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Abstract Salt weathering is a crucial process that brings
about a change in stone, from the scale of landscapes to
stone outcrops and natural building stone facades. It is
acknowledged that salt weathering is controlled by fluctu-
ations in temperature and moisture, where repeated oscil-
lations in these parameters can cause re-crystallisation,
hydration/de-hydration of salts, bringing about stone sur-
face loss in the form of, for example, granular disaggre-
gation, scaling, and multiple flaking. However, this
‘traditional’ view of how salt weathering proceeds may
need to be re-evaluated in the light of current and future

S. McCabe (X)) - B. J. Smith - J. J. McAlister -

M. Gomez-Heras - D. McAllister - P. A. Warke
School of Geography, Archaeology and Palaeoecology,
Queen’s University Belfast, BT7 INN Belfast, UK
e-mail: stephen.mccabe@qub.ac.uk

S. McCabe
Northern Ireland Environment Link, 89 Loopland Drive,
BT6 9DW Belfast, UK

M. Gomez-Heras
Escuela Técnica Superior de Arquitectura (UPM),, Madrid,
Spain

M. Gomez-Heras
Instituto de Geociencias (CSIC-UCM), Madrid, Spain

M. Gomez-Heras
CEI Campus Moncloa, UPM-UCM, Madrid, Spain

J. M. Curran
Consarc Design Group Ltd, Belfast, UK

P. A. M. Basheer
School of Planning, Architecture and Civil Engineering, Queen’s
University Belfast, BT7 1NN Belfast, UK

climatic trends. Indeed, there is considerable scope for the
investigation of consequences of climate change on geo-
morphological processes in general. Building on contem-
porary research on the ‘deep wetting’ of natural building
stones, it is proposed that (as stone may be wetter for
longer), ion diffusion may become a more prominent
mechanism for the mixing of molecular constituents, and a
shift in focus from physical damage to chemical change is
suggested. Data from ion diffusion cell experiments are
presented for three different sandstone types, demonstrat-
ing that salts may diffuse through porous stone relatively
rapidly (in comparison to, for example, dense concrete).
Pore water from stones undergoing diffusion experiments
was extracted and analysed. Factors controlling ion diffu-
sion relating to ‘time of wetness’ within stones are dis-
cussed, (continued saturation, connectivity of pores,
mineralogy, behaviour of salts, sedimentary structure), and
potential changes in system dynamics as a result of climate
change are addressed. System inputs may change in terms
of increased moisture input, translating into a greater depth
of wetting front. Salts are likely to be ‘stored’ differently in
stones, with salt being in solution for longer periods (dur-
ing prolonged winter wetness). This has myriad implica-
tions in terms of the movement of ions by diffusion and the
potential for chemical change in the stone (especially in
more mobile constituents), leading to a weakening of the
stone matrix/grain boundary cementing. The ‘output’ may
be mobilisation and precipitation of elements leading to,
for example, uneven cementing in the stone. This reduced
strength of the stone, or compromised ability of the stone to
absorb stress, is likely to make crystallisation a more
efficacious mechanism of decay when it does occur. Thus,
a delay in the onset of crystallisation while stonework is
wet does not preclude exaggerated or accelerated material
loss when it finally happens.
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Introduction

“...questions associated with prospective geomor-
phological consequences of contemporary climate
change have received far less attention than they
deserve” (Church 2010, 281).

This paper seeks to explore the ways in which climate
change is likely to impact on salt weathering (a key process
in stone decay, weathering and geomorphological activity
as a whole) in temperate climates where seasonality of
precipitation is projected to increase throughout the
twenty-first century (Smith et al. 2011a). There is a
growing recognition among environmental geomorpholo-
gists, perhaps especially those involved in the heritage
sector (Viles 2002; Hall 2009) that there is a need to
understand change “not just in a dynamic world, but in a
world where the nature of the dynamics is constantly
changing” (Smith et al. 2008, 455). Weathering processes
are an appropriate place to tackle this issue, as weathering
is the ‘initiator’ of change in stone (both on buildings and
in natural landscapes). In the context of stone decay in the
built environment, salt weathering is perhaps the most
ubiquitous decay process. In light of recent research into
climate change impacts on decay (see for example, Viles
2002; Smith et al. 2004, 2011a; Brimblecombe and Grossi
2007), consideration of how this process in particular may
change will be key to understanding stone (particularly
sandstone) response to shifting climatic trends.

