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Abstract—The paper presents some multidisciplinary research results on the structure of slip surfaces in seg-
ments of tectonic faults in the Baikal region and Mongolia. The properties of subsurface (modern) and deep
slickensides exposed after many-kilometer denudation of the Earth’s upper crust are studied at different le-
vels—from macroscale to nanocrystals. Other types of heterogeneities characterizing the structure of fault
slip zones are also considered. The presented data indicate a heterogeneous structure of tectonic faults. Their
slip zones show both low-friction regions where strong mineral phases are replaced by weak minerals and po-
tentially unstable spots with high friction resistance. Results of the comprehensive study of geological condi-
tions under which different-scale heterogeneities emerge in exhumed fault segments should be taken into ac-
count when developing rock mass models suitable for numerical simulation of earthquake preparation pro-

cesses at the micro-, meso- and macroscales.
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1. INTRODUCTION

Recent reviews [1-3, etc.] report that numerous
published hypotheses and data on the structure of slip
surfaces of tectonic faults and their frictional proper-
ties comply with the basic principles of physical me-
somechanics. According to these principles, the geo-
logical medium is treated as a multilevel hierarchical
dissipative system with self-consistent evolution of
nano-, micro-, meso- and macroscopic processes [4,
5, etc.]. Until recently, physical and geological works
were carried out quite independently. In laboratory
and numerical experiments, physicists used geomate-
rial samples (often their analogues with similar pro-
perties) provided by geologists and interpreted the re-
sults based on the general ideas about processes oc-
curring in the interior of the Earth's crust. Geologists
often almost ignored the results of laboratory simula-
tion and considered them inadequate to reality [6]. At
present, things are beginning to change. There appear
multidisciplinary scientific teams, which include spe-
cialists in geology, geomechanics, geophysics, tribo-
logy, and mathematical modeling, etc. Publications
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made by these teams contain both field and labora-
tory data, which allows geologists to better interpret
the obtained results and physicists to determine the
scale of applicability of the developed models and
concepts [5—12, etc.].

One of the most important effects that determine
regularities of faulting and seismic vibration emis-
sion during dynamic slips is considered to be frictio-
nal interaction of the sides of tectonic faults. This
problem is extensively studied (see, for example, [3]
and the references therein). Despite a variety of fric-
tional interactions, ancient coseismic faults are usual-
ly identified by slickensides, pseudotachylytes (re-
sulting from frictional melting), and metamorphic
zones containing new minerals when studying the
structure and formation conditions of exhumed geo-
seismic objects [8, 13, 14, etc.].

Slickensides found along tectonic faults can be
defined as different-scale areas of the fault plane with
slickenside flutes, slickenlines, and slickensteps re-
sulting from high-velocity slip [15]. Interest of geolo-
gists and geophysicists in slickensides was mainly



218 RUZHICH et al.

associated with the reconstruction of the stress-strain
state of blocks of the Earth’s crust in a wide scale
and time range [16, 17, etc.]. Meanwhile, a more de-
tailed study of the structure, location, and formation
of mineral compounds in slickensides can provide
new information on natural conditions of petrophysi-
cal, thermal and physicomechanical transformations,
which markedly affect slip modes and generate a
wide spectrum of different-frequency vibrations.

The geological survey performed by us on tecto-
nic faults in the Baikal region and Mongolia revealed
seismogenic fault segments with subsurface (mo-
dern) and deep slickensides exposed by long-term
uplifting and denudation of the crust. The present pa-
per reports and interprets the results of a multidisci-
plinary different-scale study of the structure of fault
slip surfaces.

2. STRUCTURAL HETEROGENEITIES OF SLIP
ZONES IN TECTONIC FAULT SEGMENTS

The last two decades of investigation of deep seg-
ments of active faults exposed by denudation and
deep drilling of fault zones after recent strong earth-
quakes have significantly added to our knowledge of
the structure and composition of slip zones as well as
of thermodynamic conditions at seismic focal depths
[1-3]. With a certain degree of convention, several
levels of structural heterogeneities can be distin-
guished on slip surfaces of active fault zones: nano-
scopic thin films resulting from macrocrystal frag-
mentation during relative shear displacement of the
contacting rock blocks, submillimeter geomaterial
structures, centimeter-meter blocks in breccia and
melange, different-sized slickenside formations, mac-
ro- and megaroughness, and waviness of slip surfaces
[1-3, etc.]. Local areas of the contact surface with
different frictional properties are apparently of deci-
sive importance in building the dynamic slip model.

