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1. Introduction

[1] We thank the authors of the comment on “Tectonic
record of strain buildup and abrupt coseismic stress release
across the northwestern Peru coastal plain, shelf, and con-
tinental slope during the past 200 kyr”, to give us a further
opportunity to better discuss our data and hypotheses on the
structure and evolution of this portion of the Andes forearc.
This Reply consists of a detailed response to each comment
raised by Pedoja and coauthors in order to clarify any doubt
and to have a more effective and pertinent discussion.
Because the paper by Bourgois et al. [2007] was published
four years ago, this reply allows us to update several fun-
damental aspects including the coastal landform origin, the
El Niño rainfall characteristics, the 10Be data, the shoreline
angle concept, and the Mancora Tablazo uplift rate.

2. Coastal Landform

[2] Pedoja et al. [2011] claim that the landforms
described along the Cabo Blanco transect [Bourgois et al.,
2007, Figure 5, 6, and 9] are not breaking wave geomor-
phic features. From base to top these landforms, which
exhibit a prominent staircase geomorphic signature (Figure 1)
include: (1) a short seaward sloping platform covered by
shingle or beach gravel, (2) a wave cut notch, which devel-
ops at the base of a cliff indicating breaking wave active
erosion when formed, (3) a subvertical cliff associated
with rockfalls, and (4) a cap of casehardened sandstone
[Sunamura, 1992]. In addition to the geomorphic evidence
stated in the original paper by Bourgois et al. [2007], the
following basic points (Figure 1) validate the previous
report: (1) The staircase geomorphic features extend along
the coastal fringe, from the Present coastline to within 500 m
landward at less than 100 m elevation. At this site, the cliffs

are looking seaward. (2) Two faults of pre‐Taime Formation
age (i.e., older than 160 ± 12 ka) trending NE‐SW bound the
sampling area to the east and to the west. The Eocene
sandstones exhibiting the staircase signature, outcrop along a
local horst structure. Because the Eocene sandstones are
more competent than rocks outcropping to the north and to
the south, they are more prone to record and preserve the
imprint of coastal landforms through time. Although, Pedoja
et al. [2011] reject the coastal origin for the geomorphic
markers, they identify no clear process (i.e., wind, and or
meteoric water?) causing the staircase morphologic setup
of the studied area. They just say: “we consider that these
features formed above sea level by erosion of weaker
strata….”We do note that breaking wave active erosion also
attacks preferentially weaker strata in similar fashion as other
processes of weathering. As proposed in the original work
by Bourgois et al. [2007], the 16 raised coastal regressive
terraces, which were carved during the past 21.2–26 kyr
(Table 1) along the Cabo Blanco segment, are the signature
of major repeated seismic events [Plafker, 1969; Thatcher,
1984]. These coastal regressive terraces provide direct
information on the uplift history of the inboard major wave
cut platform, the so‐called Mancora Tablazo (see section 5).

3. El Niño Extreme Rainfall

[3] On the basis of grossly localized field pictures
and fairly old literature [Spruce, 1864; Carranza, 1891;
Eguiguren, 1894] Pedoja et al. [2011] claim that the area
studied by Bourgois et al. [2007] is in a transitional climate
zone, and has suffered strong erosion by heavy rainfall
during El Niño events. Using rainfall data from 66 stations,
Goldberg et al. [1987] provided contour maps describing
the daily rainfall characteristics of northwestern Peru area
during the 1982–1983 El Niño event. These data exhibit
localized storms, which may then disperse over wider areas
of the region during the following 2–3 days. The region
located east of the Amotapes massif (i.e., 5°10′S‐ 80–17′W,
east of Chulucanas) is the focal point for such extreme
rainfall events [see Goldberg et al., 1987, Figure 5].
Takahashi [2004] has shown that the rainfall events, which
occurred on the Chulucanas area (located 55 km east of
Piura) during the 2002 El Niño event tended to be clustered
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both in space and time with a recurrence time of about
10 days. Following Horel and Cornejo Garrido [1986] and
Goldberg et al. [1987], Takahashi [2004] suggests that the
thermally driven sea breeze circulation, which brings low‐
level moist air inland, and helps it rise up the western

slope of the Andes inducing the extreme rainfall event.
In other words, a minimum elevation of the moist air is
needed for the genesis of intense convective events. It
suggests that the coastal strip is not prone to such extreme
rainfall events. A recent paper [Douglas et al., 2009]

