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Abstract: Stylolites are ubiquitous structures in carbonates that present a variety of mor-
phologies. Besides being important structures in terms of rock compaction and deformation,
stylolites control limestone permeability, which is influenced by their morphology and
arrangement in connected networks. This study characterizes stylolite morphological
parameters, such as length, thickness, filling by insoluble material, spacing and connectiv-
ity, to provide quantitative data on the relationships between stylolite morphology and
carbonate host rock textures. A collection of thin sections from a variety of lithologies
and geological settings was analyzed, showing that the stylolite length, thickness and
morphology are interrelated and are controlled by the host rock textures. The results show
that stylolite linearity, calculated as the ratio between the straight length and the length
measured along the stylolite trace, varies according to the stylolite type. Higher stylolite
thickness is observed in mud-dominated textures compared to grain-dominated ones but
is independent of the stylolite type. There is no clear trend in terms of the amount of
insoluble material collected by the stylolites and the rock texture or stylolite type. Analysis
of stylolite spacing reveals that heterogeneity in grain size, grain sorting and composition
controls stylolite formation.

Keywords: stylolite; rock texture; permeability; morphological analysis; chemical compaction

1. Introduction
Stylolites are rough dissolution surfaces that form by pressure solution during chemi-

cal compaction [1–3]. They can be the result of localized stress-induced dissolution during
burial compaction to form so-called bedding-parallel, sedimentary or diagenetic stylolites
or by tectonic compression to form tectonic stylolites, which are normally not parallel to
bedding. Stylolites are present in many rock types [4,5], but they are particularly common
in limestones due to the high solubility and fast reaction kinetics of calcite and other carbon-
ate minerals [6–8]. The dissolution of carbonate rocks typically leads to an enrichment in
insoluble material, especially clays and oxides, along the stylolite surfaces [2,9,10]. Interest
in stylolites started with the work of Stockdale [1], who found that the material filling stylo-
lite surfaces is the residue that remains after the dissolution of limestone and proposed that
the length of stylolite teeth is proportional to the thickness of the dissolved rock volume.

A range of studies suggest that stylolites can affect the permeability of the host rocks,
with permeability varying depending on the directions (i.e., parallel versus perpendicular
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to the stylolite). In this regard, stylolites can potentially act as barriers to fluids across
them [11–13], but also as conduits for fluids along them [14–20]. Other studies have pointed
out that stylolites can simultaneously present both types of behaviour [21] or change their
role from barriers to conduits (or vice versa) during the geological history of a basin [22,23].
Stylolites can also determine reservoir quality [17,24,25].

Stylolites may have a range of morphologies, from smooth to extremely rough surfaces.
Different classifications of stylolite morphologies have been proposed [13,26–28]. The most
recent classification of stylolite morphologies is that of Koehn et al. [29], who defined
four types: rectangular layer-, seismogram pinning-, suture and sharp peak- and wave-
like types (Figure 1a). This classification allows distinguishing between stylolites that
grow linearly and non-linearly and is useful for estimating the influence of stylolite on
the local permeability variations in rocks [29]. Accordingly, the present study follows
this classification.
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With some exceptions [9,23,30], most studies have analyzed stylolites in isolation.
However, the degree of stylolite connectivity is an important parameter, and it is useful for
evaluating the potential circulation of fluids through a stylolite-bearing rock. Three types
of stylolite connectivity have been identified [9]: (1) isolated stylolites; (2) long-parallel
stylolites (not cross-cutting); and (3) (anastomosing) networks of connected stylolites that
enclose lenses of the host rock (Figure 1b). Connectivity between stylolites depends not
only on their morphology but also on other factors such as their wavelength, amplitude
and orientation.

A key question about stylolites is what factors determine their morphology. A variety
of parameters has been considered, including the rock texture [2,29–32], grain size and
grain size distribution [33–35] and clay content [34,36], among others. The presence of clays
was suggested to be an important control of stylolite morphology because clay minerals
enhance the pressure solution process [37–41]. Other factors, such as burial depth and
stress evolution of a basin [42–47], the diagenetic overprint [48,49] and the available pore
fluids [9,44,50–52], can also play a key role in determining their formation.

Several models have been proposed to explain the mechanism controlling stylolite
roughening [5,26,36,42,44,53]. However, there is still a lack of systematic geometrical
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characterization of stylolites and how they relate to the sedimentary and diagenetic features
of a wide variety of host rocks. Moreover, ref. [54] explained the complex geometry of
stylolites as a result of the development of dissolution peaks and the mechanical properties
at the interfaces between host rock and fluid. Stylolite thickness is typically affected by the
heterogeneities in the original host rock. Indeed, ref. [1] noticed that the stylolite thickness
is not constant along the entire length of the structure but generally decreases towards the
tips of rough peaks. In this regard, ref. [55] suggested that the stylolite thickness/linearity
relationship is constant, leading to the hypothesis that stylolites form at seed points and
propagate laterally, undergoing dissolution at their flanks [56,57].

Stylolites with high amplitudes and wavelengths generally form closely spaced net-
works, sometimes anastomosing, in mud-dominated facies, while more widely spaced
stylolites with low amplitude and low wavelength are more typical of grain-dominated
rocks [20,23,30,41]. Moreover, poorly sorted facies tend to favour larger stylolite amplitudes
and wavelengths [30]. Grain size and grain size distribution are also important due to
the different solubility of the carbonate components, as well as their variable dissolution
rates [58,59]. For example, the magnesium content of carbonate rock, together with the
presence of certain skeletal components, can induce solubility variations in the rock [33],
which affect stylolite formation. The aforementioned aspects highlight the importance of
systematically characterizing the factors that control stylolite morphology to understand
and predict their distribution and potential impact on fluid flow.

