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ABSTRACT

Tight fractured sandstones of the Devonian Huamampampa Formation are associated
with large gas discoveries in the sub-Andean fold-and-thrust belt of southern Bolivia.
ALIDAR-based fracture characterization of the Abra del Condorbacklimb anticline, a structural-
stratigraphic analog, is used as the basis for a fracture stratigraphy determination. Frac-
ture characterization using LIDAR is integrated with outcrop scanlines and is framed by
stratigraphy and structural positions within this thrust-related anticline. SEFL software
was used to process LIDAR data, dividing the outcrop by orientations. A workflow to ex-
tract modeled fracture planes and their associated orientations, lengths, and heights results
in five fracture sets, partially validated by fracture outcrop scanlines. Multiple virtual scan-
lines are used to measure fracture intensity, identify fracture stratigraphic units, and define
fracture-associated parameters of abundance and size distribution.

Our LIDAR-based fracture characterization indicates a distribution of fracture intensi-
ties according to their structural position, decreasing from the hinge to the backlimb. From
the five fracture sets identified, one set of orthogonal fractures dominates. Moreover, most
of the fractures are contained or bounded within their fracture stratigraphic units and calcu-
lated fracture spacing ratio and the fracture space index show a nonexistent relation between
fracture spacing and the fracture stratigraphic unit thickness.

Copyright ©2018 by The American Association of Petroleum Geologists.
DOI:10.1306/13622135M1173780

551

00000_ch21_rev02_551-586.indd 551 06/09/18 6:59 PM



552 GARCIA-SELLES ET AL.

INTRODUCTION

Outcrops of the Devonian Huamampampa Forma-
tion at the Abra del Condor area (Figures 1, 2) offer
the opportunity to study a natural fractured reservoir
analog, which plays an important role in the model-
ing of the hydrocarbon fields of the Subandean ranges
of Argentina and Bolivia. The Abra del Condor area is
located 60 km (37 mi) west of some of the giant gas
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fields producing from this reservoir. Previous work
shows that most of the near-surface fractures can be
identified and counted and that the property and frac-
ture attributes between the outcrop and the subsurface
are close enough, making the outcrops excellent ana-
logs for the subsurface (Iiiigo, 2009).

The study location is within the outcrops of the Abra
del Condor anticline, which was formed in a fold-and-
thrust belt tectonic setting. Fractured sandstones of

Figure 1. a. Regional setting of the
studied area. b. Topographic map
of the central Andes and geologic
subdivisions with the situation

of the Abra del Condor in the
Subandean ranges.
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the Huamampampa Formation are exposed dozens of
kilometers along the backlimb of the structure in small
cliffs. Zapata and Araujo (2003) established a compari-
son between the outcrop and the easterly sub-Andean
reservoirs, and Florez-Nino et al. (2005) described and
proposed an interpretative model of faults and frac-
tures. Ihigo (2009) and Iiigo et al. (2012) focused their
work on the characterization of microfracture aper-
tures. Additionally, the sub-Andean ranges have been
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Figure 2. Geological map of the
western sector of the Piedra
Larga thrust sheet, focused

at the hinge and backlimb of
the subsidiary fold of the Abra
del Condor anticline. The map
includes the geological cross-
section situation (Figure 3),
stratigraphic formation bounda-
ries, and the main tectonic
structures.

of structural, stratigraphic, and mineralogical interest
by other authors (Baby et al., 1992; Kley et al., 1996;
Labaume et al., 2001; Moretti et al., 2002; Echavarria
et al., 2003; Rocha and Cristallini, 2015). The exposed
Devonian Huamampampa Formation is composed of
quartzitic sandstones with primary porosity values
less than 2% (Moretti et al., 2002; Ifiigo, 2009), but it is
affected by natural fracture systems that enhance the
effective permeability (Zapata and Araujo, 2003).
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Following the terminology of Peacock et al. (2016),
natural fractures are mechanical breaks in rocks that
contain displacement discontinuities across surfaces or
narrow zones. They are subdivided into faults, when
they have their movement parallel to their surfaces,
and opening-mode fractures, when they show displace-
ment normal to their surfaces (Hancock, 1985; Pollard
and Aydin, 1988). Opening-mode fractures are termed
veins or joints depending on the amount of mineral
deposits within them. Fractures in Huamampampa
Formation cores are quartz and calcite-lined opening-
mode fractures and small faults (Ifhigo et al., 2012).
Natural fractures form and propagate when failure
criteria are met. Therefore, understanding natural frac-
tures is fundamental to modeling the Subandean range
reservoirs and to delineate the high productivity areas.

This study aims to be a quantitative evaluation of
the fracture pattern in the Abra del Condor anticline,
across an area of about 1.7 km (1 mi) by 1 km (0.6 mi;
Figure 2). The study was carried out by means of Light
Detection and Ranging (LIDAR) and its applicability
to fracture characterization (Sturzenegger and Stead,
2009; Seers and Hodgetts, 2014). LIDAR technology
consists of a Terrestrial Laser Scanner (TLS) device
that captures the topographic surface of outcrops
through points and creates a high resolution digital
outcrop model (HRDOM,; Slob et al., 2005). Surface
shapes are represented with more detail according to
the scan densities, usually one point each few centi-
meters. HRDOMSs contain fracture surfaces with suf-
ficient detail to capture and reconstruct them digitally,
keeping most of their geometrical characteristics
(Garcia-Sellés et al., 2011; Santana et al., 2012).

The presented workflow is related to the detection,
measurement, and modeling discontinuities as they
are related to fractures. State-of-the-art methods are
applied in this study, based on recent developments in
TLS fracture measurements (Garcia-Sellés et al., 2016).
To this end, we produced a virtual fracture model and
used it to characterize the spatial distribution of frac-
tures in rock masses at the Abra del Condor outcrop.

Parameters in Fracture Characterization

Individual fractures are characterized by the coor-
dinates of their surface central position or centroid,
fracture length, height and area, aperture (undetect-
able with this methodology), and surface orientations
grouped by orientation set (Priest, 1993). Moreover, at
the rock mass characterization level, the relationship of
the individual fractures is determined by four factors:
(1) the spacing between fracture sets; (2) the coeffi-
cient of variation level of fracture clustering (Gillespie
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et al., 1999); (3) mean values of length, height, and
area as well as their frequency distributions, which
reflect their best fit function (Bonnet et al., 2001); and
(4) the parameters to describe the amount of fractur-
ing (Dershowitz and Herda, 1992).

