
 

1 

 

 

Origin of tafoni in the Late Cretaceous aeolian sandstones, 

Danxiashan UNESCO Global Geopark, South China 
 

 

CHEN Liuqin
1, 2, 3

, GUO Fusheng
1,3

, LIU Fujun
3
, XU Huan

3
, DING Ting

3
, LIU Xin

3
 

 

1 State Key Laboratory of Nuclear Resources and Environment, East China University of Technology, 

Nanchang 330013, China 

2 Shandong Provincial Key Laboratory of Depositional Mineralization & Sedimentary Mineral, 

Shandong University of Science and Technology, Qingdao 266590, China 

3 School of Earth Sciences, East China University of Technology, Nanchang 330013, China 

 
Abstract: Tafoni occur mainly in granular rocks around the world, but their origin remains 

controversial. In this study, the roles of lithology, micro-climate, and organism in tafoni 

development are investigated in the Danxiashan UNESCO Global Geopark of South China. The 

Jinshiyan Temple and Luyitang sites along the Jinjiang River are chosen to conduct tafoni 

morphometry, bedrock petrography, and micro-climate analyses. The research methods used in 

this study include field observations and measurements, Voronoi diagrams, polarizing 

microscopic and scanning electron microscopic (SEM) image analysis, and meteorological 

detection. The tafoni are mostly 2-10 cm in length and elliptical in shape. The Late Cretaceous 

Jinshiyan sandstones are characterized by a grain-to-grain contact fabric and moderate sorting 

with a high proportion of soluble grains and cements. The Voronoi diagrams developed through 

the ArcGIS software are largely consistent with the tafoni openings. Moreover, owing to 

exposure to solar insolation, the external temperature values are higher than the internal ones, 

while the external relative humidity values are lower than the internal ones. Therefore, the 

permeable Jinshiyan sandstones are fundamental for tafoni development, while the abundant 

moisture from the Jinjiang River and frequent rains is favorable for salt weathering in tandem 

with biological activities. At last, a five-stage development model is proposed for the tafoni 

progression in the study area. 
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1 Introduction 
 

Sandstone is a useful and beautiful building stone type and a distinctive component of natural 

landscapes. It is agreed that sandstone weathering is dominantly controlled by lithologic and structural 

conditions, while the subtleties of small-scale rock heterogeneities, microclimatic, and biological 

effects have been invoked in recent studies (Mottershead et al., 2003; Mustoe, 2010; Young et al., 2009; 

Mol, 2014; Huang and Wang, 2017). Previous studies recognized relationships between extrinsic 

factors (climate and environmental conditions) and intrinsic controls (lithologic structure, constituency, 

texture, and integrity) in sandstone weathering features (McBride and Picard, 2004; Young et al., 2009; 

Achyuthan et al., 2010; Dill et al., 2010; Guo and Jiang, 2015; Urban and Górnik, 2017). 

Around the world, many sandstone landscapes are featured by small-scale landforms including pits 

and hollows, networks of shallow gutters, rock doughnuts, tessellation plate, and boxwork patterns of 

indurated joints (Young et al., 2009). Tafoni (or honeycombs, stone laces, alveolus) are small (less than 

1 cm) to large (more than 1 m) cavernous weathering formed on nearly vertical natural bare stone mass 

or stonework, and they generally develop in granular rocks such as sandstone (Young et al., 2009; 

Mustoe, 2010; Mol and Viles, 2012), granite (Schnepfleitner et al., 2016; Huang and Wang, 2017), and 
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other rock types (Paradise, 2013). Generally, Tafoni possess arch-shaped entrances, concave inner walls, 

overhanging visors, and gently sloping debris-covered floors (Turkington and Phillips, 2004). Tafoni 

have been documented in a number of environments ranging from arid deserts to moist coastal areas on 

Earth (Paradise, 2013) and even on Mars (Rodriguez-Navarro, 1998), but their occurrence is more 

prevalent in temperate coastal environments and more hot and/or cold deserts (Paradise, 2013). 