Despite the abundant literature on the relationship between stylolite length and thick-
ness [55,60,61], a systematic quantitative database on the relationship between stylolite
morphology, their geometrical parameters (linearity, spacing, thickness, insoluble material,
connectivity, etc.) and the characteristics of their host rocks is still lacking. The works
of [30,32] provided new insights into those relationships, but a more systematic quantifi-
cation is needed. Therefore, this study aims to evaluate the geometrical parameters of
stylolites in carbonate rocks to identify key controls on stylolite development and mor-
phology. The specific objectives are (i) to characterize morphological parameters such as
linearity, thickness, filling by insoluble material, spacing and connectivity in a variety of
carbonate rocks with diverse rock textures and (ii) to establish relationships between such
parameters and stylolite types according to Koehn et al.’s classification [29] and to deposi-
tional rock textures according to Dunham’s classification scheme [62]. For this purpose, we
used a large collection of samples collected from outcrops and ornamental stone sellers.

2. Materials and Methods
Stylolites were analyzed in 50 limestone samples from 30 locations in Europe, Africa

and Asia (Table 1). Samples were collected in the field or purchased from ornamental
rock sellers. Acquiring samples from rock sellers provides the opportunity to analyze a
wide variety of stylolite morphologies in diverse limestone facies. However, the sample
collection has the following limitations: (i) we tried to make thin sections at random parts
of each sample, but it is possible that in some cases, the parts of the specimen with higher
stylolite presence were unconsciously sampled; (ii) almost all the investigated stylolites
are sedimentary; (iii) we do not have information about the burial depth at which each
stylolite formed, since quantifying it would require the use of stylolite roughness inversion
techniques [3,31,42–44], and this is beyond the scope of this study; and (iv) several samples
show a transition between two rock textures (e.g., wackestone to packstone). In the latter
case, a decision is made to classify the sample according to the rock texture in which the
stylolite developed (Table 1).
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Table 1. Summary of the analyzed samples showing age, origin by country, texture (sensu [62]) and
main components. Note that age information is lacking for several samples. N/A means information
is not available.

ID Age Location Rock Texture Main Grain Components

1 Cretaceous Italy Mudstone Algal fragments, microforaminifera

2 Carboniferous? Portugal Mudstone -

3 Triassic/Jurassic Italy Mudstone Peloids, foraminifera

4 Cretaceous? Spain Wackestone Algae fragments

5 N/A Germany Packstone Peloids, intraclasts

6 Cretaceous Belgium Packstone Lithoclasts

7 Miocene? Spain Wackestone Sponge spicules

8 Eocene? Italy Packstone Foraminifera, red algae

9 N/A France Wackestone Crinoids, bioclasts

10 Eocene Italy Mudstone Benthic foraminifera, ostracods

11 N/A Spain? Packstone Foraminifera, red algae

12 Miocene Italy Packstone Foraminifera, red algae, bryozoan

13 N/A Turkey Grainstone Foraminifera, red algae

14 N/A Spain Wackestone Foraminifera, bivalves

15 Cretaceous? Spain Wackestone Foraminifera

16 Early Mesozoic Egypt Wackestone Crinoids

17 N/A Italy Wackestone Peloids, dolomite crystals

18 Jurassic Italy Mudstone -

19 N/A China Mudstone -

20 Cretaceous? Pakistan Packstone Bivalve fragments

21 Triassic Italy Packstone Bivalves, crinoids

22 N/A Egypt Packstone Microforaminifera, bryozoans

23 Cretaceous France Wackestone Nummulitids

24 Cretaceous? Spain Packstone Orbitolinids

25 N/A N/A Mudstone -

26 N/A Italy Mudstone Calpionelle

27 N/A Italy Packstone Calpionelle, ostracods

28 Cretaceous Italy Mudstone Ostracods, foraminifera

29 N/A Egypt Wackestone Bivalve fragments

30 N/A Egypt Wackestone Bioclasts

31 N/A France Wackestone Brachiopods

32 N/A Greece Packstone Brachiopods

33 N/A Italy Grainstone Crinoids

34 Lower Cretaceous Italy Wackestone Dolomite crystals

35 N/A Spain Wackestone Bioclasts

36 Eocene Egypt Packstone Nummulitids

37 N/A Turkey Wackestone Peloids, bryozoans and foraminifera

38 N/A Morocco Mudstone Bryozoans
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Table 1. Cont.

ID Age Location Rock Texture Main Grain Components

39 N/A Morocco Mudstone Bryozoans

40 N/A Turkey Wackestone Crinoids

41 Late Aptian Spain Grainstone Orbitolinids, peloids, equinoderms

42 Late Aptian Spain Grainstone Peloids, orbitolinids, equinoderms

43 Late Aptian Spain Grainstone Peloids, echinoderms, miliolids

44 Late Aptian Spain Grainstone Orbitolinids, peloids, echinoderms, red algae

45 Late Aptian Spain Grainstone Orbitolinids, peloids, echinoderms, intraclasts

46 Aeolian-Bajocian Spain Grainstone Oolites

47 Aeolian-Bajocian Spain Grainstone Peloids, intraclasts

48 Aeolian-Bajocian Spain Grainstone Peloids, coated grains

49 Late Aptian Spain Grainstone Foraminifera, peloids, equinoderms

A standard thin section was made for each of the 50 samples and analyzed by optical
microscopy. The petrographic analysis includes the characterization of the depositional
limestone texture according to Dunham’s scheme [62], diagenetic products and the stylolite
types according to the scheme of Koehn et al. [29]. In addition, thin sections were scanned
at high resolution (9600DPI), and several parameters were measured using vector image-
processing software (Inkscape, V1.3) (stylolite linearity (length ratio), thickness, presence of
insoluble material, spacing and connectivity) (Table 2). Other parameters, such as stylolite
wavelength and amplitude, are not included in this paper. The reason is that much larger
samples would be required to systematically measure wavelengths, while the amplitude
trend is better evaluated at different scales, from the thin section to the outcrop scale,
for instance.

Table 2. Summary of the stylolite parameters measured for each sample.

