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Abstract

The area known as Pedriza de Manzanares forms part of the Upper Manzanares River Basin and of the recently (June 2013) listed Sierra
de Guardarrama National Park, located in the Spanish province of Madrid. The region is home to Late Palaeozoic granites characteristic
of the Spanish Central Systam, which were intruded during the Variscan Orogeny and uplifted to their present position during the Alpine
Orogeny.

Previous studies of polygonal cracking in granite suggest several possible control mechanisms. Some authors contend that weathering
patterns are governed by internal geodynamic factors, such as the final stages of magmatic consolidation or differential movements in fault
planes as a result of their structural position. Others claim that climate-related external factors, specifically insolation rates and thermal
differences, can explain the predominance of a given orientation in such patterns.

The present paper is a study of the effect of case hardening on polygonal cracking, and the role of variables such as temperature and rock
surface hardness in granite weathering. It also aims to establish a general systematic classification for polygonal cracking, focusing particu-
larly on the cracking associated with the sub-vertical planes of fracture at Pedriza de Manzanares. The morphometric parameters associated
with cracks and fractures, including strike and dip, are analysed, along with the height of occurrence and shape of polygonal cracks.
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La Pedriza de Manzanares forma parte de la cuenca alta del rio Manzanares en la provincia de Madrid, y desde junio de 2013 forma parte
del Parque Nacional de la Sierra de Guadarrama. La zona esta formada por granitos caracteristicos del Sistema Central Espaiiol que intru-
yeron a finales del Paleozoico durante la orogenia Varisca y sufrieron un levantamiento hasta su posicion actual durante la orogenia Alpina.

Trabajos previos sobre agrietamientos poligonales en granitos sugieren diversos posibles mecanismos de control. Algunos autores man-
tienen que los patrones de meteorizacion estan controlados por factores geodindmicos internos relacionados con estados tardios de conso-
lidacion magmatica, o por movimientos diferenciales de planos de fractura, como consecuencia de su posicion estructural. Otros autores
apuntan que los factores externos tales como el clima, especificamente por diferencias térmicas debido a la insolacion, pueden explicar la
abunadancia de estas formas de acuerdo con un patrén de la orientacion del afloramiento.

En este trabajo se estudia la influencia de los endurecimientos superficiales en la evolucion de los agrietamientos poligonales, y se ana-
lizan variables como la temperatura y la dureza de la superficie rocosa en el proceso de meteorizacion del granito. Ademas, el trabajo trata
de presentar una clasificacion general de los agietamientos poligonales, incidiendo en los agrietamientos asociados a planos de fractura
subverticales identificados en La Pedriza de Manzanares. Los parametros morfométricos estudiados de los agrietamientos poligonales,
incluyen la direccion e inclinacion de la pared rocosa, la altura de aparicion y su forma.

Palabras clave: Agrietamiento poligonal, meteorizacion de granito, Parque Nacional de la Sierra de Guadarrama
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1. Introduction
1.1. Polygonal cracking: origin and description

Some rocks, most notably sandstones and granites but
other types of rock as well, may develop cracks that form
striking polygonal patterns. Polygonal cracking results in a
mosaic in which the plate elements are separated by cracks
or grooves that tend to form rhomboidal patterns (Twidale,
1982). These surface shells usually measure around 5 cm
thick and vary in diameter from 2 to 24 cm (Vidal Romani
and Twidale, 2010).

Certain features of polygonal cracking can be attributed to
the characteristics and fabric of the granite in the final stage
of magmatic consolidation (Leonard, 1929). Intrinsic factors
include the existence of fracturing and prior planes of weak-
ness, rock composition and texture, or proximity to the land
surface. Shearing-induced differential movement between
planes may prompt rock stretching or shortening/compres-
sion (Twidale and Vidal Romani, 2005; Martel 2011; Riley
et al 2012), creating a surface fabric over these planes that
may favour the advent of polygonal cracking (Bruner, 1984).

A number of exogen factors are known to be involved in
polygonal cracking, the most prominent of which are climate-
related (Johnson, 1927; Campbell, 1995), such as the weath-
ering induced by insolation and chemical agents, rupture due
to expansion of the shell or outer-most surface of the rock
(Sosman, 1916; Schulke, 1973; Bradley et al. 1978), freeze-
thaw processes that affect rock moisture (Twidale, 1982).

Polygonal cracks may form as a result of compression or
decompression affecting the rock surface, but more likely
the former (Robinson and Williams, 1987; Riley et al. 2012).
Twidale (1982) describes polygonal cracking on convex sur-
faces of boulders in some parts of Australia, which denote
compressive stress. Vidal Romani (1990) associates the in-
ception of polygonal cracks with a rigid-ductile process that
would take place when the magma is practically consolidat-
ed, in the absence of fluid flow. In the presence of intense
strain (Ramsay and Huber, 1987), spheroidal corestones are
formed in the cubic or quadrangular blocks on which cracks
also form (Twidale, 1982; Thomas, 1994; Twidale and Vi-
dal Romani, 2005; Migon, 2006). When these fractures are
weathered due to the presence of groundwater, corestone
boulders are formed. Such forms normally occur parallel to
the granite alteration front immediately above the unaltered
rock. Their formation is attributed to preferential weathering
of boulder corners and edges across the subsoil fracture net-
work (Twidale, 1982). Groundwater circulating through the
cracks reacts with micas and feldspars to form clay, which
may take up water and expand, contributing to boulder scal-
ing (Vidal and Twidale, 2010). Flaking is also often the re-
sult of spheroidal disjunction, a common structure in pluton-
ic rock at the magma — host rock interface (Vidal Romani,
2008). When the sandy and clayey fraction is eroded out from

the areas between the corestones, the concomitant decay en-
tails loss of the structural layers. The result is the formation
of landscapes dotted with granite boulders.

A general consensus appears to be in the making to the ef-
fect that the primary cause of curved fracture planes in gran-
ite is related more to compressive stress than to the decom-
pression resulting from the relief of the surface load (Twidale
and Burne, 2009). This would explain the prolific cracking
on the radial surfaces in the area studied here. The surface
area of spherical bodies raises the expansive power of rocks
by 2/3, which would favour the development of polygonal
cracking (Robinson and Williams, 1987).

Martel (2011) explained that in a curved surface under
compressive stress, the stress state at any given point is de-
fined by horizontal (or tangential) compression and vertical
(or radial) tension may be exerted simultaneously, and three-
dimensional stresses may vary with position

Further to Martel’s model (2011) for the formation of par-
allel fracturing on curved surfaces, Riley ef al. (2011, 2012)
studied the formation of polygonal cracks on curved planes
of fracture at Yosemite National Park.

In most cases the geometry of these polygons is impacted
by the slope of the rock surface. In vertical walls, polygons
are observed to elongate in the direction of the strike. Moreo-
ver, in vertical walls fractures often intersect at right angles,
favouring the formation of square or rectangular polygons
(Robinson and Williams and, 1987). With one-way stresses,
the earliest cracks tend to form at right angles, giving rise
to “orthogonal polygons” (Lachenbruch 1962, 1966). “Non-
orthogonal” polygons forming five- or six-sided plates tend
to be associated with very homogeneous materials exposed to
abruptly applied stress (Lachenbruch 1962, 1966).

Vidal Romani (1991) related the formation of polygonal
cracks on flat surfaces to the concentrations of forces parallel
to the plane of fracture. Polygonal cracking associated with
this process is common on dikes or sills whose composition
differs from the composition of the host rock. When the rock
mass moves along the fault plane, deformation may cause
changes in the form and position of its constituent particles.
Recent stress modelling studies (Lan et al., 2010) on granite
indicate that the uneven geometry of mineral grains is the
most significant factor in micro-scale cracking. Incipient
cracks of tectonic origin continue to develop when exposed
to the air (Twidale, 2002).

Insolation is a potential weathering agent due to the stress
generated as a result of temperature differences (Rice 1976;
Smith, 1977, Hall and André, 2003; Gomez-Heras et al.,
2006, 2008; Riley et al., 2012). In heterogeneous rock such
as granite, the quartz and feldspar crystals have different ther-
mal expansion coefficients and consequently react differently
to weathering.