Virtual fracture model is used to calculate the
amount of fracturing for the rock mass, using a
term called “fracture abundance,” as proposed by
Dershowitz and Herda (1992). The fracture is de-
scribed as density, intensity, and porosity, where each
parameter describes different concepts along a line
(1-D), an area (2-D) and a volume (3-D). The concept
measured in density is the number of fractures: P,,, Py,
and P,; in intensity it is the number of fractures with
an attribute of dimension, a number of centroids (1-D),
length of fracture traces (2-D), and area of fractures
(3-D): Py, P,;, and P,. Porosity is used when the frac-
ture aperture is present to calculate the percentage of
fracture space in a rock mass: Py, P,,, and Ps;. These
measurements depend on the sampled scanline or
area orientation, with the exception of the P, value.
P;, measures the fracture area per unit of volume. This
parameter cannot be directly measured from the out-
crop surface and must be calculated indirectly from
the extrapolation of other abundance measurements
(Wang, 2005).

The methodology applied in the virtual fracture
model measures the fracture intensity, parallel to
bedding every 10 cm (4 in.), allowing the recognition
of vertical changes in intensity trends and the es-
tablishment of limits for fracture stratigraphic units
(Laubach et al., 2009). The term “fracture stratigra-
phy,” superseded and redefined from the previous
usage (Hanks et al., 1994) by Laubach et al. (2009),
is used to subdivide the rock mass in units based on
fracture attributes. Rock heterogeneities plus bedding,
faults, and strata are the points of growth for fracture
development, which are triggered by changes in stress
affecting the rock mechanical properties (Gross, 1993).
Nelson (2001) identified lithology, grain size, porosity,
bed thickness, and structural position as the geological
factors that control the mechanical properties of the
rock. Burial, diagenesis, or tectonic processes can also
modify the mechanical properties of the rock mass
from their original depositional condition to those
existing at the time of fracturing, such that present-
day mechanical properties may differ from those ex-
isting at the time of fracturing (Laubach et al., 2009),
although mechanical layer transitions are commonly
associated with major differences in fracture patterns
(Ferrill et al., 2014, 2017).

These units are used to measure properties along
the virtual scanlines and virtual window sam-
ples. From the virtual fracture model, the vertical
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persistence is also measured (Petit et al., 1994; Gillespie
et al., 2001) for each fracture stratigraphic unit, where
it is determined by the percentage of fractures that
cross the unit boundaries or the stratabound properties
of the fracture set. In this way, fracture spacing ratio
(FSR; Gross, 1993) is measured, dividing the fracture
stratigraphic unit thickness per the median fracture
set spacing with the aim to find a correlation between
confined fractures in the fracture stratigraphic unit
and the fracture spacing index (FSI; Narr and Suppe,
1991). FSI corresponds to the slope measurement of the
line with the best fit for the plotted relation between
fracture stratigraphic unit thickness and joint spacing.
In this study, fracture intensity is measured and used
as an attribute to identify fracture stratigraphic units
(Bertotti et al., 2007; Garcia-Sellés et al., 2016).

Fractures surveyed by TLS correspond to those
exposed completely or partially over the outcrop
surface and therefore are conditioned by the out-
crop orientation. Virtual scanlines are 2-D measure-
ments constrained by the outcrop orientation. For
this reason, the Abra del Condor outcrop has been
divided into sectors, according to its surface orienta-
tion. Results are also analyzed and presented in that
manner. Accordingly, measurements are presented as
data set populations by sector, by fracture set, and by
fracture stratigraphic units, with the aim to character-
ize fractures as precisely as possible and to constrain
the relations between fractures and structural settings,
stratigraphic or diagenetic processes.

GEOLOGICAL SETTING

The studied area corresponds to the Abra del Condor,
an area located at the transition between the Eastern
Cordillera to the west and the sub-Andean ranges to
the east (Figure 1b) about 30 km (19 mi) east of Tarija.
The boundary between these zones is marked by the
eastern limit of the Lower Paleozoic outcrops and is
referred to as the inter-Andean zone (Schmitz and Kley,
1997). The geological structure along these units has
been interpreted as related to two major basement-in-
volved thrusts, namely the inter-Andean and the
sub-Andean thrusts (Kley et al., 1996; Schmitz and Kley,
1997). Andean shortening began in the late Oligocene
and was transmitted eastward to the sub-Andean
thrust not before 10 Ma (e.g., Dunn et al., 1995; Echa-
varria et al., 2003). The sub-Andean thrust uplifted
the Interandean zone on top of an imbricate basement
sheet and caused the development of the sub-Andean
ranges. The sub-Andean ranges of southern Bolivia is
a 150-km (93-mi) wide and up to 400-km (249-mi) long
active thin-skinned fold-and-thrust belt constituted
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of a series of north-north-northeast striking narrow
thrust-related anticlines. The fold-and-thrust belt pres-
ents two major linked detachment levels: a lower one
within the Silurian shales of the Kirusillas Formation
and an upper one along the overpressured shales of the
Los Monos Formation, which also constitutes the main
source rock (e.g., Moretti et al., 1996; Cruz et al., 2008)
for the hydrocarbons trapped in the Subandean ranges’
thrust-related folds. Additional secondary detachments
are located in the Devonian Icla Formation and within
Triassic evaporitic formations (e.g., Dunn et al., 1995).

The Abra del Condor area displays a relatively sim-
ple structure, which consists from west to east of the
Abra del Condor anticline, the Abra del Condor syn-
cline (Figures 2, 3, 4), and further to the east of the
Piedra Larga anticline. These folds are part of the large
Piedra Larga thrust sheet and are locally affected by
smaller thrust faults. The Abra del Condor anticline is
a highly asymmetric, doubly plunging fold that trends
N198E; it is considered to be perpendicular to the pre-
vailing east-west-directed Andean orogenic short-
ening (Figure 3). The upright-to-overturned bedding
of the eastern limb of the Abra del Condor anticline
(Figures 2, 3; Profile A-A’) belongs to the strongly frac-
tured mica-rich quartzites of the upper section of the
Huamampampa Formation. The backlimb dips gently
between 15° up to 30° toward the west and is sepa-
rated by a flat lying hinge panel.

