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Abstract The 15 October 2013 magnitude (MW) 7.2 Bohol earthquake produced an ~50‐km‐long,
~12‐km‐wide northeast trending zone of uplift with an ~8‐km‐long discontinuous ground rupture indicating
predominantly reverse‐slip movement on a southeast dipping fault. Documentation of the nearly continuous
northern terminus of the 2013 Bohol earthquake ground rupture revealed its association to preexisting
scarps of the previously unmapped, Quaternary‐active North Bohol Fault. Trenching across the rupture at
four sites not only reveals the geometry and kinematics of the fault but also shows at least one or two
pre‐2013 surface rupturing events. Onshore geologic mapping and offshore seismic reflection profiles
demonstrate the presence of an island‐wide, northeast‐southwest trending fold‐and‐thrust belt through
which deformation related to the regional shortening across the Visayan Sea Basin in the central Philippines
is likely distributed.

1. Introduction

On 15 October 2013 (8:12 a.m., UTC +8), the island of Bohol in Central Philippines (Figures 1a and 1b) was
shaken by a devastating magnitude (MW) 7.2 earthquake (Figure 1b). The epicenter was located 30 kmNE of
Tagbilaran (9.86°N, 124.06°E) and had a shallow focal depth (~12 km; Figures 1b and 1c). The earthquake
was initially thought to be caused by movement along the East Bohol Fault (EBF; Figure 2), which was
the only known active fault on the island prior to the 2013 earthquake. However, rapid response to the earth-
quake showed the location of the surface rupture of the earthquake 35 km north of the EBF (Bacolcol et al.,
2013). More and improved seismicity and field data helped in coming up with a more constrained geometry
and location of the earthquake generator. Focal mechanism solutions (FMS) from the Global Centroid
Moment Tensor (GCMT) (Dziewonski et al., 1981; Ekström et al., 2012), National Research Institute for
Earth Science and Disaster Resilience (NIED) (2013), U.S. Geological Survey (USGS) (2013), and aftershock
distribution from the Philippine Institute of Volcanology and Seismology (PHIVOLCS; Philippine Institute
of Volcanology and Seismology, 2014) are all consistent with reverse faulting along a fault plane that
generally strikes N40–60°E and dips about 45° to the SE (Figures 1b and 1c). All of this information guided
the search for the ground rupture in an area where there was previously no mapped active fault.

A relatively continuous, 6‐km‐long segment of the ground rupture, which was found initially almost a week
after the earthquake, is located in the northern sector of the island, in the municipalities of Inabanga and
Buenavista (Figure 2). The ground rupture was named by PHIVOLCS as the North Bohol Fault (NBF;
Bacolcol et al., 2013) and is also referred to by other researchers as the Inabanga Fault (Felix, 2017; Felix
et al., 2014; Lagmay & Eco, 2014).

The 2013 Bohol earthquake is a significant event for the following reasons: (1) it is considered as the histori-
cally strongest earthquake to hit the island of Bohol, (2) it was generated by a previously unmapped reverse
fault, and (3) it provides valuable information on reverse fault ground rupture since there is a rarity in docu-
mented surface faulting associated to reverse fault‐generated earthquakes, not only in the Philippines but
also worldwide (Rimando, 2015).
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Figure 1. Philippine active tectonic features and seismotectonics of the 2013 Bohol earthquake. (a) Map of tectonic plates
(SP = Sunda Plate and PSP = Philippine Sea Plate) trenches (MT = Manila Trench, NT = Negros Trench, ST = Sulu
Trench, CT = Cotabato Trench, ELT = East Luzon Trough, and PT = Philippine Trench) and major active faults
(e.g., PF = Philippine Fault) in the Philippines modified from PHIVOLCS' Active Faults and Trenches Maps (Philippine
Institute of Volcanology and Seismology, 2008). Black box in the Visayas region indicates the location of the study area
shown in (b). (b) Map of Bohol island with focal mechanism solutions (FMS) from the Global Centroid Moment Tensor
(GCMT), National Research Institute for Earth Science and Disaster Resilience (NIED), and U.S. Geological Survey
(USGS); and epicentral locations for the main earthquake event (yellow star) and aftershocks (red circles) from the local
seismic network of the Philippine Institute of Volcanology and Seismology (PHIVOLCS). White box indicates the
location of Tagbilaran, the capital of Bohol and the black line indicates the location of (c). (c). Sectional view of the
seismicity data from different agencies all indicating a SE dipping reverse faulting mechanism for the 2013 earthquake.

Figure 2. Geologic map of Bohol. Map showing the distribution of different formations and the locations of the North Bohol Fault (NBF), the East Bohol Fault
(EBF), and other major structures (modified from the geologic maps of Bureau of Mines and Geosciences (1987) and Metal Mining Agency of Japan‐Japan
International Cooperation Agency (1985) and the active faults map of Philippine Institute of Volcanology and Seismology (2008). Locations of strip maps of the NBF
and geologic cross sections are also indicated.
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There is no known existing study yet offering a detailed and comprehensive explanation of the kinematics
and activity of the previously unmapped NBF. The primary interest of this paper, therefore, is to discuss
the results of (1) ground rupture mapping, (2) paleoseismic trenching, (3) onshore geological mapping,
and (4) offshore 3‐D seismic profile interpretation. This information will help answer questions regarding
the NBF's kinematics and activity and the relation of these to the island‐scale structures and its regional
geodynamic setting.

2. Tectonic Setting

Bohol Island is situated to the north of Mindanao, the southernmost and second largest island in the
Philippines (Figures 1a and 1b). The Philippine Archipelago is mostly an island arc sandwiched to the west
by the east dipping Manila‐Negros‐Sulu‐Cotabato Trench System and to the east by the west dipping East
Luzon Trough‐Philippine Trench System, along which the subduction of the Sunda Plate and the
Philippine Sea Plate, respectively, take place (Hamilton, 1979; Acharya & Aggarwal, 1980; Bautista et al.,
2001; Cardwell et al., 1980; Hamburger et al., 1983; Hayes & Lewis, 1985; Ozawa et al., 2004). The oblique
convergence between the Philippine Sea Plate and the Sunda Plate is accommodated by slip partitioning
in the Philippine region. One component is accommodated by subduction perpendicular to the East
Luzon Trough‐Philippine Trench System, while the other component is accommodated along strike by
the ~1,400‐km‐long, sinistral strike‐slip Philippine Fault Zone (PFZ; Allen, 1962; Hamilton, 1979; Barrier
et al., 1991; Aurelio et al., 1991; Aurelio et al., 1994; Aurelio, 2000a, 2000b; Besana & Ando, 2005; Yu
et al., 2013). The PFZ runs all along Luzon in the north (up to ~800 km from the northern terminus in
Luzon; Bischke et al., 1990; Ringenbach et al., 1993; Nakata et al., 1996; Daligdig, 1997), through central
Philippines (~800–1,100 km; Aurelio et al., 1991; Aurelio et al., 1997; Besana & Ando, 2005), and southward
to Mindanao (1,100–1,400 km; Pubellier et al., 1994; Quebral et al., 1996; Figure 1a).

