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Abstract

This study shows that the sandstone used in the construction of the Church of San Mateo in Tarifa (Cadiz, Spain) is highly sensitive to
processes of decay because of a combination of factors that are intrinsic and extrinsic to the material. The mineralogy, texture and porous system
of the sandstone and the proximity of the church to the sea all play a part in these processes. X-ray diffraction reveals that there are interstratified
chlorite/smectite clays among the minerals that make up the rock. These mixed layer clays have been shown to undergo hydric expansion. This
phenomenon may be accompanied and augmented by the presence of NaCl which acts as an electrolyte in osmotic swelling processes. Two
varieties of sandstone were used in the construction of the church, namely grey sandstone and brown sandstone. The latter is more porous
and undergoes greater hydric expansion, showing a higher degree of deterioration. Ultrasound analysis has demonstrated that both varieties
are anisotropic because they contain bedding planes and are affected by the preferred orientation of the phyllosilicates in the rock. The aniso-
tropic nature of these stones was confirmed by capillary suction tests. The capillary front reaches a relatively low height which means that when
water is absorbed, the anisotropic textural properties combined with the presence of chlorite—smectite mixed layers in the sandstone result in
mechanical (shear) stress between the first few centimetres of the wet stone and the dry area behind. The latter effect favours the development of
flakes, so causing the decay of the ornamental stone and the church facade.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction and research aims [2,3]. By isolating some of these variables we can focus our

research on analysing the decay process and thereby design

Historic monuments and buildings are subjected to a contin- conservation methods that can halt the deterioration of historic
uous process of decay over time which causes damage that is  buildings.

almost always irreparable [1]. In many cases the durability (as Most of the research on damage suffered by building stone

opposed to the alterability) of building materials is difficult to has focused on chemical processes such as the effects of atmo-
predict because of the large number of variables involved spheric pollution [4,5] or the dissolution of carbonate minerals
[6—8], on certain aspects of physical decay such as salt crystal-
lization [9] or problems of biodeterioration [10]. In contrast,

! & relatively little has been published on the phenomena associ-
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used in buildings [13,14—16]. In fact, in Central Europe (in
Germany, for example) clays typically appear as minor compo-
nents in heavily decayed sandstone constructions [17].

The aggregation/disaggregation or swelling/shrinking of
the clay particles occurs when these particles interact with
water causing a whole series of identifiable pathologies in
building stone [18]. A recent review of stone decay caused
by the expansion of clays was published by Delgado Ro-
drigues [13] who proposed a way of measuring the durability
of rocks by establishing an index of porosity, deformation by
swelling and resistance to compression. Different clays react
differently to hydric expansion, while the textural anisotropy
of clay-bearing stones appears to play a critical role on swell-
ing-shrinking related damage. Dunn and Hudec [19] have
demonstrated that rocks with up to 30% of certain clay min-
erals homogeneously distributed along the stone matrix proved
very resistant, while others in which clays were relatively
minor constituents, but preferentially oriented along bedding
planes, suffered serious damage. There is however very little
information about the relationship between a homogeneous
or anisotropic distribution of clays in a rock, its clay mineral-
ogy, and its decay due to hydric expansion.

Clays exist in a wide variety of rocks either as primary
(sedimentary rocks) or secondary components (magmatic
and metamorphic rocks) [13]. Sandstone is a sedimentary
rock with mineral phases that normally include clays.
Research has shown that the presence of these clays can affect
the durability of the stone [11,12,20—22].

The example presented in this article illustrates how differ-
ent factors, including the presence of clays, may combine to
produce serious decay in sandstone used in the construction
of important monuments in Spain’s Architectural Heritage.

One of the main objectives of our research was to identify
the causes of selective decay in the case of the Church of San
Mateo in Tarifa (Cadiz, Spain), which we believe would be
a worthwhile contribution to any future restoration work and
might be a representative example for understanding clay-
related damage of building stones. Our study seeks to establish
whether this decay was due to the intrinsic properties of the
building material (mineralogy, texture) or to factors that
were extrinsic to it (proximity of the church to the sea) or to
a combination of both. We also investigated the relationship
between the petrographic and physical characteristics of the
stone and its response to hydric expansion.

