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Abstract

The formation of terrain reflects a combination of geological processes, including tectonics, magmatism, and
erosion. A digital terrain model (DTM) is an important tool for solving geological problems, including the
prediction of ore deposits, especially in areas of low exploration maturity. The paper discusses the surface
imprinting of geological processes that form a terrain, and also considers a method of digital terrain model
analysis. The presented method allows identifying specific landforms similar to those formed above known
deposits that makes it possible to add one more prospecting criterion when prospecting for porphyry deposits
and deposits formed under similar conditions. The Aktogai ore field was selected as the object for studying the
terrain above the known deposits. The Aktogai ore field is located in the northeastern part of Near-Balkhash
territory. It includes two major porphyry copper deposits, Aktogai and Aidarly, a small copper deposit Kyzylkia,
as well as a number of copper and polymetallic occurrences of porphyry and vein types associated with the
Koldar granite massif of the “variegated batholith” formation. All objects identified within the Aktogai ore field
were formed under specific structural conditions of ore formation and were affected by erosion processes to
varying degrees. This, in turn, is expressed by the presence of local landforms of these objects on the day sur-
face, which are characterized by different “terrain energy” factors. Analysis of the DTM surface allows not only
to identify local landforms above an ore body and their morphological features, but also to indirectly assess
the erosional truncation of the ore body. Based on morphological characteristics, it is also possible to classify
host rocks lithological units. An assessment of the applicability of the method depending on the characteris-
tics of an ore body and an indirect assessment of the tectonic conditions of deposit formation are provided. It
has been established that large ore deposits (Aktogai, Aidarly, Zapadny Stockwork) manifest themselves in the
terrain as local cauldron subsidences. These zones are characterized by a high degree of textural heterogeneity
and coincide with areas of intense metasomatism. Areas morphologically and spectrally similar to the areas
of known ore bodies have been identified, indicating their potential for further exploration. DTM and textural
analysis methods allow identifying geological and structural features associated with porphyry systems and
serve as an additional tool for predicting new ore bodies/deposits. The integration of morphometric (physio-
graphic) and spectral analysis increases the reliability of the interpretation of geological processes.
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AHHOTauus

dopmupoBaHIe pebeda OTPaskaeT COBOKYITHOCTD I'e0IOIMUeCKIX ITPOLIECCOB, BKTIOUAst TEKTOHMKY, MarMaTU3M
u aposuio. Lludposast Mmoxesns penbeda (IIMP) siBsieTCS BSKHBIM MHCTPYMEHTOM ITPY PEIIEHNY re€0JIOTUIeCKUX
3a/1a4, BKIIOUast ITPOrHO3UPOBAHME PYIHBIX OOBEKTOB, OCOOEHHO B YCJIOBUSIX HEIOCTATOYHOI Te0I0rUecKoi
MU3YUYeHHOCTU TeppuTopuu. B cTaTbe pacCMOTpPEHO OTpakeHMe Ha MOBEePXHOCTM TeO0JorMuyecKux ITpoIecCoB,
dbopmupylomux penbed, TakKe pacCMOTPEH MeTo[, aHaM3a uudpoBoit mogenu penbeda (LIMP). ITpencraBieH-
HbIi METOJ, [I03BOJISIET BBIAEISITH 0COObIe (OpMBI pebeda, Iogo6HbIE TEM, UTO ObLIV COPMMUPOBAHBI HAJ U3-
BECTHBIMY MECTOPOXKIEHMUSIMM, UTO AT BO3MOKHOCTb JOGABUTD €11le OMH ITOMCKOBbIN MPU3HAK IIPU ITOMCKAX
MOPGMPOBBIX MECTOPOSKIEHMI M MECTOPOSKAEHMIT, 00pa30BaHHBIX B CXOKMX YUIOBUSIX hopMmupoBaHms. O6bek-
TOM 1151 M3yueHus peibeda Ham cOpMIPOBAHHBIMYM MECTOPOKAEHMSIMM ObUTO BbIGPAaHO AKTOraiickoe pygHoe
riosie. AKTOTrajickoe pygHoe 1mojie pacronokeHo B CeBepo-BocrouHom [pubanxaiibe. OHO BK/IIOYAET B cebst 1Ba
KPYITHENIINX MeTHO-TIOP(MUPOBBIX MECTOPOSKIEHMS — AKTOTaii M AJi1ap/ibl, MEJIKOe MeTHOe MEeCTOPOKIeHMe
KbI3bUIKMS, @ TaKKe ps MEeIHbBIX U TOMMMETA/UTMUeCKUX TIPOSIBIeHN T TopdupoBoit 1 XUabHOM dhopmanum,
MIpUypoUeHHBIX K KommapckoMy MacCuMBY I'paHUTOMUIOB (GOPMALIMM «IIECTPBIX OATOIMTOB». Bce 0OBEKTHI, BbI-
SIBJIEHHbIE B TIpefiesiaX AKTOTaiiCKOTO PYIHOTO IT0JIsT, 6bLIM C(OPMMUPOBAHbBI B OMPEAEIeHHbIX CTPYKTYPHBIX yC-
JIOBUSIX PyH006pa30BaHMsI U B pa3HOIi CTEIIEHU 3aTPOHYTHI 3PO3MOHHBIMU TPOIECCaMU. ITO, B CBOIO OUEPE/ib,
BBIPAKEHO HAIMYMEM JIOKAIbHBIX (DOpM penbeda 3TMX 00beKTOB Ha JHEBHON IOBEPXHOCTM, KOTOPbIE XapakK-
TEPU3YIOTCS Pa3IMYHbIMU KO3b ULIMEHTaMU «3HEPTUu penbeda». AHanm3 nosepxHocty [IMP mosBossieT He
TOJIbKO BBIIEIUTDb HaAPYIHbIE JJOKATbHbIE (OPMBI penbeda U ux Mopdorornueckue 0CoOOeHHOCTH, HO U KOC-
BEHHO OLIEHUTb 3PO3MOHHBIN Cpe3 pygHOro oobekra. [1o MopdomornyeckumM Mpu3HakaM Takke MOKHO pas-
JeTTUThb TUTOIOTUYECKME PA3HOCTM BMeIlaloluX Nopof. [laHa olleHKa MPMMEHMMOCTY MeTO[la B 3aBUCUMOCTHU
OT XapaKTepUCTUK 0OBEKTA, ¥ KOCBEHHAS OIIEHKA TEKTOHMYECKOV 00CTaHOBKM (DOPMMPOBAHMSI MECTOPOKAE-
HMiA. YCTAHOBJIEHO, UTO KPYITHbIE PYIHbIE 00BEKThI (AKTOTrai, Aiiapibl, 3aMma HbIi IITOKBEPK) BBIPAXKAIOTCS
B penbede Kak JIOKaJbHbIE TTOHVDKEHMSI KajbIepooOopas3sHoii (GopMbl. DTy 30HBI XapaKTepU3YIOTCS BBICOKOI
CTENeHbI0 TEKCTYPHO HEOTHOPOIHOCTY U COBIAAAIOT C 06/IACTSIMM MHTEHCUBHOTO METaCOMAaTo3a. BblaesieHbl
YJaCTKY, MOPGOIOTMUECK U CIIEKTPATIbHO CXOMHbIE C M3BECTHBIMM PYIHBIMM TeJlaMM, UTO YKa3bIBAET HA UX
MepCHeKTUBHOCTD JJIs1 AambHemmx nmouckos. IMP 1 MeToApl TEKCTYPHOTO aHaIM3a MO3BOJISIIOT BbISIBIISITD re-
OJIOTO-CTPYKTYPHbBIE MPU3HAKU, ACCOLIMUPOBAHHbBIE C TOPMUPOBBIMYU CUCTEMAMM, U CTYKAT TOTIOTHUTETbHBIM
MHCTPYMEHTOM IIpY IIPOTHO3MPOBaHNUM HOBBIX PYIHBIX 06beKTOB. FIHTerpaius MopdhoMeTpUUeckoro 1 CIieK-
TPaJbHOTO aHA/IN3a MOBBIIIAET JOCTOBEPHOCTh MHTEPIIPETALUM F€0IOTUUECKUX ITPOLIECCOB.

