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Key Points:

e Two conjugate Riedel systems share the Laguna del Maule as a depocenter and create a

positive feedback for their related deformation areas.

e Remote sensing methods for lineament extraction to envisage the tectonic processes

fingerprint on the Earth surface.

e The drainage pattern and channel direction provide information on tectonic processes
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Abstract

The tectonic movement along faults is often reflected by geological lineaments, appearing as
geomorphological features caused by relief. The detection and quantification of geological
lineaments raises interest as it provides information on tectonic processes. During the last
decade, remote sensing data has been used as a source of information for the detection of
geological lineaments; however linear features acquired via different GIS techniques are usually
not consistent. Based on the drainage pattern, this study provides a new approach to envisage the
tectonic footprint on the Earth surface, that has been successfully tested and compared with field
structural characterizations. The tectonic framework of the Laguna del Maule Volcanic Complex
(LdMVC), in the Southern Andean Volcanic Zone, is distinguished by local structural domains
characterized by diverse but coherent fault geometries and kinematics that accommodate bulk
crustal deformation, coexisting with high local uplift rates related to magma ascend. The analysis
of local lineament populations suggests the interaction between two conjugate Riedel systems
sharing the LAMVC as a depocenter: An orogenic scale dextral system, that has favored the
formation of wide ENE oriented extensional areas, is intersected by another sinistral WNW-NW
Riedel system, likely favored by the reactivation of ancient Andean transverse faults (ATF). The
coexistence of both Riedel systems creates a positive feedback for their related deformation
areas, and therefore, favoring the formation of intense damage zones, which in turn, promote the

structural conditions for the migration and emplacement of magma and geofluids.
Plain Language Summary

The study of tectonic structures raises a high scientific interest as it controls the location of
mineral deposits and has a direct relationship with geological risks. Remote sensors are a

booming tool that today allows us to make large-scale measurements and analysis of the Earth's
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surface relief. Some geomorphological characteristics of the relief, such as the spatial
distribution of ridges and rivers that conform the drainage network, can be related to tectonic
processes. This study presents a new approach that allows to recognize tectonic processes from
the orientation of rivers and streams. The method has been tested and presents surprising results
in the Laguna del Maule Volcanic Complex, one of the most hazardous active volcanic systems

on the Southern Andean Volcanic Zone.

1 Introduction

1.1 The Laguna del Maule Volcanic Complex (LdAMVC)

The Southern Andean Volcanic Zone (SAVZ) displays remarkable along-strike structural
variations (e.g., Cembrano and Lara, 2009). Stratovolcanic complexes, minor eruptive centers,
and geothermal springs are roughly aligned and appear to be emplaced on morphostructural
lineaments, that represent second-order structures acting as magma and fluid pathways. These
morphotectonic features have been categorized into two groups according to their strike: NW to
WNW striking structures, named Andean Transverse Faults (ATF), and ENE transtensional
subsidiary faults (e.g., Cembrano and Lara, 2009; Pérez-Flores et al., 2016). The geomorphic
expression of this structures can be easily observed from remote sensing (e.g., Reyes-Wagner et

al., 2017), but its quantification and interpretation remains little studied.

The LAMVC, in the intra-arc of the SAVZ at 36°S (Figure 1), presents a complex
tectonic framework that has acquired scientists interest due to the large surface uplift rates
detected by satellite geodetic measurements since 2007 (Feigl et al., 2014; Fournier et al., 2010;
Le Mével et al., 2015; Singer et al., 2018). Although no historic eruptions are associated to the

LdMVC, large volume of Holocene silicic volcanism have been recognized along the volcanic



manuscript submitted to TECTONICS

field (Hildreth, 2010; Singer et al., 2014). The LdAMVC includes >130 volcanic vents over ~300
km2 that have produced ~13 km3 of postglacial rhyolitic eruptions (Andersen et al., 2017). This,
combined with the large uplift rates, convert the LAMVC as one of the most hazardous active
volcanic systems on the SAVZ. Cycles of magmatic uplift occurs over decadal to centennial
timescales, and faults in and around the resurgent area are nucleated and reactivated to
accommodate the inflation-driven deformation (e.g., Acocella et al., 2004; Levy et al., 2018).
The structural characterization of tectonic deformation in resurgent systems is challenging
because their faulting record encompasses tectonic and inflation-driven deformation. Rapid
inflation rates above silicic reservoirs result in concentric uplift patterns that mask tectonic

extension in geodetic measurements (e.g., Le Mével et al., 2016; Magee et al., 2010).
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Figure 1. Digital elevation model of the study area, centered on the LAMVC. The map with the
river network superimposed shows the name and location of some places referred in the text. The
Ellipsoids represent the four subdomains where the method has been tested and compared with
field measurements. They are identified as CB, NEB, WB and TC. At the right side, the location

of the study area within the Andean range.

