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a  b  s  t  r  a  c  t

Slate  has  been  used  for centuries  as  a building  material,  and  many  historical  buildings  and  monuments
use  slate  in  roofs  and  structures.  When  slate  roofs  must  be totally  or partially  replaced,  the structural  and
aesthetic  integrity  of  the  building  as a whole  must  be guaranteed,  based  on both  international  criteria
for  restoration,  and  on  current  local  legislation  regarding  historical  buildings.  For  selection  of the most
appropriate  type  of  slate  to use  in  the  restoration  of  historical  slate  roofing,  we propose  the  following
steps:  a)  study  of  the roof’s  state,  b) spectrophotometric  determination  of the  texture  and  colour  of  the
original  slate, c)  petrographic  study  and  determination  of the  weatherability  of  the replacement  slate,
and  d) location  of  the  original  slate  quarry  area.  With  all these  data  it is  possible  to  choose  the most
suitable  type  of  commercial  slate  for replacing  the  original  slate.  Thus,  even  in  the  absence  of  historical
information,  with  this four-stage  process  a replacement  slate for building  restoration  can  still  be  selected
on clear  and  justifiable  grounds.  The  present  article  uses  this  methodology  to  examine  two  case studies
of  roofing  slate  restoration.

© 2013  Elsevier  Masson  SAS.  All  rights  reserved.

1. Introduction and research aim

Slate has been used as a building material in the Iberian Penin-
sula since the first stable settlements after the Neolithic revolution.
In the Portuguese region of Alentejo, slabs of slate were commonly
used as tombstones [1], and there are descriptions of ancient sites
with slate constructions in the northwestern area of the Iberian
Massif, now the largest area for roofing slate production in the
world.

The kingdom of Felipe II was a significant period in the his-
tory of slate as a building material in Spain. In 1559, the king,
fond of Flemish architecture, ordered that roofing slate be used in
a number of constructions, and, as a result, Flemish slaters were
brought to Spain [2]. The slate roofs on the most important monu-
ment from the period, the monastery of El Escorial, are particularly
impressive. Over the following centuries, with the new technical
improvements incorporated from the Flemish slaters, slate has fre-
quently been used as a roofing material in all kinds of buildings
across Spain, including many buildings that are now part of Spain’s
official architectural heritage.
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Thus, there are a huge number of buildings of the European
historical heritage made with slate roofs. This historical heritage
needs to be preserved, as a part of the national history of each
country. Also, the preservation of historical heritage involves an
economic benefit [3] for society, which should be taken into account
when facing a restoration project. As a general rule, restoration
work should only be carried out as a last resort, while respecting
the structural and aesthetic integrity of the entire building [4]. In
addition, the process of restoration must be documented in detail,
separating clearly new and original architectural elements.

The intrinsic waterproof properties of slate [5] impede penetra-
tion of consolidating products [6], and therefore damaged slates
often have to be replaced to preserve the health of the building.
In such cases, it is essential to maintain the external appearance of
the roof without altering its protective characteristics. This involves
respecting the original form of the structure, with the same roof
faces, same slopes and similar material. If the new slate is not from
the original quarry, the material should at least have the same vis-
ible characteristics such as colour, cut and texture. It may  even
be advisable seek improved qualities in terms of its function as a
roofing material.

Although slate is considered a strong, resistant material, on roofs
it is more exposed to environmental stress than in other parts of the
building. In the roofs of old buildings, partial or total replacement
of slates is sometimes necessary, although this must be done in
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accordance with structural and aesthetic considerations. Selection
of the most appropriate type of slate is essential when undertak-
ing the restoration of a historical roof [7]. This paper describes
the guidelines used for restoring the slate roofs of two different
historical buildings.

2. Experiment

2.1. Materials and methods

There are 12 slate districts in the Iberian Peninsula [8] (Fig. 1),
most of which have been quarried for hundreds of years [9]. The
largest slate districts are located in the northwest of the peninsula,
although historically the district of Bernandos was the most impor-
tant. Situated in the province of Segovia, the district of Bernandos
provided much of the slate for several historical buildings, such as
the Monastery of El Escorial, the Alcázar of Toledo and the Alcázar of
Madrid (no longer standing), all built under the kingdom of Felipe
II, and either totally or partially roofed with slate.

The slates used in historical buildings and monuments [10] are
generally rectangular, 30 × 20 or 27 × 18 cm in size, and from 4 to
7 mm thick.

