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1  | INTRODUC TION

The evaluation of fluvial incision in mountain ranges is used to quan-
tify tectonic uplift rates if other possible factors causing local base 
level fall are not applicable (Burbank & Anderson, 2011). Such fac-
tors may include changes in fluvial discharge caused by long-term 
climate forcing (Bridgland & Westaway, 2008), river capture (Antón 
et  al.,  2012), glacio-eustatic changes (Viveen et  al.,  2013) or lake 
drainage (Viveen et al., 2019).

The South American Subandean fold and thrust belt is tectonically 
highly active, and crustal movements and associated seismicity pose a 
significant geohazard to the local population, particularly in NE Peru 
(Devlin et al., 2012; Tavera et al., 2001; Villegas-Lanza et al., 2016). 
Tectonic deformation in this area is related to west-verging, base-
ment-involved, fault-propagation folds (Calderon et al., 2017). Long-
term tectonic uplift rates of the eastern Peruvian orogenic wedge 

have been calculated from low-temperature thermochronology (Eude 
et  al.,  2015 and references therein), but only one study is available 
so far for the late Quaternary (Viveen et  al.,  2020). This is proba-
bly due to the difficult terrain conditions in Andean tropical valleys 
that limit access to outcrops and geological-geomorphological field 
mapping. High precipitation, and consequently, high erosion rates 
(Armijos et  al.,  2013) further hamper the long-term preservation of 
landforms that can be used to quantify tectonic uplift rates. The north-
ern Peruvian Subandean zone is an important tropical karst region 
due to the presence of thick Triassic-Jurassic carbonate series (Rosas 
et al., 2007). In such a geological context, one way to compensate for 
the lack of landforms is to find horizontal fossil caves in the flanks 
of the river valleys, where exogenous sediments can be preserved 
and used as substitutes to calculate incision rates (Calvet et al., 2015; 
Haeuselmann et al., 2007; Harmand et al., 2017; Stock et al., 2005; 
Stock et al., 2005; Wagner et al., 2011).
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Abstract
We present the first results of OSL-dated fluvial sands extracted from a riverside 
cave in the tropical Andes. The excellent agreement between the ages of the various 
samples allowed the calculation of a late Quaternary valley incision rate forced by 
ongoing uplift of an active Subandean fault-propagation fold in NE Peru. A structural 
cross-section was constructed to understand the relationship between the geometry 
of the fault-propagation fold, historical damaging earthquakes and the cave system. 
The calculated uplift rate is 2.3 to 2.6 mm a−1 over the past 70 ka and can be directly 
linked to active propagation of west-verging basement thrusts. It is similar to uplift 
rates calculated from fluvial terraces in the Subandes of Colombia and Venezuela. 
The results will help to better assess the seismic hazard and confirm that OSL dating 
of fluvial sands in caves is a powerful tool to quantify uplift rates of active mountain 
fronts.
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Here we present, the first results of optically stimulated lumi-
nescence (OSL)-dated fluvial sands extracted from a riverside cave 
in the tropical Subandes. The study focuses on the NW-SE oriented 
Cerro Blanco anticline (Calderon, Baby, Hurtado, et al., 2017), which 
constitutes, with a lateral extension of over 60 km, the western flank 
of the Moyobamba Basin at the boundary between the Eastern 
Cordillera and the Subandes (Figure 1). The excellent agreement 
between the ages of the various samples allows the calculation of 
late Quaternary valley incision rates forced by ongoing uplift of this 
active fault-propagation fold. The calculated tectonic uplift rate is 
only the second published, late Quaternary uplift rate available for 
the Peruvian Subandean region (Viveen et al., 2020) and one of the 
very few for the entire Subandes (Bes de Berc et al., 2005; Guzman 
et al., 2013; Veloza et al., 2015). It testifies intense neotectonic ac-
tivity and will allow a better assessment of the seismic hazard of the 
Moyobamba region.

