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Abstract 

Yardangs are streamlined ridges that form in arid environments on Earth and Mars 

through wind-driven abrasion of consolidated substrates. Currently, there is limited consensus 

on the mechanisms that initiate and establish patterns of yardangs on the landscape. In this 

work, we examine the spatial organization of yardangs in the Campo de Piedra Pómez 

ignimbrite deposit of northwestern Argentina and identify evidence of antecedent controls on 

yardang patterns and formation. We mapped 14,826 yardangs in the region using a high-

resolution digital elevation model (DEM) and satellite imagery. We classified yardangs as 

points using a two-stage decision rule based on morphology and spectral characteristics. Point 

pattern analysis shows that yardangs in the study area are not randomly distributed and 

commonly exhibit directional anisotropy in point pattern. The anisotropic pattern manifests as 

bands of closely-spaced yardangs oriented transverse to the dominant northwesterly wind 

direction. We hypothesize that banding is controlled by pre-existing antecedent topography in 

the bedrock, such as fumaroles or ridges associated with pyroclastic flow deposits. We present 

evidence from other locations on Earth and Mars to illustrate that the transverse banding is a 

common pattern in yardang landscapes. 
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1.0 Introduction 

Yardangs are streamlined aeolian features found in deserts on Earth, Mars, Venus, and 

Titan (e.g. Ward, 1979; Trego, 1992; Mandt et al., 2008, 2009; Bridges et al., 2010; de Silva et 

al., 2010; Paillou and Radebaugh, 2013; Day and Kocurek, 2016). Early use of the term 

“yardang” described streamlined, wind-eroded ridges found in the Taklimakan Desert of China 

(Hedin, 1903), and has since come to define streamlined ridges carved from consolidated 

materials throughout the solar system, influenced by aeolian processes. Terrestrial yardangs 

have been reported in South America, Africa, and Asia, and sparsely in North America, 

Australia, and Europe (Laity, 2009; Laity and Bridges, 2013). Yardangs develop in erodible 

materials, including ignimbrites, lava flows, sandstones, other igneous and metamorphic rocks, 

and consolidated lacustrine deposits (e.g. Ward and Greeley, 1984; Goudie, 2007; Mandt et al. 

2008; de Silva et al., 2010, 2013; Kapp et al., 2011; Dong et al., 2012; Whitney et al., 2015; 

Bridges et al., 2015, Li et al., 2016; Pelletier et al., 2018). Prominent yardang fields on Mars 

are found in equatorial regions (e.g. the Medusa Fosse Formation; Mandt et al., 2008), in craters 

(e.g. Gale Crater; Day and Kocurek, 2016), and paleolake basins (e.g. Jezero Crater; Day and 

Dorn, 2019). 

Despite this attention, there is limited agreement on the dynamics and processes 

responsible for yardang initiation, development, and demise (Barchyn, 2018). The dominant 

role of aeolian abrasion in the development of yardangs is well documented (Wang et al., 2011), 

although the influence from non-aeolian processes has also been observed and is important for 

yardang development in some regions (Goudie, 2007; Dong et al., 2012; Hu et al., 2017; Li et 

al., 2016; Pelletier et al., 2018; Wang et al., 2018). Laity and Bridges (2013) described six 

factors that exert first-order control in yardang development: (i) properties of host lithologies; 

(ii) incipient form and structural variations of that form; (iii) antecedent topography; (iv) wind 

regime; (v) availability of abrasive sediments; and (vi) the time period over which these factors 
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have been operating. A variety of yardang morphologies manifest as a result of local variations 

in any of these six controls. The windward face of yardangs are often blunt or convex. 

Windward faces are also the highest and steepest part of the yardang. Lee-side ramps often 

taper to a terminus near to the adjacent topography. Inter-yardang corridors (hereafter 

corridors) channel sediment through landscapes, acting as conduits for abrasion of yardang 

flanks (Barchyn and Hugenholtz, 2015; Barchyn, 2018; Pelletier, 2018). Corridor abrasion 

facilitates a positive feedback as corridors deepen and preferentially erode due to enhanced 

saltation. Fundamentally, yardangs persist only if corridors downcut faster than erosion of the 

yardang tops (Barchyn and Hugenholtz, 2015).  

The interplay of different mechanisms has complicated development of a unified 

theory. Halimov and Fezer (1989) suggested yardangs in the Qaidam Basin (QB), China, 

develop following the initial carving of corridors by water and widening by wind, and then are 

denuded following erosion and collapse of the higher topography. Dong et al. (2012) proposed 

a 4-stage cycle of embryonic, adolescent, mature, and receding stages for yardangs in the 

Kumtagh Desert, China, suggesting yardangs are initiated when wind and water erode 

horizontal and vertical fissures in the flat interbedded strata of aeolian sands and mudstones. 

Wang et al. (2018) used this 4-stage cycle to describe yardang evolution for 11 types of 

yardangs in the QB. Embabi (1999) and Brookes (2001) describe yardangs in Egypt as 

developing with a smooth plain that is subset by parallel aeolian grooves separated by ridges. 

Aeolian erosion segments the long aeolian grooves. As the corridors widen, yardangs continue 

to erode on the landscape until the area reaches planation once again. In Argentina, de Silva et 

al. (2013) postulated that yardangs in the Campo de Piedra Pómez (CPP) ignimbrite field on 

the Puna Plateau (the field site for this study) are seeded by fumarolic mounds – knobs of 

indurated ignimbrite resulting from degassing. Barchyn and Hugenholtz (2015) developed a 

mathematical model to relate rates of downcutting, abrasion, and denudation to explore 
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scenarios of yardang demise, partially informed by observations from the CPP. Mandt et al. 

(2009) investigated yardangs in the Medusae Fossae Formation (MFF) and suggested these 

yardangs develop when “knobs and reentrants” expose soft layers beneath more resistant 

capping layers. As excavation of soft layers continues in the MFF, v-shaped depressions 

develop as a result of the bifurcation of winds around the initial depression.  

These studies, and many others, use the morphology of yardangs to hypothesize 

controls on yardang evolution. However, such studies are site- or region-specific and 

researchers face challenges linking findings across studies and field sites. 

