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Abstract: Based on results obtained from experiments on clay models, it appeared possible to establish main regularities in
the evolution of normal and strike-slip zones which structures are formed heterogeneously in time and space. The spatial
heterogeneity is reflected in the regular pattern of the fault zone structure due to the fact that sectors of two different types are
length-wisely alternating in the fault zone. Within sectors of Type 1, the main fault forms rapidly. Sectors of Type 2 are cha-
racterized by the long-term evolution of the pattern, significant width and high densities of fractures; in final development
phases, they are represented by relay structures. The temporal heterogeneity is manifested by stages and sub-stages in the
development of the fracture network, which are closely interrelated. Each of the three main stages is associated with specific
deformational behaviour of the medium and a particular type of the fracture pattern, as suggested by results of our tectono-
physical modelling of fracturing. The model is presented in the article; it is supported by data on natural normal and strike-
slip faults.
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BHYTPEHHSAS CTPYKTYPA PA3JIOMHBIX 30H: ITPOCTPAHCTBEHHO-
BPEMEHHAS 3BOJIIOLIVISI HA OCHOBE PE3YJIBTATOB ®U3NYECKOI'O
MOJEJINPOBAHUSA

K. XK. Cemuuckuii
Hncmumym 3emuoti kopbt CO PAH, Upkymck, Poccus

Amnnorarms: Ha ocHoBe 000011jeHHsT pe3y/IbTaTOB KCIIEPUMEHTOB Ha MOZJISIX M3 BJI&KHOW TVIMHBI YCTAHOBJIEHBI IJIaBHbIE
3aKOHOMEPHOCTH 3BOJIIOLIMM CBUTOBBIX U COPOCOBBIX 30H, CTPYKTYpa KOTOPBIX ()OPMUPYETCsl HepaBHOMEPHO BO BpEMEHH U
npoctpaHcTBe. OTpaXkeHHWEM TPOCTPaHCTBEHHOM HePaBHOMEPHOCTH SIBJISIETCS PEryJ/IsIPHOCTb B CTPOEHMM Pa3/IOMHON 30HHI,
CBsI3aHHas C uepe/0BaHHeM B NPO/O/LHOM HallpaB/IeHHUH [BYX THUIIOB yuacTKOB. B mpejenax yuacTKoB 1-ro THIa CpaBHHU-
TeJIbHO OBICTPO ()OPMMPYeTCSl MaruCTpasbHbI CMECTHTe b, YUacTKU 2-T0 TUIA XapaKTepu3yHTCs AJMTeTbHOM 3BOoLMei
CTPYKTYPHI, CYIIeCTBeHHOHN IIMPHUHOMN, BBICOKOH TUIOTHOCTHIO Pa3phIBOB M Ha 3aK/IIOUNTE/IbHBIX JTalax pa3sBUTHS ITPefCTaB-
JIeHBI pesied-cTpykTrypamu. OTpakeHWeM BpeMeHHOW HepaBHOMEPHOCTH SIBJISIeTCSI HalluuMe CTaZiui U MOACTaui pa3BUTHS
Pa3pbIBHOM CeTH, KOTOPbIE TECHO B3aMMOCBs3aHbl. KaXk/10i U3 Tpex I7IaBHBIX CTaJii COOTBETCTBYIOT CTPOTO OIpe/ie/ieHHble
JedopMalMOHHOe TI0Be/leHre cyOcTpaTa M THI Pa3pbIBHOM CETH, UTO Mpe/CTaB/IeHo B TeKTOHO(U3NUIeCKol Mojenn GpopMu-
pOBaHHUs Pa3/IOMHOM 30HBI, KOTOpasi OIMCaHa B KOHIIe CTaThM M MPOWIFOCTPUPOBAHA NPUMepaMM NPUPOJHBIX COPOCOB U
CJIBUTOB.

Knrouesnble cnosa: CABUr, C6pOC, Mozje/b U3 BJIQXKHOM TJINHBI, pa3pbIB, IPOCTPAHCTBEHHO-BPEMEHHAsA 3BOJIFOLUA, CTaUs.
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1. INTRODUCTION

The article considers general spatial and temporal regu-
larities in faulting which are manifested in fault zones
when they develop due to strike- and dip-slip movements
of the blocks composing such zones. The knowledge on
such regularities is fundamental for adequate understand-
ing of many processes which accompany faulting as in
certain structural conditions these regularities occur in the
initial form, whereas in other cases these regularities can
be used to interpret complex patterns of fracture zones
varying in types and scales.

