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ABSTRACT ARTICLE HISTORY
This work focuses on quantitative discrimination of fault segment growth and its effect on Received 30 October 2017
sedimentation and stratigraphic evolution in the Tanan Depression, the Tamtsag Basin, Mongolia. Accepted 12 March 2018

Integrated seismic data sets and stratigraphic data suggest that normal faults evolve as fault KEYWORDS

segments grow, link and amalgamate to form a larger fault. Three main stages in the evolution of Tamtsag Basin; Tanan
fault zone are recorded in the syn-rift stratigraphy. This paper applies a method to effectively Depression; fault segment
discriminate the locus of fault segments by ‘three diagrams’ and quantitatively reconstruct process of growth; throw backstripping;
fault growth by the maximum throw subtraction method. Backstripped to T,3 SB event, the F1 fault transfer zone; sedimentary
comprises four hard-linked segments, and the F2 fault is divided into four soft-linked segments (F2-4 stratigraphy

and F2-5 segments are shown by hard linkage) at the T3 structural level. The F1 and F2 fault comprise

hard-linked segments at the T,3; structural level when the F1 and the F2 are backstripped to the T,

(133.9 Ma) SB event. The F1 fault is divided into three soft-linked segments (F1-2 and F1-3 segments

are shown by hard linkage), and the F2 fault is divided into four isolated fault segments at the T3,

structural level when the F1 and the F2 is backstripped to the T,3 SB event. Incorporation of paleo-

fault geometry, isochron thickness map and sedimentary facies suggest that the transfer zone

provided accommodation space for sediment discharge and deposition, and the depocentres were

formed at the locus of maximum throw along a fault segment during its overall deposition.

Introduction increases as the displacement increases, and the d../L
ratio is constant throughout the evolution. (2) An ‘increas-
iNng dmnax/L ratio model’ that presents an increasing dp,q./L
ratio with increasing fault growth. (3) A ‘constant length
model’ suggested by Walsh, Nicol, and Childs (2002), in
which the fault length is attained rapidly at an early stage
and remains constant as displacement increases. (4) A
‘fault linkage model’ (e.g. Cartwright, Trudgill, & Mansfield,
1995; Fu, Sun, Wang, & Meng, 2015; Kim, Andrews, &
Sanderson, 2000; Kin & Sanderson, 2005; Peacock & Sand-
erson, 1991), in which the faults grow as isolated faults at
early stages and then link together to produce additional
fault length. During their growth, fault segments can prop-
agate from multiple initiation points to form relay ramps
and subsequently link together to constitute a single coa-
lesced corrugated fault surface (Fu et al, 2012; Gupta &
Scholz, 2000; Mansfield & Cartwright, 1996; Peacock &
Sanderson, 1991; Soliva & Benedicto, 2004).

Normal faults mostly comprise fault segments that com-
monly occur as arrays of overlapping segments (Anders &
Schlische, 1994; Childs et al, 2009; Fossen, 2010; Kim &

Throughout decades of hydrocarbon exploration, geolo-
gists have realised that faults are important in sediment
distribution (e.g. sag structure and sandstone), especially
in rift basins. The maximum displacement/length (dyax/L)
ratio for mature faults range between 10° and 1073, and
primarily between -107" and 1072 (Figure 1) (Schultz & Fos-
sen, 2002), whereas the d,,/L ratio relationship for single-
event normal faults or segments ranges between 10~ and
107%, and primarily between 107> and 107™* (Wells & Cop-
persmith, 1994). The displacement is generally less than
10 m for a single-event fault (Figure 1). This suggests that
geological faults represent many (~10° individual slip
events (Fu, Xu, Wei, & Lv, 2012; Kim & Sanderson, 2005).
Fault growth is the result of progressive fracture deforma-
tion (Scholz, Dawers, Yu, Anders, & Cowie, 1993), or is
associated with the nucleation, growth and linkage of fault
segments during progressive deformation. Four fault
growth models were illustrated by Kim and Sanderson
(2005). (1) A ‘constant d,,q,/L ratio model,” which is gener-
ally applied for small, isolated faults. The fault length
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Figure 1. T plots of maximum displacement (dm,x) against fault length (L) for natural faults and single-event faults. The data for the natural faults are from Kim and
Sanderson (2005). Yellow shadow is the natural fault, grey shadow is the single-event fault rupture. SS, sandstone; LS, limestone; SH, shale.
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Figure 2. Evolution and quantitative discrimination of fault segment growth. (a) The 3D schematic diagram of the evolution processes of fault segments (Conneally
et al., 2014, modified). (b) Throw-distance curve at the stage of fault growth. (c) Fault-plane throw diagram at the stage of fault growth. (d) Fault-plane depth dia-
gram at the stage of fault growth (Fu et al., 2015). Stage 1, isolated fault (approaching transfer zone); Stage 2, soft linkage (overlapping transfer zone); Stage 3, hard
linkage (transfer fault); and Stage 4, through-going fault (fault damage zone).