2. Materials and methods
2.1. Church of San Mateo

The Church of San Mateo is located in the centre of the
historic quarter of Tarifa (Cadiz, Spain) and is one of the
town’s principal monuments. The original structure in late
Gothic style was begun at the beginning of the 16th Century
and new parts were added in the 18th and 19th Centuries to
complete the church as we know it today.

Our research centred on the Puerta del Perdon, the grand
door of the main facade (south) known as the Fachada del

Fig. 1. View of the Puerta del Perdon of the Church of San Mateo in Tarifa.

Evangelio (Fig. 1) which, architecturally speaking, was built
in the Baroque style, although it has some neoclassical
decorative features.

Three types of ornamental rock were used in the construc-
tion of this door: limestone, calcarenite and sandstone. The
most widely used was sandstone which also showed the
most severe signs of decay.

Two different types of sandstone were used; one was light
brown and the other was of a darker, greyish colour. Both
varieties suffered the same forms of decay but damage was
more severe in the light brown stone.

This facade shows extensive crumbling and flaking [23].
The former typically involves the loss of large volumes of
sandstone, especially in sheltered areas such as below the
cornices (Fig. 2a). The stone loses fragments grain by grain
due to a lack of interparticle cohesion. In some areas honey-
combs are developed. In extreme situations hollows or small
cavities appear. The flaking process normally involves the de-
velopment of scales or flakes that are up to several centimetres
long, which are detached from the underlying healthy stone
(Fig. 2b).

In some places we observed flakes that follow the contour
of the worked surface of the stone, a phenomenon known as
“contour scaling” [24]. These flakes are normally several
centimetres thick and when the process is well-advanced, the
entire external layer is lost and the underlying rock is laid
bare. This underlying rock is either extremely crumbly or
shows serious scaling (Fig. 2c).

Some of the masonry work in sandstone also contains
fissures. At an early stage in the decay process these materials
have a fractured surface, almost as if they had “‘exploded”
(Fig. 2d). If this process continues the fractures get deeper
causing large amounts of stone to break off.

2.2. The ancient quarry

Most of the stone used in the building of the Church of San
Mateo came from a quarry situated about two kilometres
north-east of the town in the area known locally as the “Ca-
mino del Olivar”. The quarry has a vertical work face, with
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Fig. 2. Details of the Puerta del Perdon showing the high degree of decay of the sandstone: (a) crumbling; (b) flakes; (c) contour scaling; (d) fracturing.

a number of stepped levels which imply that it has been used
until relatively recently. The sandstone is clearly visible in
strata about 50 cm thick, which contain pronounced bedding
planes that enabled the extraction of blocks with dimensions
similar to those used in the ashlars of the church we are study-
ing. With the naked eye, it is possible to distinguish the vari-
eties used in the church: grey sandstone and brown sandstone.
Geologically speaking, the sandstones belong to the Algeciras
Unit of Oligocene-Aquitanian age [25]. This sequence is over
1000 m thick and contains micaceous, feldspatic and calcare-
ous sandstones and marls [26]. These rocks may contain dif-
ferent combinations of clay minerals [27,28].

2.3. Samples and analysis

The samples used were either small fragments (broken off
from the facade) of sandstone from the Puerta del Perdén or

large blocks from the quarry used for the characterization of
the stone. The mineralogical, petrographical and physical
properties of the samples were studied. The samples from
the Church of San Mateo were identified with the letter T
and those from the quarry with TC.

X-ray diffraction (XRD) was employed to identify the min-
eralogical composition of the sandstone. A Philips PW 1710
diffractometer equipped with an automatic slit was used.
The following conditions were applied: CuKa radiation,
40 kV, 40 mA, 3° to 60° 20 explored area and 0.1° 26/s goni-
ometer speed. The data were interpreted using the XPowder
software package [29].