KnioueBble cnoBa
undposas momenb penbeda (LIMP), ARTorajickoe pymHoOe Io/ie, MegHO-IopdGupoBoe MecTopoxkaeHme, Komi-
JapCKMii MacCUB, TEKCTYPHbI aHaIN3, CTYTHUKOBbBIE TAHHbBIE, KOJIbIIEBbIE, PATUAIbHBIE CTPYKTYPhI
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Introduction

The analysis of physiographic structures is neces-
sary for solving many geological problems. A present-
day terrain is usually an indication, manifestation of
several superimposed geological processes. The iden-
tification of individual landforms and analysis of their
relative positions make it possible to establish the fre-
quency of occurring geological processes/phenomena
in a region. Accordingly, specific geological tasks in-
volve identifying individual landforms: this includes
identifying the outlines and structural positions of the
objects under study, their relative location and scale of
manifestation, as well as certain physiographic features,
such as assessing erosion processes, which in turn indi-
cate tectonic changes in the region. In some cases, it is
necessary to distinguish regional terrain, while in oth-
ers, local landforms need to be distinguished. A wealth
of experience has been accumulated in recognizing and
interpreting landforms to reconstruct various geologi-
cal processes [1-3].

With the development of matrix electronic mo-
dels of elevation surfaces and computer technologies,
new opportunities for analysis have emerged [4-6].
Elevation matrices can be constructed using radar
data, through reconstructing the terrain using ste-
reoscopic pair images, or by obtaining elevation data
using GPS and laser technologies. These methods are
often combined and supplemented with information
from various sources [7, 8]. The ability to use both ab-
solute and relative elevation values allows not only
for a qualitative assessment of objects, but also for
a quantitative assessment of certain processes [9, 10].

The aim of this study is to develop a methodology
for interpreting the geomorphological features of the
formation and erosion of porphyry copper deposits
based on a digital terrain model (DTM) and textural
analysis, with the subsequent application of the fin-
dings to identify mineralization prospects using the
Aktogai ore field as a reference example.

The study proposes using terrain parameters as
an additional prospecting criterion for assessing the
tectonic setting, the depth of the erosional trunca-
tion, and the spatial position of ore bodies relative to
daylight surface. The novelty of the study lies in the
integration of DTM analysis, textural characteristics,
and satellite image classification data for a compre-
hensive forecast of metasomatic alteration zones and
potential valuable mineralization.

In performing this study, we set the following
tasks:

- Conducting a geological and structural analy-
sis of the Aktogai ore field and justify its selection as
a reference site for assessing the terrain above por-
phyry deposits;
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- Building and interpreting a digital terrain mo-
del (DTM) based on GeoEye-1 satellite data and
other sources, identifying local depressions and resi-
dual surface;

— Performing textural analysis of the terrain (in-
cluding entropy, skewness, terrain energy, etc.) in
order to identify structural and lithological nonuni-
formities;

— Comparing the results of the terrain analysis
with known areas of metasomatic alteration and ore
stockworks, identifying relationships between terrain
physiography and erosion depth;

- Classifying spectral data to identify lithological
units and secondary mineral halos, comparing with
the results of the terrain analysis;

— Evaluating the informative value of each me-
thod and proposing an integrated approach to predic-
ting prospects with signs of valuable mineralization.

The example below demonstrates the feasibility
of using terrain analysis to solve geological problems.
The study was carried out by the example of the Akto-
gai ore field, located in the Ayagoz district of the East
Kazakhstan region. The basis is finding a background
(regional) surface that simultaneously provides infor-
mation about the regional terrain or relative to which
it is possible to calculate the residual (remaining) sur-
face for distinguishing local surface landforms and
analyzing the textural features of the terrain.