Stylolite Linearity

ID Rock
Texture Stylolite Type Upper

Interface
Lower

Interface Average
Filling with
Insolubles

(%)

Thickness
(mm)

Spacing
(mm) Connectivity

1 Mudstone Seismogram pinning 0.26 N/A 0.26 16 0.57 11.51 SN
2 Mudstone Suture and sharp peak 0.64 0.58 0.61 63 0.27 8.11 I
3 Mudstone Suture and sharp peak 0.58 N/A 0.58 37 0.26 10.28 I
4 Wackestone Suture and sharp peak 0.37 0.31 0.34 100 0.60 15.62 SN
5 Packstone Suture and sharp peak 0.57 0.63 0.60 81 0.90 12.89 SN
6 Packstone Simple wave-like 0.73 0.66 0.70 100 0.85 6.28 SN
7 Wackestone Simple wave-like 0.90 0.71 0.80 100 0.15 4.77 SN
8 Packstone Simple wave-like 0.72 0.65 0.69 23 0.29 14.35 I
9 Wackestone Suture and sharp peak 0.44 0.51 0.47 79 0.16 8.44 I
10 Mudstone Simple wave-like 0.71 0.74 0.73 98 1.05 30.47 SN
11 Packstone Suture and sharp peak 0.59 N/A 0.59 0 0.17 4.30 SN
12 Packstone Seismogram pinning N/A 0.40 0.40 96 0.28 - I
13 Grainstone Seismogram pinning 0.46 0.66 0.56 98 1.35 9.94 SN
14 Wackestone Suture and sharp peak 0.32 0.27 0.29 100 0.33 - I
15 Wackestone Simple wave-like 0.59 0.62 0.61 0 0.14 6.99 I
16 Wackestone Simple wave-like 0.64 0.67 0.65 100 0.17 20.22 SN
17 Wackestone Simple wave-like 0.70 0.70 0.70 100 0.48 10.05 SN
18 Mudstone Simple wave-like 0.81 0.90 0.85 85 0.27 4.62 I
19 Mudstone Seismogram pinning 0.46 0.37 0.41 75 0.28 11.18 SN
20 Packstone Simple wave-like 0.85 0.83 0.84 0 0.57 22.89 I
21 Packstone Rectangular layer 0.30 0.23 0.26 97 0.34 8.01 SN
22 Packstone Seismogram pinning 0.32 0.36 0.34 100 0.79 3.96 LP
23 Wackestone Suture and sharp peak 0.50 0.49 0.50 100 0.25 8.90 LP
24 Packstone Suture and sharp peak 0.54 0.57 0.55 100 0.22 5.79 SN
25 Mudstone Suture and sharp peak 0.51 0.51 0.51 87 0.20 10.24 SN
26 Mudstone Seismogram pinning 0.52 N/A 0.52 100 0.19 6.90 SN
27 Packstone Seismogram pinning 0.59 0.55 0.57 99 0.15 4.98 SN
28 Mudstone Rectangular layer 0.34 0.27 0.30 96 0.56 6.65 LP
29 Wackestone Suture and sharp peak 0.46 0.37 0.42 100 0.34 8.42 SN
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Table 2. Cont.

Stylolite Linearity

ID Rock
Texture Stylolite Type Upper

Interface
Lower

Interface Average
Filling with
Insolubles

(%)

Thickness
(mm)

Spacing
(mm) Connectivity

30 Wackestone Suture and sharp peak 0.33 0.27 0.30 62 0.40 4.44 I
31 Wackestone Seismogram pinning 0.66 0.53 0.59 99 0.63 3.89 SN
32 Packstone Suture and sharp peak 0.42 0.69 0.56 0 0.36 3.74 SN
33 Grainstone Simple wave-like 0.76 0.75 0.75 0 0.67 - I
34 Wackestone Suture and sharp peak 0.51 0.60 0.55 100 0.63 7.95 SN
35 Wackestone Rectangular layer 0.25 0.22 0.24 65 0.27 3.46 SN
36 Packstone Suture and sharp peak 0.54 0.48 0.51 0 0.44 4.15 I
37 Wackestone Suture and sharp peak 0.21 0.26 0.24 100 0.72 3.47 SN
38 Mudstone Suture and sharp peak 0.66 0.74 0.70 82 1.31 11.07 SN
39 Mudstone Suture and sharp peak N/A 0.59 0.59 49 0.05 3.29 SN
40 Wackestone Suture and sharp peak 0.61 0.62 0.61 62 0.95 4.81 I
41 Grainstone Suture and sharp peak 0.68 0.66 0.67 8 0.20 17.34 I
42 Grainstone Suture and sharp peak 0.43 0.41 0.42 29 0.05 10.49 I
43 Grainstone Suture and sharp peak 0.69 0.68 0.69 99 0.12 9.06 I
44 Grainstone Suture and sharp peak 0.60 0.54 0.57 41 0.13 12.15 I
45 Grainstone Suture and sharp peak 0.58 0.71 0.65 99 0.34 4.68 I
46 Grainstone Suture and sharp peak 0.43 0.41 0.42 97 0.10 14.4 I
47 Grainstone Suture and sharp peak 0.45 0.48 0.46 79 0.22 8.56 SN
48 Grainstone Suture and sharp peak 0.80 0.79 0.80 100 0.09 3.81 I
49 Grainstone Simple wave-like 0.67 0.90 0.79 0 0.21 7.78 SN
50 Grainstone Rectangular layer 0.79 0.99 0.89 98 0.22 5.89 SN

Note that for connectivity, “I” refers to isolated stylolites, “LP” to long-parallel stylolites and “SN” to stylolite
networks. N/A means that these data could not be collected. In cases where there is only a linearity value for one
of the interfaces, the average is just considered this value.

