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Abstract

Karst systems are hierarchically spatially organized three-dimensional (3D)
networks of conduits behaving as drains for groundwater flow. Recently,
geostatistical approaches proposed to generate karst networks from data
and parameters stemming from analogous observed karst features. Other
studies have qualitatively highlighted relationships between speleogenetic
processes and cave patterns. However, few studies have been performed to
quantitatively define these relationships. This paper reports a quantitative
study of cave geometries and topologies that takes the underlying
speleogenetic processes into account. In order to study the spatial
organization of caves, a 3D numerical database was built from 26 caves,
corresponding to 621 km of cumulative cave passages representative of the
variety of karst network patterns. The database includes 3D speleological
surveys for which the speleogenetic context is known, allowing the polygenic
karst networks to be divided into 48 monogenic cave samples and classified
into four cave patterns: vadose branchwork (VB), water-table cave (WTC),
looping cave (LC), and angular maze (AM). Eight morphometric cave
descriptors were calculated, four geometrical parameters (width-height
ratio, tortuosity, curvature, and vertical index) and four topological ones
(degree of node connectivity, @ and ygraph indices, and ramification index)
respectively. The results were validated by statistical analyses (Kruskal-
Wallis test and PCA). The VB patterns are clearly distinct from AM ones and
from a third group including WTC and LC. A quantitative database of cave
morphology characteristics is provided, depending on their speleogenetic
processes. These characteristics can be used to constrain and/or validate 3D
geostatistical simulations. This study shows how important it is to relate the
geometry and connectivity of cave networks to recharge and flow processes.
Conversely, the approach developed here provides proxies to estimate the
evolution of the vadose zone to epiphreatic and phreatic

zones in limestonesfrom the quantitative analysis of existing cave patterns.
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1. Introduction

The spatial organization of caves has been the focus of many karst research
studies for more than a century (Martel, 1921, Renault, 1970, Ford and
Williams, 1989, Palmer, 1991, Klimchouk, 2009, Audra and Palmer, 2013).
These studies aimed at describing the geomorphological evolution and the
position and shape of cave networks according to flow conditions, initial
geological discontinuities (e.g., fractures, faults, inception horizons, etc.),
and geomorphological landscape evolution. Over the last few years, the karst
system behavior has been studied using geostatistical approaches (Renard,
2007, Renard, 2014, Borghi et al., 2016). These approaches reproduce a set
of plausible cave networks, termed as simulations, that each fits available
static data (e.qg., field observations, inlet/outlet points, conduit geometry,
partial knowledge of cave networks) and accounts for initial conditions
(geological and geomorphological boundary conditions) (Jaquet et al.,

2004, Borghi et al., 2012, Borghi et al., 2016, Collon-Drouaillet et al.,

2012, Fournillon et al., 2012, Pardo-lglzquiza et al., 2012, Viseur et al.,
2014). A set of simulations can also be used in an inverse modelling process
to obtain a spatial distribution of conduits and associated uncertainties
(Renard, 2014) by reproducing the hydrograms, thermograms, and
chemiograms of springs (Pardo-Iglzquiza et al., 2012, Borghi et al., 2016).



The first step in establishing such stochastic procedures is the quantitative
characterization of known three-dimensional (3D) geometries of karst
networks in order to consider them as reference field analogues. A few
studies focused on 2D/3D cave conduit networks (Howard, 1971, Jeannin,
1996, Frumkin and Fischhendler, 2005, Jeannin et al., 2007, Pardo-Iglzquiza
et al., 2011, Albert et al., 2015, Collon et al., 2017) in order to characterize
their 2D/3D geometry and connectivity. All these studies considered the
surveyed cave network as a whole. However, field geomorphologists
identified, by in situ observations, several recurrent cave patterns and
proposed to subdivide karst networks into a few types of karst subsystems
(Palmer, 1991, Audra and Palmer, 2013, Gabrovsek et al., 2014, Harmand et
al., 2017). They showed that independently to initial conditions, karst
networks display recurrent cave patterns depending on the involved
speleogenetic context, especially the hydrogeological karst zonation, the
recharge flow types and the base-level position. For modelling purposes, an
interesting question is then to determine whether these cave patterns show
significant quantitative differences in their morphometric parameters that
can be used in models. Indeed, if these differences exist, the speleogenetic
context must be accounted for in modelling workflows, as already performed
for initial conditions, which mainly constrain conduit occurrences and
orientations.

Thus, we propose to tackle this problem by applying statistical analysis to a
wide 3D database of cave conduits that are first decomposed using a manual
human expertise. In this paper, the database only includes 3D linear sections
corresponding to the recorded passages of the studied cave networks, as it
provides a full 3D view of explored cave shapes. The present work is divided
into three steps: (i) the building of a database of 3D cave surveys in various
speleogenetic contexts (26 caves representing 621 km of conduits), (ii) the
splitting of the database according to four main cave patterns, and (iii) the
computation and comparison of morphometric parameters using statistical
analysis. Notably, the main goals of this study are (i) to test by morphometric
analysis on 3D cave networks whether significant differences exist between
the recurrent cave patterns and (ii) to provide ranges of morphometric
parameters of karst analogues (4 geometrical and 4 topological) to
modellers. The paper was also written with a third goal: to show a global
methodology to bridge the gap between field karst scientist and modellers.



We had in mind that the readers with field geomorphology or modelling
background must understand all the proposed workflow.

We then first describe from a literature review how cave networks can be
split into four main types of cave patterns related to four associated
speleogenetic contexts and processes. Second, the database and its
processing are presented. Third, the eight morphometric parameters
selected and the statistical protocol are described. Fourth, the results of the
statistical analyses are shown and discussed.

2. Karst systems: an organized aquifer

Karst is defined as a geologic environment containing soluble rocks with a
high permeability structure dominated by interconnected conduits dissolved
within the host rock. These conduits tend to develop in order to facilitate
the fluid flow in the hydraulic gradient direction, wherein the permeability
structure evolved as a consequence of carbonate dissolution by circulating
fluids (Huntoon, 1995). Limestone aquifer evolution models showed that
the positive feedback between dissolution rates and flow rates should result
in the formation of caves that are sometimes large enough for people to
enter (Ford and Williams, 2007). Karst systems may be addressed in two
aspects: their hydrogeological behavior and their geomorphological pattern.
From a hydrogeological point of view, the self-organized conduit network,
produced by dissolution processes, results in high permeability zones
where groundwater flows preferentially, leading to quick responses at
springs (Worthington and Ford, 2009). From a geomorphological point of
view, the conduit network is self-organized to facilitate an efficient water
flow in close relation with landscape evolution and local geology. Cave
passages are controlled by passive parameters (lithologic and tectonic) and
by boundary conditions (e.qg., type of recharge, topographic gradient, base-
level position). Previous studies (Palmer, 1991, Hauselmann, 2002, Audra,
2007, Klimchouk, 2009, Audra and Palmer, 2013, Gabrovsek et al., 2014)
showed that cave passage profiles and patterns are not randomly distributed
but depend on the spatial zonation of karst (i.e., vadose or unsaturated,
epiphreatic, and phreatic or unsaturated zones) and on the resulting types of
flows.



A geomorphological classification of cave patterns was first proposed

by Palmer (1991) who analyzed several thousands of cave passages. In this
study, we consider three main cave patterns (Audra and Palmer, 2013)
(without the spongework pattern because of the lack of natural analogues in
our database), and a fourth one for water-table caves (Ford,

1971, Gabrovsek et al., 2014) in order to consider the vertical and horizontal
dimension of caves:

» Vadose branchwork (VB): Branchwork cave patterns (planview, Fig. 1) are
formed in the vadose zone (cross section view, Fig. 1) by point sources of
recharge. The global vadose zone is characterized by water drawn downward
by gravity. The downward trend may be interrupted by local ponding where
geologic structures cause perched phreatic conditions (Audra and Palmer,
2013). Cave passages exhibit a continuously downward trend along the
steepest available openings in the rock. The ideal vadose flow path is
straight downward along vertical fractures. Where vertical fractures are not
available, canyon passages transmit incoming water. Canyon passages are
typically high, narrow, and sinuous. They result in branchwork caves,
consisting of stream passages that converge as tributaries. In general, each
major water source, such as a doline or ponor, contributes to a single
solution conduit, although more than one input can contribute to a single
passage. Loops are rare, except where water abandons its original passage
for a new one and leads to an older route farther downstream (Audra and
Palmer, 2013). At the vadose-phreatic transition, several morphological
changes take place in cave passages (Palmer, 1972): (i) the predominant
downward trend (canyon and shaft) evolves to tubular and fissure passages;
(ii) the overall gradient decreases around 1 m-km~*! and the vertical looping
segment grows; and (iii) the trend for vadose passages to follow the
steepest available path gives way to trends that have no consistent relation
to the dip direction of the rock.
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Fig. 1. Idealized cross section of a karst system with a vertical spatial zonation of karst, and planviews
of associated patterns. Recharge can be epigenic, with diffuse or concentrated infiltration, or
hypogenic. (1) The vadose zone (above the water-table) is characterized by branchwork patterns with
tree-like ramifications. Shafts and canyons, with free-surface streams, converge as tributaries. (2) In
cases of diffuse recharge and a long-time steady base level, water-table caves are formed at or just
below the water table. The groundwater follows a relatively low gradient to springs in nearby valleys.
As the flow is still ordered, cave passages exhibit elongated branchwork patterns of tubular phreatic
sections comprising few loops. (3) In cases of transient recharge, especially for caves fed by fast runoff
and/or sinking streams, the phreatic passages may be unable to transmit all the incoming water; and
complex looping overflow routes form in the epiphreatic zone (zone of water-table fluctuation),
resulting in looping caves and anastomotic maze patterns. As the base level drops and the surface
river entrenches downward, phreatic passages tend to be drained through diversion routes. The former
epiphreatic zone is liable to still be active because of the juvenile karst system developed. (4) Angular
mazes are formed in prominently fractured rock either by gradual seepage through overlying or
underlying insoluble strata, by hypogenic water, or locally by ponded floodwater. Modified after Palmer
(1991) and Audra and Palmer (2013).

