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Abstract 

The rate of sandstone weathering in the Hunter Valley, New South Wales, Australia was 

estimated from observations of gravestone weathering and laboratory based weathering 

simulations. Laboratory trials revealed that weathering of sandstone in this region is likely to 

be dominated by the freeze-thaw process. Of the three laboratory trials which produced 

weathering, the freeze-thaw cycle in which the rock was thawed (slowly) in air most likely 

represents processes occurring in the field and corresponds closely with recession rates for 

graveyard headstones located in the same region. The close agreement of the two rates, 

(1.2 mm/100 years for laboratory trials and 0.3 to 1.8 mm/100 years for the gravestone 

measurements), suggests that the weathering environment produced in the laboratory 

incorporating a freeze-thaw and diurnal heating cycle correctly captures the essential 

elements of the weathering processes occurring in the field. It is also apparent from the 

gravestone data that the weathering rates experienced by the headstones accelerate over time, 

an observation that is in accordance with other long-term weathering studies. 
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1. Introduction 

The weathering of rock material is a complex process which is dependent on many 

environmental factors as well as the material properties of the rock itself (Wells et al. 2005; 

Wells et al. 2006). Consequently amongst the many studies which focus on the more 

quantitative aspects of the rock breakdown process there have, studies have begun to appear 

over the last few decades which focus on the mechanisms and broader issues associated with 

the weathering process. Some of the excellent examples of this research include Rodriguez-

Navarro and Doehne (1999), Warke and Smith (2000), Viles (2001), and Cardell et al. 

(2003). Nevertheless recent developments in the field of hydrogeomorphology (Sharmeen 

and Willgoose 2006, Willgoose and Sharmeen 2006) have led to a renewed demand for more 

quantitative rock weathering data which includes not only the cumulative levels of debris 

produced over time but also information about the morphology of the fragmented product and 

also the manner in which weathering rates change over time. This interest has been generated 

by the finding that when weathering rates are low, the rate of erosion and therefore landform 

evolution is dictated by the rate at which fine transportable sediment is generated from the 

breakdown of surface rock material (Sharmeen and Willgoose 2006).  

 

The demand for quantitative rock weathering data raises an interesting question: Is it possible 

to estimate rock weathering rates that occur in the field from relatively simple laboratory 

simulation studies? One difficulty in answering this question lies in the absence of field based 

rock weathering data to be used as a benchmark against which to assess the laboratory based 

findings. Clearly a quantitative assessment of the weathering of natural rock outcrops is 

difficult as the original dimensions of the outcrop and its time of exposure time are generally 

unknown. One possible means of estimating field based weathering rates however is through 

the examination of gravestone weathering. Gravestones, particularly those composed of 
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marble, have been used to assess weathering rates in many parts of the world (Rahn 1969; 

Meierding 1981; Klein 1984; Dragovich 1986;  Cooke et al. 1995; Inkpen and Jackson 2000). 

Studies, such as this one, which focus on sandstone gravestones however are less numerous 

(Robinson and Williams 1998; Williams and Robinson 2000).  Observing gravestone 

weathering does confer some advantages when seeking to assess rock weathering rates. 

Generally the original, unweathered dimensions of the stone can be deduced with reasonable 

accuracy and the length of exposure to the environment can be estimated from inscription 

dates. In a single area it is likely that quite a number of gravestones will be constructed from 

the same material which has been exposed over a range of time. This is not to say that the use 

of gravestones does not have limitations. As pointed out by Robinson and Williams (1998) 

sandstone gravestones are normally erected with bedding planes orientated vertically and 

possess a high surface area to volume ratio which may accentuate weathering rates. 

Nevertheless as indicators of weathering rates occurring in the field, gravestone weathering 

can serve as a first approximation against which to assess laboratory derived weathering 

results.  

 

This study comprises two parts. The first involved a series of laboratory trials in which 

individual, and combinations of, weathering processes occurring in the area of interest were 

reproduced in a sequence of simple experiments. Where possible experimental conditions 

were based on environmental data collected in the field over several years. The second half of 

the study comprised a systematic study of the weathering of sandstone gravestones of various 

ages situated in a cemetery close to the source of the rock material used in the laboratory 

trials. 
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Our aims were threefold: (1) By examining the weathering rates produced by the different 

laboratory based experiments we sought to determine the relative efficiency of each 

weathering process in breaking down the sandstone material. (2) By comparing the 

weathering data obtained from the laboratory experiments with the results obtained from the 

gravestone study we sought to determine if weathering rates determined from simple 

laboratory based studies can be used to estimate weathering rates observed in the field. 

