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Tectonics and Metallogeny of East Kazakhstan

Boris Dyachkov, Marina Mizernaya,
Oksana Kuzmina, Natalia Zimanovskaya and
Tatiana Oitseva

Chapter 1

Abstract

General regularities in the formation of tectonic and metallogenic structures are considered
as a scientific basis for forecasting new deposits of nonferrous, precious and rare metals
in the territory of East Kazakhstan and are considered on the basis of modern geotectonic
concepts of the Earth self-development. Regular connections between the main ore-bearing
structures and the leading geological-industrial types of deposits are determined with
features of the deep crustal structure and certain geodynamic settings of various geotec-
tonic cycles and eras (from the Precambrian to the Quaternary). The belt placement of ore
deposits is emphasized with the identification of four ore belts: Rudny Altai (Cu, Pb, Zn,
Au), West Kalba (Au, Ag), Kalba-Narym (Ta, Nb, Be, Li, Sn, W) and Zharma-Saurs (Cr,
Ni, Co, Au, TR). In the location of gold ore deposits, the Zaisan suture zone, formed in
the collision zone of the Kazakhstan and Siberian lithospheric plates, is the ore-controlling
value. Spatial-genetic connections of rare metal and rare-earth deposits with granitoid
belts formed in post-collision (orogenic) geodynamic conditions of Permian time are deter-
mined. The research is aimed at strengthening the mineral and raw material base for the
operating enterprises of the East Kazakhstan region.

Keywords: Central-Asia, Zaisan zone, suture, ore-bearing structures, deposits

1. Introduction

The beginning of the twenty-first century was marked by a sharp increase in fundamental
geological research in the world to create a modern scientific basis for further development
of mineral and raw materials sector of the world economy. Mineral resources are still the
backbone of the economies of many countries, but there is a general tendency for their deple-
tion as a result of mining the deposits discovered in previous years. The most important task

is to open new mineral deposits on the basis of modern geotectonic concepts of geological
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structure development and processes of ore formation with the aim to develop new technolo-
gies of deep earth prognosis and prospect for ore deposits [1].

The territory of East Kazakhstan is a unique geological area, in which many deposits of cop-
per, lead, zinc, gold, silver, rare metals and rare earths, titanium, hydrocarbon raw materials
and other minerals are concentrated. A powerful industrial infrastructure of mining and met-
allurgical works and plants has been built in the region on their basis.

The novelty of the study is further development of scientific idea of the Greater Altai (GA) geo-
structure formation during the Hercynian collision (C,-C,) of Kazakhstan and Siberian paleo-
microcontinents, horizontal displacement and coalescence of large tectonic blocks of the earth’s
crust (terranes) during the Irtysh-Zaisan paleobasin (a part of the Paleo-Asiatic ocean) degrada-
tion. A significant ore-controlling importance is attached to justification of belt placement of ore-
bearing structures and deposits which were formed in various geodynamic settings and regimes.

The tendency of ore deposit’s belt distribution is manifested in the North American, Mexican,
South China, Urals metallogenic provinces and other regions of Kazakhstan [4, 6]. Revealed
ore belts within the territory of the Greater Altai regional ranks offer new opportunities for
deposit forecasting and prospecting especially on poorly studied and closed territories.

2. Geotectonic position of the Greater Altai geological structures

The Hercynian geostructure of the Greater Altai is located in the Central Asian mobile belt, in
the northwest of the Altai-Alashan Modal Zone, and is bounded by deep faults in the north-
western direction (Loktevsko-Karairtyshsky and Chingiz-Saursky) which separate it from the
Caledonides of the Gorny Altai (in the northeast) and Chingiz-Tarbagatai (in the southwest).
The territory under consideration unites the geological structures of the Rudny Altai, Kalba-
Narym, Western Kalba, Zharma-Saur and adjacent areas of Russia and China, the total length of
which is more than 100 km with an average width of 3000 km in modern coordinates (Figure 1).

According to geotectonic zoning, they are separate blocks of the earth’s crust or terranes that
were welded together during the Hercynian collision and separated by a system of deep faults
or structural zones (the Northeast, Irtysh, Zaisan, and so on). The latter are also considered
as zones of upwelling and the entry of mantle material, and ore-bearing fluid flows into the
earth’s crust [2].

The deep structure of the region in terms of geological and geophysical data is sharply het-
erogeneous and is characterized by a multilayered earth crust (up to 50-55 km thick) with
heterogeneous linear-mosaic blocks complicated by folded and discontinuous deformations.

The model of the GA deep structure is presented at the geological and geophysical section of
the Altai geotraverse compiled by Lyubetskiy et al. (Figure 2) [2, 3]. The upper mantle (UM) is
characterized by an inhomogeneous structure, and it lies at a depth of 38-55 km and has a dis-
sected relief. Mohorovichich’s (M) raising of the surface is also recorded in the northwestern
flank of the suture zone (Gornostaevsk) and its southeastern continuation (Zaisan), and in the
Rudny Altai (Rubtsovsk) [2].
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Figure 1. The Greater Altai geotectonic position in the structures of the Central Asian belt. 1 —Ancient platforms and
massifs; 2—Baikal; 3—Caledonian orogeny region; 4 — Altai-Alashan area; and 5— position of the Greater Altai.

Deep mobile zones (DMZs) and associated systems of longitudinal-transverse faults which
caused intensive transformations of the entire section of the EC and the upper mantle played
a decisive role in magmatism origin and evolution, the spatial arrangement of volcanic and
intrusive belts. The real differentiation of the upper mantle and the level of foci nucleation in
the EC reformation column determined the composition and geochemical specialization of
magmatism. The influence of the mantle plume evidently played a decisive role in the metal-
logenic specialization of Charskaya, West Kalbinsk and Zharma-Saur tectonic zones (Cr, Ni,
Fe, Cu, Pb, Zn, Au, and so on).

These data are consistent with the views of a number of researchers on the relationship
between plume magmatism and metallogeny in Tarim, Siberian, Emeishan, Central European
and other large magmatic provinces (R.D. Dzhenchuraeva, 2015).

In fact, small deposits of magmatic Cu-Ni formation C, , (Maksut et al.) are known in the ter-
ritory of East Kazakhstan, and the earlier action of the asthenolite plume was recorded in the
Rudniy Altai (in the Devonian) and Chara zone during the stage of the Hercynian collision
of C-C, [3]. Later, in the lower Triassic, the Semeytauska volcano-tectonic construction of
the trachybasalt-trachyriolite composition was formed under the influence of a local mantle
plume. Therefore, the manifestation of mantle plumes in East Kazakhstan occurred, probably,
repeatedly, and the mantle source of ore matter (Cr, Ni, Pt, Ir, Hg) is fixed in deposits of dif-
ferent types (copper-polymetallic, gold ore, rare metals and others). Consequently, it is also
necessary to take into account the mantle plume models of the formation of ore-magmatic
systems for metallogenic constructions in the territory of the Greater Altai.

The metabasalt layer (K surface) is fixed by amphibolites and hyperbasites fragments in the
deep melange of Charskii, Irtysh-Markakol and other faults. In the axial part of the Rudny
Altai, according to G.P. Nakhtigal’s materials, the crust surface is elevated (at a depth of
22-24 km) bounded by Kalba-Narymsky (26-28 km) and Belousinsk-Sarymsaktin (28-30 km)
edge deflections [2, 4, 5]. Metabasaltic layer elevations are also noted in the core zones of



Tsunami: Concerns and Challenges

CHI4GIS-SAURSKY
SIRECTASKY
TEREKTINSKY
SHEMONAIKHINSKO- g
SEKISOVSKY
NORTH-EASTER

100

120

200

220
H, ki 0 10 20 30 km H, km

o [ (e < [
]

Figure 2. Geological and geophysical section of the lithosphere at the Greater Altai according to Aleisk geotraverse.
Granite-metamorphic layer: 1—Hercynides; 2—Caledonian; 3—Proterozoic. Intrusive bodies: 4—granites and
granodiorites, plagiogranites; 5—diorite and gabbro; 6 —metamorphic carbonaceous rocks. Meta basalt layer: 7—
amphibolites; 8 —granulites. The upper mantle: 9—primary; 10—ultrabasites; 11 —eclogite garnet; 12—diamondiferous
eclogite; 13—upwelling zones; 14—gravity field curves (Ag); (15) curves of the anomalous magnetic field (AT).
Metallogenic zones: SSK, Syrektas-Sarsazan-Kobukskaya; ZhSK, Zharma-Saur-Kharatungskaya; ChZ, Charco-
Zimunayskaya; WKK, West-Kalbinsk-Koksentauskaya; KNB, Kalba-Narym-Burchumskaya; IF, Irtysh-Fuyunskaya;
RAA, Rudnoaltaisko-Ashalinskaya; GA, Gornyi Altai.

Zharma-Saursky and Chingiz-Tarbagatai belts. Evidently, this is a general pattern for the
entire East Kazakhstan region.

The analysis of represented geological and geophysical data emphasizes the transverse hetero-
geneity of the deep structure of East Kazakhstan territory and different maturity of the EC in its
different parts. Typical models of EC tectonic zone structure are reconstructed accordingly: (1)
femic with increased capacity of metabasalt to 24-28 km (Chingiz-Tarbagatai, Rudnoaltayskaya
and Zharma-Saurskaya zones); (2) sialic with a high thickness of metagranite layer up to 12 km
and the EC up to 50-55 km (Kalba-Narymskaya, Syrektas-Sarzanskaya zone, Gorny Altai) and
(3) interbedded femichesical —saliches on a heterogeneous (Precambrian-Caledonian) base
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Figure 3. The layout of the faults of the Eastern Kazakhstan (by B.A. Dyachkov, G.P. Nakhtigal). 1 —Deep longitudinal
faults restricting tectonic structures and 2—their structure-formation zone; 3 and 4—regmatic system longitude-
latitude prehercinian structural fault occurrence; 5—transverse deep faults of the Hercynian activation; 6—crushing
zones; 7 —ring structures; 8 —thrusts; 9—fault-shifts; 10 —direction of prevailing tectonic compression and 11— tension.
Structural area (roman number in circles): I—Mountain Altai (Charyshskaya, Holzunsko-Chuiskaya), II—Beloubinsko-
Sarymsaktinskaya (northeastern zone crumpling), Il —Rudnoaltayskaya, IV —Irtyshskaya (Irtysh zone crumpling), (V)
Kalba-Narymskaya, VI—Western Kalbinskaya, VII—Charskaya, VIII—Zharma-Saurskaya, IX—Sirektasskaya, X, XI—
Chengis Tarbagataiskaya, XII—Pribalhashkaya.

with a suboceanic EK type of section (Charskaya, West Kalbinsk, the Irtysh zones). These tec-
tonic zones, which have unequal tectonic magmatic activity, were saturated with basaltoid and
granitoid matter in different ways with different geochemical specialization.

Thus, the geodynamic model of the GA mobile belt development reflects a long and complex his-
tory of geological structure formation and emphasizes the intensity of ore-magmatic processes
and metallogeny. As a result of polycyclic development of tectonic magmatic processes, the main
epochs of ore formation have been outlined, reflecting vertical and lateral zonation within the ore
belts and in general for East Kazakhstan. During the stepwise EC transformation and the migra-
tion of magmatic foci from the upper mantle, a homodromic evolution of the magmatic formations
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and associated mineralization occurred. The change of sidero-chalcophile mineralization (Fe,
Mn, Cu, Pb, Zn, Au, Ag) by chalcophile (Pb, Zn, Au, Ag, Bi, Sb, etc.) and lithophilic (Ta, Nb, Sn,
W, Mo, TR, etc.) occurred from early to late epochs [6]. System analysis of the materials shows
that in each metallogenic zone the maximum outburst of mineralization (with the formation of
industrial deposits) occurred only in a certain geodynamic regime and in the age interval.

The role of deep faults in the development of geological structures and metallogeny was
considered in the works of many researchers (G.D. Azhgirey, A.V. Peive, N.P. Nekhoroshev,
G.N. Shcherba, P.F. Ivankin, et al.). Deep faults had a long history of development, among
which the Proterozoic, Caledonian and Hercynian fault systems as well as Cimmerian and
Alpine (new and refurbished) are distinguished by age (location or intensive activation). The
following systems also differ in direction: (1) longitudinally transverse (northwestern and
northeastern), (2) longitude-latitudinal (regmatical), (3) diagonal, and (4) annular (according
to space images interpretation) (Figure 3).

3. Peculiarities of metallogeny

3.1. The geological history of development of structures

In recent years, some common patterns of geological structure formation of Central Asian belt
have been addressed in a number of publications from the theoretical standpoint of mobilism
[6-10]. Particular attention has been given to determining the role of the mantle in tectogene-
sis, magmatism and ore formation processes, sources of magmatic melts and ore matter, clari-
tying geotectonic positions, age and ore content of granitoid batholiths and their connection
with large Siberian and Tarim mantle plumes. General orientation of evolution of geology and
metallogeny of the Greater Altai and skirting structures (Gorny Altai and Chingiz-Tarbagatai)
occurred over a long geological history (from Precambrian to Quaternary time) in various
geodynamic regimes and conditions.

In the Precambrian, near-fault intrusions of hyperbasites were accompanied by mineralization
of magmatic formation under oceanic rifting conditions—Cr, Ni, Co, Cu (Charco-Gornostaevsky
belt). In the early stages of caledonides and hercinides, stratiform iron-manganese, polymetal-
lic, and copper-pyrite volcanogenic sedimentary deposits of the Ural and Rudno-Altai types
(Fe, Mn, Pb, Zn, Cu, Au, Ag, etc.) were formed under rift-arc island geodynamic conditions
(Chingiz-Tarbagatai, Rudny Altai).

Predominantly small intrusions and dikes of the gabbro-diorite-granodiorite-plagiogranite
series are localized under collision geodynamic conditions, productive for copper-nickel sul-
fide, copper-porphyry and gold mineralization—Ni, Co, Mo, Au, Ag, etc. (Chingiz-Tarbagatai,
Zharma-Saur, Western Kalba, the Rudny Altai). Southeastern zones formed in the process of
lithospheric plate collision with oceanic and continental earth crust types are fixed by a system
of deep crust-mantle faults, ophiolite belts, blocks of metamorphic rocks and thrust-melange
structures which have ore-controlling importance. They are accompanied by many miner-
als (Cr, Ni, Co, Cu, Hg, Au, etc.), including large gold deposits (Bakyrchik, Vasilkovskoe,
Suzdalskoe, etc.) [11, 12].
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The post-collisional (orogenic) situation in the Permian was characterized by the activation
of intra-plate tectonics and powerful development of granitoid magmatism, which is associ-
ated with deposits of rare metals and rare earths (Ta, Nb, Be, Li, Sn, W, Mo, TR, and so on).
Deposits of rare metals are concentrated in the Kalba-Narym zone, Zharma-Saur, the Gorny
Altai and other regions of Central Asia (China, Mongolia, the Urals, and so on) [13-15].

In the Cimmerian cycle, residual weathering crusts of nontronite profile (Ni, Co) accumulated
in the Chara zone, kaolinite-hydromica (Au) in Western Kalba and Zharma-Saur, kaolinite (Tj,
Zr) in northern Prizaisan (Karaotkel deposit) under continental rifting conditions. Deposits of
coal and oil shale were formed in intermontane depressions (Karazhyra, Kenderlyk). Deposits
of various minerals including placer gold, ilmenite, monazite, cassiterite and other minerals
were formed in a Mesozoic-Cenozoic platform cover.

3.2. Metallogenic zoning

As a result of study, it has been determined that geotectonic and metallogenic zoning is
fully consistent and the following ore-bearing structures have been identified: a metallogenic
province, ore belt, metallogenic zone (subzone), ore region, ore zone, ore site and ore field.
The Hercynian geostructure of the Greater Altai which covers the territory of the Rudny
Altai, Kalba-Narym, Western Kalba, Zharma-Saur and adjacent regions of Russia and China
is the largest.

Four ore belts have been determined within the Greater Altai by metallogenic zoning (Figure 4):

1. Rudnoaltai copper-polymetallic (Fe, Mn, Cu, Pb, Zn, Au, Ag, and so on)
2. Kalba-Narym rare metal (Ta, Nb, Be, Li, Cs, Sn, W).

3. West Kalbinsky gold ore (Au, Ag, As, Sb).

4. Zharma-Saursky multimetal (Cs, Ni, Co, Cu, Au, Hg, Mo, W, TR).

Chingiz-Tarbagatai belt in the southwest of the GA unites two metallogenic zones (West-
Chingiz and East-Chingiz), and in the northeast there are Charyshskaya, Kholzun-Chuysko-
Sicikhe and Tsunghu-Chihuye zones adjacent to the Gorny Altai [8].

The Rudny Altai belt was formed on the destructured continental crust of the Gorny Altai
during the Hercynian cycle, and the change of geodynamic regimes from the initial rifting
(D1e) to the island-arc (D,-C,) was accompanied by a collision (C,-C,), orogenic activation (P -
T,) and stabilization (Mesozoic-Cenozoic). The ore-control importance is given to a system of
echeloned deep faults in the northwestern direction penetrating the activated upper mantle,
which contributed to the entry of mantle-crustal magma and ore-bearing fluxes into the upper
parts of the EC [3, 16]. Industrial copper-pyrite and pyrite-polymetallic deposits are concen-
trated in the core Rudny Altai zone of increased femininity of the EC section, the magmatic
saturation and the density of mineralization and are clearly correlated with the elevation of
the upper mantle, the metabasaltic layer, and the blocks of the Proterozoic and Caledonian
basement.



Tsunami: Concerns and Challenges

- 18° 81° 84 81 90° 913‘
S >
R A O Gornoaltaysk
_>-. ~
; 5 e,
> & PAA
\\' R\ 7
; Semlpalatl 8 RUSSIA
1NN A
o ] g " SR N ) , v 50°
50° Ca NA A a0, ©
e, R Rty S iy
«\ ¢ N 2 SR ¢ Sam )
‘) & >y 0. " B NN x!"\
\ v, N womm— .3
, 4 e/ ) J
% e N 92*
- o A ;- cio MONGOLIA | 4 g0
) o ) '»
;t° o o — O S M 22 3, \
Ayagu? S NG
= A ; e \:
8r° ‘;L NS~ 1
] s
CHINA
3 6 7 S0 100 L
P~ [ ] =3 0 - 82

Figure 4. Greater Altai metallogeny division into areas. 1 —Border of Greater Altai; 2— of ore belts and 3 —of metallogenic
zones; 4—Rudnoaltaisk gold-copper-polymetal; 5—Qalba-Narym rare metal; 6—West Qalba gold bearing and (7)
Zharma-Saur multimetal.

Pyrite-copper-polymetallic mineralization is genetically associated with a group of basalt-
andesite-rhyolite formations (D, ,), differentiated and contrasting antidirectional series,
forming several productive geochronological levels from D e to D,fr, (Figure 5). Accordingly,
multi-rhythmic zoning and high-level distribution of mineralization in ore zones, ore sites
and, in general, the ore belt (with a vertical span of ores up to 1000-1500 m) are manifested.
There is a concentration of deposits in the Devonian volcanic arcs of ring structure fram-
ing the Caledonian paleo-elevations (Sinyushinsky, Revnushinsky, Alei and Rubtsovskoye),
characterized by volcanic processes and ore formation duration.

The linear cluster distribution of volcanic-tectonic structures with pyrite-polymetallic deposits
in longitudinal ore zones (Leninogorsk, Zyryanovskaya, Orlovsky-Belousovskaya, etc.) with
a step of ore nodes at the intersection of faults of 2040 km is also characteristic. Sublatitudinal
ore-control faults played an important role (Leninogorskii and others), especially at the junc-
tions of their intersection with breaks in other directions, where volcanogenic ore centers
were created (according to G.F. Yakovlev, 1976).

Ore formation took place under submarine conditions, evidently with an ascending water-
and-hydrothermal system of solutions with a juvenile source of metals (Fe, Cu, Pb, Zn, S, Au,
Ag, etc.) and dissolved gases (CO,, N,, H,S, S, Cl and others) (Dyachkov, Titov, 2005).

Two types of ores differ in origin:

1. stratiform hydrothermal sedimentary, characterized by the accumulation of ore matter at
the bottom of the basin among sedimentary-pyroclastic rocks with the formation of strati-
fied rhythmically layered ores (Ridder-Sokolnoye, Verkh-Ubinskoe, Nikitinsky deposits,
and so on);
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Figure 5. Rudny Altai copper-polymetallic belt. 1 —Boundary of metallogenic zones; 2—ore district; 3—ore zone; 4—ore
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Ore regions (roman numerals in circles): I—Beloubinsky; II—Khamirsky; III—South Altai; IV—Rubtsovsky; V—
Zmeinogorsky; VI—Leninogorsk; VII—Zyryanovsky; VIII—Maymyr; IX—Priirtyshsky; X—Bukhtarminsky;
XI—Kurchum-Caldzhirsky.

2. hydrothermal metasomatic, associated with changes in volcanic-sedimentary rocks and
fluid-porphyry complexes on the path of ore-bearing flows. The latter type includes the
majority of commercial pyrite-polymetallic deposits (Zyryanovskoye, Maleevskoe, Belou-
sovskoye, and so on).

The Rudny Altai is the main raw material base of nonferrous metallurgy in Kazakhstan.
As a result of studies, the overall large scale of the Rudny Altai gold-copper-polymetallic
belt is renewed, the belt continues in Russia on the northwestern flank (Rubtsovskoye,
Zmeinogorskoye, Talovskoye, etc.), and in the southeast, with a sharp narrowing, it is traced
to the territory of China Aschaly, Koktal, Timurty, and so on [8, 17]. This regional position of
high productivity ore zone shows that the Rudny Altai prospects are not yet exhausted.

The West Kalbia belt is the main gold-bearing structure in East Kazakhstan, in which more
than 450 deposits and gold ore occurrences of various geological and industrial types are con-
centrated [18].The general regularity of the spatial confinedness of gold ore deposits to Zaisan
southeast zone formed during the Hercynian collision of Kazakhstan and Siberian lithospheric
plates has been established (Figure 6). The Charsko-Gornostaevsky ophiolitic belt, which fixes
the zone of deep mantle fault, was localized as a result of complex geodynamic development
in the southeast zone; fold-melange, overlying thrust and ruptural structures were formed.
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Figure 6. Location of Zaisan suture zone. 1—Borders of Greater Altai and 2—borders of metallogeny zones; 3—
Caledonian, and 4 and 5—Hercynian structures; 6— Azaisansky suture; 7—protrusion of hyperbasites; 8 —dikes and
9—dubalkalic granitoids; 10 to 12—Cr, Au, Hg deposits. Metallogenic zones (I—Beloubinsko-Sarymsaktinskaya,
II—Rudno-Altaiskaya, III—Irtysh-Fyunskaya, IV—Kalba-Narym, V—West-Kalba, VI—Charsko-Zimunaiskaya, VII—
Zharma-Saurs, VIII—Syrektas-Sarsazan).

The system of diagonal deep faults in the west-north-west direction (West Kalbinsky, Chars-
kiy, Terektinsky and Baiguzin-Bulaksky) had ore-controlling importance along which the
belts of the near-fault small intrusions and dikes of the gabbro-diorite-granodiorite-plagio-
granite series (C, ,-C,) in association with ore-bearing fluid flows were formed.

It was here that, at the junction of continental margins in a collision geodynamic situation,
favorable conditions were created for the formation of gold-bearing structures and deposits
(Zapadno-Kalkinskaya, Zhanan-Boko-Zaisanskaya, Yuzhnoaltaiskaya and other ore zones),
which, according to geological and geophysical data, frame the Charko-Gornostaevsky uplift
from the northeast and southwest).The patterns of formation and the criteria for predicting
gold ore deposits in the region under study (geotectonic, geological-structural, magmatic,
mineralogical-geochemical and others) have been considered in a number of publications
[11, 12]. One of the main regularities is belt placement of ore zones and gold ore objects
which we unite into a large East Kazakhstan gold belt of regional ranks [1]. The arc belt has
a considerable length (length of about 800 km with a width of 40-60 km), and in the north-
western flank, it has a gateway in the meridional direction and is covered with loose sedi-
ments in Kulunda depression; in the southeast, it is intersected by rare-metal granites of the
Kalba-Narym pluton and it further penetrates into the territory of the Southern Altai and is
traced to China (Figure 7).

Such a regional position of the gold belt allows us to reevaluate the prospects of Semipalatinsk
Priirtyshye to identify gold deposits under the cover of loose sediments of the Kulunda
depression (Figure 8).
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Figure 7. Scheme of placement of rare metal and gold-ore belts. 1—The boundaries of the Greater Altai and 2—
metallogenic zones; 3—Irtysh crush zone; 4—East Kazakhstan gold ore, and 5—Kalba-Narym rare metal belt; 6—
rare metal ore regions (1—Shulbinsk; 2—North-West-Kalba; 3—Central-Kalba; 4—Narym); (7) gold ore regions
(I—Mukursky; 2—Bakyrchik; 3—Kuludjun; 4, South Altai); (8-13) types of deposits: 8 —albitite-greisen (Sn, Ta); 9—
rare metal pegmatites (Ta, Nb, Be, Li, etc.); 10—greisen-quartz-vein (Sn, W); 11 —quartz vein tin (Sn, W); 12— tungsten;
13—gold ore deposits. Metallogenic zones (I—Beloubinsko-Sarymsaktinskaya; II—Rudy Altai; IIl —Irtysh; IV —Kalba-
Narym; V—West-Kalba; VI—Charsk; VII—Zharma-Saurs; VIII—Syrektas-Sarsazan). Deposits of the Kalba-Narym
zone: 1—quartz; 2—Bakennoye; 3—Jubilee; 4—Belaya Gora; 5—Cherdoyak; 6—Karasu. Deposits of the West Kalba
zone: 1 —Kazanchunchur; 2 —Kuludjun; 3—Layla; 4 —Kystav-Kurchum; 5—Maralikha; 6 —Maykapchagay; 7 — Alkabek;
8—Manka.

An important ore-petrological criterion is determined in establishing paragenetic connec-
tion of gold with small intrusions and dikes of Kunushsky complex C3 and its analogues
(Saldyrminsky and Katoy complexes). The leading geological and industrial types of gold
deposits are: (1) gold-listenitic (Maralakha deposit); (2) gold-sulfide (Suzdalskoe, Mirage, etc.);
(3) gold-quartz (Kuludzhun, Sentash, Kystav-Kurchum); (4) gold-quartz beresit (Baladzhal,
Manka); (5) gold-arsenic-carbonaceous (Bakyrchik, Bolshevik); (6) crust weathering (Zhanan,
Mukur) and (7) gold-placer (West Kalba, the South Altai).

The Bakyrchik deposit is the largest world-level object of the “black shale type” represented by
zones of gold-arsenic-carbon mineralization and vein silicification [3, 11, 12]. Depositions of
molasses, limnic formations (Buconian suite C, ,) which are subject to intense dynamometa-
morphic and hydrothermal-metasomatic changes in the zone of latitudinal Kyzylovskiy deep
fault (overthrust) are ore-bearing (Figure 9).
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Figure 8. Forecast-metallogenic scheme of Semipalatinsk Priirtysh. 1—Precambrian hyperbasite formation; 2 to 4—
volcano-plutonic trachybasal-trachyriolithic formation T1? (2—trachybasalt-trachyriolithic; 3—gabbro-monzonite;
4—granosyenite-granite-porphyry subformation; semeitauskaya series); 5—boundary of metallogenic zones (I—West
Kalba; II—Charsk; Ill—Zharma-Saur); 6 —boundary of ore zones (1—Mukur; 2—Shagan; 3—Mirage-Suzdal); 7 to 9—
gold ore objects (7—deposits; 8 —ore occurrences; and 9—mineralization points); 10 to 11 —prospective areas (10—high
degree of prospects; 11 —predictive).

Ore bodies are represented by lenticular and ribbon-like deposits, stockworks of hydrother-
mally altered sedimentary rocks with veins and nests of metasomatic quartz and abundant
dissemination of gold-bearing pyrite and arsenopyrite. Their thickness varies from 0.6 to
20 m, and gently sloping deposits are traced by a drop of 1700 m. The average gold content
is 8-9 g/t. The Bakyrchik ore region retains high prospects for the increasing of forecast gold
resources, which makes it possible to bring them to a number of world super-large objects.

