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Abstract: Clastic dikes are often the only evidence of past disasters in poorly exposed areas and therefore their
findings are extremely important for earthquake study. However, the variety of their origins greatly complicates the
use of clastic dikes to assess the seismic hazards within the manifold environments. This paper systematizes main
triggers, formation mechanisms and some matching indicative features of tabular and cylindrical bodies with an
emphasis on the importance of revealing the injection dikes formed by fluidized injection of clastic material into the
host sedimentary layers (from the bottom upwards) and associated with overpressure buildup and hydraulic frac-
turing. Based on the revision of known seismic liquefaction features and specific descriptions of the injection dikes,
this overview defines 12 general and 12 individual geological and structural criteria (for study in sectional view),
which make it possible to establish confidently the earthquake origin of the dikes caused by fluidization from seismic
liquefaction. In addition, ground penetrating radar data correlating with trenching suggest indicative searching crite-
ria of the injection dikes on radargrams, namely: a pipe-shaped anomaly or a composite anomaly combining a tubular
form in the lower part with an isometric - in the upper [i]; relatively high values of unipolar positive echoes on the
trace of GPR signal [ii]; an occurrence of the same anomaly on adjacent parallel profiles located the first tens of meters
apart [iii]; and stratigraphic disruptions of the radar events on the background of their continuous horizontal position
[iv]. Finally, the paper illustrates that the clastic dikes can be successfully applied to determine the age and the recur-
rence interval, the epicenter location and a lower-bound magnitude/intensity of paleoearthquakes, thus providing
geological data for seismic hazard assessments in the regions, in which unconsolidated deposits capable to liquefac-
tion are common.

Key words: clastic dike; liquefaction; earthquake; criterion; ground-penetrating radar; paleoseismic reconstruction

ISSN 2078-502X

(7))
(3}
(7]
>
K=
o
o
c
o
—-
($)
()
|

RESEARCH ARTICLE Received: September 12, 2018
Revised: March 14, 2019
Accepted: April 3,2019

For citation: Lunina 0.V., 2019. An overview of clastic dikes: significance for earthquake study. Geodynamics & Tectonophysics 10 (2),

483-506.d0i:10.5800/GT-2019-10-2-0423.
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KJIACTUYECKME JAMKH U UX 3HAYEHUE 114
U3YYEHUA 3EMJIETPACEHUIA

0. B. JlyHuHa
HHcmumym 3emHoll kopst CO PAH, Hpkymck, Poccus

AHHoTanusa: Knactudeckue JalKH 4acToO SIBJAIOTCA €JUHCTBEHHBIM CBHUJIETENbCTBOM MPOLUIbIX CTUXUHHBIX Gef-
CTBUH Ha c/1a6006HAKEHHBIX TEPPUTOPUSX, IOITOMY UX HAXOAKH HCK/IIOUHUTEJIBHO BaXKHBI, B TOM YHCJIE U [T U3Y-
YyeHHs 3eMJieTpsiceHHH. OZHAKO MpolLiecchbl, KOTOpbIe MPUBOAAT K UX GOPMUPOBAHUIO, MHOTOOGPAa3Hbl, YTO CHJIBHO
OCJIO’KHSIET UCI0/Ib30BaHMe KJIAaCTHYEeCKUX JjaeK JJIs OLleHKU CeMICMHUYeCKON OMACHOCTH B Pa3HbIX OKPY’KaIOLIUX 06-
cTaHoBKax. HacTosimas cTaThs cucTeMaTH3UpPYyeT TJIaBHble TPUITEPhl, MeXaHU3Mbl GOPMUPOBAHUS U HEKOTOpPBIE
XapaKTepHble s HUX MPU3HAKHU IJIaCTUHOOOPA3HbIX U UJIHMHPHUYECKUX Fe0J0rH4ecKUX TeJsl C 0COObIM aKL,eHTOM
Ha BaXXHOCTb BbISIBJIEHUS] UH'BEKI[MOHHBIX ZlaeK, 06pa3oBaHHe KOTOPBIX MMPOUCXOJUT B pe3ysbTaTe BHeAPEHUs pas-
YKMPKEeHHOT'0 MaTepHaJjia CHU3y BBEPX B 0CaZlOYHbIE CJIOU BCJIeJCTBUE eHCTBUS aHOMAJbHO BBICOKOTO TIOPOBOI0O JiaB-
JIEHUS1 U pa3pbiBoo6pa3oBaHus. Ha OCHOBe peBU3MM M3BECTHBIX MPU3HAKOB CEHCMUYECKOTO PazKMKEeHUs] U KOH-
KPETHbIX ONHMCAaHUH HWHBEKLUOHHBIX JaeK cpopMy/aupoBaHo 12 o6wux W 12 HMHAMBUAYaJbHBIX [€0JIOrO-
CTPYKTYPHBIX KPUTEPHUEB, NPUMEHEHHE KOTOPbIX HEMOCPEACTBEHHO Ha OGHaXKEHUH M03BOJISIET JOCTATOYHO TOYHO
YCTaHOBUTb UX MPOUCXOXK/JEHUE, CBS3aHHOE C 3eMJIETPSICEHUSIMHU, U UCKJIIOUUTb HEeCeHCMOreHHble TPUITEPHL. B f0-
[IOJIHEHHUE T10 e0paZM0JIOKALMOHHBIM JAaHHbIM, 3aBEPEHHBIM NPSMbIMU HAGJII0EHUSMH B KaHABaX, BblJEJEHO Ye-
ThIpe MOUCKOBBIX PU3HAKA, KOTOPbIE MO3BOJISIIOT NPEJBAPUTENbHO HAEHTHOHUIMPOBATh UHBEKLIMOHHbIE JAHKHU Ha
pajilaporpaMmMax: Tpy6oo6pasHasi ¢opMa aHOMAJIMU UK cOueTaHUe TPy6oo6pa3Hoi GpopMbl B HIMKHEN YACTU C U30-
METPUYHOH - B BepxHel [i]; OTHOCUTE/NIbHO BbICOKHE 3HAaYEHHUS OHONOJISAPHBIX MOJIOKUTENbHBIX aMILJIMTY/[, CUTHA-
JIoB [ii]; HasIM4YMe OHOH U TOH e aHOMAJIMM Ha COCEJHUX MapaslJie/IbHbIX NPOPUIIAX, PACIOJIOKEHHBIX B IIpejesax
NEPBBIX JECATKOB METPOB JpyT OT Apyra [iii]; crpaTurpaduyeckue paspeiBel ocel cuH}a3HOCTH Ha pOHe UX Helpe-
PBIBHOTI'O CyOrOpU30HTaJbHOTO MosioxkeHHs (iv). CTaTbd WJIIOCTPUPYET BO3MOXKHOCTH HCIOJIb30BaHUS KJIACTHYe-
CKHX JlaeK /iJisl 1aJle0celiCMOre00rMYecKuX PeKOHCTPYKLMH, a UMEHHO JJIs ONpeJie/ieHUsl Bo3pacTa U MHTepBasa
MOBTOPSEMOCTH 3€MJIETPSACEHHH, MECTOIOJIOKEHHUS SMULEHTPA, MUHUMa/IbHO BO3MOXKHOM MarHUTY/ibl U MaKpOCeH-
CMH4YeCKOW MHTEHCUBHOCTH 110 mKasie MSK-64. TakuM o6pa3omM, KacTudeckue JalKu MOTYT 06ecrednBaTh 6a30Bble
reoJIOrH4ecKye JJaHHbIe /I OLleHKH CeiCMHUYeCcKOH ONAacHOCTH PErHOHOB, B KOTOPBIX PhIXJIble OTJIOXKEHHUS, C10Co6-
HbIe K Pa3KIKEHHI0, IIHPOKO PACIPOCTPAHEHBI.

