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Ri\{er long profile Chiriaco River basins (Bongara district, Amazonas region) allowed to determine the relationship between the

Ic(h‘ 1_’1‘(’; irregular distribution of vertical motions (e.g., rock uplift) and the genesis of supergene Zn deposits. The latter
Sn mndadex

derives from variable weathering of pre-existing carbonate-hosted Zn sulfides orebodies, in three distinct lo-
calities: Florida Canyon, Mina Grande and Cristal. The research was carried out through the evaluation of the
parameters such as elevation, local relief, swath profile, river longitudinal profiles and transformed river profiles
(x-long profiles), and slope/area analysis to derive the normalized channel steepness index (ks;). The NE-ward
sharp increase in mean and minimum elevation coupled with a jump in the mean kg, values, suggests that the
Chiriaco River basin has experienced more recent rock uplift than the Utcubamba River basin. In fact, the
Utcubamba River experienced a long-lasting uplift, resulting in a rugged local relief and lowering the mean and
minimum elevations, and exhumation and weathering of the Triassic-hosted sulfide mineral deposits at Florida
Canyon. In the Chiriaco River basin, the younger uplift has promoted the weathering of the more surficial
Jurassic-hosted Mina Grande and Cristal mineral deposits. The morphometric approach proved to be effective in
recognizing fertile areas with near-surface orebodies also in regions characterized by distinct types of ore

Differential rock uplift
Ore deposits

deposits.

1. Introduction

Supergene ore deposits of metals like Zn, Cu, and Au commonly
consist of oxidized minerals deriving from weathering of pre-existing
sulfide bodies of hydrothermal origin. Supergene ores represent very
interesting targets for mineral exploration because they are surficial,
and because they can have higher metal grades and commonly contain
less sulfur than former sulfides (e.g. Chavez, 2000; Hitzman et al., 2003).
Hydrothermal sulfides can form in many types of geologic environ-
ments. Cu-sulfides prevail in the well-known porphyry-Cu systems,
which are genetically associated with the emplacement of calcalkaline
magmatic intrusions at shallow depths (ca. 2-3 km) on convergent
margins (i.e. volcanic arcs) (Sillitoe, 2010). In similar settings, Au is
hosted in the so-called “epithermal ores”, which are associated with
acidic hydrothermal alteration of surficial volcanoclastic rocks (like
volcanic domes or ignimbrites), and commonly overlie deeper porphyry
Cu deposits (Hedenquist and Arribas, 2022). On the contrary, Zn-sulfide
bodies are more typically hosted by sedimentary rocks, either
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siliciclastic or carbonatic, and form in sedimentary basins on the sea-
floor or during the diagenesis (Leach et al., 2005). Supergene deposits
can form from all these diverse ore types when the sulfide protores are
exhumed to near surface environments and interact with groundwaters
to be chemically weathered (e.g., Chavez, 2000; Sillitoe, 2005). In this
process, a right balance between uplift and erosion at the time of
chemical weathering is crucial to form economic supergene ores. Uplift
and erosion favour the uncapping of hidden sulfide bodies which have
been formed at depth. In addition, tectonic fracturation enhances
groundwater circulation promoting chemical weathering of rocks and
hosted sulfide minerals. However, under certain climatic conditions
characterized by high run-off, a strong uplift can also bring to the
complete erosion of the supergene deposits.

The tectonic evolution of an area plays different roles if considering
the formation of Cu—Au— or Zn-supergene deposits, because the hy-
pogene protores originally emplace at diverse depths, and at distinct
times during the geological evolution of a region. Under favourable
climatic conditions, due to their very surficial occurrence, the
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Fig. 1. Simplified geological map of the Utcubamba and Chiriaco River basins plotted on an hillshade map. The map was derived from the geological map of Peru in
scale 1:50,000 (https://geocatmin.ingemmet.gob.pe/geocatmin/) grouping the geological units on the basis of their erodibility, depositional setting (continental,
marine, volcanic, sub-volcanic and intrusive) and age. The Florida Canyon, Mina Grande and Cristal ore deposits are indicated. The dashed black lines represent the
morphotectonic boundaries. The map shows in white the main trunks and their tributaries. White dashed lines A - A" is the trace of the geological cross section

in Fig. 2.

epithermal Au deposits start to be weathered quite early (Boni and
Mondillo, 2015; Chavez, 2000; Hitzman et al., 2003; Sillitoe, 2005). If
uplift and weathering proceed, epithermal systems are mechanically
eroded and deeper porphyry deposits can be ultimately exhumed (Sil-
litoe, 2010). For example, in the Chilean Andes, where porphyry Cu

systems are aligned along tectonic belts of distinct ages, spanning from
Late Cretaceous to the Pliocene (Sillitoe and Perello, 2005), the oldest
Eocene-Oligocene Cu-porphyries are characterized by mature supergene
alteration blankets, whereas the Pliocene mineralization have been only
limited oxidized. The efficiency of the alteration process is strongly
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Fig. 2. Geological cross section of the Florida Canyon and Mina Grande-Cristal mineralized areas.

(Modified from Anglo Peruana, 2005.)

influenced by the climatic conditions of the area and the nature of the
hydrogeologic environment, which can favour the concentration of
metals or bring to their leaching and dispersion (Chavez, 2000; Sillitoe,
2005). In the case of the Chilean Cu-porphyries, the Eocene-Oligocene
system occurring in the Atacama desert is a paramount example, hav-
ing been preserved from the mechanical erosion because of the hyper-
arid climate which has persisted in the region since 14 Ma (Sillitoe,
2005). Diverse is the case of the sediment-hosted Zn sulfide deposits,
which emplace within sedimentary basins and can be exhumed and
altered only after basin inversion or well-developed orogenesis (Boni
and Mondillo, 2015; Hitzman et al., 2003). Although the mechanism of
deposit formation is well known for all the mentioned supergene sys-
tems, the relationship between uplift, weathering, and tectonics has
been deeply investigated only for understanding the formation of Cu
supergene ores (e.g. Sillitoe and McKee, 1996).

The aim of this study is to apply a morphometric approach to better
understand the relationship between the distribution of vertical motions
(e.g., rock uplift) and the genesis of supergene Zn deposits located in the
north-eastern sector of the Peruvian Andean chain. The area of interest is
represented by the Bongara district (Amazonas region, northern Peru),
which is known as one the best Zn-endowed areas of South America,
characterized by several Zn-Pb-sulfide deposits affected by variable
degree of weathering. These ores are hosted in Mesozoic carbonate rocks
belonging to the Pucara Group (Upper Triassic-Lower Jurassic) (Basuki
and Spooner, 2008, 2009; Boni and Mondillo, 2015; de Oliveira et al.,
2019a, 2019b, 2021; Reid, 2001). The main mineral deposits of the area
are represented by the Cristal and Mina Grande prospects in the north
and the Florida Canyon deposit in the south (Arfe et al., 2017b; Basuki
and Spooner, 2009; Mondillo et al., 2018a, 2018b; Reid, 2001). Studies
conducted by Arfe et al. (2018, 2017b), Chirico et al. (2022), de Oliveira
et al. (2019a), suggested that in the Bongara district weathering and
alteration of sulfides might have occurred after periods of uplift devel-
oped since the late Miocene (e.g. Gregory-Wodzicki, 2000) but an
analysis of landscape response to uplift has never been performed.

