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Abstract: Vertical creep along 15 ground ruptures within a 15 km long and 1.5 km wide zone has been
occurring along the southeastern part of Metro Manila. Though the unusually high rates of vertical
slip point to excessive groundwater withdrawal as the trigger, the evidence presented herein indicates
that these may not be simple irregular subsidence fissures. Tectonic control of creep along these traces
is suggested by the following: the occurrence of some of these ground ruptures along pre-existing
scarps that coincide with topographic and lithologic boundaries, the left-stepping en echelon pattern
of surface rupturing, and the distribution of the creeping zone within the dilational gap of the dextral
strike-slip West Valley Fault (WVF). Furthermore, interpretation of an exposure across one of the
creeping faults indicates reactivation by creep of a pre-existing tectonic fault zone. The paleoseismic
evidence also suggests that the pre-creep slips are coseismic and dominantly strike-slip. Recognizing
the occurrence of coseismic slip preceding aseismic creep is a primary consideration in assessing
the potential of the WVF’s creeping segment and its adjacent segments in generating earthquakes.
Tighter groundwater extraction regulations may be necessary to avoid exacerbating the effects of
vertical ground deformation and the occurrence of induced seismicity.
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1. Introduction

Vertical aseismic creep has been occurring along one of the segments (segment II) of
the dextral strike-slip West Valley Fault (WVF) or West Marikina Valley Fault (WMVF), a
large portion of which also straddles the eastern part of Metro Manila (Figure 1). The WVF
and the East Valley Fault (EVF) are the two major segments of the right-lateral strike-slip
Valley Fault System (VFS) or Marikina Valley Fault System (MVFS; Figure 1). The VESis a
relatively minor active fault to the west of the Philippine Fault Zone (PFZ; Figure 1), but its
proximity to Metro Manila and other urban centers motivated the mapping of the active
traces and the assessment of its seismic potential and hazards [1-4].
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Figure 1. The creeping zone corresponds to a segment (Sucat-Bifian or segment II [3]) of the Valley
Fault System (VES) or Marikina Valley Fault System (MVES) on the southeastern part of Metro
Manila. The VFS belongs to a system of faults and subduction zones that accommodates part of
the deformation in central Luzon due to the northwestward drift of the Philippine Sea Plate (PSP)
towards the Sunda Plate (SP). (a) The VFS region is bounded by the Philippine fault zone (PFZ) on
the east, the East Zambales Fault (EZF) on the west, and the Lubang Fault (LF) on the south. Also
shown are the East Luzon Trough (ELT) and the Philippine Trench (PT) to the east and the Manila
Trench to the west. Direction and rate of PSP motion after Seno et al. [5]. The active faults are from
the Philippine Institute of Volcanology and Seismology [6], Rimando [2], Rimando and Knuepfer [3],
and references therein. (b) The VFS extends for 135 km from the Sierra Madre to the eastern part of
the Tagaytay Ridge. White dashed lines indicate approximate boundaries of the zone of volcanoes
(Macolod Corridor) to the south of the VFS. White solid arrows indicate direction of extension within
the Macolod Corridor. The northern part of the Marikina Valley (MV) is a pull-apart basin formed
within the gap between the two major segments of the VFS (the West Valley Fault, or WVEF, and
the East Valley Fault, or EVF). The minor structural/geometric segments of the VFS are indicated
by Roman numerals I to X. The creeping segment corresponds to segment II. Segmentation after
Rimando [2] and Rimando and Knuepfer [3].
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The identification of neotectonic landforms and offset morphotectonic and drainage
features has greatly facilitated the mapping and identification of the VFS segments [2,3].
The lack of these features within the creeping portion of the WVF, however, posed a
challenge in mapping the continuity of the WVF between segments [ and III [2,3]. Aseismic
creep was first recognized in 1994 along the 1.5 km wide and 15 km long zone between the
segments [2—4]. Active fault mapping, which started in the 1990s before the occurrence of
creep, was based mainly on the recognition of older scarps, which were assumed to be of
tectonic origin [2,3], and along which most of the fresh vertical creep scarps occur (Figure 2a).
It was suggested that the creeping ruptures are nontectonic subsidence “fissures” caused
by excessive groundwater extraction [7] and that fissuring is more widespread in Metro
Manila and surrounding areas due to the effects of subsidence [7-9]. Mainly due to the high
rates of creep in the 1990s, there is unanimity about excessive groundwater extraction as
the trigger of creep [2,4,7]. This study, however, maintains that the ground ruptures of the
creeping zone are not irregular fissures. These are aseismic surface faults occurring along
pre-existing active tectonic features associated with the WVE. Apart from the distribution
of creep ruptures with respect to pre-existing scarps, we include the rupture pattern and
the overall structural and kinematic context of fault creep in our analysis. Paleoseismic
mapping, which had been used as a tool to verify multiple paleoseimic activity in the
northernmost part of the WVF [1] along the segment north of the creeping zone, was
employed to ascertain pre-creep tectonic activity from a fault exposure across one of the
creeping segments.