The major regional structures in the vicinity of Bohol Island are the Negros Trench and the central and
southern segments of the PFZ (Figure 1a).

3. Coseismic Ground Rupture
3.1. Rupture Trace

Field investigations were carried out to characterize the nature of ground deformation features associated
with the 2013 earthquake. Other possible phenomena that could produce these scarps such as large‐scale,
deep‐seated landsliding and secondary faulting are unlikely. For instance, the absence of landslides uphill
of the mapped surface break clearly indicates that these deformational features could not be landslide‐toe
scarps. Secondary faulting related to backthrusting and flexural slip faulting is not consistent with the
seismicity (Figures 1b and 1c), preexisting topography and rupture trace (Figure 3), and the geology of the
area (Figure 2).

Moreover, scarp morphologies and complexity of fault trace patterns observed are comparable to ground
ruptures of recent earthquakes with significant reverse/thrust component such as the (1) MW 7.6 1999
Chi‐Chi, Taiwan, earthquake (Lin et al., 2001); (2) MW 7.6 2005 Kashmir earthquake in Pakistan (Kaneda
et al., 2008); (3) MW 7.9 2008 Wenchuan (Sichuan) earthquake in China (Liu‐Zeng et al., 2009; Tan et al.,
2012); and (4) MW 7.7 2013 Balochistan, Pakistan, earthquake (Vallage et al., 2015). The discontinuous
reverse/thrust ruptures of theMW 7.2 1992 Suusamyr, Kyrgyzstan, earthquake, (Ainscoe et al., 2018) is simi-
lar to the 2013 Bohol earthquake rupture.

The ground rupture (Figures 3–6), trending N40–60°E and dipping 50–70°SE, was located in an area with
rolling hills topography—along a transition from flat terrain to the mountainous area. Based on seismicity
distribution (Figure 1b), it appears that the relatively continuous ground rupture that was documented in
the municipalities of Inabanga and Buenavista (Figures 3a and 4) comprises the northeastern portion of
the expected entire length of the earthquake generator. Much shorter, and highly discontinuous, traces of
the 2013 rupture were also found in the central (Figures 3b and 5) and southwestern portions of the island
(Figures 3c and 6).
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3.2. Scarp Height Measurements

Scarp heights were measured both in the field using a tape measure (Figures 3 to 7 and S1 to S9 and Table S1
in the supporting information) and from topographic profiles constructed from 1‐m resolution (0.5‐m verti-
cal and horizontal accuracy) Light Detection and Ranging (LiDAR) digital elevation models (DEMs;

Figure 3. Rupture strip map and scarp height distribution graph. (a) Map of the approximately 6‐km‐long continuous rupture segment in Inabanga. (b) Map of the
less than 1‐km rupture in Clarin. (c) Map of the less than 1‐km rupture in Loon (see Figure 2 for location). Rupture (indicated by red lines with sawteeth) is
plotted on a 1‐m resolution (0.5‐m vertical and horizontal accuracy) Light Detection and Ranging (LiDAR)‐derived digital elevation model. Numbers and
number‐letter combination labels correspond to other figures. Field‐ and LiDAR‐based scarp height measurements (in meters) along this segment of the NBF are
projected onto a graph below. Digital elevation model is from the Philippine‐Light Detection and Ranging (Phil‐LiDAR) program (University of the Philippines
Training Center for Applied Geodesy and Photogrammetry, 2015). Details of scarp heights are listed in Table S1 and shown in Figures S1–18.
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Figures 3 to 7 and S10 to S18 and Table S1) following a procedure described in Yang et al. (2015). LiDAR data
used for these profiles were acquired not too long after the earthquake—between 11 November and 4
December 2013 (University of the Philippines Training Center for Applied Geodesy and Photogrammetry,
2015). Scarp heights along the northeastern segment of the NBF in Inabanga (Figures 3a and 4) are signifi-
cantly larger in the northeast than in the southwest. In the northeast, scarp heights are mostly 2 m and reach
a maximum of 5 m, while in the southwest, scarp height is mostly less than 1 m. The maximum and average
scarp heights, which were measured along the nearly continuous approximately 2‐km‐long ground rupture
in Sitio Cumayot, Barangay Anonang, Inabanga, are around 5 and 2 m, respectively.

The continuity and amount of displacement exhibited by this portion of the NBF's 2013 rupture provides an
opportunity to document scarp morphology and investigate possible structural or kinematic controls. Two
other traces, which were each less than a kilometer long, were documented in the towns of Clarin
(Figures 3b and 5) and Loon (Figures 3c and 6). Scarp heights along the segment in Clarin (Figures 3b

Figure 4. Detailed rupture strip maps of Inabanga. (a, c, and e) Strip maps are annotated with the rupture trace and locations of featured scarp profiles.
(b, d, and f) Strip maps are bare digital elevation model‐hillshade overlay versions of (a), (c), and (e), with black triangle symbols showing the basis of the trace.
Locations of strip map pairs are indicated by blue corners as seen in Figure 3a. (g–i) Examples scarp profiles along this rupture segment.
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and 5) were highly variable and were on average around 2 m. Scarp heights in Loon, on the other hand
(Figures 3c and 6), were on average less than a meter high.

3.3. Scarp Morphologies

Fault scarps, which exhibit the vertical component of displacement of land as a result of movement along a
fault, may have variousmorphologies along the length of a reverse fault which may result from a variation in
amount of slip, sense of slip, the geometry of fault(s), properties of the surficial materials, and preexisting
topography of the area (Philip et al., 1992).

Varied scarp morphologies were found along the nearly continuous, longest 2013 ground rupture of the NBF
in between the municipalities of Inabanga and Buenavista. Scarp morphologies observed along the 6‐km‐

long rupture in Inabanga includemonoclinal fault scarps similar to those observed along the ground rupture
of the 2005 MW 7.6 Kashmir, Pakistan, earthquake (Kaneda et al., 2008) and simple reverse (thrust) fault
scarps, hanging wall collapse scarps, sinistral pressure ridges, and low‐angle pressure ridges similar to those
observed along the ground rupture of the 1988 Ms 6.9 Spitak, Armenia, earthquake (Philip et al., 1992).
There were also occurrences of en echelonmonoclinal fault scarps in areas with distributed slip and of mole-
tracks at fault termini where there was very minimal or almost no appreciable vertical displacement.
Representative scarp morphologies are shown in Figure 8, and their locations are indicated in the rupture
strip map of Figure 3a.