The stylolite linearity, also noted as the length ratio, results from dividing the straight
length of the stylolite (i.e., the distance between stylolite endpoints in the thin section) by
the total length (i.e., the distance measured along the stylolite trace) (Figure 2). The stylolite
linearity was calculated to assess the relation between the stylolite roughness and their host
rock textures, enabling the normalization of length measurements. The stylolite linearity
varies from zero for infinitely rough stylolites to one for a perfectly straight stylolite. The
linearity index was determined for the most representative and longest stylolites in each
analyzed thin section. Length data were collected on both stylolite interfaces (upper and
lower) (Figure 2). For very thin stylolites (6 out of 50 samples), we could only measure the
length ratio on one stylolite interface, either the upper or lower.
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The stylolite thickness is defined as the distance between the lower and upper inter-
faces of the stylolite seam. It is never constant along the whole length of the stylolite and is
generally larger at stylolite peak zones. The stylolite thickness was measured every 1 mm
along a stylolite and then averaged for that stylolite (Figure 2). Sometimes, stylolites are
very thin, and, in such cases, measuring their thickness can be challenging. However, the
high resolution of thin section scans allows measuring very thin stylolites.
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The stylolite spacing is the distance between two consecutive stylolites at the scale of
observation (thin section in our case) and, therefore, cannot be considered a fully direct
representation of the real distribution of stylolites in the field since this spacing can vary
horizontally. The scanline to measure stylolite spacing was positioned to intersect the
greatest possible number of stylolites present in a specific thin section (Figure 2). It is
important to consider that we worked on small areas (standard thin sections, with a size of
ca. 5 × 3 cm.) compared to previous similar analyses [30].

Stylolite connectivity defines the link between one stylolite and its neighbours
(Figure 1b). The stylolite connectivity classification scheme considers three types of connec-
tivity, according to [9]: (i) isolated (I), when there is only one stylolite in the sampling area
(i.e., thin section); (ii) long-parallel (LP), when there is more than one stylolite but they do
not intersect; and (iii) anastomosing stylolite network (SN), when there are several stylolites
that are connected or intersect each other (Figure 2). The small sampling areas correspond-
ing to a standard thin section area do not allow for carrying out a topological analysis.

The insoluble material length ratio quantifies the accumulation of residual or undis-
solved material along the stylolite surface. This parameter is calculated by measuring
the sum of lengths of stylolite sections that are filled with insoluble material divided by
the total stylolite length (filled or not with insolubles). The parameter is calculated as the
average of the result of the two stylolite interfaces, i.e., upper and lower), following its trace
(Figure 2). The final value is expressed as a percentage of the stylolite length filled with
residue. It is important to note that part of the insoluble material can be unintentionally
removed during thin section preparation, and thus, the results should be considered as a
minimum value. The value ranges from one, meaning a stylolite that continuously contains
insoluble material along its full length, to zero for a stylolite that does not contain insoluble
material (i.e., is an open space).

All the investigated parameters were organized and plotted in relation to the Dunham
host rock texture [62] and stylolite types of Koehn et al. [29]. Sometimes, the stylolite shape,
especially for rectangular and seismogram types, is difficult to assign to a single category.

3. Results
3.1. Host Rock Texture and Components

The most important characteristics of the host rock textures in investigated samples
are described according to Dunham’s classification [62] (Figure 3). In terms of the carbonate
rock texture, wackestones are the most abundant among the studied samples (30%), while
mudstones (22%), packstones (24%) and grainstones (24%) are nearly equally represented
(Table 1). Several thin sections show local texture transitions (i.e., from mudstone to
wackestones, or wackestone to packstone) making it sometimes hard to associate each
sample, and hence its stylolites, with a single rock texture.

Mudstone samples range in age between Jurassic and Eocene, although most of them
are from Lower to Upper Cretaceous outcrops (Table 1, Figure 3a,b). The most common
skeletal components, often found in fragments and chaotically oriented, are red algae,
calpionelle and foraminifera, while bryozoan and crinoids are occasionally represented.
Skeletal components are rarely larger than 2 mm. Few mudstones lack skeletal components
but contain intraclasts and calcite cement. Wackestones vary from Jurassic to Miocene in age
and contain skeletal components, mostly crinoids and foraminifera, generally as fragments
(Table 1, Figure 3c,d). Less frequently, wackestones also contain bivalves and bryozoans.
Packstones range in age from Triassic to Miocene except for a Devonian sample (Table 1,
Figure 3e,f). Foraminifera, red algae, bryozoa and bivalves are the most abundant skeletal
components in such texture. Two samples show calpionelle and ostracods. Nummulites are
recognized in one Eocene rock sample. Grainstones range in age from Middle Jurassic to



Minerals 2025, 15, 132 8 of 23

Lower Cretaceous (Table 1, Figure 3g,h). The most abundant components in this lithology
are orbitolinids, peloids, echinoderms, red algae and, especially, intraclasts.
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Figure 3. Photomicrographs showing examples of rock textures in several carbonate facies. (a) Mud-
stone with foraminifera (1) and bryozoans (2). (b) Mudstone with benthic foraminifera (1) and oncoids
(2) inside a Neptunian dyke. (c) Wackestone with bryozoans (1) and calcispheres (2). (d) Wackestone
with intraclasts (1) and algae (2). (e) Packstone with nummulites (1). (f) Packstone with intraclasts
of stromatoporoidea (1) and echinoidea (2). (g) Packstone with echinoidea (1) and foraminifera (2).
(h) Grainstone with elongated fragments of brachiopods (1).

3.2. Stylolite Types

Investigated stylolites (Figure 4) are described according to the scheme of Koehn et al. [29],
and their abundance is quantified in relation to the corresponding carbonate host rock
texture (Figure 5). The four stylolite types are represented in the dataset as follows: rectan-
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gular layer type (8%), seismogram pinning type (18%), suture and sharp peak type (52%)
and simple wave-like type (22%). The rectangular layer type is scarce, although it has been
identified in all the rock textures.
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Figure 4. Photomicrographs showing examples of stylolite types. (a) Wave-like type in packstone
(Tables 1 and 2, sample 9). (b) Thin wave-like stylolite in wackestone (Tables 1 and 2, sample 7).
Note how the stylolite trace is recognizable due to the presence of the dark, insoluble material.
(c) Wave-like stylolite in packstone (Tables 1 and 2, sample 10). (d) Suture and sharp peak-type
stylolite with accumulated insoluble material (Tables 1 and 2, sample 17). (e) Seismogram pinning-
type stylolite in a wackestone (Tables 1 and 2, sample 29). (f) Rectangular layer-type stylolite in
wackestone (Tables 1 and 2, sample 38). (g) Rectangular layer type in packstone (Tables 1 and 2,
sample 24). (h) Suture and sharp peak stylolite in wackestone with yellow insoluble material filling
(Tables 1 and 2, sample 6). (i) Rectangular layer-type stylolite in mudstone (Tables 1 and 2, sample 31).
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Figure 5. Distribution of stylolite types (according to the scheme of [29]) versus rock texture (according
to the Dunham scheme [62]).