* Water-table cave (WTC): An elongated branchwork pattern is defined in
this study to take the singular character of water-table caves (WTC) into
account. When a karst is overlain by a thick semipermeable cover that acts
as a filter, the recharge fluctuation is low. The regulated seepage induces a
rather steady transfer. Flooding and the development of an epiphreatic zone



are very limited. The main drains concentrate at the water-table level where
the water flow is continuous. Cave systems display low-gradient passages
with extensive pools. Similar long profiles are characteristic of through-caves
fed by extensive impermeable catchment areas. When such caves reach the
mature stage, their passage size is large enough to allow the transfer of all
stages of flow, including seasonal peaks (Audra and Palmer, 2015). Such
through-caves are frequent in monsoonal southeast Asia (Laos, Vietham,
China, Thailand, Philippines) (Audra and Palmer, 2013), in high soluble rock
types such as gypsumand rock salt in Iran (Bruthans et al., 2010), or in the
northern Apennines (ltaly) in Emilia Romagna gypsum areas (Columbu et al.,
2015).

* Looping cave (LC): Anastomotic maze patterns are generally formed along
bedding planes or fractures by floodwater in the epiphreatic zone. In the
most common case, caves always exhibit an epiphreatic zone. In the event
of a diffuse and regulated recharge by low transmissive caprock, this zone is
limited to a few centimeters to a few meters, leading to water-table caves.
When the caves are fed by fast runoff, the transient recharge may allow an
even more developed epiphreatic zone, reaching hundreds of meters (e.qg.,
Barenschacht system in Switzerland, described in Hauselmann et al., 2003).
Anastomotic passages are composed of curving tubes that intersect in
braided patterns that have many closed loops. The development of looping
caves has been recently reinterpreted to be generally epiphreatic and
usually forming in the zone of periodic floodwaters and irregular flow rates
fed by sinking streams, or by rapid infiltration through a bare karst surface
(Audra and Palmer, 2013, Gabrovsek et al., 2014).

* Angular mazes (AM) are formed in a prominently fractured rock. They can
be the result of gradual seepage through overlying or underlying insoluble
rock, hypogenic water, or ponded floodwater. Network caves are angular
(even rectangular) grids of intersecting fracture-controlled fissures. Many are
produced either by steady seepage through overlying or underlying insoluble
rock or by periodic epiphreatic flooding. Fewer are formed by hypogenic
processes, but these include the largest examples such as the Ukrainian
caves (Klimchouk, 2009), Brazilian caves (Klimchouk et al., 2016), or sulfuric
acid water table caves in France, Austria, and Sicily (De Waele et al., 2016).
In this study, the available angular maze network pattern data have been
recognized to come from the hypogenic recharge type.



Most of the observable caves appear, however, to have a polygenic history
caused by changes in boundary conditions. Thus, different karst patterns can
be interconnected in a single cave. In order to study the geometrical
organization of caves, we analyzed 3D cave surveys for which the
speleogenetic context is known. Each 3D cave survey was separated into
elementary cave patterns according to speleogenetic processes that are
geomorphologically described.

3. Cave database

In this study, a 3D cave database was built from 3D linear sections provided
by caver groups. This data set was mainly acquired in Europe but also in Asia
and the USA (Fig. 2). The settings of the studied caves and their associated
numerical database are described in the following sections.
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Fig. 2. Location of collected 3D cave survey data plotted on a world map depicting the distribution
of carbonate rocks (the principal host rock for karst). Modified from Ford and Williams (2007).

3.1. Cave settings and classification

Among the 50 collected cave networks, only 26 were selected because of
their representative data (e.g., length and profile) and known speleogenetic
history. These 26 cave networks provided a total of 621 km of karst
networks, corresponding to various speleogenetic contexts (Fig.

2 and Appendix A). The database was structured and used as follows:



* Pre-processing of the 3D cave survey to remove field survey bias (see next
section); and

* Visualization in 3D of the survey to identify manually the four main
geomorphological cave patterns (Fig. 3).
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Fig. 3. Examples of 3D cave survey data and their monogenic assignment. The data set was gathered
thanks to the invaluable exploration and survey work of cavers. A relative altitude scale is indicated to
ease the 3D view.

For polygenic caves, the cave survey was split into the previously defined
four groups of cave patterns. Thus, each part of the studied caves was
assumed to result from one main speleogenetic process and to represent a
virtual monogenic cave pattern sample. Each monogenic cave pattern
assignment was validated thanks to the known type of speleogenesis
deduced from field observations (direct in situ observation or literature
review). As a result, for the whole database all the (virtual or not) monogenic
karst samples were assigned to one of the four cave patterns (VB, WTC, LC,
and AM) as presented in Fig. 1, Fig. 3. The 26 cave networks include 8
polygenic caves, and the remainder are monogenic. This processing leads to
48 monogenic karst samples (Table 1). It accounts for a total of 73, 749
surveyed stations. The VB type (vadose branchwork) is the most abundant in
the monogenic cave pattern sample (37.5%) with 18 samples. The AM type
(angular maze) is the least common in terms of number of samples (7



samples) but accounts for the longest surveyed length (> 307 km). In this
study, all AM samples are hypogenic. The WTC (water-table cave) and LC
(looping cave) types account respectively for 29.2% and 18.8% of the
monogenic cave samples.



Table 1. Summary of analyzed cave patterns after monogenic subdivision (VB: vadose branchwork,
WTC: water-table cave, LC: looping cave, AM: angular maze) (for more details, see Appendix A).

VB WTC LC AM
Number of samples 18 14 2 /
P (37.5%) (29.2%) (18.8%) (14.5%)
Original monogenic 7 2 3 7
Virtual monogenic (s:temming from 11 12 6 0
polygenic)
Min. length (m) 177 358 456 189
Max. Length (m) 60,354 53,398 22,950 237,724

Total length (km) 104.0 161.0 48.6 307.4



Virtual monogenic cave samples are the most common type, except for the
AM pattern which is only encountered as original monogenic samples.
Notably, even if the Carlsbad cavern and Lechuguilla cave contained several
monogenic hypogenic patterns (Hill, 1987, Polyak et al., 1998, Palmer and
Palmer, 2000, Palmer and Palmer, 2012, Polyak and Provencio,

2001, Kirkland, 2014), individualizing these morphologies was not possible
because of the lack of proper information. These two networks were
therefore considered as a whole and were assumed to be representative of
the AM type.

The database is composed of karst networks stemming from different
locations (Fig. 2) and then different surrounding rock types, structural
features, climatic settings, etc. The representativeness of this database and
its use in this study are explained in Section 4.1.

3.2. The numerical database: preprocessing and assessment

Speleological work provides a 3D description of the basic conduit cave
geometry and network (Fig. 3, Fig. 4). However, cavers can only explore a
limited part of the conduit networks. They can only map conduits with a
minimum diameter of around half a meter accessible by a human being.

Fig. 4. Example of numerical data in a real cave context. Color circles represent survey stations with
node valence ratio (see Fig. 5 for details); the yellow line the survey shot with distance, orientation,
and dip; the orange circles the convex approximation of width and height. In numerical data, local
properties of width and height are stored on nodes, and fine details are lost. Photo: V. Ferrer. Saint
Marcel cave, France.

The original survey data are composed of a baseline and a sequence of
survey stations with local width and height (Fig. 4). Between two consecutive
topographic stations, the recorded data are the length, the azimuth, and the



dip of the line joining these two stations. From this original information, the
absolute or the relative (x;, y;, z) coordinates of each station S; can be
computed. The original data set was first imported into the speleological
software VisualTopo! or GHTopo?, which enables common survey formats to
be read and exported in a more standard format (e.qg., dxf). These data were
then imported into the Gocad 3D geomodeler software? as curve objects in
order to process and analyze them (Fig. 3).

Cave survey data are originally intended to produce cave maps for cavers
and speleological investigations. They may contain ambiguous, approximate
or imprecise information that has no impact on map building but that may
strongly affect the numerical analysis of the cave network. For this reason,
the data set must be cleaned using two preprocessing steps. An automatic
preprocessing step is first performed using the Karstmod Gocad plug-in
(Collon et al., 2017). During this step, corrections are applied on missing
connections (e.g., only a few centimeters separate survey points at cave
conduit intersections because of approximations). The second pre-processing
step is manual and generally necessary to ensure the representativeness of
the network. Indeed, data may contain artifacts such as: artificial cycles that
correspond to loops acquired in a huge conduit or a room; small cycles owing
to survey inaccuracy; fictive data that connect several entrances; and splay
shots corresponding to several survey segments that converge at one point
in order to describe the local conduit geometry. Thus, these segments do not
correspond to cave passage segments but to cave cross section segments.
This preprocessing step is handmade and performed in accordance with the
knowledge of cave surveying techniques (Jeannin et al., 2007) and cave
passages.

Other errors may also exist between the survey sessions owing to the
different generations of surveys and the different constraints and habits of
cave surveyors. For instance, the quantity and location of surveying stations
were determined to suit the convenience of cave surveyors rather than
following speleogenetic criteria, such as choosing the two ends of one
monogenic segment or imposing a predefined sampling strategy. Thus,
despite the preprocessing steps, the database can still contain some errors,
though we have attempted to choose and define morphometric parameters
that are as insensitive as possible to these errors.



4. Morphometric analysis of cave patterns
4.1. Approach and method

Morphometric approaches to caves were first applied by Howard (1971) on
2D cave systems. Howard (1971) used three topological indices derived from
graph theory in order to describe their topological complexity. Later, several
authors (Jeannin, 1996, Frumkin and Fischhendler, 2005, Jeannin et al.,
2007, Pardo-lguzquiza et al., 2011, Fournillon et al., 2012, Albert et al.,
2015, Collon et al., 2017) defined several indices to describe the complexity
of 3D karst features. Statistical approaches were also proposed to highlight
the best indices that describe the cave network structures. However, most of
these studies consider karst systems as a whole without analyzing a priori
genetic and speleogenetic contexts of the cave networks. Consequently,
characteristics are averaged over the whole cave network. In this study, the
cave surveys were split and clustered according to their speleogenetic
context, as previously described in Section 3.1. The objective was to use
multivariate statistics on morphometric parameters in order to determine
whether significantly different pattern attributes can be related to the
speleogenetic contexts.