Further efforts at a unified theory have been deeply focused on the length/width 

(‘aspect’) ratio of the features. Bosworth (1922) and Ward and Greeley (1984) postulated an 

optimum length/width ratio of ~4 may be a unifying morphology characteristic, with the 

assumption yardangs evolve to a minimum drag form. However, yardang length/width ratios 

vary significantly globally. Further, Pelletier et al. (2018) applied computational fluid dynamic 

modelling directly to the theory and suggested the ratio of 4 had little basis for drag 

minimization. Hu et al. (2017) described “long-ridge” yardangs in the QB as having 

length/width ratios between 10-210. They develop in lacustrine strata in “topographically low 

and low-relief syncline areas” (Hu et al., 2017), and can have lengths between 20-1702 m (Li 

et al., 2016). However, “long-ridge” yardangs in other yardang fields have different aspect 

ratios, develop in different materials, and therefore may undergo different evolutionary 

histories. In the Lop Nor, China, “long-ridge” yardangs are eroded out of lacustrine sediments, 

are hundreds of meters long, and have aspect ratios up to 10 (Goudie, 2007). In Namibia, 

yardangs develop in Precambrian and Paleozoic metamorphic and igneous rocks, are 8-10 

kilometers long, and have aspect ratios up to 20 (Goudie, 2007; Mandt et al., 2008; de Silva et 

al., 2010); in the Payun Matru Volcanic Field, Argentina, long-ridge yardangs develop in 
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Holocene ignimbrites laid down by pyroclastic flows and are 2-10 kilometers long (Inbar and 

Risso, 2001).  

The diverse work on yardangs has exemplified that yardang morphology in different 

fields is not identical and the search for a unifying theory based on morphology alone may be 

fruitless. It is likely that morphology is influenced strongly by the specific geology (and 

topography, wind regime, climate, etc.) of the region. To diversify quantitative understanding 

of yardangs beyond morphology, here we examine the spatial distribution of yardangs with 

point pattern analysis. 

Point pattern analysis (PPA) is a common tool used in geomorphology (i.e. Pollard et 

al., 2009; Hugenholtz et al., 2012; and references therein) to identify and explore spatial trends 

in the distribution of landforms and bedforms to relate those relationships to the processes 

responsible for their expression. PPA has been used on Earth (Bishop, 2007a; Dutilleul et al., 

2009) and on bodies in the inner solar system (e.g., Hauck et al., 1998; Bishop, 2007b, 2008), 

making the technique broadly applicable and transferrable. In this study, we use PPA to identify 

spatial trends in the distribution of yardangs in the Campo de Piedra Pómez (CPP) ignimbrite 

field on the Puna Plateau, northwestern Argentina. By representing yardangs in the CPP as 

points, we largely discount the morphology of the landform and focus on describing the 

distribution of points to elucidate pattern control on formation. Here, we use spatial statistics 

to characterize the point pattern and use the results to further guide the development of yardang 

hypotheses. 

2.0 Study Site 

The CPP lies to the north of the Cerro Blanco (CB) Volcanic Complex (Figure 1) and 

in the rain shadow of the Andes. This area is one of many found within the high-elevation 

(~3,000-5,000 m a.s.l), cold arid desert region of the Altiplano-Puna Plateau (APP). Locally, 

there exists a sharp boundary moving west to east across the study area where the smooth 
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interdigitate plains of the Cerro Carachipampa Depression (CCD) give way to the rougher, 

higher-relief terrain of the CPP (Figure 1). The topography of the northern CPP is dominated 

by a prominent ~4 km north-south trending ridge separating the higher western CPP from the 

lower eastern CPP.  

2.1 Climate 

Under the prevailing westerly winds, the Andes Mountains block moisture from 

reaching the APP, resulting in an arid to hyper-arid climate that varies spatially with altitude 

and latitude (Garreaud, 2009; de Silva et al., 2010). Large-scale synoptic circulation patterns 

over northwestern Argentina result in a dominant northwesterly flow across the study area, 

which has persisted for the past 2 Ma (Greene, 1995). Model outputs from the European Centre 

for Medium Range Weather Forecasts using ERA-Interim reanalysis data presented by Favaro 

et al. (2020) show the dominance of a northwesterly wind regime in the region, but also 

highlight a weaker and less frequent southeasterly component consistent with the orientation 

of some aeolian rat-tails and yardang re-entrant profiles. Modelled data also captured a diurnal 

wind signal, consisting of low pre-dawn wind speeds that gradually increase over the morning 

to peak in the afternoon before slowing down and returning to pre-dawn conditions (Favaro et 

al., 2020). The difference in daily amplitudes is largest between April and October and peaks 

during austral winter (June, July, and August).  

ERA-Interim wind speeds for the study area show a mean monthly range of 2.2-3.9 m 

s-1 (Favaro et al., 2020). Peak wind speeds during austral winter coincide with the largest 

difference in diurnal wind speeds. Overall, 99% of ERA-Interim modelled wind speeds were 

≤ 10 m s-1 (Favaro et al., 2020).  To our knowledge, the only site-specific in situ wind speed 

data for the study area were collected by Bridges et al. (2015) between March and November 

2012. They recorded wind measurements from a meteorological station deployed in the Salar 
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de Incahuasi valley (SI) and found that daily average wind gusts and daily average peak gusts 

ranged from 0.3-8.1 m s-1 and 3.1-25 m s-1, respectively. 

2.2 Geology and Geomorphology of the CPP 

The regional topography consists of lowlands of pyroclastic flows and sedimentary 

deposits, and highlands of volcanic and metamorphic rock. The Cerro Carachipampa 

Depression (CCD) is dominated by a broad (280 km2) interdigitate pattern of pyroclastic flow 

deposits that originated from the Cerro Blanco volcanic complex (Figure 1). The surface of the 

CCD is covered by gravel and megaripples. The lateral margins of the CCD are dominated by 

surface exposures of ignimbrite. The main unit of the CPP on the southeast margin of the CCD 

is roughly 130 km2 and supports a large population of yardangs. The regional slope dips 

northeast with an elevation change of nearly 1,500 m over 27 km.  

The Campo de Piedra Pómez ignimbrite (CPPI), which makes up the CPP, can be 

subdivided into basal and upper units (Báez et al., 2015). The CPPI was emplaced ~73 ka ago 

and extends northward into the SI valley (Figure 1), sitting on the lateral margins of the C erro 

Blanco ignimbrite unit (CBI). It is crystal poor (~10-30% by volume),  has variable percentages 

of pumice (~15-50% by volume; densities between 0.8 to 1.3 g cm-3) and lithic fragments (~2-

50% by volume; densities between 2.6 to 3.0 g cm-3), and is poorly welded (de Silva et al., 

2013; Báez et al., 2015). The basal unit has significantly more lithic fragments in its matrix 

than the upper unit (Báez et al., 2015), with both being poorly sorted. The particles within this 

matrix range in size from microns (ash) to decimeter-scale boulders.    