Among the general regularities, which have been estab-
lished by other researchers, it is reasonable to note a typi-
cal set of the 2™ order fractures (Fig. 1); they occur in fault
zones by in-plane shear (mode IIT) [Kim et al., 2004]. Tt
has been revealed that the structure evolves in stages. By
comparing the Riedel experiment structure and the «force
— displacement» curve, [Tchalenko, 1970] has defined
three stages in formation of shearing zones. During the
first peak stage, R- and R’-shears develop with the highest
possible resistance to shearing. The second post-peak stage
is characterized by P-shears development on the back-
ground of strain softening. During the third «residual
stage», Y-shears occur, while resistance to shearing is
nearly permanent. On the other hand, it is impossible to
establish a ‘force — displacement’ curve for a natural situa-
tion; and the diagnostic role of R- and Y-shears for defin-
ing the stages should be specified, taking into account that
the available experimental data suggest the occurrence of
R-shears in the peak stage and Y-shears in the post-peak
stage [Bartlett et al., 1981; Mandl, 1988]. Therefore, it is
challenging to define stages in the development of the pat-
tern of strike-slip zones, and it is particularly difficult
to define such stages for dip-slip faults which develop
with the displacement vector being perpendicular to the
faulting front (mode II). It is thus required to confirm that
J.S. Tchalenko’s concepts are universal [Tchalenko, 1970],
and also to characterize the stages of faulting in a more
detail.

The general peculiarity of the spatial pattern of fault
zones is the existence of fracture complexes formed by
bending or junction of the largest 2™ order fractures. They
are typical for the faults varying in types and scales; and
with regards to details of the pattern and formation, they
can be termed as transfer zone, step-over, fault-bridge, de-
structive fields, relay zone (or structure), duplex, accom-
modation zone, pull-apart, push-up etc. [Woodcock, Fis-
cher, 1986; Lobatskaya, 1987; Sylvester, 1988; Gibbs,
1984; Kearey, 1993; Park, 1997; Walsh et al., 1999]. Re-
gardless of the differences, these specific structures are
named below as ‘relay structures’ [Walsh et al., 1999].
Their peculiar characteristic is that they are distinguished
by high density of fractures in comparison with the
adjacent sectors of the zone. Therefore, our attention
shall be focused on positional relationships between the

relay structures that are distinctly expressed at late devel-
opment stages of the fault zone and also on such relation-
ships’ manifestation at early stages characterized by the
presence of sectors wherein small Riedel’s shears are high-
ly dense.

It is proved that quantitative analyses of fracture pat-
terns at different evolutional stages can provide for consis-
tency and efficiency in finding solutions to the problems
specified above and also in reviewing spatial and temporal
peculiarities in the formation of the fault zones. In the pre-
sent study, experimental modelling has been employed as
the major research method (1) to reveal general regulari-
ties in stages of formation of fault zones varying in types
on the basis of assessment of variations in the fracture pat-
terns during deformation of the model; (2) to reveal gen-
eral regularities in fracture density distribution at different
stages of formation of strike-slip and normal fault zones’
structures; (3) to present a tectonophysical model of a fault
zone, which consolidates the known and newly established
spatial and temporal regularities of fracturing.

2. EXPERIMENTAL METHOD

Our experiments are based on a rectangular homogene-
ous clay model (over 0.5 m in length and over 0.5 m in
width) which is subject to deformation. The model’s
thickness (H), viscosity (77), and deformation rate (V, rela-
tive movements of the ‘basement blocks’) are maintained
permanent throughout an experiment, yet differ from one
experiment to another (H=0.04+0.14m; 7=6-10°+3-10°
Pa's; V=10"+10" m/sec). The methodology of such ex-
periments is described in detail in [Sherman et al., 1983];
the referred publication introduces similarity criteria and
states that the clay’s elasto-plastic properties in the ex-
perimental conditions are similar to those of the earth’s
crust subject to faulting.

