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Abstract

Stones has been used from pre-historical times with different purposes and this historical use can be
seen as an extended record of its sustainability, regarding extraction procedures and consequences,
uses in building and maintenance to overcome decay. We discuss in this paper conceptual
considerations on the sustainability of local use of rocks in a small scale (what will be assumed to
define a “rural” scope), covering both in situ uses, mostly as cave housing, and extracted materials
for creation of structures. Our discussion will develop around two main axes: resources consumption
(including the rocks themselves and rock wastes resulting from other activities) and pollution impacts
(on the surrounding environment and in the users of the rock structures). It will be seen that the
main concerns will be related to specific spots with enhanced environmental or cultural value (where
small changes can have enormous impacts). Other issues have minimal impact or can be dealt by
design options. We consider also possible positive impacts resulting from the use of rock materials,
namely in the social and economic components, including the use of rock wastes as resources and
the touristic potential of rock quarries, structures and human-made landscapes.
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1. INTRODUCTION

Stones has been used from pre-historical
times, either by works made in situ, directly
on rock masses, including housing and ar-
tistic works, as shown in Petra and old and
modern examples of natural and excavated
cave housing (see e.g. Golany 1990; Barbe-
ro-Barrera et al 2014) or by being extracted
and used as stone blocks in human made el-
ements. Hence, there is an extended record
of their sustainable use, with low consump-
tion of resources for longstanding perfor-
mance (it might be argued that the Easter
Island presents the opposite example but
see discussion in Deutsch 2012; we will also
consider this case in the final considera-
tions). However, rocks are not just an his-
torical material. Berge (1992) quotes a 1983
publication by Shadmon presenting stone
as “the building material of the future” due
to resources that are “limitless and evenly
spread over the whole globe”, whose extrac-
tion “does not require a lot of energy and
does not pollute” and highlighting (“above
all”) its durability.

Global balances on sustainability issues
regarding rock materials are not common
but a general, brief, review of stone in the
perspective of green buildings, defending the
choice of local stone with minimum process-
ing, can be found in Kumar (2015). Another
favourable review is presented by SFGB
(2011). Here will be discussed conceptual
considerations regarding relatively small
works using local rocks in rural regions, i.e.,
rocks used in place or in places very nearby
(an advantageous situation in terms of sus-
tainability — see Morel et al. 2001). However,
there might be reasons for importing certain
kinds of rocks (see next sections). Sustain-
ability assessments should also include, be-
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yond environmental impacts, economic and
social dimensions, from extraction of raw
materials to disposal (the classical “cradle to
grave”) in order to define Life Cycle Sustain-
ability Assessments (Finkbeiner 2010).

In a previous publication (Alves and
Sanjurjo-Sanchez 2015) were discussed the
major issues of sustainability associated
with stone conservation and maintenance.
In this paper will be discussed conceptual
considerations regarding relatively small
works in rural regions that are based on lo-
cal rocks i.e., rocks used in place or in places
very nearby (an advantageous situation in
terms of sustainability—see discussion in
Morel et al. 2001). However, as it will be
shown, there might be reasons for importing
certain kinds of rocks.

We will consider rock materials in a very
wide sense including hard rocks suitable for
use as stone (Figure la) as well as softer
products that define lithological units or that
are derived from hard rocks by alteration
(Figure 1b), used as bulk material. Rocks
are classically defined as aggregates of min-
erals and, hence, “Such unconsolidated ma-
terials as sand, gravel, clay, soil are justly in-
cluded among rocks” (Smith Flett 1911). In
this perspective, rocks will include stone and
part of what Berge (1992) refers as “loose
materials”. This definition will also include
water-soluble evaporites like gypsum that
might present particular properties but that
is seldom used raw beyond some examples
of statuary (gypsum alabaster). However,
it will be unusual to include among rock
materials the upper organic rich portions
of soils associated with vegetation. We will
not shy away from references to earth-like
materials that can be considered lithological
units such as loess or clays, or those that are
derived from hard rocks by weathering, but
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sustainability issues of earth materials have
been extensively discussed (just to mention
books on earth materials, see Minke 2006
and Schroeder 2016). We will not consider
materials resulting from intense transforma-
tion of rock raw materials such as binders,
rock wool, etc.

We expect to present convincing qualita-
tive arguments regarding the main sustaina-
bility questions that can be raised in relation
to using rocks in rural regions. A key point
in our analysis will be whether a given im-
pact is significant, for which, following clas-
sical environmental impact assessment (e.g.,
Canter 1996), will be considered context and
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intensity (which is related to the operation
size). Most of the images presented here
are from places in towns but the illustrated
features are, nonetheless, representative of
the considered processes on rural regions.
Several images are from Braga, a town in
NW Portugal, where, however, one can find
places or even areas that can be considered
representative of rural situations, in the
sense of low density of human structures, as
will be seen in the presented images. Most
of the presented images are from granite
rocks (where the experience of the authors
lies mostly) but the discussion presented can
be applied to all kind of rocks.