Sanderson, 2005; Segall & Pollard, 1980). It is well understood
that normal faults evolve as fault segments, grow, link and
amalgamate to form a larger fault (Figure 2). Segment linkage
has been proposed as an important mechanism for fault
growth at various scales in rift zones (Cartwright et al., 1995; Fu
et al, 2015; Kim et al., 2000; Peacock, 1991; Peacock & Sander-
son, 1991; Soliva & Benedicto, 2004; Willemse, Pollard, & Aydin,
1996) with the process of fault segment growth well validated
by field outcrops, sandstone physical modelling and 3D seismic
interpretation (Fossen, 2010; Fu et al,, 2015; Kristensen, Childs,
& Korstgard, 2008; Wang et al., 2013). Three stages identified in
the growth of linked fault segments (Peacock & Sanderson,
1991, 1994) describe the formation of different types of transfer
zones as the fault segments grow. Initially, isolated faults (stage
1) can propagate towards each other, leading to an approach-
ing transfer zone (Figure 2a). Fault tips gradually converge and
interact. The fault segments may interact without any obvious
connection (soft linkage—stage 2) and form a synthetic over-
lapping transfer zone (Wang et al.,, 2013) (Figure 2a), with stress
focus on the fault bridge (overlapping zone). As faults continue
to slip, the fault segments may evolve and link by breaching
the relay zone (hard linkage—stage 3), leading to the forma-
tion of a through-going fault (Conneally, Childs, & Walsh, 2014;
Fu et al,, 2015) (Figure 2a).

Segments are, however, transient features in the evolution
of a rift zone, as they grow and interact, they may link to form
larger structures (Dawers & Anders, 1995; Kim & Sanderson,
2005; Pollard & Aydin, 1988). Therefore, the process of interac-
tion is a necessary step in the evolution of a rift zone over a
range of scales. The main basin geometries of rift systems
(half-graben or graben) are controlled by major faults (Morley,
1995), with fault segment growth linkages controlling the
evolution of depocentres (half-graben or graben) (Dawers &
Underhill, 2000). Transfer zones are associated with such
faults as transfer zones link major boundary faults that are
located on opposite sides of rifts (Gawthorpe & Hurst, 1993)
and can therefore cause variations in rift sesgment geometry
(Morley, Nelson, Patton, & Mun, 1990; Rosendahl et al., 1986).
As well as on basin formation and depositional patterns
(Athmer & Luthi, 2011; Gawthorpe & Hurst, 1993; Morley,
1999, 2002), transfer zones also have considerable influence
on hydrocarbon migration and trapping in rift systems (Cos-
kun, 1997; Morley et al., 1990; Peacock & Sanderson, 1994).

This study investigates the linkage process of fault through
time and provides insights into the evolution of border fault
systems in rifts. This study revealed the history of border fault
systems by the maximum throw subtraction method (Dutton
& Trudgill, 2009; Rowan, Hart, Nelson, Flemings, & Trudagill,
1998) in the Tanan Depression of the Tamtsag Basin and pro-
vides insights into the relationship between sag structure,
drainage (sedimentary deposits) development and the border
fault system.

Geological background

The Tamtsag Basin, covering an area of ~35 400 km? in
eastern Mongolia, is part of the Hailar-Tamtsag Basin,
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which stretches across China and Mongolia (Figure 3) (Ji,
Cao, Meng, Zhang, & Qu, 2009). The Hailar-Tamtsag Basin
is a widespread intra-continental rift system that formed
during Late Jurassic and Cretaceous (Fu, Chen, Yan, Yang,
& Sun, 2013; Graham et al.,, 2001; Meng, Hu, Jin, Zhang, &
Xu, 2003; Traynor & Sladen, 1995; Zhou, Ji, Pigott, Meng, &
Wan, 2014) and extends up to 300 km long and 80 km
wide, covering an area of 79 610 km? (Figure 3a). The
Tamtsag Basin is a SW-NE-trending fault-controlled struc-
ture. The Tanan sub-basin, covering an area of 3500 km?
located in the southern part of the Tamtsag Basin, is NE-
trending and fault-controlled with first-order half grabens,
bounded by deep seated faults. The Tanan sub-basin can
be further subdivided into seven tectonic units, i.e. the
eastern fault scarp slope, the eastern half-graben, the cen-
tral-uplifted high, the central half-graben, the western
step-fault, the western half-graben and the western dip
slope (Figure 3b) (Fu et al., 2013; Ji et al, 2009; Zhou
et al, 2014).

