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Abstract Paleoseismology provides fundamental data for generalizing earthquake recurrence behavior,
by revealing past surface-rupturing events. Determining the size of paleoseismic events is notoriously more
challenging than their timing. Paleoearthquakes exposed in trenches are vaguely de� ned as large enough to
break to the surface and often assumed to be similar in size. Here we show an example where the paleoseismic
record includes events of both moderate and large magnitudes. At the Salt Lake site on the active left-lateral
Haiyuan Fault, northern Tibetan Plateau, a high-resolution stratigraphic sequence recorded three and possibly
four events since A.D. 1500, constrained by accelerator mass spectrometry14C dating. Historical accounts of
earthquake damage in the study region suggest that several earthquakes exposed in the trenches markedly
differ in magnitude. With the exception of the most recentM~8 earthquake that occurred in A.D. 1920, two
earlier events, which occurred in A.D. 1760 (or 1709) and 1638, respectively, are considerably smaller, with
magnitude M< 7 and more likelyM~6 or less. Thus, this section of the Haiyuan Fault that broke during
moderate-magnitude events failed again after a short interval during a largeMw 7.8–8.3 earthquake, as part of a
larger multisegment rupture. Our study shows that moderate-magnitude events can be preserved in the
stratigraphy and exposed by paleoseismic trenching under ideal conditions, for instance, if sedimentation is fast
enough and there is no hiatus in deposition. Eventually, the data presented add to the growing body of
paleoseismic records containing events of different magnitudes with a large variability in rupture length and
coseismic slip.

1. Introduction

Determining the age and size of repeating earthquakes is essential for understanding the behavior of fault
ruptures and associated seismic hazard. Historical records in most regions are short compared with the repeat
time of moderate to large earthquakes. Therefore, an important part of assessing the time and size of future
earthquakes is to retrieve earthquake recurrence patterns from paleoseismic studies. Paleoseismology provides
fundamental data for generalizing earthquake recurrence models [e.g.,Schwartz and Coppersmith, 1984;Sieh,
1996;Weldon et al., 2004;Berryman et al., 2012], as well as for constraining seismic hazard assessment and
forecasts [e.g.,Nishenko and Buland, 1987;Working Group on California Earthquake Probabilities, 1995, 2003;
Romeo, 2005;Field et al., 2014].

Paleoseismic trenching has been effective in recovering earthquake time series, yet it is notoriously dif� cult to
determine the magnitude of paleoearthquakes. Classically, paleoseismic events are recognized in trenches
based on the fact that a set of faults disrupt a suite of sedimentary layers at a horizon corresponding to the
ancient ground surface [e.g.,Sieh, 1978a;Weldon et al., 2002;McCalpin, 2009]. Stratigraphy thus provides a
“temporal scale” to separate paleoearthquakes through dating of layers to constrain the timing of events.
While it is sometimes possible to locally measure the size of paleoearthquake slip through careful examination
of the stratigraphy, it often remains dif� cult, especially for strike-slip ruptures. Limited examples [Weldon et al.,
2004;Liu-Zeng et al., 2006;Kondo et al., 2010] suffer from the ambiguity of separating the effect of single versus
multiple events [e.g.,Grant-Ludwig et al., 2010], a similar situation faced by the approach of using geomorphic
offset markers [e.g.,Sieh, 1978b;McGill and Sieh, 1991;Zielke et al., 2010;Klinger et al., 2011].

Events exposed in trenches are considered as surface-rupturing events, i.e., large enough to break the
paleoground surface, often referred to as the event horizon [e.g.,Sieh, 1978a;McCalpin, 2009;Yeats et al., 1997].
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But the de� nition of surface-rupturing events in terms of magnitude equivalence is vague and often
implied to be magnitude 6.5 or larger [e.g.,McCalpin, 2009;Akciz et al., 2010]. This assumption is partly
based on a theoretical estimate of rupture dimension on a vertical fault; in that, aM~6.5 earthquake is
likely to fully rupture the width (< 20 km) of the seismogenic layer and thus reach up to the ground
surface [e.g.,Scholz, 1982]. It is more or less consistent with observations from historical earthquakes,
which show that the chance of surface rupture is less than ~50% for earthquakes ofMw < 6.5 [Wells
and Coppersmith, 1993;Weldon and Biasi, 2015]. Thus, the notion that surface-rupturing events most likely
have magnitude > 6.5 only re� ects the higher probability of association with surface ruptures. Eventually,
however, the assumption of an existing cutoff magnitude atM 6.5 for earthquakes producing surface ruptures
needs to be thoroughly evaluated.