Báez et al. (2015) proposed that the CPPI can be considered as two flow units of the 

same eruption because both flow units are affected by the same fracture system caused by the 

thermal contraction of the unit during cooling. The largest fracture systems are oriented parallel 

to the CPPI, or radially from areas of hydrothermal alterations (i.e. fumaroles). These fractures 
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can extend for hundreds of meters and be several meters wide. In areas of hydrothermal 

alteration, the ignimbrite achieves a higher degree of cementation.  

2.3 Characteristics of Yardangs in the CPP 

Yardangs in the CPP are consistent with the ‘meso’ category proposed by Goudie 

(2007). They range in size from small forms ≤1 m high and a few meters long to mesoscale 

features between 1-5 m tall and meters to decameters long. Typically, yardangs exhibit an 

asymmetric form with a steep, often overhanging windward (re-entrant) prow and a gently 

dipping tapering tail (Figure 2a). They are aligned with the dominant northwesterly wind 

direction, although some yardangs on the southeast margin of the CPP have re-entrants on both 

the northwest- and southeast-facing flanks (Favaro et al., 2020). Windward faces are highly 

vesicular, and the pits often contain small amounts of sediment, indicative of aeolian transport 

(Figure 2b). The uppermost surfaces of yardangs are covered in a rust-coloured desert varnish 

(Figure 2c; Aulinas et al., 2015). Debris from gravitational block collapse is common along 

windward flanks and likely results from abrasion-induced over-steepening (Figure 2d). The 

blocks are abraded and sculpted, highlighting an evolutionary sequence involving downwind 

migration by retrogression. In other words, when block collapse occurs, large pieces of 

ignimbrite settle in front of the yardang. The ‘newly-introduced’ material must be abraded 

away before the prow of the yardang can once again undergo abrasion. 

 Lateral flanks are often near-vertical and exhibit a range of surface texture. The 

steepness and sharp break in slope along the lateral flanks, coupled with desert varnish on the 

uppermost surface suggest limited denudation from non-aeolian processes. Inter-yardang 

corridors vary in terms of sediment cover; some are devoid of sediment cover, while others 

have sparse to continuous cover with megaripples. The presence or absence of sediment cover 

is thought to play a critical role in yardang evolution and demise (Barchyn and Hugenholtz, 
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2015). Satellite image change detection indicates that sediment patches in some parts of the 

CPP are mobile under a modern wind regime (Favaro et al., 2020). 

 Previous research attempted to explain yardang formation in the CPP and estimate the 

vertical downcutting rate of the ignimbrite. de Silva et al. (2010) developed a conceptual model 

proposing that fumarolic mounds – knobs of indurated ignimbrite resulting from degassing – 

located along fractures serve as the seeding mechanism for yardangs. The mounds locally 

modify the airflow and create a feedback that allows them to project vertically as the 

surrounding ignimbrite surface is eroded. By extension, this model proposes that the locations 

of fumarolic mounds determine the distribution of yardangs. They estimate downcutting has 

occurred at a rate of 0.007-0.03 cm yr-1, which is based on the age range of the ignimbrite and 

an assumption that the surface elevation has decreased 5 m since pyroclastic deposition. 

<Figure 2> 

3.0 Methodology 

To examine the distribution of yardangs in the CPP, we developed a workflow that 

involved manually mapping individual yardangs as points and then performing spatial point 

pattern analyses. Mapping yardangs as discrete points implies that they can be represented as 

objects and have well-defined boundaries or edges. However, yardang formation is driven by 

processes acting on both the positive relief forms (e.g., retrogression) and on the negative relief 

inter-yardang corridors (e.g., downcutting) (Barchyn and Hugenholtz, 2015). This challenges 

conventional morphometric approaches in which yardang dimensions and form ratios serve as 

some proxy for processes. By using points, we focus on the spatial distribution of yardangs and 

seek to document and understand the patterns that emerge.   

 We used high-resolution (0.3 – 2 m/pixel) GeoEye-1 and WorldView-1/3 panchromatic 

satellite imagery and developed a high-resolution 0.7 m resolution digital elevation model 

(DEM; Favaro, 2020) to map yardangs in the CPP (Table 1 and Figure 3). The extent of the 
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high-resolution DEM constrained the examination of yardangs to a 42 km2 area in the CPP 

(Figure 1b). A 12 m TanDEM-X DEM was also acquired in order to examine the broader 

geomorphic and geologic context in and around the CPP. 

Using the datasets outlined above, we developed a two-stage decision rule in order to 

identify and map yardangs in the study area. The decision rule was based on the morphological 

and spectral characteristics of CPP yardangs. First, we developed orthogonal (45°) and 

perpendicular (315°) hillshade models with 45° and 90° illumination angles for the 0.7 m DEM 

(after Smith and Clark, 2005). The hillshades of the 0.7 m DEM revealed subtle topographic 

texture on the landscape and amplified yardang morphology by enhancing shading along lateral 

and windward flanks. Yardangs appear as concave-downwind U-shaped features in the 

resulting hillshade models (Figure 3), making them easily recognized landforms and the first 

criterion for identification. Second, we used multispectral imagery from GeoEye-1 (Table 1) 

to identify the presence of varnish on the surface of features that satisfied the first criterion. 

Field observations by the authors noted that the upper surface of yardangs in the CPP is 

consistently covered in a red-stained varnish from oxidization (see Aulinas et al., 2015). 

Varnish only occurs on stable surfaces that are not undergoing abrasion. Therefore, we assumed 

the varnish was a key indicator of the uppermost surfaces of mature yardangs. This biases our 

assessment to yardangs that are taller than the saltation cloud – shorter yardangs within the 

saltation cloud may lack varnish. In summary, yardangs were identified and mapped based on 

two main criteria: (i) a U-shaped expression in the multi-azimuth hillshade models and (ii) the 

presence of varnish. When identified, a point marker was digitized at the apex of the yardang.  

The accuracy of the mapping approach was evaluated in a 1.7 km2 test area containing 

both incipient and well-developed yardangs (Figure 1b). Three non-subject matter experts 

applied the mapping criteria outline above to the satellite and DEM dataset and digitized points 

at features they interpreted to be yardangs. The resulting point maps were compared to the 
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primary author’s (‘expert’) interpretation and evaluated as true positives, false positives, and 

false negatives (Table 2). The resulting errors of omission and commission were low, while the 

accuracy assessment showed a high degree of agreement between the expert and testers (Table 

2). In other words, using the criteria set out above, testers with no subject matter expertise or 

first-hand knowledge of yardangs were able to identify yardangs in satellite imagery > 90% of 

the time. 