KiroueBble cjI0Ba: K1acTUYecKasi 1aliKa; pa3KimKeHue; 3eMJIeTPsICEHUE; KPUTEPHUH; reopaZiuo/IoKalts;
najeocelicMuYecKasi pEKOHCTPYKIUS

1. INTRODUCTION

The clastic dikes are tabular geological bodies filled
with sedimentary material and cutting across sedimen-
tary strata or other rock types. They were first found in
the vicinity of St. Petersburg [Srtangways, 1821] and
later in the east of Argentina [Darwin, 1846], and since
then, for almost 200 years, specialists have been de-
scribing these structures, arguing about their origins
and trying to use the clastic dikes for unraveling the
secrets of the geological record [Newsom, 1903; Bor-
chardt, Mace, 1992; Larsen, Mangerud, 1992; Sims, Gar-
vin, 1995; Obermeier, 1996, 1998; Vanneste et al., 1999;
Obermeier et al, 2005; Bezerra et al, 2001; Jolly, Loner-
gan, 2002; Jonk et al, 2003; van Vliet-Lanoé et. al,, 2004;
Castilla, Audemard, 2007; Porat et al, 2007; Gozdzik,
van Loon, 2007; Moretti, Sabato, 2007; Levi et al, 2006,
2009, 2011; Chen et al, 2009; Deev et al, 2009, 2015;
Rusakov, Nikonov, 2010; Rogozhin, 2012; Talwani et al,
2011; van Loon, Maulik, 2011; Cooley, 2011; Novikov et
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al, 2013; Quigley et al, 2013; Jacoby et al, 2015; Har-
gitai, Levi, 2015; Ito et al,, 2016; Rodriguez-Pascua et al,
2016; Onorato et al, 2016]. During years of research, it
became apparent that the genesis of clastic dikes is
multifarious [Owen, Moretti, 2011; Owen et al, 2011;
Shanmugan, 2016, 2017] and, at first glance, to deter-
mine their origin seems to be complex.

Among the numerous publications, it is worth no-
ting fundamental works of Jenkins [1925], Lupher
[1944], Fecht et al. [1999], Garetsky [1956], Kholodov
[1978] and Braccini et al. [2008] dealing with the vari-
ous aspects of clastic dikes. Their publications consider
particularities of the dike distribution in different types
of sediments and rocks, filling, morphology, possible
sizes, origin, age, factors affecting their formation and
methods of investigations. Specialized works devoted
to sand blows from the epicentral areas of recent
earthquakes appeared a while back. They provide in-
formation on criteria for seismic origin of clastic dikes
resulting from liquefaction [Audemard, de Santis, 1991;



Obermeier, 1996, 1998; Obermeier et al, 2005; Lunina,
Gladkov, 2016], open the possibilities of using these
structures to locate the epicenter [Green et al, 2005;
Lunina et al, 2012] and to estimate magnitude/macro-
seismic intensity [Lunina, Gladkov, 2015], as well as
show opportunities to date past earthquakes [Tuttle,
2001; Porat et al, 2007].

Nevertheless, the universal use of liquefaction struc-
tures to assess seismic hazards is still limited. This is
because of problems of identification of seismic soft-
deformation against the background of the structures
of other genesis, as well as due to lack of depictive and
quantitative data characterizing the blows of liquefied
sediments from the epicentral areas of instrumental
and historical events, which makes it difficult to apply
the actualism for paleoseismological reconstructions.
The search of dikes, which are not easy to reveal tens to
hundreds of years after seismic shocks, is also a chal-
lenge. At the same time, liquefaction features in poorly
exposed areas are often the only evidence of past disas-
ters, so their findings and study are extremely im-
portant for predicting future earthquakes.

The goal of this work is briefly to systematize the
available knowledge and to supplement them with new
results of studying the clastic dikes to use them for
seismic hazard assessments. The author of the paper
below shows the diversity in origins of clastic dikes (i),
revises geological and structural criteria of seismically
induced injection dikes (ii), determines indicative cri-
teria for liquefaction features on ground penetrating
radar (GPR) images, as the GPR is most mobile and
highly informative express method for scanning the
subsurface (iii), and finally summarizes approaches for
applying clastic dikes to earthquake study (iv).

2. TYPES AND ORIGINS OF CLASTIC DIKES

Depending on the fracture infilling directed up-
wards or downwards, clastic dikes are classified into
two different groups [Shrock, 1948; Garetsky, 1956;
Montenat et al, 1991, 2007 Hargitai, Levi, 2015]. The
first one includes injection (intrusion, impact-fluidized)
dikes formed by fluidized injection of clastic material
into the host sedimentary layers and associated with
overpressure buildup and hydraulic fracturing (Figs. 1,
2). It is relevant to recall here that liquefaction is the
transformation of a granular material from a solid state
into a liquefied state as a consequence of increased
pore-water pressure and large loss of strength [Youd,
1973]. When a liquefied material rapidly penetrates
through the overlying strata, the process is referred to
as fluidization. The fluidization effects arise in poorly
sorted clastic rocks covered by unconsolidated sedi-
mentary layers with low permeability [Moretti et al,
1999]. The second group contains Neptunian (deposi-
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tional) dikes formed by the introduction of material
either under pressure or by the simple filling of pre-
existing fissures from above (Figs. 3-5). As a rule, they
are not associated with liquefaction, but in some cases,
the infilling of small cracks occurs through the flowing
of a liquefied material downwards. Subsequently, it can
be seen associations of small injection and Neptunian
dikes, 0.3-4.0 cm thick and 1-24 cm high, called micro-
dikes [Lunina et al, 2012] or dikelets [Levi et al, 2009].
They are abundant in sands of various colors, which
generally make up patterns of a “seismic cross section”
(Fig. 6).

Among 21 triggering mechanisms that can initiate
sediment failures in subaerial and submarine environ-
ments on Earth [Shanmugam, 2016, 2017], at least
twelve main natural processes are responsible for
forming clastic dikes and cylindrical bodies (Tables 1,
2): desiccation of soft deposits; extensional tectonics;
flood; glacial loading; sudden deposition in underwater
condition or in conditions of high humidity, including
diagenesis in permafrost area; freeze-and-thaw action;
tsunami; earthquake; inflow of fluid-generating clays in
the region of high temperatures and overpressures and
subsequent fracturing (mud volcanoes); storm waves;
mass movement; and meteorite impact. Some triggers
result in both types of dikes. With such diversity in the
origins, at first glance, it is difficult to identify a seismi-
cally induced soft-sediment deformation. However,
characteristic features allow excluding some nonseis-
mic forms from paleoseismological analysis with a high
degree of reliability. Thus, all clastic injections of non-
seismic origin are geo-referenced to at least one of the
geological objects (channel banks, glaciers, mud volca-
noes, landslides, tsunamigenic beds and meteorite cra-
ters) and most of them are common in the subsurface
layer to a depth of 1 m and have a cylindrical shape
(Table 2). The configuration of seismically induced in-
jection dikes implies a length many times greater than
the width and a height varied from a few centimeters to
the first ten of meters at a width less than 1 m. The
dikes up to 15 cm wide occur the most frequently and
those greater than 1 m are generally associated with
lateral spreading through the horizontal extension
forces [Obermeier, 1996]. Within the seismically active
Dead Sea basin, injection dikes considered as an earth-
quake-induced structures are 5 mm - 18 m high and
1 mm - 0.18 m wide [Levi et al, 2011].

Neptunian dikes are often up to the first meters wide
and sometimes have a laminated structure (Fig. 5)
marking a stage-by-stage infilling of fractures (see
Table 1). However, not all of them contain these cha-
racteristics and, therefore, for example, a permafrost
wedge (see Fig. 4) could be mistaken for liquefaction
features. On the other hand, Neptunian dikes also form
in seismic shaking (see Fig. 3), but identification of their
earthquake origin without other residual deformations
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Fig. 3. Neptunian dike formed by filling of steep dipping seismogenic rupture from above (a) and interpreted cross section
shown in a (site location: 51.68315°N and 100.98809°E) after [Lunina et al, 2015] (b); seismogenic rupture of the Mw=6.9
Mondy earthquake of April 4, 1950, occurred in southern East Siberia (Russia). The rupture has been uncovered by the

trench shown in a (c).