Geomorphological studies have long considered envi-
ronmental processes in the context of systems (Chorley and
Kennedy 1971; Schumm 1979; White et al. 1992). In any
environmental system, there are controls that play a major
role in determining system behaviour (Gregory 2010). In
the case of porous stone in the presence of soluble salts,
temperature and moisture have been highlighted as crucial
controls/drivers of decay (Turkington et al. 2002). Any
change in these controls is likely to result in a change in
inputs to the stone decay system (in terms of moisture and
salts), a change in storage (how long and how deeply
moisture and salt may move into stone), and a change in
outputs (alteration of the material over time). Of course,
many natural systems are non-linear in nature, where small
changes in inputs may result in a disproportionate change
in output and overall system behaviour (Viles 2005).

“Weathering studies continue to be characterised... by
uncertainties and gaps in knowledge” (Smith 2009). When
it comes to projected climate change impacts on weath-
ering systems, uncertainty abounds at each stage—not only
in terms of how the climatic data is dealt with (choice of
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GCM, emission scenario, downscaling protocol, see for
example, Crawford et al. 2007), but also in terms of
‘downscaling’ in an attempt to understand what a specific
change in climatic controls may actually mean at process
and mechanistic levels (McCabe et al. 2011a). Making the
‘leap’ from climate data to stone decay processes is another
area of inherent difficulty in terms of uncertainties, gaps in
present knowledge and method. Thus, in his classic volume
on microclimate, ‘the Climate Near the Ground’, Rudolph
Geiger discusses how ambient climate data is an abstrac-
tion, designed to tell the user what a specific parameter will
be at about the height of a human being walking down a
street— “the meteorological station is thus ‘representative’
of a wider surrounding area, and the climate thus measured
is that experienced by a man walking upright” (Geiger
1965, 1). Consequently, it is with caution that such data is
applied to, for example, stone surfaces and/or interiors. In
fact, there is a wealth of data demonstrating that natural
rock surfaces and building stone surfaces do not necessarily
follow the same patterns as the ambient temperatures to
which they are exposed (see Jenkins and Smith 1990;
Smith and Warke 1997). Ambient air temperatures, whilst
providing information on the climate history of a given
area, cannot necessarily be used to illustrate or characterise
the weathering regime of a given environment— “such
undertakings are meaningless for they take no account of
rock warming by the sun [or] rock to rock variations
resulting from albedo affects” (Hall and Andre 2001, 24).
Thus, ambient temperatures and stone surface/subsurface
temperatures are not the same thing, and should not be
treated as such. The same principle may be applied to
moisture—the relationship between rainfall and moisture
flux within the stone is not straightforward (depending on,
for example, aspect, wind direction and speed, and the
connected porosity/water absorption capacity characteris-
tics of the stone, surface modification of the stone). Though
the relationship is complex, internal stone moisture data
has shown that prolonged periods of rainfall over succes-
sive days can bring about ‘deep wetting’ in stone to a depth
of >25 cm from a building stone surface (see McAllister
et al. 2011) in wet conditions in the west of Northern
Ireland. Of course, dampness is already a major issue in
natural stone buildings—a complex and widespread prob-
lem with a huge economic impact (Oliver 1988), which
may only become more pressing in the coming decades.
Given the difficulty of extrapolating wider climatic data
to stone microenvironments and interiors, when it comes to
understanding how future climate change regimes may
impact decay processes such as salt weathering, a
thoughtful approach is needed—essentially, to ‘get inside’
the stone; conceptually and experimentally. “In exploring
the impacts of climate change on stone-built structures,
there is a need to ‘downscale’, not only in terms of climatic
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projections to the site scale, but experimentally to inves-
tigate impact at process and mechanistic levels” (McCabe
et al. 2011b).

Conceptualising the process change

The ‘traditional’ view of how salt weathering proceeds
(Smith et al. 2002, 2008) is based on the frequent wetting
and drying of stone in the near-surface zone, where repe-
ated crystallisation and expansion/contraction of salts
breaches strength thresholds—for example, at grain
boundaries, causing granular disaggregation and salt
efflorescence (see Fig. 1). There are some variations on
this where salts may produce scaling or multiple flaking,
depending on the speed at which the stone surface is dried
(Smith and McGreevy 1988; Huinink et al. 2004; Rodri-
guez-Navarro and Doehne 1999; Smith et al. 2011b). These
views of salt weathering and associated decay forms have
led to models of sandstone decay based on episodic retreat
(especially in a building stone context), where a stone
surface may appear stable and quiescent for a long period
of time, until the stresses caused by accumulated salts
breach the stone strength threshold and material loss is
triggered (Smith et al. 2002).