As mentioned in Section 3.1, the database of karst networks includes several
locations and then initial conditions (e.g., rock type, climatic settings). On
one hand, several authors (Palmer, 1991, Audra and Palmer,

2013, Gabrovsek et al., 2014) showed that the studied cave patterns are
mainly controlled by the speleogenetic context, whatever the other
conditions. The other factors would more impact cave conduit occurrence,
location and orientations (Palmer, 1991, Filipponi et al., 2009, Filipponi et al.,
2010, Tirla and Vijulie, 2013, Sauro, 2014, Jacek, 2015, Littva et al., 2015), or
local shape variability (Palmer, 1991, Palmer, 2007, Klimchouk and Ford,
2000). On the other hand, this paper aims to test if the targeted
morphometric parameters are significantly different from a cave pattern to
another one. An underlying issue of knowing the initial conditions (e.g.,
structural features, climatic settings) is to determine whether factors other
than the speleogenetic contexts may interfere on the statistical results. For
this purpose, the database should include: (i) all the different cave patterns
sharing the same geological and climatic settings, and (ii) a detailed review
of these settings for each karst network. However, such a database is hardly



possible, even impossible to obtain. Considering all these points, we opted
for the following assumption: as the database includes several setting
conditions for each pattern, it corresponds to a representative sampling of
the karst network statistical population, stratified according to the
speleogenetic context and performed through expertise, i.e., not randomly
performed (Cochran, 1977). As a consequence, we first only focused on
comparing means and median to limit potential impact of side effects and
errors. Only the Kruskal-Wallis testing and box-plot comparisons were then
performed. Similarly, only PCA and correlation coefficient analyses were
studied as multivariate approaches. Second, the defined parameters must
account for three constraints:

* Parameters should be representative of the global network architecture
apart from their local conditions (e.g., fractures, faults, bedding planes,
inception horizons, changes in boundary conditions, gradient). Thus, the
orientations and distribution of karst conduits are not taken into account in
this study because they mainly reflect local conditions and not the generic
organization of cave conduit networks (Palmer, 1991, Filipponi et al.,

2009, Audra and Palmer, 2013, Gabrovsek et al., 2014, Collon et al., 2017).
* Parameters should be as insensitive as possible to cave survey errors.

» Parameters should be mostly invariant to the cave network size.

Thus, towing to the database structure, the factors are not specifically
deconvolved; but by choosing parameters that are a priori not impacted by
these factors and by comparing the means and median, this study is a first
step in trying to determine if quantitative differences exist between these
cave patterns. At least, it allows us to show these differences on the basis of
a stratified sampling of the cave population. As a consequence, this database
can serve as analogue for modelling purposes to integrate adequate
morphometric parameter ranges depending on cave patterns.

Finally, for theses analyses, as performed in Fournillon et al.

(2012) and Collon et al. (2017), the set of polylines that describes a cave
network sample was considered as a set of connected

cave branches composed of nodes (i.e., survey stations). These authors have
defined the branches in different ways. The approach used here is similar to
the one proposed by Collon et al. (2017): a cave branch B; is the j* polyline of
a cave conduit between stations corresponding to either an extremity or an



intersection node (Fig. 5). The connected cave branches may form two kinds
of graphs (Fig. 5): (i) the complete graphcontains all polyline nodes
(intersections, 2-neighbor nodes, and extremities) and (ii) the reduced
graph is composed only of intersection nodes, external nodes (i.e.,
extremities), and edges (i.e., the links between these graph nodes). In the
following sections, we consider the indices i as the i nodes, j as

the j® branches.

-:Q Original cave survey data

= :
-;{_ﬁ- Conversion into a reduced graph

edge extemal node
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Fig. 5. Principle of the considered data structure from original cave survey data. (A) Scheme of survey
data with the defined connectivity degree of node. (B) Cave branch decomposition and resulting
complete graph (considering nodes with 2 neighbor nodes). (C) Survey data considered as a
mathematical reduced graph: as the geometry (length and orientation) has no obvious meaning in

topology, the two graphs are similar (homeotopic).



4.2. Morphometric parameters
4.2.1. Geometrical parameters

Three kinds of geometrical characteristics were computed: the conduit cross
section shape (the width-height ratio), the sinuosity (the curvature and the
tortuosity), and the vertical vs. cumulative development of the cave
passages (vertical index). The width-height ratio and the curvature are
computed at each node /, the tortuosity on each branch j, and the vertical
index on each cave sample.

The parameters computed locally (per node or per branch) were averaged
over the cave network in order to obtain one value per cave sample. The
definition of these parameters is presented below:

Width-height ratio (WH): From the original data, a local width (W;) and height
(H;) can be obtain to compute the WH-ratio (WH;) at a node i of a cave
sample passage:

(L)WHi=WiHi

This ratio gives the relation between horizontal and vertical developments of
the conduit cross section at station i. The attribute WH of a cave sample
corresponds to the average value over the cave sample passages, it yields:
(2)WH=1nYi=1nWHi

where n is the number of cave passage nodes.

Ideally, WH; = 1 should correspond to a circular section, WH; > 1 and WH,; < 1
are conduit sections more developed along, respectively, the horizontal or
the vertical direction (Fig. 6). However, as shown in Fig. 6, the local
measured sizes are not necessarily the extremumones, which may lead to
bias when computing WH,. Nevertheless, the attribute used is the average
value over the cave passage WH. The variability caused by station
measurements should then be minimized. Moreover, when one of the local
measurements of width or height was not available, like in intersection or for
data missing, the WH; of station / was not taken in account.
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Fig. 6. Processing of width-height ratio for a cave survey station i: (A) In-situ measurement of width
(W)) and height (H;) during the cave survey, at a location chosen by the caver; (B) WH-

ratio WH; calculated from the in-situ measurement for an idealized shape of karst conduit. Fine details
are lost; (C) Schematic cave conduit cross sections. Modified from Pardo-lglzquiza et al. (2011).
Tortuosity (T): Tortuosity was first introduced to characterize river
morphology (Brice, 1960, Howard et al., 1970, Hong and Davies, 1979).
Tortuosity, also called the sinuosity index, has often been used to describe
cave geometry (Jeannin et al., 2007, Pardo-lguzquiza et al., 2011). Here,
tortuosity is computed at the scale of cave branches, i.e., passage parts
between ends or junctions (Collon et al., 2017) (Fig. 7). For each branch, the
cumulated length of all segments between the two branch extremities
(curvilinear length, L;) and the straight distance between them (Euclidean
length, D)) are calculated (Fig. 7). The ratio between curvilinear and straight



distances, for each branch of a cave sample, gives the tortuosity T; of

the j® branch. Then, the tortuosity T for the cave sample is computed by the
average of the T; values:

(3)Tj=LjDj

(4)T=1nbYj=1nbTj

where n, is the number of branches of the cave passage.
L2

N
t 10m

Fig. 7. Sketch of a karst sample divided into three branches. The curvilinear length Lj and the Euclidian
length Dj can be computed along each branch j. Then, the tortuosity of each branch is calculated.
Notably, tortuosity depends on the resolution of the cave survey and the
ramification of the network. The station locations are generally chosen for
the surveyor's convenience, and the tortuosity can be locally either over- or
underestimated. However, based on knowledge of surveying techniques
(Jeannin et al., 2007) and the authors' survey experience, cave surveys are
usually done by minimizing the number of survey stations while obtaining
the most faithful representation of the in situ reality. Moreover, similarly to
the WH-ratio, the tortuosity is averaged over the cave passage, which tends
to minimize this arbitrary variability.

The curvature (K): Another way to characterize the sinuosity of the cave
passages is the curvature K. Considering a curve (C) defined by an

origin O and a curvilinear abscissa s(Fig. 8), the curvature at a point P of (C)
is defined as follows:

(5)KP=1r=dtds=d20Pd2s

where ris the radius of the osculating circle at P (Fig. 8), s is the curvilinear
abscissa, and tis the local tangent vector.



(A)

(B)

K. : Curvature possibilities values for an intersection node with
four branches

Fig. 8. Curvature parameter computation: (A) Curvature at a point P of a curve C, where the point O is
the origin of the curvilinear abscissa s. The parameter k is the curvature vector and t designates the
tangent vector at P. The value ris the radius of the osculating circle at P. (B) Possibilities of curvature

values computed at an intersection node P;.

We used the cave survey path as a polygonal line, whose nodes (survey
stations) are the points P. On a polygonal line, the derivatives are
approximated at a point P using the 2 neighboring points. However,
problems arise at extremities and at intersection nodes. Curvatures at
extremities cannot be computed. For intersections, all the combinations of 3-
point paths were computed, which involved computing C,* (combination
number of 2 among u points) curvatures for an intersection node

with u neighboring nodes. This computation was performed using the Gocad-
Skua suite and an ad-hoc C ++ code for dealing with intersection points.



High curvatures show high variations in conduit directions, which can
differentiate straight cave passages from angular ones. To obtain this kind of
information from a cave sample passage, the curvature attribute K used in
this paper corresponds to the mean of the absolute values of

curvature K; along this passage:

(6)K=1nYi=1n'Ki

where n’ is the number of 3-point combinations along the passage.
Curvature parameter differs from tortuosity because it is computed at nodes
and because it is influenced by locally high values corresponding to dramatic
changes in directions. Two curves may have the same tortuosity and
different curvature parameter values and vice-versa (Fig. 9).

0 P O



Fig. 9. Example of three curves with similar tortuosity T or curvature K. Curves (1) and (2) have a
similar curvature while the curvature is higher in (3). Curves (1) and (3) have a similar tortuosity while
(2) is lower.

The vertical index (V): The vertical index V was introduced by Piccini

(2011) to describe the vertical vs. horizontal development of a cave network.
It is defined as the ratio between the vertical developments of a cave conduit
network (i.e., total depth Td) on its 3D total length development (Fig. 10):
(7)V=Td3j=1nblj

where L; is the length of the jth cave branch of the cave sample, and ny is the
number of branches.