The Kalba-Narym belt is the main rare-metal structure in East Kazakhstan. According to
new geodynamic schemes, it is regarded as a foreign block of EC (terrain) which has become
connected to the Greater Altai during the Hercynian collision (C, and later). Based on analysis
and generalization of deep geophysical studies, it is assumed that the Kalba-Narym granitoid
belt is located in the head part of a giant tectonic magmatic zone, steeply falling to the north-
east under the Rudny Altai (to a depth of more than 100 km). The centers of magma formation
originated, judging by the composition of the granite smelting, in a metagranite layer or on its
boundary with metadiorite. The zones of transit heat-mass flows penetrated from the lower
parts of the EC and the upper mantle through the system of deep faults.

The Kalba-Narym granitoid belt unites many deposits and ore occurrences of pegmatite,
albit-greisen, greisen-quartz, and other ore-forming types. Well-known industrial deposits
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Figure 9. Geological section of gold-sulfide deposit Bakyrchik through the central ore body (based on the materials
of V. M. Yanovsky, Y.V. Chudikova). 1-3 carboniferous sediments: 1—conglomerates, gravelites; 2—sandstones; 3—
carbonaceous siltstones and shales; 4 —Kyzylovskaya zone of deep fault; 5—faults, tectonic cracks; 6—ore body; 7—
diffuse sulfide mineralization.

(Bakennoye, Yubileynoye, Belaya Gora, etc.) were developed by Belogorsk mining and dress-
ing plant in previous years, but at present they are mothballed. The main source of rare met-
als is deposits of rare metal pegmatite (Ta, Nb, Be, Li, Cs, Sn) genetically associated with the
granites of the Kalbinsk complex (P,) [13].

Deep faults and feathering faults that functioned for a long period of time were of decisive
importance in the location of the Kalba-Nyrym granitoid belt. The most magmatically sub-
missive role of the northwestern deep faults is manifested in the late Herzinian post-collision
(orogenic) stage of development. The Kalba-Narymsky and Terektinsky deep faults served
as the largest magma guides. Granite intrusions which formed in a mobile geodynamic envi-
ronment turned out to be the most ore-bearing; it contributed to more intensive ore forma-
tion processes in nonequilibrium PT—conditions and, ultimately, the formation of industrial
deposits (Bakennoe, Ybileinoe, and so on). On the contrary, quieter tectonic conditions of
crystallization of relatively inactive and viscous granite melts lead to dispersion of RE and
poor ore content of granites (the massifs of Dubygaly, Sibinsky, and so on). On this basis, ore-
magmatic systems with different degrees of productivity were identified, ore-petrochemical
typification of granitoids was performed and geological-genetic models of ore formation were
constructed as the leading factors for forecasting new rare metal deposits [19].

Importance is attached to ore-controlling role of latitudinal deep faults of ancient depos-
its and long-term activation, especially at clusters at their intersection with northwestern,
northeastern or meridional disjunctives (Gremyachinsko-Kiinsky, Asubulaksky, Belogorsky,
Mirolyubovsky, and so on).

Thus, Asubulak latitudinal fault controls pegmatite field location in which two ore-bear-
ing strips of sublatitudinal strike separated by a fault are distinguished: (1) Ungur (north-
ern), including ore objects in Carmen-Kuus, Akkesen, Ungursai and Plachgor, and (2)
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Krasnokordonskaya (southern), uniting the Yubileynoye industrial deposit and ore occur-
rences in Red Cordon, Rock and Budo in 1.5 km increments.

Mirolyubovsky latitudinal long-term activation fault had a decisive role in distribution of
tungsten-greisens and hydrothermalites of the same granite massif, in which the main ore
bodies were localized in meridional discontinuities that cut across Kalbin granites and leuco-
granites of the monastirskiy complex. At the final stage of the Hercynian tectonic magmatic
cycle, the Mirolyubovsky fault was transformed into a fault-shift with displacement of all
intrusive formations and ore bodies with an amplitude of 3 km.

Favorable factors of ore formation include the multistage structure of the Kalba-Narym plu-
ton in the form of alternating cross sections of granite plates and enclosing sedimentary rocks,
which caused formation of structural traps and screens for pegmatite fields. Apical parts and
above intrusive zones of granite massifs, their apophyses, hidden domes and tectonically
weakened zones saturated with vein formations are the most promising for the concentration
of rare metal mineralization. According to geological and geophysical data, the main ore sites
and ore fields are spatially located in a thickened part of granite massifs, above the magmatic-
leading roots or along their periphery [4, 20].

The Zharma-Saursky belt was formed on the northeastern outskirts of the Kazakhstani mas-
sif, and it is characterized by complex geodynamic development and polycyclic metallogeny.
It unites three metallogenic zones: Charskaya, Zharma-Saurskaya and Sariktas-Sarsazanskaya.

Charskaya zone is a structure of regional or planetary rank, and it has a long and complex
history of development. Within its limits, the Charsko-Gornostaevsky ophiolite belt is dis-
tinguished which is fixed by separate fragmentary outcrops of Precambrian metamorphic
rocks, protrusions of hyperbasites, thrust zones and serpentinite melange [2, 18, 21]. In the
Precambrian cycle, the primary ores (Cr, Ni, Co, Cu) formed in the oceanic geodynamic envi-
ronment are associated with the hyperbasite formation (Charsky complex, PR?). The ores
belong to the hysteromagmatic chromium, magmatically liquation and hydrothermal copper-
cobalt-nickel formations.

Zharma-Saurskaya zone, located in the central part of the ore belt, developed under the influ-
ence of a deep mobile zone (DMZ), was characterized by an elevation of the upper mantle and
a high-power metabasalt layer (24 km). The focal part of the DMZ was characterized by high
magmatic saturation with a strong development of syncollision intrusions of gabbro-diorite-
granodiorite-plagiogranite series (C, and C, ) productive for copper-porphyry, sulfide cop-
per-nickel and gold mineralization. Copper-porphyry type of mineralization is manifested in
a volcano-plutonic belt of intrusions of Saursky complex C, (the Kyzylkain deposit in Saursky
ore district) [3]. Maksut deposit is genetically associated with stratified intrusions and dike-
like bodies of the late-collision activation stage, controlled by deep faults. Gold ore objects are
associated with small intrusions and collision-type dikes (C,) and are fixed by quartz-vein and
stockwork zones (Ashaly, Daubai, Chang, and so on).

Syrektas-Sarsazan zone is a margin southwestern structure in Zharma-Saur, and it is bounded
by Syrektas (East Tarbagatay) and Chingiz-Saur deep faults. It is characterized by a section of
the EC of increased syality and copper-rare metal-rare earth specialization (Cu, Mo, W, Nb,
Zr, TR) [3, 19].
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4. Discussion of results

Cardinal changes in views on the Earth development and world geological science have
occurred in recent years on the basis of provisions of modern geotectonic hypotheses (new
global tectonics, tectonics of lithospheric plates, terranean tectonics, plumectonics, and so
on). Identification of regular relationships between cyclically directed self-development of
geological structures and ore formation processes in certain geotectonic cycles and epochs is
of fundamental importance [11]. Mineral and raw materials sector continues to be the basis
of economies in many countries, but experts point to the depletion of the world’s mineral
resources. The most important task is to open new mineral deposits taking into account cur-
rent trends in world geological science. This is of particular importance for East Kazakhstan
region territory —a unique geological test site, where there is an urgent need to replenish ore
reserves of deposits exploited by mining and metallurgical enterprises.

The considered territory of East Kazakhstan, located in the Central Asian mobile belt, is a
unique geological providing ground that unites many deposits of ferrous, nonferrous, pre-
cious, rare metals and other minerals. For decades, accumulated large factual material on
geology, tectonics and metallogeny has been traditionally tied up from the positions of classi-
cal geosynclinal hypothesis [22]. The Irtysh-Zaisan and Chingiz-Tarbagatai fold systems were
distinguished here, including structural-formational zones, ore-bearing structures with their
own set of geological and ore formations. In recent years, from the new theoretical positions,
the main problematic issues of geodynamic and metallogenic development of geological
structures have been considered in a trilogy “Big Altai” (BA) and a number of other publica-
tions [2, 3, 6, 20, 21, 23, 24]. Based on these studies results, the emergence and formation of
large geological structures in Kazakhstan, Siberia, the Urals and other regions are associated
with Eurasian continent disruption into individual slabs, geoblocks, massifs and detachments
in the late Proterozoic that migrated and experienced complex development in the evolu-
tion of the Paleo-Asian ocean (Buslov, 2011; Geodynamics, 2007). According to paleomagnetic
and geodynamic reconstructions, it is assumed that modern geological structures (the Rudnyi
Altai, Kalba-Narymskaya, West-Kalbinsky Zones and others) are erratic masses of paleoconti-
nents (Eastern Gondwana, etc.), possibly terranes, that drifted in the Paleo-Asiatic ocean and
interlocked in the collision stage (C,-C,) when Kazakhstan and Siberian lithospheric plates
collided. Paleogeodynamic analysis of the BA structure formation was carried out from the
Precambrian to the Cimmerian and Alpine cycles inclusive. As a result of a complex polycy-
clic development of tectonic magmatic processes and metallogeny in the region, a system of
ore belts and metallogenic zones that unite many types of mineral deposits was formed.

5. Conclusion

On the basis of theoretical positions of mobilism, the BA represents a single system of parallel
ore belts of regional ranks in the northwestern direction (Rudnoaltayskiy, Kalba-Narymsky,
Zapadno-Kalkinsky and Zharma-Saursky) formed as a result of the Hercynian collision of
Kazakhstan and Siberian lithospheric plates and the degradation of the Irtysh-Zaisan paleo-
basin (parts of the Paleo-Asiatic ocean). According to geological and geophysical data, the
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ore belts are characterized by a large-scale development along their length and depth, which
reflects their high material and energy potential and opens new prospects for forecasting and
prospecting works within their boundaries.

In each ore belt, the maximum mineralization productivity was manifested in certain geody-
namic settings and regimes. In the Rudnyi Altai, the main pyrite-polymetallic deposits were
formed in a riftogenic geodynamic environment, genetically related to the Devonian basalt-
andesite-thyolite volcanism (D,e-D.fr) and were controlled by a system of echeloned deep
faults in the northwestern direction.

Gold-bearing deposits of Western Kalba, the Southern Altai and Zharma-Saur were formed
in the Middle Gerzinian stage (C,-C,) in a collision geodynamic situation under conditions
of horizontal displacement, jointing and turning of Kazakhstan and Siberian lithospheric
plates, manifestations of main folding phases, thrust and melange structures and introduc-
tion of gold-bearing small intrusions and dikes (C, .-C,). The ore-controlling role of diagonal
deep faults system of mantle-crustal location and the regmatic system of renewed sublatitu-
dinal deep faults in location of gold ore objects has been determined. The main gold deposits
(Bakyrchik, Bolshevik, Suzdal, Kuludgun, Maralikha, etc.) were located in the Zaisan suture
zone forming East Kazakhstan gold belt of regional ranks.

Rare-metal deposits are formed mainly in the Hercynian cycle in post-collision (orogenic)
geodynamic situation as a result of vertical arched motions and a powerful development of
Permian granitoid magmatism. They are spatially placed in granitoid belts of the northwest-
ern direction formed in tectonically weakened blocks of EC of increased syality. The main
importance is given to rare-metal and rare-earth deposits (pegmatite, albitite-riebeckite, etc.)
formed in certain nonstandard geological settings and nonequilibrium PT conditions for
granite massif formation.

As aresult of study, regular relationships of tectonic and metallogenic development of geolog-
ical structures in East Kazakhstan have been determined. The revealed mineralogical special-
ization of geodynamic environments is one of the main methods for forecasting and searching
for new deposits along with detailed structural and physical studies of geological formations.
The setting of detailed prognostic-metallogenic works in selected perspective structures at
modern scientific and technical level is recommended for forecast implementation.
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Chapter 2

Post-Opening Deformation History of the Japan Sea

Back-Arc Basin: Tectonic Processes on an Active Margin

Governed by the Mode of Plate Convergence

Yasuto Itoh

Abstract

Three-dimensional structure of the Japan Sea back-arc basin is investigated based on an
extensive reflection seismic survey. The process of the Oligocene to early Miocene rifting is
described in reference to a geologic database, and the most likely paleoreconstruction of
rifted continental fragments is presented. The back-arc region has been subjected to inter-
mittent post-opening deformation events, which the author regards as side effects of
temporal shifts in the convergence mode of the Philippine Sea Plate (PSP). The southern
shelf of the Japan Sea appears to have suffered North-South strong contraction for a short
period of time during the latest Miocene. Resumed convergence of the PSP was responsi-
ble for the regional tectonic event because frequent igneous intrusions within the upper
Miocene series upon the back-arc shelf, which was confirmed by a borehole stratigraphic
study, are suggestive of revitalized arc volcanism linked to dehydration of the subducted
slab. During the Quaternary period, confined structure in varied forms developed on the
shelf, which is related to the dextral wrench deformation of southwest Japan and the
eventual arc-parallel crustal breakup along the back-arc region. Simultaneous highly
oblique subduction of the PSP provoked the prevailing shear stress and conspicuous
neotectonic deformation.

Keywords: convergent margin, back-arc opening, back-arc basin, seismic survey, Japan
Sea, Philippine Sea Plate, eastern Eurasia

1. Introduction

Back-arc opening specifically occurs on convergent plate margins of the globe. Since the phe-
nomenon inevitably impacts geographical and environmental conditions, numerous researchers

have pursued evolutionary processes of back-arc basins.
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Figure 1. (a) Present configuration of southwest Japan and (b) its paleogeographic reconstruction before opening of the
Japan Sea following [4]. Bending of the southwestern Japan arc caused by the middle Miocene collision event has been
restored referring to paleomagnetic studies, expressed as the straightforward trend of the Median Tectonic Line.

The eastern Eurasian margin has been a site of vigorous basin formation related to long-standing
convergence of major oceanic plates since the late Mesozoic [1]. The Japan Sea is located around
mid-latitudes on the margin and is interpreted as a late Cenozoic back-arc basin based on the
geological affinity between the Japanese Archipelago and the continental rim. In a series of
pioneering paleomagnetic studies by Otofuiji et al. (e.g., [2, 3]), a fan-shaped opening mode was
advocated to explain the large rotation of the rifted block. Figure 1 shows the most probable
paleoreconstruction of the southern part of the Japan Sea [4], in which jigsaw fitting of subsea
continental fragments is carefully taken into account.

In this chapter, the author focuses on the southwestern shelf of the back-arc basin. The three-
dimensional architecture of the shelf is visualized by means of detailed seismic data, and its
development process is described referring to stratigraphic data of deep boreholes. The spatio-
temporal variety in the structural styles reflects intermittent changes in the converging sense of
the Philippine Sea Plate (PSP). In other words, deformation records around the arc are a key to
elucidating the transient motion of the marginal sea plate.

2. Geophysical survey

In 1989, the Ministry of International Trade and Industry (MITI) conducted an extensive offshore
seismic campaign around the Japan Sea and the East China Sea (see Figure 2) by using the M/V
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Figure 2. Index map showing geophysical survey tracks (dotted lines) around the southwestern shelf of the Japan Sea.
The thick solid lines and larger open symbols are the seismic lines analyzed in the present study and key stratigraphic
boreholes, respectively.
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Figure 3. Reflection seismic profile (time migration; SN1-1) on the southwestern shelf of the Japan Sea. See Figure 2 for
line locations.
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Figure 4. Reflection seismic profile (time migration; SN1-2) on the southwestern shelf of the Japan Sea. See Figure 2 for
line locations.

GECO MY. During the shooting of survey lines, 240 channels of hydrophones (12.5-m intervals)
recorded the energy released from a tuned air-gun array (total: 78 1), which was shot at 25-m
intervals. Raw field data were stacked and then subjected to a processing sequence for the
enhancement of resolution. Regional seismic reflectors were traced throughout the study area
and were correlated with the results of a previous seismic survey [5]. Basically, the back-arc shelf
consists of an acoustic basement (pre-Neogene metamorphosed sedimentary complex and early
Miocene volcaniclastics) and Neogene-Quaternary marine sediments. In the following section,
we investigate the characteristic features of the seismic profiles.
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high-angle faults
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Figure 5. Reflection seismic profile (time migration; SN1-6) on the southwestern shelf of the Japan Sea. See Figure 2 for
line locations. The bracket indicates the recent high-angle faults discussed in the chapter.
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Figure 6. Reflection seismic profile (time migration; SN1-7) on the southwestern shelf of the Japan Sea. See Figure 2 for
line locations. The arrow indicates the location at which the water depth exceeds 300 m.

The morphology of the top of the acoustic basement is well preserved in the eastern part of the
survey area. Figure 3 (line SN1-1) shows the tilted blocks of the basement, which imply
dominant normal faulting in the incipient stage of the back-arc rifting. On occasion, thinly
layered younger sediments are tilted and dragged upon the fault scarps reflecting subsequent
tectonic events (Figure 4; SN1-2).

The most remarkable and traceable event around the survey area is an unconformity in the
upper portion of the sediment pile (Figure 5; SN1-6). The east-northeastward (namely arc-
parallel) axis of the folds coincides with the latest Miocene deformation trend on land [6]. The
strong contraction appears to almost reach the northern shelf break (Figure 6; SN1-7). As
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Figure 7. Reflection seismic profile (time migration; SN1-8) on the southwestern shelf of the Japan Sea. See Figure 2 for
line locations. The bracket indicates the range of recent normal faulting discussed in the text.
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Figure 8. Reflection seismic profile (time migration; SN1-10) on the southwestern shelf of the Japan Sea. See Figure 2 for
line locations.

shown in Figure 5, undulation of the erosional surface and truncation near the surface are
indicative of younger tectonic events.

We notice a change in the recent stress regime around the westernmost part of the shelf. Figure 7
(line SN1-8) demonstrates that the latest Miocene unconformable boundary is cut by normal
faults. Separation along these faults grows through the Plio-Pleistocene. The areal extent and
neotectonic context of this intriguing feature is discussed in the following section.

Deformation trends around the westernmost shelf are partially obscured by strong discontinu-
ous reflectors in shallow horizons (Figure 8; SN1-10). Such disturbances are spatially coincident
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Figure 9. Reflection seismic profile (time migration; SN1-14) around the eastern end of the East China Sea. See Figure 2
for line locations.
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Figure 10. Reflection seismic profile (time migration; SN1-17) around the eastern end of the East China Sea. See Figure 2
for line locations.

with sporadic geomagnetic anomalies [7]. Together with borehole lithology described in the next
section, post-opening volcanic activities may be responsible for the phenomenon.

The regional contraction zone abruptly ends as the pivot of a folding fan to the west. Back-arc
folds change their azimuth to counterclockwise and converge into the anticlinoria of Tsushima
[7]. The islands along the Japan-Korea border are accompanied by a deep half-graben devel-
oped beneath an east-dipping thrust (Figure 9; SN1-14) and are regarded as the product of the
highest level of transpressive stress around the end of the Miocene.

In contrast with the strong deformation on the Japan Sea shelf, the easternmost portion of the
East China Sea is underlain by intact sediments in shallow horizons (Figure 10; SN1-17). Short-
wavelength deeper undulations are bounded by high-angle ruptures.

3. Stratigraphy

For the purpose of oil exploration, five deep drilling surveys were performed in the study area.
Figure 11 shows their locations (columns 1-5) along with an auxiliary nearby borehole (col-
umn 6). Based on detailed stratigraphic assessments [5, 8], lithologic piles penetrated by these
boreholes are divided into four units. In ascending order, the X Group corresponds to the
acoustic basement and is collectively defined as a mixture of early Miocene nonmarine sedi-
ments and pyroclastic rocks and older granitic intrusives. The N Group rests unconformably
on the basement and consists of early Miocene marine sediments with numerous tuff interca-
lations. Nonvolcanic monotonous sediments of the K Group yield foraminiferal assemblages
correlated with Blow’s [9] zone N14~N16 (late middle Miocene-early late Miocene) and are
overlain by sandy clastics of the D Group, the basal part of which is assigned to zone N19
(early Pliocene) of [9]. Thus, the angular unconformity at the K/D boundary is identified to be
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Figure 11. Stratigraphy of the offshore boreholes described by [5, 8]. Their localities are also shown in Figure 2. The solid
and broken lines indicate unit boundaries and the 0.6% Ro (vitrinite reflectance) contour, respectively.

of the late Miocene, which is in good agreement with the formation age of a remarkable folded
zone on land [6].

4. Discussion

After the abovementioned overview of the structural and stratigraphic characteristics of the
southwestern Japan Sea shelf, we now discuss the evolutionary processes of the study area
following the back-arc opening event. In this section, the author discusses structural features
governed by a unique opening mode, regional inversion provoked by resumed underthrusting
of the Philippine Sea Plate, and stress-strain concentration on the shelf under the influence of
an emerging simple shear regime, in this order.

4.1. Back-arc opening governed by the divergent rift system

As mentioned earlier, the southern Japan Sea is unique, in that the oceanic basin is studded by
a number of submerged highlands composed of massive continental crust. Therefore, in order
to force the sea floor to spread, a radial rift system presumably developed on the eastern
Eurasian margin from the Oligocene to early Miocene. The normal faults in Figures 3 and 4
are relics of the prevalent extension. Figure 12 shows a paleoreconstruction map in the early
Miocene stage. As suggested by [4], such a divergent breakup is endorsed by the presence of
the early Miocene rift-margin type volcanism along the normally faulted scarp. In comparison
to the pre-rifting paleogeography in Figure 1, the separated southwest Japan block drifted
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Figure 12. Paleoreconstruction map of the southern Japan Sea in the syn-rifting stage (early Miocene) modified from ref. [4].

southward and rotated clockwise as a result of differential effective spreading rates deter-
mined by rift geometry. Coeval development of N-S high-angle ruptures around the eastern-
most portion of the East China Sea (Figure 10) is interpreted as dextral faults to compensate for
rapid spreading of the Japan Sea back-arc basin [10].

Another troublesome but highly intriguing problem is the plate configuration in the Pacific
Northwest during the Japan Sea opening. Figure 13 shows two paleogeographic reconstruc-
tions around the southern Japan Sea in the Neogene period. Based on the detailed geologic
research of the Sundaland, Hall [11] adopted lingering expansion and rotational motion of the
Philippine Sea Plate. On the other hand, Itoh et al. [12] advocated an earlier migration of the
marginal sea plate. Their kinematic model is dependent on the collision of the easternmost tip
of the clockwise-rotating southwest Japan against the Izu-Bonin arc along the eastern margin
of the Philippine Sea Plate from 15 to 12 Ma [13].

The rotational processes of the marginal sea plate remain unsettled. Hall [11, 14] argued that
the Philippine Sea Plate began to rotate clockwise at the earliest Miocene (ca. 24 Ma) with a
relevant sinistral motion around north New Guinea. An incipient spreading center at that time
is identified along the northeastern margin of the plate. Based on rapid crustal growth in
southwest Japan, Kimura et al. [15] recently insisted that the plate swiftly rotated clockwise
nearly simultaneously with the oceanward drift of the Japanese island arc driven by the
Miocene Japan Sea opening. On the other hand, the significant rotation phase of the Philippine
Sea Plate has been assigned before 25 Ma based on newly obtained paleomagnetic data from
the northwestern part of the plate [16]. However, the present author believes that further
geochronological information is necessary in order to clarify these processes.
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Figure 13. Comparison of two Neogene paleogeographic reconstruction models around the southern Japan Sea. (a: top)
Model of lingering (delayed relative to the Japan Sea opening) migration of the Philippine Sea Plate [11]. (b: bottom)
Model adopting earlier migration of the Philippine Sea Plate [12].

4.2. Extensive inversion: Structural contrast between forearc and back-arc regions

North-South strong contraction is the most notable post-opening event around the southern
Japan Sea and southwest Japan. Although the amplitude of the folds tends to diminish toward
the intra-arc region [7], arc-parallel gentle undulation was ubiquitous along the late Miocene
convergent margin. Based on the spatiotemporal distribution of tectonic events related to con-
traction/extension found mainly in intra-/forearc areas, Itoh et al. [17] argued that compressive
stress propagated progressively westward through the Plio-Pleistocene and attributed the
change in the stress-strain state to the shift of the Euler pole of the subducting Philippine Sea
Plate. Itoh [18] redefined their Quaternary epochs based on detailed structural analysis of an
event sedimentary sequence. Figure 14 shows a series of compiled illustrations depicting vari-
able tectonic regimes around southwest Japan.

Compared to the transient history of southwest Japan, the back-arc shelf appears to have been
uniformly deformed throughout its extent, considering the subsurface structures described by
Itoh and Nagasaki [7], Itoh et al. [19], and the author of the present study (Figures 5, 6, and 9).
The seismic characteristics at the bottom of the D Group do not exhibit clear time-transgressive
terminations onto the K/D erosional surface. Thus, the Japan Sea back-arc region appears to
have suffered synchronous deformation in a short period.

Nevertheless, it is plausible that resumed convergence of the Philippine Sea Plate was respon-
sible for the regional contraction because frequent igneous intrusions within the upper part of
the K Group (Figures 8 and 11) are suggestive of revitalized arc volcanism linked to dehydra-
tion of the subducted slab. Not only the change in relative motions of the marginal sea plate
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Figure 14. Spatiotempora distribution of stress-strain regimes in southwest Japan, the southern Japan Sea shelf, and a
kinematic model of the Philippine Sea/Eurasian plate convergence since 6 Ma (a to e) compiled from [17, 18]. The red and
blue areas represent areas of compressive (contractional) and tensile (extensional) stress (strain), respectively. Modes of
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but also spatial variations in the coupling on the slab surface may be a key to understanding
these complicated tectonic processes.

4.3. Confined deformation on the back-arc shelf: Emerging Quaternary back-arc break

Seismic data for the westernmost part of the back-arc shelf imply the emergence of an exten-
sional regime during a recent period. The K/D interface as the product of an impulsive
contraction is cut by normal faults, which have been active since the Pliocene (Figure 7). The
shelf break partly reaches a depth of 300 m (Figure 6) and exceeds the limit of the eustatic sea-
level fluctuation. Figure 15 shows a conspicuous depression on the north side of the Tsushima
Islands. As mentioned earlier, the border islands originated from a strong transpressive regime
around the latest Miocene. However, the depression appears not to have been generated as a
foreland basin related to the nearby reverse faulting that became dormant in the early Pliocene.
Deformation of superficial sediments in the seismic profiles requires the subsea landforms to
originate from neotectonic stress relief. Such a drastic shift from contraction to extension may
be linked to an episodic change of the Philippine Sea Plate’s motion in the Quaternary.
Nakamura et al. [20] suggested that the plate changed its converging direction to be counter-
clockwise at ca. 2-1 Ma, which inevitably enhanced the right-lateral wrench deformation of
southwest Japan and the eventual arc-parallel crustal breakup, such as that at the Median
Tectonic Line (MTL in Figure 16). Itoh et al. [21] found an embryotic right-lateral rupture along
the Japan Sea margin (Southern Japan Sea Fault Zone; SJSFZ in Figure 16). The area of
confined subsidence is coincident with a propagating tensile termination of the lateral fault
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Figure 15. Confined recent depression north of the Tsushima Islands confirmed by seismic profiles. See Figure 2 for line
locations.
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Figure 16. Neotectonic synthesis around the southwestern Japan arc together with a seismic section (time migration;
SN1-4) showing high-angle faults along the trace of the Southern Japan Sea Fault Zone (SJSFZ). EP, NAP, PP, and PSP in
the regional inset represent the Eurasian Plate, the North American Plate, the Pacific Plate, and the Philippine Sea Plate,
respectively. The location of the seismic section is also shown in Figure 2.
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Figure 17. Subordinate shear deformation developed around the Southern Japan Sea Fault Zone (SJSFZ). Subsea topo-
graphic maps were compiled using a multibeam echo sounding system [25]. R and R’ with their strike-slip senses (arrows)
in the topographic index are the azimuths of the Riedel shear and the conjugate Riedel shear, respectively, provoked by
recurrent dextral activities on the SJSFZ. The location of the seismic line (time migration; SN1-10) is also indicated in
Figure 2.

[22], as shown in Figure 16. A closer look at the seismic records indicates high-angle faults
cutting the sediment surface on the trace of the SJSFZ (see the seismic inset of Figure 16 and the
active horst in Figure 5, which is indicated by a bracket).

