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 Abstract
Headstones located at St Mary’s churchyard situated in Scarborough, UK were photographed with a scale and measurements taken of 
distinctive wick tides. These were measured at maximum height on the front of headstones. Out of 339 headstones photographed in this 
study, 76 (22.4%) had (distinctive) lens-shaped wick tides. Measurements of maximum wick height were acquired both through photographic 
means and compared with some field-based measurements. Topography was also photographically assessed as well as examined remotely 
using online-accessible Google Earth satellite images. The photographic measurements in the current study were very comparable to those 
attained either in the field or remotely. It can be concluded based on the findings of this study that digital photography can be manipulated to 
acquire accurate measurements of such physical attributes affecting headstones as cultural heritage landforms located in an urban churchyard. 
The level of accuracy possible in this study was within a 5% error margin, which is adequate for most research purposes.
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Introduction

Goudie [1] coined the term “wick effect” to refer to the 
upward movement specifically of dissolved salt within the 
rock fabric that leads to salt crystallization and its impact 
through cycles of wetting and drying. The expansion of salt 
as it crystallizes adds pressure to the interior of the rock fabric 
and causes physical stress on the material and, hence, physical 
weathering. This material strain leads to cracking and flaking 
as well as other features of physical deterioration that are 
associated with physical strain. In salt-ridden environments, 
such as coasts, moisture is an important contributor to rock 
weathering through dissolved salt crystals and its ingress 
into materials, followed by its desiccation due to exposure to 
sunlight and wind, and the expansion of the solution (a liquid 
brine) that is involved in the salt-induced fragmentation of 
rocks [2]. Disintegration occurs, even if only in the form of 
fog precipitation, affecting sodium chloride [3] in the rock to 
add pressure internally and impose an intrinsic factor in stone 
decay. A salt weathering test, for instance, that examined the 
impact of the rise of saline solution in materials, including 
mortars as well as masonry blocks, found that salts do indeed 
rise through them and crystallize, causing decay, which can 
only be deterred through the addition of an air-entraining agent 
[4]. Previous studies, for instance by [5], promoted the use 
of cement-lime mortars to act as an impermeable lime layer 
between porous stones in masonry structures.

Porous materials are particularly susceptible to capillary rise 
and have been investigated through various methods more 
recently, such as infrared imaging [6]. In addition to laboratory 
testing, including capillary rise tests, this work has also 
incorporated outdoor thermographic surveys performed non-
destructively on historical structures [7]. Others have similarly 
engaged in such in situ evaluation, as through the application 
of the Washburn model of water capillary rise to imaging data 
[8]. Further work [9] employed magnetic resonance imaging 
(MRI) to test the Washburn model for capillary rise in order 
to test the impact of surface treatments on the imbibition of 
water into Lecce stone. These researchers measured the height 
of the wetting front reached in each stone sample as a measure 
of capillary absorption (sorption or sorptivity) affected by the 
treatment.

Of petrophysical properties, rock strength was discovered to be 
most important in the prediction of salt weathering [10]. [11] 
studied the Postumius Tomb in Carmona (Seville, Spain) and 
found that, among 600 tombs, it was most severely affected 
by salt damage (and is highly susceptible to salt deterioration) 
due to its porous fabric that promotes capillary rise as well as 
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water condensation that was least evident in summer months. 
D’Agonstino [12] more recently examined the Cathedral of 
Lecce, Italy and its crypt beneath the ground. She employed 
the sharp front theory of rising damp driven by capillary rise 
and lost through evaporation. Relevant variables in this system 
included the height of capillary rise, which was thought to be 
controlled by microclimatic and meteorological variables, 
such as temperature, relative humidity, and air (wind) speed, 
as well as the importance of potential evaporation [13]. Other 
researchers identified heat, moisture, and ion transport in 
addition to (in-pore) crystallization as field-relevant factors 
affecting (outdoor) salt weathering [14]. Espinosa-Marzal [15] 
performed salt weathering tests on limestone and observed the 
dissolution of thenardite and precipitation of mirabilite that 
caused the stone to expand under the pressure of salt, which 
imposed mechanical stress and affected its elasticity. Hence, 
they attributed the breakdown of porous materials (limestone) 
to crystallization (crystal growth) and the pressure exerted 
on pore walls that ultimately induces stress in the material 
exceeding its tensile strength. A pressure in the order of 10–
20 MPa was observed, which is known to exceed the tensile 
strength of most stones [16]. This researcher also observed 
(during continuous capillary-rise experiments) that sodium 
sulphate was more damaging than sodium chloride and that 
all damage attributable to cycles of (salt) impregnation and 
drying was evident in the former and not in the drying process, 
where crystallization is known to occur driven by evaporation.