Fig. 1. Examples of products considered in this review in the natural environment (both examples from Terras
de Bouro in Northern Portugal): left picture granite dome and blocks (suitable for stone extraction) in north-
ern Portugal; right picture saprolite resulting from granite weathering (Northern Portugal).

The discussion will be more focused on
an Earth Sciences perspective (natural sci-
ences) than in a Life Cycle Assessment (or
and will be around three lines that define the
following sections: resource consumption,
pollution impact and other social impacts
(in this way we are nearer the perspective of
Berge 1992).

2. RESOURCE CONSUMPTION

This section will be organised around
three lines regarding: (i) rocks resources;
(i1) energy; (iii) other natural resources. A
first sustainability objection that can be
raised against using rocks is that they are,
generally, non-renewable materials (some
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sedimentary, quimiogenic and detritic, and
some volcanic, lavic and pyroclastic, rocks
could be considered an exception to this but
they will be laden with unpredictability, es-
pecially in the volcanic cases). However, the
non-renewable character of rocks can be
balanced by three factors: availability, dura-
bility and reusability/recyclability.

In terms of availability, it will be trivial to
say that stone is an abundant material in ar-
eas, where rocks “outcrop” in large amounts.
In some rural regions the amount of available
rock in relation to that necessary for struc-
tures can be so high that make rock resources,
in practice, infinite (as referred in the Shad-
mon quote above). Cave housing could be a
more complex situation, raising the question
of managing the better spots for excavation
and existing natural caves (an assessment of
the potential impact on other species that use
the caves should be included). The distinction
between loose stone and quarry stone (e.g.
Berge 1992) can be relevant, since using the
best loose stones restricts their availability for
future works (this might be lessened by stone
reusability potential).

We will like to highlight two further
points. Firstly, rocky regions (e.g. Figure
la) can be little amenable to tree cultivation
(plants can grow in rock fractures but for
tree production a rock substrate is not fa-
vourable and in some regions there are thin,
poorly developed or immature soils) and,
hence, the promotion of alternatives like
timber might have a bigger impact due to
land alterations. Secondly, in some regions
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rocks are an obstacle to land use, either for
engineering (see Figure 2) or agricultural
works. Therefore, these activities produce
rock wastes that need to be reuse or recycle
(see review in Magnusson et al. 2015). Of
course, excavated housing and stone pro-
cessing also produces rocky wastes that can/
should be reused/recycled (see next section).

In terms of durability, stone is subject
to diverse alteration processes after its em-
placement (see Sanjurjo-Sanchez and Alves
2012). Some of them are limited to the
surface (stains or coatings). Others imply
mass loss, with a depth generally of some
millimetres but that sometimes can achieve
some centimeters. It is essential, however, to
sharply distinguish between visual degrada-
tion and degradation that affects the struc-
tural function of materials, which in general
is not compromised by these alteration pro-
cesses, excepting some situations associated
with fractures. Therefore, stone can be con-
sidered a very durable material (possibly the
most durable one among the commonest) as
it is shown by the persistence of historical
structures. Stone is also very durable against
factors such as running water, floods, bio-
logical colonization, that affect materials
such as earth or timber. Usually rocky ma-
terials are not flammable and do not require
organic strengtheners that might be flam-
mable or subject to rot (problems that affect
some variants of earth materials—see Minke
2006) but they can be affected by extreme
situations such as fire (Gomez-Heras et al.
2009) or earthquakes.
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Fig.2. Road excavation in granite rock massif producing rock debris (Braga, Northern Portugal).

The questions of reusability and recy-
clability are intrinsically linked to stone
durability. The stone that persist in a usable
state can be reused when a given structure
collapses or is abandoned, e.g. after extreme
events such as earthquakes and fires (that
leave major portions of stone in usable con-
dition). Most alteration processes will not be
an insurmountable obstacle for stone reuse.
Fractured or fissured stones can favour ener-

gy savings in recycling. For traditional stone
blocks, erosive effects per se generally will
not affect its reusability. However, situations
of extreme erosion (such as in Figure 3) can
have a negative impact on stone reuse poten-
tial. Additionally, erosive features result, fre-
quently, from salt crystallization and hence
they might indicate that stones are affected
by salt pollution and this could imply some
reserves on stone reusability and recycling.
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Soluble salts can have diverse sources (Ar-
nold and Zenhder 1991) and its formation is
not limited to seaspray or atmospheric pol-
lution so they can be found in low urban-
ized places. Some stains and coatings can be
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considered either undesirable, namely for in-
doors, or conferring a (desirable) aged look,
a kind of “patina of time”. However, stains
and coatings might also mark the presence
of pollutants.

Fig. 3. Examples of sedimentary stones intense erosion that might have impact on stone reusability in a bridge
in Ilhavo (Central Portugal).