1.2 Lineament extraction from remote sensing

The spatial pattern of geologic structures, such as faults or dykes, and related
morphological lineaments, is characteristic to the stress field causing tectonic deformation
(Keller and Pinter, 1996; Ramsay and Huber, 1987). Large continuous lineaments are often the
direct surface expression of deep structures so that, linear tectonic landform could be used to
trace down fracture zones. (Han et al., 2018; Jordan et al., 2005; Solomon and Ghebreab, 2006;
Soto-Pinto et al., 2013; Tripathi et al., 2000). It is widely accepted that regional strain is
partitioned heterogeneously within fault systems, with local structural domains characterized by
diverse but coherent fault geometries and kinematics, which accommodate bulk crustal
deformation. Tectonic strain introduces directionally dependent characteristics of rock
displacement and damage, both of which influence the pace of geomorphic responses (Molnar et

al., 2007; Roy et al., 2016).

Geologic lineaments are clearly discernible on the Earth's surface. Remote sensing
techniques provide additional information on the spatial arrangement and distribution of faults
and fractures in large areas, with variable outcrop conditions (e.g., Flores-Prieto et al., 2015;

Grohmann, 2004; Hashim et al., 2013; Jordan and Schott, 2005; Soto-Pinto et al., 2013). In the
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last decades, remote sensing data has been used as a source of information for the detection of
tectonic structures at a regional scale. Different methods of extracting lineaments from satellite
images (Jordan et al., 2005; Marghany and Hashim, 2010; Suzen and Toprak, 1998) and Digital
Elevation Model (Abdullah et al., 2010; Grohmann, 2004; Masoud and Koike, 2017) have been
proposed and tested worldwide. Several studies have compared diverse data source, methods and
algorithms applied to the same study area, however, their results are usually inconsistent (Adiri
et al., 2017; Farahbakhsh et al., 2020; Han et al., 2018; Hung et al., 2005; Koike et al., 1998;
Meixner et al., 2018). Currently, most researchers apply multi-scale edge detection, as the spatial
distribution frequency and length of lineaments depends on the data source (Liu et al., 2019;
Radaideh et al., 2016), on the observation scale (e.g., Barth et al., 2012; Xu et al., 2020), or on
the spatial resolution (Das and Pardeshi, 2018; Meixner et al., 2018; Rajasekhar et al., 2018;

Smith and Wise, 2007; Soliman and Han, 2019).

Drainage network patterns tend to reflect the geometry of underlying active or inactive
tectonic structures due to the rapid erosion of faults and differential uplift associated with fault
motion (Castelltort et al., 2012). Drainage pattern is somehow controlled by regional tectonic
stress field (e.g. Beneduce et al., 2004; Duvall et al., 2020; Ribolini and Spagnolo, 2008; Roy et
al., 2016; Shahzad et al., 2009). However, the relationship between channel orientation and
tectonics is not well constrained yet, and whether these patterns contain fingerprints of past
tectonic events is still debated (e.g., Gioia et al., 2018; Hodgkinson et al., 2006; Perron et al.,
2012). The reason is that rivers are dynamic entities capable of independent lateral incision, and
dynamic reorganization along time (e.g., Babault et al., 2012; Bishop et al., 2005; Brocard et al.,

2011; Guerit et al., 2016; Pastor et al., 2012). Many rivers in active mountain belts rapidly
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evolve in response to tectonic deformation, while others seem to be passive features and may

record long-term crustal deformation (Castelltort et al., 2012).

The mapping and interpretation of tectonic lineaments is very complex and requires the
inspection and integration of the geological and geomorphological features of the target area.
This study presents simply criteria to use the drainage network pattern as a tectonic footprint. We
propose a step-by-step procedure, based on the Strahler hierarchical order (Strahler, 1964), in
order to enhance the directionality of the drainage pattern related to structural control. This
method has been tested in the intra-arc of central Andes, at latitude 36° S, where structural field
work with hundreds of field measurements characterizing the San Pedro — Pellado and the
Laguna del Maule Volcanic Complex (SPPVC and LAMVC) has been recently published

(Cardona et al., 2018; Garibaldi et al., 2020; Sielfeld et al., 2019b).

2 Materials and Methods

In recent years, most studies on the extraction of geological lineaments from remote
sensors have focused on improving the algorithms for the extraction of lines from raster datasets.
In this study only the drainage pattern shape is considered as a strain marker and it is used to
infer hidden tectonic structures. This approach reduces the number of extracted lines with respect

other methods, as most of them are considered redundant information.

Here, we propose a methodology to enhance the tectonic signal present in the drainage
pattern, based on the Strahler hierarchical ordering of drainage channels (Strahler, 1964). We
perform a different geostatistical treatment on different order segments, giving higher weight to

higher order segments, commonly related to tectonic structures, without dismiss the lower order
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segments, assigned to a lower weight in the directional statistics. The process is resumed in the

flowchart of Figure 2, and it is also fully described below.