Figure 17 shows another side effect of the SJSFZ’s activity. A northwest-trending sinistral
rupture, called the Kikugawa Fault [23], extends to the back-arc shelf. The seismic and geologic
investigation of the Kikugawa Fault [24] confirmed recurrent slips during the late Pleistocene.
Recent sounding of subsea topography [25] delineated an active pull-apart sag on a releasing
(i.e., leftward) bend of the rupture. The azimuth and slip sense of the active lineament agree
with those of the conjugate Riedel shear provoked by the dextral motion on the arc-bisecting
fault, as shown in the figure. The multichannel seismic record shown in Figure 17, acquired
parallel to the Kikugawa Fault, is cut by several high-angle faults that can be interpreted as
dextral Riedel shear adjacent to the SJSFZ.

Thus, the present research demonstrates that the change in the convergence modes of the
Philippine Sea Plate triggered a series of episodic deformation around the rim of the overriding
plate. The latest mode of highly oblique subduction promotes the development of extensive
wrenching in fore-, intra-, and back-arc regions as well as the formation of a crustal sliver
sandwiched between the MTL and SJSFZ. This mode also enhances the compartmentalization
of the Japan Sea back-arc basin.

5. Conclusions

The present seismic study has fully described the following tectonic epochs of the Japan Sea
back-arc basin.
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The Oligo-Miocene back-arc opening of the southern Japan Sea was governed by a diver-
gent rift system. The southwestern Japan block drifted southward and rotated clockwise
as a result of differential effective spreading rates determined by the rift geometry.

The Japan Sea back-arc region appears to have synchronously suffered North-South
strong contraction during a short period of the latest Miocene. Resumed convergence of
the Philippine Sea Plate was responsible for the regional tectonic event because frequent
igneous intrusions within the upper Miocene series on the shelf are suggestive of revital-
ized arc volcanism linked to dehydration of the subducted slab.

Confined and complicated deformation on the back-arc shelf during the Quaternary is
related to the dextral wrench deformation of southwest Japan and the eventual arc-
parallel crustal breakup along the back-arc region. Recent highly oblique subduction of
the Philippine Sea Plate provoked the prevailing shear stress.

Figure 18. Bird’'s eye topographic vista (from southwest) around the southern Japan Sea (top) and the subsurface
structural architecture (bottom). See Figure 2 for seismic line locations. Although the total accommodations shown on
the seismic data (bottom) of the northern and western back-arc of southwest Japan are in the same level, the present study
integrating structural and stratigraphic knowledge has revealed that the shelf to the east of the Tsushima Islands was built
up in a short period reflecting intensive post-opening deformation events since the Miocene.
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The three-dimensional architecture around the southern Japan Sea has been visualized, as
shown in Figure 18. A bird’s eye view movie of the subsurface structure based on seismic
interpretation and high-resolution original figures in this chapter are available from the
Osaka Prefecture University Education and Research Archives (OPERA) (http://hdl.handle.
net/10466/15505).
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Chapter 3

Soft Sediment Deformation Structures Triggered by
the Earthquakes: Response to the High Frequent
Tectonic Events during the Main Tectonic Movements

Bizhu He, Xiufu Qiao, Haibing Li and Dechen Su

Abstract

Typical cases of the soft-sediment deformation structures (SSDSs), triggered by the mod-
ern earthquakes to the oldest of paleo-earthquakes in the Mesoproterozoic, have been
observed in China. These deformation structures have various geometry morphology,
different interior structural architectures and sediment compositions, in centimetre to
metre-scales. They are intercalated with the undeformed layers, which are composed of
similar sediments of lithology and sedimentary environments. SSDSs are formed during
sediments deposited but incompletely consolidated. And they exist in different periods
and are closely related to the active or paleo-active faults. They occur nearby the faults
and usually have the characteristics nearer to the faults and more. And they distribute
parallel to the trending of the active faults and have the characters of the vertical duplica-
tion. They have responded to the high-frequency activity of different faults in tectonic
movement and are the perfect records of the paleo-active faults.

Keywords: soft sediment deformation structure, triggering mechanism, records of
earthquakes, high-frequent tectonic events, paleo-active faults

1. Introduction

Under regional tectonic stress, the earth’s interior might become imbalanced and the stored
elastic strain energy inside the earth would be released quickly, and so the seismic events
occur and cause devastating disasters to the life and environment [1-3]. Earthquakes are
derived from plate tectonic movements [4-6]. Earthquakes occur primarily at the boundaries
between lithospheric plates, such as divergence zone, transform zone and convergence zone,
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and also occur at the pre-existing fault or weak stress belt in the plate and can be triggered by
impacting of meteorites [7].

Paleo-seismic records are induced by earthquakes during geological history and reserved in
strata. They include two categories: fault rocks and seismites. The fault rocks are composed of
cataclastic rocks, mylonites, pseudotachylytes and fault gouge. They can occur and have been
preserved at active fault zones and their adjacent areas in different geological times. The fault
rocks are formed in different focal mechanisms of normal faults, thrust faults and strike slip
faults [8-12, 5, 13]. Pseudotachylytes can be thought of as “an earthquake fossil”. The fault
rocks can be as the records of the active fault during different times. But the fault zone is often
located in the long-term tectonic activity areas, and the later tectonic activities are often super-
imposed on the previous activities. Therefore, it is difficult to distinguish them for different
time and determine the activity of faults.

Seismites are the soft-sediment deformation structures (SSDSs) produced by strong earth-
quakes. SSDS is deformation that originates in unconsolidated sediments and usually occurs
rapidly at or close to the surface during or shortly after deposition and before lithification
takes place. During the deformation process, the original sediment particles are rearranged
and migrated, the compositions are not changed and no new minerals would be produced.
The triggers for SSDS are tectonism, glaciogenic, mass movement, collapse and some other
physical and biological processes, and the earthquake trigger is one of important dynamic
drives. Seismites had been observed from 1780s [14], and the liquefaction triggered by
modern earthquakes were mainly studied. But the term ‘seismites” was first proposed by
A. Seilacher to interpret an effect of strong earthquakes on paleoslope for fault-graded beds
in the Monterey Shales (Miocene), the north of Santa Barbara, California (USA) [15]. From
the 1970s to 2000, several SSDSs triggered by earthquakes were identified and the formation
mechanisms were primarily analysed [16-18]. In the last 20 years, they have been widely
developed and classified [14, 19-21]. The special SSDSs (seismites) with inconsistence are pre-
served in the normal sedimentary strata, which provide opportunities to understand tectonic
activity at different times.

In this chapter, we introduce the typical SSDSs observed in China, which are triggered by the
recent to the Mesoproterozoic earthquake activities, and formed in different deposition envi-
ronments and are composed of different sedimentary rocks. Especially, the structural styles,
preserved positions, occurrence times, formation mechanisms and relationship with the activi-
ties of faults are discussed. The aim of the chapter is to reveal the high-frequency active events
of the faults in different geological history and provide evidences for the paleotectonic and
paleogeographic reconstruction.

2. Genetic mechanisms of soft-sediment deformation structures

Soft-sediment deformation structures (SSDSs) are deformations that originated in uncon-
solidated sediments [16, 18, 19]. SSDSs can occur in different tectonic settings, e.g., passive
continental margins, deep (trench) subduction zones and strike-slip tectonic transitions,
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and they can form in almost all sedimentary environments, preferably in shallow-marine,
lagoonal, lacustrine and fluvial environments.

There are mainly four deformation mechanisms: (1) intergranular shear [22, 23]; (2) plastic
or hydroplastics [24, 25]; (3) liquefaction [18, 24, 27] and (4) fluidization [24, 26]. The driv-
ing forces of deformation mechanisms include the tectonism, gravity acting on slopes, dis-
equilibrium loading caused by topographical irregularities in the sediment-water interface,
gravitational instabilities due to a reverse density gradient where denser sediments overlie
less dense sediments, shear waves or other currents, and biological and chemical agents [14,
15, 18, 27-29]. The various morphology and deformation styles of the SSDSs can be formed
with respect to sedimentation in different lithology, driving forces, sediment rheology and
deformation mechanisms of the deformation [20, 27, 30-33].

Numerous schemes of classification of SSDSs have been proposed [14, 24, 26, 28, 29, 32]. The
formation mechanisms of deformations induced in earthquake may be classified into five
main categories, which include liquefaction, thixotropic deformation, hydroplastication,
superposed gravity driving deformation and brittle deformation. And the secondary classifi-
cation is also proposed according to genetic types, sediment compositions and deformation
styles (Figure 1).

The strict criteria of SSDSs triggered by seismic events (seismites) have been discussed [14,
15, 18, 20, 27, 28, 34]. The commonly received criteria include (1) the deformation emerges
in laterally continuous, vertically recurring layers, separated by undeformed layers; (2) the
deformation occurs in marine, lacustrine or fluvial sediments; (3) deformed and undeformed
beds have similar lithologies and facies features; (4) the deformation is related to a seismically
or tectonically active area; (5) the deformation shows systematic increases in frequency or
intensity toward a likely epicentral area. “Liquefied deformation” as a seismic record is asso-
ciated with many modern and ancient seismogenic deposits and is related to surface-wave
magnitudes Ms > 5 [20, 30, 32, 35].

——— Soft-sediments deformation ———— Brittle deformation
Liquefication Hydroplastication Thixotropy Superimposed gravity driving Soft-sediments and hard rocks

Liquefied sand vein (dike) | in compression setting Thixotropic carbonate wedge ( Load and injection (or flame) structure , Fault grading

carbonate vein Undulate fold silicalite wedge Ball and pillow Ground fissure

micrite vein Mound and sag mudstone wedge | pjjjoy bed Syn-sedimentary small fault
Liquefied breccia Laminated convolution Thixouopic{micrile vein Psudonodule Coseism joint and in-suit pillow bed
Liquefied ;sand mound Fold and fold bloating silicalite vein Pebbly dyke (pocket or bag) Shatter breccia
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Liquefied diapir Loop bedding
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Figure 1. Classification of SSDSs according to the genetic mechanism (modified from [14, 18, 20, 21]). The deformations
in italics are triggered by more than two mechanisms.
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3. Typical cases of the SSDSs triggered by earthquakes during the
geological history

3.1. Triggered by the modern earthquakes of the Yingxiu-Beichuan active faults

The MS 8.0 Wenchuan earthquake struck the Longmenshan area on 12 May 2008, the transi-
tion zone between the eastern margin of the Tibetan Plateau and the Sichuan Basin, China.
Besides the huge casualties and property losses, a most complicated yet longest thrust-type
co-seismic surface rupture zone was developed in the quake-hit area. The surface rupture
extends over lengths of 270 km and 80 km along the NE-SW trending Yingxiu-Beichuan fault
(hereafter YBF) and Guanxian-Anxian fault (hereafter GAF) (Figure 2), which are high-angle
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Figure 2. Simplified geologic and active tectonic map of the Longmen Shan and its adjacent area (adapted from 1:500,000
geologic maps, Ministry of Geology and Mineral Resources, 1991; [36, 37]) and observed SSDS sites during post-disaster
investigation soon after the Wenchuan earthquake. F1, Maoxian-Wenchuan Fault; F2, Yingxiu-Beichuan Fault; F3,
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and low-angle thrusts in the Longmen Shan, respectively [36-38]. The largest surface verti-
cal displacements were attained at 12 m in the northern segment in the Beichuan area [39,
40]. There also occurred several soft-sedimentary deformation structures in the YBF and the
terraces of the Mingjiang River, including liquefaction, gravitational and hydroplastic defor-
mations and other related deformations. There is a need to mention that most SSDSs were
observed soon after the Wenchuan earthquake had disappeared or been destroyed, because
these SSDSs were distributed in the farmlands, river terraces or lawn and sandy areas of town.
Prof. Li Haibing, one of the authors of this paper, pays attention to the liquefaction of sand
deformations during the investigation of the Wenchuan earthquake in Longmen Mountain
and its adjacent area, and makes a preliminary study on the soft-sediment deformation shortly
after earthquake.

3.1.1. Sand volcanos and liquefied mounds

Various sand volcanos and liquefied mounds (Figure 3) have been observed in the Mingjiang
terraces and adjacent areas of the Yingxiu-Beichuan Fault. They possessed different shape
styles and internal sediment compositions. Unconsolidated saturated sedimentary sand lay-
ers are liquefied and flow upwards along vertical conduits and form mound-shape uplifts on
the surface when the shaking occurred. The underground sands and gravels are brought by
extrusion liquefied sand flow to the surface, and they form sand cones (Figure 3D) or gravel
mounds (Figure 3C and E). Some of them are ejected out of the liquefied sands completely
and form the craters (Figure 3A). Liquefied sand cones and gravel mounds usually occur in
line along the Yingxiu-Beichuan faults (Figure 3C and D). The gravel mounds or cones are
1.5 m in diameter and 0.5 m high. If the thin gravel layer is covering the liquefaction layer, the
upward sand flow entrainment gravels can form larger mounds. The largest one can reach
3.5 m in diameter and 1.5 m high. There are also small sand cones, which are parallel with the
large mounds.

3.1.2. Liquefied sheet sands and collapse pits

Multiple liquefied sheet sands in a large area accompanied by ground fissures occurred in the
Mingjiang terraces during the 2008 Wenchuan earthquake. The trending of ground fissures
are parallel or perpendicular to the terrace margin, and the two groups of ground fissures
constitute the netlike fissures. The underground liquefied sand flowed upwards and over-
flowed along the fissures to form the liquefied sheet sands (Figure 3B). The liquefied sheet
sands also occurred from ring and radial cracks along the low sand dune.

There were many linear collapse pits in the farmland (Figure 3F and G), and the orientation
of arrangement was usually paralleled to the Yingxiu-Beichuan Fault. They resulted from
the liquefied sand dunes. The underground liquefied sand upwelling towards the ground,
due to the process of liquefaction, ceased; the density of local underground layers changed
to smaller; the sediments changed looser, even the underground caves occurred; and the col-
lapse pits were formed due to downwards suction. Some undeveloped collapse pits also have
the ring and ring and radial cracks (Figure 3F).
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small ground fissures

SRR

S liquefied sand sheets

30 cm

Figure 3. Sand volcano, liquefied dune, sand sheet, liquefied deformation of sand bed, triggered by May 12, 2008
Wenchuan earthquake (photographed by Li Haibing). (A) Sand volcano in the terraces of Mingjiang river; (B) liquefied
sand sheets in the terraces of Mingjiang river; (C) a higher liquefied sand mounds in the Yingxiu-Beichuan fault zone; (D)
liquefied sand dunes distributed in the lineal arrangement and parallel with the fault trend of the Yingxiu-Beichuan; (E)
a liquefied sand and gravel mound, the gravels have been carried over the top of mound; (F) collapse sink resulted from
liquefaction; (G) linear arrangement of the collapse sinks, diameter of collapse sinks are about 80-90 cm, the orientation
is also parallel to the Yingxiu-Beichuan fault, showing the orange colour dot line.
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3.1.3. Formation mechanism of SSDSs’ response to the Yingxiu-Beichuan activity

Sand volcanos, liquefied mounds and collapse pits are recognised in the earliest earthquake
records. And the liquefaction and ejection of fluid induced by the big earthquakes are key to
fluid escape structures (sand boiling and sand volcano), which are composed of gas (often
sulphur emanations), water, mud and sand, and under unstable fluidization environments
[14, 30]. Nichols’s experiments demonstrated the lower part material was fluidized and was
blocked by the overlying non-fluidization layer, and when the grain size is more than 15%
compared to the overlying layers, the biggest ejections can be produced [41]. But in huge
modern earthquakes, sand volcanos and liquefied mounds are published little: first, because
it is smaller than the earthquake rupture zone; second, it is easy to be destroyed by human
activities and cannot be preserved. The liquefaction mounds and other SSDSs induced by the
Wenchuan earthquake are extremely valuable geological records. Liquefied sand dunes, sand
volcanos and liquefied gravel mounds reflect the process of the liquefaction, and the size and
driving force of deformation structures are increased largely.

The Wenchuan earthquake produced the Yingxiu-Beichuan fault and Guanxian-Anxian faults
with the NE-trending NW-dipping occurred surface rupture on the Longmenshan Fault Belts
and with dextral-slip thrusting [36, 37]. The Longmenshan Fault Belts are the main margin
fault of the West Sichuan foreland basin to the Songpan-Ganze terrane, and it is activated
since the Triassic. From the distance of observed SSDSs to the faulted belts, range from 5 to
30 km, induced that the reactivated faults and triggered fault is the Yingxiu-Beichuan Faults
(see Figure 4). These liquefied gravel mounds and sand volcanos are the records of events of
the activity of the Longmenshan Fault Belts, and it is a response to the Indo-Asia collision and
eastern extrusion of the Qinghai-Tibetan Plateau terrane. The activities of the Longmenshan
Fault Belt is a result of the stress that originate from the Qinghai-Tibetan Plateau terrane
converging to the north and escaping to the southeast, which were driven by the continent-
continent collision between the India and Asian continent.

3.2. Triggered by the early Jurassic earthquake activities of the Talas-Ferghana
strike-slip fault (TFSSF)

3.2.1. Soft-sediment deformation structures at the southeast end of TFSSF

Talas-Ferghana strike-slip fault has been active since the Mesozoic, but the initial time of
strike-slip is still in dispute [42-44]. The Wugqia pull-apart basin of the Lower Jurassic was
controlled by this huge fault (Figure 5a), with NW-trending, which is located at the south-
east end of the significant Talas-Ferghana fault, SW Tianshan. Soft-sediment deformations
were preserved in sandstone layers at top of the Lower Jurassic Kangsu Formation, and three
earthquake-induced deformation sequences have been recognised within 10 m thickness of
sandstones deposited in the lacustrine environment (Figure 5b). They are included as load
cast, ball-and-pillow, droplet, cusps, homogeneous layer, and liquefied unconformity.

Load casts and ball-and-pillow are the main types of deformation in the third layer of SSDSs
in the Kangsu formation. The parental sand layer providing load casts to subside is 80-cm-
thick laminated siltstone and consists of limonite debris, feldspar, quartz and muscovite. The
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Figure 4. Sketch tectonic model of the Longmen Mountain and Sichuan Basin (modified from [47]), showing the main
fault belts and 5.12 earthquake hypocentral locations and SSDS triggered by this earthquake. F1, Maoxian-Wenchuan
Fault; F2, Yingxiu-Beichuan Fault; F3, Anxian-Guanxian Fault.
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grain sizes range from 0.01 to 0.05 mm, with minor less than 0.5-0.1 mm, displaying dis-
tinct feature of seasonal lacustrine lamination (Figure 6A and B). The deformation structures
resulted from the static pressure of the unconsolidated silt beds that were destroyed while
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>formed laminate layers

deformed laminatetiay crs

Droplet

Figure 6. Soft-sediment deformation structures in the Kangsu Formation, Wugqia Basin, Southwest Tianshan Mountains.
(A) Load cast and ball-and-pillow in the third layer of seismic event; a, b and c represent orders of load cast structures
submerged. a, displays spindle, concentric laminae in ball-and-pillow. a, shows the intact stereo configuration of ball-
and-pillow (oblate ellipsoid body). (B) Load cast showing syncline-like laminated layers resulted from subsidence of
sand beds. (C and D) Long section morphology of droplet and upward cusps in the first layer of seismic event; arrows
mark the directions of liquefying movement.
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shaking, and gravity differentiation took place and sands or silts (the denser material) sank
into the underlying (less dense) mud beds to form load-cast structures that evolved into ‘ball-
and-pillow structures” or pseudonodules [28, 32, 35].

Droplets and cusp anticlines occurred in the first event layer, about 60-cm-thick sandstone
layer, of the Kangsu formation. Droplets and cusp anticlines resulted from strongly liquidised
sandstone grains migrated vertically up and down during earthquake [45]. Seventeen inten-
sively-distributed droplets can be seen within a distance of 170 cm along the sandstone layer
(Figure 6C and D). They are revealed as cylinders and drops, with elongated U-type synclines
in vertical cross sections and wavy laminates, presenting the trace of liquefaction flowing.
Directions of axial planes of syncline-shaped laminae in each droplet are out of order, upright,
oblique and curve, suggesting that downward displacement of sand grains is random and with-
out sliding of sand bodies on slope. Cusp anticlines are similar to diapirs in configuration of
structures but different to diapiric structures. The diapiric structure refers to the underlying
liquefied sand bed puncture into overlying soft sediments, while cusps are the result of lique-
faction sands migrated upwards within liquefied sand layer with corn-shape body and without
distinct xenolith in nucleus (Figure 6C and D). Droplets and cusp anticlines are formed under
the duel effects by liquefaction and gravity. Groups of droplets resulting from superimposition
of droplets and cusp anticlines resulting from upward movement of liquefying sandstone con-
stitute multilayer complex deformation layers, which are generally explained to be triggered
by earthquakes.

3.2.2. The activity of Talas-Ferghana strike-slip fault during the late early Jurassic

Three deformation layers of the Kangsu formation in the Lower Jurassic in Wugqia Basin had
differences of deformation mechanisms (Figure 5b). The first deformation layer was charac-
terised by droplet and cusp structures resulted from vertical liquefied displacement; the sec-
ond was mainly homogeneous layers of liquefied sands and local unconformity and the third
was mainly load casts and ball-and-pillow resulted from the effects of gravity and seismic
shaking. Therefore, three seismic events suggest that the Talas-Ferghana strike-slip fault zone
occurred due to at least three times large-scale active events during the late early Jurassic, with
the different paleo-stresses imposed on soft sediments and made them deformed. According
to the recorded data of liquefaction of sand layers by modern earthquakes and previous earth-
quakes [20, 30, 46], the SSDS were 45 to 50 km away from the Talas-Ferghana fault, and Ms
6.5-7 of the paleo-earthquake magnitudes were estimated.

3.3. Triggered by the early Palaeozoic activities of interior faults of the Tarim Basin
3.3.1. SSDSs in the deep drilling cores in the Manjiaer depression and Tazhong uplift

Tarim Basin is the largest, very complex, oil-bearing, superimposed marine facies and
continental facies basin (560,000 km?), in north-western China. It is surrounded by
the Tianshan-Beishan, West Kunlun and Altyn Tagh mountain belts to the north, south,
and southeast, respectively (Figure 7). The basin has undergone a long geological evolu-
tion with multi-phase tectonic movements from the Neoproterozoic to the Quaternary. The
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uplift and Manjiaer depression, in which various SSDSs of the Ordovician and Silurian are observed.

early Palaeozoic is the main period of development, especially in the central parts of the
basin. During the first tectonic cycle, which is from the latest Neoproterozoic to the Middle
Devonian, two unconformities that are Silurian/Upper Ordovician and Upper Devonian-
Carboniferous/pre-Upper Devonian unconformity were formed during the middle and late
Caledonian tectonic movements [49-53]. The properties of main faults changed from the nor-
mal faulting to reverse faulting during the middle Caledonian movement. The paleo-tectonic
activities of this area are key issues and remain enigmatic for understanding the basin recon-
structions and hydrocarbon explorations.

From the Ordovician to Silurian, the sedimentation (Figure 8) took place in a marine basin
facies, shelf-and-platform (Figure 8b) and tidal-flat facies (Figure 8a) depositional environ-
ment in the Tazhong Uplift and the Manjiaer Depression. Various millimetre-, centime-
tre- and metre-scale soft-sediment deformation structures (SSDSs) have been identified in
the Upper Ordovician and Lower-Middle Silurian from deep drilling cores in the Tazhong
Uplift and the Manjiaer Depression (Figure 7). They include liquefied sand veins, liquefac-
tion-induced breccia, boudinage-like structures, load and diapir- or flame-like structures,
dish and mixed-layer structures, hydroplastic convolutions and seismic unconformities
(Figure 8). They were commonly mistaken for worm traces, mud cracks or storm deposits
since they have abrupt contacts with the surrounding sedimentary rock (according to the
geological well reports).
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3.3.1.1. Liquefied sand veins and liquefaction-induced breccias

Liquefied sand veins are common in the studied cores and have been identified in many wells
(Figure 8). These liquefied sand veins are a vein-type structure that is formed by injection of
liquefied sand flow. Unconsolidated near-surface sands that are water-saturated may liquefy
when are abruptly loaded or shaken. This results in overpressure of the pore water, which
may then escape to adjoining lower pressure intervals by forming injection features in oth-
erwise undisturbed deposition. Liquefied sand veins in the MD1, TZ29, SH2 and Z12 wells
range in width from 2 mm to ~ 3 cm and their length ranges from 1 cm to over 10 cm. They
consist of laminated thick horizontal mud layers interbedded with thin silty or fine sand lay-
ers, the grey silty sand liquefied and emplaced grey black mud beds. Liquefied sand flows
have two occurrences: vertically liquefied (Figure 8B) and lateral liquefied (Figure 9A). The
veins are irregularly curved, with bifurcation in cross section, and without a uniform planar
direction as plate in 3D morphology. The textures and components of the sand veins are simi-
lar and differ obviously from the surrounding mudstones. Liquefied sand veins cut through
mud beds and trigger arching or concave bending (Figure 9A, D and E) of the surrounding
laminated mud beds. Thin interbedded sand and mud can form multilayered, interpenetrated
and complex vein, like the liquefied sand veins of SH2 well on Silurian composed of ochre
sands (fine sands or silty sands) liquefied and invaded in the over- and underlying brown
muds. Some of the liquefied sand veins are associated with liquefaction-induced breccias.

Liquefaction-induced breccias are produced by liquefaction of sands that are both overlain
and underlain by mud layers. Liquefaction of the sand causes disruption of the surrounding
mud beds into gravel-sized, clayey breccia fragments. Liquefaction-induced breccias occur
together with liquefied sand veins (Figures 9A and 10A). Grey silty gravels were confined by
black grey mudstones; breccias are components of grey green silty mudstones and siltstone
fragments with angular and assorted sizes of gravel particles ranging from 0.3 to 1 cm. Such
breccias have been interpreted as genetic of storm flow (taken from the final well report) by
the mixed and disorderly sedimentary breccias intercalated into the undeformed stable layers.
However, the breccias were formed in the mud layers by invasion, ripping up and truncating
by liquefied sand veins. The breccias are in-situ and non-transportation. Figure 10D shows a
liquefied gravel-bearing sand veins and a micro-thrust fault coexisted deformation structure.

3.3.1.2. Boudinage-like SSDS and boudinage-like breccias

Boudinage-like soft-sediment deformation structures (BSSDS) are for the first time identified
in the Upper Ordovician in Manjiaer depression and the metre-scale deformation structures
in vertical stratigraphic sequences. They consist of thin, light grey calcareous siltstones inter-
bedded with dark grey calcareous mudstones deposited in mixing siliciclastic and carbonate
shelf environment. The unconsolidated sediments under horizontal shear stress form boudi-
nage-like structures, rapid depositing sediments with large thicknesses and undeform layers
with similar properties on lithology and sedimentary intervals. Multiple cycles of BSSDS are
identified in the TZ32 and TZ33 wells (Figures 8B and 9B). The calcareous sand beds with
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Figure 9. Typical SSDSs in the deep drilling cores (1), in the central part of the Tarim basin. (A) Concentration of sand
veins, well SH2, depth 5567.3 m; Yimugantawu Formation of the Middle Silurian (52y). (B) Boudinage-like soft-sediment
deformation structures (B-SSDS) and small liquefied sand veins, well TZ32, depth 4507.5 m, Upper Ordovician. (C)
Mixed-layer structures, well Z12, depth 4713.8 m; Yimugantawu Fm. Of the middle Silurian. (D and E) Sand veins in
cross section and plane, well SH2, depth 5573.1 m; stratigraphical unit S2y.

comparatively higher cohesive muds were sheared and cut off, to form lenticular sand bodies
under tensional shear stresses.