Even though the height of moisture rise was assessed for 
monoliths and masonry structures (walls) in southern 
England and Athens, Greece [13], few (Known) authors have 
specifically examined the weathering of headstones with a 

focus on the capillary rise of moisture. The purpose of this paper 
is to contribute to the literature on photo-based quantification 
of rock monuments, in this case limestone and sandstone 
headstones located in an English urban churchyard. This 
research employs a quantitative approach in geomorphology 
and weathering science through the provision of measured wick 
marks. Specifically, a quantitative photogeomorphological 
approach is adopted, as measurements are derived from 
digital photographs taken in the field in order to preserve 
the record and visually convey the extent of capillary rise 
in these stone markers. Stone type, predominantly limestone 
but also sandstone, is considered for this churchyard, as it 
affects the physical properties of the fabric. Alongside this is 
topography of the local landscape (in the churchyard) as well 
as microclimate and the orientation of headstones.

Materials and Methods
The churchyard of St Mary’s Church located at Scarborough, 
UK was visited in summer months in 2007, 2010, and again 
most recently in (June) 2015 in order to photograph and 
measure properties of its upstanding headstones contained in  
three sections. Section 1 was situated to the west of the church; 
Section 2 to the south; and Section 3 to the east (Figure 1). 
For simplification, even though the field record is segmented, 
it will be treated as one extensive unit. Close-up images were 
captured with a digital camera, using a pen for scale in the 
photographic surveys. These images were referred to later 
when a desk-based analysis was performed and measurements 
of wick tides (the wetting front, cf. [9]) were derived then in 
order to save time in the field. Distinctive (lens-shaped) wick 
tides were identified and measured at maximum height on 
the front of photographed headstones (Figure 2). They were 

Figure 1: Google Earth image conveying the three major sections at St Mary’s churchyard in Scarborough, UK.
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also measured using metric tape in the field, where there were 
distinctive wick marks in June 2015. At this time, topography 
was also briefly assessed in the field using a photographic 
approach and a short transect compared with a Google Earth 
satellite image that was employed to quantify topographic 
change (gradient) in that section (Section 3) of the churchyard 
(see Figure 1). This information was denoted on the bottom 
(towards the right) of the image, which included elevation in 
meters; by hovering over parts of the image, where gradient 
was measured in the field, it was possible to derive elevational 
change or gradient for the sample of headstones in this study. 
This was limited to the top 1 m of the slope in Section 3, where 
the majority of headstones were located in that part of the 
churchyard.

Results
Out of a total of 339 headstones photographed in this research, 
76 had identifiable (distinct) wick tides. This represents 
22.4% of all headstones contained in the entire churchyard. 
Importantly, wick height was greatest in Section 3 on average 
(24.3 cm), followed by Section 2 (21.6 cm), and lowest in 
Section 1 (16.1 cm). The range of values appears in Figure 3. 
For this reason, this section of the churchyard was revisited 
most recently to derive gradient measurements in the field in 
order to discern whether wick height was affected by gradient, 
specifically in Section 3 of the churchyard (see Figure 3).

These churchyard sections comprised of limestone and 
sandstone headstones to varying degrees. Specifically, 

sandstone was most apparent in Section 3 (18 out of 30 
headstones or 60%) and to lesser degrees in the other sections 
(7 out of 30 or 23% in Section 1; and 4 out of 16 or 25% in 
Section 2). It is interesting to observe from Figure 4 that the 
minimum values of wick height decreased (from 4.8 to 4.0 to 
3.8 cm) as gradient increased. The lowest range was at 3 m in 
Section 1.

Discussion
Studies have been performed that test for the impact of 
block size on salt ingress into sandstone. [17], for instance, 
examined surface permeability in salt weathering simulations. 
They tested sandstone blocks of different volumes exposed 
to salt weathering cycles up to 60 cycles. These researchers 
discovered an initial decline in permeability that was associated 
with pore blocking by salts. Volumetric differences in the 
groups of blocks affected capillary conditions, with smaller 
volume blocks enabling the faster migration of salts to the back 
of blocks. In the current study, the (descending) headstone 
volumes were 83,164.3 cm3 (Section 3), 67,963.7 cm3 (Section 
2), and 56,021.5 cm3 (Section 1). Wick heights were greatest 
(on average 24.3 cm) in Section 3, where there were the 
greatest headstone volumes; these decreased with volume, so 
that Section 1 had the shortest average wick height (16.1 cm). 
It appears that the pore space in smaller blocks fills up faster, 
leading to faster ingress; but capillary pressure and suction may 
actually be augmented with increasing volume (which would 

Figure 2: Typical digital photograph of a headstone, including 
pen for scale, used to measure wick tides.