& >20pm, 2 < I <20 um and I < 2 pm fractions were
separated in order to determine any mineralogical differences
between the different fractions and, at the same time, com-
pare the mineralogy of the samples from the quarry with
those from the church. The final aim of this analysis was to
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verify if it was possible to recognize a mineral phase (or
phases) that could have a negative effect on the durability
of the sandstone.

Carbonates were eliminated using a 0.2 N acetic acid
solution and the three fractions were separated using a Kubota
2000 centrifuge in the case of the <2 pum fraction, and the
gravitational method (Stokes’ Law) for the other two
fractions [30].

Oriented aggregates of air dried (AO), solvated with ethyl-
ene-glycol at 60 °C for 48 h [31] (AO + EQG), solvated with di-
methyl-sulphoxide at 80 °C for 72 h [32] (AO + DMSO), and
heated to 550 °C for 90 min [33] (AO + 550 °C) clay samples
were prepared for XRD analysis.

The mineralogy and texture of sandstone samples was fur-
ther examined using a polarized optical microscope (Olympus
BX-60) and a scanning electron microscope (SEM) Zeiss
DMS 950 coupled with Microanalysis Link QX 2000.

Elastic properties (the degree of compactness) of the sam-
ples from the quarry were studied using a Steinkamp BP5
ultrasonic pulse generator with 100 kHz transducers according
to ASTM D 2845 [34]. Total anisotropy (AM ) was determined
using the mathematical formulae proposed by Guydader and
Denis [35].

In order to assess the hydric behaviour of the stone from the
quarry, absorption [36], absorption under vacuum [37,38],
drying [39] and capillarity [40] tests were carried out on three
test samples per variety of sandstone. The open porosity and
the real and apparent density were calculated following the
UNI EN 1936 [41] normative. The specimens used for absorp-
tion and drying tests were cubic in shape with a 4 cm edge,
while those used for suction by capillarity were prism-shaped
(2 x 3 x 3 cm). The prism-shape (not considered in standard
test [42]) was selected to highlight the anisotropic behaviour
during capillary suction in three perpendicular directions
(number 1 corresponds to the direction of water capillary
rise perpendicular to the bedding planes in the sandstone;
and numbers 2 and 3 to the directions parallel to the bedding).
The last two directions were considered in order to single out
any linear preferred orientation of clay and/or quartz grains
along bedding planes.

In order to measure the pore access size distribution and the
open porosity of the sandstones from the church and from the
quarry we used a Micromeritics AutoPore IIT 9410 mercury
intrusion porosimeter (MIP). Three MIP measurements per
sample were made. Nitrogen adsorption was used to complete
the analysis of the micro and mesoporosity. Pore size distribu-
tion (PSD) in the range 0.0018—0.030 um was obtained by N,
adsorption (at 77 K) on an Autosorb-6 Quantachrome appara-
tus. PSD was calculated using the non-local density functional
theory considering a silica pore model.

Finally, the hydric swelling of the rocks was characterized
on prism-shaped specimens measuring 10 x 10 x 30 mm
(longest direction normal to de bedding planes). The vertical
deformation that occurred during the entry of water by capil-
larity in a direction perpendicular to the bedding plane was
quantified with a Sensorex LVDT-SX8 displacement sensor
(41 pum resolution).

3. Results
3.1. Mineralogy

The sandstones from the Puerta del Perdon and from the
quarry are practically identical from a mineralogical and tex-
tural point of view. This confirms that this quarry was indeed
the source of the stone for the church. Its most abundant phase
is quartz (70—85%), while feldspars, (10—25%), calcite (5—
10%) and phyllosilicates (<5%, mostly chlorite and musco-
vite) appear in smaller amounts.