We use the term simple reverse fault scarps after Philip et al. (1992) to describe scarps which exhibit a shar-
ply defined, steeply dipping fault plane. Simple reverse fault scarps (Figure 8f), in general, occur in portions

Figure 5. Detailed rupture strip maps of Clarin. (a, c) Strip maps are annotated with the rupture trace and locations of featured scarp profiles. (b, d) Strip maps are
bare digital elevation model‐hillshade overlay versions of (a) and (c), with black triangle symbols showing the basis of the trace. Locations of strip map
pairs are indicated by blue corners as seen in Figure 3b. (e and f) Examples of scarp profiles along this rupture segment.
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of the rupture with larger vertical separation. However, other scarp morphologies are also observed having
large vertical separation. According to Philip et al. (1992), the occurrence of simple reverse fault scarp
morphology is more reliant on the near‐surface inclination of the fault plane. Simple reverse fault scarps
seem to occur where the fault plane is steeply dipping (>45°). This type of scarp was observed to occur
mostly in the middle portion of the rupture between Sitio Calubian and Sitio Cumayot, Barangay
Anonang, Inabanga (Figure 3a). In this area, there is only a thin soil cover on top of the andesitic rocks of
the Ubay Formation. The brittle nature of the andesitic rocks in the area allowed the fault plane to
maintain its steep inclination until it reached the surface. In areas with a thick layer or sequence of
overlying soft substrate (e.g., soil and alluvium), fault refraction usually takes place beginning at the rock‐
soil interface and tends to result in a gentler fault inclination similar to what Vallage et al. (2015)
documented in the Balochistan earthquake rupture.

The term hanging wall collapse scarps, after Philip et al. (1992), refers to scarps in which the overhanging
material on the upthrown block have fallen (Figure 8b). Hanging wall collapse scarps are also formed by
steeply dipping faults. The only difference is that the material involved is usually unconsolidated. Ground
shaking due to aftershocks easily causes the overhanging material to collapse and form this type of scarp.
This type of scarp was found mostly along the rupture between Sitio Calubian and Sitio Cumayot,
Barangay Anonang, Inabanga (Figure 3a).

Monoclinal fault scarps exhibit varying degrees of surface flexure due to the compression accompanying the
movement of the hanging wall over the foot wall (Figure 8c). These may show buckling features like fissures
and tension cracks on the hanging wall. This type of scarp typically forms in areas with a relatively thick
overlying layer or sequence of soft substrate (e.g., soil and alluvium), because of the gentler near‐surface fault
dip that occurs due to fault refraction at the rock‐soil interface. Monoclinal fault scarps do not seem to have a

Figure 6. Detailed rupture strip maps of Loon. (a, c) Strip maps are annotated with the rupture trace and locations of featured scarp profiles. (b, d) Strip maps
are bare digital elevation model‐hillshade overlay versions of (a) and (c), with black triangle symbols showing the basis of the trace. Locations of strip map pairs are
indicated by blue corners as seen in Figure 3c. (e and f) Examples of scarp profiles along this rupture segment.
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correlation with the amount of vertical separation; these can form with any amount of vertical separation
(10–180 cm). However, these are also not observed in portions of the rupture with very large vertical
separation (>180 cm). Monoclinal scarps were found mostly due southwest and northeast of the rupture
between Sitio Calubian and Sitio Cumayot, Barangay Anonang, Inabanga.

Figure 7. Preexisting morphotectonic features. (a) Oblique view of ground rupture of the North Bohol Fault at the base of
the mountainous terrain in Inabanga. Location of this view is shown in Figure 3. Digital elevation model is from a 1‐m
resolution (0.5‐m vertical and horizontal accuracy) Light Detection and Ranging data from the Philippine‐Light
Detection and Ranging program (University of the Philippines Training Center for Applied Geodesy and Photogrammetry,
2015). (b) Topographic profile of a cumulative scarp showing two events: the ~0.9‐m‐high 2013 rupture at the base
in the northwest and a preexisting scarp to the southeast. Location indicated in Figure 4a. (c) Topographic profile of a
cumulative scarp showing possibly at least three events based on average scarp height in this location: the ~3.5‐m‐high
2013 rupture in the center and preexisting scarps northwest and southeast of it. Location indicated in Figure 4e.
(d) Topographic profile of a more than 60‐m‐high cumulative scarp, with the ~4‐m‐high 2013 rupture at the base in the
northwest (Figure 7e). Location indicated in Figure 4e.
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En echelonmonoclinal fault scarps result from the distribution of slip along several fault planes branching to
the surface (Figure 8e). These branching fault planes could be preexisting planes of weakness such as lava
flow or bedding planes.

The term sinistral pressure ridges after Philip et al., (1992) describes scarps with en echelon tensile cracks
within the hanging wall, which form due to oblique slip (Figure 8d). The orientation of these tensile cracks
supposedly indicates the sense of slip. Along the 6‐km‐long (end‐to‐end) rupture (Figure 3a), only sinistral
pressure ridges were observed. The sense of slip reflected by these scarps is consistent with the minor

Figure 8. Scarp morphologies. (a) Low‐angle pressure ridge. (b) Hanging wall collapse scarp. (c) Monoclinal fault scarp.
(d) Sinistral pressure ridge. (e) A series of three left‐stepping en echelon monoclinal fault scarps. (f) Simple reverse
fault. Rupture diagrams below were modified from Philip et al. (1992). See Figure 3a for locations.
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sinistral component of slip registered by the focal mechanism by the Global Centroid Moment Tensor pro-
ject. It should be noted, though, that only three scarps observed in this study exhibit a sinistral component of
slip―therefore, these cannot be utilized to determine the sense of the lateral component of slip of the entire
NBF. These sinistral pressure ridges could, at least, be useful to indicate at least the local sense of lateral slip
as lateral slip typically varies in sense and magnitude along strike in reverse/thrust faults. Furthermore, the
sinistral component of slip of the scarp needs not be reconciled with the sense of slip indicated in either FMS
since these display a very minimal lateral component of slip and since FMS are also prone to error
(Hardebeck & Shearer, 2002 and Tape & Tape, 2012). Quantitative description of the lateral component of
offset was also not documented due to the lack of reliable measurable offset markers like roads or natural
linear features where sinistral pressure ridges were found.

Lastly, low‐angle pressure ridges, according to Philip et al. (1992) are scarps that are formed by detachment
of a thin, superficial turf layer which in turn forms the gentle folding in front of the reverse/thrust fault
(Figure 8a). Low‐angle pressure ridges seem to have a correlation with the amount of vertical separation.
These are observed along portions of the rupture, which have very small vertical separation—usually toward
the ends of the rupture where vertical separation tapers. (Figure 3a). While there is no natural exposure
showing a sectional view of this type of scarp, for detachment of a thin turf layer to occur, a very gently dip-
ping fault is more likely to have been involved.