2.2. Petrographic characteristics of roofing slate

Different types of rock are commercially exploited as roofing
slate, varying from shale to phyllite [11]. These types of rock are
mainly differentiated by the percentage of main minerals, although
the relationships between the original mineralogy and deforma-
tion processes are decisive for distinguishing between the different
types of commercial slates. Different spatial and temporal rela-
tionships between the constituent minerals and the deformation
processes lead to important variations between the rocks, and slate
from a particular district may  have unique characteristics. Slate is
made up of three main minerals: quartz, mica and chlorite, along
with some secondary and accessory minerals (Table 1, Fig. 2). The
microscopic texture is typically lepidoblastic, with a spatial dispo-
sition of planar minerals following one preferred direction, known
as the slaty cleavage [12]. Porfido-lepidoblastic texture is also quite
common, which is similar to lepidobalstic texture, but containing
large grains of quartz and/or chlorites (Fig. 2).

2.3. Mineral weathering in roofing slate

Changes in the appearance or consistency of roofs tend to be
the result of the weathering of carbonates and/or iron sulphides.
Weathering of carbonates leads to the precipitation of gypsum, as
the Ca2+ reacts with the SO2 in the atmosphere. Gypsum occupies
a larger volume and is more soluble than carbonates, and therefore
may  damage the internal cohesion of the slate tile. In addition, the
formation of gypsum can cause the slate to whiten. Iron sulphides,
on the other hand, affect the slate’s appearance as they decompose
into iron oxides, and stain the slate tiles and other elements below
them with characteristic red streaks. In this case, the cohesion of the
slate is not affected, only its appearance. When some tiles must be
replaced, it is important to consider the contents of carbonates and
iron sulphides, since weathering of these compounds may  modify
the new roof’s initial appearance. In structural terms, as a result of
these and other alteration processes, the slate will eventually begin
to flake [13], bringing about the subsequent disintegration of the
roof.

Table 1
Minerals in samples from each of the Iberian Peninsula slate districts, as identified
by  petrographical microscopy.

District Main minerals Accessory minerals

1 - Monte Rande Mica (40–45)
Quartz (25–28)
Chlorite (20–22)
Feldspar (5–10)

Rutile, tourmaline,
opaques, iron
sulphides

2  - Terra Cha Mica (40–50)
Clinochlore
(15–25)
Quartz (10–20)
Feldspar (15–25)
Carbonates (0–10)

Pyrite, tourmaline,
zircon

3  - El Caurel Chlorite (30–40)
Mica (30–40)
Quartz (15–25)
Feldspar (0–10)
Chloritoid (3–15)

Iron sulphides,
rutile, tourmaline,
opaques

4  - Los Oscos Chlorite (35–40)
Mica (30–35)
Quartz (15–20)
Feldspar (0–10)

Rutile (leucoxene),
smithtite, opaques

5  - Valdeorrasa Mica (30–50)
Chlorite (15–35)
Quartz (20–30)
Feldspar (0–10)

Chloritoid, Rutile
(leucoxene),
Tourmaline

Valdeorrasb Mica (35–45)
Chlorite (20–40)
Quartz (25–35)
Feldspar (0–15)

Zircon, opaques,
iron sulphides,
carbonates

6  - Alto Bierzo Mica (35–45)
Chlorite (35–43)
Quartz (20–25)
Feldspar (0–10)

Rutile, tourmaline,
monazite, zircon,
opaques, iron
sulphides,
carbonates

7  - La Cabrera Mica (35–45)
Chlorite (20–40)
Quartz (25–35)
Feldspar (0–10)

Rutile, tourmaline,
monazite, zircon,
opaques, iron
sulphides,
carbonates

8  - Aliste Chlorite (30–45)
Mica (35–40)
Quartz (5–20)
Feldspar (0–5)
Chloritoid (0–10)

Rutile, tourmaline,
zircon, opaques,
iron sulphides

9  - Bernardos Chlorite (35–40)
Quartz (25–35)
Biotite (20–30)

Rutile, zircon, iron
sulphides

10  - Villar del Rey Mica (35–40)
Quartz (25–30)
Chlorite (25–30)
Feldspar (0–5)
Chloritoid (8)

Rutile, tourmaline,
zircon, opaques,
iron sulphides

11 - Valongo Mica (40–45)
Chlorite (20–25)
Quartz (15–20)
Feldspar (10–20)
Chloritoid (16)

Rutile, tourmaline,
zircon, opaques,
iron sulphides

12 - Arouca Mica (35–40)
Chlorite (20–25)
Quartz (10–15)
Feldspar (10–20)
Chloritoid (18)

Rutile, tourmaline,
zircon, opaques,
iron sulphides

In brackets the average % intervals, calculated by semi-quantitative X-ray diffrac-
tion  analysis with the software Xpowder. The main minerals are listed by relative
abundance.

a Quarries in the Pizarras de Luarca Formation.
b Quarries in the Rozadais Formation.

2.4. Methodology for the restoration of slate roofing

2.4.1. Analysis of the state of the roof
The roof state of the art is achieved analyzing all their elements

one by one (the roof deck, the attachment system and the slates).
The roof deck is usually made of wood, and more rarely of plaster or
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