Moores et al. (2008) proposed a model in which hydration-
and thermal weathering-mediated crack growth depends on
the local water content around the rims of the cracks. Cracks
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exposed to less solar radiation retain more moisture than
those receiving more radiation and are altered more quickly.

Although a number of authors have noted that the term po-
lygonal cracking covers a variety of related forms that may
have different origins, no attempt has ever been made to date
to systematise these forms. Rather, the studies conducted
have grouped them all under the same heading in pursuit of a
single, all-encompassing cause. Geomorphological morpho-
metric studies may give rise to misleading arguments if simi-
lar forms generated by different processes are bundled into
the same terminological package, however. Polygonal crack-
ing is a case in point, in which forms ranging from surface
roughness to clearly developed polygons have been stamped
with the same label.

1.2. Polygonal cracking and case hardening

Polygonal cracking in granite is often related to the pres-
ence of case hardening on the rock. The origin of such hard-
ening is much debated and still open to question. The litera-
ture contains reports of case hardening on rocks of variable
lithology in likewise variable climates. Papers have been
published, for instance, on granite in France and Morocco
(Wilhelmy, 1964; Robinson and Williams, 1987; Robinson
ad Williams, 1992), Australia (Branagan, 1983) and many
other areas of the world. In granite, case hardening is often
associated with planes of fracture and corestone scaling. De-
pending on the characteristics of the hardened surface, the
origin may be related to processes taking place under or on
the surface.

Twidale (1982) and Campbell and Twidale (1995) found
that sub-surface case hardening may be attributed to the con-
centration of iron, manganese and silica oxides (Twidale and
Bourne, 1975), in turn the outcome of subedaphic alteration
in areas where the rock was exposed to shear stress (Vidal
and Twidale, 1998). It may also be a vestige of the iron con-
centration at the alteration front, which is often two- to three-
fold greater than in the fresh rock. Twidale nonetheless ac-
knowledged that these oxides are not present in all polygonal
cracks.

The origin of surface case hardening in granite is believed
to lie in the evaporation-induced mobilisation of solutions
containing weathered material on the rock surface and inner
to outer capillarity. Precipitation of these materials would
form a surface crust, creating a hardened surface (Garner,
1974; Twidale, 1982; Watson and Pye, 1985). Under these
circumstances, the water in the rock may carry salts toward
the surface where they precipitate and weakening the core
(Hobbs, 1919).

As granite boulders often have concentric layers, cracks
may be found cutting through several of these layers. This
cracking pattern has been observed on corestones (e.g. in the
Snowy Mountains, New South Wales) as well as on recently
exposed bornhardts (Campbell and Twidale, 1995).

Central
Range

Fig. 1.- Location of the study sites (La Pedriza, Cenicientos, Zarzal-
ejo and Valdemanco) in the Central System (Madrid Province,
Spain).

Hardened surfaces help protect granite against erosion.
When this hard shell cracks, weathering advances rapidly in-
ward across weak areas such as small cavities or fractures,
favouring differential surface weathering and forming mi-
cro-reliefs.Many factors contribute simultaneously to these
weathering processes.

Ishimaru and Yoshikawa (2000) defined thermal gradients
as one of the main factors contributing to micro-scaling. Van
Autenboer (1964) contended that periodic humidity changes
and salt crystallisation (Bradley et al., 1978) are the mecha-
nisms primarily responsible for the first phase of alteration in
exposed granite surfaces. The present study explored the ef-
fect of solar radiation-induced temperature change (Gomez-
Heras et al.; 2006; Riley et al., 2012; Vidal Romani and
Twidale, 2010) as one of the main agents of the surface al-
teration involved in polygonal cracking.

1.3. Aims

This paper contains an analysis of areas exhibiting polygo-
nal cracking in the Spanish Central Range in the region of
Madrid (Fig. 1). The general characteristics of the cracking
identified at Cenicientos, Zarzalejo and Valdemanco are de-
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scribed, and the polygonal cracking at La Pedriza de Man-
zanares is studied in depth.

As part of the general aim, polygonal cracking in the region
of Madrid was classified on the grounds of location, either
on fracture planes or corestone scaling. More specifically,
polygonal cracking was studied on vertical to sub-vertical
planes of fracture on flat surfaces at La Pedriza de Man-
zanares and relationships were established among variables
such as the height of cracking occurrence on the walls stud-
ied, orientation and dip of the planes where cracking appears,
the dimensions, morphometry and geometry of the polygons
formed, and crack depth. Granitoid surface temperature and
hardness were studied as factors with an impact on polygonal
cracking formation.

The polygonal cracking identified at La Pedriza, always
associated with planes of fracture, was found in two envi-
ronments: 1) on dikes intruding into the granite and exposed
after one of the blocks covering it detached; and 2) on the
surface itself of vertical and subvertical planes of the gran-
ite, which was often observed to exhibit case hardening. The
present study explored the origin of the cracks on the latter
type of surfaces in detail.

La Pedriza constitutes an essential part of the Sierra de Gua-
darrama National Park (Official State Journal-A-2013-6900),
the acknowledgement of whose scientific and cultural signifi-
cance dates back to the mid-nineteenth century, when the ear-
liest descriptions of forms of granite alteration such as tafoni
appeared (de Prado, 1864, ref. 1975). The geomorphological
value of La Pedriza contrasts with the relative paucity of pa-
pers, particularly in international journals, on the forms and
processes of granite alteration in the area. The present article
aims to contribute to a scientific understanding of this em-
blematic region.

2. State of the art in the Sierra de Guadarrama

Polygonal cracks are often present in the granitoids that
comprise the Sierra de Guadarrama, a sub-range of the Span-
ish Central Range (Fig. 1).

The petrological properties of the granitoids comprising the
various plutons in the Sierra de Guadarrama favour the forms
of decay observed (Centeno, 1988; Villaseca, 1985). The
granite outcrops with the largest grain size (medium-coarse
grain monzogranite), such as in the Cenicientos and Zarzal-
ejo areas (Fort et al., 2013), exhibited greater disaggregation
than the rock with smaller grain sizes. Earlier studies on the
Central Range (De Pedraza, et al., 1989; Garcia-Rodriguez
et al., 2014 a, b; Martinez, 2011) identified polygonal crack-
ing on: planes of fracture; intrusive dikes with lithology that
differed from the host rock; and convex surfaces on granite
boulders.

By way of introduction to polygonal cracking on granite
boulders in the Spanish Central Range, outcrops at or around
Cenicientos and Zarzalejo in the province of Madrid are de-
scribed here as examples of a characteristic boulder-strewn

Fig. 2.- (a) Boulder split by a fault in the SSW-NNE direction, with
polygonal cracking on the S, SW and W faces, in which the central
fracture, protected from solar radiation, has no cracks; (b) boulder
split by a fracture in the SSW-NNE direction, with displacement of
both parts and polygonal cracking on the S, SW and W faces, includ-
ing the top of the central fault exposed to solar radiation; (c) cracks
on the convex surfaces of granite boulders facing SW; (d) weather-
ing-induced subsoil boulder formation along concentric planes of
fracture or corestone.

landscape with substantial polygonal cracking. A petrograph-
ic study conducted at Cenicientos (Martinez, 2011) identified
the primary constituents of the granite to include quartz, alka-
line feldspar, plagioclase and biotite. Zircon and apatite were
found to be the most abundant accessory phases, and sericite
aggregates the predominant secondary minerals. According
to Garcia-Rodriguez et al. (2014 a), polygonal cracking is
present on both vertical planes of fracture and convex surfac-
es on boulders in the area around Cenicientos. In both cases,
the cracks were located facing E, S and W only, suggesting
a relationship between crack origin and solar radiation (Mar-
tinez, 2011). Support for such a relationship is found in the
presence of cracks at the top of fractures, part of which would
be exposed to greater radiation after displacement, favouring
crack development (Garcia-Rodriguez et al., 2014 a) (Figs.
2a and 2b). Garcia-Rodriguez et al. (2014 a) related the ori-
gin of the cracking in the boulders at Cenicientos to the main
directions of regional fracturing and to corestone scaling in
such boulders prior to granite exhumation (Fig. 2¢ and 2d).
On granite boulders at Cenicientos and Zarzalejo, polygo-
nal cracking was found to be related to case hardening, which
generates an outer surface more resistant to erosion than the
inner stone. In crystalline rocks such as granite, this process
entails a loss of inner cohesion (Conca, 1985). When cracks
develop on granite boulders, the hardened plate often de-
taches altogether, giving rise to tafoni near the bottom (de
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Prado, 1864, ref. 1975) on an area where the material is less
hard (Vidal Romani, 2008) (Fig. 3). While a general review
of the polygonal cracking identified at different places in the
Spanish Central Range (Madrid area) was conducted to study
the characteristics of the cracking associated with vertical
and sub-vertical planes of fracture, the present study focused
on La Pedriza de Manzanares. This location is distinctive in
that not a single case of polygonal cracking was observed on
boulders such as discussed above.