The damage that vertical creep has been causing since the early 1990s provided
primary impetus for this work. The ground rupture associated with creep has been causing
damage to the ground, roads, and residential and commercial buildings (Figure 2b-h).
Some roads and highways have become hazardous to motorists in several places due to the
mainly vertical rupturing at rates as high as 20 cm/yr in the 1990s (Figure 3) [2,4]. The slip
rates along the WVF’s creeping segment are much higher compared with the known slip
rates along active faults undergoing tectonic creep, which have led most studies to suggest
that creep was triggered by excessive groundwater withdrawal. The aseismic portion
of the San Andreas fault’s creeping segment, the central segment, slips at a maximum
rate of 35 mm/yr [10]. The short- to long-term lateral creep rate for the Hayward and
Calaveras faults in California ranges from a few millimeters to 1.7 cm/yr [11-14]. Other
examples of fault creep around the world that occur along strike-slip faults include the
central segment of the Longitudinal Valley fault in Taiwan (1.0-2.0 cm/yr) [15] and the
North Anatolian fault in Turkey (2.0 cm/yr) [16]. Rimando et al. [4] verified the spatial
and temporal correlation between displacement/slip rate and groundwater extraction and
confirmed the role of groundwater extraction in triggering and controlling fault creep.
Although creep has substantially slowed down in recent years in the northern part of the
creeping segment, displacement monitoring shows that slip rates remain relatively high in
its southern part [4]. The slowing down in slip rates in the northern part of the creeping
zone and the sustained high rates of slip in the southern part are attributed to the regional
differences in groundwater extraction controls [4].

This paper documents and discusses the nature and control of the first known oc-
currence of anthropogenic surface-rupturing fault creep in the Philippines. Here, we
characterize the unique characteristics of fault creep in the study area from results of sur-
face mapping of the creeping traces. More specifically, we examine whether these fault
traces represent irregular “subsidence” surface fissures or creep ground ruptures that fol-
low a more ordered pattern. Whether the occurrence of fault creep is controlled by prior
tectonic faulting will be explored through paleoseismic investigation of a stream exposure
across one of the creeping traces. This work is an opportunity to examine the nature of
fault creep and its relation to tectonic slip, a process that has not been investigated in the
Philippines and only in part elsewhere. The results of this work also have implications for
seismic hazard assessment involving the VFS.
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Figure 2. (a) The WVF creeping segment (segment II in Figure 1). The creeping zone consists
of lithologic units derived from nearby volcanic centers. Most of the creeping faults occur along
scarps identified in the 1965 aerial photos and in topographic maps based on older aerial photos.
(b-h) Photos of vertical displacement and damages to ground and man-made structures along creep
scarps. Locations and dates when photos were taken are indicated under each photo. For variation
in displacement and slip/displacement rates, refer to Rimando et al. [4]. The encircled 6a to 6f and
the symbol S refer to the locations of scarp profiles used for height estimation. NPC, GRV, ADL,
VOS, and JUA refer to deformation survey sites where displacements have been regularly measured
(2-3 times/yr) since 1999. Slip rates derived from displacement measurement at these sites are in
Figure 3. Source of geology: Bureau of Mines and Geosciences [17].
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Figure 3. Plot of cumulative vertical displacement estimates from various sites within the creeping
segment since the 1990s. The numbers are slip rates in cm/y. Displacements in the 1990s (left side
of dashed vertical line) were measured using a hand level and a graduated telescoping rod. The
1999-2019 displacement data used are from Rimando et al. [4] and references therein. A more precise
method using an electronic digital level, a bar-code leveling staff, and several fixed benchmarks was
employed to generate the 1999-2019 displacement data by the joint Philippine Institute of Volcanology
and Seismology-Tokyo Institute of Technology (PHIVOLCS-TIT) team. The 2019-2023 data were
generated using the same method.

2. Materials and Methods

Detailed mapping of the creeping fault traces was first carried out in 1994, when
creep was first observed. Field observation of the damage to man-made structures caused
by ground rupturing was also instrumental in the mapping of the individual segments.
Topographic maps, geologic maps, and aerial photos were analyzed to determine the
distribution of creeping faults, establish the spatial association of creep occurrence with
respect to topographic and lithologic boundaries, identify pre-creep scarps, and recognize
any geometric pattern exhibited by the creeping segments. Post-World War II topographic
maps and aerial photos were particularly useful in mapping and identifying pre-creep
scarps of possible tectonic origin. Leveling surveys and the use of Google Earth were useful
in recognizing and generating profiles for the purpose of measuring heights of active and
pre-creep scarps. Comparisons of the active creep scarp heights with pre-scarp heights are
critical in determining possible pre-creep tectonic activity.