2  | THE CERRO BL ANCO BA SEMENT–
INVOLVED FAULT–PROPAGATION FOLD

The Cerro Blanco and Moyobamba Basin structural architecture was 
analysed at regional scale and integrated in a balanced cross-section 
constructed from the Eastern Cordillera to the Amazonian lowland 
(Calderon, Baby, Hurtado, et al., 2017). These authors showed that 
the west-verging basement thrust associated with the fold could 
be the origin of the magnitude 6.6–6.4 Mw Moyobamba 1990 and 
1991 damaging earthquakes (Tavera et  al.,  2001) (Figure 1). The 
focal mechanism solutions of these earthquakes are consistent with 
thrust fault ruptures located between 25 and 30 km depth (Devlin 
et al., 2012) (Figure 2). The fault emerges at the surface NW of the 
anticline (Figures 1 and 2). The Cerro Blanco fault-propagation fold 
deformed a sedimentary series constituted by Triassic clastic rift de-
posits, thick late Triassic-early Jurassic post-rift carbonates (Rosas 
et al., 2007), late Jurassic red beds, Cretaceous fluvial to shallow ma-
rine deposits, and late Cenozoic deposits of the Moyobamba Basin 
(Rodríguez et al., 2017). The Neogene sequence recorded the de-
velopment of the modern syn-orogenic Moyobamba Basin in a la-
custrine environment evolving progressively to an alluvial system. 
Seismic reflection data show a maximum thickness of 3,000  m of 
Neogene sediments (Calderon, Baby, Hurtado, et al., 2017). The 
Cerro Blanco fold core is formed by Palaeozoic metasediments. Fold 
propagation started during the Neogene inversion of the Triassic-
Jurassic extensional basin (Calderon, Baby, Hurtado, et al., 2017). 
At the western border of the Moyobamba Basin, late Neogene de-
posits are weakly tilted on the eastern limb of the Cerro Blanco an-
ticline (Figure 1). The late Triassic-early Jurassic carbonates of the 
eastern limb have been exposed to long-term incision and speleo-
genesis. Recent explorations of the karst showed the presence of 
important cave systems in the Cerro Blanco (Bigot et al., 2018; Klein 
et al., 2015). One of them is the Tishuca Cave, which is a horizontal 
fossil riverside cave located in the northern part of the anticline, at a 
relative elevation of 159 m above the adjacent Mayo river (Figure 2).

3  | THE TISHUC A C AVE AND ITS 
SEDIMENTARY ARCHIVE

The structural cross-section (Figure 2) illustrates the tectonic and 
geomorphologic framework of the Tishuca cave speleogenesis. The 
cave entrance is located in the tropical forest (−77.5782°, −5.7301°) 
at an altitude of 1,120 m asl. (Figure 3.1). It developed in the lime-
stones of the Triassic Chambara Fm., with a total thickness of around 
2000 m. In the cave, limestone bed thicknesses vary between 0.5 
and 2  m and structural dip plunges 25° to the NE (Figure 3). The 
cave is 700 m long and consists of a single, 20-m-wide fossil gallery, 
which developed by following the N130° direction of the structural 
dip, parallel to the adjacent Mayo River valley (Figure 3.1). This sin-
gle duct presents a chaotic floor dotted with collapsed blocks and 
some shafts. The parietal forms, which make it possible to define the 
type of excavation, are not preserved, probably due to significant 
vault tearing (falling blocks). The only interpretable elements are the 
longitudinal profile of the cavity and the dip of the limestone strata. 
This dip was exploited by running water, which gave its subhorizon-
tal profile to the cave, suggesting that a local base level controlled its 
formation. Similar fossil caves – with a general slope of 1.5% - have 
been explored below the Tishuca Cave at different altitude levels 
(Klein et al., 2015, 2016; Robert et al., 2020). All these caves seem 
to indicate that subterranean rivers regularised their profiles in rela-
tion to a base level undergoing constant uplift. The upper part of 
the Cerro Blanco anticline has not yet been explored, but certainly 
contains the same type of cavities.

