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Abstract

This research aims to show the capability of unmanned aerial vehicles (UAVs) for aerial fracturing survey, determining the
block size, and estimating the reserve of dimension stone deposits. The Majestic Rose marble quarry in Kerman province,
Iran, was selected as the case study. The quarry presents large outcrops and rugged topography. UAV-based imagery was
applied as a time- and cost-effective solution for acquiring highly accurate geological and structural data across the deposit.
An aerial survey was conducted at 70 m altitude with 70% lateral and 80% front image overlaps. About 47 ground control
points (GCPs) were used to increase the surveying accuracy. The orthophoto image with a spatial resolution of 2.97 cm/pix
was applied to specify geological units and the deposit boundary. Due to the importance of fractures in the exploitability
of dimension stones, the orthophoto image and hill-shade model were used for enhancing the fractures. A fracture density
map was created to delineate critical zones. The fracture spacing was determined to estimate the average block size in criti-
cal zones. A digital elevation model (DEM) with an accuracy of 2.28 cm was used to reconstruct the 3D deposit model.
An accurate block model was created using the 3D deposit model for estimating the resources in the eastern and western
sub-zones. This research showed the capability of UAVs in increasing the efficiency of mineral exploration programs of
dimension stones. The proposed methodology can be customized for other surficial deposits considering the mineralization
type and geological setting.

Keywords UAV-based imagery - Dimension stone - Geological mapping - Aerial fracturing survey - Photogrammetry -
Reserve estimation

Introduction

Mineral exploration is a sequential procedure that comprises
successive phases from regional-scale investigation to local-
scale studies to discover new mineral deposits. Thanks to
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high coverage, remote sensing is a time- and cost-effective
solution for detecting mineral potentials in a regional-
scale investigation (Atif et al. 2021; Eldosouky et al. 2021;
Ishagh et al. 2021; Pour et al. 2021; Yousefi et al. 2021,
2022). On the local scale, commercial unmanned aerial
vehicles (UAVs), also known as drones, have accomplished
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high-resolution geophysical, geological, and mineral map-
ping at reasonable prices (Szentpeteri et al. 2016; Kirsch
et al. 2018; Carabassa et al. 2019; Ren et al. 2019; Park
and Choi 2020; Shahmoradi et al. 2020; Fotheringham and
Paudyal 2021). UAV-based imagery is at the beginning of
its path toward playing a more influential role in the mining
industry, from mineral exploration to mine reclamation (Park
and Choi 2020; Shahmoradi et al. 2020).

Today, UAVs are looking forward to making more con-
tributions to mineral exploration campaigns because of their
ability to carry geophysical, multispectral, and hyperspectral
sensors (Szentpeteri et al. 2016; Parvar et al. 2017; Ostad-
Ali-Askari et al. 2017; Kirsch et al. 2018; Carabassa et al.
2019; Ren et al. 2019; Shahmoradi et al. 2020; Heincke
et al. 2019; Golian et al. 2020; Honarmand and Shahriari
2021). UAVs have filled the gap of remotely sensed data
below the height flight of common airborne and heliborne
platforms. The literature review demonstrates the applica-
tion of high-resolution photogrammetric data in geological
and geophysical mapping using low-cost UAVs. Vasuki
et al. (2014) prepared a map of geological faults using UAV
imagery on the east coast of Tasmania, Australia. Blistan
et al. (2016) carried out the documentation of rock outcrops
of a surface quarry in Slovakia. Tziavou et al. (2017) per-
formed the structural geological mapping of a fault zone
outcrop using fixed-wing and multi-rotor UAVs in Scotland.
Parvar et al. (2017) conducted a magnetometry survey using
a multi-rotor UAV to enhance chromite-bearing host rocks
in Oman. Heincke et al. (2019) used fixed-wings and multi-
rotor platforms for hyperspectral imaging and magnetometry
in Finland. Dai et al. (2020) utilized UAV data to locate dike
swarms with the aim of gold exploration in China.

