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The slip rate of a seismogenic fault is a crucial parameter for establishing the contribution of the fault to
the seismic hazard. It is calculated from measurements of the offset of linear landforms, such channels,
produced by the fault combined with their age. The three-dimensional measurement of offset in buried
paleochannels is subject to uncertainties that need to be quantitatively assessed and propagated into the
slip rate. Here, we present a set of adapted scripts to calculate the net, lateral and vertical tectonic offset
components caused by faults, together with their associated uncertainties. This technique is applied here
to a buried channel identified in the stratigraphic record during a paleoseismological study at the El
Saltador site (Alhama de Murcia fault, Iberian Peninsula). After defining and measuring the coordinates of
the key points of a buried channel in the walls of eight trenches excavated parallel to the fault, we
(a) adjusted a 3D straight line to these points and then extrapolated the tendency of this line onto a
simplified fault plane; (b) repeated these two steps for the segment of the channel in the other side of the
fault; and (c) measured the distance between the two resulting intersection points with the fault plane.
In doing so, we avoided the near fault modification of the channel trace and obtained a three-dimen-
sional measurement of offset and its uncertainty. This methodology is a substantial modification of
previous procedures that require excavating progressively towards the fault, leading to possible under-
estimation of offset due to diffuse deformation near the fault. Combining the offset with numerical
dating of the buried channel via U-series on soil carbonate, we calculated a maximum estimate of the net
slip rate and its vertical and lateral components for the Alhama de Murcia fault.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

One of the fundamental parameters used to characterize the
seismic potential of a fault is its net slip rate, as fast moving faults
produce earthquakes more frequently than slow faults (e.g. Ma-
sana et al., 2001; Liu-Zeng et al., 2006; Rockwell et al., 2009). In
strike-slip faults, the slip rate may be obtained from the offset of a
linear feature (not necessarily straight linear) that crosses the fault
(such as a channel, a limit of an alluvial fan, fluvial terrace risers,
etc.) whose age is constrained (e.g. Gold et al., 2011; Salisbury
et al., 2012; Frankel et al., 2007; Van der Woerd et al., 2002; Hall
et al., 1999; Wesnousky et al., 1991). Channels are commonly used
because they are widespread in the landscape. Moreover, in a
simplified way, their intersection with the fault is a point, yielding
a unique three-dimensional (3D) restitution (and thus a unique 3D
r).
offset) between the two correlated segments of the channel (one
in each block of the fault; in the methodological part of this paper,
we use “fault block” to refer to either the hanging or the foot wall
of a fault). Paleoseismological studies use two different approaches
to measure the channel offsets: (1) surface analysis (using tectonic
geomorphology) and (2) subsurface analysis of buried strati-
graphic sequences in which the offset of a buried channel is esti-
mated (using 3D trenching). These two approaches tend to un-
derestimate the net offset because they often measure only the
lateral component of the offset (e.g. Rittase et al., 2014; Liu-Zeng
et al., 2006; Chevalier et al., 2016; Cowgill, 2007; Gold et al., 2011).

In the geomorphological approach, the offset measurement
takes into account the far-field tendency of a channel and projects
it into the fault (Wallace, 1968; Sieh, 1978; Salisbury et al., 2012;
Zielke et al., 2012; Haddon et al., 2016). In this case, the precise
morphology of the channel near the fault is not important. Dif-
ferent methods are used to define the general trending of the
channel (or the terrace raisers associated with it) and project this
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tendency onto the fault plane (Van der Woerd et al., 2002; Cowgill,
2007; Gold et al., 2011; Ferrater et al., 2015a). Zielke and Arrow-
smith, (2012) created a Graphical User Interface (GUI) for Matlab
(Lateral Displacement Calculator, LaDiCaoz) updated recently (La-
DiCaoz_v2; Zielke et al., 2015; Haddon et al., 2016) which mea-
sures the offset based on the perpendicular profile and the general
trending of the channel.