It is important to point out that although the church is very
near the sea, and therefore exposed to the deposit of marine
aerosols, no traces of sodium chloride or other soluble salts
in the sandstone have been detected using XRD analysis. In
order to overcome possible limitations of this technique in
the detection of salt phases in very low concentrations, we
decided to try to extract NaCl using distilled water. We used
conductimetry to measure the concentration of salt in solution.
For this purpose we prepared a series of NaCl solutions with
known concentrations which we used as a standard for the
calibration of the conductimetry apparatus.

Conductimetric analysis of the sandstones from the quarry
(which were further away from the coast than the church and
therefore less exposed to salt deposits from marine aerosols)
showed NaCl concentration levels of 0.07 wt.%, whereas sam-
ples from the church ranged from 0.04 to 0.21 wt.%. These
figures indicate that a small amount of NaCl accumulated in
certain areas of the building, although this never exceeded
0.21 wt.%. However, salt crystallization as a direct cause of
damage seems improbable because of the relatively low
amounts of salts detected.

In all the samples from the quarry and from the church, we
observed a concentration of carbonates of around 10 wt.%.
They were dissolved in dilute acetic acid solution and not
counted in granulometric fractions. The stone from the quarry
is almost identical to that from the building. The clay fraction
amounts to average values of 7 wt.% which are very similar to
those for the silt fraction (around 5 wt.%). The sand fraction is
the largest with average figures of 88 wt.%.

XRD results indicate that the main mineral in the clay and
silt fractions from both the church and the quarry is a mixed
layer clay (probably corrensite according to the nomenclature
proposed by Bailey [43]), made up of at least two different
types of layers, chlorite and smectite, both with dyy, of ap-
proximately 14 A. The presence of mixed layer clays was con-
firmed by the appearance of reflections at 28 and 14 A (Fig. 3).
When heated to 550 °C a broad reflection at ~12 A appeared,
confirming the regular nature of the interstratified clay.
Furthermore, it was shown that the d-spacing for one of these
layers changed to 10 A (smectitic layer), while the other (chlo-
rite layer) remained at 14 A. After treatments with EG and
DMSO the dyy; and dyy, values remained at 28 A and 14 A,
respectively, or they expanded slightly, as can clearly be
observed in the displacement of the diffraction line at 7.13 A
with EG or at 29.4 A with DMSO treatment which confirms
the presence of a swelling clay mineral (smectite) in the mixed
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Fig. 3. Diffractograms of the clay fraction from the untreated sandstone (A),
heated to 550 °C (B), treated with ethylene-glycol (C) and dimethyl-sulphox-
ide (D). Mix. layer, mixed layer smectite-chlorite; Sm, smectite; Chl, chlorite;
111, Illite.

layer (Fig. 3). Illite was identified by a diffraction line at 10 A
which does not change with any of the treatments. We also
identified small amounts of chlorite and the presence of
kaolinite cannot be discarded (Fig. 3). The only difference
between the silt and clay fractions was that small amounts
of quartz were found in the silt fraction. No significant miner-
alogical differences were detected between the grey and brown
varieties of sandstone. However, it seems that chlorite shows
higher levels of decay in brown sandstone which is evidenced
by a broadening of the diffraction peaks caused by a reduction
in the crystallinity. This decay is commonly associated with
the presence of Fe in the structure. Furthermore, Fe can be
released and oxidized and gives the host material a slightly
reddish-brown colour.

3.2. Texture

Due to the high concentration of quartz and smaller amounts
of feldspars and other lithic fragments (Fig. 4a), the sandstone
can be classified in petrological terms as arkose [44]. The quartz
crystals are angular to subrounded in shape. They are surrounded
by feldspars (partially altered to sericite), phyllosilicates and
interparticle calcareous matrix that appears in sparse, unevenly
distributed amounts. Quartz, feldspar and some phyllosilicate
crystals are around 350 pm in size (Fig. 4b). No bioclasts were
observed and some macropores can be recognized.