Point pattern analysis and statistical testing were carried out in R statistical software 

using the spatsat package (Baddeley et al., 2015). The first moment properties of the spatial 

organization of yardangs was explored using nearest neighbor analysis. This approach has been 

used extensively in geomorphological studies to elucidate patterns in the distribution of 

features in 2D or planar space (Davis, 2002; Bishop, 2007a, b; Wilkins and Ford, 2007; Bishop, 

2008; Clarke et al., 2018). The analysis calculates the Euclidean distance between a point and 

its closest neighbour, and then averages all the nearest neighbour distances. The observed 

distances between points (Po) are then compared to Monte-Carlo simulations of a complete 

spatial randomness (CSR) pattern derived from a Poisson process (Pp). Comparing Po against 

Pp using the Clark and Evans (1954) aggregation index, R, one can determine if a point pattern 

is random (R≈1), clustered (R<1; Po<Pp) or dispersed (R>1; Po>Pp) by rejecting or accepting 

the null hypothesis (H0) that the point pattern is random (CSR) (Clark and Evans, 1954; Davis, 

2002; Bishop, 2007a,b; Wilkins and Ford, 2007; Bishop, 2008; Baddeley et al., 2015). Nearest 

neighbour analyses are influenced by the boundaries wherein the point data lie. Without 

accounting for the effect of the edges of the boundary in the computation of nearest neighbour 

distances, R will be positively biased (Baddeley and Turner, 2014; Baddeley et al., 2015). The 

guard correction in spatstat was used to compute nearest neighbour distances for the entire 

CPP, and the cfd correction was used for each buffered region. A detailed description of each 

correction can be found in Baddeley et al. (2015).   
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4.0 Results 

Based on the criteria set out in §3.0, 14,826 yardangs were identified in the 42 km2 area 

of the CPP covered by the 0.7 m DEM (herein referred to as the CPP). Yardang density varied 

throughout the CPP (Figure 4a). High density regions (areas with ≥1067 yardangs/km2) are 

primarily found in the northern CPP and are characterized by closely spaced small (≤1m tall, 

meters long) or incipient yardangs and discontinuous sediment in narrow corridors or 

discontinuous patches on the ignimbrite (Figure 4b). Moderate density areas (667-934 

yardangs/km2) are found throughout the CPP and are typified by the presence of both 

incipient/small and mesoscale (1-5 m tall, meters to decameters long) yardangs and established 

sediment corridors that run between successive yardangs, often supporting well defined 

megaripples (Figure 4c). Yardang density decreases away from the centres of high and 

moderately dense areas towards the margins of the CPP into low density areas (1-534 

yardangs/km2) which varied in sediment cover and yardang development. Some areas 

supported few, sporadic yardangs surrounded by extensive sediment cover. Others support 

large or well-defined yardangs with adjacent sediment corridors that run, uninterrupted, for 

hundreds of meters. The most common type of low-density area supported mesoscale yardangs 

and sediment that may be contained within corridors or otherwise exist on the surface as 

irregularly shaped patches and support few, if any, bedforms (Figure 4d). These low-density 

areas transition into expanses of the CPP that do not support yardangs. These areas are typified 

by exposed ignimbrite exhibiting undulating, fluted, or rippled texture and little to no sediment 

cover (Figure 4e). These regions may represent parts of the CPP unable to support yardang 

development, areas that support development but where yardangs have not yet formed or 

represent antecedent texture necessary for development and therefore could support nascent 

yardang forms not captured by our analysis. 
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The first-order nearest neighbour statistic of the distribution of yardangs tends towards 

clustering (Figure 5). The R-statistic (R=0.96, p-value <0.001 under 999 Monte Carlo 

simulations) demonstrates that the observed median distance between yardangs was ≈23 m. 

The distances of nearest neighbours ranged from 6 m to 231 m. The unimodal peak in the 

frequency distribution of yardang spacing suggests there is a preferred spacing between 15 m 

and 30 m (72% of the data) with 95% of yardangs being within 50 m of each other. 

Analysis of the first moment properties of the point process reveal that the data are not 

stationary and anisotropic, precluding further statistical testing. Therefore, only the first 

moment statistics are presented here as an exploratory data analysis.  

The R-statistic is influenced by the size of the study area, with large study areas 

positively biasing results. This source of statistical bias is referred to as the modifiable areal 

unit problem (MAUP). To account for the potential effect of MAUP on the data, a second set 

of analyses designed to assess the spatial distribution of yardangs at four scales throughout the 

study area was performed. Forty random points were generated in a GIS: ten points bounded, 

respectively, by  0.25 km2, 0.5 km2, 1 km2, and 2 km2 square buffers (Figure 6). A first-order 

nearest neighbour analysis was performed on the distribution of yardangs within each of the 40 

buffered regions (Table 3). Most point patterns in 0.25 km2 areas were not significantly 

different from that of CSR, and therefore the null hypothesis could not be rejected. However, 

the degree of randomness was low and tended toward dispersion. The 0.5 km2, 1 km2, and 2 

km2 areas demonstrated a distribution tending toward dispersion, with only a few exceptions. 

Where the null hypothesis (H0) was not rejected, patterns exhibited randomness, which tended 

towards either dispersion or clustering (Figure 7).  

These results indicate that yardangs exhibit a random distribution in areas of 0.25 km2, 

a strong pattern of dispersion in areas between 0.5 and 2 km2, and exhibit heterogeneities in 

distribution in larger areas, especially at the scale of the entire study area where the pattern was 
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significantly clustered. This suggests MAUP may have an effect at the smallest subset size (the 

0.25 km2 areas are too small to capture the spatial process identified in larger areas) but does 

not appear to influence the data at larger scales. In other words, the signature of yardang 

distribution is indicative of an underlying spatial process at scales of 0.5 km2 and larger.  

We evaluated the orientation (angle) between first nearest neighbours (Figure 8) at the 

scale of the study area. The average angle between nearest neighbours is 48.6° and the first 

nearest neighbor more frequently demonstrated a preference (68%) to be oriented in a 

northeast-southwest direction than in any other direction. This preferred orientation agrees with 

the regional north-trending slope of the CPP and is perpendicular to the dominant wind parallel 

elongation of yardangs across the field. 