The Tanan Depression is filled with Lower Cretaceous con-
tinental sedimentary rocks that can reach up to 4 km in thick-
ness. The succession includes four formations from the base:
Tongbomiao Formation (K;t, 145-139.4 Ma), Nantun Forma-
tion (Ki;n, 139.4-133.9 Ma), Damoguaihe Formation (K;d,
133.9-130.8 Ma), and Yimin Formation (K;y, 130.8-100.5 Ma)
(Figure 4). The Tongbomiao Formation is mainly composed of
fan-deltaic variegated conglomerate and grey pebbly coarse
sandstone, interbedded with shallow lacustrine grey-white
mudstone. The Nantun Formation is composed of deep lacus-
trine dark mudstone, and turbiditic conglomeratic sandstone
and sandstone. The Damoguaihe Formation consists mainly
of braided-deltaic siltstone to fine-grained sandstone, inter-
bedded with grey laminated mudstone with a gradually
upward-shoaling character. The Yimin Formation is composed
of fluvial-deltaic fine sandstone and siltstone, interbedded
with shallow lacustrine grey mudstones (Figure 4). In the
Tamtsag rift basin, the Late Jurassic to Early Cretaceous rift
episode consists of three distinct rift phases: pre-rift, syn-rift
and post-rift phases (Figure 4). Owing to the varying rate of
rifting, the syn-rift phase can be further subdivided into three
stages: early syn-rift, rift climax and late syn-rift stages (Jia
etal., 2014; Zhou et al., 2014).

The Tanan Depression is an important hydrocarbon-
bearing area in Tamtsag Basin (Fu et al,, 2013; Zhou et al,,
2014). Current knowledge indicates that clastic sediments
of the Nantun and Tongbomiao formations contain both
excellent source rocks and good reservoir rocks for oil (Fu
et al, 2013; Huang et al,, 2012; Jia et al.,, 2014; Miao et al.,
2011, 2012). The proven reserves are 120.13 million tons
with cumulative production capacity of 5.6 x 10° tons
(Wang, 2011). The reserves account for 72.5% of the total
reserves, and the hydrocarbons mainly come from the
source rocks of middle part of Nantun | member. The
hydrocarbon-bearing system developed in the syn-rift cli-
max stage is characterised by ‘source rock controlling’ or
‘sag controlling hydrocarbon’ (Hu, 1982; Zhao, Jin, Wang,
Han, & Kang, 2011).
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Figure 3. (a) Location and tectonic units of the Tamtsag-Hailar Basin and (b) structural contour map of the T3 seismic reflector (corresponding with the basal Nantun
Formation) in the Tanan Depression of the Tamtsag-Hailar Basin (modified from Zhou et al., 2014). F1 and F2, basin boundary faults in the basin. Solid lines (A-A" to

B-B") represent the locations of well-seismic correlation sections in the text.

Methodology

Field studies (Soliva & Benedicto, 2004), and physical and
numerical modelling (Scholz et al., 1993), suggest that fault
growth is a dynamic process (Cartwright et al., 1995; Cart-
wright, Mansfield, & Trudgill, 1996; Dawers & Anders, 1995;
Peacock & Sanderson, 1991; Trudgill & Cartwright, 1994). A
geological fault represents many (~10°) individual slip events
(Fu et al., 2012; Kim & Sanderson, 2005). Fault segment (en
echelon arrangement of normal fault segments) growth is a
very common phenomenon, which is one of most important
mechanism for fault growth and linkage.

Three stages can be identified in the growth of linked fault
segments (Peacock & Sanderson, 1991; Wang et al., 2014): ini-
tial isolated faults (stage 1), soft linkage (stage 2), and hard
linkage (stage 3). At present, there are thee methods to effec-
tively discriminate the process of fault segments linkage:
throw-distance (T-L) curve (Muraoka & Kamata, 1983; Pea-
cock & Sanderson, 1994; Soliva & Benedicto, 2004), fault-plane
throw diagram (Morley & Wongana, 2000; Muraoka & Kamata,
1983), and fault-plane depth diagram (Morley, 1999, 2002;
Peacock & Sanderson, 1994) (Figure 2).