Stratigraphy

The studied stratigraphic units in the Abra del Condor
belong to the so-called Cordilleran cycle of Bolivia
(Lohman, 1970). The cycle was predominantly
deposited in shallow marine to deltaic environments
(Isaacson and Sablock, 1987) and displays a composite
thickness of around 3.8 km (2.4 mi; Dunn et al., 1995).
The cycle starts with a coarse clastic unit belonging to
the Silurian Cancaniri Formation (Crowell et al., 1981;
Toro, 1994; Sempere, 1995; Suarez-Soruco, 1995). This
unit is followed by the Silurian Kirusillas Formation,
a shale unit that grades upward to the transitional
Guayabillas Formation and the quartzarenites, fine-
grained conglomeratic sandstones, and oligomictic
conglomerates of the Devonian Santa Rosa Formation,
which define a fan delta environment (Vistalli, 1999;
Albarifio et al., 2002). The remaining Devonian suc-
cession is represented by the black shale and quart-
zose sandstone packages from the Icla Formation,
with a thickness of 500 m (1640 ft) corresponding to
distal platform environments that move into a prox-
imal platform (Vistalli, 1999). Concordantly above,
the Huamampampa Formation is made of quartzose
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sandstones and shales from distal platform environ-
ments to proximal platform deposits with coastal
sandstones at the top. In an informal way, the Hua-
mampampa Formation is divided into three sections
attending to their mechanical properties, reflected in
the geomorphological landscape (Figures 2, 3, 4). The
lower section of the Huamampampa Formation is
constituted predominantly by hard sandstones and
the upper section by more friable sandstones (Ifigo
et al., 2012), whereas the shales are predominant in the
middle section. The overlying Los Monos Formation
is constituted by dark shales that correspond to distal
platform environments with interbedded sandstones.
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Figure 3. a. Southern cross-
section across the central sector
of the Abra del Condor anti-
cline. The upper section of the
Huamampampa Formation is
exposed along this cliff in a pro-
pitious orientation for the study
and scanning of the fractures.
b. Northern cross-section. The
sandstones of the lower section
of the Huamampampa Forma-
tion offer the correct exposure
for the application of this meth-
odology. The middle section of
the Huamampampa Formation,
with a predominance of shales,
is not favorable to the develop-
ment of large fracture surfaces.
The average bedding dip in

the hinge of the anticline is 0°,
increasing to 25° to the west

at the backlimb. Both profiles
validate the thickness of each
Huamampampa section.

The above-lying Iquiri Formation is also represented
by sandstones and shales. The Icla and Los Monos For-
mations are shale dominated, and the Huamampampa
and Iquiri Formations are sandstone dominated, with
the former being the most important reservoir of the
Subandean fold-and-thrust belt.

METHODOLOGY

It is a necessary condition in this workflow to have a
HRDOM where fractures are sufficiently represented
to be identified, extracted, and modeled in a virtual
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fracture model. In the study, the HRDOM was created
with the data captured by the TLS model ILRIS 3D®,
from Optech Coop. from 27 stations equipped with
a Differential Global Position System (D-GPS). The
positional information is used to rotate and translate
the HRDOM with 150 million points to the univer-
sal transverse mercator (UTM) reference system with
an accuracy of less than 10 cm (4 in.). Fractures can
be observed exposed at the outcrop, directly show-
ing their surface, or also as traces from their intersec-
tion with the outcrop surface. For the last case, these
fractures are undetectable with this methodology.
The HRDOM is processed using the semiautomatic
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Figure 4. Ortho image with false
colors of the area. The scanned
area is divided into 10 sectors,
according to their surface ori-
entation in order to measure
fractures by virtual scanlines and
window samples.

methodology described by Garcia-Sellés et al. (2011)
to detect and capture fracture surfaces, vectorizing
the data point. During the process, the applied algo-
rithms calculate the degree of coplanarity and collin-
earity for each TLS data point in order to obtain its
position with respect to a planar surface. The vector-
ized points belonging to a surface of the same fracture
are grouped into individual clusters and converted
into planes (Figure 5; Santana et al., 2012). The planes
maintain the geometrical properties (length, height,
and area), position (through the central point or cen-
troid), and orientation. These sets of planes and prop-
erties form the virtual fracture model.
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Figure 5. a. South view of sector 8 with the fracture stratigraphy units identified by differences
according to the fracture intensity attribute. b. TLS data image with the fracture centroids; each
color corresponds to a different fracture stratigraphy unit. c. Reconstructed fractures after applica-
tion of the methodology. Each fracture set is represented by different colors (fracture set | in blue,
set Il in red, and set V in green).
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Once the fractures have been detected and mod-
eled in the virtual fracture model, then they can be
correlated with the fracture orientation sets identified
in the outcrop. The final analysis of the fracture ori-
entation sets may use the virtual fracture model, the
outcrop scanlines, or both.

Some measurements, as parameters that relate in-
dividual fractures and their reliability, depend on
the scanline length and the number of fractures be-
ing representative. Scanline measurements must be
taken perpendicularly to the fracture orientation, but
the outcrop orientation normally is not adequate. In
addition, the methodology is based on the detection
of fracture surfaces” censored fractures exposed by
traces. Those fractures exposed obliquely with regard
to the outcrop orientation are favorable to the process-
ing methodology. A high number of detected fractures
and an adequate outcrop orientation with respect to
the fracture orientations offer the most reliable mea-
surements. The Abra del Condor outcrop has been di-
vided into 10 sectors (sectors 1 to 8 in the upper section
of the Huamampampa Formation and sectors 9 and 10
in the lower section) in accordance with the orienta-
tions of the scanning outcrop surface (Figure 4).

Fracture Stratigraphic Units

Fracture intensity is measured from the virtual frac-
ture model for each sector by multiple virtual scan-
lines separated vertically 10 cm (4 in.) from each other
while covering the complete thickness of each out-
crop. Fracture intensity values are represented in pro-
files for each sector of the upper and lower sections of
the Huamampampa Formation (Figures 6, 7). Fracture
spatial distribution is analyzed to identify mechani-
cal units with similar fracture distributions that lead
to a new fracture stratigraphic unit. These profiles
show that the fracture stratigraphic units are observed
across sectors with small changes in thickness.

Scanlines

Two different types of scanline measurements were
performed to characterize fractures in the outcrop.
First, the outcrop scanlines were defined with com-
pass and tape as a part of the fieldwork (Priest, 1993)
to measure fracture properties. Overall, six scanlines
were surveyed at the top of the bedding surfaces in
sector 6 (Figure 4) measuring fracture orientation,
length, and aperture. The second type of scanline
measurement corresponds to the so-called virtual
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scanlines where the methodologies proposed by Priest
(1993) for fracture samples in the field are imple-
mented in order to be applied for the virtual fracture
model (Garcia-Sellés et al., 2016). The outcrop scan-
lines consist of measuring geometrical fracture proper-
ties along a parallel bedding line. Thereby, the virtual
model is implemented by re-creating the outcrop
surface with the virtual fractures, and measurements
are taken along parallel bedding planes that inter-
sect these fractures. In this way, the parallel bedding
planes correspond to the scanlines. The parameters
measured with the virtual scanline in each sector and
for each respective fracture stratigraphic unit and frac-
ture orientation set are:

e number of fractures;

e mean height, length, and fracture area;

* mean spacing between fractures, coefficient of
variation (Gillespie et al., 1999); and

e measures of abundance (Dershowitz and Herda,
1992): Py, Py, (with fracture aperture available).