Some applications of UAVs involve data acquisition at
the deposit scale to reconstruct 3D outcrop geometry. Sze-
ntpeteri et al. (2016) prepared the 3D geological model of
an open-pit mine using a quadcopter in Malaysia. They
described the method of creating geological models on
deposit scale using UAV data. Blistan et al. (2016) applied
UAYV photogrammetry to create a 3D model of inaccessible
rock outcrops of a quarry in Slovakia. Kirsch et al. (2018)
accomplished lithological and hydrothermal alteration map-
ping in a gravel quarry by UAV-borne multi-sensor hyper-
spectral imagery in Germany. Dujoncquoy et al. (2019) used
UAV photogrammetry to reconstruct 3D outcrop models for
oil and gas exploration in Spain. Honarmand and Shahriari
(2021) applied high-resolution geological mapping using
UAYV imagery to locate vein-type Cu mineralization in Iran.
Padro6 et al. (2022) implemented a workflow for quarry res-
toration management based on 3D modeling of a quarry in
Spain.

The ultimate aim of mineral exploration programs is to
find out whether the ore deposit can be technically and eco-
nomically mineable or not. The solution is provided through
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a step-by-step procedure that attempts to determine critical
parameters for evaluating the reserve. The literature review
demonstrates that the use of UAVs on a deposit scale explo-
ration has been limited to general applications such as the
preparation of geology maps and 3D geological models
(e.g., Szentpeteri et al. 2016; Kirsch et al. 2018; Ren et al.
2019; Honarmand and Shahriari 2021). The current research
tries to expand the use of UAVs in mineral exploration by
increasing the efficiency of operations. The Majestic Rose
marble quarry in Kerman province, Iran, is selected as the
case study. The large outcrops of the quarry are visible on
the highlands. The quarry has rough relief and unsafe slopes
preventing thorough geological and fracturing surveys. As
a result, conventional techniques of fracturing surveys can-
not satisfy evaluating the potential of providing commercial
right-angled blocks in the Majestic Rose marble quarry. The
reconstruction of an accurate 3D deposit model to accom-
plish the primary estimation of the resource is, thus, difficult
using traditional topographic surveying methods. Accord-
ingly, the main objectives of the research are defined as
follows:

a) high-resolution fracturing survey to outline critical
zones for complementary field investigation

b) estimating the average block size in critical zones using
photogrammetry products for estimating the mineral
resource

c) estimating the mineral resource by reconstructing an
accurate block model

To achieve the research objectives, an aerial survey is
performed using a low-cost, lightweight UAV. The method-
ology of the aerial survey is discussed in detail. The type and
quality of photogrammetry products are described. Field-
work and laboratory studies are also performed to evaluate
the physical, chemical, and geomechanical specifications of
the marble stone. An accurate block model is reconstructed
based on photogrammetry products. Finally, resource esti-
mation is undertaken using the block model.

Geological setting

The study area is located in the southwestern part of the San-
andaj-Sirjan Zone (SSZ). The SSZ is one of the significant
metallogenic zones of Iran (Stocklin 1968). It is a metamor-
phic belt related to Zagros orogeny with the NW-SE trend
(Fig. 1). The lithology includes mostly Mesozoic rocks,
while Paleozoic rocks have no considerable exposures except
in the southeast (Berberian 1977; Mohajjel et al. 2003). Eft-
ekharnejad (1981) defined two subdivisions, north SSZ and
south SSZ, separated in the Golpaygan area. The south SSZ
was deformed in the Late Cretaceous and intruded by many
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Fig. 1 Simplified tectonic map of southeastern Iran, including the Sanandaj-Sirjan Zone (Mohajjel et al. 2003)

felsic intrusive rocks. Rock deformation and metamorphism
happened during the Middle to Late Triassic in the south
SSZ (Eftekharnejad 1981; Ghasemi and Talbot 2006). In
the south SSZ, after volcanic activities in the Late Jurassic
to Early Cretaceous, continental red beds were deposited
and covered by Lower to Middle Cretaceous carbonate rocks
(Stocklin 1968; Berberian and King 1981; Ghasemi and Tal-
bot 2006). After that, the SSZ was affected by an intense
deformation until the end of the Cretaceous.

Mohajjel et al. (2003) divided the SSZ into five parts
from NW to the SE, including complexly deformed, mar-
ginal, ophiolite, Bisotun, and radiolarite sub-zones (Fig. 1).
Based on Fig. 1, the Majestic Rose quarry is situated in the
radiolarite sub-zone. This sub-zone was composed of Trias-
sic—Cretaceous limestone and dominant radiolarite. Figure 2
shows the northwestern of the Orzuieh geology map (GSI
1996). Based on the Orzuieh geology map, thin to medium

bedded limestone, sandy and silty clay flat, and alluvial
deposits are dominant geological units in the study area.