However, as climate change scenarios are being incor-
porated into models of deterioration, this picture of epi-
sodic decay may warrant change or modification (see for
example, Smith et al. 2011a). Increased winter rainfall
means that stone may remain damp for long periods during
winter months and beyond: “periods of quiescence may be

Fig. 1 A ‘traditional’ view of salt weathering damage, where
frequent wetting and drying cycles bring about granular disaggrega-
tion on the surface

longer than before. The outer zone of the block may
experience regular wetting/drying cycles, but the block
interior may only experience wetting/drying in response to
seasonal cycling. Thus, while the onset of surface decay
events may be delayed, when they do occur their severity
may be increased as a result of deeper penetrating salts and
enhanced surface/substrate heterogeneity” (Smith et al.
2011a, 1698).

If blocks are to remain damp for longer, as evidence
from the NW UK increasingly suggests, it may be possible
that blocks could experience saturation over the course of a
winter (Smith et al. 2011a; McAllister et al. 2011). In this
context, ion diffusion may be particularly important as a
mechanism for salt transport (when there is no or little bulk
water movement). lon diffusion describes the mixing of
molecular constituents in response to a concentration gra-
dient. In porous media, ions will diffuse from areas of high
concentration to areas of low concentration until equilib-
rium is reached (whereupon diffusion ceases).

The implications of such a salt transport mechanism for
weathering have been outlined by Smith (2009): “this
process could lead to complex, three dimensional distri-
bution of salts throughout a rock mass and also facilitate
chemical reactions with rock constituents”. Potential
implications of ion diffusion for decay are related to the
consequences of sandstone blocks being saturated by a
saline solution for extended periods. “Weakening of rock
structure may... be accomplished in quartz sandstone by
selective silica dissolution wunder saline conditions,
revealed as solutional etching on grain surfaces” (Smith
2009). The increase in solubility of quartz grains and
amorphous silica cements with increasing pH is well
established (Goudie 1997)—common evidence is provided
in, for example, the formation of silicate deposits within
the evaporate sequences of alkaline lakes (see Eugster
1967, 1969). Thus, the solubility of silica may increase
dramatically above pH 9 (Young and Young 1992), and
less developed crystalline structure may be more suscep-
tible even at a lower pH. It is true that salt weathering is yet
“incompletely understood” (Doehne 2002, 51), and a
better understanding, or even a raising of awareness, of the
potential chemical impacts of salt in solution is an
important way forward.

This paper, then, seeks to make links between climatic
inputs into the stone decay system, and how changes in
those inputs may alter how the process of salt weathering
proceeds, both in terms of the transportation of salts to
depth in blocks (by ion diffusion), and also in regard to the
potential for chemical alteration in the stone matrix (by
analysis of pore water after stone exposure to an electrolyte
solution). It is crucial to understand the factors by which
diffusion is controlled or encouraged within these stones
so that potential changes in salt weathering patterns
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accompanying increased time of wetness may be identified
and understood.

Methods
Materials

The sandstones used in experiments were Peakmoor
Sandstone, Locharbriggs Sandstone and Scrabo Sandstone.
These stone types commonly used across the NW of the
UK, one of the areas where winter rainfall is projected to
increase, and time of wetness in stone may increase as a
response. Petrographic analysis was carried out on thin
sections with a polarising optical microscope (see Fig. 2).

Locharbriggs is a Permian red very fine to fine grained,
moderately well sorted immature litharenite with sub-
angular to angular grains, well-developed iron oxide
coatings and syntaxial and silica cement. Rock fragments
correspond to highly weathered metamorphic and volcanic
rock. Metamorphic rock fragments form a muscovite
pseudomatrix locally when deformed by diagenetical pro-
cesses. This rock is quarried from Dumfries and Galloway
(Scotland) and has 15.8 % porosity accessible to water and
4.57 % (by wt) water absorption capacity.

Peakmoor is a Carboniferous, buff, well-cemented,
medium grained, moderately to well sorted sub-litharenite
with subrounded to rounded grains. Rock fragments cor-
respond to igneous rocks formed by quartz, potassium
feldspar and biotite, in the main. This rock is quarried from
Derbyshire (England) and has 16.5 % porosity accessible
to water and 4.45 % (by wt) water absorption capacity.