Puc. 3. HenTyHuueckas Jjalika, 06pa3oBaHHas MyTeM 3al0JHEHUsI CBEPXY BHU3 KPYTOMaAA0NIEro CEHCMOTeHHOT0 pa3phiBa
(a) v uHTepHIpeTHpPyEMBIX pa3pes, MOKa3aHHbIA Ha PUC. a (KOOpAWHATHI TOYKH HabmogeHus: 51.68315°N u 100.98809°E)
no [Lunina et al, 2015] (b). BCKpbITbI KaHABOW CeCMOTEHHBIH pa3pblB MOHIUHCKOTO 3eMJIeTpsiceHUs: ¢ Mw=6.9, mpo-
u3ole Lero Ha rore Boctounoit Cubupu (Poccus) 4 anpess 1950 1. (c).

is challenging. In this regard, for paleoseismic tasks it is
better to rely on injection dikes and to take into ac-
count Neptunian ones only when additional evidence
(surface ruptures, fractures with displacement of at
least 0.1 m, structural analysis, relation to active faults
etc.) is available. In addition, the injection dikes carry
information about liquefaction susceptibility under
certain cyclic loads determined by local characteristics
of the oscillation amplitude and a duration of shaking
that is especially important for engineers and de-
signers. It has been illustrated that liquefaction occurs
in the same place, repeatedly using the dikes to blow
material [McCalpin, 2009].

Thus, considering the multifold natural processes,
which could serve as triggers for the formation of
clastic dikes, the study of seismic events should be
based on relatively wide abundance of these structures
and recognition of their earthquake genesis because
of liquefaction and fluidization. Meanwhile, Shanmugan
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[2016] and Feng [2017] believe that no unique criteria
for separating seismic from nonseismic liquefaction
exist. This opinion places in doubt using soft-sediment
deformation for earthquake study. That is why the
author of the present paper mainly focuses on the in-
jection dikes, ignoring other types of soft-sediment
deformations, and shows below that a consistent analy-
sis of certain criteria allows proving their seismic
origin.

3. INDICATIVE CRITERIA OF SIESMICALLY INDUCED
INJECTION DIKES

3.1. GEOLOGICAL AND STRUCTURAL INDICATIVE CRITERIA
OF SEISMICALLY INDUCED INJECTION DIKES

Most of the geological and structural criteria indica-
ting seismic liquefaction refer to recognizing seismites
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[Sims, 1975; Anand, Jain, 1987; Seilacher, 1991; Rossetti,
1999; Greb, Dever, 2002; Wheeler, 2002; Montenat et al,
2007; Korzhenkov et al, 2014], which are stratigraphic
units containing soft-sediment deformation produced
by shaking [Seilacher, 1969; McCalpin, 2009; Van Loon,
2014). The known features reflect the general condi-
tions, under which the water-saturated unconsolidated
deposits may become liquid. In addition, Obermeier
[1996] proposed a feature of suddenly applied an
upward-directed hydraulic force of short duration that

Fig. 5. Close-up of a touchet-type (laminated) Neptu-
nian dike in the Touchet Beds of southeastern Wa-
shington (USA) resulted from catastrophic glacial out-
burst flooding (after [Spencer, Jaffee, 2012]). Cooley et
al. [1996] suggest that the similar dikes were injected
downward at or near the end of the most recent flood
cycle and may have been the result of a combination of
standing water in the valleys, seismic shock, and late-
ral spreading of poorly consolidated flood deposits.

MEHTHUPOBAHHbIX HAHOCOB.

Fig. 4. Neptunian dike presented by a wedge filled with
yellow and grey silt with a considerable amount of peaty
and humic sediments, the Tunka basin of the Baikal rift
zone (the photograph of A. Gladkov). The structure of the
unconsolidated host deposits, the shape and size of the
dike, as well as the physical-mechanical properties of the
sediments point to a cryogenic origin of the shown defor-
mation, as ice wedge pseudomorphs and cryoturbations
[Alexeev et al., 2014].

Puc. 4. HentyHuyeckass JalKa KJIMHOBUAHOW QOpMBI,
BBINOJIHEHHASL KEJIThIM U CEPbIM NbLIEBATbIM MaTepHa-
JIOM CO 3HAYUTEJbHBIM KOJUYECTBOM OTOPGOBAHHBIX U
FYMYCUPOBAHHBbIX OTJIOXKeHUH, TyHKHHCKasg BHaAuHA
Baiikanbckod pudroBoii 30HBI (dpoto A.C. ['tagkosa).
CTpyKTypa DPBIXJIbIX BMeLAIOIIUX OTJOXeHUH, dopma U
pasMep Jlaiiky, a Takke PU3NKO-MeXaHUYeCKHe CBOMCTBA
0Ca/IKOB CBH/IETEJbCTBYIOT O KPUOT€HHOM MPOUCXOXJe-
HUU JedopMaLyii, OTHECEHHBIX K NceBLoMopd03aM KIU-
HOBUZHOU ¢QopMbl U KpuoTypbauusm [Alexeev et al,

2014].

should appear in the sedimentary structure, as well
described the characteristics of injection dikes from
several seismic zones in the USA. Subsequently, based
on the observations in the epicentral areas of instru-
mental and historical earthquakes, geological and
structural criteria allowing directly on the outcrop to
identify the seismic origin of injection dikes [Luninag,
Gladkov, 2016] were developed. The author of the pre-
sent paper revised all known features and analyzed
specific descriptions of such structures to result in the

Puc. 5. ®parmeHT pacc/ioeHHON HENTYHHYeCcKoH Jaiiku u3 pa3pesa «Touchet Beds» Ha roro-Bocroke mraTta BamuHrron
(CILIA), BO3HMKILIEH B pe3yJibTaTe BHE3AMHOI'0 KaTaCTPOPUIECKOr0 HAaBOJHEHUS, CBI3aHHOTO C TassHUeM JieiHUKa (1o Ma-
Tepuasam [Spencer, Jaffee, 2012]). Cooley et al. [1996] npeanosaraloT, YTO NOA0GHbIE JaliKU 06pa30BaHbI MyTEM 3aIoJIHe-
HUS TPELMH MaTepuaoM CBEPXY BHU3 B KOHIlE OOJIBLIIMHCTBA COBPEMEHHBIX TABOAKOBBIX IIUKJIOB U MOTYT ObITh Pe3yJib-
TaTOM KOMOHMHAIMU CTOSTYEN BOJbI B JOJIMHAX, CEHCMUYECKUX COTPSICEHUH U JIaTEPaIbHOTO PacnpoCTpaHeHus ciaabocie-
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Fig. 6. Microdikes of whitish fine sand, up to 2 cm wide
and 13 cm high, observed in a section of alternating
loamy sands and sands (site location: 52.16056°N and
106.72708°E) at the epicenter area of the M~7.5 Tsagan
earthquake occurred in the Proval Bay area of Lake Baikal
on January 12, 1862 (after [Lunina et al., 2012]).

Puc. 6. Mukpojaiiku 6e/1ecoro TOHKO3epHHUCTOTO IecKa
MOUIHOCTBIO 10 2 CM B pa3pese IepecjanBaloIIUXCs Cy-
nmeceil W TmMecKoB (KOOpAWHATBHI TOYKU HAGJIIOJEHUSA:
52.16056°N and 106.72708°E) B anuIleHTPaJIbHON 30HE
Llaranckoro 3emsieTpsiceHUs ¢ M~7.5, mpowu3soiieniero
12 auBaps 1862 r. B paiioHe 3aiuBa [IpoBas Ha o3epe

Barikas.