Virtual Window Sample Measurements

The window sample technique proposed by Priest
(1993) consists of measuring the fracture geometric
properties over an area of an outcrop surface. In the
virtual window sample measurement (Garcia-Sellés
et al., 2016), the area is defined by the fractures con-
tained by each fracture stratigraphic unit of each of
the considered sectors. The parameters measured with
this technique are:

e measures of abundance (Dershowitz and Herda,
1992): Py, Py, Py, (with fracture aperture available);

e vertical persistence (Petit et al., 1994; Gillespie
etal., 2001); and

e FSR and FSI (Narr and Suppe, 1991; Gross, 1993).

Additional Measurements

Parameters of fracture linear intensity P,, and areal
intensity P,; (Dershowitz and Herda, 1992) measured
previously from the virtual fracture model are used to
extrapolate the intensity from which the volumetric
measure of fracture intensity, P, is calculated. These
indirect measurements are calculated with the meth-
odology developed by Wang (2005) and referred to as
P,,Cy; for Py and P,,C,; for P,,. Parameters of fracture
porosity (P, Py, Ps;) can be calculated when the frac-
ture aperture is measured.
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Frequency Distributions

The large number of fractures (N = 36,279) that pop-
ulate the virtual fracture model obtained from the TLS
data set are enough to model fracture size property
distributions (Bonnet et al., 2001). However, it is not
enough to be analyzed according to fracture strati-
graphic units but by fracture sets and sectors. Fracture
size properties include the length and height distribu-
tions. They are classified by the fracture orientation
set for each sector. Fracture spacing data distribution
is represented by the frequency distribution from the
spacing between fractures of the same fracture orien-
tation set during the virtual scanline measurements.
Analyses of the resulting data are compared to a line
of best fit in order to obtain correct fit equation lines.
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Figure 7. Correlation of
the intensity attribute

for the lower section

of the Huamampampa
Formation for sector 9
with west—east outcrop
orientation and sector 10
with north-south outcrop
orientation. The column is
adapted from Florez-Nifio
et al. (2005).

RESULTS

Two hundred and fifteen virtual scanlines were mea-
sured from the virtual fracture model on the back-
limb of the Abra del Condor anticline (Figures 2, 4).
Their average length is 77 m (253 ft) with a maximum
of 240 m (787 ft) and a minimum of 5 m (16 ft). The
measured parameters are represented in Figures 8-24
and Tables 3-6. TLS values have also been used for a
new geological map of the Abra del Condor (Figures
2, 3, 4). Vertical cliffs in the outcrop are formed by
sandstones of the Huamampampa Formation where
the fractures are exposed. They offer an excellent
example to use this methodology and TLS acquisi-
tion. Nevertheless, fractures developed in shales or
thinly bedded units did not develop great fracture
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surfaces. They are neither, therefore, represented in
the virtual fracture model nor measured by the vir-
tual scanlines.

Geological Map

The new geological map presented in this study
(Figure 2) contains the most relevant structures in
the outcrop that were mapped with the collected TLS
and fieldwork data: the map is also based on previ-
ous work by Florez-Nino et al. (2005) and Inigo et
al. (2012). The 30-m (98-ft) resolution, ASTER Global
Digital Elevation Model, complements the TLS data
in creating a topographic base map that validates the
geological profiles (Figure 3) and the thickness of the
identified sections in the Huamampampa Formation
(Table 1).

The ortho-image and topographic information
(Figure 4) was useful for the digitization and measure-
ment of small normal faults with displacements below
10 m (33 ft). The results showed two mean preferred
orientations of 345°/90° and 015°/90°.

Fracture Orientation Set

Direct observations during the fieldwork and the anal-
ysis of the TLS data were used to identify the fracture
orientation sets present in the study area. Five fracture
orientation sets were identified (Figure 8) from TLS
vectorized data and with similar orientations to the
outcrop scanline measurements. The two dominant
fracture sets, following the nomenclature defined by
Florez-Nifo et al. (2005) and Iiigo et al. (2012), are sets
I 'and II (blue and red in graphs), which are parallel
and perpendicular respectively to the axis of the Abra
del Condor anticline. Both fracture sets show a gen-
tle orientation variation along the outcrop according
to the changes in the anticline axis orientation. The
main anticline axis direction is north—-south, but it
strikes 15°E in sectors 1 to 8 and 10°W in sectors 9 and 10
(Figure 9). The stereograms and frequency plots

Table 1. Section thickness of the Huamampampa
Formation.

Huamampampa Sections Thickness (m)

Upper 120
Middle 52
Lower 85
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show the predominance in abundance of sets I and II,
although results of fracture characterization highly
depend on the sector orientation (Figure 8).

With regard to the outcrop orientation and the
methodology applied, fracture sets I and IIl have more
reliable measurements in the northwest-southeast-
and east-west-oriented sectors (Figure 4), whereas
fracture sets II and IV have optimal orientations in
sectors that are oriented northeast-southwest and
north—south. Outcrops favorable to fracture set V are
oriented northeast—southwest, northwest-southeast,
and north-south.

Outcrop Scanlines

Six outcrop scanlines were measured normal to the
two dominant fracture set strikes for fracture strati-
graphic unit number 35 in sector 6 (Figures 4, 6). Four
scanlines were normal to fracture set I, and two were
normal to fracture set II. The total scanline length
was 172 m (564 ft), measuring 398 fractures. Fracture
length was measured in 193 fractures with the follow-
ing mean values: 4 m (13 ft) in set I and set V; 2 m
(7 ft) in set I; 3 m (10 ft) in set III; and 1 m (3 ft) in
set IV. The maximum lengths were 20 m (66 ft) and
8 m (26 ft) for sets I and II, respectively. The fracture
characterization for sets I and II is summarized in
Table 2.

The mean fracture aperture is 1 mm (0.04 in.), and
this value is used to calculate the abundance measure-
ment of porosity Py, and P,, in the virtual scanlines.

Spacing

Mean spacing of the dominant fracture sets in the
upper section of the Huamampampa Formation
(Figure 10) have values around 1 m (3 ft) for set I and
3 m (10 ft) for set II. The rest of the fracture sets show
mean spacings of 4 m (13 ft), 6 m (20 ft), and 8 m (26 ft),
respectively. In the lower section of the Huamam-
pampa Formation, the dominant sets present higher
mean spacings of 2 m (7 ft), 12 m (39 ft), and 8 m (26 ft).
The number of fractures in each unit of the virtual frac-
ture model is depicted in Figure 11.

