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Highlights 7 

• Geomorphological signatures reveal drivers of earthen heritage deterioration  8 

• High frequency of wind events in drylands causes substantive cumulative impact 9 

• Wind-driven deterioration features typically have low persistence  10 

• Wind is an important initiator of earthen heritage deterioration  11 

Abstract 12 

Dryland regions are exposed to extreme environmental conditions that create hotspots of 13 

weathering and erosion. Many earthen heritage sites are located in these dryland regions and 14 

experience extensive deterioration driven by interactions with environmental processes, however 15 

previous research has focused largely on the role of rain as a driver of deterioration. This study 16 

combines approaches from geomorphology with understandings of earthen materials from heritage 17 

science to investigate the relative importance of wind and rain in driving earthen heritage 18 

deterioration in drylands. We use geomorphological signatures to infer the environmental histories 19 

of earthen walls with a range of known ages at Suoyang Ancient City, China, using semi-quantitative 20 

deterioration assessments. We find rain-driven deterioration features to be associated with the loss 21 

of larger volumes of material and to have higher persistence than wind-driven deterioration 22 

features. However, we argue that the high frequency nature of wind events means that wind is an 23 
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important initiator of deterioration across the site. In addition, walls exposed to the prevailing wind 24 

are dominated by wind-driven deterioration features. Outcomes from this study present an 25 

opportunity for earthen heritage conservation to investigate potential strategies to minimise wind 26 

speed at earthen heritage sites in drylands.  27 

Key Words: earthen heritage, deterioration, frequency, magnitude   28 
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1 Introduction	29 

In dryland regions, extreme environmental conditions can cause hotspots of weathering and erosion 30 

to occur (Xie et al., 2007; Viles and Goudie, 2007, 2013; Shao et al., 2013). Strong winds can remove 31 

material through deflation and abrasion (Wang et al., 2010; Mao et al., 2015), while sporadic rainfall 32 

events can erode material through processes such as splash, rill, gully and sheet erosion (Luo et al., 33 

2019; Beckett et al., 2020). There is a long history of research on the impact of environmental drivers 34 

on in-situ rock breakdown in drylands (Loughlin, 1931; Schaffer, 1932; Huinink et al., 2004; Momeni 35 

et al., 2015) and the evolution of landforms such as yardangs (Ward and Greeley, 1984; Goudie et 36 

al., 1999; Li et al., 2016; Pelletier et al., 2018). However, notably less research has investigated the 37 

impact of environmental drivers on building materials used in dryland regions.  38 

Understanding the drivers of deterioration for earthen building materials in dryland regions is highly 39 

important as, due to the widespread availability of earth as a building material, many earthen 40 

heritage sites are found there (WHEAP, 2012). The value of many earthen sites is linked to the 41 

presence of authentic materials (Richards et al., 2018), but these materials are currently 42 

experiencing extensive deterioration (Xie et al., 2007; Wang et al., 2010; Shao et al., 2013; Pu et al., 43 

2016; Richards et al., 2020). Earthen materials have been found to have a low durability to 44 

environmental processes (Beckett et al., 2020). For example, rain and wind-driven rain (hereafter 45 

both referred to as rain) can weaken cementing material between particles, caused by dissolution 46 

and hydration reactions of key compounds (Shao et al., 2013; Richards et al., 2019). Clean wind can 47 

deflate loose earthen material (Richards et al., 2019). If the wind is sediment laden, the impact of 48 

airborne particles hitting the earthen material can cause grains of earthen material to be loosened 49 

or to break off from the parent material resulting in abrasion (Wang et al., 2010; Mao et al., 2008, 50 

2015; Richards et al., 2019). Without the development of conservation strategies that effectively 51 

reduce rates of material loss at these sites, further damage to earthen heritage sites is inevitable. 52 

Consequently, there is an urgent need to understand the relationships between environmental 53 
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processes and earthen heritage deterioration. In particular, we need to understand: (i) the nature 54 

and distribution of environmental drivers of deterioration, (ii) the frequency and magnitude at which 55 

each driver occurs and (iii) the persistence of resultant deterioration features. 56 

Earthen heritage research has predominantly focused on identifying drivers of deterioration but has 57 

not yet addressed the relative extent to which these drivers cause the loss of historic material (Shao 58 

et al., 2013; Pu et al., 2016; Du et al., 2017). This lack of research is caused, in part, by limitations in 59 

many experimental setups, with experiments investigating the impact of single environmental 60 

drivers in isolation from other drivers (Luo et al., 2019); not being run for long enough to allow 61 

deterioration features that form at slower rates to develop (Pu et al., 2016; Richards et al., 2019); 62 

not capturing the complexity of on-site conditions (Mao et al., 2015); and overlooking the important 63 

differences in the magnitude and frequency of events (Bruno et al., 1968). Similar methodological 64 

challenges have also been faced in geomorphology. In response to these challenges, 65 

geomorphologists have used geomorphological signatures (the palimpsest of weathering or 66 

erosional features present on a given surface area) to infer environmental histories over a range of 67 

scales from sand grains to boulders to landscapes (Lancaster, 1995; Viles, 2001; Bourke et al., 2007; 68 