In this paper, we document a case where the stratigraphic record of paleoseismic events and historical
accounts of earthquake shaking in the adjacent area are combined to constrain the timing of events and their
magnitudes. This provides a test of the degree of variability in size of repeating paleoruptures at this single
location. At the Salt Lake trench site on the Haiyuan Fault, northwest China, the high-resolution stratigraphy
of rapid deposition preserves the� ne details of deformation of paleoearthquakes. The study site is within a
region where the historical written record of earthquake shaking dates back to 190 B.C. [Xie and Cai, 1983],
providing a unique opportunity for mining the vast historical written and archeological records to corroborate
or augment our trenching investigation of paleoseismicity, in order to better understand seismic behavior of
active continental faults.

2. Seismotectonic Setting

The ~1000 km long, active, left-lateral Haiyuan Fault is a major structure in northern Tibet. Together with the
Altyn Tagh, Kunlun, and Xianshui He Faults, it accommodates the eastward movement of Tibet relative to the
Gobi-Ala Shan platform to the north (Figure 1 inset) [e.g.,Avouac and Tapponnier, 1993; Peltzer and
Tapponnier, 1988;Tapponnier et al., 2001]. The Haiyuan Fault branches off the Altyn Tagh Fault in the Qilian
Shan mountain range and continues eastward, striking about 110°. It then veers to a 140° strike east of the
Yellow River, and to an ~NS strike along the Liupan Shan, and resumes a 100° strike again before merging
with the northern boundary of the Qinling Shan.

To the north of and subparallel to the Haiyuan Fault, the Zhongwei Fault splays off with a nearly east-west strike,
cuts across the Yellow River, and extends for another ~300 km before veering to the south (Figure 1b). The
Zhongwei Fault, sometimes called Xiang Shan-Tianjin Shan Fault, is an oblique left-lateral fault with a large
reverse component. Its strike-slip rate decreases eastward from 3.5 to 0.5 mm/yr, which is accompanied by east-
ward increase of vertical rate from 0.5 to 0.8 mm/yr [Zhou and Liu, 1987;Cai et al., 1997;Liu et al., 2006;Yin et al.,
2013]. It is the seismogenic fault of the 1709M 71/2 Zhongwei earthquake, of which mole tracks of surface
rupture were observed and documented along a 53 km rupture with a maximum horizontal slip of ~7.4 m
[W. Zhang et al., 1988;Nie and Lin, 1993]. Geometrically, the Zhongwei and Haiyuan Faults may belong to a
single fault system, through merging at depth to form a large crustal-stacking wedge [Gaudemer et al., 1995].

The Haiyuan Fault is predominantly a left-lateral fault, but the total offset and Quaternary slip rate have
been controversial. About 90 km of apparent left-lateral de� ection of the Yellow River was considered an
indication of cumulative offset of the Haiyuan Fault [Gaudemer et al., 1995], whereas geological mapping
of Paleozoic units and their correlatives along a section of the fault ~100 km east of the Yellow River sug-
gested a total offset of only 10.5–15.5 km [Burch� el et al., 1991]. Development of pull-apart basins along the
fault was used to argue for a total offset of ~60 km since 10 Ma [Ding et al., 2004]. The slip rate of the
Haiyuan Fault may vary systematically, for instance, by decreasing eastward along the fault because of
strain partitioning among multiple splays [Gaudemer et al., 1995;Lasserre et al., 2002;Duvall and Clark,
2010]. Even on the central and eastern sections of the Haiyuan Fault, the Quaternary slip rate estimates
are 12 ± 4 mm/yr [Lasserre et al., 1999], 8 ± 2 mm/yr, and ~5 mm/yr or less [P. Zhang et al., 1988b;Li et al.,
2009;He et al., 1994, 1996;Yuan et al., 1998;Chen et al., 2014]. Modern fault slip rate or strain accumulation
rate derived from GPS and interferometric synthetic aperture radar suggests a lower rate of ~5–8 mm/yr
[Cavalié et al., 2008;Jolivet et al., 2012].

