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We analyzed stnations of various onentations and shapes formed on a fault plane of the central segment of the 1988 Spitak
scismogenic rupture in Northern Armenia (Ms=7 0). This allowed reconstruction of the ruptuning process on the sqrfgcc during the
earthquake The vananon of sinae onentations is related to the multi-phase main event consisting of several pulses within |1 seconds.
[he carhieststnatons of the first group were formed on the fault plane of the secondary superficial rupture before seismic rupture from
depth had reached the carth surface and were not consistent with the resulting displacement. The later stnations of the first group
correspond to the motion guided from the depth. These strniations formed when the focal rupture reached the central segment surface;
therefore they reflect motion direction at depth most precisely. Superimposed stnations of the second group are interpreted as a result
of vibrations (dynamic stress change) associated with propagation of the rupture on the neighboring segments. At the final phase of
rupturing process, there was an additional motion with vertical component, which did not create new striation because of a distance
separating the two blocks near the surface, so that the last observed sub-honzontal striations appeared above the footwall surface. The
presented data indicate important near-surface vanations of kinematic conditions during the rupturing process, which were not
accompanied by any change of general dynamuc conditions at depth.

Introduction

Shikensides (stnations) observed on fault planes are
geological features that are largely used in brittle tecton-
Ics to reconstruct fault kinematics and fault dynamics
(.. 1, 17]. Numerous methods to analyze fault slip dy-
namics data have been published on the assumption that
these shikensides represent shear stress resolved on the
tault plane [17]. Stnations of various orientations found
on the same fault plane are commonly interpreted as
reflecting different motions that result from different
stress conditions changing one another in time. Statisti-
cal analysis of such striations often forms the basis for
reconstruction of regional deformation histories.

However, various directions of striations associated
10 a single stage of deformation were also observed. for
instance, during the 1957 Gobi-Altay earthquake [7], the
1980 El Asnam earthquake [H. Philip, unpublished data],
the 1992 Landers earthquake [8], or the 1995 Kobe earth-
quake [13]. H. Cashman and A. Ellis [2] explained this
phenomenon by the interaction of two stress-fields — lo-
cal and regional. According to their model. the phenom-
enon can be explained by a non-linear relative move-
ment and block rotation during a strong earthquake. M.
(atery and P. Spudish [8] observed the rotation of stria-
tions and explained it by the combination of low initial
stress level with spatial variations in initial stress direc-
ton

In this paper, we present observations of differently
directed striations that were formed during the 1988,
Ms=7.0 Spitak earthquake, and revealed the dual mecha.
nism of surface rupturing. We propose a model to ex-

plain what these features could mean in terms of fault
kinematics and fault dynamics.

Earthquake data and Sampling locations

The 1988 Spitak carthquake produced surface rup-
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ture consisting of several segments of various length,
kinematics and displacements rates. The earthquake,
associated with the northern part of the Garmi Fault, oc-
curred n a region where main active faults of Armenia
join each other to form the North Armenian Structural
Arc [10, 16] (Figure 1). The hypocenter was at a depth
of 11 km [10, 16, and 12.] According to seismological
data, the man shock epicenter was located to the north
of the Spitak city and had focal mechanism of a right-
lateral strike-shp with reverse component (fault plane
strike was N140°E). The 37 km-long surface rupture
displayed oblique-slip (reverse motion with dextral com-
ponent) and a 65° N-dipping fault plane [10, 16].

According to the broad band seismological data in-
version [9], the main shock lasted for 11 seconds and
was subdivided into 5 sub-events, distinguishable both in
space and in time. The first rupture propagated to the
northwest of the Spitak city along a N120°E-trending
reverse fault with a nght lateral component. Two sec-
onds later, the second rupture propagated to the south-
cast from the Spitak city along the right-lateral N140°E-
trending fault. Three seconds after the second rupture
started, the first rupture propagated to the northwest along
another segment. The rupture did not reach the surface
and was a blind thrust associated to an anticline, on top
?f :]nrhlch secondary surface deformations were observed

14].