3. La Pedriza de Manzanares

La Pedriza de Manzanares stretches across 4,958 Ha
(Comunidad de Madrid, 2007) on the southern side of the Si-
erra de Guadarrama, where it forms a complex slope between
the Cuerda Larga Range (elevation > 2 000 m) and pediment
near Manzanares el Real, a village located at an elevation of
900 m.

La Pedriza de Manzanares can be divided into two well-
defined areas with somewhat different mineralogical and
geomorphological properties, known as La Pedriza posterior
(rear La Pedriza) and La Pedriza anterior (front La Pedriza).
La Pedriza posterior is located north of La Pedriza anterior
and includes the highest lying areas, such as Torres de la
Pedriza (2 029 m). La Pedriza anterior, where the area studied
here lies, stretches from Manzanares el Real to the Dehesilla
Pass - Cabron Pass fault, covering a total land area of 1 580
Ha. The elevation fluctuates from around 900 m in the village
to 1 719 m at Yelmo summit.

The region has Mediterranean climate, temperate to cold
and relativelely humid (due to the orographic effect on rains).
In the lower parts of Pedrida (altitude between 800 and 1200
m) rainfall annual average is 800-900 mm, and annual av-
erage temperature is 11-12°C. In the upper parts (altitude
1200-1600 m ) rainfall is 1000-1500 mm, and temperature
is 9-10°C.

The Central Range, once a part of the Variscan ranges in
western Europe although most of the relief had been eroded
away by the late Cenozoic, has been studied since the mid-
twentieth century (Peinado et al., 1981; Diaz et al., 2007).

Fig. 3.- (a and b) Incipient tafonisation in
granite altered due to the detachment of
the hardened plates of polygonal cracks
at Zarzalejo, Madrid, Spain.

The present Central Range arose when the Alpine Orogeny
reactivated Variscan fractures and created a series of uplift-
ed and down-thrown blocks. The three major phases of that
orogeny extended across the Oligocene and the Quaternary
(Capote et al., 1990), initiating an erosive process that gave
rise to correlative sediments in the Madrid basin (Mejias et
al., 1883).

The predominant fracture system stretches in the E-W,
ENE-WSW direction. At least two types of fractures can be
distinguished. The first ones consist of, approximately plane,
orthogonal cracking network characterised by a lattice of
parallel fractures that may be vertical, horizontal or slanted.
Such a large-scale fracture system and intense weathering
initiated in the rock massif under subaerial conditions have
made balanced rocks or tors very common formations at La
Pedriza. In the second, curvilinear fractures follow along
planes of fracture more or less parallel to the convex surface
of the outcrops, forming concentric layers, known as onion-
skin weathering or spalling. The resulting reliefs contain
domal formations and give rise to large walls of varying dip
(Centeno and Garcia-Rodriguez, 2005). These curved planes
run predominantly E-W and face south. As a rule, they are
more “sub-vertical” (as studied surfaces dip between 70 and
90 degrees), at the base and have a shallower strike at the
top. In La Pedriza specifically, the Alpine uplift generated a
staircase morphology, while weathering along the fractures
favoured the formation of regoliths and, as they eroded, the
present etched landforms (De Pedraza, 1978; Centeno, 1988;
De Pedraza et al., 1989; Garcia-Rodriguez et al., 2008).

The La Pedriza pluton, and in particular the La Pedriza
anterior pluton, is a coarse to medium-grained leucogranite.
While this leucogranite has a very homogeneous texture, the
grain size may decreases towards the contact surface.

The most prominent petrographic and mineral features of
the La Pedriza leucogranites can be summarised as follows:
crystallised microperthitic K-feldspar prevails, followed by
quartz and plagioclase, and usually some biotite. Zircon, apa-
tite, xenotime and monazite are the most common minority
minerals. Plagioclase occurs as poorly-zoned, subhedral to
anhedral crystals. An intergranular albite-rich (in some cases,
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myrmekitic) plagioclase film commonly develops between
the plagioclase and K-feldspar crystals. Biotite, the main ma-
fic mineral in the La Pedriza leucogranites, occurs as sub-
hedral to euhedral flakes (Pérez-Soba and Villaseca, 2010).
Further information on regional leucogranite mineralogy, pe-
trography and chemical composition can be found in Villase-
caetal (1998), Bea et al. (1999) and Gonzalez del Tanago et
al. (2004). At La Pedriza, hypabyssal rocks, most prominent-
ly microdiorite/aplites and granitic porphyry constitute dikes
running inside the granitic rock matrix in an E-W direction.

4. Methodology
4.1. Ildentification of polygonal cracking typologies

An exhaustive field study was conducted to locate polygo-
nal cracking at La Pedriza de Manzanares.

The cracks identified were initially classified by the type
of surface on which they were found: (1) the upper slopes
of curvilinear fractures surfaces (2) the underslope of curvi-
linear fractures surfaces (3) the lower part of vertical walls,
and (4) on vertical or subvertical planes of fracture, includ-
ing balanced rocks, and always along the planes of fracture.
No cracks were detected on the convex surfaces of granite
boulders.

Convex planes of fracture, which are common at La Pedri-
za, range from just a few to around one hundred metres in
size (Garcia-Rodriguez et al., 2014c). Their origin is asso-
ciated with compressive stress, as attested to by certain a-
tent structures and decompression-induced scaling (Pedraza
et al., 1989). Cracking is more highly developed on convex
planes fracture (Riley ez al. 2011; 2012) and features charac-
teristics that differ from the properties found in vertical plane
cracking and, therefore, this paper does not deal with them.
Nonetheless, as the information gathered about those sites
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during the field work conducted proved to be of interest, it is
mentioned in the results.

This review of the types of cracking present in the area
studied was followed by an inventory of the sites exhibiting
cracking on vertical planes only, to confine the research to
a single pattern. The following information was entered in
the inventory (Table 1): cracking order number, name of the
wall where cracking was identified, geographic coordinates
and elevation, location on the wall and orientation, wall strike
and dip, height of occurrence measured from the ground, and
shape of the polygons.

Since the study aimed to explore crack morphometry and
establish relationships among the variables analysed (size,
shape, height relative to the ground, plane orientation and
dip, depth of the crack and frequency of occurrence in the
cracking sites), the focus was placed on a series of walls with
the same genetic pattern located within the confines of La
Pedriza anterior.

4.2. Selection of sites with polygonal cracking on vertical planes

The area chosen met the characteristics defined: rocks with
a homogeneous mineralogy, presence of vertical fracture
planes with flat surfaces and the same morphoclimatic en-
vironment. The area studied stretched across 1 400 hectares,
with elevations ranging from 1 000 to 1 500 m.

Six representative sites (known locally by climbers as
Murito, Muro de Snoopy, Risco del Martes, Pared Naranja,
Camino del Tranco and Bloque de los Brezos) were chosen
from among the ones inventoried (Fig. 4). All of them exhib-
ited well-developed polygonal cracking and sufficient acces-
sibility (by mountaineering as required) to take the measure-
ments (Table 2).

The parameters chosen to characterise the occurrence, orien-
tation and morphometry of polygonal cracking were as follows.