3D cave branch

length (L) ;r

S S

[otal
depth
(Td)

100m
Fig. 10. Computation of the vertical index V on a 3D cave sample: the total depth Td is represented as
the height of the bounding box and the total length L as the cumulative curvilinear length of the cave
passage. The red line corresponds to the surveyed passage, and the yellow surface to the triangulated
surface of the surveyed conduits.
V theoretically ranges from 0 to 1. Cave samples with V close to 0 are those
more fully developed in the horizontal plane or with many branches around
the same elevation level. High values of V indicate preferentially vertical
elongated organizations. For instance, perfectly vertical pits with a small plan
length have V = 1. Many small vertical caves in the infiltration zone of alpine
karst have V > 0.8-0.9 (Piccini, 2011).



4.2.2. Topological parameters

As presented in Section 4.1, from a mathematical point of view the network
of conduits may be seen as a graph in which the stations are graph nodes
connected by a collection of edges (Fig. 5). The graph used here only
accounts for nodes that are leaves (ends) or junctions, termed a reduced
graph (Fig. 5). The number of nodes is termed N (N = n) and the number of
edges E. Four topological parameters were used to characterize the network
structure and connectivity: (i) the node connectivity degree, (ii) alpha and
(iii) gamma graph indices, and (iv) the ramification index (R).

Node connectivity degree (Nd,): The node connectivity degree (Nd), also
called node valence, corresponds to the number of neighbor nodes
connected by an edge to this node (Fig. 5). The Nd, refers to the total
percentage of nodes with u neighbors over a karst sample considered as a
graph: Nd, for end-lines, Nds for an intersection at three edges, etc.

Graph indices (y and a): Different indices have been defined since the 1960s
by scientists working in quantitative geography (Haggett and Chorley,
1969, Rodrigue et al., 2006). These indices were used to characterize the
topology of transportation networks (Garrison, 1960, Taaffe and Gauthier,
1973) and were also applied on cave systems (Howard, 1971) in order to
quantify the cave network connectivity. In this paper, we use the two most
important indices termed the a and the y indices (Barthélemy, 2011).

In a general definition, the y index is defined by

(8)y=EEmax

where E is the number of edges and E.x the maximum possible number of
edges if all the N nodes are connected to each other (i.e., in the case of a
complete graph). The y index is a measure of the network density

and y € ]0:1].

Similarly, the a index (or “meshedness”) is expressed by:

(9)a=ITmax

where I is the number of elementary cycles (i.e., the cyclomatic number
equaltol = E - N + 1) and .x the maximum possible number of
elementary cycles for a complete graph. An elementary cycle is a path loop
that does not contain other subloops. This index ranges over [0; 1] and is
equal to O for a linear or a tree graph.



Two graph cases may be encountered: planar and nonplanar graphs. A
planar graph is defined as a graph that can be embedded in a plane in such
a way that its edges intersect only at their endpoints. The two indices are
defined for planar and nonplanar cases as a function of E and N (Barthélemy,
2011) as follows:

Planar Nonplanar
a oa=E-N+12N-5 o=2E—N+1N—-1N-2
vy?® y=E3N-2 Yy=2ENN-1
a. For graphs composed of two nodes and an edge, vy is assigned to the

value 1.
Howard (1971) proposed to consider cave networks as planar graphs as they
are only locally nonplanar. Indeed, using different equations will make
comparison difficult between cave networks. On the one hand, the use of the
planar formula for locally nonplanar cases overestimates the values of both
indices. On the other hand, it will discriminate much better between locally
nonplanar cave networks that are in some respects more complicated than
planar ones. We therefore decided to use only the formula for planar cases.
The ramification index (R): This parameter is introduced in this study and
aims at discriminating braided from tree-like networks. It is defined by
(10)R=>u=3umaxNduNd1l
where Umax is the maximum node valence of the graph.
R index represents the ratio between junctions and extremities. High values
represent networks with many ramifications with respect to extremities.
Thus, R discriminates networks with meshed-like structures. Values close to
0 represent linear or tree-like graphs.
To summarize, high values of @, y, and R should show roughly more
complicated graphs with more intersections, loops, and edges.

4.3. Statistical protocol

Once morphometric parameters have been computed on each cave sample,
statistical analyses were performed using the XLSTAT* add-on for Excel. All
the statistics (e.g., means, variances, etc.) were computed on the same
database. The statistical procedures aimed at (i) highlighting whether
speleogenetic processes lead to significant differences in the mean of a



given morphological parameter and (ii) determining the relationships
between variables.

To test whether significant differences exist between means of a
morphometric parameter, the nonparametric Kruskal-Wallis (KW) hypothesis
test was used, which accounts for the number of samples per class and the
parameter variability. The risk a was set arbitrarily to 0.05 in this study, as
commonly performed in geoscience applications. This test aims at
determining whether significant differences exist between means of the
morphometric parameters according to family type. The null

hypothesis Ho considers that the means of a morphometric parameter are
similar for every speleogenetic type (as there are 4

groups: m; = m; = ms = my, Where my is the mean of the morphometric
parameter of the k"speleogenetic type). The alternative

hypothesis H. considers that at least one mean differs from another one
(e.g., A k,l€I[1; 4], mc = my). In this study, a risk @ = 5% is chosen, which
means that if the computed p-value is < 5%, the Ho hypothesis is rejected. In
that case, it means that at least one mean of a group is different from the
others. We then used the post-hoc test of Steel-Dwass-Critchlow-Fligner for
multiple comparison procedures (Hollander et al., 2013) with the Bonferroni
correction to show which groups are significantly different and which are
similar. Notably, multiple comparison testing is less robust than the Kruskal-
Wallis test and may lead to inconsistent results. In these cases, the p-value is
generally close to 5% and must be reinterpreted to show the binary results.
To discuss the KW results, we will also use boxplot diagrams to show the
maximum, minimum, median, lower, and upper quartiles.

The second purpose was to determine whether any correlations between
variables exist and whether these relationships differ between the different
speleogenetic contexts. First, correlation coefficients were studied as well as
their significance. Second, the parameters that showed significant
differences from the KW test were selected for Principal Component
Analysis (PCA), one of the most frequently used multivariate data analysis
methods (Saporta, 2006). It projects observations from a p-dimensional
space with p variables to a lower k-dimensional space (k < p) with k principal
components while preserving the maximum amount of dispersion (i.e.,
variance) from the initial dimensions. If the information associated with the
first two or three axes represents a sufficient percentage of the total



variability of the scatter plot (usually 80%), the observations can be
represented on a 2D or 3D plot respectively, thus making interpretation
much easier. Moreover, PCA allows the structural correlation of variables to
be highlighted. Correlation circles and contribution calculations allow us to
determine the correlations between variables and principal components.

5. Results
5.1. Quantitative analysis of cave patterns
5.1.1. Morphometric comparison

The Kruskal-Wallis (KW) test revealed significant differences on all the
computed parameters as a function of cave patterns. A summary of the KW

test for the parameters analyzed and each cave pattern is given in Table 2.
Table 2. Summary of the Kruskal-Wallis test for the analyzed parameters and
each cave pattern; colors refer to groups discriminated by the Kruskal-Wallis
test with a risk a = 5%: light color corresponds to low values, dark color to
high values; the values given are the mean and standard deviation of the
analyzed parameters.

Considering the geometrical parameters only, we see that

* By considering the vertical index V, the tortuosity T, and the WH-ratio
parameters, the vadose branchwork type (VB) is distinguished from

the water-table cave (WTC), the looping-cave (LC), and the angular maze
(AM), which are considered as equivalent. Thus, without considering the
curvature K, VB # WTC = LC = AM.

* The behavior of K is different. The KW test highlights that

WTC < VB = LC < AM, i.e., the curvature distinguishes WTC and AM (which
are geometrically different) from VB and LC (which are considered
equivalent).

Using the topological parameters, the differences are more complex. The
first main result is that WTC = LC concerning the topology of the reduced
graphs. For VB and AM, their connection to this WTC-LC group depends on
the parameter:

* When R and a are considered, VB < WTC = LC = AM. This is then similar to
the main geometrical trend.
* When y is considered, VB = AM > WTC = LC.



To summarize, considering all the parameters (except for the curvature), it
seems that WTC = LC, as expected from karstological studies. They seem to
be the most similar cave patterns in this study. The WTC and LC types are
topologically quite similar, with relatively high ramified structures containing
few loops (low a index). Conduits are more developed in the horizontal plane
(low value of V) and are more circular and/or horizontally elongated (high
value of WH). Notably, VB is the most different pattern from a geometrical
point of view. The VB type is steep (V = 0.327), more sinuous (T = 1.38),
with mean variations in conduit directions and with vertically elongated
conduit sections (WH = 0.616). The VB pattern has the weakest connected
and ramified structure (R = 0.574) with few loops (a = 0.012). However, the
graph density is high (y = 0.501) owing to the presence of very simple
reduced graphs (with 2 or 3 nodes only) leading to a high density value vy.
The AM type differs significantly from the other patterns, exhibiting the
highest quantity of loops (a = 0.065) and angular ramified passages

(K = 0.324). High values of R and y indicate strongly ramified and connected
structures. However, only hypogenic AM were available in the studied
database.

The KW test thus reveals differences between cave patterns. To support this
analysis, the distribution of the parameters was scrutinized through boxplots
(Fig. 11). Globally, the results of the boxplots are in agreement with the
results of the KW test. Figure 11and Table 2 show that in the VB type, the
values of V, T, and y are highly dispersed and have a higher median value
than the other monogenic types. Considering the same parameters, the
other types WTC, LC, and AM are not differentiated and have range values
that are not very variable (minimum and maximum: 0.005 =V = 0.17;

1.05 =T =1.44; 0.33 = y = 0.41). The distribution of the curvature values
(Fig. 11C) of the WTC and AM types are highly different with median values
of Kneawre = 0.106 and Knesav = 0.326, respectively. Concerning

the WH ratio, Fig. 11D shows that the VB type differs markedly from the
other groups with a median value of 0.56, whereas the median is > 1.63 for
the other three types. An equivalent distribution of the parameter R is
observed in Fig. 11E, with an increasing value for pattern types

VB < WTC < LC < AM. For a, AM has by far the highest median. A decreasing
trend is observed for T from VB to AM. The parameter y seems more



stationary considering the median, even if similarly to the KW test, WTC and
LC show slightly lower median values.
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Fig. 11. Boxplots showing the distribution of the computed parameters for each monogenic type. (A)
Vertical index, (B) tortuosity, (C) curvature, (D) WH ratio, (E) ramification index, (F) a graph index, and
(G) vy graph index. The caps at the end of each box indicate the extreme values (minimum and
maximum), the box is defined by the lower (p25) and upper (p75) quartiles, and the line in the center
of the box is the median.

