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Geomorphic evidence of late
Quaternary displacement of the
Karakoram Fault in Nubra and Shyok
valleys, Ladakh Himalaya
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The present study ascertains the spatial variability in
the extent of activity of the Karakoram Fault (KF) in
Nubra and Shyok river valleys (Karakoram), which
was known to be active during the Holocene. Towards
this we have used conventional morphometric indices
supported by geomorphological observations on the
pattern of alluvial and bedrock streams, alluvial fan
geometry and moraines. The right lateral displace-
ment associated with KF is geomorphologically
expressed by the lateral deflections of the bedrock and
alluvial streams toward northwest—southeast as they
cut across the Fault. Indirect age estimates inferred
based on slip rate of KF suggest that the deflection of
bedrock streams with prominent shutter ridges is the
cumulative expression of activity of KF since the mid-
dle Pleistocene, which continued till the late Holocene.

Keywords: Alluvial and bedrock streams, geomorphic
evidence, morphometry, right lateral displacement.

THE convergent tectonics of the Himalaya has not
changed considerably since the Miocene, and the orogeny
manifests a quasi-steady state'. The trace of deforma-
tional episodes that progressed in space and time can be
seen in the sequential evolution of major terrain boundary
thrusts'. In the northwestern Himalaya, the Indus Suture
Zone (ISZ) and Shyok Suture Zone (SSZ) are displaced
by the right-lateral Karakoram Fault (KF) system' . The
Shyok and Nubra valleys are intersected by KF, and the
southern end of the Fault merges with the Indus (Yar-
lung) Suture Zone near Mount Kailas™*. Separating the
central Karakoram and Ladakh range>*, the KF is a NW—
SE striking, normal—dextral fault which has displaced the
Jurassic—Cretaceous Karakoram batholith from the Gang-
dese batholith with a displacement of ~1000 km causing
the eastward extrusion of the Tibetan Plateau””®. Accord-
ing to Searle er al.’"!, although KF is active today, the
right lateral offset is probably less than ~120—150 km and
the displacement continued since early to mid-Miocene.
Studies suggest that KF is undergoing trasnpressional and
transtensional tectonics®'?™'*. According to Searle et al.®,
~150 km right-lateral displacement with a vertical

*For correspondence. (e-mail: imsongnar@gmail.com)
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Figure 1. a, Regional map of the Karakoram Fault (KF) zone in NW Himalaya modified after Searle et al.®,
showing major zones and structures. ISZ, Indus Suture Zone; STD, South Tibetan Detachment System. b, Litho-
tectonic map of the study area modified after the Seismotectonic Atlas of India prepared by the Geological Survey
of India (2000) showing the trend of KF. Three segments, viz. zone A, zone B and zone C are marked. The
shaded (grey) area represents sub-basins selected morphometric analysis in the study area.
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exhumation of ~20 km (at 3.0 mm/a) occurred during
transpressional tectonics. This was followed by the dex-
tral strike-slip phase along the central part of KF. The
transpressionally uplifted mountain ranges and transten-
sion6all3 tl)fsins are found distributed along the KF (Figure
la)y> "

Studies based on displaced rocks, alluvial fans and
streams, and moraines along the different segments of KF
suggest that the Fault has been displaced at the rate of
~83, ~4+1 and ~10.7 £ 0.7 mm/year (refs 6, 15, 16).
With the advent of GPS, real-time monitoring of KF
showed'” that it is being laterally displaced at ~3.4 +
5 mm/year, and is in agreement with the earlier observa-
tions". Contrary to the above, Robinson'®", based on the
observation of Quaternary loess, glacial and fluvial de-
posits in the northern end of the KF system, suggested
that there is virtually no movement along the Fault.
Majority of the studies mentioned above indicate that KF
was active during the Holocene, which is ongoing with an
exception of the observation made by Robinson'®"’.

Based on the above, it can be suggested that (i) the KF
came into existence during the Miocene'!, probably con-
temporaneous with the evolution of the Higher Himalaya,
and (ii) the activity continued during the Holocene and
does so in the recent times as well'”'”. In the present
study, a synoptic view of the activity along KF during the
late Quaternary period is presented using conventional
morphometric indices and geomorphic evidences obtai-
ned from the Nubra and Shyok valleys in Ladakh Hima-
laya.