In contrast, the offset of buried paleochannels identified in
trenches is measured directly next to the fault by excavation of
progressive exposures (examples of 3D trenches in McCalpin et al.
(1996)). A long trench is usually dug parallel to the fault in each
side to define the target channel and is progressively expanded
towards the fault along the channel feature to expose the piercing
points on the fault plane. This technique allows measurement of
the lateral offset of one (e.g. Wesnousky et al., 1991) or more
channels (e.g. Hall et al., 1999; Liu et al., 2004; Liu-Zeng et al.,
2006; Marco et al., 2005). Zooming too much into the fault area, as
is the case in trenching studies, may underestimate the offset
owing to: (1) the possible distributed deformation next to the fault
(i.e. not a unique fault line but different secondary faults which
may be separated several metres or more from the fault), or (2) the
smoothing of the erosive path of the channel within time since
materials across the fault are easily eroded (Ouchi, 2004).

In this study, we adapted the geomorphological approach to pro-
ject the three-dimensional far-field trend of a buried paleochannel
onto the fault. Our aim was to avoid underestimation of the net offset
produced by disregarding (1) the vertical component of the fault, and
(2) near-fault modifications of the channel course (Huang, 1993). In
the first part of the paper, we provide a group of modified scripts
(Supplementary material, OffsetMeasurement3D) based on Matlab
language to automate the calculation of the net, lateral and vertical
offsets of buried channels. The proposed methodology includes:
(a) the acquisition of the coordinates of the points belonging to a
buried channel feature; (b) the adjustment of 3D straight lines to the
selected points; (c) the calculation of the intersection points between
these lines and the fault; and d) the measurement of the net, lateral
and vertical offsets and their uncertainties. The main advantage of
these scripts is that they allow assessing the general three-dimen-
sional trending of a likely irregular feature whose exact direction is
unknown. In the second part, we apply this method to a 3D paleo-
seismic trenching study in the seismogenic Alhama de Murcia fault
(Southeastern Spain; Martínez-Díaz et al., 2003; Masana et al., 2004;
Ortuño et al., 2012), where we identified a buried channel on both
sides of the fault. Slip rate calculation of this fault represents a pa-
leoseismological challenge, as (1) the ratio between its lateral and
vertical components is unknown and, (2) previous estimations of the
slip rate contain large uncertainties.
Fig. 1. Theoretical assumptions applied in the methodological workflow.
(A) Nomenclature of channel features (reference points in section);
(B) nomenclature of all the elements intervening in space (reference points, pier-
cing lines and piercing points), and their situation in the ideal case study;
(C) sketch of the resulting piercing lines and channel cross-sections when the
channel is slightly sinuous, in this case the offset of the piercing point pairs differs
from each other; and (D) schema of how the uncertainties are calculated by pro-
jecting them onto the fault: hundreds of random possible piercing lines within the
area of the individual reference point uncertainties are projected against the fault.
2. Methodology

The proposed method of offset determination consists of five
steps: (1) trench design and excavation, (2) data acquisition,
(3) computation of the piercing points and (4) estimation of the
uncertainties, and, (5) calculation of the offset value. This approach
is trustworthy for channels with low sinuosity or for channels
whose sinuosity wavelengths are small, i.e. those cases where a
straight line may be adjusted to the channel shape.

2.1. Trenching survey

At least one trench dug perpendicular to the fault is needed to
locate the fault. After defining the fault position and its char-
acteristics (orientation, dip and fault zone width), two trenches
parallel to the fault, one in each side of the fault, are needed to
identify the target channel in the stratigraphic sequence. A
minimum of one additional parallel trench is required on each side
to yield enough points for the analysis along each piercing line. In
this way, the channel should be identified in the sedimentary re-
cord in two trenches per fault block, i.e. total of eight trench walls.