Table 1.Main triggers and formation mechanisms of Neptunian dikes and similar bodies

Tao6anunga 1. I'1aBHbIEe TpUrTEepbl U MEXaHU3Mbl GOPMHUPOBAHUS HENTYHUYECKHUX JaeK U NOAOGHbIX UM TeJl

Triggers

Formation mechanisms

Some indicative features

Desiccation of unconsolidated
deposits [Bump, 1951]

Extensional tectonics [Moretti,
Sabato, 2007]

Flood [Cooley et al., 1996]

Glacial loading [Larsen, Mangerud,
1992; Passchier, 2000; Dionne,
Shilts, 1974]

Sudden deposition in conditions of
high humidity [Artyushkov, 1963a],
including diagenesis in permafrost
area [Kostyaev, 1969]

Freeze-and-thaw action [Danilov,
1972; Ewertowski, 2009]

Tsunami [Le Roux et al, 2008)

Earthquake (many works)

Gradual filling of fissures with
overlying sediments

Infilling of joints downward

Slipping down wet sediments
into fissures

Formation of fractures under the
glacier and infilling them (and earlier
existing) downward by a plastic
material or a mixture of water and
sediments, including diamictites

Convective instability or overloading
(heavier layers slowly subside into
lower, less dense sediments), cracking
and infilling downward by overlying
sediments

Melting of the wedge ice and formation
of pseudomorphs, frost cracking and
consequent infilling when thawing out

The hyper-concentrated flow of
water-saturated sand intrudes into
underlying cohesive muds, plucking
up large blocks of the latter and
incorporating them into the flow

Infilling of earthquake-induced
ruptures resulting from wall caving,
inflowing of liquefied sediment
downward and/or later depositional

The laminated structure is typical of the dikes.
The width of dikes is up to the first meters

The laminated structure is typical of the dikes.

The width of the dikes is up to 3.5 m. The vertical
stratification records a number of floods. Earthquakes
could cause fractures during the floods

Dikes consisting of clay to gravel can be of up to 2.5 m
wide and 20 m long; both massive and laminated
parallel to the walls. They typically dip down-glacier
and strike perpendicular to the direction of ice
movement, but may be vertical, at least in their

upper portion. Process initiation requires that the
base of the glacier is at the pressure-melting point

A smooth concordant folding of layers downward

and confinedness of disturbances to bedding interface
is characteristic of the situation. Infilling and host
sediments at the bottom of structures undergo ductile
crumpling and even intermix. The height of dike-shaped
(wedge) structures is less than 1 m

The dike-shaped structures (ice-wedges,
pseudomorphs, frost cracks, veins) tapers downwards
with a characteristic V-shaped morphology. Height
could be up to 6 m, width - up to 3 m. A clay and loamy
soil are filling, as a rule. Crack polygons develop on the
surface

Both Neptunian and pseudo-injection dikes of several
millimeters to 2 m wide and a few cms to more than

30 m long forms. They are usually massive but locally
can be stratified parallel to the walls. As a whole, a high
concentration of debris is typical of the sediments

Dikes are typically massive; contain pieces of host
sediments from the wall of rupture




Geodynamics & Tectonophysics 2019 Volume 10 Issue 2 Pages 483-506

T able 2.Main triggers and formation mechanisms of injection dikes and cylindrical bodies

Ta6banu 1 a 2.F1aBHbIE TPHUITEPbI U MEXAHU3MBbI (l)OpMPIpOBaHPIH UHBEKIUOHHBIX JAd€K U HUWINHAPHUYECKHUX TeJl

Triggers

Formation mechanisms

Some indicative features

Flood [Li et al, 1996]

Sudden deposition in underwater
condition [Artyushkov, 1963b;
Moretti, Sabato, 2007]

Glacial loading [Passchier, 2000;
Cooley, 2015]

Inflow of fluid-generating clays in
the region of high temperatures and
overpressures and subsequent
fracturing [Kholodov, 2002]

Storm waves [Alfaro et al, 2002]

Mass movement [Iverson, 2015;
Shanmugam, 2016]

Tsunami [Le Roux et al, 2008)

Meteorite impact [Kring et al, 2004]

Earthquake [Obermeier, 1996, 1998;
McCalpin, 2009]

Water seeping beneath levees and
formation of sand boils

Convective instability or overloading,
cracking and infilling upward by strong
fluidized sediments

Hydrofracturing, liquefaction and
fluidization resulting from high
pore-water pressures at the ice-bed
interface when subglacial drainage
is poor

Eruption of mud volcanoes

Liquefaction and fluidization as result
of the cyclic effect of storm waves on
unconsolidated sediments

Liquefaction and fluidization resulting
from high mobility of wet sediments,
which are compressed as they destruct,
giving rise to high groundwater
pressures at the landslide base

Water-saturated sand flow intrudes into
underlying cohesive muds, splitting large
blocks and rotating them into the flow

Impact melt of sedimentary rocks

Liquefaction and fluidization resulting
from cyclic loading during propagation
of seismic waves

Flood-induced sand boils are limited to a narrow
band along a river's levee; their conduits are most
commonly tubular; depression of the ground
surface is unusual; flood-induced sand boils are
well sorted and fine; source bed is always near
surface; materials removed from the walls
surrounding a vent are rarely seen inside

sand boils

The structures have a small ratio of height and
width and an elongated droplet shape. The host
and intruding sediments undergo ductile
deformation

Dikes form perpendicular to the direction of
ice-flow, as a rule, near the edge of the glacier
or the proglacial zone

A source of the mud volcano is composed of
clays (rarely sand), liquefied homogenized
gas-water fluids (water, oil, gases of various
composition), often with fragments of host
sediments

Vertical cylindrical bodies like pipes are spatially
associated with load structures and fluid escape
structures. They locally reach up to 1 m in height
and more than 2 m in width

Obviously, the structures should have a small
penetration depth and a tubular shape. In most
cases, heavy rainfall and earthquakes initiate
mass movements

Pseudo-dikes resulting from the block rotation in
the mud flow form. Cylindrical bodies interpreted
as upward fluid escape pipes, are possible. The
rest characteristics see in Table 1

A clastic dolomite-dominated and hydrocarbon-
charged dike crosscuts a limestone megablock
beneath the melt-rich impactite sequence. The
contact relationships are sharp and lack
gradational disaggregation of the host. A number
of limestone clasts occur throughout the dike
matrix

See descriptions of features in sections 2 and
3.2 of the present paper

formulation of general and individual criteria that are
valid for the seimogenic genesis of injection dikes.

General indicative criteria of seismically induced
injection dikes are following:

1. Soft-sediment deformation is located within
200 km from an active fault (maximum distance, at
which liquefaction effects can be manifested according
to world data [Ambraseys, 1988]).

2. Suitable sediment composition - poorly consoli-
dated metastable sands with low cohesion, loamy sand,
varves, sand-gravel-pebble sediments. Capable of flui-
dization unconsolidated and poorly consolidated sedi-
ments are covered by layer of lower permeability.

3. Aflat area, which excludes gravity flow.

4. Ruling out the possibility of an origin from arte-
sian water.
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I Fig. 7. Individual indicative criteria of seismically induced injection dikes for study in sectional view.

I Puc. 7. UnauBUAya/ibHBIE KPUTEPUH UAEHTUDHUKALIMM CelCMOTeHHbIX MHBEKI[MOHHBIX /laeK B pa3pese.

5. Absence of nonseismic landsliding, channel banks
and traces of ice shelf in the vicinity.

6. Absence of impact craters and mud volcanoes in
the vicinity.

7. Avoiding tsunamites and tempestites in the sec-
tion, as well as localities of sudden deposition.

8. Similarity between investigated dikes and histori-
cally documented dikes of the earthquake induced li-
quefaction processes, in a similar physical setting.

9. The dike locations are identified on the surface by
sinkholes, whose long axes coincide with the strike of
the dikes in most cases (the criterion is valid for recent
earthquakes).

10. The smaller dikes are closer to each other than
the larger ones [Obermeier, 1996].

11. Dikes occur at multiple places, preferably at
least within a few kilometers of one another, in similar
geologic and ground water settings [Obermeier, 1996;
McCalpin, 2009], and satisfy magnitude/distance rela-
tions for liquefaction from earthquakes.

12. The evidence for age of the dikes supports the
interpretation that they formed in one or more dis-
crete, short episodes that individually affected a large
area and that the episodes were separated by relatively
long time periods during which no such features
formed [Obermeier, 1996; McCalpin, 2009].

Individual criteria of seismically induced injection
dikes in sectional view are following:

1. Pushed up sedimentary blocks within the dike
body (see Fig. 2, ¢, Fig. 7). The rise of the layer was
apparently due to the pressure of water flow that pe-
netrates the deposits through the fractures and in-
filtrates host sediments, partly inplacing them mostly
along walls of the structure. This feature is relevant
even when dike morphed by cryogenic processes
(Fig. 8).