Figure 3: Gradient change (1 m = Section 3; 3 m = Section 1; 
and 6 m = Section 2) and wick height throughout the various 
sections of the churchyard.

Figure 4: Headstone height versus wick height throughout 
the various sections of the churchyard.
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also affect weight). This is also evidenced by headstone height 
(in addition to volume), with on average shorter headstones 
(in Section 1) having a corresponding shorter wick height 
than taller headstones (in Section 2 and especially Section 
3). An alternative explanation could be pore clogging, which 
interferes with solution transport and is affected by pore-size 
distribution in porous materials as well as salt properties [18]. 
These authors attributed a small pore size (in limestones) 
to increased susceptibility to pore clogging, although 
salt behaviour (in the crystallization of halite, thenardite/ 
mirabilite, and epsomite) can dominate. Perhaps the size of the 
stone is not as important as crystallization (affected by type 
of salt and dilution) and pore clogging as well as pore size, as 
these intrinsic factors could limit the extent of penetration of 
saline solution into the medium regardless of monument size. 
[19] advocated that both salt type and rock properties govern 
the damage pattern, with sodium carbonate, sodium sulphate, 
and magnesium sulphate being most damaging. In their study, 
microporosity was the most influential rock property, hence, 
making pore-size distribution an important consideration in 
salt uptake and damage.

Workers have employed a variety of approaches, instruments, 
and conditions, including environmental factors, in their 
research of stone decay at the coast. Using 5 and 15% solutions 
of magnesium sulphate and sodium chloride, [20] used a 
portable probe permeameter to track changes associated with 
permeability, including those associated with porosity and 
salt movement as well as texture. Other researchers, such as 
[21], have conveyed results based on simulations that reveal 
the influence of extrinsic factors through (non-destructively) 
measured acoustic emission activity in stone that suggest that 
environmental conditions, such as higher drying temperature 
(of 50ºC) and higher relative humidity (99%), affect gypsum 
crystallization depth (deeper into samples). Sea spray, 
including calcium and sodium sulphates, at the coast enter into 
the pore network and lead to salt crystallization in microcracks 
and at grain boundaries, even where porous material (tafoni) 
is protected (as by overhangs) and not directly exposed to 
rainfall [22]. Other researchers, for example [23], have found 
that microfissures are important for stone decay in  association 
with crystallization pressure exerted by the growth of salt 
crystals. Macrofissures, on the other hand, do not contribute 
as much to decay, since they can accommodate crystal growth. 
Nevertheless, fissure density as well as a high porosity both 
reduce rock durability. [24] also investigated the effects of 
porosity and fissuration (of Portuguese granites) and found 
that the type of cracks (whether intergranular, intragranular, 
or transgranular) mattered. Their linear crack density index, 
which is defined by the number of cracks per length unit, 
indicated a greater material loss with higher linear crack 
densities. The authors recommended avoiding using granites 
with effective porosities greater than 3% in either polluted or 
coastal environments.

Capillary rise is a known mechanism for the penetration of 
water into building materials, with moisture height abiding by 
the Darcy law and capillary-rise height affected by the average 