In the part least affected by the collapsing blocks of the Tishuca 
Cave, flowstones seal exogenous fluvial sediments (Figure 3.3) 

Statement of significance

Dating of fluvial sands in cave is a powerful tool to quan-
tify Quaternary incision and uplift rates of active moun-
tain fronts. For the first time in the Andes, we present 
results of OSL-dated fluvial sands extracted from a riv-
erside cave. The excellent agreement between the ages 
of the various samples allowed the calculation of late 
Quaternary valley incision rate forced by ongoing uplift of 
an active Subandean fault-propagation fold of the tropical 
north-eastern Peru. We also show that this fold is related 
to a west-verging basement fault at the origin of historical 
damaging earthquakes. The calculated uplift rate is rela-
tively high, but consistent with the sparse results obtained 
in other Subandean regions. This study has been achieved 
through well-constrained multidisciplinary researches, 
bringing experts from 4 countries. It will certainly help in a 
better assessment of the seismic hazard of the study area. 
This model could serve as a basis for future works in tropi-
cal karstic mountain fronts.
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that occupies a lower level accessible through a semi-vertical shaft 
(Figure 3.2 and 3.4). The gallery cross-section (Figure 3.2) illustrates 
the architecture of the cave along this access point. It shows how the 
cave recorded a base level lowering that moved towards the NE, as 
the Mayo River is doing now (Figure 2).

The discovered exogenous sediments, which are located 26  m 
below the cave entrance (Figure 3.1 and 3.2), are well-preserved 
in a two-metre-thick stratigraphic sequence (Figure 3.3) that con-
tains medium to very coarse, poorly sorted, sub-rounded sands 
with planar cross-beds (lithofacies Sp according to the classification 
of Miall, 1996). The quartz content of the fine sand fraction ranges 
from 72.9% to 83.0% and the content of feldspars from 13.8% to 
21.8%. Heavy minerals vary from 3.2% to 5.3%, and contain bio-
tite, siderite and goethite as detected by X-Ray Diffraction Analysis 
(XRD) in bulk samples (Figure 4).

Mineralogical and geochemical analysis of Tishuca sands are 
comparable to those obtained from terrace sediments of the 

Mayo River basin (Naranjos-5, Figure 4). This terrace is located 
approximately 50 m above the river floodplain level and has a late 
Quaternary age. This sample location was chosen because a late 
Quaternary sediment sample has been exposed longer to weath-
ering processes when compared e.g. to a sample from the current 
river bed. Post-depositional weathering processes and their effects 
on sample geochemistry and mineralogy should therefore be more 
similar between the late Quaternary Tishuca cave sands and the late 
Quaternary Mayo River basin sample, resulting in a lower bias when 
comparing the samples. Palaeo-current reconstructions on the basis 
of the foresets of the Tishuca sands show a south-easterly direction 
of the palaeo-flow, similar to the flow direction of the present-day 
Mayo River.

Thus, the orientation and the morphology of the cave, the 
mineralogical similarity of the cave sands to the Mayo River basin 
sediments, and the foreset orientation suggest a period of NW-SE 
enhanced fluvial activity that took place in a former passage of the 

F I G U R E  1   Geologic map of the study area (modified from the INGEMMET geological maps of Peru), with the location of the Tishuca 
Cave and the sampling site Naranjos-5, in late Quaternary sediments of the Mayo River. The red dashed line shows the location of the 
cross-section in Figure 2. Focal mechanisms solutions are displayed from the two largest reverse-fault crustal damaging earthquakes that 
occurred recently in this area (Devlin et al., 2012). Labels indicate date and moment magnitude (Figure 2).
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Mayo River. The sands were carefully sampled for OSL dating. The 
Mayo River meanders across the current Moyobamba Basin flood-
plain (Figure 1) located 159  m below the position of the analysed 
cave sands (Figure 2). It is disconnected from a marine base level 
and can therefore be considered as the present-day local base level. 
Thus, we assume that the Tishuca horizontal fossil cave recorded an 
ancient level of the Mayo River, and can be used as a geomorphic 
marker to calculate a regional incision rate of the Mayo Valley since 
the deposition of the Tishuca sands. Similar examples of local base 
level records exist in other karstic mountain environments (Calvet 
et al., 2015; Harmand et al., 2017; Liu et al., 2014).