According to other authors [6, 12] the main shock
lasted for 14 seconds and consisted of 3 sub-events.

The first observations of striated fault planes were
reported three days after the earthquake [10, 16]. Two
fragments of striated fault plane (Figure 2) were sampled
at the place where the maximum vertical displacement
was observed along the 8 km-long central segment, strik-
ing from the northwest of the Spitak city to the Gekhassar
village [10, 14, 16].

‘I'he striated samples, still wet, were taken from the
free face of the hanging wall, 60 ¢m above the base d‘;{

}
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Figure |: a -Seismicity in the region between 1977 and 1998: 1 — strike-slip fault,2 - reverse fault.3 — movement ol blocks 4 — |
mechanism of Mw>4 8 earthquakes (CMT Harvard),5 = rupture mechanism solution on the lower hemisphere of Schmd!
6 — instrumental seismicity (3<Mb<4.9) (USGS-NEIC); b — Seismogenic rupture ol the Spitak earthquake in 1988 with indicatio:

ol the sampling site

Figure 2: Two samples of the strated fault plane.

he free face (1.e., above the footwall surface), along a
rfectly planar fault plane trending N140°E and dipping
0% to the northeast (Figure 3a). These samples are two
ablets of plastic clay almost without clastic elements.
hich formed as a result of interaction between the two
locks during the rupturing.

The vertical and horizontal displacements measured
t the studied site are 1.60 m and 0.90 m respectively.
n the free face, one can observe a 10-15 cm-thick
lack layer of modern soil that 1s lying directly on the
cathered volcanic bedrock.

Description of striations

The observed striations can be divided into two main

Figure 3: a - location of stnated samples, b - samples (num-
bers indicates striae of the first group, ¢ indicates clay accu-

mulation).

Figure 3a), which 1s cut by the second group composed
of short, deep and discontinuous striations having vari-
ous orientations. Detailed analysis of Group I stnations
on the samples using the principle of superposition al-
lowed us to determine four main motion directions that

uentially in time produced striation pitches of 4875,
59°S. 65°N, and 49°N (1, 2, 3, and 4 in Figure 4). Using
the graphical method proposed by Rutz [ 15] for the stress
ellipsoid parameters obtaned from geological data [ 14].
we determined the theoretical shp-vector for the studied
fault plane (5 in Figure 4). For Group II stmations we
could not establish the chronological sequence.
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Figure 4: Representation of the striae on the lower hemisphere
of Schmudt; 1 to 4 are the measured stnae and 5 1s the calcu-
lated one.

Age of striations

According to historical and paleoseismological evi-
dence, the penultimate event on this segment occurred
several thousands of years ago. Philip et al [14] estab-
lished a date of 17,000 years BP as the lower time limit
for this event. It 1s therefore unlikely that striations in
clayey matenal associated to this penultimate event could
remain fresh and intact after such a long time. More-
over, 1f this were the case, we would expect to find firm-
clay tablets, which in fact were not found. If, however.
the clay had remained wet, the 1988 slip probably would
have erased the striations. Hence, we conclude that the
descnbed stnations are in fact related to the 1988 Spitak
earthquake.

Striations of vanious directions, associated with a
single seismic event, were described for the 1995 Kobe
earthquake [13]. The analysis performed by Otsuki ef
al [13] indicates the complexity and frequent inconsis-
tency between stnations and resulting motion vectors

r?jg]stered by other geological and seismological meth-
ods.

Analysis of the striation pattern

I'he complex pattern of slickensides can be partly
explained by the presence of small clastic and rigid frag-
ments in the clayey material, which would remain fixed
to one or the other of the two fault walls alternatively
during the relative movement of the blocks. As a result,

striation patterns on both walls of the fault would not
reflect the complete pattern of motion. Figure 5 presents
different theoretical patterns of strations during a single
fault movement. Figure 5a shows striae reflecting com-
plete relative displacement between the two blocks, since
a single rigid object remained constantly affixed to one
of the blocks not shown in the figure. Figure 5b presents
striations left by several ngid objects, distrnibuted along
the fault plane, which were affixed to the not-shown
block during a part of the displacement and scratched
the opposite wall. For the same relative movement, Fig-
ure Sc shows the striation left by a fragment, which, in
the course of motion, was successively fixed to one fault
wall or the other. The trace of the striation appears some-
how reduced due to the irregular scratching and forms
an arc with a smaller radius with respect to the com-
plete record shown 1n Figure Sa.