pore radius, r [25]. This indicates that the type of material (rock 
type) will also affect the height of capillary rise and, thus, the 
wetting front or wick tide. In the current study, two major rock 
types were observed (limestone and sandstone), with greater r 
values expected for the sedimentary rock comprising coarser-
grained sediment (sandstone). The results support this, as 
sandstone headstones had a higher wick tide (and limestone 
a lower wick tide) than expected (Table 1). Researchers 
who experimented on porous sandstone discovered that, in 
conditions where there is a constant supply of moisture, drying 
enhances capillary rise through stone blocks [26] and this is 
perhaps linked with internal pressure loss within the rock 
associated with drying (and salt crystallization) and the suction 
produced in this process, drawing up more moisture from 
the ground. Other researchers [27] have already considered 
the role of pore diameter and found that a greater proportion 
of larger pores (as resulting from the weathering process), 
actually reduces capillary action (in marlstone). In their 
experiments, they discovered almost double surface porosity 
following weathering simulations that did not increase water 
uptake associated with capillary rise, except where there was 
salt crystallization. Another experimental study on limestone 
of low porosity examined surface roughness and its impact 
on salt weathering in coastal environments. They discovered 
that stone polishing, which induces a smoothing of surfaces 
(reduced surface roughness) reduces luminosity and chroma, 
but also reduces salt crystallization pressure [28]. The authors 
attributed this to reduced absorption of sea mist and, therefore, 
the reduced transport of salts into the fabric, which limits their 
depth of penetration into porous material. This is relevant 
since water retention and transfer have been found to be main 
factors controlling both the rate and type of stone decay, as in 
porous (French) limestones [29]. This experimental research 
indicates the importance of fabric properties for capillarity. 

In the current field study, it is possible to consider the 
influence of height. Figure 5 demonstrates the occurrence of 

Rock type/ Wick height low (≤19 cm) high (>19 cm) total
Limestone 27 (24) 20 (23) 47
Sandstone 12 (15) 17 (14) 29
Total 39 37 76

Table 1: The effect of rock type on wick height.

Figure 5: Model of capillary rise and the “wick effect” 
operating on headstones in this churchyard.
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capillary rise and the wick effect on upstanding headstones. 
Porous materials (such as sandstone) will uptake moisture 
from the ground (groundwater) under capillary pressure, as 
shown. This capillary pressure (suction) varies from bottom-
up in the headstone, with the bottom retaining a wet zone of 
saturation. Although marked by the wetting front (wick tide), 
it is relatively intact in comparison with the part of the block 
that is located immediately above this zone. In the wet-dry 
zone above, wetting and drying processes occur, leading 
to the accelerated deterioration (decay) of the fabric. The 
expansion (building up pressure with wetting) and contraction 
(reduced capillary pressure with drying) over time reduces 
material strength and causes fragility. For instance, authors 
have noted weathering zones that are associated with chemical 
weathering as well as evidence of physical weathering, where 
with expansion-contraction cycles the fracturing of materials 
occurs along mineral cleavage planes, such as with tuffs in 
the Midas monument in Anatolia, Turkey along feldspars [30]. 
These authors observed weathering depths in the tuffs and and 
found salt crystallization to be the most destructive mechanism 
of deterioration in the Midas monument. The authors traced 
the source of soluble salts to pigeon droppings; these salts are 
transported from the capillary zone through the process of 
capillary rise and cause spalling of the tuffs.

Researchers testing for the effects of different types of salts 
(sodium, potassium, and magnesium sulphates), simulated 
the impacts on foundations and the lower sections of walls 
in buildings found within the zone of capillary rise of saline 
groundwater [31]. They attributed the most devastating 
effects to be associated with massive crystallization within 
samples as well as on their surfaces through the peeling of 
crusts (subefflorescences). [32] went further to consider 
crystallization on different parts of monumental stones, with 
saline deposits recognized on the surface (as efflorescences 
of mirabilite and epsomite) and as crusts (aphthitalite and 
arcanite) as well as below the surface (subefflorescences of 
picromerite, aphthitalite, and arcanite). In the corresponding 
wet-dry zone in the current study, salt crystallization, and a 
build-up and release of pore (and capillary) pressure, is where 
alveolar and eventually cavernous weathering is evident on the 
headstones (above the wick tide; Figure 6). This demonstrates 
a different response in decay features that is evident due 
to rock type. For instance, in the current study, sandstone 
headstones were found to have more alveolar and cavernous 
weathering than limestone monuments. Other research, as by 
[33] for Cretaceous sandstones, identified alveolar weathering 
associated with salt derived from mortars and air pollution. He 
attributed the decay mechanism to the slower drying of pits 
at their base, where more salt accumulates, and material loss 
results and induces pit deepening, which can in turn shelter 
saline solutions and prevent dilution by rainwater.

Salts also attack the surface, effectively widening pits through 
salt crystallization and induced hydration pressure, which 
is controlled by climatic variables (including moisture). 
Ambient temperature is one of the governing climatic factors 

Figure 6: Digital photograph of (sandstone) headstone 
depicting a wick tide and alveolar weathering.