An originally designed installation called Razlom is
used to study strike-slip and normal fault zones in large
models made of the specially selected elasto-plastic mate-
rial. The Razlom equipment provides for displacements of
the model’s parts in the horizontal and vertical directions
and shifting with a slope, as required. Many researchers
refer to similar conditions of tectonophysical modelling, as
reported in [Tchalenko, 1970; Wilcox et al., 1973; Mi-
khailova, 1971; Sherman et al., 1983; Mandl, 1988; Guo-
hai, Groshong, 2006; Rosas et al., 2009]. A specific fea-
ture of our approach is that in the course of each experi-
ment the fracture pattern on the model’s surface is re-
corded by photographs and then slightly smoothed out of
the model surface; by doing so, we ensure that only active
fractures are recorded in the next photos and then subject
to analyses. Each experiment is conducted until the model
is completely destroyed, i.e. until the model’s surface is
fully dissected by the major continuous rupture.

Based on the photos taken at various deformation steps,
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Fig. 1. Types of echelon fractures formed in shearing zone (exempli-
fied by the sinistral strike-slip fault on the data [Bartlett et al., 1981;
Mandl, 1988; Tchalenko, 1970; Wilcox et al., 1973]): Y, R’, R and P
— strike-slip faults; n’ and n — normal faults; t’ and t — reverse faults; e
— extension fractures.

Puc. 1. Tunb! 5111€710HUPOBAHHBIX Pa3pbIBOB, 00Pa3yHOLIUXCS B 30He
CKa/lbIBaHUS (Ha TIpUMepe jeBoro capwra) [Bartlett et al., 1981;
Mandl, 1988; Tchalenko, 1970; Wilcox et al., 1973]: Y, R>”, Ru P —
c/iBUrY; N’ ¥ n — cOpoCkl; t” U t — B30POCHI; € — pa3phIBBl PACTSKEHHS.

schemes of active fractures are constructed and subject to
processing and analyses as original experimental data
(Fig. 2). To study temporal peculiarities of fracturing,
three main parameters of the fracture pattern are evaluated:
a length of the longest fracture in the zone under study
(Ly); an average width of a zone (M), and a total quantity
of fractures within the given sector of the zone (N). To
study distribution of active fractures, maps of fracture den-
sity (p) are constructed (see Fig. 2). For all the schemes in
every separate experiment, the size of the fracture density
measurement grid is equal to a half of the corresponding
model thickness.

3. EXPERIMENTAL RESEARCH RESULTS

Results of our experiments conducted in different con-
ditions (i.e. with different values of V, H, and 77) show that
R’-shears are recorded only at the initial steps of the mod-
els’ deformation, and the model is mainly subject to de-
struction by evolving R-, P- and Y-type fractures. In nor-
mal fault zones, these are antithetic and synthetic normal
faults, whereas in strike-slip zones, vertical synthetic
strike-slip faults occur. The structure of the zone of any
type develops as R-shears grow in length and conjugate
with each other via P-shears, and Y-shears occur, and, fi-

Geodynamics & Tectonophysics 2012 Volume 3 Issue 3 Pages 183-194

nally, a single major displacement fracture is formed. Our
quantitative analyses of the fracture patterns give evidence
to conclude that the evolution is irregular both in time and
space even in experimental conditions, despite the fact that
the model is homogeneous, the force is regularly applied
along a zone strike, and the rate (V) is constant.

Time aspect of structure development. The first detail
description of our studies of Ly, M and N variations at dif-
ferent stages of formation of strike-slip fault zones’ struc-
tures was published in [Seminsky, 1990]. In the referred
article, major visually recorded trends of temporal changes
of the structure (Fig. 3, a) are quantitatively confirmed,
and it is established that the zone’s width and the quantity
of active fractures increase at the beginning and then de-
crease, whereas the length of the longest fracture is stead-
ily increasing during evolution of the fault zone. It is also
revealed that synchronous short-time variations occur, and
changes of the parameters are recorded in the same mode,
i.e. Ly increases sharply, and M and N change spasmodi-
cally. These variations are quantitative evidences of the
structural transformations which demark stages in devel-
opment of the strike-slip zone or long-term periods of rela-
tively stable development of the fracture pattern.