Ehlmann et al., 2008). 69 

In this paper, we apply approaches used in geomorphology, which assess impacts of weathering and 70 

erosion on rock and soil surfaces, and apply them to earthen heritage. We use geomorphological 71 

signatures as a method to investigate the relative importance of environmental drivers of 72 

deterioration on earthen walls with a range of known ages. In particular, this study addresses the 73 

following questions: 74 

i) To what extent do wind and rain drive deterioration processes on earthen heritage in 75 

arid and semi-arid areas?  76 

ii) How should understanding of these interactions inform conservation strategies for 77 

earthen heritage?  78 
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Earthen heritage is constructed from a range of materials that each have unique interactions with 102 

environmental drivers of deterioration (e.g. adobe, rammed earth, cob). To reduce complexity, this 103 

study focuses on heritage sites constructed of rammed earth. This is justified as: (i) many earthen 104 

sites in dryland regions are constructed of rammed earth; (ii) many rammed earth sites are 105 

experiencing widespread deterioration; and (iii) rammed earth has been understudied in comparison 106 

to other earthen materials such as adobe (e.g. Brown et al., 1979; Selwitz et al., 1990; Taylor, 1990; 107 

Oliver et al., 2000; Guerrero, 2002; Illampas et al., 2013).  108 

Rammed earth is constructed by compacting layers of raw earth within a temporary frame to create 109 

a compacted, solid material. Historically compaction was undertaken using a ramming tool resulting 110 

in a distinctive layering pattern. Once the desired height of the wall was reached, the frame was 111 

moved along and the process repeated to create a continuous wall. In particular, this paper focuses 112 

on the understudied and remote site of Suoyang Ancient City, one of over 400 earthen sites located 113 

in northwest China, many of which are experiencing extensive deterioration (Mao et al., 2015). 114 

2 Material	and	methods	115 

2.1 Study	site:	Suoyang	Ancient	City	116 

Suoyang Ancient City (锁阳城), hereafter known as Suoyang, is located in Gansu Province, north 117 

west China, on the ancient Silk Road. It is an archaeological site built from rammed earth during the 118 

Han (206 BCE–220 CE) and Tang (618 – 907 CE) dynasties and abandoned ~400 years ago (Xie et al., 119 

2007). The site covers over 1 km2 and consists of inner city walls (approximately 500 m2; Figure 1a), 120 

outer city walls, a monastery (Figure 1b), animal enclosures, archery platforms and an extensive 121 

irrigation system (UNESCO, 2014). In 2014, Suoyang was enlisted as one of 33 sites that form the Silk 122 

Roads World Heritage Site. The site exhibits a variety of deterioration features such as polishing, 123 

pitting, slurries and scouring as well as formation of cracks, gullies, slumps and collapses (Richards et 124 
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al., 2019), which have similarities with weathering and erosional features found on rock walls 127 

(Messenzehl et al., 2018), cliff faces (Kuenen, 1948) and earthen hillslopes (Xu et al., 2017).  128 

The site has a continental semi-arid climate with temperatures exceeding 35 ⁰C in summer and 129 

falling below -30 ⁰C in winter (UNESCO, 2014). According to the Köppen-Geiger climate classification, 130 

Suoyang is located in an area classified as ‘BWk’, indicating that it is in an arid desert environment 131 

where the mean annual temperature is less than 18⁰C (Peel et al., 2007). Precipitation is seasonal 132 

with most falling during spring and summer. Between 1986 and 2005, the average annual 133 

precipitation was 49 mm but ranged from 33 to 74 mm with the maximum single rainfall event 134 

recorded at 30 mm. Wind speed and direction is highly seasonal with strong easterlies occurring in 135 

the summer months (Dunhuang Academy, unpublished).  136 

 137 

Figure 1: An aerial view of Suoyang Ancient City showing the location of the inner and outer city walls, one of the 138 

archery platforms, animal enclosures, irrigation systems and monastery (photo inset: author’s photo). Photo credit: 139 

Google Earth. 140 

Suoyang’s remote location and harsh climate have precluded much scientific research. However, 141 

since 2015, Dunhuang Academy have established an experimental test area to the east of the main 142 

site. Two sets of test walls (large and small) have been built in this experimental area, allowing a 143 
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range of tests to be undertaken on and around earthen walls without harming the historic material. 144 

As such, Suoyang provides a unique opportunity for the investigation of environmental and 145 

deteriorative processes to be studied at a remote earthen site, which has many similarities to other 146 

earthen sites in this area.  147 

2.1.1 Experimental	area:	Test	walls	148 

Both sets of test walls in the experimental area were used in this study. The set of small test walls 149 

was built in April 2015. We used the wall from the set that was built to replicate the material 150 

properties of the historic walls at Suoyang (Figure 2). This small test wall faces north and was built 151 

against a yardang using loessic soil taken from areas around Suoyang, with similar particle size 152 

distribution to the historic material. The wall was constructed using traditional ramming techniques 153 

as described above. The wall is formed of six layers and measures 64 cm high and 76 cm wide, with a 154 

dry density of 1.70 g cm-3. The wall has been exposed to the environment for three years and is now 155 

assumed to be in equilibrium with environmental conditions. For more information see Richards et 156 

al. (2019).  157 

 158 

Figure 2: A plan view of Suoyang showing the location of the small test wall, large test walls and inner city walls. Sites 159 