3.4. Preexisting Morphotectonic Features

Locating the ground rupture in the northern sector of Bohol, an area where there was previously no docu-
mented active fault trace prior to the earthquake, prompted closer examination of topographic maps and
high‐resolution DEMs, to identify evidence of prior fault activity. The approximately 6‐km‐long rupture that
was traced in the municipality of Inabanga appears to be aligned to faceted mountain spurs or preexisting
scarps (Figures 7a–7d)—which seemed to have formed as a result of cumulative displacement along the
NBF. These features, however, are subtler compared to those which were used to indicate activity and kine-
matics of other faults in the Philippines, such as along the Philippine Fault (Nakata et al., 1977; Nakata et al.,
1996; Rimando & Knuepfer, 2006; Tsutsumi et al., 2015) and the Marikina Valley Fault System (Rimando &
Knuepfer, 2006). For instance, Rimando and Knuepfer (2006) documented long, continuous, preexisting
fault traces (as much as 115‐km‐long rupture segments) along the Marikina Valley Fault System with
~3.4‐m‐high maximum single‐event scarps and 250‐m‐high cumulative scarps, which were prominent and
preserved well enough to allow estimation of the possible number events that formed these preexisting
cumulative scarps.

Nonetheless, these morphotectonic features still indicate relative recency of movement of the preexisting
fault since existence of such cumulative scarps suggest rates of tectonic activity at least surpass rates of ero-
sion, which can be exceptionally high especially in a tropical country like the Philippines, that experiences
regular heavy monsoon‐ and frequent typhoon‐related rains.

4. Trench Exposures

Four trenches, Luwak, Tangob, Calubian, and Cumayot (Figures 3a,10, and 12–14), 2, 1, and 0.5 km apart,
respectively, were excavated across the Inabanga segment of the NBF to identify and characterize its prehis-
toric activity. This is the first paleoseismic trenching investigation in the island of Bohol and on any reverse
fault in the Philippines. Trenches were named after the sitio (literally “site,” a division of a barangay or vil-
lage, the smallest government unit in the Philippines).

The Luwak Trench is situated in a valley formed by parallel northeast‐southwest oriented ridges (Figure 9a)
and is found in Sitio Luwak, Barangay Napo, in the municipality of Inabanga. It is located east of the Luwak
creek. The type of scarp in the Luwak Trench site is monoclinal, approximately 70 cm high, and oriented
N40°E. The Tangob Trench (Figure 9b) is found in Sitio Tangob, Barangay Liloan Norte in the municipality
of Inabanga. The type of scarp in the Tangob Trench site is monoclinal, approximately 70 cm high, and
oriented N60°E. It is located east of the Tangob creek and at the southwestern edge of a northwest trending
valley where the Tangob creek flows. It is in an area exhibiting sudden change in relief from low lying to hilly
terrain. The Calubian Trench (Figure 9c) is found in Sitio Calubian, Barangay Anonang in the municipality
of Inabanga. The trench is situated in the transition between gently sloping land from the mountainous area.

10.1029/2019TC005503Tectonics

RIMANDO ET AL. 2567



The type of scarp in the Calubian Trench site is a sinistral pressure ridge, approximately 180 cm high, and
oriented N50°E. The Cumayot Trench (Figure 9d) is found in Sitio Cumayot, Barangay Anonang in the
municipality of Inabanga, is only 500 m northeast of Calubian Trench. The type of scarp in the Cumayot
Trench site is monoclinal, approximately 150 cm high, and oriented N40°E.

Finding ideal trench locations proved challenging. In the southwestern end of the rupture of Figure 3a,
where there was a potential for recovering a lot of organic material land was heavily and deeply plowed
for different crops and had a very shallow water table. There was also difficulty with securing permission
from land owners, as those areas are farm land, which owners were not willing to be disrupted.

In the remote Luwak and Tangob Trench sites, where the only access is by foot, trenches were manually
excavated. In the Calubian and Cumayot Trench sites, where there are access roads, a backhoe was used
for excavation. The northeastern and southwestern walls of the trenches were logged at a scale of 1:25 using
mosaics of photos taken perpendicular to the trench wall. Wood, charcoal, and organic sediment/gytjjawere
collected for accelerator mass spectrometry radiocarbon dating at Beta Analytic Laboratory in Miami,
Florida, USA.

The stratigraphy and the basis for identifying paleoseismic events in each trench are described in the follow-
ing sections. Layers were named “Unit,” followed by a number (1, 2 … n) from youngest to oldest. The letter
“F” and “S” were used to indicate “fault” and “sample,” respectively; an initial or first two letters of the sitio
to indicate the trench name (“L” for Luwak, “T” for Tangob, “Ca” for Calubian, and “Cu” for Cumayot);
the letter “N” or “S” to indicate either “northeast” or “southwest” wall; and a number to indicate relative
age (1, 2 … n) from youngest to oldest.

Figure 9. Trench location maps. (a) Luwak Trench. (b) Tangob Trench. (c) Calubian Trench. (d) Cumayot Trench.
Location of these trenches along the ground rupture in Inabanga can be seen in Figure 3a.

10.1029/2019TC005503Tectonics

RIMANDO ET AL. 2568



4.1. Luwak Trench

The 12‐m‐long and 2.5‐m‐wide benched Luwak Trench (Figure 10; labeled “10” in Figure 3a), situated in a
northeast‐southwest oriented stream valley, was excavated across a 0.50‐m‐high monoclinal fault scarp. The
northeastern wall reached a depth of 3.7 m in one portion while the southwestern wall reached a depth of
about 3 m.
4.1.1. Stratigraphy of Luwak Trench
Four stratigraphic units were identified in both trench walls of Luwak Trench. Three upper units are uncon-
solidated deposits, while the fourth and oldest is bedrock. The units are described below in detail in order of
relative age (Unit 1 being the youngest unit; Figure 10).

Unit 4 is sandy siltstone. The portion of the bedrock on the upthrown block has been repeatedly uplifted and
preferentially weathered by oxidation. This unit is overlain by Unit 3. Unit 3 is a loose, unconsolidated
deposit of pebble‐cobble‐sized andesite clasts set in a sandy‐silty matrix of intermediate composition
(Figure 10). The layer is matrix supported. Compositionally, the proportion of the different components in
this layer include 60% sandy‐silt matrix, 30% pebbles, and 10% cobbles. The thickness of this unit varies sig-
nificantly along the trench wall, with thickness ranging from about 10 cm to 1 m. The lithology of the clasts
and the matrix of this layer show no semblance to the bedrock beneath and the soil above, respectively, and
so it must have been sourced distally. There are several possible origins for this deposit: an alluvial strath
terrace that was abandoned following coseismic uplift, talus due to intense shaking from an uphill source,
or colluvium from a previous uphill scarp. Due to the uncertainty in the origin of this deposit, we call it a
“sandy gravel” layer to avoid any genetic implication. Unit 2 is a very cohesive clay soil layer (Figure 10) with
minimal amount of andesitic pebble to cobble clasts and which is barren of datable organic matter. Unit 2 is
most likely a transported soil due to the lack of a saprolite layer, which would indicate alteration/weathering
of the layer beneath. Some pebbles from the sandy gravel layer were likely incorporated into the soils as the
soil was being transported downslope. It overlies Unit 3 and tapers toward the downthrown portion of the
trench. Variation in thickness of this unit ranges from 50 to 75 cm. Whether this unit comprises colluvium
that was coseismically deposited from an uphill source is uncertain. The thinning out of Units 2 and 3 in the
Luwak Trench is due to the trench location being at the base of topography with very minimal sediment