Within each development stage, general trends in varia-
tions of the structure’s parameters are maintained; none-
theless, every stage is characterized by specific interrela-
tions between the fractures. For instance, curves showing
fracture quantities versus lengths by stages in development
of the fault zone (Fig. 3, b) can be grouped in several bun-
ches corresponding to each stage, and this suggests par-
ticular correlations between fracture dimensions. In transi-
tion from one stage to another, the self-similarity mode is
changed since in the course of structural transformation
the bridges are destroyed to give way to the occurrence of
larger fractures; at the same time, numerous small frac-
tures, which fall into the zones influenced by such larger
fractures, become passive. Thus, the structure of the strike-
slip fault zone is formed irregularly in time. It should be
noted that it was recorded in all the experiments that one
of the transformations plays the main role: it takes place
near to a maximum on the «force — displacement» curve,
and it is characterized by the most abrupt changes of the
parameters under study (Fig. 3 a). This maximum corres-
ponds to the moment when one of the extended fractures
dissects model completely in one of its sectors, and the
integrity of the model is thus significantly damaged.

Regularities of faulting established for the strike-slip
faults are generally verified for normal fault zones in ex-
periments conducted in other conditions of deformation
(Table). As exemplified by one of the models (Fig. 4), de-
viations from the general trends of changes in the fracture
pattern parameters allow us to define development stages
for such conditions too. It should be noted that, unlike slip-
strike faulting, development of normal faults clearly dem-
onstrates only one structural transformation which takes
place when Ly, sharply increases, whereas M and N are
decreasing. Anyway, by using the data from article [Acker-
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Fig. 2. Schemes of fractures, curves, and maps of fracture density (p) in isolines corresponding to main stages of development of the strike-slip
zone in the elasto-plastic model. 1 — fractures with insignificant (a) and significant (b) opening displacement component; 2 — areas with different
fracture density; dotted lines — lines between structural development sectors (1 and 2); K and k — distance between fracture density maximums in
different stages. An inset shows the basic form of the ‘stress (o) — strain (€)’ curve for the discussed experiments.

Puc. 2. Cxembl pa3pbIBOB, rpayiKu U KapThl pacnpejiesieH|st UX TUIOTHOCTH (p) B M30JIMHHUSIX, COOTBETCTBYIOLVE TJIaBHBIM CTaAWsIM Pa3BUTHS
C/IBUTOBOY 30HBI B yIIPYTO-TUIACTUYHON MoZeny. 1 — pa3phIBBI C He3HAUMTE/IbHOM (a) ¥ 3HauMTesbHOH (6) pa3BUrOBOMN COCTaBISIONEH CMelrie-
Hust; 2 — 06/1aCTH € pa3HbIM KOJMUECTBOM Pa3pbiBOB B eJUHULIE TUIOIA/H; TYHKTUDP — JIMHUMU, pa3jesstoliue y4acTky (1 u 2) pasHoro CTpyKTyp-
Horo pa3sutus; K U K — paccTosiHMe MeXJy MakCHMyMaMH TJIOTHOCTH Pa3pbIBOB Ha Pa3HbIX CTa[UsX pa3pbiBooOpa3oBanus. Ha Bpeske — MpuH-

LMNUaIbHEINA BUJ rpadika «HarpsokeHre (o) — qedopMariys (€)» i TaKUX SKCTIepUMEHTOB.

mann et al., 2001] (though such data were obtained in
slightly different modelling conditions) for more detailed
statistical analyses of normal fault models, it appears pos-
sible to define stages even within the earliest structure
formation period. Thus, there are grounds to assume that
the basic evolution character is also maintained for normal
faults, though the importance of separate stages in trans-
formation of the fracture pattern is variable.

Our experiments (Fig. 4) reveal only three indicative
moments of formation of the normal fault zone structure:
(1) occurrence of the first fractures, (2) main structural
transformation, and (3) occurrence of the major fracture
on the model surface. It is suggested that such moments
occur depending on V and H (Table). Values of t;, t, and
t; are reduced with high rates of deformation. A reverse
correlation between the model thickness and timing
of these moments shows that thicker models are more

quickly destroyed; a logical explanation is that the thicker
is the model, the larger is the weight of its material, and
thus the higher is the rate of its movement downwards
by gravitation, and thus the major fracture forms more
rapidly.