Materials and methods

Dimension stone is a natural rock used for ornamental or
decorative purposes (Ashmole and Motloung 2008). The
quality and exploitability of dimension stones are expressed
in terms of appearance (color and texture), discontinui-
ties, intrusives, alterations, contact zones, inclusions, and
accessory minerals (Reddy 2002; Ashmole and Motloung,
2008). The exploration activities thus include geologi-
cal and structural mapping, geophysical studies, and core
drilling to resolve the quality and exploitability concerns
(Ashmole and Motloung 2008). Conducting comprehensive
research requires easy and safe access to all deposit parts

@ Springer
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Fig.2 Regional geology map of the study area (GSI 1996)
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Fig. 3 Workflow of the research
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to develop the fieldwork. The Majestic Rose marble quarry
displays large and extended outcrops on rough topography
that make it challenging to perform fieldwork and terrestrial
surveying. Hence, complete coverage was promised through
aerial mapping. A UAV-based survey was conducted to col-
lect high-resolution data across the deposit. This research
involves three sections. The first section was dedicated to
aerial survey and photogrammetry. The flight setting is per-
formed in DJIGo software, and acquired images are geo-
metrically corrected using a collection of ground control
points (GCPs). Photogrammetric processing is done using
Agisoft PhotoScan v1.4.4 software. In the second section,
geological features such as boundaries of geological units
and structural features such as faults are derived in ArcGIS
10.8 software. Geology and fracture density maps are pro-
duced in this stage. The geology map is used to determine
the boundary of the quarry. The critical zones are identified
by the fracture density map. In the last section, an accurate
3D deposit model is reconstructed in Agisoft PhotoScan
software and the resource is estimated by creating the block
model in Datamine Studio RM software. Figure 3 shows
the research workflow and presents how the photogramme-
try products are used in different parts of the exploration
program.

Platform and sensor specification
Some of the DJI Phantom platforms have been successfully

utilized in geological studies (Blistan et al. 2016; Szentpeteri
et al. 2016; Kirsch et al. 2018; Dai et al. 2020; Dujoncquoy

3 Resource estimation

et al. 2019; Honarmand and Shahriari 2021). In this research,
aerial imagery was undertaken using a DJI Phantom 4 Pro
V2.0. This quad-rotor UAV acquires high-resolution images
using a built-in CMOS camera. The camera is mounted on
a 3-axis (roll, pitch, yaw) stabilized gimbal. The technical
parameters of the UAV are given in Table 1.

Flight setting and acquisition plan

The acquisition plan in UAV-based photogrammetry mis-
sions can include platform-sensor system settings, flight
path design, marking and surveying GCPs, and capturing
the images. Proper setting of the platform-sensor system is
performed based on the required spatial resolution. Image
quality is a function of sensor specification, the type of
UAYV, and flying height. The spatial resolution of images
affects the quality and quantity of data extraction (Stocker
et al. 2018). Flight altitude directly affects the quality
of the acquired images and subsequent photogrammetry
products (Tziavou et al. 2017). Lowering the flight altitude
improves the spatial resolution to derive more information
from images, but increases the operating cost (Tziavou
et al. 2017; Dai et al. 2020). Dai et al. (2020) examined
different altitudes to evaluate the impact of flying height
on the operational cost and spatial resolution using a DJI
Phantom 4 Pro. Flight tests were performed at 10, 25, 50,
and 200 m altitudes. They mentioned the accuracy and effi-
ciency of geological mapping at an altitude of 50 m for key
areas. Honarmand and Shahriari (2021) achieved a spatial
resolution of 3.26 cm/pix by imaging at an altitude of 70 m

@ Springer
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Table 1 Technical specification

of DII Phantom 4 Pro V2.0 Platform Weight (including battery and propeller) 1375 ¢
(https://www.dji.com/phant Diagonal size (without propeller) 350 mm
om-4-pro-v2/specs) Max. airspeed S mode: 72 km/h (sport mode)
Max. angle of inclination S mode: 42°
Max flight time About 30 min
Operating temperature 0to 40 °C
Positioning GPS/GLONASS
Camera Sensor 1-inch CMOS
Effective pixels: 20 megapixels
Lens Field of view 84° 8.8 mm/24 mm (35 mm