The phyllosilicates basal planes are normally placed parallel
to the stratification planes. Fractures can appear parallel to these
planes and are manifested macroscopically in the form of scal-
ing and flakes. In some cases quartz- and feldspar-rich layers can
be identified alternating with other layers rich in phyllosilicates.

Fig. 4. Optical microscope images of the sandstones (crossed nicols). (a) Crack
development in the sandstone from the monument; quartz and feldspar crystals
are recognizable. (b) General view of a sandstone sample from the quarry
where muscovite sheets and a high concentration of quartz crystals can be
identified.

As mentioned previously, the samples from the quarry, both
grey and brown stone, have similar composition and texture to
those from the monument. However, unlike the samples from
the monument, quarry samples do not contain fractures.

Under the SEM it is possible to observe subangular grains
of quartz and feldspar (the latter showing signs of alteration)
surrounded by a clay matrix (Fig. 5a). Clay minerals of up
to several micrometres in size appear which are flat in shape,
like small flakes or curled leaves piled up according to their
(001) basal planes (Fig. 5b). These curled-leaf shapes are
typical of smectites [20,45].

3.3. Dynamic parameters
Table 1 shows the results of ultrasound analysis of the two

varieties of sandstone (grey and brown) sampled from the
quarry. The brown variety shows slightly lower Vp values
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Fig. 5. SEM photomicrographs of the sandstone. (a) Interparticle position of
the clay minerals. (b) Curled-leaf shape of smectites.

than the grey variety, which could imply lower mechanical
resistance.

It is important to note that the sandstones show an
extremely high total anisotropy (AM ). This is because of their
very marked bedding planes and because of the orientation of

Table 1
Average velocities for the propagation of ultrasonic Vp pulses (in m/s) and
values for total anisotropy (AM, in %) in the sandstone samples from the
quarry

Ve V2 Vp3 AM
Grey 2123 £+ 136 3100 £ 119 2765 £+ 135 276 +£28
Brown 2039 4+ 68 2935 +94 2853 + 73 295+ 14

the crystals (mostly phyllosilicates) previously observed under
optical and SEM microscopes.

This marked anisotropy is accentuated due to the fact that
the clays lie flat in a parallel position to the bedding planes.
In these conditions we would expect flakes to form during
wet/dry cycles, as clays are very sensitive to this kind of
change [13,46]. Therefore, it is possible for these flakes to
break off or become detached along these planes of weakness
as can be seen in the sandstone from the building.

3.4. Hydric properties

In order to understand the alterability of building materials
it is essential to determine the speed and the amount of water
that penetrates and leaves the porous system [38,47]. Fig. 6
shows the absorption/desorption curves for the two sandstone
varieties found in Tarifa that show quite similar behaviour. In
just 24 h the samples are almost saturated with water. The
brown sandstone absorbs slightly more water (see values for
Ap and Ay, Table 2), a fact that may suggest a greater suscep-
tibility to decay of these samples as we have shown before.
Given their low porosity (Pa), the amount of water absorbed
is small (around 4%).

It is important to point out that grey and brown sandstones
show only very slight variations in porosity between the differ-
ent blocks of stone. Table 2 shows that the grey variety of
sandstone is less porous than the brown one.

The drying behaviour of the two stone types is very similar,
as can be seen in the drying index data (Di, Table 2). It is im-
portant to stress that the first stage of drying, in which weight
loss is linear against time (“‘constant rate period”’ [48]) is quite
short (it lasts about 10 h). However, the stage of drying due to
transfer of water vapour from inside the pores to the surface of
the samples (““falling rate period™ [48]) is relatively long (sev-
eral days). This suggests that the phenomenon of clay swelling
and/or dissolving of the carbonated cement may be significant.
However the drying time, in absolute terms, is not excessively
long, which indicates that the wet-dry cycles may easily occur

0.04 1

0.03 1

0.01 1

L] L] L]
0 100 200 300 400
T (hours)