Scrabo is laminated up to thin section scale. It is Triassic
buff to pink, very fine to fine grained, well sorted, visibly
very porous sub-arkose to arkose with lenses of smectite. It
has a high content of opaque minerals (iron oxides and
hydroxides mainly) and presents zircon, tourmaline and
apatite as accessory minerals. This rock is quarried from
Down (Northern Ireland) and has 22.4 % porosity acces-
sible to water and 10.12 % (by wt) water absorption
capacity.

Mercury porosimetry

Connected porosity was characterised by means of mercury
intrusion porosimetry (MIP) with an Autopore IV 9500
Micrometics mercury porosimeter. The pore size charac-
terisation ranged from 0.001 to 1,000 um, which corre-
sponds, respectively, to pressures from 15 to 60,000 psi.
MIP was performed on small irregular rock samples of
approximately 6.5 cm®. In addition to overall connected
porosity and pore size distributions, other parameters
related to solution movement were calculated with the
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Fig. 2 Crossed-polar photomicrographs of the 3 experimental sand-
stones. a Locharbriggs, b Peakmoor, ¢ Scrabo. See text for
petrographic description

results from this technique, such as specific surface and
tortuosity. For the tortuosity, values obtained directly from
the data reduction software of the Micrometrics MIP
Autopore IV were used. These values are calculated
through Hager’s (1998) modification of Katz and Thomp-
son (1986) expression as described by Webb (2001).
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Ion diffusion cell experiment

Salt concentrations in this diffusion cell experiment were
determined by ascertaining pore water salt concentration
from a ‘real-world’ building stone, exposed in Belfast
(a polluted, maritime environment) (described by McCabe
et al. 2011a). A 0.15 M solution was used for NaCl, while a
0.02 M solution was used for CaSO, (combined for a
mixed solution experiment).

To achieve sample saturation (necessary for the diffu-
sion experiment to work), sandstone cores of the stones
described above (50 mm thick, 100 mm in diameter) were
placed in a vacuum desiccator with both ends of the core
exposed. The pressure was reduced to 10-50 mbar and
held steady for 3 h. Deaerated deionised water was added
until the core was completely immersed. This vacuum was
maintained for a further hour before allowing air to re-enter
the desiccator after which the core was left for 16 h.

The diffusion cell experiment is based on studies carried
out by Poupeleer et al. (2003). It operates by setting up a
concentration gradient in the stone core that salts diffuse along
until equilibrium is reached. The experimental set-up is
illustrated in Fig. 3. Salt solution was placed in cell A and
deionized water in cell B. A sandstone core saturated in
deionized water was placed between the two cells. This core
remains saturated for the duration of the experimental run, as
salts diffuse from cell A, through the stone core, to cell B.
Sampling from cell B at intervals, the concentration of chlo-
ride (and/or sulphate) can be determined in that cell using an
ion chromatograph (IC). In this way, the diffusion of salts
through the saturated stone can be monitored and quantified.

The experiment set-up requires the following assump-
tions: (1) the solution in the cell outside the stone sample is
well mixed (this can be achieved with magnetic stirrers
within the cells—see Fig. 3. (2) The water within the
matrix of the core is immobile (i.e. the stone remains sat-
urated). (3) The temperature of the solutions in the cells is
constant (achieved by carrying out the experiment within a

Climatic cabinet (constant temperature 25°C £ 1)

Silicone seal Sampling port
| i,
Cell A Stone CellB
(Salt solution) sample (Hy0)

“~ Magnetic stirrers ~~

Fig. 3 Diffusion cell experimental set-up

climate cabinet). (4) Sorption is negligible (not necessarily
true with mineralogically complex sandstones).

Pore water analysis

Following the diffusion cell experiment, samples (stone
cores) were crushed to remove the pore water. To achieve
this, the sample was loaded to a maximum of 300 tonnes
(at 5 tonnes per hour). Once this was completed, the load
was removed and the pore water collected in a sealed
container to avoid loss and contamination.