(3) Finally we will use the results obtained to estimate the rate of weathering of the sandstone 

in the Hunter Valley region. 

 

2.  Site description 

  The study was conducted in the Wollombi and Mt Yengo areas of the Hunter Valley, 

(32°59´S, 150°51´E), (Figure 1). These areas are largely comprised of Middle Triassic 

sandstone geological units that have good age constraints and are well-understood structural 

units. The sandstone from areas such as this provides a large volume of the sediment that 

forms the soils of the Hunter Valley and the sand in the Hunter River. The weathered material 

generated from the sandstone is eventually transported to the coast where the sand becomes 

part of a large northern migration of material from all coastal New South Wales rivers, 

eventually depositing in and around Fraser Island.  

 Rock samples obtained from Wollombi and Mt Yengo are representative of the majority of 

sandstone units in the Hunter Valley. Also, importantly, these sites have a land management 

regime that has not changed in recent history as apart from some timber gathering 

approximately 75 years ago, the site has not been significantly impacted by European 

settlement. Consequently, the historical weathering processes that shaped the landform can be 

reasonably assumed to be similar to present activity subject to caveats about long-term 

climate fluctuations. The advantage of examining sandstone in these areas is that the 
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sandstone is largely uniform in its structure and mineralogy thus providing the opportunity to 

examine its weathering behaviour over a wide range of slopes, aspect and hydrological 

regimes without having to make assumptions about differences in geology due to spatial 

heterogeneity. 

  

3. Methodology 

 

This study involves the comparison of laboratory based weathering data with that determined 

from an assessment of the weathering of gravestones.   

 

3.1 Laboratory based weathering simulations 

 

 Three principal weathering actions were examined in the laboratory trials, namely: (1) 

Wet/dry weathering; (2) salt weathering and (3) freeze-thaw weathering. The laboratory 

based weathering trials were conducted on samples cut from five c. 5 kg sandstone rock 

samples retrieved from the Mt Yengo area. The area is dominated by Hawkesbury Sandstone 

(a Triassic quartz sandstone) interspersed with occasional shale lenses. The samples retrieved 

reflected the general character of the sandstone found in the area. Thin sections analysis of 

the retrieved material revealed reddish-brown samples with a moderately sorted grain size 

ranging from 350 to 500 microns. The samples were mineralogically and texturally mature. 

Grain types within the matrix were typically 80-90% quartz, 5-10% feldspar and 1-5% mica. 

The intergranular filling typically consisted of limonite stained intergranular clay. Rock 

porosities for the five rock sources (as determined by the procedure outlined in Cooke 

(1979)) ranged from 21 to 24% however the presence of thin bands of limonite did produce 



   

 7 

regions of lower porosity (the limonite was independently tested and found to have a porosity 

of 4%). 

 Cubes approximately 50×50×50mm in size were cut from the interior of each rock to 

act as samples in the weathering experiments. Prior to weathering each sample was 

photographed, and it’s dry and water saturated weights recorded. 

 To accurately reproduce the weathering conditions of the Mt Yengo region in the 

laboratory it was necessary to gather climatic data for the area. The climate of the lower 

Hunter Valley is characterised by temperatures ranging from maxima of >40°C in the 

summer (an average of approximately 20 days/year >35°C) to minima during winter as low 

as -5°C with an average of 10 days/year <0°C, (Bureau of Meteorology 1988). The region 

receives an average of 750mm rain per year with rainfall distribution slightly biased to the 

summer months. Average rainfall chemistry obtained from a monitoring station located near 

the rock sample collection point shows moderate levels of chloride and sulphate present in 

the rain water originating from both natural and man-made sources, (see Table 1, 

(Environmental Protection Authority 1994)). The rainwater is also moderately acidic. 

 To establish the range of moisture and temperatures experienced in the field, 

sandstone samples of similar size to that employed in the laboratory experiments were placed 

in exposed positions near the point of collection and the nearby city of Newcastle, Australia, 

and core temperatures and levels of moisture saturation monitored over extended periods. 