In terms of energy, it will be necessary to
consider impacts during extraction, trans-
portation, maintenance and, in some cases,
the use of the structure. However, for local
rock in small structures using traditional
techniques, the impact of the first two is-
sues will be minimal, being null for works
done directly on the rocks. The joint ac-
tion of structural features (namely joints)
and weathering processes (that usually are
favoured by structural features) promotes
geomorphological products that include
loose rock blocks or blocks surrounded by
more easily excavated materials (diverse ex-
amples can be found, see Twidale and Vidal
Romani 2005). Energy consumption for
excavated rocks will depend on rock char-

acteristics, being lower for softer rocks (in-
cluding weathered rocks), but, in the case
of harder rocks, structural features (such as
joints) can favour excavation. In Figure 4a
one can see penetrative joints in an outcrop
of metasedimentary rocks that favour ex-
traction of blocks with suitable dimensions
for walls (as the granite blocks presented in
Figure 4b). Energy impacts will be also low
for loose stones whose morphological fea-
tures (e.g. Figure 4c) might render them eas-
ily suitable for human use. More processed
products such as stone tiles will imply higher
consumption of energy (and other resources
such as water and steel) due to sawing (Ioan-
nidou et al 2014). In the same vein, crushed
stone will imply greater energy consumption
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than bulk stone. But there is a certain tradi-
tion of stone hand processing (namely for
walls and pedestrian and road pavements)
in countries such as Portugal that will be
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suitable to preserve from a sustainable per-
spective and processing can be favoured by
certain rock characteristics, e.g. structural
foliations (Figure 4d).

Fig. 4. Influence of structural features on rock use: a) joints in metasedimentary rocks favouring extraction of
blocks with suitable size and shape in Braga (Northern Portugal); b) wall built with metasedimentary stones
similar to those presented in a) in Braga (Northern Portugal); ¢) natural granite blocks (castle rock) in Terras
do Bouro (Northern Portugal) with suitable shape for building developed along fractures; d) slate fragments
resulting from parting along penetrative foliation used for walls (in Valongo, Northern Portugal).

The above considerations on durability
also answer, partially, the question of energy
consumption during maintenance as stone is
a very durable material. Maintenance opera-
tions will involve energy consumption and
it is necessary to assess the relevance of the
operations to the actual goal. For example,
steam cleaning might require significantly

more energy than low flow cleaning (that
might even be performed just by using hu-
man energy) and this can depend on the
state of development of the stone altera-
tions. For some forms of alteration it will
be important to adopt an early decision on
the maintenance plan to be followed. Bio-
logical colonization is the most widespread
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alteration feature on outdoor stone surfaces
in rainy climates. This process shows a clear
temporal evolution that begins with algae/
fungi films and might lead to more encrusted
coatings such as lichens. Hence, either one
accepts the development of biological colo-
nization as a kind of natural evolution and
even natural mitigation of human intrusion
(see next section) or cleaning should be done
as soon as signs of biological colonization
are detected (since it will have lower impacts
and might even done by water cleaning with
human energy). We will like to refer another
point: frequently, one might avoid the sus-
tainability issues related to maintenance by
doing nothing in relation to surface altera-
tions. The question is linked to the assess-
ment of what constitutes materials decay.
One can consider that any non deliberated
alteration is a form of degradation but, as
referred in the previous section, it can also
be proposed that some alterations are part
of the ageing process or at least not undesir-
able (shall we try to conceals our wrinkles
regardless of the cost, e.g., in terms of re-
sources consumption, animal testing, etc.?).
Some conservation options might have a
positive impact in terms of energy consump-
tion, as in the study of Arnold and Zehnder
(1991), where, in order to avoid salt crystal-
lization, it was recommended to turn off the
heating system. Some maintenance interven-
tions might also have a positive impact by
improving thermal isolation (MacMullen et
al. 2012) leading to lower energy consump-
tion during the use of structures.