Pore water from this sample was tested for pH, anion
analysis (using IC) and cation analysis (using AAS),
allowing, to some extent, an ‘inside the stone’ perspective
on the process (thought future work will explore this fur-
ther using sequential extraction techniques—see for
example, McAlister et al. 2003). A colorimetric technique
was used for the detection of silica in pore water. This
spectrophotometric method for analysing dissolved silica is
based on the reaction between silicic acid and ammonium
molybdate to form a yellow complex. The molar absorp-
tivity of the complex is low and this is overcome by
forming a reduced blue complex with oxalic acid and
metol-sulphite solutions. This reaction prevents the
reduction of excess molybdate and interference from
phosphate. Absorbance is read at 810 nm.

Results
Mercury porosimetry

As observable in Table 1 and Fig. 4, Scrabo presents the
highest overall connected porosity, with a marked bias
towards larger pore sizes and very low specific surface
(which means fewer surfaces to “attract” ions in solution if
the surface presents free charge). This matches with the
thin section observations of the open and relatively direct
porosity (Fig. 2). Locharbriggs, on the other hand, presents
the lowest values of overall connected porosity, the highest
values of tortuosity and specific surface and the smallest
average pore sizes of the three sandstones. This is caused
partly by the diagenetical processes that compressed and
disaggregated the mica-based metamorphic rock frag-
ments, generating a pseudomatrix that both clogged the
pores and made the pore system more convoluted. These
parameters might be expected to exert significant control
on the diffusion process.

Diffusion cell experiments

Figure 5 shows the diffusion of salt solutions (0.15 M
NaCl alone, and 0.15 M NaCl mixed with 0.02 M CaSQO,)
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Table 1 Porosity Parameters (MIP)

Locharbriggs Peakmoor Scrabo
Connected Porosity (%) 15.58 16.37 28.25
Micro < 5 pum (% of total 48 51 34
porosity)
Macro > 5 um (% of total 52 49 66
porosity)
Specific surface (m?/g) 1.58 0.93 0.70
Tortuosity 26.40 5.24 14.98
Average pore diameter 4 V/A 0.18 0.31 0.46
(nm)
Apparent density at 1,14 psi (g/  2.20 224 3.52
cm® )
Real density (g/cm3) 2.61 2.68 4.90

through different sandstones. Results show that diffusion
happens more rapidly in the Scrabo Sandstone, while the
process seems suppressed in the case of Locharbriggs.
Consistently, the presence of the CaSO, in solution appears
to slow down the diffusion of NaCl, which is relatively
rapid in the single-solution experiment over the period of
the experimental run.

Locharbriggs
12
g 10
5 \
5
- 8
>
(=
=]
2 .
E
£
o 4
=
s
g 2
=
o
0
0,001 0,01 0.1 1 10 100 1000
Pore size (um)
Scrabo
40
35
30

25
20
15
10
5 /\/\J

0.01 01 1 10 100
Pore size (um)

Cumulative intrusion volume (%)

1000

Pore water chemistry

Table 2 shows the pH, Si, cation and anion results from
analysis of the extracted pore water from each of the dif-
fusion cell experiments.

Though at a low concentration, the presence of Si in
the pore water is significant in demonstrating that it is
being brought into solution (and experiencing limited
re-distribution—Si was detected at 0.66 ppm in cell B in the
Peakmoor Sandstone NaCl experiment) in the presence of
electrolytes (see for example, Dove 1999). Background
Si in deionized water after preparation of the cores was
not greater than 0.2 ppm, demonstrating that the Si has
originated from the stone (rather than the input salt
solution). It suggests that the dissolution of silica (pos-
sibly amorphous) from the sandstone matrix may be
taking place over a period of just 3 months with realistic-
strength salt solutions (although simple leaching may also
play a role). Pore water results from all cores (following
the diffusion experiment) indicate that the highest con-
centrations of salts were held in the cores themselves (i.e.
in the pore system). The pH of this pore water was
recorded and shown in Table 2—often pH is quite
strongly alkaline (over 8 in most cases), confirming that

Peakmoor

Cumulative intrusion volume (%)

0,01 0,1 1 10 100
Pore size (um)

1000

Fig. 4 Cumulative intrusion volume, from mercury intrusion porosimetry tests
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Fig. 5 Ion diffusion (0.15 M NaCl alone, and 0.15 M NaCl mixed
with 0.02 M CaSO,) through different sandstone cores demonstrated
in the increased ion concentrations in cell B: a NaCl through
Peakmoor Sandstone, b NaCl 4+ CaSO, through Peakmoor

Time (hours)