for expert deterioration survey assessment on the inner city walls are indicated.  160 
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Four large test walls (210 x 300 x 100 cm) were also built by Dunhuang Academy in July 2017, 162 

perpendicular to the prevailing easterly wind. These walls were constructed in a similar manner to 163 

the small test wall with two different dry densities representing a deteriorated (1.65 g cm-3 – Wall 1 164 

and 2) and non-deteriorated state (1.75 g cm-3- Wall 3 and 4; Figure 2). These walls have been 165 

exposed to the environment for more than a year and are also assumed to be in equilibrium with the 166 

environment. 167 

Fieldwork was undertaken in August 2018 as part of a wider project investigating potential 168 

conservation methods for Suoyang. Data collection focused on a range of locations on the historic 169 

inner city walls and on the test walls in the experimental area (Figure 2). During the fieldwork, on the 170 

14th – 15th August, a 36-hour storm occurred with strong westerly winds gusting over 17 ms-1 and 171 

heavy rain. 172 

2.2 Approach	173 

In this study, we assessed the relative importance of wind and rain as drivers of deterioration by 174 

using semi-quantitative visual methods to characterise the type and severity of deterioration 175 

features associated with wind and rain present on the wall face (Mottershead, 2000; Wright, 2002). 176 

Together these features formed a geomorphological signature that was used to infer the 177 

deterioration history of Suoyang (Figure 3) (Ehlmann et al., 2008).  178 
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 182 

Figure 3: Our approach for assessing geomorphological signatures through the formation of deterioration features  183 

Research suggests that geomorphological signatures are likely to be influenced by: (i) the frequency 184 

and magnitude of environmental drivers (Brunsden and Thornes, 1979; Goudie and Viles, 1999; 185 

McKay et al., 2009), and (ii) the persistence of deterioration features in the face of subsequent 186 

events, where persistence refers to the duration of time a deterioration feature remains visible after 187 

its formation (Figure 3) (Bourke et al., 2008). However, in the earthen heritage literature, there has 188 

been little discussion of these concepts. 189 

To assess geomorphological signatures on earthen heritage, we surveyed deterioration features 190 

present on test and historic walls that had been exposed to deteriorative environmental conditions 191 

for different lengths of time. At all survey sites, deterioration features were identified using a key 192 

developed by the authors using information collected from a preliminary visit to the site in August 193 

2017 (Table 1). The severity of identified features was ranked on a four-point scale with respect to 194 

the feature’s spatial coverage: absent (-), present in a localised area (*), present in multiple areas 195 

(**) or extensive coverage (***).   196 

We used abductive reasoning to determine the environmental process(es) likely to have caused the 197 

deterioration features. This reasoning was informed by literature (see Table 1) and the authors’ 198 
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previous experimental work and experience (e.g. Richards et al., 2019) to minimise any potential 202 

issues caused by equifinality.203 
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Table 1: Descriptions and the inferred causes of deterioration features at Suoyang.  204 

Deterioration feature  Description  Inferred Cause Literature 
Wind-polishing  Surface smooth with all loose material removed. No grooves or 

scouring marks. 

Clean wind Lancaster (1984) 

Shao et al. (2013) 

Sand-polishing Surface smooth with all loose material removed. Thin scouring lines 

are present. Lines are normally horizontal or in the direction of the 

wind flow around the wall. 

Sediment laden wind Laity (2009) 

Laity (2011) 

 

Rounded corners Corners and edges of walls (both vertical and on the wall top) are 

rounded with no distinct sharp edge.  

Clean wind 

Sediment laden wind 

Fujii et al. (2009) 

Scouring at base Distinct grooved lines at the base of the wall in the direction of the 

wind flow around the walls. Grooved lines are generally thicker than 

those found higher up the wall. Some scouring material may also be 

present. 

Sediment laden wind 

Fast clean winds 

 

Pitting/hollowing Removal of material from a localised area. The surface is normally 

rough and concave.  

Sediment laden wind 

Fast clean winds 

Shao et al. (2013) 

Flaking  Thin surface layer of material detached from main body of wall and 

peeling off in flakes. 

Wind-driven rain 

Vertical rain 

Bruno et al. (1968) 

Cui et al. (2019) 

Slurry  Crust on wall surface formed down the wall face. Generally smooth 

surface.  

Wind-driven rain  

Vertical rain 

Crosby (1983) 

Shao et al. (2013) 

Gully Vertical indent or gorge into the wall surface. Normally occurs below a 

nook or low point in the wall height.  

Vertical rain 

Wind-driven rain 

Bruno et al. (1968) 

Du et al. (2017) 

Outwash slope Sediment at the base of the wall fanning away from the wall. Usually 

poorly sorted with consolidated lumps of earthen heritage present. 

Wind-driven rain  

Vertical rain 

 

Turreting and wall 

collapse 

Substantial or complete loss of material from wall causing stepped 

changes in wall height.  