Discrimination of fault segments

The displacement—distance curve represents the displace-
ment (D) of a bedding plane along the traces of the faults (L)
with a typical isolated fault exhibiting nearly symmetric dis-
placement distribution (Gupta & Scholz, 2000). It has been
widely recognised that fault displacement varies within the
fault surface, displacement is zero at the fault tips and gener-
ally increases to a maximum near the centre of the fault sur-
face (Barnett, Mortimer, Rippon, Walsh, & Watterson, 1987).

The typical displacement profile of isolated faults will also be
used in both fault sets as a reference to quantify and interpret
the evolution of displacement distribution of segmented
faults. If the displacements of two overstepping segments
were added, there is commonly a minimum in the total fault
displacement at the overstep zone. Displacement maxima
and minima have been used to infer the centres and tips of
individual fault strands that have linked to form a single
through-going fault segment (Anders & Schlische, 1994; Pea-
cock & Sanderson, 1991; Young, Gawthorpe, & Sharp, 2002).
The displacement-distance profiles for multi-segmented
faults may show displacement minima at segment offsets
(Kim & Sanderson, 2005; Peacock & Sanderson, 1991; Pei,
Paton, Knipe, & Wu, 2017), but linkage points are not always
preserved as displacement minima. Throw is the vertical com-
ponent of the fault displacement. There is a linear relationship
between displacement and throw, so we can use ‘throw (7)’
instead of ‘displacement’ (Figure 2b).

Fault-plane throw diagrams record horizon offsets (i.e.
hanging wall and footwall horizon cutoffs) for the special
mapped horizons and allow the two-dimensional (2-D) spatial
variation of throw on a fault surface to be represented (Morley
& Wongana, 2000). Observation of more subtle throw varia-
tions may be masked or overlooked by analysis of fault-plane
projection diagrams. Throw values along the fault plane typi-
cally decrease significantly towards the linkage point, and
therefore the minima throw are considered to represent the
partitioning or transfer of throw in fault-plane throw diagrams
(Figure 2c).

Fault-plane depth diagrams, which record the depth of
hanging wall horizon cutoff line for the special horizons, are
similar to the seismic section along the fault strike. Owing to
the differential subsidence, depths along the fault plane
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Figure 4. Generalised stratigraphic column of the Lower Cretaceous strata of the Tanan Depression, Tamtsag Basin (modified from Jia et al., 2014; Zhou et al., 2014).

typically shallow towards the linkage dots and deepen away
from the linkage point, leading to the formation of transverse
folds (Fu et al, 2015; Jackson, Gawthorpe, & Shapp, 2002;
Schlische, 1995). Fault strand boundaries commonly represent
regions of displacement minima (Gawthorpe & Hurst, 1993;
Gawthorpe, Fraser, & Collier, 1994; Schlische, 1995; Schlische,
Young, Ackermann, & Gupta, 1996). The transverse fold ena-
bles us to determine the location where fault strands have
linked together (Figure 2d).

Quantitative discrimination of fault growth stage

Fault growth is a kinematic process. To reconstruct the
evolution of the fault and test our proposed interpreta-
tions of fault evolution from isochron and present-day
geometric analysis, throw backstripping techniques were
used. Two different techniques have been applied (Dutton
& Trudgill, 2009).

Original method or vertical subtraction method (Figure
5a-c)

The throw pattern at the time of deposition of some horizon
is determined at any given location along the length of the
fault by subtracting the throw at that horizon from the throw
values of deeper horizons below the selected location (Chap-
man & Meneilly, 1991; Childs et al., 1993). Rowan et al. (1998)
argued that, for an elliptical fault shape, the result of this
method is that the length of a fault at any level does not
change as increments of throw are removed (Figure 5). This
means that fault lengths do not grow with time as throw
increases and applies to a ‘constant length model’ that is usu-
ally applied for small, isolated faults (Kim & Sanderson, 2005;
Walsh et al., 2002) but is a very rare situation.

Maximum throw subtraction method (T,,,,) (Figure 5d-f)
This is a modified technique in which the throw pattern at the
time of deposition of some horizon is calculated by
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the generation of a reconstructed T-L profile (c) On the 135.0 Ma SB event, back to 132.0 Ma. Note the resulting anomalous fault length. (d) Maximum throw sub-
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sequence boundary.

subtracting the maximum throw along the horizon from the
entire fault surface, resulting in a decrease in fault length as
throw is removed (Rowan et al., 1998). Based on the data of
maximum displacements and length on faults from earth-
quake rupture data and published papers, it is generally
assumed that there is linear relationship between the maxi-
mum cumulative displacement on a fault (dnay) and the fault
surface (L) in logarithmic coordinates (Cowie & Scholz, 1992;
Kim & Sanderson, 2005; Watterson, 1986) (Figure 1). For a lin-
ear scaling, fault length increases as throw accumulates
(Walsh & Watterson, 1988; Watterson, 1986). This method
results in a decrease in fault length as throw is removed and
therefore provides results that are considered more realistic
(Dutton & Trudgill, 2009; Rowan et al., 1998). Note the fault
trace length is maintained using the original method but
reduces using the T, method.