It can be thus concluded that stages in formation of the
strike-slip and normal fault zones are basically manifested
in a similar way. However, other conditions being equal,
more stages can be identified in strike-slip faulting com-
pared with normal faulting, and this suggests a less com-
plicated mode of evolution of the fracture pattern for for-
mation of faults with hanging block offset on dip.

Spatial aspect of structure development. As evidenced
by the fracture density maps (Figures 2 and 4), parameter p
is irregularly distributed. Moreover, the fracture zones of
various types as well as other structural elements [Cob-
bold, Ferguson, 1979; Plotnikov, 1991] are characterized
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Fig. 3. Results of quantitative analysis of the strike-slip zone in the clay model: a — curves show changes of the zone’s width (M), fracture quantity
(N), maximum fracture length (Ly), and its derivative (L") in time (t); it is possible to distinguish development stages by synchronous variations
of the parameters (gradations of grey colour denote stages; the moment of the main structural transformation is marked by an arrow); b — logarith-
mic dependence curves of fracture quantity (N) and length (L) that provide for identification of stages in development of the strike-slip zone in
time (1-10 — stages in time); four stages (I-IV) can be clearly defined.

Puc. 3. Pe3y/bTaThl KOJIMUECTBEHHOTO aHa/IM3a CTPYKTYPBI CIBUTOBOM 30HBI, BOCIIPOM3BE/IeHHOW B MO/Ie/U U3 BJIa)KHOM [VIMHBI: d — rPadUKy 13-
MeHeHHs! 1IMPUHBI 30Hb! (M), KonuuecTBa pa3pbizoB (N), AIMHBI MAKCHMA/IBHOIO paspbiBa (Ly) ¥ ee mpousBogHoii (L y) Bo BpeMeHH (t), 03BO-
JISTFOIIIVE TI0 CHHXPOHHBIM M3MeHEHUsIM T1apaMeTpOB OTAeUTh APYT OT Apyra CTafWy Pa3sBUTHS CETH Pa3phIBOB (OTTEHKH CEepOro IjBeTa — CTaJiH;
MOMEHT TIJIaBHOM CTPYKTYPHOW NepecTpoiiku — cTpenka); b — rpadmku sorapudmryeckoii 3aBUCHMOCTH KO/IuuecTBa pa3pbiBoB (N) OT UX [JIMHBI
(L), mpepcTaB/stoOLMe OT/e/bHbIe BpeMeHHble 3Tarbl (1-10) pa3BUTHs CABUrOBOM 30HBI M 00pasyolye MyYKH, KOTOPble COOTBETCTBYIOT YeThl-

peMm cragusim (I-1V).

by the lengthwise regularity of medium deformation: p
maximums, which alternate with p minimums, are located
at approximately similar distances from each other. In the
shearing zone, the distances between p maximums differ
from one development stage to another; they tend to in-
crease with time due to deeper penetration of the de-
veloping fractures.

Thus, highly fractured areas located at maximum dis-
tances from each other are most distinctly manifested at
the end of experiment (see Figures 2 and 4). By this time,
the zone is clearly dissected lengthwisely into sectors, each
being represented by only one fracture, and wide areas of p
maximums wherein the long-term process of the major
fault formation takes place. Such areas should be identified

Experimental parameters and indicative time moments of formation of normal fault zone structure

TTapamMeTpbl, OTpaXKalOIfie YCIOBUS TIPOBE/IEHHS YKCIIEPUMEHTOB U XapaKTepHbIE BPEMEHHEIE MOMEHTHI ()OpMUPOBaHUs CTPYKTYPhI COPOCOBBIX 30H

Experiment No. 7, Pas A, degrees H, mm V, mm/min t;, min ty, min t3, min
B-18 10’ 90 120 1 10 30 45
B-28 10’ 90 120 0.5 30 80 110
B-29 107 90 80 1 17 48 58
A-6 107 60 80 1.2 25 38 55
A-7 10’ 60 80 11.7 4 9 10
A-13 107 60 120 11.7 4 6 9

N o t e. 7— model material viscosity; A — angle of modelling installation unit’s displacement to horizon; H — model thickness; V — deformation rate;
t; — time of occurrence of the first fractures, t, — time of main structural transformation, t; — time of occurrence of the major fracture on the model

surface.