The Haiyuan Fault is overall segmented, consisting of a few tens of kilometers long sections, commonly
separated by extensional jogs, step overs, and pull-apart basins of varying widths (Figure 1b).
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Transpressional segment boundaries are rare along the Haiyuan Fault. One of the largest extensional jogs,
a 4 km wide left step, occurs at ~104°E near Jintai, at the eastern end of the great 1920 Haiyuan
earthquake rupture [LIS and NBCEA, 1980;Deng et al., 1986]. We consider this step over a boundary that
separates the eastern from the western Haiyuan Fault. Immediately west of the jog, the 30 km long fault

Figure 1. Seismotectonic setting of the Salt Lake trench site on the Haiyuan fault. (a) Major active faults in the region, modi� ed from Gaudemer et al.[1995]. Surface
rupture extent of 1920Mw 7.8–8.3 Haiyuan earthquake is highlighted with a thick red line. Epicenters of catalogued historical earthquakes are shown as circles whose
sizes are scaled with magnitude, color-coded by year of occurrence. Yellow star: Salt Lake trench site, blue star: Songshan site. Villages mentionedin historical
earthquake record are underlined. Inset� gure shows active faults in Tibet. (b) Shaded relief of the region in the vicinity of the Salt Lake trench site. Trench locations in
previous studies are shown as� lled circles. Abbreviations in inset map are ATF, Altyn Tagh Fault; HF, Haiyuan Fault; KF, Kunlun Fault; and XHF, Xianshui He Fault.
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section is creeping with a rate of ~5–8 mm/yr and relatively high microseismicity [Cavalié et al., 2008;
Jolivet et al., 2012]. Trenches at ~103.5°E revealed a mixed mode of paleoseismic deformation from minor
cracks of moderate-magnitude events, for instance, the 1990M 5.8 Jintai-Tianzhu earthquake, to large
deformation associated with large-offset events, the most recent one occurring about ~800 years ago
[Liu-Zeng et al., 2007].

The 16 December 1920 Haiyuan earthquake ofMw 7.8–8.3 produced an ~230 km long surface rupture that
crossed several geometric fault segments, with a bell-shaped slip distribution, and a maximum slip of ~10 m
at the center [Deng et al., 1986;Zhang et al., 1987]. The main shock was followed a week later, on 25
December 1920, by an aftershock with magnitude ~7, whose epicenter was estimated to be ~50 km
to the east of the main shock [LIS and NBCEA, 1980]. These devastating earthquakes in� icted
230,000–270,000 casualties [LIS and NBCEA, 1980;Liu et al., 2003] and produced widespread landslides so
dramatic that “mountains walked” [Close and McCormick, 1922]. It was large enough to set off the
� rst-generation seismometers around the globe. Using these early records,Richter[1958] estimated a
magnitude 8.5 based on surface waves, which has been the commonly accepted magnitude for the 1920
Haiyuan earthquake.Chen and Molnar[1977] later estimated a moment magnitude of 8.3, but
acknowledged that the uncertainty can be a factor of 2,especially when assuming a 45° dipping reverse fault.
These early estimates may overestimate the magnitude of the1920 Haiyuan earthquakes [Abe, 1981]. Given its
reported rupture length and offset (230 km and 10 m),and assuming a 15 km width (depth) and predominately
strike-slip faulting on a nearly vertical fault plane, it is more likely to be a moment magnitude of 7.8, as listed on
the U.S. Geological Survey website (http://earthquake.usgs.gov/earthquakes/world/events/1920_12_16.php).
Given these uncertainties, the 1920 Haiyuan earthquake was roughly aMw 7.8–8.3 and thus a dramatically
large earthquake.