To reconstruct the history of deformation, we con-
sider the following facts:

* The striated samples were taken from the central
segment, where seismogenic rupture was initiated ear-
lier than on the other ones: therefore 1t could reflect all
later static and dynamic stress changes during the earth-
quake.

* The rupturing during the Spitak earthquake included
different pulses that in total lasted for 11 seconds, and
created different segments of rupture. We suggest that
the ensemble of described striations was created during
these pulses. Based on the analysis of the Spitak earth-
quake aftershock parameters, Dorbath er a/ (1992) con-
cluded that no one of the strong aftershocks could trig-
ger surface rupture process [S]. However, the influence
of a strong aftershock on the neighboring segments was
recorded after the M_ = 7.0 1989 Loma Prieta earth-
quake (simular to the §pitak earthquake) [4].

* The fault surface with the described striations is
flat enough to permit excluding any effect of its asperi-
ties on the direction of stnae.

* Striations of Group 1 show a clockwise rotation
by 83° (Figure 4). Along with such rotation, the vertical
component 1s always a reverse slip, while the horizontal
one changes from sinistral to dextral. The latter sense of
motion 1s more consistent with the earthquake focal
mechanism and offsets recorded in field [14]. Differ-
ently oriented striations of Group 1 have a rectilinear
form (not wavy), which suggests that the movement was
discrete (i.e., it had individual pulses). What this means
i1s that there was a discrete pulse for each striation. Such
change in the orientation of striations can not be a result
of relative rotation of the co ts during the earth-
quake, because in such case the final amplitude of the
vertical motion would be unreasonably large compared
to the observed one (the radius of motion must be large
enough to allow for the observed rectilinear shape of the
striation).

* As a rule, striations in Group 2 are shorter, bent

(/\ b

Figure 5: Theoretical pattern of
corresponding movements.
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and more versatile than in Group 1. Their individual ori-
entations vary, while the traces are wavy. We think that
the second group of striations represents discrete dis-
plays of the same wavy movement (F Tfre 5b). The last
of recorded striations in Group 2 was sub-horizontal (Fig-
ure 3b) and totally different from the resulting slip vec-
tor. This and the rest of striae in Group 2 can not reflect
the last motions, because they are sub-horizontal and
found 60 cm above the free face base. In other words,
60 cm of the total 180 cm of vertical movement took
place after the last of the recorded striations had formed.

» Striations of Group 2 are deeper and larger than
those in Group 1, 1.€.,

they were produced by larger clasts
(striatiors). One of such clasts left a 6-7mm-high clay

accumulation at the end of its trace (¢ in Figure3). This
suggests that the latest strations of the second group

formed when an opening appeared between the two
blocks.

Discussiﬁn and conclusion

During an earthquake, rupture propagates at a speed
of about 3 km/s [e.g., 9]. For the Spitak earthquake, 1t
would take more than 4 seconds for the rupture to reach
the surface. The rupture propagated in pulses both at
the depth, and on the surface, and different pulses formed
their respective striations.

Therefore, as the rupture approached the ground

surface at early stages of its propagation (the first pulses),
the secondary ruptures were formed on the surface fa-
vored by the absence of an upper formation load (Figure
6a).

