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AR, HUCHER .
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TR, BEART B REGH, @F B E R KAEK.

WREGHEUS IR I 2 B E M RFAE AR T, FE 73 /KU ZR N, WP 2 il LPEoE
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0 1 : L L : \v\ L L L L L L L L L L L L (m)
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N B RAAYRE M A T BN R 2 b, WS A E s,
R, Z W72 BEIR S SO R B A7 . AEIZIRRE R M W e, R E
W2 BEIRSE AR 5 [ HF 92 55— 3R Fl MTC-2, RIEREEMIA 2.2.20 fin, 5=440
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6. F MR

The Luoshan mountain range, with a 2624 m peak altitude, trends nearly SN and
is composed of Ordovician rocks. The 60-km-long Luoshan fault is located along the
eastern piedmont of the Luoshan mountain (Fig.4.6.1), it strikes 340°-360° and is
composed by six sections. The displacements of gullies and streams imply that
Luoshan fault is characterized by right-lateral strike-slip, and the largest observed
horizontal offset is located in the middle part of the fault (SF;). The fault sections
show reverse components of oblique right-lateral strike-slip along the northern part of
the fault (SF;1 and SF,) and normal components of slip along the southern part of the
fault (SFs and SFs). Therefore, they display pivotal movement.

The northernmost section SF; (Fig.4.6.1): Strikes 350°, dips westwards and is
14km long. The average altitude of Luoshan mountain is in general over 2200 m,
while it suddenly descends to 1700 m north of Tanzhuang along SF;. The fault is
located between the mountain and alluvial fans. Fault scarps with heights of 2-4 m can
be seen on the Quaternary alluvial deposits, and some fault scarps show fresh
free-face. The fault is characterized by thrusting along this section, and a fault section
can be seen in Tangzhuang where Ordovician rocks thrusted on Quaternary deposits
(Fig.4.6.2). North of Xiquan, the fault disappeared in the Cenozoic basin.

— ) () °

]"1 Quaternary alluvial gravel with sand
Ordovician sandstone IXl Thrust fault 0 10 20m

Figure 4.6.2 Sketch of fault section in Tanzhuang.

The segment SF, (Fig.4.6.1): Strikes 310°-330°, dips SW and is only 5km long.
The trend of this segment is not consistent with the trend of the others, and this
segment is characterized by important thrusting. South of Miaogou, Ordovician rocks
thrusted onto Quaternary loess and alluvial deposits, and the fault broke the surface
(Fig.4.6.3). 1-2m high fault scarp is observed along this section.
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Figure 4.6.1 Detailed map of the Luoshan fault
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Figure 4.6.3 Reverse splay of the fault south of Miaogou. The Ordovician rocks
overlaid by alluvial gravels thrusted onto loess and the reverse fault broke the
surface. View to the northeast.

The section SF; (Fig.4.6.1): Strikes 345°-350°, dips east and is only 9km long.
Starting from this segment, the active fault gradually locates on the eastern alluvial
fan of the Luoshan mountain, not along the foot of the mountain. The horizontal
displacements affect the Quaternary alluvial fans. Northward from Hongmiaogou,
three gullies craved on the alluvial fan were dextrally offset by 26. 22 and 16m,
respectively. Many other gullies and streams were also dextrally offset. In
Hongmiaogou, the fault cut a 9m high river terrace, which is displaced by a
5.2m-high-fault-scarp. West of Mawangmiao, a trench across a fault scarp on a
2m-high terrace was excavated. Figure 4.6.4 shows the log of north wall of the trench
exposing Quaternary deposits displaced by several fault splays burried by a thin layer
of fine sand with pebbles.

Figure 4.6.4 Schematic log of Machanggou trench. MRedeposited loess with
gravel, gravel increases in the lower portion. @Filled wedge that consisting of
redeposited and gravel. @Mixed gravel and sand. @Sandy soil. ®Gravel bed
of the alluvial terrace, consisting of gravel and sand. The thick lines indicate
faults.
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Figure 4.6.5 Aerial view of the fault section SF, cutting all the alluvial fans on the
eastern piedmont of the Luoshan mountain and forming a remarkable fault
scarp. The fault right laterally offsets most gullies. Thin arrows show offset
gullies (displacement in meters); thick arrows show fault traces; the filled box
indicates the trench area. The strike-slip rate is studied through two sites along
this segment and empty boxes indicate the locations of the two sites, the triangle

indicates sample location. A pressure ridge was formed in the overlapping area
between SF, and SFs.