2. Regular distorted contacts of dike with host sedi-
ments (see Fig. 2, c-d, Fig. 7), reflecting cyclic loading
during propagation of seismic waves [Obermeier et al,
2005]. This feature usually occurs with criterion 1.



\
Cryoturbations

deformation (1 and 2)

grayish
sand

Features of seismogenic

3. Turned up layers of host deposits on contacts
with a dike (see Fig. 1, c-d, Figs. 7, 9). The feature is
typical of laminated sedimentary rocks. It differs from
ice-wedge pseudomorphs and relict frost cracks, in
which all host layers in contact with the inner zone of
fill derived from above and from sides, are lowered
[Ewertowski, 2009] in the direction of water movement
when thawing the soil near the surface.

4. Displacement along dike contacts usually in the
form of a normal fault caused by tectonic movements
or subsidence that compensates for the removed sedi-
ment (see Fig. 1, c-d, Fig. 7). Like seismogenic features
1 and 2, this helps the recognition of an earthquake-
triggered dike affected by cryogenic processes

5. Existence of craterlet filled like a colluvial wedge
(see Figs. 1, b, d, Fig. 7). Exogenous processes often
truncate the craterlets.

Fig. 9. Flow structures projecting upward from the
source zones into the dike and indicative of an upward-
directed hydraulic force (Holocene sediments on the left
bank of the Irkut river near the Guzhiry settlement in the
Guzhiry fault zone, the Tunka basin of the Baikal rift
zone, site is located at 51.78502°N and 102.89063°E).

Puc. 9. CTpyKTypbl Te4yeHHs], YKa3bIBawIUe Ha Ipo-
HUKHOBEHHE 0CafiKa W3 30Hbl pazKKeHUs B JalKy
1oJi AeCTBMEM HampaBJIeHHOW BBepX MApaBJIUYeCKON
cusbl  (TOJIOLlEHOBbIE OTJIOXKEHUSI B JIEBOM 0OOpTY
p. UpkyT B6siM3M cesa ['yxupsl B 30He ['ykupckoro pas-
jsoma, TyHkuUHCKasi BhaauHa bBaiikanbckod pudTOoBOMH
30HbI, KOOPJMHATHl TOYKH HabsogeHus: 51.78502°N
1 102.89063°E).

Geodynamics & Tectonophysics 2019 Volume 10 Issue 2 Pages 483-506

Fig. 8. Ice wedge pseudomorphs superimposed on seismogenic
sand dike on the right bank of the Irkut river near the
Zhemchug settlement (Holocene sediments in the Tunka basin
of the Baikal rift zone, site is located at 51.71429°N and
102.43690°E).

Puc. 8. [lceBgoMopdo3bl KIUHOBUAHON GOPMbI, HAJIOKEHHBIE
Ha CeCMOTeHHYI0 MeCYaHyIo JalKy B pa3pe3e NpaBoro Gepera
p- Upkyt B6su3u mnoc. XKemuyr (rosioneHoBblEe OTJIOXKEHUS
TyHkHHCKON BnaguHbl balikajibckodl pudTOBOH 30HBI, KOOP-
JIMHATBI TOUYKU Habogenus: 51.71429°N, 102.43690°E).

6. Flow structures project upward from the liquefied
layer into the bottom of the dike and testify upward-
directed hydraulic force [Obermeier, 1996] (Figs. 7, 9).

7. A large amount of downwarping of the cap to-
ward the dike (more than 0.5 m) (see Fig. 7). It tends to
be most pronounced where a large amount of sedi-
ments has vented to the surface [Obermeier, 1996]. Un-
like criterion 4, this downwarping can be either one or
both sides, and overlying strata are cracked without a
displacement.

8. A dike structure like a diapir subject to fulfilment
of next criterion 9 (Fig. 7). Such a structure is charac-
teristic of dike infilled by fluidized material, which was
injected vertically and then between layers, not rea-
ching the surface.

9. Filling of an injection dike with coarser material
than the host sediments (see Fig. 2). This separates

A 2

R e
grained sand
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earthquake-triggered liquefaction deformation from
loam diapirs originating from cryostatic pressure and
gravitational loading of sediments, as well as from ice-
wedge and frost cracks filled with more fine-grained
deposits in comparative with the host sediments. It al-
so allows the derivation of seismogenic dike after the
influence of the cryogenic processes on seismically de-
formed sediments.

10. A sediment layer extruded on the surface or be-
tween the strata, similar in composition to the dike
(see Figs. 2, 7). The layer should be absent in adjacent
correlated sections.

11. In the extruded sandy-gravel-pebble bed and in-
side the dike, the rock fragments show normal grading
from large to small clasts (see Fig. 2, d-e, 7). This is be-
cause the reduction of seismic vibrations during the
earthquake decreases the size of ejected sedimentary
debris on the surface [Lunina, Gladkov, 2016]. It is pos-
sible that some large blows have more than one verti-
cal sequence of the vented sediment [Obermeier, 1996;
McCalpin, 2009]. A lack of intervening pedological de-
velopment between sequences will show more than
one discrete episode of injecting, closely spaced in time
[Saucier, 1989]. In contrast, in the case of observed soil
evolution, it is possible to define a recurrence interval
of earthquakes.

12. Fractures occur along with dikes in the sequen-
ces (see Fig. 1, b) and dominant directions of the dikes
are close to the orientation of major and/or secondary
active faults or these fractures (see Figs. 5, 13 in [Luni-
na, Gladkov, 2016]).

Diagnosing the several individual criteria allows to
separate injection dikes clearly from Neptunian ones
right on an outcrop and to exclude from consideration
triggers that are specific for latter (see Table 1). It is
also possible to distinguish structures resulting from
fluidization and superimposed cryogenic formations
when they are observed in a sectional view together
(see Fig. 8). This is because earthquake deformation
may result in changing conditions of heat and mass ex-
change as well as the physical and mechanical parame-
ters of the ground surface, in particular its strength
properties, porosity, density, and moisture. As a result,
there is degradation of permafrost, increasing the
depth of the seasonal freeze/thaw of soils and their
migration in the deformed sediments with formation of
cryoturbations and bending of layers, and sinkholes
and subsidences on the surface.

Sharing the general and individual criteria com-
pletely excludes nonseismic triggers that could cause
liquefaction and fluidization. If only tabular dikes are
observed, for instance, flood, storm waves, tsunami and
mass movements may not be regarded as a trigger
to form these structures because of tubular bodies
(Table 2), as a rule, are developed during the listed
hazards. In most cases, they are less than 1 m high, but

there are exception for tsunami origin [Le Roux et al,
2008]. In contrast, large dikes whose heights exceed a
meter or so and whose widths exceed several centime-
ters will support the seismic origin associated with flu-
idization from liquefaction [Obermeier, 1996].

Some of the indicative criteria of seismically induced
injection dikes should be strictly adhered (general crite-
ria 1, 2, 6, and 7, individual criterion 9). Others may ap-
pear or may be not manifested (general criterion 9, indi-
vidual criteria 1, 2, 3, 6, 8, 11, and partially 12), be obs-
cured by superimposed exogenous processes (individual
criteria 5, 4, and 7) or remain unknown (general criteria
8, 10, 11 and 12, individual criteria 6, 10, and partially
12) a case-by-case basis. This is because the forms and
types of seismogenic soft-sediment deformations de-
pend on the lithology and structure of the sediments
[Moretti et al, 1999], as well as on depth of the water
table [Obermeier et al, 2005] and if the fluidized mass
was extruded on the surface or between layers. Fur-
thermore, the higher peak ground accelerations are the
greater the likelihood of forming injection dikes and the
wider areas covered by liquefaction, other things being
equal. It should also be assumed that given the wide-
spread development of injection dikes of more than 1 m
high and compliance with most indicative criteria of
their seismic origin (including necessarily the general
criterion 11 and individual criterion 12), general criteria
3 and 5 can be ignored. These assumptions are possible
because seismic shocks affect different landscapes and
many nonseismic triggers cause a local spreading of
small-sized structures of specific forms. The fact that
soil liquefaction begins in earthquakes with M25.2-5.5
[Ambraseys, 1988; Lunina et al, 2014], which corre-
sponds to the MSK-64 macroseismic intensity of at least
6, proves it. It is unlikely that such shaking can be caused
by a landslide or a movement of a glacier within a radius
of even a few kilometers. In addition, during a seismic
event, artesian waters can outrush through cracks and
washed up fluidized material to the surface, which also
implies a possible ignoring of the general criterion 4.
Thus, each case must be carefully considered, taking into
account the above recommendations, as well as the geo-
logical, structural and geomorphologic environments.