Conventional morphometry and its derivatives are used
to identify anomalous behaviour of alluvial and bedrock
streams, and alluvial fans in the Shyok—Tectonic Zone
(between 35.58°N, 75.94°E and 33.52°N, 78.91°E) cover-
ing an area of ~31,000 sq. km in the Nubra and Shyok
river valleys (Figure 1 b). The timing of the displacement
was ascertained using the existing chronology obtained
by Brown et al.'’. Mapping of the south-draining streams
which drain into the Shyok and Nubra rivers was carried
out using 30m SRTM-DEM data obtained from
http://earthexplorer.usgs.gov/ (Figure 1) following ‘Hor-
ton—Strahler’ order’®?'. As the study area covers varied
altitudinal ranges, it has been divided into three zones,
viz. zone A (upstream segment) between the Shyok glacier
and Shyok village; zone B (middle segment) between
Siachen glacier and Shyok village, and zone C (down-
stream segment) between Skuru in the Shyok valley up to
the southwestern slope of Saltoro ridge (Figure 1 b).

Hypsometric analysis is the study of the distribution of
ground surface/or horizontal cross-sectional area of a
basin with respect to elevation””. This method describes
the theoretical evolution of a landscape through different
stages and is a powerful tool to differentiate tectonically
active regions from inactive ones™. The hypsometric in-
tegral (HI) is the area under the hypsometric curve which
relates the percentage of total relief to cumulative per-
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centage area. Pike and Wilson® mathematically demon-
strated that the elevation—relief ratio £ given by Wood
and Snell® is equivalent to HI. The HI index is calculated
as

HI = (Emean - Emin)/(Emax - Emin)a
where E .. 1S the mean elevation value, E,, the maxi-
mum elevation value and E,;, is the minimum elevation
value (outlet)’?. The HI value varies from 1.0 to 0.0; HI
values >0.60 with a convex-up curve indicate young,
actively uplifting topography, and HI values <0.30 with a
sigmoidal-shaped curve indicate a mature stage of devel-
opment. Willgoose and Hancock®, however, considered
HI values ~0.5 with a more balanced, flattened, s-shaped
or straight hypsometric curves to signify relatively stable
but still developing landscape.

The HI values were computed for nine sub-basins of
zone A, 21 sub-basins of zone B and nine sub-basins of
zone C (left flank of Shyok and Nubra rivers). These
varied from 0.79 to 0.87 in zone A, 0.70 to 0.86 in zone B
and 0.61 to 0.81 in zone C respectively (Table 1). Zone A
exhibited slightly higher HI values than zones B and C.
The hypsometric curves of all sub-basins showed near
straight to marginally convex-up profiles (Figure 2), im-
plying that uplift is outpacing erosion. The insignificant
difference in the mean HI values (Table 1), suggests that
the Shyok and Nubra river basins are undergoing appre-
ciable uplift/deformation.

Keller and Pinter” suggested quantitative estimation of
the drainage basin, and corresponding drainage pattern
and geometry associated with the tectonically active

Table 1. Hypsometric integrals (HIs) calculated for
sub-basins of zones A—C

Zone A HI Zone B HI
1 0.87 1 0.81
2 0.85 2 0.79
3 0.79 3 0.81
4 0.79 4 0.82
5 0.83 5 0.79
6 0.83 6 0.85
7 0.81 7 0.81
8 0.82 8 0.82
9 0.83 9 0.78
10 0.83
Zone C HI 11 0.83
1 0.76 12 0.84
2 0.81 13 0.71
3 0.79 14 0.70
4 0.80 15 0.75
5 0.66 16 0.81
6 0.78 17 0.82
7 0.79 18 0.84
8 0.72 19 0.86
9 0.61 20 0.85
21 0.74

2297



RESEARCH COMMUNICATIONS

Relative height (h/H)

=
)

=
£

Relative height (h/H)
=]
s

e
i

15,16,17,

Zone B=1,2,34, 6,7,8,9,10.11,12,13,

10

0.4

0.6 0.8

—
S

Relative area (a/A)

Figure 2.
evolving landscape®.