Although salt weathering has been thought to be the dominant agent for the formation of tafoni (Young 

et al., 2009), other different processes might be significant in some cases (Turkington and Paradise, 

2005). The causes and influences of tafoni development have been investigated for more than 100 years, 

but the origin of tafoni is still controversial. The microclimatic conditions, salinity, and environmental 

factors are important for tafoni formation (Hejl, 2005). The composition and texture of the bedrock is 

generally considered to be significant for tafoni development (Young et al., 2009). It is now agreed that 

moisture availability is important for the tafoni formation (Huinink et al., 2004). The internal moisture 

regimes within the rock are crucial for the tafoni evolution (Mol, 2014). But in some cases, the 

presence of microbial biofilms is a key to honeycomb weathering (Mustoe, 2010). 

The Danxiashan UNESCO Global Geopark (DGG) is located within northern Guangdong Province 

in South China, where the combination of the three units including the subrounded summit, prominent 

cliff, and gentle footslope occurring in the Late Cretaceous redbeds was first named as Danxia 

landscape in 1930s (Chan, 1938). The DGG is representative of the World Heritage ‘China Danxia’. 

During the last two decades, the Danxia landscapes were gradually recognized and accepted by 

international geomorphologic community (Young et al., 2009; Kusky et al., 2010; Peng et al., 2015; 

Zhu et al., 2015; Guo et al., 2018). 

The Jinshiyan Temple and Luyitang sites along the Jinjiang River were chosen for honeycomb 

weathering research in this study. The formative processes of these cavernous weathering features are 

unclear. Field observation, Voronoi diagrams (Thiessen polygons), polarizing microscope, scanning 

electron microscope (SEM), and pocket weather monitors were used in this work to obtain tafoni 

morphology and size and to assess the roles of lithology, moisture, and organism in tafoni development. 

Thus, the significance of this work includes: (1) measurements and description of these tafoni; (2) 

exploring the influences responsible for the formation processes; (3) a five-stage development model is 

proposed for the formation of these tafoni. 

 

2 Study area and characterization of sandstone 
 
2.1 Study area 

The DGG, covering an area of 292 km
2
, is located in the middle sub-tropical monsoon climate region 

with the longitude of 113°36′25″ ~ 113°47′53″E and the latitude of 24°51′48″ ~ 25°04′12″N. The 

annual precipitation is 1715 mm, and the annual temperature is 19.7 ℃. The rainy season can range 

from February to May. The mean temperature of January is 9.3 ℃ and of July is 28.4 ℃. The DGG is 

within the Danxia Basin and is representative of the low-altitude mountain tourism attraction. The 

Bazhai peak is the highest peak with an altitude of 619.2 m. The meandering Jinjiang River is flowing 

through the DGG towards south to merge into the Zhenjiang River near the Shaoguan City (Fig. 1). 
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Fig. 1. The location of the studied sites. 
(a)- The Danxiashan UNESCO Global Geopark is located in northern Guangdong Province of South China. (b)- DEM (Digital Elevation 

Model) map showing the studied tafoni are located along the cliffs of the two hills, namely the Shuimeiren and Zhanglao Peak on the two 

sides of the south-flowing Jinjiang River. 

 

The Danxia Basin is one of the continental fault basins generated in the crustal extension tectonic 

setting during late Mesozoic in South China (Shu Liangshu et al., 2009; Jia Ruya et al., 2017; 

Dmitrienko et al., 2018; Wang Cheng et al., 2018; Mabi et al., 2018). The basin filling is up to 4000 m 

thick, and it is composed of the Early Cretaceous Sandong and Maziping formations and the Late 

Cretaceous Changba and Danxia formations (Zhang Xianqiu, 1992). The Sandong Formation consists 

of volcanic and volcanoclastic rocks, while the Maziping Formation is dominated by dark purple 

siltstones, light yellow and green sandstones, and mudstone with abundant fossils of ostracodes, 

conchostracans, gastropods, charophyta, and plants. The Changba Formation is composed of 

conglomerates, sandstones and mudstone with abundant microfossils (Zhang Xianqiu and Lin Xiaoyan, 

2013). The Danxia Formation is dominantly featured by conglomerates and sandstones, which is 

further subdivided into the Bazhai, Jinshiyan, and Baizhaiding members in an ascending order (Fig. 2). 