Under the influence of the laboratory results and
the growing evidence of structural heterogeneity of
slip zones, the idea of contrasting “strong” and
“weak” faults [18, etc.] was transformed into the
assumption of coexistence of “strong” and “weak”
areas in the fault zone [9, 10, etc.]. Such ideas corre-
spond to the well-known seismological approach, ac-
cording to which the slip surface has special areas,
i.e. “asperities”, which present “strong, stressed”
spots surrounded by areas where the stress is partially
relieved during the interseismic period [19]. Strong
spots have a high friction resistance according to
Byerlee’s law [20], while weak spots are supposedly

characterized by extremely low static friction coeffi-
cients of the fault core materials [3, 10, etc.].

Common examples of macroscopic areas with dif-
ferent frictional properties are quartz-bearing rocks
and phyllosilicate-rich regions. For example, work
[21] describes the structure of exhumed basement
rocks, which consists of deformation zones in inter-
connected phyllosilicate regions surrounding several-
hundred-meter-thick quartz lenses. The latter are
more or less dense clusters of lower-level asperities,
which are usually nonuniformly distributed over the
fault plane.

The frictional properties of fault gouge differ sig-
nificantly from the properties of the host rocks. This
is due to the metasomatic and metamorphic transfor-
mation of rocks during the long-term evolution of the
fault core. Fillers of the fault core can be convention-
ally divided into two groups: (1) foliated geomateri-
als containing silicates (halite, talc, biotite, montmo-
rillonite, and other phyllosilicates); (2) fillers based
on such materials as quartz, granite, orthoclase, cal-
cite, dolomite, etc. Phyllosilicates generally have a
noticeably lower friction coefficient. In particular,
montmorillonite with a high adsorption capacity has
a friction coefficient of only 0.18 under a normal
stress of 20 MPa at room temperature [3, 11]. In con-
trast, quartz-rich gauge has a relatively high friction
coefficient. The difference in frictional properties be-
tween the quartz and phyllosilicate fillers becomes
even more radical when they are saturated with fluid.
Though the friction resistance of nonadsorbing mine-
rals, such as quartz, is hardly affected by fluid satura-
tion, the friction coefficients of such materials as
montmorillonite or lizardite decrease significantly
upon saturation because water-saturated minerals
have a decreased strength. An even more important
role in slip dynamics, as compared to the friction co-
efficient, is played by variations in friction resistance
during shear. Areas in which dynamic slip originates
must be prone to weakening. The type of fault slip
depends both on the material composition of the con-
tact zone and on the external conditions, such as
pressure, temperature, presence of fluid, and slip ve-
locity. Fillers rich in strong minerals exhibit less sta-
ble sliding than those rich in weak minerals. This is
facilitated by the foliated structure of phyllosilicate
minerals, as opposed to the granular structure of
stronger geomaterials. However, the threshold con-
centration of phyllosilicate in gauge for stable sliding
under different P-T conditions and slip velocity is
still undetermined. The influence of various parame-
ters on the frictional behavior of geomaterials was
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discussed in detail in [3]. Friction parameters of ma-
ny geomaterials composing slip zones of tectonic fa-
ults can be found in the same paper.

In seismological observations, weakening areas
appear as topologically dense clusters of hypocenters
of background seismicity [22]. Such clusters are the
main elements that determine integral patterns of
shear resistance of the fault. Hypocenters of larger
events are often located near their boundaries. Ac-
cording to the results of [22], the shape of asperities
can be approximated by an ellipse, with the axes co-
inciding with the main elements of topologically
dense clusters of background seismicity.