Height off
N° Name X Y Z (m) Location and orientation Strike Dip ground (m) Shape PC*
1 Murito(E) 40°44°59,34”N  3°53°17,20"W 1180 Frac. plane, wall (S) N82°E  50°S- 90°S 2-6.5 Qua.
2 Murito(W) 40°44°59,34"N  3°53°17,20"W 1180 Frac. plane, wall (S) N8O°E  70°S- 87°S 4-6 Rho.
3 Pared Naranja 40°45°08,50”"N  3°53°10,66”W 1204 Frac. plane, block (S) N60°E  85°NW 0.5-4.9 Rec.,Irr.
4 Bloque los Brezos 40°45°03,12”N  3°53’12,32”W 1162  Frac. plane, balanced rock (E)  N5°E 85°E 3-4.25 Irr.
5 LaNuez 40°45°06,54”N  3°53°10,31”W 1186  Frac. plane, balanced rock (W)  N2°E 70°E 15-20 Irr.
6  Tres Puntas 40°44°53,09”N  3°53°09,63”W 1232 Frac. plane, wall (N) N74°E 88°N 2-10 Rec.
7 Reloj(S) 40°44°48,47°N  3°52°54,53"W 1192 Frac. plane, wall (S) N8O°E 78°S 2-5.5 Irr.
8 Reloj(W) 40°44°48,47°N  3°52°54,53"W 1192 Frac. plane, wall (W) NO° 90°W 20-25 Irr.
9 Muro de Snoopy  40°44°52,25”N  3°52°33,44”W 1253 Frac. plane, wall (SE) N48°E 71°SE 15-20 Qua.
10 Caracol 40°44°48,96”N  3°51°55,63”W 1234 Frac. plane, wall (S) N85°E 68°S 12-15 Irr.,Qua.
11 Camino delTranco 40°44°41,98”N  3°52°52,09”W 1068 Frac. plane, wall (W) N170°S 89°W 4.5-5 Rec.
12 Risco del Martes ~ 40°45°03,50"N  3°51°49,41”W 1322 Frac. plane, wall (E) N172°E 74°W 3-4.5 Rec.
13 Peifias Cagas (S) 40°45°11,90”"N ~ 3°51°30,17"W 1383 Frac. plane, wall (SE) N64°E 71°SE 20-50 Irr.
14 Penas Cagas (W)  40°45°11,90”N  3°51°30,17"W 1383 Frac. plane, wall (W) NI178°E 90° 30-40 Irr.
15 Cinco Cestos (E)  40°45°06,02”N  3°52°29,60”W 1405  Frac. plane, balanced rock (E) NO° 88°E 8-12 Irr.

| * Polygonal crack shape: Qua:quadrangular; Rho

: thomboidal; Rec: rectangular; Irr: Irregular

Table 1. Inventory of areas identified in La Pedriza where polygonal cracking on vertical and subvertical planes was detected.
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Fig. 4.- Orthophoto of Pedriza anterior (source: Comunidad de Madrid), showing the location of the polygonal cracking sites selected
for this study. 1- Murito, 2- Muro de Snoopy, 3-Risco del Martes, 4-Pared Naranja, 5- Camino del Tranco, 6- Bloque de los Brezos.

The height of cracking occurrence with respect to the base
of the wall studied was measured to identify relationships be-
tween the polygon size and groove depth on the one hand and
height and distance from the ground on the other.

The mean inclination for the section describes the angle
and direction in each section of wall where polygonal crack-
ing was detected. The aim of these measurements was to se-
lect walls with a homogeneous inclination to be able to estab-
lish morphometric relationships between cracks located on
similarly vertical walls. In addition to the wall dip angle, the
direction of the dip was recorded with respect to the cracking
orientation. This measurement identified the walls that were
slightly cantilevered, to determine the possible effect of that
configuration on morphometric relationships.

The lengths of the longer (M) and shorter (m) polygon axes
were measured at right angles to one another. This paper re-
ports the mean values for five to nine measurements of the
long and short axes at each height interval selected for each
wall. The number of readings depended on the proliferation
of shapes in each section and wall. The total (N) per axis in
each interval, along with the mean and standard deviation,
are given in Table 2. The measurement intervals ranged in
size from 0.5 to 1 m, depending on the height of the wall and
total area of cracking occurrence.

A size factor relating the long and short axes of the poly-
gons measured at right angles, defined as (M+m)/2, was used
to facilitate data analysis so that just one value per section
would reflect the variation in polygon size with height. This
factor was not intended to define the geometric shape of the
cracking, but rather to simply express the relationship be-
tween variations in size and height. The geometric shape of

the polygons in each section was described. Polygons may be
quadrangular, thomboidal, rectangular or irregular. The shape
was described to establish the relationship between the orien-
tation of the sides of the polygons and the fracture system af-
fecting the wall. More specifically, the geometric description
of the polygons was used to identify the relationship between
the fracture network and rectangular, quadrangular and rhom-
boid cracks. Determining the angular relationships that define
the polygon vertices was not one of the aims pursued.

A gauge was used to measure groove depth in each section.
This measurement furnished information on the variation in
crack depth with height over the ground.

The angle formed between the pre-existing fracture lines
on the wall affected by polygonal cracking and the sides on
the polygons (grooves) was determined to study the angular
deviation between them.

The angles between the fracture lines and the sides of the
polygons were measured to verify whether polygon morphol-
ogy varies depending on the pre-existing fracture system. Or-
thogonal photographs of the wall were used for these meas-
urements. A 0° angle means that the fracture line concurs with
the grooves, while a 90° angle is the maximum angular differ-
ence between fractures and polygons. These measurements
were taken on five of the six sites selected, but had to be ruled
out in “Bloque de los Brezos” due to the irregularity of its
polygons and severe weathering of its sides.

The mean size factor values for each interval and wall were
plotted on the same graph to determine the existence or other-
wise of a relationship between the height of occurrence meas-
ured from the ground and the size of the polygons expressed
as their size factor. The statistical techniques used should be
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Name
(height) Height off M m PC Depth range
sample ground (m) Dip (mm) (mm) (M+m)/2 shape* (mm)
o |M=37425 | M=22425 |M=299.25 Qua.
6.3-5.3 701 SD=147.97 | SD=85.53 SD=112.13 | Rho. 10-50
oo |M=287.87 |M=21237 | M=250.12 Qua. B
Murito W 553 8 1 sp=7229 |sD=53.17 SD=59.44 Rho. 4-20
(9 m high) ) oo | M=200.67 | M=146.11 M=173.39 Qua. B
N=28 343 87 | sp=34.19 |sD=43.17 SD=35.29 Rho. 4-20
o |M=213.57 |M=152.86 |M=183.21 Qua. .
4.5-4 87 |SD=89.38 |SD=49.55 |SD=65.07 Rho, | Negligible
4-0 87°S No cracking observed
N M=240.37 | M=168.41 M=204.37 Qua.
20-19 TOSE | 9p=s8.87 | SD=58.95 SD=58.87 Rho. 40-50
. M=24275 |M=174.67 |M=208.71 Qua.
19-18 TISE 1 9p=s8.72 | sD=54.00 SD=53.04 Rho. 10-20
Muro de _ _ _
N M=220.41 |M=147.92 |M=184.17 Qua.
S3"3°°PY‘ 18171 70SE g 4647 |SD-37.55 |SD-36.80 | Rho. 10-20
1(\1= o high) 1716 | 7pegp | MF25477 [M=183.62  [M=18481 | Qua. 1090
SD=40.40 |SD=72.41 SD=73.29 Rho.
. M=214.53 |M=141.67 |M=141.67 Qua.
16-15 T1SE 19p=3209 | sD=29.16 SD=29.16 Rho. 510
15-0 72°SE Rhomboidal fractures but no cracking
s, | M=210.14 |M=145.14 |M=177.64 Obl.
4.5-4 T¥W sp=9219 | sD=19.72 SD=52.79 Rec. 10-25
Risco del _ _ _
o | M=157.86 | M=90.29 M=124.07 Obl.
Martes 433 MW 1 Sp-s5.16 |SD-2644 | SD=36.93 Rec. 520
S:zin high) 353 ey |M=123.57 [M=8557 [ M=10457 . 410
‘ SD=53.53 | SD=27.60 SD=37.87 i
3-0 74°W No cracking observed
. M=284.00 |M=140.00 |M=212.00 Ver.
>4 8SNW lgp=s1.47 |sD=43.20 SD=40.22 Rec. 10-20
. M=320.00 |M=155.00 |M=237.50 Ver.
Pared 43 8SNW 1 op=102.54 | SD=0426 |SD=68.82 | Rec. 10-20
Naranja _ — —
J . M=395.56 |M=177.78 | M=286.67
S_‘;‘f‘gh) 32 | 3NWlep 7601 |SD-49.44 |sD=5831 frr 10-20
1 gsonw | M=59429 | M=262.86 | M=428.57 S-ho. ss
SD=137.46 | SD=85.97 SD=80.71 Rec.
1-0 85°NW No cracking observed
Camino del 5-4.50 89°W | M=653.00 | M=27.00 M=340.00 Rec. 20-70
Tranco
(9.5 m high) 0-4.50 89°W Shapes poorly defined
N=8
oo |M=319.62 |M=257.75 |M=288.69 Trr.
Bloque los 425325 | 85°E Jop_7668 | SD=67.97 SD=71.71 20-50
Brezos — _ — Irr.
. o | M=14275 |M=108.50 |M=125.62 :
S_‘;‘sh‘gh) 3253 | 85F Igp 11637 | SD=71.08  |SD=93.72 530
0-3.25 85°F No cracking observed