2.2. Data acquisition

A channel can be simplified into a line (not indispensable to be
straight) on a small scale but is more complex at a detailed scale.
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The channel bed is curved and may be decomposed into an infinite
number of lines, including the channel margins, the channel
thalweg, and the lateral margins of distinctive depositional units
that fill the channel (Fig. 1A). Henceforth, straight lines are spe-
cified in the text, otherwise lines may present some sinuosity. In
paleoseismology, a piercing element (a line) is a feature that used
to be continuous but has been offset by fault activity (Fig. 1B).
Every linear channel feature constitutes a piercing line. The in-
tersection between a piercing line and the fault plane defines a
piercing point, whereas the intersection of every linear (not ne-
cessarily straight) channel feature with the trench wall is a re-
ference point. Thus, every trench wall exposes a reference point
belonging to each piercing line (Fig. 1B). For at least two trenches
on both sides of the fault, we identify one reference point for each
channel feature (Fig. 1B). In the field, we survey the coordinates (x,
y and z in UTM coordinates) of every reference point together with
their epistemic uncertainty. The epistemic uncertainty refers to
the incertitude when locating the exact position of the reference
points, as channel bed may be smooth and the curvature of the
thalweg or the margins very lax. We assume that the uncertainty
values in x and y are the same. Thus, we decompose the horizontal
uncertainty into two identical values. We group all reference
points belonging to the same channel feature on each fault block
(margins or thalweg) in a.txt file (Supplementary material, Off-
setMeasurement3D). This file has six columns (x, y, z, uncertainty
in x, uncertainty in y and uncertainty in z) and as many rows as
reference points for every channel feature that is identified. The
fault plane file is a.txt file with four columns, one for each para-
meter of the general equation for a three-dimensional plane
(AxþByþCzþD¼0).

2.3. Piercing point calculation

Channel exposures are not identical in all trench walls, which
differ in sectional shape due to channel sinuosity (Fig. 1C). This
results in reference points that are not perfectly aligned. The 3D
straight line that best adjusts to the all identified reference points
in each side of the fault is the line that represents the average
orientation of each channel section. Accordingly, this straight line
(representing the trending of the channel feature) is projected
onto the fault. We obtain the xyz location of every piercing point
by calculating the intersection between the fault (simplified as a
plane) and the averaged piercing line (Supplementary material,
OffsetMeasurement3D).

2.4. Determination of the uncertainties

To calculate the uncertainty of each piercing point location, we
assume the uncertainty of the fault plane simplification to be
negligible in comparison to the reference points coordinates. Thus,
we focus on the epistemic errors associated with the acquisition of
the points. We apply the statistical Monte-Carlo method to cal-
culate the piercing points for a combination of hundreds of ran-
dom possible straight lines that can be adjusted within the limits
of the uncertainty ellipse of the reference point (Fig. 1D). We use a
normal distribution of the random points within the uncertainty
ellipse to calculate the possible random piercing straight lines
(Supplementary material, OffsetMeasurement3D). The uncertainty
of the piercing point is the standard deviation of all resulting
random piercing points.

2.5. Offset measurements on the fault plane. Distance between
piercing points

The final step is to measure the distance between piercing
point pairs (that refer to the same channel feature but from each
fault block). These distances are the offsets for each channel
piercing straight line (margins or thalweg). The net, lateral and
vertical offsets are calculated, together with their associated un-
certainties (Supplementary material, OffsetMeasurement3D). As
piercing lines from the same channel may differ in orientation, the
offsets calculated from them are likely also dissimilar (Fig. 1C). To
obtain the channel offset we apply the displacement density
functions proposed by Zechar and Frankel, (2009) to resolve the
final estimates of slip. These functions yield the mean, the median
and the statistical bounds of the three offset elements in which the
channel was simplified (margins and thalweg).
3. Case study: a buried channel offset by the Alhama de Murcia
fault

The new methodology of offset determination was used at the
Alhama de Murcia fault to estimate the net, lateral and vertical slip
components affecting a faulted buried channel. U-series dating of
soil carbonate developed in gravels of the buried channel provided
an estimate of the channel’s age that was used to calculate slip
rates.