In terms of energy consumption, the
main impacts of choosing rock materials
will concern the lifetime use of the structure.
This will be irrelevant for structures such
as pavements or free standing structures
(sculptures, walls) but it will be critical for
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housing. Regarding energy efficiency, rocks
are poor thermal insulators due to their high
thermal coefficients, which, however, can be
significantly lower in very porous stones (Oz-
kahraman et al. 2006) or volcanic products
like perlite (Ugur and Demirdag 2006). This
issue can be worsen by moisture (as water is
more conductive than air) and soluble salts
(Kosior-Kazberuk and Ezerskiy 2011) and it
is expectable that variations related to these
agents can be higher in more porous stones
(curiously, soluble salts are also being stud-
ied as phase changing materials for thermal
applications-see Rempel and Rempel 2013).
Thermal comfort is usually not an issue for
cave dwellings since thickness promotes a
good thermal insulation effect (the issue
will not be discussed here but, depending on
depth, there could be some heating effect un-
derground due to the geothermal gradient).
Thermal stability is also achieved in histori-
cal buildings by using thick stones. Thermal
inertia can be influenced also by other ma-
terials characteristics (Aste et al. 2009) as
well as by using other materials. Ultimately,
it will be mostly a question of a design ap-
propriated to local environmental character-
istics (see examples in Bergman 2012). Some
rocks can have important values of solar re-
flectance index (Pisello et al. 2014; Radhi et
al. 2014), an issue very much discussed in re-
lation to “cool materials”, mostly regarding
urban environments and the “heat island”
effect but that can also be relevant for ru-
ral housing in hot areas. Pisello et al. (2014)
found that stones with fine grain size (fine
sand) have the highest solar reflectance val-
ues (but for crushed stone it will be advisable
to assess the energy consumption required
to obtain this finer product). Solar reflec-
tance can be affected by alteration (Sleiman
et al. 2011) which leads back to the mainte-
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nance issue. Thermal conditions can also be
improved by using vegetation, “green roofs”
and “green walls” (Alexandri and Jones
2008), which might also help in landscape
integration (this might be achieved, at least
in some situations, without intervention—see
next section)

A more relevant question concerns the
control of atmospheric moisture. In that re-
gard, several rocks will be ineffective as they
have low porosity, and mostly micropores,
and hence will absorb water only for high
relative humidity. Cave housing can also in-
volve moisture problems because of water
infiltration (this can be especially problem-
atic for caves below the water table). There
are also other parameters that can affect
the desirability of stone structures such as
their behaviour in terms of noise and elec-
tromagnetic isolation. These issues can be
overcome using additional materials with
better performance in these issues, includ-
ing earth materials, which might comprise
contributions from softer rock materials, in-
cluding weathering products (adapting the
classical example of zoned earth and rock
dams and several examples in vernacular
architecture).

Regarding the consumption of other
resources, we will consider here their actual
use for extraction, building, maintenance
and structures use. There can be also de-
structive impacts on resources but, in that
case, resources are not used (being affected
as a kind of collateral damage) and those
issues will be considered in the following
section. Among the situations to consider,
there are the use of other resources for caves
stabilization and the use of earth-like mate-
rials or wood for the complementary uses
referred above. The amounts involved will
not be, in general, significant but special at-
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tention is needed regarding extraction im-
pacts (see next section). There will be also
consumption of water but, again, the scale
of the structures will hardly cause a signifi-
cant impact during extraction and building.
More significant impacts might arise dur-
ing maintenance (see Alves and Sanjurjo-
Sanchez 2015). The same considerations
referred above for energy, on the need for in-
tervention and early adoption of a mainte-
nance plan, apply here. Cleaning operations
generally involve a certain amount of water
and, unless cleaning is done just with water,
other substances like inorganic powders or
polymers. But maintenance can also create
opportunities for recycling, namely by the
potential use of diverse wastes for cleaning
(see examples in Grimmer 1979).

3. POLLUTION IMPACT

Every human activity, in general, and in-
dustrial activity, in particular, has some im-
pact on the environment, positive or nega-
tive, more or less difficult to ameliorate and
minimize. This section will be structured
around three main lines: (i) landscape al-
teration, (ii) radioactive impact, (iii) other
pollutants, (iv) wastes. Rock extraction and
rock structures can be considered landscape
alteration activities and, hence, in a perspec-
tive of considering pollution any altera-
tion of the natural, pristine, state, can be
looked upon as causing (visual) pollution. It
has been referred that landscape reintegra-
tion of quarrying activities can be difficult,
as illustrated by slate quarrying in NW of
Iberia (Gutierrez del Rey 2010). But, once
more, one should consider the intensity
of the alteration. In ECO-STONE (2013)
is estimated that to produce stone tiles for
the average floor area of a modern house (7
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tonnes of stone), it will be necessary to ex-
tract 100 tonnes of stone. If one considers a
bulk density value of 2 t/m?® (which can be
considered a conservative value for the pur-
poses of stones) and assuming a exploita-
tion depth of, say, 2 m, this will correspond
to a square hole with around 5 m side. For
the small scale considered here, it is possible
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that landscape remediation of these extrac-
tion scars occurs naturally, as is illustrated in
Figure 5, where a rock road slope with less
than five years is already showing signs of
natural revegetation. Our experience also in-
dicates that it is frequently hard to identify
historical quarries since most are covered
with vegetation.

Fig. 5. Example of revegetation of a granite road slope with less than five years in Braga (Northern Portugal).

Stoneworks can be considered a form of
pollution, an intrusion in the natural land-
scape. But structures with local stone will
not be very different from local outcrops.
There are also diverse evidences of the
compatibility of animals and plants with
stoneworks, which are part of what Junca et
al. (2016) call biotopes of the grey system.