Wind-driven rain 

Clean wind  

Sediment laden wind 

Bruno et al. (1968) 

205 
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2.2.1 Assessment	of	geomorphologic	signatures	on	small	test	wall	206 

On the small test wall, field experiments were run to produce geomorphic signatures under 207 

controlled experimental conditions. The wall was cleaned to remove any naturally occurring 208 

deterioration features already present and then exposed to clean wind, sediment laden wind and 209 

rain representative of conditions experienced at the site over a period of days to months (Richards 210 

et al., 2019). The wall was scanned using a handheld Creaform Handy SCAN 700 3DTM laser scanner 211 

(0.2 mm accuracy, 0.050 mm resolution) before and after each experimental run. The surface spatial 212 

grid data was analysed using Geomagic Control, with the point cloud being processed into a 3D 213 

mesh. Pre- and post-test meshes were aligned and the topography compared to identify any 214 

changes to the wall surface (Barton, 2009). Any changes to the wall surface were then assessed using 215 

the deterioration key (Table 1) and the extent of the deterioration features ranked. For more 216 

information on the experimental setup see Richards et al. (2019). 217 

2.2.2 Assessment	of	geomorphologic	signatures	on	large	test	walls		218 

At the time fieldwork was undertaken, the large test walls had been exposed to environmental 219 

processes for approximately 1 year. Visual assessments were undertaken on each vertical face of the 220 

test wall and analysed for notable deterioration features (Rothert et al., 2007) using the 221 

deterioration key (Table 1).  222 

2.2.3 Assessment	of	geomorphologic	signatures	on	historic	inner	city	walls	223 

The historic inner city walls have been exposed to environmental processes over several centuries, 224 

having been constructed over a millennium ago and abandoned approximately 400 years ago 225 

(UNESCO, 2014). To assess the variability in deterioration features on the historic walls, the inner 226 

city walls were divided into five wall sections: north, south, east, west and bisecting (central). Three 227 

sites on each wall section were selected using a combination of systematic and opportunistic 228 

sampling to ensure that, where possible, the full length of each wall was surveyed (Figure 2 – sample 229 
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sites are numbered 1 to 15). At each survey site, vertical wall faces were assessed for deterioration 233 

features (Table 1).  234 

3 Results	235 

3.1 Small	test	wall	236 

After the field experiment, geomorphological signatures on the small test wall were composed of a 237 

limited number of deterioration features (one to three) at an early stage of formation (Table 2). 238 

Clean wind caused small amounts of loose material to be removed from protruding areas resulting in 239 

polishing (Figure 4a). Sediment laden wind caused loose material to be removed from the surface, as 240 

well as the abrasion of small grains of material, resulting in incipient pitting (Figure 4b). Rain caused 241 

soil particles to be entrained and transported down the wall face resulting in incipient gullying 242 

(Figure 4c). The severity of the deterioration features varied, with the clean wind causing minimal, 243 

localised impacts while the sediment laden wind and rain caused more extensive deterioration.  244 

 245 

Figure 4: Deviation maps showing change in surface topography (mm) after being exposed to a) wind, b) sediment laden 246 

wind and c) rain. Note the different scales for each deviation map. Adapted from Richards et al., (2019).  247 
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Table 2: The types and severity of deterioration features present on the small test wall, large test walls and inner city 253 

walls 254 

  
Wind Rain 

Bo
th

 

Aspect Location/sample site W
in

d-
po

lis
hi

ng
 

Sa
nd

-p
ol

ish
in

g 

Ro
un

de
d 

co
rn

er
s 

Sc
ou

rin
g 

at
 b

as
e  

Pi
tt

in
g/

 h
ol

lo
w

in
g  

Fl
ak

in
g 

Gu
lly

 

Sl
ur

ry
 

O
ut

w
as

h 
slo

pe
 

Tu
rr

et
tin

g 

N/A 
Small test wall: Wind * - - - - - - - - - 

Small test wall: Sediment laden wind * * - - ** - - - - - 
Small test wall: Rain - - - - - - ** - - - 

East  

Large test wall 1 * - * * - ** - - - - 
Large test wall 2 * - * * - ** - - - - 
Large test wall 3 - - * * - * - - - - 
Large test wall 4 - - * * - * - - - - 

West  

Large test wall 1 - - * - - *** - - * - 
Large test wall 2 - - * - - *** - - * - 
Large test wall 3 - - * - - *** - - * - 
Large test wall 4 - - * - - *** - - * - 

East 

East inner city wall 
Site 1 ** * *** *** *** - * * * *** 
Site 2 * * ** ** ** - - * ** *** 
Site 3 ** ** ** ** ** - * * * *** 

Bisecting inner city wall 
Site 4 ** *** ** - * - * ** ** - 
Site 5 ** *** ** * * - - * ** ** 
Site 6 * *** *** - ** * - ** ** * 

West inner city wall 
Site 7 ** ** ** - ** - * ** - - 
Site 8 ** *** *** * ** - - ** * - 
Site 9 ** *** ** - *** - * * - - 

West  

East inner city wall 
Site 1 - - * * - * - *** - *** 
Site 2 - - * * - ** - *** ** *** 
Site 3 - - * * - - ** *** * *** 

Bisecting inner city wall 
Site 4 - - * - - ** - *** *** - 
Site 5 - - * - - * - *** *** ** 
Site 6 - - * - - *** - *** *** * 

West inner city wall 
Site 7 - - - - * ** - *** * - 
Site 8 - - ** - - ** * *** - - 
Site 9 - * * - - * - ** - - 