The most abundant stylolite type in mudstones is the suture and sharp peak type
(45.5%), followed by the seismogram pinning (27.3%) and simple wave-like types (18.2%)
(Figure 5). In wackestones, which is the dominant rock texture in the dataset, the most
common stylolite type is the suture and sharp peak type (60.0%), followed by the wave-like
type (26.7%). Moreover, there is one sample with seismogram pinning (6.7%) and one
rectangular layer (6.7%) of stylolite types observed in this rock texture. Suture and sharp
peak-type stylolites are dominant in packstones (41.7%), followed by seismogram pinning
(25.0%) and wave-like types (25.0%). There is one sample with rectangular layer-type
stylolites (representing 8.3% of the population) in this rock texture. Grainstones show the
same trend as packstones in terms of abundance of stylolite types: suture and sharp peak
are the dominant type (66.7%), followed by wave-like type (16.7%). Rectangular layer and
seismogram pinning-type stylolites represent 8.3% of the dataset each. The stylolites hosted
in grainstones are thinner compared to other rock textures. Stylolites often follow grain
contacts in grain-dominated textures.

3.3. Stylolite Morphological Properties
3.3.1. Stylolite Linearity

The linearity of stylolites provides information on their sinuosity and therefore how
rough or straight a stylolite is (Figure 6). Linearity results show that the highest stylolite
linearity is observed in grainstones (i.e., more linear, with a median of 0.67), followed
by mudstones (median 0.58) and packstones (median 0.57), while wackestones show the
lowest ratio (i.e., more contorted stylolites with a median of 0.51) (Figure 6a). In terms
of the stylolite morphology, wave-like-type stylolites show the highest linearity (with a
median of 0.72) (Figure 6b). They are abundant in facies with wackestone and packstone
textures (Figure 5). The other types of stylolites present linearity values that decrease from
the suture and sharp peak (median of 0.54) to seismogram pinning (median of 0.46) to the
rectangular layer type (the most contorted with a median of 0.28).

Regarding stylolite types, there is an increasing trend from the rectangular layer
stylolite type (most contorted) to the wave-like stylolite type (more linear) (Figure 6b).
In this regard, the linearity value increases around 10% from the rectangular layer to
seismogram pinning, suture and sharp peak and, finally, to the wave-like stylolite types.
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The linearity is slightly different when it is measured on the two interfaces (upper and
lower) of a stylolite but commonly presents the same trend for both. The difference in
linearity between both interfaces is very low when plotted against rock texture or stylolite
type (Figure 6). There is a slightly higher difference between the linearity of the upper and
lower interfaces of rectangular layer-type stylolites, although the population in Figure 6b
(blue boxes) is clearly influenced by an outlier.
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Figure 6. Box and jitter plots showing the stylolite linearity (ratio of total length and straight length)
for Dunham rock textures (a) and stylolite types (b). Each coloured box marks the 25 and 75 percent
quartiles for each dataset, which correspond to the upper and lower interfaces of stylolites for
each rock texture or stylolite type. The median of each dataset is indicated with a horizontal line
in the box, and the corresponding median value is also provided. The black vertical lines show
the minimal and maximal values of each dataset, while each black dot represents an individual
measurement. The circles filled with the corresponding colour indicate the median of the population.
For Dunham textures, they are 0.58 for mudstones, 0.51 for wackestones, 0.57 for packstones and
0.67 for grainstones, while for stylolite types, they are 0.28 for rectangular layer, 0.46 for seismogram
pinning, 0.54 for suture and sharp peak and 0.72 for simple wave-like stylolite types.

3.3.2. Stylolite Thickness

The stylolite thickness analysis (i.e., the distance between the lower and upper stylolitic
interfaces) reveals that stylolites developed in grainstones tend to be thinner, with a median
of 0.21 mm, especially considering that there is a high outlier. Stylolites hosted in mudstones
are slightly thicker on average (median of 0.27 mm) but with a wide variation. Stylolites
in wackestones and packstones are the thickest, with a median of 0.34 mm and 0.35 mm,
respectively (Figure 7a). In terms of stylolite types, the highest thickness is measured on
the seismogram pinning stylolites (median of 0.43 mm), while the lowest one corresponds
to suture and sharp peak stylolite type (median of 0.26 mm) (Figure 7b). Rectangular
layer type and simple wave-like-type stylolites show very similar thickness values (0.31
and 0.29 mm, respectively). The data variability is very high for all types except for the
rectangular layer-type stylolites, which tend to show more consistent values.
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Figure 7. Stylolite thickness for Dunham rock textures (a) and stylolite types (b). Each coloured
box marks the 25 and 75 percent quartiles for each dataset, which correspond to each rock texture
or stylolite type. The median of each dataset is indicated with a horizontal line in the box, and the
corresponding median value is also provided. The black vertical lines show the minimal and maximal
values of each dataset, while each black dot represents an individual measurement.