Fig. 6. Weight change due to absorption and drying of the grey (discontinuous
line) and brown sandstone (continuous line) vs. time (in hours).
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Table 2
Average hydric parameters for the sandstones from the quarry after absorption-
drying tests

Grey Brown
Ay 3.82 £0.09 4.09 + 0.46
Ar 3.87 £0.10 4154048
Ca (x1073) 0.15 £ 0.01 0.16 £0.03
Di 0.66 £ 0.01 0.64 £ 0.01
Pa 8.48 £ 0.86 11.18 £ 0.21
Pa 2.44 £ 0.01 2.39 £0.05
Pr 2.70 £ 0.01 2.65 +0.03

Ay, absorption (%); As, absorption under vacuum (%); Ca, Absorption coeffi-
cient; Di, drying index; Pa, open porosity (%); p,, apparent density (g/cm®); p,
real density (g/cm?).

in a short period of time for example on a daily basis, some-
thing that results quite devastating for this type of stone.

The capillary rise tests (Fig. 7) confirmed the anisotropic
nature of the sandstones previously observed with ultrasound
analysis. In both varieties of stone absorption speed and
amount of water absorbed is lower in the direction perpendic-
ular to the stratification (Face 1) when compared to the direc-
tions parallel to the bedding planes (Faces 2 and 3). In
addition, comparing the graphs for the brown and the grey
stone, the latter shows a smaller variation in weight (W(?)/S)
between the curve for Face 1 and the curves for Faces 2 and
3. These results suggest that the bedding planes are more
highly developed in the brown sandstone due to a clear con-
centration of phyllosilicates/clay minerals along these planes.
This leads to higher levels of anisotropy, something that is
congruent with the higher AM value in this variety (Table 1).

The capillary rise (Fig. 7) is relatively low. These results
show that, once the water is in contact with the sandstone it
only penetrates the most superficial areas of the rock, namely
the first few centimetres below the surface. This means that
between the wet area and the dry inner part, a discontinuity
is created in which mechanical stress phenomena can occur.
Such stress phenomena will contribute to the development of
fracture planes parallel to the surface, especially in blocks

6000 ey
— 4000 -
5
£ 3
7]
= 2
—
Z 2000
1
ﬂ T T T T T 1
0 100 200 300 400 500 600

Square root of time [s"°]

that are laid with the bedding planes parallel to the exposed
face. This type of behaviour explains why contour-scaling is
such a widespread problem in this building. On the other
hand, cracks normal to the exposed surface will develop
upon drying, as observed on different areas of the building.

3.5. The porous system

Table 3 shows the results of the MIP porometric analysis of
samples from both the church and the quarry. Note how P, p,
and p, values measured with this technique are somewhat dif-
ferent compared to those of hydric tests (Table 2). However,
this seems reasonable given that we are considering liquids
(water and mercury) with dissimilar physical properties.
Porosities measured after MIP analyses might be higher than
those calculated from hydric test results [38].

The samples from the quarry show higher porosity values in
brown sandstone (up to about 15%) than in grey (less than
10%), confirming the results obtained in hydric tests. The
pore access size distribution is polymodal in the material
from the quarry with distribution maxima at around 0.02,
0.5 and 100 pm, with the main group being those of 0.5 um
(Fig. 8), i.e. pores with radius less than 1 pm.

Both varieties show a similar fraction of micro-mesoporos-
ity, which is typically related to the clay mineral fraction [49].
The pore volume fraction obtained with nitrogen adsorption
was 0.011 cm?/g for the brown stone and 0.007 cm®/g for
the grey (Fig. 8). We should point out that in terms of pore dis-
tribution the two samples of grey stone (from the church and
from the quarry) are more similar than the brown stone
samples.

We observed that the damaged materials (from the church)
showed substantially higher porosity values than those from
the quarry. The average porosity values for the samples from
the church were 15—20% higher than those from the quarry.

Regarding the pore access size distribution, the most striking
feature is the appearance of a third type of pores with an access
radius between 10 and 50 um in the damaged samples (Fig. 8).