Recognizing that the preferential orientation of yardangs likely extended beyond the 

first nearest neighbour, we digitized bands of yardangs throughout the CPP and developed a 

manual linking procedure based on Clark et al. (2018) to evaluate longer spatial trends in the 

distribution. In the 0.7 m DEM, yardangs were considered part of a linear band if four or more, 

in a 1:4,000 map scale environment, were laterally adjacent to one another and no more than 

52 m apart (twice the nearest neighbour distance). These spatial constraints were put in place 

to ensure we did not link yardangs that were too far apart.  Like other studies, our determination 

of what constitutes a linear band is subjective but is appropriate for a reconnaissance-level 

investigation of the dataset. Although this protocol may not capture every band in the CPP, it 

is likely to be effective at producing a representative sample. We identified 563 linear bands in 

the CPP, distributed throughout the study area. ranging in length from 25 m to > 1000 m (Table 

4). Linear bidirectional means (180° ambiguity) for each band were calculated and as Figure 9 

demonstrates, there is a strong preference (91%) for bands to be oriented northeast-southwest. 

The average orientation for all bands was 45°/225°. A nearest neighbour analysis was 

performed on the centroids of each band and within the subsets to evaluate trends in their spatial 
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distribution. As Table 4 reports, each population displays a statistical signature which tends 

towards clustering.  

5.0 Discussion 

The spatial signature of yardang distribution, density, and orientation across the CPP is 

indicative of a non-random pattern, suggesting the influence of an underlying spatial process. 

This is supported by three lines of evidence. First, the distribution of yardangs in the study area 

ranged from regions with dense clusters of yardangs to regions without any features. 

Additionally, the statistical representation of density exhibited non-randomness at four spatial 

scales (0.50 km2, 1 km2, 2 km2, and 42 km2). Second, the orientation of both first order nearest 

neighbour yardangs and mapped bands of multiple yardangs exhibited a strong preference 

(66% and 91%, respectively) to be oriented northeast-southwest. This agrees with the north-

trending slope of the CPP.  

We hypothesize that antecedent topography (pre-existing topographic highs) may exert 

control on the initiation and development of yardangs in the CPP. In the CPP there is a 

northeast-southwest banding pattern to the ignimbrite topography that could facilitate yardang 

growth. This may account for the non-random signature of yardangs in areas ≥0.5 km2, as 

assemblages of bands, and the yardangs on which they develop, are captured by the statistics.   

We propose three possible pathways that could be responsible for the contemporary expression 

of the landscape, and by extension, the initiation and distribution of yardangs. 

The Southern Puna Plateau is affected by a north-south horizontal tectonic extension 

(Figure 10), which partially controls the volcanic activity of Cerro Blanco and may have acted 

to channel the pyroclastic density currents (PDCs) along the same trajectory (Báez et al., 2015). 

PDCs in the Cerro Carachipampa depression were emplaced atop the Campo de Piedra Pómez 

ignimbrite (CPPI) by overlapping flow lobes that resulted in an interdigitate pattern on the 

landscape (Figure 10; Baéz et al., 2020). The eruption responsible for the CPPI 73 ka years ago 
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(Baéz et al., 2015) may have formed a similar interdigitate pattern on the landscape to the 

pattern currently found in the CCD. Winds encountering the CPPI orthogonal to the direction 

of the PDC flow lobes could have preferentially abraded heterogeneities in raised topography, 

resulting in wind-parallel yardangs. Bands of yardangs in the CPP may have formed on the 

edges of PDCs and could be the relic and altered topographic signature of the pyroclastic flows 

responsible for the CPPI.  

Alternatively, flow of PDCs in this region may have created the banded substrate 

topography. A common characteristic of terrestrial pyroclastic flows is their ability to inundate 

regional topography (de Silva et al., 2010). The study region shows evidence of this inundation 

through the ‘containment’ of smooth material between Sierra de Filo Colorado  and the sharp 

break between smooth plains and ignimbrite adjacent to the ridge network to the south and east 

of the CPP (Figure 10), as well as the emplacement of ignimbrite around a ~70 m hill in the 

northern CPP (Figure 10). In this area, Báez et al. (2015) argues that the PDCs did not have the 

capacity to overcome high topography when they were emplaced. This suggests that some low-

lying topography could have been preserved under the PDCs.  

Finally, the topography of the CPP has undergone post-depositional thermal and 

degassing diagenesis and subsequent erosion which may have contributed to the distribution of 

some yardangs in the CPP. As noted by de Silva et al. (2010), chemically altered fractures and 

joints were common throughout the CPP and led to an induration difference between altered 

and non-altered ignimbrite. This heterogeneity allowed yardangs to preferentially develop in 

“curvilinear arrays that followed alteration-rich fractures or joints” (de Silva et al., 2017), 

which can emanate from fumarolic mounds found in the upper portions of the CPP ignimbrite 

(Figure 10 and Figure 11). Erosion along these elevated ridges preferentially abraded the friable 

substrate below the indurated layer (de Silva et al., 2010, 2017). Based on these observations, 

de Silva et al. (2010) presented a sequence of events wherein fumarolic mounds seed yardang 



 

 

This article is protected by copyright. All rights reserved. 

development. Their sequence begins when local winds bifurcate around post depositional 

fumarolic mounds located on indurated joints or fractures. This ‘indurated knob’ causes flow 

separation and near-surface vorticity, enhancing abrasion around the knob from sediment 

carried within the flow. As weaker lower layers of ignimbrite are preferentially abraded, 

‘moats’ at the windward prow of the yardang develop. These moats further perturb the wind 

which results in a positive feedback, further channeling sediment around the yardang leading 

to the growth of both the yardang and the moat.  

 

  Joints are an important factor to yardang distribution in other ignimbrite units in the 

central Andes. Perkins et al. (2019) developed an abrasion model suggesting winds flowing 

oblique to the internal jointing of the Carcote ignimbrite (Antofagasta region, Chile) have led 

to the development of flow-parallel yardangs. The eroded troughs adjacent to yardangs act to 

channel abrasive sediment through the landscape, leading to further abrasion when winds are 

sufficient to mobilize either bedload (creeping and reptating grains) or saltating grains. In the 

CPP, de Silva et al. (2010) acknowledge the supporting role joints may have played in yardang 

morphology, but contended that yardang orientation is primarily controlled by strong, 

unidirectional winds. Here, we suggest jointing could play a role in the distribution of yardangs 

in some parts of the CPP, but suggest other post-depositional morphologies also exert control. 