Table 2. Summary of measurements taken in the six sites selected.

considered, in this context, as an exploration analysis. New
studies should follow the current one using wider samples
and more rigorous statistical techniques such as weighted
least-squares fitting or the like.

Pearson’s correlation coefficient was used to determine the
strength of the relationship between size factor and height.
This coefficient may adopt values of -1 to 1, in which “0” de-

notes no relationship between the variables studied. A value
of 1 means that the two characteristics are perfectly and di-
rectly related (rise or decline in parallel), while a value of -1
indicates a perfect but indirect relationship, whereby one of
the variables rises when the other declines. In other words, if
more than one variable proves to impact polygon size, Pear-
son’s coefficient identifies the relative importance of each.
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Fig. 5.- (a) Overview of the rock wall studied showing the specific area examined; (b) detail of sections into which the
strip was divided. VE= vertical scale VH= horizontal scale.

Finally, the coefficient of determination was calculated to
establish the weight of the relationship between height and
size factor, or more technically, the percentage of the varia-
tion in the response variable (plate or polygon size) explained
by the explanatory variable (height). A determination coef-
ficient with a value r*> = 0 is an indication that the variability
of the response variable (size factor) is unrelated to the vari-
ation in cracking height. By way of (a fictitious) example, an
12 value of 0.80 would mean that for the wall in question,
approximately 80 % of the variability in the size factor would
be associated with variations in height.

4.3. On site characterisation

A fuller understanding of grooving in polygonal cracking
on vertical walls was sought by determining its relationship
with variables such as solar radiation, the presence of case
hardening and hardness. The east wall of Murito was moni-
tored for that purpose. The polygonal cracking at the top of
Murito (E) was studied, together with wall micro-roughness,
as precursor of polygonal cracking, along a strip 1.5 m wide
running from the ground to a height of 6.5 m (Fig. 5).

Murito (E) slants at angles ranging from 50° S at the top
(from 6 to 6.5 m) to nearly 90° S at ground level. The wall
surface exhibits a series of parallel pre-existing fractures
spaced at 5 to 50 cm. The surface strip studied ran uninter-
ruptedly from the ground to the top along a single plane of
fracture. Fracture surfaces or spalls on the sides of the strip
selected were disregarded, for they may have left the rock
surface exposed for a longer or shorter time, with concomi-
tant differences in the degree of weathering. The surface
studied corresponded to a single pre-existing fracture plane.

In addition to the parameters studied for the cracking at La
Pedriza in general, the following were measured at Murito (E).

Micro-roughness size and shape were measured with a
measuring tape along the entire height of the wall at 0.5-m in-
tervals to ensure systematic measurement. At least five read-

ings of rock irregularities were taken at each 0.5-m interval
on the strip selected. The long and short lengths and depth of
each protrusion were measured, along with its height off the
ground and the wall slant. The axis measurements were ap-
plied to find the (M+m)/2 factor explained in Phase 1.

The wall surface temperature was logged with i-button
type sensors positioned at several heights. The aim was to
relate the temperature variations recorded along the height of
Murito to the degree of roughness and the presence of case
hardening. Readings were logged continuously for a year,
between 15 September 2012 and 15 September 2013. Four
sensors (B1, B2, B3 and B4) were placed on the south side
of Murito and a fifth one (B5), placed on the north side of
a block in front of Murito for comparison. Sensors B1 and
B2 were placed on the upper part of Murito: B1 at a height
of 6.2 m on the polygonal crack plate and B2 at a height of
6.1 m in the groove between polygons. Sensors B3 and B4
were positioned at heights of 4.2 and 2.3 m, respectively in
the area where polygonal cracking has not developed yet.

Granite hardness measurements were taken with a Proceq
N34 Schmidt hammer across the entire studied strip. Five
measurements were taken in each 0.5-m interval on the peaks
of the protrusions and a further five in the valleys. As a rule,
the measurements were taken on polygons or the remains of
case hardenings and in the grooves or areas where the harden-
ing had detached.

A one way ANOVA was run on the relationship between
the rock hardness measurements on the external and internal
areas of the polygons.

4.4. Petrography and mineralogy

Representative samples of case hardening and substrate
were taken. These samples were analysed with X-ray diffrac-
tion (XRD). A thin section mineralogical study was also con-
ducted on the La Pedriza granitoids, both with case hardening
and in the more weathered areas where it had detached.
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5. Results and discussion
5.1. Polygonal cracking, general classification

As mentioned elsewhere, geomorphological studies may
give rise to misleading arguments if similar forms generated
by different processes are bundled into the same terminologi-
cal package. The authors of this paper propose the follow-
ing classification of polygonal cracking (Fig. 6). Although
this classification is based primarily on the observations in
the various areas of the Central Range studied, it is general
enough to describe polygonal cracking in granites anywhere.
D and E polygonal cracking on boulders was not found in La
Pedriza.

5.2. Polygonal cracking in La Pedriza

The polygonal cracking observed at La Pedriza de Man-
zanares can be divided into three basic types.

a) Cracking on large radial surfaces (Type A, Fig. 6). As
a general rule, the cracking observed on these large radial
surfaces has much more highly developed and more intense-
ly weathered grooves (Riley et al., 2012) than the cracking
on subvertical planes. Moreover, while the subject was not
specifically addressed in this study, very highly developed
cracks were also identified in connection with the fractures
on the curved upper slopes of very high walls. The polygons
on these outcrops were observed to be larger at the upper
slope and decline in size at the underslope, where their posi-
tion is vertical-subvertical. In these areas the gap between
the cracking plates and the wall measures up to 5 cm, and the
two are attached at the bottom only, forming what are known
locally as “mushrooms”. The intense development of these
polygons and the depth of the groove along their edges may
be explained by the fact that rainwater and runoff are retained
longer in areas with a shallower slope, further to the model
proposed by Moores et al. (2008), in which hydration- and
thermal weathering-mediated crack growth depends on the
local water content around the rims of the cracks.

b) Cracking on intrusive dikes that fill fractures in the gran-
ite (Type B, Fig. 6), identified in the area but not studied here.

¢) Cracking identified on vertical-subvertical planes (90°-
70°) affecting the granite itself, often related to 1-2-mm
case hardening (Type C, Fig. 6). Such cracking forms an or-
thogonal or semi-orthogonal fracture network running W-E
or WSW-ENE and N-S. The heights of the walls compris-
ing these planes range from only a few to over one hundred
metres.