Table 2. Asymmetric factor, AF% calculated for the

selected sub-basins in zones A—C. Values less than

50% indicate tectonic tilting on the right side of the

basin, whereas those greater than 50% indicate tilting
on the left side of the basin

Zone A AF% Zone B AF%
1 36 1 45.02
2 39 2 53
3 70 3 49.4
4 53 4 50
5 64 5 33
6 325 6 32
7 62 7 58
8 74.7 8 57.6
9 61 9 44

10 47.5

Zone C AF% 11 43
1 35 12 20
2 55 13 27
3 37 14 43.5
4 38 15 64.3
5 64 16 37
6 45 17 454
7 66 18 35
8 45.5 19 50
9 49.3 20 34

21 48

terrain. Asymmetric factor (AF) is used to establish tec-
tonic tilting (if any) in a drainage basin and can be calcu-
lated as

2298

Mean percentage hypsometric curves of zones A—C. The almost flattened ‘S’ curve signifies an active and

AF = 100(4,/4,),

where A, is the area on the right flank of the trunk stream
and A, is the total area of the basin. The value of AF
ranges from 0% to 100%. In basins with no tectonic tilt-
ing, AF is 50%, whereas values greater or lesser than
50% indicate tectonically induced tilting of the basin.

In zone A, majority of the sub-basins indicated prefer-
ential tilt towards the left (southeast), whereas in zones B
and C, the sub-basins showed a tilt towards the right
(northwest) (Table 2). The preferential tilting of the sub-
basins in zones B and C towards the northwest is in
accordance with the right lateral displacement of KF.

The stream length (SL) index proposed by Hack?’ is
widely used to analyse differences in channel slope,
which reflect stream power or competence along a stream
profile. SL is defined as

SL = (AH/AL)*L,

where AH is the change in elevation of the reach, AL the
length of the reach and L is the total channel length from
the source to the reach of interest. Keller and Pinter™
suggested that the SL index is sensitive to changes in
channel slope, which in turn is modulated by the rate of
bedrock uplift in a near-constant lithology. Thus the
anomalously high or low SL index helps in identifying
tectonically active and quiescent areas respectively”’.

In the Nubra River, a very high SL gradient peak (SL:
3600) is located in the upstream above Warshi village

CURRENT SCIENCE, VOL. 112, NO. 11, 10 JUNE 2017
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Figure 3. Longitudinal profile of (a) Nubra and (b) Shyok rivers with stream length (SL) gradient
index. The prominent slope break and convex curve in the longitudinal profile of Nubra river may be
related to movement along a transverse fault (F?) of the Karakoram Fault. The high and low SL indices at
different sections in the Nubra and Shyok rivers indicate recent tectonic activity.

(Figure 3 a). Just before Warshi village, a sudden topo-
graphic break is observed in the longitudinal profile of
the Nubra River; the associated SL peak represents a
knick point (Figure 3 a). Additionally, two high-gradient
peaks are observed between Sasoma (SL: 910) and
Panamik (SL: 840) and at downstream of Charasa (SL:
510). However, anomalously low SL values between
Warshi and upstream of Sasoma (SL: 360) and between
downstream of Panamik and upstream of Charasa (SL:
300; Figure 3 a). In the Shyok River, two distinct high
gradients in the upstream of Shyok village (SL: 2100)
and in the downstream of Skuru village (SL: 2200) are
observed. Correspondingly, a very low SL value (SL:
800) is observed upstream of Shyok village (Figure 3 b)
and between Rongdu and Terith (SL: 900; Figure 3 b).
The anomalously low SL values in the central segment
of the rivers could be due to the presence of less compe-
tent Saltoro molasses and flysh (Figure 3 a and b). The
high stream gradient (Figure 3 a) and convex-up curve
(prominent slope break) present in the upstream of Nubra
River (near Warshi village) do not coincide with any
major change in lithology; hence this can be interpreted
as an expression of tectonic uplift** and suggestive of a
subsidiary fault around Warshi village (Figure 4) for the
following reasons: In-strike slip settings, localized zones
of convergence (transpressional) and divergence (tran-
stensional) movements are observed, which are responsi-
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ble for the growth of restraining and releasing bends
respectively””>'. The higher SL indices (around Warshi
village), possibly suggest localized transpressional (con-
vergence) movement. Similar kinematics can be sug-
gested for the very high SL index observed in the Shyok
River (Figure 3).