Considering that the district is located in the Peruvian Andes,
straddling across the Eastern Cordillera and the Sub-Andean Fold-and-
Thrust belt (SAFTB) (Chacaltana Budiel et al., 2011, 2022; Hunt et al.,
2017; Workman and Breede, 2016), and that it is covered by two hy-
drographic basins (the Utcubamba River and the Chiriaco River), the

research has been carried out through the evaluation of parameters such
as elevation, local relief, swath profile, river longitudinal profiles,
normalized channel steepness index (ks;) and transformed river profiles
(x-long profiles). The spatial distribution of such indexes allowed us to
derive important considerations about the spatial distribution of vertical
motions and to provide new, general insights on the processes that relate
the genesis of supergene deposits to the uplift processes.

2. Study area
2.1. Geological and geomorphological setting

In the northern Andes of Peru three main morphotectonic units are
defined (see inset map in Fig. 1): the Western Cordillera, the Eastern
Cordillera, and the SAFTB (Carlotto Caillaux et al., 2010; Eude et al.,
2015).

The Western Cordillera consists of the Coastal Belt, to the west, in
which Jurassic and Cretaceous sedimentary successions are intruded by
the Coastal Batholith, and of the Maranon Thrust Belt, to the east,
characterized by Mesozoic strata affected by fold and east-verging thrust
(Atherton and Webb, 1989; Cobbing, 1985; Pfiffner and Gonzalez,
2013). The Eastern Cordillera is made up of Neoproterozoic-Paleozoic
crystalline basement, uplifted along steeply dipping oblique faults,
that is overlain by Late Paleozoic and Mesozoic sediments affected by
large-scale folding and thrusting (Pfiffner and Gonzalez, 2013). Farther
east, the SAFTB consists of east-verging imbricate stack of thrust sheets,
related to a thin-skinned tectonics, involving Paleozoic to Cenozoic
strata (Mégard, 1984, 1987; Pfiffner and Gonzalez, 2013).

Study area is located at the border between the Eastern Cordillera
and the SAFTB where two river basins occur, i.e. the Utcubamba River
basin to the west and the Chiriaco River basin to the east. The Utcu-
bamba River basin is entirely straddling in the Eastern Cordillera. The
Chiriaco River basin instead lies on the structural border between the
Eastern Cordillera and the SAFTB, which matches the Almendro-
Jumbilla thrust fault (Figs. 1, 2) (Chacaltana Budiel et al., 2011,
2022). The two rivers run to the NNE (Fig. 3a, b), towards the Amazonas
River basin. The landscape in the study area is strongly affected by
recent compressive tectonics acting since the Miocene and still active
(Chacaltana Budiel et al., 2011, 2022), and is characterized by a
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Fig. 3. a) The Utcubamba River and “valley” looking south (it is possible to see the Pedro Ruiz Village; picture taken from Shipasbamba). b) The Utcubamba River
looking west (picture taken from Shipasbamba). ¢) The Gocta waterfall (Cocachimba; river n. 19). d) Utcubamba river valley (picture from river n.19). e) the Cristal
River (n. 13), looking north. f) Chachapoyas-Molinopampa area with: hanging low-relief residual surface carved in the continental sandstone of the Goyllarisquizga

Group.
(Picture taken from Soloco, looking north.)

combination of steep and abrupt scarp fault-controlled slopes also
characterized by waterfalls, including the world-famous Catarata Gocta
waterfall that has a total height of 771 m (Fig. 3c), and more gently
inclined dip slopes over the Mesozoic rocks (Fig. 3d, e), which outcrop in
most of the area covered by the basins. River incisions caused the for-
mation of deep V-shaped valleys and isolated remnants of low-slope
surfaces that hang up to some hundred meters above valley bottom
(Fig. 3D).

In the Utcubamba R. basin the Precambrian-Lower Paleozoic base-
ment outcrops, forming elongate, NW-SE trending, fault-bounded blocks
(Fig. 1) (Chew et al., 2007, 2008). The basement is unconformably
covered by up to ~3000-m-thick volcano-sedimentary sequence of the
Mitu Group (Lower Triassic) (Fig. 1) (Benavides-Caceres, 1999; Rosas

etal., 2007; Spikings et al., 2016). The latest is uncomfortably overlayed
by the Pucara Group, a ~2000 m-thick succession of shallow- to deep-
water marine carbonates of Upper Triassic to Lower-Middle Jurassic age
(Fig. 1) (Fontbote and Gorzawski, 1990; Reid, 2001; Rosas et al., 2007).
The Pucara Group is stratigraphically subdivided into the basal
Chambara Formation (Upper Triassic), the intermediate Aramachay
Formation (Lower Jurassic) and the uppermost Condorsinga Formation
(Lower-Middle Jurassic). The Chambara Formation consists of shallow-
water platform carbonates, and has an approximate thickness between
650 m and 750 m (Basuki et al., 2008; Hunt et al., 2017; Reid, 2001;
Rosas et al., 2007; Sanchez Fernandez, 1995). Stratigraphically above
the Condorsinga Formation, the Corontachaca and Sarayaquillo For-
mations (Middle-Upper Jurassic) lie in angular unconformity (Fig. 1).
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The Corontachaca Formation outcrops mainly in the northern part of the
Utcubamba River basin and consists of coarse limestone boulder brec-
cias and breccia-conglomerates. The Sarayaquillo Formation is
composed of a 200 m-thick colluvial, alluvial and lacustrine sequence of
red-bed, intercalated mudstones, and siltstones with minor conglomer-
atic horizons and gypsum beds. The continental siliciclastic rocks of the
Goyllarisquizga and Oriente Groups (Early Cretaceous) (Fig. 1),
respectively in the Utcubamba and Chiriaco River basins, lay uncon-
formably over the Sarayaquillo Formation. The Mesozoic sequence is
closed by marine shales, marls and limestones of the Chonta-Chulec
Formation (Lower — Upper Cretaceous) (Fig. 1). The younger Cenozoic
rocks consist mainly of conglomerates, sandstone and mudstone
deposited in fluvial, alluvial and colluvial environments during the
Andean uplift phases (Brophy, 2012; Mathalone, 1995; Reid, 2001;
Sanchez Fernandez, 1995).

Tectonic evolution started in the Late Cretaceous with the Peruvian
phase which affected the Paleozoic rocks of the eastern side of the
Western Cordillera (Mégard, 1978). During the Paleocene-Eocene, due
to the Incaic phases I and II, the deformation propagated eastward
forming the Maranon Thrust Belt. Lately, the Miocene-Pliocene Quechua
compressional phases (Quechua I at ca. 19 Ma, Quechua Il at ca. 10 Ma,
and Quechua III at ca. 5 M) promoted the deformation of the Eastern
Cordillera and the SAFTB (Mégard, 1984, 1987; Pfiffner and Gonzalez,
2013). Since the late Miocene, deformation has been focused in the
Subandean zone (Eude et al., 2015).