Sandstone, ¢ NaCl through Scrabo Sandstone, d NaCl + CaSO,
through Scrabo Sandstone, e NaCl through Locharbriggs Sandstone,
f NaCl + CaSO, through Locharbriggs Sandstone

Table 2 pH, Si, cation and anion results (ppm) from analysis of the extracted pore water from each of the diffusion cell experiments

pH Si Ca Mg Na K Fe Cu  Mn Zn Cl S04 NO3 F
Locharbriggs (NaCl) 9.5 124 6 0.3 1,900 150 0.06 O 0 0.2 3323 103 23.1 72.65
Locharbriggs (NaCl + CaSO4) 7.3 042 150 3.6 1,800 180 0.05 O 0.2 0.9 2,847 609 829  49.03
Peakmoor (NaCl) 8.12 14 27 39 4500 37 0 0 0.06 0 3,175 294 102 23
Peakmoor (NaCl 4+ CaS0O4) 9.3 14 15 4.1 1,900 38 0.2 0.1 003 O 3,580 703 132 67
Scrabo (NaCl) 103 146 28 1.7 900 38 6.2 04 0 0 4,318 143 0 6.23
Scrabo (NaCl 4+ CaSO4) 7.9 025 45 16 840 49 013 01 042 0 4011 716 74 6.3
silica dissolution is likely to occur. Mg and K show  Discussion

variable levels of dissolution and mobility (perhaps
related to weathering of clays and feldspar in the dif-
ferent stone types).

The experiment carried out is the traditional approach of

engineers seeking to investigate how long it may take for
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chlorides to reach rebars in concrete structures. As stone
decay scientists, however, we want to ‘see inside’ the
stone—for example, what elements within the stone does
the salt solution mobilize? IC analysis of the pore water has
shown that, by the end of the experiment, the highest
concentrations of salts were held in solution within the
stone core. The experimental run took place over a
2-month period. Clearly it is difficult to extrapolate this to
stones with a long and complex exposure history. However,
diffusion through blocks is likely due to long periods of
block saturation (or near-saturation) (see for example,
McAllister et al. 2011), and alteration of the material may
be much more significant that what is implied in this short-
term experiment (also bearing in mind declining stone
strength over a long exposure period).

Controls on diffusion

What is controlling diffusion in the different sandstones, in
terms of the transportation of salts to depth?

1. The continued saturation of the cores drives the
process and ensures that it continues (although diffusion
can occur in any wet area to mix molecular constituents).
This is essentially an external driver of change, but related
to and mediated by internal stone characteristics, such as
the connectivity of pores. Thus, saturation is likely to
depend on the stone being subjected to enough consecutive
wet days to maintain wetness. However, even if the sur-
face/near-surface zone is allowed to dry out, there can still
be a significant reservoir of moisture at depth in the stone
(see McAllister et al. 2011). While it is likely that evapo-
rative flux will exist in the near-surface zone (i.e. absolute
saturation may be rare), deep internal wetness may remain
and drive chemical action in the stone interior (Srinivasan
et al. 2009; Smith et al. 2011a). Where a moisture gradient
is present in a stone block, it will encourage the ingress of
moisture to depth, toward achieving equilibrium across the
block (provided that moisture supply is maintained).

2. Pore connectivity/tortuosity—the connectivity of pores
is the physical control that allows ions to move through the
stone along the concentration gradient. However, pore
connectivity can change as weathering proceeds (McCabe
et al. 201 1b)—especially where salt solutions are near sat-
uration and may crystallize out, blocking pore throats.

“The length of the tortuous path through the pores to get
from A to B (in particular from one side of a block of
material to another) may be much longer than the direct
distance AB... tortuosity has nothing to do with the size of
the pores but entirely depends on the connectivity of the
pore system” (Hall and Hoff 2012, 24-25). The tortuosity
value (Table 1) brings to light the relationship between
porosity and permeability (knowing the connectedness of
pores does not give us an understanding of the tortuous
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route that moisture/ions actually make though the pore
system—the tortuosity describes how the pore system and
its connectedness is configured) and therefore, the higher
the tortuosity, the higher the interaction between grain
surface and salt solution. Ionic diffusion will be slowed if
ions in solution tend to adsorb to grain surfaces. So, in
general, the less interactions between grain surfaces and
salt solutions the quicker ion diffusion may be (this is the
likely scenario for Scrabo Sandstone, which shows a higher
rate of diffusion over the period of the experimental run).
Conversely, pore systems with high surface areas will be
more prone to have slower ion diffusion rates, as there is a
higher chance of surfaces reacting with salt solutions. For
the same reasons, smaller pores will also favour a slower
movement of ions (this is the likely scenario for the tor-
tuous route through Locharbriggs Sandstone).