Max. image size

Mechanical shutter speed
Electronic shutter speed

format equivalent) /2.8, autofocus from 1 m
to oo

3:2 aspect ratio: 5472 X 3648
4:3 aspect ratio: 4864 X 3648
16:9 aspect ratio: 5472x3078

8-1/2000s
8-1/8000 s

using a DJI Phantom 4 Pro V2.0. They accomplished geo-
logical and structural mapping in a vein-type Cu porphyry
deposit. In this research, a spatial resolution of less than
5 cm was promised to increase the accuracy of geological
and structural mapping. To achieve the proposed resolu-
tion, the flight was performed at a height of 70 m based
on previous experiences (Dai et al. 2020; Honarmand and
Shahriari 2021).

The application of calibration targets, such as bar tar-
gets, slanted edge tests, and Siemens star targets, is essential
for measuring the spatial resolution of UAVs. The Siemens
star target takes on a circular shape that makes it possible
to measure the spatial resolution in all directions for the
flight path (Orych 2015). Depending on the scale of the
study, sinusoidal and binary (discrete) patterns are chosen
for laboratory and outdoor purposes, respectively (Loebich
et al. 2007; Honkavaara et al. 2008; Orych 2015). In this
research, a binary (discrete) Siemens star target on a flat
surface was performed to measure the spatial resolution of

Fig.4 a Siemens star target and
b SOUTH Galaxy G1 +receiver
on a benchmark

@ Springer

the CMOS camera (Fig. 4a) (Honkavaara et al. 2008; Orych
2015; Honarmand and Shahriari 2021).

Flight path planning is required to achieve the promised
accuracy. Accuracy is one of the main quality metrics that is
employed to assess the geospatial data (Stocker et al. 2018).
Image overlap is one of the main parameters that control
the accuracy of aerial surveying. In the case of non-RTK
(real-time kinematic) UAVs, the accuracy is often improved
using GCPs. Therefore, it is essential to consider a GCP
network when using non-RTK UAVs. GCPs are marked and
surveyed before the flight. In addition, several checkpoints
are needed to measure the overall accuracy of the operation.
These checkpoints are distributed between GCPs. Appropri-
ate image overlap combined with the grid of GCPs can meet
the desired accuracy (Szentpeteri et al. 2016).

The built-in GPS of DJI Phantom 4 Pro V2.0 is only used
for establishing a geo-tagged image for general applications.
So, it cannot satisfy the accuracy requirement for local-scale
mapping in geology and mining applications. In this study,
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an accuracy of less than 5 cm was aimed for photogrammetry
products. The flight path was designed in DJIGo software,
considering lateral and forward overlaps of 70% and 80%,
respectively. More than 45 temporary GCPs were marked
in the study area. A pair of SOUTH Galaxy G1 +receivers
were used to measure the exact location of GCPs based on
a ground-based real-time kinematic-differential global posi-
tioning system (RTK-DGPS) (Fig. 4b). Also, six checkpoints
with known coordinates were used for calculating the overall
accuracy.

Photogrammetry procedure and products

The procedure of photogrammetric processing and produc-
ing different 2D and 3D products is presented in Fig. 5. The
photogrammetric processing was performed using Agisoft
PhotoScan v1.4.4 software. The acquired images and cam-
era positions were used to establish the spares-point cloud
model. The model was built by finding the matched points of
overlapping images and estimating the camera location for
each image. GCPs were used for optimizing the camera posi-
tions and indirect georeferencing of the spares-point cloud
model to create the dense-point cloud model (Padro et al.
2019; Honarmand and Shahriari 2021). The dense-point
cloud model was utilized to generate the mesh model and
derive the digital elevation model (DEM). Based on Fig. 5,
the orthophoto (orthomosaic) image was created using the
mesh model.

Geology maps with different scales are prepared as an
essential part of any exploration program. They are the basis
of developing the fieldwork and estimating the resource.
Thanks to the high resolution, the orthophoto image was
applied for preparing the geology map (Fig. 5). Accordingly,
the orthophoto image was digitized to outline the boundary
of geological units using ArcGIS 10.8 software. To complete

Sparse-point
cloud model

Raw images

d Image
alignment
GCPs
location

Legend # Agisoft PhotoScan software
M Drone data b ArcGIS software
M RTK-DGPS readings M Datamine software

Camera
locations

Fig.5 Workflow of photogrammetric processing

the geology map, the rock types were assigned to geological
units after conducting the geological survey.