This study is focussed on the establishment of relationships
between polygon shape, fracture network and size distribu-
tion and height in Type C polygonal cracking (including
some balanced rocks). This type was selected because cracks
positioned on curved planes were not measurable due to the
extreme weathering prevailing in the grooves. The cracks on
intrusive dikes could not be analysed for similar reasons. No

Classification of polygonal cracking (PC)
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Fig. 6.- Proposed classification of polygonal cracking (PC) with exam-
ples in the Spanish Central Range around Madrid.

cracking was observed along the lowest portion of the out-
crop in any of these cases (Types A and C). That may be due
to the fact that the time of exposure to the agents of decay
(insolation-moisture) is necessarily longer at the upper slope,
favouring greater weathering, action which interred lower
areas would be spared. This lowest portion was considered
therefore precursor of Polygonal cracking.

5.3. Type C polygonal cracking in La Pedriza

Due to the staircaise structure of La Pedriza, the tallest
walls usually face south and have a likewise south-oriented
dip. The proliferation of W-E faults is responsible for the
step-like relief on the slope of La Pedriza anterior seen from
Manzanares el Real, a nearby village. Muro de Snoopy would
be an example of the walls in the area studied with heights
of 80 to 150 m, whereas vertical walls measuring 3-4 to 40
m high are frequently observed. Examples of the latter dis-
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cussed in this paper include Murito, Pared Naranja, Los Br-
ezos and Camino del Tranco.

A review of Table 1 reveals that the most prolific and high-
ly developed polygons face south-southeast (46.6 % of the
cases), west (26.6 %) or east (20 %). At 6.6 %, north-oriented
cracking was found to be the least frequent. The inference is
that solar radiation appears to play a significant role in crack-
ing formation, which is more frequent in the orientations
where it is most intense.

The distribution of the cracking plates by shape was re-
corded as follows: irregular, 60 %; rectangular, 23%; quad-
rangular, 10 %; rhomboidal, 7 %. Where the slope is shal-
lower near the top of the walls, the depth of the inter-plate
fissures is greater in those areas. This may be the result of
runoff moisture. Crack depth was also found to be determined
by the secondary fracture system orthogonal to the wall and
the maximum depth of the cracks is impacted by the grooves
formed by pre-existing fracture systems. Figures 7a and 7b
show the directions of the fracture system in La Pedriza an-
terior. In Figure 7a, the regional scale fractures were graphed
on the grounds of a random sample of 148 measurements.
The characteristics of the strikes for the walls selected (see
inventory in Table 1), shown in Figure 7b, were subsequently
used to study of the shapes of the polygons developing on
their surface.

The occurrence of polygonal cracks on certain balanced
rocks (Los Brezos, La Nuez and Cinco Cestos), where the
original planes of fracture are perfectly visible, revealed the
existence of a direct relationship between the planes of frac-
ture and polygonal cracking. The spherical balanced rocks
resulting from subsoil weathering observed at La Pedriza
show no sign of cracking, despite having been exposed for
the same amount of time as other rocks with obvious planes
of fracture. This may be explained by the paucity of gran-
ite boulders with concentric fractures, in whose absence the
development of cracking along such pre-existing planes of
fracture is not favoured. At Cenicientos and Zarzalejo, where
more corestone-like structures were observed, the situation
was very different (Garcia-Rodriguez et al., 2014a).

The measurements taken at the six sites listed in Table
1 (Murito (W), Muro de Snoopy, Risco del Martes, Pared
Naranja, Camino del Tranco and Bloque de Los Brezos) are
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90° 270°

Angle between fracture lines

Wall and sides of polygons (grooves)
Murito (W) 3.90
Muro de Snoopy 7.80
Risco del Martes 5.63
Pared Naranja 5.63
Camino del Tranco 4.88
Mean 4.47

Table 3. Smallest angle between fracture lines and sides of poly-
gons (n =44).

given Table 2. Details of the polygonal cracking in each are
illustrated in the photographs in Figures 8, 9 and 10.

The measurements taken at the six sites selected and listed
in Table 2 were used to establish morphometric relationships.
The findings are discussed below.

For nearly all the sites studied, a direct relationship was
found between fracture system orientation (fracture lines)
and spacing on the one hand and cracking geometry on the
other. In one case, cracking polygons with curved sides were
identified, following the pattern of curved secondary cracks
that lie perpendicular to the vertical and planar wall (Risco
del Martes). The angle formed between the fracture lines and
sides of polygons (grooves) for each individual wall and the
mean angle for all the walls are listed in Table 3. A very small
angle indicates that the cracking is closely aligned with the
fracture system. Due to the irregularity of the sides of the
polygons on the Bloque de Los Brezos wall, which are deeply
weathered, the angles formed with the fracture lines could
not be measured. As a result, no data are given for this site
in Table 3.

Angles measure groove rotation relative to walls’ fracture
networks. A large angle means that cracking geometry devi-
ates from, i.e., is scantly aligned with, the fracture system.
The values obtained, from 3.90° to 7.80° with a mean of
4.47°, denote close alignment between cracking and the frac-
ture system. In a similar vein, Figure 11 shows the size of the
angles formed between the cracking polygons and the frac-
ture system, based on measurements taken at each interval on
each wall. The number of measurements with angles between
cracking and fractures of under 5° was very high for all the
studied outcrops, supporting the hypothesis that cracking is
aligned with the fracture systems.

b N

285",

90°

Fig. 7.- Strikes: (a) main planes of fracture in Pedriza anterior based on a random sample of 148 measure-

ments (b) walls with cracks inventoried in Table 1.
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ol —

Fig. 8.- (a) Murito, overview; (b) detail of cracking on Murito (W),
where the measurements were taken; (c) polygonal cracking on Muro
de Snoopy, system of quadrangular or rhomboidal cracks running
along a secondary fracture system perpendicular to the main wall; (d)
detail of cracks.

Fig. 9.- (a) Overview of Risco del Martes wall and fracture system; (b)
cracking detail (east orientation) and detail of fracture lines associ-
ated with polygon shape; (c) overview of polygonal cracking on Pared
Naranja, showing the plane of fracture on which it is located; (d) de-
tail of cracks at the base of Pared Naranja with a predominance of
elongated structures.

A review of the graph in Figure 12 that plots size factor as
defined above against height of occurrence affords some initial
insight into that relationship. The positive slope on the curves
for Murito, Muro de Snoopy, Risco del Martes and Camino
del Tranco means that the size factor rises with height. An
indirect relationship was found for Pared Naranja, while no
relationship could be drawn for Bloque de Los Brezos, as data
at that site were available for a single interval only.

The Pearson correlation coefficients given in Table 4 show
the relationship between polygon size and height of occur-
rence, supplementing the graph in Figure 12. Positive values,
ranging from 0.40 to 0.76, were found for Muro de Snoopy,
Risco del Martes and Camino del Tranco. The coefficient for
Pared Naranja proved to be high and negative: -0.75. In other
words, at this site, the plate size rises with declining height.
As in Figure 12, Camino del Tranco is absent from Table 4
because data were available for only one interval at that site.

Based on the field observations and the other findings re-
ported here, the explanation for the anomalous arrangement
of the polygonal cracking observed on Pared Naranja might
lie in the slightly cantilevered configuration of the wall, with
an inverted, northwestwardly slant. Moreover, it may have
been differently affected by insolation and runoff flow than
the other blocks studied due to the presence of a boulder in
front of the block, which shades it partially, and of oxides,
which modify the original surface.

The three groups that can be distinguished on the grounds
of their coefficients of determination (Table 4), in turn, sup-
plement the information on the Pearson correlation coeffi-
cient values. The first group has only one member, Muro de
Snoopy, in which the variation in height explains only 16 %
of size factor variability. This means that the remaining 84
% 1is due to other factors. In the second group, comprising
Murito and Risco del Martes, 31 and 32 %, respectively, of
the variation in the size factor could be correctly predicted
from variations in height. The higher values for these sites
than for Muro de Snoopy are an indication that height of
occurrence plays a more significant role in the former two
walls. In the third group, whose members are Pared Naranja
and Camino del Tranco, 56 and 58 %, respectively, of the
variation in cracking polygon size factor are explained by
the variation in height. These findings support the notion that
in these two walls height of occurrence is an essential fac-
tor in the size of the polygons. Future studies should enlarge
the sample size and use other statistical techniques (such as
weighted least-square fitting) to confirm or contest the ten-
dencies shown here.