The calculated spacing values are plotted as fre-
quency distributions per each fracture set and sector
(Figure 12). Exponential functions are the equation
type that best fits these distributions with a mean qua-
dratic error of 0.951 in the range of 0.995 and 0.812,
which is considered a good fit. Function exponents are
shown in Table 3.
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Figure 8. Stereonets and contouring of fracture poles (and Rose diagrams), with circular fracture strike frequency
by sectors. Rose diagrams show azimuthal frequencies with the quantity of data for each interval. Contouring of
total poles to reconstructed fractures and frequency distribution with reference to bedding for each sector and for
the total number of fractures. The intensity of the stereonet data shows the predominance of the fracture sets |
and Il. Also is visible the dependence of the results with the outcrop orientation.
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Figure 9. Stereoplots of the reconstructed fractures for upper and lower sections of the Huamampampa Formation.
Differences of the same fracture set orientation between the sections of the Huamampampa Formation are due to

the variations in the orientation of the fold axis.

Table 2. Main fracture characteristic from the outcrop scanlines measured in sector 6. Fracture data set 389.

Mean bedding orientation: 273°/26° in this sector.

Fracture Set  Orientation Aperture (mm) Py, (fr./m) Spacing (m) Coefficient Variation
I 005/85
I 250/85 1 2.6 0.38 0.98

The relation between the fracture stratigraphic unit
thickness with the median fracture spacing or FSR per
fracture set and sector are plotted in Figure 13. This
graph shows a high dispersion for each fracture set in-
dicating that there is not a statistically significant cor-
relation between thickness and spacing. In the same
way, FSI shows a weak relation between unit thickness
and spacing.

The coefficient of variation quantifies the fracture
spacing regularity Cv = o /u where o is the stan-
dard deviation of the population spacing and u is the
arithmetic mean (Gillespie et al., 1999). For random
arrangements, the expected value is 1 and for totally
regular spacing the value is 0. Coefficients of variation
calculated in the study area are distributed between
0.5 and 2 (Figure 14). The mean value coefficient is

00000_ch21_rev02_551-586.indd 564

located around 1.5. This measurement means that the
spacing in the backlimb of the Abra del Condor anti-
cline presents some degree of clustering.

Fracture Size

Fracture size parameters are represented by fracture
height and length. Fractures exposed in the Abra del
Condor cliff offer excellent measurements of their
heights, as they are totally exposed. However, their
censored lengths are impossible to determine due to
the rock’s perpendicular exposure orientation to the
outcrop. In contrast, outcrop scanlines measured at
the top of the outcrops do better characterize length
than censored fracture heights.
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Figure 10. Fractures Mean Spacing. Mean space between fractures of the same fracture set measured perpen-
dicular to the fracture surface for each fracture stratigraphic unit and sector.
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Figure 11. Number of Fractures. Number of fractures measured in each sector and in each fracture
stratigraphic unit by each virtual scanline.
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Figure 12. Fracture Spacing Distribution. Cumulative plot of fracture spacing distribution by sectors and
orientation of fracture sets. Better fit by an exponential equation; for exponents, see Table 3.
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Table 3. Fit exponential b value from the frequency distribution for spacing measurements in virtual scanlines.

Fracture Set Sector 1 Sector 2 Sector3  Sectors4,5,and 6 Sector7 Sector 8 Sector 9 Sector 10
I 0.27 0.4 0.91 0.34 1.95 0.23 0.58 0.13
II 0.33 0.39 0.49 0.1 0.2 0.11 0.16 0.1
111 0.15 0.22 0.37 0.1 0.99 0.39 0.29 0.14
v 0.27 0.27 0.51 0.11 0.17 0.16 0.18 0.06
A% 0.17 0.19 0.42 0.08 0.23 0.3 0.22 0.12
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Figure 13. Fracture Spacing
Ratio. Ratio between the
fracture stratigraphic unit
thickness per median
fracture set spacing (Gross,
1993). The correlation is
considered low.
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Figure 14. Spacing, Coefficient of Variation. Level of fracture clustering (Gillespie et al., 1999). In general
terms, fracture spacing is considered with some degree of clustering.
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Height The mean fracture height for each sector is
shown in Figure 15, being mainly below 2 m (7 ft), but
in rare cases, the height may reach 3 m (10 ft) in sectors
of the upper section of the Huamampampa Formation
and sector 10 (oriented north—south) of the lower sec-
tion of the Huamampampa Formation. In contrast, in
sector 9 (oriented east-west), most fracture heights are
below 3 m (10 ft), but some reach 4 m (13 ft), whereas
fracture set I exceeds 9 m (30 ft) in a couple of fracture
stratigraphic units. In general, there is neither correla-
tion between fracture sets with sector orientation nor
with outcrop orientation with the exception of sector 9
(oriented east-west).

In general, fracture mean heights are below fracture
stratigraphic unit thicknesses, except in a few cases
where the fracture stratigraphic unit thickness is very
short (units 13 and 14 of the upper section of the Hua-
mampampa Formation with a thickness of 1 m [3 ft]).
Sector 9 of the lower section of the Huamampampa
Formation is where the longest fractures occur, and
therefore, heights exceed the fracture stratigraphic
unit thickness.

Fracture height distribution by sectors gives a better
fit with a power-law function (Figure 16). These fits in
frequency distribution have been truncated between
minimums of 0.1 m (0.3 ft) and 0.5 m (1.6 ft) and be-
low 10 m (33 ft). The exponents of the power-law func-
tion are presented in Table 4. The upper section of the
Huamampampa Formation exponents for fracture sets
IV and V are similar and stable, at around 2, whereas
in fracture set II, the exponents are of the same order
but with different tendencies for each sector. Fracture
sets I and II show similar values and evolutions along
the 8 sectors. The mean fit error is 0.967.

Length Mean values of fracture lengths (Figure 17)
are below 2-2.5 m (6.6-8.2 ft), although the max-
imum values reach 3-4.5 m (10-14.8 ft) in a few
cases. Fracture set I has the longest lengths in the
northwest—southeast-oriented sector 2 and the east-
west-oriented sector 9 (Figure 4). For the rest of
the sectors, fracture sets with the longest fractures
vary between set II, IV, and V, independent of sector
orientation.

Fracture length measurements are plotted in fre-
quency distributions” graphs, per fracture set and
sector (Figure 18). A power-law function gives the
best fits to the length values distribution, indepen-
dent of the fracture set or the sector orientation. The
mean quadratic error of the best fits is considered to
be good with a mean error of 0.9677, ranging between
0.8832 and 0.998. Function exponents are shown in
Table 5. The graphs (Figure 18) depict the similar-
ity between fracture sets I and III and the fracture
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sets II, IV, and V with regard to slope and proxim-
ity, especially in sectors with northwest-southeast
orientations (sectors 2,4, 5, and 6) and sectors with ori-
entation north—-south and east-west (sectors 7 and 9,
respectively).