According to the KW test and boxplots, three groups may be differentiated.
First, the VB type has the most vertically elongated structures and conduit
cross sections and the most tortuous conduits with small variations in
conduit directions. Considering R and a (without ybecause of the very simple
reduced graph cases with high values), the VB type has the least ramified
organization. Second, the WTC and LC types are topologically and
geometrically close to each other, as pointed out by the KW test and as can
be seen in Fig. 11. The LC type has higher extreme values (third quartile and
maximum) of K, R, and a parameters, meaning potentially more angular,
ramified, and looping passages; while conduit cross sections of the WTC type
are preferentially horizontally elongated. Focusing on the Rparameters (i.e.,
the ratio between junction and termination nodes), WTC, LC, and AM seem to
be equivalent. Thus, regarding the total number of nodes of the reduced
graph, they have the same number of junctions, except that the number

of a cycles is higher for the AM types. Thirdly, the AM type appears to have



the most complex organization, with a meshed ramified structure and with
the highest number of loops and angular intersecting conduits.

5.1.2. Geometrical cave pattern correlation

The 2D cross plots (Fig. 12) show correlations between the four geometrical
parameters (V, T, K, and WH). The Fig. 12A (V vs. WH) clearly shows two
groups of dots: the VB pattern with WH essentially < 1 and V between 0 and
0.8, and the other three patterns with WH > 1 and V < 0.2. The couple WH/
V reflects, for VB, a morphology of conduits that are preferentially vertically
elongated (WH < 1) with a variable verticality. In the vadose zone, we find
the signatures of in situ observations (Fig. 1): the shafts (V close to 1) and
the canyon passages with variable verticality. The less inclined conduits
correspond to networks with a preferentially horizontal development, such as
groundwater-free surface rivers, or the meander type.
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Fig. 12. Cross-plot showing the distribution of geometrical parameters (V, WH, T and K) for the 48

monogenic cave samples. Values for the polygenic network (i.e., before monogenic subdivision) are
not plotted and are shown in the following section.

The Fig. 12B (V vs. T) shows that tortuosity is variable for all the cave
patterns and is not linked to the verticality of cave branches (V).

On Fig. 12C, it may be observed that VB, WTC, and AM are mostly in
separate areas:

* The VB type is mainly delimited by WH < 1, with high variability for K.

» The WTC type is roughly located where WH > 1 and K < 0.2.

* The AM type is mostly confined to where WH > 1 and K > 0.2.

* The LC type is spread between these zones.

Thus, whatever the verticality of VB, its WH ratio is still < 1.5, whereas for
the three remaining types, the verticality index is always below 0.2 in the
studied database, although WH presents a high variability > 0.5. Tortuosity



of the VB conduits does not seem to be linked to the verticality of its
branches. Finally, slight correlations may be found between Kand WH for VB
and AM. Disregarding AM types because of the specific limitations of the
database used in the present study (i.e., the hypogenic origins of all the cave
samples), cave samples tend to decrease from VB types with high values

of K and low values of WH to WTC types with fewer changes in orientation
directions (low value of K) and more elongated conduit cross sections (high
value of WH). Only the linear correlation coefficients between WH and K are
significant at the 10% level for VB and AM, with respectively — 0.45 and

— 0.66, which corresponds to a weak to medium inverse linear correlation.

5.1.3. Topological cave pattern correlation

In this section, the correlations between the topological parameters (node
valence Nd,, R, a, and y) are studied. As previously mentioned, Nd. are not
considered.

Table 3 shows the proportion of nodes for a given node

valence Nd, according to each monogenic type, indicating whether the cave
samples are linear (only Nd:), ramified in 3 branches like a tree-graph
(occurrence of Nds), or in 4 or more branches (occurrence of Nd- s, Fig. 4).
The values are given in Appendix B. The VB cave samples are mainly made
up of Nd, nodes (mean of 67.2%) even if the standard deviation is high
(17%). The WTC, LC, and AM are quite similar regarding Nd, and Nds.
However Nd.; is noticeably higher for the AM types. In general, the
proportion of Nd; tends to decrease from VB to AM types to give way to a
greater proportion of Nds (or more) in types WTC, LC, and AM. This means
that the networks tend to be more lattice-like than tree-like from VB to AM.



Table 3. Proportion and standard deviation of a given node valence Nd, for each monogenic type.
Nd: (%) Nds (%) Nd. 3 (%)

Vadose branchwork (VB) 67.2 =£17.0 305+ 154 2.3+ 33

Water-table cave (WTC) 529 5.6 43.4 + 6.6 3.7x28
Looping cave (LC) 47.7 £ 5.2 46.8 £ 5.4 55*+2.6
Angular maze (AM) 47.2 £ 7.2 40.8 + 9.4 12.0 £ 5.7



The Fig. 13A shows the correlation between R and a for the 48 monogenic
samples. As previously explained in Section 4.1, the karst network is studied
as a reduced graph, and an increase in R shows an increase in the number of
extremities with respect to the number of internal nodes in the graph. The
low a values are characteristic of linear or tree graphs, and an increase

in a reflects an increase in the number of cycles. The a values range from 0
to 0.13. In Fig. 13A, samples for which a is mainly close to 0, R values do not
exceed 0.8. For a # 0, R and «a increase according to a general trend. No
particular distribution of the four cave patterns is observed along the linear
trend.
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Fig. 13. Cross-plots showing the distribution of topological parameters (ramification index R, a, and y)
for the 48 monogenic cave samples. (A) a vs. R; (B) y vs. a (the equation is given for the linear trend
processed with @ > 0); (C) y vs. R. Values for polygenic networks (i.e., before monogenic subdivision)
are not plotted and are shown in the following section.

The Fig. 13B shows the correlation between a and y. The y index represents
the graph density, i.e., the maximum number of edges that can be contained
in a graph as a function of the number of nodes. Two zones can be observed
in Fig. 13B:

* Fora = 0, y ranges from 0.36 to 1. It includes only VB and WTC cave
samples. This is mainly caused by the presence of very simple graphs
composed of 2 or 3 nodes only, in which the combination of edges is very
low, hence a high value of the density y. As Nd, nodes were not taken into
account, some cave passages were converted into very simple graphs, such
as: a linear path with n nodes into a graph with 2 nodes and an edge andaY
path into a graph composed of 3 nodes.

* For a > 0, the samples are distributed along a linear increasing trend
between a and y. Correlation coefficients, as well as their significance
presented in Table 4, confirm a strong global linear relationship as they do



not consider samples with a = 0. In the case of VB and WTC, the relationship
is not significant or weak respectively. A simple regression performed on
samples for which a # 0, on 32 monogenic cave samples, shows that the
linear trend between a and y can be expressed as: y = 0.772a + 0.33, which
reflects the structural correlation expected between a and y for very

large N(see Appendix C): y=23a+13.



Table 4. Linear correlation coefficients between topological parameters (R, a, and y) for each monogenic
type and the whole data set (i.e., global); the number of graph nodes is also presented; significant
correlation coefficients are denoted in bold.

VB WTC LC AM Global

Number of 34/36 29/12,8

2/870  10/410 59/876

nodes: min/max 4 84
*
R/a corr. coeff. 0.65%** Sér? )(no 3;94 0.84* (.73%**
- 0.37 0.97* 0.93*** (a # 0)
a/y corr. coeff. (no 0.60* ok 0.98*** (— 0.23 for all
sign.) values)
- — *k
Ry corr. coeff. [ 84 - 24700 091 0.gox  — 0.650

*nD < 5%, ¥*p < 2%, ¥**p < 1%.



The Fig. 13C shows the correlation between R and y, which is not linear but
has a particular shape. This may suggest that a structural relationship exists
between R and y. For this reason, with a confidence index of 95%, a
nonlinear regression gives a logarithmic relation between R and y:
(11)y=1+1.21In1+1.21%xR2—-0.52%R—-1.05%R

However, this relationship did not help us find an obvious analytical origin
because the analytical formulation of R (as a function of E and N) depends on
the type of network pattern (e.g., binary tree, n-ary tree, lattice, etc.).

The key point in Table 4 is that depending on the speleogenetic type, the
correlations between the topological indices vary in strength and sign. This
means that these relationships are not analytically obvious and depend on
the network structure, in this particular case, of karst networks. The AM and
LC, having more lattice-like networks, seem to have the highest correlations
between the topological indices. These first results suggest that further work
is required to understand the origin of these relationships in the particular
case of cave network patterns.

5.2. Multivariate analysis

The PCA was computed on 45 (virtual and original) monogenetic samples
belonging to the four groups. The samples for which y = 1 (Fig. 14) were
removed because these samples (i.e., 3 samples of the VB type) are outliers
with respect to y, and performing a PCA on the whole database would lead to
an overcontribution of these particular samples in defining the F1 axis, which
is not desirable for a PCA (Saporta, 2006). The seven input variables

(see Table 2) have a mean contribution of 14.28%. The Kaiser criterion
(selecting axes for which a contribution is greater than the mean one) led to
only two axes being selected. However, in order to reach ~ 80% of the total
variance - as usually recommended (Saporta, 2006) - three axes were taken
into consideration as axes F1-F2 represent 62.56% and the third axis
represents 13.60% of the total variance, which is only slightly below the
mean contribution. The total variance expressed by F1-F2-F3 then reaches
76.16%. The third axis F3 is discussed below but is not analyzed through
factorial planes as it does not allow individual distributions to be clearly
distinguished.