IIpuMedyYaHH e. 77— BI3KOCTb MaTepHana MOJE/H; A — YToJl CMeLljeHHsl ILITaMIIa [0 OTHOLLEHHIO K FOpu30HTY; H — To/muuHa Mogeny; V — cko-
pocThb ehOPMHUPOBAHNS; t, tp U t3— BPEMs ITPOSIB/IEHHS] HA TIOBEPXHOCTH MOJIE/H, COOTBETCTBEHHO, I1EPBbIX Pa3pbIBOB, T71aBHOM CTPYKTYPHOM Iepe-

CTpOﬁKH Y MarucCTpajjbHOro CMeCTUTesIsd.
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Fig. 4. Curves showing changes of parameters of the fracture pattern in time (a); schemes and density distribution (in isolines) in the normal fault
zone are shown in drawing (b) for different steps simulated by the elasto-plastic model. 1 — the moment of the main structural transformation;
2 — fractures with insignificant (a) and significant (b) opening displacement component; 3 — areas of different fracture density; M — average zone
width; N — fracture quantity; Ly, — maximum fracture length; ¢ — time.

Puc. 4. I'paduiku v3MeHeHHUs1 BO BpeMeHH KOJIMUeCTBeHHbIX I1TapaMeTpOB CeTH pa3pbIBOB (@), CXeMbl U pacripe/iesieHus IJIOTHOCTH (B U30JIMHUSIX)
KOTOPBIX B 30He cOpoca MoKa3aHbl Ha pUcyHKe (b) A/is pasHbIX 3TarnoB JedOPMUPOBAHUS YIIPYTo-TIACTUYHON MOJe/ii. 1 — MOMEHT TJIaBHOM Tie-
PeCTpOiKY B CTPYKType; 2 — pa3pbIBbl C He3HAUMTE/IbHOM (a) ¥ 3HaunTe/bHOM (b) pa3ABUrOBOI COCTaBIIAIONeH CMelleHus; 3 — 00/1aCTH C pa3/ny-
HBbIM KOJIMYeCTBOM Pa3phIBOB B eJMHHUIIe T/IOMaAu; M — cpe[jHss IIHUPHHA 30HbI; N — KOJTMYeCTBO Pa3phiBOB; Ly — A/TMHa MaKCUMabHOTO Pa3phl-
Ba; t — BpeMsl.



with relay structures which develop firstly to merge with
each other into a future major fault, and then its surface
gets smoothed during sliding of the fault wings. In the last
case, concurrent existence of quite small fractures and the
major fault itself within the relay structure is possible for a
short period of time (refer to the left-side maximum in two
schemes at the bottom of Fig. 4). From the fracture density
maps showing the early steps of the modelling, it is diffi-
cult to forecast which the neighbouring p maximums will
belong to the relay structure in the further evolution.
Nonetheless, backward tracing of the positions of these
structures (from the final to initial steps of the modelling)
suggests that they originate from the early steps of faulting
(see Figures 2 and 4). Thus, the relay structures reflect the
1% order heterogeneity in distribution of the fractures
which is characteristic for certain deformation conditions.

Thus, the 1* order spatial heterogeneity in formation of
strike-slip and normal fault zones is demonstrated by the
fact that such zones are dissected in the lengthwise direc-
tion into sectors of two types. Some sectors, such as relay
structures, are lagging behind in development since, within
their borders; the segments formed in the neighbouring
sectors are merging with each other to form the future ma-
jor fault. The 2" and higher order heterogeneities of the
medium are represented by the fracture density maximums
which are registered when deformation begins and those in
relay structures at the final steps of the fault zone evolu-
tion.

4. INTERRELATION OF TEMPORAL AND SPATIAL
REGULARITIES IN FORMATION OF THE FAULT
ZONE STRUCTURE

The experimental research of the strike-slip and normal
fault zones formed in a variety of deformation conditions
of the elasto-plastic model give evidence of the number of
general temporal and spatial development regularities. The
main regularities established are staging and lengthwise
heterogeneity of distribution of fractures.