As discussed above, stone suffers diverse
surface alteration, being one of the com-
monest biological colonization (e.g. Figure
6a,b). Stones can present high critical mois-
ture under drying (moisture that evaporates
from non-surface pores) and, hence, drying
is much slower than when moisture is at the
surface, keeping the substrate moist during
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longer times, favouring the development of
biological colonization. Traditional stone-
works structures, especially with open or
lime mortar joints, have favourable condi-
tions for biological colonization and even
biological diversity (Arifio and Saiz-Jimenez
1996), which promotes the visual integra-
tion in the landscape. The relatively fast
development of biological colonization is
common on rainy temperate regions but it
is expectable that also on dry hot and cold
ones climates stoneworks will be favourable
as they can offer shaded protected places
where moisture remains for longer time.
The examples presented in Figure 6¢ show
a kind of natural remediation of man intru-
sion and the rehabilitation for human use of
these structures might not be incompatible
with the preservation of the intense biologi-
cal colonization. This also relates to the soft
capping procedures mentioned above, con-
tributing to improve thermal conditions and
landscape integration.

Quarrying can generate a number of
other on-site and off-site environmental
pollution effects (a more comprehensive re-
view can be found in EC 2010). Extraction,
building and maintenance can affect eco-
logical sensible resources as, e.g., sand from
recharge areas (Al-Agha 2006) or river ar-
eas (Dias et al. 2008). Landscape alteration
due to extraction and building can affect
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groundwater recharge areas, especially when
recharge is related to certain stratigraphic
units that might be disturbed by extraction
or that might be cut from infiltration waters.
Affecting groundwater recharge areas might
have impacts on water resources for humans
and have ecological impacts (see examples in
Ribeiro 2013). Small works like those con-
sidered here are not expected to have a sig-
nificant impact on surface water even if some
questions can arise when extraction occurs in
or near river banks. Landscape alteration can
also increase pollution hazards of groundwa-
ters by striping soil and vegetation as these
elements are considered to have a protective
effect on groundwaters (see DRASTIC mod-
el — Aller et al. 1987). Another issue concerns
the destruction of forest and agricultural re-
sources but in certain regions these impacts
will not be on the table since, as referred
above, some rocky areas are not favourable to
these resources (they might even be absent)
and there will be ways to minimize impacts
e.g. by micromanaging the location of extrac-
tion points or by using loose stones (but this
is not totally devoid of problems as some
rocks might have ecological importance-see
examples in Nikulinsky and Hopper 2008).
Regarding cave housing, it will be advisable
to perform ecological and archaeological
evaluations of existing caves to avoid destruc-
tion of habitats and historical heritage.
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Fig. 6. Examples of extensive biological colonization on granite stone pavements in Braga (Northern Portu-
gal) (a) and wall (b) and almost engulfing an abandoned masonry structure in Braga (Northern Portugal) (c).



CAD. LAB. XEOL. LAXE 39 (2017)

Possibly the main issue in terms of pol-
lutants emission linked to rock materials
concerns radioactivity (external gamma ra-
diation, radon and particles inhalation and
ingestion) that present higher hazards in
indoor spaces (see Markkanen 1995). This
includes cave housing (see Nuccetelli et al.
2014). Radiological hazards will depend on
intrinsic characteristics of rocks such as ra-
dioisotopes contents, density and permea-
bility. In terms of external gamma radiation,
there are proposals for assessing the hazard
level related to a material using an index cal-
culated from radioisotopes contents (Mark-
kanen 1995), with guidance values assum-
ing a specific model for materials density,
amount and spatial distribution (it assumes
that the material is used in all the indoor
surfaces of the space), as well as a specific
space dimension and exposition time. The
dose related to gamma external radiation
from building materials decreases, linearly,
with exposure time (so little used spaces
will have low hazard levels) and it also de-
creases with smaller materials amounts (see
EC 1999) and decreasing materials density
(Nuccetelli et al. 2015). Some rock materi-
als are expected to have higher radioactive
levels (see Kovler 2012) such as carbonatites,
alum shale, granites, tuffs etc. Other rocks
can present very low radioactive elements
contents, e.g. ultramafic rocks (Kobranova
1989; Gomez et al. 2011). Even for the more
worrisome rock types there are variations so
there are, e.g., granite types presenting low
radiological risks. The issue could be more
worrisome when natural radioactive wastes,
namely from uranium explorations, are used
in building mortars (Thomas and Drabova
1993).

Regarding the more radioactive rock
materials, using other materials as coatings
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can have a shielding effect (see simulations
in Markkanen 1995) and this has the side ef-
fect, in sustainability terms, of creating op-
portunities for using less radioactive materi-
als, either soils or less radioactive stones (it
might even be possible to build rooms with
gamma radiation levels below the natural
conditions of a region, providing a justifi-
cation for stone importation). Some rocks
might have lower radiation levels than other
common materials (in the study by Trevisi et
al. 2012, mean values of analysed metamor-
phic rocks were above mean values of natu-
ral gypsum but below mean values of brick,
concrete and cement).