4  | SEDIMENT DEPOSITIONAL 
CHRONOLOGY

Three samples were taken for OSL dating by hammering steel 
cores in bedding-parallel direction into the sand deposit from the 
top to the bottom at 0.2 m (Tishuca-1), 0.8 m (Tishuca-3) and 1.6 m 
(Tishuca-2) depth. The tubes were opened under subdued red light 
in the Luminescence Laboratory of the University of A Coruña. 
Quartz grains of the fine sand fraction (180–250 µm) from the cen-
tral part of the cores were separated by procedures described in 
Viveen et al. (2014).

The blue OSL signal of multigrain quartz aliquots was measured in 
an automated Risø DA-15 Tl/OSL reader system equipped with blue 
(470 ± 30 nm) light-emitting diodes (LEDs) for stimulation. Signals 
were measured using a 9235QA photomultiplier tube (PMT) with an 
optical Hoya U-340 filter of 6  mm thick (340  ±  80  nm emission), 
placed between the aliquots and the PMT. Beta doses were given to 
aliquots using a 90Sr/90Y beta source emitting a 0.090 ± 0.003 Gy/s 
dose.

The blue-OSL (BL-OSL) single-aliquot regenerative dose (SAR) 
protocol (Murray & Wintle, 2000) was used to estimate the equiva-
lent doses (Des). After performing preheat tests, a preheat tempera-
ture of 240°C for 10 s was established before the OSL measurements. 
Dose recovery tests were performed (Murray & Wintle,  2003) on 
aliquots previously bleached with blue light and irradiated with beta 
doses similar to the calculated Des.

The dose-rate (Dr) was estimated using Low Background 
Gamma Spectrometry on bulk samples, measuring the 238U, 235U, 
232Th and 40K decay chain activities in a coaxial Canberra XTRA 
gamma detector (Ge Intrinsic; model GR6022) located within 
a 10-cm-thick lead shield. For conversion, the factors of Guérin 
et al. (2011) were used. The alpha contribution was neglected and 
the beta dose-rate was corrected assuming that the HF etching 
step of quartz grains had removed the surface layer of the grain 
(Brennan,  2003). Both the water content and saturation of the 

samples were assessed in the laboratory by weighing before and 
after drying, and by measuring the maximum water content of sat-
urated samples. Cosmic dose rates were calculated according to 
Prescott and Hutton (1994).

The gamma spectrometry provided similar results for 238U and 
232Th decay-chains and for 40K activities of all samples (Table  1). 
235U activity concentration was below detection limits, while both 
232Th and 238U decay-chains did not show disequilibrium. An aver-
age water content of 20 ± 3% was used, as saturation was above 
25% in all samples, and air humidity inside caves is usually near 
saturation values. Resulting Drs ranged from 0.96 ± 0.10 Gy ka-1 to 
1.08 ± 0.04 Gy ka-1 (Table 1). These Drs were very similar, and fit 
the similar mineralogical and chemical composition observed for all 
three sand samples (Figure 4). We can therefore safely assume a sin-
gle depositional event for the sands.