(A) Variables (axes F1 and F2: 62.56%) (B) Observations (axes F1 and F2: 62.56%)
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Fig. 14. PCA F1-F2 axis of the 45 monogenic karst samples based on the seven parameters analyzed
(without the node valence Nd). (A) Plot of the variables used. (B) Bi-plot of the distribution of
monogenic karst samples. The F3 axis representing 13.47% of the total variance is not shown here.
The origin of the axes represents the center of gravity of the scatter plot.

Considering the correlation circle (Fig. 14A) and the contributions of the
input variables, the F1 axis (first principal component) is supported
negatively by V and positively by R, with respective contributions of 23.3%
and 25.4%. The WH and «a also positively contribute to the F1 axis with
respectively 16.2% and 16.7%. The F2 axis is mainly positively supported by
the curvature K with a contribution of 41.9%. The a and y parameters also
support the F2 axis with respectively 21.8% and 22.7%. The other
parameters are not significant enough to be discussed here.

The Fig. 14B shows the distribution of the samples in the factorial plane F1-
F2, in which the axis origin corresponds to the gravity center (mean) of the
variables. The plot can be divided in three areas:

* The VB type is distributed to the left of the F2 axis (i.e., negative values of
F1). The VB type is highly influenced by a strong linearity and verticality,
with poorly ramified structures, and thus a potentially dense network (high
values of y). However, the distribution is scattered between negative and
positive values along the F2 axis, because of high variations of K.

* The WTC samples are roughly located in the bottom right of the
scatterplot, which corresponds to medium to low curvatures, more lattice-
like networks (i.e., high R and a) containing some loops and more horizontal
development (i.e., low V).



* The AM samples are roughly located in the right top corner of the
scatterplot, which corresponds to high curvature values, highly lattice-like
networks (e.g., higher a, R) and horizontal development (i.e., low V).
Moreover, as a contributes positively to F1 and to F2, it means that samples
located in the top right corner are particularly characterized by networks
having a high number of loops.

The LC type is located between the other groups, but it seems to overlap the
WTC zone more and the VB zone less. The LC horizontal development and
network organization may then be considered as similar to those of WTC and
AM, except that the curvature is more variable.

The factorial planes F1-F3 or F2-F3 do not highlight interesting distributions
about the different cave patterns. The F3 axis is highly supported by
tortuosity (61.5%), which means that tortuosity is independent of the
parameters that support F1-F2.

5.3. Polygenic karst networks

Eight polygenic karst networks are available in the database. They were
included in the previous analyses as 29 virtual monogenic networks (11 VB
patterns, 12 WTC, and 6 LC; Table 1). The Fig. 15 shows the distribution of
the polygenic networks (i.e., before monogenic subdivision) with their
associated virtual monogenic networks. The distribution of the monogenic
samples is addressed in Fig. 12, Fig. 13. The Figs. 15A and B show the
correlations between geometrical parameters and Figs. 15C and D, the
topological correlations.
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Fig. 15. Cross-plots showing the distribution of geometrical and topological parameters for the
polygenic networks (8 samples) and for the monogenic ones stemming from polygenic networks (29
samples). (A) and (B): Geometrical correlations, (C) and (D): topological correlations.

The distribution of parameters is not discussed here in detail, but some
general features are given. By analyzing the polygenic networks, the vertical
component of the networks (Fig. 15A) is reduced and does not

exceed V = 0.1. The WH ratio remains variable with a smaller range than
when considering only the monogenic ones. Only the curvature remains
within a range of equivalent variability. From a topological point of view, the
variability is much lower and does not provide the resolution obtained with
the monogenic networks. The topological indices R, a, and y are less variable



with values between: 0.821 <= R = 1.259, 0.017 = a = 0.052, and

0.334 = y = 0.369.

Table 5 gives the means and standard deviations of the computed
parameters for the eight polygenic networks before monogenic subdivision.
For all the morphometric parameters studied (geometrical and topological),
the polygenic networks are located close to the mean of all the epigenic
monogenic networks (VB, WTC, LC).



Table 5. Mean and standard deviation of analyzed parameters for the eight polygenic networks before
monogenic subdivision.

Parame Geometry Topology
ters Vertical Tortuosi Curvatur Width- Ramifica a Y
index ty (T) e (K) height tion
(V) ratio index
(WH) (R)
Polyge
nic 0.029 0 1.259+0 0.155+0 1.30x0 1.037+0 0.029+0 0.354x0
networ .021 .092 .078 .546 124 .010 .010

k



Overall, the values in Table 5 and Fig. 15 are less scattered. The comparison
with Table 2 is difficult to perform because only polygenic samples are
considered here and because, obviously, the final parameter value of a
polygenic network is influenced by its predominant speleogenetic type.

6. Discussion and conclusion

The approach developed for the morphometric analysis of four common cave
patterns was based on the coupling of geomorphological knowledge and
statistical procedures. Eight morphometric parameters were proposed to
characterize the karst pattern geometry and topology. These parameters
were computed on a database of 48 monogenic cave samples coming from
various parts of the world and resulting from different geological,
geomorphological, and speleogenetic contexts. The statistical analyses show
different behaviors depending on the speleogenetic context. In the following,
we summarize and discuss these results and cover also some general
questions about the future of cave system characterization and modelling.

6.1. The four cave patterns

To account for differences in speleogenetic contexts, future geoscientists
(e.g., modellers, hydrogeologists, reservoir geologists) will have to evaluate
the speleogenetic history of the studied karst system in order to assign cave
pattern regions. The key points for the determination of the four cave
patterns are summarized below:

* Vadose branchwork patterns (VB) are characterized by open-channel flow,
in shafts and canyons, converging as tributaries (i.e., tree-like ramifications)
and are strongly influenced by geological structure.

* In cases of diffuse recharge and a long-time stable base level, water-
table caves (WTC) are formed at or just below the water table and mainly
develop along inception horizons.

* In cases of transient recharge, the phreatic passages may be unable to
transmit all the incoming water. Complex looping overflow routes form in the
epiphreatic zone (zone of water-table fluctuation), resulting in anastomotic
maze patterns with many curving tubes (Looping cave, LC).

* Angular maze (AM) patterns are formed in prominently fractured rocks
either by gradual seepage, by hypogenic water, or locally by ponded



floodwater, resulting in maze networks of a large percentage of enlarged
initial discontinuities.

However, these common cave patterns may be encountered in the same
cavity. In this study, we assume that the individualization of cave patterns
was done as accurately as possible. Whenever possible, field investigations
were conducted. When this was not possible, we based our separations on
the literature and on our expertise in 3D cave survey. With this approach, we
consider that the monogenic parts thus obtained are representative of the
four main cave patterns described. While some errors in the monogenic
separation cannot be ruled out, we believe that these errors, if they occur,
are only local and have little influence on the results presented. Precise field
studies in each cavity would, perhaps, refine this division and the parameter
range values.

Another bias to control could be derived from local conditions of cave
development, as e.qg., geological constraint. In our opinion, comparing karst
networks of different origins made it possible to be roughly abstract from
local conditions and to highlight cave patterns as a global descriptor.
However, another possible way could be to work on a homogeneous cave
data set like in a particular region, or in homogeneous geological setting, or
in similar climatic contexts. But, such studies are still challenging, as such a
homogeneous data set are scarce. Moreover, other cave patterns, such as
spongework caves (Palmer, 1991, Audra and Palmer, 2013), usually formed
in rocks with high intergranular porosity by the mixing of different water
sources with varying degrees of aggressiveness, were not included in this
study because of the lack of natural analogues in the studied database. Also,
several monogenic hypogenic patterns can be encountered in Lechuguilla
and Carlsbad caves. For these two samples, only the global network
architecture was analyzed and the different monogenic hypogenic features
were not individualized because of the lack of proper information.
Morphometric analysis of these special kinds of speleogenesis, i.e.,
spongework patterns or different kinds of hypogenic features, could provide
additional valuable information about the cave network organization.

6.2. Quantifying spatial organization of karst



As a cave survey is originally dedicated to produce cave maps, it could
contain some errors for morphometric statistical analysis. Even if numerical
tools and handmade procedures were used to reduce these errors, the
presented data set could still contain some. It mainly concerns the location
of the survey station inside the conduits and the sampling strategy (e.g.,
sampling step). The representativeness of the used database may also be
questioned, even if it corresponds to the foremost published database of
karst networks. Nevertheless, the results presented in this study can be
interpreted as an encouraging point and help geoscientists to quantitatively
characterize the four main cave patterns satisfactorily.

From the statistical analysis (Table 2 and Fig. 14), significant differences
exist in the geometry and the topology of the cave networks depending on
the speleogenetic context. The schemes proposed by Palmer (1991) (Fig. 1)
suggested at first glance that in terms of topology, VB and WTC were
opposite to LC and AM, and that in terms of geometry, the sinuosity of WTC
and LC looked similar. Thus, our quantitative study shows that the topology
and geometry of caves, inferred from the database, do not reflect exactly
what was expected. As can be seen in Table 2 and in Fig. 14, two patterns
can be easily distinguished: the vadose branchwork (VB) and the angular
maze (AM) type. However, the difference is more difficult to highlight
between water-table cave (WTC) and looping cave (LC). One of the strengths
of this quantitative analysis is that it uses 3D data and so is not influenced
by the strong simplifications of a 2D perception. Thus, the differences
between real cave morphologies may indeed be more tenuous or gradual.
Furthermore, the similarities/dissimilarities exhibited by the analysis can be
compared to the qualitative results of previous studies based on field
observations (Ford, 1971, Palmer, 1975, Palmer, 1991, Palmer,