1. Geological position and fundamentals

The Aktogai group of porphyry copper-molybde-
num deposits, Aktogai, Aidarly, and Kyzylkya, are lo-
cated northeast of Balkhash Lake in Eastern Kazakh-
stan, 450 km northeast of Almaty. Together, they
have total resources of more than 3 billion tons of
ore containing more than 10 million tons of copper
and about 60 tons of gold.

There is a considerable interest in studying the
patterns of porphyry mineralization in the Central
Asian region. A body of research conducted in re-
cent years reveals a clear pattern linking minerali-
zation to specific regional structural and tectonic
conditions. Based on the studies reconstructing the
geological conditions in the region [11, 12], patterns
in the distribution of known large porphyry copper
systems in the Asian region were identified [13, 14].

Porphyry-epithermal mineral systems are mainly
considered to form in magmatic arcs (both continen-
tal and oceanic) associated with active continental
margins [15, 16]. The Aktogai ore field located on the
active margin of the Balkhash-Ili volcanic-plutonic
belt of the Kazakh-Mongolian magmatic arc and as-
sociated with the post-collision intrusive complex of
the early Late Paleozoic (Fig. 1) [12] is no exception.
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Fig. 1. Location of the study area on the geological map of the Balkhash-Dzungarian metallogenic province
(modified from Windley et al., 2007)

It is assumed that in all cases, the deposits were
formed at shallow crustal levels: <1.5 km for epither-
mal systems and <6 km for porphyry systems. Due to
their shallow depth, the deposits are subject to rela-
tively rapid erosion and have low conservation poten-
tial that explains why such geologically old (Paleozoic
or older) deposits are rare. Mineralization formed in
porphyry-epithermal mineral systems is usually spa-
tially and temporally associated with intermediate
and felsic subaerial volcanic rocks and corresponding
subvolcanic intrusions.

The ore-forming intrusions of the Aktogai de-
posit were formed in an arc setting 331.4-327.5 mil-
lion years ago as a result of partial melting of the
thickened, eclogitized, and sulfide-rich juvenile lo-
wer crust [17]. The ore-bearing Koldar pluton formed
in an arc setting 366—336 million years ago [18] du-
ring the collision of the Siberian Platform with the
Kazakh continent and the Baltic-Ural block [19]
and during the closure of the Dzungarian-Balkhash
Sea [20]. The Koldar massif is considered to be co-
magmatic with the Keregetas volcanic complex,
which formed in the late Carboniferous period.

The Koldar pluton, covering an area of 75 km?, is
a complex intrusion (Fig. 2) [21]. Three phases can
be distinguished within the Koldar massif: 1 — gab-
bro-diorite, gabbro-diabase, melanocratic diorite,

quartz diorite, granodiorite; 2 - batholith gra-
nite; 3 — porphyritic microgranite, granite-porphy-
ry (probably marginal facies of the intrusion). The
massif is predominantly represented by diorites and
quartz diorites [22].

The three main deposits of the Aktogai ore field
are associated with stock-like granodiorite and pla-
giogranite porphyries intruding the extensive Late
Carboniferous Koldar laccolith-like massif [23], and
with a large xenolith of Carboniferous rocks within
the pluton. When intruding, the ore-forming intru-
sions caused significant hydrothermal alteration.

The cross-sections show layers of Middle-Upper
Carboniferous volcanogenic-sedimentary rocks of
the Keregetas series and Upper Carboniferous-Lower
Permian Koldar series. The former series consists of
andesite with a small amount of rhyolite, sandstone,
and siltstone, while the latter includes sedimentary
rocks, volcanogenic- sedimentary rocks, and a small
amount of felsic tuff [18, 24].

1.1. Aktogai Deposit

The Aktogai deposit is located in the eastern part
of the Central Aktogai Massif. This pluton, a porphyritic
granodiorite body, intruded through the diorite, quartz
diorite, and granodiorite of the Koldar pluton. The por-
phyritic granodiorite is cut by an elongated stock con-
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sisting of ore-bearing granodiorite and plagiogranite
(tonalite) porphyries, accompanied by a series of chim-
ney bodies of explosive breccias with quartz-biotite
and sericite-tourmaline matrices, formed together with
the porphyry intrusion. The magmatic complex's vein
rocks represented by diorite and diabase porphyrites,
quartz and dacite porphyries are not widespread. A spe-
cial group is represented by small bodies and dykes of
fine-grained matrix granodiorite-porphyry and glassy
matrix granodiorite-porphyry, as well as large dyke-like
granite bodies in the Aidarly area [25, 26].

The ore-bearing stockwork is located in the exo-
contact of a porphyry stockwork, forming a cone-
shaped body that tapers downward and transits at
depth into a series of linear west-northwestward min-
eralized zones. On the surface, the ore body has an el-
liptical ring shape, partially exposed to the west, with
a maximum diameter of about 2,500 m and a radial
width of 80 to 530 m [26]. The most recent vein for-

79°50'E 79°52'E 79°54'E 79°56'E

79°58'E
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mations, possibly already Permian, are represented by
post-mineralization diabase and andesite porphyrites.

All rocks in the vicinity of the ore body area, ex-
cept for late mafic dikes, were altered. The barren core
of the cone consists of a siliceous zone composed of
quartz bodies surrounded by a dense network of bar-
ren quartz veinlets and a thin zone of sericite-quartz
alteration. At the margins, the silicified core changes
into a dense zone of early potassium alteration, in-
cluding potassium feldspar and biotite, which sur-
rounds the main ring-shaped ore body. This potas-
sium zone includes several linear intervals, which are
weakly mineralized but heavily altered with feldspar
and surrounded by a wide biotite halo. Phyllic alte-
ration, characterized by the presence of quartz-(car-
bonate)-chlorite-sericite association, manifest itself
in the form of irregular thin linear zones, confined
to the contacts of granodiorite porphyry apophyses
and fracturing zones along the flanks of the ore body.
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Fig. 2. Geological map of the Koldar massif (according to Sergiyko Yu.A. et al., 1980)
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The periphery of the porphyry copper system is sur-
rounded by a large propylite halo containing epi-
dote-amphibole and albite-chlorite-prehnite. The
mineralized system exhibits external zoning from
bornite-chalcopyrite in the center to chalcopyrite-py-
rite and pyrite halo in the outer parts. Copper and mo-
lybdenum overlap each other, while lead-zinc mine-
ralization is limited to carbonatization zones on the
sides of the ore body [27].