The verification of the nature and type of prior tectonic activity along a pre-existing
scarp was carried out through logging of an exposure near the central part of the creep-
ing zone where one of the creeping segments crosses the Magdaong River (location in
Figure 2a). We mapped fault strands and stratigraphic and soil horizons in the exposure
in order to distinguish between creep and coseismic slip and to determine the type of any
tectonic faulting involved. Lines of structural and sedimentary evidence had been used to
distinguish between aseismic and coseismic activity in exposures [14,18-23]. The amounts
of vertical separation, changes in thickness of faulted stratigraphic units, and upward
termination of fault strands are among the most useful distinguishing criteria [14,18,22].
The above criteria have also been used to recognize the type of faulting involved. Weldon
et al. [22], for example, discussed how these types of evidence are considered in exposures
of strike-slip faults. A number of other criteria, including fault zone structures, filling
materials, nature and attitude of contact, and shear fabric, are also useful in identifying
the dominant type of faulting involved [18,20,24-26]. No age-dating other than relative
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age-dating based on stratigraphy was conducted, as mapping of the trench exposure was
intended only to provide evidence of the nature (tectonic or nontectonic) and type of
any pre-creep faulting from bed displacements and thicknesses and fault strand patterns
and terminations.

3. Results and Discussion
3.1. Topographic, Lithologic, and Structural Context of Creep

The recognition of morphotectonic features and displaced landforms and streams
had been instrumental in mapping the active traces of the VFS [2,3]. As Figures 2 and 4
show, scarps are the dominant geomorphic features within the creeping zone, which lies
between segments I and III. The occurrence of creep was first reported during the initial
stages of neotectonic mapping of the WVF in the early 1990s. The recognition of fresh creep
scarps occurring on old scarps within the creeping zone, which were assumed to be of
tectonic origin, greatly facilitated the mapping of the creeping zone (as segment II) and the
continuity between segments I and IIL

The first and longest ground rupture was mapped in the northernmost part of the
study area (Figures 2a and 4) on 21 July 1994 [2]. The 2.6 km long ground rupture is similar
to some portions of recent coseismic ground ruptures (e.g., ground rupture of the 1990
Luzon Earthquake) except that it is creeping and its displacement is dominantly vertical
(Figures 2b-h and 4). Many of the NNE- to NE-striking creep scarps, especially on the
western part of the creeping zone, follow larger scarps that coincide with the boundary
between the regions of higher topographic relief and the low-lying areas beside the lake
(Figure 2a). The creeping segments also coincide spatially, partly or wholly, with lithological
contacts on the western part of the creep region (Figure 2a). As discussed in Section 3.2,
these topographic boundaries consist of higher-order scarps, at or near the base of which
the creeping fault traces have formed.

The creeping ground ruptures are not irregular fissures that occur randomly, as sug-
gested by Ramos [7]. “Fissuring” had also been suggested to occur in Metro Manila and
surrounding areas [7-9], but the creeping ground ruptures between segments I and III of
the WVF are more appropriately classified under the surface fault type of aseismic ground
failure [27,28] rather than the tensile type of failure [27,28]. It had been suggested that
subsidence and fissuring due to groundwater withdrawal are regional in nature [7-9].
However, no creeping ruptures similar in amount of deformation, extent, and geometric
pattern to those in the study area have been observed in the regions outside of the creeping
zone. The fact that vertical deformation that is focused along discrete stepping faults occurs
only near the western shore of the lake (Laguna de Bay) underscores the possible role of
pre-existing structures in localizing creep phenomena.