3.3.3. Insoluble Material Along Stylolites

The highest amount of insoluble material, which is expressed as the percentage cal-
culated from the ratio between the stylolite length filled with insoluble material and the
total stylolite length, appears in stylolites hosted in wackestones (median 100%), while
mudstones show the lowest value (median 82%) (Figure 8a). Packstones and grainstones
show the same amount of filling by insoluble material (median 88%). In terms of stylolite
type, a higher amount of insoluble material is observed for seismogram pinning-type
stylolites (median 98%), followed by the rectangular layer type (median 96%). Simple
wave-like and suture and sharp peak-type stylolites appear to contain slightly fewer parts
filled by insoluble material along them (median of 81% and 85%, respectively) (Figure 8b).Minerals 2025, 15, x FOR PEER REVIEW  14  of  25 
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individual measurement.
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The stylolite thickness and length ratio of insoluble material do not correlate well
since there is a high variability of values for the stylolite filling with insolubles. The highest
thickness and length ratio of insoluble material is observed for seismogram pinning-type
stylolites, while rectangular layer-type stylolites almost have the same thickness on average
as simple wave-like stylolites, but the filling with insoluble material is significantly higher
for the first type compared to the simple wave-like stylolites. Suture and sharp peak
stylolites feature the lowest thickness and also the lowest percentage of filled length
(Figures 7 and 8).

3.3.4. Stylolite Spacing

The stylolite spacing represents the density of stylolites for each sample at the scale of
the thin section. The maximum spacing appears in mudstones (with a median of 10.24 mm)
followed by grainstones (9.06 mm) (Figure 9). Wackestones present a spacing of 7.74 mm,
while packstones show the lowest spacing (5.79 mm) and thus the higher density of stylolite
of all textures (Figure 9a). In terms of stylolite type, rectangular layer-type stylolites show
the lowest spacing (with a median of 6.27 mm) and thus the highest stylolite density, while
simple wave-like stylolites are the ones with higher spacing (median of 8.92 mm). The
spacing of seismogram pinning and suture and sharp peak stylolites is in between that of
the other types (median of 6.90 and 8.43, respectively) (Figure 9b).
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3.3.5. Stylolite Connectivity

The analysis of stylolite connectivity is influenced by the small area of observation
corresponding to a thin section. However, this analysis can still provide useful observations.
The results show that the long parallel stylolite distribution type is very scarce for all the
samples analyzed, regardless of stylolite type and limestone texture (Figure 10). Regarding
rock textures, stylolite networks are more abundant in wackestones, being the same in pack-
stones and mudstones, while they are quite scarce in grainstones (Figure 10a). By contrast,
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isolated stylolites (i.e., not connected) are well represented in mudstones, wackestones and
packstones and are abundant in the case of grainstone textures. Stylolites appear mostly
isolated in grainstones, followed by mudstones and wackestones (Figure 10). Stylolite
networks are more abundant in wackestones and packstones, especially those of the suture
and sharp peak type, and in mudstones with seismogram pinning and suture and sharp
peak types.
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Samples with simple wave-like stylolites or grainstone textures do not feature long
parallel stylolites. Isolated stylolites and anastomosing stylolite networks are also scarce in
samples with rectangular layer-type stylolites but increase in samples with seismogram
pinning and simple wave-like types, especially in those with suture and sharp-type stylo-
lites (Figure 10b). Long parallel stylolites are not well represented in our dataset. They are
found in just three samples.

4. Discussion
4.1. Rock Textural Controls on Stylolite Types and Their Linearity

The analysis of stylolite abundance shows that the four stylolite types appear with
variable abundance in all carbonate textures (Tables 1 and 2). Suture and sharp peaks are
the most abundant stylolite types in the studied dataset (Figure 5), followed by the simple
wave-like type. Moreover, suture and sharp peak stylolites are especially dominant in
wackestones and grainstones. Our results are partially in agreement with those of [30], who
reported a higher abundance of suture and sharp peak-type stylolites in grain-supported
textures (packstones) compared to mud-supported ones. The analyzed datasets reveal that
simple wave-like stylolites are more abundant in wackestones and packstones (Figure 5).
This disagrees with the findings of [32], who reported a higher abundance of simple wave-
like types in mudstones. However, the samples of [32] are from cap rocks of ultra-deep
carbonate reservoirs, and the burial history may have also played a significant role in the
resulting morphologies. Humprey et al. [30] observed that simple wave-like-type stylolites,
and occasionally also rectangular layer-type ones, are abundant in grain-dominated textures.
The disagreement between their and our dataset is partly attributed to the presence of
transitional textures between mud- and grain-supported textures, but also by the scale of
observation, as the dataset presented here is based on thin sections, and that of [30] is based
on outcrop data.
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The results indicate a slight increase in stylolite linearity from those hosted in mud-
supported textures towards cases of grain-supported textures, suggesting that rock texture
partially controls stylolite contortion (Figure 6a). However, there is a weak correlation
between Dunham rock texture and stylolite morphology, as revealed by the very large range
of linearity values for all the rock textures (Figure 6a). This can be potentially related to the
variable presence of pinning particles, variable grain size and grain size distribution, and
amount of micrite and clay content. Sometimes, the presence of larger grains embedded in
a matrix, such as bioclasts in a wackestone, results in higher contortion. Other studies have
reported similar stylolite types for different rock textures [30].

The difference in linearity measured for both (upper and lower) interfaces of stylolites
is generally very low, except for the samples developed in mudstone and grainstone
textures, which tend to show some divergence in that regard (Figure 6a). This is probably
associated with a different growth rate of the stylolite at each interface, likely related to
pinning particles or to the relative solubility of components at each stylolite side [3]. Local
stress changes can also produce slight changes in stylolite morphology on both sides of the
stylolite. The presence of clays is considered a key factor for stylolitization in fine-grained
rocks because they enhance the diffusion of dissolved host rock [38,63,64] due to differences
in electrochemical potential between these minerals and other rock components [40,58,65].

The sample analysis reveals that stylolite linearity increases from the rectangular layer
towards the simple wave-like stylolite types (Figure 6b). This trend is in accordance with
the growth mechanisms of the different types of stylolites reported by [29], which results in
higher and lower peaks for the rectangular layer and seismogram pinning types compared
to the other types. Conversely, the results denote a quite homogeneous distribution of
linearity for the seismogram pinning, suture and sharp peak and simple wave-like types in
mudstones and wackestones. The trend also indicates that rectangular layer and seismo-
gram pinning stylolites are strongly influenced by local processes and pinning particles,
whereas simple wave-like stylolites display more uniform growth patterns [29].

