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Abstract

Carbonate platform background fracture networks are rarely utilized in subsurface models, and it is unclear how they relate to

regional stress (other than faults and folds) and burial. We combine structural analysis and drone imagery to investigate the

geometry, kinematics, and topological characteristics of (background) fractures at the Latemar platform (both limestones and

dolostones; Northern Italy). Deformation was accommodated by a dense network of mode I and conjugate hybrid fractures/veins

and conjugate reverse faults, all associated with sub-vertical stylolites. Conjugate fractures and associated sub-vertical stylolites

are organized in two systems, constraining the major stress fields. Differences lie in the permutation of the position in the space

of the principal stress with depth. Specific burial depth windows are significant in distinguishing the different spatial positions

of the principal stresses. Changes in overburden provide the major driving factor in determining the position of background

structures that develop during the burial trajectory. Topologically, background fractures in lime- and dolostone pavements

show distinct characteristics. In limestone pavements, fractures form a network with a high proportion of I-node and I-C to

C-C branches, resulting in a low to moderate connectivity (i.e., CB = ˜ 1.5). In dolostones, a complex network with abundant

Y-to X- nodes and I-C to C-C branches is found (moderate to a high degree of connectivity CB = ˜ 1.7). Topological pathways

provide important insights into how background fractures are connected and shed light on the significance of these features in

the context of subsurface fluid flow.
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Key Points:

• Background structures on the Latemar platform are constrained by three
stress fields, forming two conjugate systems at different depths.

• Changes in the overburden influence the nature of formed background
structures during burial and the spatial positions of principal stresses.

• The spatial and topological properties of fracture networks are different
in lime- and dolostone pavements, informing subsurface fluid flow.

ABSTRACT

Carbonate platform background fracture networks are rarely utilized in subsur-
face models, and it is unclear how they relate to regional stress (other than
faults and folds) and burial. We combine structural analysis and drone im-
agery to investigate the geometry, kinematics, and topological characteristics
of (background) fractures at the Latemar platform (both limestones and dolo-
stones; Northern Italy). Deformation was accommodated by a dense network
of mode I and conjugate hybrid fractures/veins and conjugate reverse faults, all
associated with sub-vertical stylolites. Conjugate fractures and associated sub-
vertical stylolites are organized in two systems, constraining the major stress
fields. Differences lie in the permutation of the position in the space of the
principal stress with depth. Specific burial depth windows are significant in
distinguishing the different spatial positions of the principal stresses. Changes
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in overburden provide the major driving factor in determining the position of
background structures that develop during the burial trajectory. Topologically,
background fractures in lime- and dolostone pavements show distinct character-
istics. In limestone pavements, fractures form a network with a high proportion
of I-node and I-C to C-C branches, resulting in a low to moderate connectivity
(i.e., CB = ~ 1.5). In dolostones, a complex network with abundant Y-to X-
nodes and I-C to C-C branches is found (moderate to a high degree of connec-
tivity CB = ~ 1.7). Topological pathways provide important insights into how
background fractures are connected and shed light on the significance of these
features in the context of subsurface fluid flow.

Plain Language Summary

Background fracture networks in carbonate platforms are infrequently used in
subsurface models. Little is known about their relationship to regional stress
(other than faults and folds) and burial. The geometry, kinematics, and topo-
logical properties of (background) fractures at the Latemar platform (both lime-
stones and dolostones; Northern Italy) are investigated using structural analysis
and drone photographs. Deformation was accommodated by a dense network of
opening mode, conjugate hybrid fractures/veins, and conjugate reverse faults,
all associated with sub-vertical stylolites. The principal stress fields responsible
for the deformation and/or formation of fracture networks are constrained by
two systems of conjugate fractures and related sub-vertical stylolites. Differen-
tial positions of principal stress in relation to depth in the major stress fields
space distinguish the two systems. Changes in the overburden determine the
position of background structures that develop during the burial trajectory.

Topologically, the background fractures in lime- and dolostone pavements are
different regarding their connectedness in nodes and branches. Limestone pave-
ments show relatively low-to-moderate connectivity compared to the dolostone
counterpart with moderate-to-high connectivity. Topological pathways tell us
a lot about how background fractures are connected and what these features
mean for fluid flow at the subsurface.

1. Introduction

Natural fractures are common in carbonate reservoirs and are crucial for reser-
voir performance as conduits for fluid flow and in terms of fracture-related pore
space and permeability (de Graaf et al., 2017; Lavenu et al., 2014). The number
of fractures affecting carbonate reservoirs can be grouped into (i) background
fractures formed during subsidence and linked with regional stresses and (ii)
those associated with tectonic events, faults, or folds. This paper focuses on
background fractures in carbonate rocks. These fractures are often regularly dis-
tributed throughout the hostrock and developed in response to regional stresses
and/or subsidence and burial without the influence of faults or folds (Casini et
al., 2011; Korneva et al., 2014; Lamarche et al., 2012; Lavenu et al., 2014, 2015).
Typically, background fractures have variable spacing and lengths (heights) dis-
tribution (cm’s-up to m’s-scale), forming heterogeneous fracture networks (e.g.,
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Boro et al., 2013; Casini et al., 2011; de Graaf et al., 2017; Lavenu et al., 2014),
and can significantly increase the rock’s natural permeability when open. Frac-
tures that are fully occluded by cement, in contrast, may form near-impermeable
fluid barriers (Laubach, 2003).

Carbonate reservoir models require accurate input parameters with regard to
sub-seismic background fracture systems in order to distinguish between frac-
tures of different mechanical origin. Essentially, the controls for the develop-
ment of fractures reflect the type of structures (or deformation features) that
will form and their position. For example, the structural elements in mode I
and hybrid fractures or stylolites control the positions of the principal stresses.
We follow previous critics of combing these features together in reservoir mod-
els without further recourse to the conditions of their formation and associated
stress information (Bertotti et al., 2017; Bisdom et al., 2017; Bruna et al., 2019).
The combination of mode I and hybrid fractures or stylolites in the reservoir
models suggests that, despite significant progress, geoscientists and engineers
lack important ’tools’ to predict the occurrence of these features in buried plat-
forms. Particularly, in an anisotropic rock body, such as the case of an isolated
carbonate platform, these problems become most apparent. This is because
these features are affected by various degrees of karstic overprint and hydrother-
mal fluids, potentially leading to limestone-dolostone neomorphism (Christ et
al., 2012; Jacquemyn et al., 2014). All of these processes lead to significant
lateral and stratigraphic changes in rock properties.

In rock bodies, where major faults and folds are absent, other studies have
shown that fractures occur in otherwise undeformed carbonate rocks (Lamarche
et al., 2012; Lavenu et al., 2014, 2015). For instance, carbonates deposited in
shallow marine environments tend to lithify at an early diagenetic stage and
enter the shallow burial as semi-lithified (but still very porous) rocks (Eberli et
al., 2003; Ge et al., 2020; Lamarche et al., 2012). These brittle rocks are prone
to fracturing at shallow depths due to localization of displacement and strain
and/or induced by compaction or tectonic forces. As such, even in the absence
of faults and folds, background fracturing can take place during subsidence and
burial (e.g., Bisdom, 2016; Casini et al., 2011).

The reservoir analog dealt with in this paper is the celebrated Latemar carbonate
platform in Northern Italy (The Dolomites), which is a very intensely studied
outcrop ( Boro et al., 2013, 2014; Christ et al., 2012; Emmerich et al., 2005;
Goldhammer et al., 1990; Hardebol et al., 2015; Jacquemyn et al., 2014, 2015).
The Latemar is an isolated carbonate atoll (Fig. 1a) and can serve as an analog
of a subsurface reservoir. The Latemar is a particularly compelling study object,
as it is one of the few preserved limestone atolls in the Dolomites. Moreover, it is
riddled with hydrothermal dolomite bodies and dikes crosscutting the platform,
all of these being related to Predazzo Intrusion (Carmichael & Ferry, 2008;
Jacquemyn et al., 2014, 2015). This allows for studies comparing lateral changes
between limestone and dolostone rock bodies in the m’s to 10’s of m’s scale and
structural changes across different stratigraphic domains (from bottom to top
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of the platform).