Data on the size of large-scale asperities were
analyzed in work [1], according to which the charac-
teristic size of areas interpreted as asperities was on
average 1.5-3 times smaller than the estimated length
of seismogenic ruptures. The teleseismic data for
these areas are even smaller. Thus, the characteristic
asperity size is estimated to be L~25km for the
July 17, 2017 M,, 7.8 earthquake (Commander Is-
lands), L~ 14 km for the September 08, 2021 M,,7
earthquake (Acapulco, Mexico), and L~66 km for

the known March 11, 2011 M,, 9 event (Tohoku, Ja-
pan). With a large scatter of values, the average cha-
racteristic size of such regions is L ~9.5 km for earth-
quakes with the seismic moment M,~1019—
1020Nm, L~15km for M;~1020-1021 Nm, for
L~28km My~1021-1022Nm [1 and the references
therein]. Judging from the available data, asperities
occupy about 20-30% of the rupture surface area.

2.1. Segmented Zone of the Primorsky Fault

The Primorsky normal fault follows the old suture
line of the Siberian Craton. The fault segment we
study actively developed in the Early Paleozoic
(=500 million years ago) [23] and in later periods,
including 6070 million years of formation of the
Baikal Rift Zone [14, 24]. Within this period, the
200-km-long segment of the Primorsky rift fault was
formed (Fig. 1). In the Middle Paleozoic, as a result
of long-term denudation, deep layers gradually ap-
proached the Earth’s surface [23]. This was accom-
panied by the decrease in temperatures and pressures
to 7=550-350°C and P=350-150 MPa, naturally

Survey areas of the Primorsky fault zone
(2014-2019)
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Fig. 1. Satellite image showing the location of the Primorsky fault zone and areas of detailed geological and structural survey of

its segments (color online).
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Fig. 2. Map of the Primorsky fault and types of strain localization. Location of the studied areas of the Primorsky fault: /—Sibe-
rian Craton, 2—Olkhon terrain, 3—Primorsky fault (craton-terrain collision suture), 4—studied areas (a). Types of strain locali-
zation in the studied zones; the amplitude of accumulated strain is estimated by the fraction of the matrix in the rock (the strain
localization is marked in gray): type /—strain localization in a narrow zone with the thickness from a few to tens of centimeters
(b); type 2—rather uniform strain distribution in a zone from hundreds of meters to a kilometer (c); type 3—nonuniform strain
distribution, weakly deformed zones can be distinguished inside the core (d).

changing rock properties by the so-called retrograde
metamorphism. As a result, exhumed segments of the
suture can be used for visual study of deep layers of
the Earth’s crust with physical and mechanical para-
meters characteristic of 10-20-km-deep layers. Ac-
cording to the present knowledge, similar P—T condi-
tions currently exist within the Baikal Rift Zone.
They correspond to the 7-20-km-deep seismic focal
layer, where most of the hypocenters of modern
earthquakes are located, including the strongest ones
with M=7.0-7.9 [25 and etc.].

For several years, Primorsky fault segments have
been jointly investigated by specialists from the Insti-
tute of the Earth’s Crust SB RAS, the Institute of
Geology of Ore Deposits, Petrography, Mineralogy
and Geochemistry RAS, and the Institute for Dyna-
mics of Geospheres RAS. The result of this investi-
gation was a digital catalog of rock samples from the
Primorsky fault, including their petrographic charac-
teristics, chemical composition, thin-section photo-
graphs, and positioning within 5 m (Fig. 2) [26, 27].

The analysis of the digital catalog demonstrated a
pronounced variation in the material composition of
rock samples both across and along the strike. The
characteristic spatial scale of along-strike variations
in frictional properties of the fault core is ~30 km.
The detailed petrographic description and determina-

tion of the material composition across the strike re-
veal the site of the severest deformations (fault core),
occurrence and frictional properties of slickenside
formations, and patterns of shear strain accumulation
in various segments of the fault zone. It was found
that, the higher the amplitude of accumulated strain,
the higher the rock refinement at the microlevel and
the larger the proportion of the matrix (a fine-grained
submicron-sized material that surrounds larger grains
in the rock). Three types of segments with different
rheological behavior were distinguished along the
studied 160-km fault. In segments of the first type
(Buguldeika River, Sarma River), strains are localiz-
ed in a narrow zone composed of rocks that feature
velocity weakening. Such segments accumulate dis-
placements due to recurring seismic slips. Numerous
dynamic slips result in a narrow mylonitized zone
(fault core), where strain is maximum. It is in these
segments that numerous slickensides (Fig. 3) and foci
of paleoearthquakes are often found [8, 14, 28, etc.].

