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Radio-Thermal Imaging Technologies for
searching and mapping ore minerals




Center of Aerospace Technologies Itd

All over the world, one of the newest methods for studying the geological and
tectonic structure, forecasting and searching for mineral deposits is Earth remote sensing
(ERS). Radio-Thermal Imaging Technology (RTT), which our company owns and is an
element of ERS, has been used for more than 10 years to solve geological problems around
the world.

Today at the Center of Aerospace Technologies Itd. extensive research experience
has been accumulated to identify beneficial mineralization of metallic minerals. RTT has
established itself as a working tool for studying the structure of the geoenvironment, as
well as a method for identifying geothermal anomalies, which are prototypes of zones of
mineralization of specified metals (search objects) containing ore deposits.
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RADIO-THERMAL IMAGING TECHNOLOGIES (RTT)

RTT is considered as a passive remote
sensing method based on recording the radiated
thermal energy of the Earth, which s
represented by a continuous spectrum of
electromagnetic waves and is expressed by a
physical parameter - radio brightness
temperature.

To solve geological problems: searching
for zones of mineralization containing ore
deposits, the most informative methods are
those that have the effect of “translucency” of
the Earth’s crust, which is characterized by
Radio-Thermal Imaging Technologies (RTT).




RADIO-THERMAL IMAGING TECHNOLOGIES
(RTT)

Brief physical foundations of Radio-Thermal Imaging Technologies are presented in the
article “Basics of Thermal Imaging Technologies and their experience” (Stepchenko V.N.,
Bagryancev V.A., Rodnaya V.A. World of Geotechnics ISSN 2520-2987 “World of
GEOTECHNIQUES” 1(61)'2019 UDC 550.836 ) (link) , which shows the geophysical aspects of
deciphering and interpreting space information with an illustration of the results of research
in recent years, the connection of satellite images with the deep structure of the Earth. The
technology is based on remote sensing using multi-temporal satellite images of thermal
radiation from the Earth's electromagnetic spectrum.

The initial data is information received from Earth satellites in the radio-thermal range of
electromagnetic waves (Landsat 8 (OLI/TIRS), GCOM-W1 (AMSR-2), ASTERGDEM, Sentinel,
etc.).

Satellite images in the radio-thermal range are the initial information basis for geophysical
introscopy in the presence of an appropriate processing tool (in our case, this is our own
software), decoding and target interpretation.

Processing of space images is carried out in the Software (through a training sample) with
the construction of a 3D cube model.




RADIO-THERMAL IMAGING TECHNOLOGIES (RTT)

A significant difference of RTT lies in the
algorithm for processing aerospace images: the
contrast value of radio brightness temperatures
[AT] and heat flux density are used to calculate
and visualize all inhomogeneities of the Earth’s
crust, including ore-controlling faults of various
ranks. In addition, the processing program allows
you to enter an infinite number of points,
carrying initial a priori information about
geology, increase temperature sensitivity and
resolution of surveying, and, as a result, obtain a
more reliable and more accurate picture of the
structure of the Earth in the process of
interpretation.




Building a geothermal model of a 3D cube

é o 'Il combination of several microwave channels,

ATy Bt Spectral Unenixing

The construction of a geothermal model

je L l’l. of a 3D cube is carried out through a

. then the information of the resulting vertical

%4 profiles of radio brightness temperature can be
calculated. One of the elements of
constructing a geothermal 3D cube is the use
of technologies to increase temperature
sensitivity at each point of the cube (pixel). For

example, the generalization method.

By applying decoding elements to a digitally processed integral thermal satellite image of the
surface, or rather, to its endogenous component, cleared of landscape and man-made influences,
we obtain layer-by-layer geothermal scenes that make up a volumetric geothermal 3D cube.