The Bazhai and Baizhaiding members are dominated by conglomerates, while the Jinshiyan Member is 

distinguished by the large-scale cross-bedded aeolian sandstones (Jinshiyan sandstone). 

The Danxia Formation is the bedrock for the development of the Danxia landscapes (Fig. 2). The 

delicate cavernous weathering features (tafoni) of this work were observed in the Jinshiyan sandstones. 

The Jinshiyan Temple and Luyitang sites were selected for this study. The former is 190 m in altitude 

and located at the Zhanglao Peak to the southeast of the Jinjiang River, while the latter is 250 m in 

altitude and located at the Shuimeiren to the northwest of the river. 
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Fig. 2. Overview photo of the Zhanglao Peak hill with a height of 280 m from the bus road to the top.  
(a)- The constituent subrounded summits and prominent reddish cliffs of the Danxia landscape taken by a DJI drone in March of 2017. 

Flat caverns develop along the bedding plane, some of which are enlarged by closely spaced vertical joints (VJ). The Jinshiyan Temple is 

located within the right bedding-controlled cave (8 m high). The inset photo (b) shows tafoni occurring in the Late Cretaceous Jinshiyan 

sandstones with large-scale cross-beddings. 

 

2.2 Jinshiyan Sandstone 

The Jinshiyan sandstone is 92~300 m thick and is the middle lithologic section of the Danxia 

Formation (Fig. 2) deposited during Campanian Stage (between 84 Ma and 72 Ma ago) when an arid 

paleoclimate was prevailing in the mid-latitudes in East Asia (Hasegawa et al., 2009). The Jinshiyan 

sandstone was deposited in an aeolian depositional system, which is similar to the Tangbian Formation 

of the Xinjiang Basin in Jiangxi Province (Jiang et al., 2008; Chen et al., 2017). The distinguished 

feature of the Jinshiyan sandstone is the large-scale cross-beddings, dominant medium- to fine-sized 

sand grains with minor amounts of small pebbles. The thickness of the individual lamina ranges from 

0.3 cm to 4.5 cm. The dip angle of the foreset bedding is 10° to 30° at the Jinshiyan Temple in the 

Zhanglao Peak hill, while it can reach up to 60° at the Luyitang site in the Shuimeiren hill. The 

granular disintegration and spalling can also be obviously observed along the sandstone cliff faces. 

 

3. Analytical Methods 
 

In the field, the orientations of tafoni openings were measured using a geologic compass. Size 

measurements of cavern dimensions, bedrock lithology, and description of the weathered cliff faces, the 

content of biological activity (i.e. organism growth and colonies) were documented. The length, depth, 

and height of tafoni cells were measured using a ruler. The measured results are used to analyze the 

morphology of the tafoni. The relationship among the development of tafoni, lithology and sedimentary 

structures were recorded as well. 

In addition, the ArcGIS 10.2 software was used to obtain the Voronoi polygons to illustrate the 

framework of tafoni morphology. The Voronoi diagrams are used to partition a plane into regions based 

on distance to points. In these diagrams, the closest pair of points corresponds to two adjacent cells 

(Okabe et al, 2000). The Voronoi diagrams have been widely used to explore space partition issues in 

meteorology, geography, biology, hydrology, computational physics, and so on. 
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Grain sizes, compositions, and textures of the Jinshiyan sandstone samples were measured, observed, 

and analyzed using a polarizing microscope. SEM images were taken using a NovaNanoSEM450 made 

by FEI Czech Co. Ltd. in the State Key Laboratory of Nuclear Resources and Environment, East China 

University of Technology. 

Two pocket weather monitors (KESTREL 5500) were used to detect the external and internal 

temperature, relative humidity, wind speed changes outside and inside the Jinshiyan Temple cavity 

from July 3rd to August 13th 2018. The meteorological indices were recorded at 10 minute intervals. 

The measurement ranges and accuracies of the KESTREL 5500 are -29 to 70 ℃ ± 1℃ for temperature, 

0-100% ± 3% for relative humidity, and 0.6- 60 m/s ± 3% for wind speed. 