The Shiyaodong section SF, (Strikes NS, dips east and is only 4km long) is a
continuous straight fault scarp affecting the alluvial fan developed at the foothill of
the Luoshan mountain (Fig.4.6.5). Most gullies or streams show a right slip when they
cross the fault. This observance and a gully offset by 18m (Fig.4.6.6a) and a fault
plane exposed along it showing nearly horizontal fault striae (Fig.4.6.6b), imply a

e e [

Figure 4.6.6 Evidence of activity of the Luoshan fault.
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(a) A gully was dextrally offset by 18+1m in Shiyaodong. Thick line indicates the
trace of the fault; the large thick arrows show the movement direction of the
fault. Dashed lines with arrows indicate the gully. Two terraces were developed
on the upthrown block and one terrace on the downthrown block. The
topographic map of the gully is illustrated in figure 10.(b) Fault exposure with
nearly horizontal striae near Shiyaodong. (c) Fault sag in Wangdengjuan. Thick
line with arrow indicate fault.(d) Cross section of a graben in Wangdengjuan.
The dashed line indicates buried fault. Thick lines indicate faults.

The Wangdengjuan section SFs (Strike 340°, length of 11km) shows an eastward
facing fault scarp north to Wangdengjuan while south to Wangdengjuan, the scarp
faces westward, thus forming a 60m wide trough formed from south of
Wangdengjuan along the foot of the Luoshan mountain. The west-dipping fault scarp
dammed the normal deposition from upstream or hillside, causing many fault sags
(Fig.4.6.6¢). Some trenches were excavated in these sags. In a terrace in
Wangdengjuan, two normal faults F; and F, depict a graben (Fig.4.6.6d). F, cut all
deposits and reached the surface, F; is buried by loess.

e

ans R <
o e N
> “ 2 T

Figure 4.6.7 Surface rupture features; some of them are possibly related to the
most recent slip on the fault.(a) View of a fault section and scarp with free face at
Zhangjiashanpo.(b) Normal fault section near Zhangjiashanpo. Thick lines with
arrows indicate normal faults. @ Quaternary loess, @ Ordovician rocks. (c)
Small graben feature in Shiyaodong segment. Thick lines with arrows indicate
normal faults. The graben is formed in a younger alluvial fan. The deposits
between faults F; and F, consist of gravel mixed with redeposited loess, and
alluvial gravel bed exposures on the other portion.(d) Small gully dextrally offset
by 3.6m during the last rupture event at Shiyaodong.
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The Zhangjiashanpo section SFs (Fig.4.6.1): Strikes 340°, being 20km long. The
fault signs the boundary between the Quaternary deposits and Ordovician rocks, and
is enhanced by an east-dipping normal fault. Many remarkable fault scarps
comprising fresh free-faces are observed (Fig.4.6.7a). Because free-faces will be
eroded away within hundreds of years (Wallace, 1977), the latest rupture event
possibly occurred within one thousand years. Several meters west of the fault scarps,
another normal fault section outcrops in many gully walls (Fig.4.6.7b), however, there
are no traces on the surface along this fault splay. This suggests that the fault ruptured
the surface many times. South of Miaoshan, the fault disappeared in the loess plateau.

Because of left-stepping of secondary shear faults along the right-lateral strike
slip fault zone, pressure structures occur (Chen and Deng, 1985; Deng and Zhang,
1984). The thrust fault SF, formed between SF; and SF3, and pressure ridges formed
between the other overlapping segments (Fig.4.6.5).

1. Historical earthquakes rupture zone in the Luoshan fault

As mentioned before, a historical earthquake M=~7.3 occurred in the area close to
Luoshan fault in 1561(Gu et al., 1989). Although we know nothing about the
earthquake fault, the surface ruptures found along the Luoshan fault could indicate
that the Luoshan fault is responsible for the 1561 earthquake.