Building a geothermal model of a 3D cube
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An example of
constructing and
interpreting volumetric
vertical sections based
on geothermal 3-D cube
data




Building a geothermal model of a 3D cube

OBBbEMHBIE BEPTUKAJIbHBIE PASPES3bI
NOCTPOEHbI N0 AaHHbIM reotepmuyeckoro 3D kyba

VOLUME VERTICAL CUTS
built according to the geothermal 3d cube
et e 03
[Central point: lon=35" 05’ 36.47", lat~49" 5 52.672" Central point: lon=35" 05 36.539", lat=49" 54° 31.948"

An example of constructing
and interpreting volumetric
vertical sections based on
geothermal 3-D cube data

B ocHoBe akCOHOMETPUYECKUX NPOEKUMIA NexarT kBaapaTbl [0OCHOBOM MOXeT BbiTk Nnockas durypa
noboit reometpuyeckoin copmbl], Bbipe3awlme dparmeHTsl M3 Tena 3D kyba. Mcnonb3ys
cneunanvM3npoBaHHble MPOrpamMMHble CPeacTBa, NonyyeHble O6beMHble pa3pesbl, MOXHO
yBenuuMBaTb M yMeHbllaTb, BpalaTe U MoBopauuMBaTtb nog nobeim yrnom. OAna uenew
Haubonee HarnNaQHOro NpeacTaBneHus AeTanen paspesa.

Mpumep mHTepnpeTauum o6bEMHbIX rEOTEPMUYECKUX BEPTUKANbHbBIX Pa3pes3oB C yKadaHueMm GnoyHbIX
CTPYKTYP ¥ pa3pbiBHbIX HapyLUeHui, OToBpaxeHneM BOAOHACHILLEHHbIX TOPU3OHTOB M ra3oBblX 3anexei.




Optimal scales for constructing 3D models.
Possibility of retrieving information from a 3D cube
model

Using the RTT method and the capabilities of satellite radio-thermal imaging data, you can
create 3D models of the Earth or other planets on scales from M1:50,000,000 to
M1:10,000. It depends on the globalization or detailing of geological problems. In the near
future, we can expect to receive materials using low-flying aircraft to build 3D models at
scales M1:5,000 to M1:500.

Retrieving information at any point of a 3D cube is possible by constructing horizontal
sections of any shape and size along the envelope of the terrain or by cutting (like a knife)
with a given discrete distance between layers.

Receiving information at any point of a 3D cube is also possible by constructing vertical
sections of any length with a horizontal pixel increment. Or by constructing 3D volumetric
sections (perspective) of any shape in any direction with pixel increments horizontally and
vertically. With any top background that is included in the database (map, image, relief,
thematic map, etc.).




Discretion, accuracy, detail in area and depth

The detail of near-surface skin layers depends on the detail of thermal IR images. For
example, IR images of the Landsat-8 thematic cartographer are considered correct for
work scales no larger than M 1:25,000 horizontally and no larger than M 1:10,000
vertically. IR images from the Aster thematic cartograph can be considered correct for
work scales no larger than M 1:10,000 - M 1:5,000.

For these and larger scales, satellite radiometers can also be used: AVHRR, MODIS,
AMSR, SSMI, WINDSAT, VIIRS, ATMS and others.

There are technologies for restoring image resolution: IR images can be realized on a
scale of work 2-5 times more detailed (using technologies for restoring resolution and
image detail). Detail decreases with depth. But it can also be restored using image
restoration technologies. It is practically possible to refine images using Landsat and Aster
materials down to 2.5 m and 1.25 m, respectively.

Examples of detailing the geological section on a vertical geothermal section are shown
on slide 17, where lithological differences in rocks identified from drilling data are clearly
highlighted in color and tone.




Identification of lithological intervals of a well section using
RTT data

®OPATMEHT IUTONOMMYECKOW KONOHKU U
rEOTEPMWUYECKOIO BEPTUKANIbHOIO PA3PE3A FEOTEPMUUECKOFO BEPTUKANBHOFO PA3PESA
FRAGMENT OF LITHOLOGICAL COLUMN AND FRAGMENT OF LITHOLOGICAL COLUMN AND
GEOTHERMAL VERTICAL CUT GEOTHERMAL VERTICAL CUT
[nuTONnoOrnyeckmue pasHuLbl reonornyecknx nopoa) [nuTonoruyeckue pasHuubl reonorndeckux nopog]
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2. SEARCHING AND MAPPING
ORE MINERAL RESOURCES




Model calibration

Calibration of the 3D cube model is carried out to clarify the position and depth of structural
heterogeneities of the proposed ore deposit, by comparison with a reference object, for
example, an explored deposit. For these purposes, information from existing geological wells or
operating mines is used as a reference object.

Model calibration is performed for each search object, depending on the mineral and geological
and tectonic conditions of the region.

For correlation, a graph of the dependence of the nomenclature of a layer (multiple layers) on
depth is used. Data obtained empirically during calibration. The useful layer is identified based
on unambiguous (protected) geological materials.