This paper aims to: (i) characterize background fractures in terms of geom-
etry, kinematics and chronology, (ii) understand what drives up background
structures formed in platform carbonates related to the position of the principal
stresses, and (iii) quantify the way fractures interact and connect within the two
distinct lithologies (limestones and dolostones), which have undergone the same
geodynamic history in Latemar. We explore the differences and similarities in
connectivity and complexity of the fracture networks in both lithologies. Finally,
we extrapolate the results to discuss the development of background fractures
in platform carbonates, changes in stress state through time, and topological
variabilities by using the studied example as a proxy.

1. The latemar atoll: case setting

(a) Geotectonic history

The Latemar carbonate atoll is one of the pre-volcanic Late-Anisian-Ladinian
isolated carbonate platforms (Goldhammer & Harris, 1989; Preto et al., 2011)
located in the southwestern part of the Dolomite Mountain belt (northern Italy;
Fig. 1a, b). The Latemar forms part of the Southern Alps, which, in turn, are
a segment of the Mesozoic Adriatic plate, involved in predominantly southward
thrusting during the Alpine collision between Africa and Europe (e.g., Boro et
al., 2013; Doglioni, 1988).

In what forms today the Dolomites Mountain belt, a broad and extensive car-
bonate ramp developed (Contrin Formation; Ruffer & Zuhlke, 1995). The large-
scale carbonate ramp was fragmented into several horst and graben structures
by the overall extensional faulting in the Late Anisian (Castellarin et al., 1988;
Gaetani et al., 1981; Preto et al., 2011). Between the Late Anisian and Late
Ladinian (Middle Triassic), a series of isolated carbonate buildups, including the
Latemar platform (Schlern Formation; Bosellini, 1984; Fig. 1b), formed on to-
pographic highs. These buildups were separated by basinal areas recording the
deposition of siliceous, open-marine carbonates. Following a regional magmatic-
tectonic event in the Late Ladininan to Early Carnian, massive magmatic activ-
ity triggered the intrusion of the Predazzo Volcanic-Plutonic Complex and the
Mt. Monzoni intrusion (Fig. 1c; Bellieni et al., 2010; Bosellini, 1984; Bosellini
et al., 2003). Carbonate deposition came temporarily to a halt, mainly when
Wengen Group’s volcanic covered most of the platform top and parts of the
surrounding basins and flank deposits (Bosellini, 1984; Bosellini, 1996). Dikes
radiating from the Predazzo intrusion into the Latemar carbonate edifice are
mainly monzonitic in composition (Visona, 1997) and emplaced between 232 –
238 Ma (Laurenzi & Visona, 1996). The majority of these dikes are oriented
sub-vertically, and their strike has a 325o azimuth (Jacquemyn et al., 2015).

1. The Latemar

The Latemar is impacted by the syn-sedimentary tectonic processes in the Mid-
dle Triassic and the later Alpine tectonics (Preto et al., 2011). The current
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morphology of Latemar has a maximum altitude of 2850 m, with the high
peaks exposing extensive parts of the platform interior, the margin, and the
slope (Figs. 1 and 2). The platform interior, a 720 m succession of subtidal
and peritidal carbonate lagoonal deposits (Egenhoff et al., 1999), is arranged
in dm’s-to m’s-scale shallowing upward cycles (Christ et al., 2012; Goldham-
mer et al., 1990). The platform margin, which is scarcely preserved, comprises
massive reefal boundstones, extensive microbial crust, and abundant marine ce-
ment (Emmerich et al., 2005; Goldhammer & Harris, 1989; Harris, 1993, 1994;
Marangon et al., 2011). The slope is characterized by massive breccia flows,
including coarse and matrix-poor materials derived from the platform margin
or platform interior (Egenhoff et al., 1999; Harris, 1994). Although the Latemar
platform belongs to the groups of the pre-volcanic platforms that preserved a
predominantly calcite mineralogy, a sizeable volume of hydrothermal dolomites
is present. The dolomitization of the Latemar is primarily linked to fluids and
contact metamorphism related to the Predazzo intrusion forming a contact au-
reole with (de)dolomite marbles and, most prominently, hydrothermal activity
related to magmatic dikes (Visona, 1997; Carmichael and Ferry, 2008; Jacque-
myn et al., 2014; Mueller et al., 2021). Dolomitizing fluids circulated along
the pathways of the numerous mafic dikes and caused the spatial hydrothermal
dolomitization of the formerly calcitic Latemar carbonates.

Structural studies focusing on the Latemar platform, essentially fracture-related
ones, have been performed (Boro et al., 2013, 2014; Preto et al., 2011). These
study document that a large number of volcanic dikes strike NNW-SSE, and a
limited number of strike-slip and normal faults generally oriented NNW-SSE,
and NNE-SSW traverses the platform. Typically, these faults are of Middle
Triassic (Anisian) to Alpine (Neogene) in age, with high angle Alpine faults
commonly reactivating pre-existing planes. This reactivation is acknowledged by
the presence of striation on some joint surfaces and surfaces bounding volcanic
dikes (Gramigna et al., 2013). Despite evidence for the reactivation, however,
the Alpine tectonic scarcely overprinted the original sedimentary architecture
of the carbonate massif. Besides, opening mode fractures or joints and fracture
corridors have also been identified. These structures are primarily oriented in
two perpendicular sets, NNW-SSE and ENE-WSW, trending fractures (Boro et
al., 2013; Preto et al., 2011).

1. Data set and fracture analysis

We investigated an approximately 2 x 3 km large study area on the Latemar
platform, including outcrops in the Valsorda valley, which is 100’s of m’s lower
than the platform top (Fig. 2). Distributed fractures with varying patterns
were identified in lime- and dolostones and documented. We did not recognize
prominent folds and/or faults. Exposures in the study area are generally of high
quality. Outcrop stations (Figs. 1c and 2, and Table 1) were broadly grouped
into three domains based on their stratigraphic position and structural styles
for analysis. This grouping enables building a range of structural transects to
understand the platform’s deformational history from the base to the top of the
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Latemar platform. (Fig. 1). We do not follow previously defined sedimento-
logical lithozone classifications in every detail (see, e.g., Egenhoff et al., 1999;
Goldhammer & Harris, 1989). Instead, we divided the outcrop stations into do-
mains based on the observed changes in stratigraphic positions and structures,
from the bottom to the platform’s top.

The first domain (D1), near the steep southward-facing slope (present-day) of
the Latemar Mountain, is located between 1.600 and 2.350 m a.s.l. in the
Valsorda valley (D1 in Fig. 1d). There, bedding perpendicular outcrop stations,
ranging from a few m’s to 10’s meters, are studied. The second domain (D2) lies
between 2.400 and 2.600 m a.s.l. at the upper levels of D1 exposed at the center
of the morphological ’amphitheater’ of the central Latemar (Latemar interior).
’Latemar interior’ represents the intermediate level of the Latemar, and both
bedding parallel (pavement) and bedding perpendicular outcrop stations were
studied (D2 in Fig. 1d). The third domain (D3) is situated at the highest part of
the platform, located between 2.700 and 2.850 m a.s.l. (D3 in Fig. 1d) near the
Rifugio di Pisa and Cima Feudo areas (Fig. 1c). Both bedding perpendicular
and bedding parallel outcrop stations were studied.

Distributed fractures (and veins) were photographed, mapped, and structurally
characterized within the exposed outcrop stations in all the domains. Data
compiled include plane orientation and displacements (Fig. 3). Specifically,
at the sub-horizontal outcrop (pavement) in D2, the fracture network patterns
were acquired from stitched, and ortho-rectified images obtained using drone
imagery (DJI Phantom 4®). The acquired images were processed using Agisoft
Photoscan® and converted into georeferenced digital outcrop models using pho-
togrammetry. Drone images were used to guide fieldwork on the ground to
document minute structural details that were only in part visible in drone im-
ages. Spatial and dimensional attributes of fractures were collected from lime-
and dolostones. These fractures and the stylolites were analyzed for their ge-
ometry, kinematics, and topology to delineate crosscutting relationships and
the accompanying stress directions. We dedicated particular attention to the
kinematics of veins and their relationships with both bedding-perpendicular and
bedding-parallel stylolites. Interpretation and digitization of the observed frac-
tures were carried out using ArcGIS 10.5TM software. Fractures were traced
and digitized using the polyline interpretation tool. The fractures were then
analyzed for their geometric and topological characteristics using NetworkGT
(Nyberg et al., 2018). Various tools within ArcGIS 10.5TM focus on three as-
pects of two-dimensional fracture network analysis (sampling, geometry, and
topology).