The homogeneity of dimension stone deposits is a chal-
lenging issue in reserve evaluation and mine design. The
homogeneity can be stated in terms of color, texture, and
discontinuities (Ashmole and Motloung 2008). The block
size of dimension stone deposits is estimated based on the
situation and spacing of fractures. Depending on the project
objectives, fracture surveys can be performed using various
destructive and non-destructive methods (Fig. 6). Although
destructive methods are expensive and time-consuming,
they assist in collecting data for sophisticated modeling
of fractures in large projects (Jalalian et al. 2021). Among
non-destructive methods, non-contact surveying approaches
such as aerial photogrammetry can satisfy surveying frac-
tures with low cost and high speed even in inaccessible areas
(Yarahmadi et al. 2015; Jalalian et al. 2021).

In rough terrains, conducting a fracturing survey is a dif-
ficult task and cannot yield complete coverage using ter-
restrial approaches. The aerial photogrammetric survey
provides appropriate coverage and enables mapping the
fractures, even in inaccessible localities (Elkarmoty et al.
2017; Jalalian et al. 2021). Honarmand and Shahriari (2021)
recommended the application of orthophoto image and hill-
shade model for enhancing structural lineaments. The hill-
shade model was established using the orthophoto image in
ArcGIS software (Fig. 5). The orthophoto image and hill-
shade model were used for digitizing fractures. A density
map of the fractures was created to delineate the zones with
high fracture intensity in ArcGIS software.

The 3D model of deposits is gradually developed dur-
ing the exploration activities to estimate the reserve. Due
to the high accuracy, photogrammetry products can be used
for reconstructing the 3D deposit model. Appropriate image
overlap combined with a grid of GCPs ensures obtaining the

3D deposit
model

" Digital

elevation Block model

model

Dense-point
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Geology
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Fig.6 Classification of fracture
detection methods (Elkarmoty
et al. 2017)

[y

Fracture
detection methods

¥

Non-destructive Geophysical

promised accuracy. Based on Fig. 5, the DEM of the Majes-
tic Rose quarry was imported to the Datamine software to
build the wireframe of the deposit. The deposit boundary
and large fractures were imported as vector files and mod-
eled in the wireframe. Finally, a block model was created in
Datamine software to estimate the source.

Fieldwork and laboratory studies

The geological survey and laboratory studies were consid-
ered to complete the geology map and determine the speci-
fication of the marble stone in the study area. Several rep-
resentative samples were collected to define mineralogical,
physical, geomechanical, and chemical specifications. The
chemical durability tests indicated that the stone could be
damaged by acidic solutions (e.g., HCI) while it was durable
against basic solutions (e.g., NaOH). The stone showed an
effective porosity of 0.4—0.5, which is classified as a very
low porous stone (Siegesmund and Diirrast 2011). The freez-
ing and thawing test (10 cycles of freezing and thawing
in +20 °C) presented the fair resistance of the stone against
the changes in temperature due to the low water absorp-
tion capacity. Geomechanical properties were determined
using uniaxial compressive strength (UCS), Brazilian ten-
sile strength (BTS), and point-load strength index (PLSI)

Table2 Rock mechanics specifications of marble in the Majestic
Rose quarry

Test type Core length to Load direction to the lamina-
diameter tion
Parallel Vertical
UCS (MPa) 2.5 46 435
BTS (MPa) 0.5 4.65+0.68 3.06+£0.39
PLSI (MPa) 1.0 3.23+0.34 3.91+0.19

@ Springer

Drilling core analysis method
Borehole camera and
borehole RADAR method

Traditional or

E— Scanline and cell mapping methods

GPR, seismic, resistivity, and
electromagnetic methods

Laser scanner, digital images
analysis, and aerial photogrammetric
methods

Non-contact
surveying

(Table 2). Based on UCS, BTS, and PLSI tests, the marble
stone was classified as a medium-strength rock.