In segments of the second type (Anga River,
Khorga River), cataclastic strains are uniformly dis-
tributed over an area several hundreds of meter thick
across the strike. Materials composing the fault core
in such segments are prone to velocity strengthening.
This leads to strain accumulation due to aseismic
slip.
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Fig. 3. Slickenside in the granite barrow pit (Petrov vil-
lage) located in the Primorsky normal fault zone. Seen
are subvertical slickenlines characteristic of normal faults
with signs of weak chloritization as well as signs of high-
ly intense metasomatic transformation and a thin film of
frictional melting (vitrification), which indirectly indicate
shallow depths of its origin, presumably during the Neo-
gene-Quaternary period of formation of the Baikal Rift
basin (photo by V.V. Ruzhich) (color online).

Segments of the third type (Talovka River, Kurma
River) are characterized by a heterogeneous core
structure and a mixed type of strain accumulation.
The fault core includes areas composed of both rocks
with velocity strengthening and velocity weakening.
The structural heterogeneity of the fault core affects
the slip mode and accumulated strain. Aperiodic seis-

Fig. 4. Modern slickenside in gouge formed in a seismic
dislocation during the destructive Kobe earthquake on Ja-
nuary 17, 1995 (M =7.3) (photo courtesy of Yoshiro Ki-
nugasa) (color online).
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mic slips of different age can localize at the bounda-
ries of competent beds, as well as at the boundary be-
tween the core and host rock.

A more detailed examination of microscopic and
nanoscopic processes of formation of slickensides
provides additional information about refinement and
metamorphic transformations of various rocks at
depth. Melting traces in the form of a vitreous film or
pseudotachylytes allow estimating thermodynamic
parameters of frictional heating, sliding characteris-
tics, and the involvement of different fluids [7, 8,
etc.].

3. STRUCTURE OF SUBSURFACE
SLICKENSIDES IN MODERN SEISMIC
DISLOCATIONS

Structural analysis of some modern seismic dislo-
cations reveals fresh slickensides. Figure 4 shows a
photograph of a subsurface slickenside that was ex-
posed on the rupture surface after the January 17,
1995 Kobe earthquake (Japan, moment magnitude
M, =7.3). The displacement is seen to occur along
the oblique slip fault in the plastic gouge, which ex-
hibits pronounced oblique slickenlines. The direction
and amplitude of displacements can be easily deter-
mined by the displacement of the fault walls.

Similar, but larger, slickensides were formed in
the Upper Paleozoic loose clay sediments during the
December 4, 1957 Gobi-Altai earthquake (M =8.1).
The survey performed in 1958 for a 275 km segment
of the modern seismic dislocation of this event re-
vealed a slickenside. The resulting coseismic rupture
had a left-lateral oblique slip displacement with the
amplitude 4-8 m, and the earthquake intensity was 11
[14, 29]. In the first years, fresh minerals retained
wave-like slickenlines in the left-lateral oblique slip
direction with the amplitude 3.5 m (Fig. 5) [29].

From the experience of field studies of subsurface
slickensides formed in seismic dislocation zones at
low pressures, slip traces in the form of slickensides
remain only in loose sediments. Solid rocks have no
pronounced slickenlines on asperities coming in con-
tact at low pressures. Thus, the study of subsurface
slickensides yields little information in contrast to
deep slickenside.