3.1. Geological setting

The Alhama de Murcia Fault (AMF) is a left-lateral strike-slip
fault with an apparently minor reverse component (Bousquet,
1979; Martínez-Díaz, 1998), situated in the SE of the Iberian Pe-
ninsula (Fig. 2). It is part of the Eastern Betics Shear Zone (EBSZ),
which plays a major role in the Iberian plate by absorbing part of
the convergence between the African and Euroasiatic plates (De
Larouziére et al., 1988; Masana et al., 2004). The AMF is 87 km long
and has been subdivided into four segments according to its
seismic signature, geomorphological evidence, and geological
history (Silva, 1994; Martínez-Díaz et al., 2012). The four segments,
from south to north, are: (a) Góñar–Lorca, with a horse tail ter-
mination to the south; (b) Lorca–Totana, where the fault, N060E in
trend, splits into several sub-parallel fault traces and shows the
maximum concentration of seismicity; (c) Totana–Alhama de
Murcia, where the fault recovers its NE-SW trend but still shows
several strands; and (d) Alhama de Murcia–Alcantarilla, where the
geomorphic manifestation of the fault is diffuse.

A number of studies have focused on calculating the seismic
parameters of the AMF (Silva et al., 1997; Martínez-Díaz, 1998;
Martínez-Díaz et al., 2003; Masana et al., 2004; Ortuño et al., 2012;
Echeverria et al., 2013; Ferrater et al., 2015b). Several attempts to
estimate the slip rate of the AMF have been done. Ortuño et al.
(2012) suggested 0.16–0.22 mm/yr of vertical slip rate and 0.95–
1.37 mm/yr of lateral slip rate on the southern termination of the
fault (in the southernmost fault segment) acknowledging huge
uncertainties in their assumptions and using markers of different
ages. In the Lorca–Totana segment, Masana et al. (2004) examined
two trenches, and proposed a first estimation of the lateral slip
rate (0.06–0.53 mm/yr for the past 30 ka) based on (i) the esti-
mation of the vertical offset (measured as the vertical step of the
alluvial fan surface) and (ii) on the orientation of slickensides.
These results contained large uncertainties mostly linked to the
assumption that the topographical step observed in the fan surface
was mostly produced by the dip slip movement of the fault,
minimizing the lateral offset of a non-horizontal (i.e. the conic
shape of a fan) surface; Martínez-Díaz et al. (2003) calculated
0.21 mm/yr of lateral slip rate for the Upper-Pleistocene by mea-
suring offset channels on a fan surface assuming the channels to
be formed close to the middle-Upper Pleistocene boundary. By
means of an archeoseismic study, Ferrater et al. (2015b) suggested
a lateral slip rate of 0.024–0.039 mm/yr for one strand of the



Fig. 2. (A) Alhama de Murcia fault (AMF) in the Iberian Peninsula; (B) the AMF is a part of the Eastern Betics Shear Zone (EBSZ faults in bold line); (C) structural map of the
AMF; (D) geological map of the El Saltador alluvial fan: Ba-b, Palaeozoic basement rocks; Ta-c, Upper-Messinian rocks; Q0-4, Quaternary alluvial phases from older (3) to
younger (0). The white square indicates the El Saltador trenching site.
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Totana–Alhama de Murcia segment based on an offset wall of the
Argaric culture (approx. 4000 years old). The different approaches
used by the aforementioned authors, together with the supposi-
tions made, result in a wide range of lateral slip rates for the AMF
(from 0.02 to 1.37 mm/yr) that needs to be better constrained.

The El Saltador site, the focus of our study, is located in the
southernmost strand of the Lorca–Totana segment that shows
geomorphic evidence of lateral slip (SAMF; Martínez-Díaz, 1998;
Ferrater et al., 2015a). This strand strongly dips to the south
(480°), and has a reverse component that uplifts the hanging
wall. As a result, a smooth elongated NE-SW range is created. This
small relief partially dams the drainage coming from the La Tercia
Range running down to the Guadalentín depression, making the
site an optimum location for a paleoseismological study. Geologi-
cally, the site is at the place where the El Saltador alluvial fan
crosses the fault (Fig. 2D).