1.2. Aidarly deposit

The Aidarly deposit is located approximately
4 km northwest of the Aktogai deposit and lies with-
in the same elongated 8x2 km sulfide alteration zone.
It is concentrated on a small northwestern extension
of ore-bringing granodiorite porphyry, which intru-
ded into the diorite, quartz diorite, and granite pha-
ses of the Koldar pluton. The edge of the granodio-
rite porphyry has steep contacts characterized by nu-
merous apophyses and is accompanied by a series of
northeastward and northwestward fragmented dikes
of the same composition. All these intrusions are cut
through by late quartz diorites and dolerites. Small
chimney breccia bodies in the vicinity of granodiorite
porphyry consist of cemented fragments of minera-
lized rocks [27].

The mineralization is limited by the outer boun-
daries of the stock and the surrounding Koldar plu-
ton and is closely associated with the stock. On the
surface, the ore body is exposed in the form of an
elongated northwestward ring, surrounding slightly
mineralized granodiorite porphyry. Unlike Aktogai,
the ore body resembles a downward-expanding cone
with a barren core occupied by weakly mineralized
granodiorite porphyry and a zone of silicification. The
alteration and mineral zoning are similar to those de-
scribed at Aktogai. The exposed granodiorite porphyry
has undergone minor silicification and sericitization.
At a depth of 600 m, the porphyry has a non-mine-
ralized intensively silicified core with disseminated
anhydrite at its outer edges. At the periphery of the
porphyry system, silicification transits outward into
a potassium alteration zone containing quartz-potas-
sium feldspar-biotite. Higher up in the system, at me-
dium and near-surface depths, a zone of phyllitization
characterized by quartz-sericite-chlorite-carbonate
association with rare tourmalinization is found. In
turn, the potassium zone is surrounded by a wide halo
of propylite alteration.

The Cu-Mo ore stockwork is confined to the ear-
ly potassic zone, where sericitization is evident. Al-
though most aspects of the mineralization and alte-
ration at Aidarly are similar to those described above
for Aktogai, the Aidarly deposit differs in that it has
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a more extensive and better developed zone of poly-
metallic (Pb-Zn) veins and veinlets on the outer mar-
gins. Comparisons show that the Aidarly deposit is
less eroded than the Aktogai.

1.3. Kyzylkiya deposit

The small Kyzylkiya deposit is located 4 km east of
the Aktogai deposit, on the opposite side of the Aidar-
ly deposit (see Fig. 2). At the deposit, Cu-Mo minera-
lization is associated with a small stock of granodio-
rite porphyry intruding into the granodiorites of the
Koldar pluton. Ore bodies are present as en-echelon
zones of chalcocite-bornite-chalcopyrite ores, accom-
panied by uneven Kkalifeldsparization-silicification
and sericitization [27]. The Kyzylkiya ore stockwork is
characterized by lower sulfur content than at Aktogai
and Aidarly, and, accordingly, weak pyritization and
significantly lower amounts of supergene chalcocite
and bornite. In terms of the morphology of ore bo-
dies, the composition and nature of metasomatic al-
teration, the quality of ore mineralization, and their
zoning, the Kyzylkiya deposit is comparable to the
root parts of the Aktogai deposit! that indicates deep
erosion in the eastern part of the ore field.

The specific nature of metasomatic alteration at
the Kyzylkiya deposit is observed. High-temperature
amphibole-epidote facies propylites are developed
in the form of narrow bands in the northwest and
southeast of the stockwork. Medium-temperature
albite-prehnite-chlorite propylites in the form of
a semicircle frame the stockwork north-easterly and
south-easterly?. The biotitization process at the de-
posit is very widespread. Quartz-kalifeldspath meta-
somatites with relics of the original rocks have been
recorded in the south, southwest, and northwest (out-
side the ore stockwork). Slight kalifeldsparization is
observed in the center of the ore stockwork and in the
form of thin zones to the north and east beyond its
boundaries. Quartz-sericite metasomatites are found
only at the southern border of the ore stockwork, ex-
tending slightly beyond its limits. Argillization with-
in the Kyzylkiya stockwork is manifested only in the
southwest in the form of two narrow zones. Tourma-
linization is widely manifested at the deposit, espe-
cially in its southwestern tip. Carbonatization covers
almost the entire stockwork; zeolitization covers its
northern part and is observed in separate patches in
the south®. It should be noted that metasomatism
leading to significant rock destruction (argillization,
sericitization) is not very pronounced here.

I Ivlev R.R. Volumetric geochemical zoning of porphyry
copper systems and its practical significance. [PhD Disserta-
tion]. 1987.

2 Ibid.
5 Ibid.
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The Aktogai and Aidarly deposits are confined
to the Aktogai deep fault zone, while the Kyzylkiya
deposit is confined to the parallel Ikbas fault zone.
The sulfide mineralization total area is 26 km?. It has
a slightly arched shape with the convex side facing
south. The zone extends from west to east for about
14 km, with a width ranging from 1-1.5 to 3-3.5 km.
The apparent polarizability of rocks in the anomalous
zone varies from 4 to 26%.

Less significant IP anomalies are located 1-1.5 km
north of the Aktogai deposit, at the same distance
south of the deposit, and in the extreme southwest.
Some of them correspond to small manifestations of
porphyry copper formation.