4. STRUCTURE OF EXHUMED DEEP
SLICKENSIDES

Uplifting of deep layers of the Earth’s crust du-
ring geological evolution and denudation processes
provides access to segments of ancient faults which
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Fig. 5. Seismic dislocation zones of the 1957 Gobi-Altai earthquake: the Khutusuj tract in southern Mongolia where the Soviet-
Mongolian expedition discovered one of the most dramatic seismic dislocations in 1958 (a); slickenside in this seismic disloca-
tion, near which you can see the leader of the expedition V.P. Solonenko, corresponding member of the Academy of Sciences of

the USSR [29] (b).

were active in the past seismic tectonic periods. Mil-
lions of years ago, these rock masses were located at
the depths 10-15 km. According to [30], the rate of
exhumation of one of deep segments of the San An-
dreas Fault was estimated to be about 0.225 mm/year.
A thorough examination reveals various characteris-
tic traces of dynamic slips, including slickensides
with signs of frictional melting of rocks. Similar for-
mations were found in exhumed segments of paleo-
earthquake foci concentrated along the suture line of
the Siberian Craton and in deep faults in the northern
and central Mongolia [7, 14].

4.1. Collision Suture of the Siberian Craton
and Its Primorsky Segment

Now let us discuss the results of investigation of
deep slickensides in the Baikal region. One of the

studied objects (rock exposure) is located at the
mouth of the Bolshaya Buguldeika River flowing in-
to Lake Baikal. Its geoposition is associated with the
exhumed segment of the collision suture of the Sibe-
rian Craton, which includes the above-described seg-
ment of the seismogenic Primorsky fault. Field stu-
dies of this segment in 2014-2022 revealed signs of
coseismic ruptures of paleoearthquakes with deep
slickensides (Fig. 6) [7].

One of the distinct features of the exhumed seg-
ment of the deep seismic focal layer of the Earth’s
crust is the prevalence of tourmaline mineralization.
It apparently formed in the temperature range 550—
350°C due to hydrothermal fluids ejected from igne-
ous boron-rich granite formations. The identified
signs of coseismic slips in the form of slickensides
and tourmaline mineralization suggest that the tem-

Fig. 6. Northeastern segment of the suture of the Siberian Craton (az. 50°-60°) and structure of deep slickensides on different
scales: a—exhumed Primorsky segment of the suture zone containing signs of elements of paleoearthquake foci (left bank at the
mouth of the Bolshaya Buguldeika River), the arrow indicates the location of a deep slickenside sample with tourmaline minera-
lization; b—photo of the slickenside with tourmaline mineralization; c—polished section of the tourmaline-coated slickenside
with signs of plastic deformations and discontinuities of the tourmaline layer (color online).
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perature conditions of dynamometamorphism corre-
spond to the rheology of brittle-plastic transition at
the depths 10—15 km.

Estimating the absolute age of ancient deep co-
seismic ruptures is a separate complex task associat-
ed with the identification of “geochronometer” mine-
rals [31]. For this purpose, use was made of a rare
mineral, namely, tourmaline of metasomatic genesis
(the process of almost simultaneously replacement of
old minerals by new ones so that mineral complexes
keep solid throughout the replacement process),
whose petrochemical and physical properties ensure
high resistance to induced thermal influences. The
found slickensides with tourmaline mineralization al-
low its age dating. A detailed study of thin sections
(Fig. 6¢) showed that, despite a high hardness (7 on
the Mohs scale) and melting point, tourmaline on sli-
ckensides of coseismic ruptures exhibited clear signs
of viscoplastic flow. This gives reason to believe that
this type of rheological behavior of the tourmaline
coating with slickenlines occurred in deep P-T con-
ditions. The absolute age of tourmaline mineraliza-
tion in coseismic ruptures with slickensides in the vi-
cinity of the sources of the Bolshaya Buguldeika Ri-
ver was estimated to be 673+5mlIn years [8]. The
coseismic slip evidenced by the mineral composition
of the slickenside coating is most likely younger than
the absolute age of the tourmaline layer.

Another important indicator of deep coseismic
ruptures are pseudotachylytes [14, 32, 33, etc.].
These glassy formations, which are similar to volca-

nic glass, generated under conditions of high-ampli-
tude dynamic slips during frictional heating in fault
zones. Such formations were discovered in the Baikal
region among cracks of mylonitized granites and gra-
nodiorites of the Primorsky complex. Pseudotachy-
lytes most often occur as thin branching veins 1-
2mm to 5cm wide in mylonitized rock. From thin
sections it is seen that their initial state was almost
completely changed under conditions of severe cata-
clasis and mylonitization.