An analysis of the coefficients of determination for all the
walls together infers that the huge gap between the first and
second group values may be explained by the difference in
the height of occurrence of the cracking plates. The Muro
de Snoopy polygons are located 10 to 15 m higher than the
plates in the group two walls, and have therefore been ex-
posed to the elements much longer. Further support for this
idea is provided by the greater percentage of the variation
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Fig. 10.- (a) Overview of blocks in Camino del Tranco; (b) cracking
detail on the fracture plane with a strike of 170°E; plane exhibiting
cracking and uncracked portion of the same plane, where shaded
by another boulder; (c) overview of Bloque de los Brezos, balanced
rock resulting from the intersection of fractures running N-S and
E-W and south-oriented curved planes at the base and on the surface
(strike=N5°E); (b) detail of irregular cracking on a vertical plane fac-
ing east, where case-hardening disappeared almost completely.

= 44 1.

explained by height in Pared Naranja and Cancho de los Br-
ezos, where cracking is positioned at a lower height relative
to the ground. The form factor is an indication of the size
of the polygons along a vertical line, always relative to the
same plane of fracture. An analysis of this parameter conse-
quently reflects a trend when viewed in each wall separately.
Moreover, each wall may be affected by fractures that vary in
density and orientation.

The mean coefficient for all the walls is 7* = 0.39. In other
words, approximately 40 % of the variability in the size fac-
tor for these walls is associated with the variation in cracking
height. That finding is indicative of the significance of height
in gaining an understanding of the geomorphological charac-
teristics considered, for the higher the cracking elevation, the
smaller is the coefficient of determination. It also reveals a
need to explore polygonal cracking in greater depth in future
studies with a view to reaching predictability values as close
to 100 % as possible for the response variable, based on a
series of pertinent explanatory variables.

5.4. Factors affecting surface weathering
The study of the strip established on (east) Murito revealed

three distinct areas: an upper area with polygonal cracking,
a transition area where polygonal cracking was found to be

Pearson corr. Coeff. of
‘Wall coefficient determination
Murito (E) 0.55 0.31
Muro de Snoopy 0.40 0.16
Risco del Martes 0.57 0.32
Pared Naranja -0.75 0.56
Bloque los Brezos 0.76 0.58

Table 4. Pearson correlation coefficients and coefficients of de-
termination for the size factor-wall height relationship.
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Fig. 11.- Distribution of measurements taken at each site by the angle in
degrees formed by the fracture strike and groove direction.
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Fig. 12.- Polygon size (measured as size factor) versus wall height.

more diffuse, and a micro-relief area with well-defined pro-
trusions (Table 5). The surface on the lower 2.5 m was ob-
served to be flat with no polygonal cracking and barely any
significant protrusions.

The highest area, located 6 to 6.5 m off the ground, was
observed to have well-defined quadrangular polygonal cracks
(PC) (Fig. 13). The orientations of the cracks forming the pol-
ygons were related to the orientations of the fractures in the
area (Garcia-Rodriguez et al., 2013), i.e., the sides were ori-
ented north-south like the vertical fractures, and the top and
bottom were associated with horizontal fractures. Of all the
areas studied, this was the one with the smallest slant, with a
section mean of 52°. The case hardenings on the crack plates
were very well preserved. The mean Schmidt hammer hard-
ness was 40, the highest observed on the wall. This, then, was
the area in which case hardening was most fully developed
and least weathered. Groove depth ranged from 1 to 2.5 cm.

The section of wall between 5 and 6 m was observed to be
a transition area between the polygonal cracking at the top
and the micro-relief at the bottom. The mean slant in this sec-
tion was measured to be 73°. The hardness of the protrusions
between 5.5 and 6 m was 27 and 25 in the outer and inner ar-
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Section height (m) and Slant Long axis  Short axis Section form Shape
No. measurements (N) (mm) (mm) factor (M+m/2) Depth range (mm)
6-6.5m o Polygonal cracking (PC)
N=9 528 443 217 330 10-25 in crack
5.5-6m o Transition PC/roughness
N=11 71°S 103 71 87 2-10
5-55m o Very diffuse
N=7 75°S 94 50 72 24
45-5m o Well defined
N=9 77°S 94 42 68 4.6
4-45m o Very well defined
N=9 82°S 121 78 99 4-6
35-4m o Very well defined
N=10 84°S 62 39 51 4-6
3-35m o Poorly defined
N=10 84°S 62 37 49 3.5
2.5-3m o Very poorly defined
N=10 84°S 47 29 38 2.3
2-25m o Very poorly defined
N=3§ 86°S 64 41 52 23
0-25m 88°S ) ) ) Unrecognisable
2-3
Table 5. Size of protrusions on the rock-wall.
Section height (m)/ Wall slant Mean case- Mean
No. measurements (facing south) hardened area  Grooves
6-65m/5 52° 40 30.8
55-6m/5 71° 27.4 25.2
5-55m/ 5 75° 36.6 29
45-5m/5 77° 38.2 23.6
4-45m/5 82° 39 29.2
35-4m/5 84° 44 25.6
3-35m/5 84° 31.2 25.4
25-3m/5 84° 38.4 25.8
2-25m/5 88° 30.5 26
1.5-2m/5 88° 36.4 26.2
0-1.5m/4 88° 28.2 23.8
Mean 79.4 35.4 26.4

&

Fig. 13.- (a) i-button distribution on Murito; (b) detail of polygonal
cracking; (c) micro-relief in the 3.5-4.5-m section; (d) detail of the
2-2.5-m section.

eas, respectively, denoting the near disappearance of the case
hardening in this section: in other words, this was the most
weathered area in the wall. The loss of case hardening in this
section would appear to be attributable primarily to the effect
of the surface runoff channelled along the sides of the poly-
gons near the top, leaving elongated shapes in the direction of
the slope. Immediately below, at 5 to 5.5 m, the irregularities
were found to form harder, isolated protrusions, denoting that
the case hardening was more intact.

The area with the most prominent protrusions was at 3.5
to 5 m, where the protrusions measured 4 to 6 mm (Fig.

Table 6. Schmidt hammer data for the rock wall.

12¢). The slant on the section in question ranged from 77° at
the top to 84° at the bottom. It was characterised by shapes
with outer case hardening and mean hardness values of 31 to
44 (Table 6). The hardness values at the inner areas, where
the hardening had disappeared, ranged from 23 to 29. The
grooves forming the irregularities were essentially vertical
lines generated by surface water runoff. This directionality,
with very large maximum axes, was confirmed by the form
factor calculated, 99 (section between 4 and 4.5 m).

At heights of 0 to 3.5 m, the case hardening on the granite
exhibited 2- to 3-mm grooves, shallower than in the higher
sections where protrusions scarcely existed (Fig. 12d). In
this section the case hardening was more continuous and the
weathering- induced protrusions were less abundant.

A one way ANOVA was run to compare rock hardness meas-
ures on the inner and outer areas of the protrusions. The sam-
ple size was n=54 measurements in each group. The differ-
ences proved to be statistically significant (F(1,106) = 42.64,
p < 0.01). These findings showed that the rock is harder on
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Fig. 14.- Temperature readings from five sensors in the rock-wall between 6 and 11 December 2012, with

clear skies on days 7, 8 and 9.
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Fig. 15.- Temperature fluctuations logged by five sensors in the rock wall, 24 and 25 June, 2013.

the polygons delimited by the cracks and outer micro-relief
protrusions than in the cracks and on inner micro-reliefs.

The wall temperature readings for a full year showed daily
temperature fluctuations on clear days of 20 to 35 °C, with
temperatures on the strip studied ranging from 0 to 52 °C,
depending on the season of the year. A study of temperature
variations with height in the months of January and June, for
instance, showed that the top of the wall was 5 °C warmer
than the bottom in both periods. These findings exclude the
data for BS, located on a different, north-facing wall. Table 7
summarises the temperatures recorded from 22 November to
21 December 2012 and 30 May to 28 June 2013.