The proposed method was tested in the areas outlined in Figure 1, where previous
structural studies provide hundreds of field measurements (Garibaldi et al., 2020; Sielfeld et al.,
2019b). Following these studies, the subdomains of Troncoso Canyon (TC), San Pedro Pellado
volcanic complex (BC), the Wester block (WB), and the North Easter block (NEB) are adopted
here. Once the method was calibrated in areas with detailed structural characterizations, the
study area was expanded to carry out a regional scale study. For this purpose, a grid, separating
the entire study area in 16 subdomains of 425 km2 each, was generated and individual analysis

were performed to derive the directional trending in each subdomain, that are finally represented

in rose plots.
PROCESSES | RESULTS PRODUCTS
Extract Drainage network shape ‘ Polyline layers of drainage network: Tectonic
l ’ 1-First order segments interpretation
‘ 2-Second order segments (Fig. 7)
Separate segments by hierarchical order —[ 3- Third and higher orders 5
“77 : : L& Lineament map
Simplify segments Eliminate short Polyline layer of the [ line density » (Fig. 6)
(tolerance threshold) segments straight segments [7| map (length L]
weighted) Rose plots map
{ Extract directional statistics ‘l Original rose plots H (Fig. 5)

Strahler Consider the diferences
average between diferent orders

Post process rose Compan:lon of results
plots (Fig. 4)

Figure.2 Flow chart with the steps to follow in the methodology of this study
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2.1 Derive drainage network and Strahler order

The drainage network is an interconnected pattern of dry gullies formed by water erosion
along with streams and main rivers. In this study, the drainage network was derived from the
ALOS PALSAR DEM (12,5 m), based on the D8 (multidirectional method) method using
“Hydrology Tool” (Tarboton et al., 1991) in ArcGIS software 10.3 version. The D8 model
algorithm determines the flow direction based on water flow from a given cell into only one
adjacent cell. The flow accumulation was calculated from the flow direction raster by assigning a
threshold area (Jenson and Domingue, 1988). River networks are then derived by imposing a
variable threshold for the minimum contributing area, which value finally determines the
drainage densities (e.g., Colombo et al., 2007). However, the distribution of azimuth directions
for the drainage networks at various threshold levels derives not significantly different results
(Radaideh et al., 2016). In this study, an accumulation threshold of 1600 DEM cells (0,25 km2)

was used as a routine criterion.

On the other hand, Strahler stream ordering system (Strahler, 1964) reflect morphometric
parameters of the drainage network and depends on the drainage density, which in turn depends
to the minimum contribution area threshold used to extract the drainage network. Strahler order
can be derived from digital elevation data by using specific GIS tools. Recent studies
demonstrate how the direction of the drainage network and its relation with tectonics varies with
the Strahler orders (e.g., Duvall et al., 2020; Resmi et al., 2019; Saidi et al., 2020). In this study,
we first separate and then focus on the directional properties of 1) 1st order channels, 2) 2nd

order channels, and 3) channels of 3rd and higher orders.
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2.2 Segment simplification process

The drainage network is composed by sinuous lines that need to be broken up in straight
segments, in a process called simplification. For this purpose, the Douglas-Peucker algorithm
(Douglas and Peucker, 1973) is used in order to reduce the number of points needed to represent
each river segment to within a certain predefined tolerance. The tolerance is the maximum
distance that any point (vertex) of the original river path can be laterally separated from the
straight line that best fits the original river segment. A smaller tolerance distance generates more
well-fitted straight segments to the original rivers, while using a larger tolerance the drainage
network becomes over simplified and less straight segments are needed to represent it. The effect
of increase the tolerance is similar to reduce the resolution of the data source, resulting in larger

straight segments from the simplification process (e.g. Barth et al., 2012).

The tolerance threshold must be defined according to the geomorphic characteristics of
river network. A drainage network study using Google Earth showed quite straight rivers in the
main valleys (sinuosity index <1.2), with some local sinuosity due to endogenic dynamic
processes, such dejection cones reaching the channel from the lateral hillslopes, lava flows
locally changing the hardness of the valley floor, or sections where the river follows a
meandering path. On the other hand, first-order segments generally appear as streams embedded
in the slopes, with very little lateral mobility. Therefore, we simplify the first order segments
using a tolerance range of only 75 meters, whereas a tolerance range of 300 meters wide has
been granted in the simplification process of rivers of third to sixth order. Then a threshold of
150 m is assigned to the second order channels after applying the principle of linear progression

of tolerance.
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2.3 Extract length and frequency statistics

Once the drainage network is classified and separated by channel ordering, and sinuous
segments are simplified to straight segments using different tolerance thresholds, short segments
are eliminated by segment debugging. The criteria used to remove short segments again varies
according to the Strahler order, as all segments with length less than twice the tolerance value
occupied were debugged in the line simplification process. The effect of removing the short
segments on the statistic is that the mean length of the remaining segments become larger, as the

number of segments is significantly reduced while the total length is almost not affected.

Using specific GIS tools, we extract the values of direction and length for all segments
composing a polyline layer. In this study, separated statistics of channel directionality for
segments of the first, second, and higher hierarchical orders were extracted. The results include
the total length and frequency of straight segments for a given interval of direction (e.g. 18 bins

of 10°).

The total length of segments in a given direction —instead of the number of segments- has
been used in the statistics to follow, and therefore, rose plots are length weighted. The mean
length of the rectilinear segments is considered a fundamental parameter to define tectonic

lineaments (e.g., Han et al., 2018; Saidi et al., 2020).