Results
Geological mapping

The Majestic Rose marble quarry is divided into area 1 and
area 2 (Fig. 7). Area 1 is under exploitation using the dia-
mond wire cutting method in two working benches. Area 2
was in the early stages of an exploration project. The UAV-
based imaging was performed and the resulting orthophoto
image was used for constructing the geology map.

Based on the acquisition plan, aerial imagery was per-
formed at a flying altitude of 70 m. As a result, a spatial
resolution of 2.97 cm/pix was calculated for the orthophoto
image. This resolution specified the boundary of geologi-
cal units and the trace of fractures on the orthophoto image
in ArcGIS software. Figure 8 shows the geology map of
the study area after conducting the geological survey and
laboratory studies.

During the fieldwork, several samples were collected to
evaluate the color variation and appearance of the marble
stone, as well as discriminating rock types for complet-
ing the geology map. The Majestic Rose stone is often a
brown marble with white veins (Fig. 9a). The mineralogy
was investigated through thin sections and XRD analysis.
Calcite, dolomite, and quartz veins were embedded in a mic-
ritic matrix (Fig. 9b). A slight lamination was observed in
some thin sections due to low-grade metamorphism. Based
on XRD analysis, calcite is the major phase, while quartz
and albite are minor phases. XRF results are provided in
Table 3. SiO, and CaO are the principal oxides, and Fe,0;
varies between 0.51 and 3.47%.
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Fig.7 Mesh model of the
Majestic Rose marble quarry

Aerial fracturing survey

The potential of extracting right-angled blocks in commer-
cial size is a critical issue for evaluating the dimension stone
quarries. A fracturing survey is, thus, undertaken to reveal the
structural defects and determine the geometry of rock blocks
in dimension stone quarries. Due to the rough topography of
the study area, UAV-based photogrammetry was considered
for the fracturing survey. High-resolution photogrammetry
products were used to determine the orientation, spacing, and
density of the fractures before applying field surveying meth-
ods. Although fracture detection was performed using the
orthophoto image, the hill-shade model assisted in extracting
the fractures. Figure 10a displays the enhanced fractures in
the study area. The study of fractures focused on two issues,
areas with high fracture intensity (critical zones) and block
size determination in critical areas. To specify critical zones,
a fracture density map was prepared in the ArcGIS software.
Accordingly, two critical zones were delineated in the south
and east of area 2 (Fig. 10b). These critical zones should
be evaluated using the geophysical methods (e.g., ground-
penetrating radar) in the next stage. The strike of fractures is
presented in Fig. 10c.

3D deposit model

Photogrammetry products have accomplished reconstruct-
ing accurate 3D models for geology and mining applica-
tion (Dujoncquoy et al. 2019; Dai et al. 2020). The accuracy
of 3D models is influenced by image overlap and can be
improved by using GCPs. By applying 70% lateral and 80%
forward overlaps, about 1245 images were captured in a 0.56
km? area. In Fig. 11a, the blue color indicates perfect image
overlap. This level of coverage was supported by 47 GCPs
to achieve an accuracy better than 5 cm. Figure 11b displays
the locations of 47 GCPs and six checkpoints. The root mean
square errors (RMSE) of 2.28 cm and 3.21 cm were calcu-
lated for GCPs and checkpoints, respectively (Table 4).

To reconstruct the 3D deposit model, a wireframe was
established based on the deposit DEM in the Datamine

software. The deposit boundary and structural features were
modeled in the wireframe to create the 3D deposit model
(Fig. 12).