3.3.1.3. Plunged sediment mixtures

Plunged sediment mixtures refer to the deformation that occurs near or on the boundary
between two different unconsolidated stratigraphic units [54]. These two units usually have
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little difference of the upper and lower sediments. The discontinuous undulate surfaces are eas-
ily produced at the boundary, and the sediments of the upper unit form ground fissure, load
cast, ball-and-pillow at the top of the lower unit. Spherical, mushroom-shaped and ellipsoidal
bodies (Figure 10B) of the lower unit also invaded the upper unit by liquefaction and diapirism.

liquefied sand and

conglomerate vein \\
a

Figure 10. Typical SSDSs in the deep drilling cores (2) of Kepingtage Formation of the Lower Silurian, in well SH9,
central part of the Tarim basin. (A) Liquefied breccia and liquefied sand veins, dark grey muds were brecciaed vertically
or horizontally by light grey silts emplaced, depth 5590.15 m. (B) Complex plunged sediment mixtures, the wavy
interface and load cast were formed, with some light sand layers and light celadon liquefied sand veins, depth at 5342 m.
(C) Thixotropic diapir, showing that the dark grey muds experienced thixotropy upward movement to the upper light
grey silt sands and formed diapir structures, which were intercalated by the overlying and underlying non-deformation
flatting dark grey mud layers and light grey silt layers, showing a complete non-seismic, in-seismic, and non-seismic
sequence vertically; well SH9, depth 5606 m. (D) Liquefied gravel-bearing sand veins and a micro-thrust fault, liquefied
light grey sand with brown fine gravels and cut the laminated grey mud layer, and superimposed by mini-type thrust
fault, depth 5339.69 m. Red arrows indicate the orientation of rheology of particulate matter.
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3.3.1.4. Thixotropy wedge and diapir

Thixotropic wedges usually develop in fine-grain sediments, which are thixotropic flow defor-
mation triggered by an earthquake activity [14, 20]. While the soft sediments (mud, soft siliceous
sediment and carbonate ooze) with the grain size are less than 0.005 mm, the strength of fine-
grain sediments and clays decrease owing to seismic shear stress effect, resulting in the complex
rheological phenomenon that occurs (Figure 10C). Three axis vibration test of saturated soft
soil presents when the seismic intensity is 7 or greater (amount to the earthquake magnitude
is 5.6), and muds usually do not be liquefied but it happens with thixotropic flow, which is
triggered by shocking [55, 56]. The earthquake magnitude for thixotropic deformation is higher
than liquefied deformation [57]. Many deformation structures in argillaceous rocks, silica rocks
and micritic of carbonate rocks can be interpreted by the thixotropic mechanism (Figure 10C).

The wedges may be very narrow and are recurrent. Thixotropic wedges are obviously differ-
ent with the ground fissure in hard rock layers. Thixotropic diapir indicates that mud layers
flow upwards with thixotropy owing to shock and intrude or emplace in the fine sand or silt
layers (Figure 10C).

3.3.2. SSDSs triggered by the paleo-activities of the Tazhong 1 and secondary faults

During the late Ordovician to early Silurian, the Tarim Basin underwent conversion from
a tensional to a compressive flexural tectonic environment. Accompanied by the Proto-
Tethys Ocean subducted in a northward direction since early Ordovician [58], the middle
Kunlun terrain collided with the Tarim plate and the South Altun Ocean closured during the
late Ordovician [59, 60]. The southern parts of the Tarim Basin was the strong deformation
area, especially the southeast area [52, 53], and the main faults in the Tazhong uplift and
Tangguzibas depression were activated strongly (Figure 11) and responded to the orogenic
activities. The NW-trending Tazhong 1 fault (TZ1F) was the boundary fault between the
Tazhong Uplift and the Manjiaer Depression during the late Ordovician to Middle Devonian
and the paleo-active strength of fault movement was strongest during the Ordovician, with
a vertical fault displacement in excess of 2 km (Figure 11a and c). The property of the TZ1F
changed from the normal fault to the reverse fault at the end of the late Ordovician. The west
segment of TZ1F ceased activity before or in early Silurian depositing, and the middle and
south segments remained active to the early Carboniferous. The activities of the secondary
reverse faults of the TZ1F were dominated during the Silurian. At the same time, a series of
NE-trending small faults were active but the displacements were little (Figure 11b). The nor-
mal and strike-slip property of these small faults had been recognised in the 3D seismic data.

These SSDSs, which are intercalated by undeformed layers with similar lithology and sedi-
mentary facies, are observed with wide distribution near the faults (Figures 7, 8 and 11).
So the SSDSs resulted from the bursting events after they were deposited but incompletely
consolidated. Most of them (Well SH2, TZ33, TZ29 and TZ32) in the Upper Ordovician are in
the drilling cores nearby the TZ1F and a little in the farther wells (MD1 and TD1). About 51
layers of SSDSs have been observed in the 1500 m sedimentary layers of the Upper Ordovician
(deposited during 447-444 Ma) and 26 layers of SSDSs have been observed in about 800 m
sedimentary layers of the Lower Silurian (deposited during 436-421 Ma) (Figure 1lc).
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Figure 11. 2D seismic interpretation profiles of the Tazhong uplift and its adjacent area (A-A’, B-B’), () the fault systems
of the Silurian in the Tazhong uplift and its adjacent areas (modified after Northwest Oilfield Company of SINOPEC,
2015), showing the identified seismic event layers in the deep drilling cores.

Based on their characteristics, the inferred formation mechanism and the spatial association
with faults, the SSDSs were triggered by the paleo-active NW-trending TZ1F and a series
of NE-trending small faults. The TZ1F was a seismogenic fault during the late Ordovician,
whereas the reversed-direction secondary faults and multiple small NE-trending faults were
the seismogenic faults in the Early-Middle Silurian. The SSDSs triggered by the paleo-active
faults may be represented as records of the high-frequency tectonic events with the pulsation
and circularity during the main tectonic movement phases.

3.4. Triggered by the Mesoproterozoic earthquake activities in the northern margin
of the North China Craton

3.4.1. SSDSs of the Mesoproterozoic in the Yan-Liao Aulacogen

The SSDSs of the Mesoproterozoic in the Yan-Liao Aulacogen, which is located in the north-
ern margin of the North China Craton, were recognised first by Song [62], and the old-
est SSDSs have been observed in China [61-63]. In the Chuanlinggou and Gaoyuzhuang
Formation of the Changcheng System (1800-1400) and Wumishan Formation of the Jixian
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Figure 12. (A) Paleo-plate sketch map of China, showing the distribution of the major paleo-plates of different ages (after
[62]). (B) Paleo-geographical map of the Yan-Liao Aulacogen from the Proterozoic Gaoyuzhuang Stage to the Wumishan
Stage showing an epicontinental sea opened to the north, and the approximate positions of the discovered seismites
(after [63-66]). The identified outcrops of earthquake-triggered SSDSs are marked by stars, 1—[60]; 2—[67]; 3—[68]; 4
and 5—[64]; 6—[32, 69]; 7—[66]. The red stars show the position of the seismites in this paper. (C) Lithostratigraphy of
the Mesoproterozoic of the Yan-Liao Aulacogen (modified from [66-74, 77-79]), the records of multiple paleo-earthquake
events in green words and volcanic events in black words are shown.

System, various SSDSs have been observed, which mainly developed in the epicontinental
sea (Figure 12). They are liquefied sand veins, liquefied carbonate mounds, liquefied breccia,
hydroplastic deformation, various curly deformation, looping bedding and graded faults.
Deformed layers are separated by the undeform layers. The SSDSs in the Chuanlinggou
Formation are composed of clastic rocks in the intertidal and subtidal environments, and
the others are composed of carbonate rocks deposited in carbonate platform (Figure 12C).

3.4.1.1. Liquefaction mound and carbonate sand volcano

They are typical SSDSs in the Wumishan Formation (1550-1400 Ma) of the Mesoproterozoic,
with the mound and crater in shape (Figure 13a—c), linear arrangement along a roadcut
near Zhuanghuwa Village, ca. 70 km west of Beijing. Liquefaction mounds have generally
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Figure 13. Typical seismites triggered by the Mesoproterozoic earthquakes in the Yanliao Aulacogen, the northern
margin of North China Craton. (a) Linear distribution of liquefied carbonate mounds of the Wumishan Formation,
the orientation of mounds paralleled to the trending of the Shijiazhuang-Lingyuan Fault of the Yanliao Aulacogen,
spot 7 illustrated in Figure 12. (b) Close-up views of mound 1 at the Zhuanghuwa sections, note the concentric circular
rings and the radial fissures (arrowed). (c) The fine-grained carbonate-sand volcano of the Wumishan Formation,
Zhuanghuwa section, spot 7 illustrated in Figure 12. (d) Loop bedding of the Wumishan Formation in Yongding River
Valley, Beijing. (e) Netlike liquefied dolomite veins and argillaceous dolomite breccia, Tuanshanzi Formation, spot 4,
Tuanshanzi village, Jixian, Tianjing. (f) Plate-spine breccias and intense folds, algal dolostones, Wumishan Formation,
in Yongding River Valley, Beijing.

rounded shapes, with some concentric and radial fissures. They are composed of grey
dolostone with minor amount of black siliceous (chert) rock, especially on the top of the
mounds. The diameter of the mounds varies between 1.5 m and 4 m and their height from
10 cm to 30 cm. Figure 13b shows the best-exposed mound has an almost perfectly circu-
lar shape, with a diameter of 2.8 m, 6 concentric circular fissures and 13 radial direction
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fissures. The fissures are filled with dark siliceous chert rock. A carbonate sand volcano
also remains, which is shaped just like a small volcano with a crater (Figure 13c). It has a
diameter of 110 cm and a thickness of about 30 cm. And a thin layer of black siliceous rock
is built up in the centre of the depression. There are also at least three (possibly five) radial
fissures exposed, which are filled with dark siliceous material.

3.4.1.2. Loop bedding

Loop beddings are ductile deformation structures, which consist of lacustrine finely laminated
sediments and are induced by extension stress, presented as loops or chains (Figure 13d), and
the adjacent layers are undeformed. In the Wumishan Formation of the Mesoproterozoic near
Yongding River Valley, they are formed in a deep-water carbonate platform setting and suffered
the horizontal shear stress. Loop beddings can be also formed in epicontinental seas and a low
energy environment below the wave base of marine settings [66, 72, 76]. It is a result of stretch-
ing from unlithified to progressively lithified laminated sediments in response to successive
minor seismic shocks, ultimately related to the slow movement of extensional faults [74, 75].

3.4.1.3. Intense intrastratal folds and plate-spine breccias

The strong intrastratal folds occur in the upper part of the Zhuanghuwa section and Yongding
River Valley and are about 10-20 cm thick. They are deposited in a very shallow-water deposi-
tional environment indicated by the mud cracks and ripple marks beneath this deformed layer.

Plate-spine breccias are widely observed in lamellose or ribbon stripped layers of the
Mesoproterozoic in the North China craton. These deformations are formed when the incom-
plete consolidated laminated layers experience continued compression and completely crack
along the axial plane of folds. Figure 12f is a superimposed deformation structure of the intra-
stratal fold and plate-spine breccias, which are formed on two wings of folds, and the top of
the fold layer without erosion looks like clouds and is covered by undeformed laminated lay-
ers. The formation mechanism of plate-spine breccias may be seismic activities [60]. Ettensohn
et al. called the intense folds accordion-like folds, which are induced by earthquakes [34].

3.4.2. SSDSs triggered by the paleo-activity of the Shijiazhuang-Lingyuan Fault Belt

The Yanliao taphrogenic trough is a NE-trending rifting basin in the northern part of North
China Craton and is open to the north [63-65]. The Shijiazhuang-Lingyuan Fault Belt (>800 km
long) is the main fault belt with the NE-trending (Figure 12B), which is extended along the
axial part of the Yan-Liao Aulacogen, activated during the early Mesoproterozoic in an exten-
sion tectonic environment [63]. The observed SSDSs are mainly distributed approximately
less than 20 km from the fault in vertical distances. Identified SSDSs include intrastratal faults,
liquefaction sand veins, liquefaction carbonate mounds and volcanos along the paleo-active
fault belts. The SSDS layers have been interbedded by the many undeform layers. And some
of them have the abnormal geochemical records such as Re, Os, Ir and other rare elements
in black silty mudstones or shale of Chuanlinggou Formation that give a clue that volcanic
and seismic events existed [77]. The liquefaction carbonate mounds and sand volcanos in the
Mesoproterozoic have similar features which induced by the recent Wenchuan earthquake
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(Ms 8.0) in Sichuan Province, SW China in 2008. According to the mechanism of SSDSs and
the relationship of the activity of SSDSs and faults, they may be triggered by paleo-seismic
events of the Shijiazhuang-Lingyuan Fault Belts. There are about 29 times deformation layers
or seismic event layers have been observed in the Zhuanghuwa section, and the occurrence
frequency of the strong paleo-earthquakes is about 20 thousand years to 32 thousand years
[78, 79]. Multiple seismic events and activities of the Shijiazhuang-Lingyuan Fault Belt are
responded on the break-up of the Columbian supercontinent.

4. Implication and prospects of the high-frequency tectonic events
studied

4.1. Understanding the history of fault activities

The typical cases of seismites at different times in China reveal the sequence of paleo-earth-
quake events, and the activities of seismogenic faults can help us understand the dynamics of
tectonic developments in different regions.

Seismites research may provide geo-history evidences for active seismic fault belts. The vertical
sequences of paleo-earthquakes (seismites) are separated by undeformed sedimentary layers.
They will provide a history of gradual and abrupt changes of the tectonic development and
evolution in a particular region and regular patterns of seismicity of this region. Correlation
of the paleo-earthquake activity sequences will help us to know spatial and temporal char-
acteristics of paleo-seismic events in the main tectonic movement. This will provide impor-
tant supplementary evidences of the impulsive and cyclicity of tectonism of the main tectonic
movement. And they can also provide evidences for the tectonic records during a period from
102 to 10° yr (The white paper resulting from a workshop held at Denver Colorado, 2002),
which is a difficult issue in the frontier research of structural geology and tectonic science.
Paleo-earthquake events will build a link between orogenesis, high-frequency tectonism (in
basin-mountain system) and a seismic activity.

4.2. Dating precisely of the tectonic events

Since seismites formed before sediments are completely consolidated, the age of depositing
sediments in seismites could indicate the approximate time of a paleo-seismic event, and the
ages of syn-depositional volcanism and organic debris in relative layers of seismites can pro-
vide evidence for the absolute age of seismicity and the tectonic events. The "“C dating (radio-
carbon dating), the U-Th disequilibrium technique (speleothem calcite), the electronic spin
(ESR) (fossil dating), the K-Ar and *Ar-*Ar dating (syntectonic illite) and the detrital zircon
U/Pb dating (LA-MC-ICP-MS) can provide the different time-scale dating.

4.3. Effects on paleo-ecological environments and energy resources

Paleo-seismic research may help us understand more the changes of sedimentary paleogeo-
graphic and ecological on different scales. It is a new research direction to combine paleo-earth-
quake, which is an unexpected and catastrophic event, with life and environmental change.
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He et al. analysed a host of identified Cretaceous seismites in Zhucheng faulted depression in
Shandong Province, discussed the relationship between the distribution of seismites and the
mass buried dinosaur fossils and pointed out that paleo-seismicity and environment change
may result in migration of dinosaurs [80].

Faults and fractures can be channels for fluid flow, especially hydrocarbon migration and
mineral accumulation in different times, but also as destroyers for them when the faults and
fractures are active later. The paleo-seismicity accompanied by development of faults and frac-
tures will affect the lithology, structural deformation, fluid properties, pressure-temperature
and anisotropy of consolidated rocks. The research of intensity, frequency and distribution
of paleo-seismic events help us to understand structural deformation, fracture development,
characteristics of porosity and permeability and fluid migration. Integrated research of paleo-
seismicity, basin structural and paleogeographic evolution may provide the reallocation and
final determination of positions of oil and gas reservoirs and mineral resources.
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Tectonic Insight in the Southwest Gondwana Boundary

Based on Anisotropy of Magnetic Susceptibility
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Abstract

The anisotropy of magnetic susceptibility (AMS) is an effective tool to measure the rock
petrofabric and it allow analyzing the tectonic stress. The southwest boundary of Gond-
wana in South America is the counter-part of the Cape fold belt of South Africa and its
geological evolution is still a subject of debate. Samples of different localities of this sector
were analyzed with the AMS technique, from Buenos Aires, La Pampa and Mendoza
province. For rocks of Permian age, there is a clear regional magnetic signature indicating
a NW-SE elongation direction and a NE-SW shortening. The ASM patterns obtained in the
oldest rocks are complex, probably as the result of stress interference in the magnitudes,
space and time with different pulses of the orogenic activity developed from the Middle
Devonian to the Permian. In the southwest of Gondwana, small continental plates were
accreted to the main continent mass during the Middle Devonian. The Permian deforma-
tion has been interpreted as the consequence of a paleogeographic re-organization of
Gondwana that moves to lowest latitudes to makes the Pangea continent during the
Triassic. This younger deformation evidences an orogenic front migration and attenuation

to the foreland basin.

Keywords: tectonic, anisotropy of magnetic susceptibility, southwest margin of
Gondwana

1. Introduction

The anisotropy of magnetic susceptibility (AMS) is an effective tool to measure the rock
petrofabric, both of primary and secondary origin with the potential to identify the orientations

64



Tsunami: Concerns and Challenges

of the principal axes of finite strain to which the rocks were subjected [1, 2]. The base of the
method is the measure of the orientation and intensity of the magnetic susceptibility (K) of a rock
sample whose intensity is the sum of the diamagnetic, paramagnetic, antiferromagnetic and
ferromagnetic responses of constituent minerals [3]. The diamagnetic response is typically very
weak, and opposes the applied field; this response is typically contributed by iron-free silicates
such as quartz and feldspar. The paramagnetic contribution is carried by Fe-bearing silicates [4],
which in magmatic rocks includes the phyllosilicates (biotite, chlorite and Fe-muscovite), Fe-Ti
oxides, amphiboles, pyroxene, cordierite, garnet and tourmaline. The antiferromagnetic contri-
bution, typically provided by hematite and goethite, is negligible in practice. The ferromagnetic
contribution is commonly a major component and it is associated with magnetite and occasion-
ally with sulfides such as pyrrhotite [3, 5].

In deformed rocks, strain may control the orientation of ferromagnetic minerals. The AMS
response in such rocks typically reflects the preferred crystallographic orientation of iron-
bearing silicates and the shape and distribution of magnetite or hematite grains.

To determine the AMS, the response of a rock when it is affected by a weak magnetic field is
measured, related to the acquired magnetization degree with the applied magnetic field,
evidenced in the formula K = M/H, where K is the magnetic susceptibility, M is the acquired
magnetization and H is the magnetic field applied.

The magnetic behavior of the rocks in a weak field of constant magnitude depends of some
factors such as the preferential crystallographic orientation, the shape of the mineral fabric, the
composition, the distribution and size of the mineral grains and the microfractures [6]. There-
fore, a substance is isotropy, when the induced magnetization in a symmetric specimen, has
the same intensity independent to the direction in which the field is applied. Instead, in the
magnetic anisotropic rocks, the induced magnetization depends of the orientation of the
sample in the magnetic field.

AMS measurement can be expressed by a second-rank tensor where eigenvectors/eigenvalues
are geometrically represented as an ellipsoid (Figure 1a), with three perpendicular axis: Kpax,
Kint and Kpin, (K, K; and Kj3). The highest magnetic intensity is induced throughout the K.«
major axis and the weakest intensity is induced according to the K,,;, minor axis; therefore, in
an isotropic substance, the three axis are equal and the ellipsoid is in fact a sphere (Figure 1a).
The shapes and orientations of these ellipsoids can be related to magmatic flow in igneous
rocks and kinematics of deformation in metamorphic rocks [7]. Commonly, the flattening of
the AMS ellipsoid (plane perpendicular to K,in) is parallel to the foliation in the rock, and the
elongation of the ellipsoid (Ki.x) is parallel to the fabric lineation.

The parameters to consider are the anisotropy degree (P), the ellipsoid shape (T) and the
spatial orientation of the main axis. Their most important properties are:

*  The susceptibility ellipsoid tends to be coaxial with the total deformation ellipsoid with a
correspondence to each principal axis (Figure 1b).

¢ The susceptibility ellipsoid tends to be coaxial with the petrofabric; the K, axis is
perpendicular to the foliation, to the bedding plane in sedimentary rocks, plane poles of
magmatic foliation or foliation poles or cleavage in rocks deformed in solid stage.
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If the magnetic fabric is only depositional origin, the angle between the K,;, and the pole
of the bedding plane is small.

Kinax is parallel to the lineation that could be tectonic origin, the direction of a magmatic
flow or could be dominated by the paleocurrents direction.

Kin is denominated by “magnetic foliation pole” and K.« “magnetic lineation”.

The ellipsoid shape is directly related with the rock fabric. In some rock types, there is a
quantitative relation between L (lineation) and F (foliation), or any parameter that involve
the relative length of the susceptibility axes and the intensity of the linear or planar
orientations, respectively.

In the case of the deformation in solid stage, there is a direct relation between the AMS
and the deformation. A quantitative application of the AMS in this cases, it is only
possible when a calibration is carry out with the stress and the original anisotropy of the
rock, in other way, a qualitative ratio is only possible, as the rocks with major anisotropy
are the more deformed.

The ASM measurements are not affected by the natural or artificial remnant magnetizations.

The simpler and quick way of visualize the obtained data about the directions of the main
susceptibility axes is through a stereographic net. The most common is to use the inferior
hemisphere and to plot the data of Ky Kint and Ky with different symbols, so it is

= e — e e
Main maximum axes, kmax triaxial ellipsoid prolateli llipsoid oblate ellipsoid
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Main minimum axes, kmin
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s Z
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Figure 1. (a) Magnetic susceptibility ellipsoid, with three orthogonal axes that correspond to the maximum, intermediate
and minimum [7]. The space orientation is defined in a coordinate system (x,y,z). (b) Ratio between the anisotropy,
deformation and stress ellipsoids. K1: Maximum anisotropy axis; K3: Minimum anisotropy axis; T1: Maximum deforma-
tion axis; t3: Minimum deformation axis; o1: Maximum stress axis; 03: Minimum stress axis. (c) Directional data plotted
in a stereographic net of triaxial, prolate and oblate ellipsoid [7]. (d) Stereographic net models of sedimentary fabric,
sedimentary/tectonic composite fabric and tectonic fabric.
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possible to distinguish the ellipsoid shape and to easily compare with structural data: cleav-
age, fractures, etc., and with the origin of the fabric: sedimentary, tectonic or sedimentary/
tectonic composite (Figure 1c, d). On the other hand, the shape parameter (T) represents the
ellipsoid shape: if the ellipsoid has oblate shape, then T > 0 and if it is prolate then T <0 [7].

The AMS technique was applied in different localities along the southwest boundary of
Gondwana (Figure 2), in diverse lithologies that ranges from Cambrian to Permian-Triassic
ages, to study the kinematic history of this area and to distinguish multiple tectonic events that
account for the fabrics of the outcropping rocks.
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Figure 2. Location of the different localities and basin studied in the margin of Gondwana by the AMS technique. The
Gondwanides fold and thrust belt is in purple, sierras Australes is in green, Claromecé Basin in yellow, Carapacha Basin
in orange, San Rafael block in pink, and the Choiyoi magmatic province in light blue.

2. Geological setting

The southwest boundary of Gondwana in South America is the counter-part of the Cape fold
belt of South Africa [8]. It is extended from Sierras Australes-Claromeco Basin in the Buenos
Aires province to the San Rafael Block in the Mendoza province (Figure 2). This fold and thrust
belt [9], known as Gondwanides [8], was subject to deformation during the Paleozoic.
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Ramos (1984) propose [10] an ocean closed by subduction toward the northern boundary of
Patagonia at the southern margin of Gondwana, and generated a collision during the late
Paleozoic. However, the geological evolution of this region is still a subject of debate and doubts
remain about the origin of Patagonia and the age of the main deformation and if it is related or
not with this collision. Now there are new proposals that include collisional and intra-continental
deformation mechanisms (Ref. [11]). According to some researchers, the deformation occurs in
one phase during the late Permian-Triassic, instead other authors propose that it began in the late
Devonian-early Carboniferous and continued up to the Permian [12].

With the aim of regionally analyze the magnitude of the deformation regionally, the stress
directions that acted in the different geological moments and the time-space relations between
the different localities of the Gondwanides, AMS studies were making along its margin. Rocks
of different lithologies and ages ranging from Cambrian to Permian-Triassic were studied in
different localities along this belt (Figure 2), from the Sierras Australes-Claromecd Basin,
Chadileuvu Block (Carapacha Basin, Los Viejos Hill and Sierra Chica) and San Rafael Block
(Agua Escondida).

2.1. Sierras Australes-Claromecoé Basin, Buenos Aires province

The Sierras Australes are at the southwest of the Buenos Aires province and they represent the
outcropping part of the Claromeco Basin (Figure 2). They are a fold and thrust belt [9] with a
general northwest-southeast strike and a northwest vergence. The outcropping rocks are Pre-
Cambrian to Permian, with the oldest units at the west and the most modern at the east.

The Cerro Colorado granite represents the basement of the Sierras Australes, and it is situated
at 40 km to the west. It has a penetrative cleavage and a gneiss-milonitic structure [13].
Different authors calculated age data: Rb/Sr 427-392 Ma [14], Rb/Sr 487 + 15 [15], Rb/Sr
381 + 9 Ma [13], U/Pb 531 + 4 Ma [16] and U/Pb 523 + 4 Ma [17]. The Lépez Lecube sienite is
situated at 80 km at the west of Sierras Australes, and correspond to another intrusive body
with apparently no deformation [18]. It was interpreted as post-tectonic origin because of its
age data: U/Pb de 258 + 2 Ma [19] and 251.5 £+ 3.0 Ma [20], related with the Gondwanic
magmatic cycle of La Pampa and Mendoza provinces (Figure 2).

The sedimentary rocks of the Sierras Australes is classified into three main orographic units:
Curamalal, Ventana and Pillahuincé groups that have an important difference in the metamor-
phism degree and in the style of the deformation [21]. In the quartzites of the Curamalal,
Bravard and Ventana groups, situated in the western sector (base of the sequence), there is a
lower greenschist metamorphism [22, 23]. While in the Pillahuincoé group, situated in the
eastern sector (top of the sequence), there is a medium to high diagenesis degree [22, 24, 25].
Cenozoic deposits cover in discordance these units.

The west sector presents more deformed strata in the Sierras de Curamalal, Bravard and
Ventana [21], while in the eastern sector, in the Sierras de las Tunas and Pillahuinco outcrops
the Pillahuinco group, with a characteristic more open folding. Here the regional strike of the
axes of the folds is northwest-southeast. However, there are visible differences between the
base and the top inside the Pillahuincé Group. At the base, the folds tend to be cylindrical with
shorter wavelength and more defined flanks, while toward the top of the sequence they tend to
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expand and smooth their wavelengths [26]. The cleavage planes are nearly vertical, dipping
toward the west at the bottom of the sequence and mostly east on the Bonete and Tunas
formations (Figure 3).

The analyzed lithologies correspond to Cerro Colorado, Lopez Lecube, to the Lolén Formation
[21], and the Pillahuincéd Group [21] in the Sierras Australes area, and a little outcrop that
correspond to the Tunas Formation situated at the Claromecd Basin, at the east of Sierras
Australes.

The Lolén Formation, of Devonian age [27], is at the top of the Ventana Group. It has mica-
ceous sandstones, phyllites and shales with lenticular beds of fine conglomerate, with a strong
cleavage in northwest-southeast direction.

The Pillhuincé Group is composed from base to top by the Sauce Grande, Piedra Azul, Bonete
and Tunas formations. The carboniferous Sauce Grande Formation has diamictites and sand-
stones. The Piedra Azul Formation has mudrocks. The Bonete Formation, of Lower Permian
age, has fine sandstones with white spots, interbedded with gray mudrocks. The Tunas
Formation, of middle Permian age, has fine to medium sandstones interbedded with green
and red mudrocks. There are some small outcrops of the Tunas Formation in the Claromecd
Basin, close to the Gonzalez Chavez locality. The Pillahuincé Group has the Carboniferous-
Permian Glossopteris flora [28], and the Tunas Formation has zircon shrimp data of 291-280 Ma
[29-31].

Paleomagnetic studies in the Tunas Formation indicate that the magnetizations are
syntectonic, with shortening values of 32% at the base (to the west) and 90% at the top (to the
east). This evidences a decrease in the deformation toward the top of the sequence and is
consistent with the structural field observations [26]. Furthermore, anisotropy of magnetic
susceptibility and compaction studies on Tunas Formation also show a decrease of the defor-
mation toward the foreland [32].
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Figure 3. Structural cross-section of the sierras Australes: (a) general and, (b) detailed (taken from [11]). Notice that the
western sector presents more deformed strata than the eastern sector, see shortening values.
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The tecto-sedimentary [33] and paleomagnetic evidences [26], indicate that the deformation in
the Tunas Formation occurs at the same time that the sedimentary deposition and it was
related with the San Rafael orogenic phase defined by Azcuy and Caminos [34].