Thermodynamic conditions during paleoearthqua-
kes can be estimated using the so-called geothermo-
meters and geobarometers, whose parameters can be
used to determine thermodynamic conditions and con-
sequently the depth of the studied processes. These
methods are based on the ideas of P—T dependences
of the equilibrium constants of crystalline rock mine-
rals [31, 34]. According to the performed calcula-
tions, the temperature and pressure reached 7'~ 850-
950°C and P~500-550MPa in pseudotachylytes.
The derived petrochemical pattern was interpreted as
the result of dynamic slip along faults, during which
pressure and temperature increased locally by AP~
200-250 MPa and AT~450-500°C above the initial
level [35]. Additional evidence for such high pressu-
res can be the presence of such mineral as barroisite
in pseudotachylytes, which is considered characteris-
tic of high-pressure metamorphic complexes [36].

Instead of pseudotachylite veins, many deep sli-
ckensides contain thin vitreous films, which also in-
dicate high-velocity slip along coseismic faults.

Fig. 7. Sample of a deep slickenside from a segment of the Bogd fault (Mongolia): a—general view of the slickenside in the
Bogd fault segment in the vicinity of Lake Orog Nurr; b—electron microscopy of the slickenside sample with a thin vitreous film

formed due to frictional heating during coseismic sliding [14, 37].

PHYSICAL MESOMECHANICS Vol.27 No.3 2024
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Fig. 8. Polished section of a deep slickenside formed in andesite from a segment of the Bodg fault (Mongolia): a—polished sec-
tion of a vitreous slickenside in the andesite sample, the arrow at the top indicates the direction of coseismic slip [14, 37]; b—en-
larged fragment, where arrows show the slip direction and en echelon tension fractures along the en echelon fault (color online).

4.2. Bogd Fault Zone in Mongolia

A sample of deep slickensides was taken from the
seismic dislocation zone in the Bogd fault segment in
the Gobi Altai region, where the above-mentioned
large earthquake with M=8.1 occurred on Decem-
ber 4, 1957 (Fig.7) [14, 29, etc.]. Figure 8 shows a
polished section of the deep slickenside from this
zone, where a vitreous slip surface with slickensteps
is visible. This rock sample is composed of minerals
(epidote, albite, etc.) corresponding to the greenschist
facies of metamorphism (7<500°C). The paragene-
sis of minerals (albite + epidote) newly formed in
this sample indicates that its multistage deformation
occurred in the presence of the fluid with a high con-
centration of Na+ ions and a low concentration of
CO,, as indicated by the stability of epidote and the
absence of calcite. The conditions of frictional heat-

ing, melting of a finely ground geomaterial, and the
formation of a vitreous film were realized in such
deep fault segments at the slip velocity of the order
of 1-10m/s.

It is important to note that slip planes and inclined
en echelon fractures had quartz-chlorite mineraliza-
tion and calcite precipitated from fluids of the corre-
sponding chemical composition. It can be assumed
that such fluids are injected into the vacuum space of
opening tensile fractures under high pressure and
speed. According to petrographic analysis, quartz de-
posits form under severe deformation. According to
the existing petrochemical models, such fluidization
phenomena in the considered slickenside formations
apparently occurred under the corresponding P-T
conditions of the greenschist facies of metamorphism
at the seismic focal depths 5—8 km [8].

Fig. 9. Different-scale heterogeneities from a segment of the Vilyui fault zone (az. 50°-60° NE): a—one of the large-scale slick-
ensides in the ultradeep Udachny mine exposed at the depth 475 m; b—slip surface fragment containing a slickenside; c—polish-
ed section of the slickenside shown in Fig. 9b with two slip planes formed in different periods of coseismic slips (color online).
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4.3. Slickensides in the Ultradeep Udachny Mine

The mine is located in the vicinity of the Udach-
naya diamond pipe in the Sakha Republic (Yakutia).
Figures 9a and 9b show a Vilyui fault segment with
numerous slickensides, which was exposed by exca-
vation of the diamond explosion pipe in the ultradeep
Udachny mine. Figure 9a exhibits a general view of
the slickenside whose sample is presented in Fig. 1.
Figure 9c presents a section cut perpendicular to the slip
plane, where another two older slip planes are seen
dark.