To understand fracture topology, which describes the geometrical relationships
and arrangement of fractures within a network to determine their connectivity
(e.g., Manzocchi, 2002; Sanderson & Nixon, 2015), we follow Sanderson and
Nixon (2015) in adopting their view that fracture arrays are made of nodes and
branches. Nodes are classified into I-, Y-, and X-nodes, representing respec-
tive points where a fracture terminates, abuts/splays against another fracture,
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and/or intersects with another fracture. Branches are the portions of a frac-
ture confined between two nodes. These are defined as isolated I-I branches,
singly connected I-C branches, or doubly connected C-C branches if they are
delimited by; two I-, one I-, and Y- or X-, and Y- and X-nodes respectively
(Fig. 4a; Sanderson & Nixon, 2015, 2018). The proportion of different node
and branch types describes the network topology. Once the number of nodes
and/or branches making up fracture arrays is known, the connectivity can be
quantified and visualized in a ternary plot of the component proportions. This
entails measuring the number of connections per branch nCB ranging from 0 to
2. The value 2 signifies a very high and/or perfectly connected network (Fig.
4b, c; for details of the mathematical derivation, see Sanderson & Nixon, 2015).

Finally, fractures’ spatial heterogeneity was computed through transect lines,
which lie perpendicular to each fracture cluster by relating a cumulative plot
to a uniform distribution (Fig. 4d). A plot of cumulative frequency against
distance from the beginning of the transect line allows a quick visual compar-
ison of the distribution of different fracture populations and between transect
lines with different lengths or fracture frequencies. For instance, the maximum
deviation above (D+) and below (D-) the normal distribution are added to give
a parameter V, for fracture frequency (Vf), i.e., V = D+ + D- (Fig. 4d). The
V value ranges from 0 to 1 (representing homogenous to heterogeneous spacing
distribution) upon normalizing the added deviations by cumulative total. For
a more detailed description, see Nixon et al. (2019), Putz-Perrier & Sanderson
(2008a, 2008b), and Sanderson & Peacock (2019).

1. Results

(a) Spatial distribution of structural elements and their charac-
teristics across domains

In the following, we describe the distribution of the structural elements in the
area of study, focusing on the three outcrop domains: from bottom to top, the
D1, D2, and D3 (see Figs. 1 and 2). Generally, in all the domains, the field in-
vestigations show widespread brittle deformation features across the limestones
and their dolomitized equivalents. The dominant features within these rock
types are low-strain barren fractures and/or veins, displayed as mode I and con-
jugate hybrid fractures/veins. Features containing significant strain are scarce
and commonly limited to a few low-angle conjugate reverse faults, normal and
strike-slip faults with a displacement of a few cms. Only very few fractures are
striated. Besides the barren fractures and veins, sub-horizontal and sub-vertical
stylolites (some cm’s to a few m’s long) are observed.

In analyzing the structural elements in each domain, especially the distribution
of conjugate fractures, we consider the conjugate pattern’s ’building blocks’
mainly composed of two conjugate fractures/veins and the associated sub-
vertical (tectonic) stylolites, referred to here as Conjugate System (CS). Two
conjugate systems (CS1 and CS2) groups are distinguished and documented,
measuring dihedral angles between 18 and 60o, and the conjugate kinematics
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are consistent for the measured fractures.

The first domain (D1) is situated at the platform’s base between 1.600 m a.s.l.,
in the Valsorda valley area (Fig. 5) and 2.350 m a.s.l., within the vicinity of San
de Montagana (Fig. 6), respectively. In this domain, the Latemar carbonate
edifice is affected by minor reverse faults dipping at low-angle (< 30o) to bedding
(Figs. 5 and 6). Four representative outcrop stations displayed both in the
NNW and NNE flanks of the Valsorda valley and in the vicinity of San de
Montagana, for example, figures 5a – e, 6 and Table 1, show that these low-
angle reverse faults: (i) occur in conjugate sets, (ii) strike between ca 238o
WSW-ENE and 250o SW-NE, and (iii) accommodate low-angle SSE - and ENE
dipping fractures with a horizontal intersection. The kinematic indicators on the
low-angle conjugate reverse fault planes point to dip-slip motion. Displacement
is commonly minimal (a few cm) with a poorly developed damage zone and
minimal fault core thickness whenever they are present. Besides the conjugate
reverse faults, sub-horizontal barren fractures (bedding-parallel mode I), sub-
horizontal stylolites, and sub-vertical stylolites were also observed specifically
in figure 5d, f, g. In particular, the sub-horizontal stylolites, ranging in length
from cms to 10’s of cms, exhibit less well-developed peaks when compared to
their sub-vertical counterpart, which ranges in height from cms to a few meters,
having a well-developed peak.

The sub-vertical stylolites are oriented primarily on ca 230 to 250o NE-SW
to ENE-WSW and strike perpendicular to the maximum sub-horizontal stress.
These sub-vertical stylolites, coupled with the orientation of low-angle conju-
gate reverse faults, determined an approximate N-S to NNW-SSE trending sub-
horizontal �1 stress (Figs. 3, 5, and 6).

Overall, the structural configurations documented in D1 constrain the orienta-
tion of the principal stresses into sub-horizontal �1 (N-S to NNW-SSE) and �2,
and sub-vertical �3. This configuration constitutes the CS1.

The second domain (D2) is located at the center of the morphological ’am-
phitheater’ of the Latemar between 2.400 and 2.600 m a.s.l., also referred to
as a flat-topped central portion inner platform (e.g., Marangon et al., 2011;
Preto et al., 2011). Here, drone imagery and field studies document fractured
bedding-parallel (pavement) and bedding-perpendicular outcrops covering lime-
and dolostone lithologies (Figs. 1d, e and 7).

In this domain, the sub-vertical conjugate fracture/vein sets strike predomi-
nantly in the NE-SW and ENE-WS directions for both, lime- and dolostone
lithologies (e.g., Figs. 7, 8, and 9). Further, the sub-vertical stylolites, for the
most part: (i) show a striking direction, approximately NW-SE to NNW-SSE,
(ii) range in length from cm up to a few meters, (iii) have less well-developed
peaks, and (iv) associate with a NE-SW to ENE-WSW trending sub-horizontal
�1 stress (e.g., Figs. 3i - iii, 8, and 9 of stations, LAT_Gi, Gii and Giii). The
NE-SW to ENE-WSW sub-horizontal �1 stress is compatible with the observed
conjugate hybrid fractures/veins (generally striking NE to ENE direction) for
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which sinistral and dextral senses of movement are determined (Figs. 8 and
9). In this domain, the structural configuration within the lime- and dolostone
lithologies at the pavement outcrop stations constrain the orientation of the
principal stresses into (i) sub-horizontal �1 (NE-SW to ENE-WSW) and �3, and
(ii) sub-vertical �2. These constitute the CS2.

Besides the bedding parallel outcrops, many examples of bedding-perpendicular
outcrops in this domain show the occurrence of a few abundant sub-horizontal
stylolites, pointing to compression normal to bedding. The sub-horizontal sty-
lolites, like in D1, vary in lengths, ranging from a few cm up to a few meters.
Unlike in D1, the sub-horizontal stylolites overprint the conjugate fracture sets,
which are observed to belong to CS2.

The third domain (D3) is stratigraphically in the higher part of the platform
between 2.700 and 2.850 m a.s.l., precisely at the Rifugio di Pisa (Fig. 1c,
d). Structures and/or features observed in the studied outcrop stations (e.g.,
Figs. 10, 11, and 12) are displayed as mode I and conjugate hybrid fractures
and stylolites, including sub-horizontal and sub-vertical ones. For instance, con-
sidering the bedding parallel outcrops, in figure 10, fractures are arranged in
conjugate patterns along two main orientations: NE-SW and ENE-WSW. The
conjugate fractures/veins are co-genetic with the NW-SE to NNW-SSE trending
sub-vertical stylolites.

Further, the ENE-WSW-oriented fractures are the dominant fracture set on
the bedding-perpendicular outcrops (Figs. 11 and 12). Also, the sub-vertical
and sub-horizontal stylolites on these outcrops range in length from cms-up to
several meters tall and long, respectively.

The sub-vertical stylolites are widely spaced, and abut against bedding surfaces
dipping toward the NE. These stylolites, coupled with the intersection of the two
biaxial planes of the conjugate fractures, document predominantly ~ a NE-SW
to ENE-WSW trending sub-horizontal �1.