Figure 2 shows a sample of the results obtained for the rock moisture levels. Rain events of a 

reasonable magnitude (>5mm) fully saturated all rocks tested. During the interlude between 

rain events moisture levels in the samples fell to 15-40% of saturation over the period in 

which observations took place. Figure 3 illustrates a typical rock temperature profile 

observed during the autumn of 2004. During this period rock temperatures peaked at 

approximately 40°C, 15°C above the maximum air temperature recorded in the region over 
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the same time period. Minimum temperatures as low as 3°C were also recorded over this 

period and were in much closer agreement with minimum temperatures reported for nearby 

weather stations.  

 Clearly these values are dependent on a large number of variables such as daytime 

temperature/humidity, time between rain events, size/position/porosity of the rock in 

question. However the observed values were seen as representing a good first approximation 

of the conditions experienced in the field. For the purposes of this study moisture, 

temperature and salt levels employed were based as closely as possible on values observed 

for similar samples placed in the field (see Table II). In the case of the salt weathering studies 

this resulted in the use of salt concentrations that were  quite low compared to studies which 

seek to simulate salt weathering, particularly that taking place in arid regions (for example 

see Cooke  (1979) or Goudie (1993)). For the purposes of this study it was assumed that the 

salts present in the sandstone were sourced from: 

(a) salts present in the rainwater falling on the rock surface and  

(b) salts formed from chemical interaction between the rainwater and the soluble 

material within the rock structure.  

Consequently salt weathering was simulated by the repeated dosing and evaporation of 

synthetic rain water on the rock surface. For the laboratory trials synthetic rain water was 

created by dissolving a cocktail of inorganic salts and a small amount of HCl into de-ionised 

distilled water until a good approximation of the chemical profile outlined in Table 1 was 

achieved. 

 

 Seven weathering simulations were undertaken. In each simulation five 50×50×50mm 

cubes were weathered, one from each of the original rocks collected. All samples were placed 
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on a bed of fine (1-2mm) gravel and covered in fine gauze which encouraged the even 

distribution of moisture across the rock surface.  

A brief description of the simulations follows: 

 

1. Wet/dry weathering. 

Rock samples were subjected to a continuous wetting and drying cycle carried out at room 

temperature (18-25°C).  Over a 24 hour cycle samples were first saturated with de-ionised 

distilled water (40mls pumped onto each sample over a one hour period) then allowed to 

stand for 2 hours to achieve saturation. A bank of fans was then used to dry the samples at 

room temperature for the remaining 21 hours of the 24 hour cycle. 

 

2. Salt weathering (ambient temperature). 

The procedure is identical to that of simulation 1 with the exception that the de-ionised 

distilled water is replaced with synthetic rain water.  The volumes of water and drying times 

employed in simulations 1 and 2 were calibrated to ensure that moisture levels in the rock 

samples ranged from 20-30% of saturated to fully saturated during each 24 hour period. 

 

3. Salt weathering (with diurnal heating profile).  

Rock samples were saturated daily with rain water then subsequently warmed under a 

programmed light source. Power to the light source was programmed to reproduce a typical 

diurnal temperature profile obtained for rock samples placed in the field (see Figure 3). To 

ensure that the light levels falling on the rocks were correct the thermal response of the 

sandstone rock specimen used to gather the field data was monitored in the laboratory and 

light levels were adjusted until the temperature profile obtained in the laboratory 

corresponded to that observed in the field. Any variations in thermal rock properties between 
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samples (such as albedo, thermal conductivity etc) would therefore not affect the 

experimental results as any changes in temperature profile generated by these property 

variations would match those occurring in the field. 

 

4. Freeze + rapid thaw (a) 

Rock samples are soaked in deionised distilled water for 22.5 hours each day then removed 

and placed in a commercial freezer for 90 minutes by which time the core temperature of the 

sandstone blocks had fallen to approximately -5°C. The samples are then removed and 

immediately returned to the water bath for rapid thawing.  

5. Freeze + rapid thaw (b) 

The procedure is identical to that of simulation 4 with the exception that the deionised water 

used for soaking and thawing is replaced with synthetic rain water.  

6. Freeze + slow thaw with diurnal heating profile. 

Rock samples were firstly saturated with rain water then placed in a freezer for 90 minutes to 

reduce the core temperature to -5°C. The samples were then removed and gently warmed 

under a programmed light source as detailed for simulation 3 producing a maximum core 

temperature of 32°C at the peak of the simulated diurnal heating cycle. This simulation 

combined elements of freeze/thaw, salt weathering and diurnal heating weathering process. 

