmatic complex of Bazman Mountain. Regarding the spatial proximity with the magmatic complex of Ba-
zman, the area probably was affected by Oman plate subduction beneath Lut block, melting of subducting 
lithosphere and the magma intrusions subsequently. The belt has a length of 130 km with NW–SE trend, is 
covered by sandstone and marl sedimentary rocks as well as volcanic silici-clastic sediments and except for a 
limited outcrop of gabbro in the center of the zone, no other outcropped intrusive rocks is visible. A number of 
33 concealed magnetic intrusive rocks, estimated to be in medium depth (300 to 1000 m), are revealed by mag-
netic evidence. Most of the intrusive rocks are at the same direction with the regional trend (NW–SE) compo-
sitionally are intermediate to felsic with some mafic.

Poshte-Badam

Bafgh-Saqand region (Poshte-Badam block) is a significant matallogenic province in Iran with major 
mineralization such as iron deposit (Choqart, Chadormalu, Sechahun, Lake-Siah, Mishdvan, Chah Gaz, etc.), 
phosphate deposit (Esfordi, Zarigan, and Gazestan), copper and zinc (Koushk and Gazestan), lead and zinc 
deposit (Kushk and Gazestan). Geology and aeromagnetic data of the region has been subjected to study by 
many researchers (Haghipour, 1974; Förster and Jafarzadeh, 1994; Ramazani and Tucker, 2003; Jami, 2005; 
Mokhtari and Emami, 2008; Torab, 2010; Bonyadi et al., 2011). The region has strong magnetic anomalies so 
that the maximum of aeromagnetic field variations reaches to 3000 nT. One of the significant features of the 
magnetic anomalies in Poshte-Badam zone is the presence of the strong corresponding negative and positive 
poles in TMI map, which is related to magnetite mineralization. This feature in aeromagnetic map is applied for 
fast tracing and detecting of shallow and deep magnetite deposits. Acidic intrusive rocks with low magnetic 
intensity are also common in the region such as Zarigan and Chah-chule Granitic bodies in north of Bafgh and 
Hamijan and Ferdos granitic bodies in SW of Bahabad. Samani (1998) believed that all of the magnetite and 
granitic bodies in this zone have been originated by metasomatism processes. A total of 153 concealed intrusive 
bodies mostly mafic-ultramafic were detected. Based on magnetic data interpretation and mapping, the most 
intrusive rocks are from northeast of Bafgh at the vicinity of granitic massifs of Zarigan and Hamijan. Detected 
rocks bodies are in different depth but most of them are estimated in the depth of medium (300 to 1000 m). The 
intrusive rocks in the southern and northern parts of the area are classified mostly into acidic-intermediate and 
mafic-ultramafic respectively.

Saqand

Saqand region is located in Central Iran Microcontinent between two main faults of Poshte-Badam and 
Chapedony. In this zone, the main known outcropped intrusive rocks is Kheshumi-Dare Anjir intrusive com-
plex which is located in the south. This complex including two related intrusive bodies: Kheshumi Granite and 
Dare Anjir Diorite with low to moderate magnetic response that are consist of many intruded Eocene dykes 
with moderate to high magnetic response. This zone is relatively non-magnetic to low magnetic with the mag-
netic field average variation of 100 nT. Only six concealed intrusive rocks (five intermediate to felsic and one 
mafic) at the depth of medium are detected and mapped.

2. Volcanic rocks

Volcanic rocks in Iran have significant expansion and thickness, particularly in UDMA, Central Iran, and 
Lut block. Most of these volcanic rocks are related to Eocene to Tertiary. It seems with the compressional move-
ments and related heat follows caused by the Late Cretaceous event (Laramide orogeny), extensive magma 
generations of volcanic lavas and pyroclastic caused by global extension phase was the most during the Eocene, 
and repeated during the early Oligocene (37–40 Ma), the middle Miocene (19–22 Ma), and the Pliocene (12 Ma); 
the recent active and semi-active volcanoes of Iran are the continuation of theses magmatic events (Darvishza-
deh, 1990). Extended areas of concealed volcanic rocks were detected and delineated based on aeromagnetic data 
interpretation. Figure 8 illustrated the map of the outcropped and concealed volcanic rocks in study area. A total 
of 528 magnetic anomalies caused by volcanic rocks were revealed with dimension of 20,000 km2. Most of the 
concealed volcanic rocks are in UDMA and Lut block. It should be noted that the new detected concealed volca-
nic rocks are mostly outcropped or near surface and should not be considered as deep rocks, because a mag-
matic rock unit is considered as an extrusive igneous rock (volcanic), when it reaches to surface. Since the ob-
servation of irregular anomalies with high frequency and high amplitude on magnetic map is one of the main 
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criteria in detection of concealed volcanic rock. The volcanic rocks buried in high depth or covered by a massive 
thickness of sediments show regular anomalies with low frequency which make those hard to detection by aero-
magnetic data. The upper surface of detected concealed volcanic rocks is estimated to be shallow (less than 
300 m) or medium (300 to 700 m).