Vertical Persistence

Vertical persistence at the backlimb of the Abra del Con-
dor anticline is shown in Figure 19, and the relation-
ship between fracture stratigraphic units thickness and
mean height fracture is shown in Figure 15. The general
tendency of the vertical persistence is low or very low.
In the upper section of the Huamampampa Formation,
the fracture height percentage that exceeds the frac-
ture stratigraphy units” boundaries is lower than 10%,
although in a few units, it reaches 50%, with the excep-
tion of sector 2, where fracture sets I and III exceed the
unit boundaries. For the rest of the sectors, fractures are
confined within the fracture stratigraphic units. In the
lower section of the Huamampampa Formation, the
vertical persistence percentage is larger reaching 25%
and, in some cases, 50% for all fracture sets.

Fracture Abundance

Density Measurements from the virtual fracture
model for the density parameter P,, proposed by
Dershowitz and Herda (1992), are depicted in
Figure 20. In the upper section of the Huamampampa
Formation, the number of fractures per square meter
does not exceed 2 in the majority of the cases, and the
main values are below 1fr./m? P, in fracture sets
I and II oscillates around 2fr./m? Fracture set II pre-
serves its abundance density with the exception of
sector 5 (oriented northwest—southeast) and sector 8
(oriented northeast-southwest), where the values are
down below 0.5fr./m?* Fracture abundance density
for fracture set I in sectors 1, 3, 7, and 8 is irregular and
has low values compared to fracture set II. In the rest
of sectors, the abundance density values are higher.

In the lower section of the Huamampampa Forma-
tion, the abundance density is lower, below 0.5 fr./m?,
but can exceptionally reach values of 1fr./m? or more.
Fracture sets IV and V are predominant only in sector
10 where their abundance density is higher.

Intensity Total values of intensity are highly
variable in the units of the upper section of the
Huamampampa Formation (Figure 21). The analy-
sis shows 2 fr./m as the highest value measured in
some sectors with northwest-southeast orientation
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Figure 15. Fracture Mean Height. Mean height of the fractures, intersected by the virtual scanline, included the
thickness of each fracture stratigraphic unit in each sector and fracture orientation set.
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Figure 16. Fracture Height Distribution. Cumulative plot of fracture height distribution by sectors and
orientation fracture sets. Better fit by a power-law equation; for exponents see Table 4.

00000_ch21_rev02_551-586.indd 572 06/09/18 7:02 PM



Fracture Analog of the Sub-Andean Devonian of Southern Bolivia: Lidar Applied to Abra Del Condor 573

Table 4. Fit power-law exponent from the frequency distribution for fracture height and sector.

Sector1 Sector2 Sector3 Sector4d Sector5 Sector6 Sector7 Sector8 Sectors9 and 10
Mean Fracture/m 0.94 0.83 0.94 1.02 0.83 0.64 0.39 0.42 0.36

Figure 17. Fractures Mean Length. Mean exposed length of the fractures intersected by the virtual
scanline of each fracture stratigraphic unit in each sector and fracture orientation set.
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Table 5. Fit power-law exponent from the frequency distribution for fracture length and sector.

Figure 18. Fracture
Length Distribution.
Cumulative plot of frac-
ture length distribution
by sectors and orienta-
tion fracture sets. Better
fit by a power-law
equation; for exponents
see Table 5.

Fracture Set  Sector 1 Sector 2 Sector 3 Sectors 4, 5, and 6 Sector 7 Sector 8 Sector 9 Sector 10
1 1.82 1.81 2.37 2.45 4 2.15 1.33 2.18
1I 1.45 1.92 2.04 2.24 2.11 1.61 1.57 1.77
111 1.18 1.53 2.35 1.58 3.26 1.31 14 2.63
v 1.74 2.06 1.79 1.62 1.71 1.85 1.63 2.46
A\ 1.45 2.69 2.09 1.72 1.93 1.88 1.43 1.95
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Figure 19. Vertical Persistence. Percentage of fractures that cross the unit boundary by fracture orientation
set in each sector and in each fracture stratigraphic unit.
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Figure 20. Abundance-Areal Density P,,. Number of fracture centroids per surface exposed of fracture
stratigraphic unit, by fracture orientation set and sector (Dershowitz and Herda, 1992).
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Figure 21. Abundance-Linear Intensity P,,. Number of fractures intersected per meter by the scanline in
each fracture stratigraphic unit and by fracture orientation set in each sector (Dershowitz and Herda, 1992).
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and maximums of 1.8 fr./m in sectors oriented
northeast-southwest. Fracture set I has the high-
est abundance intensities with 1 fr./m in several
fracture stratigraphic units, followed by fracture
sets II, III, and IV, which are predominant in some
cases too.

In the lower section of the Huamampampa For-
mation, the abundance intensity is more regular with
values around 0.4 fr./m. Fracture sets I, II, and III
have higher intensities in sector 9 (oriented east-west;
Figure 4) and fracture sets IV and V in sector 10 (ori-
ented north-south; Figure 4).

The results for parameter P,, (Figure 22), trace
length per area, are quite similar to the abundance in-
tensities measured for P,,. The highest values exceed
1m/m?, whereas the majority of the values are below
0.5m/m?. Fracture sets I and II have the highest P,,
values, with the exception of fracture set III in sector 2
(oriented northeast-southwest; Figure 4) and fracture
set V for sectors 8 and 10 (oriented northeast-southwest
and north—south, respectively; Figure 4).

Volumetric intensity measurements (P;,; Figures
23, 24) are calculated with the conversion factors
Cy; and C,; (Wang, 2005); both results have similar
shapes on the graphs, but their values differ. Values
calculated with the conversion factor C,; are higher
and more heterogeneous (Figure 23) than those cal-
culated with C,; (Figure 24). Most of the calculated
P, values are below 1m?/m® and, in some cases,
reach 14m*/m’ and exceptionally 2m*/m’. The
highest values are observed for fracture sets I and II
in all sectors, with the same exceptions as for P,; in
sectors 2, 8, and 10 (Figure 4) where the highest val-
ues are for fracture sets IIl and V (Figures 23, 24).

Porosity Fracture porosity represents the frac-
ture space in the rock mass, as a percentage. Mean
fracture aperture measured in the outcrop scanlines
is 1 mm (0.4 in.); therefore, the linear, areal, and
volumetric porosities, P;;, P, and P;;, are calculated
from this value. Fracture porosity is the product of
the aperture by its linear Py, areal P,;, and volumet-
ric P;, intensities. In this way, the aperture is con-
stant for all fracture sets. Graphs from intensities
(Figures 20, 21, 23, 24) are valid for representing
the distribution shapes of porosities in the fracture
stratigraphic units by sectors and fracture sets.