The creep ruptures exhibit a left-stepping en echelon pattern along a north—south-
striking zone (Figures 2a and 4). At the scale shown in Figures 2a and 4, the traces are
essentially straight. Two pairs of creeping fault traces near the central part of the zone
bound inner downthrown blocks that resemble pull-apart basins (and were also assumed
to be pre-creep pull-apart basins). Although the dominantly vertical movement of the
current creep is responsible for these features, pull-apart basins could also result from the
movement of bounding strike-slip faults with large vertical components, which could have
been the case before the onset of creep. It is unlikely that differential compaction alone had
caused the development of the pull-apart basins. The occurrence of the en echelon scarps
within the gap between the right-stepping WVF segments and the kinematic congruence
of “pull-apart basins” with right-lateral strike-slip movement along segments I and III
indicate that local tectonic stresses (Figure 4 inset) may have been involved in controlling
the distribution and kinematics of the creeping ground ruptures. Though differential
compaction of the materials across ground ruptures may have contributed significantly to
the vertical displacement, groundwater withdrawal altered the balance of stresses acting on
the fault plane, triggering the release of stored strain energy through movement along the
ground ruptures. Groundwater withdrawal causes vertical load reduction and compaction
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of the aquifer [29,30]. The resulting reduction in normal stress contributes to fault failure,
as implied by the Mohr—Coulomb failure criterion.
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Figure 4. Segments I, II, and III of the WVF. The mapping of segments I and IIT and the rest of the
VES was based mainly on the recognition of offset features (e.g., streams and spurs) and landforms
associated with active faults. The mapping of segment II was initially based on the recognition of old
scarps and creep scarps, many of which followed the pre-existing scarps. The vertical displacements
along the creeping segments were based on field measurements carried out mostly in 1996. The
left portion of the plot in Figure 3 was constructed based on these measurements, while the right
portion of the plot was based on the results of precise leveling that started in 1999 at sites labeled
NPC, GRV, ADL, VOS, and JUA. The inset indicates the location of the segments and shows NW-SE
extension (open arrows) within the dilation gap between segments I and III. The encircled 7a to e
refer to the locations of scarp profiles derived from precise leveling data for height estimation. Site of
paleoseismic section along segment II is also shown. Modified from Rimando [2] and Rimando and
Knuepfer [3].
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Structures with orientations similar to those of the scarps that the creeping ground
ruptures followed are expected to have a large vertical component (as oblique strike-slip or
normal faults) when activated by extension due to right-lateral strike-slip faulting along
N-S master faults (Figure 4 inset). Largely because of this unique rupture and scarp pattern
and occurrence within the gap area between the right-stepping segments (segments I and
Il in Figures 1, 2 and 4) of the WVF [2—4], the creeping zone has been considered a distinct
segment of the WVF.

3.2. Creep Displacements and Pre-Creep Scarp Heights

The displacements, which are largely vertical, were measured along the fifteen ground
ruptures during the 1994 to 1996 mapping period in the Muntinlupa-San Pedro-Bifian area
(Figure 2a). The maximum vertical displacement measured was ~0.75 m in Muntinlupa City
near the central part of the creeping zone. Minor amounts of apparent lateral component
were observed where offset markers are oblique to the strike of the fault.

The differences between creep displacements and heights of pre-creep scarps seem
substantial. This is exemplified by a creep scarp that is situated near the foot of an old
scarp (Figure 5a). The creep scarp height is 0.7 m as measured by precise leveling in
March 2024. The active creep scarp at Juana in Figure 5a belongs to the southernmost
creeping segment (Figure 2a). The host pre-creep scarp is visible on the old topographic
map (Figure 5b) and post-war aerial photos (Figure 5c). The host scarp is considered
pre-creep since the 1:50,000-scale topographic map in Figure 5b was based on 1947-1952
aerial photos while the aerial photos in Figure 5c were taken in 1966. The large discrepancy
in displacement is also exemplified by creep scarp displacement (Figure 5d) and pre-creep
scarp height measurements at Villa Olympia Subdivision (VOS) along the southernmost
creeping segment (Figure 2a). The displacements and heights across the scarp at VOS
were derived from profiles generated through precise leveling surveys in 1999 and 2023
(Figure 5e). The difference in scarp heights between the two profiles in Figure 5e represents
creep displacement between 1999 and 2023. The total amount of creep displacement at
VOS since the 1990s is the sum of 1999-2023 creep displacement and the displacement
measured in the 1990s (Figure 3). A height of 7 m is estimated for the larger scarp based
on the 2023 VOS-A scarp profile in Figure 5b (drawn oblique to the scarp) and Figure 6a
(drawn perpendicular to the scarp). It represents an increase of 0.5 m from a height of
6.48 m in 1999. If the displacement that had occurred (from the time creep is presumed to
have started at VOS) until September 1999 (20 cm; see Figure 3) [4] is added to this, the
contribution of creep to the 2023 scarp height is 70 cm. This is almost an order of magnitude
smaller than the estimated total displacement (7 m).