Most of studies on the uplift in the Andean chain are focused on the
Central Andes and recognize that uplift of the Altiplano has occurred
since 40 Ma (Allmendinger et al., 1997; Capitanio et al., 2011; Isacks,
1988; Sempere et al., 1990). A few fission tracks investigations allowed
to determine two cooling events in the Eastern Cordillera and central
Andes, at 22 Ma and at 10-15 Ma respectively (Benjamin et al., 1987;
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Fig. 4. Elevation map of the northern
sector of the Peruvian Andes on which are
plotted, with white stars and black circles,
the positions of the three main mineral
deposits of the Bongara district. The
dashed red lines depict the boundaries
between the morphotectonic domains
derived from Carlotto Caillaux et al.
(2010). The black trace BB' is the centre of
the 50-km-wide and 400-km-long swath
profile shown in Fig. 5. Black lines indicate
location of the investigated hydrographic
basins. (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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Laubacher and Naeser, 1994). Relatively recent works support a period
of very rapid uplift between 10 and 4 Ma (e.g. Garver et al., 2005;
Garzione et al., 2008; Gregory-Wodzicki, 2000).

Three erosional surfaces are recognized at the scale of the chain in
response to uplift since the middle Miocene: the Puna, Vallé, and Canon
(Cobbing et al., 1981, 1996; Myers, 1980). The oldest Puna surface is
widely recognized in the Andes (Bowman, 1906; Coltorti and Ollier,
1999; Tosdal et al., 1984), and is characterized by a nearly flat surface,
now at 4200-4400 m (Wilson et al., 1967). The Vallé surface was cut in
response to the initial surface uplift of the Andes in northern Peru in the
Middle to Late Miocene. The most recent Canon stage was characterized
by 2000-3000 m canyon incision into the Puna and the Vallé surfaces in
response to base level fall and/or surface uplift since Pliocene to Recent
(Garver et al., 2005, and references therein; Myers, 1976).

In northern Peruvian Andes, uplift data have been derived by ther-
mochronological analysis conducted along transects across the orogen
located a few hundred kilometres south with respect to our study area (e.
g., Eude et al., 2015; Michalak et al., 2016). To correlate the timing of
deformation and exhumation of thrust structures, Eude et al. (2015)
considered a 500 km-long SW-NE profile across the Eastern Cordillera,
the SAFTB and the Maranon basin, passing <50 km south of Balsas and
Tarapoto. The study comprised the construction of a large-scale
balanced cross section, apatite fission track (AFT) analyses, (U—Th)/
He (AHe) dating, and vitrinite reflectance (Ro) measurements. Samples
were taken from the Paleozoic granitoids of the Eastern Cordillera, and
the Late Jurassic and Oligocene sedimentary rocks of the SAFTB. From
these investigations, it was argued that thrust systems of the SAFBT and
eastern foreland basin were driven by the reactivation of pre-existing
Paleozoic thrust and normal faults, suggesting also that rock exhuma-
tion was produced by erosion in response to thrust-related uplift (Eude
et al., 2015). The authors proposed that at the end of Early Cretaceous
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the reference level was the sea level, because the Aptian-Albian For-
mations are composed of marine to continental deposits. An early
Miocene stage (ca. 17 Ma) was constrained by AFT cooling ages in both
the Eastern Cordillera and the SAFTB, assuming at this stage a topo-
graphic slope similar to today. The authors estimated a minimum hor-
izontal shortening in the Eastern Cordillera of 45 km, on a total
shortening of 49 km. Through the AHe cooling ages, the authors con-
strained a late Miocene stage (~8 Ma), and estimated that 69 km of
shortening were accommodated by SAFTB thrusts between ca. 17 and 8
Ma. From these investigations, it was then derived that the propagation
of the thrust wedge started between 30 and 24 Ma in the east of the
Eastern Cordillera, and between 24 and 17 Ma in the SAFTB (Eude et al.,
2015). The authors also calculated that 29 km of shortening occurred
during the last 8 Ma. Eude et al. (2015) could not obtain ages older than
17 Ma and calculated the onset of compressional deformation at 24-30
Ma on the basis of the average shortening rates. In any case, all the ages
obtained by Eude et al. (2015) agreed with the presence in the Oligocene
of a foredeep depozone in the place of the present Easter Cordillera and
SAFTB, with maximum thickness of 6.2 + 0.3 km. At this time, ongoing
deformation in the Western Cordillera was driven by basin inversion (e.
g. Mégard, 1984).

Following the work of Eude et al. (2015), Michalak et al. (2016) used
low-temperature (U—Th)/He thermochronology of zircon and apatite
from late Paleozoic granitoids located in the Balsas region, with the aim
to better constrain the exhumation history of the Eastern Cordillera. The
results of these investigations showed that the samples were character-
ized by ZHe ages spreading from Paleozoic to Mesozoic, whereas the
AHe ages were limited at mid-late Miocene (10.7 + 1.8 Ma to 8.1 £+ 1.2
Ma). These data were interpreted suggesting the occurrence of a slow
cooling throughout the Mesozoic and of an accelerated cooling since the
mid-late Miocene to the Present. Using a geothermal gradient of 30 °C/
km and a temperature of maximum burial depth of ~180 °C, Michalak
et al. (2016) calculated a crustal thickness between the ZHe and AHe
closure isotherms of 4 km, and thus, a maximum time-averaged exhu-
mation rate from the Late Cretaceous (the time of maximum burial) to
the mid-late Miocene (onset of rapid cooling) of ~0.08 mm/yr or less.
The mid-late Miocene cooling was estimated to start between 14 and 10
Ma, being considered broadly synchronous at the regional scale and
related to rock exhumation, and was accompanied by river incision and
uplift. In fact, Michalak et al. (2016) correlated this phase of rock
exhumation with the incision and abandonment of the paleosurfaces
described in the Western Cordillera and western flank of the northern
Peruvian Andes.

Michalak et al. (2016) argued that the timing of initiation of incision
and the increased erosion was related to a regional shift to a more humid
climate. This hypothesis was however already ruled out by Eude et al.
(2015), who had instead invoked the occurrence of thick-skinned thrusts
underlying thin-skinned structures to produce steepening of the topog-
raphy and increasing of the erosion rates.

The above described tectonic evolution has a strong influence on the
distribution of elevation. In fact, highest elevations (marked by dark
brown colours in Fig. 4) are clustered in the Western and Eastern Cor-
dilleras with values also exceeding ~3500-4000 m a.s.l. These high
elevation areas are roughly NW-SE oriented and correspond with areas
where rock-types with high resistance to erosion crop out (e.g., the
carbonate sequences and the crystalline rocks of the basement). Moving
to the NE (i.e., towards the SAFTB) elevation tends to decrease even if an
area with values around 3500 m a.s.l. occurs at the boundary between
the Eastern Cordillera and the SAFTB (e.g., near Mina Grande and
Crystal mining areas). The lowest elevations, depicted by greenish col-
ours in Fig. 4, occur in correspondence of the Pacific coast and the
Amazonas Foreland where Cenozoic continental deposits are exposed.