1.4. Geological and lithological features affecting
the terrain of porphyry deposits

The surface terrain reflects the tectonic and ero-
sional processes occurring in a region. Assessment of
the nonuniformity of the terrain, its texture, and the
relative differences in erosion truncation, along with
other methods, make it possible to characterize the
features of the region [28, 29].

All porphyry copper deposits in Kazakhstan were
formed more than 200-400 million years ago. Most of
the oldest deposits were denuded as a result of repea-
ted tectonic processes that occurred in the territory
of present-day Kazakhstan. The terrain of preserved
deposits turned out to be in near-surface conditions is
determined not only by their original shape, but also
by the lithological characteristics and wall-rock alte-
ration of the deposits and host rocks.

1.5. Ore control structures

The formation of calderas is often associated
with ore deposits, including porphyry copper, epither-
mal, polymetallic veins, and volcanogenic massive
sulfide deposits [4]. Calderas often form above magma-
tic chambers because the magma inside a chamber is
a large source of heat and magmatic volatiles that drive
hydrothermal systems [30, 31] above magmatic cham-
bers. As a result of heating, the rocks above a magmatic
chamber undergo expansion and deformation, the na-
ture of which depends on the heat source, the isotropy
of the host medium, and the tectonic stresses that ex-
isted during the intrusion of magma into the Earth’s
crust. Subsequent structures are superimposed within
the formed calderas, and despite the fact that over mil-
lions of years the originally formed calderas have been
partially denuded and buried, their influence on the
formation of the denudation terrain remains. In a rela-
tively isotropic environment, radial and annular struc-
tures can be expected to form as magma cools.

Systems of fractures, veins, and breccias are an
inevitable consequence of porphyritic magmatism. As
noted by Tosdal R.M. and Richards J.P. (Tosdal R.M.,
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Richards ].P., 2001), porphyritic intrusions can be
cork-shaped and in some cases associated with both
steeply dipping radial fractures and gentle concentric
fractures reflecting stress conditions dominated by
magma, where the two main horizontal stresses are
almost equal that, in turn, affects the formation of the
terrain above eroded porphyry systems.

Numerous examples of concentric and radial frac-
ture systems are known in Climax-type rhyolite and
porphyry deposits (molybdenum) [4, 32], but such
fracture geometry is not characteristic of porphyry
copper deposits. In conditions of differing horizontal
stresses, subparallel dyke-like porphyry intrusions
are more common [33-35]. Such conditions are more
likely to reflect the stress regime in a remote area.
Tabular veins and fractures ranging in size from cen-
timeters to decimeters are characteristic of high-tem-
perature potassium alteration zones [33, 34], but may
extend to the near-surface fully developed argillitiza-
tion zone. Veins D (with sericite halos) tend to be wi-
der, more continuous, more widely spaced, and more
variable in strike and dip than the earlier higher-tem-
perature tabular veins. In some cases, they are ra-
dial [35, 36]. In some areas, such veins occupy groups
of conjugated faults with minor (from meters to tens
of meters) shear and normal displacements, which are
concentrated on the porphyry hydrothermal system
but can extend several kilometers laterally. The Main
Stage veins in Butte (“Copper City”, Montana, USA)
extend 10 km from east to west and follow two types
of faults that indicate minor compression from east to
west and expansion from north to south [4].

The main structures are formed in the tension
zones. Fracture systems drain ore fluids from magma-
tic source rocks at depth to higher levels of the Earth’s
crust (both epithermal and porphyry), where mineral
deposition occurs, while epithermal fluids evolve dur-
ing upward migration. Permeable fractures form the
geometry of ore stocks. Synmineral structures displace
ore systems. Post-mineral structural shears also affect
the geometry of the ore system and require analysis
during the exploration of displaced ores.

The resulting ore deposits may be located at dif-
ferent levels of the Earth’s crust between a magmatic
chamber and the surface. The most suitable conditions
for the ascent of heated volatile substances to shal-
lower levels of the Earth's crust occur along preferred
permeable zones, such as existing regional structures
(faults) or, more commonly, caldera structures. On the
one hand, tension stresses above magmatic sources,
destruction, and fragmentation of rocks create caul-
dron subsidence landforms; on the other hand, fluids
flow along existing structures resulting in the su-
perimposition of structures and the enlargement of
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existing fractures and faults [1]. Often, most of the
mineralization in calderas is grouped along ring
faults. In nested calderas, ore deposits commonly oc-
cur along the outer ring system. There are examples
of mineralization confined to the inner ring system,
coinciding with an outward-dipping thrust fault [5].

When intense metasomatism and fracturing de-
velop above deposits, more intense weathering of rocks
should be expected and, as a result, the formation of
cauldron subsidence terrain. When denudation reaches
a quartz core or feeding fine-crystalline dikes, the ter-
rain is inverted, and positive landforms are created in
places where more durable rocks outcrop. When stocks
intrude under compression conditions, deformation of
the above-intrusion alteration zones occurs, leading to
the formation of elliptical and more complex denuda-
tion shapes above porphyry copper deposits.

It is quite natural to find cauldron subsidence
structures in the Aktogai ore field, the shape of which
can be compared to the erosional truncation of the
deposits and extrapolated to objects of poor explora-
tion maturity.

1.6. Terrain Energy
It can be assumed that multiphase intrusive com-
plexes have varying strengths and destructibility. In
turn, cuts of varying amplitudes are created in the ter-
rain, which allows the “terrain texture” to be used to
distinguish lithological units and emphasize implicit
landforms [37, 38]. In addition, by removing the re-
gional component of a terrain, it is possible to com-
pare local landforms located at different altitudes.
In his work, Mark [39] describes three elevation
characteristics of a terrain:
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- H - terrain energy (Relief energie) — the value
between the minimum and maximum terrain eleva-
tions in any arbitrarily limited space;

— Ha - available terrain — the vertical distance be-
tween the assumed leveling surface and the surface
connecting adjacent drainage channels;

— Hd - drainage terrain - the vertical distance be-
tween adjacent watersheds and rivers.