The northernmost and southernmost creeping segments are on the west side of the
zone, where the creep scarps strongly correlate with the topographic and lithologic contacts.
The profiles drawn across other scarps on the west side of the zone (Figure 6) also indicate
much larger heights compared with the displacements due to the ongoing creep (Figure 4;
Figure 7). In addition to the VOS profile, sections across the other displacement monitoring
sites (NPC, GRV, ADL, and JUA) were also drawn from precise leveling data (Figure 7).
These represent the scarps due to the ongoing creep, as the displaced references (i.e.,
roads) were built at about the same time of creep initiation [2,4]. With the exception of
NPC, all sites are still being surveyed periodically. There are no remarkable pre-creep
scarps associated with the creep scarps on the eastern side of the creeping zone. The creep
scarps at these sites occur in highly developed and built-up areas and where erosion and
sedimentation are more likely to have prevented the preservation of pre-creep surface
scarps. Nevertheless, creep-related scarp displacements at these sites (see GRV and ADL
profiles in Figure 6b,c; see Figure 4 for site location) are also mostly no more than 1 m,
which are almost an order of magnitude lower than the heights of pre-existing scarps at
adjacent sites on the west part of the creeping zone (Figure 6). As Figure 3 also shows, the
total creep displacements at the other displacement monitoring sites (see Figures 2 and 4
for location of monitoring sites) are mostly no more than 1 m. The total creep displacement
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at NPC-A, NPC-B, NPC-C, GRV-A, and VOS-A is the sum of displacement derived from
precise leveling (right side of displacement plot) and the 1990s displacements (left side
of displacement plot). The 1990s displacements in various parts of the creeping zone are
shown in Figure 2.

VOS-A Scarp Profile (1999 and 2023)

—e— 2023
—o 199

Elevation (m)

L 20 40 60 80 100 120 140 160|
Distance (m)

(d) (e)

Figure 5. (a) Ground rupture along the southernmost segment of the creeping zone. Creep scarp
occurs near the foot of an old scarp at Juana Subdivision, Bifian, Laguna. (b) Evidence of pre-creep
scarp coinciding with the creeping zone’s southernmost segment (see Figure 2). The scarp is indicated
by hachures (location marked by arrows) on a 1:50,000-scale topographic map that was drawn based
on 1947-1952 aerial photos. North points to the left side of the figure and is parallel to the gridline.
Ground ruptures in (a) occur near the southernmost part of the segment. (c) Stereopair of the general
area from 1966 aerial photos showing the same scarp in (b). (d) The active creep scarp at Villa
Olympia Subdivision (VOS) (San Pedro, Laguna) along the southernmost creeping segment at VOS,
which also occurs along the scarp in the topographic map in (b) and in the 1966 aerial photo (c). Photo
taken in September, 2023. Part of the road across the scarp had been resurfaced. The creep scarp,
which appears to be superimposed on a pre-existing scarp, was first noticed in 1996 when it was only
~0.15 m high, but it reached a height of 0.725 m by 2022. (e) Profiles of the larger scarp hosting the
active scarp were based on the precise leveling surveys conducted in 1999 and 2023. Profiles were
drawn along the road, which is oblique to the NE-trending scarp. The estimated total scarp heights
were 6.48 m and ~7 m in 1999 and 2023, respectively. Figure 6a shows a profile taken along a line
close to and perpendicular to the scarp in (d).
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Figure 7. Profiles across selected creeping segments in 5 precise leveling sites. The locations of the

profiles (a—e) are indicated in Figure 4. Scarp height estimates are shown for each profile.

The large differences between the heights of the pre-creep scarps and the displacements
due to the current creep suggest possible multiple surface-rupturing events along the larger
scarps. The fact that the region only saw the start of significant development in the 1980s
and that there are no reports of earlier creep occurrences makes it unlikely that the higher
scarps are products of earlier creeping events. Furthermore, the fact that the pre-creep
features are also recognized in old topographic maps (based on 1947-1952 aerial photos)
makes it more unlikely that these are products of the ongoing creep event.

3.3. Paleoseismic Mapping of Creeping Segment Exposure

As creep may occur along pre-existing scarps that are nontectonic in origin, paleoseis-
mic mapping was employed to verify whether tectonic faulting preceded and played a role
in localizing creep. The highly urbanized nature of the creeping zone poses tremendous
challenges in identifying trenching sites. An exposure along a river cut by one of the
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creeping faults in Muntinlupa City (Figure 8a; location in Figures 2a and 4) provided an
opportunity for mapping fault strands and offset sedimentary units without excavating.