2.2. Ore deposits and climate

The main ore deposits of the Bongara district, Cristal Mina Grande
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and Florida Canyon, are hosted in the carbonate rocks of the Pucara
Group. The Florida Canyon deposit occurs in the Utcubamba River basin
running across the Eastern Cordillera. The Zn—Pb mineralization out-
crops locally at elevations ranging from 2000 m a.s.l. to approximately
2400 m a.s.l., and comprises both Zn—Pb sulfides and supergene
oxidized ores (i.e. the Sam and Karen-Milagros faults; Fig. 2) (Hunt et al.,
2017). The deposit is hosted in the lower Chambara Formation as stra-
tabound horizons and breccia type ores in a broad anticlinal structure,
bounded by faults (Basuki et al., 2008; Chirico et al., 2022; de Oliveira
et al.,, 2019a, 2019b). The Zn supergene oxidized mineralization rep-
resents one third of the total resource in the Florida Canyon area and
consists of smithsonite and hemimorphite, and, less commonly, cerussite
and hydrozincite (Chirico et al., 2022; de Oliveira et al., 2019a). Studies
conducted by Basuki and Spooner (2009) and de Oliveira et al. (2020)
argue that the sulfide emplacement occurred after burial and tectonics
during the Late Cretaceous (~86-83 Ma), at ~2000-3000 m depth in
the sedimentary basin. The secondary supergene ores formed at the
expense of primary sulfide ore bodies via multistage supergene pro-
cesses under tropical-humid climate, which affected the Bongard area
since the Miocene, when the sulfides were exhumed (Chirico et al.,
2022).

The Cristal and Mina Grande deposits are located at the boundary
between the Eastern Cordillera and the SAFTB, in the Chiriaco River
basin. Both the mineralization consist mainly of supergene oxidized ores
mixed with minor amounts of residual sulfides, and are hosted in car-
bonate rocks of the Condorsinga Formation (Brophy, 2012). The Mina
Grande deposit outcrops on the crest of a tight and overturned NE-
verging ramp anticline, in the hanging wall of the Almendro - Jum-
billa thrust fault, at altitudes ranging between 1920 and 2260 m a.s.l.
(Chacaltana Budiel et al., 2022; Peruana, 2005). The mineralized body
covers an area 1500 m long by 400 m wide and extends from the surface
up to depths of 20 to 60 m (Arfe et al., 2017b; Peruana, 2005; Wright,
2010). The mineralization consists almost entirely of oxidized minerals,
primarily hydrozincite with lesser amounts of smithsonite and hemi-
morphite, occurring as replacements or concretionary cements in
various generations of collapse breccia in karst cavities of Tertiary age,
developed and deepened along northwest-southeast fractures and
locally along stratification joints (Arfe et al., 2017a, 2017b). The Cristal
prospect is located in a faulted block, confined by the Almendro -
Jumbilla thrust fault and by the South Farallon fault (Brophy, 2012;
Peruana, 2005). The mineralization crops out at elevations between
1600 and 2000 m a.s.l. over an area of about 2 km?> (Fig. 2) and consists
of both sulfide and oxidized bodies (Arfe et al., 2018; Brophy, 2012;
Mondillo et al., 2018a). Although both the Cristal and Mina Grande ores
are located in a higher stratigraphic position within the Pucard Group
than the Florida Canyon one, the primary sulfides formation occurred at
the same time in both mining areas (i.e., in the Cretaceous; Arfe et al.,
2017b; Mondillo et al., 2018a). The supergene phases are considered to
have derived from the oxidation of the exhumed pre-existing sulfides
since the Late Miocene (Arfe et al., 2018).

Several authors agree that climatic conditions in the north-eastern
domains of the Amazonian South American Andes (e.g., Northern
Peru, Ecuador, and Colombia) were being similar to the present-day
climate during the last ~20 Ma (e.g., Hoorn et al., 2010). Therefore,
since the Miocene, surficial weathering developed in the study area
under tropical climate regime, characterized by average annual tem-
peratures between 23°-25 °C, and average annual rainfall exceeding
1000 mm/y (Arfe et al., 2018, and references therein; Chacaltana Budiel
et al., 2022).

3. Methodology
3.1. Materials

The morphometric analysis was conducted with the aim of unrav-
elling the spatial distribution of vertical motions, e.g. rock uplift. The
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analysis has been carried out through ArcGIS 10.8 © and MATLAB ©
software. Elevation data were obtained using the shuttle radar topog-
raphy mission (SRTM) Digital Elevation Model of 3 arc-second (~90 m)
in resolution, and freely available at https://earthdata.nasa.gov/ (last
access on 18 May 2022). The DEM mosaic was pre-processed by filling
sinks through interpolation techniques to obtain a homogenous dataset
without data-void pixels.

To highlight the role of rock erodibility on the spatial distribution of
morphometric indices a simplified geological map (Fig. 1) of the study
area was derived from a regional scale geological map (in scale
1:50,000), available as a shapefile format at https://geocatmin.
ingemmet.gob.pe/geocatmin/. Erodibility, depositional setting and
age are the criteria adopted for grouping the geological units. Further-
more, faults of regional importance were also reported on the map to
verify a possible tectonic control on morphotectonic indexes.

3.2. Topography features

Topography features have been analysed through the construction of
two SW-NE trending swath profiles, which pass through the three
mineralized deposits. The SwathProfiler Add-In of ArcMap (Pérez-Pena
et al., 2017) was used to derive the swath profiles from the 90 m Nasa
SRTM DEM. One swath profile crosses the northern sector of the Andean
chain, from the Western Cordillera to the Amazonas Foreland, along a
400 km long and 50 km wide transect. The second one is restricted to the
study area and crosses the Eastern Cordillera and the SAFTB, along a 48
km long and 10 km wide transect. The transects were chosen to be as
more perpendicular as possible to the major morphotectonic features.
The maximum, mean and minimum elevation curves were then derived.
Maximum elevation mainly depends on the resistance to erosion of the
outcropping rocks, mean elevation is considered to be representative of
uplift distribution, and minimum elevation represents the elevation of
the valley floors and so it is the ideal surface of the local base level
(England and Molnar, 1990; Valente et al., 2019). The local relief is also
considered a robust indicator of uplift (Basilici et al., 2020; DiBiase
et al., 2010; Telbisz et al., 2013) and was determined as the difference
between maximum and minimum elevation curves within the swath
profiles.