Quantitative reconstruction of fault segment growth
process

At the rifting climax during the deposition of the Nantun For-
mation, there are two boundary faults, F1 and F2, in the Tanan
Depression. ‘Three diagrams’ of F1 and F2 comprise fault seg-
ments (Figures 6 and 7), that grow and interact and may link
to form the larger fault. Approximate values of displacement
are obtained by measuring the vertical component of the
total displacement vector (throw) of strata in milliseconds

TWT. Throw is measured on every 16th line in the 3D seismic
data set, which was oriented southeast to northwest. The seis-
mic data have not been depth converted; therefore, true dis-
placement cannot be measured accurately, and throw is used
as proxy for displacement.

The ‘three diagrams’ of this area suggest that the F1 and F2
were divided into many fault segments. F1 is composed of
four main hard-linked segments separated by displacement
minima: F1-1, F1-2, F1-3 and F1-4 fault segments (black dots
in Figure 6). Five main linked fault strands have been identi-
fied in the F2: F2-1, F2-2, F2-3, F2-4 and F2-5 fault segments
(Figure 7). In addition, Figures 6¢ and 7c also indicate that the
transverse folds are formed at the fault growth point, and the
onlap seismic reflectors are observed on the transverse folds.

The T,.ax subtraction method (Figure 5d—f) requires the cal-
culation of the maximum throw value at a certain horizon for
each fault within the system that is being backstripped in the
Tanan Depression. A more regional approach that incorpo-
rates backstripping throw from a larger part of the fault down
to the 133.9 Ma SB is shown in Figure 8. Applying these tech-
niques allows reconstruction of the T-L profiles for various
structural levels at different evolutionary stages. As incre-
ments of throw are removed, faults generally become shorter,
become segmented or disappear completely.

Present-day T-L profiles of the F1 and F2 are shown in
Figure 8a and are backstripped to the T,; (133.9 Ma) and T3
SB event in Figure 8 (b, c). Figure 8a shows that the F1 and F2



AUSTRALIAN JOURNAL OF EARTH SCIENCES 7

(2)
—— T, —%— T,
1600 —e— T, —— Ty,
g 1200
8
z
]
=
=
800
400 [
0 l 1 1 1 l l
0 1600 3200 4800 6400 8000 9600 11200 12800 14400 16000

Distance(m)

Figure 6. Three diagrams of F1 in the Tanan Depression. (a) Throw—distance curve; throw in metres. (b) Fault-plane throw diagram illustrating the locus of fault seg-
ments linkage. (c) Typical seismic cross-section (along the F1 fault strike) (seismic section marked in Figure 3, line A-A"). TWT, two way travel; T,3-Ts, seismic reflec-
tors. Black arrows represent the onlaps. Green arrows represent the locations of transverse folds.

are characterised by soft linkage (relay zone) at different comprise hard-linked segments at the T,s; structural level
structural levels. The principal observation is that the F1 com- when the F1 and F2 are backstripped to T,, (133.9 Ma) SB
prises four hard-linked segments, and the F2 is divided into  event (Figure 8b).

four soft-linked segments (F2-4 and F2-5 segments are shown The F1 is divided into three soft-linked segments (F1-2 and
by hard linkage) at the T3 structural level. The F1 and F2  F1-3 segments are shown by hard linkage), and the F2 is
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Figure 7. Three diagrams of F2 in the Tanan Depression. (a) Throw—distance curve; throw in metres. (b) Fault-plane throw diagram illustrating the locus of fault seg-
ments linkage. (c) Typical seismic cross-section (along the F2 fault strike) (seismic section marked in Figure 3, line B-B'). TWT, two way travel; T,3-Ts, seismic reflec-
tors. Black arrows represent the onlaps. Green arrows represent the locations of transverse folds.

divided into four isolated fault segments at the T3 ; structural
level when the F1 and F2 are backstripped to T,3 SB event
(Figure 8¢).