The 3D trenching survey consisted of the excavation of a total
of ten trenches, four of them perpendicular to the fault, and six
parallel to the fault. The former (TR 6, 7, 11 and 15) were intended
to locate the fault and to identify paleoseismic events, whereas the
latter (TR 5, 8, 10, 12, 13 and 14) were designed to identify buried
offset channels in the stratigraphic sequence. The AMF has a dif-
fuse deformation zone more than 5 m wide, outcropping in the
perpendicular trenches. This precluded the use of widespread 3D
trenching techniques that progressively excavate trenches towards
the fault zone, as the offset measured in the main fault would
underestimate the total offset. To solve this problem, and to use a
similar geomorphic criterion to that used by Ferrater et al. (2015a)
to measure geomorphologic offsets in the same fault, we projected
the three-dimensional tendency of the channel considering a mid-
distance (between 5 and 30 m) from the fault onto the fault plane,
avoiding the near fault deformation.

3.2. U-series dating of pedogenic carbonate

Pedogenic carbonate generally forms in regions with annual
precipitation of less than about 750–1000 mm, is common over a
wide range of climates on more than half of the earth’s land sur-
face, and generally accumulates most markedly within soil profiles
at depths of 0.3–2.0 m (Birkeland, 1984). If less than about 0.5 Myr
old, dense and relatively pure pedogenic carbonate is amenable to
U-series dating. Carbonate-rich clast-coatings that begin to form
on the bottoms of clasts in the earliest stages of carbonate accu-
mulation in gravelly soils can consist of dense, pure, laminated
carbonate that is highly suitable for U-series dating (e.g., Ludwig
and Paces, 2002; Sharp et al., 2003). Samples of carbonate coatings
developed on gravels of the offset buried channel (unit D) were
collected on both sides of the fault and dated at the Berkeley
Geochronology Center using methods similar to those of Sharp
et al. (2016).

3.3. Results

The trenches exposed an alluvial fan sequence that alternates
heterometric gravels and sands with defined levels of fine orange
sands and silts. Within the gravels we identified two buried allu-
vial paleochannels, one in unit D and the other, much smoothed, in
unit B (Fig. 3). To measure the offset of the channel in unit D we
followed the proposed methodology. Given the particularities of
channel B, we deal with its analysis as a special case.

Unit D comprises heterometric subangular clast–supported
gravels (Fig. 3). The lower part of the unit is entrenched and filled
with coarse and chaotic facies, whereas the upper part presents
tractive structures, such as laminar bedding, and local cross–bed-
ding and clast imbrication. The correlation of the identified
channel on either side of the fault is accomplished using strati-
graphic criteria, such as sedimentary position, shape and facies.
Numerical dating provided by U-series supported the interpreta-
tion; the U-series ages of the pedogenic carbonate yielded re-
producible ages of 12.3970.83 kyr in the hanging wall and
10.272.9 kyr in the foot wall (Fig. 3), confirming the correlation of
the channel on both sides of the fault. The channel was identified
in four wall trenches in the foot wall (TR 5 and 10) and in four
walls in the hanging wall (TR 13 and 14). The channel was approx.
5 m wide and 1.75 m deep, and its top was at a depth of 2 m in the
foot wall and at 1 m in the hanging wall (SE).

Three channel features were used for reference in the channel
of unit D: the two margins (where the channel facies changes from
chaotic to laminated facies) and the channel thalweg. In the
southeastern block (hanging wall), all channel features were sur-
veyed in all four trench walls. However, in the northwestern block
(foot wall), the margins were surveyed in four trench walls, but the
thalweg in just two of them (Fig. 4). In the field, the coordinates of
each reference point were surveyed using a differential GPS (Leica
Zeno 5) together with the epistemic uncertainty of its 3D location
(ranging from 5 cm to 2 m horizontally and 1 to 40 cm vertically).
GPS error was considered negligible, as it was just 2 cm on the
vertical axis and less than 2 cm on the horizontal axis. In the case



Fig. 3. Example of the used reference points for channel D identified in trenches 5 (SE wall) and 10 (SE wall). Due to the depth of trench 5, the thalweg of the channel was not
identified. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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of the SAMF, we projected the channels onto a vertical fault plane
due to the high (near 90°) variable dipping angle of the fault ob-
served in the field in TR11 (Fig. 4C). By verticalizing the fault plane,
the net and the dip-slip offsets are slightly underrated, but their
vertical and horizontal (lateral) components remain the same.