Figure 10. Luwak Trench interpretation. Grids are spaced 1 m. See supporting information Figure S19 for photomosaic.
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input. Unit 1 is a very cohesive clay topsoil (Figure 10). This layer overlies Unit 2, except toward the
downthrown portion of the northeastern trench wall where Unit 2 thins out. Variation in thickness of this
unit is minimal, with thickness ranging from 50 to 75 cm. Warping and variation in the thicknesses of
Units 2 and 1 due to the rupture could be observed. Between Unit 1 and Unit 2, there seems to be a
gradational contact suggesting at least some of the portions of Unit 1 developed from Unit 2. The larger
extent of Unit 1, however, suggests that some of the soil is also transported.
4.1.2. C‐14 Dating of Organic Material in Luwak Trench
Two samples of charred wood from Unit 1 were sent to Beta Analytic for accelerator mass spectrometry
radiocarbon dating—SLS‐3 (Beta 382121) and SLS‐4 (Beta 382119; Figure 10; Table 1). SLS‐4 was reported
with “pMC,” indicating that the material analyzed was most likely respired carbon after the beginning of
thermonuclear bomb testing circa 1950. (Table 1). The young 14C ages of SLS‐3 and SLS‐4 obtained are most
likely younger plant parts that were incorporated into inconspicuous mudcracks in the clay soil.

Two samples, Beta‐383130 (SLN‐1) and Beta‐383129 (SLS‐2), were recovered in two isolated spots from the
northeast and southwest trench walls (Figure 10 and Table 1). While SLN‐1 and SLS‐2, which were recov-
ered in relatively large amounts from the sandy‐silt matrix of Unit 3, are officially classified as organic mate-
rial (organic sediment or gyttja), these had vestiges of woody/fibrous texture upon retrieval/prior to
submission to Beta Analytic. These were possibly classified as bulk organic material probably due to their
fragility and their tendency to easily breakdown to smaller particles. The similarity in age would support
these being deposited material. Combined recalibration of the conventional ages of SLN‐1 and SLS‐2 against
the IntCal13 calibration curve (Reimer et al., 2004) and Bayesian analysis to obtain upper and lower limit age
boundaries for Unit 3 using OxCal (https://c14.arch.ox.ac.uk/oxcal.html; Bronk Ramsey, 2009) yielded a
mean lower boundary age of 13,019 cal BP and a mean upper boundary age of 12,373 cal BP (see Figure
S26), which is consistent with a pre‐12,000 BP age for Unit 3.
4.1.3. Evidence of Faulting in Luwak Trench
Fault 1 or the 2013 event (“FLN‐1” or “FLS‐1” in Figure 10) is oriented N40°E. The dip of this fault strand
varies from bottom to top: It dips 55°SE through the bedrock (Unit 4), 40°SE through the sandy gravel layer
(Unit 3), 30°SE through clay soil (Unit 2) and appears horizontal through the topsoil (Unit 4; FLS‐1 in
Figure 10). Fault 2, oriented N80°E, 45°SE and found 7 m to the southeast of FLN‐1, cuts only the bedrock
on the downthrown block of northeast wall (“FLN‐2” in Figure 10) and terminates at the contact with the
topsoil (Unit 1). Whether this represents manifestation of an even older event is ambiguous as its termina-
tion at the base of Unit 1 (and not Unit 2 or 3) could be the effect of either erosion or nondeposition of the
Units 2 and 3 in this portion. Very lightly imprinted slickenlines (Figure 11) were observed in the continua-
tion of FLN‐2 in the unlogged, benched portion of the SWwall of Luwak Trench. Logging was difficult in the
lower portion of the SWwall of the Luwak Trench because of water springing from this side. The orientation
of the slickenlines (S10°E, 90° pitch) is exactly vertical, suggesting a pure thrust component of movement for

Table 1
Radiocarbon Dating Results

Beta code Sample name Source layer Conventional radiocarbon age Calendar calibrated agea Material type

Beta‐383129 SLN‐1 Unit 3 (Luwak) 10650 ± 40 BP Cal BC 10,745 to 10,610
(Cal BP 12,695 to 12,560)

Organic sediment

Beta‐383130 SLS‐2 Unit 3 (Luwak) 10930 ± 40 BP Cal BC 10,875 to 10,775
(Cal BP 12,825 to 12,725)

Organic sediment

Beta‐382121 SLS‐3 Unit 1 (Luwak) 50 ± 30 BP Cal CE 1,695 to 1,725 (Cal BP 255 to 225) and
Cal CE 1,815 to 1,835 (Cal BP 135 to 115) and
Cal CE 1,880 to 1,915 (Cal BP 70 to 35) and

Post CE 1950 (Post BP 0);

Charred material

Beta‐382119 SLS‐4 Unit 1 (Luwak) 146.7 ± 0.4 pMC NA Charred material

Note. BP = before “present”; “Present” = CE 1950; CE = Common Era; pMC = percent modern carbon units; “pMC” indicates that the analyzed material had
more 14C than did the modern (CE 1950) reference standard which is most probably caused by introduction of “extra” 14C in the atmosphere from thermonuc-
lear bomb testing, which began in the 1950s. NA = not applicable.
aRefers to the calendar ages obtained from calibration of the 2‐sigma range of the conventional (measured) radiocarbon ages (fourth column) against the
INTCAL13 database (supporting information Figures S3–S25; Reimer, et al., 2013).

10.1029/2019TC005503Tectonics

RIMANDO ET AL. 2570

https://c14.arch.ox.ac.uk/oxcal.html


one of the pre‐2013 events. Fault 3, the oldest identifiable earthquake
event, is represented by fault strands oriented N40°E, 55°SE (“FLN‐3” or
“FLS‐3” in Figure 10), which are proximal to FLN‐1 or FLS‐1, and which
profusely cut the bedrock unit but terminate at the base of the sandy
gravel layer (Unit 3). Faults are identified by the presence of fault gouge,
presence of shearing‐related foliation, and presence of sigmoidal deforma-
tion features. A possible minimum age of the latest earthquake event asso-
ciated with FLN‐3 or FLS‐3, which may have happened before the
deposition of the sandy gravel layer, could be constrained by organic
material obtained within Unit 3 that caps this event (SLN‐1 or SLS‐2 in
Figure 10 and Table 1).

4.2. Tangob Trench

The 9.5‐m‐long, 3‐m‐deep, and 2‐m‐wide single‐slot‐style Tangob Trench
(Figure 12; labeled “12” in Figure 3a) was excavated across a 0.75‐m‐high
monoclinal fault scarp.
4.2.1. Stratigraphy of Tangob Trench
Five stratigraphic units were identified in both trench walls. Three units
are unconsolidated deposits, while two are bedrock. The units are
described in detail in order of relative age (Unit 1 being the youngest unit;
Figure 12).