3.2. INDICATIVE CRITERIA OF INJECTION DIKES AND
OTHER LIQUEFACTION FEATURES ON GPR IMAGES

While a final solution about the seismogenic origin
of the injection dikes must be accepted, based on geo-
logical and structural indicative criteria, preliminarily
these structures and other liquefaction features might
be find on GPR images. Most of GPR works conclude
that sand blows on radargrams are shown as strati-
graphic disruptions of the radar events and disturban-
ce of the GPR facie [Liu, Li, 2001; Al-Shukri et al, 2006;
Nobes et al, 2013; Baradello, Accaino, 2016]. Charac-



teristic anomalies, the shape of which is like a funnel or
a pipe with disordered and stronger reflection are ad-
ditional indicators of liquefaction on GPR images [Hsu
et al, 2005; Lunina, Gladkov, 2016].

In the summer of 2013 and 2015, we carried out
systematic GPR studies on the southeastern coast of
Lake Baikal in the epicentral area of the devastating
January 12, 1862 Tsagan earthquake (M~7.5) known
for its abundant manifestations of liquefaction and flu-
idization [Lunina et al, 2012]. We used the Logis-Geo-
tech OKO-2 radar, which consists of a control proces-
sing unit, an odometer DP-32, a transportation handle,
power supply unit (BP 9/12), charge (ZU-9), connec-
tion cables, and a AB-250 M screened antenna with
250 MHz, all made in Russia. The AB-250M antenna is a
monoblock integrating receiving and transmitting parts
in one enclosure. Its specifications correspond to 8 m
maximum penetration depth and 0.25 m vertical reso-
lution capability. Sixteen GPR profiles 42-160 m long
were surveyed on five testing grounds across the strike
of the Delta coseismic fault scarp between Kudara and
Oimur Villages. Shallow drilling and trenching in the
selected sites showed a homogeneous section through-
out the study area, which is represented by loamy sand,
sand of various grain colors and sizes, sandy loam and
gray water-saturated sand. When processing and in-
terpreting the GPR profiles, we identified numerous
anomalies that were associated with liquefaction fea-
tures (Fig. 10), based on observations in the trenches
exposing some of them. Relatively high values of unipo-
lar positive echoes on the trace of GPR signal mark all
anomalies.

In accordance with form, the anomalies were
grouped into four types. The most common pipe-shaped
vertical anomalies 0.4-0.7 m wide correspond to indi-
vidual injection dikes (Fig. 10, a) and belong to the first
category. Some pipe-shaped vertical anomalies are visi-
ble on parallel GPR profiles that is the best criterion of
sand blow in a sedimentary section (Fig. 10, b). The po-
sition of the GPR profiles provides a measure of the dike
strike. Anomalies of the second type take a platy shape
in the section and represent region of a width several
times greater than their height (Fig. 10, c). Anomalies of
the third type are isometric or irregular (Fig. 10, d).
Wide zones up to 3 m thick combining a pipe-shaped
form in the lower part and isometric in the upper part
refer to anomalies of the fourth type (Fig. 10, e). Digging
up one of them, we have discovered at depths of 1.40-
2.68 m a field of intensive manifestation of microdikes
of whitish sand in fine-grained limonitized sand. These
microdikes stand out from the background of chaotic
association of structures resulting from liquefaction and
fluidization. The examination of anomalies suggests that
anomalies of second and third types fit regions, wherein
process of fluidization are less developed. In general,
judging from geology of sections, fine-medium- and fi-
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ne-grained sands covered by silty sands and loamy sand
were liquefied in all cases.

The anomalies of first and forth types are the most
perspective for further geological and structural ex-
ploring. Based on them, indicative criteria of injection
dikes on GPR data emerge: a pipe-shaped anomaly or a
composite anomaly combining a tubular form in the
lower part with an isometric - in the upper (i); relative-
ly high values of unipolar positive echoes on the trace
of GPR signal (ii); an occurrence of the same anomaly
on adjacent parallel profiles located the first tens of
meters apart (iii). All three signs should be expressed
on radargrams to reveal and preliminary to identify
earthquake origin of an injection dike. Additionally,
stratigraphic disruptions of the radar events on the
background of their continuous horizontal position
should be considered as the fourth independent crite-
rion (iv) established earlier [Liu, Li, 2001]. At the same
time, it cannot be excluded that the same forms of
anomalies will be associated with other irregularities
in the sedimentary section so it is important to dug at
least several key objects for confirming the existence of
dike and its seismic origin.

4. CONSTRAINING THE AGE OF PALEOEARTHQUAKE
BASED ON CLASTIC DIKES

When confirming a seismic origin of dikes, one can
begin to constrain the age of paleoevents. According to
the general principals of their dating based on a coseis-
mic deformation, the earthquake age is bracketed by
the time interval between ages of the youngest faulted
bed [lower limit] and the oldest unfaulted bed over-
laying sedimentary facies genetically related to this
earthquakes (upper limit) [McCalpin, 2009]. In the study
of clastic dikes, it is desirable to estimate the ages of the
host and overlapping strata and/or the age of the mate-
rial infilling the fracture. However, this condition cannot
always be fully because of the lack of right material to a
certain dating method. In this case, a definition of the
dike type facilitates paleoearthquake dating and avoids
any misunderstanding. Indeed, the infilling of Neptuni-
an dike can be attributed to coseismic sedimentation by
analogy with a colluvial wedge and based only on clasts
in this dike to establish the approximate date of the re-
lated faulting [Lunina et al, 2015]. This is because the
filling of the dikes, like the formation of the colluvial
facies, takes place in short time interval [McCalpin,
2009]. In comparison with the buried soil or other kinds
of sediments, artifacts or tree trunks inside the dike will
be the strongest predictor of a calendar age.

If injection dikes is identified in the section and the
boundary between the vented material and the under-
lying soil horizon is clearly visible, as we observed in
the 2003 Chuya earthquake in the Gorny Altai (see
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Fig. 10. Anomalies of various shapes corresponding to liquefaction features on GPR images acquired by using Logis-Geotech
OKO-2 radar with AB-250 MHz antenna in the epicentral area of the 1862 M~7.5 Tsagan earthquake affected the eastern
shore of Lake Baikal: (a-b) - pipe-shaped; (c) - platy; (d) - isometric; (e) - composite anomaly combined the pipe-shaped
and isometric configurations. The Tsagan earthquake is well-known for widespread sand blows in the Delta fault zone,
which extends from the Selenga River delta to the north-east along the southeastern shore of Lake Baikal. The photographs
in Figs. (a) and (e) show fragments of sections at the sites of anomalies.

Puc. 10. AHoManuMu pa3au4HOM GOpMBbI, accolMMpyeMble ¢ IPU3HAKaMM pa3XMKeHHs Ha paZaporpaMMax, NoJiyuyeHHbIX C
vcrnoJib3oBaHueM reopajapa OKO-2 u anteHHbl AB-250M B anuueHTpaibHOM 30He llaraHckoro 3emieTpsiceHus1 1862 r. ¢
M~7.5 Ha BocTOYHOM INobGepexbe o3epa Baitkan: (a-b) - Tpyb6oobpasHsble; (¢) - nauToobpasHas; (d) - u3oMeTpUUecKas;
(e) - coueTaHue Tpy6006pa3HOM GOPMBI B HUXKHEN YAaCTU C U30METPUYHOM — B BepxHell. LlaraHckoe 3eMJyieTpsiceHUe X0po-
II0 U3BECTHO BBIOPOCAMU PazKMKEHHOTO NecKa B 30He /le/IbTOBOTO pas3JioMa, KOTOPBIM MPOCTUpPAeTCs OT AeabThl p. Ce-
JIEHT'H Ha CeBEPO-BOCTOK BJI0JIb I0I0-BOCTOYHOTO0 Io6epexbs o3epa baiikan. ®oto Ha puc. (a) u (e) noka3bIBalOT dpparMeH-
TBI pa3pe30B B MeCTaxX aHOMaJ/IUH.