MAGDAONG RIVER EXPOSURE LOG
MUNTINLUPA CITY, METRO MANILA

_.-Figure 8¢

N60°E N50°E N8oO*w

FAULT; ARROWS INDICATE
l\ SENSE OF SLIP; DASHED

WHERE INFERRED

SHARP AND DISTINCT CONTACT
— — — - GRADUAL BUT DISTINCT CONTACT
---------- INFERRED CONTACT

B cossLE

& cLay

Figure 8. (a) Section of stream exposure across one of the creeping traces at Magdaong River,
Muntinlupa City. Exposure shows prior surface-rupturing events, which were, most likely, generated
by strike-slip faulting. (b) Simplified log of stream exposure across one of the creeping traces at
Magdaong River, Muntinlupa City. The location of the site is indicated in Figures 2 and 4. Older
strike-slip fault ruptures cut through buried sediments only, while modern creep has vertically
displaced the present surface. Fault contact between units 2 and 3 at the bottom part of the section is
indistinct, so this part of the log is quite interpretive. The section was originally logged at a 1:20 scale.
Descriptions of stratigraphic units appear in Table 1. The numbered letters refer to fault strands. The
upper right part of the figure also shows the location of scarp profiles c and d in Figure 6 and of the
Magdaong River exposure. (c) The upward termination of fault strands c3 to ¢4 at the base of unit
6 represents one pre-creep event, interpreted as a sudden coseismic slip. Location of photo shown
in (b).
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Table 1. Description of stratigraphic units in the Magdaong River exposure.
Texture | L
s . Clast ower
Unit . Matrix ° ipe e
No. Genesis Texture . b{‘;l 9% Cobbles  Distribution Boundary Stratification Other Features
ebbles
Clay as lenses
. . . Massiveand  and as
1 Fluvial/Colluvial  Silty Clay 0 0 Isolated Not Exposed as lenses cobble-sized or
larger clay balls
. Sandy and
. . Matrix- Evenly . pebbly with balls
2 Fluvial/Colluvial  supported ~80 0 - Not Exposed = Massive
(sandy) distributed of clay and lenses
y of clay and sand
Upp.elT: Upthrown: Upper 10_.1.5 cm
>50 in stratified, lear. smooth Upper: clear,  cross stratified
continuous clear, Smoo interbedded and with larger
3 Stream Channel Clayey sand  upper 0 to wavy
Lower: Lower: fragments of
10-15cm Downthrown: . .
evenly Massive pebbles; lower is
di d not exposed d
isperse coarse san
Matrix- Semi-
4a Stream Channel supported 40-50 0 st.ratlfle.d, Wav_y, clear Weak. to )
(coarse sand discontinu- to diffused massive
matrix) ous
4b Weathered 4a Silty clay 0 0 NA Gradual, Massive With dark
wavy mottles
4o Weathered 4a Silty clay 7% 0 Eyenly Gradual, Massive nghte}r than 4b;
loam dispersed wavy also with mottles
Matrix- i Weak to
5 Stream Channel supported ~80 0 Sh:ttililed’ V;fy a:ﬁrup b distinct, -
(sandy) contmuous smoo interbedded
Matrix- With rounded
6 Stream Channel supported 0-85 0 Evenly Gradual, Weak to pebbles, coarser
(silty cla dispersed clear to wav massive than pebbles as
y clay P y p
loam) unit 5
7a Colluvium Sandy clay 2540 0 Evenly Gradual, Weak to ;
loam dispersed wavy massive
7b Weathered 7a Sandy loam 7-15 0 Eyenly Gradual to Massive -
dispersed abrupt, wavy
7c Soil Sandy loam 0 1 Isolated Gradual to Massive -
abrupt, wavy
Fill Fill Loamysand  40-50 15-20 g.venly Abrupt, clear 1. ccive With glass and
ispersed to smooth plastic fragments

A log of the exposure (Figure 8b) along the Magdaong River shows mostly fluvial de-
posits representing reworked primary volcanic deposits from the slopes of the Taal Caldera
to the west of the creeping zone. These are interbedded with layers of colluvium and soil.
The soil layers (units 4b and c and 7c; Figure 8b) appear to be weathered counterparts of
underlying fluvial and colluvial strata. Detailed descriptions of the faulted units are in
Table 1.

Our mapping of the exposure at Magdaong River (Figure 8) shows only one strand
cutting the present surface, which represents the ground rupture of the ongoing creep.
Most of the strands terminate at the top or bottom of units. One strand terminates at the
base of unit 3. Multiple fault strands terminate at the base of units 6 and 7 (Figure 8b,c).
One of the earliest events that can be inferred with a high degree of confidence from the
Magdaong section (Figure 8b) is represented by the termination of fault strands ¢, to cg at
the base of unit 6 (Figure 8c). Following the burial of the stream channel deposits (units 4
and 5; Figure 7b) by a younger stream channel unit (unit 6; Figure 8b), another faulting
episode ruptured through unit 6. The coseismic nature of this event is evident from the
termination of fault strands d; to dy at the base of unit 7b. Two fault strands (e; and e;) cut
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unit 7b and terminate at the base of unit 7c. These strands represent the youngest coseismic
event. Unit 7c is considered an in situ soil layer; therefore, fault strands e; and e, are not
surface-rupturing faults. However, a reactivation of e, by the current creep is indicated by
the sagging of the base of units 7b and 7c.