A dolomitic sediment layer containing the disco-
vered fragment was formed in the interval 445-
485 min years. Judging from the mineral coating, the
slickenside was formed at the temperature 7=350—
450°C and the pressure P=200—400 MPa, which cor-
responds to the depth 5—8 km.

This slickenside sample was studied in great de-
tail using X-ray scattering methods, infrared and
fluorescence spectroscopy [38], which gave a num-
ber of qualitatively new results. In particular, it was
found that the slickenside has a shiny nonuniformly
vitrified film with slickenlines. Its surface layer
30 nm thick is composed mainly of quartz and albite
nanocrystals with a large number of defects such as
broken interatomic bonds and impurity ions. Nano-
crystals have water on the surface. The 2—4-um-thick
layer of the slickenside contains nanocrystals of al-
bite, quartz, calcite, and dolomite. Minerals in the sli-
ckenside plane experienced intense transformations.
Quartz nanocrystals have the size =19 nm. Their latti-
ces are compressed to ~0.6%, which corresponds to
the effective lattice compression stress ~0.23 GPa. At
the same time, quartz crystals in the rock under the
slickenside have macrosizes. Nanocrystals are as-
sumed to be formed from macrocrystals fragmented
during the relative shear movement of the contacting
rock blocks. The presence of water reduces the acti-
vation energy of SiOSi bond breaking, which contri-
butes to unstable strike slip with the formation of a
slickenside. Water can also destruct albite and quartz
crystals by hydrolysis [39]. Such a structure de-
creases the friction coefficient and creates conditions
for unstable slip. Apparently, this is a typical struc-
ture of slickensides. For example, the surface layer of
the slickenside sample taken from the seismic dislo-
cation of the 1957 Gobi-Altai earthquake consists
mainly of deformed nanocrystals of epidote (alumi-
nosilicate with a low friction coefficient) and water
[40]. A nanoscopic study of a slickenside formed in
sandstone revealed deformed nanocrystals of mont-
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morillonite (a typical product of aluminosilicate wea-
thering) and anatase in its composition [41].

5. RESULTS AND DISCUSSION

The results reported in this paper point to a pro-
nounced hierarchy of heterogeneities in the structure
and properties of the slip surface of tectonic faults.

The highest hierarchical level is presented by
large heterogeneities with an area approximately an
order of magnitude smaller than the area of earth-
quake foci. They are contact spots governed by the
complex topography of the slip surface. It is these as-
perity contacts (stress concentration zones) that turn
out to be dynamically unstable during sliding along
the fault, while fault areas between the contacting as-
perities have frictional properties of stable sliding.
This is due to the formation of quartz- and feldspar-
rich areas in the contact spots, which almost lack
phyllosilicates. Minerals transported by fluids are se-
dimented between the contacting asperities with the
formation of interlayers of weak phyllosilicate-rich
materials, i.e. surface areas with frictional properties
of velocity strengthening.

In geodetic observations, areas of large-scale as-
perities can be clearly identified as a deficiency of in-
terseismic events. These areas are often characterized
by seismic quiescence. The latter is usually consider-
ed as one of the intermediate precursors of earth-
quakes. Smaller contact spots appear as topologically
dense clusters of hypocenters of background seismic-
ity.