It should be noted: the more reliable geological material is used for the study area (sampling),
the more accurate the calibration, and as a result, the geothermal cube maximally reflects the
geological structure of the study area and the spatial position of the useful deposit.

Our database contains information about more than 500 test sites - the most famous
endogenous deposits of gold, silver, antimony, diamonds, examples of successful exploitation of
which are known in the world. In the absence of exploratory drilling data or other geological
studies for a given area, the method of analogies is used.




Basic approaches to RTT research for searching for ore
minerals. Deep factors

The work uses a classic approach to searching for ore minerals - from general to specific, from
regional to local, from studies of large mantle faults to detailed mapping of individual fragments
of fault zones: the scale of research is from 1:50,000,000 to 1:25,000 with detailing of useful
structures in scale 1:5 000.

Based on the accumulated experience in studying gold deposits, diamonds and other minerals
of endogenous origin, a connection between the deposits and mantle (root) faults has been
established, which is confirmed by the work of many world known scientists.

The result of regional studies of the deep structure of known primary deposits (gold, platinum,
silver, copper, base metals, diamonds) is the construction of geothermal sections based on
calculation models: 3D cubes of deposits. Known areas serve as test sites for studying the deep
factors of the formation of ore-bearing geological formations, spectral analysis and retrospective
forecast of metal mineralization in the rank of the proposed ore cluster.

Below are examples of regional studies of some known metal deposits (slides 17-19).




Test sites “Eleanor”
(Canada) - gold,
“Sukhoi Log” (Russia) -
gold, silver

YcnoBHble 0G03HAYeHUA:

EC 3emHas Kopa

MOHO TpaHuua 3eMHOW Kopbl
Ast AcTteHocchepa

um BepxHAA MaHTUA

—— IlMHUA ypOBHA Mops

—— JlMHMA pacnonoXeHWs MecTOpOXaeHUsA

Examples of test areas for model calibration and analysis of deep
factors when searching for metal ore deposits
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Test sites
“Nezhdaninskoye”
(Russia) - gold, “Lunnoe”
(Russia) — gold, silver

YcnoBHble 0G03HAYeHUA:

EC 3emHas Kopa

MOHO TpaHuua 3eMHOW Kopbl
Ast AcTteHocchepa

um BepxHAA MaHTUA

—— IlMHUA ypOBHA Mops
—— JIMHUA pacnonoXeHUA MeCTOPOXOEHUA

Examples of test areas for model calibration during searches metal
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Test sites “Muruntau” -

gold (Uzbekistan),

“Ovacik” (Turkey) - gold

YcnoBHble 0G03HAYeHUA:

EC 3emHas Kopa

MOHO TpaHuua 3eMHOW Kopbl
Ast AcTteHocchepa

um BepxHAA MaHTUA

—— IlMHUA ypOBHA Mops

—— JlMHMA pacnonoXeHWs MecTOpOXaeHUsA

Examples of test areas for model calibration during searches metal

ore deposits
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Faults identified by the RTT method

®PAMMEHT CEBEPO-AHATONIMNCKOIO PA3TOMA
MNpyUMep TEKTOHUYECKOro pasnoma, BbiSBNEeHHOro C UCNONb30BaHMEM pPaauoTennoBU3OPHbIX TexHonorui [PTT]

FRAGMENT OF THE NORTH ANATOLIAN FAULT
An example of a tectonic fault identified using radio thermal imaging technologies[RTT]

YEPHOE
BLACK SEA .

Mapping of deep faults of mineral
deposits is the basis of searches using the
Radio-Thermal Imaging Technology of
remote sensing of the Earth, since the
structural and tectonic heterogeneity of the
ore-bearing environment controls the spatial
localization of mineralization.

Faults are a striking example of
geothermal field inhomogeneities.
The algorithm of the Space Image
: — Processing Program provides for the block
ESPASUACKAR NAMTA - structure of the Earth's crust.
r‘_‘,-p..,b‘--__ ~ Blocks of any order are separated from
|

‘aymm : ol each other by discontinuities.
LIAN PLAT -
- ,'§ _'... —f-h __ -

NEreEHOA LEGEND
JNnHus Cesepo-AHATONUACKOIO pasnoma
- The line of the North-Anatolian fault
A. Kapta aktusHbix paanomos Typuumn
B. Pesynstupyiowmin hparmMeHT paguoTennosmM3opHOro CNyTHUKOBOIO CHUMKa

C. Pesynstupyowuin hparmeHT paauoTennioBU3oOPHOTO CMYTHUKOBOMO CHUMKA C OTOBpaXeHneM nNuHum
CeBepo-AHATONMICKOro pasnoma




Faults identified by the RTT method

Geological zoning. The Thrace Basin, Turkey.  Typuus. leonoruyeckoe paiionupoBaxue. bBacceitH ®pakuu.