Quartz multigrain aliquots exhibited weak and dim OSL signals, 
but fast decay. Typical OSL signal and growth curves for the samples 
are provided in Figure 5. The natural and regenerated signals de-
cayed more than ca. 80% in the first two seconds of stimulation and 
more than ca. 90% for the first five seconds. This corresponds to a 
fast decay although signals were weak. Natural signals usually range 
between 400 and 2000 cts in the first 0.2  s of stimulation, while 
beta irradiation with 50 Gy to regenerate OSL signals usually shows 
a similar response. The weak OSL signals limited the use of small 
aliquots, so a first test was performed to choose the proper aliquot 
size. For the three samples, a set of 24 multigrain aliquots composed 
of 20–30 grains (1 mm diameter size) was measured and compared 
to a set of 24 aliquots composed of 80–100 grains (2 mm diameter 
size). Both the obtained signals and equivalent doses (De) were sim-
ilar, but the 1 mm diameter size aliquots provided a higher number 
of rejected aliquots due to the lack of significant OSL signals. Thus, 
the larger aliquot size was selected for the assessment of the Des. 
Despite this, around 75% of the aliquots in the three samples was 
rejected due to either too weak signals (no signal response to dose), 
or because they did not meet the SAR requirements (Table 1), which 
is a recycling ratio within the range 0.9–1.1 and a recuperation below 
0.1 (Murray & Wintle, 2003). Testing therefore continued until more 
than 40 accepted aliquots were obtained.

The obtained Des distributions of the accepted aliquots provided 
dispersed symmetric and weakly skewed distributions with kur-
tosis values ranging from 2 to 2.5. The high dispersion can be ob-
served in Kernel Density Estimation plots and Radial Plots (Figure 6). 
Overdispersion values of the central age (Galbraith et al., 1999) were 
slightly above 30% for samples Tishuca-2 and Tishuca-3, and higher 
for Tishuca-1, as intrinsic overdispersion was deduced from dose re-
covery tests between 12%–20% (Table 1). The low overdispersion 
obtained after subtracting the intrinsic overdispersion and the sym-
metric distributions indicated that there was no evidence of partial 

F I G U R E  2   Structural cross-section through the Cerro Blanco basement-involved fault-propagation fold showing the tectonic framework 
and the geometric relationships between the Tishuca Cave and the Mayo River valley. The two focal mechanism earthquakes shown in 
Figure 1 are projected onto the vertical profile (focal mechanisms and depths taken from Devlin et al., 2012).
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F I G U R E  3   1- Topography of the Tishuca Cave (modified from Klein et al., 2015) with location of the sand samples and the cross-section 
A-A’ displayed in Figure 3.2. 2- Cross-section through the Tishuca gallery with location of the sand samples. 3- Photograph of the sand 
outcrop. 4- Photograph of the upper level of the Tishuca gallery.
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bleaching. The CAM provided Des that resulted in consistent ages. 
Due to the low Drs, typical for sediments in limestone caves and 
the dim OSL signals, the dispersion observed in the samples was at-
tributed to beta microdosimetry (Mayya et  al.,  2006) and the dim 
signals (Ballarini et al., 2003).

The three studied samples correspond to the same deposit that 
was formed during a short-lived depositional event. The three ob-
tained ages are equal with respect to their 1σ standard deviation 
interval (Table 1), making it possible to calculate a common age of 
70.4 ± 6.2 ka (1σ standard deviation) based on the weighted mean of 
the three ages, assuming a single depositional event. By dividing the 
altitude difference (159 m) between the samples location in the cave 
and the present-day river channel (local base level) by the OSL age 
obtained in the Tishuca Cave sands, an average incision rate since 
70.4 ka for the Mayo River was calculated at 2.3 mm a−1. This value 
can be considered as a minimum if the sands are reworked and come 
from the upper level of the cave. In that case the incision rate would 
be 2.6 mm a−1.