Conversely, the sub-horizontal counterpart varies in spacing between 2 and 3 cm
and several meters (e.g., Figs. 11 and 12). Where the spacing between the sub-
horizontal stylolites is small, these are often interconnected, creating a network
of dense branching stylolites (Fig. 12h, g). In addition, the sub-horizontal
stylolites overprint the conjugate fractures/veins belonging to CS2, and in rare
occasions, abut against the veins that do not form in the conjugate pattern (Fig.
11). Close-up observation shows that the sub-horizontal stylolites overprint the
sub-vertical ENE-WSW oriented stylolites (Fig. 12). Other than that, some
veins seem to overprint or mutually crosscut the sub-horizontal stylolites (Fig.
11c). Most of these veins form later, as they are seen to respond to the sub-
vertical maximum principal stress, which leads to the development of the sub-
horizontal stylolites.

1. The overall structural configurations in all domains

The cumulative result of the overall structural configurations in all the three
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domains as described above is shown in figure 13. These different structural
elements are reflected in: (i) The conjugate systems in each domain, for example,
CS1 and CS2, constrained for D1 and D2, D3, respectively (Fig. 13a). (ii) The
orientation of the sub-vertical stylolites perpendicularly bisecting the conjugate
fractures. Two groups of sub-vertical stylolites are observed, namely the NE-SW
to ENE-WSW and NW-SE to NNW-SSE directed ones, which are predominant
in D1 and D2, D3, respectively (Fig. 13b). (iii) The direction of the sub-
horizontal �1 stress, which in D1 is primarily at NNW-SSE and, in D2, D3, tends
towards the NE-SW to ENE-WSW direction. (iv) The frequency (abundance)
of the sub-horizontal stylolites. While D1 constrain CS1 and bedding parallel
mode I fracture predominantly, D2 and D3 have a dense network of mostly
interconnected sub-horizontal stylolites overprinting conjugate hybrid fractures
belonging to CS2.

1. Fracture networks’ spatial heterogeneity and intensity in lime-
and dolostones at the pavement of D2

In the following, the fracture networks’ spatial heterogeneity and intensity
(length of fracture trace/area of exposure) within the lime- and dolostones at D2
are presented. The results focus on the two predominant fracture populations,
ENE-WSW and NNW-SSE, shared within the lime- and dolostones at D2 (e.g.,
Fig. 7). The length distributions of these fracture populations, using a series
of cumulative frequency plots (negative exponential and power-law) and tables
of fracture statistics, are shown in figures 14c, d, g, h. From the drone imagery
of the fractured sub-horizontal outcrop stations (pavements), four (4) out of
a total of fourteen (14) measured line transects of cumulative frequency are
described, including changes in the fracture intensities between the lithologies.

With respect to the ENE-WSW fractures, the transects of two sub-vertical 4.5
and 7.5 m lines (Te and Tm; Fig. 7a, d) intercept ~ 35 and 25 fractures in
lime- and dolostone pavements, respectively. The fracture’s median spacings
(0.07 and 0.22 m; Fig. 14a, e) are slightly less than their average spacings (0.11
and 0.33 m). The cumulative plots and associated V-values (Fig. 13) show a
slight increase in heterogeneity from limestone (e.g., Te; Figs. 7a and 14a) to
dolostone (e.g., Tm; Figs. 7d and 14e). This increase is also reflected in fracture
frequency (Vf), with V-values increasing from 0.15 to 0.24 (Fig. 14a, e).

With regard to the NNW-SSE fractures, the 6- and 10-m-long transects (e.g., Tf
and Tn; Fig. 7a, d) comprised 47 and 20 fractures in both lime- and dolostone
pavements, respectively. The NNW-SSE fractures median spacing (0.10 and 0.25
m) are less than their average spacing (0.13 and 0.45 m). The cumulative plots
and associated V-values show a slight increase in heterogeneity between lime-
(Tf; Fig. 14b) and dolostone lithologies (Tn; Fig. 14d). The fracture frequency
(Vf) values increase from 0.16 to 0.44 (Fig. 15b, f). Thus, for both the ENE-
WSW and NNW-SSE fractures in lime-and dolostone, the length distributions
fit perfectly to the negative exponential and power-law plots (Fig. 14c, d, g, h),
pointing to closely spaced fractures.
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Concerning the fracture intensities, for limestone pavements, the values range
from 9 to 33 m-1 (LST_2) and 10 to 23 m-1 (LST_3) (Fig. 15a, b). In com-
parison, the local fracture intensities for the corresponding dolostone pavements
range from 3 to 18 m-1 (DST_2) and 2 to 14.1 m-1 (DST_3) (Fig. 15c, d). In
both lithologies, the highest intensity values positively correlate to areas where
the fractures are either splaying, abutting, or crosscutting.

1. Fracture topology and connectivity

The mapped fracture patterns of both lime- and dolostones at the bedding
parallel outcrops (pavements) of D2 (Fig. 7) show a varying degree of structural
complexity. These complexities include overlapping fracture segments, stepping,
abutting, splaying, crosscutting and interacting fractures. The structural styles
within the pavements are further classified based on a change in the fracture
topology and intersections.

The ternary diagrams in figure 16, along with Table 2, highlight the propor-
tions of different node and branch types for each studied limestone (LST_2 and
LST_3) and dolostone (DST_2 and DST_3) pavements. The lines contoured
onto the ternary diagrams show thresholds for the number of connections per
branch (nCB) ranging from 0 to 2. For limestones, this number ranges between
1.52 and 1.55 (Fig. 16b) for LST_2 and LST_3. For dolostones, the values
are 1.74 and 1.64 (Fig. 16d) for DST_2 and DST_3, respectively. These high
values for dolostones are primarily a consequence of intersecting, splaying and
crosscutting fractures.

For the node topology, limestone pavements plot closer to the I -node portion
of the node ternary diagram compared to dolostone pavements (Fig. 16a, b).
For instance, LST_2 and LST_3 (limestone pavements) show a large spread
in node topology, having the proportion of I -nodes ~ 52 and 51%, respectively.
In contrast, for dolostone pavements, DST_2 and DST_3, Y-nodes dominate,
with DST_2 showing a large proportion of connecting nodes (> 65% Y- and
X-nodes; Fig. 16c and Table 2) than any of the studied pavements. Aside from
the I and Y nodes, the limestone (LST_3) in some data also has more significant
X-nodes (26%) than other pavements.

The branch ternary diagram shows that most of the pavements plot along the
IC-CC part with a low proportion of II -branches, between ~ 2 and 7% (Fig. 16b,
d and Table 2). Limestone (LST_2 and LST_3), exhibit more IC-branches (~
30% and 31% ) than the dolostone’s DST_2 and DST_3 counterparts, i.e., ~ 22
and 24% respectively. Conversely, dolostone (DST_2 and DST_3) display more
than 75% CC-branches, much greater than the limestone LST_2 and LST_3
pavement, i.e., up to 60%. These results point to a gradual rise in both the
proportion of connecting nodes (Y - and X-nodes) and the CC-branches from
lime- to dolostone pavements.

Figure 17 shows the connecting node frequencies with varied values in the stud-
ied lime- and dolostones pavements. It suggests a good correlation with the
higher fracture intensities, depicting areas of complex structural zones.

11



1. The tectonic evolution and the relative age of stress regimes at
the latemar

The geodynamic context responsible for creating high accommodation space in
Latemar is associated with the late Anisian to early Ladinian extension, widely
documented in the Dolomites and Eastern Southern Alps (Bertotti et al., 1993;
Doglioni, 1988). Linking the orientations of principal stresses in which different
natural fractures form (in the Ladinian times) at Latemar to the Andersonian
stress regimes (fig. 18), observations in at least nine outcrop stations, for ex-
ample, from D1 to D3, show three stress fields constrained by two different
conjugate systems (Figs. 5 and 8). The first two stress fields (figs. 3 and 12)
show sub-horizontal, roughly (i) N-S to NNW-SSE directed �1 and a sub-vertical
�3, and (ii) NE-SW to ENE-WSW directed �1 and a sub-vertical �2. The third
stress field shows a sub-vertical position of �1 (perpendicular to the orientation of
sub-horizontal stylolites) and sub-horizontal �2 and �3. Whereas the first stress
field is predominant at D1, corresponding to the reverse fault stress regime, the
second and third stress fields are common at D2 and D3, consistent with strike-
slip stress regimes. The differences in these stress fields lie in the permutation
of the position in the space of the principal stress with depth.