Internal  

North inner city wall 
Site 10 * ** *** - ** - ** ** ** - 
Site 11 * ** *** - - ** * *** *** - 
Site 12 - - ** - * * - ** *** - 

South inner city wall 
Site 13 ** *** ** - ** * * ** ** - 
Site 14 * *** ** - *** - * ** ** - 
Site 15 * ** ** * ** ** - *** *** - 

External  

North inner city wall 
Site 10 * *** * - ** - * ** ** - 
Site 11 ** *** * - ** - - *** ** - 
Site 12 ** *** ** - ** * - *** * - 

South inner city wall 
Site 13 * ** * - *** - * ** ** - 
Site 14 * * ** - ** * * ** ** - 
Site 15 *** *** ** * ** - * ** * - 

Key  
- absent  
* present in a localised area 

** present in multiple areas 
*** extensive coverage 
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3.2 Large	test	walls		255 

After exposure for 1 year, the geomorphological signatures on the large test wall each comprised 256 

three to four deterioration features associated with both wind and rain events (Table 2). All four test 257 

walls exhibited features including a slight rounding of corners and scouring around the base of the 258 

walls in an east-west direction (Figure 5a and b). On the western side, flaking was present across the 259 

entire wall face. On the eastern side there was variation in the deterioration features present across 260 

the wall face. On the two lower density walls (Walls 1 and 2), there was a notable change in the 261 

extent of flaking with height. On Wall 1, there was extensive flaking at the base of the wall to around 262 

50 cm above the ground (Figure 5c). On Wall 2, there was minimal erosion at the base of the wall, 263 

with flaking only occurring around 1.75 m from the ground. This lack of flaking below 1.75 m is likely 264 

to be associated with the presence of a yardang to the east of the wall, approximately 1.5 m high, 265 

blocking the strong easterly winds from interacting with the base of Wall 2. On the two higher 266 

density walls (Walls 3 and 4) there was some less severe, patchy flaking occurring on the eastern 267 

side.  268 

Development of deterioration features in real time was observed on the large test walls during the 269 

storm event on 14-15th August 2018. The storm caused a notable volume of material, comprised of a 270 

range of grain sizes, to be deposited at the base of the walls forming a small outwash slope. This was 271 

especially visible on the west side, facing the prevailing storm direction, where the deposited 272 

material extended outwards for almost 50 cm in some areas (Figure 5d). 273 
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 278 

Figure 5: Deterioration features found on the large test walls after one year exposed to the environment at Suoyang: a) 279 

scouring around the base of the test walls, b) the rounding of the test wall corners, c) the variation in flaking on the 280 

eastern side of Wall 1 and d) The deposited material at the base of the west side of Wall 1. 281 

3.3 Historic	walls	282 

The greatest variety in deterioration features was found on the historic walls with each signature 283 

comprising five to eight deterioration features associated with both wind and rain events (Table 2). 284 

The variability of deterioration around the site was also captured with the geomorphological 285 

signature varying significantly between different sections of the inner city wall and also within 286 

individual sample sites (Figure 6).  287 Deleted: Figure 6288 
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 289 
Figure 6: Deterioration around Suoyang at the a) East, b) Bisecting, c) West, d) North and e) South inner city wall. 290 

Deterioration on the east or internal wall face is shown in (i) and west or external wall face is shown in (ii).    291 
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East inner city wall 292 

The east inner city wall was degraded into turret shaped sections with some sections becoming free 293 

standing (Table 2). On the east side of the east inner city wall there was extensive hollowing and 294 

deflation with rammed earth layers clearly visible across the majority of the wall face (Figure 6a-i). At 295 

the base of the walls there was also extensive scouring and rounding of corners, especially on faces 296 

between wall sections. At the top of the walls there were notable patches of wind polishing and 297 

some small sections of slurry. The slurry tended to be located under small faults in the wall top and 298 

in some cases formed narrow gullies down the wall face. At the base of the wall there tended to be a 299 

small outwash plain. 300 

On the west side of the east inner city wall, slurry covered almost all areas with multiple layers being 301 

visible on some wall sections (Figure 6a-ii). Gullies were also present and were deeper than on the 302 

east side of the same wall section. At the base of the wall, slurry had been undercut especially on 303 

wall sections which had a dune forming against the wall. 304 

Bisecting inner city wall 305 

The bisecting inner city wall was taller and the wall sections were more continuous (less turret-like) 306 

with fewer collapses than the east inner city wall (Table 2). On the east side of the bisecting inner 307 

city wall, extensive wind and sand polishing and rounded corners was present (Figure 6b-i). In 308 

addition, there were areas of slurry, some of which was overlaid with sand polishing. In areas where 309 

slurry had been eroded, either by under cutting or flaking off, material had been deflated. Gullies 310 

were present on some areas of the wall, predominately forming where cracks were present in the 311 

wall. The west side of the bisecting wall was notably more slumped with large dunes abutting the 312 

wall (Figure 6b-ii). There was extensive slurry across the wall surface and large outwash plains at the 313 

base. 314 

West inner city wall 315 
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The west inner city wall was almost continuous. On the east side, wind and sand polishing, rounding 322 

of corners and deflation of material with some slurry and gullying were present at the north and 323 