 

4. Results 
 

4.1 Tafoni morphology and size 

The Jinshiyan Temple lies within a large bedding-controlled cave that was cut into the Jinshiyan 

sandstone underlain and overlain by conglomerate beds (Fig. 2). Some cavities have been enlarged due 

to joint widening and block collapse. The temple was first built during the time of Chongning Emperor 

(A.D. 1102-1106) of North Song Dynasty. This cave is about 20 m long, 8 m high, and 12 m deep. The 

orientations of the cavern opening range from 290° to 300° downwards the Jinjiang River. The tafoni 

develop along the back walls of the cave, resembling a flying Chinese dragon with a length of 10 m and 

a width of 2 m (Fig. 3(a)). The most tafoni are subrounded with thin walls ranging from 0.8 cm to 2.0 

cm in thickness. They form a distinct cell-and-wall structure. The by-products of weathering can be 

observed at tafoni floors (Fig. 3(c) and (e)). At the lower right corner of this tafoni belt, the controlling 

of lamination on the tafoni arrangement is very obvious (Fig. 3(e)). Moreover, a number of tafoni are 

characterized by recessed tops and gently dipping floors. 
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Fig. 3. Tafoni along the back walls of the Jinshiyan Temple within a large bedding-controlled cave in the Zhanglao 

Peak hill. 
(a)- Overview of the tafoni belt. The circled man in the right corner is 170 cm tall. Photos (b), (c), and (d) are close-up photos of the left 

part of photo (a). (d)- Nest burrows were observed in a lot of tafoni (yellow arrows). (e)- The right part of photo (a) showing honeycomb 

weathering is controlled by laminae. 

 

At the Luyitang site, the delicate lacework features develop in the cliff faces (Fig. 4), which is a little 

different from that observed on the cliffsides of the Jinshiyan Temple site (Fig. 2(b)). The sandstone 

cliff is 191° facing downwards the Jinjiang River. The dip angle of the foreset bedding can reach up to 

60°. The arrangement of the tafoni here is obviously controlled by the lamination of the large-scale 

cross-beddings (Fig. 4(a), (b), and (c)). In addition, many tafoni cells have been coalesced laterally to 

form grooves (Fig. 4(b) and (c)). The side walls are commonly thinner than that at the Jinshiyan 

Temple site, ranging from 0.2 cm to 3.4 cm in thickness. In some cases, the inner parts of two adjacent 

caverns are connected, whereas the outer parts remain separated. It is notable that small pits redevelop 

within some already developed tafoni (Fig. 4(d)). 
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Fig. 4. Tafoni on the cliff face at the Luyitang site in the Shuimeiren hill.  
(a)-Tafoni are concentrated in the two circled parts. Photos (b), (c), and (d) are close-up view of the lower circled tafoni. (b)- Tafoni are 

developing along the lamination and some of them were coalesced to form grooves. (c)-Some individual cells are interconnected to form 

delicate lacey features. (d)- Small pits are redeveloping within already developed tafoni. 

 

The size measurement results (Table 1) of 220 tafoni show that the length is from 1.5 cm to 19.5 cm 

(avg. 8.3 cm), the depth is from 1.2 cm to 15.0 cm (avg. 5.4 cm), and the height is from 1.0 cm to 16.0 

cm (avg. 6.6 cm) at the Jinshiyan Temple site. At the Luyitang site, we measured 56 tafoni sizes. The 

length is from 1.0 cm to 11.0 cm (avg. 4.1 cm), the depth is from 0.5 cm to 6.0 cm (avg. 2.1 cm), and 

the height is from 1.0 cm to 9.0 cm (avg. 3.7 cm). There is a parabolic correlation relationship between 

the length and the depth or height (Fig. 5). The tafoni sizes are very similar at both sites, possibly 

reflecting the similar origin. 
Table 1 Summary of tafoni morphometry at the Jinshiyan Temple and Luyitang sites 

Site Morphometry 
Rounded Subrounded Elliptical Well elliptical 

e = 0 0 ＜ e ≤ 0.1 0.1 ＜ e ≤ 0.4 0.4 ＜ e ＜ 1 

Jinshiyan 

Temple 

Number 12 34 136 38 

Ratio 5.5% 15.5% 61.8% 17.2% 

Luyitang 
Number 11 7 34 4 

Ratio 19.6% 12.5% 60.8% 7.1% 
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Fig. 5. Tafone sizes at the Jinshiyan Temple (a) and the Luyitang (b) sites. 