A. Geological cross section.  N.Gorir, A.l. Okay [Istanbul Technical University]  A. BepTukanbHbilit reonorvyeckui paspes
B. Geothermal cross section  Radio-Thermal Technology. Remote sensing.[2018] B. BepTykanbHbiii reotepmudeckiii paspes
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Comparative geological [A] and geothermal
[B] sections showing structural connections
between the Thrace basin and surrounding

[North Anatolian Fault Zone]
NAF

Mt Ganos

[North Osmancik Fault Zone]
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Faults identified by the RTT method

G_04_2 HMSZ

Otago [
Schist  THREESEEE = An example of constructing and interpreting

vertical sections based on geothermal 3-D

cube data highlighting tectonic fault zones




Main criteria for identifying zones of metal
mineralization in a geological massif

1 Ore-bearing zones are in the range of the emissivity spectrum of given metals (slide 25).
Elements of primary scattering halos and accompanying metals may also be present in this
range;

2 Ore-bearing structures are steeply dipping zones of faults and faults and their intersection
points, confined to regional faults of a higher order, as well as zones of shearing adjacent to the
fault, horizontal and subhorizontal occurrence;

3 Tectonic position of the area in the zone of a deep mantle fault - an ore-supplying structure.

As a rule, industrial mineralization accumulates in mobile tectonic blocks (interblock
space), which have experienced variable movements throughout the geological history of the
area. Thus, the determining factors in the location of zones of useful mineralization and ore
deposits are tectonic factors, and, first of all, the location of the deposit in the zone of a large
deep fault - the main regional ore supply channel. Large faults associated with the fault zone are
considered to be the most important ore-distributing structures.




Examples of using the RTT method to search for
metal ore deposits

The capabilities of Radio-Thermal Imaging Technologies for searching for metal ore
deposits are outlined in the articles "Using the Radio-Thermal Imaging Technology
method to search for ore deposits of platinum group metals, including palladium"
(link) and "Using the Radio-Thermal Imaging Technology method to search for lithium
ore deposits" (link), where, using the “Physics of the recognition process of ore
formations using RTT technologies,” the features of decoding, visualization and
recognition of ore deposits using the emissivity of rock elements and the ore
component are revealed. A table of typical emissivity coefficients of materials [€] is
presented (slide 25) and the corresponding color-synthesized scale of a volumetric
geothermal model of a section of a geological massif. The contrast of radio brightness
temperature, A Tb= € ATe, records the filling of the ore component with “hotter”
metals, in comparison with the “cool” host granites. It is shown that the calibration of
the model and subsequent interpretation were carried out based on materials from
prospecting and exploration work at the field, including data from drilling wells.




Examples of using the RTT method to search for
metal ore deposits
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Using the Radio-Thermal Imaging Technology method to
search for ore deposits of platinum group metals,
Including palladium

The work (link) examines the possibilities of the Radio-Thermal Imaging Technology method for
searching for ore deposits of platinum group metals, especially palladium, using the example of the Elan
deposit of the Voronezh crystalline massif. Geothermal sections show the columnar geological structure
(intrusion) of the main ore body containing palladium and other platinum group elements. The deep origin
of ore deposits of platinum-copper-nickel-palladium deposits and the connection of ore structures with
dikes were traced.

Information received from Earth satellites in the radio-thermal range of electromagnetic waves was
used as initial data. The interpretation of thermodynamic anomalies was carried out using the research
results of Corresponding Member of the RAS Chernyshov N.M. and Chernyshova M.N. "Sulfide platinoid-
copper-nickel deposits of the Elan type (geology, patterns of placement, mineralogical and geochemical
features of ores). Geological-genetic model of formation. (Chernyshov N.M. 1998)", "Mamon and Elan types
of sulfide platinoid-copper-nickel VKM deposits (Chernyshov N.M., Chernyshova M.N. 2008) “and others.