south end, and there was extensive dune development almost burying the walls in some places in 324 

the centre (Table 2; Figure 6c-i). On the west side there was extensive dune development towards 325 

the centre of the wall. The exposed areas at the north and south end of the wall exhibited large 326 

amounts of slurry over the walls, deep gullies running down the wall face and out wash plains at the 327 

base of the walls (Figure 6c-ii). 328 

North inner city wall 329 

The north inner city wall was continuous (Figure 6d). The internal wall had extensive slurry coverage 330 

in some areas with large outwash plains at the base of the wall (Table 2; Figure 6d-i). Corners along 331 

the wall were rounded but there was variation in the extent to which there was deflation, dune 332 

development and gullying on the walls. Some areas showed a palimpsest of deterioration features 333 

with sand polishing overlaying slurry. 334 

The deterioration features along the external wall were similar except for around the fortification 335 

towers where slurry was more dominant on the leeside of the towers. On all other areas, there was 336 

a thin slurry down the walls with sand polishing on top and shallow gullies down the wall with 337 

outwash fans at the base (Figure 6d-ii).  338 

South inner city wall 339 

The south inner city wall also was also continuous. However, parts of the internal wall showed 340 

evidence of collapse and had thick slurry occurring along the entire length with shallow outwash 341 

plains along the base of the wall (Table 2). Over the top of the crust, there was notable horizontal 342 

wind polishing (Figure 6e-i). In addition, deep gullies were present with outwash fans at the base of 343 

the gully. The deterioration features on the external wall were similar to those found on the external 344 
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north inner city wall: in all areas except for around fortification towers there was thin slurry overlaid 354 

with sand polishing (Figure 6e-ii). 355 

4 Discussion	356 

We used geomorphological signatures present on the test and historic walls at Suoyang to 357 

investigate the relative importance of wind and rain as drivers of earthen heritage deterioration. By 358 

combining the geomorphological signature data from the test and historic walls (Table 2, Figure 4 - 359 

Figure 6), Table 3 ranks the relative importance of wind- and rain-driven deterioration features over 360 

different exposure periods using a five-point scale. This type of classification scale has recently been 361 

used by Du et al. (2020) to undertake damage assessments of collapses along the Ming Great Wall, 362 

China. Given the ability of this method to compare the extent of deterioration with characteristics of 363 

specific deterioration features, in this study we use a similar scale to assess the relative importance 364 

of wind- and rain-driven deterioration features with regard to:  365 

(i) the nature and distribution of features.  366 

Volume: A value of ‘1’ was assigned to features formed with the erosion/ deposition of 367 

small (cm3) quantities of sediment off the wall surface, while ‘5’ was assigned to features 368 

formed with the erosion/ deposition of large (m3) quantities of sediment that threaten 369 

the structurally integrity of the wall. 370 

Spatial coverage: A value of ‘1’ indicated a presence on in localised areas, while ‘5’ 371 

indicated a complete, widespread presence across the wall face.   372 

(ii) the frequency and magnitude of deteriorative events required to drive a feature’s 373 

formation. 374 

Number of events: A value of ‘1’ was assigned to features that formed after exposure to 375 

many deterioration events (100s), while ‘5’ was assigned to features formed within a 376 

single deterioration event. 377 

Time to formation: As deterioration events in dryland regions occur at different 378 
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frequencies, deterioration features that form over long temporal periods (decades) were 384 

assigned a ‘1’. Features that form over short temporal periods (days) were assigned a ‘5’. 385 

(iii) the persistence of a feature to future deteriorative events. 386 

Persistence: A value of ‘1’ was assigned to features erased by subsequent deterioration 387 

events. ‘5’ was assigned to features still present after numerous (100s) subsequent 388 

deterioration events. 389 

Table 3: Comparing the nature and distribution, frequency and magnitude and persistence of wind- and rain-driven 390 

deterioration features on earthen heritage 391 

 
 Wind-driven 
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Rain-driven 

features Both 
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Volume of material eroded or 
deposited during feature formation 

(1=small, 5=large) 
1 1 1 1 2 2 3 4 4 5 

Spatial coverage of feature at Suoyang 
(1=localised, 5=widespread) 1 1 2 3 4 3 4 1 3 2 

Fr
eq

ue
nc

y 
an

d 
M

ag
ni

tu
de

 

Number of wind/rain events for 
feature to form  

(1=many events, 5=few events) 
3 3 1 1 1 3 3 4 4 1 

Time period for feature to form in 
semi-arid regions  

(1=long period, 5=short period) 
5 5 3 3 4 4 2 2 3 1 

Pe
rs

ist
en

ce
 

Persistence of feature to wind events 
(1=low, 5=high) - - - - - 3 4 4 3 5 

Persistence of feature to rain events 
(1=low, 5=high) 1 1 1 1 1 - - - - 5 

4.1 Nature	and	distribution	of	deterioration		392 

In this study, we found substantive differences in the nature of deterioration features caused by 393 

wind and rain in terms of volume of material moved and spatial coverage (Table 3). As found 394 

experimentally on the small test wall, wind generally removed less material per event than rain 395 
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(Figure 4). Similarly, on the historic and large test walls, wind-driven deterioration features were 397 

commonly formed with the loss of small volumes of material while a greater amount of material 398 

typically moved to form rain-driven features (Figure 5 and 6). These results correspond well with 399 

previous research that has also found that features, such as polishing, are commonly formed on 400 

areas where individual loose grains have been deflated, while features such as gullies can transport 401 

large amounts of material en masse down the wall face (Wang et al., 2010; Mao et al., 2015; 402 