To define timeframes of the periods when spatial regu-
larities are manifested, specific changes in the structure are
referred to; such changes are clearly reflected in external
indicators, such as the moment when the single major fault
occurs in the zone, or the moment when the main struc-
tural transformation starts up. In the schemes showing the
post-transformation stages, the sectors are recorded, each
represented by a single large active fracture with the larg-
est displacement amplitude (stage 2 in Fig. 2; the 30 mi-
nutes stage in Fig. 4). In the adjacent sectors, this dis-
placement amplitude is distributed for many fractures
composing the zone. Based on compatibility of the specific
fracture patterns and variations in the deformation behav-
iour of the loaded massif, it is possible to distinguish three
stages of fault zone development which are marked out by
the moments of the main structural transformation start-up
and the occurrence of the major fault. With such an ap-
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proach, the stages defined above on the basis of the quanti-
tative evaluations of the fracture patterns should be classi-
fied as sub-stages which reflect sequential formation of
large fractures, resulting from merging of small fractures
in the course of structural transformations.

The main stages are basically similar to the three stages
defined for shearing zones in the recent studies [Tcha-
lenko, 1970]; in some reports, such stages are referred to
when faulting is described [Ben-Zion, Sammis, 2003]. The
data collected in our experiments provide for development
of this concept and allow us to establish the multi-level
staging mode and to propose the new criterion for identifi-
cation of stages 1 and 2, and also to obtain comprehensive
characteristics of such stages. In this logic, our tectono-
physical model of faulting is presented below in the format
of consecutive characteristics of the three main stages,
each with its peculiar medium behaviour in terms of de-
formation, and its specific spatial and temporal variations
of the parameters of the fracture pattern.

The early stage of the fault development (see Fig. 2) re-
fers to the zone of several fracture systems, the most de-
veloped of which are R-type synthetic fractures. The frac-
ture patterns evolves irregularly (i.e. in sub-stages), with
the overall strengthening of the medium of the fault zone.
The zone’s width and the numbers of active fractures in
the zone increase intensively and then decrease with time.
The length of the longest fracture in the zone increases
irregularly throughout this stage. The lengthwise distribu-
tion of no-contrast maximums of the fracture density is
regular; such maximums are located close to each other as
only the near-surface layer is subjected to destruction.

The late stage of the fault development (see Fig. 2) re-
fers to the zone of lengthy R-shears; the longest R-shears
are located in some sectors as the single fractures; whereas
in the neighbouring areas they conjugate to form R-, P-,
and Y-type fractures. The zone’s width is considerably
variable in the lengthwise direction; it decreases with time;
the number of active faults decreases with time too. Along
with the accelerated increase of the longest fracture, this
reflects localization of deformation, while the strength of
the loaded volume is ceasing. This process is irregular in
time, and sub-stages are possible. The distribution of the
fracture density can be characterized by the lengthwise
regularity as given by the distinct differentiation of the
zone into intensively fractured sectors wherein the relay
structures develop (2 in Fig. 2) and the adjacent areas
wherein practically the whole displacement amplitude is
released by a single large fracture (1 in Fig. 2). The dis-
tances between the fracture density maximums reflect the
1% order destruction heterogeneity for the given conditions
of deformation.

The stage of complete destruction refers to the single
major fault and feathering fractures which are mainly as-
sociated with the given fault’s bends (see Fig. 2) and
formed in conditions of lengthwise compression or exten-
sion. The zone’s width and the number of fractures within
its limits are tending to the minimum; the length of the
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Fig. 5. Examples of strike-slip (a—c) and normal (d—f) fault zones which refer to the three main development stages: a — northeast strike-slip segment of the Baikal Rift zones (Russia) [Logatchev et

al., 1983]; b — the North-Anatolian strike-slip fault (Turkey) [Chorowicz et al., 1999]; ¢ — the San-Andreas transform (USA) [Kim, Sanderson, 2004]; d — board structures of the Corinth Rift

Puc. 5. TIpumeps! ¢ABUTOBBIX (a—C) 1 COPOCOBBIX (d—f) 30H TpeX IVIABHBIX CTaAu

I (Greece) [Moretti et al., 2003]; e — normal fault zone in West Sinai (Egypt) [Knott et al., 1996]; f — structures of the Rhine graben (France, Germany) [Andre et al., 2001].
1983]; b — CeBepo-AHaronmun
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longest fracture depends on the dimensions of the volume
being destructed. Even upon the formation of the plane
surface of the fault, this volume maintains a residual
strength; therefore, the term of «complete destruction» can
only be applicable as to reflect the fact that the volume
subject to deformation is dissected by the single fault rep-
resented by faulted rocks.