6000 - Brown
3

— 4000 2
£
£
D
o !
e e ————
= 2000

n T T T T T 1

D 100 200 300 400 500 600

Square root of time [s™7]

Fig. 7. Capillarity curves of the sandstone (weight change vs. time in hours). Face 1, direction of propagation of the water perpendicular to the bedding planes;
Faces 2 and 3, direction of propagation of the water parallel to the bedding planes.
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Table 3
Average results of the porometric analysis (Hg porosimetry) of the sandstone
from the building (T) and from the quarry (TC)

Sample S Pa Pr P
Grey T 585+£0.66 221+0.04 250+0.02 1148+1.23
Brown T 6.53 £048 2.09+0.07 251+0.02 16.70+3.10
Grey TC 6.05+0.76 228 £0.01 2.52+0.01 9.49 + 0.67
Brown TC 696 £039 2.15+0.09 251+0.01 14.54+3.26

S, surface area (mz/g); Pa, apparent density (g/cm3); Py, real density (g/crn3); P,
porosity (%).

These pores correspond to both fissures that appear in flaking
areas, and pores created by the dissolving of calcareous cement.
The new family of pores (those measuring between 10 and
50 um) facilitates the penetration of fluids (gases and liquids)
into the rock, and thus, conditions its behaviour with respect
to most of the damage mechanisms in which water is involved
[50]. Moreover, the increase in porosity (P, Table 3) contributes
directly to the poor mechanical behaviour of the rock [51].
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Fig. 8. Cumulative mercury intrusion curves and pore size distribution curves
obtained by nitrogen adsorption and mercury intrusion porosimetry for the
brown and grey varieties of sandstone.

3.6. Hydric expansion

During the test the sandstone samples were partially satu-
rated, thus, the water moved through the rock by capillary
forces. Fig. 9 shows that the brown sandstone (Al
lo ~ 0.004 mm/mm) expands about 10 times more than the
grey (Al/ly ~ 0.0004 mm/mm). This is due to the textural dif-
ferences between the two varieties: the brown sandstone is
more porous than the grey, allowing for larger amounts of wa-
ter to interact with the minerals that make up the rock (in par-
ticular the expansive mixed layer clays); the swelling minerals
in the brown sandstone tend to be located in the bedding
planes, something uncommon in the case of the grey sandstone
which has a similar concentration of clays, however, more
evenly distributed within the rock. The concentration of the
clay minerals along the bedding planes leads to a higher
capillary suction speed in the brown sandstone, especially in
directions parallel to the bedding planes (Fig. 7). These char-
acteristics result in a lower mechanical resistance, which we
had deduced from its dynamic behaviour (Vp values, Table
1). The brown sandstone will be, therefore, more susceptible
to decay caused by water-related expansion-contraction cycles
than the grey stone.

4. Discussion and conclusions

The Tarifa sandstone is a relatively non-porous stone;
however, the majority of the pores are very small (less than
1 um) and it can therefore be classified as a microporous stone
according to the classification proposed by Esbert et al. [38].
Experiments have shown that rocks with a high volume of
pores with a radius of <1 um are easily affected by salt crys-
tallization or by freeze—thawing [52]. However, freeze-thaw-
ing is not an issue in Tarifa [53], and salts appear in very
low concentrations. Thus, the main decay phenomena to which
the stone in this building is subjected are processes of physical
alteration which cause the development of fissures or fractures,
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Fig. 9. Kinetics of relative hydric expansion (A//ly) during the rise of water by
capillarity.
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normally parallel to the exposed face of the stone. The appear-
ance of pores and/or fissures with an access size between 10
and 50 pm result in a significant increase in the open porosity
and in a general mechanical weakening of the stone (which
means that the decay process will continue at an ever-increas-
ing rate). The main decay mechanism is the swelling (or ex-
pansion) and shrinking of the clay minerals that form the
cement or the matrix of the sandstone. XRD data revealed
that there are mixed layer clays made up of chlorite and smec-
tite. In the presence of water the latter may undergo intracrys-
talline swelling. In addition all clay minerals, including
chlorite + illite, may be subjected to osmotic-type swelling
processes, if the pores in the rock contain an electrolyte in
solution [54]. NaCl is one of the most effective electrolytes
in osmotic swelling of clays [55], and this salt has been found
in the sandstone, albeit in very small amounts. Fig. 10 shows
the processes of intracrystalline and osmotic swelling in clays:
(a) solely the “smectite type’” suffers intracrystalline swelling,
increasing the basal spacing d (d, > d;) as the ions (in this
case Na ions) situated in the interlayer are hydrated; (b) parti-
cles from any type of clay subjected to processes of osmotic
swelling due to differences in the concentration of Na ions be-
tween the clay particles and the pores in the rock (C; >> C5).
In order to even out these concentration differences (C; — C»)
water enters the pore space between particles and separates
them due to osmotic expansion.