Based on the results of research using the RTT method at a scale of 1:5,000 (horizontal and vertical), a
three-dimensional cube and 18 vertical sections with a step of 100 m were built on the area of the Elan field.
The research step can be different, based on the scale of the research, the tasks set and the spatial
dimensions of the mapped structures in a geological massif. Research depth: to the horizon -3000 m in

absolute elevations.




Using the Radio-Thermal Imaging Technology method to
search for ore deposits of platinum group metals,
Including palladium

As an illustration, this work shows vertical sections G 3 and V 5 (slides 28, 29), passing
through the intrusion, which includes the main ore body containing palladium and associated
metals. In addition, 3 horizontal sections (slices) were built along the horizons: +100 m, -500 m,
-2200 m in absolute elevations (Slide 30).

The main ore body is well delineated by the results of spectral analysis in the form of a
geothermal anomaly corresponding to a columnar deposit of the norite-diorite phase. The ore
body dips to the east at an angle of - 88°. To the north - 86°, i.e. almost vertical. Vertical size of
the anomaly: 900-1300 m, cross-section 100-300 m in the depth range — 120+-1420 m (in
absolute levels). Host rocks: norites, norites with orthopyroxenite, diorites, granodiorites.

Along the periphery of the deposit, ore inclusions in norites and orthopyroxenites are
distinguished. Below the ore body, a dike was recorded, which confirms the multiphase nature
of the intrusion, and the deep (mantle) nature of the formation of the deposit is well illustrated
in a horizontal section (Slide 29), where the “root” of the ore body extends to a depth of
-2200 m or more.

It should be noted that the columnar nature of the ore bodies and zones of the Elan
deposit has been confirmed by geological studies to a depth of 1500 m.




Using the Radio-Thermal Imaging Technology method to
search for ore deposits of platinum group metals,
Including palladium

BEPTUKATbHbIN FEOTEPMUYECKWUN PA3PE3 G 3
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The results of the presented work allow us to state that the RTT remote sensing
method is capable of identifying ore deposits, including platinum-copper-nickel-palladium and
other associated metals. This is clearly demonstrated by vertical geothermal sections (slides 28,
29) and horizontal sections (slide 30).

A complete analysis of the materials allows us to draw the following conclusions:

- deep, more than one kilometer structure, in the form of a columnar deposit in
diameter - round in shape;

- the central axis of the main ore body is within close to an angle of 90 degrees;

- the deposit was formed along a guide in the form of a spiral, counterclockwise;

- the path of formation of an ore deposit from the mantle depths of the Earth is
tracked;

- Based on the emissivity of the elements of the geological section and the
corresponding spectra of the color scale, it can be assumed that the geological
structure has an ore formation and contains elements of the platinum group of metals.
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The work (link) examines the possibilities of the Radio-Thermal Imaging Technology method for
searching for lithium ore deposits using the example of one of the largest deposits in Europe - the Polokhovo
deposit of the Polokhovo crystalline massif of the Ukrainian Shield.

Over the area, 2 vertical geothermal sections were built on a scale of 1:5,000 to a horizon of -1200 m
at an absolute elevation, illustrated on slides 33, 34. Section line 5-5, combined with the geological section,
which makes it possible to compare the geothermal anomaly with drilling data. Contrast was used to
visualize the ore deposit.

Geothermal sections show the vertical geological structure (intrusion) of the main ore body containing
lithium and other associated elements. The deep origin of ore deposits of lithium deposits and the
connection of columnar ore structures with aplite-pegmatite granites were traced.

Information received from Earth satellites in the radio-thermal range of electromagnetic waves was
used as initial data.

Calibration of the model and interpretation of thermodynamic anomalies in this work were carried out
using the results of geological prospecting and exploration, including data from drilling wells based on
materials from the DNVP "Geoinform of Ukraine", as well as the results of research by scientists: Bakarzhieva
A.Kh., lvanova B.N., Kalashnik A.A., Kurilo S.I., Starostenko V.I., Gintova O.B. and etc.

In general, taking into account the deep factors of the formation of deposits of lithium and associated
metals on the upper structural horizons of the earth's crust from mantle ore-forming components, the
capabilities of the RTT method for spatial mapping of ore deposits, metallogenic zoning, and tracing rare
metal mineralization in depth are clearly demonstrated.
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