Figure 6: Digital photograph of (sandstone) headstone 
depicting a wick tide and cavernous weathering.
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affecting weathering, with the dissolution of carbonate rocks 
affected at lower  temperatures; these sedimentary rocks 
showed temperature-dependent weathering patterns, with 
coarse crumbling and contour scaling appearing at room 
temperature and fine crumbling at 5ºC [34]. These researchers 
also discovered weathering effects associated with different 
concentrations of salt solution, with crumbling apparent at a 
low concentration and contour scaling at a high concentration. 
In the latter case (of a greater salt brine concentration and 
viscosity), crystallization occurs deeper within these porous 
sedimentary stones. Sodium sulphate, for instance, has been 
employed in accelerated weathering tests that have revealed 
the importance of highly supersaturated solutions (and the 
crystallization of mirabilite) in the decay of porous materials 
[35]. Other workers (e.g., [36]) also conferred that concentrated 
(sulphate) solutions were associated with the most damage due 
to chemical weathering and salt crystallization, with simple 
concentrated solutions causing more salt damage than mixed 
solutions. These authors incorporated fresh as well as weathered 
stones in their research, which is similar to other researchers 
who revealed that weathered surfaces used in historical 
buildings are more stable than present-day stones [37] as well 
as freshly exposed surfaces [38]. Martínez-Martínez et al. [39] 
also worked with weathered and unweathered samples and 
discovered that rock defects associated with the weathering of 
carbonate rocks (e.g., voids, fractures, etc.) can be spatially 
attenuated on samples.

In addition to rock type, gradient also impacted the height 
of the wetting front in these headstones, with a 3-m change 
(in Section 1) producing more high wick tides (and a 1-m 
change more lower wick tides) than expected (Table 2).  These 
results suggest that not only is rock type an important control 
of pore pressure, but gradient also contributes to the wick 
effect. This means that ground pressure (as an extrinsic factor) 
in addition to rock pore pressure (an intrinsic factor) govern 
the extent of capillary rise in such monuments. This work 
affirms earlier findings by [30], who examined capillary rise 
of saline groundwater into the foundations and lower portions 
of walls in built structures. Their work similarly indicated that 
crystallization pressure is affected by pore size (affected by 
rock type) and tension, which combat the tensile strength of 
porous building materials to induce salt weathering.

Indeed, crystal growth (inducing volumetric increase) 
within porous rocks is known (e.g., [40]) to cause structural 
stress that could affect the integrity of structures, including 
buildings. These authors observed the importance of salt 
crystallization (over freeze-thaw) on the weathering of 
stone and also concluded that connected porosity augments 
volumetric increase and associated mechanical damage. 

Iñigo et al. [41] experimented with 70 cycles of accelerated 
ageing tests on ornamental granites and conferred the impact 
of salt crystallization added to freezing/ thawing and cooling/ 
heating treatments in experimental trials. Other authors [42] 
have similarly espoused the importance of salt weathering 
(salt crystallization) over freeze-thaw as well as wetting-
drying on damage (to tuff), particularly where material is 
coarse-grained (so that grain size also matters, as it affects 
porosity). Wetting and drying cycles affect solution and the 
transfer and recrystallization of water-soluble minerals present 
in rocks, such as marls located in the tombs of the Valley of 
the Kings, Egypt, where sodium chloride is the main type of 
salt and can be found with sulphates, anhydrite, and gypsum 
[43]. Accordingly, these salts are expected to be affected 
by future humidity changes (favouring salt crystallization) 
associated with flooding and tourism. Moreover, soluble 
salts of marine origin, mainly sodium chloride, are known to 
enter rocks through fissure networks developed through the 
crystallization-dissolution process [44].

Conclusions
Even though much experimental work has been performed to test 
the impact of salt weathering on stone, not enough attention has 
been directed at field-based studies that use existing structures. 
This study has examined headstones as representative of a field-
based monument, where measurements of capillary rise and the 
wick effect have revealed the importance of the rock fabric and 
porosity associated with rock type affected by grain size. In this 
case, sandstone headstones were shown to be more susceptible 
to capillarity, with demonstrable evidence in the form of wetting 
fronts (wick tides), than limestone headstones. Topography 
could affect suction in the ground and the rise of saline solutions 
into the markers in that headstones found on higher ground had 
lower wick marks than those located in lower sections of the 
churchyard. This suggests that, rather than capillary pressure 
(suction) associated with capillary rise, an important control 
here is proximity to groundwater. Further research is needed to 
corroborate this effect of ground height (elevation), as gradient 
(elevational change) rather has been considered here.
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