The bedrock is composed of two groups of lithologies: Unit 4—alternating
beds of sandstone and siltstone that are dipping gently to the NW andUnit
5—weathered and fresh exposures of andesite (Figure 12). These litholo-
gies are juxtaposed along the thrust fault. The alternating beds of sand-
stone and siltstone are found on the downthrown block, while the
andesite which exhibits varied degrees of weathering is found both on
the upthrown and downthrown block. These units are unconformably
overlain by Unit 3. Unit 3 is a loose, unconsolidated deposit of pebble‐
boulder‐sized andesite clasts set in a sandy‐silt matrix of intermediate
composition (Figure 12). The layer is matrix supported. The following is
the proportion of the different components in this layer: 80% sandy‐silt
matrix, 15% pebbles, and 5% cobbles. The thickness of this unit varies sig-
nificantly along the trench wall, with thickness ranging from about 40 to

90 cm. This sandy gravel layer can be correlated with Unit 3 exposed in the Luwak Trench, which, similarly,
has uncertain origin. Unit 2 is very cohesive clay soil layer barren of datable organic matter (Figure 12). It
overlies Unit 3. Similar to Unit 2 in Luwak Trench, this is also likely a transported soil. Thickness of this unit
varies substantially from 30 to 85 cm. Unit 1 is topsoil (Figure 12). It is a cohesive clay soil barren of datable
organic matter which is almost uniformly 30 cm thick, except for the portion where the scarp formed (up to
80 cm thick). This layer conformably overlies Unit 2. Similar to Luwak Trench, Unit 1 seems to have devel-
oped fromUnit 2 and has been enriched in organics. Warping and variation in the thicknesses of Units 1 and
2 due to the rupture could be observed.
4.2.2. Evidence of Faulting
Fault 1 (“FTN‐1” or “FTS‐1” in Figure 12), the fault strand associated with the 2013 event, is oriented N60°E.
The dip of this fault strand varies from the bottom to the top: It dips 65°SE through the bedrock (Units 4 and
5); 45°SE from the top of the bedrock until midway through the sandy gravel layer (Unit 3); 30°SE up to the
clay soil (Unit 2), and nearly horizontal at the topsoil layer (Unit 1). Tension cracks as wide as 40 cm, which
penetrate the sandy gravel layer are associated with this most recent earthquake (Figure 12). The cluster of
tension cracks are found 2 m behind the fault scarp and span about 1.5 m. Fault 2 (“FTN‐2” or “FTS‐2”) is a
group of strands which cut both the bedrock and the sandy gravel layer on the downthrown side of Fault 1.
FTN‐2/FTS‐2 is oriented N60–70°E, 45°SE and exhibits as much as 25‐cm vertical displacement. This is inter-
preted as the fault associated with the penultimate earthquake, which happened any time after the deposi-
tion of the sandy gravel layer (Unit 3). The northwestern strand exhibits a larger scarp (up to 25 cm) than

Figure 11. Slickenlines‐oriented S10°E (pitch = 90°) observed in continua-
tion of plane of Fault 2 (FLN‐2) on unlogged, benched portion of SW wall of
Luwak Trench.
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the southeastern strand (~10 cm). The preservation of a scarp is what makes it distinct from the faults cutting
only the bedrock (assigned here as Fault 3). A 25‐cm‐high scarp would easily be weathered and eroded if
exposed on the surface for a long time; its preservation would most likely be favored by the deposition of
sandy gravel layer prior to or shortly after a surface rupturing event. Fault 3 (“FTN‐3” or “FTS‐3”), the
oldest identifiable earthquake event in this trench is represented by branching fault strands, which cut the
bedrock unit (Figure 12). Faults are identified by the presence of displaced beds of siltstone and
sandstone, which are more conspicuous on the southwest trench wall. All of these terminate at the
contact with the sandy gravel layer (Unit 3). The absence of scarps in the fault strands assigned as Fault 3
suggests that the surface has undergone a considerable period of erosion predating the deposition of sandy
gravel layer.

4.3. Calubian Trench

The 15.5‐m‐long, 4.5‐m‐deep, and 3‐m‐wide single‐slot‐style Calubian Trench was excavated across two fault
scarps: a 1.5‐m‐high sinistral pressure‐ridge fault scarp and a 0.15‐m monoclinal fault scarp.

Figure 12. Tangob Trench interpretation. Grids are spaced 1 m. See supporting information Figure S20 for photomosaic.
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4.3.1. Stratigraphy of Calubian Trench
Three stratigraphic units were identified in this trench. Two units are unconsolidated deposits, while the
third oldest is bedrock. The units are described in detail in order of relative age (Unit 1 being the youngest
unit; Figure 13). For this trench, only the northeastern wall is shown for brevity.

Unit three (3) is highly weathered andesite bedrock (Figure 13). Unit 2 is a fine‐grained volcaniclastic rock
identified as tuff. Unit 1 is topsoil. The soil cover in Calubian Trench is relatively poorly developed compared
to the soil profile observed in the Luwak and Tangob Trenches. The only soil horizon formed in the Calubian
Trench is topsoil, which is followed immediately by bedrock (Figure 13). No sandy gravel layer similar to
Unit 3 in the Tangob and Luwak Trenches was found. The soil layer can be as thin as 20 cm but reaches
about 50 cm on the downthrown block. No organic material was recovered from this layer.
4.3.2. Evidence of Faulting
Fault 1 (“FCaN‐1” in Figure 13) pertains to the 2013 event, which is associated with two main fault strands
and which produced two individual scarps. The northwest scarp, which shows larger displacement, is asso-
ciated with a fault strand that dips 60°SE in Unit 2 and shallows to 30°SE in Unit 1. This fault strand pro-
duced a scarp approximately 1 m high. The other major strand of Fault 1 to the southeast dips 70°SE in
Unit 1 and shallows to 50°SE and produced a scarp approximately 50 cm high (Figure 13). Fault 2
(“FCaN‐2” in Figure 13), the strands which terminate at the interface between the andesite and the topsoil,
is attributed to the penultimate event. The fault strand to the northwest dips 50°SE and the strand to the
southeast dips 70°SE. These strands seem to bifurcate from a meter below the trench exposure. Fault 3
(“FCaN‐3” in Figure 13) pertains to two fault strands that are associated with the oldest earthquake event
in this trench, because these terminate abruptly within the volcaniclastic sediments rather than at the con-
tact with the topsoil (Unit 1). The fault strand to the northwest dips 50°SE, while the fault strand to the
southeast dips 70°SE (Figure 13).