The fault traces always offset the Quaternary deposits, and frequently offset
Holocene deposits and geomorphic units, with the last rupture buried by recent
alluvial material (Fig.4.6.2. 3. 4 and Fig.4.6.7c). Moreover, the displacement of “V”
shape small gullies, only tens of meters long and one meter deep, could suggest that
they were formed recently. The headwater erosion velocity is estimated to be 8.46
cm/yr in this region (Cheng et al., 1984), while these gullies should reasonably be
formed within one thousand years. Sixteen of these gullies (Order IV in Tablel) show
dextral offsets of 1.5m-5.4m (Fig.4.6.7d), and could account for the most recent event
occurred along the Luoshan fault.

Finally, further evidence for recent slip of the fault can be decided by the study of
the free-face (Wallace, 1977). For example, a free-face in loess deposits in
ZhangJiashanpo is 0.7m high with 71° (Fig.4.6.8). Here the original upper slope is 6°,
a transition portion with 16°-20° formed between free-face and original upper slope,
and a 26° debris slope developed near free-face. The dip of the fault is 55° that can be
seen in the north wall of a gully (Fig.4.6.7a). Thus, the slope angle of the free-face is
larger than that of fault, indicating that the fault scarp is still under the evolution of
gravity, thus very young.
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Figure 4.6.8 Topographic profile across Zhangjiashanpo fault scarp surveyed by
total station.
(1) Horizontal slip rate
Horizontal offsets of streams are the most ubiquitous and prominent phenomena
along the Luoshan fault (Fig.4.6.5), and they can be used both to evaluate the
kinematic of the fault and to calculate the horizontal slip rate.

We studied the right-lateral strike-slip rate of the Luoshan fault in the
Shiyaodong and Machanggou sites (Fig.4.6.5, two inset boxes).

Shiyaodong site (Fig.4.6.5): Here, streams and gullies are dextrally displaced
by different amounts. The topographic map of a 18m+1m-displacement gully was
measured by total station (Fig.4.6.9), and this gully has been illustrated in Figure 8a.
Two depositional terraces were formed in the upthrown block and one depositional
terrace, being eroded away close to the fault, was formed in the downthrown block.
The terrace | is about 1-1.5m high and the top of the terrace is composed by 0.5m gray
black soil. The other parts of terrace | were composed by gravel and sand layers. The
terrace Il is 5-6m high. Its top and bottom are composed by light yellowish sand with
a height of 2m and lower than 1m, respectively. The middle part of the terrace Il is
composed by gravel. The 18+1m-offset is the displacement of central line of the gully
between the two sides of the fault. The incision age postdates the deposition age, so
the age of the oldest depositional terrace represents a maximum age of the
displacement. A rough indication of the terrace age is indicated by a TL (numbering
ST) dating of 9800+ 750 yr B.P. (table 1) collected below the top surface of the
terrace Il. Therefore, the minimum right-lateral strike-slip rate could be about
1.8+0.2mm/a during the Holocene.
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Figure 4.6.9 Topographic map of fault landform near Shiyaodong surveyed by
total station (Shiyaodong site in figure 4.6.5). The gully has been right-laterally
offset 18+1m and illustrated in figure 4.6.6a.

Machanggou site (Fig.4.6.5): Machanggou alluvial fan is the oldest in the
eastern piedmont of the Luoshan mountain, and it is clearly cut and dextrally
displaced by the fault. Determining the offset of the fan is difficult, because we can
not find suitable indications to measure it. As soon as an alluvial fan forms, streams
and gullies will carve on it, the largest streams may be regarded coeval with the
alluvial fan, and the displacement of the largest stream could approximate the
displacement of the fan. The Machanggou gully is the largest gully that incised into
the highest and oldest Machanggou alluvial fan, and the displacement of the southern
gully wall between the two points A and B is 171+10m measured by total station, it is
the largest offset value along the Luoshan fault. From the south wall of the
Machanggou gully, a sample (numbering MA) of alluvial fine sand was collected 3m
below the surface of the oldest alluvial fan (black triangle, Fig.4.6.5), its TL dating
being 69000+ 5400 yr B.P (table 4.4.3). According to the displacement of the alluvial
fan, the right-lateral strike-slip rate is 2.5+0.3mm/a since late Pleistocene. The
formation age of the alluvial is older than the formation age of the gully, so the
2.5+0.3mml/yr slip-rate should be a minimum value. It is worth noting that the longer
the streams and gullies developed, the larger they have been displaced by the fault
motions. By grouping these streams and gullies according to their scales, it is possible
to use the average displacement of each group in order to compute an average slip rate.
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According to our observation, the gullies along the Luoshan fault can be divided into
four groups characterized based on similar width. length and terrace orders.