For example, we observe evidence of de Silva et al.’s (2010) yardang evolutionary sequence 

in some areas of the southern CPP where individual yardangs have developed orthogonal to, 

and bands have developed on top of, cracks, fissures, and joints originating from large 

fumarolic mounds (Figure 11). However, bands of yardangs nucleating atop raised topography 

elsewhere in the CPP does so in the absence of visible fumaroles, fumarolic mounds, joints, 

cracks, and fissures (Figure 12). For example, yardang bands in Figure 12 reveal a northeast-

southwest trending multi-ridge system in the northern CPP. These ridges are not found in 

conjunction with fumarole-altered terrain and could represent regional topography. Yardangs 
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throughout the CPP are consistently oriented orthogonal to the direction of a band and parallel 

to prevailing northwesterly winds.  

The possibility exists of a polygenic initiation mechanism for yardangs in the CPP; 

through the mechanisms laid out by de Silva et al. (2010) and by the preferential abrasion of 

pre-existing topographic highs. These highs could represent the antecedent landscape of the 

CPP and may be a result of topography partially covered by PDCs or from the topography of 

the PDCs themselves. Yardang distribution is a non-random process (Table 3) in the CPP and 

the results of our analysis of widespread yardang banding can be attributed to both fumarole-

altered terrain and naturally-occurring heterogeneities in pre-existing topographic highs. 

Overall, our hypothesis extends the initiation mechanism of yardangs in the CPP to include 

development of yardangs atop antecedent topography resulting from the emplacement of 

PDCs.  

Evidence of topographic heterogeneity controlling yardang distribution exists in other 

prominent yardang fields around the world and suggests banding is not unique to the CPP 

(Figure 11). Research from the USA, China, and some studies on Mars have remarked on 

geological controls of yardang formation that have led to a banded distribution, however, rarely 

is this characteristic noted outright. Yardangs in the Ocotillo Wells State Vehicular Recreation 

Area (OWSVRA), California, form in the Borrego Formation, a heterogeneous geologic unit 

typified by fine-grained friable substrate and more abrasion resistant sandstone and marlstone 

(Figure 13a; Pelletier et al., 2018). In much the same way the CPP yardangs develop, the strata 

in the lower 1 m of the OWSVRA is removed through aeolian abrasion. Rows of yardangs 

form along the plunging folds of this unit, following structural contours and more resistant 

strata, which also trend perpendicular to the prevailing winds. Yardangs in the Qaidam Basin 

(QB) and surrounding mountainous areas in China have been extensively studied and also 

exhibit banding similar to that found in the CPP and OWSVRA (Figure 13b; i.e. Dong et al., 
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2012; Li et al., 2016; Hu et al., 2017; Pullen et al., 2018; Wang et al., 2018). The region has 

been described as a tectonically controlled sedimentary basin which has been subjected to 

strong uplift and compression (Li et al., 2016; Wang et al., 2018). Li et al. (2016) also note that 

the region has been affected by “a strong progressive basin-ward fault propagation and fold 

formation”. The basin is comprised of lacustrine, fluvial, and alluvial sediments, with yardangs 

largely forming in easily-eroded mudstones (Wang et al., 2018). Overall, the differences in 

morphology of yardangs in this 3.88 x 104 km2 area have been attributed to different geologic 

units (i.e. induration, heterogeneity) and structural controls (i.e. bedding direction, “spatial 

position within folds” [Hu et al., 2017]) present (Li et al., 2016; Hu et al., 2017; Wang et al., 

2018). For example, saw-tooth type yardangs identified by Wang et al. (2018) develop on 

anticlinal folded structures within folded stratum which dip in the direction of the prevailing 

winds; Li et al. (2016) describe saw-tooth, cone, and pyramid yardangs forming on the limbs 

of brachyanticlinal  folded structures; Hu et al. (2017) note that “69% of long-ridge and the 

hogsback yardangs are in syncline areas, while 73% of the short-axis yardangs are in the 

anticline areas” of the QB. These interpretations speak to the ubiquity of banding in the region: 

yardangs found on anticlines and synclines follow that geologic structure for as long as those 

structures are present at the surface and susceptible to aeolian and fluvial erosion. 

Yardangs on Mars have been likened to those found in the CPP, the QB, and California. 

Authors have used the banding pattern present in HiRISE and CTX imagery to draw 

comparisons between geology and wind direction for yardang fields on Earth and Mars without 

noting broader spatial distribution patterns. The MFF is well known for supporting widespread 

development of yardangs in volcanic pyroclastic flows or falls, aeolian (Mandt et al., 2008), or 

possibly ice-rich deposits (Kerber and Head, 2010, 2012). Yardangs in the MFF suggest the 

region is comprised of “layered, differentially indurated, and often jointed” deposits (Mandt et 

al., 2008) and their orientation is indicative of dominant wind flows. Wang et al. (2018) 
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described similarities between yardangs in the QB and areas of the MFF, likening their 

morphologies to similarities in erosional histories. Based on a visual examination of HiRISE 

and CTX imagery (Figure 13c), we note extensive banding of yardangs in the MFF and suggest 

that antecedent heterogeneity, similar to that found in the CPP, OWSVRA, and the QB resulted 

in banding of yardangs in these Martian regions as well. In addition to developmental histories, 

the presence of banding could be used as a diagnostic tool to reconstruct paleo and 

contemporary wind regimes and to model the tectonic history of the MFF, lending insight to 

folding and faulting history of this geologic unit.  

Banding of landforms is not isolated to yardangs, nor to volcanic flows or lacustrine, 

alluvium, or fluvial deposits. Drumlins, a class of longitudinal subglacial bedforms produced 

by the flow of glaciers or ice sheets, are also known to develop in bands. This distribution was 

first observed by Vernon (1966) when he noted that drumlins in County Down, Ireland, 

developed in dense bands perpendicular and parallel to interpreted ice flow directions. This 

ubiquity of Vernon’s (1996) visual assessment was statistically analyzed by Hill (1973) and 

later by Clark et al. (2018) who found banding to be a widespread characteristic of drumlins 

across Canada, the UK, and Norway. This finding challenged the long-standing belief that 

drumlins tended towards a random state and concluded that “regularity is a ubiquitous tendency 

within drumlin fields” (Clark et al., 2018). While more work is warranted to determine if 

banding is a ubiquitous trait in yardang fields on Earth and Mars, regularity in other landforms 

suggests it could be. 