3.3. River network features

The river network features were analysed for the Utcubamba River
and the Chiriaco River drainage basins by the construction of the rivers
longitudinal profiles (Hack, 1957), the transformed river long profile or
chi plots (Perron and Royden, 2013), and the slope-area analysis to
extract information about the spatial distribution of the normalized
channel steepness index (kgy) (Snyder et al., 2000). Investigated rivers
include 14 tributaries of the Chiriaco River basin and 27 tributaries of
the Utcubamba River basin. Firstly, we analysed the longitudinal pro-
files of the selected bedrock rivers. Deviations from the theoretical
graded, concave upward profile (Hack, 1957) characterize rivers in a
transient state of adjustment to a base-level, tectonics, climatic or rock-
type perturbation (Molin et al., 2004). Convex segments are called
knickpoints or knickzones, depending upon their length compared to the
total stream length, and mark the location of transient signals (Olivetti
et al., 2012; Robustelli, 2019; Schoenbohm et al., 2004).

The 41 selected trunks were also investigated following the slope/
area analysis by means of the Matlab tool TopoToolbox (Schwanghart
and Kuhn, 2010; Schwanghart and Scherler, 2014). This analysis suggest
that the slope of bedrock river is inversely proportional to the drainage
area (Flint, 1974; Hack, 1957; Kirby and Whipple, 2001; Snyder et al.,
2000; Whipple and Tucker, 1999), following the equation:

S = kA0 €))

where S is the slope at the reach scale, A is the drainage area, ks and 6 are
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the steepness and concavity indexes, respectively. The concavity index
(0) is obtained by the ratio between two positive constants, m and n, that
depend on basin hydrology, channel geometry, and erosion processes
(Howard et al., 1994; Whipple et al., 2000; Whipple and Tucker, 1999):

6=— 2)
n
The steepness index (k) is a function of the uplift rate (U) and an
erosion coefficient (K):

U\
k= (E> ; ®3)

The channel steepness index provides a measure of the relative uplift
rate and can be used to explore and infer spatial variations in rock uplift
(DiBiase et al., 2010; Kirby and Whipple, 2001; Snyder et al., 2000; Van
Laningham et al., 2006). When comparing rivers with different length
and drainage area, a reference value of the concavity index, 8., must be
defined because small variations and uncertainties in 0 can greatly in-
fluence the value of ks (Kirby and Whipple, 2012). In our analysis, a Oyef
value of 0.37 was calculated by averaging the best fit m/n value for each
of the 41 investigated rivers, thus allowing us to derive the normalized
steepness index (kg,). The kg, index is considered to be an indicator of
active uplift, besides enhanced river incision and bedrock erodibility
(DiBiase et al., 2010). The spatial distribution of the kg, index is shown
both in map view and in a curve showing the average kg, values centred
within the swath profile that crosses the mining districts. To derive this
curve, kg, values were converted from a vector format to a raster format
through an interpolation method to derive the ks, map. We then applied
the swath profile method to the kg, map and derived the spatial distri-
bution of the mean kg, values.

The 41 investigated rivers were also investigated by transforming
river long profile into chi plots. This approach reduces the noise related
to topographic data and allows a clearer identification of transient sig-
nals (Perron and Royden, 2013). In the chi plot, the distance horizontal
coordinate is transformed to an integral quantity with units of length,
called y (Perron and Royden, 2013). The y quantity is obtained by
integrating inverse of drainage area with respect to distance from base
level (x) (Gallen and Wegmann, 2017; Perron and Royden, 2013):

_ N AO o
xf[h (A(x)) dx C))

Bedrock rivers dissecting a uniform substratum and equilibrated
with uplift are characterized by a linear chi plot, whose slope reflects the
uplift rates. Variations from this shape may be due either to variable
erodibility or temporally or spatially variable uplift that manifested in
the formation of knickpoints in correspondence of break in slope be-
tween two linear segments (Perron and Royden, 2013). To derive the chi
plot, we used the ChiProfiler function of Matlab (Gallen and Wegmann,
2017), and we adopted a smoothing window of 250 m and a reference
drainage area of 1 km?. To derive the chi plot it is crucial to derive the
best fit m/n at the basin scale, and we derived this value for each of the
investigated river by the mnotpim script of TopoToolbox (Schwanghart
and Kuhn, 2010; Schwanghart and Scherler, 2014). To compare rivers of
different length and drainage areas, it is common to use the average m/n
value between all the investigated rivers. In our analysis, we derived an
average value of 0.37 (8ef). Noteworthy, to verify a possible lithologic
control on the genesis of knickpoints, we adopted the method described
in Buscher et al. (2017): knickpoints that are placed within 200 m from
lithological contacts have been classified as “lithology controlled
knickpoints”, whereas knickpoints that are >200 m far from lithological
contacts have been classified as “non-lithology controlled knickpoints.
To highlight the role of lithology we also added a colour bar on top of
both the river long profiles and the chi plots, which is representative of
the rock-types mapped in Fig. 1.
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Fig. 5. The swath profiles show the maximum, mean and minimum elevations and local relief. It is centred along the trace of the section BB’ (see Fig. 4 for location)
and crosses all the morphotectonic domains and the mineral deposits. Dashed black box shows the location of Fig. 11.

4. Results
4.1. Large-scale topography features

Regional scale features of topography are synthesized in the SW-NE-
oriented swath profile of Fig. 5.

The profile passes through the Western Cordillera in the first 155 km
and is characterized by low elevations in the Pacific coast that gradually
increase towards the NE. A steep escarpment at ~55 km marks the
beginning of a dome-like broad area with high maximum, mean and
minimum elevation, which extend up to 160 km until the boundary
between the Western Cordillera and the Eastern Cordillera. The local
relief in this area is rugged because of diffuse river incision. From 160
km to 245 km, across the Eastern Cordillera, the maximum elevation
curve exhibits two peaks around 200 km and 230 km that are mirrored
by the mean elevation curve. Noteworthy, the peak in the mean eleva-
tion at 230 km occurs near Florida Canyon and it is the highest along the
entire swath profile (i.e., mean elevation around 3000 m). Minimum
elevation curve also exhibits two peaks, which do not correspond with
peaks in the maximum and mean elevation. Moreover, a minimum
elevation peak around 2000 m a.s.l. occurs near Mina Grande and Cristal

Table 1

mining areas at 240 km and is the culmination of a large area with high
values that extends from 235 km to 255 km (at the border of the Eastern
Cordillera and the SAFTB). Local relief in the Eastern Cordillera de-
creases towards the NE, with a local minimum of 1000 m in corre-
spondence with the high minimum elevation area centred near Cristal
mining area. Swath profile then moves in the SAFTB from 245 km to 345
km. Elevation curves decrease towards the NE with the highest peak in
the maximum elevation curve of 3500 m a.s.l. that occurs at 260 km.
Mean elevation exhibits a large high value area (with mean elevation
around 2000 m) between 250 km and 270 km, then it continuously
decreases towards the NE. The minimum elevation exhibits the above-
mentioned maximum at a distance of 255 km at the boundary be-
tween the Eastern Cordillera and the SAFTB, and then decreases towards
the NE, with a local maximum around 1500 m at a distance of 270 km.
Local relief in the SAFTB exhibits a maximum around 2000 m at a dis-
tance of 260 km (i.e., in the surroundings of the Mina Grande area) that
sharply decreases to a large area with values around 1000 m that ex-
tends from 265 km to 320 km. Another jump in the local relief at 320 km
marks its sharp decrease in the Amazonas Foreland, a trend that is
locally interrupted by a peak around 1000 m at a distance of 345 km. In
the last 40 km, the swath profile is characterized by an abrupt reduction

Synthesis of the topography features in the different morphotectonic setting depicted by the swath profile in Fig. 4.