In practice, it is often difficult to distinguish be-
tween these three concepts with sufficient accuracy.
The degree of generalization of the sampling of river
networks and watersheds blurs the precise definition
of the term “drainage terrain”. If a watershed coincides
with the leveling surface, then in this case the “drainage
terrain” is equal to the “available terrain”. If we consider
the "terrain energy" in the area between adjacent river
and watershed, then the “terrain energy” will be equal
to the “drainage terrain”. Next, we will discuss “terrain
energy” as a collective term describing the nonunifor-
mity of terrain — its texture — and representing the verti-
cal distance between a watershed and an adjacent river.
In our study, "terrain energy" will be expressed through
the textural analysis of terrain presented below.

2. Techniques

2.1. Digital Terrain Model (DTM)

The digital terrain model (DTM) was obtained by
processing a stereopair of GeoEye-1 satellite data and
is provided by TerraLink (http://www.terralink.kz).

The terrain model was visualized by combining
an elevation matrix colored in a color palette with
a semi-transparent shadow surface matrix superim-
posed on it, obtained by recalculating the elevation
surface (Fig. 3).

80°0'E

46°59'N

46°58'N

46°57'N

'.

Fig. 3. Visualization of the DTM. The surface of the DTM is displayed with a color gradient with a semi-transparent overlay
of a shaded terrain surface
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Fig. 4. Residual terrain surface - the difference between the surface constructed on the basis of local topographic maxima
and the surface based on local minima. The metasomatic alteration areas are outlined

2.2. Construction of the Residual Terrain Surface

The goal is to calculate the difference between the
smoothed upper surface, connecting peaks and ridges,
and the lower surface, connecting river valleys. Howe-
ver, at first glance, the seemingly simple task of finding
a smoothed surface presents certain difficulties. This
immediately rules out the possibility of using stan-
dard mathematical functions such as “Median”, “Low
Pass” filters, Fourier analysis, or polynomials. All of
them provide a regional background, but do not allow
for control of the edge elevation marks. What remains
is the application of a smoothing surface constructed
along the inflection points. That is, it is necessary to
find extreme points, or the second derivative of the
surface, and divide the obtained extreme values ac-
cording to their position in the terrain. This function is
implemented in the ENVI software package.

The algorithm used in the ENVI Topographic
Features module to calculate channels and ridges
was described by Wood*. Another option for selec-
ting boundary elevation marks is possible as a result
of calculating surfaces from a river network created
in ArcMap (ArcScript®) with a specified catchment
threshold. Moreover, to distinguish ridges, it is pos-
sible to use a river network constructed on the basis
of inverted terrain [40].

4 Wood J.D. The geomorphological characterisation of
digital elevation models. [PhD thesis]. University of Leicester,
UK; 1996. 466 p.

5 Galang J. ArcGIS Script #13836 ArcScripts; 2005. URL:
http://arcscripts.esri.com/details.asp?dbid=13836

When selecting peaks, ridges, pits, and valleys,
it is important to select the correct smoothing thre-
shold, i.e., the restriction on the selection of ridges
and river valleys based on their scale characteris-
tics. Elevation interpolation was performed using the
ArcMap software package.

When processing the DTM data, we constructed
smoothing surfaces based on local maxima and local
minima of the terrain (Fig. 4).

As a result, a quantitative assessment of the
elevation difference for the Aktogai ore field was ob-
tained, which can be shown in color. The difference
between the surfaces allows to distinguish local land-
forms and areas that differ in terms of terrain texture
characteristics.

Areas of local depression in the terrain are distin-
guished. Areas of local depression in the terrain were
obtained by subtracting the DTM values from the sur-
face constructed based on local terrain maxima (Fig. 5).

2.3. Textural Analysis of Terrain

Texture is a set of repeating or regular variations
in brightness in local areas of an image. It reflects the
spatial relationships between pixels and can describe
characteristics such as: uniformity; codimension;
smoothness; skewness.

Textural analysis, which is widely used to analyze
geological structures, can be performed using several
methods.

A textural analysis was performed for the DTM,
comparing the statistical dependence of pixel values
in a given filter window. The surfaces of incline, cur-
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vature, local minima and local maxima, as well as
entropy, uniformity, mean value, and skewness of
a histogram were calculated. These methods evalu-
ate texture based on statistical characteristics of an
image: Gray-Level Co-Occurrence Matrix (GLCM).
A matrix is created showing how often a pair of pixels
with specific brightness values occur at a given dis-
tance and angle to each other.

The texture parameters are calculated from this
matrix:

— Energy — a measure of texture uniformity;
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- Contrast - evaluates the differences between
neighboring pixels;

— Correlation — the degree of linear dependence
between adjacent pixels;

- Entropy - characterizes the chaotic nature of
the texture;

- Skewness — characterizes a clearly expressed di-
rection.

For the matrices obtained, classification intervals
were empirically selected and visualized for contrast
in a color palette.

80°0'E 80°2'E 80°4'E

Fig. 5. Display of areas of local depression in the terrain (highlighted in blue)

79°54'E 79°56'E

46°59'N

46°58'N

46°57'N

Fig. 6. RGB channel combination: R - incline, G - shaded terrain, and B — root mean square value.
Intrusive complexes and anthropogenic changes are clearly distinguished
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Quartz bodies
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5 Quartz-sericite metasommatites
E== Kalishpatization is intense

. 22 7] Biotitized and calypatized rocks
24 5] Calisthenicization is moderate
| 27 7771 Biotitized, quartered and albitized

Epidotization and chloritization in tuffs and subvolcanic and...
C>7 Chrysocolla with relics of sulfides and copper-ferruginous...
"1 Chrysocolla malachite with amorphous iron silicate
7 Kupritovaya
#2770 Malachite
7 7 Halo scattering of secondary copper minerals
58 Iron oxides and hydroxides with high copper content

Fig. 7. Uncontrolled classification (a), map of metasomatic alteration at the Aktogai deposit (modification from:
Zhukov et al., 1979) (b), map of supergene mineral associations (modification from: Sergiyko et al., 1980) (c)

Using textural analysis provides the following ad-
vantages: increased accuracy in object classification;
detection of hidden patterns that cannot be identified
by analyzing spectral characteristics alone. Topo-
graphic modeling software in ENVI was used to ana-
lyze the surface terrain.