Importantly the thawing of each sample took much longer than samples involved in the other 

freeze/thaw experiments. 

7. Leaching 
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To account for the effects of leaching in the weathering process rock samples were immersed 

for protracted periods in a bath containing 15 litres of recirculating synthetic rain water. The 

water was renewed on a monthly basis. 

 

 The extent of weathering was determined by periodically measuring the mass loss of 

each specimen. Samples were dried overnight in a 105°C oven and any loose surface material 

gently removed with a soft bristled brush. The weight of the largest remaining fragment was 

then recorded. A further set of five 50×50×50 mm sandstone control samples were kept in a 

dry, dark and relatively isothermal environment and periodically dried overnight at 105°C 

and gently brushed to assess the magnitude of the mass loss incurred by the weighing 

procedure.  

 

3.2   Field measurements 

 

 To estimate field weathering rates in the Mt Yengo area an assessment was 

undertaken of the weathering of sandstone gravestones in a cemetery (Figure 4) located in the 

nearby township of Wollombi (location shown in Figure 1) was assessed. Wollombi cemetery 

contains approximately 830 graves with headstones primarily produced from sandstone, and 

to a lesser extent from marble and granite. The sandstone used to produce the gravestones 

was sourced from a variety of local quarries close to the study site. All gravestones examined 

in this study were produced from high quality fine grained, even textured, sandstone that 

exhibited no bedding and was free of discolouration. Some of the older gravestones possessed 

a black surface staining and others some small populations of lichen, which was gently 

removed prior to measurements being taken. All gravestones within Wollombi cemetery are 

placed with the inscription face facing the east and there is no tree overhang. In this study 
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graves with inscription dates ranging from 1850 to 1973 were examined and it was assumed 

that the inscription date equated to the date of initial exposure.  

 

 Throughout the study only pitting and spalling on the upper horizontal surfaces of 

selected headstones and footstones were examined as it was believed that the smaller 

horizontal surfaces were more likely to have been carved flat when the gravestone was 

manufactured. To determine the degree of weathering a steel engineer’s square was clamped 

against the inscribed face of the stone (the upper portion of which was normally 

unweathered) and rested on the flat areas of the upper surface, forming a bridge across the 

weathered depressions and providing a datum plane for the depth measurements.  A digital 

calliper with a precision of 0.01 mm was then used to measure the depth of weathering at the 

intersection points on a 20×10 mm grid over the stone surface.  

 The data obtained was then analysed using the following two assumptions:  

1. The horizontal face was originally at 90° to the inscription face. 

In this case it was assumed that the plane of zero weathering corresponded to the datum line 

formed by the engineers square (Figure 5- line ‘a’). This infers that the high points upon 

which the square is resting constitute a part of the original (unweathered) stone surface and 

that the stone was originally cut with the upper face at 90° to the inscription face.  

2. The horizontal face was originally flat but not at 90° to the inscription face. 

In the event that the upper face of the gravestone was not originally cut square to the 

inscription face the above assumption would lead to an artificially high recession value. To 

allow for the cases in which the upper stone surface was not cut at 90° to the inscription face 

the slope of the datum plane was adjusted to produce a minimum overall level of weathering 

under the constraint that the datum plane still rests on at least two points of weathered profile 



   

 13 

(Figure 5 - line ‘b’). The weathering depth was then defined as the vertical distance between 

the inclined datum plane and the weathered surface. 

The two methods employed to calculate the extent of recession both assume that there exists 

at least two points along the weathered profile that were part of the original unweathered 

stone surface. Recession rates calculated using the above assumptions therefore represent the 

minium possible weathering rates for those faces. 

 

 

4. Results 

4.1 Laboratory based weathering simulations 

 Sandstone cubes were subjected to between 155 and 350 cycles of weathering. The 

different weathering regimes produced a range of weathering responses that ranged from no 

discernable weathering to the loss of approximately half of the original sample mass over the 

study period. Weathering, when it occurred, was characterised by the spalling of fine material 

from the sample surface. 