Fig. 2, e) and other researchers noted [Castilla, Aude-
mard, 2007], then it is enough to know the age of the
buried humus layer in its roof to date seismic event. In
other cases, general principles should be followed for
these purposes, although a researcher is aware that not
all clastic intrusions, just like ruptures [Bonilla, Lien-
kaemper, 1991], can reach the surface. Such injections
often pinch together upward or spread out between the
layers in the form of sills, so they are not hard to re-
cognize. Examples of how liquefaction features to use

for constraining the age and other parameters of paleo-
earthquakes are demonstrated in the following works
[McNulty, Obermeier, 1997; Cox et al,, 2007].

5. LOCALIZATION OF A PRE-INSTRUMENTAL
EARTHQUAKE EPICENTER

With a sufficient number of observation sites and
justification of the dike coevality, they may be used to



localize the epicenter of the pre-instrumental earth-
quake. Hence, Green et al. [2005] treated the widths of
dikes and by simple interpolation plotted a map of iso-
lines to perform that task (see fig. 8 in fore-quoted
work). Based on these results, the author of the present
paper have showed a possibility for reconstruction of
the epicenter of the 1862, M~7.5, Tsagan earthquake
through the analysis of various parameters of the clas-
tic dikes and associated secondary coseismic defor-
mations, taking into account the dip of the causative
fault and the average origin depth of earthquakes in the
Baikal rift zone [Lunina et al,, 2012].

The core of this tool is that, in the first stage, a re-
searcher plots graphs of variations of parameters of
observed structures (Fig. 11, stage I). It is possible to
apply available characteristics but the more of them
the more reliable the result. We used the following at-
tributes: maximum displacements Dpq. for the intra-
layered reverse and normal faults; ratio of the number
of faults with the displacements to the length of clea-
ning (Ns/L); thickness of the tectonic zone (ms); num-
ber of fractures per square meter (N); the mean width
(we) and height (he) of the clastic dikes; the ratio of
the number of clastic dikes to the length of cleaning
(Nca/L); the mean index of intensity of clastic dyke
manifestation (I4); the mean width (wm¢) and height
(hma) of microdikes; the ratio of the number of micro-
dikes to the length of cleaning (Nm¢/L); and the mean
index of intensity of microdike manifestation (/na). We
introduced parameters I.; and I,q to take into account
the set of all characteristics measured. The mean index
of the intensity of manifestation of individual clastic
dikes in the cleaning (I.4) are calculated from the rela-
tion

[ca=NcaxWeaxhegx10000/HxL,

where Ncq is the number of dikes, wcq is the mean width
(m), heq is the mean visible height of dikes in the section
(m), H is the height of cleaning (m), and L is the length of
cleaning (m). The relation for determining the mean in-
dex of intensity of microdike manifestation is similar

Imd=d><deXWdehde1000O/HXL,

where d is the coefficient reflecting the ratio of the mini-
mum thickness of the sedimentary rhythm to the maxi-
mum thickness. The rhythm is a pair of two alternating
sedimentary layers with different composition and
properties, within which the microdikes are observed.

In the second stage, the data on the distribution of
coseismic deformations in the soft sediments are syn-
thesized by means of the procedure of calculating the
sum of all significant peaks (on the graphs) for all ana-
lyzed parameters at each sites (SUMsyp, an abbreviation
for the sum of significant parameter peaks) (Fig. 11,
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stage II). The values, which are greater than the arith-
metic mean for both profiles, are considered the peaks.
Based on the values of SUMg;;, contour lines on the plan
are plotted and maximum value of SUMy,, correspon-
ding to the largest shaking are bounded (Fig. 11, stage
I and III).

In the third stage, a more detailed location of the
epicenter is based on the correlation with the active
fault. At an average dip angle of the causative Delta
fault of 60° [Lunina et al, 2012] and at an average
depth of the earthquake source in the Baikal Rift Zone
of 15 km [Gileva et al, 2000], hypocenter projected
normally on the day-time surface would be located at a
distance of 8.7 km from the main fault. Then, we put on
our plan the segment equal to the calculated distance
from the Delta Fault along their dip azimuth from the
central part of the region with the maximum intensity
of coseismic deformations and got the sought epicenter
of the Tzagan earthquake (Fig. 11, stage III).

Thus, analysis of one parameter of clastic dikes
would be enhanced by study case of several characte-
ristics of soft-sediment deformations in combination
with other data, including the faults and the current
seismicity of the region under consideration.

6. ESTIMATION OF THE LOWER-BOUND
MAGNITUDE /INTENSITY OF PRE-INSTRUMENTAL
EARTHQUAKES

The opportunities of using seismically induced clas-
tic dikes in a seismic hazard analysis include also an
estimation of the energy of an earthquake. To measure
it based on liquefaction features, empirical relation-
ships between the magnitude and the epicentral or
fault distance are applied [Kuribayashi, Tatsuoka, 1975;
Youd, Perkins, 1978; Liu, Xie, 1984, Ambraseys, 1988;
Papadopoulos, Lefkopoulos, 1993; Wakamatsu, 1993;
Galli, 2000; Papathanassiou et al, 2005; Lunina et al,
2014]. These relationships are effective in the case of
a known location of the seismogenic source that is
responsible for liquefaction. Castilla and Audemard
[2007] suggested the additional use of the curve of the
sand-blow diameter versus the epicentral distance.
This approach promoted a potential of assessing the
magnitude on basis of liquefaction features but eroding
the sand-blow cones before their burial restricts using
the corresponding relations.

At the same time, venting pipe always remains in a
section, which allows to establish the lower-bound
magnitude of the paleoseismic event and the local
macroseismic intensity by applying the bounding rela-
tionships between the earthquake parameters and geo-
metries of clastic dikes produced by instrumental
earthquakes. The author of the present work and her
colleague first introduced such equations and the
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Fig. 11. Example of location of earthquake epicenter (for Tsagan event of 1862 occurred in Baikal region) from parameters
of clastic dikes and other coseismic soft-sediment deformation, taking into account dip of causative fault and average seis-
mogenic depth: STAGE I - graph plotting showing distribution of parameters of coseismic soft-sediment deformation along
profile Krasny Yar-Zarechie (in this case: average thickness (w., cm) and height (h.s, cm) of clastic dikes (A), as well as
Nq/L ratio (B), where N is number of clastic dikes and L is length of a cut). All graphs have been published in [Lunina et al,
2012]; STAGE II - analysis of distribution of SUMspp (the sum of significant parameter peaks) along the profiles for the pa-
rameters included in analysis, and respective scales; STAGE III - reconstruction of epicenter from maximum of SUMspp, dip
of the Delta Fault plane and average seismogenic depth in the Baikal rift zone.

Puc. 11. [Ipumep n0KanM3al MU 3NULEHTPA 3eMJieTpsiceHust (s LlaraHckoro co6biTust 1862 r. B ballka/JbCKOM pervoHe)
[0 TapaMeTpaM KJIaCTHYeCKHUX JJaeK U APYyTUM KocelcMUYecKUM ZiepopManusaM B PhIX/IBbIX 0CAJIKaX C YIETOM yrJjia naJeHus
IJIOCKOCTH celicMoreHepupylollero pas/joMa U cpefHell riay6unnl 3emiaerpscenuit: STAGE I (ctagusa I) - noctpoeHue rpa-
bUKOB pacrpeie/ieHHs TapaMeTPOB KocelcMUYecKuXx AedopMaluil BioJib npoduis «c. KpacHeii fAp - c. 3apeuybe» (B gaH-
HOM CJIy4yae cpeJiHel MOIIHOCTH (Wcq, €M) U BBICOTHI (hey, €M) KiIacTHUeCKUX Aaek (A), a Takxke oTHoueHUs Nei/L (B), rae
N¢q - KOJIMYECTBO KJIACTHYECKUX Jiaek, L — AnnHa paspesa). Bece rpaduku ony6aukoBansl B [Lunina et al, 2012]; STAGE 11
(crapus 1) - ananus pacnpepenenus SUMspp (cyMMbl 3HAaYMMbIX MUKOB MapaMeTPOB KocelicMuyeckux aedopmanuii) ais
NapaMeTpOB, BKJIIOYEHHBIX B aHa/IU3 U cooTBeTcTBYoIMe mKajabl; STAGE III (cragus 1) - pekoHCTpYKLKSI MeCTOIOJIOXe-
HHUA 3MULEHTpa Ha OCHOBe MaKCHMMaJ/bHOTo 3HadeHUsa SUMspp, yria nafeHusa /lenbToOBOro pasjioMa M CpeJiHel IJIyOHHBI
3eMJyIeTpsiceHUH B balikanbCcKol pudTOBOM 30He.