2.2. Chadileuvu Block, La Pampa province

Several localities that belong to the Chadileuvu Block were measured with the AMS technique:
Los Viejos Hill, Sierra Chica and the Carapacha Formation. The igneous-metamorphic base-
ment of the area includes Upper Cambrian to Lower Devonian metamorphic rocks (Las
Piedras Metamorphic Complex, Paso del Bote Formation, El Carancho Igneous Complex and
La Horqueta Formation), granitoids (Pichi Mahuida Group) and Late Paleozoic granite
orthogneisses (Los Viejos Hill Complex) that outcrop in southeastern La Pampa province [35, 36].
In addition, there are sedimentary rocks outcrops belonging to the Carapacha Basin.

Los Viejos Hill is located at the southeast of La Pampa province (Figure 2). It belongs to the
igneous-metamorphic basement considered by Linares et al. Linares et al. [37] as the south-
ward prolongation of the Sierras Pampeanas geological province. It is part of a ductile defor-
mation zone in low metamorphic degree with northeast vergence [38]. There are different
deformation degrees, from little foliate granitic gneiss to mylonitic gneiss, with ages from
466.4 to 261 Ma, obtained by K-Ar and Rb-Sr dating in biotite and muscovite [35].

Sierra Chica is located at the center of La Pampa province (Figure 2). It is a volcanic rock
outcrop belonging to the Choiyoi magmatic province. The Choiyoi Group in La Pampa is
located in a tectonically stable environment adjacent to an active continental margin [39].
According to Quenardelle and Llambias [40], the sequence is composed of different units. The
lowermost unit, at the north, consists of trachyandesitic pyroclastic flows of unknown thick-
ness and extent. The other ones are rhyolitic units, divided into the lower unit, composed of
well-bedded, thin pyroclastic units interbedded with thin fall deposit units, and the upper unit
is composed of coarse bedded, thick pyroclastic layers with rheomorphic structures [40]. The
Sierra Chica sequence is consistent with an eruption in an extensional tectonic regime imme-
diately subsequent to a subduction-related compressional regime [40]. Rapela et al. [41]
obtained an Rb-Sr whole-rock isochron age of 240 + 2 Ma and Domeier et al. [42] obtained
U-Pb ages of 263 & 1.6 Ma.

The Carapacha Basin is a continental half-graben, located at the southern of La Pampa prov-
ince, central Argentina (Figure 2; [43]). The basin filling is up to 630 m thick and it is entirely
composed of clastic deposits of the Carapacha Formation, of Permian age. Red and gray
arkosic or lithic sandstones, mudstones and scarce conglomerates compose the Carapacha
Formation. It is divided into two members: the lower Calenco Member and the upper Urre-
Lauquen Member [43]. The formation has yielded a typical Permian Glossopteris macroflora
[44, 45]. The rocks of the upper Carapacha Formation along Rio Curaco are gently folded,
strike-slip, normal and reverse faults and extensional veins are also present. The structure and
weak deformation of the upper Carapacha Formation was interpreted as reflecting left-lateral
strike-slip deformation under a transpressive regime that it is associated with cessation of
sedimentation in the basin [46]. The upper part of the formation is intruded by an andesite
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assigned to El Centinela Formation, maybe associated with the Permian-Triassic volcanic rocks
of the Choiyoi Magmatic Province.

2.3. San Rafael Block, Mendoza province

The Agua Escondida area is located at the southeast of the Mendoza province and it is situated
at the south of the San Rafael Block (Figure 2). In this sector, the Piedras de Afilar Formation
outcrops that is a pre-carboniferous granitic basement of 418.2 + 3.1 Ma [47]. It is covered by
carboniferous, siliciclastic sediments of the Agua Escondida Formation [48] and is intruded by
the igneous rocks of the Permian Choiyoi magmatic Group. The Agua Escondida Formation
[48] is composed by siliciclastic sediments of carboniferous-permian age due their flora
remains deposited over the basement. In this sector, the Choiyoi magmatic Group is mainly
composed by a metasilicic lower section with dacitic intrusive, andesitic lavas and tuffs. The
silicic upper section has lavas, tuffs, ignimbrites and breccias of rhyolitic composition and
granites that intrude the Agua Escondida Formation and the pre-carboniferous basement [49,
50]. The completely Paleozoic rocks are cover by plio-pleistocene basalts and recent sediments.

3. Methodology

Each sampled site consists at least of 4-5 hand samples or 6-7 cores obtained by portable drilling
and orientated by magnetic (Brunton) and sun compass (Azimut 0-360° and dip 0-90°).

Kappabridge MFK-1A and KLY-2 (by Geofyzika Brno) were utilized to measure the AMS
directions, at the Paleomagnetism Laboratory “Daniel A. Valencio” (IGEBA) of the Geologic
Sciences Department of the Buenos Aires University (UBA) and at Colgate University, respec-
tively. Previously to measure, it is necessary to ingress the field sample orientation because the
AMS direction results are in specimen coordinates (without field correction) and in geographic
coordinate (with field correction). The results were analyzed with the program Anisoft 4.2
(provided by Geofyzika Brno) to obtain directional results of AMS scalar axes represented in
the ellipsoids and their statistic parameters, in situ and with structure correction, and the AMS
degree (P) and the shape parameter (T) values. It is possible to make automatically the
structure correction with the program, taking the bedding planes to the horizontal. The T and
P parameter values were plotted in the diagram of Jelinek [51].

The AMS data obtained, were integrated with paleomagnetic and field structural data of each
locality, to improve the interpretations.

4. Results of AMS in the southwest Gondwana boundary

Here the results of ASM from different localities along the Southwest Gondwana margin, from the
Sierras Australes-Claromecd Basin to the San Rafael Block, are presented. Rocks of different
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lithologies and ages ranging from Late Devonian to Permian-Triassic were studied. Each sampled
locality has its own magnetic signature, but it is possible to identify a pattern related to the age.

4.1. Sierras Australes—Claromeco Basin

In this area were studied the Cerro Colorado granite, the Lopez Lecube sienite, the Lolén
Formation and the Pillahuincé Group, and a little outcrop in the Gonzalez Chavez locality of

possible upper Permain-Triassic age [18, 32, 52].

In all the analyzed localities, the AMS data show good internal consistence in each sample site
and between them (Figure 4), and is almost possible to correlate the structural characteristics

with the AMS patterns.

In Lopez Lecube (Upper Permian), the magnetization is stable in all specimens with a reverse
polarity [18], characteristic of the Kiaman superchron. In some specimens, the anisotropy of
magnetic susceptibility was measured (Figure 4). They present prolate magnetic fabric, with
the Kax axis parallel to the magmatic mineral lineation (Figure 4). This AMS spatial distribu-
tion axes were related with the magmatic conditions during the emplacement of the magma.
However, the AMS fabric from Cerro Colorado (Cambrian) is oblate, with a tectonic signature
instead of magmatic, in the distribution of the AMS axes with a northwest-southwest direction

of the shortening (K, in the northeast; Figure 4).

The specimens of the Lolén Formation (Devonian) show the K.« and K;,; axes contained in
the cleavage plane and aligned with the strike of the structure in the northwest-southeast
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direction. The K.« tends to lie close to the horizontal. The K., axes are always in the
northeast direction close to the horizontal and parallel to the pole of the cleavages planes. The
anisotropy degree (Pj) is low, minor than 10% and the susceptibility is minor than 2.52E* (SI),
so the paramagnetic minerals control the magnetic fabric [7]. From the disposition of the AMS
axes, its ratio with the cleavage planes and the ratio between the Pj and T parameters is
deduced that the fabric is typically oblate of tectonic origin [53].

In the Pillahuincé Group, the Sauce Grande Formation presents oblate ellipsoids (T < 0), with
Kimin grouped in the first quadrant, almost horizontal, suggesting a flattening of the fabric with
tectonic control. The Piedra Azul and Bonete formations show ellipsoids with prolate shapes
(T > 0) and Ky, axes in the first and third quadrant grouped toward the center of the
stereographic net. The Tunas Formation has oblate ellipsoids with K,,;, axes tending to the
vertical through the horizontal, suggesting a transition between tectonic to sedimentary fabric
(Figure 4; [52]). The trend toward a fabric with a dominantly sedimentary control is clearly
seen in the Gonzalez Chavez locality located at the Claromeco Basin (Figure 4).

The degree of anisotropy (P) shows a general decrease toward the younger formations and
toward the east, with maximum values ranging from 11% in the Lolén Formation to 4.4% in
Tunas Formation (Figure 5).
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Figure 5. Ratio between the shape parameter (T) and the anisotropy degree (Pj) of the different localities, when T <0 the
ellipsoid is prolate and when T > 0 is oblate.

73



Tsunami: Concerns and Challenges

4.2. Chadileuvua Block, La Pampa province

In Los Viejos Hill, an AMS systematic sampling was made in a grid perpendicular to the main
structures of the body [54]. Unexpectedly, it was found that the K, poles deviate from the
poles of the main foliation S; by about 25° (Figure 4). Similarly, but not so noticeably, the K.«
poles trend northeast/southwest, with a near-horizontal plunge, whereas the principal linea-
tion L; plunges gently southwest. This unusual situation is attributed to the existence of
superimposed fabrics arising from S and C structures. The distribution of the paramagnetic
and ferromagnetic minerals in “S-C” plane structures interferes in the expected anisotropy
pattern, indicating the presence of a cryptic foliation. From the petrographic point of view [38]
and the AMS studies, it is possible to infer that the zone was affected by different deformation
episodes, evidencing by the presence of a secondary foliation S, subordinate to the S;.

In all localities, the AMS signatures are predominantly triaxial, with well-defined axial groups
and relatively small uncertainty ovals about means. Most of the sites exhibit oblate tendencies,
and only a few are prolate (Figure 5). The T versus Pj diagram reveals an anisotropy degree
mainly below 3%, with an ellipsoid more oblate than prolate (Figure 5).

A systematic sampling was made in localities situated at the southeast and south of the
Carapacha Basin, to make paleomagnetic and AMS studies [55]. The paleopolar positions of
both Carapacha Formation members are different [55]. According the AMS studies, the tec-
tonic signature of the two members is different. The Calenc6 Member presents minor defor-
mation than the Curac6 Member (Figure 4). In the Curaco River samples, the K, is more
variable, not related with the folding axes except locally, and so it is probable that the primary
sedimentary fabrics are more preserved; instead of in the Curaco River locality the K. poles
seem to be tectonically controlled because they have the same direction than the folding axes
and the K,,,;, are bimodal distributed as a typically prolate ellipsoid with a main maximum
stress with a southwest-northeast dominant direction (Figure 4). The different paleomagnetic
positions calculated in both members are concordant with the lithological, structural, biostrat-
igraphic and AMS data differences. The AMS axial ratios of Carapacha are mainly character-
istic of triaxial ellipsoids. The Pj versus T diagram reveal an anisotropy degree mainly below
4%, with ellipsoids more oblate than prolate (Figure 5).

The isolated magnetization of the Sierra Chica locality is syntectonic [56]. There are two
different magnetic signatures: one in the base units and other one in the top units (Figure 4).
These differences were interpreted as a tectonic discordance between both. The K,,,;, is situated
in a gird with south-southwest-north-northeast direction from horizontal (base) to vertical
positions (top) (Figure 4), evidencing that the maximum stress direction is southwest-
northeast. The anisotropy degree is Sierra Chica is low, minor than 11% and the magnetic
susceptibility is low, minor than 2.5E *(SI), indicating that it is carried by paramagnetic
minerals. The Pj versus T parameters indicate a that predominate the oblate fabrics (Figure 5).

4.3. San Rafael block

The AMS pattern in the Agua Escondida area is complex. In the Piedras de Afilar Granite, of
devonian age, the K,i» axes have a north-northwest direction while the K,,,,« are in east-west
direction, indicating a secondary fabric and evidencing a deformation with a north-south
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compression direction. Nevertheless, in the La Menta Granite (388.4 + 3.1 Ma, [57]), that is part
of the Piedras de Afilar Formation, the K,,;, has a west-southwest direction and the K., a
north-south direction, showing a secondary fabric and evidencing a compression direction
from the west.

In the Permian Cavado Granite, the main AMS axes seem no follow a common spatial pattern;
the magnetic fabrics seem to be primary and related to local effects of the emplacement
conditions. The dikes that intrude the Cavado granite have a triaxial fabric, with the K, in
the third quadrant and close to the vertical and subparallel to the diaclases plane. The Kyyin
tend to be in the northeast and the Kj,; in the southeast. From the statistic parameter analyses,
the fabric is oblate. The anisotropy degree is 4% and the medium susceptibility is minor than
1E~%(SI) ([58]; Figure 5).

The sedimentary rocks from the Agua Escondida Formation (Upper Carboniferous) have K,ax
orientated to the northeast and contained in the bedding planes with northwest-southeast
strike (Figure 4; [58]), while K,;, is parallel to the pole of this plane. This arrangement of the
axes does not respond to a “pure sedimentary fabric” (Figure 4), but on the contrary it would
indicate interference of signatures.

The fabrics of the dikes and ignimbrites of Choiyoi are similar to the Piedras de Afilar and La
Menta granites; they are secondary and produced by a deformation stress with east-west and
north-south compression directions, following complex patterns of previous stress in the area.

The plio-pleistocene basalts have K, -orientated northwest and close to the horizontal, indi-
cating a primary fabric and a probable fluidity of the mineral components in a southwest-
northwest direction. The anisotropy degree is minor than 13% in all the analyzed sites, and the
fabric is in general oblate, although in each individual site there are oblate, prolate and triaxial
shapes, depending of the lithology (Figure 5; [58]).

A rhyolitic dike of the Choiyoi Group has a K.y in northeast-southwest direction and
contained in the diaclase planes. The K,,;, and Kj,,; are in the second and fourth quadrant like
a wreath. The fabric is prolate, the anisotropy degree is minor than 5% and the medium
susceptibility is 43.5 E~*(SI) (Figure 5; [58]).

4.4. Comparison with fold and thrust belt models

There are conceptual models of the AMS patterns proposed by Saint-Bezar et al. [59], Parés
and Van Der Pluijm [6] and Weil and Yonkee [60], where weakly to strongly deformed
sedimentary rocks in fold and thrust belts changed their AMS response (Figure 6). The AMS
ellipsoids that have oblate shapes in the more tectonically deformed zones change to prolate-
triaxial shapes and then to oblate shapes [6, 59, 60] (Figure 6). These changes indicate compos-
ite sedimentary/tectonic fabrics with layer parallel shortening (LPS). A secondary LPS [60]
control the lineation (K»ay), which indicates the maximum elongation direction.

The AMS patterns of the Sierra de la Ventana fold and thrust belt follow this model [32, 52]. In this
area, the ratio between T and Pj parameters change with location in the stratigraphic succession
and with shortening. In the western localities, at the base of the stratigraphic succession, with
major tectonic deformation and syn-tectonic magnetizations (32% of unfolding), the ellipsoids
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Figure 6. Conceptual model for evolution of AMS fabrics in weakly to strongly deformed sedimentary rocks in fold-
thrust belts [6, 59, 60]. Idealized changes in AMS ellipsoid directions (relative to horizontal bedding) from a dominant
bed-parallel sedimentary fabric (stage A), to mixed layer-parallel shortening (LPS) and sedimentary fabrics (weak LPS in
stage B and moderate LPS in stage C), to strong tectonic fabric (stage D, with K.« either parallel to structural trend, D1,
or down the dip of cleavage, D2). Changes in ellipsoid shape parameter (T).

tend to have prolate-oblate shapes. Toward the top of the sequence, with minor deformation and
syn-tectonic magnetization (90% of unfolding), ellipsoids tend to have triaxial and prolate shapes.
In the foreland basin, in the Claromecd Basin, with bed-parallel sedimentary fabric, the ellipsoids
tend to have triaxial-oblate shapes (Figure 5).

All along the south margin of Gondwana, in the carboniferous-permian localities, the Kp,ax
axes trend northwest-southeast, parallel to the fold axes, clusters parallel to the intersection of
the LPS fabric with bedding and tend to be constant in all sampled localities (Figure 4). The
foliation (Ky,in) indicates that the shortening is related to the primary bedding. At the base of
the sedimentary column, at the western most and also more deformed localities, the K,,,;,, axes
are almost horizontal, trending southwest-northeast, perpendicular or scatter away from the
bedding poles, showing a transition to a tectonic fabric with a maximum compressive stress
(01) parallel to that direction, indicating moderate LPS. In contrast, toward the foreland, to the
eastern most localities, to the top of the stratigraphic succession, the K,,;, axes tend to orient
vertically, showing a transition to a sedimentary fabric and indicating minor LPS (Figures 4, 6).

5. Conclusions

Different rock types with different ages, from Devonian to Permian, were studied by AMS
methodology, along the southwest margin of Gondwana, from the Sierras Australes-Claromec-
0 Basin in the Buenos Aires province to Agua Escondida in the Mendoza province. Each
sampled locality has its own magnetic signature according to their lithological and ages
intrinsic characteristics. Nevertheless, in most samples there is a gradual tectonic development
that overprinted differences of AMS patterns into and between the studied localities. In the
Permian age rocks, as Pillahuincé Group, Carapacha Basin and Sierra Chica, there is a clear
regional magnetic imprint that indicate northwest-southeast elongation directions (Kyax) and
therefore a northeast-southwest compression (Kyin). This Permian deformation is linked to the
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San Rafael orogenic phase. There is also a movement of the K., from the horizontal, in the
western sites at the base in the respective sequences, to the vertical in the eastern sites situated at
the respective tops, and a change of the respective shape parameter. Thus, indicate a transition
from a magnetic fabric with a clear tectonic imprint to transitional to sedimentary fabrics, similar
to the conceptual models proposed by several authors in thrust and fold belts ([60], between
others). The younger localities as Gonzales Chavez and Lopez Lecube, practically have no
signature of deformation. These are evidencing pulses in the deformation intensity that diminish
toward the east and an advance of the orogenic front toward the foreland basin, with the main
stress from the southwest. This deformation coincides with an abrupt curvature in the apparent
polar wander of Gondwana in the Upper Paleozoic ([61, 62]; Figure 7).

Nevertheless, in the patterns of the old rocks (Cerro de los Viejos, Cerro Colorado, Lolén
Formation and Agua Escondida), the signature is no constant and the main stresses could be
placed from the southwest, from the west or from the south. They have complex patterns that
are related to the overlapping of different orogenic phases or to local lithological control of
each locality.

In the Cavado granite and its dikes, of the Choiyoi Group, the fabrics are triaxial without axes
situation common pattern, so the emplacement of these bodies seem to correspond to local
effects. In the case of other dikes and the Choiyoi ignimbrite, the fabrics are similar, but they do
not seem to have a clear relation with the diaclase planes. Probably the emplacement of these
bodies corresponds to complex stress patterns previously installed in the region.
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during Permian times.
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All these data indicate that the deformation in the area came from the southwest and it attenuate
during the Middle Permian, evidencing an orogenic front migration to the foreland basin at the
northeast, with deformation re-activation during the Permian, indicating tectonic activity in
Gondwana. Tomezzoli [12] interpreted that the Permian deformation, with a main stress from
the southwest, is the consequence of a paleogeographic re-organization of Gondwana that moves
to lowest latitudes to makes the Pangea continent during the Triassic. In the southwest of
Gondwana, small continental plates were accreted to the main center of the continent during
the Medium Devonian (Figure 7). This devonian deformation known as Chanica orogenic phase
in Argentina [34] have been related by Tomezzoli [12] with the Chilenia and Patagonia collision
with Gondwana from the west or southwest respectively. Based on that, Tomezzoli [12] pro-
posed the possibility that Chilenia and Patagonia where the same allochthonous plate.

The AMS data allowed interpreting, by the analysis of different localities, the regional tectonic
of the southwest margin of Gondwana. It is clear that, in the cases where there is an important
tectonic imprint, the technique of the AMS is very useful for the interpretation of the efforts
magnitude and direction, and their variability.
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Chapter 5

Evolution of Drainage in Response to Brittle - Ductile
Dynamics and Surface Processes in Kachchh Rift Basin,
Western India

Girish Ch Kothyari, Ajay P. Singh, Sneha Mishra,
Raj Sunil Kandregula, Indu Chaudhary and
Gaurav Chauhan

Abstract

The eastern part of Kachchh Rift basin was reactivated after 2001 Bhuj earthquake of
Mw 7.7 and continuous seismicity has been recorded since then. The northern part
of Wagad upland also experienced moderate earthquakes Mw > 5.7 in February 2006
and March 2007. These moderate to major Intraplate earthquakes provide a unique
opportunity to study the effects and linkage between brittle-ductile dynamics, surface
processes and drainage evolution. We presented a geomorphological analysis of the
Wagad highland providing new constraints on the evolution of river network. The
shallow to deeper nature of fault and their response to development of hydrological
networks has been analyzed using seismic tomography. Based on surface drainage
offset and seismic structures several E-W oriented faults controlling fluvial dynam-
ics are identified. From seismic structures and drainage offset it is clear that the flu-
vial dynamics is controlled by shallower to deeper faults. The estimated attributes
are well supported with seismic structures and focal mechanisms solutions. Based on
fluvial offset and seismic structure analysis a new tectonic model has been proposed
for WH. The tectonic model shows that the faults WH are well connected at deeper
level and generated negative flower structures and significantly controlling surface
fluvial dynamics.

Keywords: drainage, geomorphology, fluvial dynamics, seismic structure, focal
mechanisms
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1. Introduction

Spatial distributions of geomorphic landforms in active regions are the results of the com-
plex interaction of shallow and deep earth processes [1]. The imprints of these processes are
reflected in the form of changes of local relief, drainage pattern, hypsometry, steepness, and
channel slope relationship [2-8]. These parameters can be used to quantitatively characterize
the relationship between shallow and deeper crustal structure, and geomorphic processes [1, 9].
The dry land fluvial systems of intraplate Kachchh rift basin, allow us to study the effects and
linkage between brittle - ductile dynamics and surface processes on landscape evolution. The
Kachchh basin evolved during the Early Jurassic, bound by Nagar Parkar Fault to the north and
North Kathiawar Fault to the south (Figure 1A). The rifting was aborted by the trailing edge
uplift during the Late Cretaceous pre-collision stage of the Indian plate, when the leading edge
of the plate was slab-pulled towards the Tethyan trench [10, 14, 16]. Lateral motion during the
drift stage of the plate induced horizontal stress and near vertical normal faults, which were
reactivated as reverse faults during initiation of the inversion cycle, and became strike-slip faults
involving divergent oblique-slip movement [10, 14, 17, 18].
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Figure 1. (A) Seismotectonic map of the Kachchh rift basin integrated with the geological map, showing the epicenters
of significant earthquakes (modified after [10]). The Wagad area lies between the SWF and GF. Locations - A (Anjar), B
(Bhuj), Ba (Bhachau), Br (Bharudia), Ch (Chitrod), D (Dholavira), De (Desalpar), L (Lakhpat), F (Fatehgarh) and G (Gedi);
faults: NKF (North Kathiyawad Fault), KHF (Katrol Hill Fault), VF (Vigodi Fault), KMF (Kachchh Mainland Fault), SWF
(South Wagad Fault), NWF (North Wagad Fault), GF (Gedi Fault), IBF (Island Belt Fault), ABF (Allah Bund Fault) and
NPF (Nagar Parkar Fault); uplifts: KMU (Kachchh Mainland Uplift), PU (Patcham Uplift, KU (Khadir Uplift), BU (Bela
Uplift), CU (Chorar Uplift). (B) Geological map of northern Wagad highland region [11]; shows location of earthquake
epicenters. Focal mechanisms (1-16) plotted in the figure are after [12-15]. (C) CARTOSAT-DEM driven local relief map
of Wagad Highland. Major and minor faults are marked by solid black line. (D) CARTOSAT DEM of the study and
location of the five swath profiles; 1-5) swath profiles show the trends of the maximum, minimum and mean topography
of the Wagad region. Figure 1A and 1B have been digitized in Surfer 14 software, while, we used MICRO-DEM 10 software for
generation of C and D, and final editing has been done in golden software Surfer 14.
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Major structural features of the Kachchh region include east — west trending active faults
[16, 19] (Figure 1A). The Wagad highland (WH) of Kachchh is bounded by the South Wagad
Fault (SWF) in the south and Gedi Fault (GF) in the north comprises of Mesozoic sediments
overlying a granitic basement [16]. The initiation and steadiness of dynamics support beneath
Kachchh basin have been explored in several studies [10]. Earlier researchers argued that the
impingement of a large intrusive body in the lower crust [19-21]. However, the fault adjacent
to intrusive body at deeper depth gradually flattens close to magmatic body owing to listric
nature of fault [20, 22]. The fault model proposed by [10] suggests that the GF is a sub-vertical
fault and gradually changing listric nature in lower crust.

The chronometric and geomorphic attributes of the GF, suggests that the region is uplifting
at the rate of 0.3-1.1 mm/y during the last 9 ka [23]. The results of geomorphic processes and
subsurface dynamics of GF zone can be explored by investigating how base level fall at the
WH region propagates through the drainage network. The subsurface nature of faults in WH
and their association with landscape evolution is still unknown. However, in present study
an attempt has been made to understand brittle and ductile dynamics of fault system control-
ling surface landscape pattern. In this study first time we proposed an integrated sub surface
model of WH by combining seismic structure (Tomograph) and surface geomorphology. In
this connection we analyzed the 27 basins of WH. In particular, we investigated the general
topographic features e.g. swath profiles, local relief and the river network (river longitudinal
profiles). We employed a knickpoint celerity approach in order to provide a chronological
framework to the evolution of the river network. Furthermore, we made an attempt to image
subsurface fault pattern of the area using the seismological approaches such as tomoDD and
focal mechanisms. The results permitted us to trace the long-term evolution of the WH, to
confirm dynamic support and documenting its impact on the contrasting development of the
drainage basins.

2. General geomorphology and seismicity of Wagad Kachchh

The WH is second largest uplifted block of Kachchh basin, after mainland of Kachchh, cov-
ering an area of ~2432 km?, and is bounded by GF to the north and SWF to the south [11, 16]. The
area is drained by numerous ephemeral streams; flow direction regularly spaced around
the upper planation surface [23, 24]. From north to south, the WH comprises of three E-W
trending active faults, namely the GF between Deshalpar and Fatehgarh area, the North
Wagad Fault (NWF) north of Bharudia and the SWF between Mai and east of Chitrod
(Figure 1A).

Geomorphologically the WH is divided into 3 units; (i) the upper planation surface (Mesozoic)
with juvenile streams, (ii) the middle incised slopes with piedmont (Tertiary), and (iii) the
low-lying areas representing Quaternary deposits [23, 25]. The upper surface represents
an early Quaternary erosional event, whereas the middle incised slopes with terraces were
developed during late Quaternary [26]. These two geomorphic units provide sediments to the
lower peripheral areas. Suvai, Bhimguda, Narelawali, Dhadawali, Karaswali, Malan, Baniyo,
and Dabhodanwari are six ephemeral rivers that flow northward and originate from the WH,
following the regional slope and drain into the Great Rann of Kachchh [23]. Along their lon-
gitudinal length, these rivers cross several E-W oriented faults (Figure 2).
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Figure 2. (A) Geological map of Wagad area shows especial distribution of SL along various geological units. Spatial
distribution of SL class contour map of northern Wagad region. The higher activity is marked by higher order color
(B) especial distribution of Ks along various geological units. Distribution of Ks class contour of northern Wagad region.
Fault lines are shows by solid black line; dykes are marked by green lines; and bedding slope direction is highlighted
by small black arrow. (C) Spatial variation of topography and statistics estimation for values of basin-wide hypsometric
integral. The hotspots of higher uplift are marked by higher color values of hypsometric integral. (D) Relationship
between amounts of stream offset along the fault and upstream length from the faults (F1-F10). For generation of Figure
1A and B used Arc-GIS-10.4, Global mapper 18 software’s and the final editing and contouring has been done in Surfer-11 software.
We used River tool 3.0 for generation of hypsometric curves. The contour values of hypsometry Integral (HI) has been generated in
Global mapper 18 and finally the contouring has been done in Surfer 14 software. We used excel for generation of D.