Based on the crosscutting and abutment relations of structures, the relative age
of the stress fields and the timing of the conjugate fractures’ development show
that the stress field associated with CS1 formed prior to those linked with CS2.
The parallelism established between the conjugate fractures’ development and
Ladinian sub-volcanic dikes’ that crosscut the Latemar in Boro et al. (2013),
Jacquemyn et al. (2015), and Preto et al. (2011) implies that CS1 is Middle Tri-
assic in age. The compatibility of the N-S to NNW-SSE directed sub-horizontal
�1 with the Early Ladinian tectonic settings as documented in regional studies
(e.g., Doglioni, 1984; Blendinger, 1986; Boro et al., 2013; Bosellini et al., 2003)
further confirms the age of CS1 to Ladininan times, and these are primarily
found in the outcrops exposed at D1 (Figs. 5 and 6). This event predates
(i) the shifting of the stress fields from N-S to NNW-SSE towards the NE-SW
to ENE-WSW sub-horizontal �1, which is responsible for the CS2, observed in
most outcrops in D2 and D3, and (ii) the later sub-vertical �1, which formed the
wide-ranging sub-horizontal stylolites throughout D2 and D3 locations (Figs 8,
9, and 10). These sub-horizontal stylolites crosscut the conjugate fractures of
CS2 (Fig. 12). Meaning that the conjugate fractures must have formed first at
a depth shallower than the sub-horizontal stylolites.

Overall, the structural evolution of the Latemar is interpreted to show primarily
structures formed as a result of burial and/or subsidence impact on the carbon-
ates. These impacts occur in a relatively common tectonic setting characterized
by the presence of significant sub-horizontal stress of non-gravity origin and
those resulting from gravity. Essentially during subsidence, the carbonates en-
counter different depth intervals and stress configurations at each interval. The
resultant effect is the formation of diverse structures at each interval; see figures
5, 8 and 10. Thus, the tectonic evolution of the Latemar is characterized by the
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first stage of distributed deformation, creating conjugates reverse fractures and
veins followed by sinistral and dextral conjugate fractures and the development
of perpendicular barren fractures, veins, and faults. Transpression along a N70E
axis in the Dolomite mountain belt, the Stava Line-Cima Bocche Anticline (Fig.
1a; Doglioni, 1984) must have played a critical inherited geometry role during
this evolution.

1. Discussion

In the following, we consider the collected structural data in terms of their mode,
kinematics, orientations, abutting, and crosscutting relationship and include
controlling factors and associated stress fields. These parameters are of general
relevance for the structural modelling of sub-surface carbonate reservoirs.

1. Background fractures related to faulting of the Latemar

The Latemar platform’s deformation caused the development of an extensive
system of relatively clustered structures and/or fracture networks, which induce
spatial anisotropy, especially in the pavement (sub-horizontal) dimension. Fea-
tures such as (i) the sub-vertical mode I and hybrid fractures/veins and stylolites,
and (ii) the sub-horizontal stylolites are present. These features are associated
with three distinct stress fields: two sub-horizontal �1 (of different orientations)
and overburden stresses. Data shown here suggest that many of the structures
are accommodated in conjugate systems (e.g. CS1 and CS2). Each conjugate
system is made up of two sets of sub-vertical hybrid fractures/veins, with sub-
vertical stylolites bisecting the large angle between them and orientated parallel
to their intersection.

In many carbonate platforms, deformation and fracturing of weakly to fully lithi-
fied carbonates are typically related to direct evidence of faulting and/or folding
events in which their initial stages induce the development of extensive back-
ground fracture networks (e.g., Agosta & Aydin, 2006; Bosence, 2005; Petrullo
et al., 2017; Tondi, 2007; Igbokwe et al., 2018, 2020). In contrast, in some
platforms, background fractures develop instead in response to regional far-field
stresses (e.g., Agosta et al., 2012; Casini et al., 2011; Korneva et al., 2014;
Lamarche et al., 2012; Lavenu et al., 2014, 2015) and/or subsidence (Bertotti
et al., 2017) without the influence of faults or folds.

In the Latemar platform, faults of Middle Triassic (Anisian) to Alpine (Neogene)
age (Fig. 1 and 2) are accommodated. Although these faults have played
essential roles in different stages of the structural evolution of the platform, the
Alpine tectonics minimally affect the original sedimentary architecture of the
Latemar carbonate massif despite their reactivation evidence (Gramigna et al.,
2013). This implies that the impact of the Anisian faults related to the overall
deformation of the Latemar can be elucidated in the present-day setting. For
this reason, we are careful to separate the influence of these extensional tectonics
during the Middle Triassic and the later impact of the Alpine compression in
the Neogene.
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Gramigna et al. (2013) and Preto et al. (2011) documented the characteristics
of the Middle Triassic (Anisian) faults in Latemar as largely synsedimentary
normal (conjugate) faults with extensional kinematics. These Anisian faults
strike predominantly N40 – N60 or N100 – N120, and their tectonics are linked
to the ongoing subsidence leading to the formation of the South Alpine passive
continental margin (Bertotti et al., 1993; Fantoni et al., 2004). In the case of
the study example presented here, we infer that the Anisian faults have minimal
contribution to the formation of the initial background fractures. Our inference
is based, for instance, on observations in three pavement outcrops (precisely at
D2) where outcrops show mode I and the hybrid conjugate veins occluded by
marine cement phases, specifically radiaxial fibrous calcite and dog tooth cement
(e.g., Figs. 8, 10, and 11). These veins preserved a series of primary depositional
features, have a dihedral angle of about 30o, and are thought to have formed
during subsidence and related burial (Boro et al., 2013; Jacquemyn et al., 2014,
2015; Preto et al., 2011; Mueller et al., 2021). This implies that these veins
must have formed earlier at deposition, which is coeval with the emplacement
of magmatic dikes at around 240 – 230 Ma. Additionally, the location of the
Anisian faults vis a vis with the studied outcrops shows that the faults are far
apart, at least 100s of meters, from the outcrop locations (Figs. 1 and 2). This
is coupled with the apparent absence of folds in the vicinity of the study area.
Consequently, with these facts, we propose that: (i) the Anisian faults may have
no or minimal influence on the studied background fractures. (ii) the impact of
far-field regional stresses must have initiated deformation during the subsidence,
forming the different fractures/veins at depth, at least in the case of the studied
fracture pavements.

In other places, sub-horizontal stresses have been documented in Berda and Kef
Eddour formations in Tunisia (Bisdom et al., 2016, 2017), and the Jandaira For-
mation in Brazil (Bertotti et al., 2017), causing background conjugate fractures
with low dihedral angles < 30o. These fractures are thought to have formed
during early horizontal contraction, particularly for the Berda and Kef Eddour
formations in Tunisia, which also caused regional folding, thereby underlying
the importance of layer parallel shortening (e.g., Ahmadhadi et al., 2008). The
implication is that the background structures in Latemar must have formed ear-
lier as the rock subsides, influenced by sub-horizontal (regional) stresses, prior to
large-scale reactivation by later extensional and Alpine compressional tectonics,
particularly in the Neogene.

1. Background fractures in relation to overburden stress and chang-
ing positions of the principal stresses

The position of background structures (fractures/veins and stylolites) depends
on the principal stresses’ spatial position. The principal stresses, in turn, de-
pend on the depth at which the deformation takes place and the intensity of
the tectonic (or sub-horizontal) stress. Our results show that the stress regime
changes with depth, even when the intensity of the sub-horizontal stresses (in-
cluding the applied boundary stresses) are constant. This situation presents
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a challenge in knowing the type of structures, namely, mode I and/or hybrid
fractures or stylolites, that will form as the rocks deform (or subside). Typi-
cally, when characterizing subsurface rocks used in reservoir models, the sets of
structures (mode I, and hybrid fractures or stylolites) are essential, but these
structures are mostly considered individually (e.g., Agosta et al., 2010, 2012;
Panza et al., 2016; Giuffrida et al., 2019, 2020). This, in turn, implies that the
associated stress information is obscured, resulting in inappropriate subsurface
reservoir models. The questions of (i) how do the rocks (with reference to the
Latemar) accommodate and react to different episodes of stress regime and, in
particular, to subsidence or burial related deformation, and (ii) what possible
structures will develop and at what depth, remain an open discussion. Here, we
elucidated this by considering the structures in the two conjugate systems and
documented stress fields.