Implication on timing of fault segment growth and
linkage

The temporal and spatial evolution of major normal fault
zones is accompanied by changes in basin topography and

the location and generation of accommodation zones
(Schlische et al., 1996; Young et al., 2002). Therefore, the archi-
tecture and distribution of the coeval stratigraphy may poten-
tially provide insights into understanding the tectonic
evolution, e.g. the timing of fault segment growth and link-
age, which involved two aspects of significance: (1) the fault
segment growth and depocentres evolution and (2) the rela-
tionship between structural transfer zone and spatial distribu-
tion of sandstone.
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Figure 8. Regional throw-backstripping of a larger part of the F1 and F2 segments in the eastern Tanan. (a) Present-day T-L profiles of the F1 and F2 at the Ty, Tys
and Ty3.; structural level. (b) Backstripped T-L profiles to Ty, (133.9 Ma) SB event at the T3 and T3 structural level. (c) Backstripped T-L profiles to T3 SB event at

the T,z structural level.

Characteristics of different seismic units based on
thickness data and onlap

In the Tanan Depression, the sags are controlled by F1 and F2,
which separated by the relay ramp. Integrating the thickness
data of seismic units, the seismic section along the fault strike
and the seismic reflection character (Figures 5, 6 and 9), sug-
gests a model of sedimentary basin fill with gradual propaga-
tion and linkage of the two boundary faults. Thickness
(isochron) maps, were generated for the two main seismic
divisions (seismic units 1 and 2) of the Upper Cretaceous syn-
rift, which correspond to the upper parts of Nantun Formation
members | and Il (Figure 10a, b). We have employed a prag-
matic approach preserving sediment thickness as a first-order
proxy for subsidence (Young et al., 2002).

During the deposition of the Nantun | member (seismic unit
1), seven fault segments are observed (labelled F1-1, F1-2, F1-3
and F2-1, F2-2, F2-3, F2-4), forming seven main isochron thicks
(i.e. regions of maximum thickness in ms TWT, labelled D1-D7,
Figure 9a), that trend parallel to the faults and are separated
by thinner regions. Thickness D1-D6 all occur adjacent to the
fault trace, whereas D7 is situated up to about 6 km away from
the F1 and thins towards the fault (Figure 9a). Isochron thicks
are controlled by seven fault segments and are significantly
thinner in the relay zone than in the hanging wall of the fault
segments. The thickness gradually decrease towards the tip of
fault segments (Figure 9a). On strike-parallel seismic sections
within the hanging wall of the F1 and F2, five transverse folds
(anticlines) can be identified (labelled H1-H5; Figures 6¢ and
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Figure 9. Isochron maps in the eastern fault scarp slope of the Tanan Depression. Solid fault traces indicate a surface breaking fault. H1-H5 refers to the location of
transverse fold observed on fault parallel seismic lines (Figures 6¢ and 7¢). (a) Seismic Unit 1, corresponding to upper part of Nantun | member; D1-D7 refer to the
major depocentres; F1-1-F1-7 refer to the main fault segment (thick black lines) controlling the location of the depocentres. (b) Seismic Unit 2, corresponding to

Nantun Il member; D1-D5 refer to the major depocentres.

7¢). There are two anticlines in the hanging wall of the F1 and
three anticlines in the hanging wall of the F2. The seismic
reflectors onlap onto the anticlines (Figures 6¢ and 7c).

During the deposition of the Nantun Il member (seismic
unit 2), three fault segments are observed, and three main
isochron thicks can be observed in the hanging wall of the
F1 and F2 (D1-D5, Figure 9b). Thickness D1, D4 and D5
occur adjacent to the fault trace, whereas D2 and D3 are
situated up to about 1-4 km away from the F2 and thin
towards the fault (Figure 9b). In the hanging wall of F1,
one major isochron thick (D1), with a maximum thickness
of 800 m, is evident. The thickness of D1 is greatest in the
northeast with two local maximum depocentres separated
by a thinner region (Ha) (Figure 9b). In the hanging wall of
F2, four major isochron thicks (D2, D3, D4 and D5) are evi-
dent with maximum thicknesses of ~400 m, 400 m, 600 m
and 600 m, respectively. There are two local maximum
depocentres in the D4 area, separated by a thinner region
(H3) (Figure 9b). On strike-parallel seismic sections within
the hanging wall of the F1 and F2, four transverse folds
(anticlines) can be identified (Figures 6c and 7c); one in
the hanging wall of the F1, and three in the hanging wall
of the F2. The seismic reflectors onlap onto the anticlines
in several places (Figures 6¢ and 7c).

Evolution of F1 and F2 in the Tanan Depression

The structural evolution has been divided into three main
stages.