The aftershocks of the January 26, 2001 Bhuj earthquake (Mw 7.7) are still continuing [15].
Distribution of the hypocenter of these aftershocks suggests that they are distributed mainly
towards NE and SW directions. It has been observed that the WH is pronounced activated
after the 2001 mainshock [12, 15, 27]. It is testified by a large number of aftershocks (Mw > 2.5)
occurred in the WH with focal depths 210 km. A few moderate earthquakes also occurred
along the GF. Among these earthquakes, the most recent are the February 2006 (Mw 5.0);
February 2006 (Mw 4.8); March 2006 Mw 5.7 and April 2008 Mw 4.1 [27] (Figure 1B). In the
GF zone some 30 earthquakes (Mw 3.0-5.7) have been recorded at Seismic Network of Gujarat
(SesisNetG) at shallow focal depths (< 20 km) during the period of 2006-2013 (Figure 1B).

3. Data and methodology

To investigate the relationship between brittle - ductile dynamics and surface processes in
northern Wagad, we focused on topographic features (filtered topography, swath profiles,
local relief), and hydrography (river longitudinal profiles)) We used two elevation data
sources: the CARTOSAT 2.5 m resolution digital elevation data (http://bhuvan.nrsc.gov.in) for
regional scale analysis and the SRTM (http://srtm.csi.cgiar.org) of 90 m resolution for detailed
analysis. Seismic tomography has been used to evaluate shallower to deeper surface dynamic
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process. The digital elevation model extracted from the SRTM was validated with the Survey
of India topographic map (1:50,000) scale. To extract drainage network DEM data is used and
27 northward and south ward flowing rivers basins were generated. We calculated several
tectonic attributes namely stream length-gradient Index (SL); steepness index (Ks), hypsomet-
ric integral (HI), asymmetric factor (AF) and Basin shape (BS). Based on results obtained from
above analysis, spatial distributions of relative index of active tectonics (RIAT) are estimated
for North Wagad/Bharudia, Gedi and Island fault zones. The dimensions of these drainage
basins are given in Table 1.

3.1. Map of local relief

The map of local relief in the present study is produced from River-Tool by subtracting
arithmetically a sub-envelope surface that describes the general pattern of valley bottoms
elevations from an envelope surface (that connects peaks elevations) [28]. We obtained such
surfaces by smoothing the minimum and maximum topography of the SRTM DEM by a
20 km wide circular moving window (Figure 1C). We chose the value of 20 km since it is the
average spacing of the main valleys (5th, 6th and 7th Strahler order with respect to a critical
area of ~4 km?). This allowed us to remove small valleys, in effect operating like a low-pass
filter that highlights the regional-scale features.

3.2. Swath profiles

We have considered five swath profiles across the study area to describe and quantify the
topographic trend of the northern WH. The results show the trend of minimum, maximum
and mean elevation into a single plot [29, 30] (Figure 1D). The statistical analyses such as
maximum, minimum and mean elevations were calculated along each swath profile within a
GIS platform. (Figure 1D). A rectangular swath of 300 m width was chosen to extract a series
of parallel profiles that are separated by 1-cell (5 m). The width of the swath profile has been
used to condense both elevated surfaces and streams. The higher elevation in swath depicts
maximum elevation corresponds to the ridgelines; whereas, the lower elevation curve for the
minimum elevation represents the valley floors. The Incision by river can be measured by the
arithmetic difference between the maximum and minimum elevations within the longitudinal
distance of the swath rectangle [31].

3.3. Stream length gradient index (SL)

The SL index is one of the quantitative geomorphic parameters included in morphotectonic
assessment (Hack, [34]). This index will increase in value as rivers and streams flow over
active uplifts and may have lesser values when flowing parallel to structures such as valleys
made by strike-slip faulting [32]. The SL index seems to be a valid tool to detect local uplift
as well as the incipient local response to regional processes [33]. Conventionally the SL index
shows a quantitative approach to differential geomorphic studies related to erosion and depo-
sitional processes that include the river channel, long profile, and valley morphology as well
as tectonically derived features such as fault scarps. This index was defined by [32] as:
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Basins Area (km? Area% AF BS SL Ks HI AF BS RIAT RIAT class
class class class  class class value
1 30.759 2.05 7.70 34 2 2 2 2 4 24 3
2 8.962 0.60 1.90 32 1 1 4 1 4 22 2
3 49.538 3.31 14.21 34 2 2 2 2 4 2.4 3
4 22.855 1.53 16.59 53 1 2 2 3 5 2.6 3
5 49.991 3.34 12.06 48 1 2.5 1 2 5 2.3 3
6 17.051 1.14 5.12 39 2 2 3 2 4 2.6 3
7 20.658 1.38 15.41 54 2 2 2 3 5 2.8 4
8 7.733 0.52 13.51 36 1 1 4 1 4 2.2 3
9 56.53 3.77 3.60 35 2 2 1 1 4 2 3
10 52.989 3.54 8.07 28 2 2 1 2 3 2 3
11 40.325 2.69 1.48 36 1 1 2 1 4 1.8 1
12 20.395 1.36 8.76 1.5 1 2 3 2 2 2 2
13 11.269 0.75 5.24 32 2 2 3 2 4 2.6 3
14 13.33 0.89 14.92 62 2 2.5 2 2 5 2.7 4
15 16.705 1.12 35.33 1.6 1 1 2 4 2 2 2
16 9.342 0.62 20.88 34 1 2 1 3 4 2.2 3
17 5.188 0.35 4.82 37 1 3 2 1 4 2.2 3
18 53.91 3.60 25.82 23 1 2 3 4 3 2.6 3
19 134.73 8.99 10.92 1.6 2 1 3 1 2 1.8 1
20 48.422 3.23 13.31 94 2 2.5 3 1 5 2.7 6
21 209.47 13.98 8.26 19 2 2 2 2 2 2 2
22 71.57 4.78 15.51 37 2 2 3 1 4 24 3
23 151.26 10.10 3.18 39 3 3 3 1 4 2.8 5
24 129.46 8.64 14.02 49 3 2.4 4 2 5 3.28 5
25 96.119 6.42 4.32 25 2 2 3 1 3 2.2 2
26 64.618 4.31 31.38 19 1 2 4 1 2 2 2
27 104.85 7.00 2.10 15 2 2 4 1 2 2.2 3

Table 1. Spatial distribution of SL, HI, AF, Smf, SI, Bs, RSS, RIAT classes.

SL = (AH/AL)* L (1)

where AH/AL is the local slope of the channel segment being evaluated, and L is the channel
length from the divide to the midpoint of the channel reach. The SL index value increases as
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streams flow over active uplifts and areas with high rock resistance and may decrease with
low rock resistance. The integrated plot of stream longitudinal profile and SL index of all the
rivers are presented graphically on the x- and y-axis of the longitudinal profile of the main
channel (Figure 3).

3.4. Steepness index (Ks)

The normalized channel steepness index could be expected to vary with rock uplift rate (rela-
tive to base level), lithology, and climate [34, 35]. The method used for evolution of steepness
index in the study area is based on the empirical power law equation of [36, 37] that relates
the local slope (S) to the upstream contributing drainage basin area (A) [37, 38], However in
present paper similar methodology has been:

S =kA® )

where k_is the steepness index and © is concavity. Given Flint’s law, the relationship between
drainage area and distance downstream often described with Hack’s law strongly influences
the rate of change in channel gradient with distance downstream, which of course defines
the concavity of river profiles. If there is no differential uplift, the value of Ks should remain
constant. In the case of the river basin is undergoing differential uplift, Ks may change from
one segment to another [38].
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Figure 3. Integrated longitudinal river profiles and SL index of eight representative, rivers (Note: For details of all
integrated river profiles, see Figure 3, SL is shown by small green line along the profile; solid thick red dots represents
values of Ks along the long profile; knickpoints are marked by black star. After collecting data in Arc GIS we used Microsoft
excel for generating long river profiles and final editing has been done in golden software Surfer 14.
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3.5. Hypsometric integral (HI)

The hypsometric integral is an index that describes the distribution of elevation of a given
area of a landscape [39]. The integral is generally derived for a particular drainage basin and
is an index that is independent of basin area. The index is defined as the area below the hyp-
sometric curve and thus expresses the volume of a basin that has not been eroded. The simple
equation that may be used to calculate the index [32, 40] is:

HI = (average elevation — minimum elevation)/(maximum elevation — minimum elevation) (3)

The hypsometric curve indicates degree of dissection of the basin, i.e., erosional stage
of the basin. Concave profiles represent long-term equilibrium between uplift and ero-
sion rates. Concave — convex profiles with erosion steps in the middle reaches indicate
long-term predominance of erosional processes. Convex profiles are characteristic of areas
where uplift (active tectonics) is dominant [41] The area below the hypsometric curve
is known as the hypsometric integral (HI). The value of HI varies from 0 to 1 [41-43].
These profiles are drawn by projecting rivers onto a theoretical pre-incision surface that
is obtained by interpolating the altitudes from present-day lateral divides of the basins
(Figure 4). The values of elevation necessary for the calculation are obtained from a digital
elevation mode.

3.6. Basin asymmetry (AF)

The asymmetric factor (AF) is a way to evaluate the existence of tectonic tilting at the scale of a
drainage basin. The method may be applied over a relatively large area [32, 41] AF is defined

by:
AF = 100 (Ar/At) 4)

where Ar is the area of the basin to the right (facing downstream) of the trunk stream and
At is the total area of the drainage basin. If a basin has developed under stable conditions
with little or no tilting, the Af factor is close to 50. The index is sensitive to change in incli-
nation perpendicular to the channel direction. An AF factor above or below 50 may result
from basin tilting, resulting either from active tectonics or lithologic, structural control,
differential erosion. The AF value ranges from 18 to 85. The absolute difference (AF-50)
has been calculated and the obtained values are grouped into four classes: class-1 (AF < 5;
symmetric basins), class-2 (6 < AF < 15; gently asymmetric basins), class-3 (16 < AF < 25;
moderately asymmetric basins), and class-4 (AF > 26; strongly asymmetric basins) (Table 1).
The area of these drainage basins corresponding to asymmetric values is shown on the map
(Figure 5A).

3.7. Basin shape (Bs)

The horizontal projection of a basin may be described by the basin shape index or the elonga-
tion ratio, Bs [43]:

Bs = Bl = Bw (5)
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Figure 5. A spatial distribution of basin asymmetry along the northern Wagad area. (B) Estimated relative index of active
tectonics (RIAT) distribution pattern of the area. A and B have been generated using Global mapper 18 software and the final
editing has been done in surfer 14 software.

where Bl is the length of a basin measured from the highest point, and Bw is the width of a
basin measured at its widest point. Relatively young drainage basins in tectonically active
areas tend to be elongated in shape, normal to the topographic slope of a mountain [41, 43].
Therefore, Bs may reflect the rate of active tectonics.
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4. Relationship between fault displacements and drainage offset

Conventionally, quantitative displacement in a fault zone has been demonstrated by an off-
set of the river channel [25, 44, 45]. Usually, it has been widely observed that the maximum
displacement occurred in the central part of the fault zone [46] and that the displacement
decreases with increasing length. Decrease of river offset towards the west is possibly, west-
ward propagation of the faults. These streams were taken into account to calculate offset ratio:

a = DJ/L (6)

where D is the amount of stream offset along fault and L is upstream length of the displaced
stream [47]. A relationship between long-term slip rate (S) along the lateral slip of a fault and
offset ratio (a2 = D/L) has been roughly calculated as S (m/1000 years), i.e., 10 a [25, 44, 45].

We investigated the major to north flowing rivers such as the Suvai, Bhimguda, Narelawali,
Dhadawali, Karaswali, Malan, Baniyo, and Dabhodanwari rivers and adjoining streams to
estimate river offset along the E-W faults F1-F4 (GF). However, 17 south flowing rivers such
as 1-8, Khalwa River (9), 10, 11, Sharan Nadi (12), and rivers 13-17 have been analyzed to esti-
mate offset along faults F6-F8. Based on offset of river channel we estimated net displacement
along F2-F10 respectively.

5. Relative index of active tectonics (RIAT)

Several remote sensing studies have used the geomorphic indices to obtain index of relative
tectonic activity [48-50]. To understand the RIAT of the fault segments, the results of all calcu-
lated geomorphic indices were synthesized. In this study we used geomorphic indices of active
tectonics to obtained RIAT for the (NWF) North Wagad Fault, (GF) Gedi Fault, Bharudia Fault
and (IBF) Island Belt Fault. Based on these classes we have considered each basin class average
and combined to obtain the RIAT. The values of RIAT is assigned into five classes as Class- VI
(RIAT >4), Class V: (> 3.5 RIAT <4), Class IV: (>3 RIAT <3.5), Class III: (>2.5 RIAT <3), Class II
(>2 RIAT <2.5), and Class I (RIAT <2), (Supplementary Table 1; Figure 5B). Depending on the
relative index of active tectonics classes, Western part of Wagad uplift covering basin 11, and
Easterly covering 15 and 16 comes in highly active zone and shows offsetting drainage pattern
(Class 5). Basin 1, 3, 4, 7 and 10 in Bela island, basin 13 and 18 in Wagad uplift are tectonically
active and comes in (Class 4) zone and also delimiting by transverse fault between Basin 5, 6
and 9 in Bela Island 12, 14 and 17 in Wagad uplift are moderately active zones (Class 3) (Figure
5B). Basin 2 is intermediately active and comes in (Class 4) and Basin 8 is low active region.

6. Seismological approaches

The evidences of geomorphological in the Kachchh Rift Basin (KRB) is also supported by
available high resolution seismic structures, fault plane solutions and recorded seismicity at
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SeisNetG [13, 15, 51]. Theses integrated approaches provide a clue to understand what insti-
gate to generating a negative flower structure of drainage patterns and its role in the seis-
micity in the regions. The snapshot of the seismic images play important role to understand
brittle-ductile dynamics. It also shed light about hidden causative faults and the drainage pat-
terns that can dictate the degree of damage through shaking (Figure 1B). Several faults in the
Kachchh areas are mapped on the surface but still there are many among the existing factory
of faults which still remains undiagnosed and not mapped on the surface [15, 51]. That is why
we have determined almost all geological evidences and crustal heterogeneities parameters
in the present study to understand the nature and extent of underlain structures controlling
drainage network. The available 16 fault-plane solutions of the inferred fault planes of the
events (Mw 2> 3.5) recorded during 2007-2014 [13, 15, 51] (Figure 1B). The results obtained
from morphotectonic analysis of fluvial networks and seismological approaches are jointly
analyzed in the next section.

7. Imprints of active tectonics

The rivers in WH containing the knickpoints over the Mesozoic formations; are related to
active geological structures. The maps of local relief, swath, stream length gradient index,
and channel steepness (Figures 1D and 2) represents two major topographic zones. The
high elevated zones are located between 28 and 228 m. The high relief locations represent
remnants of a relict landscape that was preserved at high elevations caused by erosion-
ally balanced rapid Late Quaternary uplift [23]. The low relief zones are marked by Banni
and Rann surfaces (Figure 1C). The DEM generated swath profiles shows incision into the
alluvial surfaces. This incision is associated with multiple phases of tectonic events and
intensified climate forcing during early to mid-Holocene [23]. The sedimentation in lower
reaches of river valleys is predominantly controlled by processes that act in response to
tectonically triggered and climatically enhanced events [23]. The uplift involve the Bela
and WH that shows abrupt and anomalous variation in elevation as noticed in the swath
profiles (Figure 1D). The swath profiles shows maximum elevation correspond to uplifted
region and low elevation correspond to valley floor. The swath analysis of each profile
shows asymmetrical nature of valley shape. The results of the SL index are shown in Figure 2A.
Integrated longitudinal river profiles with SL and Ks longitudinal profiles of all rivers are
illustrated in Figure 3. The SL values range from 5 to 2300 which are grouped into five
classes: class-1 (low activity: 5 < SL < 100), class-2 (intermediate activity: 101 < SL <500),
class-3 (moderate activity: 501 < SL < 1000), class-4 (active: 1001 < SL < 1500), class-5 (very
active: SL 2 1501) (Figure 2A). The high and moderate classes of the SL values correspond
to significant faults except for the Bela zone, may be caused by the high rock resistance
prevailed in that area. The Ks and © were estimated from the log-log plot of S vs. A. The
Ks values range from 5 to 125. To evaluate segmental tectonic activity; these values were
also grouped into five classes: class-1 (low activity: 5 < Ks < 25), class-2 (intermediate activ-
ity: 26 < K, < 50), class-3 (moderate activity: 51 < K, <75), class-4 (active: 76 < Ks <100), and
class-5 (very active: Ks >101) (Table 1; Figure 2B). It is observed that the Ks values are high
close to the E-W faults.
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Equation References  Fault (SRL (RLD Average Coefficient MD AD Offset ratio Magnitude Slip rate
km) km) RLD A B (km) (km) (m) (M) (mm/y)
M=A+B*log (SRL) [55] F1 56 21 21 516 1.22 6.3-6.3-7.3 —
M=A+B*log (RA) F2 556 26 5.2 398 102 39 1.1 0.34 5.4-6.4-7.3 34
— *

M=A+B"log (MD) F3 55.8 42.8 16.6 6.81 078 0.49 1.3 0.11 6.1-6.7-7.3 1.1
M =A +B*log (RLD) 433 149

F4 55.6 40.6 40.6 0.63 43 0.14 6.7-6.7-7.3 1.4

F5 15.2 38.6 38.6 0.8 1.8 0.09 6.7-6.6-6.6 0.9

F6 56.7 43.8 37.6 0.79 3.1 0.07 6.7-6.7-7.3 0.71

F7 50 38.6 38.6 0.3 0.9 0.08 6.7-6.7-7.2 0.84

F8 54.13 48 17.2 0.4 1 0.06 6.2-6.8-7.2 0.67
Mw = 1.36*log SRL+ Johnston F9 21.17 19 7.2 136 4.67 08 0.9 0.14 5.6-6.2-6.7 1.4
4.67 [56]

F10 34 33 6.6 0.3 2.2 0.31 5.6-6.5-7.0 3.1

Surface rupture length (SRL).

Sub-surface rupture length (RLD).

Standard deviation (s).

Maximum displacement (MD).

Average displacement (AD).

Moment magnitude (M).

Table 2. Regression analysis of surface rupture, subsurface rupture length, and displacement.
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Conventionally the hypsometric integrals reveal complex interactions between erosion and
tectonics [39, 52, 53]. Hypsometric integrals are thought to be affected by basin parame-
ters such as geometry, area and rapid lowering of basin elevations [53, 54]. The hypsomet-
ric integral of each basin has been computed based on drainage area and basin geometry.
Hypsometric integrals are thought to be affected by basin parameters such as geometry, area
and rapid lowering of basin elevations [53, 54]. The HI of each basin has been computed
based on drainage area and basin geometry. However, we deployed conventional statistical
technique for the entire basin as well as the computation is implemented to individual squire
where high and low values can be obtained together. The contour map shows spatial distri-
bution of high and low values, imply that the WH experiencing rapid changes in elevation
and incision; owing to tectonic and climatic variations [23]. The higher values of HI clustered
around the uplifted regions however the lower values representing low lying areas (Figure 2C).
In the analysis of HI, it is considered whether the curve is convex in its upper portion, convex
to concave, or convex in the lower portion. The HI curves of all basins are given in Figure 4. It
is assumed that if part of the hypsometric integral is convex in the lower portion, it could be
associated with uplift along a fault or associated with recent folding.

In present study 10 north flowing and 17 south flowing rivers of WH were analyzed in order
to estimate river offset and tectonic control by the faults that cut across the area (Figure 2A, B).
The estimated values of offset along F2 ranges between 1.1 and 3.9 km, along F3, 0.49-1.3 km,
along F4 0.63—4.3 km, along F5 0.8-1.8 km, along F6 0.79-3.1 km, along F7 0.3-0.9 km, along
F8 0.4-1 km, along F9 0.8-0.9 km, and along 10 the offset ranges between 0.3 and 2.2 km
respectively (Figure 2D). The stream offset along the F2-10 is comparatively less westward.
However, the computed values of offset ratio of about 0.34 km for F2, 0.11 km for F3, 0.14 km
for F4, 0.09 km for F5, 0.07 km for F6, 0.08 km for F7, 0.06 km for F8, 0.14 km for F9 and 0.31 km
for F10 respectively (Table 2).

8. Geomorphic evidences controlling fluvial network

We identified various geomorphic features associated with active movement along F1 such
as block tilting, fault scarps, co-seismic uplift and drainage offset, are well characterized by
[57]. At a place the Mesozoic sandstone ridded over Quaternary deposits, resulted ~2 m high
active fault scarp (Figure 6A—E). The Mesozoic strata are tilted by 8° southward. We identified
secondary surface deformation ~10 km along the strike of the F2 (Figure 6A). The co-seismic
movement has developed tensional fractures along the strike of F2 (Figure 6D-E). The north
dipping tensional fractures near F2 reflect “en echelon” pattern having step-overs with strike-
slip component; probably developed during the northward movement of the hanging wall
followed by surface bending (Figure 6D and E) [23].

Further Kothyari et al. [23] documented remarkable geomorphic features such as (a) E-W
trending fault across gently folded Mesozoic strata, (b) steeply dipping strata with south fac-
ing active fault scarp at Deshalpar, (c) wide tensional in E-W direction, (d) highly fractured
and sheared litho-units within faulted blocks, (e) subsidence of ground, and drainage offset
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along the structures (Figure 6F). The tectonic movement in this region resulted changes in
surface elevation by forming approximately 9 m high fault scarp (Figure 6G). A significant
gradient change in the valley floor causes development of 3 m high knickpoint (Figure 6H).
The litho-units are tightly folded within the fault zone. The southern limb of the fold is
steeply (~75°) dipping towards south. These steeply dipping beds are characterized by pres-
ence of slickensides parallel to the strike direction (E-W) of the F5 (Figure 6I). Kothyari et al.
[23] believe that these features are results of middle to late Holocene tectonic reactivation of
GF. Furthermore, the significant amount of changes have been observed within the hydro-
logical network between 8 to 4 ka [23]. The north flowing Karaswali River takes 90° turn
and flows in west direction, parallel to GF (F4). East-west offsetting of the two rivers is also
observed south of the Gedi village (Figure 6F).
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Figure 6. (A) Detailed map showing major tectonic features observed in the F2 zone (inset; DEM of growing ridge
showing ground uplift (~1.5 m) near the fault zone (modified after [57]); (B and C) fault scarp; (D and E) development
of E-W oriented tensional cracks within the fault zone. These tensional cracks are displaced by small scale strike slip
faults. (F) Map shows locations of ground deformation observed along the trace of F4. Inset shows development of
tensional fractures within the tertiary sandstone bed (modified after [23]); (G) development of ~9 m high fault scarp near
Deshalpar, (H) lateral spreading of ground east of Deshalpar, and 3 m waterfall was developed along the F3, (I) well
developed slickensides are visible parallel to strike of F4. The drainage map of A and F are generated using georeference SOI
topographic map in Global mapper 18 software and for final editing we used Surfer 14 software. The inset DEM of the area has been
generated with the help of reconnaissance Real Time Kinematic (RTK) survey. The DEM has been generated in Surfer Software.
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9. Seismic tomography and fault plane solutions

The estimated velocity images and fault-plane solutions are shed new light in understanding
the fluvial network and geomorphic development in the intraplate region of Western India
[15]. The epicenters of the relocated earthquakes show that the majority of the events are
confined along F1-F4 (Figure 1B) during the recorded period. It is also noticed that some of
small to moderate events are located north of F4 and north of F1 (Figure 1B). Interestingly,
epicenters of small to moderate earthquakes are associated with the offset zone of fluvial
network. Theses fluvial network are plotted over seismic tomography images at 5.0 km,
10.0 km, 15.0 km, 20.0 km, 25.0 km, and 30.0 km depths to understand brittle - ductile dynam-
ics (Figure 7A). Based on significant perturbations in Vp anomalies, several shallow and deep
fault controlling surface fluvial network are identified. Conventionally the low velocity of Vp
anomalies at shallower to deeper depths represents presence of fluid, unconsolidated rocks
fault gauge, cracks and fractured basement [15, 51, 58, 59]. Based on surface fluvial offset and
velocity perturbation in depth sections of tomography data, the slow velocity is interpreted
as a subsurface fracture pattern or strong heterogeneities. The high velocity zones at deeper
depth are associated with the surface offset of drainage network [15].

The depth slices of tomography images are critically examined to identify subsurface fault
pattern (Figure 7A). Both combined seismological and geological results clearly show that
the zone between Bharudia/NWF and IBF is controlled by eight (F1-F8) E-W oriented
parallel faults. Seismic tomograms at depths 5-15 km shows NW-SE and NE-SE oriented
transverse faults. The Fault F4 is a vertical fault, which is well defined by velocity perturba-
tions sections down to the depth of 30 km depth. Faults F1, F2, F3, F5, and F6 are connected
with the F4 at 25 km deeper level (Figure 7A, B). However, the fault F7 is connected with
F5 at 15 km depth, whereas the F8 joints with F7 down to the depth of 10 km. Figure 7B
represents inferred depth geometric relationship of all these faults. Geometrically all these
faults are converge at depth along a single sub-vertical fault (F4), making an E-W oriented
negative flower structure, where all branches of faults are interacting at different depth
resulting rhomb shape graben structure (Figure 7B). From the experimental model of [60]
it is clear that the strike-slip fault zone is generally composed of several branches that join
together at depth into a single vertical plane. As a consequence, bulk displacement accom-
modated at depth on the basement fault is distributed towards the surface among several
faults whose tectonic activity evolves through time. Some branches remain inactive during
a certain period, and then they are reactivated later when their geometry becomes compat-
ible again with the evolving strain field in the wrench zone [60]. The model shows that the
local relief apparently has a clear influence on subsurface fault geometries (Figure 7A). In
the regions of low topography or where strong river incision traverses the wrench zone, a
narrow releasing bend generally develops when the fault trace is deviated towards topo-
graphic lows. In regions of higher relief, compression is often associated with shearing,
and the fault zone appears much more deformed and segmented [60]. From the earthquake
fault plane solution data, it is clear that all these faults are strike slip pattern in nature
(Figures 1B, 6 and 7A). However, a few solutions show thrust motions may be due to local
tectonic adjustment between segmented fault blocks.
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Figure 7. (A) Stack map shows horizontal depth slices of P-wave seismic structures [51] at 5, 10, 15, 20, 25, and 30 km. The
topographic surface level is highlighted by digital elevation model of the area. The fault lines F1 to F10 are marked based
on offset of river along the wave velocity transition phase and highlighted by black dotted lines. (B) Dimensional block
model of northern Wagad areas shows development of negative flower structure at deeper level as inferred from seismic
structures. The position of faults on the top surface is marked by stream offset pattern. The depth behavior of fault is
shown by fault plane solutions of [12-15]. Locations on the surface are marked by black filled circles; solid fill triangles
represent location of GPS stations. (C) Schematic block model of Wagad region based on geological and seismological
data shows development of negative flower structure towards the northern part of the area. The streams crossing these
faults show prominent offset on the surface. The, horizontal depth slices in Figure 1A are generated using MATLAB R2010
software and depth wise stack map of horizontal slices has been generated using Surfer-14 software. The P wave velocity slice (B) has
been generated in MATLAB R2010 and the final editing has been done in Surfer software. For generation of C we used CARTOSAT
satellite data to generate N-S topographic profile and final map has been generated using Surfer-14 software.

10. Combined interpretation and discussion

Globally, the rift basins are controlled by extensional tectonic forces. Changes of stress regime
may cause inversion of such system from normal strike slip and reverse Coward [61], Scisciani
[62] or by development of new faults between the basement rocks and overlying sedimentary
succession [62, 63]. The wrench zone of a strike slip fault system shows complex arrays of
structures in brittle upper crust in which fault splays are oblique to the principal fault trend
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and generate a wide deformation zone [60, 64, 65]. The depth section of such faults tend to
be steep at deeper level and to splay upwards, forming characteristic flower structures; have
reverse (positive flower) or normal (negative flower) components [66, 67]. In such tectonic
environment the shape of fault pattern is influenced by degradation and aggradation surface
processes [68]. Conventionally in a negative flower zone the faults splays become listric as
a result of synchronous deformation and sedimentation [69]. However, in a positive flower
setting, faults tend to become steeper towards the surface as a result of aggradation in the
footwall and degradation in the hanging wall [70-75].