The return time of such 1920-type earthquake multisegment rupture is still unclear. Paleoseismic
investigations have been carried out on various points along the fault [Zhang et al., 1988a, Figure 1b;
IGCEA and NBCEA, 1990;Ran et al.,1997;Min et al., 2001;Zhang et al., 2003]. However, earlier works suffer
from considerable uncertainties: (1) they rarely yield a sequence of more than three events at a single site;
(2) they lack well-preserved stratigraphy to separate event horizons, and therefore, event evidence is
highly interpretive; and (3) event timing was based on old, non-AMS (accelerator mass spectrometer)
14C dating.

3. Site Location and Geomorphology

To better constrain the timing of past earthquakes on the eastern Haiyuan Fault, we choose to open trenches
at the Salt Lake site, where the depositional environment is optimal for preserving past earthquake
deformation. The site is located within the rhomb-shaped Salt Lake basin, 4 km wide by 7–8 km long, and
50 km west of Haiyuan town (Figure 1b). It is a closed basin, with short drainages of ephemeral channels
collecting sediments from the surrounding hills. More than 500 m deep, the basin is� lled with Quaternary
sediments, nearly up to its rim [IGCEA and NBCEA, 1990]. Historically, the lake has been an important salt mine,
since at least the Ming dynasty (annals of Haicheng County).

Bedrock in the vicinity of the Salt Lake basin consists of Precambrian gray quartz schist and marble, which
outcrop on the hills to the northwest and southeast sides of the basin. Oligocene purple sandstone and
siltstone outcrop at the northeast corner (Figure 2). Sediments sourced from gray quartz schist versus the
red beds provide strong color contrast. Being part of the Loess Plateau (roughly 34–40°N, 103–114°E), loess
is common and extensive throughout the region, mantling the lower portion of the hills around the basin
(mapped as late Pleistocene in Figure 2). Southwest of the basin, a fan-shaped Quaternary conglomerate,
with clast imbrication suggesting a source from the northeast, has been left laterally offset from its source
by the Haiyuan Fault [IGCEA and NBCEA, 1990;Burch� el et al., 1991].

Formation of the Salt Lake basin is controlled by the activity of the Haiyuan Fault, and although its age is not
well studied, it is estimated to be Quaternary [Zhang et al., 1989;IGCEA and NBCEA, 1990;Burch� el et al., 1991;
Ding et al., 2004]. The basin is bounded on the north, southwest, and southeast sides by faults, which have a
large normal component; thus, the basin has been interpreted as a pull-apart basin between N60 and 65 W
striking fault segments [Burch� el et al., 1991;Zhang et al., 1989].
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The basin is now shortcut by a throughgoing fault, running diagonally across the basin, which produced a 2 m
high north facing coseismic scarp during the 1920 earthquake [Deng et al., 1986;Zhang et al., 1987] (Figure 3).
Due to the coseismic uplift on the southern side, the center of the lake shifted about 500 m to the north
[IGCEA and NBCEA, 1990]. As illuminated by airborne lidar acquired in the winter of 2011, this fault scarp cuts
sharply through the middle of the basin with varying heights along strike. It is most prominent in the middle
of the basin, diminishing toward the east,� rst into a 20 m wavelength broad monoclinal scarp, then to gentle
warping, and eventually disappearing before reaching the southeastern basin edge. Due to the� atness of the
basin� oor, markers for coseismic horizontal slip during the 1920 Haiyuan earthquake are lacking in the basin,
except along the northwestern slope, where the village of Tangjiapo is located. Here a series of stone-piled
farming terrace divides, possibly built sometime in Qing dynasty (200–300 years ago), were offset 6–8 m
[Zhang et al., 1987]. In addition, ~5 km to the east of our trench site, de� ected channels indicate left-lateral
offsets of 7–10 m, with one site ~10.2 m, which was considered the maximum for this earthquake [Deng
et al., 1986;Zhang et al., 1987].

Our trench site is located ~1.5 km east of the currently active lake shoreline. The trench is thus in the
peripheral region of the lake and the transitional zone between two alluvial fans, collecting sediment
sourced from the north and east. At this site, the 1920 scarp is 2 m high and consists of two to three strands
(Figure 3).