 

In the Voronoi diagrams of tafoni openings, each polygon contains only one point. The region of 

each Voronoi polygon represents the extent covered by the point. Besides, the two adjacent tafone cells 

correspond to the closest pair of points. The distance is equal to any point on the edge of a polygon to 

the adjacent points. The coincidence between the Thiessen polygons and the tafoni openings at the 

Jinshiyan Temple is better than that at the Luyitang site (Fig. 6). Moreover, the consistence becomes 

better when the length/depth ratio gets higher. 

 
Fig. 6. Voronoi diagrams of tafoni openings. 
(a)- The tafoni openings are highly consistent with Thiessen polygons at the Jinshiyan Temple site. (b)- The yellow squares illustrate five 

representative areas where the tafoni openings are consistent with Thiessen polygons at the Luyitang site. 

 
4.2 Petrography of Jinshiyan sandstone 

The Jinshiyan sandstones possessing tafoni are generally friable and easily eroded. The strength of 

these rocks was tested using a Schmidt hammer in the field. Their strengths are around 40 MPa in 

compression. Under a Nikon microscope, sand particles are dominantly subrounded, moderately to 

highly sorted, clast-supported, and composed of quartz (largely monocrystalline quartz), feldspar 

(microcline and acid feldspar), and rock fragments (largely tuff). Most of the grains are 0.05 mm to 

0.35 mm in diameter. The grains are cemented by Fe
3+

-rich clay minerals and minor amounts of calcite. 

The sandstones have a high proportion of grain-to-grain contact (Fig. 7). Thus, the studied lithology is 

medium- to fine-grained feldspathic litharenite based on detrital compositions (Folk, 1980). 
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Fig. 7. Microscopic photos of the Jinshiyan sandstone samples. 
(a)- The grains are medium- to fine-sized, dominantly subrounded and moderately sorted with a grain-to-grain contact fabric. (b)- The 

grains are cemented by Fe
3+

-rich clays and minor amounts of calcite. Dissolution weathering can be found on the feldspars. Q- Quartz; 

Kf- potassium feldspar; Ca- Calcite cement. 

 

The content of the carbonate cement is mostly less than 10%. The quartz overgrowths can be 

observed, which once formed sutures between the grains and were subsequently extensively eroded. 

The intergranular calcite cement and quartz overgrowths were destroyed by corrosive solutions to leave 

uncemented and interlocking grains with clay in some interstices. Both etching and alternation can be 

observed on feldspar grains. As a result, most of the feldspar surfaces are unclean in a microscope. In 

SEM images, the grains are not tightly compacted with abundant porous space. Some quartz grains are 

massively pitted, resembling micro-scale lace-like features (Fig. 8), which further manifests mineral 

dissolution and reflects salt weathering. 

 
Fig. 8. SEM images of the Jinshiyan sandstone samples. 
(a)- The uncemented and interlocking grains. (b)- Lace-like depressions can be observed on some quartz grains. 

 

4.3 External and internal meteorology at the Jinshiyan Temple site 

The orientation of the prevailing wind detected at the Jinshiyan Temple cave is towards the south 

(Fig. 9). The external and internal changes of temperature, humidity, and wind speed were measured 

from July 3rd to August 13th 2018 and are presented in Fig. 10 and summarized in Table 2. The 

external mean temperature is 28.7℃, while the internal mean temperature is 27.5℃. The external 

temperature range (17.6℃) is larger than the internal one (10.7℃). The internal temperatures are lower 

during day and slightly higher during night than the external ones. Therefore, the temperature changes 

inside and outside the Jinshiyan Temple cavity indicate a daily cycle. 
Table 2 Summary of meteorological data measured at the Jinshiyan Temple site from 3rd 7 to 13th August 

2018 

 Temperature (℃) Relative humidity (%) Wind speed (m/s) 

 Max Min Mean Range Max Min Mean Range Max Min Mean Range 

External 41.1 23.5 28.7 17.6 98.7 51.9 78.5 46.8 2.4 0 0.07 2.4 

Internal 35.4 24.7 27.5 10.7 97.9 64.0 85.1 33.9 0 0 0 0 
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Fig. 9. Orientations of prevailing wind inside and outside the Jinshiyan Temple cave. 