A wide zone of fault rupture pattern is investigated in WH of Kachchh peninsula. The seis-
mic structures, seismicity and fault plane solution investigation show that the GF (F4) is
a nearly vertical fault (Figure 7B, C) having dominant strike-slip deformation [15, 18, 51].
Using double difference tomography, we identified several shallower and deeper faults
(F1-10); these faults are well connected with sub-vertical south dipping GF (F4) at different
level (Figure 7B and C). Geometrical relationship inferred from seismic structures show
all these faults are converge at certain depth along GF and making E-W oriented negative
flower structure. All fault branches are interacting at different depth level and generating
rhomb shape graben structure, which is well imaged in the seismic structures (Figure 7B
and C). Depth section of tomography suggested that the faults F1, F2, F3, F5 and F8 are
deeper faults. However, the F6 and F7 are imaged at shallower depth. It is also clear from
the seismic structures that the fault F1 is a north dipping fault plane and connected with the
F4 at 27 km depth level. The north dipping faults F2 and F3 and the south dipping faults F5
and F8 are connected with F4 at 25 km depth level. On the other hand the fault F6 is a south-
ward dipping splay of F5 and connected with F5 at 15 km depth. The F7 is a small south
dipping subsidiary branch of F6. The fault is connected with F6 at 12 km depth.

Conventionally, an extensional overstep zone of a strike-slip fault several branches that join
together at depth into a single vertical plane [18]. As a consequence, bulk displacement accom-
modated at depth on the basement fault is distributed towards the surface among several
faults whose tectonic activity evolves through time [60]. Some branches remain inactive dur-
ing a certain period, and then they are reactivated later when their geometry becomes com-
patible again with the evolving strain field in the wrench zone [60]. A few researchers argued
that KRB regions show dominantly strike-slip with the slightly reverse faulting natures [13,
51, 76]. However, a few solution shows reverse type of motion could be associated with the
local tectonic adjustment between segmented fault blocks.

The archeological records from the WH experience several damaging earthquakes of mag-
nitude 6.0-7.8; that have occurred between 2900 BC and 1300 BC (Table 3). The arche-
ological evidences observed from 40 km west of study area (e.g. Dholavira) suggested
that the ancient town was damaged by several major earthquakes between 2900BC and
1300BC [63, 77-79]. Presence of geomorphic and paleoseismic features within the WH,
studied by previous workers are correlated with these historical earthquakes [23, 25, 63].
Further, based on trench investigation and optical chronology identified three earthquake
events during last 7000 years [63]. The displaced fluvial sediment and optical chronology
in the area suggested that the SWF reactivated during Middle to Late Holocene period i.e.,
between 3 ka and 1 ka [25]. Similarly other geomorphic studies suggest that the F4 reacti-
vated during Middle Holocene around 4 ka [23].
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In-SAR measurements show current deformation rate as ~16 mm/y in the western part and
7-16 mm/y in the southern part of the GF zone [14, 23, 80]. Based on trench investigation [63]
estimated uplift rate of 0.5 + 0.05 mm/y, horizontal shortening rate of 1.1 + 0.12 mm/y along
SWEF. However based of fluvial offset [25] estimated slip rate 2.2 mm/y along the SWF zone
which is compatible with the slip rate 1.19 + 0.13 mm/y observed by [63]. Based on strath ter-
races [23] estimated the uplift rates 0.3 to 1.1 mm/y along F4, during the last 9 ka. Further, based
on fluvial offset, we estimated slip rates for faults (F2-F10) using the imperial relationship
given by [45]. The estimated slip rate along F2 of about 3.4 mm/y, along F3 of about 1.1 mm/y,
along F4 of about 1.4 mm/y. along F5 of about 0.9 mm/y, along F6 of about 0.71 mm/y, along
F7 of about 0.84 mm/y, along F8 of about 0.67 mm/y, along F9 of about 1.4 mm/y, and along
F10 of about 3.1 mm/y (Table 2). The observed slip rate of F2-F10 are well corroborated with
the uplift rate 0.3 tol.1 mm/y during the last 9 ka as estimated from the OSL dates' The slip
rates obtained from drainage analysis are well correlated with the published results of GPS
from the WH (ISR technical report by [81]. Four sites located in the southern part of study
area shows variations in localized deformation (Figure 7B). The site Ekal shows deforma-
tion rate 2.5 + 0.12 mm/y, Suvai is deforming at the rate of 1.9 = 0.03 mm/yr., Badargadh is
deformation at the rate of 1.8 + 0.13 mm/y, and the site located near Rapar shows deformation
rate of 2.1 = 0.11 mm/y [81]. To sites Deshalpar and Fatehgadh shows deformation rates of
1.0 +0.04 mm/y and 1.7 + 0.04 mm/y (Figure 7B). However, a site located in the northern part
of study area shows crustal deformation rate 3.8 + 0.14 mm/y [81]. The estimated slip rates and
GPS driven deformation rates together suggests that the landform development in the area is
controlled by localized crustal deformation.

The future earthquake along active faults can be evaluated from estimates of fault rupture
parameter in turn, released to earthquake magnitude [55]. Active fault studies require an
assessment of seismic hazard analysis for the future potential earthquakes [55]. More spe-
cifically to estimate the size of earthquake that might be generated by a particular fault may
be correlated with rupture parameter such as length, strike and displacement [55, 82, 83].
Moreover, the timing of the past earthquake and size of magnitude can be estimated with
the help of geomorphic and paleoseismic records [84, 85]. We used regression analysis pro-
posed by Wells and Coppersmith [55] and by Johnston [56] and Johnston and Kanter [86] for
intraplate region to estimate moment magnitude. The detail regression analysis is expressed

S.No Year Remarks References
1 2900BC Damage in Dholavira, dislocation of walls, subsidence of floors and crushed [77]

bricks
2 2700BC Damage in Dholavira, 4 m wide fissured wall, collapse of southern features and [78]

multiple cracks running E-W

3 2100BC Damage in Dholavira; tremendous damage to the gates of castle, tilting and [79]
arching of thick inner walls and collapse of outer walls at north gate

4 2000BC

6 1900BC Abandonment of settlements [63]

7 1300BC

Table 3. List of historic earthquakes occurred in Kachchh region of western India.
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in Table 2. The regression analysis proposed by Wells and Coppersmith [55] and Johnston
[56] shows strong correlation between surface rupture length and magnitude of earthquakes.
However the regression analysis shows that probability of occurrence of earthquake mag-
nitude range between 6.3 and 7.3) along F1, magnitude (M 5.4-M 7.3) along F2, magnitude
(M 6.1-M 7.3) along F3, magnitude (M 6.7-M 7.3) along F4, magnitude (M 6.0-M 6.6) along
F5, magnitude (M 6.7-M 7.3) along F6, magnitude (M 6.7-M 7.2) along F7, magnitude (M
6.2-M 7.2) along F8, magnitude (M 5.6- M 6.7) along F9, magnitude (M 5.6-M 7.0) along
F10 respectively (Table 2). From the regression analysis it is clear that the faults (F1-F10)
passes through the WH are capable for generating earthquake magnitude M 5.4 and M 7.3.
Occurrence of February 2006M-5.6 along F9 validates our results and significant level.

Geomorphic indices are widely used to obtain index of active tectonics [25, 48-50]. Here we
synthesized conventional geomorphic indices of active tectonics to calculate relative index
of active tectonic (RIAT) distribution along the all fault segments (F1-F10). The RIAT classes
show that the deformation is higher along the offset zone of fault segment (Figure 5B).
Conventionally the SL and KS values show abnormal increase of gradient within normal and
reverse faults. Minor changes of SL and KS observed within the zone of strike slip fault. At
few places the SL and KS values do not shows any variation, which is compared with the
strike slip motion of fault. The strike slip motion is well corroborated with the results of seis-
mic tomography and fault plane solution (Figure 7B). The existing studies suggest that the
terrain close to the GF (F4) experienced occurrence of moderate earthquakes during recent
time [23, 27]. The strike slip motion observed from focal mechanism is well correlated with
drainage offset along E-W oriented faults within the north and south flowing river system.

Further the observations gathered from the SL, KS and RIAT distribution are corroborated with
the geomorphological studies carried out by [23]. The geomorphic expressions such as active
fault scarp, shifting and offset of channels indicates that the area is controlled by E-W oriented
strike slip faults. Further, steepening of river gradient as observed from tectonic proxy (SL and
KS) and uplift of ground further support that the area is tectonically active. Previous studies
by [23] suggests that the uplifts in GF zone were associated with interlinking of strike slip
fault segments. Further major two phase of tectonic uplift have been identified by [23] based
on uplifted fluvial strath terraces. The study shows that the first phase of enhanced uplift took
place round 8.0 + 0.9 ka; however, the second phase of uplift is began after 4 ka and contin-
ued till today [23]. In present study, several E-W oriented knickpoints were identified across
north and south flowing drainage basins of WH. At several locations these knick points have
migrated primarily due to river response to sudden base level fall and secondly incision owing
to vertical tectonic forces. As sudden base-level fall can be triggered by tectonic upheaval, cli-
matic change, river capture, or channel incision [87-89]. The incision by river and the formation
of knickpoints are well correlated with tectonic upheaval along F1-F8 (Figure 2A).

11. Conclusions

The study of the topographic configuration morphometric analysis and the subsurface
imaging of the fluvial network from WH permitted us to develop a model for the long-term
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evolution of the drainage basin which is influence by deep tectonic processes. Based on
present observations the following conclusions have been drawn.

1. Based on analysis of fluvial offset and subsurface velocity images major 10 traces of active
fault (F1-F10) controlling hydraulic network have been identified.

2. The surface geomorphology, velocity imaging and fault plane solution data together sug-
gest that the subsurface structure of WH is controlled by strike slip faulting.

3. The fault geometry inferred from seismic images show presence of negative flower struc-
ture at a deeper level.

4. The depth wise images show that the GF (F4) is steeply dipping towards south. The fault
F1, F2 and F3 are dipping towards north, whereas, the fault F5-F8 are dipping towards
south. All these faults are connected with GF (F4) at different depth level, which is well
imaged in the seismic structures.
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Chapter 6

Seismological Implication to the Tectonic Evolution of
the Lutzow-Holm Bay Region (East Antarctica)

Masaki Kanao and Vladimir D. Suvorov

Abstract

Passive source studies using teleseismic events demonstrated heterogeneous structure in
the Liitzow-Holm Bay (LHB) region, East Antarctica. Depth variations of upper mantle
discontinuities (410 and 660 km) were derived from long-period receiver functions by
local array stations. Shallow depths in topography of upper mantle discontinuity were
cleared beneath the continental ice sheet back azimuth. These results reflect a paleo-
upwelling of the mantle plume associated with Gondwana breakup. Lithospheric mantle
anisotropy derived by shear waves’ (SKS) splitting anticipated a relationship between
“fossil” anisotropy and the past tectonics in NE-SW orientation. Origin of mantle anisot-
ropy was assumed to be caused by supercontinent assembly rather than present asthe-
nospheric flow parallel with absolute plate motion. The deep seismic surveys by active
sources, moreover, were carried out over continental ice sheet and provided clear infor-
mation on crust-mantle boundary, together with inner lithospheric mantle reflections.
The extracted lithospheric cross-sectional images by seismic reflection analyses implied
tectonic influence of compressive stress during Pan-African age.

Keywords: upper mantle structure, Liitzow-Holm Bay region, East Antarctica,
Gondwana supercontinent, tectonic evolution

1. Introduction

East Antarctic continent consists of several geological terrains as resultant of amalgamation
and breakup of Rodinia and Gondwana [1, 2]. In wide areas of Western Enderby Land-Eastern
Dronning Maud Land, inside the East Antarctica, several geological complexes are adjacent
to each other from East to West: the Napier (Archaean), the Rayner (late Proterozoic), the
Liitzow-Holm (early Paleozoic), and the Yamato-Belgica (early Paleozoic) (Figure 1) [3-5].
Combined with other Gondwana component continents such as Africa, India, and Australia,
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Figure 1. Gondwana reconstruction at 480 Ma, centered on East Antarctica (modified after [5]) showing the geologic
ages of major exposed coastal outcrops [2]. The areas corresponding “undifferentiated Precambrian” terrains belonging
to each continental blocks of Gondwanaland (Australia, Africa, South America, and Antarctica) are distinguished by
different colors (yellow dot, green dot, brown dot, and light-blue dot), respectively. Abbreviations are as follows: SYO,
Syowa Station; LHB, Liitzow-Holm Bay; SR, Shackleton range; SPCM, Southern Prince Charles Mountains; LT, Lambert
Terrane; EG, Eastern Ghats; PB, Prydz Bay; DG, Denman Glacier; OH, Obruchev Hills; P. Or, Pinjarra Orogeny; TA. Cr,
Terre Adélie Craton; G. Cr, Gawler Craton; MR, Miller Range; GSM, Gamburtsev Subglacial Mountains.

the crust and lithospheric mantle architecture with relevant tectonic history of East Antarctica
provide evidence of amalgamation and separation of the past supercontinents [6, 7]. The
Liitzow-Holm Bay (LHB) region, where the Japanese Syowa Station (SYO, 69S, 39E) is located,
has been experiencing regional metamorphic events in early Paleozoic [8]. The metamorphic
grade increases from amphibolite facies in eastern LHB to granulite facies in the western.
During the Pan-African metamorphism, LHB was deformed under compression stress per-
pendicular to the thermal axis [9].

Seismological evidence with respect to the structure and tectonics of the upper mantle beneath
LHB has been derived in the last few decades by both the computer modeling and field obser-
vations by the Japanese Antarctic Research Expedition (JARE). Teleseismic data detected at
seismic stations in LHB have sufficient signal-to-noise quality for various kinds of analyses
so as to clarify local seismicity, heterogeneities of the lithospheric structure, as well as deep
interiors of the Earth [10-13]. Several studies had aimed at deriving static structure, tectonics,
and dynamics within the crust and mantle depths, associated with geological evolution of
the region [14, 15]. In this chapter, by taking into account the tectonic evolution around the
Liitzow-Holm Bay (LHB) region, passive and active seismic source studies were reviewed in
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order to provide comprehensive understanding in formation of the upper mantle structure
and dynamics beneath LHB, associated with evolving process of supercontinents in southern
hemisphere during the Earth history.

2. Seismic investigations of the upper mantle

Seismological investigations in LHB demonstrated sufficient images of the structure and
dynamics in the upper mantle underneath the Antarctic continent. The investigations by
using passive seismic sources such as teleseismic events occurring over the globe had dem-
onstrated strong heterogeneity existing in the upper mantle depths. Depth variations of the
upper mantle discontinuities (410 and 660 km depths, respectively) were derived from long-
period receiver function analysis (0.2 Hz low-pass filtered), which indicated shallow depths
in the 660 km seismic discontinuity beneath continental back azimuths in LHB (Figure 2)
[16]. The depth distributions of P-S conversion points were also revealed in particular for the
660 km discontinuity. The shallow depths in topography for the 660 km discontinuity were
identified beneath the continental azimuths over the ice sheet. These results could provide
an evidence of upwelling flow associated with mantle plume in terms of Gondwana breakup
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Figure 2. Back azimuth distribution of the depth variation in the upper mantle seismic discontinuities by receiver
function analyses of broadband seismic data in LHB (modified after [16]). (Left) Location of the strong heterogeneous
azimuths in LHB. The area for strong depth variations in upper mantle discontinuities is represented by the light-green
open squares, which are almost parallel with the coastal line. Symbolic notation for the P-S conversion points at the
mantle discontinuities around 660 km in depth. (Right) Color images represent the smoothed amplitudes of the long-
period receiver functions. Two dashed lines are traced for the maximum amplitudes of both 410 km and 660 km depth
discontinuities, respectively. Two back azimuth groups for strong depth variations in the upper mantle discontinuities
are circled by the light-green open squares.
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process. Moreover, strong heterogeneities were observed in both 410 km and 660 km dis-
continuities in back azimuths of 20-50° and 200-260°, respectively. These back azimuths are
almost parallel to the coast line and are assumed to have a relationship with the breakup of
Gondwana supercontinent.

Shear wave splitting analysis by using SKS waves [17], in addition, indicated clear association
between “fossil” anisotropies relating to the past tectonics, which appeared to be in pres-
ent lithospheric mantle structure beneath LHB. A two-layered structure model was assumed
for upper mantle anisotropy; upper was supposed to be the “lithosphere,” and lower corre-
sponded to the “asthenosphere,” respectively. By using the data from local seismic network
in LHB, azimuthal variations of the shear wave splitting parameters were obtained (Figure 3).
The fast polarization directions of the SKS waves were compared with those directions by an
absolute plate motion, which are reflecting more recent mantle flow process of the Antarctic
Plate (Figure 3) [18]. Since the fast polarization directions in lower layer were generally paral-
lel to the directions of the absolute plate motion, the lower layer’s anisotropy might reflect
the asthenospheric anomalies due to horizontal mantle flow along the plate motion. On the
other hand, the fast polarization directions of upper layers did not coincide with the absolute
plate motion direction. It was supposed that anisotropic structure could be involved in the
past tectonics; the origin of anisotropy was considered as “frozen” within the lithosphere. The
Gondwana assembly in early Paleozoic age might be the major aspect in forming the present
anisotropy [2].
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Figure 3. (Left) Upper mantle anisotropy in LHB derived from SKS splitting (modified after [17]). At the stations of AKR,
LNG, SKL, SYO, and TOT, the lower layer anisotropy is supposed to be caused by recent asthenospheric flow. For almost
all other stations, the direction of anisotropy in the upper layer (corresponds to the “lithosphere”) is parallel to NE-SW
convergence during the Pan-African age. (Right) Schematic illustration of a two-layered model of seismic anisotropy
within the lithosphere and asthenosphere.
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Figure 4. (Left) Map showing the location of deep seismic surveys conducted in LHB (modified after [19]). Solid and
open stars indicate the shot locations in 2002 and 2000, respectively. Large and small circles represent the geophone
stations on ice sheet for both the active seismic source operations. The size of each shot given is the weight of dynamite
used. (Right) Tectonic interpretations of the seismic reflection cross sections. The CDP stack section with offset limited
to traces within 120 km for the 2002 profile (upper) and to near traces for the 2000 profile (lower), respectively. Several
seismic reflections in the crust and the Moho discontinuity are identified by broken lines and solid arrows. Moreover,
reflections from the bottom of the ice sheet are traced by the broken line in the shallow layer of the topmost crust.

Furthermore, active seismic source investigations (wide-angle reflection/refraction and near
vertical reflection studies) imaged striking lithospheric mantle reflection patterns involving
regional tectonics during Pan-African and the next following extension regime at the conti-
nental margins of the breaking-upped supercontinent (Figure 4) [14, 19]. By these evidences,
tectonic evolution model of LHB was estimated in order to explain the heterogeneities in the
present upper mantle. For the 2000 active source profile on continental ice sheet in LHB, a
single coverage of common depth point (CDP) with only nearer traces was identified in the
lower-right panel of Figure 4. On the contrary, the CDP stack section with offsets less than
120 km was depicted for the 2002 active source profile. A laminated seismic velocity layer in
the lower crustal depths, moreover, was modeled by comparing synthetic receiver functions
with those of observed ones in short-period frequencies (0.1-1.0 Hz) [20]. The repetitive crust-
mantle transition zone derived by 2002 profile suggested an influence of compression stress in
NE-SW orientation during the Pan-African, which might occurred at the last stage of forma-
tion of a great mobile belt between East and West Gondwana [1]. Successive breakup of the
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supercontinent in mid-Mesozoic could explain the formation of stretched reflection structure
above the Moho discontinuity as imaged by the 2000 active source profile.

These seismic reflection cross sections were assumed to reflect multi-genetic origins, includ-
ing igneous intrusions, lithologic/metamorphic layering, mylonite zones, shear zones, seis-
mic anisotropy, and fluid layers [21, 22]. In spite of the multi-genetic origin, metamorphic
layering could be principal candidates in the case of LHB. A strong reflectivity in the deeper
crust-upper mantle might be expected by layered sequences of mafic and felsic rocks [23].
Moreover, such the reflectivity might be originated when the mafic rocks had been interlay-
ered by a combination of the upper amphibolite and lower granulite facies metapelites [24].
In any continental terrains on the Earth, the primary causes for reflectivity might be enhanced
by ductile stretching during a late tectonic extensional process [25]. The reflecting layers near
the Moho, moreover, were predominantly identified at the crustal thinning tectonic regimes.
In these regards, reflectivity in the lower crust and lithospheric mantle beneath LHB might be
enhanced under extensional conditions by the last breakup of Gondwana.

3. Estimation of tectonic evolution

On the basis of the seismological evidence mentioned above, a regional tectonic model of LHB
was estimated so as to explain formation process of the present upper mantle structure. A
history of evolution, including major tectonic events in LHB, was summarized in Figure 5(a, b).
Dedicated geological studies revealed regional metamorphism of the area during the Pan-
African age [1, 2]. Metamorphic grade increased progressively from amphibolite facies in the
NE to granulite facies in the SW of LHB. The maximum thermal axis runs through the south-
ern LHB with a NNW-SSE striking direction [26]. From geological evidence, the LHB experi-
enced deformation of compression stress oriented perpendicular to the thermal axis, almost
parallel to the coast, during the last stage of deformation process within a mobile belt between
East and West Gondwana [1, 2]. The high-amplitude magnetic anomalies occurring in LHB
compared to those in surrounding terrains [27] indicated that the LHB might be located in one
of the major suture zones of the Pan-African mobile belt. These major suture zones appeared
to continue from LHB to the Shackleton Range of West Antarctica [1, 28].

Lower crust and upper mantle beneath LHB were characterized to have lateral as well as
vertical variations as revealed by seismological studies mentioned in this paper. The gently
inland dipping Moho discontinuity (38-42 km) beneath the 2000 deep seismic profile was
inverted by travel time analysis from refraction and wide-angle reflection surveys [29]. The
present structure was characterized to hold the past regional tectonics, in particular meta-
morphic activities during the Pan-African. Inferred thrust duplicated (similar to the wedge-
shaped) lower crust-upper mantle transition structures interpreted on the 2002 seismic profile
(Figure 4) [19] implied compressive stress regime along the profile oriented in NE-SW direc-
tion during the Pan-African events. In spite of these geophysical and lithologic information,
LHB was assumed to be formed under convergence, perpendicular to the thermal axis, dur-
ing the collision between supra terrains of the Gondwana at the last stage of supercontinent
formation [15, 30]. When the LHB underwent NE-SW compression, related paleo-mantle flow
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Figure 5. (a) Tectonic evolution model in LHB estimated by several seismological studies. Pan-African orogeny and mid-
Mesozoic breakup could be the major two events affecting to form the present upper mantle structure. (b) Illustration
of the collision tectonics around LHB at Pan-African orogeny in Eastern Dronning Maud Land-Western Enderby Land
(modified after [30]). East Gondwana block includes the Archaean Napier Complex in the middle part of Enderby Land.

along the direction might produce well-defined seismic anisotropy associated with a thermal
axis of the progressive metamorphism. Since the direction of paleo-compression was con-
sistent with resultant fast polarization by SKS splitting [17], anisotropy in the upper layer
in Figure 3 could be explained by “lithospheric” deformation during the formation of LHB.
Figure 5b illustrates the tectonic evolution of Pan-African orogeny in Eastern Dronning Maud
Land-Western Enderby Land (modified after [30]). The tectonic evolution process is supposed
to be divided into three stages: (1) collision of East Gondwana (Archaean Napier Complex),
(2) LHB exhumation by wedge uplift of basement of underlying the Napier Complex, and (3)
LHB exposure due to surface erosion, respectively.

At the breakup between Antarctica and Australia-India in 150 Ma [31], LHB experienced exten-
sional stress, which caused thinning at the continental margins of Antarctic continent. The flat-
lying reflectors above the crust-mantle boundary identified in the 2000 seismic profile (Figure 4)
suggested the presence of an extensional stress regime in NW-SE direction resulting from the
breakup. The seismic reflective layers at the crust-mantle boundary and lithospheric mantle
might have been enhanced by extensional conditions during the final stages of the breakup.
The LHB experienced regional high-grade metamorphism during the Pan-African age [32]; the
metamorphic grade increased progressively from the north to the south, and the maximum
thermal axis lied in the southernmost part of LHB [9]. The “fossil” anisotropy in the lithospheric
mantle could be deformed by the past regional tectonics. A majority of the fast polarization
directions in the upper layer, which corresponded to the “lithosphere,” were orientated in a
NE-SW direction (Figure 3). This direction was consistent with that of the paleo-compression
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stress during Pan-African and the conversion stage between East and West Gondwana terrains
at the age. In these concerns, it was proposed that the mantle anisotropy had been originated
by lithologic orientation of the mantle minerals during amalgamation process of Gondwana
rather than the current asthenospheric flow which parallel to the absolute plate motion.

The lattice-preferred orientation (LPO) induced mechanical anisotropy developed along the
direction of preexisting lithospheric structure during continental rifting [33]. The origin of
anisotropy beneath Western Dronning Maud Land was pointed out as the ancient lithospheric
structure modified by rifting processes during breakup [34]. Since the spreading direction off
the Enderby Land was NW-SE initial stage of breakup [35], a strike of the rift was gener-
ally parallel to the continental margin of LHB. The fast polarization directions of the upper
layer (“lithosphere”) in the SKS analysis were roughly parallel to the continental margin. In
this regard, it was plausible that the breakup process affected the formation of anisotropy in
the lithosphere. The preexisting lithospheric structure might also influence the formation of
anisotropy in the succeeding breakup process.

4. Summary

Passive seismic source investigations using teleseismic data revealed heterogeneous structure
in LHB. Depth variations of the upper mantle discontinuities (both for 410 and 660 km) were
derived by long-period receiver functions by using local array network at the area. Shallow
depths in topography of upper mantle discontinuity were identified at the continental back
azimuth beneath the ice sheet. The evidence reflected the effect by paleo-upwelling flow asso-
ciating the mantle plume with regard to the Gondwana breakup. Lithospheric mantle anisot-
ropy derived by the SKS splitting was supposed to be formed by “fossil” anisotropy caused
by the past tectonics in NE-SW orientation. The origin of the mantle anisotropy was assumed
by the LPO involving the process of supercontinent assembly rather than present astheno-
spheric flow which parallel with the absolute plate motion on the Earth’s surface. In addition,
several results from deep seismic surveys by using active seismic sources which were car-
ried out on the continental ice sheet provided clear information on crust-mantle boundary, in
addition to the inner lithospheric mantle seismic reflections. After processing of deep seismic
reflections, the extracted lithospheric cross section implied tectonic influence of compressive
stress during Pan-African age.
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Chapter 7

Bureya-Jiamusi Superterrane: Tectonic and
Geodynamic Processes in Late Mesozoic - Cenozoic

Derbeko Inna

Abstract

Bureya-Jiamusi superterrane (BJS) is a component of the Amur plate. This is one of the most
complex and controversial structures of the eastern Asia. The bulk of the “body” superter-
rane is located in China, where it is actively researched by the Chinese scientists. The north-
ern border of the structure is directly on the territory of the Amur region and is defined by
the boundary of the Mongol-Okhotsk orogenic belt. By Parfenov, the superterrane is bor-
dered by the Paleozoic-early Mesozoic orogenic belts and the North China plate. But there
are other ideas about the spatial location of the BJS. All the suggested geodynamic recon-
structions of the studied region take into account the interdependence between North-
Asian and China-Korea plates and plates of the Pacific basin oceanic crust. The suggested
work attempts to show the dependence of the evolution of the Bureya-Jiamusi superter-
rane on the surrounding geological objects in the late Cretaceous-Cenozoic interval.

Keywords: tectonic, geodynamic, Bureya-Jiamusi superterrane, Mongol-Okhotsk
orogenic belt, late Mesozoic, Cenozoic

1. Introduction

Bureya-Jiamusi superterrane is a component of the Amur plate [10, 11, 24, 25, 33]. It is situ-
ated in the southern frames of Mongol-Okhotsk orogenic belt, which was formed as a result of
closure of Mongol-Okhotsk orogenic belt. The structure of the Mongol-Okhotsk orogenic belt,
closure time of the basin and, correspondingly, so is the structure-tectonical situation of the
framing structures at that moment have no certain definition by the scientists. One of the most
difficult and debatable structures of the region is Bureya-Jiamusi superterrane. A significant
part of the superterrane body is situated in the territory of China, where it is actively studied
by the scientists of the country [2, 12, 14, 19, 20, 39, 42, 44-47].