3. Mineralogy—as one would expect with sedimentary
stones, there will be variability in mineralogy depending on
provenance and diagenesis. The importance of micas and
clays should be noted in terms of their potential to ‘fix” ions
in the interlamellar spaces of their structure. There might
be evidence of this in both Locharbriggs and Scrabo. As
mentioned elsewhere, diagenetical processes in Loch-
arbriggs disaggregated the mica-rich metamorphic rock
liberating a pseudomatrix that in addition to contributing to
decreased porosity and increase tortuosity may also con-
tribute to adsorption of hydrated ions and therefore
decrease even further the overall diffusion process. This
might also be the case of smectite lenses in Scrabo, thus
making sense of the apparent disparate higher pore water
concentrations of Na, Cl, Ca and SO, in the case of the
Scrabo stone core. Although micas are also observed in
Peakmoor, these are “trapped” within the granitic rock
fragments, and do not exert the same influence.

The presence of iron oxides and hydroxides and the way
they are distributed may also play a role in controlling
diffusion. Iron oxides and hydroxides are commonplace in
sedimentary building stones and are often an aesthetic
cause for their selection due to the deep red and yellow
colours that iron oxides and hydroxides can generate at the
surface. Iron minerals may be present as grains dispersed
through the rock or as grain coatings. Depending on this,
diffusion will be modified. Grain coatings modify both the
free charges on the pore surfaces and the contact angle
(wettability) between the salt solutions and the silicate
grains in comparison to sandstones without grain coatings.
Grain coatings are formed by iron oxides and hydroxides
and they show intense variability in their contact angle with
water (e.g. Iveson et al. 2004). The adsorption capacity of
silicates is also modified by the existence of grain coatings.
The studied samples (Fig. 2) show three different scenarios
in relation to grain coatings and the presence of iron oxi-
des. Peakmoor does not show abundant iron minerals,
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Locharbriggs shows well-developed iron oxide and
hydroxide coatings and Scrabo do not show developed
coatings, but a lot of iron oxides and hydroxides dispersed
throughout the stone.

4. The behaviour of the different salts (anions and cations)
in solution under pore conditions. This is a complex area of
work, and can be difficult to investigate. Rodriguez-Navarro
and Doehne (1999) have stated that the physical character-
istics of a salt solution within porous media will influence
how weathering proceeds. In each of the sandstones, the
presence of CaSO, appears to slow down the diffusion of
NaCl. The authors suggest that this may be a physical effect,
if the near-saturated CaSQ, is coming out of solution under
pore conditions—i.e. it is likely that the CaSO, is crystal-
lizing out in pores even though the stone core is saturated
(due to the very low solubility of CaSO,). This would then
block pore throats, slowing down the diffusion of the NaCl.
The available data suggests that this is the case (Fig. 5).

5. Sedimentary structural controls—Locharbriggs
Sandstone has a higher water absorption capacity than
Peakmoor Sandstone (connected porosity very similar in
the MIP data), implying greater connectivity in the pore
system. Yet the rate of diffusion is lower in this sandstone
core. This may be due to high levels of tortuosity and
abundance of micropores, but is also likely to be related to
structural controls—Locharbriggs sandstone is heavily
bedded, and salts needed to diffuse through several bedding
layers perpendicular to the concentration gradient. A future
test would run bedding parallel to the diffusion gradient,
perhaps allowing faster diffusion.

Changes to the system and future questions

The introduction to this paper described salt weathering in
terms of environmental systems. We return to that theme
now to briefly discuss how the factors considered in the
paper (in terms of block saturation and ion diffusion) may
change the dynamics of the stone/salt system.

e [nputs—increased moisture input means a greater depth
of wetting front (so long as the moisture supply is kept
up), and greater facilitation of salt ingress into block
interiors.