Western Cordillera Eastern Cordillera Sub-Andean Fold and Thrust Belt Amazonas
Maximum ~1000-1500 m in the first 55 km, then a sharp  Three peaks at 3500 m around 200, 220 and Highest peak ~3500 m at 260 km then it Values
elevation jump up to 4000 m around 90 km. It then 230 km, minimum value around 2000 m at constantly decreases up to its minimum ~500  ~200 m
stabilizes around 3000-3500 m up to 155 km 210 km. First order wavelength ~40 km m at 345 km at the boundary with the
and it decreases up to 1500 m at the boundary Amazonas foreland. First order wavelength
with the Eastern Cordillera. First order ~20 km
wavelength ~50 km
Mean ~200-300 m in the first 55 km, then a sharp Two peaks at 2500 m around 200 km and 230  Highest peak ~3000 m at 260 km then it Values
elevation jump up to 2500 m at 130 km with a slight km, minimum value around 1200 m at 210 constantly decreases up to its minimum ~200  ~200 m
decrease up to a minimum of 1000 m at the km. First order wavelength ~40 km m at 345 km at the boundary with the
boundary with the Eastern Cordillera. First Amazonas foreland. First order wavelength
order wavelength ~50 km ~20 km
Minimum ~100-200 m in the first 70 km, then it slightly = Highest peak ~2000 m at 240 km at the Highest peak ~1500 m at 255 km then it Values
elevation increases up to 2200 m at 130 km, and it boundary with the SAFTB. Minimum value constantly decreases up to its minimum ~100  ~200 m
decreases up to a minimum of 500 m at the ~500 m at 210 km. First order wavelength m at 345 km at the boundary with the
boundary with the Eastern Cordillera. First ~40 km Amazonas foreland. First order wavelength
order wavelength ~25 km ~20 km
Local relief ~ 500 m in the first 25 km, then it increasesup =~ Two peaks ~3000 m around 200 km and 220 Highest peak ~2000 m at 260 km, then it Values

to 1500 m from 25 km to 55 km. Then a sharp
jump up to its maximum ~3000 m at 90 km and
it looks rugged up to 155 km with a maximum
~2000 m. First order wavelength ~25 km

km, which is interrupted by a local minimum
value around 1300 m at 210 km. The lowest
value is ~1000 m at 240 km. First order
wavelength ~30 km

decreases ~1000 m from 265 km to 320 km.
From 320 km to 345 km values are ~500 with
a local maximum ~1000 m at 335 km. First
order wavelength ~20 km

close to 0 m
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Fig. 6. Location of the knickpoints plotted on the elevation map of the Utcubamba and Chiriaco River basins. The lithology-controlled knickpoints, yellow stars, are

distinguished from non-lithology-controlled knickpoints, red stars. The main trunks and the tributaries (in blue), numbered from 1 to 41, and the corresponding
hydrographic sub-basins (in white) are represented.

of the maximum, minimum and mean elevations, which converge to- 4.2. River network features
wards the same altitude of a few hundred meters above sea level, and
that is also associated with an abrupt decrease of the local relief.

River long profiles and chi-plots analysis has been carried out for 14
The above described features are also synthesized in Table 1.

rivers pertaining to the Chiriaco River basin and for 27 rivers of the
Utcubamba River basin(Fig. 6).

Overall, investigated trunks have chi-plots that range in shape from
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Fig. 7. Longitudinal profiles and transformed longitudinal profiles (chi plots) of 14 rivers that dissect the Chiriaco Basin (river numbering as in Fig. 6). Coloured bars

indicate the lithology of the bedrock crossed by the river.

convex upward to slightly rectilinear with transient signals. We identi-
fied 76 knickpoints with variable amplitudes ranging from small steps of
a few tens of meters to larger steps of hundred meters and to convex
segments. The knickpoints are equally scattered along the left and right
flanks of the two river basins (Fig. 5). Their position was compared with
the lithology of the underlying bedrock and with the tectonic structures
(Fig. 1) to assess the related control. The 76 recognized knickpoints were
classified as either lithology or non-lithology controlled knickpoints, the
latter of which are more abundant as they mainly occur in areas with
homogeneous rock-types and are often placed in correspondence of
major tectonic structures.

The Chiriaco River and its tributaries (Fig. 7) cross Cretaceous ma-
rine and continental units that outcrop to the SE and pass, towards the
NW, to the Triassic rock of the Pucara Group. Chi-plots seem to be
insensitive to lithology as convex upward chi-plots and transient signals
occur both in the north-western and the south-eastern portions of the
basin. Moreover, river long profiles and chi-plots suggest the occurrence
of remnants of hanging low-relief surfaces marked by non-lithology
controlled knickpoints. Such low relief surfaces, some of which are
shown in Fig. 4, are carved by the Chiriaco River and its tributaries and
occur at elevation around 1500 m (rivers n. 3), 1800 m (riversn. 1, 2,12,
14), 2000 m (rivers n. 2, 4, 11, 13), 2200 m (rivers n. 6, 11), 3000 m

10

(rivers n. 6, 9, 10) and 3500 m (rivers n. 7, 8). In the Utcubamba River
basin, tributaries in the right flank (rivers 15 to 30 in Fig. 8) mainly cross
the rocks of the Pucarda Group and the Mitu Group, and present on
average convex chi plots with most knickpoints at elevation ranging
from 1500 to 2500 m (Fig. 8), some of which are hundreds of meters
high (i.e., rivers 15, 19 and 24 in Fig. 8). On the opposite, tributaries in
the left flank flow through the basement crystalline rocks (rivers 31 to
38) and the Cretaceous limestones(rivers 39 to 41): the former have
rectilinear chi-plot with few knickpoints whereas the latter have recti-
linear to convex chi-plots with slight transient signals if compared with
rivers flowing in the same rock-type but in the hydrographic right flank
of the basin. Also in the Utcubamba River basin transient signal point the
occurrence of remnants of hanging low relief surfaces (see also Fig. 4)
marked by non-lithology controlled knickpoints. Such surfaces occur at
elevations around 1500 m (river n. 15), 2000 m (river n. 15), 2100 m
(river n. 25), 2500 m (rivers n. 17, 19, 20, 24, 33, 35, 41), 2700 m (rivers
n. 26, 27, 28, 29, 40, 41), 3000 m and above (rivers n. 29, 30, 31, 32).