Table 4.4.3 TL sample data (dated by TL laboratory of Institute of Geology,
China Seismological Bureau, Beijing)

Sample Location Depositional Temperature Equivalent Dose Rate TL age (a)
Number Environment range (°C) Dose (Grays)  (Grays/ka)
ST Terrace Il in Fine alluvial 310-350 44.80+3.18 4.57+0.36 9800+750
SYD sand
MA Alluvial fan Fine alluvial 310-350 319.24+24.58  4.62+0.37 69000+5400
in MCG sand
sdl SYD trench Eolian loess 310-350 19.74+1.18 3.9740.31 4970+390
sd2 SYD trench Eolian loess 310-350 14.56+1.08 4.65+0.36 3130+240
sd3 SYD trench Eolian loess 310-350 10.08+0.87 4.52+0.35 2230+170
sm3 SM trench Fine alluvial and 310-350 31.81+2.14 3.95+0.34 8200+600

SYD-Shiyaodong, MCG-Machanggou, SM-Shuangmiao
Table 4.4.4 Statistics of horizontal displacements of gullies along the Luoshan

fault
Order of Displacement values The range of Averaging
gullies (m) displacement values value
I 59,52,60,50,60 50-60 80
16,22,26,18, 15,23,19,21,
| 22,18,18,18,20,31, 15-31 21.7

25,28.3,15.3,24,25,28,23,22
8,7.5,8.5,11,8,9,10,12.5,12,14,
8.4,8,10,13,12,7,14,10,14,15,

I 10,9,10,7,15,8.3,8.3,9,7,7.5,7, 7-15 10.02
13,7,7,9,8,12,15,10,13,8, 10.7,8
v 4,4.72,15,4,2.7,3.6,5.4,3,3, 1.5-5.4 3.8
54,455,355

In group |, the gullies eroded upstream the Ordovician rocks but did not erode
upstream to the watershed, and three alluvial terraces are developed along the gullies.

The gullies of group I1 are located only within the alluvial fan surface, and did
not erode upstream to the Ordovician units, and two terraces are developed.

The gullies of group 111 are tens-of-meters-long and 1-2m deep, and are also
craved only in the alluvial fan.

Finally, the gullies of group IV only several meters long and less than 1m deep,
they are the smallest gullies along the Luoshan fault.

87 offset values were measured along the fault (table 4.4.4) and arranged into
related groups. Most measurements are made with a tape measure and some of them
with total station. Considering that the average displacement of order Il is 21.7+1m,
and that the age of group Il in Shiyaodong is 9800+ 750 yr B.P., the rough average
slip rate related to this period is 2.2+0.2mm/yr.

Altogether, the minimum slip-rate, considering three values above, is
2.15+0.2mm/a (mean value of 1.8+0.2mm/a and 2.5+0.3mm/a).

(2) Paleoseismic analyses

Although six trenches had been excavated along the Luoshan fault (Fig.4.6.1),
evidence for individual paleoearthquake can only be found in the Shiayaodong and
Shuangmiao trenches. The other trenches were excavated on the youngest surfaces,
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and where exposing only the most recent faulting event, one log of these trenches was
shown in figure 4.6.4.