The steepness index (k) is used to determine relative
estimation on the tectonic instability/stability’>>*. The
longitudinal river profile is governed by a stream-power
law relation, according to which the local channel gradi-
ent S is a function of the area of its upstream drainage 4
and can be represented35 as: S=k, A% where S is the
local channel slope, 4 the area of upstream drainage at
the exit of the channel and 0 is the concavity index of the
river longitudinal profile. The concavity (6) and steep-
ness indices (k) were estimated using regression analysis
of local slope—area data of the streams. Zones undergoing
higher surface uplift are associated with relatively higher
ks values.

The channel slope and drainage area were calculated
using ~30 m SRTM-DEM data®*. An assumption that
uplift (U) and erosion (K) are uniform was considered in
the computation of 12 tributary watersheds and five dif-
ferent segments draining into the main trunk stream of
the Shyok River along with the Nubra River watershed
(Figure 4)*. Separate values of 0 have been calculated
for each of the streams, which were used to calculate the
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(50-100) and low (0-50) values.

Table 3. Steepness data for 18
channels in the Karakoram Fault zone

Sub-basin 0 ks
1 0.45 201
2 0.41 40
3 0.42 106
4 0.4 79
5 0.35 21
6 0.32 13
7 0.47 126
8 0.28 10
9 0.44 79

10 0.38 58

11 0.4 151

12 0.39 112

13 0.37 85

14 0.42 40

15 0.34 31

16 0.38 10

17 0.51 23

18 0.55 198

6, Concavity index; K, Steepness in-
dex.

steepness indices respectively. The values of concavity
index range from 0.28 to 0.55 and steepness index from
10 to 201 (Table 3).

The k values obtained were classified under four broad
categories, viz. very high (>150), high (100-150), mod-
erate (50-100) and low (0-50). The maximum value was
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obtained on the headwater end of the Shyok River (seg-
ment 1), which is a boundary between the Shyok glacier
and the Shyok River (8= 0.45, k,=201), whereas the
minimum value was obtained in sub-tributary segment 8
(60=0.28, k;=10) and segment 16 (8= 0.38, k,= 10). We
also observed two very high k& values in sub-tributary
segments 11 and 18, and high %, values in segments 7, 3
and 12. However, moderate k; values were obtained for
the area lying upstream of Shyok village and Terith
(segment 9), and between Siachen glacier and Terith
(segment 10) (Table 3), which also exhibited concave-up
curve profiles along with anomalously high stream gradi-
ent (Figure 3 b).

The Shyok and Nubra rivers transport high sediment
load due to their proximity to the glaciers and alluvial
fans as they lose their ability to incise rapidly due to con-
tinuous aggradation. Depending on the timing and
amount of sediment supplied, the slopes of a channel may
steepen and then relax’®’. Therefore, the moderate steep-
ness indices along with concave upward profiles and high
stream gradients in segments 9 and 10 suggest the high
sediment transport along with the presence of less compe-
tent metasediments/mylonitized rocks. Consecutively, the
very high and high &, values which are in agreement with
the channel gradient profile (Figure 3 a and b) obtained
on the northwestern part of the Shyok basin, suggest
more pronounced uplift of the terrain due to the activity
of KF and or some subsidiary faults.

CURRENT SCIENCE, VOL. 112, NO. 11, 10 JUNE 2017
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Previous studies in the Karakoram Range showed that
streams respond to movement along the KF; for example,
using satellite imageries, Liu®® observed that moraines in
the western shore of Pangong Lake are displaced 300-
350 m. Brown et al."’ observed around 45 m right lateral
displacement of the stream that drains through alluvial
fan/debris flow in the vicinity of KF in Tangtse valley.
Here, we present the geomorphic expression of right lat-
eral movement of KF observed in the study area.

The bedrock stream displacement was observed near
Rongdo village (Shyok valley) and near Sasoma (Nubra
valley). At Rongdo (34.374°N, 77.805°E, elevation
3472 m), the second-order stream having a drainage basin
area of 22.3 sq. km had incised ~50 m into the Kara-
koram batholiths and deflected the river ~725 m west-
ward. The deflected stream has a well-developed shutter
ridge (Figure 5a). Similarly, near Sasoma (34.869°N,
77.498°E, elevation 3570 m), the second-order stream
had incised ~20 m through the Karakoram batholith and
displaced the river ~245 m westward (Figure 5 b).