The law of conservation of momentum can explain

secondary superficial
rupture

v —— ——

—.*--—-‘

these phenomena by analogy with a billiard-balls example.
A strike from one end of a straight row of billiard-balls
moves the last balls in the opposite end of the row, while
those in the middle do not move. The motions on the
secondary surface ruptures cou!d reproduce onentation
and amplitude of source motions at depth not in a pre-
cisely same manner. The first generation of stnations
appeared only on the surface, and was induced by the
initial displacement at depth at the beginning of the rup-
turing process. The orientation of these striations is prob-
ably controlled by the location of the site with respect to
the earthquake hypocenter. Later striations in Group |
correspond to, and are consistent with, the movement
and mmitial displacement at depth (i.e., with the focal
mechanism), and the resulting surface slip (Figure 6b).
On the surface, ruptures of early rupturing stages were
observed also in the northwest part of the Spitak
seismogenic rupture, which formed after the central rup-
ture segment was generated. Folding and secondary
superficial ruptures were also recorded there [14]. There-
fore, Group 1 striations reflect this early stage of rupture
formation. The late striations of the first group were
formed more than 4 seconds after the rupturing started.
by the time when the rupture had reached the surface.
The orientation of these striations 1s consistent with the
displacement observed at the surface. A significant part
of the displacement took place during this stage.

As described above, once the central seismogenic
rupture was formed, another rupture segment propagated
to the southeast of Spitak and then to the northwest of
the central segment. We believe that the second group
of striations was created at this moment due to the pass-
ing of seismic waves. Since rock friction laws are insen-
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sitive to transient stresses, the stresses in S€1SMIC Waves
are not as great as necessary to trigger rupturing [3].
On the other hand, as mentioned above, the effect of a
strong aftershock influence on the neighboring segments
was also observed [4]. These factors determined the
limited length of striations in Group 2. 1

During this final stage of rupturing, the scarp height
grew by about 60 cm without any friction between the
two flanks near the surface, and the last observed sub-
horizontal striac appeared above the footwall surface.

The described stages of the seismogenic destruc-
tion are all accommodated within the interval of 11 sec-
onds, during which the shocks, jointly considered the main
event of the Spitak 1988 earthquake, were recorded.

For some seismogenic surface ruptures it is still not
clear whether they owe their origin to a primary effect,
.., hypocentral rupture outcrop, or secondary one, 1.€.,
seismic shaking. We have recorded such structures in
the areas of giant seismogenic landshides in Garmi and
Artavan (Central and Southern Armenia) [11]. Flatly cut
planes of clastic elements in medium cementation brec-
cias, suggesting instantaneous motion along such plane,
were recorded on the main scarp of the Garmi Giant-
[_andshide located in the zone of the Garmi active fault.
Rectilinear and parallel normal ruptures, which have al-
most perpendicular orientation with respect to the strike
of the nght-lateral strike-slip Garni Fault, located to the
north, were recorded on the body of this landshde.

The Artavan Giant Landslide 1s located 1n a region
charactenized by numerous landslides, forming an oval
zone zlongated NW-SE. This expansion of landslides
across a seismically active region indicates presence of
a seismogenic fault. Fragmentary breaks discovered till
the present do not compose a continuous structure. Rec-
tilinear and parallel normal ruptures were recorded for
the Artavan Landshde as well, but here they cut through
landshide flanks.

The present study may help to understand the na-
ture this kind of structures have. They can represent
surface ruptures generated by the displacement in the
source, which has not reached the surface in the given
sections. Therefore, some of scarps observed on the land-
slides could have not a secondary, or seismogravitational
nature, but just a primary one. This may explain the lim-
ited si1ze of these structures.

As demonstrated in this work, stnations associated
with a single large seismic event can have different ori-
entations with respect to the resulting slip vector. This
bears evidence on the complexity of the process of geo-
logical environment deformation not only during a “long-
term” stage of deformation, but also during an “instanta-
neous episode” on the surface. While on one hand, it is
not surpnsing that an outcrop of the source or its ap-
proaching the surface causes deformations in the adja-
cent volume and can generate surface breaks, on the
other hand, the problem is more complex considering
that ruptures along the same plane follow first the sur-

face, and then the source rupturing pattern. In the mean-
time, this indicates that certain caution should be exer-
cised in analyzing paleo-stress inversion based on fault
shp data.