In terms of radon emissions, and con-
sidering the model proposed in Markkanen
(1995), besides the content of radioactive
isotopes in the rock materials, hazard lev-
els depend on the area of applied material,
space volume and air renovation rate, so de-
creasing hazard might be simply a question
of keeping the indoor space well aerated
(for a discussion of ventilation effects on ra-
don levels see Akbari et al. 2013; a review
of other models and procedures for radon
remediation is presented in Pacheco-Torgal
2012). In addition, less radioactive and less
permeable materials can be used indoors as
barriers to radon migration.

Another issue related to radiological
hazards due to materials concerns the in-
halation and ingestion of particles. Mark-
kanen (1995) indicates a relation with the
inhaled and ingested amounts of particles,
which depend on particles amounts on the
air. It is not expectable that normal indoor
housing conditions create significant dust
levels but this issue might be affected by the
surface state of the materials and it might
be minimized by aeration or by coating the
materials.
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The use of stone can generate other pol-
lutants during extraction and transport,
but, again, for local rocks used in small
structures these impacts will be minimal.
The emissions of pollutants will also be
affected by the processing procedures, be-
ing higher for products that demand higher
processing such as cladding (Ioannidou et
al. 2014). According to SFGB (2011), the
greatest carbon impact related to natural
stone results from processing (which will be
much minimized for the vernacular struc-
tures here considered). The emplacement of
rock cut surfaces might promote reactivity
and hence pollution release. However, the
present state of knowledge suggests that the
amount chemical weathering of stone (and
substances leaching) is minimal in the built
environment.

Maintenance operations can be also a
source of pollution as certain intervention
measures emit potentially dangerous sub-
stances and produce wastes (see review in
Alves and Sanjurjo-Sanchez 2015). Except-
ing the extensive application of biocides, the
production of pollutants due to interven-
tions will not be very significant. However,
some interventions such as stone desalina-
tion by poultices might generate waste that,
since they are contaminated with salts, can
require some ingenuity to recycle. And of
course, the same considerations regarding
non-intervention policy and the need for
adoption of an early decision will apply to
this case.

Dust emission from quarries is not ex-
pectable to be significant for the considered
scale of operations but the presence of as-
bestiform minerals can cause concerns (Per-
kins et al. 2008; Wylie and Candela 2015).
In general rock materials do not cause sig-
nificant atmospheric emissions by its use in-
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doors but, again, asbestiform minerals might
deserve special attention. This issue needs
also to be considered in derived materials as
there are evidences that point to examples of
whitewash incorporating asbestiform miner-
als that contribute to pneumological issues
(Constantopoulos 2008). There are referenc-
es to the hazard of particles emissions from
nanomaterials (Warheit et al. 2008) but we
were not able to find any reference to poten-
tial release of nanoparticles from rocks and
as the amount in nanoparticles in natural
rocks is generally extremely small this does
not seem to be a motive of concern. How-
ever, considering the analyses of Navrotsky
(2004) on natural nanoparticles, we do not
exclude the possible relevance of this issue
for volcanic ash materials or granular mate-
rials resulting from weathering. In general,
stone use also avoids issues related to emis-
sions from additives (but this might change
due to some maintenance interventions).

Quarrying activities might also contrib-
ute to noise pollution due to preparatory
activities, such as establishing road or rail
access, mineral processing facilities, scraping
or excavation of the top soil, extraction of
the rock, transport of the extracted materi-
als or even processing plants to crush and
grade the minerals, but as we have been dis-
cussed, this will depend on the size of the
operation and processing options.

Wastes were left for the end of the sec-
tion as we think this can be an appropriate
bridge for the next section. Stone produc-
tion is sometimes considered a very wasteful
operation. The ECO-STONE (2013) data
considered above indicates 97% waste in
mass but this refers to one application type
(stone tiles) and, as already mentioned brief-
ly in the previous section, rock wastes have a
potential for reuse and recycling. The ques-
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tions raised in the previous section regarding
reusing and recycling stones will also apply
to rock wastes and one must also pay atten-
tion to certain pollution issues that might be
exacerbated in wastes as in the uranium-rich
wastes mentioned above.

4. FURTHER COMMENTS ON
POSITIVE IMPACTS OF THE USE OF
ROCK MATERIALS

After discussing the main objections that
can be raised in relation to using rock mate-
rials, namely stones, we will consider some
additional possible positive impacts that fa-
vour the use of these materials (additional
since, as was seen, some of the issues that
might be considered negative can have posi-
tive side effects, namely in terms of wastes
as resources).

Trivially, stone exploitation generates
revenue and creates employment. While be-
ing somehow outside the scope of this work,
it will be appropriated to highlight that
stone production might be an important
source for the sustainability of communities
in isolated regions where no other major en-
terprises exist and that are not very seduc-
tive for industrial operations.