2.4 Strahler averaged directions

The interrelation between the drainage network and tectonics differs between segments of
different Strahler orders (e.g., Resmi et al., 2019; Saidi et al., 2020). As a general rule, segments
of higher orders are more controlled by main tectonic structures, whereas segments of the lower

orders are more affected by noise (e.g., Duvall et al., 2020; Gioia et al., 2018). Based on this, we
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would only use the higher order segments to analyze the directionality of the drainage network.
However, the total length of the third or higher order segments is only the 25% of the total length
of the entire drainage network (see Figure 3), and the other 75% of segments would contain

valuable information at a local scale.

After the extraction of the directional statistic data for three hierarchical orders (Figure 4)
the total length in all directions to 100%, in order to obtain the percentage of the length of
segments in each direction. This normalization process allows comparing the directionality of
different Strahler orders segments, independently of the differences in their total length. Then,
the normalized percentages were used to carry out an average from the results of the three

hierarchical orders, in each zone.
Strahler average for direction; = (percent orderl; + percent order2; + percent order3;)/3

This averaged percentage implicitly carries a weighting operation, here called the
“Strahler average”. The Strahler average is conditioned by the Strahler length ratio (Strahler,
1964), which relate the total length of segments of a given order with respect to the total length
of the segments of the next higher order. For example, in the focus area of this study, segments
of order 1 double the total length of those of order 2, being the length ratio close to 2. Thus,
when average the normalized percentages for each direction (separated directional analysis for
different Strahler orders), channels of higher order-which have a shorter total length- get a
greater specific weight in the averaged percentages. The sub process named “Strahler average”,
where the normalized percentages are averaged, implies that the specific weight of a certain
order segments in the average is inversely proportional to the total length of the river segments in

that order.
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The last statistical manipulation is applied to enhance the directions related to tectonic
structures. It is assumed that, when a channel is following a tectonic structure, most tributaries
will be perpendicular or oblique to it. Therefore, if channels of different orders follow the same
direction, it would be assumed that this is probably due to the regional slope. Here we propose to
consider the deviations between individual analyses — percentages of segments in the same
direction, for the different Strahler orders- with respect to their average. Deviations are added, as

an absolute value, to the Strahler average (SAv).

Final % for direction; = %SAv + ABS (%SAV - %orderl;) + ABS (%SAv -%order2;) +

ABS (%SAv -%order3;)

2.5 Density map and lineament interpretation

The density map was performed from the shape conformed of straight segments,
representing the original drainage network, using the “line density” algorithm of ArcGis. For this
process, a search radius of 0.5 km was used, and the segment length was applied as a weighting
value. As a result, river paths have different density signal depending on the length of the straight
segments. Finally, a manually draw of the lineaments was performed by following the highest
density spots, which correspond to the longer straight segments of the fluvial network. The

lineament map is finally used to perform the tectonic interpretation.

3 Results

3.1 Strahler order, segment length and frequency

In the 6500 km2 study area, the total length of drainage network (upstream catchment>
0.25 km2) is about 12900 km. After the simplification process, the data has been filtered to

eliminate the shorter segments with lengths being less than the width tolerance previously used
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to simplify lines. The reduction of shorter segments leads to a total length of 7830 km, that is the

value considered for further analysis.

12000 « ¢ 4500

10000 <

#5000 + F 3000

BO00 o

4000 4 - 1500

number of lineaments (N)

2000 4

Total Lenght (km) / Mean lenght {m)

04 -0
lorder 175 Jotder 175 Jotder 1150 lorder 1300

Hierarchical order and tolerance threshold

B rotal Bagth (km) @ mean length (m)  e=@e=Number (N

Figure 3. Graph showing the differences in the number of straight segments, total length, and
mean length derived from the drainage network of the entire study area, and separated by
different Strahler orders. Note that different threshold values of tolerance were used in the
simplification process. The first columns represent the first order segments, which were
simplified with a tolerance of 75 m. The second columns represent the second order segments
and the same tolerance of 75 m., whereas the third column are the second order segments
obtained with a tolerance threshold of 150 m. The fourth column are the third to sixth order

segments, using a tolerance threshold of 300 m.

The figure 3 illustrates the influence of the Strahler order and simplification tolerance
threshold on the number of segments, their mean length, and the total length. The comparison

between first and second column (Figure 3) show the difference in number and length between



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

manuscript submitted to TECTONICS

first and second order segments, when both were simplified using the same tolerance threshold
(75 m). The total length of second order segments is about 60% less than first order segments
(from 9554 to 3863 km), what means a length ratio of 2.5 approx. In such case, the mean length
of segments does not vary significantly between first and second order (from 423 to 511 m.). On
the other hand, the comparison between the first and third columns (Figure 3) show that the
mean length of segments increases by 160% (from 511 to 822 m) when a wider tolerance (150
m) is used to simplify the second order segments. In this case, the number of second order
segments is about 25% of the number of first order channels, whereas the total length decreases
about 50% (length ratio = 2). Consequently, the mean length of the second order segments is
almost twice the mean length of the first order segments (from 423 to 822 m.). The third to six
orders segments (fourth columns in Figure 3) present a total length similar to the second order
segments, being the consequent relation considering a length ratio close to 2. From these
observations, we recognize how the tolerance threshold used in the simplifying process affects to
the length ratio, which is determined by the difference in the total length between two

consecutive Strahler orders.