Shiyaodong Trench: This trench was excavated across the SF4, and particularly
across a straight 2.2m high fault scarp cutting the alluvial fan near the farm of
Shiyaodong. The stratigraphical succession observed in the south wall of the trench is
composed mainly by eolian silt (loess) and alluvial gravel (Fig.4.6.10).
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Figure 4.6.10 South wall of Shiyaodong trench. (a) Photo of the south wall.
Arrows indicate faults. (b) Log of the south wall. The numbers represent
stratigraphic units, @ Recent alluvial loess mixed with small gravel; @
Redeposited loess, whereas a layer of gravel exists in the upper part of the bed;

98



®Colluvial wedge consisting of gravel and redeposited loess. The thickness of
this unit is about 0.4m near the fault and extends 1.5m away from the fault; @
Redeposited loess, and they are brought by sheet flow on the upthrown block of
the fault and eolian deflation; ®Colluvial wedge which consists of gravel mixed
with redeposited loess. This unit has a thickness of 0.2m in the vicinity of the
fault and thins away from the fault. It extends 2m and then lenses out; ®
Redeposited loess; @MColluvial wedge (not well exposed) composed by coarse
gravel and loess; Fracture zone of about 0.5m width consisting of gravel
from alluvial fan, in which the beddings of gravel dip eastwards; @Gravel bed
of alluvial fan, consisting of coarse gravel bedded with sand. The big box shows
the area of photo. Stars represent TL sample locations. Sample names and ages
are also labeled on the log.

Two faults F; and F, were exposed on the wall. The sediments west of the F, are
composed of alluvial gravel with horizontal beddings. The sediments between F; and
F, are also composed of alluvial gravels, but layers have been titled eastward by the
movement of faults. The deposits related to the faulting events are found on the
eastern side of F1. The faulting history could be tentatively suggested by the presence
of lenses of gravels in the hangingwall that could be interpreted as colluvial wedges
that formed during the degradation of unit © after each surface faulting. The
colluvial wedges consist primarily of coarse cobbles mixed with fine silts without
beddings. It has been introduced that the right lateral strike slip Luoshan fault are
characterized by pivotal movement, a minor normal element was companied with
right lateral strike slip along Shiyaodong segment, the fault scarps have showed that
normal faulting existed all the time, hence, colluvial wedges are small along Luoshan
fault. Two paleoearthquakes are determined from this trench. Units & and ® can
be interpreted as two colluvial wedges and each of them probably represents one
paleoevent. Unit (D is perhaps another colluvial wedge, but it is not well exposed.

The most recent event occurred along fault F, which cut layer 3 and is covered

by layer (D, there was no colluvial wedge related to this paleoearthquake probably
because of the geometry of F; (figure 11). Three TL age samples of sd1, sd2 and sd3
were collected from the bottom of debris slope over every possible colluvial wedge
(Fig.11). Their ages are 49704390 yr B.P., 31304240 yr B.P. and 2230170 yr B.P
(table 1), so the two paleoearthquakes (DE1 and DE?2) occurred before 3130240 yr
B.P. but after 49704390 yr B.P., before 2230+170 yr B.P. and after 31304240 yr B.P.
The most recent event occurred after 22304170 yr B.P. and was responsible for the
1561 A.D. earthquake.

Shuangmiao Trench: This trench is excavated across a west-facing scarp. Here,
the fault is shown by a 2-meter high reverse fault scarp formed on the alluvial fan
(Fig.4.6.6¢). The sediments observed in the south wall of the trench are mainly
alluvial gravels, sand and soil (Fig.4.6.11).
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Figure 4.6.11 South wall of Shuangmiao trench. (a) Photo of the south wall.
Arrows indicate faults. (b) Log of the south wall. The numbers represent

stratigraphic units, Recent hillslope deposits; @Light black soil containing a
little peat; the materials of this unit came from hillslope and deposited in the

@Gravel

sand. The big box shows the area of the

interbedded with three layers of gravel;

®Redeposited loess

interbeded with sand;

fault sag;