Additionally, stone extraction (and, as
referred above, engineering and agricultural
works) can generate rocky waste that can be
reused and recycled, and this will create busi-
ness opportunities, as is show by examples
from historical and modern works, includ-
ing applications with positive environmental
impact. Since the transport and deposition
of waste in landfills involve significant costs,
its incorporation in other industrial process-
es could lead to the reduction of costs and
open new business opportunities, while re-
ducing the volume of extraction of raw ma-
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terials, preserving limited natural resources.
Thus, recycling of waste emerges as an op-
portunity to transform expense into profit.
Industrial corporations and researchers
have been looking for alternative uses of the
waste beyond their storing. These uses in-
clude construction of embankment fills and
road pavements and their use in building
materials such as additive for tile produc-
tion (Albarran-Lisoet al. 2006; Navarro et
al. 2008). Thus, it has been studied the use
of stone cutting wastes in several industries,
and mostly in the ceramic industry. A clear
example of this is the waste produced by
granite and marble cutting. These inexpen-
sive residues can be regarded as good sub-
stitutes for costly raw materials, preserving
mineral resources, solving environmental
problems and lowering production costs.
Granite has, as major constituents, feldspar,
quartz and mica, while marble is basically
constituted of calcite. Wastes of both rock
types can be classified as fluxes (they have
the potential to act as glassy phase formers
during the sintering process) improving the
sinterability of the clay material. The effect
of small additions to clay mixtures has been
investigated (Acchar et al. 2006), and it has
been observed that the final properties of
the fired products do not change drastically.
It has also been shown (Acchar et al. 2006)
that higher contents of marble and granite
rejects can be used to enhance the process-
ing of clay products, enabling firing at lower
temperatures. These materials also have a
non-plastic character. Thus, they can play
an important role as plasticity-controllers
during fabrication. In some similar tests,
it has been found that producing roof tiles
incorporating 10% of granite wastes results
in tiles of excellent properties. Therefore, the
sludge derived from the granite cutting and
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polishing industries can be classified as a
by-product suitable to replace natural non-
plastic raw material in traditional ceramic
formulations. Some rocky materials can
also be recycled in other building products
and even contribute to cement substitution
(Ramezanianpour 2014) with a global posi-
tive impact in terms of sustainability (as it
can contribute to CO2 emissions reduction).

We can consider two additional exam-
ples related to issues already discussed. One
example concerns using rocks as cool ma-
terials for stabilization of railway tracks by
avoiding terrain movements resulting from
thawing (Li et al. 2008). Another example,
related to thermal properties, concerns using
rock materials for energy production due to
their capacity for heat storage (Tiskatine et
al. 2016). There are also business opportuni-
ties related to stone reuse (there is commerce
of old stone, that sometimes can include ille-
gal operations, which can be considered also
a mark of reusability).

The use of underground space is a cur-
rent subject of study in urban areas due
to questions associated with space scarcity
(Bobylev and Sterling 2016) but there are
also several positive impacts related to the
occupation of natural and excavated cavi-
ties (including underground quarrying and
mining works) in rural regions. Natural and
excavate rock holes can pose a hazard to hu-
mans. So their occupation might treat two
issues. Using cavities diminish surface space
occupation and landscape impact. Besides
diminishing their sustainability impact, the
occupation of underground mining spaces
might even contribute to their economic vi-
ability. There are several other activities that
have been proposed for cavities (Broch 2016)
and one can highlight that natural and exca-
vated holes are being sought after for data
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centres (Miller 2009) because of thermal
conditions and even its ability to resist mili-
tary (even nuclear) attacks (but moisture can
be a particularly relevant problem for this
kind of use).

Another economically relevant perspec-
tive concerns touristic activity. Quarries ex-
pose rocks that would not otherwise be seen
and they often expose a range of rock types.
Moreover, quarries have fresh broken faces
which clearly display rocks features. There
are also opportunities for using mines as
exemplified by the coal mines of Meirama
and As Pontes (Northwestern Spain), which
were reintegrated in the landscape allowing
gap filling excavation by local waterways
and rain to get new lakes that can be used
with amusement purposes and water stor-
ing (Samper et al., 2008; Delgado-Martin et
al., 2015). Moreover, old Roman gold mines
that caused a strong damage to the land-
scape are an important source for tourism
mining archaeology in some parts of Spain
as occurs with “Las Medulas”, included
in the list of World’s Heritage since 1997
(Sanchez-Palencia et al., 2000).

Stone structures can be “windows” on
the local geology and be seen as a link to
nature, being useful for touristic promotion,
preferably not mass tourism but tourism
sensible to science and technical knowledge.
These “windows” on the geological environ-
ment can also have a value for teaching at
several levels, from primary school to col-
lege, which can be linked to tourism, for
educational activities for city dwellers.