Since we are not dealing with a three-dimensional exposure, we have avoided the over-
estimation of the number of events by interpreting only the termination of multiple fault
strands at the same stratigraphic level. In exposures that are not three-dimensional, single
strands terminating at various levels may or may not represent separate events [18,22].
Thus, the nature of the single strand (strand a) terminating at the base of unit 3 is uncertain.
The sharp lithological contrast across the “strand” indicates that it could be a fault, a
channel wall, or both.

No colluvial wedge was found associated with any of the stratigraphic offsets in the
section. This suggests a creep mechanism rather than coseismic slip [14,20]. At least the
latest event is known to be causing creep along the single strand propagating to the present
surface. The other fault strands may have been caused by creep if we use colluvial wedges
alone as a criterion. However, colluvial wedges in strike-slip fault zones are generally thin
and poorly differentiated due to the small height of the fault scarp [22]. Thus, if offsets on
these strands were principally lateral slip, colluvial wedges may not have formed.

The bed offsets at the Magdaong River exposure log (Figure 8b) caused by both the
ongoing creep and pre-creep activity were measured, and the vertical separation of the
stratigraphic units across fault strands is shown in Table 2. Notable displacements are those
of the bottom of unit 6, unit 7, and the bottom of unit 4 along fault strand g. The amount
of vertical offset of the bottom of unit 6 is ~0.35 m along fault strand g. Historic creep
along fault strand g was primarily responsible for the bulk of this displacement. Part of the
displacement is due to prior slip along d4 (~0.06 m), f;, and probably e;. Unit 7 is displaced
by almost the same amount (0.35 m), also principally by creep along fault strand g. This
roughly corresponds to the amount of displacement of the surface at and near the site.
The cumulative displacement of the bottom of unit 4 is ~0.6 m. The difference between
the displacement due to creep and the displacement of the lower units is ~0.25 m. This
is far greater than the ~0.06 m displacement of the bottom of unit 6 along d4. Based on
the increases in displacement with depth, the strands terminating at the bottom of units
6 and 7b are most likely coseismic in nature. The displacement is likely due to a vertical
component of coseismic slip along fault strands c; to ¢, and quite possibly, apparent vertical
movement due to lateral displacement of unit 4. The type of coseismic faulting most likely
involves a large component of strike-slip motion based on the upward-splaying pattern
of the faults in the Magdaong exposure [22]. Other useful observations for establishing
strike-slip faulting from the Magdaong exposure include the changes in thickness of units
3 and units 6 to 7b across the fault zone (Figure 8b) and the relatively minor progressive
change in vertical component with depth (compared with the change with depth for the
other types of faulting) in the exposure.

Table 2. Displacement of stratigraphic units along fault strands.

Unit Offset Displacing Fault Strand Amount of Offset (m)
land 2 a Bottom offset indistinct
3 candg Bottom offset indistinct

4 candg ~0.60

4b €4 0.04

4b 1) 0.06

6 g ~0.35

6 dy 0.06

7 g 0.35

7b and 7c e 0.18

7c g 0.35
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Like the southernmost segment and most of the westernmost creeping segments, the
ground rupture at Magdaong occurs along the topographic boundary and lithologic contact
(Figure 2a). A profile drawn perpendicularly across the exposure shows that the active creep
scarp also occurs on a larger scarp (~5 m; profile D in Figure 6d), which is substantially
higher than the scarp generated by the current creep activity. Profile C in Figure 6c,
which was taken south of profile D along the segment, also shows a similar relationship.
No periodic precise displacement measurements had been conducted across the ground
rupture that cuts through the Magdaong River exposure mapping site (Figures 2a and 8),
but the amounts of displacement in the 1990s along this segment (Figure 2) are also far
smaller than the scarp heights based on surface profiles across the segments (Figure 5c,d;
see Figures 4 and 8 for location of profile). As discussed above, the amounts of creep
displacement of the exposed layers of fill and recent sediments at the Magdaong exposure
are likewise far smaller than the estimated heights of the pre-existing scarps based on the
profiles. This supports the development of creep along pre-existing scarps of tectonic origin.

The Magdaong exposure shows that creep occurs along an active pre-existing tectonic
trace and opens the possibility of pre-creep tectonic activity also being associated with
the other scarps. Pre-creep tectonic activity along the other creeping segments can also be
verified, preferably by less invasive paleoseismic methods.