®Fine alluvial
photo. Stars represent TL sample locations. Sample names and ages are also

labeled on the log.
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Five high-angle reverse faults can be recognized. The sediments eastward of F;
are alluvial gravels, which could be reasonably tilted by the thrusting motion. The
growing of the east-dipping-reverse-fault caused the trapping of the deposits at the
foothill. Firstly, the right lateral strike slip is dominant and the thrusting motion is
minor, secondly, the hillslope deposits (unit 2)) accumulated quickly along the fault
scarp, so the colluvial fabric were undeveloped. At least three paleoearthquakes can
be recognized at this site. The first paleoevent occurred during the deposition of unit
3. F4 cuts unit @ and the lower part of unit (3, and then was buried by the upper
part of this unit. The second paleoevent occurred during the deposition of unit @ as
showed by fault F,, F3 and Fs. These faults cut units 3, @ and ), particularly, Fs
cut the lower part of unit @), and were buried by the upper part of unit @). The last
paleoevent occurred along the fault Fy, it cut unit @ and was buried by unit @.

In order to determine the timing of these paleoevents, three samples were
collected and dated. These are: sample sm1 composed by fine sand with TL age of
82004600 yr B.P. (table 1); sample sm2 consisted of peat deposits and its *C age is
3900+70 yr B.P., dendrochronoloogically corrected age is 4150+120 C.B.P; sample
sm3 was taken from the peat deposits of unit @), its **C age is 2550+100 yr B.P.,
dendrochronoloogically corrected age is 2550+190 C.B.P. *C samples were dated
by ¥C laboratory of Institute of Geology, China Seismological Bureau. According to
these datings, the first paleoevent (GE1) occurred after 8200+600 yr B.P; the second
paleoevent (GE2) occurred after 4150+120 yr C.B.P., the third paleoevent (GE3)
occurred after 2550+190 yr C.B.P. and should correspond to 1561A.D. earthquake.

(3) Sequence of faulting events and recurrence intervals
Figure 4.6.12 summarizes the paleoseismic events identified in the two trenches.

Four paleoevents can be determined since Holocene along the Luoshan fault. The
oldest paleoevent (E;) is recognized only in Shuangmiao trench, and it occurred after
8200+600 yr B.P. The second paleoevent (E;) was recognized both in Shiyaodong and
Shuangmiao trenches; it occurred between 3130+240 yr B.P and 4150+120 yr C. B.P.
The third (E3) paleoevent can only be recognized in Shiyaodong trench, where it
occurred before 2230+170 yr B.P. The most recent event was recognized in both
trenches, and it occurred after 2230+170 yr B.P in Shiyaodong trench and after
25504190 yr B.P in Shuangmiao trench. Combining with historical data, the last event
could be the earthquake of 1561 A.D.
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Figure4.6.12 Comparison of paleoearthquakes and recurrence interval for large
earthquakes documented in trenches along Luoshan fault. Thick bars show the
age range of TL from samples. Arrows indicate whether the earthquake
occurred prior to or after that period. Dashed dark line indicates probable
historical earthquake in 1561A.D. E;-E3indicate paleoevents and sequence, the
time estimate corresponds to the shaded area.

2. Conclusions
On the basis of field and aerial photo mapping and paleoseismological trenching,

we have achieved the following results:

(DThe Luoshan fault is composed of six sections, and trending 350° with a total
length of 60km. The fault striae, and the right-lateral displacement of gullies and
streams indicate that, differently from other faults in the northeastern margin of
Tibetan plateau, the Luoshan fault is a right-lateral strike-slip fault. According to the
displacement of terraces and alluvial fans and their dating ages, the minimum
right-lateral strike-slip rate was determined to be 2.15+0.2mm/a since late Pleistocene.

@ A M=7.3 earthquake occurred in 1561A.D. in the area close to Luoshan
mountain. Through detailed fieldwork in this area, we related the Luoshan fault to this
earthquake. The whole fault-rupture is about 60km, while the largest horizontal
displacement evaluated for this earthquake is 5.4m, the average being 3.8m.

(® By means of paleoseismological analyses carried out within 2 trenches,
besides the 1561 earthquake, we find evidences for three paleoearthquakes along the
Luoshan fault, and they occurred after 8200+600 yr B.P., between 3130+240 yr B.P
and 41504120 yr C.B.P., and before 2230+170 yr B.P., respectively.
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