Rock materials might indeed have the
highest touristic potential among building
materials as they can have unique (petro-
logical) features at a worldwide level. One
can also refer to the historical example of
the Orvieto caves in Italy (presently being
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used as touristic housing). These perspec-
tives (products, tourism, education) can be
extended to rock extraction, excavation and
stoneworks craftsmanship, as is illustrated
in Figure 4b (the building of a stone struc-
ture, selecting the appropriated material,
can be an experience in dealing with nature,
as is illustrated by a passage in Walden,
that classic work of sustainability literature,
Thoreau wrote “I laid the foundation of a
chimney at one end, bringing two cartloads
of stones up the hill from the pond in my
arms”). One might also risk saying that
stoneworks “age” better than other building
materials (and hence have a more longstand-
ing touristic potential).

There could be also some positive eco-
logical impacts. In EC (2010) is referred that
“If planned properly, modern non-energy
extractive industry (NEEI) activities can
actively contribute to biodiversity conserva-
tion”, and this documents presents diverse
examples illustrative of this claim.

5. FINAL CONSIDERATIONS

As can be seen in several examples,
quantitative assessments can be fraught
with complexities (see Pilkey and Pilkey-
Jarvis 2007) and the results will be largely
dependent on the importance attributed to
the parameters considered. Hopefully, this
qualitative analysis has contributed to es-
tablish a conceptual framework regarding
the parameters and relations to consider in
assessing rock materials sustainability. As
a grand final synthesis we will risk to say
that rock materials are potentially sustain-
able but the last word belongs to design op-
tions (and the coordination of those options
at several stages, “from cradle to grave” to
use a classic sustainability saying). Our fi-
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nal comments will be base around the three
components proposed by Finkbeiner et al.
(2010).

In terms of environmental impact our
main contention was that, for the conditions
involved in the uses presented here (that can
be summarised as “small and local”), impacts
will not be, in general, significant, given that
materials are used in the same natural con-
text and considering the low intensity of the
identified impacts. Rock extraction marks
and rock structures can be re-integrated in
the natural landscape (for the evaluation of
the visual impact it might be suitable to as-
sess the biological colonization rate in the
region) and it is assumed that there will be
an almost integral use of the extracted rock
materials. In an environmental hierarchy of
functional materials and structures, one can
defend that rock overcomes concrete, metals
and polymers. Timber could be considered
best from a renewable point of view but its
durability might affect its functionality and
it is necessary to assess the impacts related
to produce amounts of timber similar to
available stone. The promotion of the use of
rock materials can have additional positive
impacts as promoter of reuse and recycling
of rock wastes from other activities such as
roads, bridges, dams, etc. Given the environ-
mental costs of recycling (including trans-
portation to the recycling structure), the
promotion of a culture of rock use in loco
can help to reuse and recycle rock wastes
from other activities (roads, bridges, dams,
etc). However, the environmental impacts of
extraction operations and cave occupation
might become significant when they affect
sensible areas from an environmental or cul-
tural point of view. These can be considered
the main factors to analyse in a sustainable
assessment of rock materials for small struc-
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tures in rural areas, namely as they require
a detailed assessment at a small scale (since
small disturbances in specific spots can have
disproportionate effects, e.g., if they cause
disturbs in the recharge of springs or irre-
versible damage to cultural heritage or spe-
cific habitats of endangered species).

In terms of social impact one should not
ignore the cultural significance usually at-
tributed to rock structures and the processes
for their building. This is also a potential
field for applied psychology, as the decision
on whether stone weathering has positive
or negative effects can have sustainability
implications related to maintenance opera-
tions and the effects (valuing/penalising) on
the reusability and recyclability of stone. It
will be also interesting to assess how the new
uses of rock underground caves will affect
the legal management of underground space
and its impacts on regional communities.

Finally, regarding economic impacts, be-
sides potential contributions to the welfare
of isolated and depressed regions, there are
valuable touristic options regarding rock
excavations, increasing the visibility of the
geological background and contributing to
landscape visual diversity, and regarding
the cultural value of rock structures (both
in terms of materials and techniques). Ad-
ditionally, as was mentioned above, rock
cave spaces can have new uses that are re-
phrasings of old ones and these can present
a great strategic importance. The culture of
in loco rock use can also have economic im-
pact, as frequently the entity responsible for
building a given structure is legally bound to
deal with resulting wastes.

Our final paragraph concerns, albeit very
briefly, what could be considered the main
counterexample regarding rock materials sus-
tainability of rock materials: the case of the
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famous moai rock statues of the Rapa Nui in
Easter Island. Accepting the hypothesis that
this settlement collapse was due to excessive
resource consumption for making and trans-
porting the rock statues (see Rainbird 2002),
considering the tenets of this paper, we can
suggest that this was a question of scale and
location, as the number and size of statues
was excessive and resources were massively
consumed in their transportation. Hence,
this case can be considered to be outside the
“small and local” limits of our discussion.
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