3.4. Potential for Induced Seismicity

Creep triggered by groundwater withdrawal took advantage of the tectonic structures
at the Magdaong River site and, most likely, reactivated the other en echelon structures
within the creeping zone. If creep occurs along pre-existing tectonic structures, then the
possibility of seismicity triggered by excessive groundwater extraction within the creeping
zone should be considered more seriously. The occurrence of induced earthquakes would
exacerbate the effects of fault creep that have already been incurred. Excessive groundwater
extraction has been known to trigger and alter the timing of earthquakes globally [31-37].
Depressurization due to groundwater withdrawal causes miniscule stress perturbations
but are enough to advance the timing of seismicity [33-35,37,38]. It can cause seismicity
by triggering stable failure of faults [29,30,39,40] with velocity-strengthening frictional
properties [41] through the development of “barriers” and “asperities” [42]. Parameters
similar to the criteria listed by Frohlich et al. [43] could be very useful in evaluating
whether an earthquake that may occur within and near the creeping zone is induced by
groundwater extraction. Succeeding development of bigger barriers and asperities leads
to bigger earthquakes [42]. The possibility that sudden fault failure could extend beyond
the creeping zone should also be considered. The WVF creeping zone coincides with
a dilational jog (Figures 2 and 4) [2,3], which is a feature associated with barriers and
asperities [44—47]. These are known sites of rupture initiation and obstacles to slip transfer
along faults [48-50]. The 45 km long segment I of the WVF (Figure 1) [2,3] has an estimated
return period of 400-600 years and has not moved since 1599 [1]. The failure of the WVF
creeping zone due to continued depressurization could induce static stress changes that
could advance the failure of segment I or segment III. The weakening of such a barrier
could also facilitate contagion during an earthquake originating along either of the adjacent
segments. Such contagion is contingent on the ease of the barrier to yield and transfer an
additional stress load and on the physical condition of the target segment [51].

4. Conclusions

Most of the active creep scarps occurred along pre-existing scarps with distinct en
echelon patterns and strongly correlate with topographic and lithologic boundaries. Large
differences between creep displacements and the heights of the pre-existing scarps suggest
that the pre-existing scarps have existed long before the earliest suggested occurrence of
creep. We have verified the tectonic nature of pre-creep activity through paleoseismic
investigation of an exposure of one of the creeping segments.
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The tectonic control of the occurrence of creep along the segment exposed in the
Magdaong River is indicated by the occurrence of nontectonic creep along a pre-existing
surface-rupturing fault zone. The Magdaong site exhibits at least three coseismic events
preceding fault creep as interpreted from the upward termination of fault strands in the
exposure and the changes in the amount of vertical offset of units with depth. Strike-
slip faulting is evident principally from the upward-splaying pattern of the pre-creep
fault strands, the relatively small amount of vertical displacement, and the changing unit
thickness across the faults. The current creep activity is dominantly vertical, while the pre-
creep faulting events are coseismic and dominantly strike-slip. Pre-creep movement along
individual segments may not be uniform in terms of the nature of movement (coseismic vs.
tectonic creep) and type of faulting. Paleoseismic investigation along the other segments of
the creeping zone should provide a better understanding of the individual and collective
nature of modern creep and any pre-creep faulting.

Our reservation on the tectonic control along the other segments within the creep-
ing zone is partly due to the lack of pre-existing scarps in some localities as well as the
absence of creep along some pre-existing scarps with similar orientation to the creeping
faults. Nevertheless, tectonic control is reinforced by the left-stepping en echelon pattern of
surface rupturing and distribution along a N-S-trending narrow elongate zone within the
dilational gap of the dextral strike-slip WVF. Tectonic control is seemingly not limited to
the occurrence of creep along pre-existing structures but is also apparent in the kinematic
consistency of individual traces with the active, right-lateral strike-slip faults of the WVE.
Vertical displacement is also consistent with compaction due to groundwater withdrawal.
Vertical displacement may actually have both tectonic and nontectonic components (e.g.,
vertical displacement due to compaction). Aside from paleoseismic mapping, future studies
may verify tectonic control along the other segments by non-invasive methods, as conduct-
ing paleoseismic investigations becomes more difficult in the rapidly developing study
area. If the coseismic nature of pre-creep scarps is not recognized and all the displacement
along the scarp is attributed to vertical creep due to groundwater extraction, the seismic
hazard will be underestimated.

The creep phenomenon in the Sucat-Bifian area has already caused considerable
damage to public utilities and residential and commercial buildings. It will continue to do
so if groundwater extraction regulations are not strictly enforced in the northern part of
the creeping zone and current pumping rates in the south remain unabated. Though stress
levels and strengths of the creeping zone and its adjoining segments are yet unknown, the
possibility of earthquakes being triggered by continued overextraction of groundwater
should be considered by hazard planners.
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