1) Isolated fault strands, which correspond to fault
development and deposition of the seismic unit 1
(Figure 11a). Rifting initiated and the fault zone devel-
oped a configuration consisting of seven main isolated
fault segments. The fault strand boundaries (margins of
hanging wall depocentres) were marked by transverse
folds (corresponding to intra-basin topographic highs)
(Figures 6 and 7).

2) Fault strand interaction and soft linkage (Figure 10b).

3) Fault strand hard linkage (Figure 10b).

The second and third stage correspond to the deposition of
the seismic unit 2, during a phase of ongoing fault interaction
and linkage (Figure 9), merging of the three previously iso-
lated depocentres and subsidence as a single depocentre,
after linking of the controlling fault segments to form a longer
fault segment (Figure 10b). However, a minor intra-basin high
still persisted in the hanging wall of F1 fault segment after the
fault segments linkage, and the depocentre migration in the
fault F2 segment (Figure 10).
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Figure 10. Three main stages of the structural evolution of the F1 and F2 (producing two fault segments separated by a relay ramp) in the Tanan Depression. The
light to dark shading indicates an increasing level of subsidence. (a) Isolated fault segments; and (b) fault segments interaction and linkage (hard-linkage stage)
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deposition of (a) the upper part of Nantun | member, and (b) the Nantun Il member.
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Controls on the location and evolution of
sedimentary system in rift basins

The research indicates that paleogeomorphology dominated
the direction of sediment transportation, controlled the
capacity and position of sediment accommodation, and influ-
enced the type of sedimentary facies and the spatial distribu-
tion pattern of the sediment (Fu et al., 2015; Gawthorpe &
Leeder, 2000; Gawthorpe et al., 1994). Differential subsidence
has led to fault displacement decreasing along the strike of
fault segments, from maxima at the fault centres to minima at
the fault tips or multi-minima at the segment growth point.
Conversely, sediment supply may be greater within the trans-
fer zone than at the fault tip. Studies from Lake Malawi in the
East African Rift (Scholz et al.,, 1993) and from the Sperchios
Basin in Greece (Eliet & Gawthorpe, 1995) suggest that drain-
age catchment areas are greatest within transfer or accommo-
dation zones. Therefore, structural transfer zones commonly
represent footwall topographic lows and hence act as a focus
for major drainage systems entering into rift basins (Gaw-
thorpe & Leeder, 2000; Jiang et al., 2016; Leeder & Gawthorpe,
1987; Morley et al, 1990; Qi, 2007; Young, Gawthorpe, &
Sharp, 2000).

During the development of the Tanan Depression, the fault
distribution pattern changed (Figure 8). During deposition of
upper part of the Nantun | member, two synthetic approach-
ing transfer zones and one transfer fault are formed in F1, and
two synthetic approaching transfer zones are developed in F2

-~

TN Ay Y NN

™ Overlapping
transfer zone

Drainage and sand o
transport direction %6

Turbidites

'Il Transfer fault (Hard-linkage)

(Figure 11a). During deposition of the Nantun Il member, F1
had formed as a through-going fault, presenting three linkage
points (three transfer faults), whereas F2 comprises four fault
segments, forming two synthetic overlapping transfer zones
and one synthetic approaching transfer zone (Figure 11b).

The delta is situated within a transfer zone between rift-
border faults; this conduit acted as a pathway for sediment
that spilled over from the terrace east of the half-graben as a
response to the filling of accommodation space. The transfer
zones are the sediment transport pathways and can provide
accommodation space for sediment discharge and deposition
(Figure 11).

Discussion
Fault growth model and throw backstripping techniques

Temporal and spatial patterns of fault growth and linkage can
be determined and constrained using stratigraphic informa-
tion integrated with biostratigraphy and throw backstripping.
Four fault growth models were illustrated by Kim and Sander-
son (2005), including a constant dn./L ratio model, an
increasing dnay/L ratio model, a constant length model and a
fault linkage (segment linkage) model. At present, the key
question is how to reconstruct the evolution of a fault and
determine the paleo-fault geometry in the different growth
models. Two throw backstripping techniques were applied
(Dutton & Trudgill, 2009). The original method or vertical

@ Diversion of antecedent
river through segment boundary

Antecedent drainage incising into uplifting
footwalls at the locus of fault hard-linkage