Noteworthy, comparison of low-relief surfaces within the two
investigated basins suggest that transient signals in the Chiriaco River
basin mark the occurrence of larger surfaces, with an horizontal exten-
sion up to 12-15 km (rivers n. 2 and 4 in Fig. 7), whereas low relief
surfaces in the Utcubamba River basin consist of small remnants with
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Fig. 8. Longitudinal profiles and transformed longitudinal profiles (chi plots) of the 27 rivers of the Utcubamba River Basin (river numbering as in Fig. 6). Coloured

bars indicate the lithology of the bedrock crossed by the river.
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Fig. 9. Transformed longitudinal profiles of right and left bank rivers of the Chiriaco and Utcubamba River basins. The chi plots were constructed using a smoothing
window of 250 m, a reference drainage area Ay = 1 km? and a mean value of 8 equal to 0.37.

limited horizontal extension, that just in one case (river n. 24 of Fig. 8) is
comparable to those in the Chiriaco River basin. Overall data suggest
that rivers in the south-western sector of the Utcubamba River basin are
close to steady-state condition whereas transient signals not related to
variable rock-types became abundant to the north, i.e. in the right flank
of the Utcubamba River basin and in the Chiriaco River basin.

To further investigate river network features, we have compared chi-
plots of all investigated rivers using the m/n value derived by averaging
best fit values of each investigated trunk. The resulting O is 0.37
(Fig. 9). Again, rivers in right banks of the Utcubamba River basin and in
left banks of the Chiriaco River basin are characterized by irregular chi
plots with overall convex trends, interrupted, in some cases, by large
knickpoints (e.g., rivers 10, 15, 19, 25, 30). On the opposite, rivers in left
banks of the Utcubamba exhibit less pronounced knickpoints and some
rectilinear chi plots (e.g., rivers 33, 34 and 36). Such an analysis points
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to the diffuse presence of transient signals in the investigated drainage
basins but chi-plots in the Chiriaco River basin are steeper than chi-plots
in the Utcubamba River basin. Considering that the lithological control
on the origin of these transient signals has been excluded, such a dif-
ference may be interpreted as the result of differential rock uplift be-
tween the two basins, with an increasing trend of uplift towards the NE
(i.e., towards the Chiriaco River basin).

To verify the uneven distribution of rock uplift, we have explored the
spatial distribution of the kg, index (Fig. 10). As kg, index is mainly
referred to bedrock rivers (Kirby and Whipple, 2012; Wobus et al.,
2006), alluvial reaches included in Fig. 10 (i.e., the Utcubamba River
and the Chiriaco River) have not been considered for interpretation. As a
result, high kg, values occur within the Chiriaco River basin (yellowish
to reddish tones in Fig. 10) whereas kg, index within the Utcubamba
River exhibits low to very low values (bluish tones in Fig. 10).
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Fig. 10. Spatial distribution of the k, index along the Chiriaco and Utcubamba River basins. The ks, map was constructed using the mean 6 value = 0.37.

4.3. Detail scale analysis of the Bongara district

To further characterize the recognized NE oriented increasing trend
in rock uplift, the topography and river network features were also
studied along a detailed scale swath profile that runs in the northern
sectors of the Utcubamba River and the Chiriaco River basins, thus
crossing the three mineralized areas of Florida canyon, Mina Grande and
Cristal. Furthermore, the swath crosses the low-erodibility Triassic rocks
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of the Pucara Group in the Utcubamba River basin and the high-
erodibility Jurassic to Cretaceous units in the Chiriaco River basin.
The same swath trace has been used to derive a curve showing the
spatial distribution of the mean kg, index (Fig. 11).

The Utcubamba River basin is characterized by maximum, mean and
minimum elevations that increase towards NE at the boundary with the
Chiriaco River basin, where the maximum elevation achieves 3500 m a.
s.l. The dissecting Utcubamba River lowers the minimum elevations and
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mineralized areas. (b) Detail of the swath profile in Fig. 4 that follows the same path.

isolates remnants of low-relief surfaces (Fig. 4a—d) thus determining
high values in the local relief. In addition, the low values of the mean kg,
testifies the predominance of river incision over uplift. This is consistent
with the hypothesis of a more mature landscape shaped over the time by
drainage systems. On the other hand, in the Chiriaco River basin the
maximum, mean and minimum elevations exhibit higher values and
stabilize around values of about 2500 m a.s.l. with a consequent sharp
decrease in the local relief, and the mean kg, index shows its highest
values.

5. Discussion

The combined analysis of the topography and the river network
points to different features between the Eastern Cordillera and the
SAFTB (i.e., between the Utcubamba River and the Chiriaco River
drainage basins, which correspond with the Florida Canyon and Mina
Grande-Cristal prospect areas, respectively). Such a difference is sug-
gested by high mean and minimum elevation (Fig. 5), by steeper chi-
plots with large transient signals (Fig. 9) and by high to very high kg,
values in the surroundings of Cristal and Mina Grande mining areas
(Fig. 11). Moreover, detail scale swath profile of Fig. 11 points to dif-
ferences between the Utcubamba River and the Chiriaco River basins, as
the trend of the elevation and relief curves may be interpreted as the
result of a recently uplifted landscape in the Chiriaco River basin where
rivers downcutting is overwhelmed by rock uplift. This is also coupled
with a jump in the Ksn values within the Chiriaco River basin. In addi-
tion, comparison of the spatial distribution of the kg, index (Fig. 10) with
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rock type (Fig. 1) suggests that high vs low values in such an index is not
correlated with spatial distribution of “hard” vs “soft” lithologies. This
enforces the interpretation of variable river network features between
the Utcubamba River and the Chiriaco River basins due to input
different from lithology and reasonably correlatable with tectonics.
Furthermore, considering that high Ksn area is spread at the Chiriaco
River basin scale, we may envisage that Ksn values register the effect of
regional scale deformation rather than activity of some of the fault
segments mapped in Fig. 1.

Analysis of the river network suggests that transient signals are
correlated with phases of enhanced river incision that dissect hanging
low relief surfaces. River incision is reasonably associated with tec-
tonics, as lithology seems to play a less relevant role in shaping the
landscape. This is inferred by the abundance of non-lithology controlled
knickpoints (Fig. 6), and by the distribution of the kg, index (Fig. 10),
whose higher values occur at the Chiriaco River basin scale thus
affecting rock-types with different erodibility (e.g., the Cretaceous ma-
rine and continental deposits and the Triassic Pucara Group deposits).
The size of these low-relief surfaces, which are larger within the SAFTB
(i.e., in the Chiriaco River basin and in river n. 24 of the Utcubamba
River basin) suggest that tectonics-driven river incision occurred earlier
in the Eastern Cordillera (i.e., in the Utcubamba River basin) where just
small remnants of low relief surfaces occur (Figs. 4, 7 and 8). On the
opposite, the larger low-relief surfaces in the SAFTB suggest that
tectonics-driven river incision is recently shaping the landscape and had
not enough time to reduce such surfaces to small remnants. Excluding
the control role of glacio-eustasy and climate, the above described
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Fig. 12. Schematic model (not balanced) of the evolution of the rock
uplift affecting the Eastern Cordillera and the SAFTB into the Bongara
district, and related oxidation stages of pre-existing sulfides of Mina
Grande and Cristal relatively to Florida Canyon. (a) Emplacement of
the sulfide bodies during the Late Cretaceous-Early Tertiary in the
same sedimentary basin at different depths: deeper for the Florida
Canyon and shallower for Mina Grande and Cristal. (b) Since the Early
Paleogene-Oligocene, the Andean deformation affected the Eastern
Cordillera, firstly in its westernmost domain, in the Utcubamba River
basin, causing the uplift of the Florida Canyon mineralization. (c)
During the Oligocene- Miocene, deformation shifted to the East
reaching the Cristal area, in the SAFTB. In the Florida Canyon site, the
uplift was accompanied by the erosion of the upper levels of the
succession. (d) During the Late Miocene, the sulfide bodies of Mina
Grande and Cristal were brought to near-surface conditions earlier
than the Florida Canyon one, resulting in the formation of supergene
oxidized mineralization. (e) Modern situation showing the erosion of
the entire Jurassic succession of the Pucara Group and of Tertiary
sequences in correspondence of the Florida Canyon area, that brought
the deposit to near-surface conditions.
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features of topography and river network may be correlated with dif-
ferential rock uplift between the Eastern Cordillera (i.e., the Utcubamba
River basin) and the SAFTB (i.e., the Chiriaco River basin), with a NE
oriented increasing trend.