e Storage—salts may be held in storage differently, in
terms of being in solution for longer. This has myriad
implications in terms of the movement of ions by
diffusion (along 3-dimensional gradients, rather than
the simplified ‘uni-directional’ gradient encouraged in
this study) and the potential for chemical change in the
stone (especially in more mobile constituents), leading
to a weakening of the stone matrix/grain boundary
cementing. High alkalinity is observed in the pore
water chemistry—in some cases, above pH 10. There

are obvious implications for weathering—even in this
relatively short experimental period, it is clear that the
material is undergoing alteration in the presence of
moisture and soluble salts. The potential mobilisation
of elements that are traditional viewed as stable is
noted—the bringing of Si into the pore solution, even in
small amounts, is significant for long-term weathering
and decline in the ability of the stone matrix to resolve
stresses with material loss.

e Qutput—the ‘output’ may be mobilisation and precip-
itation of elements leading to, for example, uneven
cementing in the stone. As already outlined by Smith
et al. (2011a), this reduced strength of the stone, or
compromised ability of the stone to absorb stress, is
likely to make crystallisation a more efficacious
mechanism of decay when it does occur. Thus, a delay
in the onset of crystallisation while stonework is wet
does not preclude exaggerated or accelerated material
loss when it finally happens.

In any environmental system, there is the potential for
the establishment of feedback, where one variable in the
system impacts on others, which in turn changes the original
variable—changes in a system will be echoed by changes in
morphological structure, which, in turn, can alter how the
system operates, changing the inputs (Chorley and Kennedy
1971). Surface moisture will encourage colonisation by
algae and other biological agents (Cutler and Viles 2010)—
which may aid in moisture retention at and below the sur-
face for several reasons. First, the organisms can retain
moisture at the organism/stone interface (Gorbushina
2007), and second, the surface growth will reduce the per-
meability of the stone surface, reducing the stone’s ability to
‘breathe’ properly. This can interfere with the natural dry-
ing process, trapping moisture and soluble salts in the stone
interior (see for example, McCabe et al. 2006).

Many historic sandstones have, of course, already
undergone surface modification, so there remain a number
of research questions regarding understanding how stone
with a long and complex exposure history (and hence
surface modification) may respond to climate change and
‘deep wetting’ (in terms of subsurface response) in relation
to the process of salt weathering. There is thus a need for
further investigation into the following areas:

e How does surface alteration caused by climate change
(for example, algal growth, weakening and surface
loss) impact subsurface patterns of moisture and salt
distribution?

e How does climate-driven surface change alter albedo
and sub-surface temperature patterns?

e How do surface treatments designed to minimise the
impact of climate change alter subsurface patterns of
moisture and salt distribution?
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e How deeply may salts diffuse through stone over a
6-month period? What is the chemical impact of such a
period of saturation?

e How does rapid summer drying impact the crystallisa-
tion and distribution of salts within historic stone?

Research to answer these questions is underway, and
seems crucial to understanding the changing dynamics of
stone systems and the management of stone heritage under
present and future conditions in much of the UK and NW
Europe.

Conclusions

Those studying geomorphological and stone decay pro-
cesses should have an awareness of the dynamism of the
systems they deal with, in response to environmental and
climatic change. The way in which processes act to bring
about change will inevitably shift as a result of/response to
control-shifts. This paper has looked at one process that is
likely to change in particular regions—with implications
for building stones (and, by extension, stone in the natural
environment).

Greater moisture input into stones is likely to place
emphasis on the diffusion of ions through stone, potentially
to depth. Although in saturated media it is easier to ‘force’
rates of ionic transport through ‘unidirectional’ models (as
in the present study, setting up a strong gradient from cell
A to B), it perhaps ignores more complex factors such as
gravitational effects. From the results, it seems the move-
ment of ions in natural building sandstones is more com-
plex than simply moving continuously through an inert
‘pipe’ of connected pores—the concentration/accumulation
of ions inside the pore systems suggests that there are extra
factors that an unidirectional model can not predict/detect
(these experiments are using this 1D kind of assumption).
Stone saturated with a saline/electrolyte solution may be
subject to incremental chemical changes that, when placed
in the context of complex stress histories, are significant in
contributing to decay. The potential for silica mobilisation
(and other constituents) under alkaline pore water condi-
tions has been highlighted, with implications for long-term
stone durability associated with uneven silica cementation
(see for example, Nespereira et al. 2010).

In an attempt to address some complex questions on the
potential impact of climatic change on the process of salt
weathering, the authors are aware that this may have asked
and raised further questions. We are hopeful that this will
open up a potentially fruitful avenue of enquiry in the future.
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