 Four of the weathering simulations; wet/dry, salt weathering at ambient temperature, 

leaching and salt weathering with diurnal heating produced little discernable weathering over 

the 350 cycle study period. The average mass loss of approximately 0.1% experienced by the 

sandstone samples in these experiments was of the same magnitude as that observed for the 

seven control samples (average mass loss 0.05%) and therefore may have been the result of 

small errors incurred during the repeated weighing procedures. Interestingly the average mass 

of the samples subjected to the leaching regime showed a small increase in weight over the 

test period possibly indicating the sorption of salts present in the synthetic rain water used in 

the leaching experiment. 
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 The three weathering regimes that produced a significant mass loss all involved a 

freeze-thaw cycle (Figure 6). Of these, the two cycles which involved rapid thawing in 

synthetic rainwater (regime 4) and deionised water (regime 5) elicited the greatest levels of 

weathering with samples experiencing 60-65% mass loss after 155 cycles. The similarity of 

the weathering trends over time for these two processes suggests that (1) the small amounts 

of salts employed in the synthetic rainwater freeze thaw process had negligible effect on 

weathering rate and (2) that the weathering experiment is by and large reproducible. 

 By contrast samples undergoing the less rapid air thawing cycle (regime 6) 

experienced an average mass loss of only 5% over the 155 weathering cycle study. The 

difference in weathering acceleration produced by the different thawing rates is also evident 

in Figure 6. At all times the rate of mass loss (expressed as mass loss per area per cycle) 

experienced by samples which underwent rapid thawing was higher than that witnessed for 

the air thawed samples by a factor of 2 to 8. Additionally the rate of mass loss experienced by 

rapidly thawed samples were found to accelerate for the first 100 cycles from ~0.01 to 

0.05 kg/m²/cycle possibly due to a decline in the rock durability following the rapid 

freeze/thawing process. The apparent tapering off in the acceleration of weathering after the 

100 cycle point depicted in Figure 6 may be an artefact of the decrease in surface area 

experienced by the weathered sample (all mass loss rate calculations are based on the 

original, unweathered surface area of the sample).  By way of contrast the mass loss per cycle 

experienced by the air thawed samples was a uniform 0.005 kg/m²/cycle throughout the entire 

study period.  

4.2 Weathering rates determined from Gravestone measurements 

 A total of 19 headstones were examined with inscription dates ranging from 1850 to 

1973. The headstones were selected in such a way as to provide a fairly even coverage of the 

intervening time period.  Surface reduction was greatest on the older headstones and much 
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less, (by a factor of c. 6), on headstones with more recent inscription dates. The intensive 

method used to measure weathering levels also allowed the pattern of weathering to be 

determined. A typical progression of the weathering process is illustrated in Figure 7 for 

headstones with inscription dates ranging from 1854 to 1942. Headstones with more recent 

inscription dates, (Figure 7a), were in relatively pristine condition with only a small amount 

of weathering observed along the eastern and western edges resulting in 1 to 2mm of 

localised erosion. The northern and southern edges were relatively pristine. As the age of the 

headstone increased (Figure 7b) the weathering front was observed to move toward the 

central axis of the headstone surface at approximately equal rates from both the easterly and 

westerly directions which produced a noticeable rounding of the upper surface of the older 

headstones  (Figure 7c). Heavy weathering in these cases was characterised by the advance of 

narrow fronts or, “fingers” of weathering, toward the central axis of the headstone. 

 Between 70 and 430 points were measured on each gravestone. The average recession 

rate for each gravestone calculated from the two procedures listed above is plotted against 

headstone age in Figure 8. The error bars shown span the recession estimates obtained from 

the two calculation procedures. Assuming that the headstones were put in place on the 

inscription date the average rate of surface regression calculated from the linear fit of the data 

is 0.75 mm/100 years. Inspection of the data in Figure 8 however indicates that a second 

order polynomial provides a better fit to the surface regression data indicating that the 

weathering rate increases over time (from an average value of  c. 0.3 mm/100 years in the 

first 100 years to a rate of  1.8 mm/100 years after 150 years exposure).  

 

5. Discussion 

 The results obtained in the laboratory trials indicate that weathering of sandstone in 

the Wollombi area is likely to be dominated by the freeze-thaw process. Of the three trials 
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which produced weathering the freeze-thaw cycle in which the rock was thawed (slowly) in 

air best represents what happens in the field situation. Weather records from the surrounding 

area for the last 30 years, (Bureau of Meteorology 1988), as well as our own recordings of 

rock temperatures in the area suggest that sub-zero temperatures which are needed to produce 

the freeze-thaw cycle can be expected an average of 5 times annually. The average mass loss 

rate of 0.005 kg/m²/cycle experienced by samples undergoing this weathering cycle therefore 

corresponds to 0.025 kg/m²/year or 1.2 mm regression per 100 years (based on a bulk density 

for the sandstone of 2070 kg/m³). This compares well to sandstone weathering rates of 

between 1 and 8 mm/100 years reported for well-dated sandstone castle walls in a similar 

semi-arid climate (Sancho et al. 2003). 