5  | DISCUSSION

The observed dim OSL signals are usually found in quartz grains of 
sediments that have an Andean source, as reflected in some previous 

studies. In a study of sediments of the Pisco Valley in the Peruvian 
forearc, Steffen et al. (2009) observed that, apart from the dim sig-
nals of quartz grains, the OSL decay curves were slow. They studied 
the OSL signals and identified a thermally unstable intermediate OSL 
component that caused an underestimation of the true age of the 
sediments. Other studies of Quaternary sediments of the Peruvian 
forearc (Trauerstein et al., 2014) and of the Atacama Desert in Chile 
(Rio et al., 2019) indicated a similar behaviour. However, a recent 
study of fluvial sediments in the intermontane Huancayo basin, lo-
cated in the central Peruvian Andes, provided reliable quartz OSL 
ages that matched radiocarbon ages of the same sediments (Viveen 
et  al.,  2019). In that study slow and unstable OSL signals or com-
ponents were not observed. Another recent study of Quaternary 
fluvial sediments from the Huallaga basin, located some hundred 
kilometres south of Cerro Blanco, showed unstable OSL compo-
nents in only two out of eight quartz samples (Viveen et al., 2020). 
This suggests that a possible origin of the unstable OSL components 
may be the Andean source of quartz grains, and the potential use 
of quartz for OSL dating probably depends on the geology of the 
studied basin. The quartz sand grains of the Tishuca Cave deposits 
were sourced from upstream by Cretaceous fluvio-deltaic quartz-
rich sandstones and Jurassic fluvial reddish sandstones inter-bedded 
with siltstones. The quartz sand grains from the Quaternary sedi-
ments of the Huallaga Basin (Viveen et al., 2020) originate from the 

F I G U R E  4   XRD whole-rock plots of the dated samples (Tishuca-1 to −3) and one sample from the Mayo River basin (Naranjos-5, see 
location in Figure 1). Mineral contents as well as major and selected minor elements obtained by XRF are shown in the top right tables. XRD 
and XRF data show a consistent mineralogical and geochemical composition between the samples. Mineral abbreviations: Qtz, quartz; M, 
microcline; Bt, biotite, Kln, kaolinite; Gt, goethite; Sd, siderite; MC, magnesium calcite.
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same rocks, and probably from metamorphic rocks located farther 
away, that could explain the two samples with unstable OSL com-
ponents. Our results are therefore consistent with the results from 
these studies.

The Mayo River floodplain of the Moyobamba Basin corresponds 
to the drained, clastic piedmont of the Cerro Blanco mountain 
belt. In such a morphotectonic setting, where the clastic pied-
mont is in direct contact with the active fold-and-thrust belt and 
disconnected from a marine base level, it is usually accepted that 
river incision deduced from cave level development is directly re-
lated to tectonic uplift in real time (Audra & Palmer, 2013; Calvet 
et al., 2015; Harmand et al., 2017). In such case, river incision had to 
keep pace with tectonic uplift (Bull, 1991), and given sufficient time 
has passed, a graded concave-shaped river profile will have devel-
oped (Hack, 1973). The profile of the Mayo River is indeed concave 
(Figure 7), suggesting near-equilibrium conditions. River profiles in 
equilibrium conditions are typically modelled by power or logarith-
mic functions (Snow & Slingerland, 1987). In both cases, the Mayo 
River profile can be successfully modelled with a best-fit R2 of 0.97 
and 0.95, respectively. Applying e.g. the power function, a modelled 
elevation value of 938 m. asl. is obtained for the Mayo floodplain 
below the Tishuca cave entrance, whereas a value of 934 m asl. was 
measured on the SRTM3 DEM, and a value of 935 m was obtained 
from topographic measurements in the field. The SRTM3 DEM has 
a vertical root mean square error of only 5.5 m in the Moyobamba 
basin (Gonzalez-Moradas & Viveen, 2020) and the modelled/mea-
sured elevation values are therefore consistent. Thus, we consider 
that the Mayo River incision, deduced from the Tishuca Cave sands 
dating, can be used as a reliable proxy for tectonic uplift.