The actual values for linear porosity P;;, reach a
maximum of 0.1% and 0.08% for fracture sets I and II,
respectively. The overall linear porosity reaches 0.2%
in sectors oriented northwest-southeast (sectors 2, 4,
5, and 6; Figure 4), whereas it is lower in the rest of the
upper section of the Huamampampa Formation. Area
and volumetric porosities calculated in the sectors of
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the upper section of the Huamampampa Formation
oscillate around 0.15%.

DISCUSSION

The geological map (Figures 2, 4) indicates the pres-
ence and distribution of the normal faults and frac-
tures studied at the backlimb of the Abra del Condor
anticline. Faults are oriented perpendicular to the fold
axis with lengths of up to hundreds of meters, having
small vertical displacements that cut the Huamam-
pampa Formation and its fracture stratigraphic units.
These faults are closely spaced and form clusters,
called swarms or corridors (Peacock et al., 2016); there
is more intensity near the anticline hinge. Analysis
from virtual and outcrop scanlines reveals the coexis-
tence of five fracture sets (Figures 8, 9), of which sets
I and II, arranged orthogonally, are dominant, attend-
ing to fracture intensity values (Figure 21). The strike of
fracture set I is parallel to the regional shortening direc-
tion and perpendicular to the fold axis, although it is
not maintained rigorously in the whole outcrop. Frac-
ture set Il is parallel to the fold axis, whereas the rest
of fractures are fold-oblique. Fracture characterization
(Figures 8-24) reveals a close relationship between frac-
ture sets I and III in terms of size distributions, spacing,
and abundance. This same relationship is also estab-
lished for fracture sets IV and V, with respect to set II.
In relation to their genesis, fracture sets I and II are
the consequence of changes to the stress regime that
affected the studied area. Therefore, fracture sets I and
II were formed during a prefolding extensional stress
regime that was followed by a strike-slip stress regime
(Zapata and Araujo, 2003), where set | was shear re-
activated, inducing the growth of fracture zones and
the generation of the rest of fracture sets as splay frac-
tures. During folding, strike-slip, and reverse stress re-
gimes, set Il was reactivated as reverse shear fractures
and thrust-related fractures. The postfolding regime
induced trough-going splay fractures that affected the
studied area (Florez-Nifo et al., 2005; Ifiigo et al., 2012).
The mechanical properties and layering of strata in-
fluence fracture development in a rock mass. Therefore,
this is where the fractures must be characterized. It is a
poor assumption to presume that the rock mass is ho-
mogeneous or greatly simplified (Zahm and Hennings,
2009). Burial and diagenesis vary in space and time
during a given fracture’s history (Laubach et al., 2009),
hindering the identification of these units. To consider
the present fracture intensity as a consequence of the
previous mechanical properties and layering is a rea-
sonable argument in order to identify the units and call
them fracture stratigraphy units (Laubach et al., 2009).
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Figure 22. Abundance-Areal Intensity P,;. Length of fracture per surface of fracture stratigraphic unit,
measured by each fracture orientation set in each sector (Dershowitz and Herda, 1992).
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Figure 23. Abundance-Volumetric Intensity P, C,5. Values correspond to the indirect measure of the fracture
area per volume using the conversion factor C,5 for each fracture stratigraphic unit and by each fracture
orientation set in each sector (Dershowitz and Herda, 1992).
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Figure 24. Abundance-Volumetric Intensity P, C,s. Values correspond to the indirect measure of the fracture
area per volume using the conversion factor C,; for each fracture stratigraphic unit and by each fracture ori-
entation set in each sector (Dershowitz and Herda, 1992).
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Forty-four units in the upper section of the Huama-
mpampa Formation and 34 units in the lower section
of the Huamampampa Formation complete the sub-
division of the outcrop in fracture stratigraphic units
using the intensity as an attribute (Figures 6, 7). In
general terms, characterization may be considered ho-
mogeneous with respect to sizes and abundances. The
fracture stratigraphic units have similar values, always
within small ranges, without highlighting any fracture
stratigraphic unit that is independent of lithology. It is
possible to assume that processes of burial and diagen-
esis have contributed to the rock mass homogeniza-
tion, affecting and influencing fracture creation in the
studied area (Laubach et al., 2009).

However, the fracture characterization reveals that
the studied area is not so homogeneous with respect
to its individual and collective properties presenting
some differences (Table 6). The long extension of the
surveyed area allows finding trends along the out-
crop, which have been recorded and analyzed. In the
Abra del Condor anticline, the most evident trend is a
decrease in fracture intensity from the fold hinge to-
ward the backlimb (Figures 2, 4), that is, from sector
1 to sector 8. The mean fracture intensity decreases
gradually between these sectors, whereas the bed-
ding dip increases from 0° (hinge) to 30° (backlimb) in
the upper section of the Huamampampa Formation.
Sectors 9 and 10 in the lower section of the Huamam-
pampa Formation present the same trend (Figure 25).
Therefore, fracture intensity is directly related to the
structural position along the anticline profile and not
with the lithology.

The mean thickness of fracture stratigraphic units for
both sections of the Huamampampa Formation is 2.6 m
(8.5 ft), although there are units up to 4-6 m (13-20 ft),
even up to 8 m (26 ft) in the lower section of the Huama-
mpampa Formation (Figures 6, 7). Mean fracture heights
generally are shorter than the thicknesses of the units in
the outcrop (Figure 15) but not in units with thickness
about 1 m (3 ft). The vertical persistence is not present
in all units, but when it is accounted, it is 10-15% with
the exception of sectors closer to the hinge fold (sectors
1 and 2; Figure 4) and sector 9 in the lower section of the
Huamampampa Formation, where fracture heights are

Figure 25. Plot showing the inverse relation between the
mean fracture intensity for each sector (black line) and posi-
tion with respect to fold represented by the bedding dip (gray
dot lines). Bedding dip in sectors approaching the fold hinge
are around 0° whereas the distance to hinge increases; in the
backlimb area, the bedding dip increases until 25°.

particularly higher. Therefore, our interpretation is that
most of the fractures are confined to units but do not
vertically span the unit thickness; only about a 10-15%
(Figure 19) are developed in some units that exceed the
boundaries. In the fracture-height classification catego-
ries from Hooker et al. (2013), fractures are included in
the category Unbounded with a wide representation of
confined fractures and quantifying the unbounded with
the data of vertical persistence (Figure 19). Low FSRs
and poor FSIs are in accord with these classifications
(Figure 13) and may be more representative of classifi-
cations type Perfect bed-bounded or Hierarchicals (Hooker
et al., 2013), with fractures totally confined from top to
bottom. Fracture stratigraphic units that are free of verti-
cal persistence are classified in the category Top-bounded,
where the fractures end in the same unit but do not cross

Table 6. Mean fracture density measured along the multiples virtual scanlines for each sector.