 One of the principal aims of this study was to compare weathering rates obtained in 

the laboratory with those acquired in the field. Comparing the recession rate suggested by the 

freeze + slow thaw results with the level of surface regression observed for the Wollombi 

graveyard data (Figure 8) reveals a reasonable agreement between the two estimates. The 

agreement between laboratory and gravestone derived weathering rates reported in this paper 

suggests that the weathering environment produced in the freeze-thaw with diurnal heating 

cycle correctly captures the essential elements of the weathering processes occurring in the 

field. 

 The gravestone data indicates that weathering rates experienced by the headstones 

accelerate over time, an observation that is in accordance with data presented by Sancho et al. 

(2003) for sandstone weathering of Alberuela Castle. The apparent acceleration in weathering 

rates observed for older headstones is not reflected in the freeze-air thaw data which is 

characterised by a uniform weathering rate throughout the study period. This discrepancy 

may be the result of the short duration of the laboratory trial. Based on 5 freeze-thaw cycles 

per year the laboratory trial corresponds to approximately 30 years worth of weathering at the 
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field site. Inspection of the graveyard data suggests that weathering rates over the first 100 

years are approximately linear with respect to time and so consequently the laboratory 

experiments will not, even if they were a true reflection of processes occurring in the field, 

show acceleration in rates over the limited study period. To further determine the veracity of 

the laboratory procedure the study period should be extended to at least 750 cycles. Future 

studies will attempt this by removing much of the ‘dead time’ from the weathering cycle. 

The principal aim of this study was to determine if simple laboratory rock weathering 

experiments employing realistic environmental parameters can be used to estimate rock 

weathering rates. Clearly there exist features of the weathering process occurring in the field, 

such as the effects of bio-weathering and scaling, which are difficult to reproduce in the 

laboratory due to time, space and resource constraints but which may ultimately have a 

bearing on the long term weathering rates of sandstone. Nevertheless it would appear from 

the results of this study that simple laboratory trials which do not incorporate these features 

can provide a first estimation of weathering rates occurring in the field. 

 

6. Conclusion 

 Sandstone weathering rates in the Hunter Valley, Australia were examined through a 

combination of gravestone measurements and a series of simple laboratory experiments. Only 

freeze-thaw experiments produced a significant level of weathering. Of these the more 

realistic cycle employing a slow thaw process resulted in a rate of breakdown 

(1.2 mm/100 years) that was in reasonable agreement with weathering rates determined from 

the examination of a collection of sandstone gravestones in the nearby Wollombi cemetery 

(rates varying from 0.3 mm/100 years up to 1.8 mm/100 years). An acceleration in the 

weathering rates after a long period of exposure indicated in the gravestone data however was 

not observed in the laboratory trial. 
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 Despite the fact that a simple laboratory trial cannot hope to reproduce all facets of 

the weathering process occurring in the field, the data obtained in this study suggests that if 

care is taken laboratory data can serve to provide a first estimate of rock weathering rates 

occurring in the field. 
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Table I.  Average rainfall chemistry for Pokolbin weather monitoring station (30/12/1988-

18/9/1990, Environmental Protection Authority 1994) 

 

Species Concentration (mg/l) 

Ca2+ 0.17 

C1- 1.64 

SO4 
2- 1.54 

K+ 0.18 

Mg 2+ 0.14 

Na+ 1.18 

NH3 0.09 

Nox-N 0.15 

pH 4.8 
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Table II. Range of experimental variables employed in the sandstone laboratory weathering 

trials. 

 

Experimental parameter 

 

Range 

  

Minimum 

 

Maximum 

 
Moisture 
 

 
20-30% of saturated 

 
100% saturated 

Temperature 
 
 (1) Freeze-Thaw 
 
 
 (2) non Freeze-Thaw 

 
-5°C (=minimum air 
temperature for Mt Yengo) 
 
 
10°C (average minimum air 
temperature for Mt Yengo) 
 

 
32°C (mean daily maximum 
temperature + 15°C) 
 
 
40°C (average maximum rock 
temperature observed) 

 
Salt levels 

 
Salt build-up was achieved by repeated dosing and evaporation 
of a synthetic rain water (see Table I) 
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Figure captions. 