Discussion

The exploration plan for dimension stone deposits includes
several sequences such as the desktop study, field mapping,
detailed mapping, geo-radar survey, core drilling, reserve
evaluation, quarry testing, and test processing (Luodes et al.
2002). Ashmole and Motloung (2008) offered another layout
with some changes such as desktop study, field evaluation,
detailed mapping, drilling, geophysics, bulk sampling, and
quarry testing. In this research, UAV imagery was conducted
just after the desktop study to supply data for the next steps
in the Majestic Rose marble quarry. Geological-structural
mapping, geophysical exploration, and generating 3D mod-
els of mineral deposits have been typical applications of
UAV-based photogrammetry in mineral exploration activi-
ties (e.g., Szentpeteri et al. 2016; Parvar et al. 2017, Kirsch
et al. 2018; Ren et al. 2019; Shahmoradi et al. 2020, Honar-
mand and Shahriari 2021). UAV-based photogrammetry has
enough potential to be applied in the other sections of min-
eral exploration programs, such as aerial fracturing survey
and resource estimation, as demonstrated in the Majestic
Rose marble quarry. The Majestic Rose marble quarry is
divided into area 1 and area 2 (Figs. 6 and 8). Area 1 is
under exploitation using the diamond wire cutting method
in two working benches. Area 2 was in the early stages of
an exploration project. UAV-based imaging was performed
in the study area to develop exploration activity in area 2.
The potential of extracting right-angled blocks in com-
mercial size is a critical issue for evaluating the dimension
stone quarries. A fracturing survey is, thus, undertaken to
reveal the structural defects and determine the geometry of
rock blocks in dimension stone quarries. The geometry of
rock blocks is used for investigating the feasibility studies
of dimension stone quarries (Sousa 2010; Saliu and Idowu
2014; Yarahmadi et al. 2015). Aerial photogrammetric
methods can provide information about the spacing and
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Fig.8 Geology map of the Majestic Rose marble quarry

orientation of fractures at the surface. The orientation of
fractures must be defined before determining the fracture
spacing. UAV-based photogrammetry at the Majestic Rose
marble quarry aimed to provide complete coverage, espe-
cially for performing high-resolution fracturing surveys even
in inaccessible areas. The situation of fractures is displayed
in Fig. 10a. The fracture density map of Fig. 10b helps to
enhance critical zones in area 2. Measuring the fracture

@ Springer

spacing in critical zones was used to specify the average
block size. Before estimating the average block size, it is nec-
essary to investigate the specification of fractures using the
aerial data. Although a fault has separated area 1 from area 2,
comparing rose diagrams in the two areas indicates similarity.
Based on the rose diagrams of Fig. 10c, the dominant fracture
set in area 1 and area 2 exhibits N5E orientation. Another
fracture set with N75W orientation was observed in the rose
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Fig. 9 a Hand specimen of the
marble stone, and b thin section
in PPL mode

Table 3 XRF results of rock samples in the Majestic Rose marble quarry (values are in percent and the detection limit is 0.01)

Sample L.OI SiO, ALO, BaO K,0 CaO Na,0O Fe,0, MgO MnO SO, P,0, Cr,0, TiO,
3083 2576 139 <001 022 4031 048 051 030 006 005 003 001 0.05
2276 4054 297 014 019 2891 120 191 089 0.1 0I5 009 001 0.3
3 2981 1620  5.17 <001 111 4115 095 347 192 008 002 002 001 0.09

L.0.1, loss on ignition.

diagram of area 2 (Fig. 10c). Fracture spacing was calculated
along several profiles perpendicular to the orientation of frac-
ture sets in critical zones of area 2 (Fig. 10a). Accordingly, the
average spacing was calculated about 8.38 m along EW strike
and 9.42 m along NS strike that yielded the average block size
in area 2. The experience of mining in area 1 could be used
in predicting the behavior of fractures in area 2. Figure 13a
shows a halved commercial block in area 1. The commercial
block in the Majestic Rose marble quarry had a cross section
of 6*6 m that was smaller than the measured cross section of
9.42*8.38 m in critical zones of area 2.

Field investigation ensured the results of the aerial frac-
turing survey. Joints were mainly filled with calcite or cal-
cite + quartz minerals across the deposit (Fig. 9). Based on
the mining experience in area 1, the joint fillings have rein-
forced the rock mass to increase the potential of producing
healthy right-angled blocks (Fig. 13a). Figure 13b displays
the situation of fractures in the quarry face of area 1. Based
on Fig. 13a b, only large fractures may continue to deeper
levels and show more potential to defect the marble stone
compared to joints. Therefore, the results of the aerial frac-
turing survey were reliable for investigating the status of
fractures and estimate the block size in the study area.