2007, Klimchouk, 2009, Audra and Palmer, 2013, Klimchouk et al., 2016).
Considering epigenic cave networks only (i.e., VB, WTC, and LC), the
geometrical and topological parameters analyzed are in agreement with in
situ observations made by karst scientists. In the vadose zone, VB patterns
are characterized by a strongly linear and sinuous organization with
vertically elongated conduits. At the bottom of the unsaturated zone, the
WTC and LC patterns are closely related and differences depend only on the
recharge variation conditions. Thus, morphological differences are tenuous,



as both patterns are characterized by a low vertical index V, a high width-
height ratio WH (Fig. 12A), relatively low sinuosity, but more curvilinear and
more ramified cave conduits (Figs. 12B, C and 13). For WTC and LC, the
couple {V < 0.2 and WH > 1} reflects flooded flows (dissolution occurs on all
the walls) with a verticality of cave networks close to the slope of the
piezometric surface (water table). However, some differences can be
distinguished in the geometrical and topological organization. Indeed, the
water-table cave type (WTC) is strongly characterized by smooth curving
tubes (Fig. 12C), with a planar structure, meaning a development along
horizontal planes (e.qg., inception horizons) close to the water table. In Fig.
12C, the Looping cave type (LC) is spread between the VB (vadose
branchwork) and WTC types. This distribution is consistent with in situ
observations. Indeed, LC karst conduits are usually observed in situ (Fig. 1)
at the interface between the vadose zone and the saturated zone (or
paleosaturated zone). The LC type is thus subject to water table fluctuations
that generate the development of alternative flow paths in the epiphreatic
zone and thus an increase in topological indices such as a and R. The Fig.
14 demonstrates the general geometrical and topological trends that
characterize a karstic pattern. Overall, it opposes the VB type to the others.
This may be explained by the type of flow responsible for the dissolution of
karst conduits. While the vadose zone is characterized by branchwork
patterns with open-channel flows converging as tributaries, the other types
are formed under phreatic or epiphreatic flows, resulting in an increase in
dissolved initial discontinuities and thus in topological complexity. The
source of recharge may also differentiate the distribution of samples. The AM
type has the highest topological complexity. This can be explained by the
type of fluid responsible for the establishment of karst drains. In this study,
AM maze patterns result from the host-rock dissolution by hypogenic fluids
assumed to have a higher aggressiveness, which involves a high degree of
enlarged discontinuities. Thus, the type of flow and the source of aggressive
water strongly control most of the morphometric differences in cave pattern
topologies and morphologies.

Finally, the correlation of quantitative indices with speleogenetic processes
shows the importance of considering the type of genesis in terms of
geometry, architecture, and connectivity to obtain a karst conduit system
characterization. Over the last decade, new exploration and survey tools



have emerged. They simplify the acquisition process and allow finer
resolutions of 3D data. LiDAR or photogrammetry technology are now used
in underground survey, making it possible to analyze 3D morphologies of
small portions of conduits and drains (Jaillet et al., 2011, Ployon et al.,
2011, Sadier, 2014). The morphometric analysis of such data will provide
valuable information on micro- and meso-scale karst conduit geometries.

6.3. About the morphometric parameters

The parameters analyzed can also be scrutinized. The results show that the
VB patterns can be characterized by high tortuosity and variable curvature
values, whereas AM caves display the opposite behavior with low tortuosity
and high curvature values. From a geometrical point of view, VB caves are
characterized by few ramified networks and may be sinuous. Then, as the
tortuosity is computed per cave branch, this explains the possibility to have
high values in the case of VB networks. On the contrary, AM networks are
highly ramified. Thus, even if changes of direction may be high at
intersection points, tortuosity of the branches remains low. These analyses
can be correlated to speleogenetic processes. In the case of LC and AM
patterns, the cave structures use all potentially draining discontinuities
(leading to more changes of direction) even if they are not on the regional
flow-path direction. In the case of VB samples, networks are conditioned by
a gravity flow and are therefore highly selective with respect to the
discontinuities used (Jacek, 2015, Littva et al., 2015). Moreover, karst
conduits preferentially develop where discontinuity intersections occur
because of the mixing of different water- CO2 compositions (Littva et al.,
2015). Thus, variability of the VB cave tortuosity may be linked to the
presence of fractures: if fractures exist, they change the local direction of the
conduits, and then the more this occurs, the higher the tortuosity is. We
should also mention that from a practical point of view, the VB caves are
narrow and do not allow us to perform long survey distances between
stations: this leads to small local offsets and not large changes of direction
(Fig. 16), hence lower curvatures.
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Fig. 16. Examples of real 3D monogenic cave samples with related values of tortuosity T and
curvature K.

A branch-length weighted average of tortuosity would also be interesting to
compute in order to account for a more representative tortuosity of the karst
network. However, the impact of the length used for weighting branch
tortuosity (Euclidian or curvilinear length) must be evaluated. Indeed,
Euclidian length may privilege straight branches, and on the contrary, the
curvilinear one may favor the highly tortuous branches.

Concerning the use of the a and y parameters, Howard (1971) suggested
that caves with few loops and tree-like patterns, such as VB and WTC caves
in this study, should have aand y indices close to 0 and 1/3 respectively
(Table 2, Fig. 11, Fig. 13). For more interconnected networks, such as AM and
LC ones, these values should be close to 1/4 and 1/2 respectively. In this
study, on 3D surveys of natural cave analogues, the density y is always
around or slightly higher than 1/3 (except for very simple reduced graphs
with only 2 nodes). The parameter a is mostly very close to zero (mainly

< 0.05), and even for the Lechuguilla cave, which is very complex, it is only
0.11. Howard (1971) worked on 2D projected maps, which may explain these
differences. The values of this study are in agreement with those obtained
recently by Collon et al. (2017). Some values differ slightly in the present
study because of the data cleaning (Section 3). However, considering the
genetic type, a deeper analysis is performed giving smaller range values for
each parameter and monogenic type. In this study only a, y and R, were
analyzed. For further studies, other topological parameters could also be
tested, such as those recently proposed by Collon et al. (2017). As they
suggested, the average vertex degree of the reduced graph of networks (k)
characterizes the interconnectivity of the systems and correctly



discriminates strongly interconnected systems (mazes) from acyclic ones
(tree-like structures).

6.4. From morphometric parameters to models

A lack of knowledge concerning the internal system of a karst aquifer can
limit the accuracy of karst network models as well as the effectiveness

of pipe-flow models (Peterson and Wicks, 2006, Hartmann et al., 2014).
Indeed, the routing of flow through a karst system is intrinsically linked to
the geometry and the topology of the system. The correlation between
speleogenetic processes and quantitative parameters provides a way to
condition and/or validate such models.

First, the database of real karst network analogues built here provides a
thorough database enriched by speleogenetic information and cleaned, as
far as possible, of survey errors. Second, this study shows the importance of
considering the type of genesis for quantitative karst reservoir
characterization. Range values of parameters according to speleogenetic
processes are proposed for eight morphometric parameters. The WH and its
variability along the passage (WH;) can be used to simulate the shape of
conduits in an ODSim approach (Henrion, 2011, Rongier et al., 2014)
according to the speleogenetic type and thus to provide accurate simulations
of 3D karst conduit morphologies. The distribution of WH can also be useful
to condition the flow and hydrodynamic behavior of karst conduits in an
inverse modelling procedure (Borghi et al., 2016).

Even if it has been studied, tortuosity is difficult to account for in a modelling
approach and is not robust enough to characterize sinuosity. However, in the
cases of preferentially vadose branchwork developed karst systems,
tortuosity can be used by hydrogeologists to estimate the real length of
tracer tests: L = L. x T (with L the real length of path along a flow line, Lcthe
Euclidian length between the injection point and the restitution point,

and T the tortuosity index) (Goldscheider et al., 2008). As it can be seen in
the analysis, the real flow distance should not be higher than two times the
linear distance. However, even if we have not computed these parameters,
we think that in cases of more lattice-like systems, such as WTC, LC, and AM
ones, the total sinuosity index (Pr) (Hong and Davies, 1979, Mosley,

1981, Egozi and Ashmore, 2008) could be a more relevant indicator of the
possible real flow path.



Another need in geostatistical simulation methods is the relative proportion
of karst conduits with respect to the matrix (not considered as a conduit at
the modelling scale). Some authors (Worthington, 1999, Bonacci et al.,
2006, Klimchouk, 2007) reported that the average effective porosity value of
a karst massif generally varies from 0.1 to 1%. However, to account for
speleogenetic contexts, the proportion of each karst type is also required.
This means that further studies are necessary to define these relative
proportions. As an example, Albert et al. (2015) provided an estimation of
the macroporosity for hypogenic systems, reporting values between 1 and
2%.

A further legitimate question is to determine whether the nonhumanly
accessible parts are similar to the accessible ones. Some authors (Jeannin et
al., 2007, Pardo-lguzquiza et al., 2011) proposed that caves have

typical fractal dimensions close to 1.67. However, the organized structure of
a karst system and the morphometric differences stemming from the
speleogenetic contexts make a unique fractal dimension questionable. As an
example, Hendrick and Renard (2016) reported self-similar structures with a
fractal dimension around 1.5 for maze coastal karst networks of Tulum
(Quitana Roo, Mexico). Thus, we may consider that karst networks are not
characterized by a single fractal dimension but potentially several,
depending on the type of speleogenesis, and hence cave patterns.