A tectonic uplift rate of 2.3 to 2.6 mm a−1 calculated for the last 
70 ka, which is consistent with the orogenic context of the region 
(Calderon, Baby, Hurtado, et al., 2017). This value is comparable with 
the Biabo anticline uplift rate of 2.0  mm a−1 for the past 46  ka in 
the neighbouring Huallaga basin, as recently calculated from folded 
fluvial terraces (Viveen et al., 2020). In the Huallaga Basin, long-term 
thrust-related uplift can also be calculated for structures compara-
ble to the Cerro Blanco anticline using thermochronologic data. One 
surface sample from the youngest west-verging basement thrust 
structure of the Huallaga Basin (Cushabatay High) gave an AFT 
age of 5.8 Ma (Calderon, Baby, Vela, et al., 2017). Using a regional 
geothermal gradient of 20.1°C/km (Eude et  al.,  2015), an average 
tectonic uplift rate of ~ 0.75 mm a−1 can be calculated for the past 
5.8 Ma. This uplift rate is three times less than that of Cerro Blanco, 
and shows that it is difficult to compare long-term with short-term 
deformation. Indeed, the long-term propagation of a thrust fault in 
fold-and-thrust belts is not continuous and depends on the critical 
taper of the wedge (Dahlen, 1990).

The Cerro Blanco uplift rate is coherent with the strong tectonic 
activity that characterises the Moyobamba region (Calderon, Baby, 
Hurtado, et al., 2017; Tavera et al., 2001) and directly linked to the 
active propagation of west-verging basement thrusts (Figure 2). 
During the last 70  ka, the uplift of the eastern limb of the Cerro 
Blanco anticline has also provoked a shift of the Mayo River by some TA
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1,000 m to the NE. The Cerro Blanco uplift rate is similar to the late 
Quaternary uplift rates of the Subandes in Colombia (2.8  mm a-1; 
Veloza et al., 2015) and Venezuela (1.1 mm a−1; Guzman et al., 2013). 

But it is lower than Quaternary uplift rates of others mountain belts, 
such as e.g. the 10 mm a−1 of the Main Frontal Thrust of the Himalaya 
(Lavé & Avouac, 2001).

F I G U R E  5   Example of typical natural 
and regenerated OSL decay curves 
observed in the studied samples. The 
example corresponds to an aliquot of 
sample Tishuca-3. In the inset the dose-
response curve of the same aliquot is 
shown. The red horizontal line of the inset 
shows the Lx/Tx value of the aliquot and 
the red vertical line the corresponding 
De (84.2 Gy). Lx/Tx is the ratio between 
the initial OSL signal minus background, 
estimated from the last part of the 
stimulation curve measured from the 
natural or a regenerated dose (Lx) and the 
OSL signal measured after administrating 
a test dose (Tx) (Murray & Wintle, 2000).

F I G U R E  6   Kernel Density Estimation plots (A, B, C) and Radial Plots (D, E, F) of the studied samples with the distribution of Des of 
multigrain aliquots. (A, D) Tishuca-1, (B, E) Tishuca-2, (C, F) Tishuca-3. The errors of aliquots provided in figures A, B and C correspond to 
1-sigma intervals. Radial plots were drawn using the application of Burow (2016). The grey bar in radial plots corresponds to the central Des 
estimated for each sample. Non-skewed distributions are observed in all samples with high dispersion of aliquots.
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6  | CONCLUSIONS

The discovery of a horizontal cave containing datable fluvial depos-
its in the NE Peru has allowed to calculate a tectonic uplift rate of 2.3 
to 2.6 mm a−1 for the last 70 ka. This tectonic uplift rate is the first 
one calculated from fluvial cave sands in the Andes and the Tropical 
Zone, and one of the very few late Quaternary uplift rates available 
so far for the entire South American Subandes. The results confirm 
that dating of fluvial sands in caves is a powerful tool to quantify 
Quaternary incision and uplift rates of active mountain fronts.

In all the caves we explored in the Cerro Blanco karst, we found 
damaged speleothems attesting to the strong seismic activity linked 
to the anticline. A detailed study of these speleothems could further 
help to constrain the chronology of the seismic events related to the 
high tectonic activity in the area.
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