 

The external and internal mean relative humidity is 78.5 % and 85.1 %, respectively. The external 

relative humidity ranges are higher than the internal values. The maximum and minimum humidity 

inside and outside tafoni also shows a daily cycle. 

The external wind speed changes from 0 m/s to 2.4 m/s with an average of 0.07 m/s, and the range is 

2.4 m/s. The internal wind speed is recorded as zero owing to the protection of the curvature of the cliff 

walls. 

 

5. Discussion 
 

5.1 Lithology and chemical solution 

The delicate cavernous weathering patterns of the DGG develop in the thick-bedded Jinshiyan 

sandstones rather than the conglomerates or mudstones. The Jinshiyan sandstones are permeable with 

soluble minerals and cements, and they are dominantly medium- to fine-grained, clast-supported, and 

composed of subrounded to rounded grains including quartz, feldspar, and lithic fragments. The grains 

would become loosened and removed owing to a combination of the intergranular material dissolution, 

gravity, rain, and wind, which was also previously invoked by Mustoe (2010) to interpret coastal 

honeycombs in south-west Oregon and north-west Washington of the USA and south-west British 

Columbia of Canada. Besides, individual grains can be easily detached because of the low cement 

content and interlocking fabric, which is similar to the Glass Hill Sandstone forming the Bungle Bungle 

Range in Western Australia (Young et al., 2009). 

Erosion and alternation of feldspars and easily soluble cements such as calcite and iron are possibly 

responsible for the generation of small depressions and pits at microscale. Among the detrital grains of 

the Jinshiyan sandstones, the potassium feldspars are readily susceptible to weathering through 

hydrolysis. The convert from feldspars to clays would result in expansion pressures within the granular 

framework and initiation of tafoni (Young et al., 2009). In the microscopic and SEM images, the quartz 

overgrowth is common. The dissolved silica is either from quartz grains or the cement, which is 

thought to have caused cavern weathering (Young et al., 2009). In addition, solutes produced from 

internal weathering are precipitated at surface to produce a coating, which might facilitate cavernous 

weathering through a core-softening and/or case-hardening mechanism (Conca and Rossman, 1985; 

Dorn et al., 2017). 

Also, intense etching of clays between quartz grains can be observed in SEM images from active 

caverns in the Jinshiyan sandstones. The loose sediments accumulated on the floors of the tafoni cells 

consist of etched quartz grains and aggregates of clays, which indicates ongoing active weathering, 

silica solution, and disintegration of the cavern walls. In addition, compared with the Jinshiyan 

sandstones, the Na2O values are higher while the CaO and MgO values are lower than that of the tafone 

debris (unpublished data). This is similar to the study by Huang and Wang (2017) and further indicates 

element transportation by salt weathering. 

Therefore, the Jinshiyan aeolian sandstones are favorable for salt weathering and probably determine 

the location, distribution, and morphology of tafoni. 

 

5.2 Climate effects on tafoni development 

The Jinshiyan Temple site is located at the northwestern slope of the Zhanglao Peak hill, while the 
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Luyitang site is positioned at the southern slope of the Shuimeiren hill. The distance between the two 

sites is about 3.0 km, and they are distributed along the southeastern and northwestern banks of the 

meandering Jinjiang River, respectively (Fig. 1(b)). The studied sites are located in the sub-tropical 

humid South China with a mean annual precipitation of 1715 mm. Therefore, we assume that both the 

frequent rains and the Jinjiang River provide abundant moisture. In addition, the weep and sapping are 

observed along the cliffs, which indicates that salt weathering plays a crucial role in dissolving 

minerals and cements (Robinson and Williams, 2000). 