Stream patterns depend on valley slope, tectonic uplift
or tilting”. The south-draining first- and second-order
alluvial streams in the central segment showed distinct
westward deflection (Figure 6). The deflected alluvial
streams were measured using Google Earth Pro. For
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example, near Agham village, two second-order streams,
viz. AS-1 and AS-2 were deflected ~37 and ~42m
respectively. Similarly, between northwest of Rongdo
and Tsati, two (second- and first-order) streams showed
variable westward deflection of ~8 (AS 3) and ~14 m (AS
4) respectively. Further east of Tsati village, a first-order
stream (AS5) was deflected ~17 m westward. In addition,
on the opposite flank of Charasa and above Warshi (Nu-
bra valley), a westward displacement of two alluvial
streams of ~43 (AS 6) and ~32 m (AS 7) was observed
(Figure 6).

The alluvial fans emanate from the southward-draining
first- or second-order streams and cut across the KF (zone
B; Figure 7). Alluvial fans are usually symmetrical half-
cones with topographic contours on the surface defining
concentric semicircles. However, contours on the surface
of the tectonically tilted fans simulate segments of
ellipses with their long axes oriented parallel to the direc-
tion of tilting; hence the intersection of a tilted cone with
a horizontal plane form an ellipse®®. The amount of tilt
can be calculated by fitting ideal ellipses to the contours
across the fan and measuring the length of the major and
minor axes’. Figure 7 a represents a generic model of a
tilted cone (in map view); Figure 75 and c are the cross-
sections, fine lines representing topographic contours.
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Figure 6.

Deflection of young alluvial streams in the study area that flow through alluvial fans and glacial deposits

observed using Google Earth images: AS 1 and AS 2 (northeast of Agham village), AS 3 and AS 4 (northwest of Rongdo),
AS 5 (east of Tsati village), AS 6 and AS 7 (upstream of Nubra, near Warshi). Note the streams are deflected northwest,
which is sympathetic to right lateral displacement associated with the KF.

The angle of tilt () of the alluvial fans was calculated
using the following equation

B = arc cos[ {(b/a)’sin’a + cos’a} "],

where « is the original depositional slope, derived from
the slope along the minor axis of the ellipse, b half of the
length of the minor axis of the ellipse, and « is half of the

2302

length of the major axis of the ellipse. This methodology
assumes negligible active deposition, which upon anneal-
ing of the fan surface might restore the concentric
untilted conical geometry™.

The 20 alluvial fans were randomly analysed from
zone B (Nubra and Shyok valleys), which cut across the
NW-SE trending KF (Figure 1). Sediment texture, size,
vegetation cover and geomorphic hierarchy allowed us to

CURRENT SCIENCE, VOL. 112, NO. 11, 10 JUNE 2017
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Figure 7.
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a, Generic model on a cone. b, ¢, Cross-sections taken across A and A’. d, A younger alluvial fan at Warshi

with the best-fitted ellipse. e, An older alluvial fan at Sumur with an active channel at the middle of the ellipse.

differentiate the younger (vegetation free) and older
(vegetation covered) alluvial fans. Around Terith (Nubra
valley) alluvial fans had incised the moraine dated to
~18 ka, whereas in the Tangtse valley they cut across the
fluvial gravel dated to 11 ka (ref. 41). Among 20 alluvial
fans studied, 7 around Warshi village (mostly younger)
showed tilt angle varying from 0.16° to 0.39° towards
SSE, whereas at Sasoma (east of Warshi), the older fan
showed a tilt of ~0.10° towards SSE. Further ~30 km east
between Sumur and Tsati villages, the older fans had a
tilt of ~0.08° towards west and the younger fans had rela-
tively higher tilt, which varied between 0.10° and 0.39°
towards SSE. Similar observations were made in a few
selected alluvial fans in the Shyok valley around Rongdo.
Figure 7 d shows a typical example of the alluvial fan ob-
served in the study area. Note that the active channel in
the younger alluvial fan is preferentially tilted towards
SSE, whereas in case of the older alluvial fan, the alluvial
fan channel is more towards the middle of the ellipse
(Figure 7 e).

A lateral moraine located on the left flank of Tangtse
valley at around 4 km from the Tangtse village (34.07°N,
78.24°E) showed a right lateral displacement of ~5m
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(Figure 5c¢). This location is in the proximity of the
stream displacement'’. Considering that the valley was
aggraded by the early Holocene flood dated to ~11 ka
(ref. 41), the displaced moraines could be younger than
11 ka, implying that the displacement postdates early
Holocene.