123



Tsunami: Concerns and Challenges

The northern border of the Bureya-Jiamusi superterrane is situated directly at the territory
of Amur region (Russia) and correlates with its border with Mongol-Okhotsk orogenic belt
[26]. According to [25], superterrane borders with Paleozoic early Mesozoic orogenic belts
on west and south: South Mongol-Khingan, Solonker, Wundurmiao and China-Korea plate
(Figure 1). The Bureya-Jiamusi superterrane situation by [19] is the same as by [25].

As the author states [19], the southern border of superterrane is cut by Suolunshan-Central
Jilin orogenic belt, which is an intermediate suture between the superterrane and the China-
Korea plate. Li [19] suggests that Solonker orogenic belt includes the Bureya-Jiamusi super-
terrane in its structure. But there are also other ideas of the location of the Bureya-Jiamusi
superterrane (Figure 1).
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Figure 1. Scheme of the structurally tectonical composition of the Mongol-Okhotsk orogenic belt and its southern
framing according to [25]. B] — Bureya-Jiamusi superterrane and its forming terrains: I — Bureya, II — Jiamusi, III —
Khanka. The outlines of the Bureya-Jiamusi superterrane are according to the data: 1 — [12]; 2 — [43]; 3 — [39]. 4 — The
outline of Mudanjianiang belt is according to the data [31]. Adacitic fields with age 55.5 Myr are according to the data
[2] — 5. Other alphabetic designations: MO — Mongol-Okhotsk orogenic belt, AR — Argun superterrane, SM — South
Mongolian-Khingan orogenic belt, SL — Solonker orogenic belt, WD — Wundurmiao orogenic belt, BD — Badzhal terrain,
SA - Honshu-Sikhotealin orogenic belt.
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According to the idea, the spreading of the superterrane formations is significantly limited
in the southwest direction [2, 12, 14, 20, 39, 40]. The author of the suggested article attempts
to analyze the geodynamic processes in late Mesozoic-Cenozoic time, which could affect the
structure-tectonical formation of Bureya-Jiamusi superterrane.

2. Geological structure of the Bureya-Jiamusi superterrane

It is considered that the Bureya-Jiamusi superterrane is formed with the comparable in geo-
logical structure terrains (Figure 1): I - Bureya, II - Jiamusi, III — Khanka [16, 25-27].

Previously, it was stated that the foundations of these terrains are the metamorphic com-
plexes of the Archean-Proterozoic [17, 22]. But at this time, data on the age of protoliths of
metamorphic rocks of these complexes are obtained.

According to the data, the formation of the foundation occurred not earlier than late
Proterozoic. Superimposed structural-metamorphic transformations are connected not with
the Precambrian events but are the result of processes that occurred in the territory of Bureya-
Jiamusi superterrane in Paleozoic-Mesozoic [34, 35, 40, 41].

Significant part of the Bureya-Jiamusi superterrane territory (more than 50%) is built with
granitoids of Paleozoic age [17].

It is believed that the Paleozoic granites along with Devonian, Permian, and Silurian volcano-
genic and terrigenous formations played a “stitching” and overlapping role in the structure
of the studied terrains.

They built up more ancient formations. In turn, they were blocked and injected with Mesozoic
rocks (Triassic and Cretaceous) [16]. According to the research results of the biota characteris-
tics from terrigenous deposits of early Mesozoic (Triassic-Jurassic) of Bureya-Jiamusi superter-
rane, it was stated that the rocks were formed in the sea basin under conditions of significant
climate changes. Such changes are characteristic of mid-latitude [21]. The formations of the
Sikhote-Alin terrains that are the neighboring territory at the east were formed under tropical
conditions of the marine environment of low latitudes. With all that, it was shown that the sed-
imentation accumulation of the rocks occurred in the single oceanic basin [21]. As the authors
consider, the fact is “an important, evidence in favor of the interpretations, according to which,
a number of Sikhote-Alin terrains, experienced large-scale displacement in the northern direc-
tion” [21]. Shallow marine sediments, which are replaced by coarse continental material, begin
to form in Jurassic. The end of Jurassic is marked with magmatic activity in the region.

3. Stages of magmatic activity in the Bureya-Jiamusi superterrane
territory

On the territory of the Bureya-Jiamusi superterrane, the continental volcanism correlates
with the fore time periods: trachyriolithic complex was formed in the interval of the end of
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Jurassic—135-136 Myr; the formation of calc-alkaline complexes of rocks of andesite compo-
sition occurred at 120-105 Myr. One of the complexes is a fragment of the island arc which is
preserved along the border of Mongol-Okhotsk orogenic belt on Russian territory (Figure 2)
[7]. The formation of an intraplate volcano-plutonic complex of rhyolites-alkaline trachyda-
cytes and their plutonic comagmatites occurred 101-99 Myr [3]. According to the geochro-
nology data, the beginning of the fourth stage can be counted since 56 Myr till our time,
practically. Impulsive outpouring of volcanites, predominantly of basic composition, occurs
from this moment [2, 16].

3.1. First stage: late Jurassic to 135 Myr

The beginning of the magmatic activity of late Mesozoic is marked with the formation of
trachyriolite volcanic complex. These are the rocks of Itikut complex located on Russian ter-
ritory. It is represented by stratified volcanogenic-terrigenous formations and subvolcanic
bodies [4, 16, 22]. Stratified formations perform rift-like depressions in the north-north east-
ern direction. The lower part of the cut is made with tuff terrigenous rocks. Belonging of the
acid volcanites to the intraplate post-collisional formations is confirmed by petro-geochemical
features of the rocks [4].

According to the findings of macro- and micro-palaeoflora from the tuff-terrigenous part of
the section of the cover part of the complex, the time interval might be stated as the end
of Jurassic-Hauterivian [16]. The age of the volcanites of the Itikut complex is 135-136 Myr
(“Ar/*Ar method) [37] by the geochronological data. According to these data, the time of the
Itikut complex rocks formation was accepted as the end of the Jurassic—135 Myr.

0 100 Kkm
[ —

Figure 2. Spatial position of the rocks of the volcano-plutonic Burunda complex, according to the data [7] and
Mudanjianiang magmatic belt, according to data [31]. The rock of the Burinda volcano-plutonic complex—(1). Outline
of the northern flank Mudanjianiang belt— (2). Tectonic boundaries—(3).
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3.2. Second stage: 120-105 Myr

The most widely spread volcanic complexes are of andesite composition and were formed
120-105 Myr. Geochronological data on volcanites and plutonic comagmates of the complexes
correspond to the 118-105 Myr interval [2, 5]. Considering the stage of the accumulation of
tuff-terrigenous coagulation at the base of stratigraphic sections of these complexes and the
presence of fossil biological remains of Aptian age in the sediments, the time interval of the
rock forming of the complexes is stated as 120-105 Myr [5]. Three volcanic complexes of this
age have been identified on Russian territory: Pojarka, Stanolir, and Burunda [5, 16]. Rocks of
Burunda complex correspond to island-arc formations by the petrochemical and geochemical
characteristics [7].

It can be stated that the island arc was formed in late Mesozoic along the northern margin of
superterrane (on the border with the Mongolo-Okhotsk orogenic belt in modern coordinates).
Nowadays, it represents a fragment of the island arc that lies at a significant depth (about
3000 km) of the coastal-marine sediments [5, 7] (Figure 2). Concerning this, highlighting of
the Mudanjianiang belt is of interest in the region of the Burunda rock complex island-arc
development (Figure 1).

Age data of the Mudanjianiang belt rocks are ambiguous, which is shown by the researchers
[43]. But the authors state that these formations are the analog of Burunda volcano-plutonic
island-arc complex. The age interval of formation for the magmatites of Burunda complex is
stated by the precision (**Ar/*Ar, Rb-Sr) methods as 111-105 Myr [5].

The volcanic formations aged 118-105 Myr are widely developed within the Jiamusi terrain in
China[2]. Theauthorssubdividetherocksintofourformationshere: Tuntianying —118-116 Myr,
Sanxianling—117-115 Myr, Huoshanyan—108 Myr, Jingouling—106 Myr. The affinity of
these formations with the rocks of the volcanic complexes listed above that was studied in
the territory of Bureya terrain (Russia) and is not only limited by age compatibility. This is
confirmed by their petro- and geochemical affinity. The volcanites of the Jiamusi terrain are
also moderately enriched in Sr., Zr, Hf, Ti, Y, REE and depleted in Ta and Nb according to [2].

3.3. Third stage: 101-99 Myr

The third stage of the history of geological development of the Bureya-Jiamusi was the shortest
one. Apparently, some catastrophic events took place at that period. They evoke the formation
of the volcanic-plutonic complex of rhyolites-alkaline trachydacytes (Solonechny). The complex
is represented with the rocks of the cover, vent, subvolcanic facies and plutonic comagmates.
They are depleted in Ba and Sr. and are enriched in Rb, Th, Nb, Hf, and Zr. The age of the vol-
canites determined by the “’Ar /*?Ar method is 99-101 Myr [8, 36], which corresponds to the alb.

3.4. Forth stage: 56 Myr to Cenozoic

In the interval 99-56 Myr, the territory of Bureya-Jiamusi superterrane is in a state of rest;
in fact, it is a platform where coarse clastic terrigenous deposits accumulate. Impulsive out-
pouring of volcanites, predominantly of basic composition, occurs about 56 Myr ago and, in
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fact, up to our time—260 years ago (bass Nemarhe river —mineral spring Udalyanchi, China).
Herewith, typical adakites were formed in the frames of the southern flank of the superter-
rane—on the border with the orogenic belt of Wundurmiao [2]. The age of adakitic rocks is
55 Myr. All the following magmatites (less than 20 Myr) correlate with the intraplate forma-
tions by their geochemical characteristics.

4. Tectonic position of the Bureya-Jiamusi superterrane

Ideas about the location of the Bureya-Jiamusi superterrane in the Late Mesozoic-Cenozoic
are quite various. Thus, according to [33] the joining of Bureya-Jiamusi superterrane to Argun
superterrane (through South Mongolian-Khingan belt or Sungliao block according to the
views of the Chinese geologists) occurred in the second half of Paleozoic. It accreted to the
Chinese-Korean craton in late Permian [46]. And later, being a part of Amur plate, together
with the Chinese-Korean craton, superterrane moved north and accreted to Siberian platform,
forming Mongol-Okhotsk orogenic belt and provoking closure of Mongol-Okhotsk basin.
Different authors suggest various time stages of the process of the basin closure: in the early
Cretaceous [32], in the Late Jurassic [46], or at the end of the Paleozoic [26].

It is known that the union of large geological objects, as a rule, is accompanied (fixed) by mag-
matic manifestations. The following stages of volcanic activity are set for the northern flanks
of the Argun superterrane and the South Mongolian-Khingan (Sunglao) orogenic belt: 147-
138 Myr—volcano-plutonic complex of adakite granites—trachyriolites; 140-122 Myr—dif-
ferentiated calc-alkaline volcano-plutonic complex; 119-97 Myr—bimodal volcano-plutonic
complex; 94-cognac (88?)—absarokite-trachyandesite intraplate [3, 6, 37]. Absolutely other
age sequence of Bureya-Jiamusi superterrane magmatic activity is noted in late Mesozoic.

In the author’s opinion, the final closure of the Mongolian-Okhotsk basin occurred in the interval
119-97 Myr and was accompanied by the formation of bimodal volcano-plutonic complexes in
the frames of the Mongolo-Okhotsk belt [3]. So far, it can be stated that an entirely different age
sequence of magmatic activity is noted in the late Mesozoic within the Bureya-Jiamusi superter-
rane. And the magmatites formed at the same time have disparate material characteristics with
late Mesozoic volcanites of the Argun superterrane and the South Mongolian orogenic belt.
The fact that the closure of Mongol-Okhotsk orogenic belt was accompanied by the formation
of riftogenic structures in its frames, made by the bimodal complexes formations, is confirmed
by the evolution of the western flank of the Mongol-Okhotsk orogenic belt [1]. The absence of
bimodal complexes in the territory of Bureya-Jiamusi superterrane [4, 5] can be an evidence of
the fact that the studied superterrane did not participate in the closure of the Mongol-Okhotsk
basin, that this geological object represented an independent structure in the late Mesozoic.

The idea of the tectonic boundary of the Bureya-Jiamusi superterrane with the Badzhal and
Honshu-Sikhotealin orogenic belts is almost unambiguous for all authors. And the ideas of
the researchers of the eastern structures and the Bureya-Jiamusi superterrane collision time,
which fits into the interval 155-125 Myr [16], are close.
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5. Geodynamic evolution of the Bureya-Jiamusi superterrane

The Bureya-Jiamusi superterrane tectonic development scheme for the territory of China was
developed back in 1994 by Liu Zhaojun with co-authors [47]. According to this scheme, the
stretching prevailed in the region in late Jurassic-early Chalk. It was triggered by changes in
the movement of the Izanagi ocean plate. As a result, rift-like structures were formed about
135 Myr ago. These structures were filled with of coal-bearing precipitates and volcanites of
acid composition. In the territory of Russia, within the Bureya-Jiamusi superterrane, a similar
volcanic complex with an age of magmatic component of 136-135 Myr [4, 37] is formed dur-
ing this period. The territory of Bureya-Jiamusi superterrane represented a passive continen-
tal margin and, probably, was at rest approximately 135-120 Myr. According to palinspastic
reconstructions (Bretshtein and Klimov [16] and Didenko with coauthors [9]), Bureya-Jiamusi
superterrane was an independent geological body during this period. It drifted on the Izanagi
oceanic plate in the northwestern (close to northern) direction with a speed of 30-20 cm per
year [23]. Magmatic activity occurred throughout the territory of Bureya-Jiamusi superter-
rane during the interval of 120-99 Myr actually [4, 5, 30, 38].

According to the palinspastic data of Bretshtein and Klimov [16], the Bureya-Jiamusi
superterrane accretion to the Badzhal terrain occurred in post-Jurassic. It was shown that
the formation of volcanites with geochemical marks of the suprasubduction type took
place 120-105 Myr [2, 4, 5, 7]. Based on the data, it can be assumed that the subduction
processes covered almost the entire territory of the Bureya-Jiamusi superterrane during
this period. We can consider the following as one of the possible tectonic scenarios: sub-
duction processes are caused by the displacement of a younger and, therefore, more plastic
Badzhal terrain to older formations of the Bureya-Jiamusi superterrane, which has more
power and rigidity.

What was the cause of this? According to paleomagnetic definitions [23], the Izanagi plate
reversed its direction from north-west to northeast 119 Myr. And although the angle of rotation
was insignificant, and the speed changed by only 0.6 cm per year (from 21.1 to 20.5 cm/year),
it could be enough for the interaction of these geological objects to occur. Proceeding from
such a tectonic scenario, the next stage of magmatic activity will be more understandable.
Catastrophic events that were accompanied by the formation of an intraplate volcano-plutonic
complex of acidic-alkaline rocks at the contact of Bureya-Jiamusi superterrane and Badzhal ter-
rain occurred about 101-99 Myr [8, 36]. Therefore, it is assumed as the most likely scenario, that
during the subduction process a sharp break (breakage) and a plunge of the slab of Badzhal
terrain into the asthenospheric “window” occurred. This was, naturally, accompanied by an
active and short-term formation of the rocks of the intraplate volcano-plutonic complex [4, 8, 36]
(Figure 3).

According to paleomagnetic data, for the main tectonic units of the Far East south [16] in
the Jurassic-Neogenic interval, the Bureya-Jiamusi superterrane was at a very considerable
distance from the continental margin of Asia. Similar research works [18] prove that the width
of the Mongolo-Okhotsk paleobasin in the late Jurassic was about 3000 km. Paleomagnetic
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Figure 3. Hypothetical scheme of the spatial position of the Bureya-Jiamusi superterrane, compiled from original data
and materials [2, 12, 25, 31, 39, 43]. Areas of distribution of rocks of late Mesozoic volcano-plutonic complexes: (1-2)
differentiated and bimodal: mainly plutonic (1), mainly volcanic (2); volcano-plutonic complexes of Bureya-Jiamusi
superterrane; (3-5) with the late Jurassic age—135 Myr (3), 120-105 Myr (4), 101-99 Myr (5). The boundaries of superterrane
(6-7): subduction boundaries (6), transforming boundaries (7). Age of the magmatic rocks (8). Other tectonic boundaries (9).

determinations for the terrains of the Sikhote-Alin orogenic belt structures bordering the
superterrane from the east [9, 28, 29] showed that they were much more south of the 30th
parallel 123 + 22 Myr. All this confirms the assumption that Bureya-Jiamusi superterrane was
located at a considerable distance from its current location and was an independent geo-
logical object in late Mesozoic. Any magmatic activity in the Bureya-Jiamusi superterrane is
absent (not established) in the interval 99-56 Myr.
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Most likely, the drift of a collage of terrains, now, according to the motion of the ocean plate
Izanagi, occurred in this period. The Izanagi plate moved to the northwest at a speed of 23.5 cm
per year, and then in the western direction (85-74 Myr) at a speed of 20.2 cm per year [23] during
100-85 Myr time period. It can be assumed that this movement continued until the final joining
of the Bureya-Jiamusi superterrane to the eastern edge of the Asian continent. If we accept the fact
that tectonic rearrangements are usually accompanied by magmatic events, it can be stated that its
accession to the east of the Asian continent took place approximately 56-55 Myr. This is confirmed
by the appearance of adakite fields in the accretion place of the Bureya-Jiamusi superterrane and
the orogenic belt of Wundurmiao and the China-Korean plateau (Figure 1) aged 55.5 Myr [2].

Mesozoic adakite granitoids and their volcanic analogs are identified and studied during the
last decade in such regions as Romania, Turkey, Korea, East, and Southwest China. According
to the generalized analysis of petro- and geochemical characteristics, these rocks are associ-
ated with subduction processes [13].

Complex tectonic rearrangements comparable to the transformational situation of the
Californian type occurred when the Bureya-Jiamusi superterrane collided with the continen-
tal margin of Asia [15]. Surely, the subduction moments were present among the processes
accompanying the transformational interaction of the two continental margins. And farther,
the pulsation outflow of lavas of the main-medium composition with increased alkalinity and
geochemical characteristics of intraplate magmatism [4] takes place actually up to now.

6. Conclusion

All the suggested geodynamic reconstructions of the studied region take into account the
interdependence between North-Asian and China-Korea plates and plates of the Pacific basin
oceanic crust [16]. The suggested work attempts to show the dependence of the evolution of
the Bureya-Jiamusi superterrane on the surrounding geological objects in the late Cretaceous-
Cenozoic interval. As a result of the analysis of the original and extensive literature, it is
suggested that magmatic activity —its manifestations and activity changes—in the Bureya-
Jiamusi superterrane territory correlates quite well with the geodynamic events occurring in
the late Mesozoic-Cenozoic, not only on the continental margin of Asia but also within the
evolution of oceanic plates of the Pacific basin (plate Izanagi). Comparison of the time stages,
material composition, and tectonic positions of the Bureya-Jiamusi superterrane in this time
interval indicates its belonging to the structures of the Pacific mobile belt.
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Chapter 8

A Discussion on the Detachment Structural
Deformation and Its Influence on Pore Structure
Evolution in Shale on the Western of the Xuefeng
Mountain, South China

Mingliang Liang, Zongxiu Wang, Linyan Zhang,
Huijun Li, Wanli Gao and Chunlin Li

Abstract

Detachment structures occur widely in the crust, and it is the commonest and most
important deformation type developed in the region between orogenic belts and basins.
Organic-rich shale, as the weak layers, usually acts as slippery layers in detachment
structural deformation systems. The “comb-like” and “tough-like” fold belts on the
western side of the Xuefeng Mountain result from the multilayer detachment, and their
formation is different from the typical Jura type structures. The reason is that there are
several detachment layers and detachment systems in the stratigraphic column from the
Neoproterozoic upwards to the Mesozoic in the study area. As the stress decoupling role,
the shale slippery layers tend to undergo strong deformation in the detachment systems
and impacted on pore structure evolution in the shale. In order to obtain the detach-
ment structural deformation and its influence on pore structure evolution in shale on
the Middle and Upper Yangtze, the structural and textural, geochemical and mineralogi-
cal properties analysis, porosity and pore structure feature investigations are performed
using shale samples collected from the same shale bed of the Longmaxi Formations
(Lower Silurian) of Western of the Xuefeng Mountain, South China.

Keywords: Western of the Xuefeng Mountain, detachment deformation,
tectonic deformed shale, Longmaxi shales, pore structure evolution

1. Introduction

Detachment structures occur widely in the crust, which is the result of the shearing occur-
ring between a competent rock and an uncompetent rock, include many different types of
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structures such as detachment folds and hybrid fault-propagation folds. Recently, a series of
models of the detachment has been brought forwards, and the kinematics and mechanism
of detachment folds is also an important branch in the studies of the thrust tectonics [1-6]. The
typical detachment folds are those in the Jura Mountain in the Alps orogenic belt, in the fore-
land region of the Appalachian orogenic belt and in the foreland region of Cordillera orogenic
belt [1, 7, 8]. And, many researches have also been carried out on the thrust tectonics in China
since 1960 [9-19]. The main characteristic of these detachment folds is that they formed on the
uncompetent layers such as the Triassic evaporates in the Jura Mountain [20-22]. However,
most studies focus on the structure with single detachment layer, with few studies on the
effects of the multilayer detachment on the derived structures except for those researches in
the Jura Mountain and the Zagros Mountain [23, 24].

The deformation zone between the Huayin Mountain and Xuefeng Mountain in the eastern
Sichuan, located in Middle and Upper Yangtze, is characterized by the multilayer detachments
in the late Mesozoic, with discordant features in various structural styles (Figure 1). In the study
region, the strata from the Cambrian up to the Jurassic are all covering layers in the basin, and
the “comb-like” and “tough-like” fold belts result from the multilayer detachment. In terms of
basic structural styles and mechanism, Liu argued that these thin-skinned structures resulted
from differential erosion of box folds under the stress outside [25]. Ding et al. and Ding and
Liu suggested that the folds in this region [26, 27], especially those comb-like folds, were the
kink bands controlled by the buckling at the regional scale. Liu and Liu preferred that these
folds were produced by the compression in the early Mesozoic and superimposed by the late

Figure 1. Geological map of western of the Xuefeng Mountain, South China.
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extension [28]. Xu et al. divided this region into three structural layers [29], among which
duplexes and fault-bend folds mainly form in the lower one, fault-bend folds and fault-propa-
gation folds mainly form in the middle one and the detachment folds, fault-propagation folds
and break-through structures mainly occur in the upper layer. Guo et al. further pointed out
discordance occurring in various layers [30]. Yan et al. argued that multi-detachment thrusting
due to the progressive compression from the southeast to the northwest resulted in the develop-
ment of the structures in the study region. Two major detachment layers occur in these cover-
ing layers [10, 31], comprising the Lower Cambrian Niutitang Formation and Lower Silurian
Longmaxi Formation (Figure 2). Organic-rich shale, as the weak layers, usually acts as slippery
layers in detachment structural deformation systems in this study. The detachment layers in
the study region show a wide range of deformation styles caused by shearing along the layers:
A-type; S-C fabric; sheared puddings; cleavage and thrusts. The primary structure of deformed
shale is damaged and the parallel bedding has almost disappeared due to deformation.

Previous studies have shown that the Upper and Middle Yangtze Plates have superior marine
hydrocarbon geological conditions and immense potential for shale gas. Compared to North
America, the geological conditions of gas shale reservoirs in South China are highly diver-
sified and complicated due to the detachment structural deformation, which transformed
the structure of shale seams and resulted in structure deformed shale with unique reservoir
properties [32-35]. For example, as the first commercial shale gas field outside the North
America, one of the most important controlling geological factors in the Fuling shale gas
field in southeastern margin of the Sichuan Basin was strong structural deformation of shale
[32, 33, 36]. It is necessary to study how pore structure develops in gas shale influenced
by tectonic deformation. Ma et al. investigated the pore structure of the mylonitized shale
sample by FESEM and N, adsorption analysis and found that the mylonitized shale has high
specific surface area and high methane adsorption capacity [34]. Ibanez and Kronenberg
have explained the deformational and microstructural changes under variable confinement
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Figure 2. Distribution of detachment layers and constitution of detachment systems in western of the Xuefeng Mountain,
South China.
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for illite-rich shale [37]. Shale gas and coalbed methane (CBM) reservoirs are in formally
grouped as unconventional because gas is trapped in part by sorption processes [38]. Several
previous workers have focused on the pore characteristics and adsorption gas characteristics
of tectonically deformed coals [39, 40], which provide references to the study on deformed
shale. Although previous studies have provided useful insight to evolution of pore structure
in shale during thermal maturity and in CBM related to deformation structures, the predic-
tion of structural deformation change in pore structure of shale in geological condition still
remains quite challenging. In the present study, pore structure feature investigations are per-
formed using two sets of shale samples (deformed shale and undeformed shale) collected
from the typical shale bed of the Longmaxi Formations (Lower Silurian) of Western of the
Xuefeng Mountain, South China. The influence of structural deformation on pore structure
was discussed.

2. Deformation of the detachment layers

There are two main detachment layers of shale in the covering layers in the study region, i.e.,
the Lower Cambrian Niutitang Formation and Lower Silurian Longmaxi Formation. These
two detachment layers controlled the strong deformation of the study region during the late
Mesozoic and showed different roles in different zones.

2.1. Deformation of the Cambrian system

The detachment layer is the Niutitang Formation (€ n) in the Lower Cambrian, which is mainly
composed of black carbonaceous shale and black shale and about 70-200 m thick. This layer
crops out in the region between Shizhu and Anhua-Xupu Fault, but the strong shearing along
the layer only occurred in the region between the Cili-Dayong Fault and the Anhua-Xupu Fault.

Different types of small shear folds and thrust faults character the deformation of the detach-
ment layer, including angular folds, congruous inverted folds, sheath folds and recumbent folds.
B-type and A-type folds can be found (Figures 3 and 4). The fold hinges strike mainly northeast-
southwest. However, the fold hinges of sheath folds trend northwest-southeast, which indi-
cated the direction of shearing. The axial planes of these folds mainly dip to the southeast at the
angle of 40-70°. Combined with sheath folds, top-to-the-northwest thrusting occurred along
this detachment layer, which is similar to the deformation of the Xuefeng Mountain.

2.2. Deformation of the Silurian detachment layer

The Silurian detachment layer is composed of the Longmaxi Formation (S1) of the Lower
Silurian. It is the thickest detachment layer (more than 2000 m) in the study region, which is
mainly composed of shale with some silty mudstone and siltstone. This layer mainly distrib-
utes in Shizhu and Baojing; it also crops out to the west of Anhua-Xupu Fault. Field observa-
tions showed that the deformation of this layer mainly occurred in the region between Shizhu
and Baojing (the region where the so-called narrow syncline style folds developed).

The B-type folding characters the deformation of the Silurian detachment layer. The congru-
ent inverted fold is the main type of the folds in this layer (Figure 5). Most fold hinges strike
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Figure 3. Shear folds formed by shear deformation in the lower Cambrian detachment layer. (a) A-type shear folding;
(b) pencil structure indicates SE-NW shear (location: Labachong, Luoyixi Town, Yongshun County, Hunan); (c, d) B-type
shear folding (location: Mengfu Village, Liangshuijing Town, Yuanling County, Hunan).

Figure 4. Assemblage of thrust faults and shear folds in the lower Cambrian (location: Fumeng Village, Liangshuijin
Town, Yuanling County, Hunan).
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Figure 5. B-type shear folds with SE dipping axial planes in the Silurian detachment layer (location: (a, b) Shaoha Village,
Shaoha Town, Yongshun county, Hunan; (c, d) Heixi Town, Pengshui county, Chongqing).

northeast-southwest; some AB-type inverted folds whose hinges strike north-east are also
found. The axial planes of these folds mainly dip to the southeast with dip angle ranging
from 20 to 60°. And some inverted folds with axial plane di