Combinations of RGB channels allow creating
contrasting differences in terrain caused by litholo-
gical features and geological processes involved in its
formation. Fig. 6 uses the most informative combina-
tion of RGB channels, where R = incline, G = shaded
terrain, and B = root mean square value. The image
clearly shows the lithological differences between
rock types and anthropogenic changes caused by mi-
neral extraction.

Using textural analysis, we achieve the following
advantages: improving the accuracy of object classifi-
cation and discovering hidden patterns that cannot be
identified solely by analyzing spectral characteristics.

2.4. Classification of Spectral Data

The project used various methods to identify an
ore zone, which will be described in a new paper. In this
work, we compare the results obtained from processing
the surface terrain with the results obtained after clas-
sifying spectral data, so we present the methodology of
this method here.

At the first stage, classes were selected based on
objects identified as a result of processing. Thirty-se-
ven classes were identified and used for classification
using several statistical analysis methods. As a result,
some lithological units and zones of secondary mi-
neralization above ore stockworks were identified.

For uncontrolled classification in a small area com-
prising the Aktogai and Aidarly deposits, and Pro-
mezhutochny stockworks, 30 classes were empirically
selected using the K-means algorithm.

For uncontrolled classification, the number of
classes was selected so that areas of known deposits
were revealed. After applying the method, eight clas-
ses were selected that fall within the outline of the
Aktogai deposit. The identified classes were compared
with the map of metasomatic zoning compiled by
Zhukov et al., 1979 (Fig. 7, b) [41], and with the map of
supergene mineralization from the report of Sergiyko
et al., 1980 (Fig. 7, ¢) [42].

With the expansion of the area to the Kyzylkiya
deposit, the number of uncontrolled classes has in-
creased to 35. The classes were converted into a mask
that can be applied to matrices obtained as a result of
other processing stages.

3. Findings and Discussion

In terms of their characteristics, the Aktogai,
Aidarly, and Kyzylkiya deposits and the Zapadny,
Promezhutochny, and Vostochny ore stockworks
share common features that are typical of porphyry
copper-molybdenum deposit system as a whole, and
have their own distinctive features each.

The most informative findings were selected from
all the processed material, and their comparative
analysis with the initial information was performed.

Analysis of the terrain shows that the large Aidarly
and Aktogai deposits and the Zapadny stockwork form
local depressions in the terrain, large calderas compa-
rable to the morphology of partially eroded maars. This
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shape is due to the formation of a system of near-stock-
work fractures and the fact that hydrothermally altered
and fragmented rocks in the center of the structure
are more susceptible to erosion than the surrounding
rocks. The intrusion of numerous dikes along fractures
at the deposit led to the complication of the cauldron
subsidence landforms. The elongated shapes of the Za-
padny stockwork depression and the distortion of the
isometric shapes of the Aidarly and Aktogai deposits
indicate that the deposits were formed under compres-
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sion. This is confirmed by the direction of the dikes,
which develop in two main directions under conditions
of transpression. The deeper erosional truncation of
the Aktogai deposit leads to the flattening of the caul-
dron subsidence landforms, probably due to the equa-
lization of the erodibility of host rocks and ore-bearing
rocks. The image showing the depression in the terrain
clearly shows that the cauldron subsidence landforms
occupy the deposit open pit and extends westward to-
ward the Promezhutochny stockwork.

79°58'E 80°0'E 80°2'E

46°57'N

80°0'E 80°2'E

Fig. 8. Local depressions in the terrain
(the difference between the digital surface model and the surface connecting local minima)
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Fig. 9. DTM and superimposed mask of positive values of skewness of histogram of digital terrain surface values. The outlines
indicate known areas of mineralization showing quartz-sericite-chlorite metasomatic alteration. The arrow indicates a cluster
that spatially coincides with an area promising for further exploration, identified by other methods
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digital terrain surface

The Kyzylkiya deposit and the Vostochny stock-
work have a positive terrain morphology that is pro-
bably due to the fact that the upper part of the deposit
has been eroded and the rock outcrop on the surface is
more resistant to erosion processes.

The Promezhutochny stockwork is expressed
in the terrain as a small local depression and a rise,
which has probably been preserved as a result of par-
tially manifested silicification, the manifestation of
which makes the above-ore horizons more resistant
to erosion.

Local depressions in the terrain (Fig. 8) empha-
size the structure of ore stockworks and reflect, to
some extent, the structure of the Koldar massif. For
instance, in terms of its pattern, the diorite massif dif-
fers from the granodiorite massif. Depressions formed
by the river system differ from those caused by super-
imposed stockworks and accompanying hydrothermal
alteration, which include a greater number of radial
and ring structures. In addition to the well-known ore
stockworks, there are a number of other depressions
similar to those already known.

The most interesting result of the textural analy-
sis is the change in the skewness of the DTM surface
histogram. The result was an image with contrasting
distribution of values and a characteristic pattern of
distinguished areas, most of which coincided with the
zones of metasomatic alteration correlating with de-
pressions in the terrain (Figs. 9, 10).

Conclusions
In the course of processing and analysis, images
were obtained that allowed the identification of tec-
tonic disturbances (faults) and certain lithological

varieties of rocks in the Koldar massif that are not
reflected in existing geological maps of the ore field.
The analysis of images shows that the areas of posi-
tive skewness values coincide with the general outline
of metasomatic alteration developed at known depo-
sits. The areas that stand out most are those where
sericitization is more developed with a formation of
supergene mineralogical association, including chry-
socolla with relics of sulfides and copper-ferrous sili-
cates. This area probably corresponds to the most ful-
ly developed metasomatism.