To conclude, stochastic simulation procedures of cave networks (Jaquet et
al., 2004, Henrion, 2011, Borghi et al., 2012, Borghi et al., 2016, Collon-
Drouaillet et al., 2012, Fournillon et al., 2012, Pardo-Iguzquiza et al.,

2012, Viseur et al., 2014) require quantitative input parameters that
characterize natural analogues. In this study, morphometric parameters
were computed on each cave sample from different geological and
karstological contexts. Thus, this database is representative of a wide range
of karst analogues and can be used in two different ways: as input
parameters for modelling approaches or as validation data. The average
values are given in Appendix B. Thus, by knowing the evolution stages of a
given karstic system, the user can choose the corresponding speleological
context and assign the corresponding values. Some parameters are more
difficult to directly integrate into a modelling approach as the currently
proposed modelling methods cannot take them into account. In this case, the



values can be used in a comparison/validation procedure by calculating
these parameters on the simulated networks.
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Appendix A. Summary of cave surveys used in this study and their speleogenetic separation. Some cave

networks are monogenic
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Appendix B. Values of morphometric parameters computed on the 56 cave samples (48 monogenic and 8
polygenic). Values for WH and K correspond to the mean of the computed values over the cave survey
stations of a given cave sample, value for T correspond to the mean value computed over the cave

branches. The others parameters are computed as one value per cave sample
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Autran _Vadosel 0.610 0 0.281 1.613 00 0 0 0.000 00 00
0.45 48.71 46.1 5.12 0.0 0.3
Autran Vadose2 0.128 5 0.204 1.356 3 54 8 1.053 60 81
0.14 75.00 25.0 0.00 .0 05
Autran Vadose3 0.311 3 0.235 1.488 0 00 0 0.333 00 00
Brun Vadose2 0.615 1.05 0.184 1.392 75.00 25.0 0.00 0.333 0.0 0.4
6 0 00 O 00 17



Monoge Cave samples

netic
type

names

Brun_Vadose3

Cellagua

Chamois_Vados
el

Chamois_Vados
e2

Chapo

Eau Relie
Garma Ciega
Lali_Vadose

Mazo Chico

Rubicera

Geometrical parameters

Verti
cal
inde
x (V)

0.516

0.744

0.363

0.563

0.230

0.192

0.116

0.253

0.060

0.110

Widt Curvat Tortuo

h-
heig
ht
ratio
(WH)

0.88
0

B NO U OO0 OO0 ©O WO ®WO ©O
(O] o (0,1} = S (@)} N N
BN o w ~ N ~ O ~

D
N

ure (K)

0.232

0.167

0.187

0.180

0.115

0.387

0.154

0.094

0.245

0.090

sity
(T)

1.214

1.339

1.277

1.147

1.276

1.251

1.441

1.975

1.259

1.644

Topological parameters

Node valence

ratio (%)
ND: NDs: ND.
3
66.66 33.3 0.00
7 33 0
100.0 0.00 0.00
00 0 0
75.00 25.0 0.00
0 00 0
66.66 33.3 0.00
7 33 0
56.00 40.0 4.00
0 00 0
47.36 47.3 5.26
8 68 3
61.11 27.7 11.1
1 78 11
100.0 0.00 0.00
00 0 0
52.38 42.8 4.76
1 57 2
56.25 43.7 0.00

Ramifica
tion
index

(R)

0.500

0.000

0.333

0.500

0.786

1.111

0.636

0.000

0.909

0.778

a



Monoge Cave samples

netic
type

Water-
table
cave

(WTC)

nhames .
Verti

cal
inde
x (V)

Shuanghe_Vado
se

0.286
Autran_Epiphrea
ticl

Autran_Epiphrea
tic2

Autran_Epiphrea
tic3

0.038
0.044
0.029
Chamois_River 0.030
Due Dong 0.035

Nam Pakan 0.013

Sakany Sakany 0.021
River '

Shuanghe Partl 0.015

h-
heig
ht
ratio
(WH)

6
0.57

o
o°! N 8] N I Ul
= o o0 o N o

=
=

HE oW oF o PN OoF HN
Ul
N

ure (K)

0.098

0.168

0.204

0.160

0.066

0.029

0.096

0.136

0.061

Geometrical parameters
Widt Curvat Tortuo

sity
(T)

1.288

1.394

1.242

1.170

1.287

1.354

1.131

1.178

1.175

Topological parameters

Node valence

ratio (%)
ND: NDs: ND.
3
0 50 0
62.50 37.5 0.00
0 00 0
60.00 40.0 0.00
0 00 0
61.53 30.7 7.69
8 69 2
57.14 42.8 0.00
3 57 0
53.84 38.4 7.69
6 62 2
58.33 41.6 0.00
3 67 0
51.08 445 4.34
7 65 8
61.53 30.7 7.69
8 69 2
53.12 43.2 3.64
5 29 6

Ramifica
tion
index

(R)

0.600

0.667

0.625

0.750

0.857

0.714

0.957

0.625

0.882

a

57

0.3
89

0.3
75

0.4
10

0.3
61

0.3
94

0.3
67

0.3
48

0.3
64

0.3
33



Monoge Cave samples Geometrical parameters Topological parameters
netic names

type Verti Widt Curvat Tortuo Node valence Ramifica « Y

cal h- ure (K) sity ratio (%) tion
inde heig (T) index
x (V) ht (R)
ratio
3
Shuanghe Part2 0.024 122 0065 1200 2722327 000 ,.,,4 00 03
- 1 2 78 0
Shuanghe Part3 0.013 122 0062 1.227 2747 494 303 4,45 0.0 0.3
1 5 95 0
1.52 49.02 46.8 4.14 0.0 0.3
Shuanghe Part4 0.006 1 0.070 1.222 4 29 6 1.040 >3 46
StMarcel_Lower 1.72 45.71 51.4 2.85 0.0 0.3
Level 0.006 0 0.141 1.285 4 29 7 1.188 15 64
StMarcel _Middle 2.50 45.93 49.7 4.30 0.0 0.3
Level 0.005 9 0.116 1.217 3 61 6 1.177 38 59
StMarcel Upper 2.35 48.79 45.1 6.04 0.0 0.3
Level 0.006 5 0.176 1.191 0 61 8 1.050 31 54
Looping Brun Epiphreati 1.45 52.94 41.1 5.88 0.0 0.3
cave  cl 0.024 9 0.102 1.315 1 76 2 0.889 15 53
(LC) : :
Chamois_Epiphr 1.90 37.64 51.7 10.5 0.1 04
eaticl 0.028 8 0.215 1.138 2 65 88 1.656 02 05
Chamois_Epiphr 1.85 47.05 47.8 5.04 0.0 0.3
eatic2 0.029 1 0.136 1.130 9 99 > 1.125 34 59
Chamois_Epiphr 0.030 1.81 0.096 1.080 50.00 41.8 8.14 1.000 0.0 0.3



Monoge Cave samples
netic nhames

Geometrical parameters Topological parameters

type Verti Widt Curvat Tortuo Node valence Ramifica «
y cal h- ure (K) sity ratio (%) tion
inde heig (T) index
x (V) ht (R)
ratio
3
eatic3 5 0 60 0 34
) 1.31 39.47 58.1 2.33 0.0
Foussoubie 0.006 7 0.130 1.232 1 37 9 1.533 61
. . . 1.65 49.33 46.6 4.00 0.0
Lali_ Epiphreatic 0.033 0 0.108 1.150 3 67 O 1.027 21
Sakany MainCa 0.70 50.82 42.8 6.31 0.0
ve 0.024 6 0.345 1.445 1 57 9 0.968 24
1.05 52.77 41.6 5.55 0.0
Sakany Part2 0.172 3 0.323 1.227 3 67 6 0.895 15
. 2.76 49.02 49.0 1.96 0.0
St Benoit 0.036 3 0.218 1.168 0 20 1 1.040 15
Angular 1.89 49.39 38.5 12.0 0.0
maze Baume 0.057 7 0.345 1.177 3 54 48 1.024 73
(AM) 1.05 56.66 26.6 16.6 0.0
Baume Galiniere 0.057 9 0.326 1.106 7 67 67 0.765 48
1.63 37.02 47.0 15.9 0.1
Carlsbad Cavern 0.005 > 0.235 1.164 0 80 00 1.701 13
Lechuguilla 0.006 2.11 0.231 1.214 39.48 44.9 15.5 1.551 0.1
9 3 71 46 10

56

0.3
75

0.3
52

0.3
45

0.3
53

0.3
46

0.3
93

0.3
69

0.4
09

0.4
06



Monoge Cave samples Geometrical parameters Topological parameters
netic names

type Verti Widt Curvat Tortuo Node valence Ramifica « Y

cal h- ure (K) sity ratio (%) tion
inde heig (T) index
x (V) ht (R)
ratio
(WH) ND;:; ND: ND.
3
. 1.73 51.72 37.9 10.3 0.0 0.3
Pigette 1 0.121 1 0.475 1.262 1 31 a5 0.933 38 70
Pigette 2 0111 1.61 0.386 1.235 44.23 55.7 0.00 1.261 0.0 0.3
3 1 69 0
. . 1.62 52.17 34.7 13.0 0.0 0.3
Saint Sebastien 0.027 5 0.273 1.049 1 33 43 0.917 34 64
Polygeni , 0.51 5490 37.2 7.87 : .
c Arrestelia 0.013 6 0.143 1.343 9 15 v 0.821 22 48
network
0.70 49.71 46.8 3.46 0.0 O.
(PN) Autran 0.062 6 0.211 1.279 1 21 3 1.012 10 62
1.50 50.84 44.0 5.08 .0 0.3
Brun 0.042 9 0.118 1.305 7 68 5 0.967 17 50
. 1.83 44.27 47.8 7.83 0.0 0.3
Chamois 0.026 0 0.140 1.123 7 92 1 1.259 52 69
. 1.50 49.35 46.7 3.89 0.0 0.3
Lali 0.059 1 0.105 1.154 1 53 6 1.026 20 51
0.80 49,87 43.3 6.81 0.0 0.3
Sakany 0.022 7 0.338 1.420 3 09 3 1.005 >4 47
Shuanghe 0.005 1.33 0.069 1.215 49,20 47.0 3.73 1.033 0.0 0.3



Monoge Cave samples Geometrical parameters Topological parameters

rtretlg names Verti Widt Curvat Tortuo Node valence Ramifica « Y
yp cal h- ure (K) sity ratio (%) tion
inde heig (T) index
x (V) ht (R)
ratio
3
1 0 67 3 19 44
2.20 45.92 48.9 5.15 1.178 0.0 0.3

Saint Marcel 0.005 1 0.118 1.230 3 18 8 390 60



Appendix C. Relationships between a and y

In the case of planar graphs, it a and y are defined as follows:
a=E—N+12N-5

and

y=E3N-2.

It is possible to define E (humber of edges) as a function of y as follows:
E=3N-2y

Then, E can be inserted in the equation of a, yielding:
a=3N—-2y—N+12N-5=3N—-22N-5y—N—-12N-5

If N tends to +, then the asymptotes of the two fractions are:
limN—-4+03N—-22N-5=32

limN—-+woN-12N-5=12

If N is huge, a linear relationships may exist between a and y which can be
written as follows

a=32y—12

Or

y=23a+13
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