Fracture Set Sector 1 Sector 2 Sector 3 Sectors 4, 5, and 6 Sector 7 Sector 8 Sector 9 Sector 10
I 2.81 2.18 2.94 2.56 3.37 2.44 1.94 2.11
1I 1.96 2.54 2.23 2.58 1.65 1.77 2.09 1.77
11T 1.61 2.18 2.06 1.91 2.62 2.8 2.24 2.37
v 1.91 2.27 1.86 2.11 1.77 1.99 2.33 2.59
\% 1.47 1.71 2.19 2.29 1.78 2.14 2.19 1.92
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or cut both boundaries. Furthermore, the coefficient of
variation describes the fracture distribution within the
units as random with some data point clustering.

In this way, fracture stratigraphic unit thickness
does not control the fracture distribution. Fractures
were developed by randomly populating the units—
although some clustering is observed—but without
being limited by the unit boundaries, with the excep-
tion of infrequent unit thicknesses around 1 m (3 ft).

Mean fracture lengths measured in the virtual frac-
ture model are 1 m (3 ft) shorter than those measured
in outcrop scanlines. Clearly, the difference is due to
the emplacement of the scanlines. Outcrop scanlines
are measured in the top of the layers, and the virtual
scanlines are measured perpendicular to the top of the
layer (on the cliffs) obscuring the total fracture lengths.
However, this result is nonetheless coherent with the
scanline and outcrop orientations. Measurements of
fracture length in the study area reveal metric lengths,
with the outcrop scanlines showing maximums of tens
of meters.

Normal faults recognized in the study area with
north-south orientations are commonly formed on
contractional anticlines (Morris et al., 2012; Ferrill et al.,
2017) and are perpendicular to the dominant structures
present in the Abra del Condor anticline and the thrust
sheet of Piedra Larga. Faults in the Abra del Condor
described previously by Florez-Niio et al. (2005) and
Ifigo et al. (2012) were incorporated in this study and
were subdivided into three categories: fault zones, in-
termediate, and small faults. These types of normal
faults can have influence in different ways, increas-
ing or decreasing the fracture connectivity. Decreasing
fracture connectivity can be produced when damaged
zones play a sealing mechanism between fractures that
reduce the lateral permeability of the rock mass. In the
study area, the damage zone is in the backlimb around
the hinge zone, where the fracture intensity is higher.
For the case of increasing fracture connectivity, this
can be produced by the mechanical discontinuity of
the fault. Instead, intermediate and small faults can act
as conduits, increasing the connectivity owed to lon-
ger faults in areas of minor fracture intensity but with
similar aperture as the damaged zones. In the above
scenario (supports higher fracture intensities), it is the
length of the faults that plays a more significant role
in fractured reservoir connectivity and permeability.
What was observed in the Abra del Condor is that,
away from the backlimb area close to the hinge,
a larger drainage area or connectivity was present
due to longer faults. Lateral permeability and connec-
tivity in damaged zones and faults must be studied
with more detail to assure which fault types compart-
mentalize the area. The possibility to act as conduits
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or seals depends on the length, height, aperture, or
in-filling of these mechanical discontinuities, not only
their presence.

Abundant scanline measurements are dependent
on the sampled outcrop orientation, with the excep-
tion of the volumetric parameters, which are extrap-
olated from linear or aerial measurements in order to
cover the volume. Volumetric intensity, or P;, values,
calculated in the study area differs depending on the
sector analyzed; consequently, the 360° extrapolation
to achieve a 3D measurement continues to be depen-
dent on the scanline orientation. For this reason, it
is most efficient to analyze P;, values by fracture set
within more favorable orientation sectors. P;,C;; and
P;,C,; maintain similar range magnitudes, except for
several units with higher values. However, P;;, or frac-
ture porosity, has been calculated at 0.15%, within of
the range of 0-0.67%, calculated by Iiigo et al. (2012)
for the Abra del Condor sandstones.

Primary measured porosity is considered very low
(Ifigo, 2009), and the fracture presence increases the
total porosity although perhaps heterogeneously. This
fracture characterization may be used as an input
into a Discrete Fracture Network (DFN) or simulators
to calculate the effective permeability of the system
(Olson et al., 2009).

Results presented in this study allow the frac-
ture analysis of the outcrop to be individualized for
each fracture stratigraphic unit and for each fracture
set, with the exception of the attribute distribution
graphs. The semiautomatic processing data use the
full capability of TLS and extend the virtual samples
to inaccessible areas for other techniques. Software
development continues to evolve based on the rec-
ognition of surfaces, like other authors (Zahm and
Hennings, 2009; Wilson et al., 2011) although with
the sacrifice that the fractures are exposed by traces
(Geyer et al., 2015). Fracture digitization by traces is
an alternative albeit slow method limited by the im-
age perspective.

CONCLUSIONS

This methodology can be used in larges or inaccessi-
ble outcrops to characterize fractures where there are
enough fractures to give reliable statistics. The anal-
yses of these results are useful for making decisions
about the field development, as in this case of the
Subandean gas field.

Fracture characterization is based on the virtual
fracture model created from TLS data and is comple-
mented by fieldwork scanlines. Five fracture orien-
tation sets populate the sandstones and shales of the
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Huamampampa Formation at the backlimb of the
Abra del Condor anticline with two dominant orthog-
onal cross-fracture sets.

Fracture intensities have been used to identify 44
fracture stratigraphic units for the upper section of the
Huamampampa Formation and 34 for the lower sec-
tion of the Huamampampa Formation. The high de-
gree of unit homogenization may be due to burial and
diagenetic processes. In general, for the whole outcrop,
the fracture intensity can be considered to be low with a
mean of 1 fr./m. This study supports fracture distribu-
tion and orientation tied to the structural control across
the fold with higher intensities at the hinge. A low
degree of fracture confinement for the fracture strati-
graphic units is observed, as most of the fractures are
shorter than the fracture stratigraphic unit thicknesses.

TLS and especially the strategy used to iden-
tify fractures at the outcrops allow contributing a
huge data set to strengthen and improve fracture
characterization.

The mean fracture intensity of 2.6 fr./m is higher
than TLS data results due to the upper range of scale
detection for the visual scanlines methodology.
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