4.4. Cumayot Trench

The 12.5‐m‐long, 5‐m‐deep, and 3‐m‐wide single‐slot‐style Cumayot Trench was excavated across a 2‐m‐

high protruding monoclinal fault scarp.
4.4.1. Stratigraphy of Cumayot Trench
Only two stratigraphic units were identified in both trench walls. Unit 2 is the andesite bedrock. The ande-
site bedrock on the upthrown block is characterized by andesitic lava flow structures which are oriented
N75°W, 45°SW. These lava flow structures are more prominent on the northeast wall (Figure 14). Unit 1
is soil cover.
4.4.2. Evidence of Faulting
Fault 1 (“FCuN‐1” in Figure 14) pertains to the 2013 event, which is defined by the fault strand which is
oriented N40°E, 50°SE and branches out to another strand dipping 60°SE. Movement along this fault pro-
duced a scarp of approximately 1.5 m. The tips of the linear andesitic lava flow structures near the surface
which are oriented N75°W, 45°SW noticeably bend inward at the top. This is characterized as drag due to

Figure 13. Calubian Trench interpretation. Grids are spaced 1m. See supporting information Figure S21 for photomosaic.
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movement along FCuN‐1. Fault 2 (“FCuN‐2” in Figure 14) is the fault strand, oriented N45°E, 60°SE, that
cuts though the bedrock and terminates at the interface between the bedrock and the topsoil. This can be
correlated with FCaS‐2 in the Calubian Trench, which is interpreted as the penultimate event.

5. Geologic Controls on the Location of the Rupture

The island of Bohol is characterized by extensive folding. A zone of northeast‐southwest trending alternating
anticlines and synclines, which correspond to topographic highs and lows, are found spanning the areas in
Bohol that are underlain mostly by late Neogene limestones (Figure 2; Bureau of Mines and Geosciences,
1987). A southwest plunging of folds and a westward younging sequence of formations is observed in
Bohol Island. The Upper Cretaceous to Paleocene metamorphic and ophiolite basement is overlain by an
Eocene clastic and volcanic formation. A period of magmatism in the Late Eocene to Oligocene is manifested
as andesitic flows and dioritic intrusives. These rocks are exposedmostly only in the eastern half of the island
and are overlain pervasively by basinal sedimentary deposits from the Miocene to Pleistocene (Mines and
Geosciences Bureau, 2010; Figure 2).

Cross section A–A′ (Figure 15a) shows gently folded Middle Miocene clastics and limestones and Pliocene
clastics and limestones. That the rupture coincides with older gentle folding suggests the presence of what
may have originally been a fault‐propagation fold that eventually ruptured certain portion of Bohol's
northern coastline.

Cross section B–B′ (Figure 15b) shows that the rupture coincides with the steeply dipping beds of folded
Early to Middle Eocene sedimentary sequences and volcanic rocks in the northern sector of the island.
The rupture appears to have followed preexisting zones of weaknesses, such as contacts and/or bedding
planes, as seen in some of the trenches (Figures 13 and 14). This cross section also highlights the extensive
folding of the Middle Miocene clastics and limestone, Late Miocene Limestone, and Pliocene clastics and
limestone in the southeastern sector of the island. Folds to the southeast of the NBF are possibly also
fault‐related‐folding (exact location and orientation of underlying faults still unknown) resulting from regio-
nal NW‐SE shortening in the Visayan Sea Basin.

Offshore 3‐D seismic reflection industry survey data are available to the southwest of the onshore earth-
quake uplift zone. From this, two pre‐2013 3‐D seismic profiles were selected for analysis in this study
(Arbitrary seismic linesX and Y, Figures 16a and 16b). These seismic profiles are oriented northwest, parallel
to the direction of compression of the earthquake, and pass through the Bohol Strait (between the islands of

Figure 14. Cumayot Trench interpretation. Grids are spaced 1m. See supporting information Figure S22 for photomosaic.
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Cebu and Bohol; Figure 16c). Faults can be identified by tracing contiguously offset seismic reflectors.
Arbitrary line X (Figure 16a) shows SE dipping faults that appear to cut through and terminate at the top
of the seismic package equivalent to the Eocene to Oligocene clastic and volcanics. It can also be observed
that these faults produced multiple event scarps of similar morphology with those found onshore. A
conical structure probably corresponding to a reefal limestone growth is also seen on the upthrown
footwall of the faulted block system (Figure 16a). Arbitrary line Y (Figure 16b) shows fold‐thrust
structures. Folds in Miocene to present clastics and limestones are rooted in NE striking SE dipping faults
that cut through the erosional surface of Eocene to Oligocene clastic and volcanics. Such fold‐fault
structures replicate onshore observations, such as shown in Figure 15a. Thus, analysis of industry offshore
seismic reflection data reveals structures that have not been presented in the context of tectonics and
provide a more regional context of deformation for the NBF.

6. Discussion
6.1. Short, Discontinuous Rupture on a Previously Unmapped Fault: Combination of Surface and
Blind Faulting

Active faults can go unnoticed prior to a recent earthquake due to lack of evidence for activity, such as
related historical seismicity and convincing preexisting morphotectonic features (Hornblow et al., 2014).
Heavy vegetation and rapid erosion can also be a hindrance to mapping already subtle tectonic landforms.
In many cases, surface faulting is identified only after an earthquake with high‐resolution remote sensing
(e.g., LiDAR or interferometric synthetic aperture radar, InSAR) that can detect deformation features below
the tree canopy (e.g., Duffy et al., 2013; Gold et al., 2013; Langridge et al., 2018; Litchfield et al., 2018; Nicol
et al., 2018; and Oskin et al., 2012).

Characteristics of the various types of ground deformation observed (e.g., coastal uplift, landslide distribu-
tion, and liquefaction) suggest that deformation from the earthquake occurred along a southeast dipping
reverse fault that is around 70 km long. Our field investigation shortly after the 2013 earthquake and map-
ping from 1‐m resolution LiDAR DEM (Felix, 2017; Felix et al., 2014) made it possible to identify several

Figure 15. Geologic cross section. (a) A geologic cross section showing that the 2013 North Bohol Fault (NBF) rupture
may coincide with a larger‐scale fault‐related folding structures, possibly explaining why rupture is sparse toward the
southwest portion of the island. Kinematics of the East Bohol Fault (EBF) in the southeastern portion of the island is
still uncertain. (b). A geologic cross section showing that the 2013 NBF rupture coincides with the steeply dipping beds of
the Early to Middle Eocene sedimentary and volcanic rocks in the northwestern sector of the island. This section also
highlights the extensive folding of the Middle Miocene to Pliocene formations in the southeastern sector of the
island. Kinematics of the EBF in the southeastern portion of the island is still uncertain. Location of transects are indicated
in Figure 2.
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other ground rupture traces on the southeastern portion of the island, further away from the more
conspicuous surface rupture in the northeast. This corroborates observations from SAR pixel offset
analysis by Kobayashi (2014), which shows a 50‐km‐long east‐northeast trending deformation zone
with ground uplift of up to more than 1 m.

The rupture mapped in this study and the short and highly discontinuous traces of the 2013 ground rupture
also mapped by Felix et al. (2014) and Felix (2017) in the southeastern portion of Bohol only add up to a
length of about 8 km, which is much shorter than the length of the deformation zone defined by seismicity
plots (Figure 1b) and modeling from SAR data (Kobayashi, 2014). It is worth noting, however, that the
maximum and average scarp heights of approximately 5 and 2 m high, are consistent with the 4.88‐mmax-
imum displacement and 2.13‐m average displacement, respectively, computed from scaling relationship
between earthquake magnitudes and maximum reverse fault displacement (Wells & Coppersmith, 1994).