Although the KF is regionally a strike-slip fault, stud-
ies suggest it has an oblique slip movement as well,
which is responsible for differential uplift along the fault
zone*'’. Hypsometric analysis indicates high rates of
uplift in zone A. Correspondingly, the asymmetric factor
indicates that zone B is undergoing preferential right lat-
eral displacement along with appreciable uplift. For
example, AF indicates that the sub basins in zones B and
C show tilting towards the right. The KF passes through
zone B, whereas zone C lies along the Shyok suture and
joins the Fault near Terith*”. The relatively low SL values
(in zone B) in the central segment of Shyok and Nubra
rivers are ascribed to pulverized lithology (mylonites).
However, the sudden break in the river profile and rise in
SL index in areas dominated by Karakoram batholiths
(homogeneous lithology) in Nubra River valley (above
Warshi village), can be attributed to the activity along an
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Table 4.

Bedrock and alluvial channels that display northwest deflection in the Shyok and Nubra river

valleys for which tentative (infered) timing of initiation for deflection has been calculated

Amount of right
Channels

lateral deflection (m)

Tentative timing of deflection (ka)
assuming slip rate of 4 mm/year'’

Bedrock channels

Rongdo ridge channel ~725
Sasoma ridge channel ~245
Alluvial channels

AS 1 ~37
AS?2 ~42
AS3 ~8

AS 4 ~14
AS5 ~17
AS 6 ~43
AS 7 ~32

180
60

inferred transverse fault over a transpressional zone of
the KF. The k; values in the western part of zone B and
southern slope of Saltoro ridge are high (Figure 4). Con-
trary to this, in the Shyok River (eastern part of zone B)
the low & values could be due to the presence of less
competent metasedimentary lithology (Figure 1). Summa-
rizing the morphometric evidences, such as very high HI,
high peaks of SL and very high k&, values, these can be
ascribed to the uplift associated with the transpressional
activity of KF. The unambiguous evidence of the activity
along KF is manifested by the presence of shutter ridges
flanked by abrupt westward-deflected, southward-draining
bedrock stream (Figure 5a and b), deflected alluvial
streams (Figure 6), westward tilting of alluvial fan
(Figure 7), and lateral displacement in the moraines (Fig-
ure 5 ¢). These evidences provide an additional support to
the earlier suggestion that KF is an active structure'*'*'%,

According to Searle'’, geological evidences are virtu-
ally non-existent to suggest any large-scale pre-Holocene
offsets associated with the KF which, according to him,
imply that KF cannot have accommodated major east-
ward lateral motion of the Tibetan crust. In an earlier
study, slip rate estimation assumed that the displaced
geomorphic features were either associated with the Last
Glacial Maximum (LGM) or early Holocene deglacia-
tion'®. As a result, variable estimates obtained on the
magnitude of displacement, and the antiquity of KF were
subjected to large uncertainty”'®*. For example, accord-
ing to Searle'®, the 32 mm/year slip rate suggested by
Avouac and Tapponnier* accounts well for the amount of
extrusion (<200 km) along KF. On the contrary, the dis-
placement along KF by Brown ef al.'® based on the dating
of displaced stream alluvium in Tangtse valley is esti-
mated to be £4 mm/year and is in accordance with GPS
data'’.

The tentative chronology for the initiation of displace-
ment along the bedrock and alluvial streams was assigned
using 4 mm/year slip rate obtained by Brown et al.'.
Based on this, the timing of stream deflection was calcu-
lated (Table 4). The results obtained suggest that the
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bedrock stream deflection was initiated during ~180 and
60 ka respectively, whereas the alluvial stream deflection
is dated between early Holocene (~10 ka) and late Holo-
cene (~2 ka), implying continued activity along KF, at
least since the late Quaternary till the late Holocene.

The present study, although preliminary in nature,
indicates that the activity along KF is an ongoing process
which continued through late Holocene. The oldest pre-
served record of right lateral displacement is geomor-
phologically expressed by the presence of well-developed
shutter ridges in the bedrock stream that probably initi-
ated around 180 and 60 ka. The younger alluvial stream
displacement is associated with early to late Holocene ac-
tivity along KF. Our data based on high HI, tilted sub-
basins and varying &, values in different segments suggest
that along with the lateral displacement there is consider-
able vertical component involved along KF.
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