6.0 Conclusions 

First-order nearest neighbour analyses of yardangs in the CPP offers a quantitative 

understanding of their spatial organization on the landscape and suggests initiation mechanisms 

without relying on or making conclusions based upon morphology. 
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A non-random spatial pattern of yardang positions exists in the CPP, suggesting the 

influence of an underlying spatial process. Three key results of this study provide evidence for 

this claim. First, 1st order nearest neighbour analysis of 14,826 yardangs revealed a unimodal 

peak between 15-30 m in the frequency distribution of distance between nearest neighbour 

yardangs (Figure 5) and an overall clustering of the data. Pursuant to this finding, we conducted 

nearest neighbour analyses at four additional spatial scales (0.5 km2, 1 km2, and 2 km2, 42 km2) 

that revealed a non-random distribution of yardangs. For 0.25 km2 areas, most subsets were 

random, but the degree of randomness was low, and tended toward dispersion (Table 3). 

Second, there exists a strong preference for yardangs and yardang bands to be oriented 

northeast-southwest (Figure 8 and Figure 9). This orientation is parallel to the north-trending 

slope of the CPP and oblique to the orientation of yardangs. Together, these results suggested 

the distribution of yardangs was anisotropic and provided further evidence for an underlying 

spatial process responsible for distribution. Based on these results, we proposed three possible 

pathways for these banded patterns to have come to fruition and hypothesized that antecedent 

topography exerts first-order control on the initiation and development of yardangs in the CPP. 

Our hypothesis extends the fumarolic initiation hypothesis for yardangs in the CPP introduced 

by de Silva et al. (2013) to include initiation through abrasion of pre-existing topographic 

highs. We found widespread yardang banding elsewhere on Earth (California and the QB, 

China) and Mars (the MFF), which suggests a spatial correlation between yardangs and cross 

wind topographic highs may be common. 
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Table 1 Details of the satellite imagery used in this study. 

Satellite Data Resolution 

 

Date and time of 

acquisition 

 

GeoEye-1  
Panchromatic  

 

50 cm 

 

31 July 2009; 14:54 

 

   

GeoEye-1  
3 Band Multispectral  

 

 

2 m 

 

18 June 2018; 19:40 

 

   

WorldView-1  

Panchromatic  

 

 

50 cm 

 

16 April 2016; 17:34 

 

   

WorldView-3 Stereo Pair 

Panchromatic   

 

30 cm 

 

16 April 2016;  

14:54 and 14:55 

 

   

CPP DEM (0.7 m DEM) 

(created with the WorldView-3 stereo pair) 

 

 

70 cm 

 

16 April 2016 

 

   

TanDEM-X DEM (12 m DEM) 

 

 

12 m 

 

Generated 15 July 

2015 at 19:03 by 

DLR 
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Table 2 Description of error and accuracy tests used to determine the accuracy of the expert 

identification of yardangs. “Total number of yardangs” is taken as the number of yardangs in the test 

area identified by the expert. 

 

Error and 

Accuracy Test 
Test Description Test Equation Range 

    

Error of 

omission 

Yardang identified 

by the expert was 

not identified by the 

tester. 

(
𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 
𝑦𝑎𝑟𝑑𝑎𝑛𝑔𝑠

) × 100 

 

 

7.2-9.8% 

Error of 

commission 

Tester identified a 

yardang when the 

expert had not. 
(

𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 
𝑦𝑎𝑟𝑑𝑎𝑛𝑔𝑠

) × 100 

 

 

4.9-11.1% 

Producers 

accuracy 

How often yardangs 

on the ground were 

correctly identified 

by the tester. 

 

 

100% − 𝑂𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑒𝑟𝑟𝑜𝑟 

 

 

90.2-92.8% 
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Table 3 The nearest neighbour statistics for subsets of the CPP measured at 95% significance 

interval. The null hypothesis (H0) is a point pattern that is not statistically different from complete 

spatial randomness. 

Subset Area 

(km2) 

n R-statistic p-value Hypothesis Result 

1 0.25 212 1.12 0.001 Reject H0 Dispersed 

2 0.25 105 1.05 0.832 Accept H0 Random, tending toward dispersion 

3 0.25 145 1.10 0.020 Reject H0 Dispersed 

4 0.25 71 1.13 0.979 Accept H0 Random, tending toward dispersion 

5 0.25 99 1.19 0.001 Reject H0 Dispersed 

6 0.25 55 0.90 0.148 Accept H0 Random, tending toward clustering 

7 0.25 127 1.19 0.001 Reject H0 Dispersed 

8 0.25 112 0.99 0.428 Accept H0 Random, tending toward clustering 

9 0.25 55 1.05 0.726 Accept H0 Random, tending toward dispersion 

10 0.25 122 1.01 0.613 Accept H0 Random, tending toward dispersion 

       

11 0.50 374 1.04 0.940 Accept H0 Random, tending toward dispersion 

12 0.50 296 1.06 0.020 Reject H0 Dispersed 

13 0.50 135 0.70 0.001 Reject H0 Clustered 

14 0.50 158 1.10 0.033 Reject H0 Dispersed 

15 0.50 270 1.07 0.020 Reject H0 Dispersed 

16 0.50 119 0.88 0.013 Reject H0 Clustered 

17 0.50 238 0.94 0.017 Reject H0 Clustered 

18 0.50 188 1.14 0.001 Reject H0 Dispersed 

19 0.50 242 1.14 0.001 Reject H0 Dispersed 

20 0.50 265 1.02 0.770 Accept H0 Random, tending toward dispersion 

       

21 1 236 0.84 0.001 Reject H0 Clustered 

22 1 230 0.90 0.003 Reject H0 Clustered 

23 1 471 1.16 0.001 Reject H0 Dispersed 

24 1 453 1.06 0.006 Reject H0 Dispersed 

25 1 566 1.02 0.821 Accept H0 Random, tending toward dispersion 

26 1 648 1.15 0.001 Reject H0 Dispersed 

27 1 620 1.02 0.775 Accept H0 Random, tending toward dispersion 

28 1 480 1.05 0.053 Reject H0 Dispersed 

29 1 142 0.88 0.010 Reject H0 Clustered 

30 1 323 0.84 0.001 Reject H0 Clustered 

       

31 2 881 1.13 0.001 Reject H0 Dispersed 

32 2 1464 1.03 0.001 Reject H0 Dispersed 

33 2 922 0.93 0.002 Reject H0 Clustered 

34 2 979 1.05 0.001 Reject H0 Dispersed 

35 2 877 0.99 0.295 Accept H0 Random, tending toward clustering 

36 2 987 1.05 0.001 Reject H0 Dispersed 

37 2 835 1.02 0.851 Accept H0 Random, tending toward dispersion 

38 2 1262 1.03 0.001 Reject H0 Dispersed 

39 2 1050 1.11 0.001 Reject H0 Dispersed 

40 2 843 1.08 0.001 Reject H0 Dispersed 
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Table 4 Summary table for bands of yardangs identified in the CPP. Linear bidirectional means are 

reported as two orientations (180°ambiguity). 