4.2. Rock Textural Controls on Stylolite Thickness and Insoluble Material

The stylolite thickness could be envisaged as the space originally occupied by insolu-
ble material. Thus, higher thicknesses would imply a higher content of insoluble material.
Considering the different limestone depositional textures, the results show a progressive
increase in stylolite thickness from mudstones to wackestones and packstones (Figure 7a).
However, grainstones yield significantly lower values compared to them. This suggests
that depositional textures control, at least in part, stylolite thickness. However, packstone
textures, with lower micrite and likely clay content than wackestones and mudstones,
present, on average, a slightly higher stylolite thickness. The lower values and high disper-
sion of thickness data can also be attributed to local variations in grain size distribution
that cause grain pinning [29,58] and to a variable number of clays [30]. Considering the
different stylolite types, the results show a higher ratio of insoluble material in seismogram
pinning-type stylolites hosted in packstones compared to the other stylolite types and rock
textures (Figure 7b).

The distribution of insoluble material like clays and oxides along stylolites in lime-
stones [18,27,53] and/or sulphides and oxides in sandstones [15,66] is likely related to
porosity and solubility variations along the stylolitic surface [35,64,67]. There is generally
a positive correlation between the distribution of insoluble material and the amount of
dissolution [2,15]. According to [41], porosity is higher in grain-dominated textures (pack-
stones and grainstones) than in mud-dominated facies (mudstones and wackestones). The
variation in the porosity index is likely associated with remobilization by fluids circulating
through the stylolite [50,68,69] or with heterogeneity in the mechanical and dissolution
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properties of the insoluble material [70]. In this regard, SEM analyses suggest that the
flow of fluids affects an area wider than just the stylolitic surface [70,71]. Contrary to
macro-porosity, numerical modelling demonstrated that the nano-scale porosity may re-
main unchanged even if the rest of the pores clog up due to the high curvature of the
small-scale pores [72,73].

Based on porosity and permeability tests, ref. [74] concluded that stylolites in carbonate
cap rocks produce more complex pore networks compared to stylolite-free ones with a
significant increase in permeability anisotropy [75]. Additionally, the chemical composition
of the grains can influence the solubility and the growth of the stylolite, being Mg one of the
key elements in terms of such properties [33]. Therefore, the Mg content of skeletal grains
can potentially define the range of grain dissolution [76]. Stylolite porosity is not quantified
in the present study since additional porosity is often generated while making the thin
section when the powder used for polishing removes material from the stylolite seam.

Despite clays, iron oxides and sulphides have been suggested to enhance dissolution
and stylolitization [15,18,27,53,66], their exact role is not fully understood. Several hy-
potheses have been proposed, including variations in chemical reactions due to changes in
pH [77], enhancement of kinetic reactions due to the contact between calcite and insoluble
material [38–40,65,78], and due to soft inclusions that concentrate stress [79]. In this regard,
clay minerals have been identified as enhancers of stylolite roughening [20,33,41]. The re-
sults do not show a clear trend in terms of the distribution of insoluble material with respect
to the host rock texture. Stylolites developed in wackestones exhibit the highest amount of
insolubles compared to those developed in mudstones, packstones and grainstones.

The results presented here indicate that the amount of insoluble material is higher for
rectangular layer and seismogram pinning-type stylolites, which are abundant in mud-
stones and packstones, as stylolite linearity increases (Figures 5 and 8). This behaviour has
two main implications: (i) in the most non-linear stylolites, such as those of the rectangular
layer and seismogram pinning types, insoluble material can particularly be concentrated
in certain areas of higher stress [29,58]; and (ii) the pressure solution that determines the
type of stylolite is also responsible for the accumulation of insoluble material along their
surfaces. Therefore, in well-sorted rocks, there is a certain pressure homogeneity, which
likely results in a more homogeneous distribution of insoluble material along the stylolitic
surface. On the other hand, in cases in which pressure solution is strongly influenced by the
presence of large grains, even with good sorting, or when grains have different solubility,
the insoluble material will accumulate only in certain areas, leading to lower values of
the ratio of insolubles. However, there are situations in which insolubles concentrate in
relatively homogeneous and fine rocks [80]. The accumulation of insoluble material is
positively, but weakly, correlated with stylolite thickness (Figure 11). For example, seismo-
gram pinning stylolites tend to be thicker, and this is attributed to significant amounts of
insoluble material, which reflect higher levels of dissolution and stress concentration. The
distribution of insoluble material has a direct effect on the sealing capacity of the different
types of stylolites [29,32,80]. In particular, rectangular layer-type stylolites can be more
prone to act as pathways for fluids along their teeth [80], while seismogram pinning-type
stylolites preferentially represent barriers, sutures and sharp peaks show an intermediate
sealing capacity depending on the amount of insoluble material [32], and wave-like type
would preferentially act as effective barriers for fluids [13,23,30]. Further work to quantify
the amount of insoluble material in different rock types is suggested, although it is out of
the scope of the present study.
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4.3. Rock Textural Controls on Stylolite Spacing

The stylolite spacing distribution is an important parameter to evaluate the dissolution
of a sedimentary succession during burial. However, it should be noted that the stylolite
spacing analysis presented here is performed at the thin section scale (Figure 9). According
to Zeeb et al. [81], the spacing measurements are influenced by the resolution of the sample,
which can lead to sampling bias. Therefore, in the case of small areas of observation like in
this study (i.e., thin section) some stylolites may not be identified, which can probably lead
to limitations in the estimation of spacing measurements.