4. Excavations and Stratigraphy

We opened multiple fault-perpendicular trenches across the north facing fault scarp. The� rst excavation
was conducted in 2007, producing a 40 m long 3–4 m deep trench. We cleaned the walls, which were
photographed on 1 m × 1 m grid. We then mapped the stratigraphy and faults in the� eld on photo
printouts. After mapping, we expanded the trench, by digging ~1 m sideways into the walls in the vicinity
of the main fault zones and secondary branches, to gather additional evidence about events. We
reexcavated at almost the same location in 2009, making it wider and deeper, so that for each fault
strand, we have a total of six trench exposures, labeled as T09W, T07WW, T07W, T07E, T07EE, and
T09E, respectively, from west to east. Multiple exposures display lateral variation in deformation style
for each event along strike.

Figure 2. Geological map of the internally draining Salt Lake basin, superimposed on shaded relief of Advanced Spaceborne Thermal Emission and Re� ection
Radiometer digital elevation model (DEM). Fault traces that broke in 1920 are shown in red, and others in orange. Blue lines: ephemeral rivers draining to the
basin; black lines: drainage divide; blue polygon: current lake extent; blue bar: trench location; green dots with numbers are coseismic left-lateral slip during the 1920
Haiyuan earthquake, whereM denotes location of ~10 m [Zhang et al., 1987].
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The trenches exposed excellent stratigraphy at the site, consisting of thinly bedded alternating layers of
different grain sizes and colors, due to fast deposition rate and contrasting sediments from different sources
(Figure 4 and Table 1). The sediments are generally� ne in grain size, comprising mostly of a combination of
sand, silt, and clay, suggesting a relatively low-energy depositional facies, in accord with the distal
fan-lacustrine setting. Gravelly pebbles and coarser clasts are rare in the trenches, appearing only locally in
small and shallow channels, trending oblique to trench walls. Major units have constant thickness and are
laterally continuous, and thus, it is fairly straightforward to correlate units from trench to trench and across
the fault zones.

Figure 4 shows a composite column of 4.8 m thick exposed stratigraphy. The sedimentation rate changes
with depth and over time. At an extreme, the deposition rate in the upper 2.7 m thick sediments reaches
~5 mm/yr, 2–3 times or higher than below. It is unclear whether this dramatic increase in sedimentation rate
is a local consequence of a migrating deposition center or is a basin-wide increase resulting from increased
erosion rate of the surrounding hills. The upper section (above 2.7 m depth) is the most distinctive group of
strata. It is separated from the lower section by an organic-rich, dark soil horizon near ~2.7 m depth (Figure 4),
which also marks a depositional hiatus. The upper section comprises rhythmic centimeter-thick interbedded
layers of well-sorted sand and silt with alternating colors of pinkish red to light gray. Bioturbation is minor
within the section. Each layer is well-sorted, either massive or horizontally bedded, with upward� ning or
coarsening deposition structures well preserved.

Consistent with a lower sedimentation rate, the deeper part of the stratigraphy (below 2.7 m depth) contains
more clay-rich, thicker, and more homogeneous layers. The deposits in this lower section may represent a
relatively more stable subaqueous environment, similar to a previously documented deposit of dark gray clay
with few stratigraphic markers documented elsewhere [e.g.,Rockwell et al., 1986;Weldon et al., 2002;Daëron
et al., 2007;Liu-Zeng et al., 2007]. Layers or horizons containing dark organic matter are frequent in the deeper
stratigraphy but not in the upper 2.7 m. These layers represent periods of nondeposition and soil formation
[Weldon et al., 2002].

b)

a)

Figure 3. Map of trench site showing (a) fault zone geometry and trench location. Note the en echelon nature of fault zone
and right stepping fault strands. Base map is 0.5 m resolution lidar DEM superimposed on shaded relief, collected in 2011,
5 years after the� rst trenching season. Inset map shows con� guration of 2007 and 2009 trenches and exposure naming
scheme. (b) Fault perpendicular topographic pro� le near trench site. Our trenches cover the main portion of the 2 m high
north facing scarp.
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5. Paleoseismic Evidence of Events

In this section, we focus on presenting and discussing paleoseismic events preserved in the upper 2.7 m thick
section of the stratigraphy, because� ne details of deformation are well preserved in this package of the high-
resolution stratigraphy.