Richards et al., 2019, 2020). 403 

Of the deterioration features assessed in this study, turretting was associated with the greatest 404 

material loss. It was only found on the historic walls (Table 2) suggesting that this feature develops 405 

over longer temporal periods and on larger structures than other features such as polishing or 406 

rounding of corners. The regular spacing of turrets along the east inner city wall further suggests 407 

that deterioration is focused on the joints between the constructed sections of rammed earth, 408 

although this process could also occur on areas where vertical cracking has developed due to the 409 

uneven settlement of foundations. Interactions and feedbacks in these joint areas between gullying 410 

and wind deflation processes seem to be vital in causing the development of fissures in the wall face 411 

(Du et al., 2017; Cui et al., 2019; Richards et al., 2020). However, the location of severe turretting on 412 

the eastern inner city wall, exposed to the prevailing wind, compared to the absence of turretting on 413 

any other inner city wall (Table 2), strongly implies that wind is likely to be the initiating factor in the 414 

formation of these large deterioration features. 415 

Results from the test and historic walls show the distribution of other wind- and rain-driven 416 

deterioration features are constrained by spatial factors (Table 4). Both wind and rain features were 417 

seen to be controlled by the aspect of the wall, with prevailing climatic conditions strongly 418 

influencing the type of deterioration present on the historic and test walls. On both the test and 419 

historic walls, wall faces exposed to the prevailing wind direction tended to be dominated by wind-420 

driven deterioration features, while wall faces exposed to the prevailing storm directions tended to 421 
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be dominated by rain-driven deterioration (Figure 5 and 6; Table 2). The presence of wind-driven 427 

deterioration features was also seen to be strongly dependent on the spatial location across the wall 428 

face with respect to: the vertical height of the wall, the edge of the wall and the location of the 429 

saltation zone up the wall face (Table 4; Richards et al., 2020). The presence of rain-driven 430 

deterioration features is notably dependent on the location of cracks or joins in the earthen material 431 

(see Table 4 for further detail). 432 

Table 4: Spatial controls on a) both wind- and rain-driven deterioration features, b) wind-driven deterioration features 433 

and c) rain-driven deterioration features. 434 

Spatial control Reason Impact 
a) Wind and rain 

Aspect The prevailing wind is 
easterly while the 
prevailing direction of 
storms is westerly 

The presence of wind-driven deterioration 
features is dominant on the east wall faces while 
rain-driven deterioration features are dominant 
on the west wall faces 

b) Wind  
Vertical height  Wind velocity increases 

with height from the 
ground 

Presence of features formed by the deflation of 
loose material, such as wind polishing, are more 
commonly found near the top of the wall faces 

Wall edge Wind velocity is 
accelerated around the 
sides of objects 

Acceleration can drive features such as the 
rounding of corners and also scouring round the 
base 

Saltation zone Sediment transport is 
concentrated within the 
first 40 cm above the 
surface 

The kinetic energy of sediment laden wind  
can cause embedded particles to be loosened 
causing features such as pitting 

Horizontal 
compaction 
layering 

The density of earthen 
material is higher at the 
interfaces between 
rammed layers 

Abrasional features such as pitting are 
concentrated on the areas of wall with lower 
density. 

c) Rain  
Crack and 
joints 

Faults in the earthen 
material can channel runoff 
down the wall face 

Gully features are dominantly found at locations 
of wall weakness with depositional features such 
as outwash plains forming below 

 435 

Once material was eroded from the parent material, wind typically entrained the earthen material, 436 

transporting it downwind, until it was either deposited in onsite dune formation or transported 437 

away from the heritage site. In contrast, material entrained in sheet or channelled runoff was 438 

typically redeposited further down the wall face or at the base of the wall (Richards et al., 2019; 439 
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Figure 6), analogous to sediment being deposited from rivers that leave mountain ranges forming 443 

alluvial fans (Bull, 1977). Consequently, products of rain-driven deterioration are likely to remain 444 

close to the parent material for longer than the products of wind-driven deterioration.  445 

In addition to wind and rain, other environmental conditions, such as fluctuations in temperature, 446 

may impact the nature and distribution of deterioration features. At Suoyang, the low moisture 447 

content of the rammed earth (with the difference in the natural and dry density of rammed earth at 448 

Suoyang typically less than 1%; Dunhuang Academy, unpublished), suggests that deterioration 449 

mechanisms associated with processes such as freezing and ice formation are likely to be limited. 450 

However, further research is needed to assess the relative importance of these deterioration 451 

processes, especially at other earthen sites with higher moisture contents.    452 