underlying worldwide data [Lunina, Gladkov, 2015]. propriate to discuss the prons and cons in applying
Maximum width (we), visible maximum height (h,s)  the bounding relationships (Fig. 12, a-c) that are valid
and intensity index of clastic dikes (I.s) were correlated  both for Neptunian and injection dikes of earthquake
with the surface-wave magnitude (M;) and local macro-  origin.

seismic intensity (I.) corresponding to the MSK-64 Because only the end points are used to generate
macroseismic intensity scale. Here it would be ap- the curves (Fig. 12, a-c), the determination coefficients
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Puc. 12. I'paHuuHbIe KPUBBIE, OTPAXKAIOIIME CBSA3b MarHUTYAbl (M) 1 UHTEHCUBHOCTH ([;) B IyHKTE 10 MaKpOCEHCMUYECKOH
mkase MSK-64 ¢ napameTpaMu KJaCTHYECKUX Aaek: (a) — MaKCUMaIbHOW MOIIHOCTBIO (Wcq); (b) — MaKCHMasIbHOUM BUAUMOM
BbICOTOM (heq); (€) - MAaKCUMaNbHBIM UHAEKCOM UHTEHCUBHOCTH (Icq). R? — K03pOUIMEHT leTepMUHAIMY, N — KOJIUYECTBO TO-
YyeK HabJIl0JleHHs, B KOTOPbIX U3y4yeHbl Jalku. (d) - ynpolleHHass MoJieJib /I NPOBEPKU Heollpe/le/IeHHOCTH B olLieHKe Ms
3eMJIETPSICEHHUS C UCTI0JIb30BAaHUEM U3BECTHBIX YPABHEHUH CBSI3W MEX/JY MarHUTYAOH U 3NMULEHTPAIbHBIM PACCTOSTHUEM OT
NYHKTOB C HaGJIIOJEHHBIMH OJHOBO3PAaCTHBIMU JalKaMH, BO3HHUKIIMMU B Pe3yJbTaTe CEHCMUYECKOTO Pas3KMKeHHUs MO
[Lunina, Gladkov, 2015].
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I Puc. 13. O6061maroniasi cxema, HOKa3bIBaIIIas MyTh BOBJIEUYeHHUs JaHHBIX 10 HENTYHUYECKUM U UHbEKI[MOHHBIM JJalKaM B

aHa/JIU3 CeMCMHUYECKOHN OMMacHOCTH.

are high, and for all of the uncertainties of the equa-
tions, the real value of the dependent magnitude or in-
tensity was equal to or larger than the calculated mag-
nitude or intensity. The analysis of the obtained rela-
tionships showed that to estimate the lowest potential
magnitude of a seismic event or local macroseismic in-
tensity using clastic dikes, it is better to use all three
parameters and take the maximum level for a seismic
hazard evaluation [Lunina, Gladkov, 2015]. This is be-
cause that in most cases a geologist does not know if he
measures maximum value of a structure. Thus, 63 % of
clastic dikes from analyzed data set have widths < 0.2
m (Fig. 12, a), which is typical of seismically induced
injections [Obermeier et al, 2005; Levi et al,, 2011].

In contrast to the width, the height of clastic dikes is
not always consistent because we often do not see the
region in which the initial bedding has been liquefied.
The maximum visible height in author’s data set of in-
strumental earthquakes is 1.82 m (Fig. 12, b), whereas
the dikes in the epicentral area of historical 1811-1812
New Madrid, USA earthquakes with M,=7-8 were 8 m
high [Obermeier et al, 2005]. Nevertheless, the rela-
tionships between the earthquake parameters and the
visible height of clastic dikes will be particularly effec-
tive in the case of revealing the narrow-width dikes
that are much more common in the epicentral areas of
earthquakes.

The relationships between the magnitude/local
macroseismic intensity and the intensity index of clas-
tic dikes should compensate seemingly for the missing
maximum values of the height and width of clastic

dikes (Fig. 12, c). However, the analysis of the data set
shows that they will be effective only in the case of se-
veral dikes in a sectional view. For a single dike in a
trench, M; and I, obtained on I, parameter will be
strongly underestimated, therefore it is better to apply
the width and height values.

The relationships (Fig. 12) has limitations because it
results in a lower-bound evaluation of seismological
parameters. They do not consider the geotechnical con-
ditions at the sites, epicentral distance and earthquake
depths. Nevertheless, in the areas where surface rup-
tures on flat areas are difficult to recognize after de-
cades because of erosional truncation, these equations
can be very practical. Moreover, to apply the relation-
ships of the epicenter-to-liquefaction feature distance
versus earthquake magnitude (e.g., [Galli 2000; Pa-
pathanassiou et al, 2005; Castilla, Audemard, 2007;
Lunina et al, 2014]) for at least three cases associated
with the same seismic event, it is possible to verify its
estimated value and even to constrain the area of the
energy center that initiated the formation of the injec-
tion dikes (Fig. 12, d).

7. CONCLUSIONS

This brief overview considers the most recent ad-
vances in study of seismically induced clastic dikes, the
data of which are important in seismic hazard analysis
(Fig. 13). With a large variety of origins of soft-sedi-
ment deformations, tabular injections caused by fluidi-



zation from seismic liquefaction are the most reliable
indicators of paleoseismicity in comparative with Nep-
tunian dikes. At the same time, if the earthquake origin
of the latter is proved, they can also be used for estima-
tions of epicenter, age, magnitude and local macro-
seismic intensity of paleoseismic events. The main re-
sults of this summary are as follows:

1. Main triggers, formation mechanisms and some
matching indicative features of Neptunian and injection
dikes, including tabular and cylindrical bodies are sys-
tematized. The desiccation of unconsolidated deposits,
extensional tectonics, flood, glacial loading, sudden
deposition in underwater condition or in conditions of
high humidity, including diagenesis in permafrost area,
freeze-and-thaw action, tsunami, earthquake, inflow of
fluid-generating clays in the region of high tempera-
tures and overpressures and subsequent fracturing
(mud volcanoes), storm waves, mass movement, and
meteorite impact can initiate the development of these
soft-sediment deformations. Some of the triggers result
in both types of dikes, among which the injection ones
are the most perspective in the paleoseismic tasks.

2. Based on the revision of known liquefaction fea-
tures and specific descriptions of the injection dikes, 12
general and 12 individual geological and structural cri-
teria, which make it possible to establish confidently
their earthquake origin, are represented. Recommen-
dations for use of these criteria, part of which may not
be visible or obscured by superimposed exogenous
processes are given. Even several criteria if supported
by structural analysis compared to tectonic framework
are significant to conclude seismic genesis of injection
dikes. Additionally, indicative searching features of the
injection dikes on GPR images are suggested.
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3. The clastic dikes can be applied to determine the
age and the recurrence interval, the epicenter location
and a lower-bound magnitude/intensity of paleoearth-
quakes, thus providing geological data for seismic
hazard assessments in the regions, in which unconsoli-
dated deposits capable to liquefaction are common.

In the future, to develop approaches for studying
paleoseismicity based on soft-sediment deformation
structures, it is necessary to carry out specialized re-
search in the epicentral zones of recent and well-
documented historical seismic events in order to de-
scribe the geometry, morphology, composition of the
dikes, as well as geological, geomorphological and hy-
drogeological conditions of their formation. Developing
the bounding relationships between the parameters of
clastic dikes and associated earthquakes, including the
peak ground acceleration (PGA) would become per-
spective.
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