The presented facts and their interpretations are, in
our opinion, of seismological, structural and geological
importance. On one hand, they confirm complex and
combined character of a strong earthquakc and reveal
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the contents of diverse processes of geological environ-
ment destruction during a strong earthquake. On the other
hand, they demonstrate cinematic diversity of surface
motions along a fault tPlam occurring instantly within a
single tectonic stress field condition. The history of such
motions can be reconstructed by the final pattern of
breaks and displacements appeared. Therefore, it1s with
certain reservations that various striations on rupture
surfaces should be used as indicators of changes 1n ki-
nematic and geodynamic conditions during the geologi-
cal history of the region.
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UUuErEUUShy v29U0Lk GrYUYkr UGUWh2UT UMBSUYDR 198850
Grurucurdgp ULy (U3UUsty)

U. Ujuqyub, d&-d. thg, U Ywpwjowlywb, <. Dhihy
Udthnthnod

UbGwihgh bt Ghpwpywd Uyhwmwlyh 1988p. tpypwwpdh fuqiwl YhGumpnGwlwi
ubiqutiinh hwppmpjwl nmwpptp dLtiph L YnniGopnydwi pipdYwopwynpnudp: WyG poiyy
nytig Jyhpwluwliqlt] dwitptuwhi fuquoph wywwmndwl plypugpp L ybp hwGh) Gpw
tpyuwyh dtjuwlhqip: Lwplwwb pipddwopwynpnudp dbwynpyby t GpypnpnuwhG
dwltiptiuvwhlG fuqiwi hwppmpjub Yypw dh6sL hhwynybGunpnGw h6 fugiwi dwibpbu noipu
gwip L 366 hwdpGllonud gnudwpwhlG mbnuwpdh nignnipjwli hbw: {tmwqu
phpdywopwnpmiblpp wnwowgh) GG hhwynytGumpnbw ) hl6 fjuqiwl dwibpbu pnipu qun
dwdwlwly: Lpwlg Yypw Yyipungpuwo wj) mbuwlhh pipddwopwynpoidip htmbwip
nhGuwuihly jupuwonpjub yimhnfunmpmiGGtiph:

JIBOMHOHU MEXAHM3M MNPHIIOBEPXHOCTHOIO
PA3JIOMOOBPA3OBAHHA IIPH CIIMTAKCKOM 3EMJIETPSCEHHH
1988 r. (APMEHHA)

A. ABarsn, 2K-®.Puu, A. Kapaxausn, I'. ®Puaun

PeszwmMme

ABTOpaMH NpOaHAJHW3HPOBAHbI LUTPHXOBKH Pa3/IMYHbLIX OPHEHTALUMH W opM, KOTophie
chopMHpOBaNHCh Ha MJOCKOCTH CEHCMOreHHOro pasphiBa UeHTpaabHoro cermenta CrninTak-
ckoro 3emyetpsceHus 1988r. 1o no3BoanIO BOCCTAHOBUTL npolecc pasphiBooOpaszoBaHus
Ha MOBEPXHOCTH B MEpPHOA 3eMJeTPACEHHUS H BbIIBHTb JIBOMHOH MeXaHH3M ero oOpasoBaHus
Cample paHHHEe IITPHXOBKH MEpBOH rpynnbl CHOPMHPOBANHCH HA MJIOCKOCTH BTOPHYHOIO
[IOBEPXHOCTHOTO Pa3pbiBa A0 TOro, Kak OYaroBbiH pa3pbiB ¢ rAyOHHLI JOCTHI 3€MHOH M0-
BepXHOCTH. OHH He COrJacylTCs C pe3yJbTHPYIOUWHM cMmellleHHeM. DoJsee nosaHue WITPH-
XOBKH MepBOH rpynnbl copMHpoOBaJHCh, Koraa (oKaJbHbIH paspbiB NOCTHI [OBEPXHOCTH.
HanoxeHHble Ha HMX LUTPHXOBKH BTOPOH Trpynnbl MPearnoOXHTeJbHO BO3HHKJIH B
peayabTarte Konebauuii (1MHAMHYeCKOe H3MeHeHHe HaNpsiKeHHs ), CBA3aHHBIX C pacrnpocTpa-
HeHHeM pa3pbiBa Ha COCEHHX CerMeHTax.
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