4.2 Magnitude	and	frequency	of	deterioration	processes	453 

Results from this study suggest that heavy rainfall events associated with dryland regions can drive 454 

the erosion of large volumes of earthen material (Table 2), but their sporadic, infrequent nature 455 

limits their overall impact (Table 3).  456 

In contrast, individual wind events erode small volumes of earthen material but the high frequency 457 

of wind events in open, sparsely vegetated environments causes a significant cumulative impact. The 458 

cumulative impact of these low magnitude deterioration events is seen with extensive coverage of 459 

wind-driven deterioration features on walls facing the prevailing wind and also with wind controlling 460 

the location of larger features, such as turretting (Table 2). The low magnitude nature of wind as a 461 

driver of earthen deterioration means that over a recording period of days to months, these changes 462 

may not be visible and thus, further long-term studies are needed to quantify the impact of wind at 463 

earthen heritage sites.  464 
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4.3 Persistence	of	deterioration	features	469 

Findings from this study indicate that the persistence of deterioration at earthen heritage sites is 470 

dependent on the type of deterioration feature (Table 3). The small volume of material loss 471 

associated with the formation of wind-driven deterioration features  (Figure 4 - 6) suggests many 472 

wind-driven deterioration features, such as polishing, only require small volumes of subsequent 473 

material movement to cover or erode the original feature. In addition, deterioration features, such 474 

as pitting, increase the surface area of the wall face and loosen particles from the parent material, 475 

thus increasing the area of earthen material exposed to further deterioration (Wang et al., 2010).  476 

Conversely, the larger volumes of material movement associated with the formation of rain-driven 477 

deterioration features, such as gullies and outwash plains (Figure 6), suggest that to remove or cover 478 

over such features, greater amounts of material are subsequently required. Furthermore, the 479 

transportation and redeposition of material in solution alters the characteristics of the wall surface 480 

with the redeposited material forming a harder crust over the parent material (Cui et al., 2019). This 481 

crust can act as a protective layer as well as promoting the deterioration of the layer of material 482 

behind the crust. 483 

The interaction between wind- and rain-driven geomorphological signatures was seen on the historic 484 

walls: rain-driven features formed over the top of wind-driven features covering the wind-driven 485 

geomorphological signature, while wind-driven features predominantly imprinted into the surface of 486 

the rain-driven feature without fully covering the underlying feature (Table 2). In cases, such as 487 

scaling off, where wind-driven deterioration caused the removal of rain-driven deterioration 488 

features, this process exposed fresh material without a geomorphological signature that could be 489 

associated with wind (Cui et al., 2019). 490 

Given these differences in persistence, historical variations in rainfall at Suoyang could have 491 

influenced the spatial extent and severity of wind- and rain-driven geomorphological signatures. 492 

Relatively wetter periods in northwest China (e.g. 16th and mid-19th centuries) could have caused the 493 
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formation of widespread, long lasting rain-driven geomorphological signatures, while during drier 498 

periods (mid-17th to early 18th century) these signatures could have become increasingly imprinted 499 

with wind-driven deterioration features (Yang et al., 2011; Deng et al., 2017). Legacies from the 500 

wetter periods are likely to still be influencing the present-day signatures – especially if the climatic 501 

conditions caused the formation of large, highly persistent deterioration features such as turrets. 502 

Consequently, to capture: (i) the cumulative impact of low persistence, wind-driven features and (ii) 503 

the impact of potential climatic legacies, we suggest that at earthen heritage sites, geomorphological 504 

signatures have to be interpreted in conjunction with the concept of persistence.  505 

This need for considering the concept of persistence is schematically shown in Figure 7. Figure 7 uses 506 

the findings from Suoyang to illustrate the formation and cumulative impact of wind- and rain-driven 507 

deterioration features on earthen heritage over time. The importance of the cumulative impact of 508 

wind as a driver of deterioration, presents an opportunity for earthen heritage conservation. It 509 

suggests that low-cost nature-based strategies, such as windbreaks, could be effective strategies to 510 

minimise future deterioration (Richards et al., 2020) and further research should test the efficacy of 511 

such conservation strategies at reducing deterioration at earthen heritage sites.  512 



27 
 

 513 

Figure 7: A schematic of the surface coverage of wind- and rain-driven features over time. The cumulative impact of these features is shown with a dotted line.514 
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5 Conclusion	515 

Many earthen heritage sites located in dryland environments are experiencing extensive 516 

deterioration. This study combined approaches from geomorphology with understandings from 517 

heritage science to investigate the relative importance of wind and rain in driving earthen heritage 518 

deterioration.  519 

Findings from this study highlight the importance of wind as an initiator of earthen heritage 520 

deterioration, and, as a driver that can cause extensive deterioration on walls exposed to the 521 

prevailing wind.  522 

The importance of wind is likely to have been previously overlooked due to: (i) the low magnitude of 523 

individual wind events, (ii) the small volume of material loss associated with wind-driven 524 

deterioration and (iii) the low persistence of wind-driven deterioration features. However, the 525 

cumulative effect of wind events results in wind being a vital driver of earthen heritage deterioration 526 

- with large-scale deterioration features located on walls exposed to the prevailing winds.  527 

The outcomes from this study present an opportunity for earthen heritage conservation strategies to 528 

investigate the potential strategies that minimise wind speed at earthen heritage sites. Future 529 

research should investigate how strategies such as windbreaks could minimise future earthen 530 

deterioration as well as the deteriorative role of other environmental conditions, such as 531 

temperature fluctuations and the effects of freezing.  532 
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