The areas of positive skewness confirmed the
outlines of the Promezhduyuschiye and Zapadny ore
stockworks and the outlines of the Aidarly deposit.

South of the Aidarly deposit, there is an anoma-
lous cluster of the elevation histogram positive skew-
ness values. The distinguished cluster is located at
the intersection of faults and in a local depression in
the terrain, similar to the location of the Aktogai and
Aidarly deposits.

To identify similar areas, data on local depres-
sions in the terrain were compared with the distri-
bution of pixels of spectral data classes obtained by
uncontrolled classification and characteristic of the
Aktogai deposit outline. The characteristic areas of
local depressions with manifestations of metasoma-
tism may be promising for further exploration for ore
deposits, but it should be noted that local depressions
may also be caused by other geological processes, so
they should be considered in conjunction with other
signs of ore associations (Fig. 11).

When analyzing the terrain, the individual
phases of the intrusive complexes of the Koldar
massif are clearly distinguished (see Figs. 4, 5).

257


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJIOMMU
2025;10(3):245-261

The Aidarly deposit and the Promezhutochny stock-
work are associated with an intrusion that probably
became exposed at a later time. It is most clearly ex-
pressed in the terrain and has a higher terrain acti-
vity index.

The Aktogai and Kyzylkiya deposits are spatially
associated with an intrusion that has a characteristic
appearance, a more smoothed terrain.

Based on the results of processing and analyzing
satellite data, the characteristics of ore deposits were
summarized according to their degree of distinguish-
ing (Table 1).

The outlines of the terrain nonuniformities at the
Aktogai deposit based on the results of the processing
broadly coincide with the established outlines of hy-
drothermally altered rocks. The areas of quartz-seric-
ite metasomatism especially closely coincide with the
known outlines.

79°56'E

79°54'E

46°58'N 46°59'N 47°0'N

46°57'N

; #o oot

79°54'E 79°56'E 79°57TE

79°57T'E
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The outlines of the terrain nonuniformities at the
Aidarly deposit also coincide with the identified areas
of metasomatic alteration of quartz-sericite and pro-
pylite facies. Based on the digital terrain model (DTM)
processing data, the central (axial) part of the depos-
it was distinguished as quasi-isometric in plan view,
while elongated local depressions in the caldera are
indicative of the deposit formation under conditions
of horizontal tectonic compression.

The spatial identification of the Kyzylkiya depo-
sit is poorly expressed in the terrain compared to the
Aktogai and Aidarly deposits and cannot be reliably
distinguished when processing the DTM surface. The
deposit is characterized by small-size spectral anom-
alies distinguished by certain methods of processing.

Promezhutochny ore stockwork cannot be clearly
distinguished based on the analysis of terrain charac-
teristics.

80°2'E

0°2'E

80°0'E 8 80°4'E

Fig. 11. Superimposition of classification results on distinguished areas of local terrain depression (DTM data substrate)

Table 1

Comparative characteristics of ore deposits by degree of distinguishing

No. Ore stockwork

Degree of visualization as a result of satellite data processing

Skewness for DGM

Cauldron subsidence

1 | Aktogai Deposit

Pronounced and coincides with the outlines
of intensely manifested metasomatism

A slight saucer-shaped depression
in the terrain with radial branches

2 | Aidarly deposit

Pronounced and coincides with the outlines
of intensely manifested metasomatism

Distinct, with radial branches

Kyzylkiya deposit Weakly pronounced

Not observed

Promezhutochny ore stockwork Pronounced

Distinct, with radial branches

Zapadny ore stockwork Stands out well

Clearly

(o)W, QU N A

Vostochny ore stockwork Weakly pronounced

Not observed
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The Zapadny stockwork is distinguished at every
stage of satellite data processing and occupies a dis-
tinctly lowered position in the terrain. Its elongated
shape is probably due to its formation under compres-
sion in a north-northwest direction.

The Vostochny ore stockwork cannot be clearly
distinguished.

The description shows that not all stockworks
can have a characteristic terrain shape and, same to
the interpretation of geophysical data, assessing the
terrain shape can contribute to prospecting/explora-
tion, but is not a sufficient indicator for the reliable
identification of ore stockworks.

In the course of processing, the following addi-
tional areas can be identified, which are commeasu-
rable to known ore deposits in terms of their spectral
characteristics and landforms:

1. A zone near the northern margin of the area
at the intersection of the Main Koldar Fault and the
North-Koldar Fault, limited by the Koldar Fault in the
south. The distinguished zone is complicated by hig-
her-order faults radiating outwards from the center
of the manifestation. To some extent, the zone also
manifests itself when using other processing me-
thods. Field observations have revealed a monzonite
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stock, numerous veins and streaks of quartz-epidote
and feldspar mineralization. Chloritization zones, as
well as a strip with manifestation of malachitization
are found here.

2. The zone south of the Aidarly deposit in a local
topographic low at the intersection of the Maly Koldar
Fault and higher-order faults is distinguished by tex-
tural analysis of the DTM data. Zones of intense chlo-
rite-carbonate metasomatism and zones of intense
fracturing are observed here.

The zones of wall-rock alteration were identified
using a combination of methods. Superimposition of
the results enhances the contrast of the wall-rock al-
teration halos, and the areas identified should subse-
quently be compared with the results of geophysical
surveys and a comprehensive geochemical survey.

We recommend analyzing the terrain morpho-
logy as an additional measure. When combined, all
these methods allow for the most successful solu-
tion of forecasting problems: identifying areas that
are similar in their spectral characteristics to known
ore deposits and indirectly assessing their position
relative to the surface. The areas may be promising
for further exploration and should be verified by field
observations.
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