A 3D visualization of the elements in space was constructed
using a 3D commercial programme (GoCAD) to ensure that the 3D
adjusted straight lines were coherent with the trench positions.
Different views of the site and the trench walls are shown in Fig. 4.
Fig. 4F shows how the reference points for each feature were not
perfectly aligned. This was due to the channel irregularities
(Fig. 1C) and it means that the 3D adjusted straight lines did not
coincide spatially with the reference points.

The values obtained for the net, lateral and vertical offsets of
the three straight piercing lines are listed in Table 1 and shown in
Fig. 5 (which includes only some trenches for clarity). The result-
ing mean minimum net offset value for unit D (2s) was 16.0
þ2.5/–0.8 m. Moreover, the mean lateral offset was 15.9 þ2.5/–0.8 m
and the mean vertical displacement was 1.4 þ0.2/–0.1 m. These
values confirm that the main component of displacement along
the fault is left lateral strike-slip.

Ages of pedogenic carbonate provide a minimum estimate for
the depositional age of the buried channel since accumulation of
pedogenic carbonate necessarily ensues after deposition of its
host. Groups of pedogenic carbonate clast-coatings from unit D
were collected from each side of the fault, with each group con-
sisting of three or four sub-samples. U-series ages for the two
groups yielded similar weighted mean ages of 12.3970.83 ka (SE
fault block) and 10.272.9 ka (NW fault block; Fig. 5B; errors are
95% confidence interval), consistent with the proposed correlation
of the buried channel across the fault. The mean of all the dates on
unit D, 12.2270.80 ka, is our preferred age for the buried channel.

The combination of all values (the net, lateral and vertical off-
sets and the age of unit D) using the functions of Zechar and
Frankel, (2009) yielded maximum net, lateral and vertical slip
rates (2s) of 1.3 þ0.2/–0.1 mm/yr, 1.3 þ0.2/–0.1 mm/yr, and 0.1
þ0.0/–0.0 mm/yr, respectively. As expected after the offset calcula-
tion, the lateral component of the fault was much higher than the
vertical one. The obtained net slip rate was much larger than
proposed to date using different approaches (Martínez-Díaz, 1998;
Martínez-Díaz et al., 2003; Masana et al., 2004; Ortuño et al., 2012;
Echeverria et al., 2013; Ferrater et al., 2015b).

3.4. A special case: the paleochannel in unit B

The paleochannel in unit B is only preserved in the foot wall of
the fault and, thus, its direct correlation with the opposite side of
the fault (as the workflow describes) is not possible. However, it can
be correlated with the current channel to obtain a minimum offset
value. The current channel in the foot wall is actively eroding the
hill on its right bank as a consequence of the left lateral movement
of the fault that incrementally places the hill in front of the water
inflow and therefore the position of the current channel is the
maximum position for channel B in the hanging wall. On the other



Fig. 4. Visualization of the 3D trenching. (A) Point cloud acquired from airborne lidar data in 2013 including the simplified vertical fault plane; (B) photomosaics and
orthophotography of the exposed trenches in the point cloud; (C) photomosaics and orthophotography of the exposed trenches; (D) parallel view of the trenches in which
the channel was identified (reference points in orange); (E) position of the adjusted 3D straight piercing lines (grey lines) with respect to the trench walls; (F) simplified fault,
reference points (in orange), straight piercing lines (in grey) and piercing points (in black). Notice that the straight piercing lines do not contain the reference points. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Summary of the calculated offsets (net, lateral and vertical) and their uncertainties for every channel feature: eastern margin, thalweg and western margin. Negative values
indicate that the hanging wall is uplifted.