These periods were selected because they include the
year’s shortest and longest days. Moreover, consecutive days
with no rainfall were chosen to ensure greater reliability of
the effect of solar radiation on temperature. Figures 14 and
15 show the temperature for short representative periods dur-
ing the months studied.

In December, a daily temperature difference of up to 6 °C was
recorded between the plate surface (B1) and the groove (B2),
with the greatest values in B2, where the wall is most vertical.

In June (Fig. 15), when the sun’s rays are most vertical and
hence the angle of incidence on the surface is smallest, the
difference in the plate (B1) and groove (B2) temperatures
tended to decline, although the highest readings were record-
ed for the plate (B1).

A joint analysis of the temperature variations on the Murito
wall as a whole, excluding the data for B1 which was posi-
tioned on a less slanted surface, showed that in January the
temperature rose with wall height. In June the temperatures

tended to be more uniform, although the maxima were logged
in the highest areas and the minima in the lowest. Polygonal
cracking was most highly developed in the upper areas of
all the rock walls studied, including on the Cenicientos and
Zarzalejo boulders.

The temperatures recorded on the granite surface of Muri-
to, with the exception of the polygonal cracking at the up-
permost part, showed that the greater the temperature fluctua-
tions (upper areas), the greater was the roughness and loss of
case hardening.

The case hardening in Murito was observed to have par-
tially fallen away, although alteration progressed in a more
or less homogenously. Along the bottom, the crust was found
to be well conserved, fairly continuous and scantly cracked.
At the top it exhibited typical polygonal cracking, an indi-
cation of solute migration and a somewhat advanced phase
of alteration. In the medium-high section, just under the po-
lygonal cracking, the crust was missing entirely. Lastly, in the
medium-low section, alteration was found to have destroyed
the case hardening nearly completely, leaving traces on the
“peaks” of tiny protrusions.

Hardness was clearly related to the integrity of the case
hardening, with a mean value of 35 on the hardening and
26 on the altered areas. The form factor in Murito furnished
some information on the size of the micro-relief protrusions.
Especially in the medium-low area, the protrusions with case
hardening exhibited an elongated geometry with an axis par-
allel to the slope.

The XRD patterns revealed compositional differences be-
tween the case hardened area and the substrate. The more in-
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22 November — 21 December 2012
B1 B2 B3 B4 B5

Minimum 0.6 0.6 1.1 0.6 -0.4
Maximum 30.7 35.7 342 30.6 21.6
Mean 8.7 9.4 7.6 8.4 5.5
Range 30.1 35.1 33.1 30 22

30 May — 28 June 2013
B1 B2 B3 B4 BS

Minimum 5.1 5.6 5.1 5.1 4.6
Maximum 53.6 51.6 53 51 51.6
Mean 21 20.8 20.6 20 18.7
Range 48.5 46 47.9 459 47

Table 7. Rock wall temperatures.

tense diffraction lines in the former denoted a higher quartz
content.

This was confirmed by the petrographic analysis of sam-
ples from the outer case-hardened and substrate areas. The
rock in this area (Fig. 17) is a heterogranular, hypidiomor-
phic, medium-to-coarse grain leucogranite (with a silica
content normally over 75 %) in which its primary mineral
constituents are quartz, feldspar, plagioclase and biotite. The
potassium feldspar, which consists of orthose and microcline,
is intensely weathered and has an allotriomorphic texture and
albitised pertites. The plagioclase has oligoclase nuclei and
albitic rims. Myrmequite was found at the interface between
these minerals. Biotite is subidiomorphic and alotriomorphic,
reaching up to 5% of the mineral volume and, like the po-
tassium feldspar, is intensely weathered which is responsible
for the iron oxide cementing fissures. The accessory minerals
included zircon, apatite, ilmenite, sillimanite and monazite,
while muscovite, chlorite, anatase, sericite and pinite were
identified as the secondary minerals.

Fig. 17.- Petrographic images of gran-
ite thin sections: a) and b) overview
showing quartz, potassium feldspar,
plagioclase and biotite crystals in
granite showing the high silica ce-
ment inside the fissures; ¢) and d)
granite surface showing the fissure
network; (a and c): plane polarized
light; (b and d): crossed polarized
light.
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Fig. 16.- XRD patterns for (a) the hardened surface and (b) the substrate.

Mainly inter- and intracrystalline fissures several mm long
with widths ranging from 40 to 100 um were observed near the
granite surface in areas bearing white crust. Silica (probably
quartz crystals) was found filling these fissures in a “palisade”
arrangement (Figs. 17¢ and d). The presence of such high-sil-
ica cement is consistent with the XRD findings, according to
which the outer granite had a higher quartz content than the
inner part of the rock. That cement, moreover, may be the out-
come of feldspar alteration (Oustriére and Sureau, 1985).

Deeper into the granite, fewer fissures were detected, and
they were smaller and narrower than on the surface. Some
were cemented with iron oxide generated during Fe mineral
alteration.
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6. Conclusions

This paper proposes a classification for polygonal cracking
based on the variability in the location and geomorphology
of the granitic rocks where it occurs (Fig. 6). The five types
of PC defined partially address the complexity underlying the
polygonal crack formation, which to date has often been as-
sumed to be the result of a single weathering process.

An example of the variable occurrence and development
of polygonal cracking can be found at Sierra de Guadarrama,
an area of particular significance in the history of the descrip-
tion of granite weathering. The present study focused on La
Pedriza de Manzanares, an area characterised by the prolifer-
ation of vertical and horizontal fracturing and variably dipped
surfaces, as well as curved planes of fracture with a declin-
ing dip at the upper slope. Two types of polygonal cracking
were identified: 1) associated with vertical planes at different
heights; and 2) associated with large radial planes. No crack-
ing was observed on granite boulders at La Pedriza de Man-
zanares. Morphometric relationships were determined on the
cracking on vertical fault planes. The cracking associated
with radial fracture planes, while not measured, is described
in this paper. Despite the fact that the study was confined to
only one of the types of polygonal cracking defined in the
proposed classification, different sizes and morphologies
were observed, even within the same outcrop.

This runs counter to previous models, in which the origin
of polygonal cracks was analysed in terms only of the ma-
terial, stress fields or even merely macroscale weather con-
ditions. From the lithological standpoint, the shapes formed
by polygonal cracking in vertical planes appear to be loosely
determined by alignments and pre-existing cracks. Moreover,
although polygonal cracking is markedly directional (with
cracks appearing primarily on the south and west faces). They
also showed that the resulting polygonal shapes vary across
the surface of vertical granite walls: cracking plates on verti-
cal walls are generally larger and the grooves deeper at higher
locations. This was observed in association with graduated
surface hardness, the conservation of quartz encrustations
and surface temperature change throughout the year.

This variation ranges from well-developed polygons at the
highest locations to the complete absence of polygonal crack-
ing at the lowest portion of the outcrops. Between these situ-
ations, the medium portion of vertical to sub-vertical planes
do not show polygonal cracking but a micro-roughness,
which is the result of alternating areas with and without case
hardening. The morphology of this alternation resembles the
distribution of polygonal cracking and can be considered its
precursor.

The foregoing suggests that polygonal cracking at these
specific locations is determined by weathering differences
induced by wall-scale temperature and humidity fluctuations
and the retention from surface runoff. The weathering has a
dual effect. Firstly, it conditions the formation of quartz en-
crustations (as petrographic and mineralogical observations

show), which in turn condition the formation of polygonal
cracking. Secondly, it impacts polygon conservation.

This suggests the existence of a feedback mechanism in
which cracks in surface encrustations lead to backweather-
ing around the cracked area, with the concomitant appear-
ance of surface polygons. In the model proposed further to
the present findings, wider surface temperature variations are
found on the upper areas of walls facing southwest, where
weathering is consequently more intense. Weathering initial-
ly leads to quartz encrustation due to its re-precipitation from
feldspar. As encrustation is greater on the upper wall, surface
cracking is deeper there. Backweathering induces groove
formation more effectively in this section of the wall. The
outcome is the present situation in which polygonal cracking
is more fully developed in the upper than in the lower areas
of vertical walls.
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