Figure 1. Staircase morphogenic landforms investigated along the Cabo Blanco transect (north of El
Alto) in the original paper by Bourgois et al. [2007]. Note that: (1) Two normal faults [thick dash
line, points A and B] bound the studied area to the east and to the west. The Eocene sandstones outcrop
along a horst structure assumed to be older than the Taime Formation (i.e., older than 160 ± 12 ka
[Bourgois et al., 2007, Figure 8]). (2) The staircase signature of the Eocene sandstones extends seaward to
the Present coastline, north of the road following the coastline. At point C, Eocene sandstone exhibits two
regressive terraces at ∼3 and 8.2 m above mean sea level. (3) These two specific regressive terraces extend
300–500 m to the southwest, following the coastline to point D. Between points C and D the terraces
notch “Recent” coastal sediment. The regressive terraces, identified in the Eocene sandstone and “Recent”
coastal sediment are coeval originating from similar erosion processes. (4) Faults (thin dash line) assumed
to be older than the Taime Formation cut across the Eocene sandstones. Although no bed‐to‐bed link of
Eocene sandstone bedding is possible along these faults the regressive terrace and associated cliff connect
from one side to the other side of the faults as exemplified along the dotted line (point E). (5) Along the
main regressive terrace, the pre‐Taime faults (thin dashed line) exhibit no morphologic expression (at
points F and G). At point H the Eocene sandstone bedding shows upward truncation (i.e., the regressive
terrace dipping 5–8° seaward truncate the Eocene sandstone bedding, which dips 10° landward). These
five lines of evidence added to those reported in the original paper [Bourgois et al., 2007] document that
no erosion process other than that originating from breaking wave abrasion is realistic. Eo, Eocene
sandstone. Screenshot from 2007 Google Earth™, imagery© Google Inc. available at http://earth.google.
com/intl/fr/download‐earth.html, used with permission.

Table 1. The 10Be Concentrations and Ages Revised Considering the Updated 10Be Half‐Life

Sample
Latitude
(°S)

Longitude
(°W)

Altitude
(m)

Depth
(cm)

Spallationa

(at/g/yr)
Slow Muonsa

(at/g/yr)
Fast Muonsa

(at/g/yr)

10Be
(at/g)

Tmin
(ka)

N02 4°13.98 81°10.57 296 0–5 3.78 0.0135 0.0457 212,659 ± 21,526 71.1 ± 7.2
N01* 4°13.98 81°10.57 293 700 3.79 0.0135 0.0456 57,130 ± 16,581
N03 4°19.93 81°00.53 342 0–5 3.92 0.0138 0.0467 41,606 ± 9387 n.a.
N04* 4°19.92 81°00.41 362 800 3.97 0.0139 0.0472 42,354 ± 29,975 n.a.
N05 4°13.73 81°12.23 50 0–5 3.16 0.0120 0.0406 21,846 ± 4703 9.1 ± 2
N07 4°13.85 81°12.28 94 0–5 3.26 0.0122 0.0415 70,769 ± 7256 23.6 ± 2.4
N06* 4°13.67 81°12.19 24 700 3.10 0.0118 0.0401 7,295 ± 1896
N10 5°08.41 81°10.46 82 0–5 3.22 0.0122 0.0413 501,644 ± 35,768 159.3 ± 11.4
N11* 5°08.73 81°10.41 0 0–5 3.03 0.0117 0.0397 18,241 ± 4115
N12 5°48.48 81°03.12 116 0–5 3.30 0.0124 0.0419 615,952 ± 35,595 198.9 ± 11.5
N13* 5°48.26 81°02.95 10 1000 3.04 0.0117 0.0399 21,352 ± 4940

aSurface production; n.a., not applicable.

BOURGOIS ET AL.: COMMENTARY B09402B09402

2 of 6



documents that, in general terms, the mean precipitation
during the period January–April 1998 the El Niño event is
similar in spatial structure to that shown for the 1982–1983
event. The extreme rainfall is close to the base of the Andes
on the Pacific slope, with much smaller quantities along the
coastal strip. Also, the greatest enhancement of rainfall on
wet days is found around the Piura/Chulucanas area. The
analyses of rain gauge observations for January–April 1998
document that less than 10 mm.day−1 of rainfall occurred
along the coastal strip of northern Peru located between
4 and 6°S (i.e., from north of Cabo Blanco to Sechura,
including the area studied in 2007). However, it should be
noted that no rain gauge station exists in the Cabo Blanco
studied area. The nearest station (i.e., the Pananga station) is
located 65–70 km to the ESE, east of the Amotapes massif
divide. The coastal area studied by Bourgois et al. [2007],
extending less than 3–4 km from the coastline, is located
along the driest strip that characterizes the coastline from
4 to 6°S, including during the El Niño events. The focal
point of extreme rainfall being located at more than 160 km
southeast of the studied area (i.e., east of the Amotapes
divide) substantiates what was stated in the original paper
by Bourgois et al. [2007]. The landforms dated using the
in situ produced 10Be cosmonuclide have suffered very
little erosion since exposure.