Min. net offset Net uncertainty Lateral offset Lateral uncertainty Vertical offset Vertical uncertainty

D eastern margin 17.25 0.60 17.19 0.60 �1.42 0.02
D thalweg 15.06 0.15 15.00 0.15 �1.34 0.02
D western margin 15.61 0.05 15.56 0.01 �1.30 0.05
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hand, the position of channel B could have been located more to the
NE, so we only obtained a minimum offset value.

In the foot wall, the channel crops out in TR 5, 8 and 10. We
used the margins (where the entrenchment starts) to measure the
offset of the channel. Just two reference points were acquired for
each channel feature (one in TR 8 and one in TR 10), because the
exposure of the channel in TR 5 is very diffuse (Fig. 3). In the
hanging wall, the only piercing line that could be used was the
channel thalweg, since the channel morphology is very vague and
the two margins are not clear. To calculate the active channel
tendency, we adjusted a straight line to a channel segment run-
ning from 10 (to avoid deflection in the diffuse deformation of the
fault) to 30 m from the fault. We decided to use a 20-m segment
because (a) sinuosity would be a greater influence in a smaller
segment, and b) a longer segment would not be consistent with
the distances used to calculate the channel D tendency in the foot
wall.

We correlated two channel features in the NW with only one
feature in the SE (the thalweg): the distance between the western
margin of the buried channel and the current thalweg is the
maximum offset, whereas the distance between the eastern mar-
gin of channel B and the thalweg is the minimum offset (Fig. 5). As
a result, we fitted a trapezoidal displacement density function
(Zechar and Frankel, 2009) to reflect this reality and to calculate
the final offset of channel B. The obtained minimum mean net
offset for channel B was 4.8 þ1.1/–1.1 m (2s). Minimum lateral and
vertical offsets were 4.7 þ1.1/–1.1 m and �0.7 þ0.2/–0.2 m,
respectively.



Fig. 5. Paleoseismic interpretation. (A) Plan view of the trenches; (B) interpretation of the exposed units (only one wall of TR 5, 6, 10 and 13 are shown as an example for
clarity). Orange lines are the calculated piercing straight lines for channel D (see Fig. 4) and purple lines are the calculated piercing straight lines for channel B. Blue line is the
active channel, and its straight projection onto the fault. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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4. Discussion and conclusions

Geomorphological analyses show that the use of the straight
full projection of linear features (such as channels or terrace risers)
onto the fault provides a very good approximation of their offset.
To do so, these analyses require considering the sinuosity of such
features as being almost negligible. The proposed workflow to
project the buried channels identified in 3D paleoseismological
trenches was inspired by the criterion used in geomorphological
studies. This procedure is limited to measure the offsets of chan-
nels with (a) low sinuosity or (b) small wavelengths of sinuosity.
Otherwise, more trenches would be needed in order to adjust a
circular arc or a polynomial curve to the reference points. We
believe this method is valid based on the previous evaluation of
the present-day analogue channels (i.e. their current sinuosity or
the length of segments of the streams with constant trends). Our
approach avoids the measurement of offsets in the near fault zone
that may be subjected to channel deflection or diffuse deforma-
tion. Measurement in such near fault areas may result in many
cases in an underestimation of the offset. In the El Saltador site,
where we tested this technique, the channels show very low si-
nuosity on the alluvial fan surfaces (Ferrater et al., 2015a) and, as a
consequence, we assume that this is the shape of the buried
channels identified in the stratigraphic sequence.

The final outputs of the scripts we used are the offset mea-
surements and their uncertainties for the two components of a
fault movement. The set of scripts also provides a direct way to
compare the two components of slip, improving previous results
of 3D trenching studies. Moreover, these scripts imply methodo-
logical advantages. As this technique needs just three (at least)
reference points, we were able to minimize the laborious and
expensive field work associated with the traditional three-
dimensional paleoseismic surveys. In the example, we reduced the
total amount of trenches parallel to the fault needed to calculate
the offset of the buried channel to four.

The application of this approach to the Alhama de Murcia fault
proves that the lateral component of the fault is much higher than
the vertical one, implying that all previous trenching studies that
excavated only perpendicular to the fault and calculated the lateral
component of the fault based on slickensides underestimated its
seismic potential.
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