Stylolite linearity and spacing show a very weak positive correlation (Figure 11). More
contorted stylolites, such as those of the rectangular layer type, tend to form in localized
high-stress areas with concentrated dissolution, allowing them to develop closer together.
In contrast, more linear stylolites, like those of the simple wave-like type, would form under
a more uniform stress distribution and dissolution, resulting in greater spacing between
them. More linear stylolites (as those of the wave-like type), in principle, occupy lower
volume in the rock and thus would tend to appear more widely spaced. Finally, the results
indicate that stylolites developed in mudstones and grainstones are more widely spaced
than those in wackestones and packstones (Figure 9), suggesting that heterogeneity in grain
size, grain composition and sorting have an important role in controlling the formation
of stylolites [26,30]. By contrast, ref. [53] concluded that stylolites are randomly spaced in
the field.
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Previous studies suggest that grain size and grain size distribution are key factors
influencing stylolite spacing [42]. Rocks with larger and more uniformly distributed grains
would tend to have wider stylolite spacing. Additionally, ref. [18,29] highlight that stress
distribution during chemical compaction plays a critical role in a way that rocks with more
homogeneous textures, such as grainstones, exhibit more evenly distributed stress, leading
to greater spacing between stylolites. While stylolite spacing is discussed in relation to
different rock textures, a more thorough analysis would be required to understand how
local variations in grain size and porosity influence stylolite spacing.

4.4. Rock Textural Controls on Stylolite Connectivity

Stylolites can appear either isolated [56] or grouped forming networks [9]. The latter
authors classified stylolite connectivity in several categories, with stylolites being isolated,
long parallel or forming anastomosing networks (when they intersect). The formation of
long-parallel stylolites has been related to the presence of strain energy on free faces of
grains [82,83], clay [84], grain size heterogeneity [34] and continuous bedding planes that
roughen by dissolution [5,29,35,44]. Moreover, the formation of long-parallel stylolites is
commonly facilitated by the presence of large fossils that can enhance their formation [30].
Therefore, large fossils and grain size heterogeneity variations at different scales likely
enhance the formation of stylolites with a long-parallel distribution [29]. In our dataset,
long-parallel stylolites appear in one sample for each rock texture (Figure 10a), except for
grainstones, and for each stylolite type except for wave-like ones (Figure 10b). The results
indicate that anastomosing stylolite networks are the most abundant arrangement type,
followed by isolated stylolites (Figure 10a). This indicates stylolites tend to arrange in
networks rather than being isolated structures, as also reported from field studies [9,23,30].
Anastomosing stylolite networks are dominant in samples with suture and sharp peak-
type stylolites, followed by wave-like types in mudstones, packstones and grainstones.
Stylolite networks are more prevalent in textures with heterogeneous grain sizes, such as
wackestones and packstones, probably due to local variations in grain size and solubility
(related to grain composition). Such systems present appropriate conditions for stylolite
connection and intersection. This agrees with [61], who concluded that stylolite networks
are more abundant in mud-dominated facies. However, the amount of stylolite intersections
in this study is remarkable, revealing that even with a small scale of observation, stylolite
intersections can be traced.

4.5. Correlation Analysis of Stylolite and Host Rock Parameters

A linear correlation analysis between the parameters utilized was carried out to in-
vestigate their relationship with the carbonate depositional texture and stylolite types
(Figure 11). The Pearson coefficients of the correlation matrix vary between −1 and 1.
For the correlation calculation, we assigned the following values to the host rock tex-
ture: 1-mudstone, 2-wackestone, 3-packstone and 4-grainstone, and to the stylolite types:
1-rectangular layer, 2-seismogram pinning, 3-suture and sharp peak and 4-wave-like. The
stylolite average linearity shows a good correlation with the stylolite type, meaning that
suture and sharp peak and wave-like stylolites are less contorted than rectangular layer and
seismogram pinning stylolites. The stylolite average linearity also correlates with the host
rock depositional texture. A comparison with Figure 6 shows that stylolites progressively
become slightly more linear when hosted in textures from wackestone to packstone to
grainstone. However, those hosted in mudstones present a similar linearity as those in
packstones. Therefore, this positive correlation does not always apply. Stylolite linearity
shows a slightly good correlation with stylolite spacing, while it negatively correlates with
stylolite filling by insoluble material. Stylolite thickness and filling by insoluble material
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show a positive correlation, supporting the idea that the accumulation of material along
the stylolitic surface increases as the stylolite grows. A negative correlation is observed
between stylolite filling by insoluble material and rock texture. A comparison of this
observation with Figure 8a reveals that this negative correlation is likely a consequence of
the high variability in insoluble material filling in muddier host rock textures, which tend
to show a slightly more heterogeneous behaviour in terms of insoluble stylolite filling than
stylolites hosted in rocks with more grainy textures.

5. Conclusions
This contribution presents a study of stylolites in a set of carbonate rocks of diverse

origins and types, specifically addressing the relationship between the stylolite morpholog-
ical parameters and the depositional texture and type of stylolite. The results have resulted
in the following conclusions:

Stylolite linearity progressively increases from a rectangular layer to seismogram
pinning, to suture and sharp peak and to simple wave-like-type stylolites. Stylolite linearity
is relatively similar for all host rock textures, although there is a trend for stylolites hosted
in grainier host rocks to be slightly more linear.

Stylolite thickness increases from mudstones to wackestones and progressively reduces
towards grainstones so that the rock textural control on stylolite thickness is unclear.
Additionally, there is no clear distribution of stylolite thickness in terms of stylolite types,
with seismogram pinning ones being the thickest while suture and sharp peak ones being
the thinnest.

The percentage of filling by insoluble material along stylolites is almost the same for
rectangular layer and seismogram pinning-type stylolites and is lower for suture and sharp
peak and wave-like stylolite types but with significantly higher variability in the latter
cases. Regarding rock textures, the highest amount of insoluble material corresponds to
wackestones, while stylolites hosted in the other textures collected slightly fewer insolubles.

The maximum stylolite spacing corresponds to mudstones and grainstones, followed
by wackestones. This supports the idea that heterogeneity in grain size, grain sorting and
composition controls stylolite formation. Stylolite spacing progressively increases from the
rectangular layer to the wave-like stylolite types.

The analysis of the degree of stylolite connectivity reveals that samples with stylolite
networks (i.e., connected stylolites) are the most abundant, followed by those with isolated
ones. It is worth noting that the scale of analysis used (restricted to that of a thin section)
can influence the results of stylolite connectivity.
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