Figure 16. Pre‐2013 industry acquired 3‐D seismic profiles in the Bohol Strait. EBF = East Bohol Fault; NBF = North Bohol Fault.
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While shorter‐than‐expected ruptures associated thrust/reverse earthquakes of intermediate magnitude
(~MW 7) are not uncommon (e.g., Rockwell et al., 2013; Volponi et al., 1978), a rather short and discontin-
uous ground rupture despite a much longer deformation zone from seismicity, SAR pixel offset analysis,
and LiDAR mapping, still raises questions about the deformation style of this particular fault. Kobayashi
(2014) observed a correlation between reverse‐fault motion/uplift and high elevation and suggests that
repeated historic movement of the NBF contributed to the existing topography of the area. In the island,



6.2. Potential Prehistoric Earthquakes

In addition to the geologic and geodetic observations, paleoseismic investigation indicates the presence of
several older fault strands alongside the 2013 earthquake fault plane. From the trenching exposures
(Figures 10 and 12–14), at least two possible pre‐2013 events were identified. Despite the presence of radio-
carbon dated material in Luwak Trench (Figure 10), the limited stratification and poor preservation of cross-
cutting relationships in the Luwak Trench prevented placing proper constraints on the timing of events
associated with the NBF. For instance, FLN‐2 and FLN‐3, although terminating at contacts between differ-
ent strata, both only cut bedrock and therefore could not be reliably distinguished. On the other hand, in the
Tangob Trench, while what appear to be the counterparts of the Luwak Trench fault strands FLN‐2 and
FLN‐3 (faults FTN‐2/FTS‐2 and FTN‐3/FTS‐3) can be confidently distinguished as two different events,
the are no datable materials to constrain their ages. However, if the sandy gravel layer units (“Unit 3”) in
both trenches can be correlated, then it is possible that at least one pre‐2013 event may have happened in
the past ~12,000 years because faulting event number 2 represented by FLN‐2 and FTS‐2/FTN‐2 in
Figures 10 and 12, respectively, traverses this gravel unit (see also Table 1).

While the trenches seem to suggest the occurrence of at least one and up to two pre‐2013 events in the
Holocene, there are likely more earthquake events that may not have manifested or been preserved in the
location of the trench exposures. This could be attributed to a relatively wide deformation zone of distributed
reverse faulting and shortening (e.g., the approximately 50‐m‐wide zone of left‐stepping 1.5‐m‐high fault
scarps of the most recent earthquake in Sitio Calubian, Barangay Anonang, seen in Figure 8e).
Considering the limited length of the trenches (maximum of 15 m), some events may have been missed
out. Another possible reason for the oversight of other fault strands associated to earthquake events in the
trench walls is the variable, discontinuous and irregular surface rupture behavior characteristic of reverse
faults. It is very likely that not all similar magnitude earthquake events are expressed in the trenches because
the NBF may have not ruptured along the same segment or to the ground surface during some of the
previous earthquake events. The lack of stratification due to high erosion rates in the area may also be
contributory to lack of preservation of earthquake event horizons in the trenches. Each of the several fault
strands seen cutting through bedrock, especially in the Luwak Trench, could possibly be attributed to
separate earthquake events. The ages of the individual fault strands could have possibly been constrained
had the stratification been more well developed.

From an archaeoseismological point of view, the age of the oldest church in Bohol (the Church of Our Lady
of the Immaculate Conception in Baclayon; built in 1595 AD), which was destroyed during the 2013 earth-
quake, can provide additional, off‐fault constraints for the occurrence/nonoccurrence of a similar magnitude
earthquake possibly caused by the NBF. Since there are no reports of similar damage to this church since it
was built, it is possible that 418 years before 2013, there have been no similarly large‐magnitude earthquakes
on faults close enough to Baclayon (including the NBF) that may have caused the same intensity of shaking
that destroyed it in 2013.

7. Conclusions

TheMW 7.2 2013 Bohol earthquake occurred as a consequence of northwest‐southeast shortening, resulting
from relative motion between the Sunda Plate and the Visayan basin in the Philippine mobile belt. It
revealed a previously unmapped NBF. Seismicity, ground rupture patterns, scarp morphologies, and fault
geometry from trench exposures of the ground rupture associated with the earthquake are all consistent with
a NE trending, SE dipping NBF, which has a predominantly reverse‐slip component of movement.
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elevation highs coincide with areas underlain by anticlines (Figures 2 and 15). It is therefore possible that
the limited ground surface faulting expression accompanying the earthquake could be due to fault slip not
reaching the surface (“blind faulting”) but still contributing to the growth of the folds (e.g., Ainscoe et al.,
2017). Folding may still accommodate northwest‐southeast shortening in some parts of the northern
coastal areas of Bohol and may explain the discontinuity of the 2013 coseismic ground rupture. A long
recurrence interval (as discussed in section 7.2), which may possibly explain the few events identified in
the trench, could also be due to distribution of strain among many structures in a wide fold‐and‐thrust belt,
as shown by the results of geologic mapping and interpreting offshore seismic profiles (Figures 15 and 16).



Short, discontinuous rupture could possibly be a result of a combination of surface and blind faulting. In the
trenches, at least one, and possibly two, pre‐2013 surface rupturing earthquakes of similar magnitude were
identified. The few events identified (and long recurrence intervals) may be a result of shortening being dis-
tributed among many faults and folds across the island.

The appearance of the ground rupture along the previously unmapped NBF underscores the importance of
reviewing our method for identifying and delineating active faults. In mapping active faults in settings simi-
lar to the Philippines, it might be beneficial to use more relaxed criteria for identifying Quaternary‐active
faults—which is not only based on detecting more obvious offset on more recent Quaternary features such
as alluvial fans and offset channels—but also looking into subtle longer‐term Quaternary morphotectonic
features such as faceted spurs and cumulative scarps on bedrock hillslopes, oversteepened mountain fronts,
and landslide or talus alignments, among others (Lettis et al., 1997; Slemmons, 1977).

The discovery of the NBF is key in understanding the seismotectonic setting of the Visayan region. Fault‐fold
structures, which were identified from analysis of offshore seismic reflection profiles in the Bohol strait and
from onshore geological transect to provide a broader tectonic context for the NBF, also seem to play a large
role in accommodation of deformation from the northwest‐southeast shortening governing the actively
deforming Visayan Sea Basin (Aurelio et al., 2015; Rangin et al., 1989). Therefore, there are still a lot of
onshore and offshore structures within the vicinity of the NBF that need to be investigated for their
seismic potential.
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Erratum

In the originally published version of this article, “SAR pixel offset analysis” was erroneously cited as
“InSAR” in the key points and section 6.1. The article has since been corrected, and this version may be
considered the authoritative version of record.
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