Figure 12. Tectono-sedimentary evolution of a normal fault array (continental environments). (A) Interaction and linkage stage. Consequent drainage catchments
continue to develop along faceted footwall scarps and hangingwall dip-slopes and act as transverse sediment sources to developing half-graben depocentres. Loca-
tion of isolated lakes is largely controlled by fault segments. (B) Hard-linkage stage. Linkage of adjacent fault segments creates major linked fault zones defining
half-graben basins. Displacement on linked faults reduces topography of former intra-basin highs, allowing axial river to flow between former isolated basin seg-
ments. Note that the localisation of displacement causes increased displacement rates on active faults leading to the development of pronounced footwall topogra-

phy and reversed antecedent drainage.



subtraction method (Chapman & Meneilly, 1991), in which
fault length does not grow with time as throw increases
(Figure 7), applies to a ‘constant length model’ (Walsh et al.,
2002) that is widely applied for small, isolated faults (Kim &
Sanderson, 2005). The second technique is the maximum
throw subtraction method (T, (Rowan et al., 1998), which
assumes that fault length increases with time as throw accu-
mulates, applies to the ‘constant d,a,/L ratio model,’ ‘increas-
ing dmax/L ratio model’ and ‘fault linkage (segment linkage)
model.’ For the fault linkage model, we can determine the iso-
lated and hard-linkage stage of faults by the maximum throw
subtraction method, but the soft-linkage stage (the character-
istics of fault segments overlap) is very difficult to reconstruct
in the geological history.

Variation of sedimentation patterns in the structural
transfer zones

The linkage of normal fault arrays controls the early formation
of rift basins and creates a series of half grabens and tilted
fault blocks. Fault relay ramps are a special type of synthetic
transfer zone that develop between two overlapping parallel
normal faults and contain a volume of rotated rock mass with
re-oriented bedding. Relay ramps are found to act as local
entry points and sediment pathways for subaerial flows in
some rift margin basins (Leeder & Jackson, 1993). When the
footwall fault is located in the lower structural position, the
relay ramps can be an entrance for mountain rivers to trans-
port sediments into a lacustrine rift basin. In the process of
deposition, the transfer zone can provide accommodation
space for sediment discharge and deposition, and depo-
centres form at the locus of maximum throw along a fault
segment (Figure 12). A noticeable feature of both footwall
and hanging wall catchments and their alluvial fans is the reg-
ularity of their spacing (Gawthorpe & Leeder, 2000). The trans-
fer zones in the footwall may feature larger-than-average
drainage basins. This complex interplay between sediment
supply and accommodation development will lead to differ-
ent stratigraphic architectures along the length of the bound-
ary fault zone. However, we cannot describe the detail of the
control of different transfer zones on antecedent drainage
and fan deltas (Figure 12).

Conclusions

This paper focuses mainly on quantitative discrimination of
fault segment growth and its geological significance in the
Tanan Depression, Tamtsag Basin, Mongolia. In this paper, we
applied a method of quantitative restoration of fault segment
growth processes that has enabled the reconstruction of the
paleo-fault geometry and the syn-rift stratigraphic sequences.

1. Three methods (three diagrams) effectively discrimi-
nate the locus of fault segments linkages, including
throw-distance (T-L) curve, fault-plane throw diagram
and fault-plane depth diagram (seismic section along
the fault strike).
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2. The maximum throw subtraction method was used to
reconstruct the evolution of faults. Application of these
techniques allows T-L profiles to be reconstructed for
various structural levels at different evolutionary stages.
The F1 fault comprises four hard-linked segments and
the F2 fault is divided into four soft-linked segments
(F2-4 and F2-5 segments are shown by hard linkages)
at the T23 structural level. The F1 fault is divided into
three soft-linked segments (F1-2 and F1-3 segments
are shown by hard linkages), and the F2 fault is divided
into four isolated fault segments at the T23-1 structural
level when the F1 and F2 are backstripped to T23 SB
event.

3. Along-strike variation in fault-controlled subsidence,
accommodation space and sediment supply, generate
considerable strike variation in the nature and develop-
ment of stratal surfaces, stacking patterns and stratal
geometries. In the process of deposition, the transfer
zone can provide accommodation space for sediment
discharge and deposition, and depocentres are formed
at the locus of maximum throw along a fault segment.
This has clear implications for hydrocarbon exploration
in terms of strike variation in reservoir-source geome-
try and continuity.

4. The results from this study have implications on the
timing of normal fault evolution, in particular, to quanti-
tatively restore paleo-fault geometry. During the depo-
sition of the Nantun | member (seismic unit 1), seven
fault segments are observed, forming seven main iso-
chron thicks. During the deposition of the Nantun II
member (seismic unit 2), three fault segments are
observed, and three main isochron thicks can be
observed in the hanging wall of the F1 and F2.
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