According to the indicators considered above, the
north-eastern strike-slip segment of the Baikal rift zone
(Fig. 5, a) [Logatchev et al., 1983] can exemplify the early
stage of development of strike-slip fault zones. The same
refers to numerous, so-called latent (or dispersed) faults
which represent the zones of the Riedel shears in the sedi-
mentary cover in the course of the foundation blocks’
movements [Gzovsky, 1975; Makarov, Shchukin, 1979;
Koronovsky et al., 2009]. The North-Anatolian (Fig. 5, b)
[Chorowicz et al., 1999] and the Alpine [Norris, Cooper,
2003] strike-slip faults can be classified as faults in the late
stage of development. The San-Andreas (Fig. 5, ¢) [Kim,
Sanderson, 2004] and the Dead Sea [Garfunkel, Ben-
Avraham, 1996] transform faults can be classified as those
in the stage of complete destruction. Board structures of
the Sicilo-Calabrian (South Italy) [Monaco, Tortorici,
2000] and the Corinth (Greece) Rifts (Fig. 5, d) [Moretti et
al., 2003], and others fault systems are lengthy normal
fault zones in the early development stage. The West Sinai
fault zone (Fig. 5, e) [Knott et al., 1996] and the Wasatch
fault zone in the Basin and Range province [Smith, Bruhn,
1984] are in the late development stage. Board structures
of the Rhine graben (Fig. 5, f) [Andre et al., 2001], the Pri-
morskiy normal fault in the Baikal rift [Logatchev et al.,
1983], and other faults are in the stage of complete de-
struction.

It should be noted that the spatial and temporal regula-
rities considered above are characteristic for faults of dif-
ferent types and scales. The lengthwise regularity of de-
formation of the fault zone medium, that is the general
property of deformation distribution in homogeneous bod-
ies [Cobbold, Ferguson, 1979; Plotnikov, 1991], is mani-
fested in relatively ideal conditions of analogue [Clifton,
Schlische, 2001] and numerical [Stephen et al., 1998] mo-
delling, yet this regularity is discovered for some natural
objects (Fig. 5). The three main stages in the development
of large strike-slip faults and normal faults can be identi-
fied in the development of mesofaults, as, for instance, it
can be yielded from the analysis of the block diagrams for
strike-slip faults in [Kim et al., 2003] and for normal faults
in [Walsh et al., 2003]. 1t is reasonable to suggest that the
regularities may be valid for intermediate scales due to
self-similarity of the process described in [Kim et al.,
2003; Kim, Sanderson, 2004]. The spatial and temporal
regularities typical of strike-slip and normal faulting may
be typical of reverse faulting in mode II. All the three
cases of faulting are characterised by the common peculi-
arity concerning loading when positioning of the fault
zone is predetermined by the plane of blocks’ interaction.

Thus, the established spatial and temporal regularities
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of fault zone structure formation are characterized by high
level of generalization. It is reasonable to assume that
these regularities can be manifested by the same external
indicators at faults which evolve in similar loading condi-
tions with the elasto-plastic behaviour of the medium. At
the same time, the manifestation of these regularities in
natural environment is definitely complicated by non-
homogeneities of the structure and material composition of
the earth crust, and in term of quantity, by variations of
deformation conditions.

5. CONCLUSIONS

The experimental research of shearing zones which oc-
cur in mode II (normal faults) and mode III (strike-slip
faults) show that their formation takes place according to
the general temporal and spatial formation regularities.
These regularities are integrated in the structure formation
and reflect the heterogeneity, being the fundamental prop-
erty of destruction, which is manifested even in the stable
mode of deformation.

The temporal heterogeneity is reflected in staging of
the evolution of the fault zones, and such evolution stages
fall into two levels. The 1* level includes the three main
stages, i.e. the early and late stages and the stage of com-
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