Urumieh-Dokhtar volcanic belt

Extensive magmatic activities of Urumieh-Dokhtar volcanic belt took place during the Paleocene-Eo-
cene and the middle–late Eocene in particular along with the latest subduction event of Neotethys oceanic 
lithosphere beneath Central Iran during the Upper Cretaceous. There are different hypothesis on this magmatic 
activity. Most researchers considered magmatic activity of Urumieh-Dokhtar belt during Tertiary as the conti-
nental margin island arc. Magnetic features of the zone are strong and numerous that the anomalies are still 
prominent in magnetic maps upward a few kilometers. Generally, magnetic anomalies in this belt are linear 
with NW–SE trend. The most volcanic outcrops are andesite, dacite, basalt, trachyandesite and tuff. They have 
a medium magnetic susceptibility, therefore the extensive thickness and volume of volcanic rocks is the main 
reason of strong magnetic anomalies in this zone.

Bazman volcanic zone

Bazman volcanic zone is located in the southeast of Iran, 111 km NW of Iranshahr. This volcanic cone 
belongs to Central Iran in the SE margin of Lut block. Bazman’s main cone is a stratified volcano whose lava 
flows out of several craters. This volcano has a complex structure and composed of different types of lavas includ-
ing andesite, dacite, and rhyodacite especially in the eastern apron. Main cone is a series of alternating ignimbrite, 
pumice, and lava breccia. This complex is magmatic island arc (continental active margin) according to the lithol-
ogy, mineralogy, and geochemistry (Shahabpur, 2010). Considering to the current position of Bazman volcano 
and occurrence of volcanic rocks in the north and the northwest, magmatic activities appear to be concentered in 
the NW of the zone and gradually moving to the east and southeast. Linear anomalies with NW–SE trend in Ba-
zman area are a significant tectonic feature on the magnetic map of area with bigger N–S component than Urumi-
eh-Dokhtar belt. The average of magnetic field variation is 300 nT showing intermediate lithology.

North Lut volcanic zone

As mentioned earlier, the extensional condition dominated in Lut block due to shear movements of Neh-
bandan and Nayband faults widely provide the suitable conditions for magmatic activity particularly in the 
northern part. The magmatic activities started at the Late Cretaceous (77 Ma) and lasted for 5 Myr. There are 
more than 40 volcanic cones in this block (Darvishzadeh, 1990). Magmatic rocks are basalt, andesite, dacite, 
and rhyolite lavas as well as less medium depth intrusive rocks. In the southern part of the zone that correlated 
with central parts of Lut block, with increasing the thickness of the recent sediments and covering the rock 
units, noticeable volcanic rocks have been detected and delineated based on magnetic data interpretation. The 
volcanic activity of Lut block seems to have extended to about 70 km south of the present outcrops, which may 
be covered by the recent sediments. Magnetic field variation range from n × 100 to n × 1000 nT.

Bam Volcanic zone

In the southwestern margin of Lut block, volcanic rocks of basalt and tuff are observed, mostly enclosed 
in Bam fault zone. The controlling factor of these units seem to be the main branches of Bam fault zone which 
are extended along with Urumieh-Dokhtar belt; even so the magnetic line trend have more northern component 
in Bam zone. Magnetic anomalies range about 100 to 300 nT. Concealed parts of the volcanic rocks in the zone 
are detected and delineated based on the magnetic data interpretation. Some of these concealed volcanic rocks 
are located in the south and others are located in the east of volcanic outcrops as well as the southwestern mar-
gin of Lut block.

coNclusIoNs

According to aeromagnetic data interpretation, this work helps to characterize the distribution of igneous 
rocks in Central Iran Microcontinent. Usually, the traditional method such as field observation can hardly define 
concealed or buried igneous rocks, but the magnetic data could compensate for this deficiency. However, when 
anomalies of very low-magnetic or non-magnetic igneous rocks are superimposed on the background of non-
magnetic units, the aeromagnetic anomaly is unavailable. Magnetic data processing and results of 3D inversion 
of data combined with the geological information revealed the concealed igneous activities in Central Iran. In 
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the present study a total number of 1215 concealed mafic to felsic intrusive igneous rocks and 528 unknown 
volcanic rock units are detected and delineated. Concealed intrusive rocks and the known intrusive rocks on the 
geological maps were analyzed together and divided into 12 basins of intrusive magmatism, based on the struc-
tural and tectonic settings. Each of these basins was analyzed in terms of structure and depth of the concealed 
rock bodies. The same processes accomplished on the volcanic rock units and four volcanic basins were studied. 
The results show the southern part of Lut block is very dynamic regarding magmatic activity, so that it could be 
noteworthy for the mining exploration.
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