Evaluating the mineral deposits is a challenging duty
that attempts to answer ambiguities about the quantity and
quality of the reserve. The quantity parameter refers to the
volume or tonnage of valuable ore minerals in the deposit.
The quality of dimension stones is generally defined
according to visual (e.g., color and texture) and physical

(e.g., fracture intensity) variables (Kapageridis and Alba-
nopoulos 2016). Thus, evaluating the reserve requires a
comprehensive study of color variation, the situation of
joints and fractures, and some physical, chemical, and
geomechanical parameters. Quality parameters can esti-
mate the resource using geostatistical techniques (Exadak-
tylos and Saratsis 2020). Evaluating the resource relies on
establishing an accurate 3D model of the mineral deposit.
The UAV-based photogrammetry in the Majestic Rose
marble quarry provided the opportunity to establish an
accurate 3D deposit model at the beginning of the explo-
ration project at a low cost. An overall accuracy of 3 cm
was obtained, which is similar to the result achieved by
Honarmand and Shahriari (2021) with the same platform-
sensor settings. Figure 12 displays the 3D deposit model
of the Majestic Rose marble quarry. The model can be
gradually developed during the exploratory works in the
future. The resource calculation in the Datamine software
needed to define the block size to establish a block model.
According to Figs. 10c and 13, the fracture characteristics
are similar in the two areas, and the average block size
in area 2 is larger than the commercial block size in area
1. Thus, the commercial block size of 8.0x 6.0Xx 6.0 m
was considered to create the block model of the deposit
(Fig. 12). Consequently, the volume of resources in areas
1 and 2 was measured at about 39,000 and 2,400,000 m?,
respectively. The 3D deposit model is accurate enough
to be developed during future exploration activities to be
used in the reserve estimation stage.
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Summary and conclusion

In this research, a DJI Phantom 4 Pro V2.0 with its
original 20-megapixel camera was employed for aerial
surveying in the Majestic Rose marble quarry. The
research aimed to investigate new applications of UAVs
in mineral exploration campaigns. UAV imagery helped
to expand exploration works into inaccessible locations

@ Springer

1and 2

in the study area. The spatial resolution of images is
a function of sensor specification and flight altitude.
Based on the results, to achieve a special resolution
finer than 3 cm/pix, image acquisition should be per-
formed at an altitude of 70 m. This spatial resolution is
appropriate for specifying the boundary of geological
units and enhancing the fractures on the orthophoto
image.
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Table4 The RMSE of GCPs and checkpoints (X—easting, Y—
northing, Z—altitude)

Point type Count X error Y error Z error Total (cm)
(cm) (cm) (cm)
GCP 47 1.22 1.37 1.34 2.28
Check 6 0.84 1.70 2.59 3.21
points

The study of fractures is critical for investigating the
potential of extracting saleable right-angled blocks. UAV
photogrammetry presented a cost-effective method to con-
duct fracturing surveys across the deposit in rough terrains.
According to the results, the spatial resolution of about 3 cm/
pix is adequate to distinguish surficial fractures through
UAV-based imagery. The orthophoto image and hill-shade
model are recommended for extracting structural features.
The complete coverage offered by UAVs assists in prepar-
ing the fracture density map to specify critical zones. The

Fig. 12 The 3D deposit model
containing the block model

of the Majestic Rose marble
quarry

average block size can be estimated by measuring fracture
spacing in critical zones. The fracture spacing can be meas-
ured along several profiles to measure the block size. The
orientation of profiles should be perpendicular to the main
fracture sets. To specify appropriate places for opening the
quarry, it is recommended to consider the fracture density
map and large fractures.

Photogrammetry products can be used to establish an
accurate 3D deposit model for estimating the reserve of
surficial dimension stone quarries. The model accuracy must
be ensured using proper image overlap and a network of
GCPs. By considering 70% lateral and 80% front overlaps
combined with a grid of GCPs, total accuracy of less than
3 cm can be obtained in a rough topography. The 3D deposit
model can be created based on the deposit DEM in the early
stages of exploration activity. The 3D deposit model can be
divided into geological or structural sub-zones to estimate
the resource. Resource estimation is done by reconstruct-
ing a block model using the average block size in critical

e
[
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Fig. 13 a A halved commercial
block in the Majestic Rose
marble quarry (area 1), and b
large fractures on the quarry
face in area 1

Legend

Outcrop fractures

—B

zones. This block model can be continuously updated with
the progress of operations and receiving more exploration
information until it is used for mine design. The layout of
this research can be customized for the other surficial depos-
its to improve the cost-efficiency in mineral exploration cam-
paigns. In a region with complex geology, the application
of multispectral or hyperspectral sensors is recommended to
provide the opportunity for mineral mapping.
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