3.2 Drainage network directions

The view of different plots representing the directionality of the drainage network allows
to compare the differences and similarities between the different approaches (Figure 4). The
same analysis was performed for the entire study area, and for four subdomains (see locations in
Figure 1), where recent studies provided detailed structural data from field measurements

(Garibaldi et al., 2020; Sielfeld et al., 2019).

The representation of the first order segments create the most homogenous rose plots,

especially in larger areas (Figure 4). As first order segments greatly contribute to the total length
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of the drainage network (50% of the total segment length), the complete drainage network
directionality -before any treatment- also show very homogeneous roses, with no clear
preferential trends. (fourth column in Figure 4). Segments of different orders present different
main directions (Figure 4). As a general observation, the main direction of second order
segments is almost perpendicular to the main direction of the segments of third and higher
orders, whereas the main direction of first order segments appears parallel to the second order

segments in some locations, and oblique to perpendicular in others.

The analysis of the entire study area (first row in Figure 4), show the first and second
order channels represented with homogenous roses, whereas the segments of higher orders show
a light trend to the NNW. By contrast, smaller areas present clear trends standing out in most

rose plots, even those representing the first order segments (Figure 4).
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Figure 4. Rose plots with 10° bins showing the directionality of the drainage network (all
length weighted), with the circular mean direction shown as a light red bin. The rose plots in the
first three columns shows the directionality of the drainage network, separated for the first,
second, and third to sixth order segments. Plots in the fourth column show the directionality of
the the complete drainage network (>0.25 km2 upstream), before any treatment. Plots in the fifth
column shows the directionality after the Strahler average weighting; and plots in the sixth
columns shows the final results, after considering the relative differences between segments of

different Strahler orders.
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The rose plots after the Strahler average and after considering the deviation from the
average (columns 5 and 6 in Figure 4) show the effect of the post-process carried out to enhance
the directions of the drainage network related to tectonic structures. The rose plots in the column
“Strahler average” show the effect of enhancing the directionality of the higher orders with
respect to first order segments. Finally, the rose plots at the outmost right column are the result
of considering the directional differences between channels of different hierarchical order, which
allows enhancing the directions that stand out in a specific Strahler order, even when such
direction do not stand out in average. The last enhancing effect is particularly notorious in the

results considering the whole study area.

3.3 Drainage directions Vs. structural measurements

In order to test the proposed method, the directionality of the drainage network was
determined for the entire study area, were the main tectonic trends at an orogenic scale is
expected to be detected. These results were also tested in the 4 subdomains within the study area
(Figure 1), where previous detailed structural characterizations have been recently published.
The results of the analysis of the drainage pattern according to the presented methodology are

full in line with the field measurements.

The final rose plot of the entire study area (right column; Figure 4) presents four main
trends that stand out from the average: 1). The NNW direction, parallel to the plate margin, is the
dominant trend, and coincides with the main structures along southern Andes (e.g., Liquifie-
Ofqui fault system). 2) Almost perpendicular to the main trend, the NW-SE direction is related to
the Andean Transverse Faults (ATF), which have been broadly recognized at southern latitudes
(e.g., Cortaderas lineament; Cembrano and Lara, 2009; Sielfeld et al., 2019a), and also north of

the study area (e.g., Tinguiririca fault; Giambiagi et al., 2019; Pearce et al., 2020). 3) The third



342

343

344

345

346

347

348

349

350

351

352

353

manuscript submitted to TECTONICS

direction standing out is the 60-70° ENE trend, coinciding to the structural anisotropy named the
Tatara Damage Zone (TDZ) (Ruz et al., 2020; Sielfeld et al., 2019b). 4) Finally, the E-W

direction (90-100°E) also stand out.

Figure 5. Map of the study area divided in 16 subdomains. Rose plots show the directionality of

the drainage network after the statistical post process.

The first subdomain used to test the method is centered in the Tatara - San Pedro
Volcanic Complex (CB; Figure 1), an Early Pleistocene—Holocene group of composite
volcanoes, lava flows, dike swarms, and minor volcanic vents, with a general ENE orientation
(Singer et al., 1997). This area is characterized by dominant ENE- to WNW-striking normal

faults (Sielfeld et al., 2019b). The post-processed rose plot (right column, Figure 4) shows a
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predominant direction of 60-70° (ENE), and 100-110° (WNW). The NNW-SSE also stands out
in the plot (Figure 4), related to the main rivers in the area (Melado and Colorado rivers), and
also minor canyons draining the north face of the San Pedro volcanic edifice (Figure 1).
Structures striking NNW has been reported in the western edge of this domain (see Figure 3 in
Sielfeld et al., 2019b), and this direction coincides with the stress condition for the orientations
of all pre volcanism dikes, placed in a tensional regime (Sielfeld et al., 2019b). The NE trend
also appears as a large petal in the rose plot, and it is probably related to the NE-striking La Plata

Fault.

The Western Block (WB; Figure 1) is defined by volcano-sedimentary rocks affected by
NNE- to ENE-oriented transtensional dextral oblique-slip faults (Sielfeld et al., 2019b). The
directionality of the drainage network in this area fully matches the field observations (Figure 4).
The NNE direction is related to the Melado fault, which presents recurrent seismicity at its
northern edge, near the southern slope of the Tatara-San Pedro volcanic complex (Cardona et al.,
2018). On the other hand, the N 60-70° E is related to the TDZ and its associated structures

(Sielfeld et al., 2019b).