The next level is local slip zones. They are found
on exhumed surfaces or in drill cores in the form of
slickensides and pseudotachylytes. Structural analy-
sis and laboratory experiments of these formations
provide valuable information about the P-T condi-
tions of preparation of coseismic ruptures in earth-
quake foci and about processes during sliding. For
example, it is often assumed that fault gouge forms at
relatively small depths (above the lower boundary of
the greenschist facies, 7<250-350°C) in a brittle re-
gion due to frictional wear and cataclastic deforma-
tions (grain boundary sliding, grain cracking, etc.).
At the same time, the mineralization of fracture sur-
faces and slickensides of the Primorsky fault indi-
cates that the most ancient coseismic ruptures with
slickensides occurred under P-T conditions of the
amphibolite facies of metamorphism (pressure 0.7—
1.0 GPa, temperature 500—700°C). This result is con-
sistent with the data of the recent laboratory experi-
ments, which significantly expanded the range of
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P-T conditions of quasi-brittle fracture. In particular,
it was shown that dynamic slips in calcite gouge
could occur at such high temperatures as 550°C. At
the same time, thin sections of samples fractured by a
brittle mechanism showed a characteristic mylonite
microstructure (elongated grains, aligned elongated
porphyroclasts, recrystallization) [42]. It was report-
ed in [43] that the presence of quartz provided a local
increase in high stresses, which caused the refine-
ment and destruction of crystals in minerals with
weaker atomic bonds (feldspars and micas) and the
formation of a nanocrystalline, partially amorphous,
material, which facilitated sliding. Shear tests on a
mafic rock layer under very high pressures (compres-
sive pressure 0.5 GPa<P,<1.5 GPa) at the tempera-
ture 600°C revealed a predominantly brittle deforma-
tion mechanism, with the transition to viscous defor-
mation at the temperature 800°C [44]. The authors of
[43] related quasi-brittle fracture at high pressures
and temperatures to micro- and nanoscopic structural
heterogeneities. They suggested that the partially
amorphous material generated by solid-state amor-
phization formed a weakening area penetrating the
mylonitized rock layer, and the high stress concentra-
tion at the interface between the slip zone and the
host rock caused brittle fracture of the fault [43].

Within the rate-and-state friction (RSF) rheology
commonly used in the description of fault sliding, the
possibility of dynamic slip is determined by the rela-
tion between the rigidity of the host rock and the rate
of decrease in the shear resistance during fault sliding
[3]. Various modifications of the RSF model are em-
ployed to simulate numerous natural phenomena as-
sociated with fault sliding [2 and the references the-
rein], including slow events. The conventional RSF
model allows simulating these phenomena only in a
very narrow parameter range [2], which contradicts
the latest observational data, according to which slow
events often occur at various crustal depths [45]. The
recent numerical simulation [46] demonstrated that
consideration for the dependence of the RSF parame-
ters on the displacement velocity of the fault sides
significantly expanded both the range of conditions
in which slow events can occur, and the range of
their characteristics, such as released stresses, dura-
tion, and recurrence.

Heterogeneities of the smallest hierarchical le-
vel—nanolevel—were directly detected in the men-
tioned experiments, in which the slickenside struc-
ture was studied by X-ray scattering methods, infrar-
ed, fluorescence and molecular spectroscopy [38, 40,
41]. These experiments were first to show that fric-

tional contact of rocks under high pressure resulted in
a radical transformation of the material structure as-
sociated with the fragmentation of macrocrystals in a
very thin layer. In combination with other processes,
for example, pronounced water flooding, these ef-
fects can cause a critical decrease of friction in the
contact area and coseismic slip.

The information obtained for different-scale he-
terogeneities in fault segments, their geometry, the
role of fluids on different scales, morphology and
strength properties of asperities at the sites of coseis-
mic ruptures is expected to be in demand for recon-
struction of earthquake preparation conditions. In re-
cent years, slip models with different consideration
for the fault structure heterogeneity began to appear
[1, 10,47, 48, etc.].

6. CONCLUSIONS

Many years of experience in field geological and
structural studies indicate the possibility of identify-
ing paleoseismogenic objects in fault zones by cer-
tain features which became accessible for visual exa-
mination after long-term many-kilometer denudation
of the upper layers of the uplifted Earth’s crust.

The reported data bear witness to a heterogeneous
structure of tectonic faults. Their slip zones include
low-friction regions, where fluid saturation promotes
weakening of strong mineral phases and whose fric-
tion increases with increasing slip velocity, and high-
friction regions where deformation is predominantly
cataclastic. The petrochemical and structural analysis
of deep slickensides revealed that they can be used
for identification of coseismic ruptures formed at the
seismic focal depth in periods of seismic activations.
The derived data also provide substantiated evidence
for thermodynamic conditions of formation of coseis-
mic ruptures.

The data of the comprehensive study of geologi-
cal conditions of emergence of different-scale hetero-
geneities on exhumed fault segments will undoubted-
ly contribute to the construction of more acceptable
complex rock models for numerical simulation of
formation of high-grade dangerous earthquake foci.
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