A comparative analysis of the formation and changes in the conjugate systems’
geometry, documenting three stress fields, is shown in figures 5, 8, 10 and 18.
The documented differences between the first two stress fields lie in the principal
stresses’ changing positions (stress permutation), from reverse fault to strike-slip
stress regimes. The third stress field is governed by sub-vertical �1, primarily
influenced by the overburden.

Previous workers Bertotti et al. (2017) presented a model of subsiding car-
bonate rock, which envisages that the acting stress fields can be either gravity
as the only force or combined gravity and the far-field sub-horizontal stresses.
The sub-horizontal stresses can be of the tectonic origin or related to lateral
pressure changes affecting the lateral thickness and density variations as, for
example, found in some passive continental margins (Pascal & Cloetingh, 2009).
These authors predicted three different depth intervals at which the conjugates,
coupled with the position of the associated principal stresses, form in carbonate
rocks during subsidence. Based on this, our estimate shows that the compres-
sion of the roughly N-S to NNW-SSE trending sub-horizontal �1, and a sub-
vertical �3 (i.e., for CS1; Figs. 13a and 18a) took place at a relatively shallow
to an intermediate burial depth of about 300 – 500 m. At this shallow depth,
bedding-parallel mode I fractures, sub-vertical stylolites and/or low-angle re-
verse faults, (mainly in D1) formed (Figs. 5 and 6). Indirect evidence for this
notion comes from the understanding that, in the presence of sub-horizontal
tectonic stress, a sub-vertical position of �3 is compatible with low-angle reverse
faults (or structures), and these form at shallow to intermediate burial depth
(e.g., Bertotti et al., 2020; Bisdom et al., 2016a). Under ongoing subsidence,
the Latemar platform’s carbonates experienced intense fracturing and entered
a depth interval characterized by a sub-vertical �2 and a sub-horizontal roughly
NE-SW to ENE-WSW trending �1 (i.e., CS2; strike-slip stress regime; Figs. 13a
and 18c). Because the vertical stress has substantially increased from �3 to �2, a
dense network of sub-vertical mode I and conjugate hybrid fractures/veins and
associated stylolites developed. These structures are common at D2 and D3
(Figs. 8, 9 and 10), and the burial depth at which this deformation took place
is estimated to be not more than 500 – 800 m. The value of this depth interval
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is similar to that proposed in Boersma et al. (2019) and Ebner et al. (2010).

Further subsidence of the deformed Latemar carbonate allows �1 to attain a ver-
tical position – the third stress field. This stress field induces the activation of
the wide-ranging sub-horizontal stylolites, formed primarily due to overburden
compaction by gravity force (Figs. 12, 13, and 18d), mode I fractures (steep
fractures/veins formed later) and normal faults. The sub-horizontal stylolites
overprint the sub-vertical conjugate hybrid fractures/veins (Fig. 12a, e, i), and
the NNW-SSE trending sub-vertical stylolites (Figs. 12c, d, g). This indicates
that the formation of sub-horizontal stylolites occurred after the impact of the
sub-horizontal compressional stresses that form the conjugate fractures. The
dense fracture-stylolite patterns overprinting the conjugate hybrid fractures are
similar to what has previously been described from subsiding carbonate rocks
elsewhere (e.g. Bertotti et al., 2013, 2017; de Graaf et al., 2017; Boersma et
al., 2019; Igbokwe et al., 2018, 2020). Given this, our results point to conjugate
systems formed both at a shallower depth, as the platform deforms (or sub-
sides), and at the intermediate, to greater depth, before the platform reaches
its maximum burial depth. We noted some similarities in structures observed
in the outcrops at D2 and D3 (Fig. 13a). These similarities suggest that these
outcrops (at D2 and D3) belonged to the same package of layers during deposi-
tion and may have been affected by different erosional episodes and/or varying
degrees of uplift. Meaning that the formation of structures in these domains
corresponds more or less to the same time. On this note, we conclude that spe-
cific burial depth windows are important in characterizing the different spatial
positions of the principal stresses by determining which of the principal stress
coincides with the far-field stress or gravity. This, in turn, will determine the
type of structural elements that will form.

At the surface level, the overburden stress has zero value. It then builds up
at a proportion exceeding other stresses and which, at a specific depth, will
inevitably become the maximum compressional stress. Therefore, changes in
overburden provide the major driving factors in determining the type of back-
ground structures (e.g. mode I and conjugate hybrid fractures or stylolites) that
develop in subsiding carbonate rocks.

1. Role of hydrostatic pore pressure and stress concentration

Previous workers (Roberts & Nunn, 1995; Sibson, 2003) linked the development
of a dense network of sub-vertical mode I and conjugate hybrid fractures/veins
to pore pressure. The hybrid nature of the fractures/veins documented here
comes from the fact that: (i) most single fractures/veins are sheared, and (ii)
the fractures/veins occur in conjugate patterns with low inter-fault angles (Han-
cock, 1985). Commonly, in a compressional stress regime, high pore pressure
controls the activation of hybrid fractures in low porosity carbonate rocks, es-
pecially when the rock layers underlying the low porosity carbonate rocks are
permeable (Sibson, 2003). In the case study presented here, the lithification
of carbonates in the marine diagenetic domain and subsequent chemical and
physical compaction during burial (e.g., Marangon et al., 2011) resulted in
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low-porosity carbonate rocks in which these fractures formed. The underly-
ing stratigraphic lower carbonate banks – belonging to Contrin and pre-Contrin
formation (Fig. 1b, c) – of Latemar are not permeable (e.g., Carmichael and
Ferry, 2008; Jacquemyn et al., 2014, 2015). Therefore, fractures formed at the
Latemar could not have formed by increased high pore pressure emanating from
these formations. The implications are that fractures in the Latemar platform
must have remained mechanically open, i.e., did not close until occluded with
carbonate cement. Assuming that these concepts hold, high hydrostatic pore
pressure was not a significant factor affecting the formation of hybrid fractures
in the Latemar platform.

Following Hancock (1985), Bisdom et al. (2016), and Bertotti et al. (2017), we
propose that high-stress concentration due to increased depth and stress per-
turbation triggered the formation of hybrid fractures. As expected for lithified
carbonate rocks, the concentration of stress increases with depth. This, in turn,
changes the stress conditions due to stress perturbation and increases fracture
frequency (Bai & Pollard, 2000; Boersma et al., 2020; Turcotte & Schubert,
2002).

Some degree of structural change has recently been linked with substantial mod-
ification in the flow pattern and chemistry of fluid (thought to be hydrothermal
from the dikes) circulating in the Latemar. This is a result of a complex inter-
play of dissolution, precipitation, and cement paragenesis. The reader is referred
to Mueller et al. (2021), the twin paper from this project, for detailed fluids and
cement paragenesis documentation during the distributed deformation stages in
Latemar.

1. Spatial and topological variability of background fractures: im-
plications for fluid flow

The spatial arrangement of fracture arrays defines the structural heterogene-
ity and anisotropy in rock volumes and govern how fractures and faults affect
fluid flow (Laubach et al., 2018). The differences in the spatial arrangements
of fractures have significant implications for reservoir characterization inasmuch
as fracture clusters, or sets of orthogonal fractures, can all contribute to fluid
flow in the sub-surface (Li et al., 2018). As discussed in Laubach et al. (2018),
the variation in fracture systems can occur when analyzed using scanline data,
even within single sets. Here, we document a narrow range and spatial variabil-
ity in the background fracture systems studied within the Latemar pavements
at D2. There, the ENE-WSW and NNW-SSE fracture sets, common in both
lime- and dolostone pavements show a regular anti-clustered distribution, indi-
cating a lower variance in spacing as expected for uniformly distributed diffuse
fractures. For instance, the low values of variation coefficients (Cv > 1) and
fracture frequency (Vf >1) for both ENE-WSW and NNW-SSE fracture sets
within lime- and dolostone pavements, respectively illustrate only very minor
or no changes in the distributed deformation (Fig. 14). Although, Nixon et al.
(2014) found that fracture networks change their character within distributed
deformation. Our results indicated that the studied fracture sets (ENE-WSW
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and NNW-SSE) at D2 followed a similar length-frequency distribution in lime-
and dolostone pavements. This implies that the multiscale dataset from these
two lithologies is part of the same geodynamics system. Even so, we observed
local changes in fracture character within dolostone pavements, where fractures
largely branch and interact among themselves. This is because dolostones have
different mechanical properties compared to their limestone counterpart. The
characteristics of fracture interactions (clustered fracture network and homoge-
nously distributed diffuse fractures) are constrained spatially but play a vital
role in the flow network character (Hooker et al., 2013; Lamarche et al., 2012;
Laubach et al., 2018; Manzocchi, 2002).