The Northeastern Block (NEB; Figure 1), located along the Maule and Los Condores
valleys, to the northwest of the LAMVC, present a very dominant NNE direction, probably
related by La Plata fault, which follow a well-recognized lineament striking N25-20°E. The
predominance of the NNE direction is particularly notorious at second order channels (Figure 4).
The secondary trend is the 100°E probably related to the Maule Valley lineament. By contrast,
the NW-striking structures recognized in the field (e.g. Los Condores fault; see Sielfeld et al.,

2019b) does not stand out within the drainage main directions in this area.
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The Troncoso Canyon (TC; Figure 1) is characterized by the Troncoso fault, a major
normal fault that strikes NE and dips to the NW. The Troncoso hanging wall contains abundant,
young (b 23 ka) NE-striking normal faults, whereas the footwall is largely unfaulted, with few
NNW-striking faults (Garibaldi et al., 2020). Similarly, the analysis of the drainage network in
this area shows the NE-SW as the main direction, and the perpendicular NNW-SSE direction
appears as the secondary main trend. The E-W direction slightly stand out in the rose plot
(Figure 4), and such direction was recognized as the main direction for strike slip structures in
the Troncoso Canyon (Garibaldi et al., 2020). The 40-50° NE direction predominates in

subdomains located to the NE of the study area (Figure 5).

In summary, four main direction stand out from the drainage pattern in the study area:
NNE-SSW, NW-SE, ENE-WSW, and E-W (Figure 5). The newly proposed statistical approach
to interpret the directionality of the drainage network fully matches the field observations in the
whole area and minor subdomains. This coincidence demonstrate that the processing proposed in

this study helps to enhance the directions of the drainage network related to tectonic structures.

Finally, a line density map, derived from the straight segments of drainage network, was
used to perform a lineament map (Figure 6), which in turn, was used to infer tectonic structures

and interpret the tectonic setting. (Figure 7).
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394  Figure 6. Line density maps (left column) and their interpretation (right column), resulting in
395 lineament traces. The upper map presents the density result of all the straight segments
396  composing the drainage network. The middle and lower maps only plot segments oriented in O-

397 90°N, and 90-180°, respectively. Colors of lineament only represents different directional ranges.
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4 Discussion

4.1.  Tectonic evolution from lineament interpretation

Crustal deformation derived from plate convergence is heterogeneously accommodated
within fault systems in the intra-arc region of the Southern Andes, where local structural
domains are characterized by diverse but coherent fault geometries and kinematics. The SAVZ is
of particular interest due the long-term mechanical interaction between NNE striking margin-
parallel faults and the Andean Transverse Faults (ATF) trending WNW-NW (e.g. Cembrano and
Lara, 2009; Rosenau et al., 2006). At orogenic scales, this interaction results in Riedel-type
deformation, favoring the formation of ENE oriented transtensional fault damage zones, which in
turn, facilitate structural conditions for the migration and emplacement of geofluids in the upper

crust (Pérez-Flores et al., 2016; Sielfeld et al., 2019b; Stanton-Yonge et al., 2016).

The analysis and interpretation of the drainage pattern in the LAMVC area suggest the
interaction of two conjugate Riedel systems, both characterized by extensional and
compressional areas delimited by strike slip faults. The Melado Fault, at the eastern edge of the
study area (Figure 1), is a strike-slip fault striking N to NNE, here considered as the master
western fault of a dextral Riedel system (Figure 7A). North of the study area, the E-W lineament
following the Maule valley is related to a sinistral strike-slip fault, which would correspond to a
type R' antithetical fault of a Riedel system. Other E-W lineaments can be inferred at the center
and south of the study area (yellow lines in Figure 6). The Troncoso Fault, which crosses the
Laguna del Maule in a NE-SW direction, is defined as a dextral strike-slip fault with a normal
component (Garibaldi et al., 2020), and would be interpreted as a R-type synthetic fault of a

Riedel system.
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The dominant ENE trend within drainage patterns is related to the Tatara Damage Zone
(TDZ). This trend is also found within a wide area south to southeast of the LAMVC (Figure 5),
where extensive volcanic formations, from the Miocene to the recent period, have been
documented (Narciso et al., 2004). The TDZ is characterized by the generalized presence of
ENE-striking normal and strike-slip faults, combined with the emplacement of dike swarms
oriented 60-70°E, since the early Pleistocene (Sielfeld et al., 2019b). The geometry and location
of the TDZ is compatible with the extension zones in a Riedel system (Figure 7). This broad
extensional region is related to distinct magma bodies, associated with the Tatara-San Pedro and
the Laguna del Maule volcanic complexes, and the Mariposa Geothermal System (Reyes-
Wagner et al., 2017; Sielfeld et al., 2019b). The lineament map generated in this study (Figure 6)

allows to extend the TDZ to the E, as far as up to the Campanario Volcano (Figure 7).