Sodium chloride, instead of causing decay by inducing salt
crystallization pressure in the pores of the sandstone, as has
been reported for similar materials [53], seems to play here
a significant role in the swelling processes undergone by the
clays. The salt reaches the building in the form of sea spray,
a very common phenomenon in this coastal area that is almost
constantly buffeted by strong East and West winds.

The hydric behaviour of the sandstone favours the capillary
absorption of water to depths of up to 1—2 cm inside the rock.
This means that when condensation occurs (normally every
night) or when rain falls directly on the walls (wind-driven
rain), the first few centimetres of the rock may experience
a volume increase (the clays expand) creating an area of ten-
sion (with the resulting development of fractures) between the
wet zone of the stone and the dry zone behind it. Swelling
stresses lead to the development of scales and flakes as well

as contour-scaling. Once the external wet layer has dried
(evaporation due to the action of the sun, temperature increase
during the day, and/or evaporation accelerated by the effects of
the wind), the clays contract causing the appearance of drying
or retraction fractures perpendicular to the surface as observed
all over the facade of the church.

It is important to point out that the flaking and scaling
processes are very closely related to the structural anisotropy
of the stone. Studies carried out with optical microscopy and
ultrasound analysis as well as the capillarity rise test have
shown that this type of sandstone has a very pronounced
orientation of the phyllosilicates which are oriented with their
basal planes parallel to the original sedimentation beds. These
planes are particularly sensitive to flaking and/or scaling, as
they act as planes of weakness. This characteristic is more
pronounced in the case of the brown sandstone because it
suffers greater hydric swelling due to its higher porosity and
the concentration of phyllosilicates in the bedding planes.
This variety also shows lower mechanical resistance than the
grey stone, something which can be deduced from the velocity
of the ultrasonic waves (Vp Table 1). Thus, the brown
sandstone will be less resistant towards mechanical action of
hydric expansion-contraction processes as can be observed
in the building where it decays at a faster rate than the grey
variety.

In conclusion, the interaction of the following variables,
i.e. water, swelling clays and NaCl, together with the high
degree of anisotropy of this building stone, causes severe
decay problems to the building. The most effective strategy
for the conservation of this material would therefore be
controlling these variables to minimize or prevent future de-
cay and damage to the stone. This conservation strategy
must above all seek to prevent the water from penetrating
into the pores in the rock by implementing barriers (e.g. hy-
drophobic coatings), reduce the amount of NaCl in the pores
for example by poulticing and increase the mechanical resis-
tance of the sandstone in areas of severe decay using suitable
consolidants.

The results we have obtained make an important contribu-
tion to the study of decay of sandstone in historic buildings,
and may facilitate the choice of the most suitable restoration
method for the Church of San Mateo in Tarifa.

a
a 1
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Fig. 10. Diagram of the processes of intracrystalline swelling (a) and osmotic swelling (b) of the clays. d, basal spacing of the clays; C, concentration of Na ions.

Modified from Madsen and Miiller Vonmoos [56].
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