4. The 10Be Analyses

[4] As evidenced in the maps and figures of Bourgois
et al. [2007], surface boulders are not affected by topo-
graphic shielding because they lie on flat surfaces. Therefore
the shielding factor used for these samples is 1. For refer-
ence samples shielded by the block itself, the shielding
factor is the same as the one used for the top surface, but the
productions were corrected for depth.
[5] The equation used by Bourgois et al. [2007] was
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where C(x, ", t) is the 10Be concentration as a function of
depth x (g/cm2), " is the erosion rate (g/cm2/yr) and t is the
exposure time (yr); C0 is the maximum 10Be concentration
that might have been present when exposure at the surface
started; this concentration is given by reference sample (This
approach is not applicable for samples N03 and N04
because the exposure time after deposition was most likely
not long enough to allow sample N03 to accumulate more
10Be than its reference sample N04); Ln, Lms, and Lmf

are the effective apparent attenuation lengths (g/cm2), for
neutrons, slow muons, and fast muons, respectively. Pn, Pms,
and Pmf are the

10Be production rate for spallation, slow and
fast muons respectively. All calculations were performed
using attenuation lengths of 150, 1500, and 5300 g/cm2 with
associated relative contributions to the total surface pro-

duction rate of 1.50%, and 0.65% for slow muons and
fast muons, respectively. These values are based on field‐
calibrated measurements [Braucher et al., 2003]. The sea
level high latitude spallation production of 5.1 at/g/yr rate
was scaled to the altitude and latitude of samples [Lal,
1991]. However, since 2007, several physical parameters
have been reevaluated (10Be half live, spallation and muon
production rates). Table 1 presents the updated results using
the revised 10Be half‐life of (1.387 ± 0.012) Ma [Korschinek
et al., 2010; Chmeleff et al., 2010], a modern 10Be spallation
production rate at sea level and high latitude of 4.5 ±
0.3 atoms/g/a, and the muon scheme of Braucher et al.
[2011]. Revised 10Be concentrations arise from the nor-
malization to NIST SRM 4325 standard whose ratio has
been remeasured by Nishiizumi et al. [2007]. The revised
exposure ages that are 12 to 21% higher than those previ-
ously published are minimum exposure ages considering
that negligible denudation rate is assumed (see references
in the original paper).

5. Shoreline Angle Concept

[6] Although being against the uniformitarianism funda-
mental principle [Hutton, 1788; Lyell, 1830], it is commonly
accepted that Pleistocene and Holocene strandlines have
formed through different processes along active margin
[Lajoie, 1986; Lajoie et al., 1991; Anderson et al., 1999;
Pedoja et al., 2011]. Because the sea level rise has not
fluctuated significantly during the past 5–7 kyr, Lajoie
[1986] assumed that uplifted Holocene strandlines do not
represent an eustatic signature but rather episodic crustal
movements identical to historical strandlines produced by
abrupt coseismic uplift [Lajoie et al., 1991; Chappell et al.,
1996; Ota and Yamaguchi, 2004]. Along rapidly uplifting
forearc areas such as Japan, Alaska, Taiwan, and New
Zealand, geomorphic analyses documents uplift elevation
of strandlines ranging from less than a meter to 9–16 m
following a 0.5 to 1.7 kyr approximate earthquake recur-
rence. At these areas, calculated uplift rates range from
∼1 to 15 mm.yr−1 for the past 5–6 kyr.
[7] Conversely, a flight of emergent Pleistocene strand‐