The drainage network tends to reflect the geometry of underlying active or inactive
tectonic structures, so passively deformed and dynamically rearranged river basins may coexist
in the same mountain range (Castelltort et al., 2012). In order to explain the tectonic evolution of
this area, the E-W Maule valley lineament is interpreted as an ancient ATF, which was a
dominant fault prior to the progressive rotation of the compressional vector, occurred since the
Pliocene (Lavenu and Cembrano, 1999; Pardo-Casas and Molnar, 1987). This progressive
rotation in the stress field may favor the development of dextral strike slip and normal ENE-
striking faults within the TDZ. The ENE direction also coincides with the presence of normal
faults located in the northern margin of the Laguna del Maule (Cajon de Bobadilla), previously
defined as a series of collapse structures generated after old mega eruptions (Hildreth, 2010).
Finally, the tectonic framework favors the development of an ENE oriented transtensional pull

apart basin, with the Laguna del Maule as a depocenter (Figure 7B). Similar structures have been
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observed in analog models (Wu et al., 2009). Then, the Troncoso fault is considered as the main
exponent of the cross-basin strike slip fault zone. Additionally, the recent development of en-
echelon oblique-extensional faults close the Laguna Negra, to the west of the Laguna del Maule,
have been identified. These structures are characteristic transtensional pull apart basins (Wu et

al., 2009).

Simultaneously to the development of the pull apart basin, the adaptation to the new
stress field probably led to the gradual decrease in the amount of deformation accommodated by
the main E-W sinistral faults, and the reactivation of other faults with sinistral kinematics, in a
NW-WNW to SE-ESE direction (e.g. Los Condores and Laguna Fea faults). The reactivation of
ancient ATF faults is also suggested by Pearce et al., 2020 for the Tinguiririca Fault, located
about 100 km to the north of the study area. The current seismicity along the Laguna Fea Fault
(see Cardona et al., 2018) and the identification of others NW-WNW striking lineaments located
northwards is consistent with the development of a conjugated sinistral Riedel system. Within
this second set of Riedel structures, the long-lived NE striking Troncoso Fault is acting as a
dextral strike-slip fault, corresponding to a type R 'sinthetical fault of a sinistral Riedel system.
The R-type antithetical fault of this system would be represented by an incipient E-W lineament,
crossing close to the southern margin of the present lagoon, what is consistent with the presence
of E-W strike slip faults recognized in this area (Garibaldi et al., 2020), and also westward, in the

Saso Canyon (Sielfeld et al., 2019b).

The orogenic scale dextral Riedel system and the local sinistral Riedel system share the
LdMVC as a depocenter (Figure 7B). Fault geometry support the interpretation that active faults
at the LAMVF are tectonic rather than volcanic in origin, forming a transtensional zone that hosts

the magmatic system (Peterson et al., 2020). The interaction between conjugate Riedel systems,
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sharing the Laguna del Maule as a depocenter, is consistent with the normal component of the
Troncoso Fault, and the recent SW-NE and N-S faulting (Garibaldi et al., 2020; Peterson et al.,
2020). The occurrence of a minor scale pull apart basin, having the Troncoso fault as the western
master fault, has been suggested by other authors (Cardona et al., 2018; Miller et al., 2017),
however at the scale of the present study, it is not detected from drainage patterns in a 12.5m X

12.5m DEM.



manuscript submitted to TECTONICS

Volcanic edifice or vent

— Fauit trace

- === Infered fault or lineamem

Riedel moded Sindseral
compresional aress Riedel model extersional areas

472

473 Figure 7. Schematic representation of the tectonic evolution of the Laguna del Maule on the
474 lineament map (grey lines). A) Orogenic scale dextral Riedel system, having the Melado fault as
475  awestern master fault. Orange areas represents the theoretical areas in extension, whereas green

476  areas represent areas in compressive regime. The most significative Plio-Pleistocene volcanoes
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are also represented. B) Development of an ENE oriented transtensional pull apart basin and
having the LAMVC as a depocenter, taking advantage of the Tatara Damage Zone. The
reactivation of the NW oriented faults and development of a sinistral Riedel system, favoring the

recent volcanism around the Laguna del Maule.

4.2.  Drainage pattern as strain marker: advantages and limitations

The geological lineaments acquired via GIS techniques are not consistent even though a
variety of manual, semi-automated, and automated techniques are applied (Ahmadi and Pekkan,
2021). Different algorithms recognize, enhance, and extract the linear components of raster

images.

Drainage network often reflect the underlying anisotropy of fault damage zones, since
they generate local relieve, lithological differences and weaknesses. Moreover, river segments
can be classified according to their hierarchical order, and then perform a different treatment for
each order. As explained in the methodology, the simplification algorithm derives a
representation of the original river network, but in the form of rectilinear segments. In this study,
different tolerance thresholds in the line simplification process were assigned to each hierarchical
order. The threshold values, selected depending on the valley width, differ between channels of
different Strahler order (wider tolerances were used to simplify the segments of higher orders).
By applying wide tolerance values for higher order segments, the longest straight segments of
main rivers remain preserved. This process also dismisses the local sinuosity due to the dynamics
of the river itself or external factors, such as the contribution of sediments from valley sides.
Thus, the tolerance threshold used to simplify the river network defines what is accepted as the

local sinuosity of a river, without disturbing its linear trend. The tolerance threshold could be
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highly variable depending on the geological context and the scale of study, and for this reason,

the intrinsic sinuosity and the valley wide of some rivers must be previously verified.