In our trenches, the main fault zone consists of multistranded, 60° south dipping faults, which intersect with
the ground surface at the base of a 2 m high geomorphic fault scarp. The fault shows a reverse sense of dip-
slip motion, with left-lateral strike slip, making it overall transpressional, even though the general structural
setting is a shortcut through a pull-apart basin. The reverse component is a local, secondary effect of fault
dip angle and a transpressional step associated with en echelon arrangement of strike-slip fault traces
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Figure 4. Composite stratigraphic column of units based on photo mosaic of trench exposures of representative stratigraphy at
the Salt Lake site. Unit contacts are shown as black lines. Interpreted event horizons for A through J are shown in letters. Red
letter in bold denotes probable event, italized and question marks for those possible to unlikely events. Detrital charcoal samples
returned radiocarbon (14C) ages that were mostly in correct stratigraphic order. Radiocarbon ages were calibrated and statis-
tically analyzed using Oxcal 4.2, and atmospheric data fromReimer et al.[2009]. Calibrated 14C ages are shown on the right side.
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Table 1. Summary of Stratigraphy Exposed in the Salt Lake Trenches

Grouping Unit Number Descriptions and Notes

USL-1 (I) 101–107 Alternating layers of reddish massive bioturbated sand and silt (101, 103–104, and 106) and relatively well sorted gray medium to
� ne sand (102, 105, and 107).

105: a distinctive layer with relatively well sorted, homogeneous gray� ne sand and silt, which is continuous and with uniform
thickness, correlative among trench exposures. Bioturbated but still visible of slightly upward coarsening structure.

107: a distinctive layer of massive light gray upward� ning unit of medium to � ne sand to silty very� ne sand.

108–109 Occurring only locally, reddish homogeneous sand and silt.

110 and 112 Massive pinkish� ne sand to silt.

111 An approximately millimeter-thick layer of well-sorted gray very� ne sand to silt.

113 and 115 A succession of rhythmic sediment. Lens-shaped, developed only in sags near the fault zone, pinching out within ~2 m on two sides.
Medium sand with well-preserved sublayer stratigraphy and beddings.

114 and 116 Distinctive layers of relatively well-sorted pinkish gray silt and very� ne sand, which can be traced in all exposures.

117–120 Pinkish to brownish red homogeneous massive sand and silt, occurring locally in sags, with thickness pinching out quickly.

122 A distinctive and continuous layer of light gray massive silty� ne sand, of slightly varying thickness but stable occurrence across all
exposures.

123–128 A package of alternating layers of reddish to brownish massive� ne sand (123, 125, and 127) and gray to light gray massive silty� ne
sand (124 and 126). Variable thickness but can be continuously traced in all exposures, with wavy contacts between units,
thickness suggesting inter� ngering aggradation.

129 Prominent layer of red to dark red medium to� ne sand, locally coarse sand, of varying thickness.

USL-2 (II) 200a–200c Distinctive lens-shaped layer, thickest near the fault zone, pinched out 7–8 m south of the fault, with prominent erosion (scouring)
lower contact with unit 201.

200a: light gray silt with sharp lower contact.
200b: light reddish gray silty� ne sand.
200c: light gray silt, with sharp lower contact.

201 A generally upward coarsening layer of pinkish clayey silt for the bulk part, to� ne sand to medium sand, the color becomes darker
upward, with dark red� ne sand of variable thickness at the very top.

202 202a: dark gray silty clay, with laminae of dark brown clay strings at some places.
202b: an upward� ning sequence from gray� ne sand to gray with red taint sandy silt.

203 Pale red very� ne sand to silt, gradational contact with unit 204.

204 White to pinkish white� ne to silty very� ne sand, with many minute fragments of charcoal. Variable layer thickness, with scouring
lower contact at some places. At places of greatest thickness, consists of two sublayers of upward coarsening sequence for each.

205 A distinctive bed of relatively well-sorted light brown medium to� ne sand, with nearly stable thickness. Consists of two sublayers of
same color but slightly coarser in the lower one.

206 2–6 cm thick white to pinkish white well-sorted very� ne sand, locally with upward� ning structure.

207 Similar to unit 205, it is a distinctive layer of light brown medium to� ne sand, with stable thickness. Consists of