These inferences are confirmed by the uplift data derived by ther-
mochronological analysis conducted along transects across the orogen
located a few hundred kilometres south with respect to our study area. In
particular, from apatite fission track (AFT) analyses, (U—Th)/He (AHe)
dating, and vitrinite reflectance (Ro) measurements, Eude et al. (2015)
determined that the NE-verging propagation of the thrust wedge started
first to the east of the Eastern Cordillera (between 30 and 24 Ma), and
then in the SAFTB (between 24 and 17 Ma). In the Eastern Cordillera, the
major shortening occurred between 24 and 17 Ma, whereas in the SAFTB
shortening was mostly accommodated by thrusts between 17 and 8 Ma.
Further shortening occurred in the last 8 Ma. The authors also suggested
that rock exhumation was produced by erosion in response to thrust-
related uplift (Fude et al., 2015). This clearly confirms that the
Eastern Cordillera was affected by rock uplift and erosion earlier than
the SAFTB, in agreement with the results of our morphometric analysis.
The maximum time-averaged exhumation rate from the Late Cretaceous
to the mid-late Miocene was estimated at ~0.08 mm/yr or less
(Michalak et al., 2016).

The interpretation of the morphometric study finds indirect evidence
in the altitude at which outcrop the rocks hosting the mineralization of
the Florida Canyon, Mina Grande and Cristal and the observed alteration
grade affecting the deposits.

In the district, the primary MVT sulfide mineralization formed inside
the carbonate sequences of the Pucara Group deposited in a sedimentary
basin around 74-84 Ma (during the Campanian period) in relation to
burial and regional tectonics (Basuki et al., 2008; de Oliveira et al.,
2020) that have driven the migration of the hydrothermal brine through
the sedimentary basin towards and upward along steeply dipping
normal faults (Fig. 12a). At Florida Canyon the mineralization is hosted
within the Upper Triassic dolostone of the Chambara Formation (de
Oliveira et al., 2020). The burial diagenesis of the carbonates of the
Chambara Formation took place at 2500-3000 m below sea level (de
Oliveira et al., 2020). At Mina Grande and Cristal, the mineralization is
hosted in the Lower-Middle Jurassic limestone of the Condorsinga For-
mation, which is stratigraphically located at ~1000 m above the
Chambara Formation hosting the Florida Canyon sulfides (Fig. 12a; Arfe
et al., 2018; de Oliveira et al., 2020). Since the MVT sulfide minerali-
zation formed at roughly the same time, at two different depths and
currently outcrop at altitude, respectively, of ~2500 m a.s.l. for the
Florida Canyon and of ~2000-2500 m a.s.l. for Mina Grande and Cristal,
it implies that they must have undergone a differential rock uplift in
terms of rates and time. In fact, the Utcubamba Basin, located in the
Eastern Cordillera, was subjected to a first phase of uplift (Eude et al.,
2015) that protracted in time and that, at some stage, was paired and
overwhelmed by river downcutting, which resulted in low mean
normalized steepness index. This would have allowed the slow erosion
of the entire Jurassic succession (Fig. 12c-d) and the exposure at the
surface of the Triassic-hosted mineralization (Fig. 12e). Otherwise, the
Chiriaco Basin has experienced more recent rock uplift (Eude et al.,
2015), which results in high minimum elevations and high mean kg,
values, low local relief and irregular long river profiles and chi plots with
the presence of knickpoints (Fig. 12b-e). The more recent uplift of the
SAFTB has exposed to weathering only the Jurassic-hosted Mina
Grande-Cristal sulfide deposits resulting in the development of the su-
pergene oxidized mineralization (Fig. 12e). If the Florida Canyon and
the Mina Grande-Cristal deposits had been equally uplifted, the Zn
mineralization of Mina Grande and Cristal would have been completely
eroded and the economic deposits would not have formed. At the same
time, it must be said that possible concealed Triassic-hosted sulfide
deposits could be still located more in depth in the sedimentary suc-
cession below the Mina Grande- Cristal area (Fig. 12e).
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6. Conclusion

The results of our morphometric study, applied to the Bongara dis-
trict, provide new general insights on the processes that relate the
genesis of supergene deposits to the vertical movements (e.g., rock up-
lift), in tectonically active areas. The coupling of uplift and river
dissection promoted the unroofing and the exhumation of the sulfide
mineralization, at different times and with different rates, which influ-
enced the formation of the supergene deposits in the Florida Canyon and
Mina Grande-Cristal areas.

The combined analysis of the topographic and river network features
of the two hydrographic basins of Utcubamba and Chiriaco, allowed us
to distinguish different portions of the belt with variable uplift. The
Utcubamba River basin in the Eastern Cordillera is characterized by
rugged local relief, low minimum elevations and low mean normalized
steepness index. It is a mature landscape that has been shaped over time
by river incision. This area experienced a long-lasting major uplift: this
would have allowed slow erosion of the Jurassic succession and exposed
on the surface the mineralization hosted in the Triassic succession,
limiting the supergene alteration in the Florida Canyon. Otherwise, the
Chiriaco Basin in the SAFTB is characterized by low local relief, high
minimum elevations and high mean kg, values with the presence of
knickpoints. The SAFTB experienced more recent rock uplift and
consequently minor erosion, which enabled the mineralization hosted in
the Jurassic succession at Mina Grande-Cristal deposits. This scenario is
consistent with the altitude at which the rocks hosting the mineraliza-
tion of the Florida Canyon, Mina Grande and Cristal outcrop and justify
the different mineralization styles of the three mineral deposits.

The morphometric analysis being a quite effective method in deter-
mining the landscape evolution in tectonically active areas, can be
useful in distinguishing mountain ranges affected by different uplift and
can be applied to all potentially ore deposit-fertile areas worldwide with
near-surface ore bodies.
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