Derive long lineaments from automatic extraction methods is challenging, especially in
areas where deformation is dominated by gentle inclined faults following the topography. Their
related lineaments become shorter for the more dissected directions, being statistically
underestimated. This statistical approach proposed in this study allows to enhance the tectonic
signal of the drainage directions, considering that the longest straight segments are probably
related to continuous tectonic structures. The method also uses the Strahler hierarchical ordering
to give more specific weight to the higher orders segments, without dismiss the information from

lower order segments, which tend to have a more isotropic directionality.

In most of geological settings the drainage network undergoes the influences of both
factors, geological structures and regional slope (Ribolini and Spagnolo, 2008). At a local scale,
relieve can reduce the influence of the bedrock fracture pattern on the arrangement of minor
streams (Gioia et al., 2018), whereas at orogenic scale, the drainage network shifts to the almost
total influence of the slope when tectonics dismiss (Babault et al., 2012; Saidi et al., 2020).
Regions that have uniform environmental conditions and have been largely devoid of tectonic
strain, such as passive coastal margins, have predominantly isotropic topography with typically
dendritic drainage network patterns (Roy et al., 2016). Then, the relation between drainage and

tectonics should not fit very well if drainage pattern is strongly dominated by regional slope.

Regional strain distributes heterogeneously among fault systems but their related
lineaments are characterized by periodicity and characteristic spatial pattern also at a local or
regional scale (Jordan and Schott, 2005). However, the spatial distribution and population of

lineaments in a given orientation can vary significantly according to the observation scale (e.g.
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522 Barth et al., 2012). Therefore, the statistics of lineament orientation also depends on the size of

523  the study area (e.g., Xu et al., 2020). The number, length, and density of lineaments also varies

524  with the spatial resolution of the DEM (e.g., Das and Pardeshi, 2018; Meixner et al., 2018;

525  Rajasekhar et al., 2018; Smith and Wise, 2007; Soliman and Han, 2019). This effect can be

526  observed in this study. For example, the ENE trend do not stand out in the North-Eastern Block
527 (Figure 4), whereas it is the dominant direction in the minor subdomains that cover the southern

528  area of the NEB, but that extend their coverage area to the sides. (Figure 5).

529 On the other hand, river networks are derived by imposing a variable threshold for the
530  minimum contributing area, which value determines the drainage densities (e.g. Colombo et al.,
531 2007). What is considered a first order channel is relative by definition, since it depends to the
532 minimum contribution area threshold used to derive the drainage network. A given basin can
533  have segments of some hierarchical orders, normally 4-7, depending on the size of the basin. The
534  minimum drainage area considered to be representative should depend on the resolution of the
535  DEM. However, the distribution of azimuth directions for the drainage networks at various

536 threshold levels derives not significantly different results (Radaideh et al., 2016). According to
537  the results of the present study, a minimum contribution area of 0.25 km2 is well adapted to the
538 DEM of 12.5 * 12.5m, assuming that 1600 pixels are enough for the algorithms that calculate
539  flow accumulation and deliver representative values. Any attempt to use a smaller value for

540  minimum catchment area with a low resolution DEM will give inaccurate drainage networks,
541  especially when the drainage network is dense (e.g., Ariza-Villaverde et al., 2015; Ribolini and
542 Spagnolo, 2008). By contrast, the effect of using a higher threshold would be similar to reduce

543  the resolution of the data source (Barth et al., 2012).
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In progress studies suggest that this methodology also presents good fit in other areas, but
work is being done to better understand the limitations of its application in other morphotectonic
contexts. It is also pending for future work to compare the methodology with a better resolution

DEM, which would allow to improve the results at a smaller observation scale.

5 Conclusions

This study analyses the drainage pattern to extract lineaments and infer tectonic
processes. The spatial distribution of larger lineaments can be used to interpret the tectonic
evolution, and aims to better understand the structures involved in the magma rise and volcanism
in the LAMVC. The results are consistent with the development of a set of conjugated Riedel
systems shearing the Laguna del Maule as a depocenter. An orogenic scale dextral system,
having the NNE striking Melado fault as the western master fault, has favored the formation of
ENE oriented extensional areas and subsidiary structures. This system is perpendicularly
intersected by a local scale sinistral Riedel system, favored by the reactivation of a WNW-NW
faults (Laguna Fea and Los Condores faults). The orogenic scale dextral Riedel system and the
local sinistral Riedel system share the LAMVC as a depocenter, and their subsidiary structures
coincides in motion and orientation creating a positive feedback. The extensional areas are
oriented ENE, whereas areas in compressional regime trends to NW. Both directions coincide

with the path of magma and geofluids broadly described in the SAVZ.

Our results confirm that the analysis of the drainage network directionality is a potential
tool for tectonic analysis. The proposed method has been successfully tested in an area with
complex tectonic setting, within the intra-arc of the Andes mountain range. Based on remote

sensing, it can be particularly useful in predicting the location and orientation of structural
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features that would otherwise be impossible to identify and interpret in the field, especially in

areas with difficult access, covered by dense vegetation, or with discontinuous outcrops.
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