In particular, the large bedding-controlled cave provides a protective shelter for cavernous 

weathering at the Jinshiyan Temple site. Thereby the honeycombs of this study are related with a 

micro-climate. Owing to the curvature of the cliff walls, the temperature ranges within the Jinshiyan 

Temple cave are less extreme than that recorded on the sandstone cliff faces, which are exposed to 

direct insolation. The internal relative humidity values are generally higher than the external ones (Fig. 

10), which influence the deposition, absorption and evaporation of moisture. As a result, the weathering 

rate is thought to be more rapid within the Jinshiyan Temple cave than the external cliff walls, which 

increased weathering and removal of sediments through flaking and granular disintegration. The 

spalling can be readily observed, and the thickness of sand material accumulation at the floors of the 

tafoni cells can reach several centimeters. Sand particles are also found on the flat stages, although they 

are regularly cleaned by Buddhist nuns. 
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Fig. 10. Meteorological data inside and outside the Jinshiyan Temple cave, which was measured from July 3rd to 

August 13th of 2018. (a) temperature; (b) relative humidity, and (c) wind speed. 

 

5.3 Biotic influences on tafoni occurrence 

At the Jinshiyan Temple site, biologic nests and burrows are observed within lots of tafoni (Fig. 3(c) 

and (d)). The abundant moisture from the Jinjiang River and rains is favorable for temporary adhesion 

and a base for microbial biofilm colonies which further hold together the granular structure (Mol, 2014). 

However, in some tafoni cells, nests and burrows are constructed by clays, which were possibly 

produced from the weathering of feldspar minerals in cooperation with acids from organisms. Some 

fungi and bacteria produce solutions high in organic acids, which could contribute significantly to the 

weathering of sandstone surfaces and even minerals over long periods of time (Turkington and Paradise, 

2005; Young et al., 2009). Moreover, the presence of biofilms can accelerate deterioration rates 

(Mottershead et al., 2003). Therefore, the abundant moisture is favorable for biologic colonies and 

growth, which in turn accelerate sandstone weathering. However, the delicate cell-and-wall structure of 

tafoni at the Jinshiyan Temple site, which is highly consistent with Thiessen polygons, were possibly 

facilitated and maintained through case-hardening mechanism. 

It is interesting to note that similar small rounded pits were observed in the both adjacent sandstone 
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cliff faces and the man-made mud walls at the Luyitang site (Fig. 11). The pits are mostly well- 

rounded and less than 1 cm in diameter with smooth walls in sandstone cliffs, but they are deep up to 6 

cm in the adjacent mud walls. Biotic relics were observed in those pits of mud walls as well (Fig. 11(e)). 

Besides, the well-developed biologic colonies were found underneath the flakes in the sandstone cliffs 

(Fig. 11(f)), which was also recorded by Mol (2014) in field observations. 

Therefore, biological colonies and growths are envisaged to be important for sandstone weathering 

and tafoni development in the study area. The presence of biofilm and biologic colonies accelerate the 

weathering, tafoni development, and eventual cliff collapse. 

 
Fig. 11. Similar development of pits in the mud walls and adjacent sandstone cliffs at the Luyitang site in 

Shuimeiren hill. 
(a)- Overview of the sandstone cliffs and mud wall relict. (b)- Close-up photo of the tiny tafoni in the top overhang. (c)-Close view of the 

massively pitted sandstones near the bottom of the sandstone cliff. (d)- Small well-rounded pits in the mud wall. (e)- Close view of the 

pits in the mud where biotic relics were observed. (f)-Case-hardening of the sandstone cliff and biological settlement where a dried worm 

was observed (blue circle and yellow arrow). 

 
5.4 Stages of tafoni progression 

Based on observations, measurements, and analysis of the tafoni in the Jinshiyan sandstone cliffs at 

both the Jinshiyan Temple and Luyitang sites, a five-stage formation process is envisaged for the tafoni 

development in the study area (Fig. 12). 