Figure 1. Location of the Yengo national park and Wollombi study site. 

Figure 2.  Moisture levels and precipitation events recorded for four 50×50×50mm sandstone 

sample cubes (the data for differing cubes represented by different symbols) over a two week 

period. Shaded bars indicate timing and magnitude of rainfall events that occurred during the 

trial period. 

Figure 3.  Typical autumnal diurnal core temperature profile of a 50×50×50mm sandstone 

cube observed for samples located at the Wollombi field site, NSW, Australia. 

Figure 4. View of Wollombi cemetery. 

Figure 5. The location of the two datum planes used to assess the degree of recession of the 

upper face of the sandstones headstones at Wollombi Cemetery. (a) original engineer’s 

square datum plane (90° to the inscription face); (b) an inclined datum plane (inclined to give 

a minimum overall recession while remaining perched on at least two profile points) 

Figure 6.  Mass loss per weathering cycle trends observed for three weathering regimes. 

Figure 7. Progression of weathering on upper gravestone surface at Wollombi cemetery as 

estimated using the assumption that the original face lay at 90° to the inscription face. 

Contours show recession of sandstone in mm. Inscription dates :  (a) 1942; (b) 1900; (c) 

1854. 

Figure 8. A comparison of the average erosion of Wollombi headstones as a function of 

inscription date against that predicted from the freeze-thaw (regime 6) laboratory simulation 

results. A comparison of the average erosion of Wollombi headstones as a function of 

inscription date against that predicted from the freeze-thaw (regime 6) laboratory simulation 
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results. Note: error bars span the recession estimates calculated from the two procedures 

discussed); (a) straight line fit to the gravestone data (y=0.0075x, r2=0.63);  (b) second order 

polynomial fit to gravestone data (y=6×10-5x² + 3×10-4x, r2=0.78), where y is the degree of 

erosion and x represents the inscription date.; (c) sandstone recession rate predicted by 

regime 6 laboratory trials. 
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Figure 1. Location of the Yengo national park and Wollombi study site. 
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Figure 2.  Moisture levels and precipitation events recorded for four 50×50×50mm 

sandstone sample cubes (the data for differing cubes represented by different symbols) 

over a two week period. Shaded bars indicate timing and magnitude of rainfall events 

that occurred during the trial period. 
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Figure 3.  Typical autumnal diurnal core temperature profile of a 50×50×50mm sandstone 

cube observed for samples located at the Wollombi field site, NSW, Australia. 
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Figure 4. View of Wollombi cemetery. 
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Figure 5. The location of the two datum planes used to assess the degree of recession of the 

upper face of the sandstones headstones at Wollombi Cemetery. (a) original engineer’s 

square datum plane (90° to the inscription face); (b) an inclined datum plane (inclined to give 

a minimum overall recession while remaining perched on at least two profile points) 

 

 

 

 

 

 



   

 30 

0

1

2

3

4

5

6

0 20 40 60 80 100 120 140 160 180

Elapsed cycles
R

oc
k 

m
as

s 
lo

ss
(1

0-
2k

g 
/m

²/c
yc

le
)

Freeze thaw with simulated rainwater

Freeze thaw with deionised water

Freeze/thaw with diurnal heating profile

 

Figure 6.  Mass loss per weathering cycle trends observed for three weathering regimes. 
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Figure 7. Progression of weathering on upper gravestone surface at Wollombi cemetery as 

estimated using the assumption that the original face lay at 90° to the inscription face. 

Contours show recession of sandstone in mm. Inscription dates :  (a) 1942; (b) 1900; (c) 

1854. 
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Figure 8. A comparison of the average erosion of Wollombi headstones as a function of 

inscription date against that predicted from the freeze-thaw (regime 6) laboratory simulation 

results. Note: error bars span the recession estimates calculated from the two procedures 

discussed); (a) straight line fit to the gravestone data (y=0.0075x, r2=0.63);  (b) second order 

polynomial fit to gravestone data (y=6×10-5x² + 3×10-4x, r2=0.78), where y is the degree of 

erosion and x represents the inscription date.; (c) sandstone recession rate predicted by 

regime 6 laboratory trials. 
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