lines, older than 5–7 ka is proposed to be the geologic
record of periodic glacioeustatic sea level highstands
superimposed on a steadily rising coastline [Lajoie, 1986;
Lajoie et al., 1991]. In the field, the so‐called shoreline
angle (i.e., paleostrandline) records age and elevation sig-
natures of a specific highstand. In this model, brief sea level
highstands are successively recorded [Bloom et al., 1974;
Chappell and Shackleton, 1986] and most of strandlines
formed during sea level lowstands are destroyed by subse-
quent sea level fluctuations. The well‐documented records
of emergent coral reef strandlines along the Huon Peninsula
of Papua New Guinea [Veeh and Chappell, 1970] provided
evidence for the model proposed by Lajoie [1986] to work.
Also, it allowed a paleo–sea level curve reconstruction back
to ∼340 ka ago [Bloom et al., 1974; Chappell and
Shackleton, 1986; Linsley, 1996]. However, in order to
disentangle the tectonic and eustatic signals at Huon pen-
insula, Chappell et al. [1996] have hypothesized similar
average Holocene and late Pleistocene uplift rates.
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[8] Subsequently, the distinct and specific assumptions
regarding Pleistocene strandlines and associated wave cut
platforms have been considered as evidence for an implicit
rule, but applied with no forethought. Hazardous along‐
strike correlations, both in space and time were proposed,
including along the extremely active Andean forearc
[Ortlieb et al., 1996; Cantalamessa and Di Celma, 2004;
Saillard et al., 2009]. Poor age resolution of Pleistocene
terraces based on chronostratigraphical correlation to sea
level highstands resulted in major gaps between Holocene
and Pleistocene average uplift rates, the latter being gener-
ally lower (i.e., lower than 1.5 mm.yr−1) by an order of
magnitude. Indeed, uplift rates ranging from 0.12 to
0.20 mm.yr−1 were reported along the coastal area of
northern Peru [DeVries, 1988; Macharé and Ortlieb, 1994;
Pedoja et al., 2006] for the past 500–3000 kyr.
[9] Along the Cabo Blanco transect, three of the basic

requirements for the shoreline angle model to work are
unfulfilled. (1) The Cabo Blanco segment uplifted during the
last deglaciation at a rate ranging from 7.4 to 10.1 mm yr−1

(Figure 2), significantly greater than the mean eustatic sea
level rise during the Late Glacial Period (LGP) that makes it
possible for lowstand coastal landforms to be preserved from
destruction by reoccupation. (2) Reoccupation of the major
wave cut platform (i.e., the Mancora Tablazo) occurring at
71.1 ± 7.2 ka (Figure 3) makes the chronostratigraphical
correlations between terraces and highstands and the asso-
ciated concept of shoreline angle useless. (3) Uplift occurred
through a short‐lived (∼26 kyr) change in the tectonic
deformation rate (see section 5). If the average tectonic uplift
rate is higher than the mean sea level rise, the analysis using
the so‐called shoreline angle concept must be supplemented
by detailed evolution of the subsequent/subcoeval coastal
regressive terraces, and cautious age resolution. Whether
wave cut platforms along separated segments such as those
of northwestern Peru [Bourgois et al., 2007] exhibit no along
strike connection, no simple correlation from one segment to
the other is possible. No extrapolation of uplift rates from

Figure 2. Uplift rate reconstruction (thick black lines).
During the past 21.2–26 kyr, the Cabo Blanco segment
uplifted at rates between ∼7.4 and 10.1 mm.yr−1 (bold num-
ber). The net vertical crustal displacement (D) is the differ-
ence between the Present elevation (E) and the original
elevation (e) of a strandline. It is the product of the strand-
line age (A) and the average displacement rate (R). (R) =
D/A = (E − e)/A. The dark gray areas show (A) and (D) ±2
sigma for samples N05 and N07 collected at cliffs 9 and 16
[Bourgois et al., 2007, Figure 9], respectively. Black dots
show the sea level record spanning the last deglaciation
[Bard et al., 2010; Gallup et al., 2002; Fleming et al., 1998;
Imbrie et al., 1984; Mesolella et al., 1969]. Also shown are
average rates of sea level rise (italic numbers) for the periods
19 to 14.6 ka; 14.6 to 14.1 ka (MWP‐1A); 14.1 to 12.9 ka;
12.9 to 11.6 ka and 11.6 to 6 ka [Weaver et al., 2003]. B‐A,
Bølling‐Allerød warm interval; LGP, Late Glacial Period
(6–7 to 11.5 ka); MWP‐1A, Meltwater pulse 1‐A; 19 ka‐
MWP, Meltwater pulse at 19 ka; PGP, Post Glacial Period;
YD, Younger Dryas cold event.