At the initiation stage, detrital grains including small pebbles break off from sandstone faces owing 

to weathering of feldspars to clays, ingress of water, salt and clay mineral expansion and pressure in 

sandstone surfaces to generate sparse small depressions and pits. Moreover, biological colonies and 
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growth might help accelerate sandstone weathering rates. 

 
Fig. 12. A proposed five-stage model for tafoni development. 
The field notebook (FB) is 17.5 cm long and 13 cm wide for scale. Both photo (a) and (b) show that small pits and depressions develop 

and proceed laterally along laminae. (c) - A mature cell-and-wall structure is well consistent with Voronoi diagrams. (d) - Tafoni coalesce 

owing to thinning and collapse of the side walls. (e) - More tafoni merge and side walls break to form shallow and large ones within 

which new small pits are redeveloping, which indicates a new cycle of tafoni evolution. 

 

The Jinshiyan sandstones are composed of the millimeter- to centimeter-thick laminae of different 

grain sizes. As a result, tafoni always accelerate and coalesce laterally along the same lamina at the 

early expansion stage. Also, massively pitted sandstone faces were observed in the field. Once initiated, 

cavernous weathering may comply with a self-reinforcing process (Turkington and Phillips, 2004). 

At the mature stage, owing to moisture and organism colonies, the depth and opening sizes of tafoni 

are increased to form a distinct cell-and-wall structure, which is highly in accordance with the Voronoi 

diagrams, particularly at the Jinshiyan Temple site. The lamina-controlling effect is found at both sites. 

As weathering continues and tafoni enlarge, the controlling of laminae becomes indistinct or even 

disappear eventually at some sites. Moreover, the sandstone faces are more exposed and highly 

weathered at the Luyitang site, while the Jinshiyan Temple is sheltered within a large 

bedding-controlled cave, leading to less exposure and low weathering rate. Thus, a lot of side walls 

become thin to less than 1 cm, and the inner parts of some side walls are coalesced to produce a 

complex three-dimensional spatial structure of tafoni at the Luyitang site. 

At the final stage, some of the side walls may suffer from catastrophic collapse, which causes 

cavities to merge and create larger cavities. Small pits are found within the developed large tafoni, 

indicating a new cycle of tafoni development. In some cases, sandstone faces may collapse to have new 

faces exposed, resulting in cliff retreat. 

It is noticeable that the above different processes may be found along the same sandstone cliff faces. 
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In addition, the proposed process is probably ongoing over a long term, as established sites can suffer 

from catastrophic collapse of the overhang (Mol and Viles, 2012). 

 

6. Conclusions 
 

The cavernous weathering is one of the most attractive and prominent features of Danxia 

landscapes in South China. The red-colored, thick-bedded, medium- to fine-grained feldspathic 

litharenite is fundamental lithology for tafoni initiation and evolution in the DGG. This work confirms 

that lithology is the most significant control over the tafoni development. The lamina-controlling on the 

lateral progression of cavernous weathering is indicative of sedimentary structure constraint on tafoni 

occurrence. The dissolution and convert of detrital grains and cements initiate cavernous weathering at 

micro-scale, which is indicated by microscopic and SEM image observations. 

The Jinshiyan Temple and Luyitang sites are located along both sides of the Jinjiang River, which 

provides abundant moisture to sandstone faces in tandem with frequent rains. The two sites are 

protected from straight contact with air owing to the curvature of the cliff walls, which results in a 

microclimate favorable for tafoni development and maintenance. However, compared with the 

Jinshiyan Temple site, the sandstone faces at the Luyitang site are more exposed to insolation and 

experienced higher weathering rates. The moisture availability is thought to have enhanced tafoni 

progression evidenced by the temperature, relative humidity, and wind speed differences between the 

external and internal Jinshiyan Temple cave. In addition, acids produced by organisms may accelerate 

weathering rates at the back walls of caverns, whereas the biologic colonies might help to facilitate and 

maintain the cell-and-wall structure as shown in Voronoi diagrams at the Jinshiyan Temple site. But the 

lithology is still the most important factor that dominates positions and patterns of cavernous 

weathering. 
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