Band 

Characteristic 

All Bands 

(n=563) 

NE-SW Bands 

(n=510) 

NW-SE Bands 

(n=53) 

Length    

Range 25-1,502 m 25-1,502 m 69-525 m 

Mean 144 m 142 m 164 m 

Median 116 m 113 m 128 m 

SD 105 m 106 m 94 m 

    

Direction1    

Range 0°- 358° 0°- 89°/180°-270° 90°- 180°/270°-360° 

Mean 49°/229° 44°/224° 115°/295° 

Median 45°/225° 43°/223° 109°/289° 

SD 29° 19° 45° 

 

R Statistic 

(999 Monte 

Carlo 

simulations) 

 

R=0.96, 

p<0.001 

 

R=0.85, p<0.001 

 

R=0.78, p<0.001 
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Figure 1(a) Hillshade model of the study area. The areas pertinent to this study are the 

Cerro Carachipampa Depression (CCD) and the Campo de Piedra Pómez (CPP). The 

caldera of Cerro Blanco (CB) is visible in the lower left corner of (a) and is responsible for 

the emplacement of the CPP. (b) The area of the CPP covered by a high-resolution digital 

elevation model (DEM) used in this study. Also identified is the ~4 km north-south trending 

ridge separating the western and eastern CPP. The test site for yardang identification (§3.0) 

is identified by the solid box in (b). (c) Topographic profile between A and A’ identified in 

(a). North is top of image in (a) and (b). The TanDEM-X DEM in (a) was provided by DLR 

and the Satellite image in (b) is courtesy of the DigitalGlobe Foundation. 
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Figure 2 Examples of yardang characteristics and morphologies found in the CPP. (a)  An 

oblique view of a meter-scale yardang exhibiting an asymmetric form (denoted by the dashed 

line) with a steep windward face and a gently tapering tail. The arrow denotes the dominant 

wind direction. (b) Aeolian-abraded pits containing fine sediments in their cavities. (c) 

Polychromatic varnish on yardang surfaces indicating it is no longer undergoing active 

abrasion. (d) Block collapsed material can collect at the windward face of yardangs and can 

redirect local wind flow. (e) Yardang flanks can exhibit a range of abrasion texture (deep 

grooves several meters long pictured here). 
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Figure 3 (Top) Examples of yardangs in the panchromatic imagery. (Middle) The same 

group of yardangs represented by the 0.7 m DEM, illuminated from the northeast with a 45° 

illumination angle. (Bottom) The overlay of the panchromatic imagery over the DEM. All 

three remote sensing products were used to identify yardangs in the area of the CPP covered 

by the CPP DEM (Figure 1b). Satellite imagery courtesy of the DigitalGlobe Foundation. 
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Figure 4 (a) Yardang density in points per square kilometer. Examples of (b) high density, 

(c) moderate, (d) low, (e) no yardang regions in the CPP. North is top of image. Satellite 

imagery courtesy of the DigitalGlobe Foundation. 
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Figure 5 Histogram of nearest neighbour distances of yardangs in the CPP (n=14,826). 

  



 

 

This article is protected by copyright. All rights reserved. 

 

Figure 6 Location of subsets for each size class. The values within each buffer refer to the 

subset number in Table 3. These data are available at (MS Author – to be included following 

revisions).  
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Figure 7 Examples of yardang distributions and their associated statistical properties. Outputs 

generated in spatstat.  
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Figure 8 Polar frequency plot of angles and distances between first nearest neighbours. 

Rings of the plot represents the distance between nearest neighbours (m).  Polar frequency 

plots were generated with the ‘openair’ R package (Carslaw and Ropkins, 2012). 
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Figure 9 Polar frequency plot of the length and bidirectional orientation of yardang bands. 
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Figure 10 A TanDEM-X DEM hillshaded overview of the study area denoting the presence of 

fumarole-altered terrain (de Silva et al., 2017; see also Figure 11), the presence of normal 

faults and geologic lineaments (after Seggiaro et al., 2000 and Báez et al., 2015) and the 

overall direction of flow of the pyroclastic density current.in the CPP. TanDEM-X DEM was 

provided by DLR. 
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Figure 11 Fumarolic mounds are identified by arrows in the CPP (northern-most fumaroles 

in Figure 10). Yardangs that have developed on ridges emanating from the fumaroles have 

been marked with a red dot. The identification of these yardangs was based on shape, 

shadow, and varnish observed in high-resolution imagery and not the DEM used in §3.0, as 

these  fumaroles are outside the extent of the DEM. The enhanced-colour image in (b) 

highlights the network of ridges emanating from the fumaroles in the scene. Satellite imagery 

courtesy of the DigitalGlobe Foundation. 
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Figure 12 Example of consecutive yardang bands in the northern CPP (profile line centered 

at 26°36'58"S, 67°30'16"W). These bands have formed in the absence of fumaroles, fumarolic 

mounds, joints, cracks, and/or fissures that have been seen to seed yardangs in other areas 

(e.g. Figure 11). “Y” refers to individual yardangs captured by the profile. Satellite imagery 

courtesy of the DigitalGlobe Foundation. 
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Figure 13 Yardang bands are a common trait in yardang fields across Earth and Mars. 

Yardangs exhibit several banding directions in (top) the Hami Basin, China (approximate 

centre of the image is 38°15’37”N, 93°19’48”E) and (middle) OWSVRA, California 

(approximate centre of the image is 33°9’28”N, 115°56’6”W). Yardangs in the MFF display 

widespread banding: (bottom) Amazonis Planitia (CTX image ID: 

P21_009200_1742_XI_05S176W). 
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Antecedent Controls on the Spatial Organization of Yardangs on 

the Puna Plateau, Northwestern Argentina 

Elena A. Favaro*, Chris H. Hugenholtz, Thomas E. Barchyn  

 

Point pattern analysis of 14,826 yardangs in the Campo de Piedra Pómez (CPP) ignimbrite 

deposit of northwestern Argentina demonstrates the spatial signature of yardang distribution, 

density, and orientation across the CPP is indicative of a non-random pattern suggesting the 

influence of an underlying spatial process. A directional anisotropic pattern manifests as bands 

of closely-spaced yardangs oriented transverse to the dominant northwesterly wind direction. 

We hypothesize antecedent topography exerts control on the initiation and development of 

yardangs in the CPP. 

 

 