The topology application to the studied background fractures reveals distinct
topological signatures characterizing both lime- and dolostones pavements (Figs.
16 and 17; Table 2). Representing these in quantitative terms for lime- and dolo-
stone pavements show the average percentage values of the nodes and branches,
respectively: (i) I (50.8 and 36.3%), Y (27 and 51%) to X (22.1 and 12.6%)
nodes, and (ii) I-I (7.3 and 3%), I-C ( 31.1 and 23.3%) to C-C (59.9 and 71.6%)
branches. Concerning connection-per-branch (CB), the values for lime- and
dolostones show 1.5 and 1.7, respectively. These representations reveal that
the fracture networks in both lithologies are increasingly interacting and well-
connected. In addition, these fracture networks show apparent similarity in their
structural style and complexity in the sense of fracture intensity and orientation
ranges (Figs 7 and 15), pointing to fractures formed in the same geodynamic
system.

The high proportion of I-node and I-C to C-C branches in limestone pavements
suggests a network generated by localized stress concentrations, accommodating
decreased displacement at fracture tips (e.g., Shipton and Cowie, 2003; Nixon et
al., 2020). Conversely, the abundance of Y-to X- nodes and I-C to C-C branches
in dolostone pavements reveals a well-connected network. This connectivity of
fractures allows fluids to follow their pathways, particularly in the complex zones
where fracture intensities are high. The path provided by these fractures has
contributed to supplying the hydrothermal fluids, especially within the numer-
ous parallel dikes, that largely dolomitized the limestone at the Latemar plat-
form. Similar relationships between the fracture network configuration (struc-
tural complexity) and topological characters were also described for carbonate
platforms elsewhere (e.g., Duffy et al., 2017; Igbokwe et al., 2020; Morley &
Nixon, 2016; Nixon et al., 2020). In all the studies, a higher proportion of Y-
to X-nodes and I-C to C-C branches has important implications in evaluating
the control exerted by the rocks on fluid migration in the subsurface.

Concluding, the distinct topologies of the background fractures allow the predic-
tion of the different fracture network properties. These, in turn, can be useful
when estimating deformation and fracture linkage in the subsurface. The sim-
ilarities between these topologies in the Latemar platform in relation to other
studied examples imply that the features documented in this paper might be
more widely applicable with reference to larger-scale fracture and/or fault net-
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works in carbonate platforms elsewhere.

1. Conclusion

Background fractures in both lime- and dolostone pavements in the Triassic
Latemar platform interior have been mapped in detail and analyzed in terms
of their geometry, kinematics, and topological characteristics. This has enabled
us to document and quantify the background fracture network’s structural com-
plexity, arrangements, and connectivity. Further, the data shown here shed
light on the manner in which background fractures form and vary spatially and
topologically from lime- and dolostones.

Background fractures on the Latemar formed under the influence of three stress
fields. The first two stress fields are characterized by sub-horizontal �1 and sub-
vertical �3 or �2, ranging from reverse fault to strike-slip stress regimes. The
sub-horizontal �1 is directed towards the N-S to NNW-SSE for the first stress
field, with sub-vertical �3 and sub-horizontal �2, whereas, for the second stress
field, NE-SW to ENE-WSW direction depicts the sub-horizontal �1 with sub-
vertical �2 and sub-horizontal �3. These first two stress fields are responsible for
conjugate systems (e.g., CS1 and CS2) at shallow to intermediate burial depths
of perhaps 300 – 800 m, respectively. With further subsidence (> 800 m), the
third stress field formed when the deformed Latemar carbonate allows �1 to
attain a sub-vertical position. The formation of the third stress field initiates
wide-ranging sub-horizontal stylolites, which developed primarily due to over-
burden compaction by gravity. The differences between the three stress fields
lie in the permutation of the position in the space of the principal stress with
depth. Therefore, changes in the overburden provide the major driving factor
in predicting the nature of background structures, which will likely develop in
subsiding carbonate rocks.

The structural style and complexity of the background fractures show distinct
spatial and topological characteristics in lime- and dolostone studied pavements.
Two fracture sets (NNW-SSE and ENE-WSW) are common to both lime- and
dolostone pavements. These fractures show a regular anti-clustered distribu-
tion. Their lower variance in spacing (Cv > 1) and fracture frequency (Vf >1)
illustrate only very minor or no changes in the distributed deformation.

Their networks include many isolated and a few splaying fractures. The frac-
tures within the limestone pavements produce a network with a high proportion
of I-node and I-C to C-C branches, resulting in a low to moderate degree of con-
nectivity (i.e. CB = ~ 1.5). In contrast, fractures in dolostone pavements
produce a more complex network with the abundancy of Y-to X- nodes and I-C
to C-C branches. This results in a moderate to a high degree of connectivity (i.e.
CB = ~ 1.7), and their networks include well-connected and many crosscutting
fracture components.

Background fractures in the Latemar platform provide an instructive example
of the complexities inherent to their driving factors, formation, and stress con-
figuration through time. The spatial and topological characteristics of fractures
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provide a significant link to fluid-flow behavior by quantifying their fracture
networks’ structural arrangement and connectivity.
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1. (A) Overview of the Latemar and the neighbouring Ladinian carbonate
platforms and Upper Ladinian intrusions of the Dolomites (modified after Preto
et al., 2011). (B) Simplified stratigraphic chart of the Dolomite Mountains,
including ranges for cross-section ”C.” (modified after Jacquemyn et al.,
2014) (C) Cross-section of Latemar geological map (Fig. 2a) showing the
stratigraphic relationship between studied domains (modified after Gramigna
et al., 2013). (D) Drone image showing the general overview of the studied
outcrops (arrows show the outcrops studied). (E and F) Image acquired
from the outcrop pavement at flat-topped Latemar with lime- and dolostone
lithologies. Red arrow points to a person with a heigh of 1.73 m
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Figure 2. (A) Geological map of the Middle Triassic Latemar platform, includ-
ing the study locations (modified after Gramigna et al., 2013). (B) The google
satellite image of Latemar mountain, including locations of different analyzed
outcrops and sampling points.

Figure 3. (i through x) Stereoplots show the position of sub-vertical conju-
gate fractures (veins) and stylolites in 10 representative outcrops (from both
bed-parallel and bed-perpendicular) of the study area. Results show two dis-
tinct compression phases, namely N-S to NNW-SSE and NE-SW to ENE WSW
compressions that characterize the two conjugate systems (CS1 and CS2).
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Figure 4. (A) Fracture trace (A-B), with associating intersecting fractures
(dashed), showing the arrangement of nodes and branches: I-nodes (green circle);
Y-nodes (red triangles); X-nodes (yellow diamonds). (B) Branch classification
displaying proportions of different branch types with number 0 – 2 indicating
connections per branch (CB). The curve shows results from the four studied
pavements. (C) Values of the number of connections per branch (CB), indicat-
ing the proportion of different nodes, including node proportion of the studied
pavements. (D) Schematic example of a cumulative plot along a line transect
(solid black line), explaining the maximum deviation above (D+) and below
(D-) a uniform distribution (thick dashed line) used to calculate the heterogene-
ity measure (V). Modified after Sanderson and Nixon (2015) and Nixon et al.
(2019).
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Figure 5. Conjugate fractures, bedding parallel mode I fractures and tectonic
stylolites at the base of the Latemar platform (Valsorda area). Each outcrop has
stereoplot embedded. (A and B) Panoramic overview of the NNE-SSW flank
of the Valsorda valley showing oblique low angle conjugate and sub-vertical
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fractures. The conjugate fractures display a NNW-SSE sub-horizontal �1 stress.
(C – H) The NNW-SSE flank of the Valsorda valley showing low angle conjugate
reverse faults, striking approximately 250-degree ENE-WSW with the horizontal
intersection. The principal stress axis determined from the biaxial intersection
plane of the conjugate faults lies at NNW-SSE, which belong to conjugate system
1 (CS1).