Figure 3. Tectonic evolution of the Cabo Blanco transect
for the past 160 ± 12 kyr. (a) The shallow water El Nuro
Member (Taime Formation) accumulated at 160 ± 12 ka.
First emergence (not shown) of the Mancora Tablazo
occurred probably during the Marine Isotope Stage 6 low-
stand. (b) Reoccupation of the Mancora Tablazo occurred
at 71.1 ± 7.2 ka. (c) The Mancora Tablazo was above sea
level at 23.6 ± 2.4 ka. (d) Relationship between coastal
regressive terraces and the major wave cut platform (i.e.,
the Mancora Tablazo) at Present. Note that no fault exists
between these two different coastal landforms. The cross
section between dashed lines is shown in the original paper
by Bourgois et al. [2007, Figure 9a]. The arrow shows that
major uplift of this area occurred after 23.6 ± 2.4 ka. CRT,
Coastal regressive terrace; Eo, Eocene;MT,Mancora Tablazo;
MWCP‐MT, major wave cut platform (i.e., the Mancora
Tablazo); P, Paleozoic (Amotapes massif).
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segment to segment is possible. The tectonic history of each
unconnected segment must be independently reconstructed
[Melnick et al., 2009]. If no along strike tie between terraces
exists, no correlation should be done without age control.
[10] Along fast uplifting forearc areas, such as the

northern Peru Andes along the Cabo Blanco segment, the
shoreline angle model must be applied carefully, after a
comprehensive investigation of the uplift rates. The analyt-
ical method developed in the field from the pioneering work
of Lajoie [1986] must be rethought, with the shoreline angle
concept being of secondary relevance in order to disentangle
the complex history of coastal landform emergence. As a
result, most of the sites previously studied along the Andean
forearc must be checked using more careful field analysis
[Bourgois, 2010] for process‐oriented investigations as it
was recently documented along the Costa Rican forearc
segment [Sak et al., 2009]. If applied to areas undergoing
moderate tectonic deformation (i.e., mean sea level rise is
greater than the average tectonic uplift rate), and previously
carved wave cut platforms are not reoccupied, then the
shoreline angle model remains relevant.

6. Mancora Tablazo Uplift Rate

[11] Along the Cabo Blanco segment [Bourgois et al.,
2007], the emergence (100–140 m) of the Mancora Tablazo
occurred during the eustatic sea level fall of Marine Isotope
Stage 3 and 2 (from 71.1 ± 7.2 to 23.6 ± 2.4 ka), in asso-
ciation with a very low uplift rate of less than 1 mm.yr−1.
In situ produced 10Be cosmonuclide allowed dating of the
exposure of coastal regressive terraces [Bourgois et al.,
2007, Figures 1, 3d, 5a, 5b, 9a and 9b] (Figure 1) located
west of the Mancora Tablazo. Since the Mancora Tablazo
and the coastal area evolved coevally, and remained tec-
tonically coupled through time (Figure 3), the coastal
regressive terraces recorded the tectonic history of the
inboard major wave cut platform (i.e., the Mancora Tablazo)
for the past 21.2–26 kyr. The Mancora Tablazo uplifted
204 ± 10 m during the last eustatic sea level rise (the past 19–
23 ka). At 23.6 ± 2.4 ka began a major sequence of great
earthquakes inducing an average uplift rate (Figure 2)
ranging from 7.4 to 10.1 mm.yr−1 (Figure 2), making the
shoreline angle model irrelevant.
[12] In northern Peru, regressive terraces of Holocene and

Pleistocene age have the same coseismic origin suggesting
similar relationship to the seismogenic zone at depth. In
order to make comparison with other active coastal regions,
a linear distribution of uplift through time was assumed for
the past 160–200 kyr. This led to uplift rates ranging from
1.5 to 1.8 and 0.5 to 1.2 mm.yr−1, for the Cabo Blanco
segment. These rates are similar to those estimated else-
where along the Andean forearc. The 6 to 10 times higher
uplift rates at northern Peru result from accurate calculation
of tectonic step duration. To hypothesize steadily rising
coastlines through long lasting stable uplift rate, i.e., during
100–400 kyr or more, is inconsistent with the Peru forearc
data. A long sequence of major earthquakes (coseismic
uplift from 3 to 9 m) occurred during the past 21.2–26 kyr
with a recurrence interval of about 800–1000 yr. The meter
scale uplift and average recurrence interval of these earth-
quakes resemble those affecting the Huon peninsula during

the so‐called infrequent earthquakes [Chappell et al., 1996]
with ∼1000–1200 yr recurrence intervals.

7. Conclusion

[13] After careful consideration of the points raised by
Pedoja et al. [2011] we maintain the explanation proposed
by Bourgois et al. [2007] for the evolution of the north-
western coastal plain of Peru, and tablazos. Along the Andes
forearc [Bourgois, 2010], we reject the conjectures as based,
uncritically, on the long‐standing dogma of the shoreline
angle concept.

[14] Acknowledgments. This work together with the initial paper by
Bourgois et al. [2007] were funded by the Université Pierre et Marie Curie
(UPMC) and the Centre National de la Recherche Scientifique (CNRS). We
thank Tom Parsons for his thorough and constructive review.
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