Figure 6. (A and B) Overview of low-angle reverse conjugate fault with fairly
developed flat-ramp-flat geometry at San de Montangana in D1 (LAT_D; plat-
form interior). (C and D) Enlargement of B and line diagram of C, respectively,
showing the low-angle reverse conjugate faults with sub-horizontal compression
direction of ~ NNW-SSE constituting CS1. (E) Stereoplot, showing the position
of the conjugate reverse faults and the direction of the sub-horizontal �1 stress.
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Figure 7. High-resolution 2D drone images coupled with structural interpre-
tation and digitization of the selected limestone and dolostone pavements. The
digitized pavements show the position of the NNW-SSE and NE-SW oriented
line transects. The directions of fractures are in blue and red, and the fracture
frequency measured along each transect illustrate the spatial heterogeneity of
the fractures. (A) and (B) show transects (Td – Tf) and (Ta – Tc) that are
10 and 15 m long with a 2 m spacing in limestone pavement, respectively. (C)
and (D) shows transects (Tg – Tk) and (Tl – Tn) that are 10 m long with a 2
m spacing in dolostone pavement, respectively. (E) and (F) show rose plots of
fractures, indicating significant fractures and/or veins orientations for lime-and
dolostone pavements, respectively.
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Figure 8. (A-J) Three small-scale limestone pavements in D2 (platform inte-
rior; outcrops LAT_Gi and Gii) show conjugate veins with low inter-fault angle
associated with approximately NNW-SSE sub-vertical (tectonic) stylolites and
an ENE-WSW sub-horizontal �1. The veins and stylolites constitute ”conjugate
system 2” (CS2; see the description in the text). H and I) Enlargment of G. (C,
F, and J) Stereoplots showing the positions of the sub-vertical conjugate veins
and tectonic stylolites.

Figure 9. Three small-scale dolostone pavements in D2 (platform interior;
LAT_Giii). A,B and D,E) Conjugate fractures/veins with low inter-fault angle
associated with approximately NNW-SSE sub-vertical (tectonic) stylolites, and
NE-SW to ENE-WSW sub-horizontal �1. The veins and stylolites constitute
”conjugate system 2” (CS2; see the description in the text). G,H) Overprinting
relations between the conjugate fractures and sub-vertical stylolites. C,F and I)
Stereoplots showing the positions of the conjugate fractures/veins and tectonic
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stylolites.
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Figure 10. A and B) Bedding parallel outcrop in D3 showing conjugate frac-
tures/veins and subvertical stylolites, which belong to the conjugate system 2.
The conjugate fractures/veins display a dextral and sinistral sense of movement.
C) Enlargement of A, showing the overprinting relationship between the NW-SE
sub-vertical stylolite and a later sub-vertical vein.

Figure 11. (A) Photograph of one of the studied outcrop in D3 showing ~
150 x 15 m-long and high vertical wall (LAT_J; at the Rif. Torre di Pisa).
B) Structural interpretation of the photograph and the stereoplot presents the
fractures and bedding measurements.

40



41



Figure 12. Structures observed in the bedding-perpendicular outcrop at the
Rifugio station (D3). (A, B and E) Bedding-parallel stylolites are overprint-
ing bedding-perpendicular veins, belonging to the CS2. (B) Enlargement of A,
showing that the sub-vertical NNW-SSE stylolites and the conjugate veins, be-
longing to CS2, are overprinted by the bedding-parallel stylolites. (C) Close-up
of A, displays bedding parallel stylolites overprinting the sub-vertical stylolites.
The sub-vertical veins and the bedding parallel stylolites appear to mutually
crosscut each other. (D) Stereo plot showing the positions of the conjugate
veins, sub-vertical and bedding parallel stylolites. (E) Sub-vertical veins over-
printed by bedding parallel stylolites. (F) Hand-specimen and plane polarized
light image showing cross-cutting relation between the sub-vertical veins and
bedding parallel, indicating that fracturing and vein infill predated burial stylo-
lite formation.

Figure 13. A and B. Summary showing the cumulative result of the repre-
sentative relevant structural elements observed in each domain of the Latemar
platform. �1 = maximum principal stress; �2 = intermediate principal stress; �3
= minimum principal stress.
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Figure 14. The line transects of cumulative frequency show the distribution
in space and deformation of the two distinct fracture clusters in lime- and dolo-
stone pavements and distribution analysis of fracture lengths using a series of
cumulative frequency plots and a table of statistics for the fracture/vein net-
work. Examples of non-normalized cumulative plots of fracture/vein frequency;
(A) and (B) for transects (Te) and (Tf) of the limestone pavement (see Fig. 7a
for the transect). (E) and (F) for transects (Tm) and (Tn) of the dolostone
pavement (see Fig. 7d for the transect). Plots in (C and D, and G and H)
show the normalized cumulative number of fractures and the range of fracture
lengths measured in lime- and dolostone pavements for the ENE-WSW and the
NNW-SSE clusters, respectively. Note the negative exponential and power-law
fits for both fracture clusters in the lime- and dolostone pavements.

Uniform distribution for fracture frequency is shown for the ENE-WSW (solid
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blue line) and NNW-SSE (solid red line) fractures within the distance along the
transect. Calculated values for heterogeneity measures Vf for all the fractures
and/or veins are listed for each plot.

Figure 15 Fracture trace and intensity maps of the representative lime- and
dolostone pavements exposed at the flat-topped Latemar. (A and B) show
limestone local fracture intensity, ranging from 09.3 to 32.9 m/m2 (LST_2) and
10.3 to 23.0 m/m2 (LST_3). (C and D) show dolostone local fracture intensity,
ranging from 3.7 to 17.6 m/m2 (DST_2) and 1.9 to 14.1 m/m2 (DST_3).
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Figure 16. Node and branch triangular plots of the representative lime- and
dolostone pavements. Limestone pavements are presented in A) and B), whereas
dolostone pavements are shown in C) and D). The node triangles (left) explain
the proportions of I-, Y- and X-nodes mapped for each pavement. The branch
triangles (right) illustrate the proportion of II-, IC-, and CC-branches mapped
for each pavement.
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Figure 17. (A) through (D) Map showing topological parameter ”connecting
node frequency” and their relations within the lime- and dolostone pavements.

Figure 18. Interpretative sketch reporting the development of the structural
elements and stress history in the Latemar platform inferred from the field-
based datasets. The stress history is explained following the Andersonian stress
regimes (A through C), showing ideal fault regimes and the orientation of their
different principal stresses. Modified from (Anderson, 1905)

Tables

Table 1. List of some of the main outcrops and structural stations in the
Latemar platform used for this study. Main outcrop information from left to
right column: Outcrop/station name, GPS location, and Domains (D1, D2, and
D3 represent the first, second and third domains, respectively). See Figs. 2 and

46



3 for the information on the number of data (outcrops), conjugate systems and
bedding orientation, respectively.

S/N Outcrop stations GPS locations Domains

1 LAT_A N46o 22’ 14’ ’ E11o 35’ 15’ ’ D1
2 LAT_B N46o 22’ 26’ ’ E11o 35’ 03’ ’ D1
3 LAT_C N46o 22’ 35’ ’ E11o 35’ 54’ ’ D1
4 LAT_D N46o 22’ 28’ ’ E11o 33’ 89’ ’ D1/D2
5 LAT_E N46o 22’ 09’ ’ E11o 33’ 46’ ’ D2
6 LAT_F N46o 22’ 13’ ’ E11o 32’ 69’ ’ D2
7 LAT_G N46o 21’ 87’ ’ E11o 33’ 46’ ’ D2
8 LAT_H N46o 21’ 24’ ’ E11o 34’ 14’ ’ D3
9 LAT_I N46o 21’ 66’ ’ E11o 33’ 57’ ’ D3
10 LAT_J N46o 21’ 47’ ’ E11o 33’ 56’ ’ D3

Table 2. Node and branch data derived from the lime- and dolostone fractured
networks shown in Figs. 16 and 17 outcrops (pavements).

Outcrops I Y X No. of nodes No. of branches Connections per branch II IC CC
DST_2 855 1350 447 2652 3346.5 1.7 58 734 2514
DST_3 324 410 69 803 915 1.6 40 224 620
LST_2 646 385 228 1259 1356.5 1.5 109 417 806
LST_3 825 382 427 1634 1839.5 1.6 119 572 1113
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